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     Biotargets of cancer are continuously evolving. Clinically valuable Biotargets 
are a subcategory of Biomarkers, molecules of note in the fi eld, with their 
time variations in different physiological and pathological situations. Today, 
biomarkers are essential for diagnosis, prognosis, and prediction of thera-
peutic response. Biotargets are essential for an updated therapeutic approach 
in oncology. 

 Every week, in this very fertile moment of biomolecular research in all 
fi elds of life sciences, there is news in the literature concerning new mole-
cules, new levels of already known molecular actors, new interactions of 
the complex biochemical pathways network of the eukaryotic cells and of the 
tumor cells, which may arise in multicellular live beings as an aggressive, 
disturbing, and deadly subpopulation of body components. Humans are at the 
forefront in this pathological area, since many mutagens are introduced in 
the environment by human activities and by human ignorance of biological 
equilibria. 

 Cancer is a genetic disease of somatic cells, with relevant geographic 
epidemiological variations and hundreds of different genetic mutations iden-
tifi ed so far, due to the repeated mutagenic insults in time on the same subject, 
leading to the fi nal result of aggressive, invasive neoplastic disease. 

 The clinical work of oncologists, the physicians who are called to provide 
assistance to the tumor patients, is today impossible without a good knowl-
edge of basic science, since many new drugs act on specifi c biological path-
ways, and the current trend to ensure “personalized” therapy to each patient 
involves deeper and deeper knowledge, not only of clinical aspects of care 
but also of biochemical pathways and pharmacological interactions of mole-
cules (basic constituents of the cells and synthetic interactors which are used 
therapeutically). 

 For the reasons just summarized, an update on biotargets of cancer is felt 
necessary by many professionals in oncology. It is to them that this book is 
addressed. 

 With a truly international team of coworkers, this book includes, for each 
major cancer type, a comprehensive although concise discussion of epidemi-
ology, affi rmed and innovative biomarkers for diagnosis, description of the 
relevant genes for prognosis, and (potentially individualized) therapy through 
biotarget-specifi c new molecules, with the latest information on the validation 
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status of each novel biomarker. The last two chapters deal with topics of very 
general interest: tumor metastasis and miRNA interference on gene expres-
sion, a very promising and highly selective new approach for cancer research 
and therapy. 

 The target readers of the book are clinicians in the fi eld (oncologists, 
pathologists, interns) and medical students. 

 I feel it is necessary to stress that the emerging evidence in most tumors 
points to two main novelties: the necessity of personalized treatments (since 
many similar tumors have peculiar molecular variants, that is, different sub-
categories of molecular profi les) and the necessity of multitargeted therapies 
(since single tumors easily develop resistance to monotherapies). 

 These two principles are becoming more and more verifi ed in many 
current basic and clinical research efforts, both at the experimental and the 
clinical levels. After all, nature is very redundant in its physiological patterns 
of growth control and growth-stimulation mechanisms: a wise strategy in 
medicine is to mimic nature; therefore, a good approach in cancer control 
should be the redundant inhibition of cancer cell proliferation through multitar-
geted therapies. Ideally, multiple, synergic drugs should be used at the lowest 
effective dosage, minimizing the possible side effects of each molecule. 

 Therefore, the future of clinical oncology is based on deeper and deeper 
molecular knowledge concerning a wide variety of biomarkers and a numer-
ous series of druggable and approachable biotargets. A totally new category 
of targets is composed by fusion proteins, actively searched, studied, and pos-
sibly targeted by specifi cally engineered drugs. 

 Far from being exhaustive in covering the necessary knowledge, this book 
attempts, however, to provide a wide spectrum of current scientifi c informa-
tion about cancer clinical management based on such molecular aspects, with 
many insights toward future—not yet validated, but currently investigated—
clinical applications. 

 We hope that the readers will fi nd this book useful for their daily practice, 
at least through the principle of a better patient selection based on tumor 
molecular profi les, and for their professional update.

L’Aquila, Italy Mauro Bologna, M.D. 
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    Introduction 

 Each year, there are about 7.5 million deaths for 
cancer worldwide  [  1,   2  ] . Among these, primary 
central nervous system (CNS) cancer mortality 
seems to be relatively small. Due to a restricted 
number of patients, CNS cancers have been an 
orphan disease with a quite limited funding to 
study. Nevertheless, these malignancies consti-
tute a vital important chapter in neurology, 
because they can produce many different neuro-
logical symptoms, like CNS tissue disruption and 
displacement, increasing intracranial pressure 
and, the most important thing, they are often 
lethal. In fact, on account of all causes of intrac-
ranial disease, the CNS cancers constitute the 
second cause of death, exceeded in frequency 
only by stroke. On the other hand, it is interesting 
to observe that, in children, primary CNS cancers 
are the most common solid neoplasm, and they 
are second only to leukemia  [  2  ] . 

   Incidence and Mortality 

 It is quite diffi cult to obtain accurate and exhaus-
tive data regarding different types of CNS tumors. 
Most part of data is obtained from specialized 
neurosurgical centers, causing possible bias since 
they often examine the most easily diagnosed 
and treatable forms; even data coming from other 
sources as autopsy statistics are often unclear and 
show very wide range. For example, data related 
to the amount of metastatic forms obtained from 
autopsy of municipal hospitals vary from 20% to 
42% of all CNS tumors  [  3,   4  ] , whereas consider-
ing different data, resumed in previous works, 
should greatly exceed primary tumors  [  5–  8  ] . 
More reliable data can be provided from national 
cancer registry program which resume a large 
number of population-based data  [  9  ] . 

 The overall incidence for primary CNS tumors 
is about 19.34/100,000 person-years, with higher 
rates in women than in men (20.67 vs. 
17.88/100,000 person-years)  [  9–  11  ] . Men gener-
ally have higher rates of primary malignant CNS 
tumors, whereas women have higher rates of 
nonmalignant forms, such as meningiomas 
(Table  1.1 ). The overall incidence rate is lower in 
children (4.84 and 4.69/100,000 person-years for 
0–19 and 0–15 years of age, respectively) than 
adults (25.17/100,000 person-years for age 
 ³ 20 years). Many data support differences in the 
epidemiology of CNS tumors between children 
and adults. For example, in Sweden, the most 
common types of tumors in children aged <15 
result to be medulloblastoma and low-grade 
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glioma (23.5% and 31.7%, respectively), while 
in adult patients, high-grade glioma (30.5%) and 
meningioma (29.4%) are the most common types 
(data from Swedish Cancer Registry). Similar 
data are reported also for the population of the 

USA, as shown in Table  1.2 . Valid data on the 
incidence rate and proportion of different histol-
ogy characterization can be gathered from the 
Central Brain Tumor Registry of the USA, which 
can be considered representative of a wide and 

   Table 1.1    Distribution and incidence rates a  of primary CNS tumors by major histology groupings and sex   

 Histology 

 Percentage 
of all reported 
CNS tumors 

 Incidence rate a  
(both sexes) 

 Incidence 
rate a  in men 

 Incidence 
rate a  in women 

 Tumors of neuroepithelial tissue  33.7  6.55  7.72  5.55 
 Pilocytic astrocytoma  1.6  0.33  0.34  0.32 
 Protoplasmic and fi brillary astrocytoma  0.5  0.11  0.13  0.09 
 Anaplastic astrocytoma  2.1  0.41  0.48  0.35 
 Unique astrocytoma variants  0.5  0.10  0.12  0.07 
 Astrocytoma, NOS  2.3  0.45  0.51  0.40 
 Glioblastoma  16.7  3.19  3.99  2.53 
 Oligodendroglioma  1.4  0.28  0.31  0.24 
 Anaplastic oligodendroglioma  0.6  0.12  0.14  0.10 
 Ependymoma/anaplastic ependymoma  1.3  0.26  0.27  0.25 
 Ependymoma variants  0.5  0.10  0.11  0.08 
 Mixed glioma  1.0  0.20  0.23  0.16 
 Glioma malignant, NOS  2.2  0.43  0.47  0.41 
 Choroid plexus  0.2  0.05  0.05  0.05 
 Neuroepithelial  0.1  0.02  0.02  0.02 
 Nonmalignant and malignant neuronal/glial  1.4  0.28  0.30  0.26 
 Pineal parenchymal  0.2  0.04  0.03  0.04 
 Embryonal/primitive/medulloblastoma  1.0  0.20  0.23  0.18 

 Tumors of cranial and spinal nerves  8.6  1.66  1.66  1.66 
 Nerve sheath, nonmalignant and malignant  8.6  1.66  1.66  1.66 

 Tumors of meninges  35.5  6.81  4.16  9.07 
 Meningioma  34.4  6.59  3.91  8.87 
 Other mesenchymal, nonmalignant and malignant  0.3  0.06  0.06  0.05 
 Hemangioblastoma  0.8  0.16  0.19  0.14 

 Lymphomas and hematopoietic neoplasms  2.4  0.46  0.54  0.39 
 Lymphoma  2.4  0.46  0.54  0.39 

 Germ cell tumors and cysts  0.5  0.10  0.13  0.06 
 Germ cell tumors, cysts, and heterotopias  0.5  0.10  0.13  0.06 

 Tumors of sellar region  13.8  2.70  2.58  2.89 
 Pituitary  13.1  2.56  2.44  2.75 
 Craniopharyngioma  0.7  0.14  0.14  0.14 

 Local extensions from regional tumors  0.1  0.02  0.02  0.02 
 Chordoma/chondrosarcoma  0.1  0.02  0.02  0.02 
 Unclassifi ed tumors  5.4  1.05  1.06  1.04 

 Hemangioma  0.8  0.16  0.14  0.17 
 Neoplasm, unspecifi ed  4.6  0.88  0.91  0.86 
 All other  0.1  0.01  0.02  0.01 

 Total b   100.0  19.34  17.88  20.67 

  Modifi ed from CBTRUS  [  9  ]  
  a Rates per 100,000 person-years adjusted to the 2000 US standard population 
  b All brain tumors including histologies not reported in this table  
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heterogeneous population (Table  1.1 ). As showed 
in the table, the most common types of CNS 
tumors are meningiomas and glioblastomas. 
Meningiomas account for more than 34%, and it is 
reported that 98% of these tumors have a nonmalig-
nant behavior. Meningiomas are more common in 
female than in male population, and their incidence 
increases with aging, peaking after 65 year. Also 
the glioblastomas show a remarkable frequency, 
accounting for 17% of all primary CNS tumors 
and representing the most common malignancy. 

These tumors are more common in men and in 
older adults, and their incidence rises with age, 
peaking in the 75–84 years old. It should be 
remarked that incidence rate of primary CNS lym-
phoma, representing about 2.4% of all CNS 
tumors, has raised prominently over the last 
decades, and some specialized centers report that 
incidence has more than tripled  [  12–  14  ] . This 
increase could be related to immunosuppressed 
individuals, but it also seems to be present in 
patients with ostensibly normal immune function.   

   Table 1.2    Number of childhood (ages 0–19) brain and CNS tumors by major histology groupings, histology, and age 
at diagnosis   

 Histology  0–14 years  0–19 years 

 Tumors of neuroepithelial tissue  8,525  10,732 

 Pilocytic astrocytoma  2,034  2,529 

 Protoplasmic and fi brillary astrocytoma  109  149 

 Anaplastic astrocytoma  179  256 

 Unique astrocytoma variants  232  334 

 Astrocytoma, NOS  531  699 

 Glioblastoma  292  440 

 Oligodendroglioma  112  203 

 Anaplastic oligodendroglioma  23  49 

 Ependymoma/anaplastic ependymoma  628  776 

 Ependymoma variants  52  116 

 Mixed glioma  67  111 

 Glioma malignant, NOS  1,561  1,746 

 Choroid plexus  255  284 

 Neuroepithelial  <16  40 

 Nonmalignant and malignant neuronal/glial  895  1,268 

 Pineal parenchymal  99  128 

 Embryonal/primitive/medulloblastoma  1,429  1,604 

 Tumors of cranial and spinal nerves  521  802 

 Nerve sheath, nonmalignant and malignant  521  802 

 Tumors of meninges  297  574 

 Meningioma  206  391 

 Other mesenchymal, nonmalignant and malignant  58  79 

 Hemangioblastoma  33  104 

 Lymphomas and hematopoietic neoplasms  34  60 

 Germ cell tumors and cysts  420  638 

 Tumors of sellar region  729  1,762 

 Pituitary  359  1,286 

 Craniopharyngioma  370  476 

 Local extensions from regional tumors  <16  16 

 Unclassifi ed tumors  468  711 

 Hemangioma  102  172 

 Neoplasm, unspecifi ed  351  519 

 Total  11,004  15,295 

  Modifi ed from CBTRUS  [  9  ]   
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 Worldwide, age-standardized mortality for 
primary CNS tumors is about 2.5/100,000 person-
years, it is higher in men (3.0/100,000) than in 
women (2.2/100,000)  [  2  ] . Like incidence rate, 
also the estimated mortality is higher in the most 
developed countries than in the least ones, with a 
crude mortality rate of 6.1/100,000 vs. 2.1/100,000 
respectively; this difference subsists also after 
standardization even if less wide (2.6 vs. 2.1, 
respectively)  [  2  ] . Data from the USA show a 
standardized rate for primary malignant CNS 
tumors of 3.6/100,000 in women and 5.4/100,000 
in men  [  15  ] . The 5-year and 10-year survival 
rates in the USA for selected malignant CNS 
tumors are listed in Table  1.3 ; these rates differ 
signifi cantly because of histology. Less than 5% 
of the patients with glioblastoma survived 5 years 
postdiagnosis, and only 2.8% of these patients 
reached 10-year survival, even if it should be 
remarked that survival estimates are higher for 
patients diagnosed under age 20  [  9  ] . Differently, 
the 5-year survival rate for meningioma is about 
69% (70% for benign and 55% for malignant) 
 [  16  ] . Furthermore, it seems clear that some histo-
logical types present a quite benign outcome. It is 
the case of pilocytic astrocytoma, characterized by 
a 10-year survival rate of 92.1%, due to the low 

grade of replication and to the possibility of com-
plete recovery after radical surgical removal.  

 Variations in survival rates related to race/eth-
nicity are reported in different reports  [  17–  21  ] . 
Caucasians had a 5-year relative survival rate of 
33.5% and African-Americans of 37%. Data from 
the Surveillance, Epidemiology, and End Results 
Program (SEER) indicate that African-Americans 
had a similar or poorer survival than Caucasians 
 [  19  ] , but after statistical adjustment, we observe 
that African-Americans had 13% higher risk of 
death for primary malignant CNS tumors and 
40% higher risk for low-grade tumors  [  18  ] .  

   Clinical Presentation 

 CNS tumors may manifest themselves in a very 
subtle way. At onset, slowness in comprehen-
sion and loss of capacity to sustain mental activ-
ity could be the only deviation as regard to 
normal. Otherwise, in some patients, there is an 
early beginning of focal cerebral signs. Generally, 
it is useful for clinicians to subdivide these 
patients into three principal groups: patients 
with focal cerebral signs and impairment of 
cerebral functions, patients with evidence of 

   Table 1.3    One-, fi ve-, and ten-year relative survival rates a  for selected malignant brain and central nervous system 
tumors   

 Histology  1-year (%)  5-year (%)  10-year (%) 

 Pilocytic astrocytoma  97.79  94.40  92.10 
 Protoplasmic and fi brillary astrocytoma  74.30  48.10  36.35 
 Anaplastic astrocytoma  60.32  27.36  21.87 
 Astrocytoma, NOS  70.01  48.16  39.10 
 Glioblastoma  34.60  4.75  2.80 
 Oligodendroglioma  94.17  79.48  63.58 
 Anaplastic oligodendroglioma  79.91  49.40  34.95 
 Ependymoma/anaplastic ependymoma  94.00  82.41  76.22 
 Mixed glioma  87.52  57.32  46.37 
 Glioma malignant, NOS  60.40  43.27  39.54 
 Neuroepithelial  54.10  33.02  28.74 
 Malignant neuronal/glial, neuronal, and mixed  88.48  70.66  58.93 
 Embryonal/primitive/medulloblastoma  82.42  61.71  55.05 
 Lymphoma  47.48  28.52  21.61 
 Total: all brain and CNS b   57.21  35.47  31.73 

  Modifi ed from CBTRUS  [  9  ]  
  a Rates are an estimate of the percentage of patients alive at 1-, 5-, and 10-year, respectively 
  b Includes histologies not listed in this table  
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increased intracranial pressure, and patients with 
specifi c intracranial tumor syndromes. 

 First group patients are diffi cult to diagnose 
until the advent of modern neuroimaging proce-
dures. Many different histological types of CNS 
tumors such as high-grade gliomas, astrocytoma, 
meningioma, oligodendroglioma, sarcomas of 
the brain, and CNS lymphoma, but also 
ependymoma and many others, can occur with 
this clinical pattern. Most common symptoms are 
changes in mental function (i.e., irritability, emo-
tional lability, indifference to common social 
practice, and apathy that conduce to a clinical 
pattern named “psychomotor asthenia”), head-
ache (representing an early symptom in about 
one-quarter of patients variable in nature and 
intensity), vomiting/dizziness (frequent in tumors 
located in the posterior fossa), and seizures. 
Seizures are, together with changes in mental 
functions, the major manifestation of CNS 
tumors, and they are often reported as the most 
common initial symptom. Seizures due to CNS 
tumors have often a focal onset (that can have a 
localizing meaning) and then become general-
ized. Finally, all patients with CNS tumors can 
develop focal cerebral signs, but nearly always 
those signs are at fi rst slight and subtle, and fre-
quently, neuroimaging will have disclosed the 
presence of CNS tumor before focal cerebral 
signs become prominent. 

 As primary clinical sign or among other symp-
toms, CNS tumors are able to raise intracranial 
pressure. Malignancies which most likely present 
themselves in such way are medulloblastoma, 
ependymoma of the fourth ventricle, hemangio-
blastoma of the cerebellum, pinealoma, colloid 
cyst of third ventricle, and even craniopharyn-
gioma and high spinal cord tumors. The typical 
symptoms begin with a periodic bifrontal and 
bioccipital headache that awakes the patients; 
afterwards, patients can usually present projectile 
vomiting, unsteady gait, sphincteric incontinence, 
and mental torpor. Examination of fundus oculi 
shows papilledema. Most of these symptoms 
related to increase of intracranial pressure are 
usually the result of hydrocephalus, and this clin-
ical pattern can evolve to coma. 

 The third group includes all CNS tumors with 
special clinical syndromes, related to intracranial 
localization, useful to localize and diagnose the 
lesion coming from neurologic fi ndings. CNS 
tumors producing more often unique clinical 
 syndromes are acoustic neuroma (and tumors 
of cerebellopontine angle), craniopharyngioma, 
pituitary adenomas, meningiomas of the sphe-
noid ridge and olfactory groove, glioma of the 
optic nerve and chiasm, pontine glioma, chor-
doma, and a number of other tumors at the base 
of the skull. The diagnosis will be made on the 
basis of neurological defi cit (i.e., loss of hearing 
and balance disorders in acoustic neuroma or 
bilateral vision fi eld defects in glioma of optic 
nerves and chiasm) or on more complex clinical 
syndromes (i.e., amenorrhea–galactorrhea syn-
drome or Cushing disease that can be related to 
pituitary adenomas); investigation by CT, MRI, 
and other special studies will confi rm the clinical 
hypothesis.   

   Biotargets in Central Nervous 
System Cancer 

 The development of new molecular analysis 
techniques targeting specifi c cancer pathways 
allowed fi nding new specifi c gene or protein use-
ful to predict cancer behavior or drug sensibility. 

 These biomarkers are useful tools able to char-
acterize cancer aggressiveness and response to 
the standard radio- or chemotherapy treatment; 
moreover, these studies lead to the development 
of new drug able to switch off specifi c genetic 
pathway involved in cancerogenesis. 

 Between all the CNS cancers, glioblastoma 
multiforme (GBM) is the most studied form, due 
to its high incidence and mortality; studies involv-
ing other CNS cancers are very few, and they are 
not relevant in this discussion. 

   Glioblastoma Multiforme 

 Among the primary brain malignancies, in clini-
cal practice, tumors arising from glial cells are 
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the most frequent, aggressive, and studied  [  22  ] . 
In fact, besides an appropriate surgery, GBM 
treatment requires a specifi c chemotherapy and 
radiotherapy approach; the term “multiforme” 
illustrates the heterogeneity exhibited by this 
tumor in every aspect, including clinical presen-
tation, pathology, genetic signature, and response 
to different therapies  [  23  ] . GBM accounts for 
12–15% of all brain tumors and 50–60% of astro-
cytomas; the incidence is less than 10–100,000, 
with a median overall survival (OS) of 1 year. 
The incidence is fairly constant worldwide, lead-
ing to the logical inference that environmental, 
geographical, and nutritional factors probably do 
not play a major role in this cancer, whereas 
genetics is more likely to tip the scale of etiology. 
Peak of incidence is included between 45 and 
70 years; only 8.8% of children with CNS tumors 
had GBM, while congenital cases are extremely 
rare  [  24  ] . It is slightly more common in men, 
with a male-to-female ratio of 1.5:1. Black popu-
lation incidence is lower than other ethnic groups 
like whites, latinos, and Asians. GBMs appear to 
be sporadic, although several genetic disorders 
are associated with increased incidence, includ-
ing tuberous sclerosis, neurofi bromatosis types 1 
and 2, von Hippel–Lindau disease, and Turcot 
and Li–Fraumeni syndromes  [  23  ] . There is a 
proven association between GBM and exposure 
to ionizing radiation or polyvinyl chloride (a 
polymer commonly used in construction), but no 
links have been found between GBM and smok-
ing, diet, cellular phones, or electromagnetic 
fi elds  [  25  ] .  

   GBM Pathology 

 GBMs preferentially have a supratentorially 
location; more often, they are in the cerebral 
hemispheres, preferably in the frontal lobes rather 
than the temporal lobes or basal ganglia (although 
a combined frontotemporal mass is particularly 
typical of GBM). Although tumor cells are con-
sidered to be already disseminated at time of 
diagnosis far in the surrounding parenchyma, 
they are generally a single mass, while true mul-
tifocal glioblastoma usually has distinct histo-

logical appearance and is most likely polyclonal, 
usually presenting as simultaneous infra- and 
supratentorial masses (incidence 2.5%)  [  26,   27  ] . 
GBMs are typically unilateral or involve the  cor-
pus callosum  crossing the midline (“butterfl y” 
appearance). Grossly, it appears topographically 
diffuse with a poorly delineated mass with no 
capsula, with areas of old and recent hemorrhage, 
necrosis, and cystic areas. Microscopically, char-
acteristic histopathological features include cel-
lular and nuclear polymorphism, nuclear atypia, 
high mitotic activity, vascular thrombosis, micro-
vascular proliferation, and necrosis, with regions 
of pseudopalisading. The presence of necrosis is 
linked with the aggressiveness of the cells, and it 
is a sine qua non diagnostic criterion to histo-
pathologically “upgrade” an anaplastic astrocy-
toma to GBM. Another important diagnostic clue 
is the presence of secondary structures such as 
 perineuronal and perivascular satellitosis , result-
ing from the glioma cells and host brain struc-
tures interaction. Histological tumor variants, 
which do not alter the prognosis of the tumor, 
include giant cell glioblastoma, gliosarcoma, and 
gliomatosis cerebri. Extension within and along 
perivascular spaces is common, but invasion of 
the vessel lumen seems to occur infrequently, 
correlating with a very low incidence of hematog-
enous spread to extraneural tissues. Metastatic 
spread of GBM occurs in less than 5% of cases, 
late in the illness course, and it was almost 
unheard of before the adjuvant therapy.  

   Treatment 

 Several factors concur to make GBM treatment 
notoriously diffi cult:

   GBM tumor cells, despite their rapid cycle, • 
are quite resistant to conventional therapies.  
  Brain has a limited capacity to repair itself, • 
and any damage may be defi nitive.  
  Adequate penetration of the blood–brain bar-• 
rier (BBB) by chemotherapeutical agents 
could not be achieved without dose-limiting 
systemic side effects.    
 Nowadays, the mainstay of therapy consists of 

surgery, radiation, and chemotherapy. 
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   Surgery 
 The extent of an appropriate surgical resection 
depends on location and tumor size; however, 
surgery is often an incomplete debulking. The 
margin considered for a radical resection should 
not be less than 2 cm. Whether aggressive “radi-
cal” surgery prolongs survival, it is still debatable, 
but several studies suggest a close inverse corre-
lation between survival and the amount of resid-
ual tumor observed on postoperative MRI scans 
 [  28  ] . Radical resection maintains several advan-
tages, such as reversal of some neurologic defi -
cits, lowering seizure incidence, or even abolishing 
them, a defi nitive pathology diagnosis and the 
assumption that a “more cytoreductive” surgery 
may facilitate adjuvant treatment modalities and 
ultimately improve survival. Arguments against 
radical resection arise from the inherent invasive-
ness of GBM, which cannot be totally resected 
anyway, the potential to facilitating tumor cells 
migration, and the possibility of surgical compli-
cations and new neurological defi cits.  

   Radiotherapy 
 Radiotherapy (RT) can be started 4–6 weeks after 
surgery and administered in a standard fraction-
ated regimen over 6–7 weeks  [  29  ] . The standard 
dose of external beam RT is 60 Gy in single daily 
fractions of 1.7–2 Gy, fi ve times a week, applied 
to a limited fi eld that includes the enhancing vol-
ume on CT scans with a 2–3 cm margin or 2 cm 
on MR images. Whole brain RT does not improve 
survival when compared to the more precise and 
targeted three-dimensional conformal RT. 

 New variants of RT have been introduced in 
clinical practice, like  Gamma Knife , the  Leksell 
Perfexion , and the  CyberKnife  or  LINAC . 
Stereotactic brachytherapy involves using ste-
reotactic techniques to accurately place radioac-
tive isotopes. Typically, brachytherapy delivers 
an additional 50–60 Gy of radiation, bringing the 
total dose of radiation up to 110–120 Gy. This is 
indicated in patients with unifocal, well-defi ned, 
supratentorial tumors less than 5 cm in diameter 
not involving the corpus callosum, brain stem, or 
ependymal surfaces, currently as a salvage 
modality, in recurrent GBM after repeat resection 
of the tumor. Boron neutron capture therapy 

(BNCT) is an experimental form of RT where the 
damage occurs through the interaction between a 
beam of thermally slowed neutrons with boron 
10, which is injected to a patient and preferen-
tially binds to tumor cells. Still investigational 
and costly, this is a treatment modality with great 
promise. 

 The mean survival after optimal surgery and 
adjuvant RT is about 12.1 months  [  29  ] . There are 
several limitations to RT that make adjuvant che-
motherapy a must: the infi ltrative nature of GBM, 
the risk of radiation necrosis and radiation-
induced permanent neuronal damage (radiation 
encephalopathy), as well as intrinsic or acquired 
radioresistance.  

   Chemotherapy 
 Among many chemotherapeutic agents tested to 
improve GBM overall survival, alkylating agents 
have demonstrated some benefi t; either chloro-
ethylating drugs such as carmustine (BCNU) and 
lomustine (CCNU) or methylating agents such as 
temozolomide (TMZ) are used in the majority of 
GBM clinical protocols. 

 Chloroethylating agents are able to penetrate 
into the BBB due to high hydrophobicity, and 
they can also be administered orally  [  30  ] . Forming 
O6-chloroethylguanine lesions, they lead to G-C 
interstrand cross-links and trigger apoptosis in 
a tumor, as well as in a normal cell. However, 
an aggressive regimen with these agents causes 
considerable side effects, leading to dose reduc-
tions and corresponding decrease in therapeutic 
effi cacy. 

 Methylating agents such as TMZ show reduced 
toxicity toward normal cells and are much better 
tolerated. Oral administration of TMZ, either 
concomitant with radiotherapy followed by adju-
vant TMZ or as adjuvant TMZ alone after com-
pletion of radiation, is increasingly becoming 
standard of care for GBM patients  [  31  ] . The use 
of TMZ has been signifi cantly increased as a 
result of a phase III trial that showed survival 
advantage to newly diagnosed GBM patients 
receiving TMZ with standard radiotherapy  [  29  ] . 

 Second-line cytotoxic agents include carbopl-
atin, etoposide, oxaliplatin, and irinotecan. 
Sometimes, procarbazine and vincristine may be 
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added to CCNU as the PCV regimen, which used 
to be a fi rst-line approach before the supremacy 
of TMZ.   

   GBM Genomics and New Prognostic 
Factors 

 The overall survival of GBM is about 1 year on 
average; this survival pattern has not improved in 
some time, although radiation and chemotherapy 
appear to extend the life of the patient. Most com-
mon drug handling to treat GBM often has mini-
mal effect, and doctors usually have time to try 
only one or two treatments before the disease 
causes severe impairment. 

 Nowadays, several studies, due to the devel-
opment of new molecular analysis technique, like 
microarray technology, show that GBMs have 
many genetic variations able to infl uence chemo- 
and radiosensibility. This chapter will try to 
describe these genetic alterations, allowing to 
distinguish which patients are the most likely to 
benefi t from specifi c drugs or using gene muta-
tions as prognostic and predictive factors. 

   Loss of Heterozygosity 
 Loss of heterozygosity (LOH) is the loss of nor-
mal function of one allele of a gene in which the 
other allele was already inactivated. In oncology, 
LOH occurs when the remaining functional allele 
in a somatic cell of the offspring becomes inacti-
vated by mutation. This could cause a normal 
tumor suppressor to no longer be produced which 
could result in tumorigenesis. 

 LOH is the most frequent genetic alteration in 
GBM. A study performed on 220 primary GBMs 
showed 75% of LOH on 10q, 47% on 9p, 29% on 
19q, and 19% on 1p  [  32  ] . It should be noted that 
10q contains PTEN gene and other potential 
tumor-suppressor genes, such as MXI1, which 
suggests that loss of this region may contribute to 
the development or malignant progression of 
GBM. A recent study, correlating LOH with sur-
vival of patients with GBM, showed that LOH 1p 
was associated with longer survival (hazard ratio 
[HR] 0.7; 95% confi dence interval [CI], 0.5–1.0), 
whereas LOH 10q was associated with shorter 

survival (HR 1.4; 95% CI, 1.0–1.8) of patients 
with glioblastoma  [  33  ] . 

 In addition, oligodendroglioma with 1p/19q 
deletions shows particular sensitivity to radio-
therapy and chemotherapy; it may have practical 
importance to identify the subset of GBMs with 
recognizable oligodendroglial features  [  34  ] .  

   EGFR (Epidermal Growth Factor Receptor) 
 The epidermal growth factor receptor (EGFR) 
(with a gene located on chromosome 7p12) 
belongs to the ErbB family of tyrosine kinase 
receptors; it has been detected in abnormal forms 
or in enhanced expression in a series of tumors 
like glioma, breast, colon–rectal, bladder, ovary, 
and oral cavity cancer. EGFR has three key 
nuclear functions: gene regulation, kinase func-
tion leading to tyrosine phosphorylation of target 
proteins, and protein–protein interactions leading 
to DNA repair. As a transcription cofactor with a 
functional transactivation domain, nuclear EGFR 
activates expression of a number of genes, includ-
ing cyclin D1, inducible nitric oxide synthase 
(iNOS), B-Myb, aurora A, and cyclooxygenase-2 
(COX-2). Consistent with the fact that EGFR 
lacks a DNA-binding domain, nuclear EGFR 
interacts with DNA-binding transcription factors 
to activate gene transcription. In this context, 
nuclear EGFR cooperates with signal transducer 
and activator of transcription-3 (STAT3) to 
upregulate expression of iNOS and COX-2 genes, 
with E2F1 to activate B-Myb gene expression, 
and with STAT5 to enhance aurora A gene expres-
sion. Another mechanism underlying nuclear 
EGFR-mediated gene regulation could be attrib-
uted to its interaction with mucin 1 (MUC1). 
This interaction may promote the accumulation 
of chromatin-bound EGFR and signifi cant colo-
calization of EGFR with phosphorylated RNA 
polymerase II. In addition to transcriptional regu-
lation, nuclear EGFR retains its tyrosine kinase 
activity and phosphorylates proliferating cell 
nuclear antigen (PCNA) to promote cell prolif-
eration and DNA repair. Chromatin-bound PCNA 
protein is phosphorylated on the Tyr211 amino 
acid residue by nuclear EGFR, leading to 
increased PCNA stability. This important fi nd-
ing raised the possibility that additional nuclear 
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proteins may be phosphorylated by nuclear 
EGFR and their functions, stability, and/or sub-
cellular localization altered as a consequence of 
tyrosine phosphorylation  [  35  ] . 

 Amplifi cation of the EGFR gene occurs in 
34–50% of GBM; EGFR overexpression is also 
more common gene alteration in primary GBM 
(>60%). All primary GBMs with EGFR amplifi -
cation show EGFR overexpression, and 70–90% 
of those with EGFR overexpression have EGFR 
amplifi cation  [  32,   36,   37  ] . EGFR rearrangements 
or aberrant protein expression is also common in 
GBM. Five common variants that harbor exon or 
N- or C-terminal deletion, and a small number of 
variants consisting of a variety of tandem dupli-
cations of exons, as well as missense and inser-
tion mutations, have been identifi ed, of which the 
variant 3 (EGFRvIII) containing an in-frame 
deletion of exons 2–7 within the extracellular 
ligand-binding domain is the most frequent type. 
The joining of exons 1–8 creates a novel tertiary 
conformation of the extracellular domain that 
lacks ligand-binding ability. As a result, EGFRvIII 
is not activated by its ligand; however, it is con-
stitutively activated, thus leading to constitutive 
long-term signaling. Aberrant activation of 
EGFR-mediated signal-transduction pathways 
has been found in GBM, which may be caused by 
the genetic alterations and contribute to the induc-
tion of glial transformation and progression. For 
example, in the absence of ligand binding, the 
constitutively active EGFRvIII causes the activa-
tion of downstream lipid kinase PI3K/Akt and 
MAPK pathways  [  38,   39  ]  conferring cell prolif-
eration advantages and increasing cell survival by 
inhibiting apoptosis. An in vitro assay has shown 
that expression of extracellular matrix compo-
nents and metalloproteases was enhanced in 
EGFRvIII-expressing GBM cells, and the authors 
confi rmed that the mutant EGFR did make GBM 
cells both more motile and invasive  [  40  ] . 

 The presence of EGFRvIII, a specifi c variant of 
the EGFR lacking exons 2–7, is an independent 
predictor of poor survival in patients with primary 
GBM  [  32  ] . A different study revealed that 
EGFRvIII overexpression in the presence of EGFR 
amplifi cation is the strongest indicator of a poor 
survival prognosis ( P  = 0.0044, HR = 2.71)  [  41  ] . 

 In a phase I clinical trial conducted at the 
University of California, San Francisco, glioma 
patients were treated with erlotinib either alone 
or in combination with TMZ. Eight of these 
patients responded to erlotinib, and response was 
independent of TMZ administration. Response to 
erlotinib was associated with both EGFR overex-
pression and EGFR amplifi cation. In addition, 
response to erlotinib was highly dependent on the 
phosphorylation status of PKB/Akt. Of 22 tumors 
with high levels of phosphorylated PKB/Akt, 
none responded to erlotinib, whereas 8 of 18 
tumors with low levels of phosphorylated PKB/
Akt responded. In addition to radiographic 
response, time to progression (TTP) highly cor-
related with phospho-PKB/Akt levels  [  42  ] .  

   PTEN (Phosphatase and Tensin Homolog) 
 The tumor-suppressor gene PTEN function 
(located at 10q23.3) is frequently lost in GBM 
due to LOH or mutations (15–40%)  [  43  ] . The 
PTEN protein is a phosphatase, and one of its pri-
mary cellular targets is the phosphatidylinositol-
3,4,5-trisphosphate, a plasma membrane lipid 
that is produced during cellular signaling events 
by the action of PI3K. PTEN removes the phos-
phate group on the D3 position of the inositol, the 
same position where PI3K deposits a phosphate 
group after it is activated. Thus, PTEN serves as 
a negative regulator of the PI3K pathway, and 
loss of PTEN function results in constitutive acti-
vation of the PI3K pathway. 

 PTEN loss has been correlated with higher 
activated Akt levels in glioma cells. The protein 
phosphatase activity of PTEN is involved in cell 
migration, a malignant phenotypic change that 
contributes to the morbidity and mortality of the 
advanced glioma. A very recent study suggests 
that PTEN regulates glioma cell migration 
through its control of FYN and RAC GTPase 
downstream of  a v b 3 integrin engagement in a 
PI3K/Akt-independent manner  [  44  ] . While PTEN 
has been assigned a tumor-suppressor function, a 
recent study showed that it has tumor-promoting 
properties in the setting of gain-of-function p53 
mutations  [  45  ] . PTEN restoration to GBM cells 
harboring gain-of-function p53 mutations leads 
to induction of cell proliferation and inhibition of 



10 P. Aloisi et al.

cell death, possibly via inhibition of mut-p53 
degradation by murine double minute (MDM2) 
and direct stabilization of mut-p53 protein. 
Conversely, inhibition of endogenous PTEN in 
glioma cells expressing mut p53 leads to inhibi-
tion of cell proliferation and inhibition of in vivo 
tumor growth. 

 Nowadays, some studies show that PTEN 
mutation remained a powerful prognostic factor 
correlated to glioma survival  [  46,   47  ] .  

   p53/MDM2/p14 ARF  
 The p53 tumor-suppressor gene is active in 
response to diverse stresses, including DNA dam-
age, overexpressed oncogenes, and various meta-
bolic limitations, and can induce either cell cycle 
arrest or apoptosis. After stress, the activity of 
p53 is blocked by its crucial negative regulator, 
MDM2, via ubiquitin-dependent degradation, 
while reaccumulation and activation of p53 is 
achieved through the inactivation of MDM2 by 
the binding of p14 ARF . This switch system for the 
p53 signaling pathway is disrupted in many 
tumors, including GBM, due to p53 mutation, 
MDM2 amplifi cation, or overexpression or loss 
of expression of p14 ARF , thus, blocking p53 activ-
ity and leading to uncontrolled cell proliferation 
and tumor formation. 

 The p53 mutations occur in two-thirds of sec-
ondary GBM, while a lower frequency of p53 
mutations (<30%) is seen in primary GBM  [  36  ] . 
Amplifi cation and overexpression of MDM2 
occurs in 6–12% of GBM. GBM also has fre-
quent p14 ARF  deletion or methylation (36–58%) 
and loss of p14 ARF  expression (76%)  [  32,   48  ] . 

 There is growing evidence that GBMs may be 
generated and maintained by a small subset of 
cancer stem cells, and these stem cells display 
some features of normal neural stem cells, such 
as the potential for self-renewal. Meletis et al. 
showed that p53 is expressed in the neural stem 
cell lineage in the adult brain, and knockdown of 
p53 led to increased self-renewal of neural stem 
cells by increasing cell proliferation and decreas-
ing apoptotic cell death, implicating p53 as a sup-
pressor of tissue and cancer stem cell self-renewal. 
Further evidence for the role of p53 in stem cell 
differentiation was provided by Lin et al. who 

demonstrated that p53 induced differentiation of 
mouse embryonic stem cells by downregulation 
of a gene involved in self-renewal  [  49,   50  ] . 

 Many studies show a p53 role as prognostic 
factor; in fact, Li et al. showed that low expres-
sion of p53 is a signifi cant independent favorable 
prognostic factor for progression-free survival 
(PFS) ( P  = 0.017)  [  51  ] . In addition, primary GBM 
tumors showing simultaneous EGFR and p53 
alterations were signifi cantly associated with 
shorter survival ( P  < 0.01)  [  52  ] .  

   Epigenetic Changes 
 A better understanding of the epigenetic changes 
that occur within GBM has added to the available 
chemotherapeutic agents employed in the treat-
ment of the disease. TMZ, an oral alkylating 
agent, has demonstrated a benefi t in the treatment 
of a subset of GBM patients. 

 The mechanism of action of TMZ involves the 
alkylation of the O-6 position of guanine within 
DNA strands producing interstrand cytotoxic 
cross-links, leading to apoptosis. The adducts 
created by TMZ are reversible through the action 
of the DNA repair enzyme,  O -6-methylguanine 
DNA methyltransferase (MGMT). The presence 
of MGMT leads to a decrease in the effectiveness 
of TMZ. Conversely, a decrease in the expression 
of MGMT is benefi cial for the action of TMZ. A 
decrease in MGMT expression occurs through 
hypermethylation of CpG islands in the promoter 
region of the MGMT gene, leading to silencing 
of transcription and a decrease in the amount of 
gene product. In one study, methylation of the 
MGMT promoter region was present within 
47.7%. 

 Several clinical trials have demonstrated the 
benefi t of TMZ in patients with GBM. The larg-
est study, a multi-institutional randomized trial 
encompassing 573 patients, demonstrated an 
improved median survival of 14.6 months when 
TMZ was added to the treatment regimen, com-
pared with a median survival of 12.1 months 
without the medication. A separate subset analy-
sis of this trial examined the survival of those in 
whom the methylation status of the MGMT pro-
moter could be determined; those patients with a 
methylated MGMT promoter had a signifi cantly 
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better median survival when they received TMZ 
compared with those that did not (21.7 vs. 
15.3 months)  [  53  ] .   

   New Targeted Therapies 

 Nowadays, conventional protocols in GBM treat-
ment include maximally safe surgical resection 
followed by fractioned RT and systemic chemo-
therapy with alkylating compounds. The effi cacy 
of alkylating drugs, however, such as nitrosou-
reas or TMZ, is fairly limited due to the existence 
of alternative pathways like epigenetic inactiva-
tion of the DNA repair enzyme methylguanine 
methyltransferase, the DNA mismatch repair, and 
the base excision repair pathways able to confer a 
chemoresistance to alkylating agents. 

 Altered expression or specifi c mutation of 
receptors and intracellular downstream effectors 
has been observed in malignant glioma (MG). 
These pathways are regulated by several growth 
factors linked to tyrosine kinase, such as the 
EGFR, insulin-like growth factor receptor (IGFR), 
platelet-derived growth factor receptor (PDGFR), 
and vascular endothelial growth factor receptor 
(VEGFR). Specifi c targeting of these signaling 
pathways that lead to uncontrolled cellular prolif-
eration and cell migration and invasion could 
provide new molecularly targeted treatment 
options for MG. 

   EGFRs 
 Treatment options that target EGFRs include 
 gefi tinib  (ZD-1839) and  erlotinib  (OSI-774). 
However, effi cacy of these agents is modest in 
CNS tumors. 

 Gefi tinib was evaluated in an open-label phase 
II clinical trial in patients with fi rst recurrence of 
a GBM. Each patient initially received 500 mg/
die of gefi tinib, and the dose was escalated up to 
1,000 mg in patients receiving enzyme-inducing 
antiepileptic drugs or dexamethasone. Quanti-
fi cation of gefi tinib effi cacy was assessed by 
6-month progression-free survival (PFS-6) and 
brain magnetic resonance imaging (MRI) quan-
tification of tumor response. The study popu-
lation had a PFS-6 of 13% and a median OS 

time from treatment initiation of 39.4 weeks, but 
no radiographic response was observed  [  54  ] . 

 In a multicenter, open-label, and single-arm 
phase II clinical trial of gefi tinib in patients with 
recurrent MG after surgery plus radiotherapy and 
fi rst-line chemotherapy, overall median TTP was 
8.4 weeks, PFS-6 was 14.3%, and median OS 
was 24.6 weeks. None of the patients presented 
objective radiographic response  [  55  ] , and it was 
concluded that gefi tinib demonstrated limited 
effi cacy against GBM, in comparison with the 
standard Stupp regimen  [  29  ] . 

 In several phase I/II clinical trials, OS rates for 
erlotinib and gefi tinib treatment were similar, but 
erlotinib was more effective than gefi tinib treat-
ment in terms of objective radiographic responses. 
A multicenter, open-label phase I clinical trial 
evaluated the effi cacy of erlotinib plus RT in 
patients with GBM. With a median follow-up of 
52 weeks, progression was assessed in 16 patients, 
and 13 deaths occurred. Median TTP was 
26 weeks, and median OS was 55 weeks  [  56  ] . 
Additionally, in an open-label phase I dose esca-
lation clinical trial, patients with stable or pro-
gressive malignant primary gliomas received 
erlotinib alone or combined with TMZ  [  57  ] . Of 
the patients assessed, eight patients demonstrated 
a PR, and six patients demonstrated a median 
PFS of greater than 6 months, which included 
four patients with a PR  [  57  ] . Erlotinib treatment 
was equally as effective as the standard Stupp 
regimen  [  29  ] . 

 The favorable tolerability profi le and evidence 
of antitumor activity suggest that additional eval-
uation of erlotinib treatment is warranted. 
However, it should also be noted that responders 
to drugs targeting EGFR usually have intact PTEN 
and EGFRvIII and no phospho-Akt  [  58,   59  ] . 

 Cetuximab treatment alone or in combination 
with RT or chemotherapy was assessed in vivo. 
Treated mice with cetuximab signifi cantly 
increased median OS compared with the control 
(65 days vs. 24 days)  [  60  ] .  

   PDGFR 
 The PDGFR regulates angiogenesis and is over-
expressed in approximately 75% of MGs. 
Administration of imatinib (STI-571), a PDGFR 
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inhibitor, either as monotherapy or in combination 
(hydroxyurea or radiotherapy), has been associ-
ated with modest activity in CNS tumors. 

 An open-label phase II trial of imatinib mono-
therapy (400 mg, once a day) in patients with 
anaplastic glioma or GBM demonstrated mini-
mal effi cacy. Radiographic response was <6% for 
both types of brain tumors; in patients with GBM, 
two patients (6%) demonstrated partial responses 
(PR) and six patients (18%) demonstrated stable 
disease (SD), but there were no complete 
responses (CR). Among the patients with ana-
plastic glioma, there were no CR or PR, and fi ve 
patients had SD response. The PFS-6 was 10% in 
patients with anaplastic glioma, and PFS-6 was 
just 3% in patients with GBM  [  61  ] . 

 In an open-label, single-arm phase II clinical 
trial, patients with recurrent GBM received ima-
tinib mesylate (500 mg, twice a day) plus orally 
hydroxyurea on a continuous daily schedule. At a 
median follow-up of 58 weeks, 27% of patients 
were progression free at 6 months, with a median 
PFS of 14.4 weeks. Radiographic responses were 
observed in three patients (9%), 14 (42%) 
achieved stable disease, and the median OS rates 
were 48.9 weeks  [  62  ] . In all cases, the responses 
observed in these clinical trials in patients with 
recurrent GBM were inferior to those observed 
with the standard Stupp regimen (PFS-6, 53.9%; 
median, PFS 6.9 months; overall response rate 
38.7%, including 7 [11.3%] CR and 17 [27.4%] 
PR)  [  29,   63  ] .  

   VEGFR 
 GBMs, depending to an adequate blood supply, 
are highly vascularized. New blood vessels for-
mation is coordinated by the complex interaction 
of many angiogenic factors, including vascular 
endothelial growth factor (VEGF), basic fi bro-
blast growth factor (bFGF), and PDGF. Therefore, 
targeting factors and pathways implicated in 
angiogenesis may represent potential approaches 
to the treatment of this disease. Because VEGF 
represents a major stimulatory factor for the ini-
tiation of angiogenesis, the inhibition of VEGFRs 
is a promising treatment for malignant gliomas. 

 A phase II clinical trial in patients with recur-
rent GBM used a series of MRI protocols to 

assess the effi cacy of  cediranib  (AZD-2171; 
AstraZeneca), a rapid-onset, reversible, and 
orally administered VEGFR tyrosine kinase 
inhibitor. Permeability was measured by using 
dynamic contrast-enhanced MRI techniques, and 
in addition, correlations between temporal 
changes in these parameters and molecular mark-
ers in blood (angiogenic cytokines) and cellular 
biomarkers of vascular response were assessed. 
Cediranib treatment normalized tumor blood ves-
sels in patients with recurrent GBM and allevi-
ated edema. Moreover, relative tumor vessel size 
signifi cantly decreased as early as 1 day after the 
onset of AZD-2171 treatment ( P  < 0.05) and 
remained decreased at day 28. At day 56, the 
relative vessel size reversed (day 56 vs. day 28; 
 P  < 0.05) toward abnormal values  [  64  ] . 

 An open-label phase II trial in patients ( n  = 23) 
with MG assessed the effi cacy of bevacizumab 
(10 mg/kg every 21 days), a humanized mAb anti-
body against VEGF, and irinotecan (CPT-11). A 
response rate of 63%, a median PFS time of 
23 weeks, and a PFS-6 of 38% were observed  [  65  ] . 

 The synergistic benefi cial effect was con-
fi rmed by the same researchers in a second phase 
II clinical trial in patients with recurrent GBM. 
Two cohorts of patients were included. The initial 
cohort of patients received bevacizumab (10 mg/
kg) plus irinotecan every 2 weeks. After this regi-
men was deemed safe and effective, the irinote-
can schedule was changed to a regimen of four 
doses in 6 weeks. The second cohort of patients 
( n  = 12) received bevacizumab (15 mg/kg) every 
21 days and irinotecan on days 1, 8, 22, and 29. 
Each cycle was 6-week long. Patients in the sec-
ond cohort ( n  = 35) demonstrated a PFS-6 of 46% 
and a 6-month OS of 77%, and PR were observed 
in 57% of patients  [  66  ] . 

 Overall, regimens consisting of bevacizumab 
plus irinotecan demonstrated similar survival and 
progression rates compared with the standard 
Stupp regimen  [  29  ] . Of note, however, is that tri-
als assessing the effi cacy of bevacizumab plus 
irinotecan enrolled a relatively small number of 
patients and therefore were not powered ade-
quately to provide more signifi cant results. 

  Vatalanib  (PTK-787; ZK-222584; Novartis 
AG, Basel, Switzerland), an oral controlled-release 
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PDGF/VEGF-receptor tyrosine kinase angiogen-
esis inhibitor, was assessed in preclinical models 
for effi cacy against VEGF-dependent glioma vas-
cularization and growth. Vatalanib signifi cantly 
limited VEGF-mediated glioma growth, thereby 
providing a promising new treatment option for 
MGs. Vatalanib was evaluated in patients with 
recurrent MG in a open-label, nonrandomized 
phase I/II clinical trial as a monotherapy  [  67  ]  as 
well as in a similarly designed phase I/II clinical 
trial with temozolomide or lomustine  [  68  ] . 
Preliminary results showed that vatalanib mono-
therapy (1,200 or 1,500 mg/day) led to 2 patients 
(4%) with PR, 31 patients (56%) with SD, and 14 
patients (25%) with disease progression, compared 
with the standard Stupp regimen (overall response 
rate of 38.7%, including 11.3% CR and 27.4% PR) 
 [  29  ] . However, fi nal results from these trials are 
awaited to potentially support the signifi cance of 
using vatalanib because disappointing effi cacy 
data were obtained in other clinical trials in patients 
with primary and recurrent MG.  

   Mammalian Target of Rapamycin 
 Signaling mammalian target of rapamycin 
(mTOR) is a critical downstream kinase in the 
PI3K/Akt/mTOR pathway. Combination therapy 
of AEE-788 (Novartis AG), an EGFR/VEGFR-2 
inhibitor, and everolimus (RAD-001), an inhibi-
tor of mTOR, inhibited the tumor growth of GBM 
during in vitro study. The combination of AEE-
788 and RAD-001 increased rates of cell cycle 
arrest and apoptosis and reduced proliferation 
more than either agent alone. In a single-arm, 
open-label phase II clinical trial in patients with 
GBM, temsirolimus (CCI-779; 250 mg weekly) 
demonstrated modest effi cacy, with 20 patients 
(36%) showing radiographic improvement, the 
PFS-6 was 7.8%, and the median OS was 
4.4 months  [  69  ] . Similarly, in another open-label, 
nonrandomized phase II clinical trial to deter-
mine the effi cacy of temsirolimus in patients with 
recurrent GBM, one patient remained progres-
sion free at 6 months, and of the patients assess-
able for response, two PR were observed, and 
20 patients had SD. In addition, the median time 
to progression was 9 weeks  [  70  ] ; therefore, 
 compared with the standard Stupp regimen 

(PFS-6 = 53.9, median OS = 58 weeks, median 
PFS = 6.9 months; overall response rate = 38.7%), 
there was no evidence of an improved response 
to temsirolimus treatment in patients with recur-
rent GBM. Overall, temsirolimus treatment 
appears to be less effective than the standard 
Stupp regimen.  

   RAS 
 MGs often show increased RAS activity because 
of mutation or amplifi cation of upstream growth 
factor receptors. Farnesyltransferases are part of 
the RAS signal-transduction pathway, and farne-
syltransferase inhibitors, including  tipifarnib  
(R-115777; Johnson & Johnson Pharmaceutical 
Research and Development, Brunswick, NJ, 
USA) and  lonafarnib  (Sch-66336), have been 
assessed and shown to have modest survival ben-
efi ts in phase I and II clinical trials in patients 
with recurrent MGs. In an open-label, nonran-
domized, phase II clinical trial to determine the 
effi cacy and safety of tipifarnib in patients ( n  = 67) 
with recurrent GBM, eight patients (11.9%) had a 
PFS of >6 months  [  71  ] . In addition, a PFS-6 of 
33% was observed in a nonrandomized phase I 
clinical trial of temozolomide and lonafarnib in 
patients with recurrent GBM  [  72  ] . However, PFS 
rates following administration of tipifarnib or 
TMZ plus lonafarnib were inferior to those 
observed after administration of the standard 
Stupp regimen  [  29  ] .  

   Protein Kinase C 
 Enzastaurin (LY-317615; Eli Lilly, Indianapolis, 
IN, USA), a selective inhibitor of activated protein 
kinase C (PKC) b , suppressed tumor cell prolifera-
tion. In addition, enzastaurin treatment suppressed 
the phosphorylation of glycogen synthase kinase 
3 b  (GSK3 b ), a serine/threonine PK, in GBM 
xenograft tumor tissues. Enzastaurin also limited 
the growth of human GBM xenografts. These 
effects are supported by data from a preclinical 
study that investigated the effects of enzastaurin 
and radiotherapy in vitro and in vivo compared 
with either treatment alone. This study demon-
strated that combining cerebral irradiation with 
enzastaurin decreased the following parameters: 
tumor volume, irradiation-induced tumor satellite 
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formation, upregulation of VEGF expression 
in vitro and in vivo, and enhanced microvessel 
density in vivo  [  73  ] . However, in an open-label, 
multicenter phase III clinical trial that compared 
enzastaurin with lomustine treatment in patients 
( n  = 266) with recurrent GBM, treatment effects 
were modest. Median PFS, OS, and PFS-6 rates 
were not signifi cantly different between treatment 
arms, and therefore, enzastaurin was not superior 
to lomustine in patients with recurrent GBM  [  74  ] .  

   Ligand–Toxin Conjugates 
 The Her1/EGFR-expressing tumors can be tar-
geted by radioisotopes or toxic compounds con-
jugated to Her1/EGFR-specifi c antibodies or 
ligands, including 125iodine (I)-MAb 425, TP-38, 
and DAB389-EGF. Regional administration of 
radiolabeled mAbs targeting tumor-specifi c anti-
gens expressed by MG has demonstrated encour-
aging antitumor activity and acceptable toxicity 
in clinical trials. The 125I-MAb 425 binds to the 
external domain of human EGFRs, is internalized 
upon binding target, and downregulates EGFR 
expression without stimulating receptor tyrosine 
kinase activity. 

 In an open-label, nonrandomized phase I/II 
clinical trial, adjuvant administration of 125I-
MAb 425 in MG patients signifi cantly increased 
median survival compared with controls receiv-
ing radiotherapy alone. The OS range for GBM 
and AA patients was 4–150 months and 
4–270 months, respectively  [  75  ] . 

 A similar study investigated the benefi ts of tel-
eradiotherapy and 125I-MAb 425 radioimmuno-
therapy administered after neurosurgery in 
high-grade gliomas compared with teleradiother-
apy alone. A median OS of 14 months for both 
treatment groups was observed, with no improve-
ment in disease-free survival or OS in either 
treatment group after neurosurgery. Therefore, 
radiotherapy and radioimmunotherapy with anti-
EGFR 125I-MAb 425 was not benefi cial com-
pared with radiotherapy alone for the adjuvant 
treatment of high-grade gliomas following neu-
rosurgery  [  76  ] . Therefore, compared with the 
standard Stupp regimen (OS range for GBM was 
13.2–16.8 months)  [  29  ] , 125I-MAb 425 greatly 
increased the OS range. 

 In addition, mAb-806 (Life Science 
Pharmaceuticals) and 3C10 mAb are mAbs 
directed against EGFRvIII with conjugated toxins 
or radioisotopes and may represent other targeted 
treatment options for MG. The administration of 
the mAb against tenascin-C, an extracellular 
matrix glycoprotein ubiquitously expressed by 
malignant gliomas, has also been evaluated in 
clinical trials. In a nonrandomized, phase II, dose–
response clinical trial in patients with primary 
MG, 131I-81C6 (Bradmer Pharmaceuticals, 
Toronto, Canada), a radiolabeled mAb targeting 
tenascin (an extracellular matrix protein present 
in MG, but not in normal brain tissue), was 
injected directly into surgically created cavities 
followed by conventional external beam radio-
therapy and chemotherapy. This treatment strat-
egy demonstrated a median survival of 86 weeks 
for patients with anaplastic astrocytomas. In 
patients with GBM, a median OS of 79 weeks 
was observed. Therefore, 131I-81C6 increased 
the median survival of GBM patients compared 
with the standard Stubb regimen  [  77  ] . 

 Furthermore, histopathological analyses were 
conducted in patients treated with combined 
external beam radiotherapy and a brachytherapy 
consisting of 131I-81C6 injected into surgically 
created cavities during brain tumor resections. 
Histological tissue classifi cation outcomes 
included “proliferative glioma,” “quiescent 
glioma,” and “negative for neoplasm.” Median 
survival with tissue classifi ed as proliferative 
glioma, quiescent glioma, and negative for neo-
plasm was 3.5, 15, and 27.5 months, respectively. 
Median survival in patients receiving a total radi-
ation dose greater than 86 Gy was 19 months, 
compared with 7 months for those receiving less 
than 86 Gy, thus suggesting that the total dose of 
radiotherapy was a signifi cant predictor of sur-
vival ( P  < 0.002)  [  78  ] . 

 Therefore, additional clinical trials are war-
ranted to determine the effectiveness of 131I-
81C6 for the treatment of MG. TP-38 is a 
recombinant chimeric protein composed of trans-
forming growth factor  a  combined with a mutated 
form of Pseudomonas exotoxin. Binding speci-
fi city of TP-38 for cells in the brain was demon-
strated by the ability of nonradiolabeled TP-38 to 
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block the binding of 125I-EGF to EGFR-
expressing non-small-cell lung cancer cell lines. 
TP-38 has also demonstrated toxicity to human 
glioma cell lines  [  79  ] . However, in a pilot phase I 
clinical trial, TP-38 was associated with an infe-
rior clinical response, compared with the Stupp 
regimen. Effi cacy results of this pilot study  [  80  ]  
showed that after TP-38 administration, the 
median OS of patients with recurrent malignant 
brain tumors was 23 weeks. Median OS for 
patients with residual disease at the time of TP-38 
therapy was 18.7 weeks, whereas for those with-
out radiographic evidence of residual disease, 
median survival was 32.9 weeks. Overall, 14% of 
patients show residual disease at the time of ther-
apy-induced and radiographically confi rmed 
responses. One patient (7%) had CR, and another 
(7%) had a PR with >50% tumor shrinkage 
34 weeks after TP-38 therapy  [  80  ] . However, 
interpretation of data from trials, such as those 
described above, is challenging because of meth-
odological problems, mainly consisting of the 
small sample sizes enrolled and the open-label 
study design.  

   Integrins 
 Integrins are cell surface receptors that play impor-
tant roles in tumor invasion.  Cilengitide  (a syn-
thetic molecule able to interfere with integrin 
function essential in angiogenesis) has demon-
strated some effi cacy against MG in both a pre-
clinical study and in a nonrandomized phase I 
clinical trial. Cilengitide at dose 2,400 mg/m 2  was 
used for treating 51 patients with MG, including 
37 with GBM  [  81  ] . Among the evaluable patients, 
4% showed a CR, 6% a PR, and 8% a SD. 
Considering these preliminary results, cilengitide 
appears to be a promising new agent against MG, 
and therefore, the fi nal results of this study are 
awaited before defi nite conclusions can be drawn.  

   Histone Deacetylase Inhibitors 
 Epigenetic changes to the genome, through DNA 
methylation and covalent modifi cation of the his-
tones that form the nucleosome, are key to main-
tenance of the differentiated state of the cell. Thus, 
inhibition of deacetylation, which is controlled by 
histone deacetylases, may lead to chromatin 

remodeling, upregulation of key tumor repressor 
genes, differentiation, or apoptosis. Histone 
deacetylase inhibitors, by altering functional epi-
genetic modifi cations, are additional potential 
anticancer agents for the treatment of MGs. 
Structurally diverse histone deacetylase inhibi-
tors, including  vorinostat  and  romidepsin  (FK-
228; Gloucester Pharmaceuticals, Cambridge, 
MA, USA), have demonstrated their ability to 
inhibit proliferation and induce differentiation 
and/or apoptosis of tumor cells in culture and in 
animal models, suggesting that treatment with 
vorinostat may enhance radiation-induced cyto-
toxicity in MG  [  82  ] .    

   Conclusion 

 Among CNS tumors, GBM is one of the most 
aggressive. Conventional protocols in GBM treat-
ment include surgical resection followed by RT 
and systemic chemotherapy with alkylating com-
pounds. The overall survival of GBM is about 
1 year on average, and the drug effi cacy is fairly 
limited due to the existence of alternative genetic 
or epigenetic pathways able to confer a strong 
chemoresistance. Nowadays, several studies 
show that GBM cases have many genetic varia-
tions (LOH, EGFR, PTEN, p53, or MGMT) able 
to predict cancer behavior; despite encouraging 
data obtained from these studies, it is diffi cult to 
introduce in clinical practice the genetic mutation 
as prognostic or predictive factor in lack of large 
phase 3 study including genetic validation and 
uniformity in molecular analysis technique. 

 Furthermore, in the last years, genetic studies 
led to the development of new drugs able to tar-
get and switch off specifi c genetic pathways 
involved in cancerogenesis. Nevertheless, these 
new drugs often failed to demonstrate a signifi -
cant survival benefi t; therefore, more effective 
therapies may be those that target multiple sig-
naling pathways simultaneously by multitargeted 
kinase inhibitors or combinations of kinase inhib-
itors that target single kinases. Additional clinical 
trials are required to elucidate whether multitar-
geting strategies will improve survival rates in 
patients with MG. Important areas for additional 
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research may include the assessment of serum or 
tissue biomarkers; moreover, biological end-
points should be included in the design of clinical 
trials aiming at the objective evaluation of stan-
dard or novel targeted therapies against MG.      
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    Introduction 

 The term “head and neck tumours” encompasses 
a wide range of heterogeneous histologically 
defi ned entities which arise from the tissues of 
the head and neck region. In excess of 90% of 
these are squamous cell carcinomas (SCC) which 
most commonly arise from the mucosa of the oral 
cavity, pharynx and larynx. By necessity, this 
chapter will concentrate on these. Consideration 
of these tumours is very timely: there are impor-
tant changes afoot in the epidemiology of these 
diseases, the most signifi cant of these being the 
increasing role of human papillomavirus (HPV) 
in the aetiology of SCC in certain sub-sites of the 
head and neck. Furthermore, the recognition of 
distinct molecular features of tumours at various 
sites in the upper aero-digestive tract reinforces 
the concept that there is wide heterogeneity in 
tumours of the head and neck.    This poses a chal-
lenge in the development of diagnostic and thera-
peutic biomarkers, yet this provides a great 

opportunity for the individualisation of care for 
patients. 

 It is also important to include other groups of 
tumours which are unique to the head and neck 
region, such as malignant salivary gland tumours 
and odontogenic tumours. Whilst much less com-
mon, many of these have signifi cant potential for 
application of molecular diagnostics and thera-
peutics, albeit with developments proceeding at a 
slower pace. Other tumours, such as soft tissue 
tumours and malignancies of the skin of the head 
and neck, will be covered in other chapters.  

   Epidemiology 

   Head and Neck Squamous 
Cell Carcinoma 

 The incidence of head and neck squamous cell 
carcinoma    (HNSCC) as reported by IARC is 
divided by sub-site of the head and neck, namely, 
lip and oral cavity, larynx, pharynx and nasophar-
ynx, covering the ICD10 codes C01–C14. As with 
all global cancer data, much of the incidence is 
estimated due to the lack of complete data avail-
able from many parts of the world. The most 
recent estimated age standardised incidence fi g-
ures are seen in Table  2.1 . Cumulatively, HNSCC 
(across all 4 sub-sites) is the sixth most common 
cancer worldwide, but this headline fi gure obscures 
large variations across the world. Less recent data 
demonstrated marked differences in the incidence 
in developed and developing parts of the world, 
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with HNSCC placed sixth in men in developing 
countries  [  1  ] . The reported estimated age stan-
dardised incidence varied from 2.2/100,000 per 
annum (Western Africa) to 33.6/100,000 per 
annum (Melanesia). In many areas, the high inci-
dence reported can be attributed to one or a small 
number of particular aetiological factors, such as 
habits of betel/areca nut chewing.  

 In general, HNSCC occurs in patients in the 
sixth decade of life and older and is more com-
mon in males. For most patients, this represents 
the cumulative effects of decades of tobacco 
smoking and alcohol intake, both of which still 
tend to be higher in males. However, the marked 
male predominance is reducing as more female 
patients develop HNSCC  [  2  ] . In some countries, 
such as the USA, recent data indicate that the 
incidence of oral cavity cancer is stable and may 
even be in slow decline  [  3  ] . This may, in part, 

parallel the reduction in lung cancer as smoking 
rates have dropped  [  4  ] . Other populations, such 
as Japan and the UK, do not mirror such changes 
and report increases in incidence and/or mortality 
 [  5,   6  ] . In the USA, there appears to be a slow and 
steady increase in overall survival  [  7,   8  ] .  

   Recent Changes of Note 

 A rise in the number of patients younger than 40 
years has been reported over the past two to three 
decades  [  9–  12  ] . Many of these patients do exhibit 
a similar risk factor profi le to older patients, albeit 
over a generally shorter timescale  [  12  ] . However, a 
signifi cant number of young patients do not report 
the traditional risk factors of tobacco usage and 
alcohol intake  [  10,   11,   13,   14  ] . This indicates that 
other factors may have an important role in the 
development of HNSCC. One such explanation 
for the most dramatic change in the epidemiology 
of HNSCC over the past two decades has been 
the increase in the incidence of tumours of the 
oropharynx (mainly tonsil and base of tongue  [  15  ] ) 
which have been associated with infection by HPV 
 [  16–  18  ] . This will be discussed in detail later in 
this chapter. An increase in oral tongue cancer, 
particularly in young white patients, has also been 
reported  [  19  ] . The reasons for this are unclear, but 
smokeless tobacco, marijuana and HPV have been 
suggested as possible aetiological factors. 

 These recent changes in the incidence and dis-
tribution of HNSCC present new challenges in 
diagnosis and treatment. The increasing number 
of younger patients, who present with a much 
lower burden of co-morbidities, may allow for 
more aggressive treatment of disease. Conversely, 
as will be discussed later, the involvement of 
HPV in a number of HNSCCs has opened the 
possibility for reduced intensity of therapy.  

   Tumours of the Sinonasal Tract and 
Nasopharynx (ICD10 C31 and C11) 

 Malignant sinonasal tumours are rare and account 
for 3% of all head and neck malignancies  [  20  ] . 
Most arise in the maxillary sinus, and incidence 
is relatively stable, with the exception of Japan 

   Table 2.1    The worldwide incidence of HNSCC, divided 
by region and tumour site   

 Site  Region  Numbers  ASR 

 Lip, oral cavity  World 
 Africa 
 Asia 
 Europe 
 Latin America 
 North America 
 Oceania 

 170,496 
 8,361 

 91,327 
 40,026 
 11,569 
 17,201 
 2,012 

 5.3 
 3.0 
 4.7 
 7.4 
 4.6 
 7.1 
 9.5 

 Nasopharynx  World 
 Africa 
 Asia 
 Europe 
 Latin America 
 North America 
 Oceania 

 57,852 
 5,957 

 46,496 
 2,811 

 928 
 1,524 

 136 

 1.7 
 1.9 
 2.3 
 0.6 
 0.4 
 0.7 
 0.7 

 Other pharynx  World 
 Africa 
 Asia 
 Europe 
 Latin America 
 North America 
 Oceania 

 108,588 
 3,585 

 62,003 
 26,731 
 6,808 
 8,847 

 614 

 3.4 
 1.3 
 3.3 
 5.1 
 2.8 
 3.8 
 2.9 

 Larynx  World 
 Africa 
 Asia 
 Europe 
 Latin America 
 North America 
 Oceania 

 129,651 
 7,594 

 61,739 
 36,573 
 12,597 
 10,508 

 640 

 4.1 
 3.0 
 3.3 
 6.7 
 5.2 
 4.3 
 2.9 

  ASR: weighted age-standardised rate per 100,000 
 Based on data from GLOBOCAN 2008. Cancer Incidence 
and Mortality Worldwide in 2008.   http://globocan.iarc.fr      
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and China, in which higher rates have been 
recorded. 

 Nasopharyngeal carcinoma encompasses a 
number of histological entities and demonstrates 
a clear racial and geographical distribution. The 
incidence is relatively high in Chinese, Southeast 
Asian populations and some North Africans, but 
is rare in most other parts of the world  [  21  ] . The 
incidence is declining in some high incidence 
populations  [  22  ] .  

   Malignant Salivary Gland Tumours 
(ICD10 C07–08) 

 Malignant tumours of the salivary glands are rare, 
comprising approximately 4–6% of all head and 
neck tumours  [  23  ] . The most recent WHO classifi -
cation identifi es 20 distinct histological sub-types, 
and, despite this, a signifi cant number of tumours 
are still not easily classifi ed  [  24  ] . The most recent 
SEER data demonstrate a small but signifi cant 
increase in overall incidence of salivary gland car-
cinoma in the USA over the period 1975–2007 
 [  25  ] . Much of the data on the relative incidence of 
sub-types come from large case series. AFIP data 
indicate that the most common malignant salivary 
gland tumour in the population of the USA is 
mucoepidermoid carcinoma, followed by adenoid 
cystic carcinoma  [  26  ] ; however, data from other 
countries, including Brazil  [  27  ]  and the UK  [  28  ] , 
show adenoid cystic carcinoma is the most com-
mon tumour. Some analyses have indicated a high 
frequency of squamous cell carcinoma, but as pri-
mary SCC of salivary gland is rare, it appears 
likely that this represents a cohort of lesions that 
include metastases from the upper aero-digestive 
tract or skin of the face and scalp  [  29  ] . The epide-
miology of the individual histological sub-types of 
malignant salivary gland tumours is insuffi ciently 
documented to comment on changes in incidence.  

   Malignant Odontogenic Tumours 

 Odontogenic malignancies are exceedingly rare, 
and cancer registry data are not readily available. 
In general, odontogenic carcinomas are much 
more common than odontogenic sarcomas 

 [  30,   31  ] . Ameloblastic carcinoma and malignant/
metastasising ameloblastoma account for most of 
the carcinomas, and these tend to follow an 
aggressive clinical course  [  32  ] . The true inci-
dence of the tumours is unknown.   

   Biomarkers for Diagnosis 

   HNSCC 

 The mainstay for diagnosis in HNSCC is a good 
biopsy, but this depends on the identifi cation (or 
at least suspicion) of a lesion which prompted the 
biopsy. In many cases, the diagnosis can be estab-
lished from the biopsy material by morphology 
alone. However, some borderline cases prove 
challenging, and the drive for screening and early 
detection means biomarkers in smaller samples, 
such as cytological preparations from brush biop-
sies, are eagerly sought. A very large number of 
genetic alterations, from whole genome, chromo-
some, allelic imbalance and mutation of 
individual genes, have been described in HNSCC. 
However, the vast majority of these appear to 
have found very little routine diagnostic applica-
tion to date. This is an ongoing concern in a 
number of smoking-related malignancies, and 
potential approaches and applications have been 
reviewed by Hu et al.  [  33  ] .  

   Tissue Biomarkers (Including Cytology) 

 One key area for development of diagnostic use 
of biomarkers is in the analysis of material from 
brush biopsies of the mucosa of the    upper aero-
digestive tract. Brush biopsies may form part of a 
strategy for screening in high-risk individuals 
and allow for the sampling of mucosa without the 
need for a formal biopsy. Comparisons between 
cytological features and molecular analysis for 
the detection of head and neck squamous cell car-
cinoma have been made using oesophageo- 
pharyngeal and laryngeal brush samples. Initial 
studies were rather inconclusive  [  34  ] , but later 
investigation of microsatellite instability (MSI) 
and p16 methylation demonstrated a good match 
between the abnormalities found in the brush 
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sample and tumour  [  35  ] . Both, however, empha-
sise the importance of identifi cation of more 
robust biomarkers to increase sensitivity of the 
test. In other studies, allelic imbalance (AI) at 
loci 3p, 9p, 11q and 17p in brush biopsy samples 
was investigated. The assay was validated against 
the biopsy results of the leukoplakia lesions, 
yielding an estimated sensitivity of 78% and a 
positive predictive value of 100%, albeit in a 
small sample size  [  36  ] . Fluorescence in situ 
hybridisation (FISH) has also been applied to 
brush specimens in order to detect genetically 
aberrant cells in brush specimens. The presence 
of genetic alterations in >5% of cells correlated 
well with cytological features suspicious of 
malignancy  [  37  ] . The logistics of implementing 
such genetic-based tests in a diagnostic service 
may prove prohibitive. However, as FISH is 
already used in the diagnosis of other malignan-
cies, it may be possible to develop an appropri-
ately specifi c, sensitive and inexpensive test using 
this technology. The addition of DNA cytometric 
analysis to cytology in the assessment of brush 
biopsies may be useful  [  38  ] . This is reported to 
increase the sensitivity of such assays to close to 
100% and may be a more easily implemented test 
in the clinical care pathway  [  39  ] . 

 Other approaches include identifi cation of 
transcriptomic signatures in tissues or cytological 
specimens. However, numerous studies compar-
ing expression patterns in normal and SCC tis-
sues have been published which demonstrate 
marked heterogeneity and lack of agreement. The 
possible reasons for this are beyond the scope of 
this chapter, but are discussed elsewhere  [  40  ] . In 
bringing together the large number of microarray 
studies, Lallemant and co-workers selected 9 
genes from 23 published HNSCC transcriptome 
studies  [  41  ] . They suggested a panel of 3 markers 
for diagnosis. None correlated with histopatho-
logical features or prognosis. The panel requires 
further validation and may fi nd its application in 
salivary profi ling for diagnosis, rather than in tis-
sues. Other investigators have used principle 
component analysis of gene expression data, 
trained with known HNSCC transcription data to 
identify unknown samples  [  42  ] . It is not clear, 
however, how this can be applied in routine 

diagnosis, but various suggestions have been 
made in recent reviews  [  43,   44  ] . 

 Signatures associated with microRNA or pro-
teomic changes have also been demonstrated. 
Novel and established proteomic biomarkers have 
been recently reviewed  [  45  ] , and proteomic bio-
markers do fi nd extensive use in diagnosis of 
HNSCC and other malignancies. Differential 
immunohistochemical expression of cytokeratins 
has been used for many years in the diagnosis of 
poorly differentiated or basaloid tumours  [  46  ] , and 
this is particularly valuable if there is an occult pri-
mary tumour  [  47–  49  ] . Whilst this technique is eas-
ily applied in clinical practice, some authors have 
suggested that quantitative reverse transcriptase 
PCR (RTPCR) may be more sensitive, particularly 
for use in sentinel lymph nodes  [  50  ] . Other meth-
ods of proteomic analysis have identifi ed succes-
sive alterations in protein expression in normal, 
tumour adjacent and invasive HNSCC by applica-
tion of SELDI-TOF mass spectrometry  [  51  ] . This 
method for identifi cation of novel biomarkers 
looks promising, and several other candidates have 
been suggested (reviewed by Rezende et al.  [  45  ] ). 
All of these potential new biomarkers need to be 
assessed in larger prospective studies to determine 
their utility in HNSCC diagnosis.  

   Salivary Biomarkers 

 Saliva is a very attractive medium for diagnostic 
use due to ease of collection in a non-invasive 
manner  [  52  ] . In addition to its role in maintaining 
oral health, saliva contains many markers related 
to systemic disease. These markers include not 
only proteins but also genomic and transcrip-
tomic biomarkers which may be of use in the 
diagnosis of a number of local (such as HNSCC) 
and systemic diseases, such as cancer and HIV 
infection. The potential uses of saliva in cancer 
diagnostics are now beginning to be realised.  

   Genomic Biomarkers in Saliva 

 The detection of tumour-associated mutations was 
demonstrated in 1994 by Boyle and co-workers 
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who found an identical p53 mutation in 71% of 
patients with HNSCC when comparing tumour 
and saliva  [  53  ] . Despite recent advances in 
sequencing technology, the potentially laborious 
nature of this investigation has limited its appli-
cation in clinical practice. Assessment of micro-
satellite instability and DNA content in the saliva 
of patients with HNSCC demonstrated good sen-
sitivity and specifi city in distinguishing known 
cancer patients from normal controls  [  52,   54,   55  ] . 
Others have demonstrated signifi cant genetic het-
erogeneity between the saliva and primary 
tumour, which may reduce sensitivity  [  56  ] . 

 More recently, there has been interest in 
aberrant patterns of gene promoter methylation. 
A large number of genes which demonstrate 
abnormal promoter methylation have been sug-
gested for such an analysis (Table  2.2 )  [  57–  60  ] . 
Many of these have already been demonstrated in 
primary tumours, but the sensitivity and specifi c-
ity of these analyses in saliva for primary diagno-
ses is a matter of debate. The level of detection of 
methylated genes in the published series is often 
much less than in primary tumours, and as such, 
its use as a primary screening tool is questionable 
unless more sensitive biomarkers can be identifi ed 
 [  59  ] . It has been suggested that salivary monitoring 

for recurrence may be possible, and indeed, the 
small studies published so far look promising, but 
much larger cohorts are required  [  58  ] .  

 Mitochondrial DNA (mtDNA) is a further bio-
marker which has been detected in saliva, with 
mutated mtDNA in particular being readily 
detectable  [  76  ] . An increase in mtDNA in saliva 
has been reported in HNSCC patients  [  77  ] . Other 
authors have demonstrated a link between 
increased mtDNA and smoking in general  [  78  ] , 
but in the study by Jiang and co-workers, mtDNA 
levels were independently associated with 
HNSCC  [  77  ] . A decrease in mtDNA has also 
been demonstrated in post-treatment salivary 
rinses in HNSCC patients, raising the possibility 
of longitudinal testing as a monitoring tool for 
recurrence  [  79  ] .  

   Transcriptomic and Proteomic 
Biomarkers in Saliva 

 The identifi cation of RNA and microRNA of suf-
fi cient quality for analysis in saliva has opened 
the full remit of RNA analyses in material derived 
from saliva  [  80–  82  ] . Using RNA from the saliva 
of HNSCC patients, Li and co-workers identifi ed 
8 potential markers to distinguish HNSCC from 
normal patients, with combined specifi city and 
sensitivity in excess of 90%  [  83  ] , whilst others 
found detection of MMP1 mRNA in saliva was 
100% specifi c for detection of HNSCC (although 
sensitivity was very low)  [  41  ] . This type of analy-
sis appears to have great potential, but no large-
scale prospective trials using this technology 
have been published. 

 Analysis of the salivary proteome has demon-
strated that up to 40% of candidate serum pro-
teomic biomarkers for a number of diseases can 
be identifi ed in saliva  [  84–  86  ] . Potential applica-
tions in cancer diagnosis/biomarker discovery 
have been reported, again with promising sensi-
tivity and specifi city, but only in a retrospective 
study population  [  87  ] . Considerable investigation 
is still required before salivary diagnostics 
become a viable part of routine chair-side testing 
for head and neck cancer.  

   Table 2.2    Selected biomarkers in HNSCC which have 
demonstrated promoter methylation   

 Gene  Function  References 

 CDKN2A/p16  Cell cycle   [  61,   62  ]  
 P14ARF  Cell cycle   [  63  ]  
 CDKN2B/p15  Cell cycle   [  64  ]  
 Cyclin A1  Cell cycle   [  65  ]  
 DBC1  Cell cycle   [  66  ]  
 ATM  Cell cycle   [  67  ]  
 FHIT  Apoptosis/cell cycle   [  68  ]  
 TP73  Apoptosis/cell cycle   [  68  ]  
 RASSF1  Apoptosis/cell cycle   [  69  ]  
 DCC  Apoptosis   [  70  ]  
 DAPK1  Apoptosis   [  63,   68,   69  ]  

 RAR b   Differentiation   [  65,   71  ]  

 MLH1  Mismatch repair   [  72  ]  
 SERPINB5  Tumour suppressor   [  73  ]  
 TIMP-3  Matrix remodelling   [  68  ]  
 E-cadherin  Cell–cell interactions   [  74  ]  

  Based on data from Ref.  [  75  ]   
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   Serum Markers 

 Analysis of circulating biomarkers is being 
applied to a number of tumours. The particular 
analyte is varied, with sources such as genomic 
and proteomic markers widely studied. More 
recently, serum microRNA profi les have shown 
promise of clinical utility  [  88  ] .  

   Genomic Biomarkers in Serum 

 Analysis of the patterns of LoH and AI in tissues 
and serum in HNSCC patients has demonstrated 
good agreement of the pattern of changes in 
tumour and serum  [  89  ] . A number of groups have 
also demonstrated in DNA retrieved from serum 
that identifi cation of patterns of MSI matched to 
the primary tumour was a marker of advanced 
disease and poor prognosis  [  90–  92  ] . Furthermore, 
there is potential for application in monitoring of 
recurrence as one study has shown that AI posi-
tive serum samples at 4 weeks post-operation 
were a marker of poor prognosis  [  89  ] . 

 Serum analysis of gene promoter methylation 
demonstrated the same pattern in the tumours in 
42% of patients. The difference in metastatic rate 
seen in patients with methylation in serum versus 
those without was not signifi cant  [  93  ] . Other 
small studies have demonstrated p16 promoter 
methylation in the serum of oral cancer patients 
 [  94  ] . More recently, larger studies with an 
extended panel of genes demonstrated the added 
benefi t of a larger panel of biomarkers, but the 
specifi city was still disappointing  [  60  ] .  

   Proteomic Biomarkers in Serum 

 A number of studies have reported on the use of 
various forms of mass spectrometry (SELDI-
TPF, MALDI-TOF) in the discrimination of nor-
mal from HNSCC patients and also in the 
monitoring of recurrence. So far, all of these 
cohorts use known HNSCC patients and report 
high sensitivity and specifi city in discriminating 
these patients from normal controls  [  95–  98  ] . In 
one of the largest studies, Linkov et al. assessed a 

60 marker panel, including HB-EGF, EGFR and 
multiple cytokines in sera from cohorts of active 
HNSCC patients, successfully treated patients, 
and 117 smoker controls with no evidence of 
HNSCC  [  99  ] . In the marker panel, the greatest 
predictive power was found with a smaller 25 
marker panel which identifi ed patients in the 
active disease group with a sensitivity of 84.5% 
and specifi city of 98%. Similar results have 
been demonstrated by other groups, showing 
changes in the serum biomarkers post-treatment 
and also longitudinally at the time of recurrence 
 [  100–  102  ] .  

   Human Papillomavirus 

 As indicated in the introduction, one of the most 
important biomarkers which have been demon-
strated over the past decade is the presence of 
human papillomavirus (HPV) in a sub-set of 
tumours of the head and neck. HPV is a non-
enveloped, double-stranded DNA virus that is 
strictly epitheliotropic  [  103  ] . HPV is very slow to 
evolve due to its stable, DNA-based genome, but 
an estimated 200 HPV “types” exist  [  104  ] . The 
resultant variation in biological activity between 
types has led to different pathogenic effects. 
However, only a handful of HPV types have been 
implicated in carcinogenesis and are therefore 
referred to as “high risk”. Whereas most HPV-
related carcinomas have been linked to a number 
of high-risk viral types, oropharyngeal carcinoma 
has been consistently linked to HPV 16  [  104, 
  105  ] . This relationship is not exclusive, but 
accounts for at least 90% HPV-positive oropha-
ryngeal tumours. The reasons for this are not 
known, although it is recognised that the affi nity 
of its oncoproteins to host tumour suppressor 
proteins is higher than in other viral types  [  106  ] .  

   The Role of HPV in Carcinogenesis 

 HPV-related carcinogenesis is linked to viral 
integration into the host genome. Under normal 
circumstances, HPV remains episomal through-
out its life cycle and has relatively low expression 
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of its two oncoproteins, E6 and E7  [  107,   108  ] . 
Integration requires a break in the circular viral 
DNA sequence which tends to disrupt the E2 
gene, rendering it inactive and thereby allowing 
E6/E7 transcription to continue unsuppressed 
 [  109  ] . Unlike the multistep process of cumulative 
mutations and chromosomal losses classically 
described in non-HPV head and neck cancer, 
HPV-related carcinogenesis involves fewer alter-
ations in genetic material  [  110  ] . It appears that 
important steps in the pathway of head and neck 
carcinogenesis as proposed by Califano et al. 
(Fig.  2.1   [  111  ] ) are bypassed due to the effect of 
viral oncoproteins E6 and E7.  

 E6 and E7 act to deregulate host cell cycle 
control  [  112  ] . Although both E6 and E7 have 
effects on multiple intra-cellular signalling path-
ways, their major actions are on the tumour 
suppressor proteins p53 and pRb, respectively 
 [  113  ] . E6 complexes with E6AP (E6-associated 
protein), which then binds p53 and induces ubiq-
uitin-mediated degradation  [  103,   114  ] . E7 binds 
to hypophosphorylated pRb  [  104  ] . The interac-
tion between E7 and pRb leads to the release of 
E2F, a factor that promotes DNA synthesis and 
cell cycle progression when in its free form  [  115  ] . 
An important consequence of virally induced free 

E2F is the activation of a feedback loop which 
increases the expression of p16  [  116  ] . As this 
feedback loop has no effect on the actions of E7, 
p16 will continue to be over-expressed during 
viral infection, a feature that can be utilised in 
immunohistochemistry as a surrogate marker of 
HPV infection within pathological specimens. 
This is in contrast to non-HPV head and 
neck cancer, which tends to involve promoter 
methylation, deletion or mutation of p16 
(chromosomal locus 9p21, Fig.  2.1 ) that leads to 
loss of expression  [  110  ] .  

   HPV in Head and Neck Tumours 

 The reported prevalence of HPV in head and neck 
cancer varies considerably, with fi ndings of 
between 0 and 100% of all head and neck tumours 
testing positive  [  117  ] . Several variables infl uence 
the proportion of tumour specimens testing 
positive for HPV, notably anatomical sub-site, 
method used to detect HPV, study date and geo-
graphic location. HPV is thought to have site 
specifi city within the head and neck region, with 
a predilection for tumours in the tonsil and base 
of tongue regions. Even when taking this into 

  Fig. 2.1    Mutational events seen in the multistep process 
of head and neck cancer formation. In many patients, the 
presence of a clinically or even histopathologically evi-
dent, precancerous lesion is unclear. Whilst the precise 
sequence of molecular events in the development of 

HNSCC is not entirely clear, the patterns of LOH and 
amplifi cation as shown in the diagram are now well estab-
lished. In HPV infection, E6 and E7 inactivate p53 and 
pRb, respectively; thus, the early changes are often not 
present  [  110  ] . (Modifi ed from  [  111,   222  ] )       
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account, the reported prevalence of HPV-positive 
oropharyngeal carcinoma varies widely  [  118, 
  119  ] . A recent systematic review found overall 
HPV prevalence to be 35.6% and suggested a 
higher prevalence in North America and Asia 
(47.0 and 46.3%, respectively) and a lower preva-
lence in Europe (28.2%)  [  117  ] . 

 There is a general consensus that HPV-positive 
oropharyngeal carcinoma is becoming more 
common and accounts for the 3–4% per year rise 
in incidence rate of oropharyngeal carcinomas 
seen recently  [  4,   120,   121  ] . These temporal 
changes will undoubtedly have an effect on the 
prevalence of HPV-positive specimens noted in 
studies conducted over different periods. Indeed, 
Nasman et al. found such a change in tonsillar 
specimens collected between 1970 and 2007 
 [  121  ] . HPV-positive oropharyngeal carcinoma 
has generally been found to occur in a younger 
cohort than for HPV-negative counterparts, 
although this relationship has not been consis-
tently demonstrated  [  122–  126  ] . In those studies 
demonstrating an age difference, patients are 
around 3–5 years younger than HPV-negative 
cases. As with HPV-negative oropharyngeal car-
cinoma, a signifi cant male predominance is seen 
 [  122,   123  ] .  

   HPV Detection Methods 

 There is currently no accepted standard test for 
the detection of HPV in head and neck cancer 
specimens  [  127  ] . Possible methods are outlined 
in Table  2.3 . No single method is available that 
can be applied to both frozen and formalin-fi xed 
paraffi n-embedded (FFPE) specimens, with 
100% sensitivity and specifi city. Proxy measures 
of HPV infection, such as serum analysis of anti-
bodies to E6, E7 and L1, are poorly specifi c due 
to the potential for HPV infection at other sites 
 [  128  ] . No other systemic markers of HPV exist, 
as there is no blood-borne phase of HPV infec-
tion  [  16  ] .  

 RTPCR amplifi cation of viral E6/E7 mRNA is 
now considered as “gold standard” for the detec-
tion of clinically signifi cant HPV infection within 
tumour specimens  [  129,   130  ] . However, the 

method is only reliable when applied to fresh 
frozen specimens, with an estimated 50% 
reduction in sensitivity when applied to FFPE 
samples  [  131  ] . 

 PCR amplifi cation of viral DNA is a highly 
sensitive method of HPV detection and either can 
be applied to a single HPV type by amplifi cation 
of a sequence specifi c to that type or can be used 
less specifi cally to assess presence of multiple 
HPV types by use of a consensus primer. Despite 
this, there are signifi cant limitations of the method 
due to its inability to distinguish clinically rele-
vant HPV infection. Presence of latent virus leads 
to false-positive results due to the ability of PCR 
to detect just a few copies of HPV DNA per cell. 
Attempts have been made to resolve this issue 
through the use of real-time PCR, which provides 
a quantitative analysis of viral load. However, a 
criticism of this method is that it still provides no 
direct evidence of viral integration or oncogene 
expression. Furthermore, sensitivity is estimated 
at 92% and specifi city 97% when using a cut-off 
viral load of >0.5 copies per cell; false positives 
and false negatives therefore still exist  [  132  ] . 

 In situ hybridisation (ISH) may overcome 
some of the limitations of PCR by detecting only 
clinically relevant infection. Nuclear hybridisa-
tion signals can be visually inspected for punctu-
ate or diffuse staining, representing integrated 
and episomal viral DNA, respectively  [  133  ] . 
Presence of a punctuate hybridisation signal, 
either alone or in combination with diffuse 
nuclear signals, therefore refl ects clinically rele-
vant HPV infection. Although specifi city of this 
method is high (100%), sensitivity is not ideal 
(83%)  [  132  ] . It has been estimated that around 10 
copies of virus per cell must be present in order 
for ISH to detect HPV, although newer ISH kits 
are thought to be more sensitive  [  131  ] . 

 p16 immunohistochemistry has become an 
established marker of HPV infection, as dis-
cussed earlier. However, there are a number of 
HPV-negative tumours that also over-express 
p16, leading to false positives  [  131  ] . Although 
sensitivity is quoted as high (100%), Weinberger 
et al. have reported a sub-set of HPV-positive 
tumours which do not over-express p16, inferring 
a sensitivity of less than 100%  [  134  ] . However, 
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Weinberger used real-time PCR as conclusive 
evidence of HPV infection, with a lower cut-off 
of 1 viral copy per 10 cell genomes’ worth of 
DNA  [  135  ] . This work would therefore almost 
certainly include a number of false positives. 
However, Weist et al. also reported HPV E6/E7 
positive, p16 negative tumours, albeit with a 
lower prevalence than that seen by Weinberger 
et al. (14% vs. 37%)  [  136  ] . Irrespective of the 
existence of a non-p16 over-expressing sub-set, 
p16 immunohistochemistry is not an ideal test in 
isolation due to its low specifi city (79%)  [  132  ] . 

 In the absence of a single, ideal method of 
HPV detection, some authors have applied a 
combination of tests to improve reliability  [  132, 
  137,   138  ] . Smeets et al. recommended p16 immu-
nostaining, followed by GP5+/6+ PCR (general 
primer consensus PCR) in those samples p16 
positive  [  132  ] . Their rationale for using this 
method was based on data suggesting 100% sen-
sitivity and specifi city when compared to an E6 
mRNA gold standard. However, it should be 
noted that there were independently several false 
positives for both p16 immunohistochemistry 
and GP5+/6+ PCR, and the size of the study (48 
samples) makes interpretation diffi cult, as the 
absence of simultaneous false-positive results for 
p16/general primer analysis may have occurred 
by chance. The authors acknowledged this and 
calculated a likely 2% chance of concurrent false 
positives when using the technique. 

 The combination of two tests considered 100% 
sensitive should improve specifi city with no 
detriment to sensitivity. As discussed, p16 immu-
nohistochemistry is not necessarily 100% sensi-
tive, and one must therefore consider the potential 
for false negatives in using this technique. Despite 
this, p16 immunohistochemistry is perhaps the 
most appropriate marker to use in combination 
with another test, as it assesses a very different 
parameter to other available techniques. HPV16 
PCR, GP5+/6+ PCR and ISH all assess for pres-
ence of viral DNA; combining such tests is there-
fore of questionable value. 

 It therefore follows that many authors have 
adopted a PCR-based technique in combination 
with p16 immunohistochemistry to identify HPV-
positive tumours. Whilst E6/E7 mRNA detection 

remains the gold standard, its limitations with 
FFPE specimens have thus far precluded the 
technique from becoming universally adopted. 
ISH is therefore an appropriate test for research 
in which sensitivity is not of paramount concern.  

   Other Mucosal Head 
and Neck Tumours 

 Due to their relative inaccessibility, many sinona-
sal and nasopharyngeal tumours often present at 
an advanced clinical stage. Thus, the identifi ca-
tion of biomarkers, particularly in high-risk pop-
ulations, has great potential use in diagnosis.  

   Epstein–Barr Virus 

 Epstein–Barr virus (EBV) is a DNA virus of the 
herpes group which is strongly linked to undif-
ferentiated carcinoma of the nasopharynx 
(nasopharyngeal carcinoma, NPC). It has also 
been associated with sinonasal undifferentiated 
carcinoma (SNUC) in Asian patients and lym-
phoepithelial carcinoma of the salivary glands. 
EBV is primarily B lymphotropic but also infects 
epithelial cells. A number of viral genes have 
been shown to be oncogenic, and the pattern of 
gene expression seen in latent-type EBV infection 
is also pro-oncogenic, due to aberrant expression 
of genes such as bcl-2 and fos/jun  [  139,   140  ] .  

   EBV Detection in the Diagnosis 
of Nasopharyngeal Carcinoma 

 EBV detection is possible in tissue sections and in 
cytological specimens from suspicious lesions. 
Additional information to the cytology fi nding 
was provided by EBV PCR which improved sen-
sitivity to 90% and specifi city to 99%  [  141  ] . In a 
study of 517 patients, 156 of whom had NPC, 
Chang and co-workers demonstrated that serum 
testing for antibodies to EBV nuclear antigen-1 
and early antigen predicted NPC in patients with 
specifi city as high as 99.2%  [  142  ] . This may be 
used in endemic areas as part of a screening 
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programme. Furthermore, EBV DNA load was 
associated with N stage and overall stage, thus 
raising the potential for use in post-treatment 
monitoring. Serum markers of EBV infection, 
such as IgA against VCA-p18, or detection of 
circulating EBV DNA may also be useful, partic-
ularly in the monitoring of recurrences  [  143,   144  ] . 
Serum proteomic analysis has also demonstrated 
a number of NPC metastasis-specifi c markers 
which need prospective validation  [  145  ] .  

   Salivary Gland Tumours 

 The large range of possible diagnoses and the 
often overlapping histological features mean that 
salivary gland tumours often provide a diagnostic 
challenge. The search for diagnostic markers has 
resulted in the identifi cation of a number of 
tumour-specifi c chromosomal translocations 
in malignant salivary tumours. The MECT1–
MAML2 fusion transcript has been identifi ed in 
over half of all mucoepidermoid carcinomas 
(MEC), whilst the MYB–NFIB fusion has been 
described in a sub-set of adenoid cystic carcino-
mas (AdCC)  [  146,   147  ] . Recent investigation 
has complicated the issue by suggesting that 
MECT1–MAML2 fusion-negative MECs should 
be categorised as another tumour type  [  148  ] . This 
uncertainty indicates that the identifi cation of 
specifi c chromosome rearrangements is not yet 
appropriate for routine diagnostic use. 

 Investigation of other potential biomarkers 
has largely pursued proteomic targets, either by 
tissue immunohistochemistry or by more sophis-
ticated techniques such as 2D-mass spectrometry. 
Some markers, such as SPKH-1 and Ki-67, have 
been applied to all tumours regardless of type, as 
overall markers of poor outcome  [  149,   150  ] . 
Proteomic analysis of AdCC identifi ed a number 
of potential biomarkers for diagnosis, but none 
other than c-kit has demonstrated any real prom-
ise as a diagnostic, prognostic and therapeutic 
biomarker, albeit its specifi city has been called 
into question  [  151,   152  ] . Promoter methylation 
has been demonstrated in a number of salivary 
gland tumours, including AdCC  [  153  ]  and carci-
noma arising in pleomorphic adenoma  [  154  ] , but 

this analysis has not been translated into routine 
clinical use.  

   Odontogenic Tumours 

 The rarity of these tumours means no robust 
diagnostic biomarkers have been identifi ed. The 
observation that CD56 (NCAM) is expressed by 
a number of odontogenic tumours may be useful 
in differentiating odontogenic tumours from 
mucosal SCC  [  155  ] ; however, this has not been 
clearly demonstrated in a large cohort.  

   Validation Status 

 Many potential diagnostic biomarkers in HNSCC 
have been very slow to translate from lab to the 
clinic. In particular, despite a number of interest-
ing gene expression profi les, there has been a dis-
tinct lack of large studies to test the gene 
signatures identifi ed. It is undoubtedly true that 
the technology exists to implement chair-side 
molecular testing, but very few suffi ciently robust 
biomarkers have been identifi ed. Tests for HPV 
and EBV are standard of care in sub-populations 
of patients which can also be applied to identifi -
cation of the primary tumour site in cases where 
the patient presents with a lymph node metasta-
sis, but an unknown primary. 

 If non-invasive testing using validated bio-
markers can be developed for use in screening, 
this will be of great benefi t to patients with this 
disease, particularly in terms of early detection. 
Otherwise, the real use is in prognosis and indi-
vidualisation of therapy, and it is to these issues 
we now turn.   

   Genes for Prognosis 

   HNSCC 

 The present prognostic scheme in HNSCC is 
largely centred on the importance of staging 
(using TNM) and a number of other histopatho-
logical features. These include the pattern at the 



30 K.D. Hunter and R. Bolt

invasive front, the presence of perineural or 
lymphovascular invasion and the margin status 
 [  156  ] . There are very few biomarkers currently 
being used in routine clinical practice. This most 
likely refl ects the complexity of HNSCC devel-
opment, which is refl ected in the variable 
specifi city and sensitivity of many suggested 
markers. At present, identifi cation of HPV infec-
tion and over-expression of EGFR are the only 
molecular biomarkers which are routinely used 
in assessment of prognosis. However, there are a 
large number of other markers and methodolo-
gies which merit brief discussion if only to under-
line their potential uses. 

 One of the main barriers to the translation of 
molecular markers for prognosis in HNSCC is 
the lack of appropriately powered longitudinal 
studies. A number of these are underway, but are 
lengthy studies [particularly related to oral poten-
tially malignant lesion (OPMLs) progression]. 
The consistent and systematic collection of 
clinical and follow-up data relating to cohorts has 
been prioritised, and this should translate into 
prospective validation of many of these markers 
in years to come. Undoubtedly, many will not 
make the step into routine clinical use.  

   Prognosis of Oral Potentially 
Malignant Lesions 

 The presence and severity of epithelial dysplasia 
are currently used in the prediction of malignant 
transformation of potentially malignant lesions in 
the upper aero-digestive tract. It has long been 
recognised that assessment of dysplasia is a sub-
jective process with poor inter- and intra-examiner 
reproducibility  [  157  ] . This limits the predictive 
power of severity of epithelial dysplasia in these 
lesions, reinforcing the need for biomarkers of 
risk of malignant transformation. 

 The identifi cation of consistent patterns in 
microsatellite analysis of LoH in OPMLs sug-
gested that LoH at particular chromosomal loci 
may be useful clinically (Fig.  2.1 )  [  158  ] . Mao 
et al. identifi ed LoH at 9p21 and 3p14 in 51% of 
patients. Of the patients who had alteration at 
both loci, 37% developed oral SCC  [  159  ] . 

Assessment in a larger cohort of patients over 
10 years allowed development of a hazard model 
including 3 factors (chromosomal polysomy, p53 
protein expression and loss of heterozygosity at 
chromosome 3p or 9p) which indicated elevated 
risk of OPML progression. Further chemopre-
vention trials have added LoH at 17q and p53 
mutations as possible biomarkers  [  160  ] , and other 
refi nements demonstrate certain patterns of LoH 
are associated with up to a 33-fold increase in 
relative cancer risk  [  161  ] . More recently, LoH 
has been combined with a morphometric “nuclear 
phenotype score”  [  162  ] . 

 Despite much initial promise, testing for pat-
terns of LoH has not found its way into the clinic. 
The large prospective trials evaluating its use 
(largely chemoprevention trials) have not yet 
reported. A recent systematic review highlighted 
that validation of these markers in large cohorts 
of patients is urgently required  [  163  ] . Technology 
and affordability in routine use may also be a bar-
rier to widespread clinical application. Other 
components of the diagnostic models outlined 
above, such as p53 expression and mutations, 
have some limited use in predicting the 
behaviour of OPMLs, largely in conjunction with 
standard histological parameters  [  164  ] . 

 The potential for the use of morphometric 
analysis of DNA content has been indicated 
above. Abnormal DNA content is an indicator of 
gross chromosomal abnormalities. The presence 
of a modal chromosome content which is not an 
exact multiple of the modal number is termed 
aneuploidy, and this has been shown to be a pre-
dictor of progression of pre-malignant disease at 
a number of sites, including oesophagus and oral 
cavity  [  165  ] . These systems allow for the assess-
ment of ploidy using the optical density of the 
stained nuclei in tissues as a surrogate for DNA 
content. Several authors have shown that aneu-
ploidy is associated with progression of OPMLs 
to OSCC  [  166–  168  ] . Sensitivity and specifi city 
are such that it is unlikely to be suitable for use if 
divorced from histopathological assessment of 
the tissue, and other authors have raised the 
problem of tissue heterogeneity and appropriate 
sampling  [  166  ] . Aneuploidy appears much less 
sensitive than assessment of LOH  [  169  ] . 
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Nevertheless, DNA image cytometry is available 
as a test in some centres, to guide assessment of 
the behaviour of these lesions. One advantage of 
such image analysis techniques is that they can 
be done on brush samples  [  170  ] , and their ulti-
mate use may be in determining when and where 
biopsies are required.  

   Other Potentially Malignant Lesions 

 In schneiderian papillomas, severe dysplasia and 
p53 protein expression were strongly associated 
with malignant progression  [  171  ] . An association 
between HPV infection and malignant transfor-
mation has been demonstrated in up to a third of 
patients  [  171  ] .  

   Individual Biomarkers in HNSCC 

 Alterations in large numbers of individual 
biomarkers have been linked to the prognosis of 
HNSCC, mostly by univariate analysis  [  172  ] . 
Many of these are reviewed in Hunter et al. 
(Table  2.4 ). There are far too many to discuss in 
the present context and, in any event, very few 
are used in clinical practice. Recent studies have 
suggested prognostic biomarkers as varied as 
S100A7  [  173  ] , microRNA-210  [  174  ]  and NBS1 
 [  175  ] , amongst many others, and have demon-
strated a relationship to clinical outcome in retro-
spective cohorts of patients. The longitudinal 
prospective studies required to establish any of 
these markers for routine clinical use, as yet, have 
not been published. It is diffi cult, in the face of a 

   Table 2.4    Selected biomarkers in HNSCC in which relation to prognosis has been demonstrated   

 Cellular function  Examples  References 

 Signalling pathways  EGF receptor 
 cerbB2 
 IL13 receptor  a 2 
 Phosphatidylinositol-3 kinase catalytic alpha polypeptide 

  [  176–  178  ]  
  [  176,   178  ]  
  [  179  ]  
  [  180  ]  

 Cell cycle/apoptosis  cdc2 
 p53 mutation 
 p16 INK4A  
 p14 ARF  
 Cyclin D1 
 Polo-like kinase 1 
 Survivin 

  [  181  ]  
  [  182–  185  ]  
  [  185,   186  ]  
  [  187  ]  
  [  184,   186  ]  
  [  188  ]  
  [  189  ]  
  [  190  ]  

 Adhesion/motility  E-cadherin 
 S100 Ca ++  regulated protein A4 
 CD44 
 Hyaluronan 
 Metalloproteinase (MMP)-9 
 Tissue inhibitor of MMPs (TIMPs)1/2/3 
 Moesin 
 DCC 
 Integrin  a V b 6 

  [  191–  193  ]  
  [  194  ]  
  [  195  ]  
  [  196  ]  
  [  197  ]  
  [  197  ]  
  [  198  ]  
  [  187  ]  
  [  199  ]  

 Angiogenesis  VEGF 
 HIF-1 a  

  [  200,   201  ]  
  [  202  ]  

 Transcription  HMGA2 
 SCC-related oncogene 

  [  203  ]  
  [  180  ]  

 Chemokines and infl ammation  CXCR4 receptor 
 COX2 

  [  204  ]  
  [  205  ]  

 Immortalisation  Telomerase   [  206  ]  
 Others  MINT1 and MINT 31 

 Haem oxygenase 
 Coractin 
 HPV infection 

  [  187  ]  
  [  207  ]  
  [  208  ]  
  [  209  ]  
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vast number of potentially useful markers, to 
determine which are related to fundamental pro-
cesses in tumour development and which may 
merely be surrogate markers or by-products of 
the progression of the tumour. Whilst this distinc-
tion is important in our understanding of the biol-
ogy of HNSCC and in the search for novel targets 
for therapeutic intervention, it could be argued 
that this is not necessarily the case for prognostic 
markers: all that is required is a sensitive, specifi c 
and reproducible test which will accurately rep-
resent the prognosis for an individual patient. 
However, other than for EGFR and HPV, this 
appears elusive in HNSCC.   

   EGFR 

 The epidermal growth factor receptor is a cell 
surface receptor of the ErbB family which binds 
a number of ligands including HB-EGF, TGF  a   
and amphiregulin  [  210  ] . EGFR is involved in 
control of proliferation and differentiation in 
squamous and other epithelia and has been 
associated with invasion and metastasis in a 
number of cancers (Fig.  2.2 ). Over-expression 
of EGFR has been reported in a number of 
malignancies, including HNSCC  [  211  ] . Initial 
reports of studies using IHC indicated that 
elevated levels of EGFR expression were 

  Fig. 2.2    EGFR signalling and the action of anti-EGFR 
agents. EGF receptors on the cell membrane dimerise in 
response to ligand binding, activating the intra-cellular 
tyrosine kinase (TK) domains. ATP-dependent phos-
phorylation of intra-cellular proteins then acts as a 

 signalling pathway, ultimately leading to a number of 
different phenotypic responses. The diagram also indi-
cates the site of action of the two main classes of anti-
EGFR agent: monoclonal antibodies and tyrosine kinase 
inhibitors       
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associated with poor disease-specifi c and cause-
specifi c survival  [  212  ] .  

 Poor correlation between the level of EGFR 
protein expression and clinical response to anti-
EGFR biological agents has prompted further 
investigations of the biology of EGFR. This has 
demonstrated that EGFR gene amplifi cation is 
also associated with poor prognosis  [  213  ] , 
although perhaps less than a third of patients 
show evidence of amplifi cation  [  214,   215  ] . 
Mutations in EGFR are rare in HNSCC  [  216  ] , but 
EGFR phosphorylation, particularly on a back-
ground of no mutations, is a marker of early 
relapse  [  217  ] . Furthermore, one recent paper 
demonstrated that high EGFR copy number is 
associated with an increased risk of OPML pro-
gression to HNSCC, particularly if associated 
with high EGFR expression  [  218  ] . 

 As indicated above, there are numerous assays 
for EGFR. A number of recent reviews have high-
lighted concerns about assessment of EGFR 
expression by immunohistochemistry, given the 
lack of standardisation of assays and the wide vari-
ation in reported over-expression  [  219,   220  ] . 
Amplifi cation and mutation appear to be relatively 
infrequent events, and there are a number of con-
troversies and unanswered questions with regard to 
EGFR biology  [  221  ] . Nevertheless, EGFR is now 
established as an oncogene in HNSCC  [  222  ] .  

   HPV and Prognosis 

 The favourable prognosis of HPV-positive 
oropharyngeal carcinoma is well documented 
(Table  2.5 )  [  223  ] . It was initially thought that this 
improvement in outcome was a function of 
tumour radiosensitivity. Although HPV-positive 
oropharyngeal carcinomas are indeed more 
responsive to radiotherapy, the improved out-
come of these tumours appears to also be trans-
lated to surgery  [  124,   224  ] . A more comprehensive 
effect of viral carcinogenesis must therefore be 
responsible for tumour behaviour. Persistence of 
wild-type TP53 and RB1 genes may very well 
underpin the altered behaviour seen in HPV-
positive oropharyngeal carcinoma. It has been 
proposed that the cellular insult sustained as a 

result of radiotherapy may send the cell beyond a 
critical threshold necessary to overcome the 
effects of viral oncogenes, allowing p53 and pRb 
expression to become re-established.  

 Immunomodulation is also potentially impor-
tant—radiotherapy may cause an increased 
immune response through many possible path-
ways. These pathways include increased antigen 
presentation as a result of uptake of necrotic, 
viral-loaded cells; improved penetrance of 
immune cells into tumour as a result of reduced 
cellular adhesion post-radiotherapy; upregulation 
of MHC class I; and induction of pro-infl amma-
tory cytokines such as TNF, which may act to 
reverse viral tolerance  [  225  ] . Alterations in viral 
antigenicity as a response to therapy may also 
explain improvements in outcome seen in the sur-
gical management of HPV-positive cancer. Local 
infl ammatory response to the trauma of tissue 
excision, in addition to the release of cellular 
contents at incomplete surgical margins, may 
also have an infl uence on immunity. 

 One must also consider the potential for a phe-
notypically less aggressive tumour which is more 
responsive to treatment, irrespective of the thera-
peutic modality chosen. Lack of fi eld cancerisa-
tion is well recognised in HPV-positive tumours 
and may contribute in part to the improved out-
come seen  [  226  ] . The true cause of the improved 
behaviour will have implications on providing tar-
geted treatment for HPV-positive oropharyngeal 
carcinoma, as HPV infection may ultimately be a 
non-manipulable prognostic factor. However, early 
reports on HPV-targeted therapy are encouraging.  

   Global Markers/Patterns of Expression 

 The advent of high-throughput technologies has 
brought unprecedented opportunities and chal-
lenges in the search for predictive molecular sig-
nature in HNSCC.  

   Comparative Genomic Hybridisation 

 Using comparative genomic hybridisation (CGH), 
Smeets and co-workers demonstrated 3 groups of 



34 K.D. Hunter and R. Bolt

   Table 2.5    A summary of recent clinical studies of HPV infection in HNSCC   

 References   n   Method  Measures  Treatment  HPV+  HPV−  Conclusions 

 Snijders  [  370  ]   63  C-PCR  OS, RR  S  –  –  No difference a  
 Paz  [  371  ]   167  C-PCR  OS  Not stated   43.1 (3)  48.8 (3)  No difference a  
 Pintos  [  372  ]   117  C-PCR  OS, DFS  Not stated   66.7 (5)  58.3 (5)  No difference a  
 Gillison  [  18  ]   253  C-PCR, 

TS-PCR, ISH 
 DSS  S/RT/CRT   91 (3)  79 (3)  Favourable 

 Mellin  [  373  ]   60  C-PCR  SR, CSMR  RT   53.5 (5)  31.5 (5)  Favourable 
 Friesland  [  374  ]   40  C-PCR  OS  RT   30 (5)  19 (5)  Favourable 
 Ringstrom  [  125  ]   89  C-PCR  DSS  Not stated   94.1 (5)  54 (5)  Favourable 
 Klussmann  [  375  ]   34  C-PCR, p16  OS, DFS  S ± CRT   62 (4)  33 (4)  Favourable 
 Li  [  376  ]   86  C-PCR, 

TS-PCR, p16 
 DSS  S/RT/SRT   89 (5)  65 (5)  Favourable 

 Ritchie  [  122  ]   139  C-PCR  SR  S/RT/CRT   71 (5)  49 (5)  Favourable 
 Baez  [  377  ]   118  TS-PCR  OS, DFS  Not stated   50 (3)  31.8 (3)  No difference a  
 Wittekindt  [  378  ]   34  C-PCR, p16  DFS, RR  Not stated   72 (4)  23 (4)  Favourable 
 Licitra  [  124  ]   90  RT-PCR  OS  S ± RT   79 b     (5)  46 (5)  Favourable 
 Weinberger  [  135  ]   79  RT-PCR, p16  OS, DFS  SRT/RT   79 (5)  20 (5)  Favourable 
 Badaracco  [  379  ]   115  TS-PCR  DFS, OS  S   66.1 (2)  53.2 (2)  No difference a  
 Reimers  [  380  ]   106  C-PCR, p16  OS, DFS  S ± RT/CRT   84 (5)  49 (5)  Favourable 
 Na  [  381  ]   108  C-PCR  SR  S/RT ± C  100 (5)  44 (5)  Favourable 
 Fahkry  [  382  ]   96  C-PCR, ISH  OS, RR  CRT   95 (2)  62 (2)  Favourable 
 Klozar  [  383  ]   81  C-PCR  OS, DSS  S ± RT   73 (3)  35 (3)  Favourable 
 Smith  [  384  ]   294  C-PCR  DSS, RFS  S/RT/SRT   58 (5)  15 (5)  Favourable 
 Chung  [  385  ]   46  RT-PCR, ISH  OS, LRR, MFS  CRT   86 (5)  35 (5)  Favourable 
 Kong  [  386  ]   82  C-PCR  OS  Not stated   79 (5)  50 (5)  Favourable 
 Lassen  [  387  ]   195  ISH, p16  OS, DSS, LRR  RT   62 (5)  26 (5)  Favourable 
 Shi  [  129  ]   111  RT-PCR, 

ISH, p16 
 OS, DFS  RT ± C   88 (3)  67 (3)  Favourable 

 Hafkamp  [  388  ]   77  PCR, ISH, 
p16 

 DSS  Not stated   69 (5)  31 (5)  Favourable 

 Rischin  [  389  ]   172  ISH, p16, 
PCR 

 OS, FFS  CRT   91 (2)  74 (2)  Favourable 

 Hannisdal  [  390  ]   137  C-PCR  CS  S ± RT   54 (5)  33 (5)  Favourable 
 Fischer  [  224  ]   365  p16  OS  S/CRT   76.7 (5)  41.5 (5)  Favourable 
 Ang  [  391  ]   323  ISH, p16  OS  CRT   82.4 (3)  57.1 (3)  Favourable 
 Fischer  [  392  ]   102  p16  OS  S/RT ± C   59.3 (5)  24.5 (5)  Favourable 
 Smith  [  393  ]   237  C-PCR, p16  OS, DSS  Not stated   83 b  (2)  54 (2)  Favourable 
 Lewis  [  394  ]   239  ISH, C-PCR, 

p16 
 OS, DFS, DSS  S/S + RT/S + C     86.2 (2)  44.2 (2)  Favourable 

   OS  overall survival,  PFS  progression-free survival,  DHR  death hazard ratio,  CS  cumulative survival,  DSS  disease- 
specifi c survival,  DR  disease recurrence,  FFS  failure-free survival,  SR  survival rate,  CSMR  cause-specifi c mortality risk, 
 RFS  recurrence-free survival,  RR  response rate,  LRR  loco-regional recurrence,  MFS  metastasis-free survival 
 Techniques:  TS-PCR  type-specifi c PCR,  C-PCR  consensus PCR,  RT-PCR  real-time PCR,  ISH  in situ hybridisation,  p16  
p16 immunohistochemistry,  SAb  serum antibodies 
  a  Majority of samples not oropharyngeal 
  b  Survival rate quoted is for specifi cally those HPV positive cancers also p53 positive  

HNSCC with differing extents of chromosomal 
aberration which correlated with clinical outcome 
 [  138  ] . A number of other chromosomal aberra-

tions have been associated with outcome, 
including amplifi cation at 11q13, gain of 12q24 
and losses at 5q11, 6q14 and 21q11  [  227,   228  ] .  
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   Gene Expression Profi ling 

 Gene expression microarrays bind labelled 
nucleic acid, allowing inference of level of 
expression by measurement of the extent of bind-
ing. Such studies have identifi ed sub-groups of 
HNSCCs with gene expression profi les that cor-
relate with different aspects of prognosis, includ-
ing recurrence, risk of lymph node metastasis 
and overall survival  [  229–  234  ] . However, few 
have attempted to validate their predictive gene 
expression signature in an independent dataset. 

 One barrier to extrapolation of these gene 
expression signatures into a clinically useful test is 
the lack of agreement between these prognostic 
expression signatures, both in terms of content and 
size. These discrepancies have prompted scathing 
critiques of the prognostic usefulness of expression 
profi ling  [  235  ]  although variables such as differ-
ences in site within the upper aero-digestive tract, 
differences in sample preparation and differences 
in the platform used for hybridisation and analysis 
have been cited in explanation. Another issue is 
whether it is preferable to use pure epithelial cell 
material (obtained by laser capture microdissec-
tion) or fresh biopsy material (which introduces 
heterogeneity into the samples due to the content 
of stromal and immune cells). Both approaches 
have their value, given recent work in other models 
indicating that gene expression changes occur in 
both tumour stroma and epithelial compartments 
of epithelial cancers and together facilitate cancer 
development (reviewed in  [  236–  238  ] ). Recent 
studies have further highlighted the importance of 
the extracellular matrix and the pattern of the 
immune response in the prognosis of HNSCC 
 [  239,   240  ] . The gene expression pathways identi-
fi ed outperformed all standard methods of assess-
ment of prognosis, and the power of this analysis 
was demonstrated by reproduction of the prognos-
tic signature in an independent dataset  [  239  ] . 

 Thus, the ability to map a particular gene 
expression signal consistently to clinical outcome 
or response to therapy is still elusive  [  241  ] . 
Prospective studies which test the clinical predic-
tive power of these gene expression profi les are 
still lacking, and it is uncertain if any of these 
expression profi les will complete the translation 
into the clinic.  

   Surgical Margin Analysis 
and Minimal Residual Cancer 

 One of the key parameters in the excision of 
HNSCC and limitation of recurrence is the status 
of the surgical margin  [  242  ] . Given the concept 
of fi eld cancerisation, the area of genetically 
abnormal epithelium may extend some distance 
beyond clinically or histopathologically evident 
abnormality. The potential for molecular analysis 
of surgical margin to predict prognosis (local 
recurrence) and/or to prompt further treatment is 
clear. For example, Graveland et al. demonstrated 
that the combination of LOH at 9p and/or a large 
p53 positive fi eld is predictive of local recur-
rence, whilst the presence and grade of dysplasia 
were not  [  243  ] . Numerous individual biomarkers 
in the surgical margin have been linked to local 
recurrence of HNSCC including hLy-6D and 
eIF4E  [  244,   245  ] . Assessment of keratin 4 and 
cornulin expression by immunohistochemistry 
(IHC) outperforms histological assessment in 
prediction of recurrence  [  246  ] . 

 The presence of p53 mutations in the surgical 
margin has been associated with a 7.1× relative 
risk of local recurrence if identifi ed in the surgi-
cal margin  [  247–  249  ] . Further investigations by 
Partridge indicated that the presence of clonal 
p53 mutations in deep tissues may be a more 
important cause of treatment failure than muta-
tions within the epithelium at the surgical mar-
gins  [  250  ] . Despite compelling evidence of the 
usefulness of such analyses, none of these is used 
in routine clinical practice.  

   Molecular Analysis for Occult 
Metastases in Lymph Nodes 
and Bone Marrow 

 The assessment of lymph nodes for staging 
purposes is largely done by histological assess-
ment, with all the inherent sampling issues which 
that entails. Given that the presence of lymph 
node metastases is a vitally important element in 
the assessment of prognosis for a patient, appli-
cation of molecular techniques to lymph nodes 
may yield further useful information. The use of 
immunohistochemical analysis of cytokeratin 
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expression in the assessment of light microscopy 
metastasis-negative sentinel nodes is well estab-
lished, and this forms part of the recently pub-
lished European guideline  [  251  ] . 

 Ferris et al. used real-time PCR for pemphigus 
vulgaris antigen (PVA) and another 4 markers in 
sentinel lymph nodes  [  252  ] . PVA discriminated 
the positive from negative nodes with 100% 
accuracy, and they demonstrated application of 
this in an automated testing system. Nieuwenhuis 
et al. demonstrated E48 (Ly-6D) expression in 
lymph node aspirates which improved diagnosis 
over cytology alone  [  253  ] . E48 expression in 
aspirates from bone marrow in patients with 
lymph node metastases correlated with a poor 
distant metastasis-free survival  [  254  ] . These 
refi nements of molecular testing for metastases 
still require further validation in larger prospec-
tive patient cohorts.  

   Molecular Markers of Response 
to Standard Therapies 

 Many new molecular markers have been described 
which can be used to predict response to chemo-
therapy or radiotherapy regimens in HNSCC 
 [  255  ] . Some of these have emerged as surrogate 
markers in larger clinical trials of standard 
therapy (mostly cisplatin-based chemotherapy). 
These studies have identifi ed gene expression 
profi les which predict loco-regional control after 
chemoradiation therapy  [  256  ]  and altered 
expression of individual markers such as bcl-2, 
ERCC1, HIF1  a  , MRP2 and Rb which correlate 
with clinical outcome in multivariate analysis 
 [  255,   257–  259  ] . In each case, the markers 
described still require validation in large inde-
pendent patient groups.  

   Validation Status 

 The presence of HPV is an established biomarker 
of improved prognosis in HNSCC in patients 
who are not smokers. Other biomarkers of prog-
nosis are insuffi ciently validated for routine clini-
cal use and decision-making.  

   Biomarkers for Therapy 

   Anti-EGFR Therapies 
 The deregulation of EGFR and its signalling 
pathways was introduced in an earlier part of the 
chapter. The link between over-expression and 
poor prognosis has resulted in a number of thera-
peutic strategies aimed at disruption of EGFR 
function and signalling. Two main structural 
classes of agents have been developed (Fig.  2.2 ): 
monoclonal antibodies directed against the recep-
tor or small molecule tyrosine kinase inhibitors 
(TKIs). Many individual agents have been tested 
in clinical trials in HNSCC, but to date, only one 
has gained regulatory approval.  

   Antibodies 
 The main predicted action of anti-EGFR mono-
clonal antibodies is high affi nity interference 
with ligand binding, thus preventing receptor 
activation  [  260  ] . Other effects, such as antibody-
directed cellular cytotoxicity (ADCC) and deple-
tion of receptors from the cell surface by various 
mechanisms, have also been reported  [  261,   262  ] . 
The observation that cetuximab may block 
nuclear import of EGFR is particularly relevant 
as this may inhibit DNA repair mechanisms 
activated after chemotherapy or radiotherapy 
 [  263,   264  ] . The EGFR-targeting monoclonal 
antibodies in clinical studies in HNSCC are 
shown in Table  2.6 .   

   Table 2.6    The main biological targeted agents in use/
under investigation in HNSCC   

 Agent  Target  Current status 

  Monoclonal antibodies  
 Cetuximab  EGFR  Approved 
 Matuzumab  EGFR  Phase II 
 Nimotuzumab  EGFR  Phase II 
 Zalutumumab  EGFR  Phase III 
 Panitumumab  EGFR  Phase III 
 Bevacizumab  VEGFR  Phase III 
  Kinase inhibitors  
 Gefi tinib  EGFR  Phase III 
 Erlotinib  EGFR  Phase III 
 Lapatinib  EGFR/HER2  Phase III 
 Vandetanib  EGFR/VEGFR  Phase II 
 Sorafenib  VEGFR, PDGFR, RAF  Phase II 
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   Cetuximab 
 Cetuximab is a human-mouse chimeric IgG1 
monoclonal antibody which has been extensively 
studied in pre-clinical and clinical evaluation. 
Early-stage clinical trials indicated effi cacy in 
combination with radiotherapy or chemotherapy. 
The use of cetuximab as monotherapy has also 
found some success, and it is active and well tol-
erated in patients who had progressed on plati-
num-based therapy  [  265,   266  ] . 

 In combination with other treatment regimen, 
cetuximab showed good indication of effi cacy in 
a number of pre-clinical and early-stage clinical 
trials in locally advanced disease  [  267–  271  ] . 
A summary of selected clinical trials is presented 
in Table  2.7 . In a randomised phase III clinical 
trial, Bonner et al. reported the addition of cetux-
imab to radiotherapy in locally advanced disease 
resulted in improvement in loco-regional control 
and survival (progression-free and overall), with 
no increase in the acute toxicity of therapy 

 [  272  ] . There was no reduction in the rate of 
distant metastases, and post hoc analyses have 
demonstrated differences in effi cacy between 
sub-sites, with most effect in the oropharynx (but 
interestingly, no investigation of the possible 
infl uence of HPV)  [  273  ] . Similar fi ndings have 
been found in other phase III trials  [  274  ] . There is 
interest in the combination of cetuximab and 
platinum therapy combined with irradiation 
and an exploratory phase II study initially showed 
promising effi cacy  [  269  ] . However, adverse 
events resulted in early termination of this study. 
A large phase III trial studying the role of cetux-
imab with increasing treatment intensity has 
recently closed for patient enrolment (RTOG 
0522).  

 A further use of cetuximab is in relapsed or 
metastatic disease (RMD) in addition to chemo-
therapy, which has been the subject of a recent 
review  [  285  ] . Burtness demonstrated improved 
response rates upon addition of cetuximab 

   Table 2.7    Selected phase II/III published clinical studies of anti-EGFR therapy in HNSCC   

 Agent  Drug type  Setting  Phase  Regimen  Outcome  References 

 Cetuximab  mAb  LAD 
 RMD 
 RMD 
 P-Ref 
 P-Ref 
 Induction 

 III 
 III 
 III 
 II 
 II 
 II 

 Radiotherapy ± cetuximab 
 Platinum/5FU ± cetuximab 
 Cisplatin ± cetuximab 
 Cetuximab monotherapy 
 Pt plus cetuximab 
 Carboplatin + pacli-
taxel + cetuximab, followed 
by RT ± surgery or chemo 

 OS 49mo vs. 
29.3mo 
 OS 10.1mo 
vs. 7.4 mo 
 OS 9.2 mo 
vs. 8 mo 
 RR 13% 
 RR 10% 
 ORR 96% 

  [  272  ]  
  [  275  ]  
  [  276  ]  
  [  265  ]  
  [  270  ]  
  [  277  ]  

 Gefi tinib  TKI  RMD 
 RMD 
 LANPC 
 pre-treated 
 LAD 
 RMD 

 III 
 III 
 II 
 II 
 II 

 Methotrexate ± gefi tinib 
 Docetaxel ± gefi tinib 
 Monotherapy 
 Gefi tinib plus induction 
chemotherapy, followed by 
chemoRT 
 Monotherapy 

 No 
improvement 
in survival 
 No 
improvement 
in survival 
 No response 
 32% CR, 
53% PR 
 OR 8% 

  [  278  ]  
 Argiris et al. 2009 
JCO (abstract) 
  [  279  ]  
 Doss et al. 2006 
JCO (abstract) 
  [  280  ]  

 Erlotinib  TKI  RMD 
 RMD 

 I/II 
 II 

 Cisplatin, radiotherapy and 
erlotinib 
 Cisplatin plus erlotinib 

 OR 74%   [  281  ]  
  [  282  ]  

 Lapatinib  Dual TKI  RMD  II  Monotherapy  OR 0%   [  283  ]  
 Combination  RMD  II  Erlotinib + bevacizumab  ORR 15%   [  284  ]  

   mAb  monoclonal antibody,  TKI  tyrosine kinase inhibitor,  LAD  locally advanced disease,  RMD  relapsed/metastatic 
disease,  P-Ref  platinum refractory,  OS  overall survival,  RR  response rate,  OR  overall response,  CR  complete response, 
 PR  partial response  
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(26% vs. 10% for placebo)  [  276  ] . Further phase 
II/III trials have demonstrated improved overall 
and progression-free survival when cetuximab 
was added to a fi rst-line chemotherapy regimen 
 [  275,   286  ] . Sub-set analysis demonstrated greater 
effi cacy in young and fi t patients and in those who 
received cisplatin. A number of questions relating 
to the sequence of drugs in the regime and the 
possibility of cross resistance have been raised by 
other authors, and these issues will be addressed 
in future randomised studies  [  287  ] . Phase II trials 
of cetuximab with other agents, such as pacli-
taxel, have commenced, as this combination has 
been investigated in NSCLC  [  288  ] . 

 A number of studies are underway in patients 
with advanced disease to assess the effi cacy of the 
addition of cetuximab to induction regimens in 
locally advanced disease  [  274,   289  ] . The use of 
cetuximab monotherapy prior to cetuximab plus 
concurrent chemoradiotherapy resulted in good 
disease control  [  290  ] . Other phase II studies have 
used cetuximab with other chemotherapeutic 
agents in the induction setting (either doublet or 
triplet)  [  277  ] . The initial data from these trials are 
encouraging, but further investigation is needed 
to determine the safety and effi cacy of cetuximab 
in combination with induction chemotherapy.  

   Toxicity Profi le 
 The toxicity profi le of cetuximab includes the 
characteristic skin toxicities, namely, rash, hair 
and nail changes  [  291  ] . Other side effects include 
asthenia, pain, fever and weight loss  [  268,   292  ] . 
Occasional allergic reactions have been reported 
 [  293,   294  ] . Whilst many trials have reported no 
increase in acute toxicity in combination therapy, 
late toxicities may yet emerge, and some investi-
gators have suggested that cetuximab toxicity 
may have been underestimated  [  295  ] .  

   Validation Status 
 Cetuximab has proven benefi t in the treatment of 
locally advanced HNSCC, treatment of incurable 
relapsed/metastatic disease and as second-line 
treatment after failure of platinum-based therapy. 
Regulatory approval has been obtained for 
primary therapy, with radiotherapy, in locally 

advanced HNSCC. Clinical trials for use in 
refractory disease in combination with other drug 
regimen are ongoing.  

   Other Anti-EGFR Antibodies 
 A number of other monoclonal antibodies are in 
clinical studies in HNSCC. These are listed in 
Table  2.6  and include zalutumumab, panitu-
mumab, matuzumab and nimotuzumab  [  296  ] . 

 Zalutumumab is a completely human IgG1 
antibody against human EGFR. As it has no 
murine component, it is predicted to be much less 
immunogenic, with consequent reduction in 
hypersensitivity reactions  [  297  ] . Zalutumumab 
has shown promise for use in recurrent/metastatic 
HNSCC in phase I/II studies, with one such study 
reporting partial response or disease stability in 
9/11 patient with the highest dose  [  297  ] . Other 
phase I/II studies in locally advanced disease 
with chemoradiotherapy or with radiotherapy in 
patients who are not able to receive platinum-
based chemotherapy are underway as are a 
number of phase III trials (including DEHANCA 
19, in combination with radiotherapy as primary 
treatment). One phase III trial has demonstrated 
extension of progression-free survival (but not 
overall survival) in HNSCC patients who had 
failed platinum-based therapy  [  298  ] . 

 Panitumumab has demonstrated safety and effi -
cacy in combination with carboplatin and radio-
therapy in pre-clinical and phase I clinical studies 
in advanced HNSCC  [  299,   300  ] . A number of 
clinical studies (mostly phase II) are currently 
underway to assess the use of panitumumab in 
locally advanced or recurrent/metastatic disease. 
Nimotuzumab similarly shows some promise in 
treatment naïve HNSCC  [  301  ] . Matuzumab is yet 
another monoclonal antibody, but has a markedly 
extended half-life which allows for reduction in 
frequency of administration  [  302  ] . It is currently in 
early-stage clinical studies in HNSCC.  

   Validation Status 
 Other monoclonal antibodies show promise for 
use in locally advanced or recurrent HNSCC. 
Phase II and III clinical trials are currently 
underway.  
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   Tyrosine Kinase Inhibitors 
 Ligand binding to EGFR results in receptor 
dimerisation and the activation of tyrosine kinase 
domains in the cytoplasmic region of the receptor. 
A number of small molecule inhibitors of the 
EGFR tyrosine kinase have been developed. 
These inhibit the phosphorylation of tyrosine res-
idues of EGFR in a selective and reversible man-
ner. Agents with this activity which are presently 
undergoing clinical evaluation include gefi tinib, 
erlotinib and lapatinib (Tables  2.6  and  2.7 ). 

 A number of phase I/II trials have reported the 
use of gefi tinib in relapsed/metastatic HNSCC as 
fi rst- or second-line treatment  [  278,   303,   304  ]  and 
also in locally advanced disease  [  305–  309  ] . These 
reveal a response rate of 8–10%, with disease con-
trol varying from 36 to 53%  [  304  ] . Initial studies of 
gefi tinib with chemoradiotherapy showed promis-
ing response rates with acceptable toxicity, but a 
number of phase III trials have demonstrated little 
or no improvement in survival  [  278  ] . The main tox-
icities reported in the clinical trials of gefi tinib have 
been skin rash and gastrointestinal effects  [  310  ] . 

 Erlotinib has also been studied in cohorts of 
patients with relapsed/metastatic HNSCC. Several 
phase I/II trials have demonstrated clinical bene-
fi t, some in combination with other targeted ther-
apies  [  281,   282,   284  ] . However, some phase III 
investigations have been terminated early. 
Lapatinib shows dual specifi city for EGFR and 
Her2 tyrosine kinase  [  311  ] . In phase I studies in 
HNSCC, lapatinib was well tolerated, and a num-
ber of phase II studies are underway  [  312  ] .  

   Validation Status 
 TKIs have demonstrated some clinical effi cacy 
and a good safety profi le for use in clinical trials 
in HNSCC. None have been approved for use in 
HNSCC.  

   Markers of Response 
to Anti-EGFR Therapy 
 The identifi cation of molecular markers to both 
predict and refl ect the action of anti-EGFR thera-
pies has proved problematic.

   Clinical markers: the development of the char-• 
acteristic “acneiform” rash on the face and 
torso has been reported after the use of a 

number of both monoclonal antibodies and 
TKIs. This affects approximately 60% of 
patients and usually develops within the fi rst 3 
weeks of treatment. A number of studies have 
demonstrated higher response rate and 
improvement in survival in patients who 
develop this skin toxicity  [  273  ] .  
  EGFR protein expression: the correlation • 
between EGFR expression and response to 
anti-EGFR therapy is poor, as seen in other 
cancers  [  313  ] . A number of explanations have 
been mooted including variation in laboratory 
techniques or in assessment of the staining 
 [  221,   314  ] . Recent attempts to standardise 
assessment are more promising  [  315  ] .  
  EGFR gene amplifi cation: the rate of amplifi -• 
cation of EGFR varies greatly between studies 
(10–58%)  [  214,   316–  318  ] . No study has defi n-
itively identifi ed an association between gene 
amplifi cation and response to anti-EGFR ther-
apy in HNSCC nor has a convincing associa-
tion between amplifi cation and expression been 
demonstrated  [  315,   316  ] . Many factors may 
play a part in such marked variation, including 
differences in sub-site or method of analysis.  
  Several EGFR polymorphisms have been • 
shown to be associated with variation in 
response to anti-EGFR therapy in a number of 
cancers, including NSCLC  [  319,   320  ] . This 
has not, as yet, been convincingly demon-
strated in HNSCC.  
  Mutations: the incidence of mutations in the • 
kinase domain is low in HNSCC when compared 
to other cancers, such as NSCLC  [  216,   321  ] . 
Mutations in K-RAS in colorectal carcinoma 
and NSCLC predict resistance to EGFR therapy, 
but these are also very rare in HNSCC  [  322  ] .  
  Others: many other possible markers for • 
predication of response to EGFR-targeted 
therapy in HNSCC have been suggested. 
These include activation of the MAPK path-
way, PI3K, AKT, STAT 3/5 and crosstalk with 
IGF-1R  [  323–  325  ] .     

   Anti-angiogenic Therapy 
 The control of tumour vascularisation involves a 
number of both pro- and anti-angiogenic factors. 
Perhaps, the most noteworthy of these is VEGF, a 
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pro-angiogenic growth factor known to be 
expressed by approximately 60% of all human 
cancer types, including cancers of the head and 
neck region  [  326,   327  ] . Signifi cant attention has 
therefore been paid to the development of drugs 
which either inhibit the action of VEGF directly 
or infl uence the subsequent signalling cascades 

triggered by receptor binding. The actions of 
VEGF, along with targets of anti-angiogenic 
agents, are summarised in Fig.  2.3   [  328–  330  ] .   

   Inhibition of VEGF Function 
 VEGF belongs to the platelet-derived growth fac-
tor superfamily and can be sub-classifi ed into 

  Fig. 2.3    VEGF signalling and the action of anti-angio-
genic agents. In the tumour cells, one method of VEGF 
production is via mTOR. mTOR stimulates hypoxia 
inducible factor 1 a  (HIF-1 a ) synthesis. In hypoxic condi-
tions, persistence of HIF-1 a  leads to release of VEGF. 
VEGF receptors on endothelial cell membrane dimerise 
in response to ligand binding, activating intra-cellular 

tyrosine kinase (TK) activity. ATP-dependent phosphory-
lation of intra-cellular proteins then acts as a signalling 
pathway, ultimately leading to endothelial activation and 
proliferation. The diagram also indicates the site of action 
of the two main classes of anti-VEGFR agent: monoclo-
nal antibodies and tyrosine kinase inhibitors       
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types A to E, plus PlGF (placental growth factor) 
 [  327  ] . VEGF-A is by far the most important of 
these sub-types with respect to angiogenesis; 
other sub-types are generally less infl uential or 
have more specialist roles, such as the promotion 
of lymphangiogenesis and embryonic angiogen-
esis. Ligand binding leads to receptor dimerisa-
tion, thereby activating an intra-cellular tyrosine 
kinase domain responsible for catalysing ATP-
dependent protein phosphorylation. 

 To date, only a single anti-VEGFR antibody 
(bevacizumab) has FDA approval for the manage-
ment of certain metastatic cancers, namely, colon, 
NSCLC and breast  [  331  ] . In a similar manner to 
anti-EGFR therapy, there is an apparent lack of 
validated biomarkers to predict or refl ect response 
to bevacizumab  [  332  ] . A number of small mole-
cules have been developed which inhibit VEGFR 
tyrosine kinase, although for many, their clinical 
effi cacy is yet to be fully determined. Sunitinib, 
one such tyrosine kinase inhibitor, has gained 
FDA approval for use in renal cell carcinoma and 
gastrointestinal stromal tumours and European 
Commission approval for use in advanced pan-
creatic neuroendocrine tumours  [  333  ] .  

   Clinical Application 
of Anti-angiogenic Agents 
 The application of anti-angiogenic agents in head 
and neck cancer has so far been limited to early 
clinical trials, for which promising results have 
been reported when used as adjuvant therapy 
 [  334  ] . Single-agent therapy has largely been 
unsuccessful, illustrated by the early trial closure 
of sunitinib monotherapy following interim anal-
ysis demonstrating low effi cacy  [  335  ] . The major-
ity of available data for head and neck cancer 
relate to phase II trials with a number of anti-
angiogenic agents (Table  2.8 ), although phase III 
trials are ongoing. It should be noted that studies 
have largely targeted locally advanced, recurrent 
or metastatic disease, and the value of anti-angio-
genic agents in early head and neck cancer has 
yet to be determined.  

 Effi cacy of VEGF/VEGFR inhibition is now 
established in the management of a number of 
cancers outside the head and neck region. In most 
cases, a moderate improvement in life expectancy 

is seen, as tumours ultimately develop resistance 
to therapy. These modest benefi ts have led 
researchers to consider more widespread inhibi-
tion of growth factor pathways in an attempt to 
improve outcome further. An intuitive “next step” 
has been to assess the value of dual inhibition of 
VEGF and EGF pathways  [  284  ] . Agents, such as 
vandetanib, are dual TKIs and will inhibit both 
EGF and VEGF. Use of these agents in HNSCC 
is largely at pre-clinical stage, but the early results 
have been encouraging  [  343  ] .  

   Other Anti-angiogenic Agents 
 VEGF Trap is a novel molecule which comprises 
a VEGF receptor decoy fused to the Fc region of 
human IgG1. As its receptor domain is derived 
from human VEGFRs 1 and 2, its affi nity for 
VEGF is greater than that of bevacizumab. It is 
capable of binding all isoforms of VEGF A, B 
and PlGF and is therefore a potent inhibitor of the 
VEGF pathway. VEGF Trap is currently in phase 
II/III trials for colonic cancer, NSCLC and pros-
tatic cancer, amongst others  [  344  ] . No studies are 
currently underway for the management of head 
and neck cancer, and the prospect of such trials is 
likely to rely on the success of this drug in the 
management of cancers elsewhere. 

 As VEGF is just one of many signalling mole-
cules that infl uence angiogenesis, tumour resis-
tance to VEGF blockade occurs through the 
activation of alternative, secondary pathways of 
angiogenesis, which are now gaining interest in 
the attempt to control such resistance. Another 
area of interest lies in the production of vascular 
disrupting agents: these agents aim to completely 
deprive the tumour of a blood supply, leading to 
widespread cell death. Assessment of vascular dis-
rupting agents has so far been limited to phase II 
trials, and little data outside of laboratory studies 
are available on their effect in head and neck can-
cer. It is beyond the scope of this chapter to discuss 
vascular disrupting agents in detail, although they 
have been reviewed elsewhere  [  345  ] .  

   Management of HPV-Positive 
Oropharyngeal Carcinoma 
 The ultimate goal in the management of HPV-
positive cancer is the application of a tailored 
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therapeutic measure that will benefi cially infl u-
ence outcome. This may take many guises, from 
the alteration of currently utilised modalities (i.e. 
radiotherapy, chemotherapy, surgery), to account 
for the less aggressive course of disease, to the 
use of adjuvants that act to improve survival. 
Primary prevention, namely the inclusion of 
males in current HPV vaccination programmes, 
is also a potential, yet widely disputed option; the 
cost of such a public health measure is currently 
regarded as excessive  [  346,   347  ] .  

   The Potential Role of Gene Therapy 
in HPV-Positive OPC 
 Sima et al. used small hairpin RNA (shRNA) to 
deliver small interfering RNA (siRNA) targeting 
the HPV16 E7 oncogene in HPV-positive cervical 
cancer cell lines  [  348  ] . E6 and E7 expression was 
found to be suppressed, allowing intra- cellular 
accumulation of p53 and p21, ultimately leading 
to massive apoptotic cell death. The authors con-
cluded that use of RNA interference may have 
gene therapy potential for HPV16-related can-
cers. Similar fi ndings have also been documented 
with the use of adenovirus to deliver anti-sense 
RNA transcripts of E6 and E7 in cervical cancer 
cell lines  [  349  ] . As yet, no clinical trials have 
taken place for HPV-targeted gene therapy.  

   Therapeutic Vaccination 
in HPV-Positive OPC 
 To date, the application of the two commercially 
available HPV vaccines (Gardasil and Cervarix) 
is limited to prophylaxis  [  128  ] . There is no thera-
peutic benefi t of these vaccines, as they have no 
infl uence on established infection, as demon-
strated in a large, randomised trial  [  350  ] . The 
vaccines act by inducing an immune response to 
viral capsid proteins L1 and L2; lack of therapeu-
tic effect is due to these proteins not being 
expressed by already-infected basal cells  [  112  ] . 
The therapeutic shortcomings of L1/L2-based 
vaccines have led to the recent development of 
further vaccines which utilise other viral anti-
gens. Obvious targets are E6 and E7, due to their 
intimate relationship with disease progression. 
Current interest lies in DNA-based vaccines due 
to their safety and stability, although they have 
been found to be poorly immunogenic  [  112  ] .  

   Other Therapies 
 A number of other therapies are under 
early-stage clinical investigation for use in 
HNSCC. Agents which target various elements 
of the intra-cellular signalling pathways have 
been developed. In HNSCC, much interest has 
centred on the PI3K/AKT/mTOR pathway. Potent 
inhibitors of mTOR such as everolimus are cur-
rently in early-stage clinical studies in HNSCC 
 [  351  ] . Alterations in this pathway are not ubiqui-
tous in HNSCC; thus, sensitive molecular mark-
ers are needed to guide therapy. 

 The family of Src kinases are activated in 
response to EGFR stimulation. Activation of 
these kinases has been associated with epithelial– 
mesenchymal transition (EMT) in HNSCC and thus 
with the promotion of invasion  [  352  ] . A number of 
Src targeting agents have been developed, includ-
ing dasatinib and AZD0530, both of which are 
being used in phase II studies in HNSCC  [  353  ] . 
The possibility of combination with anti-EGFR 
therapy is also being explored  [  354  ] . 

 Targeting the tumour microenvironment is a 
large area of development of new anti-cancer 
therapies. Cancer-associated infl ammation plays 
a key role in the development of many tumours 
including HNSCC. Cyclooxygenase 2 is a pro-
infl ammatory mediator which promotes a num-
ber of other cell functions, many of which are 
pro-tumourigenic in an appropriate environment. 
Recent phase I/II trials of COX2 inhibition 
showed benefi t in combination with erlotinib 
 [  355  ] . The use of COX2 inhibitors has also been 
suggested as a chemopreventive strategy in poten-
tially malignant lesions  [  356  ] . Other components 
of the cancer-associated infl ammatory/immune 
response also prove to be promising targets for 
molecular therapy, for example, chemokine 
receptors such as CXCR4  [  357  ] . 

 Identifi cation of the key events in the control 
of tumours invasion has also provided a number 
of interesting targets for novel therapies. For the 
most part, these are still in pre-clinical develop-
ment, but modulation of integrin function, for 
example, of integrin   a  V  b  6, is a promising area of 
development  [  199,   358  ] . 

 Recombinant pro-apoptotic receptor ligands 
are being used to enhance pro-apoptotic signalling 
in a number of cancers. Studies of TRAIL receptor 
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antibodies are underway in a number of cancers, 
including HNSCC  [  359  ] . A number of other pro-
apoptotic agents are being developed.  

   Validation Status 
 All other therapies are at a pre-clinical or early 
phase clinical study.   

   Other Tumour Types 

   Sinonasal and Nasopharynx 
 The potential of anti-EGFR therapy in nasopha-
ryngeal carcinoma has been investigated in a 
number of phase II trials. Results of the use of 
gefi tinib in relapsed/metastatic disease showed 
no evidence of response  [  279,   360  ] . However, the 
addition of cetuximab to platinum-based therapy 
demonstrated a 12% overall response rate  [  361  ] . 
In locally advanced disease, cetuximab has been 
added to platinum-based chemoradiotherapy with 
encouraging early results, but the full report is 
still awaited.  

   Salivary Gland 
 Despite expression of CD117 (c-kit) in up to 80% 
of cases of ADCC, the use of imatinib has been 
disappointing  [  362–  364  ] . There is, to date, no 
evidence of an improved overall response rate. 
Studies using sunitinib have proved similarly 
disappointing as have those using cetuximab, 
gefi tinib or other agents such as bortezomib  [  365, 
  366  ] . However, all of these studies reported some 
amount of disease stabilisation whilst on 
therapy. 

 The role of molecular targeted therapy in other 
salivary gland carcinomas has been the subject of 
very limited investigation. Phase II trials of 
gefi tinib, trastuzumab and lapatinib and other 
agents have included non-ADCC salivary carci-
nomas and demonstrate variable disease stabili-
sation, but no increase in overall response rate 
 [  366–  369  ] .  

   Odontogenic Carcinomas 
 There have been no clinical trials of targeted ther-
apy in odontogenic malignant tumours.  

   Validation Status 
 The potential for use of targeted therapy is being 
explored in a number of other histologically 
defi ned head and neck tumours. All are in early-
stage clinical studies, and none are approved for 
routine clinical use.    

   Conclusion 

 There is great potential for the use of biologically 
targeted therapy in head and neck tumours, par-
ticularly given the rather dismal prognosis of 
many HNSCC patients. Many agents are now 
undergoing phase III clinical assessment, and 
although only one (cetuximab) has received 
approval, it appears likely that others will follow. 
For some, toxicities may limit use; thus, it is vital 
that new agents are identifi ed with validated 
pharmacodynamic and pharmacokinetic markers. 
However, progress is hampered by a lack of well-
validated markers for diagnosis, prognostication 
and assessment of overall response to targeted 
therapy. In rarer head and neck tumours, such as 
those of the nasopharynx, sinonasal region and 
salivary glands, there has been much less investi-
gation, but there is some promise that targeted 
therapy may fi nd a place in the management of 
these tumours.      
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    Introduction 

 Although thyroid cancer (TC) is considered a 
rare tumor, representing only 1.7% of the total 
estimated new cancer cases around the world in 
2008  [  1  ] , it is, however, the most common tumor 
of the endocrine system, accounting for more 
than 95% of all endocrine cancers in the USA  [  2  ] . 
The incidence of this cancer has risen worldwide 
in the last decades  [  3–  7  ]  doubling since the sev-
enties, and for women, it is the cancer with the 
fastest-growing number of new cases. A huge 
increase in the incidence of this cancer has been 
recorded also in Italy, where in the 2-year period 
2003–2005 thyroid was the second most common 
cancer after breast tumor among women under 
the age of 44 years and the fi fth most common 

among men  [  8  ] . Virtually, the entire increase is 
attributable to a raise in incidence of papillary 
thyroid cancer, which in the USA has increased 
from 2.7 to 7.7 per 100,000—a 2.9-fold increase 
(95% CI, 2.6–3.2;  P  < 0.001). No signifi cant 
change has been observed in the incidence of the 
less common histological types follicular, medul-
lary, and anaplastic ( P  > 0.20)  [  9  ] . It has not yet 
been clarifi ed if the rise in incidence rates is a 
true biological issue or if it is a result of the 
improvement in the diagnostic tools, such as 
ultrasound and fi ne-needle biopsy. Small papillary 
thyroid carcinomas (<1 cm, defi ned as microcar-
cinoma) are the most common contributors to 
this incidence increase  [  10  ] , supporting the 
correlation with the improvement in diagnostic 
detection. However, this would not explain the 
rising number of larger tumors in all age groups 
 [  11  ]  which suggests, on the contrary, the involve-
ment of multiple contributing factors. Exposure 
to radiation during medical procedures  [  12  ] , 
obesity  [  13  ] , as well as the increase in pathological 
detection of incidental papillary thyroid cancer 
 [  14  ]  are some possible explanations. Mortality 
rates, in contrast to incidence rates, are stable or 
decreasing both in the USA  [  9  ]  and in Europe 
 [  15  ] . The 10-year relative survival rate is commonly 
very good, ranging from 90% in differentiated 
thyroid cancer  [  16  ]  to 74% in medullary thyroid 
cancer while it is dramatically short (<1 year) 
in case of anaplastic thyroid cancer which 
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represents one of the most aggressive malignant 
tumors in humans. 

 Surgery remains the cornerstone of the 
management of thyroid tumors. TSH suppression 
and radioactive iodine (RAI) follow surgery as 
adjuvant treatments in differentiated thyroid 
cancers, while they play no curative role in 
medullary thyroid cancer. In anaplastic thyroid 
cancer, surgery is not often technically feasible 
due to the local extension and invasion of the 
contiguous anatomic structures. 

 Metastatic disease is a rare event, occurring in 
about 20% of patients with differentiated thyroid 
cancer  [  17  ] . The 10-year survival rate is 42% for 
metastatic differentiated thyroid cancer patients 
 [  18  ]  while it decreases to 24% in case of medullary 
thyroid cancer. Prolonged survival of metastatic 
patients is a peculiar characteristic that distin-
guishes these cancers from the great part of 
advanced malignant tumors. Anaplastic cancer is 
an exception: median survival is commonly less 
than 1 year. RAI is the most employed systemic 
treatment in metastatic differentiated thyroid car-
cinomas with curative role only in still  131 I-avid 
cases (<50%). A large tumor burden, bone metas-
tases, an older age, and a poorly differentiated 
histology characterize a group of patients with 
high probability of no or low  131 I uptake  [  17  ] . The 
10-year overall survival in case of RAI-resistant 
disease falls to 10%. Doxorubicin was the only 
treatment approved by Food and Drug 
Administration (FDA) for metastatic TCs until 
2011. Doxorubicin alone or combined with other 
drugs administered in RAI-resistant patients 
obtained poor results  [  19  ] . Several chemothera-
peutic agents have been attempted in MTC with 
discouraging results. Chemotherapy is not rec-
ommended as fi rst choice for advanced medul-
lary thyroid cancer due to the low response rates. 
Reports on radiolabeled molecules such as 
 90 Yttrium-DOTA-TOC,  111 In-Octreoscan, and 
 131 I-MIBG have been published, but only a 
modest activity was observed together with no 
impact on survival  [  20  ] . 

 In recent years, major advances in understand-
ing TC have been made, with a great improve-
ment in the fi eld of molecular biology. TC 

represents a unique and fascinating model that 
includes several histotypes characterized by 
peculiar biological and clinical characteristics. 
Molecular markers involved in TC pathogenesis 
and progression have been extensively investi-
gated in the recent years, becoming the biological 
base for the delivery of tailored treatments. At 
present, these latter have found their practical 
application in advanced and/or metastatic RAI-
resistant differentiated, medullary and anaplastic 
carcinomas. 

 In the next paragraphs, we will provide a brief 
characterization of the peculiar clinical features 
of each main TC histotype; a detailed description 
on molecular markers and signals pathways 
involved in TCs pathogenesis and progression 
and, fi nally, a wide overview on the clinical appli-
cations deriving from the translational research.  

   Histological Classifi cation 
and Clinical Overview 

 According to the cell of origin, TCs are divided 
into those derived from follicular cells and those 
originated in C cells. The fi rst ones, which are by 
far the most common, comprise papillary carci-
noma (about 80% of the cases), follicular carci-
noma (10%), poorly differentiated carcinoma 
(4–6%) Hürthle cell (oxyphil) tumors (3%), and 
anaplastic carcinoma (2–5%). The second ones, 
originating in the C cells, are known as medul-
lary carcinomas (5–10%) (Fig.  3.1 ).  

 Papillary cancer, follicular carcinoma, and 
their variants are commonly grouped under the 
name of differentiated thyroid cancer. Poorly dif-
ferentiated carcinoma, medullary carcinoma, and 
anaplastic carcinomas are much less common. 

 According to the latest WHO classifi cation 
 [  21  ] , malignant thyroid tumors are classifi ed as 
reported in Table  3.1 . For the purpose of this 
chapter, we will focus our attention on differenti-
ated, poorly differentiated, anaplastic, and med-
ullary thyroid cancers. We will not discuss the 
characteristics of rare thyroid tumors such as 
squamous, mucoepidermoid, and other excep-
tional subtypes.  
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   Papillary Thyroid Carcinoma 

 PTC is the most frequent epithelial thyroid can-
cer (80% of the cases). It is most commonly seen 
in adults aged 20–50, and the female to male ratio 
is 4:1. PTC is also the most common pediatric 
thyroid malignancy. Radiation exposure is recognized 
as the main cause for PTC development. The 

tumor presents as an enlarged solid node in more 
than half of patients, being multifocal in one lobe 
at least in 50% of cases and bilateral in up to 
30%. Microcarcinoma is rare in childhood but 
very common in the general population (present 
in up to 33% of individuals in autopsy series). It 
has a very good prognosis, not signifi cantly dif-
ferent from that of people lacking this abnormal-
ity, except in cases of lymph node metastases 
and/or extrathyroid extension. 

 Lymphatic vessels are the main pathway of 
diffusion of PTC, and cervical lymph node metas-
tases are very frequent at the time of diagnosis. 

 “Classical” PTC is microscopically character-
ized by a papillary architecture and a population 
of follicular cells with “ground glass” nuclei and 
irregularities of nuclear contours, including 
grooves and nuclear pseudoinclusions. Psammoma 
bodies, which represent a typical PTC feature, are 
found in at least 50% of cases: they are rounded 
and concentrically laminated calcifi cations which 
can be present within the tumor stroma, in the tip 
of the papillae or in lymphatic spaces. PTC is 
immunoreactive for cytokeratins, thyroglobulin, 
and thyroid transcription factor-1 (TTF-1). 
Metastatic PTCs express TTF-1 and thyroglobu-
lin, while pulmonary adenocarcinomas express 
TTF-1 but not thyroglobulin, for a feature of value 
in the differential diagnosis. 

  Fig. 3.1    Schematic representation of thyroid carcinogenesis       

   Table 3.1    Classifi cation of thyroid carcinomas   

 Papillary carcinoma  8260/3 a  
 Follicular carcinoma  8330/3 
 Poorly differentiated carcinoma 
 Undifferentiated (anaplastic) carcinoma  8020/3 
 Squamous cell carcinoma  8070/3 
 Mucoepidermoid carcinoma  8430/3 
 Sclerosing mucoepidermoid carcinoma with 
eosinophilia 

 8430/3 

 Mucinous carcinoma  8480/3 
 Medullary carcinoma  8345/3 
 Mixed medullary and follicular cell 
carcinoma 

 8346/3 

 Spindle cell tumor with thymus-like 
differentiation 

 8588/3 

 Carcinoma showing thymus-like 
differentiation 

 8589/3 

   a Morphology code of the international classifi cation of 
disease for oncology (ICD-0) and the systematized 
nomenclature of medicine  
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 Histological variants account for 15–20% of 
PTCs. The most common histological PTC 
variants are follicular, oncocytic, clear cell, diffuse 
sclerosing, tall cell, columnar cell, solid, and cribri-
form. For most of these variants, the prognosis is 
similar to classic PTC, whereas in some histo-
types such as tall cell, columnar cell, and solid 
variants, the outcome is worse. These rare 
variants are characterized by an aggressive 
behavior, with the primary tumor often presenting 
with extrathyroid extension and vascular invasion. 
The prognosis of classic PTC is excellent and 
infl uenced by patient age, tumor size, extrathyroid 
extension, completeness of surgery, and presence 
of distant metastases.  

   Follicular Thyroid Carcinoma 

 Follicular carcinoma is more common in 
women over 50. It is rare in children and more 
prevalent in iodine-defi cient areas. FTC is usually 
encapsulated and solitary. It is composed of 
epithelial cells with follicular differentiation 
lacking the above described nuclear features of 
PTC. Frequently it grows as an asymptomatic 
and enlarged thyroid mass. Hematogenous diffu-
sion is more frequent than lymphatic spread. 
Compared to PTC, cervical lymph node involve-
ment is less common at diagnosis while distant 
metastases can be found in 20% of the cases, lung 
and bone being the most involved sites. 
Invasiveness of the capsule (defi ned as tumor full 
penetration through the capsule at a location 
other than the previous biopsy site) and vascular 
invasion are the microscopic characteristics that 
distinguish FTC from follicular adenoma (FA) 
from which FTC may develop. The risk of meta-
static spread is higher in those cases with wide-
spread vascular invasion. FTC cells are commonly 
immunoreactive for thyroglobulin, TTF-1, and 
low molecular weight cytokeratin. 

 Hürthle cell carcinoma (HCC) or “oncocytic or 
oxyphilic” variant is a rare variant of follicular or 
(less commonly) of papillary carcinoma. 
Oncocytic FTC differs from conventional FTCs 
on biological and clinical grounds, leading some 
groups to regard HCCs as a distinct pathologic 

entity. HCCs are defi ned as tumors composed of 
75% or greater Hürthle cells and exhibiting com-
plete capsular and/or vascular invasion. The tumor 
cells are typically characterized by an abundant 
granular, eosinophilic cytoplasm derived from the 
presence of a large number of mitochondria. In 
contrast to the typical FTC behavior, HCC pres-
ents with cervical node involvement in 30% of 
the cases, and distant metastases can also occur. 

 Fifty percent of patients with a widely inva-
sive FTC die of their disease, whereas patients 
with a minimally invasive FTC have a survival 
expectance similar to that of a normal population 
matched for age and sex. This is true both for 
FTC and HCC, although the latter is generally 
associated with a more aggressive behavior with 
respect to conventional FTC, in the form of 
higher frequency of loco-regional relapse and 
distant metastases.  

   Poorly Differentiated 
Thyroid Carcinoma 

 PDTC is a rare and controversial entity, more 
commonly seen in women and patients over 50. 
The etiology is unknown. It can be the terminal 
stage of the dedifferentiation process of PTC or 
FTC or can grow ex novo  [  22  ] . At presentation, it 
can appear as a unique thyroid mass, often rapidly 
growing, with or without cervical node involve-
ment. Distant metastases can be also present. 
Three different histological patterns have been 
described: insular, trabecular, and solid  [  23  ] . 
Infi ltrative pattern of growth, necrosis, and vas-
cular invasion along with the identifi cation of the 
patterns described above should allow its recog-
nition. Immunoreactivity for TTF-1 and thyro-
globulin is common. The mean 5-year survival is 
less than 50%  [  24,   25  ] .  

   Anaplastic Thyroid Carcinoma 

 ATC is one of the most malignant tumors in 
humans. It occurs more commonly in the elderly, 
only a quarter of patients being under 60 years 
old. As PDTC, it can derive from DTCs or can 
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arise ex novo. All ATCs are by defi nition T4 
tumors in the AJCC classifi cation  [  26  ] . ATC is 
composed of undifferentiated cells that show 
immunohistochemical features of epithelial dif-
ferentiation. Cytokeratin is the most expressed 
epithelial marker, TTF-1 and thyroglobulin are 
generally negative, while there is strong positivity 
for TP53. At the clinical level, a large thyroid 
mass, rapidly growing and infi ltrating surrounding 
tissues and muscles, characterizes ATC. The lar-
ynx (15%), laryngeal nerve (30%), esophagus 
(45%), and trachea (50%) are frequently involved 
 [  27  ] . The clinical course of the disease can be so 
rapid that surgical procedures performed as sup-
portive care (e.g., tracheotomy and gastrostomy) 
are often useless. In addition, a tracheotomy 
could sometimes be technically impossible to 
perform due to the tumor mass encasing carotid 
and trachea. Diffuse distant spread is present in 
more than 50% of patients at diagnosis. Five-year 
survival ranges from 0% to 14%  [  27–  29  ] .  

   Medullary Thyroid Cancer 

 MTC is a neuroendocrine tumor which is spo-
radic in about 75% of the cases. In the other 25%, 
it occurs as a component of the autosomal domi-
nant familial multiple endocrine neoplasia type 2 
(MEN 2) syndrome. MEN 2, fi rst described by 
Sipple  [  30  ] , includes three disorders: MEN 2A, 
MEN 2B, and familial MTC (FMTC)  [  31–  33  ] . 
Activating rearranged during transfection (RET) 
mutations are present in more than 95% of 
FMTCs and in 20–50% of sporadic MTCs. Nests 
or trabeculae of polygonal, round, or spindle 
cells, separated by fi brovascular stroma, charac-
terize MTC. Tumor cells are immunoreactive for 
calcitonin, a polypeptide almost exclusively pro-
duced by MTC, carcinoembryonic antigen 
(CEA), and other neuroendocrine markers such 
as chromogranin A and synaptophysin. TTF-1 
and low molecular weight keratins can be also 
expressed. The median age at presentation is 50. 
MTC is typically located in the middle third of 
the lobe (where C cells are most represented) and 
can be unilateral in case of sporadic tumors or 
multiple and bilateral in FMTC, and commonly 

not capsulated. Tumor diameter can vary from 
less than 1 cm to a larger mass. Up to 50% of the 
patients present with cervical node involvement, 
and up to 15% with distant metastases. Calcitonin 
has a diagnostic  [  34  ]  and prognostic value at 
diagnosis  [  35  ] . Occult distant metastases after 
thyroidectomy and neck dissection are responsi-
ble for the persistence of high levels of calcitonin. 
Sometimes diarrhea and fl ushing can be associ-
ated with advanced disease. 

 Five- and 10-year survival rates are 83 and 
74%. Some clinical features are related to a lower 
survival. These include older age, male gender, 
extent of local tumor, and presence of distant 
metastases  [  36  ] .   

   Molecular Genetics 
of Thyroid Carcinoma 

   PTC 

 The last two decades have been marked by 
signifi cant expansion in the understanding of the 
molecular basis of PTC. It is now apparent that 
this tumor type is characterized by genetic lesions 
leading to the activation of the mitogen-activated 
protein kinase (MAPK) signaling pathway  [  37  ]  
(Fig.  3.2 ). In fact, chromosomal rearrangements 
involving  RET  or  TRK  (Table  3.2 ), or activating 
point mutations of  BRAF  or  RAS  genes, account 
for about 70% of PTC. PTC-associated genetic 
lesions are generally mutually exclusive.   

 Discordant patterns of  BRAF  mutation have 
been found in about 40% of the multifocal 
PTCs as well as in 50% of the cases in which 
multiple foci of different histopathologic variants 
were present  [  38  ] . Moreover, simultaneous pres-
ence of different RET/PTC and BRAF mutations 
have been reported  [  39,   40  ] . 

 PTC was the fi rst, and for a long time the only, 
epithelial tumor in which an acquired chromo-
somal rearrangement had generated a transform-
ing fusion gene. Despite the high frequency of 
chromosomal rearrangements in PTC, the molec-
ular bases underlying the predisposition of thyro-
cytes to undergo chromosomal rearrangements 
are not completely understood. Spatial genome 
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topology has been proposed as a contributing fac-
tor in the formation of PTC-associated chromo-
somal translocations, based on the evidence of 
proximity between rearranging gene pairs such 
as  RET  and  H4  and  NTRK1  and  TPR  in interphase 
thyrocytes. On the other hand, the high proneness 
of thyroid epithelium to chromosomal rearrange-
ments might refl ect a peculiar sensitivity of 
thyrocytes to ionizing radiations, as well as the 
intrinsic capacity of a cell to repair DNA double-
strand breaks induced by ionizing radiation  [  37  ] . 

  RET/PTC  and  TRK  oncoproteins contain the 
receptor tyrosine kinase (TK) domain fused to 
sequences from different donor genes which 

  Fig. 3.2    Molecular alterations in papillary and folli-
cular thyroid carcinomas. ( a ) In PTC, rearrangements 
involving RET or  NTRK1  and point mutation of  RAS  
or  BRAF  genes lead to alterations of the MAPK 

pathway. ( b ) In FTC, alterations of the MAPK and the 
PI3K/AKT pathway result from rearrangements 
involving  PPAR g   or deregulation of  RAS, PI3KCA, or 
PTEN        

   Table 3.2    Fusion oncogenes in papillary thyroid 
carcinomas   

 Oncogene  Donor gene 

  RET/PTC1    CCDC6  (coiled-coil domain containing 6)
 /H4/D10S170  

  RET/PTC2    PRKAR1A  (protein kinase, cCAMP-
dependent, regulatory, type I, alpha) 

  RET/PTC3    NCOA4  (nuclear coactivator 4) /RFG/
ELE1/ARA70  

  RET/PTC4    NCOA4  (nuclear coactivator 4) /RFG/
ELE1/ARA70  

  RET/PTC5    GOLGAS  (golgin subfamily a, 5) /
RFG5/RET-II  

  RET/PTC6    TRIM24  (tripartite motif-containing 24)
 /TIF1/TIF1A  

  RET/PTC7    TRIM33  (tripartite motif-containing 33)
 /RFG7/TIF1G  

  RET/PTC8    KTN1  (kinectin 1) /CG1  
  RET/PTC9    RFG9  
  ELKS-RET    ELKS/RAB6IP2/KIAA1081  
  PCM1-RET    PCM1  (pericentriolar material 1) 
  RFP-RET    TRIM27  (tripartite motif-containing 27)

 /RFP  

  HOOK3-RET    HOOK3  (homo sapiens hook homolog 3)
/ HK3  

  TRK    TPM3  (tropomyosin3) 
  TRK-T1 ,  TRK-T2    TPR  (translocated promoter region) 
  TRK-T3    TFG  (TRK-fused gene) 
  AKAP9-BRAF    AKAP9  (A-kinase anchor protein 9) 
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confer the following features: (1) ectopic expression 
in thyrocytes; (2) cytoplasmic localization; and 
(3) constitutive dimerization, mediated by coiled-
coil domains, resulting in constitutive kinase 
activity  [  41  ] . 

   RET/PTC Oncogenes 
 Oncogenic  RET  rearrangements, designated  RET/
PTCs , were the fi rst genetic lesion identifi ed in 
PTC more than 20 years ago  [  42  ] .  RET  proto-
oncogene, located at chromosome 10q11.2, 
encodes a receptor type TK, an orphan receptor 
when  RET/PTC  oncogenes were identifi ed.  RET  
is now known to be the signaling component of a 
multimolecular complex that includes the glial 
cell line-derived neurotrophic factor (GDNF) and 
co-receptors  a  (GFR a 1-4). Upon interaction 
with one of the four GFR a  co-receptors, RET    
binds with high affi nity to the GDNF family of 
peptides including GDNF, neurturin, persephin, 
and artemin  [  43  ] . Ontogenetically, the  RET  gene 
is essential for the development of the sympa-
thetic, parasympathetic, and enteric neurons, kid-
ney, and male germ cells  [  44  ] . Germ line loss of 
function mutations of  RET  causes impaired 
formation of the enteric nervous system and con-
genital aganglionosis of the colon (Hirschsprung’s 
disease), while germ line activating point muta-
tions are causally related to the hereditary forms 
of MTC, MEN 2A, MEN 2B, and FMTC  [  44  ] . 

 In a signifi cant fraction (20–30%) of PTCs, 
 RET  is subjected to chromosomal rearrangements 
leading to in-frame fusion of intracellular domains 
(including the TK and the C-terminal tail) to the 
5 ¢  end of heterologous genes (donor genes). The 
resulting fusion genes are named  RET/PTCs  and 
are listed in Table  3.2  .   RET/PTC1  and  RET/PTC3  
oncogenes are the most frequent, accounting 
together for more than 90% of all the rearrange-
ments. The donor gene for  RET/PTC1  is the 
coiled coil containing domain 6 ( CCDC6 , for-
merly  H4  and  D10S170 ).  RET/PTC3  donor gene 
is the nuclear receptor coactivating gene ( NCOA4 , 
formerly RFG, ELE,  ARA70 ).  CCDC6  and 
 NCOA4 , as well as  RET , map on the long arm of 
chromosome 10 so that a paracentric inversion of 
chromosome 10 creates  RET/PTC1  and  RET/
PTC3  oncogenes. The majority of the other 

infrequent  RET  donor genes are located on 
 different chromosomes, and the corresponding 
oncogenes derive from interchromosomal rear-
rangements. Several lines of evidence indicate 
that  RET / PTC  oncogenes are an early event in the 
pathogenesis of PTC: (1)  RET / PTC  expression 
has been detected in microscopic and occult 
PTCs  [  45  ] ; (2) in in vitro models,  RET / PTC  
oncogene expression in human normal primary 
thyrocytes causes PTC-diagnostic alteration in 
the nuclear envelope and chromatin structure 
 [  46  ] ; and (3) induce morphological transforma-
tion of PC-Cl3 rat thyroid epithelial cells  [  47  ] . 

 PTCs harboring RET/PTC rearrangements 
display predominantly the classical papillary 
variant. Patients have a high rate of lymph node 
metastases and possibly a more favorable 
prognosis, especially when RET/PTC1 oncogene 
is present  [  48  ] . 

  RET/PTC  incidence is higher in tumors from 
pediatric patients and from patients with a history 
of therapeutic as well as accidental (as in the case 
of Chernobyl accident) radiation exposure. The 
majority of post-Chernobyl PTCs carry  RET/
PTC3  and are associated with the solid/follicular 
variant of PTC, while the less frequent  RET/
PTC1  is associated with the classical and diffuse 
sclerosing variant  [  49  ] . 

 It appears evident that deregulated RET sig-
naling may have a major role in thyroid carcino-
genesis. Constitutive dimerization of RET/PTC 
oncoproteins results in constitutive autophospho-
rylation and signaling. The crucial RET tyrosine 
residues identifi ed include (1) Y900 and Y905, 
the latter being docking site for Grb7 and 
SH2B1 b ; (2) Y1015, docking site for PLC g ; (3) 
the major RET docking site Y1062, binding 
multiple proteins including Shc, ShcC, Irs1/2, 
Frs2, Dok1/4/5, and Enigma. Downstream to the 
cited adaptor proteins, RET activates Ras/ERK 
and PI3K/AKT pathways, as well as NF k B path-
way  [  44,   50,   51  ] . Moreover,  RET/PTC1  induces 
nuclear translocation of  b -catenin in thyrocytes 
as well as in a PTC cell line, suggesting a crucial 
role for  b -catenin in RET neoplastic signaling in 
PTC  [  52,   53  ] . Besides proximal signaling relying 
on already available signaling molecules, RET 
activates a transcriptional program  [  54  ]  including 
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the transcription of infl ammatory molecules 
(see below) and of other RTK proteins, as  MET/
HGFR . It was recently shown that  RET/PTC1  
cross talks with Met at transcriptional and sig-
naling levels to drive thyrocyte neoplastic trans-
formation  [  52  ] .  

   TRK Oncogenes 
  TRK  oncogenes arise from rearrangements of the 
 NTRK1  gene (also known as  TRKA,  encoding the 
high-affi nity receptor for NGF  [  41  ]  on chromo-
some 1).  NTRK1  was originally isolated from a 
human colon carcinoma as a transforming onco-
gene activated by a somatic rearrangement that 
fused TPM3 (nonmuscle tropomyosin) gene to 
the kinase domain of a novel TK receptor. Cloning 
of the full-length gene and identifi cation of the 
NGF as a ligand occurred few years later  [  55  ] . 

 Several  TRK  oncogenes differing in the acti-
vating portions have been isolated from thyroid 
tumors (Table  3.2 ). The most frequent oncogene 
is  TRK   [  56  ] , identical to that fi rst isolated from 
colon carcinoma, and containing sequences 
from the TPM3 gene on chromosome 1q22-23. 
 TRK-T1  and  TRK-T2  derive both from rearrange-
ment between  NTRK1  and  TPR  gene on chromo-
some 1q25 but display different structure.  TRK-T3  
is activated by  TFG , a novel gene on chromo-
some 3q11-12, fi rst identifi ed in this rearranged 
version  [  57  ] . All TRK oncoproteins retain the 
fi ve tyrosine residues crucial for  NTRK1  activity 
and mediate their effects through activation of 
PLC g , SHC, FRS2, FRS3, IRS1, and IRS2  [  58  ] . 

 Somatic rearrangements of the  NTRK1  gene 
in PTC are less common than those involving 
 RET  gene; their frequency does not exceed 12%. 
The association of  NTRK1  rearrangements with 
radiation is not clearly defi ned, as their frequency 
in PTCs associated to therapeutic or accidental 
(Chernobyl) radiations was similar to that of spo-
radic tumors  [  59,   60  ] . Analysis of correlation 
between  NTRK1  rearrangements with clinical 
and pathological features did not produce 
unequivocal data. This is related to the limited 
number of PTCs carrying  TRK  oncogenes so 
far identified, also because in some studies 
the genotyping of PTCs is restricted to  RET  
rearrangements and  BRAF  mutation analysis. 

Experimental evidence suggests that  TRK  onco-
genes exert a direct role and represent an early 
event in the process of thyroid carcinogenesis. 
Transgenic mice carrying  TRK-T1  oncogene 
under the control of thyroglobulin promoter 
(Tg- TRK-T1  mice) develop thyroid hyperplasia 
and papillary carcinoma  [  61  ] . Crossing of 
Tg- TRK-T1  mice with  p27   kip1   - defi cient mice 
increased the penetrance of thyroid cancer and 
shortens the latency period of tumor incidence, 
indicating that TRK-T1 needs the cooperation 
with oncosuppressor genes to transform thyroid 
epithelium  [  62  ] .  

   BRAF Oncogenes 
  BRAF  is one of three mammalian isoforms of 
serine-threonine Raf kinase family, which upon 
activation by Ras binding and recruitment to the 
cell membrane generates a cascade of events 
leading to activation of MAPK signaling path-
ways  [  63  ] .  BRAF  gene is frequently mutated in a 
wide range of human cancers  [  64  ] . The prevalent 
mutation is a valine-to-glutamate substitution at 
residue 600 (V600E) which increases the BRAF 
basal kinase activity, resulting in constitutive 
activation and continuous phosphorylation of 
downstream effectors of the MAPK pathway 
 [  65  ] .  BRAF V600E mutation is the most common 
genetic lesion in PTC, being detected in about 
29–69% of cases  [  66,   67  ] , and is highly prevalent 
in PTC with classical histology and in tall cell 
variant tumors  [  65,   67–  69  ] . Many studies have 
reported association of  BRAF  mutation with 
aggressive tumor features, advanced tumor stage 
at presentation, tumor recurrence, and metastasis. 
 BRAF V600E has been proposed as an indepen-
dent predictor of tumor recurrence  [  70  ] . PTC car-
rying  BRAF V600E mutation exhibit decreased 
expression of genes involved in thyroid hormone 
biosynthesis, including sodium-iodide symporter 
(NIS), decreased ability to trap radioiodine, and 
consequent treatment failure  [  71,   72  ] .  BRAF  
mutations are present in microscopic PTCs, 
suggesting that they can occur early in tumor 
development  [  48  ] . In addition to PTC,  BRAF V600E 
mutation is also present in PDTC and ATC 
 [  71,   73,   74  ] . Transgenic mice with thyroid-
specifi c expression of  BRAF V600E developed 
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PTC closely recapitulating those seen in human 
tumors  [  75  ] , thus supporting the role of mutant 
 BRAF  in tumor initiation and differentiation, as 
well as its correlation with tumor characteristics. 
It has been recently demonstrated that 
BRAFV600E localizes to mitochondria and 
exerts an antiapoptotic effect, independent from 
kinase activity, which is not abrogated by BRAF 
inhibitors  [  76  ] . Other and rare mechanisms, 
alternative to  BRAF V600E, contribute to  BRAF  
oncogenic activation in PTC. These include (1) 
the K601E point mutation, small in-frame inser-
tions or deletions surrounding codon 600  [  77,   78  ] , 
and (2) the AKAP9-BRAF fusion protein. This 
latter is produced by a paracentric inversion on 
chromosome 7q and detected in 11% of radiation-
induced PTCs, showing elevated kinase activity 
and transforming activity comparable with the 
BRAFV600E oncoprotein  [  79  ] .  

   RAS Oncogenes 
 The  RAS  genes  HRAS, KRAS,  and  NRAS  encode 
highly related small G proteins located at the 
inner surface of the plasma membrane, playing a 
central role in intracellular signaling. In their 
inactive state, Ras proteins are bound to GDP; 
upon activation, they bind GTP and become 
quickly inactive due to their intrinsic GTPase 
activity. Point mutations at codons 12, 13, or 61 
result in mutant proteins permanently switched in 
the active status and constitutively activating 
their downstream targets. 

 Mutations of all the three  RAS  genes have 
been detected in about 10–20% of PTCs, almost 
exclusively in the follicular, and not in classical 
variant. Active  RAS  may promote thyroid tumori-
genesis through the classic MAP kinase pathway 
(Ras → Raf → MEK → ERK) or through interac-
tion with the PI3K/AKT pathway.   

   FTC 

 FTCs can develop in an adenoma-carcinoma 
sequence or directly, bypassing the stage of FA. 
Frequent genetic alterations in FTCs are  RAS  
mutations,  PAX8/PPAR g   rearrangement, and 
PI3K/AKT pathway deregulation.  PAX8/PPAR g   

rearrangement has been proposed to be prev-
alent in patients with a history of radiation 
exposure  [  80  ] . 

   RAS Oncogenes 
 Oncogenic mutations of  RAS  gene family 
members are among the fi rst genetic lesions iden-
tifi ed in tumors originating from the thyroid 
follicular epithelium. Some discrepancies related 
to the overall frequency of  RAS  mutations and 
their prevalence in specifi c thyroid tumors may 
be ascribed to the mutation screening methods 
and to the selection of patients. However, it has 
been reported that  RAS  mutations occur in up to 
50% of FTCs, 25% of HCCs, and also in 10–20% 
of PTCs belonging to the follicular variant.  RAS  
mutations are also present at a high frequency in 
PDTC and ATC (reviewed in  [  81  ] ).  RAS  mutations 
are also reported in 40% of FAs, suggesting that 
RAS activation could be an early step in thyroid 
carcinogenesis. This hypothesis is supported by 
studies in transgenic mice showing that expres-
sion of NRAS-Q61K in thyrocytes can drive the 
formation of tumors that undergo differentiation 
and neoplastic progression  [  82  ] . Accordingly, a 
signifi cant correlation between  RAS  mutations, 
metastases, and poor prognosis has been found in 
patients  [  83,   84  ] . It is conceivable that  RAS  
activation may be insuffi cient to induce malig-
nant growth but may predispose to acquire further 
genetic or epigenetic alterations that lead to a 
fully transformed phenotype. This is consistent 
with the observation that  RAS  mutations may 
affect chromosomal stability in vitro  [  85  ] . As  RAS  
mutations are a marker for aggressive thyroid 
cancer behavior and poor outcome, surgical resec-
tion of  RAS -positive adenomas might be proposed 
to prevent progression to carcinoma  [  81  ] .  

   PAX8/PPAR g  Rearrangement 
  PAX8/PPAR g   rearrangement is a result of the 
translocation t(2;3)(q13;p25) that fuses the DNA 
binding domain of thyroid-specific  PAX8  
transcription factor to the peroxisome prolifera-
tor-activated receptor  PPAR g  , expressed at low 
level in normal thyroid and has no known func-
tion in this organ (reviewed in  [  81  ] ).  PAX8/PPAR g   
has the highest incidence in FTCs (up to 60%); 
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it has also been described in approximately 8% 
of FA and in a small fractions of HCCs (reviewed 
in  [  86  ] . A novel  CREB3L2/PPAR g   fusion gener-
ated by t(3;7)(q34;p25) rearrangement has been 
detected in <3% of FTCs  [  87  ] . It has been reported 
that both PAX8/PPAR g  and CREB3L2/PPAR g  
fusion proteins have oncogenic properties in 
normal human thyroid cells, but their mechanisms 
of action are still unclear  [  88  ] . With respect to the 
mechanisms activated by  PAX8/PPAR g  , both gain 
and loss of function activities have been sug-
gested. Specifi cally, deregulation of  PAX8  and 
 PPAR g   normal functions and unique transcriptional 
activities of the fusion oncoprotein have been 
reported  [  81,   88  ] . It has been proposed that 
 PAX8 / PPAR g  -stimulated growth could depend at 
least in part on loss of PPAR g  functions caused 
by inhibition of wild-type protein  [  81  ] . This is 
consistent with the concept that PPAR g  down-
regulation or inhibition may be a key event in 
thyroid carcinogenesis  [  86  ] , as also suggested by 
the evidence that  PPAR g   is downregulated in 
translocation-negative papillary or follicular 
thyroid tumors, and a further reduction of its expres-
sion has been associated with dedifferentiation at 
later stages of tumor development and progres-
sion  [  89,   90  ] . Of note,  PAX8/PPAR g   rearrange-
ment and  RAS  mutations rarely overlap in FTC, 
and it has been proposed that they lead to tumor 
development through distinct pathways  [  91  ] . In 
keeping with this, analyses of gene expression 
profi les of  PAX8/PPAR g  -positive FTCs have 
confi rmed that these carcinomas have a distinct 
transcriptional signature  [  81,   87  ] . Based on its 
presence in both benign and malignant lesions, 
the diagnostic, preoperative value of  PPAR g   rear-
rangement is debated; nevertheless, it is plausible 
that benign nodules carrying the translocation 
may be considered at risk for progression. 

 The use of  PAX8 / PPAR g   rearrangement as 
novel therapeutic target for FTC was being ham-
pered by the nonexhaustive knowledge of 
 PAX8 / PPAR g  -mediated carcinogenesis. Some 
clinical studies with PPAR g  agonists, alone or 
combined with other chemotherapeutic agents, 
are currently ongoing  [  86  ] , taking advantage of 
the availability of a number of approved modu-
lators of the PPAR g  used in the treatment of type 
2 diabetes.  

   PI3K/AKT Pathway Mutations 
 The phosphatidylinositol 3-kinase (PI3K)/AKT 
pathway plays a central role in many cellular 
events, including growth, proliferation, and apop-
tosis, and it is frequently activated in cancer  [  92, 
  93  ] . Enhanced signaling by this pathway can be 
achieved through several mechanisms, including 
(1) mutations or amplifi cation of the  PI3KCA  
gene, encoding the catalytic subunit of PI3K  [  94, 
  95  ] ; (2) decreased expression or inactivation of its 
negative regulator  PTEN   [  96–  98  ]  ; and (3) activa-
tion by constitutively active  RAS  oncogenes  [  93  ] . 
 PTEN  reduction through epigenetic and posttrans-
lational mechanisms or  PI3KCA  amplifi cation 
have been detected in a signifi cant fraction of 
FTCs, whereas  PTEN  or  PI3KCA  mutations seem 
to be relatively uncommon  [  98  ] . Analysis of a 
large series of thyroid tumors for the presence of 
 PI3KCA  copy gain or  PI3KCA ,  RAS , and  PTEN  
mutations showed a high additive prevalence of 
genetic alterations in the PIK3/AKT pathway and 
their mutual exclusivity in adenomas and in dif-
ferentiated tumors. These fi ndings have supported 
the concept of an independent role of  RAS  muta-
tions in thyroid tumorigenesis through the PI3K/
AKT pathway and have suggested that each of 
these genetic alterations may be individually suf-
fi cient to play a signifi cant oncogenic role in thy-
roid cancerogenesis. The occurrence of some of 
these genetic alterations, e.g.,  PI3KCA   copy gain 
and  RAS  mutations, even in FAs has suggested 
that the PI3K/AKT pathway plays a role at an 
early stage of thyroid tumorigenesis. Of note, the 
mutual exclusivity of these genetic alterations has 
not been observed in ATCs, implying a role of the 
PI3K/AKT pathway in progression of FTC to 
ATC  [  99  ] . To date, several drugs targeting the 
PI3K/AKT pathway have been developed; their 
therapeutic potential for the treatment of cancer is 
currently evaluated in various clinical trials  [  100  ] .   

   PDTC and ATC 

 PDTC is a rare thyroid tumor and is characterized 
by a partial loss of thyroid differentiation and less 
favorable prognosis compared to well-differentiated 
carcinomas. ATC represents the most undiffer-
entiated thyroid tumor; it is characterized by poor 
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prognosis, chemoresistance, local invasion, and 
distant metastases. Overall, ATC and PDTC are 
responsible for more than half of thyroid cancer 
patient deaths in spite of their low incidence  [  81  ] . 

 There is evidence that PDTC and ATC may 
arise from well-differentiated precursor lesions: 
in thyroidectomy samples of PDTC and ATC, 
areas of well-differentiated and conventional folli-
cular and oncocytic carcinomas are often found. 
Moreover, genetic lesions found in well-differentiated 
carcinomas, such as  BRAF  and  RAS  mutations, 
considered as early events in thyroid carcinogen-
esis, are found also in ATC and PDTC  [  81  ] . In 
this respect, the aggressive phenotype of PDTC 
would be conferred by additional mutations 
acquired during progression. 

 Inactivating mutations of  TP53  tumor suppressor 
gene represent the most common mutations in 
human cancer and a late event in tumorigenesis. 
 TP53  mutations have been found in 80% of ATC 
and 30% of PDTC (very rarely in well DTCs) 
(reviewed in  [  81  ] ) .  Such mutations are associated 
with cell proliferation and loss of differentiation, 
as restoration of p53 function in ATC cell lines 
drives to reduction of proliferation rate, reexpres-
sion of thyroid-specifi c genes, and responsive-
ness to TSH stimulation  [  101,   102  ] . 

 Point mutations of  CTNNB1  gene (encoding 
 b -catenin) have been found in 25% of PDTC and 
66% of ATC (and not in DTCs)  [  103,   104  ] . These 
mutations lead to increased stability and nuclear 
localization of  b -catenin protein, which is associ-
ated to deregulated  b -catenin signal and leads to 
increased cell proliferation  [  105  ] . 

 Point mutations of the  RAS  genes have been 
found in PDTC and ATC in 18–27% and 50–60% 
of cases, respectively. It is likely that  RAS  
mutants lead to genomic instability in the affected 
cells and predispose them to additional genetic 
alterations. 

  BRAF  mutations are found in both PDTC 
(15%) and ATC (20%), often in tumors contain-
ing also well-differentiated areas. Mutations are 
detectable on both differentiated and undifferen-
tiated areas suggesting their early occurrence in 
thyroid tumorigenesis  [  73,   74,   106  ] . Mutations 
affecting the PI3K pathway have been found in 
ATC, involving the  PIK3CA  and  PTEN  genes 
with frequencies of 20 and 15%, respectively  [  107  ] . 

Deregulation of PI3K/AKT pathway in ATC may 
occur concomitantly with other alterations, 
underlying their role in tumor progression  [  99  ] .  

   MTC 

  RET  gene is crucial in MTC being mutated in 
more than 95% of MEN 2 families and in 30–50% 
of sporadic MTCs.  RET  gene encodes a TK 
receptor with a crucial role in development. It 
comprises 21 exons and generates a transcript 
subjected to alternative splicing leading to two 
main isoforms. The RET receptor system also 
comprises the GFR a 1-4 alternative co-receptors 
and GDNF family ligands, including GDNF, 
neurturin, persephin, and artemin (reviewed in 
 [  44  ] ). Physiologically, RET, GFR a 4, and perse-
phin appear necessary for migration of neural crest 
calcitonin-producing cells into developing thyroid 
gland: a markedly diminished parafollicular 
C cells are present in RET −/−  mice  [  108,   109  ] . 

 A spectrum of RET mutations has been identi-
fi ed in MEN 2 families. In 98% of MEN 2A, the 
mutations affect one of the fi ve cysteines in the 
extracellular cysteine-rich domain of RET: codons 
609, 611, 618, 629 (exon 10), and 634 (exon 11) 
 [  110  ] . These “gain-of-function” mutations result in 
receptor dimerization and constitutive activation. 
Codon 634 is the most commonly affected codon 
(mutated in 65% of MEN 2A cases)  [  111  ] . In 
FMTC, mutations affect either the already described 
extracellular cysteines or the intracellular domain 
of RET (codons 768, 790, 791, 804, 806, and 891 
are mainly involved)  [  33,   112,   113  ] . Most MEN 2B 
patients (95% of cases) carry the M918T mutation 
in  RET  kinase domain, causing receptor autophos-
phorylation and activation, resulting in a shift in 
substrate specifi city  [  114  ] ; the remaining fraction 
harbors the A883F substitution or other rare muta-
tions. Altered RET signaling is responsible for the 
more aggressive MTC and the other pathological 
features associated with MEN 2B  [  114,   115  ] . 
Rarely, more than one mutation in RET can be 
associated with MTC. The MEN 2 RET database 
(  www.arup.utah.edu/database/MEN2    ) will serve 
as a repository for MEN-2-associated  RET  sequence 
variation and reference for  RET  genotype/MEN 2 
phenotype correlations. 

http://www.arup.utah.edu/database/MEN2
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 The presence of a known MEN-2-associated 
 RET  mutation in the germ line of a MTC patient 
identifi es hereditary MTC disease, thus allowing 
preclinical identifi cation of family members at risk 
for MTC, as well as providing information about 
the risk for the patient to develop other tumors 
associated to MEN 2 syndromes. Moreover, the 
 RET  mutation type, assessed by  RET  genetic test-
ing, guides clinical decision, as different  RET  
mutants have been associated to different risk pro-
fi les. Consequently, prophylactic thyroidectomy 
for asymptomatic mutation carriers is recom-
mended at early ages (from fi rst months of life to 5 
years) for higher risk mutations (codons 883/918 
and 634, respectively), whereas for milder muta-
tion carriers, surgery may be delayed  [  116  ] . 

 Besides  RET  mutations, other genetic altera-
tions must occur at the somatic level and act in 
concert with  RET  mutations for the tumor to 
develop, as suggested by the fact that in FMTC 
patients displaying germ line  RET  mutation, 
tumors are monoclonal  [  117  ] . Moreover, few 
MEN 2 families negative for  RET  mutations have 
been described, thus suggesting the existence of 
rare loci predisposing to MEN 2 additional to 
 RET  locus  [  118  ] . 

  RET  oncogenes are able to drive MTC forma-
tion, as demonstrated by transgenic mice models. 
Mice expressing  RET-C634R  (MEN 2A mutant) 
or  RET-M918T  (MEN 2B mutant), but not  RET-wt  
under the control of calcitonin gene promoter, 
developed MTC  [  119,   120  ] . However, knock-in 
of the M918T mutation into mouse endogenous 
 RET  gene caused CCH but not MTC, suggesting 
that additional genetic alterations are required for 
development of MTC  [  121  ] . A secondary genetic 
event may target  RET  gene itself: duplication of 
the mutant allele or deletion of wt allele have 
been reported  [  122  ] . In addition, secondary 
events may involve chromosome deletion and 
amplifi cation, as exemplifi ed by the deletion in 
chromosome lp  [  123,   124  ] . 

 In summary, hereditary MTC is a model of 
genetically determined cancer in which both 
diagnostic and therapeutic strategies rely on the 
identifi cation of specifi c mutations. 

 Nonetheless, a variable phenotypic expression 
within and between families for the same muta-
tion has been reported, suggesting the existence 

of modifi er genes, which may act directly on RET 
signaling as well as on other aspects. The exis-
tence of modifi er genes is also suggested by 
transgenic mice experiments showing that genetic 
background may strongly affect the MTC pheno-
type with tumor penetrance varying from 0 to 
98% in different mouse strains  [  125  ] . 

 The genetic lesions associated with sporadic 
MTC are less defi ned.  RET  gene activation is 
again involved: approximately 50% of sporadic 
MTCs harbor an activating mutation of  RET  
detected in 12–100% depending on the reported 
series. Importantly, the presence of a codon 918 
somatic  RET  mutation, the same associated to 
MEN 2B and the most frequent RET mutation in 
sporadic form, is associated with aggressive 
disease  [  126  ] . 

 The involvement of  RAS  mutations in sporadic 
MTCs is less established. Recently, however, 
 RAS  mutations, specifi cally  HRAS  and  KRAS  
mutations at codon 61, have been found in 68% 
(17 of 25) of the  RET -negative fraction of MTC. 
The fact that only 2.5% of the  RET -positive 
MTCs harbor  RAS  mutation suggests that activa-
tion of the proto-oncogenes  RAS  and  RET  repre-
sents alternative genetic events in sporadic MTC 
tumorigenesis  [  127  ]  The involvement of  TP53  
gene, by mutation or deletion, and of  CDKN2C  
gene, by loss of function mutations, has been 
suggested to have a role in MTC  [  128–  130  ]  but 
need further analysis in larger cases collections.  

   Other Gene Defects Involved in TCs 

 Other molecular abnormalities, considered as 
secondary events to primary oncogenic activa-
tion, have also been observed in thyroid tumors. 

 The importance of VEGFR2 and angiogenesis 
in thyroid cancer tumor progression is well estab-
lished. The fi rst evidence is provided by the obser-
vation that thyroid cancers are highly vascular, 
showing high tumor microvessel density. Increased 
VEGF expression has been reported in well-differ-
entiated thyroid cancer, and this was linked with 
shortened disease-free survival and risk for the 
development of metastatic disease  [  131,   132  ] . 

 Furthermore, VEGF expression in thyroid 
cells has been linked with tumorigenic potential, 
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and VEGFR overexpression was associated with 
 BRAF V600E  [  133  ]  as well as with ATC  [  45  ] . 

 Overexpression of c-Met and EGFR and their 
cognate ligands have been observed in thyroid 
tumors, and experimental studies support their 
role in triggering thyroid carcinogenesis. 

 Met is overexpressed in most PTCs, whereas 
it is not present in the normal thyroid follicle 
 [  134  ] . Experimental and clinical data point to 
Met deregulation as a key event in tumor invasive 
growth and metastatic spreading  [  135  ]  possibly 
by modulating cell motility and invasiveness and 
promoting angiogenesis  [  136,   137  ] . Such molec-
ular network, promoting disease initiation and 
acquisition of a proinvasive phenotype, highlights 
new options to design multitarget therapeutic 
strategies for PTCs. Of note, RET oncoproteins 
were recently shown to establish cross talks with 
Met at transcriptional and signaling levels, thus 
driving thyrocyte neoplastic transformation  [  52  ] . 

 EGFR is expressed in TCs  [  138,   139  ] . A functional 
TGFA/EGFR autocrine signaling loop has been 
shown to sustain the proliferation of PTC cells, 
contributing to PI3K/AKT activation. TGFA/EGFR 
was common in PTC cells harboring BRAF and 
RET/PTC mutations. Other signal pathways have 
been demonstrated to function in tandem with 
EGFR pathway; therefore, targeting EGFR alone 
in this context could be inadequate  [  140  ] . 

 Aurora kinases (A, B, and C) are serine ⁄ threonine 
kinases overexpressed in several malignant tumors, 
including TCs  [  141  ] . Aurora kinases A and B are 
key regulators of mitosis, chromosome segrega-
tion, and cytokinesis and are associated with the 
MAP kinase pathway  [  142,   143  ] . Preclinical data 
deriving from MLN8054, an inhibitor of Aurora 
kinases, demonstrated a decrease of cell growth 
along with induction of apoptosis in ATC cell 
lines; moreover, reduction of tumor growth and 
vascularization was observed in vivo  [  144  ] .   

   Biological Targets and Treatment 
Implications 

 The better understanding of the biological char-
acteristics of TCs in the past few years has per-
mitted the use of experimental compounds 
targeting molecular cancer profi les. 

 Two main pathways are involved in TC 
pathogenesis and progression: the deregulation 
of TC genes such as  BRAF, RAS,  and  RET  and the 
angiogenesis, both signal through MAPK and 
PI3K/AKT pathways. VEGFR2 is the principal 
mediator of angiogenesis both in thyroid tumor 
cells and in the microenvironment. 

 The main strategy to block the signal trans-
duction is to target kinases involved in cancer 
growth and angiogenesis with the aim of inhibit-
ing the tumor proliferation. Tyrosine kinase 
inhibitors (TKIs) are small molecules, which can 
be taken orally, that compete with ATP for the 
binding to the catalytic pocket of TK. Several 
compounds such as sorafenib, sunitinib, mote-
sanib, axitinib, and pazopanib belong to this class 
and inhibit both pathways. Sorafenib and suni-
tinib have already been approved by the FDA and 
European Medicines Agency (EMA) for other 
type of advanced malignant tumors (sorafenib for 
hepatocellular cancer, sunitinib for gastrointesti-
nal stromal tumor and pancreatic neuroendocrine 
tumors, and both agents for renal cell cancer). 

 Another therapeutic approach consists in the 
use of compounds targeting molecules other than 
TKs. Some agents such as demethylating and 
redifferentiating agents act by interfering with 
the epigenetic mechanisms involved in thyroid 
cancer pathogenesis while other compounds exert 
their action through the inhibition of angiogene-
sis (e.g., thalidomide, lenalidomide, and com-
bretastatin A4 phosphate). 

   TKIs and Thyroid Cancer: Activity 
of the Compounds and Current Issues 

 TKIs are the most investigated compounds in 
TCs. This type of therapeutic approach has grown 
very fast in the last few years, and dozens of new 
compounds are already primed to begin clinical 
studies. An updated list of all clinical trials with 
TKIs in TCs is provided in Table  3.3 .  

 At present, patients with advanced TCs, not 
suitable for surgery and with evidence of progres-
sion of disease according to RECIST within a range 
of 12–14 months, are candidated to receive a TKI. 
In case of DTCs, besides the characteristics previ-
ously described, RAI-refractoriness is required. 
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 Sorafenib (Nexavar ® ) is one of the most 
investigated agent in TCs, due to its inhibiting 
activity on BRAF, RET, and VEGFR (Table  3.3 ). 
In DTCs, the response rate (RR) in two phase II 
trials ranges from 13–15%  [  146  ]  to 23%  [  160  ] . 
Kloos and colleagues reported also a stable dis-
ease (SD) that lasted more than 6 months in 23 
patients while no response has been demonstrated 
in patients with tumors other than PTCs.  BRAF  
analysis was performed in 22 cases: 17 tumors 
(77%) harbored a  BRAF  mutation, being V600E 
in 14 cases and K601E in 3 cases. Based on the 
sorafenib activity in the prior studies, a phase III 
trial comparing sorafenib to placebo with the 
possibility of crossover is ongoing in patients 
with advanced and RAI-resistant DTCs. 

 Sorafenib has been investigated in a phase II 
trial in FMTC (arm A) and sporadic MTC (arm 
B). Arm A was prematurely stopped due to the 
lack of accrual. In arm B, one out of 16 enrolled 
patients had a partial response (6%) while 14 
patients (87.5%) experienced an SD  [  154  ] . 

 Sorafenib demonstrated its activity also in 
ATC: in a phase II trial including 15 patients, dis-
ease control was 40% with 13% of partial remis-
sions  [  164  ] . 

 Sunitinib (Sutent ® ) has been investigated both 
in DTCs and MTC at two different dose levels. In 
DTCs, response rate varied from 13% obtained in 
a phase II trial with a dose of 50 mg at 4 weeks on 
and 2 weeks off (a 4/2 week schedule)  [  162  ]  to 
28% in a phase II study at the continuous dose of 
37.5 mg daily  [  163  ] . In MTC, RR ranged from 0 
to 35% at the dose of 50 mg at a 4/2-week sched-
ule  [  158,   162  ] . Three out of seven MTC patients 
had a PR with a dose of sunitinib of 37.5 mg/day 
 [  163  ] . Median duration of response was similar 
in DTC and MTC patients independently from 
the dose, 8 months with the lower dose of 
37.5 mg/day in MTC  [  163  ]  and 9 months with 
50 mg at 4/2 weeks in DTCs and MTC  [  158  ] . 

 A phase II study with axitinib, a potent inhibitor 
of VEGFR1–3, enrolled 60 patients with all TC 
histotypes. Partial response (PR) was reported in 
17 patients (28%): 14 DTCs (8 PTCs and 6 FTCs), 
2 MTCs, and 1 ATC underlying the activity of 
axitinib in each TC histotype. Notably, axitinib 
was associated with a prolonged progression-free 

survival (PFS) (median PFS 18.1 months)  [  159  ] . 
Another phase II study with axitinib involving 
DTC and MTC patients is currently under way. 

 Motesanib (AMG706), a multikinase inhibi-
tor, was investigated in 93 patients with DTCs, 
obtaining a 14% confi rmed PR by the RECIST 
criteria, 10% of unconfi rmed PR, 67% of SD, and 
35% of which longer than 6 months with a median 
PFS of 10 months  [  145  ] . A response rate of 2% 
and an SD of 81% along with a PFS of 48 weeks 
was observed in 91 patients with MTC treated 
with motesanib  [  153  ] . Tumor genotype was 
assessed in 47 subjects:  RET  mutation was found 
in 33 cases (70%). Motesanib did not inhibit 
mutant  RET ; thus, the probability of response in 
sporadic MTC and FMTC carrying  RET  mutation 
was very low  [  165,   166  ] . 

 Pazopanib (Votrient ® ) and E7080 are two 
potent antiangiogenic agents with very promising 
effects in cases of DTCs. In a phase II trial with 
37 patients with aggressive DTCs (disease pro-
gression within 6 months at study entry was 
required), pazopanib obtained an RR of 49% with 
a PFS of 11.7 months  [  148  ] . Comparable results 
were gained with E7080 in a phase II study: 58 
DTC patients were enrolled obtaining an RR of 
50% with a PFS of 12.6 months  [  150  ] . A phase II 
study with E7080 in MTC is ongoing. 

 Cabozantinib (XL184) is a potent inhibitor of 
MET, VEGFR2, and RET. A phase I study was 
conducted, enrolling 85 patients, 35 of which had 
MTC. Ten (29%) out of 35 MTC patients with 
measurable disease had a confi rmed PR  [  166  ] . 
Cabozantinib at the dose of 175 mg (the maximum-
tolerated dose found in the phase I study) is cur-
rently being studied in MTC patients in a randomized 
placebo-controlled trial (crossover is not allowed). 

 Vandetanib (Zactima ® ) targets VEGFR2–3, 
EGFR, and RET and, for this pattern of inhibition, 
it was considered as a very promising agent in 
MTC. A phase II study accrued 30 FMTC patients 
with  RET  mutation: vandetanib at the dose of 
300 mg demonstrated a PR in 6 subjects (20%) 
and an SD in other 9 cases  [  157  ] . Vandetanib at 
the dose of 100 mg was investigated in a phase II 
trial in 19 FMTC patients (79% of whom with 
confi rmed  RET  mutation) with a PR of 16%. 
Treatment-related adverse events profi le was 
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similar in the two previous studies, although the 
incidence of serious adverse events was lower at 
the dose of 100 mg (Table  3.3 ). 

 Vandetanib is the fi rst TKI agent to have 
demonstrated a PFS increase over placebo in two 
randomized studies in DTCs  [  147  ]  as well as in 
MTC  [  156  ] . Leboullex and colleagues compared 
vandetanib at the dose of 300 mg to placebo in 
145 DTC patients in a randomized phase II study 
 [  147  ] . The response rate was similar among the 
two arms (8.3% vs. 5.5%;  p  = 0.501) while median 
PFS was signifi cantly in favor of the vandetanib 
arm (11 months vs. 5.8 months;  p  = 0.008). 

 ZETA trial was a large, randomized, double-
blind phase III trial where vandetanib was 
employed at the dose of 300 mg for FMTC and 
sporadic MTC patients. The response rate as well 
as the median PFS (still not reached in the vande-
tanib arm at the time of publication) were signifi -
cantly in favor of vandetanib in respect of a 
placebo. Serious adverse events higher or equal 
to G3 were common, involving more than 55% 
of the patients in the vandetanib arm (Table  3.3 ). 
Based on the results derived from the ZETA trial 
 [  156  ] , FDA approved vandetanib at the daily 
dose of 300 mg in April 2011 for advanced MTC 
patients, becoming the fi rst target agent licensed 
in TC. However, due to the high rate of adverse 
events reported, it has been recommended for 
patients with symptomatic or progressive, unre-
sectable or metastatic MTC. 

 The use of TKIs is recommended within clinical 
trials, although guidelines from the National 
Comprehensive Cancer Network (NCCN) and 
the American Thyroid Association (ATA) suggest 
the use of sorafenib and sunitinib in TC subjects 
with the characteristics described above, also in 
cases where the patients are not able to partici-
pate in a clinical trial. 

   The Target 
 The rationale for the employment of target ther-
apy is to block off known aberrancies involved in 
TC pathogenesis (e.g.,  RAF, RAS, RET ) (Fig.  3.3 ) 
 [  167  ] , but till now none of the genetic defects 
have been identifi ed as clearly linked to the activity 
of the experimental compounds, probably because 
more than one pathway could be activated in 

signaling transduction in the tumor cells, in addi-
tion to the targeted molecules.  

 However, translation researches conducted 
within clinical trials looked for targets on primary 
thyroid tumors. The peculiar clinical behavior of 
metastatic TC could introduce potential pitfalls 
in the use of primary cancer specimens. Since the 
diagnosis of a primary tumor can precede the 
appearance of metastases by several years, mostly 
in DTCs, we cannot exclude that the long period 
between the primary diagnosis and the appear-
ance of metastasis could have changed the molec-
ular profi le of the tumor, acquiring or losing 
genetic defects able to confer a more aggressive 
phenotype. Biological data seem to confi rm this 
hypothesis: RAI-resistant DTC metastasis during 
cancer progression can acquire  PI3K/AKT  muta-
tions  [  168  ]  that are particularly common in 
aggressive tumors such as PDTC and ATC. This 
means that in advanced RAI-resistant DTCs, we 
probably need to block more than one target, 
combining different TKIs. 

 Among the molecular targets, only  BRAF  sta-
tus seems to be the most related to TKI activity. In 
fact, in a phase II study with sorafenib, a selective 
 BRAF  inhibitor, a trend to a prolonged PFS was 
observed in cases of  BRAF V600E tumor com-
pared to wild-type  BRAF  (84 weeks vs. 54 weeks; 
 p  = 0.028), suggesting that patients with 
 BRAF V600E may be more likely to benefi t from 
sorafenib  [  169  ] . PX4032  [  170  ]  and XL281 are 
TKIs selective for  BRAF V600E kinase. Three 
patients with PTC  BRAF V600E tumors have been 
enrolled in a phase I trial with PX4032 obtaining 
one partial lung response and two prolonged 
disease stabilizations  [  171  ] . PX4032 is currently 
under investigation in phase II in  BRAF V600E 
PTCs. In another phase I trial with XL281, a pan 
RAF inhibitor targeting  BRAF ,  BRAF V600E, and 
 CRAF , no responses were seen. However, 2 out of 
6 PTCs with  BRAF V600E tumor (no tissue sam-
ples were available for the other 4 PTCs) have 
remained in study for a prolonged time, experi-
encing a stable disease up to 84 weeks  [  172  ] .  

   The Activity of TKIs 
 The activity of TKIs can be infl uenced by several 
factors including the histotype and the genetic 
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susceptibility of the subject. In the pazopanib 
study, a higher response rate (73% vs. 33%) along 
with a prolonged disease control longer than 1 
year has been described in FTC in respect of PTC 
 [  148  ] , suggesting that genetic differences exist-
ing among the DTC histotypes could potentially 
infl uence also the responsiveness to the drug. 
Nevertheless, PTC is characterized by genetic 
heterogeneity, and this feature may be an issue 
for tailored therapies. 

 Mutations in the kinase domain could also 
alter the TKIs activity. For example, RET kinase 
inhibition depends on the RET genotype and on 
the type of TKI  [  173  ] . V804L, a mutation at the 
putative  RET  gatekeeper residue, has demon-
strated resistance to several TKIs in vitro: substi-
tution of  RET V804L with bulkier residues 

appears to cause a steric hindrance with the 
possible loss of fundamental interactions with 
the drugs  [  174  ] . 

 An organ-specifi c activity of TKIs has been 
supposed since bone, pleura, and lymph node 
metastases seem to be less sensitive to sorafenib 
than lung metastases  [  175  ] . It is not clear whether 
it could depend on different drug levels in the 
tissue or different expression levels of the targets 
or due to a specifi c metastatization pattern accord-
ing to tumor heterogeneity. However, this fi nding 
has not been reported in other trials and needs to 
be further investigated. 

 The clinical response also correlates with the 
agent exposure. Response was higher in patients 
with a maximum pazopanib plasma concentra-
tion in the phase II study  [  148  ] . In the case of 

  Fig. 3.3    Molecular markers and pathways involved in 
thyroid cancer and tailored drugs. [From Capdevila J et al. 
New Approaches in the Management of Radioiodine-

refractory Thyroid Cancer: The Molecular Targeted 
Therapy Era.  Discovery Medicine  9(45):153–162, 2010. 
With permission from  Discovery Medicine ]       
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motesanib maximum and trough plasma concen-
trations in MTC, patients were lower than those 
reported in DTCs, probably contributing to the 
low response rate (2%)  [  153  ] . In the future, dose 
adjustment might be hypothesized during treat-
ments, based on pharmacogenomic and pharma-
cogenetic data. 

 Unfortunately, we are still not able to predict 
in advance which TC patients will (or will not) 
obtain a benefi t from TKIs. To this end, biologi-
cal predictive factors potentially associated with 
response were investigated. High concentrations 
of IL-8 and TGF- b 2 were found in the serum of 
metastatic MTC patients. Both serum markers 
were downregulated by sunitinib, suggesting 
their potential role as surrogate biomarkers  [  176  ] . 
In the pazopanib trial, changes in plasma levels 
of IL-6, IL-8, hepatocyte growth factor, E-selectin, 
VEGF, and PDGF did not correlate with response 
to the agent  [  148  ] . 

 Changes in the levels of circulating biomark-
ers such as placental growth factor (PlGF), 
sVEGF2, and caspase-3/7 activity correlate sig-
nifi cantly with response to motesanib in DTC or 
MTC patients  [  177  ] . However, these exploratory 
analyses are investigational, and none of these 
biomarkers have been approved for routine use. 

 Neither thyroglobulin nor calcitonin serum 
levels are useful in monitoring response. 
Thyroglobulin and calcitonin serum levels com-
monly decrease during TKI intake without any 
signifi cant correlation with response  [  146,   161, 
  163  ]  except in a motesanib study where a signifi -
cant correlation was described between PR and 
the decrease of thyroglobulin of 50% or more 
from baseline  [  145  ] . A preclinical study suggests 
that  RET  kinase inhibitors may inhibit tumor 
growth in a manner dissociated from inhibition 
of calcitonin gene transcription and protein secre-
tion  [  178  ] ; thus, we can hypothesize that decreases 
in serum level of calcitonin will simply provide 
indirect evidence that  RET  kinase is effectively 
inhibited.  

   Improvement of TKI Activity 
 The response of TCs to TKIs is followed almost 
inevitably by progression. Interestingly, no cross 
resistance has been observed among TKIs. In a 

phase II trial with E7080 in DTCs, pretreated 
patients experienced an RR ranging from 41 to 
54% according to prior exposure to anti-VEGFR 
or not  [  150  ] . This suggests that (1) the acquired 
resistance to a TKI can be overcome by switch-
ing to another TKI agent and (2) the employment 
of TKIs in sequence is feasible also in TCs, 
although in this latter case it is yet to be proven 
which is the best TKI sequence. 

 Efforts to improve the activity of the TKIs are 
under way and include the combination of agents 
with different mechanisms of action in the attempt 
to fi nd a synergistic effect. A phase I trial com-
bining bortezomib, a proteasome inhibitor 
approved for the treatment of multiple myeloma, 
and sunitinib has included seven TCs (2 MTCs, 3 
PTCs, and 2 HCCs): 2 out of 6 evaluable patients 
experienced a PR, while 4 had a stable disease 
with a median PFS of 12 months  [  179  ] . Preclinical 
evidence showed that bortezomib enhanced the 
vandetanib activity against MTC cell lines, and a 
phase I/II trial combining bortezomib and vande-
tanib is ongoing. The phase I part was completed, 
and 5 out of 17 MTC patients enrolled showed a 
PR (29%)  [  180  ] . Tipifarnib, a farnesyltransferase 
inhibitor, has been tested in combination with 
sorafenib in a phase I trial. The combination of a 
farnesyltransferase inhibitor with a RAF kinase 
inhibitor might have a synergic or additive inhib-
iting effect on the RAS/RAF/MEK/ERK path-
ways. Among 76 enrolled patients, 35 were TC 
patients (13 MTCs and 22 DTCs) and 80% of 
them were previously treated. This combination 
has demonstrated different PRs according to the 
histotype: 5% in DTCs and 38% in MTCs with a 
similar PFS of 20 and 15 months, respectively 
 [  181  ] . In MTC, the combination seems to be 
more promising than sorafenib alone  [  154  ] . 

 Everolimus inhibits a protein kinase called 
mTOR (“mammalian target of rapamycin”) 
involved in a pathway which is aberrantly acti-
vated in around half of human tumors including 
TCs. In patients with advanced renal cell cancer, 
the use of everolimus after a sorafenib or suni-
tinib failure versus placebo demonstrated a PFS 
improvement of more than double (4.9 months 
vs. 1.9 months)  [  182  ] . A phase II trial with 
everolimus in combination with sorafenib is 
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ongoing in patients with advanced DTC pro-
gressed with sorafenib (  http://www.cancer.gov/
clinicaltrials    ).  

   The Toxicities 
 Toxicities derived from TKIs in TCs are not neg-
ligible. According to the National Cancer Institute 
Common Terminology Criteria for Adverse 
Events (CTCAEs), events grade below or equal 
to 2 are very common, affecting at least 50% of 
patients, while adverse events grade above or 
equal to 3 are less frequent, generally involving 
about 15–20% of the patients, although in rare 
cases a higher percentage has been reported 
(Table  3.3 ). TKIs are commonly administered as 
continuous daily therapy. In this context, persis-
tent grade 1 and 2 toxicities could result in a poor 
compliance that includes frequent dose interrup-
tion and titration, suggesting the necessity of 
modifying the CTCAEs for TKIs treatment to 
better capture treatment side effects duration 
 [  183  ] . Dose reduction and drug interruption are 
commonly described during TKI treatments 
(Table  3.3 ). During antiangiogenic treatment, 
drug interruption is particularly important as 
angiogenesis can rapidly restart after agent with-
drawal. In case of axitinib, for example, data 
in vitro have demonstrated that neoangiogenesis 
appeared as early as 1 day after the withdrawal of 
the compound, and the tumor became revascular-
ized within 7 days  [  184  ] . 

 Toxicities are very similar among the different 
compounds due to the targeting similarities for 
various kinases of most of these agents. 
Cardiovascular toxicity, common during antian-
giogenic therapy, includes hypertension, QTc 
prolongation, bleeding, and myocardial infarc-
tion. Other toxicities comprise skin toxicity such 
as hand–foot syndrome, skin rash particularly in 
the case of vandetanib, alopecia almost always 
related with sorafenib, hair and skin hypopig-
mentation, and gastrointestinal problems such as 
stomatitis, diarrhea, dysgeusia (loss of taste), 
acute cholecystitis (motesanib), dysphonia, neph-
rotic    syndrome, and hypothyroidism. This latter 
is worth noting and suggests a monitoring of 
TSH level and subsequent levothyroxine dose 

adjustment. Bone marrow toxicities (neutropenia, 
anemia, thrombocytopenia, etc.) are rarely 
reported although are more frequent in the case 
of sunitinib and vandetanib. Fatigue is commonly 
reported among different TKI trials while cutane-
ous squamocellular cancers are restricted almost 
exclusively to RAF-selective compounds, rang-
ing from 27% with sorafenib  [  175  ]  to 2% with 
XL281  [  172  ] . 

 We would add that tumor lesions previously 
treated with external beam radiotherapy require a 
close clinical and radiological monitoring as they 
potentially have an increased risk of local com-
plication during antiangiogenic therapy (e.g., 
bleeding)  [  185  ] . 

 Among these toxicities, only hypertension 
seems to correlate with response and outcome. 
Hypertension was already described in other 
reports as a surrogate marker of antiangiogenic 
treatment effi cacy  [  186–  192  ] . In a multivariate 
analysis performed on 230 patients enrolled in 
axitinib trials (including TC patients), a diastolic 
blood pressure  ³ 90 mmHg was signifi cantly 
linked with the RR and the outcome  [  193  ] . 

 Toxicity might be related to the genetic 
makeup of the patients. A link between VEGFR 
polymorphisms and sorafenib-related toxicity 
has been demonstrated. Blood samples from 47 
patients on sorafenib were analyzed for the fol-
lowing VEGFR polymorphisms: −460, −1,154, 
−1,947, and −2,578. Polymorphisms −460, 
−1,947, and −2,578 resulted closely related to the 
incidence of the hand–foot skin reaction and 
hand–foot pain, not to hypertension. Likewise, 
no association was found between each of the 
four VEGF polymorphisms and the grade of the 
toxicities  [  194  ] . Genetic information could have 
a direct impact in the early recognition and 
prompt management of these expected toxicities, 
allowing as many patients as possible to continue 
on therapy for as long as they have a clinical 
benefi t. 

 In most of the cases, a careful use of supportive 
care allows us to manage side effects (e.g., loper-
amide in the case of diarrhea; topical skin cream 
for hand–foot syndrome and skin rash) without 
dose reduction or interruption of treatment.   

http://www.cancer.gov/clinicaltrials
http://www.cancer.gov/clinicaltrials
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   Agents with Mechanism of Action 
Other than TKIs 

   Antiangiogenic Agents 
 Thalidomide, a glutamic acid derivative, has in 
the past been demonstrated to be a potent terato-
gen by inhibiting vasculogenesis  [  195  ] . Its precise 
mechanism of action is not yet clarifi ed, although 
it combines many properties such as immuno-
modulatory, anti-infl ammatory, and antiangio-
genic. A phase II trial in TCs with mixed 
histologies has been conducted with a starting 
dose of 200 mg daily with a progressive dose 
titration up to a median daily dose of 600 mg. 
Despite the activity demonstrated in 28 evaluable 
patients (18% of PR and 32% of SD), expected 
toxicities (constipation, neuropathy, somnolence, 
fatigue, etc.) were dose limiting in most of the 
patients  [  196  ] . Based on the activity of this com-
pound, a phase II trial was conducted using lenali-
domide, a thalidomide derivate which is supposed 
to be less toxic. The trial was started in DTC pro-
gressive and RAI-refractory patients, obtaining in 
18 evaluable patients a PR of 22% and SD of 44% 
(RECIST criteria were not employed to assess 
response). Despite the activity, the median overall 
survival (OS) was less than 11 months  [  197  ] . 

 Combretastatin A-4 phosphate is a reversible 
tubulin-binding tumor vascular-disrupting agent 
which causes cancer cell death by stopping tumor 
blood supply. In a phase II study in 18 metastatic 
ATC patients, no response was obtained with a 
median survival of 4.7 months together with 34 
and 23% of patients still alive at 6 and 12 months, 
respectively  [  198  ] . A phase III study in ATC 
comparing carboplatin AUC 6 in combination 
with paclitaxel 200 mg/m 2  triweekly with or 
without combretastatin 60 mg/mq weekly has 
been conducted. Enrolment was stopped at 80 
patients due to the scarce accrual. One-year sur-
vival was 23% for patients treated with combret-
astatin plus chemotherapy compared to 9% for 
patients who received chemotherapy only (Hazard 
Ratio 0.71; 95% CI 0.42, 1.22). The survival 
advantage was more remarkable in the combined 
arm in patients aged under 60 (10.9 months of 
median survival in the combined arm and 3.1 
months in the chemotherapy arm) and in cases of 

tumor diameter greater than 6 cm (median sur-
vival was 5.7 months in the combined arm vs. 3.9 
months in the chemotherapy arm)  [  199  ] .  

   Redifferentiating Agents 
 Treatment of DTC with RAI relies on the ability 
of the malignant cells to accumulate iodine in the 
same way as normal thyroid epithelial cells. 
However, due to loss of differentiation, some 
thyroid cancers lose their capability to concen-
trate RAI. 

 The histone deacetylation is one of the mecha-
nisms implicated in thyroid cancer progression, in 
particular in the loss of RAI avidity. Vorinostat is 
a small orally taken molecule that inhibits the his-
tone deacetylase (HDAC). No response has been 
observed in 19 patients (16 DTC and 3 MTC) in a 
phase II study, and adverse events were frequent 
and caused most of the treatment interruptions 
 [  200  ] . Romidepsin, approved by FDA for cutane-
ous T cell lymphoma, selectively inhibits four 
isotypes of HDAC. Romidepsin increased the 
expression of the thyroglobulin and the Na + /I −  
symporter (NIS), improving the ability of the cells 
to accumulate  125 I potentially reversing the radio-
active iodine resistance  [  201  ] . No response has 
been observed in 20 patients enrolled in a phase II 
trial. In two cases, a restoration of iodine uptake 
was obtained. However, an excessive number of 
vascular events were described  [  202  ] . Also valp-
roic acid, a weak inhibitor of several isotypes of 
HDCA, has been investigated in vivo in anaplastic 
cell lines where it was able to induce apoptosis 
 [  203  ] . In addition, similar to romidepsin, valproic 
acid increased the NIS gene expression and radio-
iodine uptake in TC cell lines  [  204  ] . Valproic acid 
was combined with 5-azacytidine in a phase I 
trial, and one patient with PTC had an SD for 12 
months  [  205  ] . A phase II study with valproic acid 
in monotherapy is under way. Other agents 
employed in the past to reinduce the susceptibility 
to  131 I were retinoids  [  206–  208  ] , rosiglitazone, a 
compound triggering PPAR g   [  209  ] , and lithium 
carbonate  [  210  ] .  

   Other Agents 
 Bortezomib is a proteasome inhibitor approved 
by the FDA and EMA for the treatment of multiple 
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myeloma and mantle cell lymphoma. Bortezomib 
was active on MTC and ATC cell lines, at the 
opposite papillary and follicular cell lines were 
less sensitive to bortezomib. In addition, borte-
zomib combined with doxorubicin had a syner-
gistic effect in all thyroid cancer cell lines  [  211  ] . 
The effi cacy of bortezomib alone and in combi-
nation is under evaluation in clinical trials, as we 
have already discussed in the previous paragraph. 

 17-Allylamino-17-demethoxygeldanamycin 
(17-AAG) is a molecule under study in patients 
with advanced TCs. It is able to induce the inhibi-
tion of heat shock protein 90 (HSP90), a molecu-
lar chaperone necessary for the activity of 
oncogenic protein kinases. Similar to romidepsin 
and valproic acid, 17-AGG increased radioiodine 
accumulation in thyroid cells  [  212,   213  ] . In vitro, 
the biology of thyroid cells with rearranged RET 
is altered by the inhibition of HSP90  [  212  ] . In 
preclinical studies, 17-AGG inhibits the growth 
of thyroid cancer cells: its cytotoxicity is related 
to HSP90 levels rather than the histotype  [  214  ] .    

   Conclusions 

 Thyroid cancer is a rare and challenging tumor. 
Until a few years ago, RAI-resistant DTC and 
MTC patients with advanced disease did not 
receive any effi cacious systemic therapy. 
Molecular biology has been fundamental in pro-
viding the input to conduct clinical investigations 
with tailored treatments. At present, several new 
compounds are under investigation in TCs. In 
this context, TKIs with antiangiogenic properties 
are the most promising treatment strategy for 
advanced TCs, and vandetanib is the fi rst TKI to 
have been approved by the FDA in advanced 
MTC patients. 

 Several clinical issues regarding TKI therapy 
are still open, such as the selection of patients, 
the lack of predictive markers of response, the 
toxicity profi le, the length of time of TKI admin-
istration, the overcoming of drug resistance, the 
optimal sequence of drug administration, the 
optimal trials design, the endpoints of clinical tri-
als (OS vs. PFS), and so on. 

 Further analyses are required to improve the 
obtained results, in particular to ameliorate the 
activity of the compound sparing the toxicity. 
Blood and tumor biomarkers could be useful in 
the future to achieve these objectives.      

      References 

    1.    Ferlay J, Shin HR, Bray F, et al. Estimates of world-
wide burden of cancer in 2008: GLOBOCAN 2008. 
Int J Cancer. 2010;127:2893–917.  

    2.   American Cancer Society. Cancer facts and fi gures 
2009. Available at:   http://www.cancer.org    . Accessed 
10 Apr 2011.  

    3.    Liu S, Semenciw R, Ugnat AM, et al. Increasing thy-
roid cancer incidence in Canada, 1970–1996: time 
trends and age-period-cohort effects. Br J Cancer. 
2001;85:1335–9.  

    4.    Lubina A, Cohen O, Barchana M, et al. Time trends 
of incidence rates of thyroid cancer in Israel: what 
might explain the sharp increase. Thyroid. 
2006;16:1033–40.  

    5.    Akslen LA, Haldorsen T, Thoresen SO, et al. 
Incidence pattern of thyroid cancer in Norway: infl u-
ence of birth cohort and time period. Int J Cancer. 
1993;53:183–7.  

    6.    Reynolds RM, Weir J, Stockton DL, et al. Changing 
trends in incidence and mortality of thyroid cancer in 
Scotland. Clin Endocrinol. 2005;62:156–62.  

    7.    Levi F, Randimbison L, Te VC, La Vecchia C. 
Thyroid cancer in Vaud, Switzerland: an update. 
Thyroid. 2002;12:163–8.  

    8.   Italian Association of Cancer Registries .    http://www.
registri-tumori.it/    . Accessed 10 Apr 2011.  

    9.    Davies L, Welch HG. Increasing incidence of thy-
roid cancer in the United States, 1973–2002. JAMA. 
2006;295:2164–7.  

    10.    Hughes DT, Haymart MR, Miller BS, et al. The most 
commonly occurring papillary thyroid cancer in the 
United States is now a microcarcinoma in a patient 
older than 45 years. Thyroid. 2011;21:231–6.  

    11.    Chen AY, Jemal A, Ward EM. Increasing incidence 
of differentiated thyroid cancer in the United States, 
1988–2005. Cancer. 2009;115:3801–7.  

    12.    Mettler Jr FA, Bhargavan M, Faulkner K, et al. 
Radiologic and nuclear medicine studies in the 
United States and worldwide: frequency, radiation 
dose, and comparison with other radiation 
sources–1950–2007. Radiology. 2009;253:520–31.  

    13.    Kitahara CM, Platz EA, Freeman LE, et al. Obesity 
and thyroid cancer risk among U.S. men and women: 
a pooled analysis of fi ve prospective studies. Cancer 
Epidemiol Biomarkers Prev. 2011;20:464–72.  

    14.    Grodski S, Brown T, Sidhu S, et al. Increasing 
incidence of thyroid cancer is due to increased 

http://www.cancer.org
http://www.registri-tumori.it/
http://www.registri-tumori.it/


853 Thyroid Cancer

pathologic detection. Surgery. 2008;144:1038–43. 
discussion 1043.  

    15.    La Vecchia C, Bosetti C, Lucchini F, et al. Cancer 
mortality in Europe, 2000–2004, and an overview of 
trends since 1975. Ann Oncol. 2010;21:1323–60.  

    16.    Hundahl SA, Fleming ID, Fremgen AM, et al. A 
National Cancer Data Base report on 53,856 cases of 
thyroid carcinoma treated in the U.S., 1985–1995. 
Cancer. 1998;83:2638–48.  

    17.    Durante C, Haddy N, Baudin E, et al. Long-term 
outcome of 444 patients with distant metastases 
from papillary and follicular thyroid carcinoma: 
benefi ts and limits of radioiodine therapy. J Clin 
Endocrinol Metab. 2006;91:2892–9.  

    18.    Haq M, Harmer C. Differentiated thyroid carcinoma 
with distant metastases at presentation: prognostic fac-
tors and outcome. Clin Endocrinol. 2005;63:87–93.  

    19.   Bossi P, Locati LD. Role of chemotherapy in thyroid 
cancer. In Thyroid cancer: from emergent biotech-
nologies to clinical practice guidelines. Carpi A, 
Mechanick ed. CRC Press, 2011: 313–318.  

    20.   American Thyroid Association (ATA) Guidelines 
Task Force. Medullary thyroid cancer: management 
guidelines of the American Thyroid Association. 
Thyroid. 2009;19:565–612. Review. Erratum in: 
Thyroid. 2009;19:1295.  

    21.   DeLellis RA, Lloyd RV, Heitz PU, Eng C (eds.): 
World Health Organisation Classifi cation of 
Tumours. Pathology and Genetics of Tumours of 
Endocrine Organs. Tumors of the thyroid and para-
thyroid: 49–133; IARC Press: Lyon 2004.  

    22.    Pilotti S, Collini P, Mariani L, et al. Insular carci-
noma. A distinct de novo entity among follicular car-
cinomas of the thyroid gland. Am J Surg Pathol. 
1997;21:1466–73.  

    23.    Sobrinho-Simoes M. Poorly differentiated carcino-
mas of the thyroid. Endocr Pathol. 1996;7:99–102.  

    24.    Sobrinho-Simoes M. Tumor of the thyroid: a brief 
overview with emphasis on the most controversial 
issues. Curr Diagn Pathol. 1995;2:15–22.  

    25.    Sobrinho-Simoes M, Sambade C, Fonseca E, et al. 
Poorly differentiated carcinomas of the thyroid 
gland: a review of the clinicopathologic features of a 
series of 28 cases of a heterogeneous, clinically 
aggressive group of thyroid tumors. Int J Surg Pathol. 
2002;10:123–31.  

    26.    Green FL, Page DL, Fleming ID, et al. AJCC cancer 
staging handbook from the AJCC cancer system 
manual. 7th ed. New York: Springer; 2009.  

    27.    McIver B, Hay ID, Giuffrida DF, et al. Anaplastic 
thyroid carcinoma: a 50-year experience at a single 
institution. Surgery. 2001;130:1028–34.  

    28.    Sugitani I, Kasai N, Fujimoto Y, et al. Prognostic fac-
tors and therapeutic strategy for anaplastic carcinoma 
of the thyroid. World J Surg. 2001;25:617–22.  

    29.    Voutilainen PE, Multanen M, Haapiainen RK, et al. 
Anaplastic thyroid carcinoma survival. World J Surg. 
1999;23:975–8. discussion 978–9.  

    30.    Sipple JH. The association of pheochromocytoma 
with carcinoma of the thyroid gland. Am J Med. 
1961;31:163–6.  

    31.   Marx SJ. Molecular genetics of multiple endocrine 
neoplasia types 1 and 2. Nature Reviews. Nat Rev 
Cancer. 2005;5:367–75. Review. Erratum in: Nat 
Rev Cancer. 2005;5:663.  

    32.    Elisei R, Romei C, Cosci B, et al. RET genetic screen-
ing inpatients with medullary thyroid cancer and their 
relatives: experience with 807 individuals at one cen-
ter. J Clin Endocrinol Metab. 2007;92:4725–9.  

    33.    Zbuk KM, Eng C. Cancer phenomics: RET and 
PTEN as illustrative models. Nat Rev Cancer. 
2007;7:35–45.  

    34.    Elisei R. Routine serum calcitonin measurement in 
the evaluation of thyroid nodules. Best Pract Res 
Clin Endocrinol Metab. 2008;22:941–53.  

    35.    Pacini F, Castagna MG, Cipri C, et al. Medullary 
thyroid carcinoma. Clin Oncol (R Coll Radiol). 
2010;22:475–85. Review.  

    36.    Bhattacharyya N. A population-based analysis of 
survival factors in differentiated and medullary thy-
roid carcinoma. Otolaryngol Head Neck Surg. 
2003;128:115–23.  

    37.    Greco A, Borrello MG, Miranda C, et al. Molecular 
pathology of differentiated thyroid cancer. Q J Nucl 
Med Mol Imaging. 2009;53:440–53.  

    38.    Giannini R, Ugolini C, Lupi C, et al. The heteroge-
neous distribution of BRAF mutation supports the 
independent clonal origin of distinct tumor foci in 
multifocal papillary thyroid carcinoma. J Clin 
Endocrinol Metab. 2007;92:3511–6.  

    39.    Romei C, Ciampi R, Faviana P, et al. BRAFV600E 
mutation, but not RET/PTC rearrangements, is corre-
lated with a lower expression of both thyroperoxidase 
and sodium iodide symporter genes in papillary thy-
roid cancer. Endocr Relat Cancer. 2008;15:511–20.  

    40.    Muzza M, Degl’Innocenti D, Colombo C, et al. The 
tight relationship between papillary thyroid cancer, 
autoimmunity and infl ammation: clinical and molec-
ular studies. Clin Endocrinol (Oxf). 2010;72:702–8.  

    41.    Alberti L, Carniti C, Miranda C, et al. RET and 
NTRK1 proto-oncogenes in human diseases. J Cell 
Physiol. 2003;195:168–86.  

    42.    Fusco A, Grieco M, Santoro M, et al. A new onco-
gene in human papillary thyroid carcinomas and their 
lymph-nodal metastases. Nature. 1987;328:170–2.  

    43.    Airaksinen MS, Saarma M. The GDNF family: sig-
nalling, biological functions and therapeutic value. 
Nat Rev Neurosci. 2002;3:383–94.  

    44.    Arighi E, Borrello MG, Sariola H. RET tyrosine 
kinase signaling in development and cancer. 
Cytokine Growth Factor Rev. 2005;16:441–67.  

    45.    Viglietto G, Chiappetta G, Martinez-Tello FJ, et al. 
RET/PTC oncogene activation is an early event in 
thyroid carcinogenesis. Oncogene. 1995;11:1207–10.  

    46.    Fischer AH, Bond JA, Taysavang P, et al. Papillary 
thyroid carcinoma oncogene (RET/PTC) alters the 



86 L.D. Locati et al.

nuclear envelope and chromatin structure. Am J 
Pathol. 1998;153:1443–50.  

    47.    Jhiang SM, Sagartz JE, Tong Q, et al. Targeted expres-
sion of the RET/PTC1 oncogene induces papillary 
thyroid carcinomas. Endocrinology. 1996;137:375–8.  

    48.    Adeniran AJ, Zhu Z, Gandhi M, et al. Correlation 
between genetic alterations and microscopic fea-
tures, clinical manifestations, and prognostic charac-
teristics of thyroid papillary carcinomas. Am J Surg 
Pathol. 2006;30:216–22.  

    49.    Nikiforov YE. Radiation-induced thyroid cancer: 
what we have learned from Chernobyl. Endocr 
Pathol. 2006;17:307–17.  

    50.    Asai N, Jijiwa M, Enomoto A, et al. Ret receptor sig-
naling: dysfunction in thyroid cancer and 
Hirschsprung’s disease. Pathol Int. 2006;56:164–72.  

    51.    Castellone MD, Santoro M. Dysregulated RET sig-
naling in thyroid cancer. Endocrinol Metab Clin 
North Am. 2008;37:363–74.  

    52.    Cassinelli G, Favini E, Degl’Innocenti D, et al. RET/
PTC1-driven neoplastic transformation and proinva-
sive phenotype of human thyrocytes involve Met 
induction and beta-catenin nuclear translocation. 
Neoplasia. 2009;11:10–21.  

    53.    Castellone MD, De Falco V, Rao DM, et al. The 
{beta}-catenin axis integrates multiple signals down-
stream from RET/papillary thyroid carcinoma leading 
to cell proliferation. Cancer Res. 2009;69:1867–76.  

    54.    Borrello MG, Alberti L, Fischer A, et al. Induction of 
a proinfl ammatory programme in normal human 
thyrocytes by the RET/PTC1 oncogene. Proc Natl 
Acad Sci U S A. 2005;102:14825–30.  

    55.    Kaplan DR, Miller FD. Neurotrophin signal trans-
duction in the nervous system. Curr Opin Neurobiol. 
2000;10:381–91.  

    56.    Butti MG, Bongarzone I, Ferraresi G, et al. A 
sequence analysis of the genomic regions involved 
in the rearrangements between TPM3 and NTRK1 
genes producing TRK oncogenes in papillary thy-
roid carcinomas. Genomics. 1995;28:15–24.  

    57.    Greco A, Roccato E, Pierotti MA. TRK oncogenes 
in papillary thyroid carcinoma. In: Farid NR, editor. 
Molecular basis of thyroid cancer. Ith ed. Boston: 
Kluwer; 2004. p. 207–19.  

    58.    Pierotti MA, Greco A. Oncogenic rearrangements of 
the NTRK1/NGF receptor. Cancer Lett. 2006;232:
90–8.  

    59.    Bounacer A, Schlumberger M, Wicker R, et al. 
Search for NTRK1 proto-oncogene rearrangements 
in human thyroid tumours originated after therapeu-
tic radiation. Br J Cancer. 2000;82:308–14.  

    60.    Rabes HM, Demidchik EP, Sidorow JD, et al. Pattern 
of radiation-induced RET and NTRK1 rearrange-
ments in 191 post-Chernobyl papillary thyroid carci-
nomas: biological, phenotypic, and clinical 
implications. Clin Cancer Res. 2000;6:1093–103.  

    61.    Russell JP, Powell DJ, Cunnane M, et al. The TRK-
T1 fusion protein induces neoplastic transformation 
of thyroid epithelium. Oncogene. 2000;19:5729–35.  

    62.    Fedele M, Palmieri D, Chiappetta G, et al. Impairment 
of the p27kip1 function enhances thyroid carcino-
genesis in TRK-T1 transgenic mice. Endocr Relat 
Cancer. 2009;16:483–90.  

    63.    Wellbrock C, Karasarides M, Marais R. The RAF 
proteins take centre stage. Nat Rev Mol Cell Biol. 
2004;5:875–85.  

    64.    Davies H, Bignell GR, Cox C, et al. Mutations of the 
BRAF gene in human cancer. Nature. 2002;417:
949–54.  

    65.    Wan PT, Garnett MJ, Roe SM, et al. Mechanism of 
activation of the RAF-ERK signaling pathway by 
oncogenic mutations of B-RAF. Cell. 2004;116:
855–67.  

    66.    Kimura ET, Nikiforova MN, Zhu Z, et al. High prev-
alence of BRAF mutations in thyroid cancer: gene 
evidence for constitutive activation of RET/PTC-
RAS-BRAF signaling pathway in papillary thyroid 
carcinoma. Cancer Res. 2003;63:1454–7.  

    67.    Frattini M, Ferrario C, Bressan P, et al. Alternative 
mutations of BRAF, RET and NTRK1 are associated 
with similar but distinct gene expression patterns 
in papillary thyroid cancer. Oncogene. 2004;23:
7436–40.  

    68.    Xing M. BRAF mutation in thyroid cancer. Endocr 
Relat Cancer. 2005;12:245–62.  

    69.    Cohen Y, Xing M, Mambo E, et al. BRAF mutation 
in papillary thyroid carcinoma. J Natl Cancer Inst. 
2003;95:625–7.  

    70.    Xing M. BRAF mutation in papillary thyroid cancer: 
pathogenic role, molecular bases, and clinical impli-
cations. Endocr Rev. 2007;28:742–62.  

    71.    Xing M, Westra WH, Tufano RP, et al. BRAF muta-
tion predicts a poorer clinical prognosis for papillary 
thyroid cancer. J Clin Endocrinol Metab. 2005;90:
6373–9.  

    72.    Riesco-Eizaguirre G, Gutierrez-Martinez P, Garcia-
Cabezas MA, et al. The oncogene BRAF V600E is 
associated with a high risk of recurrence and less dif-
ferentiated papillary thyroid carcinoma due to the 
impairment of Na+/I- targeting to the membrane. 
Endocr Relat Cancer. 2006;13:257–69.  

    73.    Namba H, Nakashima M, Hayashi T, et al. Clinical 
implication of hot spot BRAF mutation, V599E, in 
papillary thyroid cancers. J Clin Endocrinol Metab. 
2003;88:4393–7.  

    74.    Begum S, Rosenbaum E, Henrique R, et al. BRAF 
mutations in anaplastic thyroid carcinoma: implica-
tions for tumor origin, diagnosis and treatment. Mod 
Pathol. 2004;17:1359–63.  

    75.    Knauf JA, Ma X, Smith EP, et al. Targeted expres-
sion of BRAFV600E in thyroid cells of transgenic 
mice results in papillary thyroid cancers that undergo 
dedifferentiation. Cancer Res. 2005;65:4238–45.  

    76.    Lee MH, Lee SE, Kim DW, et al. Mitochondrial 
localization and regulation of BRAFV600E in thy-
roid cancer: a clinically used RAF inhibitor is unable 
to block the mitochondrial activities of BRAFV600E. 
J Clin Endocrinol Metab. 2011;96:E19–30.  



873 Thyroid Cancer

    77.    Trovisco V, Vieira de Castro I, Soares P, et al. BRAF 
mutations are associated with some histological 
types of papillary thyroid carcinoma. J Pathol. 
2004;202:247–51.  

    78.    Hou P, Liu D, Xing M. Functional characterization 
of the T1799-1801del and A1799-1816ins BRAF 
mutations in papillary thyroid cancer. Cell Cycle. 
2007;6:377–9.  

    79.    Ciampi R, Knauf JA, Kerler R, et al. Oncogenic 
AKAP9-BRAF fusion is a novel mechanism of 
MAPK pathway activation in thyroid cancer. J Clin 
Invest. 2005;115:94–101.  

    80.    Nikiforova MN, Biddinger PW, Caudill CM, et al. 
PAX8-PPARgamma rearrangement in thyroid 
tumors: RT-PCR and immunohistochemical analy-
ses. Am J Surg Pathol. 2002;26:1016–23.  

    81.    Nikiforova MN, Nikiforov YE. Molecular genetics 
of thyroid cancer: implications for diagnosis, treat-
ment and prognosis. Expert Rev Mol Diagn. 
2008;8:83–95.  

    82.    Vitagliano D, Portella G, Troncone G, et al. Thyroid 
targeting of the N-ras(Gln61Lys) oncogene in trans-
genic mice results in follicular tumors that progress 
to poorly differentiated carcinomas. Oncogene. 
2006;25:5467–74.  

    83.    Manenti G, Pilotti S, Re FC, et al. Selective activa-
tion of ras oncogenes in follicular and undifferenti-
ated thyroid carcinomas. Eur J Cancer. 
1994;30:987–93.  

    84.    Garcia-Rostan G, Zhao H, Camp RL, et al. Ras 
mutations are associated with aggressive tumor phe-
notypes and poor prognosis in thyroid cancer. J Clin 
Oncol. 2003;21:3226–35.  

    85.    Saavedra HI, Knauf JA, Shirokawa JM, et al. The 
RAS oncogene induces genomic instability in thy-
roid PCCL3 cells via the MAPK pathway. Oncogene. 
2000;19:3948–54.  

    86.    Placzkowski KA, Reddi HV, Grebe SK, et al. The 
role of the PAX8/PPARgamma fusion oncogene in 
thyroid cancer. PPAR Res. 2008;29:672829.  

    87.    Lui WO, Zeng L, Rehrmann V, Deshpande S, et al. 
CREB3L2-PPARgamma fusion mutation identifi es a 
thyroid signaling pathway regulated by intramem-
brane proteolysis. Cancer Res. 2008;68:7156–64.  

    88.    Lui WO, Foukakis T, Liden J, et al. Expression profi l-
ing reveals a distinct transcription signature in folli-
cular thyroid carcinomas with a PAX8-PPAR(gamma) 
fusion oncogene. Oncogene. 2005;24:1467–76.  

    89.    Aldred MA, Morrison C, Gimm O, et al. Peroxisome 
proliferator-activated receptor gamma is frequently 
downregulated in a diversity of sporadic nonmedul-
lary thyroid carcinomas. Oncogene. 2003;22:3412–6.  

    90.    Marques AR, Espadinha C, Frias MJ, et al. 
Underexpression of peroxisome proliferator-
activated receptor (PPAR)gamma in PAX8/
PPARgamma-negative thyroid tumours. Br J Cancer. 
2004;91:732–8.  

    91.    Nikiforova MN, Lynch RA, Biddinger PW, et al. 
RAS point mutations and PAX8-PPAR gamma 

rearrangement in thyroid tumors: evidence for dis-
tinct molecular pathways in thyroid follicular carci-
noma. J Clin Endocrinol Metab. 2003;88:2318–26.  

    92.    Ringel MD, Hayre N, Saito J, et al. Overexpression 
and overactivation of Akt in thyroid carcinoma. 
Cancer Res. 2001;61:6105–11.  

    93.    Vasko V, Saji M, Hardy E, et al. Akt activation and 
localisation correlate with tumour invasion and 
oncogene expression in thyroid cancer. J Med Genet. 
2004;41:161–70.  

    94.    Wu G, Mambo E, Guo Z, et al. Uncommon muta-
tion, but common amplifi cations, of the PIK3CA 
gene in thyroid tumors. J Clin Endocrinol Metab. 
2005;90:4688–93.  

    95.    Wang Y, Hou P, Yu H, et al. High prevalence and 
mutual exclusivity of genetic alterations in the phos-
phatidylinositol-3-kinase/akt pathway in thyroid 
tumors. J Clin Endocrinol Metab. 2007;92:2387–90.  

    96.    Dahia PL, Marsh DJ, Zheng Z, et al. Somatic dele-
tions and mutations in the Cowden disease gene, 
PTEN, in sporadic thyroid tumors. Cancer Res. 
1997;57:4710–3.  

    97.    Bruni P, Boccia A, Baldassarre G, et al. PTEN 
expression is reduced in a subset of sporadic thyroid 
carcinomas: evidence that PTEN-growth suppress-
ing activity in thyroid cancer cells mediated by 
p27kip1. Oncogene. 2000;19:3146–55.  

    98.    Paes JE, Ringel MD. Dysregulation of the phos-
phatidylinositol 3-kinase pathway in thyroid neo-
plasia. Endocrinol Metab Clin North Am. 
2008;37:375–9.  

    99.    Hou P, Liu D, Shan Y, et al. Genetic alterations and 
their relationship in the phosphatidylinositol 
3-kinase/Akt pathway. Clin Cancer Res. 
2007;13:1161–70.  

    100.    Liu P, Cheng H, Roberts TM, et al. Targeting the 
phosphoinositide 3-kinase pathway in cancer. Nat 
Rev Drug Discov. 2009;8:627–44.  

    101.    Fagin JA, Tang SH, Zeki K, et al. Reexpression of 
thyroid peroxidase in a derivative of an undifferenti-
ated thyroid carcinoma cell line by introduction of 
wild-type p53. Cancer Res. 1996;56:765–71.  

    102.    Moretti F, Farsetti A, Soddu S, et al. A p53 re-expres-
sion inhibits proliferation and restores differentia-
tion of human thyroid anaplastic carcinoma cells. 
Oncogene. 1997;14:729–40.  

    103.    Garcia-Rostan G, Camp RL, Herrero A, et al. Beta-
catenin dysregulation in thyroid neoplasms: down-
regulation, aberrant nuclear expression, and 
CTNNB1 exon 3 mutations are markers for aggres-
sive tumor phenotypes and poor prognosis. Am J 
Pathol. 2001;158:987–96.  

    104.    Miyake N, Maeta H, Horie S, et al. Absence of muta-
tions in the beta-catenin and adenomatous polyposis 
coli genes in papillary and follicular thyroid carcino-
mas. Pathol Int. 2001;51:680–5.  

    105.    Tauriello DVF, Maurice MM. The various roles of 
ubiquitin in Wnt pathway regulation. Cell Cycle. 
2010;9:3700–9.  



88 L.D. Locati et al.

    106.    Nikiforova MN, Kimura ET, Gandhi M, et al. BRAF 
mutations in thyroid tumors are restricted to papil-
lary carcinomas and anaplastic or poorly differenti-
ated carcinomas arising from papillary carcinomas. 
J Clin Endocrinol Metab. 2003;88:5399–404.  

    107.    Garcia-Rostan G, Costa AM, Pereira-Castro I, et al. 
Mutation of the PIK3CA gene in anaplastic thyroid 
cancer. Cancer Res. 2005;65:10199–207.  

    108.    Lindahl M, Timmusk T, Rossi J, et al. Expression 
and alternative splicing of mouse Gfra4 suggest 
roles in endocrine cell development. Mol Cell 
Neurosci. 2000;15:522–33.  

    109.    Lindfors PH, Lindahl M, Rossi J, et al. Ablation of 
persephin receptor glial cell line derived neu-
rotrophic factor family receptor alpha4 impairs thy-
roid calcitonin production in young mice. 
Endocrinology. 2006;147:2237–44.  

    110.    Eng C, Clayton D, Schuffenecker I, et al. The rela-
tionship between specifi c RET proto-oncogene 
mutations and disease phenotype in MEN type 2. 
International RET mutation consortium analysis. 
JAMA. 1996;276:1575–9.  

    111.    Machens A, Niccoli-Sire P, Hoegel J, et al. Early 
malignant progression of hereditary medullary thy-
roid cancer. NEJM. 2003;349:1517–25.  

    112.    Niccoli-Sire P, Murat A, Rohmer V, et al. Familial 
medullary thyroid carcinoma with noncysteine ret 
mutations: phenotype–genotype relationship in a 
large series of patients. J Clin Endocrinol Metab. 
2001;86:3746–53.  

    113.    Kouvaraki MA, Shapiro SE, Perrier ND, et al. RET 
proto-oncogene: a review and update of genotype-
phenotype correlations in hereditary medullary thy-
roid cancer and associated endocrine tumors. 
Thyroid. 2005;15:531–44.  

    114.    Hansford JR, Mulligan LM. Multiple endocrine neo-
plasia type 2 and RET: from neoplasia to neurogen-
esis. J Med Genet. 2000;37:817–27.  

    115.    Santoro M, Carlomagno F, Romano A, et al. 
Activation of RET as a dominant transforming gene 
by germline mutations of MEN2A and MEN2B. 
Science. 1995;267:381–3.  

    116.    Frank-Raue K, Rondot S, Raue F. Molecular genet-
ics and phenomics of RET mutations: impact on 
prognosis of MTC. Mol Cell Endocrinol. 2010;
322(1–2):2–7.  

    117.    Gagel FR, Marx SJ. Multiple endocrine neoplasia. 
In: Larsen PR, editor. Williams textbook of endocri-
nology. 10th ed. Philadelphia: Saunders; 2003. p. 
1717–62.  

    118.    Montero-Conde C, Ruiz-Llorente S, Gonza’lez-
Albarran O, et al. Identifi cation of a candidate chro-
mosomal region using a SNP linkage panel suggests 
a second locus responsible for non-RET MEN2 fam-
ilies. Hor Res. 2007;68:6–7.  

    119.    Michiels FM, Chappuis S, Caillou B, et al. 
Development of medullary thyroid carcinoma in 
transgenic mice expressing the RET protooncogene 
altered by a multiple endocrine neoplasia type 2A 
mutation. PNAS. 1997;94:3330–5.  

    120.    Acton DS, Velthuyzen D, Lips CJ, et al. Multiple 
endocrine neoplasia type 2B mutation in human 
RET oncogene induces medullary thyroid carcinoma 
in transgenic mice. Oncogene. 2000;19:3121–5.  

    121.    Smith-Hicks CL, Sizer KC, Powers JF, et al. C-cell 
hyperplasia, pheochromocytoma and sympathoadre-
nal malformation in a mouse model of multiple endo-
crine neoplasia type 2B. EMBO J. 2000;19:612–22.  

    122.    Huang SC, Torres-Cruz J, Pack SD, et al. 
Amplifi cation and overexpression of mutant RET in 
multiple endocrine neoplasia type 2-associated med-
ullary thyroid carcinoma. J Clin Endocrin Metab. 
2003;88:459–63.  

    123.    Mathew CG, Smith BA, Thorpe K, et al. Deletion of 
genes on chromosome 1 in endocrine neoplasia. 
Nature. 1987;328:524–6.  

    124.    Ye L, Santarpia L, Cote GJ, et al. High resolution 
array-comparative genomic hybridization profi ling 
reveals deoxyribonucleic acid copy number altera-
tions associated with medullary thyroid carcinoma. 
J Clin Endocrin Metab. 2008;93:4367–72.  

    125.    Cranston AN, Ponder BA. Modulation of medullary 
thyroid carcinoma penetrance suggests the presence 
of modifi er genes in a RET transgenic mouse model. 
Cancer Res. 2003;63:4777–80.  

    126.    Zedenius J. Is somatic RET mutation a prognostic 
factor for sporadic medullary thyroid carcinoma? 
Nat Clin Pract Endocrinol Metab. 2008;4:432–3.  

    127.    Moura MM, Cavaco BM, Pinto AE, et al. High prev-
alence of RAS mutations in RET-negative sporadic 
medullary thyroid carcinomas. J Clin Endocrinol 
Metab. 2011;96:E863.  

    128.    Pavelic K, Dedivitis RA, Kapitanovic S, et al. 
Molecular genetic alterations of FHIT and p53 genes 
in benign and malignant thyroid gland lesions. Mutat 
Res. 2006;599:45–57.  

    129.    Sheikh HA, Tometsko M, Niehouse L, et al. 
Molecular genotyping of medullary thyroid carci-
noma can predict tumor recurrence. Am J Surg 
Pathol. 2004;28:101–6.  

    130.    van Veelen W, van Gasteren CJ, Acton DS, et al. 
Synergistic effect of oncogenic RET and loss of p18 
on medullary thyroid carcinoma development. 
Cancer Res. 2008;68:1329–37.  

    131.    Fenton C, Patel A, Dinauer C, et al. The expression 
of vascular endothelial growth factor and the type 1 
vascular endothelial growth factor receptor correlate 
with the size of papillary thyroid carcinoma in chil-
dren and young adults. Thyroid. 2000;10:349–57.  

    132.    Dhar DK, Kubota H, Kotoh T, et al. Tumor vascular-
ity predicts recurrence in differentiated thyroid car-
cinoma. Am J Surg. 1998;176:442–7.  

    133.    Espinosa AV, Porchia L, Ringel MD. Targeting BRAF 
in thyroid cancer. Br J Cancer. 2007;96:16–20.  

    134.    Di Renzo MF, Olivero M, Ferro S, et al. Overexpression 
of the c-MET/HGF receptor gene in human thyroid 
carcinomas. Oncogene. 1992;7:2549–53.  

    135.    Gentile A, Trusolino L, Comoglio PM. The Met 
tyrosine kinase receptor in development and cancer. 
Cancer Metastasis Rev. 2008;27:85–94.  



893 Thyroid Cancer

    136.    Ruco LP, Stoppacciaro A, Ballarini F, et al. Met pro-
tein and hepatocyte growth factor (HGF) in papillary 
carcinoma of the thyroid: evidence for a pathogenic 
role in tumourigenesis. J Pathol. 2001;194:4–8.  

    137.    Scarpino S, Cancellario D’Alena F, et al. Papillary 
carcinoma of the thyroid: evidence for a role for 
hepatocyte growth factor (HGF) in promoting 
tumour angiogenesis. J Pathol. 2003;199:243–50.  

    138.    Wiseman SM, Masoudi H, Niblock P. Anaplastic 
thyroid carcinoma: expression profi le of targets for 
therapy offers new insights for disease treatment. 
Ann Surg Oncol. 2007;14:719–29.  

    139.    Lam AK, Lau KK, Gopalan V, et al. Quantitative 
analysis of the expression of TGF-alpha and EGFR 
in papillary thyroid carcinoma: clinicopathological 
relevance. Pathology. 2011;43:40–7.  

    140.    Degl’ Innocenti D, Alberti C, Castellano G, et al. 
Integrated ligand-receptor bioinformatic and in vitro 
functional analysis identifi es active TGFA/EGFR 
signaling loop in papillary thyroid carcinomas. PLoS 
One. 2010;5:e12701.  

    141.    Ulisse S, Delcros JG, Baldini E, et al. Expression of 
Aurora kinases in human thyroid carcinoma cell 
lines and tissues. Int J Cancer. 2006;119:275–82.  

    142.    Keen N, Taylor S. Aurora-kinase inhibitors as anti-
cancer agents. Nat Rev Cancer. 2004;4:927–36. 
Review.  

    143.    Keen N, Taylor S. Mitotic drivers-inhibitors of the 
Aurora B kinase. Cancer Metastasis Rev. 
2009;28:185–95.  

    144.    Wunderlich A, Fischer M, Schlosshauer T, et al. 
Evaluation of Aurora kinase inhibition as a new ther-
apeutic strategy in anaplastic and poorly differenti-
ated follicular thyroid cancer. Cancer Sci. 
2011;102:762–8.  

    145.    Sherman SI, Wirth LJ, Droz JP, et al. Motesanib 
diphosphate in progressive differentiated thyroid 
cancer. N Engl J Med. 2008;359:31–42.  

    146.    Kloos RT, Ringel MD, Knopp MV, et al. Phase II 
trial of sorafenib in metastatic thyroid cancer. J Clin 
Oncol. 2009;27:1675–84.  

    147.    Leboulleux S, Bastholt L, Krause TM, et al. 
Vandetanib in locally advanced or metastatic differ-
entiated thyroid cancer (papillary or follicular; 
DTC): a randomized double blind phase II trial. Ann 
Oncol. 2010;21 (suppl_8): viii315.  

    148.    Bible KC, Suman VJ, Molina JR, et al. Effi cacy of 
pazopanib in progressive, radioiodine-refractory, 
metastatic differentiated thyroid cancers: results of a 
phase 2 consortium study. Lancet Oncol. 
2010;11:962–72.  

    149.   Lucas AS, Cohen EE, Cohen RB, et al. Phase II 
study and tissue correlative studies of AZD6244 
(ARRY-142886) in iodine-131 refractory papillary 
thyroid carcinoma (IRPTC) and papillary thyroid 
carcinoma (PTC) with follicular elements. J Clin 
Oncol, 2010;28 (8_suppl): 5536.  

    150.   Sherman SI, Jarzab B, Cabanillas ME, et al. A phase 
II trial of the multitargeted kinase inhibitor E7080 in 

advanced radioiodine (RAI)-refractory differenti-
ated thyroid cancer (DTC). J Clin Oncol, 2011;29 
(15_suppl): 5503.  

    151.    de Groot JW, Zonnenberg BA, van Ufford-Mannesse 
PQ, et al. A phase II trial of imatinib therapy for 
metastatic medullary thyroid carcinoma. J Clin 
Endocrinol Metab. 2007;92:3466–9.  

    152.    Frank-Raue K, Fabel M, Delorme S, et al. Effi cacy 
of imatinib mesylate in advanced medullary thyroid 
carcinoma. Eur J Endocrinol. 2007;157:215–20.  

    153.    Schlumberger MJ, Elisei R, Bastholt L, et al. Phase 
II study of safety and effi cacy of motesanib in 
patients with progressive or symptomatic, advanced 
or metastatic medullary thyroid cancer. J Clin Oncol. 
2009;27:3794–801.  

    154.    Lam ET, Ringel MD, Kloos RT, et al. Phase II clini-
cal trial of sorafenib in metastatic medullary thyroid 
cancer. J Clin Oncol. 2010;28:2323–30.  

    155.    Robinson BG, Paz-Ares L, Krebs A, et al. Vandetanib 
(100 mg) in patients with locally advanced or meta-
static hereditary medullary thyroid cancer. J Clin 
Endocrinol Metab. 2010;95:2664–71.  

    156.   Wells SA Jr, Robinson BG, Gagel RF et al. 
Vandetanib in Patients With Locally Advanced or 
Metastatic Medullary Thyroid Cancer: A 
Randomized, Double-Blind Phase III Trial.J Clin 
Oncol. 2012;30:134–41.  

    157.   Wells SA, Jr, Gosnell JE, Gagel RF, et al. vandetanib 
for the treatment of patients with locally advanced 
or metastatic hereditary medullary thyroid cancer. 
J Clin Oncol. 2010;28:767–72.  

    158.   De Souza JA, Busaidy N, Zimrin A, et al. Phase II 
trial of sunitinib in medullary thyroid cancer (MTC). 
J Clin Oncol, 2010; 28 (8_suppl): 5504.  

    159.    Cohen EE, Rosen LS, Vokes EE, et al. Axitinib is an 
active treatment for all histologic subtypes of 
advanced thyroid cancer: results from a phase II 
study. J Clin Oncol. 2008;26:4708–13.  

    160.    Gupta-Abramson V, Troxel AB, Nellore A, et al. 
Phase II trial of sorafenib in advanced thyroid can-
cer. J Clin Oncol. 2008;26:4714–9.  

    161.    Pennell NA, Daniels GH, Haddad RI, et al. A phase 
II study of gefi tinib in patients with advanced thy-
roid cancer. Thyroid. 2008;18:317–23.  

    162.   Cohen EE, Needles BM, Cullen KJ, et al. Phase 2 
study of sunitinib in refractory thyroid cancer. J Clin 
Oncol, 2008;26 (15_suppl): 6025.  

    163.    Carr LL, Mankoff DA, Goulart BH, et al. Phase II 
study of daily sunitinib in FDG-PET-positive, iodine-
refractory differentiated thyroid cancer and meta-
static medullary carcinoma of the thyroid with 
functional imaging correlation. Clin Cancer Res. 
2010;16:5260–8.  

    164.   Nagaiah G, Fu P, Wasman JK, et al. Phase II trial of 
sorafenib (bay 43-9006) in patients with advanced 
anaplastic carcinoma of the thyroid (ATC). J Clin 
Oncol, 2009;27 (15_suppl): 6058.  

    165.    Coxon A, Bready JV, Hughes P, et al. Motesanib 
diphosphate (AMG 706) inhibits the growth of 



90 L.D. Locati et al.

medullary thyroid carcinoma in a nude mouse model. 
Proc Am Assoc Cancer Res. 2007;48:71 (abstr 
LB-283).  

    166.   Kurzrock R, Sherman SI, Ball DW, et al. Activity of 
XL184 (Cabozantinib), an oral tyrosine kinase 
inhibitor, in patients with medullary thyroid cancer. 
J Clin Oncol. 2011;29:2660–6.  

    167.    Capdevila J, Argiles G, Rodriguez-Frexinos V, et al. 
New approaches in the management of radioiodine-
refractory thyroid cancer: the molecular targeted 
therapy era. Discov Med. 2010;9:153–62.  

    168.    Ricarte-Filho JC, Ryder M, Chitale DA, et al. 
Mutational profi le of advanced primary and 
metastatic radioactive iodine-refractory thyroid 
cancers reveals distinct pathogenetic roles for 
BRAF, PIK3CA, and AKT1. Cancer Res. 2009;69:
4885–93.  

    169.   Brose MS, Troxel AB, Redlinger M, et al. Effect of 
BRAFV600E on response to sorafenib in advanced 
thyroid cancer patients. J Clin Oncol, 2009;27 (15_
suppl): 6002.  

    170.    Sala E, Mologni L, Truffa S, et al. BRAF silencing 
by short hairpin RNA or chemical blockade by 
PLX4032 leads to different responses in melanoma 
and thyroid carcinoma cells. Mol Cancer Res. 
2008;6:751–9.  

    171.   Flaherty K, Puzanov I, Sosman J, et al. Phase I study 
of PLX4032: proof of concept for V600E BRAF 
mutation as a therapeutic target in human cancer. 
J Clin Oncol, 2009;27 (15_suppl): 9000.  

    172.   Schwartz GK, Robertson S, Shen A, et al. A phase I 
study of XL281, a selective oral RAF kinase inhibi-
tor, in patients with advanced solid tumors. J Clin 
Oncol, 2009;27 (15_suppl): 3513.  

    173.    Gramza AW, Patterson J, Peters J, et al. Activity of 
novel RET genotypes associated with medullary thy-
roid cancer. J Clin Oncol, 2010;28 (8_suppl): 5559.  

    174.    Tuccinardi T, Manetti F, Schenone S, et al. 
Construction and validation of a RET TK catalytic 
domain by homology modeling. J Chem Inf Model. 
2007;47:644–55.  

    175.    Cabanillas ME, Waguespack SG, Bronstein Y, et al. 
Treatment with tyrosine kinase inhibitors for patients 
with differentiated thyroid cancer: the M. D. 
Anderson experience. J Clin Endocrinol Metab. 
2010;95:2588–95.  

    176.    Broutin S, Ameur N, Lacroix L, et al. Identifi cation 
of soluble candidate biomarkers of therapeutic 
response to sunitinib in medullary thyroid carcinoma 
in preclinical models. Clin Cancer Res. 2011;17:
2044–54.  

    177.    Bass MB, Sherman SI, Schlumberger MJ, et al. 
Biomarkers as predictors of response to treatment 
with motesanib in patients with progressive advanced 
thyroid cancer. J Clin Endocrinol Metab. 2010;95:
5018–27.  

    178.    Akeno-Stuart N, Croyle M, Knauf JA, et al. The 
RET kinase inhibitor NVP-AST487 blocks growth 
and calcitonin gene expression through distinct 
mechanisms in medullary thyroid cancer cells. 
Cancer Res. 2007;67:6956–64.  

    179.   Harvey RD, Kauh JS, Ramalingam SS, et al. 
Combination therapy with sunitinib and bortezomib 
in adult patients with radioiodine refractory thyroid 
cancer. J Clin Oncol. 2010;abs 5589.  

    180.   Gramza AW, Wells SA, Balasubramaniam S, et al. 
Phase I/II trial of vandetanib and bortezomib in 
adults with locally advanced or metastatic medullary 
thyroid cancer: phase I results. J Clin Oncol. 
2011:abs 5565.  

    181.    Hong DS, Cabanillas ME, Wheler J, et al. Inhibition 
of the Ras/Raf/MEK/ERK and RET kinase pathways 
with the combination of the multikinase inhibitor 
sorafenib and the farnesyltransferase inhibitor 
tipifarnib in medullary and differentiated 
thyroid malignancies. J Clin Endocrinol Metab. 
2011;96:997–1005.  

    182.    Motzer RJ, Escudier B, Oudard S, et al. Phase 3 trial 
of everolimus for metastatic renal cell carcinoma: 
fi nal results and analysis of prognostic factors. Phase 
3 trial of everolimus for metastatic renal cell carci-
noma: fi nal results and analysis of prognostic fac-
tors. Cancer. 2010;116:4256–65.  

    183.   Edgerly M, Fojo T. Is there room for improvement in 
adverse event reporting in the era of targeted thera-
pies? J Natl Cancer Inst. 2008;100:240–2.   

    184.    Hu-Lowe DD, Zou HY, Grazzini ML, et al. 
Nonclinical antiangiogenesis and antitumor activi-
ties of axitinib (AG-013736), an oral, potent, and 
selective inhibitor of vascular endothelial growth 
factor receptor tyrosine kinases 1, 2, 3. Clin Cancer 
Res. 2008;14:7272–83.  

    185.    Soria JC, Deutsch E. Hemorrhage caused by antian-
giogenic therapy within previously irradiated areas: 
expected consequence of tumor shrinkage or a warn-
ing for antiangiogenic agents combined to radiother-
apy? Ann Oncol. 2011;22:1247–9.  

    186.    Rixe O, Billemont B, Izzedine H. Hypertension as a 
predictive factor of Sunitinib activity. Ann Oncol. 
2007;18:1117.  

    187.    Ravaud A, Sire M. Arterial hypertension and clinical 
benefi t of sunitinib, sorafenib and bevacizumab in 
fi rst and second-line treatment of metastatic renal 
cell cancer. Ann Oncol. 2009;20:966–7.  

    188.    Dahlberg SE, Sandler AB, Brahmer JR, et al. Clinical 
course of advanced non-small-cell lung cancer 
patients experiencing hypertension during treatment 
with bevacizumab in combination with carboplatin 
and paclitaxel on ECOG 4599. J Clin Oncol. 
2010;28:949–54.  

    189.    Österlund P, Soveri LM, Isoniemi H, et al. 
Hypertension and overall survival in metastatic col-
orectal cancer patients treated with bevacizumab-
containing chemotherapy. Br J Cancer. 2011;104:
599–604.  

    190.   Friberg G, Kasza K, Vokes EE, et al. Early hyperten-
sion (HTN) as a potential pharmacodynamic (PD) 
marker for survival in pancreatic cancer (PC) patients 
(pts) treated with bevacizumab (B) and gemcitabine 
(G). J Clin Oncol, 2005; 23 (16_suppl): 3020.  

    191.    Bono P, Elfving H, Utriainen T, et al. Hypertension 
and clinical benefi t of bevacizumab in the treatment 



913 Thyroid Cancer

of advanced renal cell carcinoma. Ann Oncol. 
2009;20:393–4.  

    192.    Scartozzi M, Galizia E, Chiorrini S, et al. Arterial 
hypertension correlates with clinical outcome in col-
orectal cancer patients treated with fi rst-line bevaci-
zumab. Ann Oncol. 2009;20:227–30.  

    193.    Rini BI, Schiller JH, Fruehauf JP, et al. Diastolic 
blood pressure as a biomarker of axitinib effi cacy in 
solid tumors. Clin Cancer Res. 2011;17:3841–9.  

    194.    Sipos JA, Wang D, Wei L, et al. VEGF polymor-
phisms predict adverse events in patients taking 
sorafenib for refractory thyroid cancer. International 
Thyroid Congress 2010, abs 0C-089.  

    195.    D’Amato RJ, Loughnan MS, Flynn E, et al. 
Thalidomide is an inhibitor of angiogenesis. Proc 
Natl Acad Sci U S A. 1994;91:4082–5.  

    196.    Ain KB, Lee C, Williams KD. Phase II trial of thali-
domide for therapy of radioiodine-unresponsive and 
rapidly progressive thyroid carcinomas. Thyroid. 
2007;17(7):663–70.  

    197.   Ain KB, Lee C, Holbrook KM, et al. Phase II study 
of lenalidomide in distantly metastatic, rapidly pro-
gressive, and radioiodine-unresponsive thyroid car-
cinomas: preliminary results. J Clin Oncol, 2008; 26 
(15_suppl): 6027.  

    198.    Mooney CJ, Nagaiah G, Fu P, et al. A phase II trial of 
fosbretabulin in advanced anaplastic thyroid carci-
noma and correlation of baseline serum-soluble 
intracellular adhesion molecule-1 with outcome. 
Thyroid. 2009;19:233–40.  

    199.   Sosa JA, Elisei R, Jarzab B, et al. A randomized 
phase II/III trial of a tumor vascular disrupting agent 
fosbretabulin tromethamine (CA4P) with carbopla-
tin (C) and paclitaxel (P) in anaplastic thyroid cancer 
(ATC): final survival analysis for the FACT trial. 
J Clin Oncol, 2011;29 (15_suppl): 5502.  

    200.    Woyach JA, Kloos RT, Ringel MD, et al. Lack of 
therapeutic effect of the histone deacetylase inhibi-
tor vorinostat in patients with metastatic radioiodine-
refractory thyroid carcinoma. J Clin Endocrinol 
Metab. 2009;94:164–70.  

    201.    Kiazano M, Kitazono M, Chuman Y, Aikou T, Fojo 
T. Construction of gene therapy vectors targeting 
thyroid cells: enhancement of activity and specifi city 
with histone deacetylase inhibitors and agents mod-
ulating the cyclic adenosine 3 ¢ ,5 ¢ -monophosphate 
pathway and demonstration of activity in follicular 
and anaplastic thyroid carcinoma cells. J Clin 
Endocrinol Metab. 2001;86:834–40.  

    202.   Sherman EJ, Fury MG, Tuttle RM, et al. Phase II 
study of depsipeptide (DEP) in radioiodine (RAI)-
refractory metastatic nonmedullary thyroid carci-
noma. J Clin Oncol, 2009;27 (15_suppl): 6059.  

    203.    Catalano MG, Pugliese M, Poli R, et al. Effects of 
the histone deacetylase inhibitor valproic acid on the 
sensitivity of anaplastic thyroid cancer cell lines to 
imatinib. Oncol Rep. 2009;21:515–21.  

    204.    Catalano MG, Fortunati N, Pugliese M, et al. 
Valproic acid induces apoptosis and cell cycle arrest 
in poorly differentiated thyroid cancer cells. J Clin 
Endocrinol Metab. 2005;90:1383–9.  

    205.    Braiteh F, Soriano AO, Garcia-Manero G, et al. 
Phase I study of epigenetic modulation with 5-aza-
cytidine and valproic acid in patients with advanced 
cancers. Clin Cancer Res. 2008;14:6296–301.  

    206.    Short SC, Suovuori A, Cook G, et al. A phase II 
study using retinoids as redifferentiation agents to 
increase iodine uptake in metastatic thyroid can-
cer. Clin Oncol (R Coll Radiol). 2004;16:569–74.  

    207.    Coelho SM, Corbo R, Buescu A, et al. Retinoic acid 
in patients with radioiodine non-responsive thyroid 
carcinoma. J Endocrinol Invest. 2004;27:334–9.  

    208.    Simon D, Köhrle J, Schmutzler C, et al. Redifferentiation 
therapy of differentiated thyroid carcinoma with retin-
oic acid: basics and fi rst clinical results. Exp Clin 
Endocrinol Diabetes. 1996;104 Suppl 4:13–5.  

    209.    Tepmongkol S, Keelawat S, Honsawek S, et al. 
Rosiglitazone effect on radioiodine uptake in thyroid 
carcinoma patients with high thyroglobulin but 
negative total body scan: a correlation with the 
expression of peroxisome proliferator-activated 
receptor-gamma. Thyroid. 2008;18:697–704.  

    210.    Koong SS, Reynolds JC, Movius EG, et al. Lithium 
as a potential adjuvant to 131I therapy of metastatic, 
well differentiated thyroid carcinoma. J Clin 
Endocrinol Metab. 1999;84:912–6.  

    211.    Mitsiades CS, Kotoula V, Poulaki V, et al. 
Epidermal growth factor receptor as a therapeutic 
target in human thyroid carcinoma: mutational and 
functional analysis. J Clin Endocrinol Metab. 
2006;91:3662–6.  

    212.    Marsee DK, Venkateswaran A, Tao H, et al. Inhibition 
of heat shock protein 90, a novel RET/PTC1-associated 
protein, increases radioiodide accumulation in thyroid 
cells. J Biol Chem. 2004;279:43990–7.  

    213.   Elisei R, Vivaldi A, Ciampi R, et al. Treatment with 
drugs able to reduce iodine effl ux signifi cantly 
increases the intracellular retention time in thyroid 
cancer cells stably transfected with sodium iodide 
symporter complementary deoxyribonucleic acid. 
J Clin Endocrinol Metab. 2006;91:2389–95.   

    214.    Braga-Basaria M, Hardy E, Gottfried R. 
17-Allylamino-17-demethoxygeldanamycin activity 
against thyroid cancer cell lines correlates with heat 
shock protein 90 levels. J Clin Endocrinol Metab. 
2004;89:2982–8.     



93M. Bologna (ed.), Biotargets of Cancer in Current Clinical Practice, Current Clinical Pathology,
DOI 10.1007/978-1-61779-615-9_4, © Springer Science+Business Media, LLC 2012

  4

    Introduction 

 Lung cancer is among the most commonly diag-
nosed cancers worldwide, representing the fi rst 
cause of cancer-related death in both the USA and 
Europe  [  1,   2  ] . However, although it has been 
recently registered a slight decline in its incidence 
in western countries, the incidence of lung cancer 
in developing regions is still rising. Non-small-
cell lung cancer (NSCLC) accounts for approxi-
mately 80% of all lung cancers, being often 
diagnosed at an advanced stage when treatment 
options are limited. Unfortunately, chemotherapy 
and radiation therapy used for the management of 
advanced disease have signifi cant therapeutic and 
safety limitations. These limitations often result 
into poor clinical outcome, which is best exempli-
fi ed by the dismal median survival of 8–11 months 
commonly reported for advanced NSCLC patients 
treated with standard platinum-based fi rst-line 
chemotherapy  [  3  ] . For this reason, biological 
treatment approaches that demonstrate effi cacy in 
targeting specifi cally cancer cells have become a 
priority. In recent years, with rapid advances in 
the molecular and biological understanding of the 
process of  carcinogenesis, angiogenesis, and cell 

growth regulation, several new strategies have 
emerged for the medical treatment of NSCLC 
patients  [  4  ] . Particularly, agents targeting the epi-
dermal growth factor receptor (EGFR) or the vas-
cular endothelial growth factor (VEGF) have 
signifi cantly improved clinical outcome when 
used alone or in combination with chemotherapy 
for the treatment of advanced NSCLC patients 
selected or not for certain biological characteris-
tics  [  5–  12  ] . Nevertheless, although these agents 
offer new hopes for patients with NSCLC, defi ni-
tive cure is not achievable in case of advanced 
disease, and survival outcome is still disappoint-
ing, thus highlighting the urgent need for further 
therapeutic improvement. 

 In this chapter, we review the targeted thera-
pies currently available for the treatment of 
patients with advanced NSCLC, also discussing 
the most appealing biological agents under clini-
cal development.  

   Chemotherapy Overview 

 Since the publication of the meta-analysis of 
1995, platinum-based chemotherapy has been 
regarded as the standard of care of patients with 
advanced NSCLC  [  13  ] . In the 1990s, several  trials 
evaluated the role of new cytotoxics, such as tax-
anes, gemcitabine, and vinorelbine, in  combination 
with platinum. These studies demonstrated that 
the combination of a new drug with a platinum 
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derivative produces better results compared with 
single-agent chemotherapy, an older two-drug 
combination, or an older three-drug regimen, at 
least in terms of response rate  [  14–  21  ] . For these 
reasons, the combination of cisplatin or carbopla-
tin with a new cytotoxic became the standard of 
care for the treatment of advanced NSCLC 
patients. Subsequently, several phase III trials 
compared among them these new platinum-based 
doublets to determine the best regimen of all  [  22–
  24  ] . These trials demonstrated a substantial 
equivalence of the new regimens, with a median 
survival of 8–9 months, with differences only in 
terms of costs and toxicity profi le. Such discour-
aging results led to the design of new trials incor-
porating novel cytotoxics such as pemetrexed, a 
potent inhibitor of thymidylate synthase. 
Importantly, pemetrexed has been shown to be 
benefi cial specifi cally for advanced NSCLC 
patients with non-squamous histology where, in 
combination with cisplatin, yielded a signifi cantly 
greater overall survival (OS) compared with a ref-
erence regimen of cisplatin–gemcitabine (11.8 
months vs. 10.4 months, respectively, HR = 0.81, 
95% CI 0.70–0.94,  P  = 0.005)  [  25  ] . This result, in 
turn, allowed for the fi rst time in clinical practice 

for chemotherapy treatment diversifi cation 
according to tumor histotype. However, at the 
present time, targeted therapies seem to be the 
only way through which the clinical outcome of 
advanced NSCLC can be improved further.  

   Targeted Therapies: Existing 
Treatments 

   Anti-epidermal Growth Factor 
Receptor Agents 

 Ever since its identifi cation, the epidermal growth 
factor receptor (EGFR) has emerged as a protein 
playing a major role in the development and growth 
of several human malignancies, including lung 
cancer  [  26  ] . Therefore, given its important contri-
bution to multiple tumorigenic processes of lung 
cancer such as cancer cell proliferation, angiogen-
esis, and metastasization, EGFR was undoubtedly 
regarded as a target for the development of anti-
cancer therapies  [  27  ] . More in detail, the EGFR 
family includes four distinct receptors: EGFR/
HER1/erbB-1, HER2/erbB-2, HER3/erbB-3, and 
HER4/erbB-4 (Fig.  4.1 ). Upon ligand binding, 

  Fig. 4.1    The four distinct receptors of the EGFR family. Interestingly, while no ligand has been identifi ed for the HER2 
orphan receptor, no kinase activity has been documented for HER3       
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EGFR undergoes homo- or heterodimerization 
with other receptors of the same family, particu-
larly HER2, with subsequent phosphorylation 
and activation of the intracellular tyrosine kinase 
(TK) domain, recruitment of second messengers, 
and intensifi cation of the anti-apoptotic signal-
ing, mainly via the PI3K/Akt and Ras/Raf/MAPK 
pathways  [  28  ] . Interestingly, no ligand has been 
identifi ed for the HER2 orphan receptor, which 
allows HER2 to be actively involved in EGFR-
mediated signaling through formation of 
heterodimers.  

 The main strategies aimed at inhibiting the 
EGFR pathway include small molecules interfer-
ing with the TK activity of the intracellular 
domain such as EGFR-TK inhibitors (TKIs), or 
agents directed against the extracellular domain 
of the receptor such as anti-EGFR monoclonal 
antibodies. 

   Reversible EGFR-Tyrosine Kinase 
Inhibitors 
 Gefi tinib and erlotinib are selective and revers-
ible EGFR-TKIs that act by blocking the phos-
phorylation of the EGFR-TK domain through 
competition with adenosine triphosphate (ATP) 
for binding at the active site of the receptor itself 
 [  29  ] . Two phase III studies comparing erlotinib 
or gefi tinib to placebo in pretreated NSCLC 
showed a survival improvement for individuals 
receiving the EGFR-TKI  [  30,   31  ]  which, in the 
case of gefi tinib, was statistically signifi cant only 
for patients with certain clinical or biological 
characteristics such as never-smoking history, 
Asian ethnicity, and increased EGFR gene copy 
number as assessed by fl uorescence in situ 
hybridization (FISH)  [  31,   32  ] . However, only one 
study, namely, the BR.21 trial, showed that erlo-
tinib improves OS in a statistically signifi cant 
manner for the whole population (6.7 months vs. 
4.7 months, respectively, HR = 0.70, 95% CI 
0.58–0.85,  P  < 0.001). Therefore, based on these 
data, erlotinib and not gefi tinib was granted 
approval by regulatory agencies (the FDA in 
2004 and the European Medicines Agency in 
2005) for the treatment of chemotherapy-resistant 
advanced NSCLC patients. 

 Importantly, ever since their identifi cation in 
2004, somatic activating kinase mutations in the 

EGFR gene have emerged as the most important 
predictor of response to either gefi tinib or erlo-
tinib (Fig.  4.2 )  [  33–  35  ] , with several retrospec-
tive and prospective studies showing that 
advanced NSCLC patients harboring an activat-
ing EGFR mutation may experience responses in 
up to 90% of cases  [  4  ] . More recently, prospec-
tive studies demonstrated that gefi tinib or erlo-
tinib are associated with a signifi cant improvement 
in terms of overall response rate (ORR) and pro-
gression-free survival (PFS) in EGFR-mutated 
untreated advanced NSCLC patients compared 
with platinum-based chemotherapy, clearly sup-
porting the up-front use of a reversible EGFR-
TKI in the so biologically selected group of 
patients (Table  4.1 )  [  5–  9  ] . Importantly, four of 
these studies tested gefi tinib  [  5–  8  ] , and all but 
one study (EURTAC) were conducted in Asiatic 
patients  [  5–  9,   36  ] . Based on these data, gefi tinib 
was granted marketing authorization by European 
Medicines Agency for the treatment of advanced 
NSCLC patients with sensitizing mutations of 
the EGFR gene across all lines of therapy. 
However, even though no data have been offi -
cially presented yet, Roche has recently 
announced that the EURTAC study was closed 
early after that a planned interim analysis showed 
a statistically signifi cant prolongation of PFS for 
erlotinib compared with platinum-based chemo-
therapy  [  36  ] . Therefore, it is likely that, similar to 
gefi tinib, erlotinib will soon be approved for the 
treatment of EGFR-mutated advanced NSCLC 
patients.   

 Importantly, although EGFR mutations 
appear more frequently in patients with certain 
clinical features (female sex, never-smoking his-
tory, Asian ethnicity, adenocarcinoma histology) 
 [  37  ] , it would be faulty to rule out the possibility 
of an EGFR mutation solely on the basis of clini-
cal characteristics  [  7–  9,   38  ] . However, it cannot 
be entirely ignored that never-smoking history 
and adenocarcinoma histology are the major 
enrichment factors for molecular screening. 
Therefore, in order to render EGFR mutational 
analysis cost-effective, it seems reasonable to 
prioritize EGFR mutation testing to non-
squamous tumors, limiting testing of squamous 
tumors only to patients who refer a never-smok-
ing history  [  39  ] . 
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 Specifi c EGFR-activating mutations are either 
short, in-frame nucleotide deletions, in-frame 
duplications/insertions, or single-nucleotide sub-

stitutions clustered around the ATP-binding 
pocket  [  40  ] . To date, in-frame deletions in exon 
19 (del19) and exon 21 substitution (L858R) 

   Table 4.1    Randomized studies establishing a role for a reversible EGFR-TKI in the treatment of EGFR-mutated 
advanced NSCLC patients   

 Study  EGFR-TKI 
 No. of EGFR 
mutation-positive pts 

 ORR (EGFR-TKI 
vs. chemotherapy) 

 PFS (EGFR-TKI vs. 
chemotherapy) 

 IPASS  [  5  ]   Gefi tinib  261  71.2% vs. 47.3%  HR = 0.48, 95% CI, 0.36–0.64, 
 P  < 0.001 

 First-SIGNAL  [  6  ]   Gefi tinib  42  84.6% vs. 37.5%  8.5 vs. 6.7 months HR = 0.61, 
95% CI, 0.30–1.22,  P  < 0.0849 

 WJTOG3405  [  7  ]   Gefi tinib  177  62.1% vs. 32.2%  9.2 vs. 6.3 months HR = 0.48, 
95% CI, 0.33–0.71,  P  < 0.0001 

 NEJGSG002  [  8  ]   Gefi tinib  228  73.7% vs. 30.7%  10.4 vs. 5.5 months HR = 0.36, 
95% CI, 0.25–0.51,  P  < 0.001 

 OPTIMAL  [  9  ]   Erlotinib  150  82.9% vs. 25%  13.1 vs. 4.6 months HR = 0.16, 
95% CI, 0.10–0.26,  P  < 0.001 

 EURTAC  [  36  ]   Erlotinib  130  NA  NA 

   EGFR-TKI  epidermal growth factor receptor tyrosine kinase inhibitor,  NA  not available,  ORR  overall response rate,  PFS  
progression-free survival,  pts  patients  

  Fig. 4.2    Somatic activating mutations of the EGFR gene 
involve exons 18–21 which encode for the ATP-binding 
site within the intracellular tyrosine kinase domain of the 

receptor. EGFR mutation results into constitutive activation 
of the signaling pathway downstream EGFR, with prefer-
ential involvement of the PI3K/Akt pathway       
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are the best characterized mutations, together 
representing 85–90% of all EGFR mutations in 
NSCLC  [  40  ] . Interestingly, clinical data seem to 
indicate that patients harboring the del19 muta-
tion are more susceptible to the activity of revers-
ible EGFR-TKIs compared to those carrying the 
L858R mutation  [  38,   41  ] . However, the molecu-
lar mechanisms underlying this apparent discrep-
ancy in drug sensitivity between del19 and L858R 
mutations have yet to be elucidated. 

 An interesting area of research has been the 
one searching for the best way to integrate revers-
ible EGFR-TKIs with chemotherapy. The con-
comitant approach has been clearly shown to be 
unsuccessful since four large phase III trials 
failed to demonstrate an improvement in survival 
when a reversible EGFR-TKI was administered 
concomitantly with platinum-based fi rst-line 
chemotherapy  [  42–  45  ] . The INTACT 1 & 2, 
TRIBUTE, and TALENT trials randomly 
assigned more than 4,000 chemonaïve advanced 
NSCLC patients to standard chemotherapy (cis-
platin plus gemcitabine or carboplatin plus pacli-
taxel) vs. the same combination plus gefi tinib 
(INTACT 1 & 2) or erlotinib (TALENT and 
TRIBUTE). However, although no differences in 
survival were observed between the two arms of 
treatment, some benefi t was noted at the end of 
chemotherapy, particularly for never smokers, 
suggesting that a sequential approach could be 
more effective than a concomitant strategy  [  46  ] . 
For this reason, reversible EGFR-TKIs have been 
subsequently tested in a sequential or interca-
lated-with-chemotherapy approach (during che-
motherapy but in the rest periods), based on the 
preclinical evidence that the administration of the 
biological agent after chemotherapy would 
enhance the cytostatic effects deriving from the 
blockade of the EGFR pathway  [  47  ] . Consistently 
with this hypothesis, three recent phase III stud-
ies strongly supported the use of gefi tinib or erlo-
tinib as maintenance treatment when administered 
sequentially after chemotherapy  [  48–  50  ] . The 
West Japan Thoracic Oncology Group randomly 
assigned 604 chemonaïve advanced NSCLCs to 
platinum-based chemotherapy up to 6 cycles vs. 
3 cycles of chemotherapy followed by mainte-
nance gefi tinib until progression  [  48  ] . Although 

the primary end point of survival was not reached, 
median PFS was signifi cantly prolonged in the 
gefi tinib arm (4.6 vs. 4.3 months, HR = 0.68, 95% 
CI 0.57–0.80,  P  < 0.001), with a modest but sta-
tistically signifi cant survival improvement in the 
adenocarcinoma population (15.4 vs. 14.3 
months, HR = 0.65). Another study enrolling 
again Asian patients only, the FASTACT trial, 
randomized advanced NSCLCs to either erlotinib 
intercalated with platinum-based chemotherapy 
and then given sequentially until progression or 
platinum-based chemotherapy alone for a maxi-
mum of 6 cycles  [  49  ] . This trial, besides showing 
again a signifi cant prolongation of PFS in favor 
of the EGFR-TKI arm (29.4 vs. 23.4 weeks, 
HR = 0.47, 95% CI 0.33–0.68,  P  = 0.0002), also 
suggested that this benefi t was largely due to the 
sequential administration of erlotinib rather than 
to the intercalated one since the separation of the 
PFS curves started approximately after 6 months 
of treatment start, namely at a the time when che-
motherapy was stopped in both arms. More 
recently, the SATURN study defi nitively estab-
lished a role for maintenance erlotinib in the 
treatment of advanced NSCLC patients  [  50  ] . In 
the SATURN trial, a total of 889 patients with no 
evidence of disease progression after 4 cycles of 
platinum-based fi rst-line chemotherapy were ran-
domized to either erlotinib 150 mg/d or placebo 
until progression or unacceptable toxicity. The 
study met its primary end point by showing a sig-
nifi cantly longer PFS in favor of maintenance 
erlotinib (12.3 vs. 11.1 weeks, HR = 0.71, 95% CI 
0.62–0.82,  P  < 0.0001). Importantly, a signifi cant 
improvement in PFS was also seen for EGFR 
wild-type tumors (HR = 0.78, 95% CI 0.63–0.96, 
 P  = 0.0185), although, as expected, EGFR muta-
tion-positive patients were those who experi-
enced the greatest PFS benefi t of all (HR = 0.10, 
95% CI 0.04–0.25,  P  < 0.0001). Median OS was 
also signifi cantly increased in the whole popula-
tion (12 vs. 11 months, HR = 0.81, 95% CI 0.70–
0.95,  P  = 0.0088), and it was not reached for the 
subgroup of EGFR mutation-positive patients. 
Notably, a striking 2.3-month difference in OS 
was seen for patients who had stable disease after 
fi rst-line chemotherapy (HR = 0.72, 95% CI 
0.59–0.79,  P  = 0.0019), while there was only a 



98 G. Metro and L. Crinò

0.5-month OS improvement in patients who had 
experienced a previous complete or partial 
response to chemotherapy (HR = 0.94, 95% CI 
0.74–1.20,  P  = 0.618). This fi nding is consistent 
with the fact that patients with advanced NSCLC 
whose tumors remain largely unchanged after 
initial chemotherapy (stable disease) are those 
who progress faster, are more resistant to further 
lines of chemotherapy, and have a poorer progno-
sis compared to patients with a complete or par-
tial response to initial chemotherapy  [  51  ] . 
Therefore, this implies that the “stable disease” 
group would be the one that probably benefi ts the 
most from a maintenance treatment as this patient 
population may not be able and fi t enough to 
receive further lines of treatment once the disease 
has progressed. Based on the results of the 
SATURN trial, erlotinib has gained approval in 
the USA for maintenance treatment of advanced 
NSCLC patients after 4 cycles of standard plati-
num-based fi rst-line chemotherapy and in Europe 
for patients with stable disease after 4 cycles of 
platinum-based fi rst-line chemotherapy.  

   Monoclonal Antibodies Against EGFR: 
Cetuximab 
 Cetuximab is the most widely tested anti-EGFR 
antibody in NSCLC, namely, a human-murine 
chimeric anti-EGFR IgG monoclonal antibody 
that binds to the extracellular domain of EGFR. 
Consistent with the preclinical observation that 
cetuximab may potentiate the antitumor effects of 
chemotherapy  [  52,   53  ] , randomized trials of che-
motherapy with or without cetuximab have chal-
lenged the paradigm of the platinum doublets as 
the gold standard of advanced NSCLC treatment. 
In fact, to date, two large phase III randomized 
trials have suggested a potential benefi t for the 
combination of platinum-based chemotherapy 
with cetuximab (to which we will refer as cetux-
imab-based therapy) over the same chemotherapy 
regimen alone  [  10,   54  ] . The FLEX trial was a 
large phase III study randomly assigning EGFR-
expressing patients to cisplatin-vinorelbine or the 
same regimen plus cetuximab. A total of 1,688 
patients were screened, of which 1,442 (85%) 
were EGFR positive by immunohistochemistry, 
and 1,125 were enrolled into the trial. In this 

study, the addition of cetuximab to chemotherapy 
led to a signifi cant improvement in response rate 
(36% vs. 29%,  P =  0.012) with a signifi cant sur-
vival benefi t (11.3 vs. 10.1 months,  P  = 0.044), 
even though the benefi t in survival was marginal 
(HR = 0.87)  [  10  ] . These results have been con-
fi rmed in another phase III study named BMS099 
randomly assigning 676 chemonaïve advanced 
NSCLC patients to carboplatin plus a taxane 
(paclitaxel or docetaxel) vs. the same chemother-
apy regimen plus cetuximab  [  54  ] . Importantly, 
patients were enrolled into the study regardless of 
EGFR expression in tumor tissue. Although the 
primary end point of PFS was not met (4.4 vs. 4.2 
months,  P  = 0.23), response rate (25% vs. 17%, 
 P  = 0.007) and survival (9.6 vs. 8.3 months) 
favored the cetuximab arm with a reduction in the 
risk of death comparable to that of the FLEX trial 
(HR = 0.89) which, however, was not statistically 
signifi cant ( P  = 0.16). More recently, a meta-anal-
ysis of 2,018 patients from four randomized trials 
(1,003 patients treated with cetuximab plus che-
motherapy and 1,015 patients treated with che-
motherapy alone), which included among others 
also the FLEX and BMS099 studies, showed that 
cetuximab-based therapy is associated with a sig-
nifi cant improvement in objective response rate 
(odds ratio = 1.463, 95% CI 1.201–1.783, 
 P  < 0.001) and reduction in the risk of progression 
(HR = 0.89, 95% CI 0.814–0.993,  P =  0.036) and 
death (HR = 0.87, 95% CI 0.795–0.969,  P =  0.010) 
compared to chemotherapy alone, which was 
present irrespective of the histological subtype of 
the tumor or the type of platinum doublet 
employed  [  55  ] ; however, given the marginal ben-
efi t favoring cetuximab-based therapy, it is evi-
dent that there is a consistent proportion of 
patients not benefi ting at all from cetuximab treat-
ment. Against this background, the identifi cation 
of clinical or biological markers that could pre-
dict sensitivity to cetuximab would be of great 
value for treatment tailoring. In the cetuximab 
arms of both the FLEX and BMS 099 trials, the 
patients who developed an early rash (the main 
side effect of cetuximab) were those who seemed 
to benefi t the most from cetuximab-based ther-
apy, particularly in terms of OS  [  54,   56  ] . More in 
detail, in a prespecifi ed analysis of the FLEX 
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trial, median OS with cetuximab-based therapy 
was 15 months for the 290 patients who devel-
oped an acne-like rash of any grade within the 
fi rst 3 weeks (and were still alive after the fi rst 
cycle) compared to 8.8 months for the 228 patients 
without an acne-like rash ( P  < 0.0001, HR = 0.63) 
 [  56  ] . However, although these data suggest the 
existence of a mechanism linking the anticancer 
activity of cetuximab in patients with advanced 
NSCLC and the early incidence of an acne-like 
rash, it is still not clear what this mechanism 
might be. Therefore, additional studies are needed 
to determine the clinical relevance of this 
observation.

As for tissue biomarkers, the presence of acti-
vating EGFR mutations, a critical factor for 
response to EGFR-TKIs, does not seem to be 
relevant for cetuximab sensitivity  [  57–  59  ] . In 
addition, in contrast to metastatic colorectal 
cancer where the presence of wild-type KRAS 
oncogene is required for the therapeutic effi cacy 
of cetuximab  [  60  ] , in NSCLC the benefi t from 
cetuximab seems to be unrelated to the muta-
tional status of the KRAS oncogene  [  58,   59  ] . 
On the other hand, increased EGFR gene copy 
number as detected by FISH might be associ-
ated with increased sensitivity to cetuximab, as 
suggested by the Southwest Oncology Group 
(SWOG) randomized phase II trial (S0342) 
comparing chemotherapy (carboplatin–pacli-
taxel) plus cetuximab vs. sequential treatment 
(the same chemotherapy followed by cetux-
imab) in untreated advanced NSCLC patients 
 [  61  ] . In this study, in which 106 patients were 
assigned to concurrent treatment and 117 to the 
sequential approach, no difference in response 
rate, PFS and OS was observed. However, 
EGFR FISH-positive patients treated with 
cetuximab experienced a signifi cantly longer 
PFS and OS compared to the EGFR FISH-
negative ones (PFS: 6 vs. 3 months, respectively, 
 P  = 0.0008; OS: 15 vs. 7 months, respectively, 
 P  = 0.04)  [  62  ] . Nevertheless, the value of FISH 
analysis in predicting the benefi t to cetuximab 
treatment still needs prospective validation, 
which is currently matter of investigation of the 
randomized phase III SWOG 0819 study  [  63  ] . 
For this reason, at the present time, no fully reliable 

tissue biomarker exists in clinical practice for 
selecting NSCLC patients candidate to cetux-
imab-based therapy (Table  4.2 ).    

   Antiangiogenic Agents 

 Angiogenesis, namely, the development of new 
vessels from parent blood vessels, is an essential 
stage for the growth and survival of most solid 
tumors, including lung cancer  [  64  ] . A dominant 
process regulating angiogenesis is the interaction 
between the vascular endothelial growth factor 
proteins (VEGFs), particularly VEGF-A (or 
VEGF), and their receptors (VEGFRs). More in 
detail, VEGFRs are specifi cally expressed on the 
surface of endothelial cells and, like VEGFs, are 
regulated by hypoxia  [  65  ] . Three different forms 
of VEGFRs have been identifi ed: VEGFR-1 (Flt-
1) has the highest binding affi nity for VEGF but 
generates relatively little kinase activity; 
VEGFR-2 (KDR or Flk-1) is the isotype mostly 
associated with endothelial cell proliferation and 
chemotaxis; VEGFR-3 (Flt-4) seems to regulate 
lymphangiogenesis  [  66  ] . Because of its pivotal 
role in cancer, disruption of cellular signaling of 
the VEGF/VEGFR pathway represents an attrac-
tive therapeutic target. There are two main ways 
through which the VEGFRs activity can be 
blocked, either by monoclonal antibodies against 
VEGF or VEGFRs or by molecules that inhibit 
the VEGFRs tyrosine kinase activity. 

   Monoclonal Antibodies Against VEGF: 
Bevacizumab 
 The recombinant humanized monoclonal anti-
body against VEGF named bevacizumab was 
the fi rst angiogenesis inhibitor to demonstrate 

   Table 4.2    Clinical and/or biological markers investi-
gated as potential predictors of improved OS on cetux-
imab-based therapy   

 Clinical and biological marker 
 Predictivity for 
improved OS 

 First-cycle rash  ++ 
 Increased EGFR gene copy number  +/− 
 EGFR mutation  − 
 Wild-type KRAS  − 
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effi cacy in solid tumors  [  67  ] . In NSCLC, a 
randomized phase II trial of chemonaïve patients 
treated with standard platinum-based chemother-
apy plus placebo or bevacizumab (at either 
7.5 mg/kg or 15 mg/kg) demonstrated a higher 
ORR and longer PFS and OS in favor of the 
higher dose of bevacizumab compared with the 
placebo arm  [  68  ] . Importantly, patients with 
squamous cell histology as well as those with 
tumor cavitation and disease location close to 
major blood vessels were found to be at higher 
risk for fatal tumor-related bleeding events. Based 
on these fi ndings, the Eastern Cooperative 
Oncology Group (ECOG) conducted a large 
phase III trial (E4599) comparing a standard plat-
inum-based doublet consisting of carboplatin–
paclitaxel with the same regimen plus 
bevacizumab at the dose of 15 mg/kg in 878 
untreated advanced NSCLC patients (Table  4.3 ) 
 [  11  ] . To reduce the risk of side effects, the study 
excluded patients with squamous histology, gross 
hemoptysis, or brain metastases. Importantly, in 
this trial, the addition of bevacizumab to standard 
chemotherapy resulted into superiority of all 
clinical variables vs. chemotherapy alone, includ-
ing OS ( P  = 0.003, HR = 0.79). Therefore, the 
E4599 trial was a cornerstone study in the treat-
ment of advanced NSCLC because for the fi rst 
time by combining a biological agent to chemo-
therapy, median survival exceeded 1 year (12.3 
vs. 10.3 months in favor of bevacizumab plus 
chemotherapy). More recently, another large 
phase III trial conducted in Europe (AVAiL) ran-
domly assigned untreated NSCLC patients to 
cisplatin–gemcitabine or the same regimen plus 
two different doses of bevacizumab (7.5 and 
15 mg/kg) (Table  4.3 )  [  12,   69  ] . Again, the AVAiL 
study excluded patients with squamous histology, 
gross hemoptysis, brain metastases as well as 
tumor invading major blood vessels, and patients 
with uncontrolled hypertension. Although the 
primary end point of the study was reached in 
that a signifi cant improvement in PFS was shown 
for patients receiving bevacizumab, no benefi t in 
survival was observed for the bevacizumab arms. 
More in detail, PFS was 6.1 months in the cispla-
tin–gemcitabine arm vs. 6.7 and 6.5 months in 
the bevacizumab 7.5 mg/kg ( P  = 0.0003) and 

15 mg/kg arms ( P  = 0.045)  [  12  ] . On the other 
hand, median survival was 13.1 vs. 13.6 
(HR = 0.93) and 13.4 months (HR = 1.03) for the 
chemotherapy alone, bevacizumab 7.5 mg/kg, 
and bevacizumab 15 mg/kg arms, respectively 
 [  69  ] . Although a confounding effect of second- 
and third-line therapies could explain the lack of 
survival benefi t in favor of bevacizumab in the 
AVAiL trial, it is not possible to exclude that cis-
platin–gemcitabine might not the best regimen 
with which bevacizumab should be combined. At 
the present time, current data suggest that carbo-
platin–paclitaxel is the preferable regimen to be 
used in combination with bevacizumab at the 
dose of 15 mg/kg. In addition, the use of bevaci-
zumab in combination with a paclitaxel-contain-
ing regimen is supported by the preclinical 
evidence of synergism of this combination based 
on the fact that paclitaxel induces a mobilization 
spike in bone marrow-derived circulating 
endothelial progenitor cells which is prevented 
by the co-administration of an antiangiogenic 
agent  [  70  ] . Accordingly, a single-arm, multi-
center, international trial evaluating the safety 
and effi cacy of bevacizumab in combination with 
a range of chemotherapy regimens in over 2,000 
patients (SAiL) showed that bevacizumab in 
combination with a taxane can yield a median 
PFS and OS as high as 8.3 and 15.5 months, 
respectively  [  71  ] . However, the results of the 
SAiL study were important in that they confi rmed 
in a “real-life” population that bevacizumab plus 
chemotherapy is associated with a well-estab-
lished and manageable safety profi le (Fig.  4.3 ). 
At the moment, bevacizumab is the only antian-
giogenic agent available for the treatment of non-
squamous NSCLC based on improved survival 
shown in randomized trials in combination with 
platinum-based chemotherapy  [  11,   72  ] , and either 
European guidelines or US NCI guidelines rec-
ommend the inclusion of bevacizumab in fi rst-
line chemotherapy regimens in selected patients 
with stage IV nonsquamous NSCLC  [  73,   74  ] .   

 However, there are several pending issues 
about the use of bevacizumab in advanced 
NSCLC not only limited to the optimal dosage to 
employ or to which chemotherapy regimen 
should be used in combination. Other unresolved 
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issues include the duration of bevacizumab treat-
ment and patient selection according to criteria 
other than histology. With regard to the fi rst issue, 
current evidence suggests that bevacizumab 
should be administered until disease progression 
as it was in the E4599 and AVAiL trials. 
Interestingly, such a conduct is also supported by 
the preclinical evidence that early withdrawal of 
anti-VEGF therapy results into rapid vessel 
regrowth, thus corroborating the fact that bevaci-
zumab should be given at least until disease 
progression in clinical practice  [  75  ] . On the other 
hand, current clinical research is focusing on 
trying to identify clinical and/or biological mark-
ers of bevacizumab effi cacy. Although the devel-
opment of hypertension during treatment with 
bevacizumab plus chemotherapy might be asso-
ciated with improved clinical outcome  [  76  ] , to 
date, no biological marker useful for selecting 
patients candidate to bevacizumab treatment has 
been identifi ed. Finally, ongoing clinical trials 
are investigating prospectively the effi cacy and 
safety of bevacizumab in patients previously 

excluded from large phase III trials, particularly 
individuals with brain metastases and squamous 
cell histology  [  4  ] .    

   Targeted Therapies Under Clinical 
Development 

   Targeting Anaplastic Lymphoma Kinase 
in Lung Cancer: Crizotinib 

 Chromosomal rearrangements involving the 
tyrosine kinase ALK occur in a variety of human 
malignancies including NSCLC  [  77  ] . First 
discovered in 2007  [  78  ] , the echinoderm micro-
tubule-associated protein-like 4 (EML4)-ALK 
fusion oncogene derives from an inversion on the 
short arm of chromosome 2 that joins exons 1–13 
of EML4 to exons 20–29 of ALK. This fusion 
oncogene results into ligand-independent 
dimerization of ALK, leading to “oncogene 
addiction” through constitutive activation of 
kinase activity (reviewed in  [  77  ] ). The preclinical 

  Fig. 4.3    Adverse events of special interest  ³  grade 3 in phase III and IV trials of bevacizumab plus chemotherapy       
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evidence showing that small molecules inhibiting 
ALK could effectively block the growth of 
NSCLC cell lines harboring the EML4-ALK 
translocation via downregulation of the Ras/Mek/
Erk and PI3K/Akt signaling pathways  [  79  ]  as 
well as induce tumor regression in EML4-ALK-
positive transgenic mice  [  80  ] , prompted the rapid 
validation of ALK as a therapeutic target in ALK-
rearranged NSCLC patients. Notably, in NSCLC 
patients, the EML4-ALK fusion oncogene is 
usually associated with peculiar clinical and/or 
pathological characteristics such as young age of 
tumor onset, never- or light-smoking history, and 
adenocarcinoma histology, particularly of the 
signet ring cell type  [  77  ] . Therefore, while in the 
overall population the frequency of this genetic 
alteration is generally low (approximately 3%), it 
can be detected with higher frequency in patients 
selected on the basis of the above mentioned 
characteristics, being present in 35–45% of adeno-
carcinoma patients with a never- or light-smoking 
history without an EGFR mutation  [  81,   82  ] . 

 Crizotinib (PF02341066), a small molecule 
TKI targeting both ALK and the MET receptor 
(the latter being encoded by the MET proto-
oncogene), is the fi rst ALK-targeted therapy that 
has been tested for the treatment of patients with 
advanced NSCLC selected on the basis of the 
positivity for the EML4-ALK fusion oncogene 
 [  83,   84  ] . A phase I study investigating crizotinib 
in 113 EML4-ALK-positive patients (as assessed 
by FISH analysis) reported an ORR of 56% 
among the 105 evaluable patients with a median 
PFS of 9.2 months for the whole study popula-
tion  [  83,   84  ] . These outstanding results, which 
came without relevant drug-related toxicity, were 
even more remarkable considering that 93% of 
patients had received one or more lines of therapy 
and 30% had received more than 3 prior lines. 
Notably, response was independent of the num-
ber of prior treatments, gender, age, and Eastern 
Cooperative Oncology Group performance sta-
tus. On this basis, an ongoing phase III study 
(PROFILE 1007) is comparing standard second-
line chemotherapy vs. crizotinib in EML4-ALK-
positive advanced NSCLC pretreated with one 
line of platinum-based therapy  [  85  ]  (Table  4.4 ). 
Another trial (PROFILE 1005) is a single-arm 

phase II study whose eligible patients include 
those who received standard chemotherapy on 
PROFILE 1007 and discontinued treatment due 
to disease progression, thus serving as a mecha-
nism by which PROFILE 1007 patients can cross 
over into the crizotinib arm (Table  4.4 )  [  86  ] . 
Finally, a study is comparing crizotinib vs. stan-
dard fi rst-line chemotherapy in EML4-ALK-
positive patients with adenocarcinoma histology 
(Table  4.4 )  [  87  ] . Importantly, recent sequencing 
of the ALK-TK domain has revealed the pres-
ence of two de novo mutations each of which 
confers resistance to treatment with crizotinib, 
thus opening a new scenario for the clinical 
development of agents with the potential of over-
coming such mechanisms of resistance  [  88  ] .   

   Overcoming Resistance to Reversible 
EGFR-TKIs 

 Unfortunately, approximately 20–30% of all 
EGFR-mutated patients do not respond to a 
reversible EGFR-TKI  [  5–  9,   38  ] . Moreover, virtu-
ally all EGFR-mutated patients who initially ben-
efi t from gefi tinib or erlotinib eventually develop 
progressive disease, usually after a median 14 
months since treatment initiation  [  89  ] . Against 
this background, the identifi cation of the molecu-
lar mechanisms that underlie either primary or 
acquired resistance to reversible EGFR-TKIs is of 
crucial importance to prevent, delay, or overcome 
resistance to treatment. To date, a few mecha-
nisms of resistance to reversible EGFR-TKIs have 
been identifi ed. Preclinically, primary resistance 
has been associated with in-frame insertion muta-
tions in exon 20  [  90  ] . Consistent with these data, 
most patients with tumors harboring exon 20 
insertions have been shown to be resistant to gefi -
tinib  [  91  ] . As for acquired resistance, in approxi-
mately 50% of patients resistance this can be 
attributed to the occurrence of a secondary T790M 
missense mutation in exon 20 of the EGFR kinase 
domain  [  92–  94  ] . However, recent evidence sug-
gests that the T790M mutation be involved also in 
primary resistance, becoming evident during 
exposure to reversible EGFR-TKIs as a result of 
evolutionary selection of clones of tumor cells 
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with a preexisting T790M mutation  [  95  ] . More 
recently, two other less common secondary muta-
tions have been identifi ed as “de novo” alterations 
in patients with acquired resistance to reversible 
EGFR-TKIs, namely, the D761Y (exon 19) and 
T854A (exon 21) mutations  [  94,   96  ] . In addition, 
another mechanism of acquired resistance to 
EGFR-TKIs has been described by Engelman 
et al.  [  97  ] . They isolated gefi tinib-resistant clones 
from HCC827 lung cancer cells harboring EGFR-
activating mutations and found that resistant cells 
maintained HER3- and Akt-mediated signaling 
activation in presence of gefi tinib owing to focal 
amplifi cation of the MET proto-oncogene 
(Fig.  4.4 ). Importantly, inhibition of MET signal-
ing in these cells was able to restore sensitivity to 
gefi tinib or erlotinib, indicating that the concomi-
tant use of an EGFR-TKI with a MET inhibitor 
could potentially revert resistance to gefi tinib or 

erlotinib. In addition, studies on NSCLC speci-
mens obtained from human material found that 
MET amplifi cation occurs in about 20% of EGFR-
mutated patients with acquired resistance to 
EGFR-TKIs  [  97,   98  ] . In contrast, the same phe-
nomenon occurs in 3–7.2% NSCLCs not treated 
with TKIs, thus confi rming that also MET could 
be a relevant therapeutic target for some individu-
als with primary resistance to EGFR-TKIs  [  98, 
  99  ] . Occasionally, resistant tumors with MET 
amplifi cation may have a concurrent secondary 
T790M mutation  [  98,   100  ] .  

   Irreversible EGFR-TKIs: The Emerging 
Role of Afatinib 
 Currently, no approved therapy exists for 
advanced NSCLC patients who fail chemother-
apy and progress after benefi ting from a revers-
ible EGFR-TKI  [  101  ] . Although some patients 

  Fig. 4.4    The MET receptor signals through the HER3-
mediated activation of the PI3K/Akt pathway and can 
therefore bypass EGFR. Here are also shown the thera-

peutic strategies under investigation in order to inhibit the 
signaling network derived from the interaction between 
the MET receptor and its ligand, namely, HGF       
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might keep deriving benefi t from continued 
EGFR inhibition with gefi tinib or erlotinib  [  102  ] , 
the clinical value of such a conduct remains ques-
tionable  [  103  ] . 

 Irreversible inhibition of the EGFR-TK 
domain has the theoretical potential to overcome 
resistance to gefi tinib or erlotinib by forming a 
permanent covalent attachment to the intracellu-
lar domain of EGFR (reviewed in  [  104  ] ). In fact, 
upon irreversible inhibition, EGFR functioning 
can resume only through the synthesis of a new 
receptor protein. On this basis, several irrevers-
ible EGFR-TKIs are under development for clini-
cal use in the treatment of advanced NSCLC, the 
majority of which target simultaneously multiple 
receptors of the EGFR family. Among them, the 
dual EGFR/HER2 inhibitor afatinib (BIBW 
2992) seems to be one of the most appealing 
drugs, based on the preclinical activity shown not 
only in NSCLC cell lines harboring the gefi tinib- 
or erlotinib-resistant T790M mutation but also on 
the effectiveness demonstrated in xenograft mod-
els with the EGFR L858R/T790M double-mutant 
tumors, including a murine lung tumor with a 
“de novo” EGFR L858R/T790M-driven lung 
cancer  [  105  ] . Notably, afatinib was also found to 
be active in NSCLC cell lines expressing the sec-
ondary resistance mutation T854A  [  96  ] . 
Collectively, these preclinical data strongly sug-
gest that afatinib may overcome acquired resis-
tance to reversible EGFR-TKIs. Consistent with 
this preclinical evidence, afatinib has been 
recently shown to improve signifi cantly ORR, 
PFS, and quality of life compared with placebo in 
a phase III trial (LUX-Lung 1) of biologically 
unselected patients with advanced adenocarci-
noma of the lung who had progressed after  £ 2 
lines of chemotherapy (including one platinum-
based regimen) and  ³ 12 weeks of treatment with 
gefi tinib or erlotinib  [  106,   107  ] . Of note, by 
restricting the analysis only to the patients who 
harbored clinical features highly associated with 
sensitivity to reversible EGFR-TKIs (duration of 
prior treatment with gefi tinib or erlotinib  ³ 48 
weeks and complete or partial response on prior 
gefi tinib or erlotinib), a striking 3.4-month differ-
ence in PFS in favor of afatinib was seen over 
placebo (4.4 months vs. 1.0 month, respectively, 

HR = 0.28), which is in line with the hypothesis 
that afatinib may overcome clinically acquired 
resistance to EGFR-TKIs. 

 Intriguingly, afatinib-mediated irreversible 
blockade of EGFR could not only overcome but 
also prevent/delay the onset of acquired resis-
tance in EGFR-mutated NSCLC patients since 
preclinical evidence suggests that acquired resis-
tance develops at a lower frequency with irrevers-
ible EGFR-TKIs than with reversible agents 
 [  108  ] . To this regard, afatinib showed greater 
potency than gefi tinib or erlotinib in reducing 
survival of NSCLC cell lines harboring wild-type 
EGFR and the activating L858R mutation  [  105  ] . 
Consistently, a phase II trial (LUX-Lung 2) of 
afatinib given as fi rst-line treatment of patients 
with EGFR-mutated advanced NSCLC showed 
median PFS and OS of 14 and 24 months  [  109  ] , 
respectively, which are among the best outcome 
results when compared with similar studies 
employing reversible EGFR-TKIs (Table  4.5 ) 
 [  110–  120  ] , thus suggesting that afatinib provides 
a very prolonged inhibition of the EGFR target.   

   MET Inhibitors 
 MET inhibitors represent another class of drugs 
under active clinical development for the treat-
ment of NSCLC, particularly for patients with 
acquired resistance to EGFR-TKIs. There are 
several ways to inhibit the MET signaling path-
way, including anti-MET antibodies, inactivation 
of the MET ligand, namely, the hepatocyte 
growth factor (HGF), or inhibition of MET 
tyrosine kinase activity (Fig.  4.4 ) (reviewed in 
 [  121  ] ). Importantly, because MET amplifi cation 
and T790M mutation often occur in the same 
patient, probably the best strategy is to combine 
an EGFR-TKI with an MET inhibitor. 
Accordingly, a recent randomized phase II study 
of pretreated, EGFR-TKI-naïve advanced 
NSCLC patients showed that the combination of 
ARQ-197, a MET-TKI, with erlotinib can pro-
long signifi cantly PFS over erlotinib plus pla-
cebo, thus emerging as a novel mechanism with 
the potential of preventing/delaying the onset of 
resistance to treatment with a reversible EGFR-
TKI  [  122  ] . Similarly, another randomized phase 
II study of advanced NSCLC patients showed 
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that the addition of MET-mAb, an anti-MET 
monoclonal antibody, to erlotinib can improve 
PFS and OS compared to erlotinib plus placebo 
only in patients with high immunohistochemical 
expression of the MET receptor  [  123  ] . Such a 
fi nding, which was the result of a prespecifi ed 
analysis, reinforces the importance of patient 
selection for a given targeted therapy to show 
clinical effi cacy.   

   Antiangiogenic Therapy Beyond 
Bevacizumab: Multitargeted Kinase 
Inhibitors 

 Several multitargeted kinase inhibitors are being 
or have been evaluated for the treatment of 
advanced NSCLC almost inevitably with disap-
pointing results in terms of effi cacy. Vandetanib 
is a multitargeted inhibitor of VEGFR-2 and -3, 
EGFR, and RET kinases. This drug was devel-
oped based on the assumption that dual EGFR/
VEGFRs inhibition would prove more benefi cial 
than blocking a single pathway  [  124  ] . In phase I 
and multiple randomized phase II studies, vande-
tanib was established as a promising novel tar-
geted agent for the treatment of patients with 
advanced NSCLC, also supporting its potential 
role when administered in combination with 

chemotherapy  [  125  ] . Recently, the results of three 
phase III studies investigating vandetanib in 
advanced NSCLC have been published  [  126–  128  ] . 
The ZODIAC and ZEAL trials investigated 
whether the addition of vandetanib to single-
agent chemotherapy would improve the effi cacy 
of docetaxel or pemetrexed, respectively, in pre-
treated patients  [  126,   127  ] . Importantly, both 
trials showed that the addition of vandetanib to 
chemotherapy provides only a modest improve-
ment in ORR and PFS compared with chemo-
therapy, although PFS prolongation reached 
statistical signifi cance only in the ZODIAC study 
 [  126  ] . The third phase III study (ZEST) com-
pared vandetanib with erlotinib in pretreated 
advanced NSCLCs  [  128  ] . This study did not meet 
the primary end point of demonstrating a statisti-
cally signifi cant prolongation of PFS for the van-
detanib arm. However, vandetanib and erlotinib 
showed equivalent effi cacy in terms of PFS and 
survival in a preplanned noninferiority analysis. 
Nevertheless, taken together, although these 
data show that vandetanib may potentiate the 
effi cacy of chemotherapy, it is not clear which 
subgroup of NSCLC patients may benefi t the 
most from vandetanib treatment. Therefore, 
future studies should better address the issue of 
patient selection possibly searching for bio-
markers of effi cacy. 

   Table 4.5    Prospective single-arm studies evaluating an EGFR-TKI for the treatment of EGFR-mutated advanced 
NSCLC (modifi ed from Cappuzzo)   

 Reference  #  Line  Drug  PFS (months)  OS (months) 

 LUX-Lung 2  [  109  ]   129  I/II  Afatinib  14.0  24.0 

 Rosell  [  38  ]   217  I/II  Erlotinib  14  27 

 Asahina  [  110  ]   16  I  Gefi tinib  8.9  Not reached 

 Inoue  [  111  ]   30  I  Gefi tinib  6.5  17.8 

 Inoue  [  112  ]   16  I  Gefi tinib  9.7  Not reported 

 Sequist  [  113  ]   34  I  Gefi tinib  9.2  17.5 

 Yang  [  114  ]   55  I  Gefi tinib  8  24 

 Sugio  [  115  ]   20  I/II  Gefi tinib  7.1  20 

 Sunaga  [  116  ]   21  I/II  Gefi tinib  12.9  Not reached 

 Sutani  [  117  ]   38  I/II  Gefi tinib  9.4  15.4 

 Yoshida  [  118  ]   27  I/II  Gefi tinib  7.7  Not reached 

 Han  [  119  ]   17  I/II+  Gefi tinib  21.7  30.5 

 Tamura  [  120  ]   28  I/II/III  Gefi tinib  11.5  Not reached 

   OS  overall survival,  PFS  progression-free survival  
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 Sorafenib is a small molecule inhibiting 
several members of the receptor tyrosine kinase 
(RTK) family, particularly aiming at VEGFR-2, 
raf-kinases, PDGF- b , and c-KIT. Sorafenib was 
tested as monotherapy in chemonaïve advanced 
NSCLC patients where it showed an activity of 
12% with a disease control rate of 36%  [  129  ] . In 
another phase II trial of previously treated 
NSCLCs, sorafenib demonstrated a more limited 
activity  [  130  ] . However, although no responses 
were observed, 59% of patients achieved dis-
ease stabilization  [  130  ] . Unfortunately, a recent 
phase III study (ESCAPE) testing carboplatin–
paclitaxel with or without sorafenib as fi rst-line 
treatment of advanced NSCLC suffered from 
early closure after the independent Data 
Monitoring Committee concluded that the study 
would not meet its primary end point of improved 
OS for the sorafenib arm  [  131  ] . The reason for 
this failure is likely to ascribe to the greater 
mortality registered in the sorafenib arm which 

apparently could not be explained by an increase 
in sorafenib-related adverse events. 

 To conclude, neoangiogenesis remains a 
potential relevant target in the treatment of 
advanced NSCLC, but the inconclusive results of 
multitargeted TKIs, the lack of biomarker selec-
tion, and the consistent benefi t only in the bevaci-
zumab prospective trials represent a strong 
limitation and a relevant concern in translating 
antiangiogenic therapy in the general clinical 
practice of advanced NSCLC.   

   Non-small-Cell Lung Cancer 
in Never Smokers 

 About 20% of lung cancer cases worldwide are 
not attributable to tobacco smoking as they arise 
in never smokers (<100 cigarettes in a lifetime), 
where lung cancer often shows peculiar clinico-
pathological features (Fig.  4.5 ) (reviewed in  [  132  ] ). 

  Fig. 4.5    ( a ) Epidemiologic data show that lung cancer 
arising in never smokers is among the top ten causes of 
cancer-related deaths in both sexes worldwide. ( b ) Lung 
cancer in never smokers occurs more frequently in women 
than men, regardless of geography. However, the proportion 
of female lung cancer cases is particularly high in East and 
South Asia. ( c ) Lung cancer in never smokers originates 

predominantly in distal airways, the most common histology 
being adenocarcinoma. ( d ) Lung cancer in never smokers 
has a different pattern of molecular alterations compared 
with lung cancer arising in smokers. For instance, EGFR 
mutations are more frequently found in adenocarcinomas 
arising in never smokers, whereas KRAS mutations are 
detected more often in lung cancer arising in smokers       
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Ever since never-smoking status was found to be 
the strongest clinical predictor of treatment sensi-
tivity in early clinical studies of reversible EGFR-
TKIs  [  30,   31  ] , it became evident that lung cancer 
arising in never smokers may represent a distinct 
disease entity to whose pathogenesis contribute 
multiple factors other than smoking, including 
environmental, hormonal, viral, and genetic ones. 
More in detail, with regard to genetic factors, it is 
now clear that the likelihood of a tumor to harbor 
a somatic mutation in exons 18–21 of the EGFR 
gene is inversely proportional to smoking expo-
sure  [  133  ]  and that, besides activating EGFR 
mutations, several other TK mutations are 
detected in lung cancer from never smokers at 
higher frequencies compared with lung cancer in 
smokers, such as EML4-ALK fusions and HER2 
insertions  [  134,   135  ] . This, in turn, may render 
this disease largely susceptible of being treated 
successfully with targeted therapies aimed at the 
oncogenic mutant kinase responsible for a given 
disease process. On the whole, these data strongly 
suggest that lung cancer arising in never smokers 
is a disease distinct from the more common 
tobacco-associated forms of lung cancer. 
However, further efforts are needed in order to 
fully recognize the diverse molecular alterations 
underlying this condition before the armamen-
tarium of targeted therapies aimed at this disease 
entity can be implemented.   

   Conclusions and Future Perspectives 

 NSCLC is a heterogeneous tumor whose growth 
depends on the dysregulation of multiple signal-
ing pathways. The introduction in the clinic of 
several biological therapies, each one targeting 
specifi c key cancer molecular profi les, represents 
a major step forward in the treatment of this dis-
ease. Also, it is now clear that not all targeted 
therapies are the same, which is best exemplifi ed 
by the fact that their use in combination with 
standard chemotherapy has not always led to an 
improvement in clinical outcome. On the other 
hand, in the next future, it can be anticipated that 
tumor heterogeneity could be best targeted 
through simultaneous biological blockade of 

multiple dysregulated pathways. However, above 
all, the identifi cation of patients who will benefi t 
from such treatment used either alone or in com-
bination regimens would allow physicians to 
deliver effective treatments to sensitive patients 
while preventing others from suffering the side 
effects of inactive drugs. In addition, biomarkers 
of response to certain biological agents may 
differ according to the type of malignancy. For 
instance, in colorectal cancer, the presence of 
wild-type KRAS was found to be a strong predic-
tor of sensitivity to cetuximab  [  60  ] . In contrast, 
wild-type KRAS does not appear to have the 
same predictive value in NSCLC  [  58,   59  ] . For 
this reason, ongoing trials of targeted therapies 
are being often designed in an attempt to eluci-
date what biomarkers could best predict sensitiv-
ity to treatment. To this regard, the lesson learned 
from reversible EGFR-TKIs may represent a 
proof of concept. In fact, after the accumulation 
of clinical data showing that the presence of 
somatic activating EGFR mutations in the tumor 
were able to select a population with high likeli-
hood of benefi ting from such agents, phase III 
trials have been conducted in order to validate 
successfully this biomarker in a prospective man-
ner  [  5–  9,   36  ] . If rationally designed, future trials 
in NSCLC will keep contributing to a better 
understanding of the role of targeted therapies 
with regard to optimal dose, schedule, combina-
tion strategies, and above all, patient selection.      
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   Epidemiology, Pathogenesis, 
and Classifi cation 

 Non-Hodgkin’s lymphomas (NHLs) are a group 
of malignancies that arise from mature T or B 
lymphocytes in the lymphoid tissue, which 
includes the lymph nodes, spleen, and other 
organs of the immune system. NHL is the fi fth 
most common cancer in the USA, with an increas-
ing incidence in the past three decades  [  1  ] . In the 
Western world, about 45 new cases of lymphoma 
are diagnosed per 100,000 people per year  [  2  ] , 
with an even higher incidence in elderly people. 
The age-adjusted incidence of NHL rose by more 
than 79% from 1975 to 2005, representing an 
average annual percentage increase of about 
2.6%, one of the highest registered. The reasons 
for this increase are not certain, and there are 
probably multiple causes, including human 
immunodefi ciency virus (HIV) infection or 
acquired immune defi ciency syndrome (AIDS) 
and the massive introduction of herbicides and 
pesticides containing organochlorine, organo-
phosphate, and phenoxy acid, all compounds that 
are linked to lymphoma. Exposure to certain 

viruses and bacteria, such as Epstein–Barr virus 
(EBV) and  Helicobacter pylori , is associated 
with NHL. Furthermore, inherited syndromes, 
such as Sjögren and Klinefelter syndromes, can 
predispose individuals to the later development 
of NHL. The concept of predisposition genes is 
under study to determine if they play a role in the 
sporadic occurrence of NHL in otherwise healthy 
individuals. 

 About 85% of NHL is of B-cell origin, the rest 
are T-cell or natural killer (NK) cell malignan-
cies. Exciting progress has been made in the past 
20 years to elucidate the cellular origin of human 
B-cell lymphomas and the identifi cation of key 
transforming events, in particular the role of 
chromosomal translocations in lymphoma patho-
genesis. B-cell development in the bone marrow 
(BM) takes place in distinct differentiation steps 
that are defi ned by a specifi c structure of the 
B-cell receptor (BCR). BCR development occurs 
via an “error-prone” process involving double-
strand DNA breaks and the combinatorial rear-
rangement of the V, D, and J gene segments in the 
heavy (H) immunoglobulin (Ig) chain locus and 
the V and J gene segments in the light (L) Ig chain 
loci  [  3  ]  (Fig.  5.1 ).  

 Mature (naïve) B cells carry a BCR composed 
of two identical heavy chains and two identical 
light-chain Ig polypeptides that are covalently 
linked by disulfi de bridges  [  4  ] . Antigen recogni-
tion by naïve B cells, in conjunction with signals 
from T cells, favors their recruitment into secondary 
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lymphoid follicles where they undergo the germi-
nal-center (GC) reaction. Thanks to the expression 
and activity of activation-induced cytidine deami-
nase (AID) enzyme, these cells undergo somatic 
hypermutation of VH genes, which create a popu-
lation of B cells with increased (or decreased) 
affi nity for a particular antigen, and class-switch 
recombination at the IgH locus, which changes 
the IgH class from IgM to IgG, IgA, or IgE. These 
processes typically happen in the dark zone of the 
GC, where B cells, stimulated by the surrounding 
antigen-specifi c T cells and antigen-bearing folli-
cular dendritic cells (DCs), start to rapidly divide, 
becoming centroblasts. Even though centroblasts 
block the DNA damage response evoked by AID-
dependent mutations and DNA breaks, they are 
usually prone to cell death due to their unique 
regulatory network. These cells periodically enter 

the light zone of the GC, where, as non-dividing 
centrocytes, they start to assay their capability 
to recognize the antigens that are presented by 
follicular DCs. The concomitant CD40 
co-stimulation by T helper cells favors the transi-
tion of centrocytes to proliferating centroblast 
until B cells with high BCR-antigenic epitope 
affi nity are positively selected  [  5  ]  (Fig.  5.2 ). As a 
result, the most suitable B-cell clone(s), able to 
specifi cally clear pathogens and protect the host 
tissues, are preferentially expanded  [  6  ] . These 
genetic modifi cations are essential for a normal 
immune response, but they are also a source of 
DNA damage that can predispose to lymphomas.  

 A huge amount of tightly controlled transcrip-
tion factors are involved in the B-cell activation/
differentiation process in the GC. A key regulator 
of GC reaction is BCL-6 that represses many 

  Fig. 5.1    Molecular processes that remodel immunoglob-
ulin genes. Immunoglobulins (Igs) are expressed exclu-
sively by B cells, after rearrangement of variable (V) 
regions, which interact with antigen, and constant (C) 
regions, which mediate their effector functions. (A) “V(D)
J recombination” happen in the V regions of both heavy- 
(H) and light-chain (not shown) genes. About 50 func-
tional VH gene segments, 27 DH segments, and 6 JH 
segments are available in the germline, allowing the gen-
eration of a diverse repertoire of VH gene rearrangements. 
The diversity is further increased by the addition or 

removal of nucleotides at the joining sites of the gene seg-
ments. The process of somatic hypermutation is activated 
when B cells reach the germinal center (GC, shown in 
more details in Fig.  5.2 ) and leads to the introduction of 
point mutations, deletions, or duplications in the rear-
ranged V region of Ig genes (“X” in the fi gure). Class 
switching leads to the replacement of the IgM (C m ) and 
IgD (C d ) C-region gene segments with the IgG (C g 1) ones 
by recombination at the switch regions (S m  and S g 1) and 
gives rise to an Ig with different effector functions but the 
same antigen-binding domain       
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genes responsible for cell death, response to DNA 
damage, and plasma cell differentiation  [  7  ] . To 
differentiate into plasma cells, indeed, GC B 
lymphocytes need to upregulate interferon regu-
latory factor 4 (IRF4), a transcription factor that 
increases the expression of the BCL6 repressor 
Blimp-1, thus promoting terminal differentiation 
 [  8,   9  ] . 

 B-cell malignancies can arise at each of these 
steps during B-cell differentiation. Therefore, the 
structure of BCR, the expression patterns of dif-
ferentiation markers, and the specifi c tissue local-
ization of a neoplastic clone serve to defi ne the 
origin and the subtype of human B-cell lympho-
mas  [  10–  12  ]  (Fig.  5.3 ). In addition, carrying the 
same BCR on the surface, B-cell NHLs are dis-
tinguished by the unique antigenic determinants 
of BCR hypervariable regions, termed idiotype 
(Id), which represent one among few tumor- 
specifi c antigens identifi ed until now.  

 According to these features, the World Health 
Organization (WHO) classifi cation has identifi ed 
12 subtypes of B-cell NHL  [  13  ] , which are listed 
in Table  5.1 . Follicular lymphoma (FL) and dif-
fuse large B-cell lymphoma (DLBCL) are the 

two most prevalent NHL subtypes and together 
account for about 50% of cases. Reciprocal 
chromosomal translocations involving one of the 
Ig loci and a proto-oncogene constitute the hall-
mark, and thus a diagnostic marker, of many 
types of B-cell lymphoma  [  14,   15  ]  (Table  5.1 ). 
Indeed, translocations involve cyclin D1 in man-
tle cell lymphoma (MCL), B-cell lymphoma 2 
(BCL-2) in FL, BCL-6 in DLBCL, c-myc in 
Burkitt’s lymphoma, and PAX5 in 
lymphoplasmacytoid lymphoma. Mutations in 
tumor-suppressor genes (such as TP53 and the 
gene encoding I  k  B  a  ), genomic amplifi cations 
(such as REL), and translocations not involving 
Ig loci (API2–MALT1) have also been implicated 
in the pathogenesis of B-cell lymphomas 
(Table  5.1 ). Such genetic alterations can result 
(1) as mistakes occurring during Ig V(D)J gene 
segment recombination in early B-cell develop-
ment in the BM  [  16  ] , (2) as by-products of the 
somatic hypermutation process  [  17  ] , and (3) 
 during class-switch recombination in the GC. 
The last two processes are typical features of 
B-cell development and occur exclusively in the 
GC  [  18  ] , partly explaining why B cells are more 

  Fig. 5.2    B-cell development. Naïve antigen-activated B 
cells that receive “helper” signals are driven into B-cell 
follicles in secondary lymphoid organs, such as lymph 
nodes, where they establish germinal centers (GC). 
Proliferating GC B cells displaced the naive IgM+IgD+ B 
cells to the outside of the follicle, where they form a man-
tle zone ( dotted ). Within GC, a  dark zone , with proliferat-
ing GC B cells ( dark gray ), and a  light zone , containing 
resting GC B cells ( light gray ), can be distinguished ( left  

and  right sides , respectively). Proliferating GC B cells 
undergo somatic hypermutation in Ig V regions, and 
when they acquire an increased affi nity for the antigen, 
they are positively selected through the interaction with 
CD4+ T cells (Th) and follicular dendritic cells (FDC) in 
the  light zone . A fraction of these GC B cells undergo 
class-switch recombination and, fi nally, differentiate into 
memory B cells or plasma cells and leave the GC 
microenvironment       
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prone to undergo malignant transformation than 
T cells and why most B-cell lymphomas derive 
from GC B cells or their descendants (Fig.  5.3 ). 
While carrying the differentiation program of the 
normal B-cell counterpart, lymphoma cells grad-
ually lose its physiologic regulation. As an exam-
ple, normal centroblasts lack the antiapoptotic 
activities of BCL2 and the proliferation stimuli of 
nuclear factor-kB (NF-kB) and c-myc signaling 
pathways and hence are poised to die  [  19,   20  ] . 
Malignant centroblasts avoid cell death by acquir-
ing activating translocations of BCL2 or c-myc 
or by constitutively activating NF-kB. The sur-
vival and/or proliferation advantages provided by 
the constitutive expression of an oncogene and 
the deletion/inactivation of a tumor-suppressor 
gene represent the driving force for the uncon-
trolled expansion of a B-cell clone.  

 Clinically, NHLs are classifi ed according to 
the Cotswolds modifi cation of the Ann Arbor 
staging system into four stages based on ana-
tomic sites of involvement and the presence of 
disease above or below the diaphragm (Fig.  5.4 ). 
 For each stage, lymphomas are further divided 
into two subsets according to the presence (A) or 
not (B) of systemic symptoms (night sweats, 
weight loss of >10%, or fevers) (Fig.  5.4 ).  

 Commonly, NHLs are further characterized as 
either “aggressive” or “indolent” (  http://www.nih.
gov/    ), even though the WHO lymphoma classifi -
cation  [  13  ]  does not include this terminology. 
Rapidly progressing high-grade or aggressive 
NHLs account for about 60% of cases in the USA, 
with DLBCL being the most common subtype. 
Slow-growing indolent NHLs encompass the low-
grade and some categories of intermediate-grade 

  Fig. 5.3    Cellular origins of human B-cell lymphomas. 
Human B-cell lymphomas are assigned to their proposed 
normal B-cell counterpart. Most lymphomas are derived 
from germinal-center (GC) B cells or from B cells that 
have passed through the GC, indicating its role in the 
pathogenesis of B-cell lymphoma.  FL  follicular lym-
phoma,  BL  Burkitt’s lymphoma,  DLBCL  diffuse large 

B-cell lymphoma,  GCB  germinal-center B-cell-like,  ABC  
activated B-cell-like,  CLL  chronic lymphocytic leukemia, 
 MCL  mantle cell lymphoma,  MZL  marginal zone lym-
phoma,  LPL  lymphoplasmacytoid lymphoma,  MM  multi-
ple myeloma,  MALT  mucosa-associated lymphoid tissue 
lymphoma,  HL  Hodgkin’s lymphoma       
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subtypes, with FL being the most frequent. Both 
intermediate/aggressive and indolent diseases are 
diagnosed at stage III or IV in more than 50 and 
80% of cases, respectively. In contrast with other 
types of cancer, stage IV NHL may be still highly 
curable, depending on the patient’s specifi c sub-
type of disease. Since the subtype and stage of 
NHL and whether it is the indolent or aggressive 
form determines appropriate treatment, an accu-
rate diagnosis is required to optimize the manage-
ment of NHL patients. 

   DLBCL 

 DLBCL is a cancer of large B cells that most 
commonly grows in a diffuse pattern completely 
subverting the normal lymphoid architecture. 
Besides this common feature, it represents a 
clinically, biologically, and pathologically 
heterogeneous entity, in which multiple morpho-
logic variants have been recognized according 

to the WHO Classifi cation of Tumors of 
Hematopoietic and Lymphoid Tissues  [  13  ] . 
Remarkable progress has been made during the 
past decade in understanding the biological 
heterogeneity of DLBCL. Very recently, gene 
expression profi le (GEP) has allowed to recog-
nize three molecular subtypes of histologically 
indistinguishable DLBCL with different clinical 
behaviors and prognosis: the activated B-cell-like 
(ABC) subtype, the germinal-center B-cell-like 
(GCB) subtype, and primary mediastinal B-cell 
lymphoma (PMBL)  [  21,   22  ] . The extended 
differences in gene expression and genetic abnor-
malities among these subtypes suggest that they 
arise from distinct B-cell precursors and progress 
differently toward malignant transformation. 
Increasing evidences indicate that the most prob-
able precursors of GCB, ABC, and PMBL 
lymphoma subtypes are represented by germinal 
cell blasts, plasmablasts, and thymic B cells, 
respectively. The malignant clone in GCB 
lymphomas is blocked in the GC reaction as it 

  Fig. 5.4    Ann Arbor staging system. Schematic examples 
of stage I–IV disease are shown. Stage I: single lymph 
node or single extralymphatic site; stage II: two or more 
tumor sites in the same side with respect to the diaphragm 
or contiguous extralymphatic site; stage III: involvement 

of both sites of the diaphragm or spleen, or contiguous 
extralymphatic sites or both; stage IV: diffuse or dissemi-
nated involvement of one or more extralymphatic sites 
and/or lymph nodes.  Dotted line  indicated the diaphragm; 
 black-fi lled circles  represent involved tumor sites       
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continues to undergo somatic hypermutation 
even though it has often switched IgH classes 
 [  23  ] . These tumors are characterized by quite 
specifi c genetic lesions, including the t(14;18) 
translocation deletion of the tumor suppressor 
PTEN, amplifi cation of the microRNA cluster 
miR-17-92 (which downregulates PTEN55), and 
p53 mutations  [  21,   24  ] . 

 Constitutive activation of the NF-kB pathway, 
in ABC lymphomas, inducing the expression of 
the transcription factor IRF4, leads to their char-
acteristic plasma-cell expression program  [  25  ] . 
However, the malignant clone acquires genetic 
lesions that, interfering with Blimp-1 transcrip-
tion factor, block full differentiation into plasma 
cells  [  24  ] . Accordingly, these lymphomas still 
contain high amounts of AID and have not yet 
undergone class-switch recombination, even 
though their IgH genes are heavily mutated  [  23  ] . 
Molecular explanations of the constitutive activa-
tion of NF-kB in ABC lymphomas include the 
presence of activating mutations in the oncogene 
CARDD11 (in approximately 10% of patients) 
and a chronic active form of BCR that triggers 
NF-kB pathway through the canonical signaling 
cascade (see paragraph 2 )  [  26,   27  ] . A selective 
trait of ABC lymphomas is the presence of aggre-
gated and immobilized BCR on the tumor cell 
surface, which does not happen in GCB and 
PMBL cells. About 20% of ABC lymphomas 
indeed carry mutations in the BCR subunits 
CD79A or CD79B that increase BCR expression 
and reduce activation of its negative feedback 
 [  26  ] . Mutant CD79 proteins are rare or absent in 
GCB and other lymphoma subtypes, whereas they 
are positively selected in the ABC subtype as a 
tumor driving force  [  26  ] . Additional genetic alter-
ations typically associated with ABC lymphomas 
include the amplifi cation of BCL2 locus, which 
leads to BCL2 overexpression, the deletion of 
INK4A–ARF and p14ARF loci, which encodes, 
respectively, an inhibitor of senescence and of 
p53 activation  [  24  ] . Antiapoptotic protein overex-
pression and loss of tumor suppressors are respon-
sible for the limited activity of chemotherapy and 
the poor prognosis of ABC lymphomas  [  24  ] . 

 PMBL, the least common DLBCL subtypes, 
usually manifests in young adults (median age, 

30–35 years), especially women, as a mediastinal 
mass in a thymic remnant. PMBL patients had a 
relatively favorable clinical outcome, with a 
5-year survival rate of 64% compared with 46% 
for other DLBCL patients. GEP analysis is cru-
cial for the diagnosis of PMBL, since its clinical 
features alone cannot reliably distinguish this 
tumor from the other subtypes  [  22  ] . PMBL 
genetic signature shares some similarities with 
that of Hodgkin’s lymphoma (HL), which can 
also arise from a thymic B cell. In particular, both 
malignancies show the amplifi cation of a region 
on chromosome 9p24, encoding JAK2, a tyrosine 
kinase that phosphorylates and activates the tran-
scription factor STAT6, and the deletion of 
SOCS1, a suppressor of JAK signaling  [  24  ] . The 
immunosuppressor genes PDL1 (also called 
CD274) and PDL2 (also called CD273), 
SMARCA2, a putative chromatin regulator, and 
JMJD2C, a histone demethylase family member, 
being located in the 9p24 region, may result 
amplifi ed, thus contributing to the malignant phe-
notype  [  22  ] . Very recently, it has been demon-
strated that JAK2 and JMJD2C cooperate in 
PMBL and HL to reduce heterochromatin foci at 
oncogene loci, such as that of c-myc, thus 
promoting their transcription  [  28  ] . In contrast to 
HL, however, PMBL typically expresses genes of 
mature B cells  [  22  ] . 

 Due to the diffi culties to introduce GEP tech-
nology in the clinical practice, immunohis-
tochemical algorithms, based on GCET1, CD10, 
BCL-6, MUM-1, and FOXP1 expression, have 
been proposed and validated for classifi cation of 
DLBCL into GCB and ABC subtypes  [  29  ] . 
Besides providing a diagnostic tool, the molecu-
lar classifi cation of DLBCL might be exploited 
for its prognostic value, since it has been shown 
that GCB, ABC, and PMBL differ in clinical 
presentation, responsiveness to chemotherapy, 
and targeted therapy, with GCB phenotype being 
associated with the most favorable survival  [  30  ] . 

 Additional key prognostic factors of DLBCL 
have been found in the composition of the tumor 
microenvironment  [  30  ] , as defi ned by two main 
genetic signatures. The expression of genes indi-
cating extracellular matrix deposition (fi bronec-
tin, osteonectin, various collage and laminin 
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isoforms as well as genes that encode modifi ers 
of collagen synthesis) and infi ltration of the 
tumors by cells of the myeloid/monocytic lin-
eage, identifi ed as stromal-1 signature, is com-
monly associated with an improved overall 
survival, (OS) probably due to its association 
with an antilymphoma reaction of the innate 
immunity. Conversely, stromal-2 signature, which 
encodes well-known markers of endothelial cells 
(von Willebrand factor, CD31, EGFL7, MMRN2, 
GRP116, and SPARCL1) and key regulators of 
angiogenensis (vascular endothelial growth factor 
receptor, GRB10, integrin alpha 9, TEK, the 
receptor tyrosin kinase of angiopoietin, ROBO4, 
and ERG), indicating the presence of a more 
advanced-stage hypervascularized lymphoma, is 
associated with an inferior prognosis  [  30  ]  . 

 Clearly, clinical trials for the assessment of 
novel therapeutic strategies for the treatment of 
DLBCL should consider GEP in order to high-
light distinct clinical outcome for these three dis-
ease entities. Increasing the appreciation of the 
molecular basis for DLBCL subtypes will improve 
the understanding of the oncogenic mechanisms 
that cause these diseases toward the development 
of rational and disease-specifi c treatments. 
Because oncogenic pathways appear to be differ-
entially activated in these subtypes of DLBCL, 
future advances in therapy should target these 
differences. For example, the possibility to distin-
guish DLBCL with a stromal-2 signature may 
allow to better select patients for an antiangio-
genic therapy. In addition, the evidence that even 
in DLBCL survival is infl uenced by a particular 
composition of the tumor microenvironment may 
lead to the development of more effective combi-
nation therapy targeting both oncogenic pathways 
in the malignant clone and protumorigenic inter-
actions with non-malignant cells.  

   FL 

 FL represents not only the most common indo-
lent NHL but also the second most frequent sub-
type of lymphoma worldwide, accounting for 
approximately 20% of malignant lymphomas in 
adults, and 40% of all lymphomas diagnosed in 

the USA and in Western Europe  [  31  ] . FL is 
derived from GC B cells and maintains the GEP of 
this stage of differentiation  [  32  ] . Morphologically, 
the disease is composed of a mixture of centro-
cytes and centroblasts and is graded from 1 to 3, 
depending on the proportion of large cells per 
high-power fi eld. Grades 1 and 2 are indolent 
disease. The rare subtype grade 3B is more 
aggressive and should be discriminated from 
lower-grade cases. FL cells express a surface Ig 
(more frequently IgM+/−IgD > IgG > IgA), 
B-cell-associated antigens (CD19, CD20, CD22, 
CD79A, and CD79B), and 60% express CD10. 
The hallmark of FL is the chromosomal translo-
cation t(14;18), present in 70–95% of the cases, 
which results in the constitutive expression of the 
antiapoptotic protein BCL2, and thus allows to 
distinguish reactive from neoplastic follicles  [  33, 
  34  ] . As other indolent lymphomas, FL is charac-
terized by extreme and often unpredictable 
clinical variability, with a continuous pattern of 
relapse that sometimes leads to a rapid unex-
pected clinical worsening, and remains incurable 
with the available therapies  [  35  ] . As an example , 
15–60% of FLs undergo transformation into the 
more aggressive histologic malignancy DLBCLs, 
following molecular mechanisms that are not 
entirely known and in a largely unpredictable 
way  [  36–  38  ] . Transformed lymphomas are usu-
ally quite aggressive and poorly responsive to 
chemotherapy  [  39  ] , with a median survival from 
transformation of about 18 months  [  40,   41  ] . Thus, 
the accurate biomolecular characterization of 
tumor features associated with progression or 
response after therapy is essential to identify pre-
dictive and prognostic biomarkers and molecular 
targets for new drug development, thereby 
enabling the improvement of the clinical man-
agement for FL patients. 

 Multiple lines of evidence indicate the partici-
pation of immune cells also in the biology and 
pathogenesis of FL  [  42–  44  ] . An important exam-
ple is the demonstration that removing bacteria or 
viruses, such as  Helicobacter pylori  and hepatitis 
C virus and EBV, from the lymphoma microenvi-
ronment may effi ciently arrest tumor growth 
 [  45–  47  ] . Tumor-infi ltrating immune cells, includ-
ing T lymphocytes, macrophages, and DCs, can 



1235 Non-Hodgkin’s Lymphomas

provide contact-dependent or independent signals 
for lymphoma cell survival  [  48,   49  ] . FL cell 
growth strictly depends on stromal cells and, in 
particular, upon CD40 stimulation by follicular 
DC to avoid apoptosis  [  50,   51  ] . The same interac-
tions may directly or indirectly favor the 
establishment of immunosuppressive tumor 
microenvironment. FL cells can attract or locally 
convert FOXP3+ regulatory T cells (Tregs)  [  52  ] , 
which in turn may suppress antitumor immunity 
by impairing T-cell activation  [  53–  55  ]  and by 
inducing the development of M2 regulatory mac-
rophages, thus amplifying the mechanisms of 
tumor immune evasion  [  56–  58  ] . Noteworthy, the 
gene and immunohistochemical signatures of 
non-tumor cells in the neoplastic tissue currently 
represent the best predictor for FL patient survival 
 [  32,   43,   58,   59  ] . In particular, two immunological 
signatures within the tumor tissue have been 
found to perfectly discriminate between favor-
able and poor prognosis, with the former being 
predicted by immune response-1 signature, which 
refl ects the expression of T-cell genes, and the 
latter by immune response-2 signature, which 
includes genes preferentially expressed by mac-
rophages and DCs  [  32  ] . 

 These results suggest that interactions between 
the tumor and the microenvironment are estab-
lished early in the course of the disease and may 
determine its long-term outcomes. 

 Therefore, the concomitant study of the intrin-
sic tumor features, the functional composition of 
the non-malignant microenvironment, and con-
stitutive patient-related properties may be very 
useful to improve the management of indolent 
NHL patients and develop alternative therapies 
aimed at interfering with the prosurvival interac-
tion between tumor and infl ammatory cells.   

   Standard Therapeutic Approaches 

 Among NHL malignancies, treatment regimens 
often overlap. However, the accurate diagnosis of 
lymphoma histology and subgroup is mandatory 
to address patients to the most suitable treatment. 
The choice of the most adequate therapeutic 
intervention also depends upon patients’ risk, 

which is assessed on the basis of the fi ve inde-
pendently prognostic factors (age, high-level 
serum LDH, stage, performance status, and extra-
nodal site of disease) included in the International 
Prognostic Index (IPI). 

 Since the introduction of monoclonal antibod-
ies (mAbs) for the treatment of lymphoma, the 
standard of choice as fi rst-line therapy has been 
their combination with chemotherapy, namely, 
chemoimmunotherapy  [  60  ] . The most widely 
used mAb is rituximab, a chimeric unconjugated 
Ab against the CD20 antigen licensed by the 
Food and Drug Administration (FDA) and the 
European Agency for the Evaluation of Medicinal 
Products to treat DLBCL as well as relapsed or 
refractory, low-grade CD20+ B-cell NHL as a 
single agent; non-progressing (including stable 
disease), low-grade, CD20+ B-cell NHL, as a 
single agent, after fi rst-line cyclophosphamide, 
vincristine, and prednisone (CVP) chemotherapy; 
previously untreated indolent, CD20+ B-cell 
NHL in combination with CVP chemotherapy 
 [  61  ] . Multiple randomized clinical trials have 
demonstrated a signifi cant survival benefi t with 
the addition of rituximab to fi rst-line chemother-
apy in patients with FL and DLBCL  [  62–  68  ] . 

 The aggressiveness of the disease requires 
therapy to be started in a timely way once the 
diagnosis has been made. Rituximab plus cyclo-
phosphamide, doxorubicin, vincristine, and pred-
nisone (R-CHOP), eventually followed by 
involved-fi eld radiation therapy in cases achiev-
ing a partial response, represents the standard 
induction regimens for stage I–II aggressive lym-
phoma patients  [  69  ]  (Fig.  5.5 ). Stage II–IV 
patients are treated with the same regimens for 
repeated cycles as maintenance therapy  [  69  ]  or 
may be addressed to clinical trials as frontline 
option (Fig.  5.5 ). Interestingly, rituximab-
 containing regimens have shown to improve sur-
vival for DLBCL patients regardless of age  [  70  ] , 
and R-CHOP is currently considered the standard 
of choice for the treatment of aggressive lym-
phoma even in elderly patients  [  71  ] . However, 
young patients with intermediate risk according 
to IPI score are usually treated with more intense 
combination chemoimmunotherapy. On the basis 
of previous fi ndings about the clinical benefi t 
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associated with the administration of chemother-
apy at 14-day instead of 21-day interval  [  72,   73  ] , 
two large phase III studies are now comparing the 
clinical benefi t of co-administering rituximab 
under this more intense schedule in newly diag-
nosed patients with DLBCL.  

 In case of refractory or relapsed disease, 
patients can be treated with different second-line 
regimens in combination with rituximab on the 
basis of the possibility for the patients to proceed 
to high-dose therapy (HDT) and autologous 
hematopoietic stem cell transplantation (HSCT) 
 [  69  ] , which represents the standard of choice for 
patients that respond to salvage therapy (Fig.  5.5 ). 
Relapsed diseases following second-line thera-
pies alone or plus HSCT are usually treated in 
clinical trials, with palliative RT or the supportive 
care on the basis of the patients  [  69  ]  (Fig.  5.5 ). 

 FL and indolent B-cell lymphomas present rel-
evant therapeutic challenges, with no current regi-
men offering curative treatment. Due to the 
indolent course of low-grade lymphomas, a major 

clinical question is how to identify the patients 
that may benefi t from early therapy  [  74  ] . The 
institution of therapy for indolent NHL currently 
depends on patients’ prognostic/risk factors, mea-
sured according to the modifi ed IPI score (FLIPI) 
to take into account hemoglobin and   b  2-micro-
globulin serum levels, as well as the number and 
size of the involved sites and BM involvement 
 [  75–  77  ] . Using these parameters, three risk groups 
have been identifi ed, with 91, 69, and 51% pro-
gression free survival (PFS) and 99, 96, and 84% 
survival rate at 3 years for patients at low, inter-
mediate, and high risk, respectively. Although 
FLIPI score helps to risk-stratify patients, there is 
a need for robust biomarkers of disease outcome. 

 At present, asymptomatic patients are usually 
managed following the so-called watch and wait 
approach until clear indications for treatment ini-
tiation  [  78  ]  (Fig.  5.6 ). Indeed, no survival advan-
tage has been demonstrated when patients in 
these conditions have been immediately treated 
 [  79  ] . However, when newly diagnosed indolent 

  Fig. 5.5    Therapeutic algorithm for the treatment of aggres-
sive NHL.  R-CHOP  rituximab plus cyclophosphamide, dox-
orubicin, vincristine, and prednisone;  RT  radiotherapy;  HDT  

high-dose therapy;  Auto HSCT  autologous hematopoietic 
stem cell transplantation;  Allo HSCT  allogeneic hematopoi-
etic stem cell transplantation;  CR  complete remission       
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NHL is limited (stage I or II), immediate involved-
fi eld radiation therapy (IFRT) is usually recom-
mended since it has the potential to eradicate the 
disease  [  80,   81  ]  (Fig.  5.6 ).  

 Once treatment is indicated, also for indolent 
NHL patients, the standard of care is represented 
by combination chemotherapy (CVP, CHOP) and 
rituximab  [  60  ] . Rituximab has also been evaluated 
as fi rst-line monotherapy treatment of low-grade 
NHL, showing encouraging results  [  82–  85  ] . More 
aggressive frontline therapies are usually consid-
ered for patients with a rapidly progressing disease, 
which represents an indicator of poor prognosis 
 [  86  ] . Randomized clinical trials have demonstrated 
that 2-year maintenance with rituximab after 
immunochemotherapy increases the PFS of the 
fi rst-line or fi rst-relapse FL patients  [  87,   88  ] . 

 Treatment at relapse is defi ned according to 
patients’ performance status, previous therapy, 
and duration of response and includes again 
expectant management, or rituximab as single 
agent  [  89,   90  ]  or in combination with chemother-
apy. Autologous HSCT has achieved encourag-
ing results in young patients with chemosensitive 
disease  [  91–  94  ] . However, it is applicable in only 

a minority of patients, due to extensive prior 
therapy and frequent marrow involvement 
(Fig.  5.6 ). By contrast, allogeneic HSCT is 
increasingly used as salvage therapy for relapsed 
or refractory indolent lymphomas, due to the 
lower risk of relapse, and the long-term (PFS) 
observed after allogeneic compared to autolo-
gous HSCT  [  95  ]  (Fig.  5.6 ). Donor lymphocyte 
infusion (DLI) has demonstrated a signifi cant 
therapeutic activity in case of relapse after allo-
geneic HSCT, thus pointing to the effi cacy of a 
graft-versus-lymphoma (GVL) effect in indolent 
lymphomas  [  96–  99  ] . 

 An excellent therapeutic alternative for any 
lines of treatment of indolent NHL is the enrol-
ment of the patients in randomized clinical trials 
due to the slow-progressing nature of the disease 
and the possibility to keep it in check. 

 In summary, the introduction of rituximab in 
polychemotherapy approaches has vastly 
improved the survival of NHL patients and has 
revolutionized the treatment of all B-cell NHL 
subtypes. However, given the diffi culties in the 
management of relapse/resistance to rituximab, it 
seems that treatment of NHL has now reached a 

  Fig. 5.6    Therapeutic algorithm for the treatment of indo-
lent NHL.  RT  radiotherapy,  HDT  high-dose therapy,  Auto 
HSCT  autologous hematopoietic stem cell transplantation, 

 Allo HSCT  allogeneic hematopoietic stem cell transplan-
tation,  CR  complete remission       

 



126 R. Zappasodi and M. Di Nicola

new plateau and there remains ample room for 
improving remission duration and the clinical 
outcome of relapsed patients. Novel agents under 
investigation for specifi cally targeting lymphoma 
cells may provide opportunities to spur the clini-
cal effi cacy of chemoimmunotherapy toward the 
cure of relapsed or refractory NHL.  

   Novel Antilymphoma Therapies 

   Cytotoxic Drugs 

 Bendamustine is certainly one among the most 
interesting new cytotoxic drugs for the treatment 
of lymphomas. It is a bifunctional alkylating 
agent, developed more than 40 years ago, that has 
been recently reevaluated for the treatment of 
hematologic diseases. After the demonstration of 
its ability to achieve the highest overall response 
rate (ORR) observed for a single agent in patients 
with rituximab-refractory, indolent or trans-
formed lymphomas  [  100  ] , it was evaluated in a 
multicenter open-label phase III study for the 
treatment of previously untreated indolent lym-
phoma patients where in addition to rituximab 
provided a superior PFS and complete response 
rate compared to R-CHOP with signifi cantly 
fewer toxicity  [  101  ] . These fi ndings led to the 
approval of bendamustine for the treatment of 
relapsed indolent NHL after rituximab therapy. 
Conversely, its role for the treatment of aggres-
sive lymphomas has not yet been established. 

 Pralatrexate is a new antifolate compound that 
targets tumor cells with enhanced selectivity 
compared to methotrexate, thanks to its ability to 
enter cells expressing reduced folate carrier type 
1 (RFC-1), which is expressed only in malignant 
and fetal tissue  [  102  ] . Like other antifolates, it 
reversibly inhibits the enzyme dihydrofolate 
reductase, which is required for the nucleoside 
thymidine and purine base synthesis, thus inter-
fering with DNA and RNA synthesis. It repre-
sents the fi rst and only drug approved for the 
treatment of relapsed or refractory peripheral 
T-cell lymphoma (PTCL) (  http://ir.allos.com/
phoenix.zhtml?c=125475&p=irolnewsArticle&I
D=1335492&highlight    ). 

 However, in relapsed/refractory B-cell 
lymphoma it achieved only the disease stabilization 
in some patients  [  103  ] . Differences in RFC-1 
expression between neoplastic T and B lympho-
cytes could represent one potential explanation of 
the different activity of pralatrexate in malignancies 
originating from these cells.  The dose-limiting 
toxicity for pralatrexate is mucositis, which could 
be abrogated with folic acid and vitamin B12 sup-
plementation. Pralatrexate is now being evaluated 
in a phase I/II trial in combination with gemcitabine 
for the treatment of non-Hodgkin’s lymphoma. 

 Pixantrone, an antitumor antibiotic family 
member, is an analog of mitoxantrone and acts as 
a topoisomerase II inhibitor and intercalating 
agent. It was developed to reduce anthracycline-
related cardiotoxicity while retaining antitumor 
effi cacy. Besides demonstrating promising clini-
cal activity with reduced toxicity in heavily 
pretreated NHL (  http://www.prnewswire.com/
cgi-bin/stories.pl?ACCT=104&STORY=/
www/story/07-11-2007/0004623260    ), it showed 
increased clinical effi cacy compared to other 
chemotherapeutic drugs used as third-line ther-
apy in a phase III randomized trial with relapsed 
aggressive NHL patients  [  104  ] . Pixantrone is 
now being tested in earlier indications. 

 Among new chemotherapeutic regimens for 
NHL, it is worth mentioning the combination of 
gemcitabine and oxaliplatin, which demonstrated 
a signifi cant clinical effi cacy and a good safety 
profi le in relapsed DLBCL that are not suitable 
candidates for HSCT  [  28  ] .  

   Signal Transduction Inhibitor Therapy 
for Lymphoma 

   Main Signal Transduction Pathways 
in B-Cell NHL 
 The signaling pathways commonly deregulated 
in B-cell lymphomas are as follows: (a) the 
B-cell receptor/spleen tyrosine kinase (BCR/
Syk) pathway, (b) the NF-kB pathway, (c) the 
phosphatidylinositol 3-kinase/mammalian target 
of rapamycin (PI3K/mTOR) pathway, (d) the 
protein kinase C-beta (PKC-  b  ) pathway, and 
(e) the MAP kinase/Ras pathway (Fig.  5.7 ).  

http://ir.allos.com/phoenix.zhtml?c=125475&p=irolnewsArticle&ID=1335492&highlight
http://ir.allos.com/phoenix.zhtml?c=125475&p=irolnewsArticle&ID=1335492&highlight
http://ir.allos.com/phoenix.zhtml?c=125475&p=irolnewsArticle&ID=1335492&highlight
http://www.prnewswire.com/cgi-bin/stories.pl?ACCT=104&STORY=/www/story/07-11-2007/0004623260
http://www.prnewswire.com/cgi-bin/stories.pl?ACCT=104&STORY=/www/story/07-11-2007/0004623260
http://www.prnewswire.com/cgi-bin/stories.pl?ACCT=104&STORY=/www/story/07-11-2007/0004623260


1275 Non-Hodgkin’s Lymphomas

 The primary BCR dependency of B-cell 
lymphoma survival has been confi rmed in recent 
studies reporting that blocking its driven signals 
is suffi cient to inhibit B-cell lymphoma growth 
both in vitro and in vivo  [  105,   106  ] . Under physi-
ologic conditions, BCR engagement leads to acti-
vation of the SRC family kinase (SFK) that 
phosphorylates tyrosines in immunoreceptor 
tyrosine-based activation motifs (ITAMs) of 

the BCR subunits CD79A and CD79B. 
Phosphorylated CD79 acts as a docking site for 
SYK kinase that, becoming activated, initiates 
the signaling cascade leading to extracellular 
signal-regulated kinase 1 and 2 (ERK 1/2) and 
mitogen-activated protein kinase (MAPK) acti-
vation. BCR ITAMs also provide a negative regu-
lation for BCR activation. Their phosphorylation 
promotes the recruitment of CD22 to BCR 

  Fig. 5.7    BCR signaling pathways. The B-cell antigen 
receptor (BCR) includes an antigen-binding portion, rep-
resented by a membrane immunoglobulin (Ig) molecule, 
and Ig a /Ig b  subunits (CD79A/CD79B) that form het-
erodimers and associate to the BCR heavy Ig chains. 
Antigen binding leads to the aggregation of multiple mol-
ecules of BCR and adaptor proteins, including co-stimula-
tor and co-inhibitor receptors. This rapidly initiates the 
transduction of intracellular signals through the activation 
of Src family kinases Lyn, phosphorylation of Ig a /Ig b  
intracellular tails, and activation of SYK and BTK tyrosine 
kinases. As a result, the signaling cascades regulated by 
PLC g , PI3K, and Vav are stimulated leading to deep 

changes in cell metabolism, gene expression, and cytoskel-
etal organization. BCR activation can concurrently induce 
signals of survival, tolerance (anergy) or apoptosis, prolif-
eration, and differentiation, with the fi nal cellular response 
being determined by the maturation status of the cell, the 
nature of the antigen, the magnitude and duration of the 
stimulation, and the activation of other co-receptors, such 
as CD40, CD22, CD19, CD45, PIR-B, Fc g  RIIB1, and 
BAFF-R. Negative feedback loops, including those medi-
ated by SHIP and SHIP1 activation following stimulation 
of co-inhibitor receptors, such as CD22, FcgRIIB1, and 
PIR-B, regulate the magnitude and duration of BCR sig-
naling, leading to the ultimate internalization of BCR       
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complex via the tyrosine kinase Lyn and activa-
tion of the SH2-domain-containing protein 
tyrosine phosphatase 1 (SHP1) that dephospho-
rylates BCR, switching off the signal. 
Phosphatidylinositol 3-kinase (PI3K) is concur-
rently recruited to B-cell co-receptor CD19, 
where it promotes the activation of mTOR and 
the generation of the membrane lipid phosphati-
dylinositol 3,4,5-triphopshate (PIP3). PIP3 com-
plexes with Bruton’s tyrosine kinase (BTK) and 
phospholipase C  g   (PLC  g  ), thus favoring IP3 
release for PKC  b   activation and diacylglycerol 
(DAG) signaling for the induction of Ras/Raf 
pathway that controls multiple cellular processes, 
including cell proliferation, differentiation, and 
transformation. These events are crucial for the 
phosphorylation and plasma membrane translo-
cation of CARDD11 that is required for IKK-
mediated phosphorylation of IkB  a   and the 
activation of the antiapoptotic NF-kB signaling 
cascade. 

 In lymphoma cells, constitutive BCR signal-
ing can be promoted either by the specifi c ligand 
or by activating mutations in ITAMs or CARDD11 
 [  26  ] , and overexpression of one of its component, 
such as SYK, or directly BCR  [  106  ] . Furthermore, 
signal mediators, such as Ras and Raf, that con-
trol proliferation and survival via their down-
stream targets MEK and ERK are frequently 
mutated in B-cell malignancies  [  107  ] . 

 As such, there are now extensive efforts to tar-
get key molecules in these signaling cascades for 
therapeutic benefi t. 

 In addition to BCR, B-cell-activating factor 
receptor (BAFF-R) can provide survival signals 
in most mature B-cell lymphoproliferative disor-
ders. Mainly via the alternative route, BAFF-R 
triggering leads to NF-kB activation and upregu-
lation of antiapoptotic BCL-2 members such as 
BCL-xL or BCL-2, promoting survival  [  108  ] . 

 Recently, the existence of autocrine/paracrine 
mechanisms responsible for the constitutive activa-
tion of Notch signaling has been identifi ed as a 
novel mechanism underlying B-CLL cell apoptosis 
resistance. Interestingly, Notch-signaling stimula-
tion by Jagged1, one of its ligand, is accompanied 
by increased NF-kB activity and expression of the 
antiapoptotic molecules c-IAP2 and XIAP  [  109  ] . 

 The PI3K/AKT /mTOR axis is constitutively 
activated in the majority of B-cell lymphomas 
 [  110  ] . The mTOR kinase is an essential mediator 
of growth signals that originate from PI3K and 
AKT stimulation and are counterbalanced via the 
AMP-activated protein kinase system. It repre-
sents a critical pathway in the signaling of normal 
and malignant cell processes of growth and pro-
liferation. Downstream targets of mTOR, p70 S6 
kinase, and 4E binding protein 1 (4EBP1) are 
important regulators of protein synthesis and 
cell-cycle progression. 

 The mTOR kinase, a key member of the path-
way, exists in two different complexes referred to as 
mTORC1 and mTORC2, with the former contain-
ing Raptor (regulatory-associated protein of mTOR) 
and mLST8 (mammalian lethal with Sec13 protein 
8), and the latter Rictor (rapamycin-insensitive 
companion of mTOR) and mSIN1 (mammalian 
stress-activated protein kinase interacting protein), 
besides the common catalytic subunit mTOR  [  111  ] . 
mTORC1 positively controls cell growth and pro-
liferation and is characterized by rapamycin sensi-
tivity, whereas mTORC2 is the rapamycin-insensitive 
part of the pathway and regulates AKT activation 
 [  111  ] . Unraveling the relative importance of 
mTORC1 and mTORC2 in cancer cells is not only 
interesting but has relevance for drug development 
using mTOR-targeted agents. 

 PKC-  b   is another pivotal enzyme in the B-cell 
signaling pathway. In lymphocytes, PKC-  b   I and 
PKC-  b   II are the major isoforms of this enzyme, 
and they are commonly overexpressed in NHL. 
Interestingly, different studies have demonstrated 
that PKC-  b   protein or mRNA overexpression 
represents an adverse prognostic factor for 
Immunochemotherapy-treated DLBCL patients 
within low and high IPI risk groups and in all 
molecular entities  [  112  ]  . These studies have 
 provided the rationale to develop inhibitors of the 
PKC-  b   pathway. 

 The growing appraisal of the intracellular 
machinery and signaling cascades that are active in 
lymphoma has allowed dissecting and revealing 
multiple potential targets for therapy. Several novel 
agents are currently under clinical evaluation, with 
most having demonstrated clinically relevant activ-
ity in malignant lymphoma as monotherapy  [  27  ] .  



1295 Non-Hodgkin’s Lymphomas

   Inhibitors of BCR Signaling Pathway 
 The inhibition of the SRC family kinases SYK 
and BTK has been long regarded as a mean to 
block active BCR signaling in B-cell malignan-
cies. Fostamatinib disodium (R788) is the oral 
prodrug of R406 that acts as an ATP competitor 
to inhibit SYK. In preclinical studies, R406 
blocked proliferation and induced apoptosis of 
DLBCL cell lines with tonic BCR signaling, 
showing a particular activity in cell lines that 
expressed high levels of cell-surface immuno-
globulin  [  113  ] . However, R406 has shown in vitro 
antitumor activity even against SYK-independent 
DLBCL, suggesting that its effects may result 
from the concurrent inhibition of additional 
kinases  [  26  ] . In a phase I/II trial, it has induced 
22, 10, 55, and 11% ORR, with long-lasting 
remissions, in refractory or relapsed patients 
with, respectively, DLBCL, FL, CLL/SLL, and 
MCL  [  114  ] . 

 As an alternative strategy, PCI-32765, a potent 
oral inhibitor of the SYK-downstream-kinase 
BTK, is showing clinical activity against B-cell 
NHL in early-phase trials  [  115  ] . Importantly, in 
all treated patients, the full occupancy of BTK 
active site in PBMC was demonstrated within 
few hours after drug administration  [  115  ] . 

 Targeting PKC  b  , the common downstream 
target of SYK and BTK, has been also exploited 
to inhibit BCR signaling in B-cell lymphomas. 
Enzastaurin is an oral serine/threonine kinase 
inhibitor that targets PKC  b   and PI3K/AKT path-
ways, leading to apoptosis, reduction of tumor 
cell proliferation, and suppression of tumor-
induced angiogenesis in several preclinical mod-
els of B-cell malignancies  [  116,   117  ] . Phase II 
studies with single-agent enzastaurin showed 
limited clinical responses in patients with aggres-
sive lymphomas, but a signifi cant increase in the 
time to progression (TTP)  [  118,   119  ] . In indolent 
lymphoma, it is currently showing a higher thera-
peutic activity, achieving an ORR of 25% in FL 
patients  [  120  ] . The ability of this oral agent to 
induce disease stabilization and its excellent tol-
erability has led to a large phase III study of 
enzastaurin versus placebo in patients with high-
risk DLBCL that achieve remission after induc-
tion therapy. Information from this trial will 

likely be crucial for the approval of this agent for 
the treatment of aggressive NHL.  

   PI3K/AKT/mTOR Pathway Inhibitors 
 Four different isoforms exist for PI3K subunit 
p110, with p101  d   being predominant in hemato-
logic cells and overexpressed in B-cell malignan-
cies, where it is often constitutively activated or 
stimulated by microenvironmental signals. P101  d   
has thus been considered a selective target for 
antilymphoma therapy. CAL-101 is an orally bio-
available potent and highly selective inhibitor of 
this PI3K isoform. It blocks proliferation and 
induces apoptosis in different B-cell malignan-
cies, including FL, MCL, and CLL  [  121  ] . CAL-
101 is demonstrating substantial single-agent 
activity in relapsed or refractory hematologic dis-
eases, including NHL and CLL  [  122–  124  ] . In 
preclinical models, enhanced antitumor effects 
have been observed combining CA-101 with 
existing chemoimmunotherapeutic agents  [  125  ] . 
Initial results from ongoing early-phase clinical 
trials in patients with indolent NHL or CLL have 
shown that CA-101 can be successfully combined 
with bendamustine or rituximab. No unexpected 
adverse events have been reported, while clinical 
responses were achieved in all patients enrolled, 
supporting further clinical evaluation of these 
regimens  [  126  ] . 

 Perifosine (1,1-dimethyl-4 [(octadecyloxy)
hydroxyphosphinyl]oxy]-piperidinium inner salt, 
Keryx Biopharmaceutical) is a new synthetic, 
orally available, anticancer agent within the alky-
lphospholipid class that blocks AKT activation. 
Inhibiting AKT, perifosine has shown to directly 
induce cell death in in vitro and in vivo in 
preclinical experiments; however, additional evi-
dences indicate that perifosine may also act by 
inhibiting the MAPK and JNK pathways  [  127  ] . 
Perifosine is currently under clinical evaluation 
for the treatment of several solid tumors and, more 
recently, also multiple myeloma and Waldenström 
macroglobulinemia. This experience will be 
important for potential future investigation in 
lymphoma. 

 Additional strategies to interfere with onco-
genic activation of PI3K signaling include the 
direct inhibition of mTOR. Currently, 4 mTOR 
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inhibitors are being tested in the clinic: the orally 
available rapamycin (also called sirolimus), 
everolimus (RAD001), the intravenous temsiroli-
mus (CC-779), and deforolimus. Rapamycin was 
the fi rst among these agents to be used clinically 
and is thus considered the parent drug of mTOR 
inhibitors. It is a macrolide antibiotic and was 
approved as an oral immunosuppressant to 
prevent acute transplant rejection in 1999  [  111  ] . 
The other agents within this class are rapamycin 
analogs and thus called rapalogs. By targeting 
mTORC1, they primarily block cell proliferation 
and induce G1 cell-cycle arrest as a result of the 
reduced activation of cyclin D1 by mTORC1 
 [  110  ] . Since cyclin D1 overexpression is the hall-
mark of MCL, mTORC1 inhibitors were fi rst 
tested in this type of lymphoma. Two initial phase 
II studies with single-agent temsirolimus in heav-
ily pretreated patients with advanced MCL 
showed a substantial induction of clinical 
response with manageable toxicity of myelosup-
pression  [  128,   129  ] . A subsequent randomized 
phase III study found a signifi cant increase of 
both ORR and PFS in patients treated with temsi-
rolimus compared to those receiving the investi-
gators’ choice of therapy  [  130  ]  and led to its 
approval, in 2010, for the treatment of relapsed or 
refractory MCL. Recent results from initial clini-
cal evaluation of temsirolimus in relapsed NHL 
different from MCL have revealed signifi cant 
activity, with the highest ORR and the longest 
PFS being reported for FL patients  [  131  ] . 

 Preclinical studies showing the ability of 
everolimus to impair the growth of aggressive 
lymphoma cell lines and sensitize these cells to 
several cytotoxic agents  [  132  ]  set the rationale 
for the clinical evaluation of everolimus in lym-
phoma patients. Phase II studies demonstrated 
the safety and the substantial antitumor effects of 
single-agent everolimus in both indolent  [  133  ]  
and aggressive NHL  [  134  ] , thus providing the 
rationale for inhibiting mTOR pathway to treat 
these diseases. Larger studies are undergoing to 
assess the activity of temsirolimus and everoli-
mus monotherapy in DLBCL patients as consoli-
dation after induction therapy, and in combination 
with chemoimmunotherapy for untreated MCL 
patients.  In addition, other more potent compounds 

interfering with the mTOR pathway have been 
developed, some of which are still reached the 
clinical evaluation (the PI3K inhibitor GDC-0941 
(NCT00876122), such as the pan-PI3K/mTOR 
inhibitor GDC-0980 (NCT00854126), SF1126 
(NCT00907205), and XL765 (NCT00485719). 

 An increased activity of mTORC2, followed 
by the phosphorylation of its target AKT, has been 
frequently observed upon treatment with rapamy-
cin or rapalogs, suggesting that blocking mTORC1 
may favor the activation of mTORC2, thus leading 
to tumor resistance. Importantly, the combination 
of rapalogs and pan-inhibitors of histone deacety-
lase (HDAC) (see section “Epigenetic Drugs”), 
which can reduce AKT activation by enhancing 
protein phosphatase 1 activity and directly target-
ing mTORC2, has revealed synergistic antitumor 
effects in lymphoma preclinical models, providing 
the proof of concept for concurrently targeting 
mTORC1 and mTORC2 to overcome the onset of 
potential resistances  [  110  ] . These fi ndings high-
light the value of pathway-targeted combination 
therapy to achieve maximal blockade of signaling 
pathways for cancer treatment.  

   Ras Inhibitors 
 Ras inhibitors have only recently started to be 
evaluated as potential antilymphoma treatment. 
Since prenylation (farnesylation) is required for 
the Ras protein to function and activate its down-
stream targets Raf, MEK1/2, ERK 1/2, and 
MAPK, the use of farnesyltransferase inhibitors 
has been exploited to interfere with this pathway 
for therapeutic purpose. The oral farnesyltrans-
ferase inhibitor tipifarnib has shown some clini-
cal activity with manageable toxicities, when 
tested as single agent for the treatment of relapsed 
aggressive B-cell lymphomas (DLBCL and 
MCL) in phase II trials, thus providing the ratio-
nale for its further clinical evaluation in combina-
tion with conventional chemoimmunotherapy to 
increase and stabilize clinical responses  [  135  ] . 

 Sorafenib (BAY 43-9006) is another agent 
that can interfere with Ras pathway. However, 
although developed as a Raf-1 inhibitor, it has 
subsequently shown a wider spectrum of activity 
against multiple other kinases, including FLT3, 
platelet-derived growth factor receptor, vascular 
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endothelial growth factor receptor 1 (VEGFR1), 
and VEGFR2  [  136  ] . Sorafenib has been approved 
for the treatment of advanced renal cell carci-
noma and hepatocellular carcinoma. Recently, its 
antitumor activity has started to be evaluated in 
preclinical lymphoma and multiple myeloma 
models. Initial results provide the proof of 
concept for combining sorafenib with MEK1/2 
inhibitors (e.g., PD184352, AZD6244, TAK-733) 
to potentiate its antilymphoma activity  [  73  ] .  

   Proteasome Inhibitors 
 Proteasome inhibitors interfere with the ubiq-
uitin–proteasome pathway, which, targeting pro-
teins for degradation in eukaryotic cells, is 
essential for protein turnover and cellular homeo-
stasis  [  88  ] . Interestingly, malignant cells have 
generally more proteasomes compared to normal 
cells. Since many proteins involved in the regula-
tion of the cell cycle, apoptosis, and in the activa-
tion of transcription factors are substrates for 
ubiquitination and proteasome-mediated degra-
dation, interference with this pathway is consid-
ered a promising strategy for anticancer therapy. 
One of the most widely recognized mechanisms 
of antitumor activity of proteasome inhibitors is 
their ability to repress NF-kB signal transduction 
cascade, by reducing the proteasome-mediated 
degradation of its super-repressor, IkB  [  137  ] . The 
stabilization of IkB, which binds to NF-kB and 
prevents its nuclear translocation, is likely to be 
an effective strategy for the treatment of tumors 
showing a positive stimulation of NF-kB signal-
ing pathway, such as the ABC subtype of DLBCL 
 [  25  ]  and multiple myeloma  [  138  ] . The most 
extended study of proteasome inhibitors has been 
indeed conducted in multiple myeloma, with the 
fi rst-in-class inhibitor, bortezomib, being now 
approved for the treatment of patients with 
relapsed or refractory disease after at least one 
prior regimen. Additional investigation is now 
directed toward the evaluation of its combination 
with several agents commonly used for the treat-
ment of multiple myeloma, such as melphalan, 
doxorubicin, dexamethasone, thalidomide, and 
prednisone, in previously untreated patients 
affected by multiple myeloma. More recently, 

bortezomib started to be tested also for the 
treatment of relapsed B-cell NHL, achieving sig-
nifi cant activity against MCL patients  [  139,   140  ] , 
who can now see this agent among their thera-
peutic option. Bortezomib monotherapy showed 
to induce a substantial response rates also in 
relapsed or refractory indolent NHL patients in 
phase II studies  [  141  ] ; however, time to response 
was found to be longer in these patients compared 
to those with MCL  [  142  ] . 

 The ability of bortezomib to interfere with sev-
eral pathways that are commonly associated with 
resistance to therapy, such as NF-kB, cyclin, p53, 
and Bcl-2 protein regulation  [  88  ] , has led to the 
study of its combination with cytotoxic agents, 
thus widening the possibility of clinically effec-
tive synergistic activity with conventional therapy. 
Interestingly, in a small study, bortezomib com-
bined with chemotherapy resulted in signifi cantly 
improved ORR (83% vs. 13%;  p  < 0.001) and 
median OS (10.8 months vs. 3.4 months;  p  = 0.003) 
in ABC compared with GCB DLBCL, providing 
the rationale for a differential therapeutic approach 
in genetically distinct DLBCL subtypes  [  88,   143  ] . 
If confi rmed in larger studies, the combination of 
a CHOP-like chemotherapy with bortezomib 
would represent the fi rst differential therapy for 
the two major biological subtypes of DLBCL. 

 Despite robust antitumor activity in the clinic, 
bortezomib therapy is hindered by a treatment-
emergent peripheral neuropathy. With the valida-
tion of the proteasome as target for cancer therapy, 
several new proteasome inhibitors have been thus 
developed with the aim to reduce toxicity and 
potential resistance associated with bortezomib 
treatment. 

 Within the class of peptide boronic acid ana-
logs, which reversibly inhibit the proteasome, 
MLN9708 (Millennium Pharmaceuticals, Inc.) 
 [  144  ]  and CEP-18770 (Cephalon)  [  145  ]  have 
recently entered phase I trials for the treatment of 
lymphomas. 

 Among the peptides epoxyketone derivatives, 
which irreversibly block proteasome activities, 
carfi lzomib (PR-171) and PR-047 have demon-
strated signifi cant cytotoxic activity against several 
hematologic and solid malignancies in a preclinical 
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setting, showing enhanced potency compared with 
bortezomib and synergistic antitumor effects in 
combination with dexamethasone  [  146  ] , and other 
novel selective inhibitors  [  147  ]  without signifi cant 
increase of toxicity. Carfi lzomib is also currently 
achieving successful response rates within the 
clinical setting, being the second-generation pro-
teasome inhibitor in the more advanced phase of 
clinical development for the treatment of multiple 
myeloma  [  148  ] .Several natural compounds have 
also revealed potent activity as proteasome inhib-
itors. NPI-0052 is a small   b  -lactone compound 
derived from fermentation of  Salinispora tropica , 
a gram-positive actinomycete that acts, as carfi l-
zomib and PR-047, as an irreversible proteasome 
inhibitor. In preclinical studies, it has shown simi-
lar single-agent activity against multiple myeloma, 
HL, NHL, and leukemia compared with carfi l-
zomib, including the ability to partially overcome 
bortezomib resistance in vitro  [  149  ] . It has also 
provided substantial synergistic effects with 
lenalidomide, HDAC inhibitors (HDACi), agents 
triggering TRAIL receptor, pan-BCL-2 inhibitors, 
and also bortezomib in lymphomas, leukemia, and 
multiple myeloma. Phase I trials with NPI-0052 
in hematologic malignancies and solid tumors are 
underway. 

 Results from these studies will provide deci-
sive information, whereby their different pharma-
cologic characteristics, compared to bortezomib, 
can really translate into distinct effi cacy and/or 
safety profi les. 

 As an alternative strategy to increase specifi c-
ity and reduce side effects associated with ubiqui-
tous proteasome inhibitors, the selective targeting 
of immunoproteasome has been also investigated. 
Indeed, the predominant expression of immuno-
proteasome in hematologic cells may allow a 
wider therapeutic window to direct the inhibitory 
activity toward malignant cells of hematologic 
origin, sparing normal tissue. IPSI-00, the most 
potent immunoproteasome-specifi c inhibitor 
developed so far, has shown enhanced cytotoxic 
effects on tumor cells from a hematologic origin 
and the ability to overcome resistance to conven-
tional and novel drugs, including bortezomib 
 [  150  ] . These fi ndings have provided the rationale 
for the translation of immunoproteasome-specifi c 
inhibitors to the clinical evaluation.   

   Epigenetic Drugs 

 Heritable changes in gene expression that are not 
codifi ed by DNA sequence are defi ned as epige-
netics. The most common mechanisms of epige-
netic regulation include the methylation of CpG 
islands within the DNA and the acetylation of 
lysine residues in the N-terminal histone tails. 
Usually, methylated DNA or deacetylated his-
tones are associated with a condensed chromatin 
structure that results in the repression of gene 
transcription. DNA methyltransferase/demethy-
lase and histone acetyltransferase (HAT)/HDACs 
enzymes coordinately act to shut down or acti-
vate the expression of specifi c genes’ tails  [  151  ] . 
It is now widely accepted that changes in the pat-
terns of epigenetic regulation, altering the expres-
sion of tumor-suppressor genes and oncogenes, 
may contribute to neoplastic transformation 
genes  [  151  ] . In contrast to genetic mutations, 
epigenetic changes may be pharmacologically 
reverted through the inhibition of the enzymes 
responsible for the altered epigenetic pattern. 

 HDAC family members are categorized within 
four main classes, with class I including the 
nuclear HDACs 1, 2, and 3 and the nuclear/
cytoplasmic HDAC 8; class II, the nuclear/
cytoplasmic 4, 5, 7, and 9 and HDACs 6 and 10, 
which are preferentially located into the cytoplasm; 
class III, sirtuins 1–7 (SIRT), which are homolo-
gous to the yeast-repressing protein Sir2; and 
class IV, the nuclear/cytoplasmic HDAC 11 as the 
only member . Besides controlling the transcrip-
tion status of many genes through histone deacety-
lation  [  152  ] , HDACs can also regulate the 
function of several non-histone proteins (Fig.  5.8 ). 
Indeed, lysine acetylation/deacetylation represent 
an additional level of control for the function of 
several proteins that, having a crucial role in the 
cellular homeostasis, need to be tightly regulated, 
such as p53, E2F, c-myc, NF-kB, hypoxia-inducible 
factor-1  a   (HIF-1  a  ), and STAT3 transcription fac-
tors, as well as   a  -tubulin and heat shock protein 
(HSP) 90  [  153  ]  (Fig.  5.8 ).The altered activity of 
HDACs may thus contribute by several fronts to 
malignant transformation. Hematologic neo-
plasms have been found to be particularly associ-
ated with the aberrant recruitment of HDACs 
to gene promoters, with acute promyelocytic 
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leukemia representing the fi rst example of the 
causative role of HDACs in cancer. BCL-6 and 
c-myc are some examples of transcription factors 
that cooperate with HDACs in order to repress 
target genes  [  19,   154  ] . These proteins are often 
found aberrantly expressed in B-cell lymphomas 
and can contribute to the neoplastic process by 
transcriptionally silencing of tumor-suppressor 
genes. Therefore, HDACs are considered a prom-
ising target for anticancer therapy and in particular 
for the treatment of hematologic malignancies.  

 Several structurally distinct classes of HDACi 
have been developed, including hydroxamic 
acids, cyclic peptides, electrophilic ketones, 
short-chain fatty acids, and benzamides. In gen-
eral, transformed cells are more sensitive to 
HDACi compared to normal cells. Importantly, 
these inhibitors can also kill non-proliferating 
tumor cells, while sparing normal cells, provid-
ing a signifi cant advantage over conventional 
anticancer agents that selectively target prolifer-

ating tumor cells  [  155  ] . Common effects of 
HDAC inhibition include cell-cycle arrest in G1 
and/or G2 phase, with the resulting block of cell 
growth  [  156  ] , the induction of apoptosis via the 
extrinsic (death receptor) and intrinsic (mito-
chondrial) pathways  [  157  ] , the inhibition of 
tumor angiogenesis, via the downregulation of 
proangiogenic factors  [  158  ] , and metastatization, 
through the upregulation of metastatic suppressor 
genes and downregulation of prometastatic 
factors  [  159  ] , and a positive immunomodulation 
resulting from the induction of major histocom-
patibility complex (MHC) class I and II protein 
expression  [  21  ]  and alteration of cytokine secre-
tion  [  22  ]  (Fig.  5.8 ). 

 Hydroxamic acid derivatives represent the 
most widely studied category of HDACi. 
Compounds within this class that have reached 
the clinical development include vorinostat 
(SAHA, Zolinza ® ), panobinostat (LBH589), 
belinostat (PXD-101), givinostat (ITF2357), PCI 

  Fig. 5.8    Function of HDACs and effects of HDACi. 
Main cellular pathways affected by histone deacetylase 
enzymes (HDACs) ( gray boxes , transcriptional effects; 
 white boxes , posttranslational effects).  Arrows  and 

 perpendicular lines  indicate, respectively, positive and 
negative effects. HDAC inhibitors (HDACi) act by revert-
ing HDAC activity on each pathway ( dotted perpendicu-
lar line )       
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24781, and R306465 (JNJ-16241199). Vorinostat, 
a hydroxamate pan-inhibitor of class I and II 
HDACs, was the fi rst HDACi to be approved by 
the FDA in October 2006 for the treatment of 
refractory cutaneous T-cell lymphoma (CTCL). 
Phase I and II studies have indicated an accept-
able safety profi le and preliminary activity of 
vorinostat as monotherapy in patients with 
relapsed or refractory aggressive and indolent 
B-cell NHL  [  160,   161  ] . Panobinostat potently 
inhibits class I, II, and IV HDACs. As single 
agent, it has shown antitumor activity in patients 
with several hematologic malignancies  [  162  ] . It 
is currently being studied in combination with 
novel agents, including AKT inhibitors and 
everolimus for the treatment of relapsed B-cell 
NHL  [  27  ] . Belinostat is another hydroxamate-
based HDACi, whose clinical development is 
more advanced for the treatment of PTCL and 
CTCL compared to B-cell malignancies. 
However, results collected so far from a phase I 
study with escalating doses of belinostat in 
patients with B-NHL indicate a good safety pro-
fi le and a certain clinical activity  [  163  ] . 

 The natural cyclic peptide romidepsin (depsi-
peptide, Istodax ® ) is the second HDACi approved 
by the FDA (November 2009) for the treatment 
of CTCL patients after at least one prior systemic 
therapy. Although it can inhibit both class I and II 
HDACs, at low nanomolar levels, it exhibits a 
preferential activity against class I HDACs and is 
therefore considered a class-selective inhibitor in 
contrast to vorinostat  [  164  ] . The drug approval 
was based on two single-arm, multicenter, open-
label trials that demonstrated a consistent ORR 
(34 and 35%), a remarkable long response dura-
tion and manageable side effects  [  165  ] . A combi-
nation of romidepsin and bortezomib is currently 
being investigated in a phase II study in patients 
with refractory multiple myeloma. 

 HDACi belonging to the benzamide class in 
clinical development include mocetinostat 
(MGCD0103) and etinostat . Mocetinostat is an 
oral, class I-selective HDACi that has demon-
strated single-agent activity in refractory or 
relapsed NHL in phase II trials  [  166,   167  ] . 

 The structurally simplest class of HDACi is 
represented by short-chain fatty acids, including 

valproic acid (VPA), butyric acid, and phenylbu-
tyrate. Despite low inhibitory potency, these com-
pounds have reached the clinical evaluation for 
the treatment of hematologic malignancies. VPA, 
a widely known antiepileptic drug, has been 
shown to preferentially inhibit class I HDACs 
leading to differentiation of transformed cells 
 [  168  ] . Due to the long-lasting clinical experiences 
with VPA and its well-characterized manageable 
side effects, this compound is currently investi-
gated as an antileukemic agent in different trials. 

 Efforts have been made for the identifi cation 
of valid surrogate biomarkers for the activity of 
HDACi, as well as potential predictors for their 
clinical effi cacy. The acetylation of target pro-
teins in PBMC or tumor tissues before and after 
treatment was not found to reproducibly correlate 
with the clinical activity of these agents  [  169  ] . 
The measurement of HDAC enzyme activity 
seems to be a more sensitive method for the 
assessment of the pharmacodynamic effects of 
HDACi; however, the correlation between HDAC 
enzyme activity and clinical effects of HDACi 
still needs to be determined  [  170  ] . Interestingly, 
the presence of high levels of activated STAT1, 
STAT3, and STAT5 in lymphoma cell lines that 
poorly respond to vorinostat treatment in vitro, 
and in pretreatment tumor biopsies from CTCL 
patients that did not respond to vorinostat indi-
cated that STAT signaling pathway may represent 
a predictive biomarker for vorinostat response 
and/or may be involved in vorinostat resistance. 
Jak inhibitors, which can block this pathway, 
have shown to sensitize vorinostat-resistant can-
cer cell lines to HDACi, thus suggesting that the 
combination of HDACi and Jak inhibitors may 
represent a promising therapeutic strategy to 
overcome resistance  [  171  ] . SB1518 is an orally 
bioavailable inhibitor of JAK2 and the JAK2 
mutant JAK2V617F that has shown antilym-
phoma activity in a phase I study  [  172  ] . Given the 
crucial role of Jak2 pathway in the PMBL subtype 
of DLBCL, as well as HL, combination regimens 
with HDACi and Jak2 have been proposed as a 
potential effective strategy for the treatment of 
these diseases  [  28  ] . 

 Future preclinical and clinical studies will 
be crucial to elucidate whether and in which 
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combination HDACi may be successfully 
exploited for the treatment of B-cell lymphomas. 

 In contrast to HDACs that posttranslationally 
modify cellular proteins, DNA methyltrans-
ferases (DNMT)1, DNMT3A, and DNMT3B 
catalyze the transfer of methyl groups to cytosine 
moieties within CpG dinucleotides of DNA. This 
results in the reduction of the binding of specifi c 
transcription factors and favors the recruitment of 
methyl-binding proteins and their preferential 
partners HDACs and histone metyl transferase, 
thus leading to gene silencing. 

 Due to their ability of silencing the expression 
of growth inhibitory and/or cell death promoting 
proteins, DNMTs are thought to play a key role in 
carcinogenesis. Overexpression of DNMT1/3A/3B 
is indeed a common feature of cancer, and it is fre-
quently associated with increased tumor malig-
nancy  [  173  ] . Therefore, the inhibition of these 
enzymes has also been exploited as a potential 
therapeutic anticancer strategy. 

 The nucleoside analog DNMT inhibitors 
(DNMTi), 5-azacytidine (azacitidine; Pharmion 
Corporation) and 5-aza-2  ¢  -deoxycytidine (decit-
abine; MGI Pharma), are approved for the treat-
ment of myelodysplastic syndrome  [  174  ] . 

 The simultaneous targeting of two epigenetic 
pathways is now being investigated with the aim to 
provide synergic antitumor effects and longer-last-
ing responses. Initial clinical trials of 5-azacytidine 
in combination with belinostat or VPA in patients 
with advanced myeloid malignancies, leukemia, 
and myelodysplastic syndromes show promising 
 [  108,   175  ] . Further studies with epigenetic agents 
in combination regimens will allow understanding 
whether they can be successfully exploited even 
for the treatment of B-cell lymphomas.  

   Agents Targeting the Apoptotic 
Pathway 

 The intrinsic apoptosis pathway is controlled at 
the mitochondrial level by Bcl-2 proteins. Bcl-2 
family members are defi ned by the presence of at 
least one of the Bcl-2 homology domains 
(BH1-BH4). They may have either pro- (Bax, Bak, 
and the 3 (BH3)-only proteins) or antiapoptotic 

functions (BCL-2, BCL-B, BCL-Xl, A1, and 
Mcl-1) depending on the domains expressed. 
When apoptosis pathway is triggered, BH3-only 
proteins bind Bcl-2 antiapoptotic proteins, thus 
allowing the release of Bax and Bak, which in 
turn induce the outfl ow of cytochrome c from the 
mitochondria into the cytoplasm where it acti-
vates the caspase cascade that leads to apoptosis. 
The upregulation of antiapoptotic Bcl-2 proteins 
is associated with tumorigenesis and resistance to 
chemotherapy. Bcl-2 is overexpressed in the 
majority of FL due to the translocation t(14;18) 
that lead to the juxtaposition of Bcl-2 gene next 
to the IgH promoter regions and in about 40% of 
DLBCL. Therefore, it represents a rationale tar-
get for the treatment of these diseases. The fi rst 
construct targeting Bcl-2 that entered the clinical 
development was the specifi c antisense-nucle-
otide oblimersen. It is now being studied for the 
treatment of indolent lymphomas, where it has 
shown more convincing activity with respect to 
that achieved in aggressive lymphomas  [  176  ] . 

 Successively, a major interest has been directed 
toward the development of small specifi c inhibi-
tors of Bcl-2 proteins. The most widely exploited 
strategy in this setting has pointed to the genera-
tion of agents that, resembling BH3-only proteins, 
could bind to BCL-2, BCL-X 

L
 , and BCL-W, thus 

displacing the proapoptotic BCL-2 proteins. For 
this reason, they are commonly called BH3 mimet-
ics. ABT-263 is an orally available small-molecule 
BH3 mimetic that primarily inhibits BCL-X 

L
 . In a 

phase I/II study in patients with previously treated 
lymphoid malignancies, it has demonstrated activ-
ity primarily against CLL, with dose-dependent 
acute thrombocytopenia being the major toxicity 
 [  177  ] . Combination with other agents may be 
required to increase the therapeutic effi cacy of 
ABT-263 in other lymphomas. Obatoclax, a novel 
BH3 mimetic, has shown to sensitize rituximab-
resistant B-cell lymphomas to treatment with 
bortezomib  [  178  ] . Promising results are being 
achieved from the initial clinical evaluation of the 
combination of obatoclax and bortezomib for the 
treatment of relapsed MCL  [  179  ] . 

 Another potential therapeutic target within the 
apoptotic pathway is survivin, a bifunctional 
inhibitor of apoptosis that is overexpressed in 
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most human neoplasm, but absent in normal 
 tissues  [  180  ] . YM155 is a small inhibitor of sur-
vivin that has demonstrated to improve the 
antitumor effects of rituximab in DLBCL and to 
achieve signifi cant responses in NHL patients in 
a phase I/II study  [  109  ] . 

 The extrinsic or death receptor-dependent 
apoptosis pathway also offers novel strategies of 
intervention for the treatment of lymphoma. 
Death receptors, including Fas (CD95/Apo1), 
TNF receptor 1 (p55), TRAMP (WSL-1/Apo3/
DR3/LARD), TRAIL-R1 (DR4), and TRAIL-R2 
(DR5/Apo2/KILLER), belong to the tumor 
necrosis factor receptor (TNFR) superfamily, 
which trigger apoptosis upon ligand binding. 
Upon activation, the intracellular domain of death 
receptors interacts with Fas- and TNFR-associated 
death domain (FADD and TRADD) for the acti-
vation of caspase 8, which, in turn, triggers the 
caspase signaling cascade and the intrinsic apop-
tosis via the cleavage and activation of the 
BH3-only protein Bid. TRAIL-R1 and TRAIL-R2 
agonist Abs as well as recombinant TRAIL are 
currently being investigated in early-phase clini-
cal trials for the treatment of lymphoma  [  181–
  184  ] . To enhance the therapeutic effi cacy of 
targeting TRAIL-Rs, cell-based vehiculation of 
the full-length membrane-bound TRAIL has 
been also evaluated in preclinical studies, show-
ing a potent antitumor activity involving both 
direct and antiangiogenic mechanisms  [  185  ] . 

 Signals from the tumor suppressor p53 are also 
crucial for the decision between life and death. 
P53 is physiologically inhibited by the human 
homolog of murine double-minute protein 2 
(mdm2), which is often upregulated in B-cell lym-
phomas. Nutlin-3 is a small-molecule antagonist 
of mdm2 that has shown preclinical activity against 
MCL  [  186  ] . This compound, together with other 
mdm2 antagonists, which are under development, 
is expected to represent novel options for the treat-
ment of lymphomas carrying wild-type p53.  

   Immunotherapy 

   MAb Therapy 
 With the advent of mAb technology  [  187,   188  ] , 
more than ten cell-surface molecules have been 

identifi ed on B cells, with different expression 
levels at various stages of their development. Most 
of these antigens are found also on the malignant 
B-cell counterpart and have been thus exploited as 
molecular targets for mAb therapy (Fig.  5.9 ).  

 To date, CD20 has been the most commonly 
targeted antigen by mAb therapy for B-cell malig-
nancies, because of its advantageous characteris-
tics of being expressed at high levels on the surface 
of most malignant B cells, where it is tightly 
bound, with little modulation and no secretion or 
rapidly shedding in circulation. Furthermore, 
CD20 expression is absent on the early B-cell 
precursors allowing repopulation of the B-cell 
compartment after treatment  [  189  ] . In addition, 
CD20 seems to have an important role in the 
physiology of B-cell activation and cell-cycle 
regulation  [  190  ] . Thus, apart from its binding to 
normal B cells, CD20 represents an ideal target 
for B-cell lymphoma. The chimeric human–
mouse IgG1 kappa anti-CD20 mAb rituximab 
was the fi rst mAb to be approved by the FDA in 
1997 for treatment of relapsed or refractory 
CD20+ indolent B-cell NHL  [  61  ] . On binding to 
CD20, rituximab induces Ab-dependent cell 
cytotoxicity (ADCC), Complement-dependent 
cytotoxicity CDC, and apoptosis of neoplastic B 
cells by promoting calcium infl ux and caspase 
activation  [  191,   192  ]  and sensitizes malignant B 
cells to chemotherapy  [  193  ] . Rituximab has been 
the most valuable addition to the treatment for 
B-cell NHL since 20 years and is now considered 
the cornerstone of therapy in both indolent and 

  Fig. 5.9    B-cell antigen targets. B-cell-surface-associated 
antigens that have been exploited as immunotherapeutic 
targets for the treatment of B-cell malignancies       
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aggressive B-cell lymphomas. Nevertheless, 
30–50% of the patients do not respond to ritux-
imab in fi rst-line or more advanced treatment set-
tings, respectively  [  89  ] , and approximately 60% 
of initial responders no longer benefi t from 
retreatment  [  194  ] . The success of rituximab, but 
also its recognized limitations, has stimulated 
investigational efforts to develop newer-genera-
tion anti-CD20 mAbs, as well as mAbs targeting 
different surface antigens expressed on malignant 
B cells (Fig.  5.9  and Table  5.2 ). Several approaches 
are under evaluation, including humanization of 
the molecule, to decrease its infusion reactions 
and immunogenicity, improved side-effect profi le 
and enhancement of binding affi nity. Modifi cation 
of the Fc portion is also being performed to opti-
mize effector functions, particularly ADCC. 
Second-generation anti-CD20 mAbs include ofa-
tumumab , veltuzumab, and ocrelizumab that are 
humanized or fully human IgG1, with an unmod-
ifi ed Fc region (Table  5.2 ).  

 Ofatumumab (HuMax-CD20) is a fully human 
IgG1 Ab that binds to an extracellular CD20  
epitope distinct from that recognized by ritux-
imab, resulting in a stronger CDC but less apop-
tosis induction  [  195  ] . It has provided encouraging 
results in recent phase I/II studies in refractory/
relapsed CLL and FL  [  112,   196  ]  that led to its 
accelerated FDA approval for the treatment of 
refractory/relapsed CLL. Clinical investigation to 
confi rm the clinical benefi t of ofatumumab in 
rituximab-refractory CLL as well as other 
B-NHLs is underway. 

 Veltuzumab (hA20) is a recombinant human-
ized monoclonal IgG1 with identical variable 
complementarity-determining regions (CDRs) 
compared with rituximab, except from a single 
amino acid change, which does not alter CD20 
binding avidity, but signifi cantly reduced mAb 
off rates and enhanced CDC  [  197  ] . Veltuzumab 
has proven active and safe at lower doses than 
rituximab in phase I/II studies in patients with 
recurrent B-cell lymphomas  [  198,   199  ] . 

 Ocrelizumab is a humanized version of the 
murine 2H7 Ab with enhanced ADCC in vitro 
 [  200  ] . After reaching phase III clinical trials for 
the treatment of autoimmune diseases, its devel-
opment has been suspended due to the occurrence 
of lethal opportunistic infections. However, its 

clinical evaluation in patients with hematologic 
malignancies is still ongoing  [  113  ] . 

 Given the fi nding that Fc  g  RIII amino acid 158 
polymorphism (valine/phenylalanine) can impair 
rituximab-mediated ADCC  [  201,   202  ] , third-
generation mAbs have been developed with an 
Fc region designed to improve therapeutic 
performance by adapting their effector functions. 
Three such engineered anti-CD20 Abs—AME-
133v  [  203  ] , PRO131921 (rhuMAb v114) 
(NCT00452127), and have entered clinical trials, 
GA-101 with GA101 having reached the most 
advanced phases  [  204  ] —of clinical development. 
All of them have demonstrated an increased 
capability to mediate ADCC as compared with 
rituximab, and GA-101 has also shown to better 
induce direct apoptosis in malignant B cells. 

 Novel anti-CD20 mAbs have demonstrated 
the same favorable toxicity profi les as rituximab. 
In general, pharmacodynamic parameters do not 
correlate with response, and no clear dose–effect 
relationships have been detected. They are asso-
ciated with signifi cant effi cacy, although response 
rates in rituximab-refractory patients are modest. 
Therefore, mAb therapies for B-cell NHL target-
ing neoplastic B-cell targets distinct from CD20 
are developing exponentially in number, with the 
aim of identifying more active and specifi c treat-
ments. CD22, CD23, CD40, CD80, CD70, and 
CD74 are among the most widely exploited 
biotargets for novel antilymphoma passive immu-
notherapy (Fig.  5.9 ). However, being involved in 
the normal B-cell functions, these antigens are 
not tumor specifi c. Nevertheless, the humanized 
anti-CD22 monoclonal IgG epratuzumab  [  205  ] , 
the primate-human chimeric anti-CD23 and anti-
CD80 monoclonal IgG1 lumiliximab (IDEC-
152)  [  206  ] , and galiximab  [  207  ]  have shown 
promising clinical results and a good safety pro-
fi le in phase I/II trials for relapsed/refractory 
NHL (Table  5.2 ). Moreover, the combinations of 
epratuzumab or galiximab with rituximab dem-
onstrated signifi cant clinical activity with limited 
toxicity  [  208,   209  ] , with the latter showing even 
better outcomes than either agent alone  [  210  ] . 
Epratuzumab or lumiliximab with chemoimmu-
notherapy or standard chemotherapy proved fea-
sible and safe approaches for NHL patients, 
which compared also favorably with historical 
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controls receiving the same treatment without 
these novel agents  [  211,   212  ] . Such encouraging 
results have prompted the initiation of randomized 
phase III trials to evaluate the clinical benefi t of 
combining rituximab with galiximab and poly-
chemotherapy with lumiliximab. 

 Due to the crucial role of CD40 engagement on 
the surface of lymphoma B cells for their prolifera-
tion and survival  [  213,   214  ] , CD40 has been largely 
studied as a potential biotarget for these diseases. 
HCD122 (formerly CHIR-12.12) and dacetu-
zumab (SGN-40) are, respectively, a fully human 
and a humanized anti-CD40 monoclonal IgG1 
that, blocking CD40/CD40L-mediated signaling, 
induce proapoptotic signals and provide ADCC, 
resulting in clearance of malignant B cells  [  215, 
  216  ] . Clinical evaluation of the tolerability of 
HCD122 is underway in phase I trials for NHL or 
HL, multiple myeloma, and relapsed CLL. 
Dacetuzumab has already reached phase II clinical 
trials that indicate some effects as monotherapy in 
patients with heavily pretreated DLBCL  [  217  ]  
(Table  5.2 ). Ongoing studies are exploring its activ-
ity in combination with conventional therapies in 
multiple myeloma, DLBCL, and low-grade NHL. 

 MAbs targeting CD70 and CD74 are the last 
ones entering preclinical and initial clinical 
development for the treatment of B-cell malig-
nancies  [  218  ] . CD70 has the advantage of being 
expressed prevalently on neoplastic B cells and 
rarely on normal B or T lymphocytes  [  219  ] . 
CD70 targeting on lymphoma cells with the spe-
cifi c fully human MDX-1411 mAb has resulted 
in potent ADCC induction  [  220  ] . CD74 is a type-
II transmembrane chaperone molecule, expressed 
on normal and malignant B cells, monocytes and 
histiocytes. It mediates several prosurvival sig-
nals and favors tumor immune escape by impair-
ing the binding of antigenic peptides to HLA-DR 
 [  221,   222  ] . The anti-CD74 mAb milatuzumab 
(hLL1, IMMU-115) has shown to cause very 
modest ADCC or CDC, but in the presence of an 
appropriate cross-linking agent, it can inhibit cell 
proliferation and promote apoptosis in vitro, 
resulting in signifi cant prolongation of survival in 
lymphoma mouse models  [  223,   224  ] . 

 All these results have been seen with great 
enthusiasm, even though, as yet, none have dem-
onstrated signifi cant effi cacy over that seen with 

rituximab. Retrospective analysis of failures and 
successes of mAb therapy has resulted in the 
reemphasis of three major caveats of this 
approach: (1) identity of the target antigens, 
(2) the limited understanding of the mechanisms 
of action of the mAbs, and (3) resistance induc-
tion  [  225–  227  ] . Tumor specifi city, essential 
biologic activity, the absence of mutation in the 
target epitope, and minimal shedding or extracel-
lular secretion are the most important properties 
that an ideal mAb target should have. However, 
B-cell-surface proteins identifi ed to date do not 
concomitantly display all of these features. 
Therefore, novel Ab-based immunotherapeutics 
continue to be under evaluation to improve the 
current therapies for B-cell malignancies. 

 The strategy to conjugate mAbs with toxin(s) 
(immunotoxin(s)) has been developed to more 
effi ciently target rapidly modulating antigens and 
induce tumor cell death. However, this approach 
has been limited by the induction of immune 
responses to the mAb and the toxin as well as 
non-specifi c toxicity  [  228  ] . This has led to the 
generation of agents with an improved safety pro-
fi le. The calicheamicin-conjugated anti-CD22 
mAb inotuzumab ozogamicin (CMC-544) is such 
an example  [  229  ]  that, having demonstrated sig-
nifi cant single-agent activity in relapsed FL and 
DLBCL  [  230  ] , is now under clinical investigation 
in combination with rituximab  [  231  ]  (Table  5.2 ). 

 In contrast to unmodifi ed mAb and drug/toxin 
mAb conjugates, tumor-specifi c mAbs com-
plexed to a radioisotope (131I, 90Y) do not need 
to bind to each tumor cell or penetrate homoge-
neously into the neoplastic tissue to exert their 
effects. The ionizing energy emitted from thera-
peutic isotopes can kill cells several cell diame-
ters away (cross fi re effect), thus resulting in a 
more effi cient tumor targeting. Two radiolabeled 
mAbs directed against CD20 have been tested 
for the treatment of relapsed/refractory NHL 
after fi rst-line chemotherapy: 131I-tositumomab 
(Bexxar) and 90Y-ibritumomab tiuxetan (Zevalin) 
 [  78,   232  ] . Both have provided high response 
rate in large cohorts of patients with relapsed/
refractory FL  [  233–  236  ] . 90Y-ibritumomab 
showed also greater effi cacy than rituximab as 
single agent in a randomized trial  [  237  ] . For 
the majority of patients, however, the response 
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duration is relatively short, and at present, it is 
diffi cult to predict the best candidates for this 
treatment. 

 Therefore, the need for more cost-effective 
immunotherapeutics has led to the development 
of novel scaffold strategies, many of which are 
based on the use of mAb fragments or single-
domain Abs. The aim is to increase target multi-
specifi city, an increased ability to recruit effector 
cells, and to bind cryptic epitopes. 

 Small-modular immunopharmaceuticals 
(SMIPs) are single-chain polypeptides with a 
target-binding domain attached to an effector 
domain through a fl exible hinge domain, the lat-
ter designed to govern the engagement of recep-
tors on immune cells for enhanced ADCC activity 
 [  238  ] . TRU-015 and TRU-016 are recently devel-
oped anti-CD20 and anti-CD37 SMIPs that have 
demonstrated more potent ADCC than rituximab 
in CLL and NHL. Ongoing research is investigat-
ing the potential clinical use of these SMIPs in 
B-cell lymphomas  [  239,   240  ] . 

 Bispecifi c T-cell engager (BiTE) Abs, which 
consist of two single-chain Abs, one specifi c for 
CD3, a subunit of T-cell receptor complex, and 
the other for a tumor-associated antigen (TAA), 
currently represent the most promising novel 
immunotherapeutics  [  241  ] . Blinatumomab 
(MT103/MEDI538; bscCD3xCD19) is the fi rst 
BiTE Ab tested clinically in patients with relapsed 
NHL that has provided excellent antitumor activ-
ity in patients with FL, MCL, and CLL in a recent 
phase I clinical trial  [  242  ] . Ongoing phase II 
studies will clarify the role of this compound for 
the treatment of B-cell malignancies.   

   Active Immunotherapy 

 Multiple observations that, in cancer patients, the 
presence of Ab and/or T-cell responses against 
the autologous malignancy is associated with a 
signifi cant improved survival  [  243  ]  have led to 
the development of strategies able to actively 
generate such immunity. In contrast to passive 
immunotherapy, therapeutic anticancer vaccines 
have the potential to stimulate an endogenous 

tumor-specifi c immune response and the genera-
tion of an immunological memory, which, in turn, 
may favor the long-term control of the disease. 

 Indolent B-cell NHLs have long been regarded 
as particularly immune responsive based on 
reports of spontaneous regressions  [  38  ]  and high 
response rates to mAbs  [  89,   244  ] . In addition, 
multiple evidences supporting the association 
between the prognosis of indolent lymphomas 
and the presence of different subsets of tumor-
infi ltrating non-malignant immune cells further 
indicate that the immune system plays a major 
role in the control of these diseases. Therefore, 
active immunotherapy has been considered a 
valid option to be exploited for the treatment of 
indolent NHL patients. 

 A therapeutic cancer vaccine usually comprises 
(1) a unique/tumor-specifi c (products of mutated 
genes, altered cell surface glycolipids and glycopro-
teins or viral antigens) or a shared self-antigen/TAA 
(proteins exogenously expressed in tumors but 
found in normal tissues), eventually loaded into 
professional APCs (i.e., DCs), (2) a carrier, and (3) 
an adjuvant (Fig.  5.10 ). Given the low immunoge-
nicity of most TAA (in particular self-antigens) 
and the immunosuppressive network established 
by tumor cells, antigen delivering strategies and 
immunostimulatory agents included in the vaccine 
formulation are crucial to allow shaping the proper 
adaptive antitumor immune response for the induc-
tion of a tumor-specifi c immunological memory 
and long-lasting clinical benefi t. Some of the most 
largely exploited adjuvants and carrier proteins in 
active immunotherapy include Freund’s adjuvant, 
keyhole limpet hemocyanin (KLH)  [  245  ] , bacilli 
Calmette–Guerin (BCG), syntax adjuvant formu-
lation-1 (SAF-1)  [  246  ] , granulocyte/monocyte 
colony-stimulating factor (GM-CSF)  [  247  ] , and 
toll-like receptor (TLR) ligands (imiquimod for 
TLR-7/8, CpG for TLR-9)  [  248  ] .  

 Id represents a unique TAA for mature B-cell 
malignancies including B-cell lymphomas and 
has been, therefore, the most widely exploited 
antigen in vaccination against these diseases. 
Originally generated by hybridoma technology, 
Id protein can now be produced by recombinant 
technology, cloning Ig genes into stable cell lines, 
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for its use as a vaccine. The fi rst demonstration in 
mice of the ability of Id protein to generate a pro-
tective tumor-specifi c immune response came 
from a pioneering study by Lynch et al. in multi-
ple myeloma models  [  249  ] . Initial preclinical 
studies were thus performed immunizing with 
the soluble Id proteins alone  [  250,   251  ] . 
Successively, it was demonstrated that the KLH 
conjugation could signifi cantly improve the 
immunogenicity of tumor-Id in the 38C13 lym-
phoma model  [  114  ] . Interestingly, the antitumor 
effect of Id-KLH was associated with the induc-
tion of a specifi c humoral response and was pref-
erentially achieved in animals with low tumor 
burden  [  114  ] . Using the same lymphoma model, 
a further improvement was achieved when low 
doses of GM-CSF were co-administered with the 
vaccine  [  252  ] . Indeed, GM-CSF showed to 
enhance the protective antitumor immunity 
elicited by Id-KLH in a way that was strictly 
dependent upon the specifi c activation of a T-cell 
adaptive response  [  252  ] . Collectively, results 
achieved in preclinical studies with Id vaccines 
allowed to predict that Id conjugated to a carrier 
protein, namely, KLH, and co-administered with 
GM-CSF into patients with limited disease could 

represent the best strategy to induce a clinically 
relevant tumor-specifi c immunity. 

 Phase I/II studies in FL patients in complete 
clinical remission or with residual disease after 
chemotherapy demonstrated the ability of vacci-
nation with Id-KLH to induce a specifi c adaptive 
immunity, eventually associated with a therapeu-
tic effect  [  253–  257  ] . Interestingly, the study by 
Inoges et al .  [  257  ]  showed that the clinical 
responses achieved by vaccination in patients in 
clinical remission after induction therapy were 
signifi cantly longer compared to the previous 
ones achieved in the same patients after frontline 
standard therapy. In particular, all patients show-
ing an Id-specifi c immunity after vaccination 
experienced the most longer-lasting second com-
plete remission, indicating, for the fi rst time in 
human, that vaccine-induced Id-specifi c immune 
activation and clinical effi cacy were most likely 
associated  [  257  ]  (Table  5.3 ). The critical role of 
immune responses in vaccinated patients high-
lighted a major concern considering the drastic 
B-cell depletion caused by rituximab, which was 
becoming the standard of care for B-cell 
lymphoma. Two clinical trials thus evaluated the 
immunogenicity and the clinical effi cacy of the 

  Fig. 5.10    Active immunotherapeutic strategies.  Left : 
injection of the immunogenic agents (tumor antigen pep-
tides, tumor cells transduced to express the antigen, viral 
vector or plasmid DNA encoding for the tumor antigen) 

for a random in vivo target of DCs.  Right : injection of ex 
vivo-generated tumor antigen-loaded (derived from tumor 
cell lysate, killed tumor cells, or recombinant technology) 
DCs       
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Id-KLH+GM-CSF vaccine following induction 
therapy with rituximab, showing that antitumor 
T-cell responses were not affected after rituximab 
therapy  [  258,   259  ] . Remarkably, the study by 
Koc et al. demonstrated an improved TTP for 
patients receiving vaccination after rituximab 
compared to the historical controls treated with 
rituximab alone, suggesting a potential clinical 
benefi t provided by active immunotherapy after 
rituximab induction therapy.  

 Therefore, three large-scale randomized phase 
III clinical trials were initiated with the aim of 
demonstrating a clear-cut survival improvement 
in vaccinated patients. These studies used either 
hybridoma-derived Id (BiovaxID, Biovest 
International Inc., Worcester, MA) or recombi-
nant Id (MyVax, Genitope Corporation, Fremont, 
CA; FavId, Favrille, San Diego, CA) in grade 1–3 
FL patients experiencing at least disease stabili-
zation (Favrille study  [  260  ] ), partial (Genitope 
study)  [  261  ] , or complete (Biovest study)  [  262  ]  
remission after standard course of rituximab, 
CVP or prednisone, doxorubicin, cyclophosph-
amide, and etoposide (PACE), respectively 
(Table  5.3 ). Only the Biovest study showed an 
amelioration of the clinical outcome in patients 
receiving the anti-Id vaccination, as they experi-
enced a prolongation of chemotherapy-induced 
remission compared to those in the control arm 
 [  262  ] . However, the targeted level of statistical 
signifi cance for this end point was missed, as was 
the expected intention to treat. Therefore, the 
clinical benefi t of Id vaccination still remains to 
be formally demonstrated. These studies, how-
ever, did not prove that the negative results were 
due to the failure of the vaccine rather than to 
defects in study design. The prevaccine treatment 
modality has been recognized as one of the major 
fl aws of these studies: rituximab-treated patients 
started vaccination with severely depleted num-
bers of circulating B cells, CVP did not always 
produce durable response, and PACE regimen 
proved inappropriate in the rituximab era, thus 
explaining the very limited patient enrolment and 
randomization. In addition, given the heteroge-
neous (1) natural history of indolent NHL, 
(2) infl uence of these tumors on host defenses, 
(3) responsiveness of these patients to the Id 

antigen, and (4) the antitumor effects of an 
immune response induced by Id vaccines coupled 
with the possible emergence of target antigen 
mutation or downregulation over the course of the 
disease, the use of standard phase III randomized 
trials does not seem the most appropriate to assess 
the clinical benefi t of patient-specifi c Id vaccines 
 [  263  ] . As suggested by Inoges et al.  [  257  ] , the 
study of Id vaccination in lymphoma patients in 
fi rst relapse and/or progression after chemother-
apy would allow the possibility to compare the 
length of the clinical responses obtained with the 
subsequent treatments (standard chemotherapy 
vs. vaccination protocol). In this regard, a longer 
duration of the vaccine-induced second clinical 
response compared to the fi rst in a substantial 
proportion of patients has been proposed as the 
major end point for regulatory approval without 
facing the specifi c complications of a randomiza-
tion  [  263  ] . Randomization to either idiotypic 
vaccination or maintenance rituximab after che-
motherapy has been also suggested with the non-
inferiority of Id vaccines compared to rituximab 
as a second independent main clinical end point, 
possibly allowing regulatory approval  [  263  ] . 

 As an additional option to target DC in vivo 
and to immunize cancer patients, viral vectors 
and plasmid DNA encoding TAAs have been 
exploited (Fig.  5.10 ). This strategy requires 
in vivo transfection and antigen production. The 
optimized gene sequence is delivered intrader-
mally, subcutaneously (gene gun device), or to 
the muscle (intramuscular injection and 
electroporation), which allows, respectively, the 
in vivo transfection of professional APC (epider-
mal keratinocytes and Langerhans DCs) or myo-
cytes and secondary cross-presentation of tumor 
antigens by recruited DCs. The advantages of 
DNA-based vaccines over other immunization 
strategies include the possibility of incorporating 
multiple epitope-encoding DNA regions to target 
several antigens in a single vaccine formulation, 
the low cost, and the easy procedure required for 
their generation. Initial clinical trials in lymphoma 
with Id-encoding DNA have demonstrated the 
safety and immunological effi cacy of this strat-
egy, with no relevant levels of integration into 
host cellular DNA, or the development of 
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antinuclear auto-Abs  [  264,   265  ] . However, one 
note of caution is the possibility that vaccine anti-
gen uptake and presentation may take place in the 
improper DC subset without the adequate stimuli, 
thus resulting in tolerance or an unwanted type 
of immunity rather than in the priming of an 
antitumor adaptive immune response  [  266  ] . 

 As opposite to in vivo targeting of DCs, when 
generated ex vivo, they are properly matured start-
ing from CD34+ hematopoietic progenitors or, 
more commonly, from peripheral blood (PB)-
derived monocytes  [  266  ]  (Fig.  5.10 ). Following 
incubation with a cocktail of maturation cytokines 
 [  267  ] , they are loaded with tumor antigens as to 
recapitulate ex vivo the early phase of DC activa-
tion. Timmermann et al. reported an ORR of 36% 
in relapsed FL patients with residual diseases after 
vaccination with DC loaded with Id or Id-KLH 
 [  268  ] . More recently, a pilot study, in which 
heavily pretreated indolent NHL patients with 
measurable disease were treated with killed whole 
autologous tumor-cell DC vaccines, demonstrated 
a strict correlation between a multifaceted immune 
activation and the induction of clinical responses 
(33%)  [  269,   270  ] . Responder patients showed, 
indeed, both T- and B-cell antitumor immunity, 
the activation of NK cells and the downregulation 
of circulating and tumor-infi ltrating Tregs  [  269, 
  270  ] . Whole tumor-cell-based vaccines might 
potentially induce autoimmunity but have the 
advantage of widening the spectrum of target 
TAAs, reducing the risk of the emergence of 
immune escape variants. Importantly, in this 
study, no autoimmune reactions were observed, 
indicating the feasibility of vaccinating indolent 
NHL patients using tumor-loaded DCs  [  269  ] . 

 Clinical effi cacy of DC-based vaccines in 
lymphoma patients seems to be superior com-
pared to that achieved by Id-specifi c vaccines. 
However, variables associated with employing 
DC vaccines are numerous and require precise 
consideration for their therapeutic effi cacy. They 
include the source or DC lineage to use, the 
antigen-engulfi ng strategy, the DC maturation 
and/or activation levels to achieve ex vivo, and 
the route of vaccine administration. 

 A novel autologous tumor-derived proteolipo-
somal vaccine formulation achieved very 

promising results in a phase I trial with a small 
number of patients with previously untreated or 
treated stage III or IV FL grade 1 or 2  [  271  ] . 
Vaccine was generated using cell membrane pro-
teins extracted from lymph node biopsies that 
were incorporated into liposomes with 
interleukin(IL)-2 as an adjuvant, following a very 
easy and rapid procedure compared to the labor-
intensive method for the generation of Id- or 
DC-based approaches. The treatment was well 
tolerated without any signs of autoimmune reac-
tion. It achieved one complete remission and one 
stabilization of the disease that were associated 
with a signifi cant induction of tumor-specifi c 
T-cell responses  [  271  ] . These results support the 
development of more advanced clinical trials, in 
particular in the setting of low tumor burden, to 
test the effi cacy and clinical benefi t of this vac-
cine formulation over conventional standard 
management of FL patients. 

 Alternatively, given the growing appreciation 
that some conventional treatments possess the 
immune stimulatory property of inducing immu-
nogenic tumor cell death  [  272  ] , then they, in 
association with DC-activating agents, may be 
exploited to target TAAs to DCs in vivo. Recently, 
the proof of principle that this strategy, namely, 
in situ vaccination, can be feasible, safe, and 
potentially clinically effi cacious has been pro-
vided in a pilot study in which low-grade NHL 
patients were treated with low-dose radiotherapy 
with intratumor injection of a TLR9 agonist 
 [  273  ] . If confi rmed, and supported by a clear 
biologic mechanisms in a wider series of patients, 
then these promising results may not only provide 
important information on underlying tumor 
immunity but, interestingly, may have the poten-
tial to pave the way for a future novel straightfor-
ward, non-customized active immunotherapy 
approach. Such an option will be widely appli-
cable without the need of following clinical grade 
procedures for the production of the vaccine. 

 Collectively, results achieved in clinical trials 
have shown that it is possible to boost cellular 
immune responses against autologous B-cell 
tumor in the majority of vaccinated patients. 
However, the frequent unfavorable clinical out-
come suggests that such antitumor immunity is 
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often hampered in vivo and cannot achieve thera-
peutic effects. In addition, according to the initial 
observation in mouse models, vaccination has 
demonstrated to most likely provide a therapeutic 
advantage when tumor size is limited. Immune 
tolerance mechanisms activated by neoplastic 
cells to avoid immune-mediated tumor control 
and eventually clearance thus represent major 
obstacles to the biological and clinical effi cacy of 
anticancer immunotherapy. Most of these mecha-
nisms are becoming clear, thus allowing the 
design of novel immunotherapeutic strategies in 
which vaccination may be combined with 
approaches able to revert tolerance and/or 
enhance immune activation  [  274  ] . Finally, since 
rituximab has become the standard of care for the 
treatment of B-cell NHL, in the future, large-
scale studies should test the therapeutic advan-
tage of antitumor vaccination after rituximab 
induction therapy. 

   Immunomodulatory Drugs 
 The immunomodulatory (IMiD) class of antineo-
plastic agents includes thalidomide and its deriva-
tives lenalidomide, pomalidomide, and actimid. 
These compounds have initially been studied for 
the treatment of multiple myeloma and myelodys-
plastic syndrome achieving signifi cant results. 
Compared to the parent compound, thalidomide 
analogs have equal or greater antitumor activity 
and less neurotoxicity. Although the precise 
mechanism of action of these agents is still unclear, 
they have demonstrated multiple effects not only 
on tumor cells but also on the tumor microenvi-
ronment. They directly impair tumor cell prolif-
eration by inhibiting NF-kB, MAPK, STAT3, and 
AKT pathways and increasing the expression of 
the tumor suppressor p21 for the block of cell-
cycle G1 phase  [  118,   275  ] . In addition, they favor 
the induction of apoptosis stimulating the intrinsic 
pathway. Effects on the tumor microenvironment 
include the downregulation of crucial cytokines 
for the survival and growth of hematologic malig-
nancies (TNF-  a  , IL-6, IL-8, VEGF), the stimula-
tion of T/NK cells effector functions, and the 
inhibition of Tregs  [  275–  277  ] . 

 Lenalidomide as monotherapy has demon-
strated clinical activity against relapsed or 
refractory aggressive and indolent NHL, achieving 

an ORR of, respectively, 35 and 23%, with the 
most remarkable responses being observed in 
MCL patients  [  278,   279  ] . The single-agent activ-
ity in a relapsed setting has led to new trials with 
lenalidomide in combination with other agents. 
Based upon the fi ndings that lenalido-
mide-mediated activation of NK cells may 
improve rituximab-induced ADCC, the combina-
tion of these two agents has started to be evalu-
ated in clinical trials in patients with relapsed 
indolent lymphomas following rituximab therapy 
 [  280  ]  or with previously untreated disease  [  281  ] . 
Initial results are promising; however, longer 
follow-up in a wider series of patients is required 
to clearly understand the clinical improvements 
of this combination and to bring forward its 
development to phase III studies. Lenalidomide 
is also currently being investigated in combination 
with R-CHOP21 in patients with newly diagnosed 
aggressive B-cell lymphomas and as maintenance 
therapy for patients with DLBCL  [  282  ] .    

   Conclusions and Perspectives 

 A variety of novel targeted agents are demon-
strating promising activity in NHL. Their study 
has rationally proceeded from basic laboratory 
research to preclinical test, followed, in case of 
successful results, by clinical evaluation. This 
intense process has rapidly led to the availability 
of several novel agents that are currently being 
investigated in NHL, including at least 3 protea-
some inhibitors, at least 3 mTOR inhibitors, 
6 PI3K inhibitors, at least 15 HDACi, and a 
number of new-generation anti-CD20 mAbs and 
mAbs with different specifi cities. Novel anti-
CD20 mAbs offer the potential for enhancing the 
activity of rituximab, while agents directed 
against different targets the possibility for novel 
more active combinations. Signal transduction 
inhibitors represent an emerging invaluable ther-
apeutic option for lymphomas. Several agents 
designed for interfering with crucial pathways of 
B-cell NHL, such as those mediated by PI3K, 
BCR, and PKC, are being evaluated in clinical 
trials. However, the clinical benefi t of new 
compounds, used alone and in combination regi-
mens, still needs to be validated in randomized 
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comparative trials with rituximab alone and/or in 
rituximab-refractory patients. A clear under-
standing of the off-target effects and the toxicity 
profi le of these agents together with the identifi -
cation of biomarkers and predictors for response 
will be critical to identify optimal drug combina-
tions and the most effi cacious treatment schedule 
for being evaluated in more advanced clinical tri-
als. Indeed, we are now only starting to appreci-
ate the tip of the iceberg of the complex regulatory 
signaling network that targeted agents provide, 
besides the inhibition of the specifi c biotarget. 

 The list of anticancer agents that can favor 
immune activation against tumor is incredibly 
growing. Novel and conventional therapies have 
shown the capability to render malignant cells more 
immunogenic and, thus, susceptible to a specifi c 
immune attack, or to, respectively, stimulate and 
inhibit effector and regulatory immune cells directly 
or as bystander effects induced in the tumor 
microenvironment  [  272  ] . Recently, the proof of 
principle that passive immunotherapy with ritux-
imab may also elicit a tumor-specifi c T-cell immu-
nity has been provided, demonstrating the “vaccinal 
properties” of a mAb therapy  [  283  ] . These fi ndings 
open new possibilities for the design of rational 
chemoimmunotherapy combination strategies for 
maximal cytotoxic and antitumor immune effects. 

 Another relevant property of certain antican-
cer agents for the design of rational combination 
regimens is their ability of targeting molecules 
per se non-oncogenic but crucial for the mainte-
nance of oncogenic pathways in cancer cells. It is 
becoming clearer and clearer that cancer cells, 
due to their genomic instability, exceed telomeres 
shortening, altered protein content caused by 
overexpression of oncogenes and prosurvival fac-
tors, and adaptation to hypoxic conditions, are 
more dependent on stress response pathways for 
their survival compared to normal cells. Thus 
therapeutic agents interfering with these func-
tions should display a suffi ciently large therapeu-
tic window for killing malignant while sparing 
normal cells and are now considered attractive 
agents to be used in combination regimens for 
improving the treatment of cancer. As an exam-
ple, cancer cells counteract proteotoxic stress by 
overexpressing HSPs that promote the proper 
folding or the proteolytic degradation of the client 

proteins. HSP90 has been found to chaperone 
several proteins involved in the pathogenesis of 
lymphoma, including AKT, NF-kB complexes, 
anaplastic lymphoma kinase (ALK), and BCL-6 
 [  284,   285  ] . Its targeting has been thus seen as an 
attractive way to concurrently affect multiple 
oncogenic pathways in lymphoma cells, and a 
logical strategy to be combined with conventional 
(gemcitabine, cytarabine, or cisplatin) as well as 
novel anticancer agents (HDACi, proteasome 
inhibitors, etc.)  [  134,   286,   287  ]  . 

 The clinical study of the new available agents 
presents also substantial challenge. Indeed, given 
that many of the new molecules are rather cyto-
static than cytotoxic, the absence of response in 
heavily pretreated patients in phase I and II trials 
may not necessarily means lack of effi cacy. 
Therefore, it will be important to redefi ne the 
major goal of early clinical evaluation with such 
drugs to test their potential benefi t in combina-
tion with established regimens in more advanced 
studies. 

 Finally, on the basis of the positive experience 
achieved with the molecular studies of DLBCL, 
one can speculate that, in the future, GEP will 
lead to a better defi nition of lymphoma subtypes 
and to the use of risk analysis to individualized 
treatment. Indeed, molecular profi ling may allow 
to identify the most relevant signaling pathways 
within a tumor and to determine the most suitable 
nodes to be inhibited using a specifi c and more 
effective treatment. In addition, it is likely that 
the possibility of monitoring the activity of the 
targeted pathway before and during therapy will 
provide novel predictor markers of response. 

 With these continuing advances, we can most 
likely envisage the possibility of a signifi cant 
improvement for the management of lymphoma 
patients.      
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  Abbreviations  

  ABC    Antibody binding capacity   
  ADCC     Antibody-dependent cellular cyto-

toxicity   
  ALL    Acute lymphoid leukemia   
  AML    Acute myeloid leukemia   
  APL    Acute promyelocytic leukemia   
  Ara-C    Cytarabine   
  ATO    Arsenic trioxide   
  ATRA    All-trans-retinoic acid   
  BAALC     Brain cells and acute leukemia, 

cytoplasmic   
  B-CLL    B-cell chronic lymphocytic leukemia   
  BCP   -ALL     B-cell precursor acute lymphoblastic 

leukemia   
  BCR    B-cell receptor   
  cAMP    Cyclic adenosine monophosphate   
  CDC    Complement-dependent cytotoxicity   
  CDK    Cyclin-dependent kinase   
  CLL    Chronic lymphocytic leukemia   
  CML    Chronic myeloid leukemia   
  CN    Cytogenetically normal   
  CR    Complete remission   
  ET    Essential thrombocythemia   
  EVI1    Ecotropic viral integration site 1   

  FCR     Fludarabine, cyclophosphamide, 
rituximab   

  FISH    Fluorescent in situ hybridization   
  FLT3    FMS-like tyrosine kinase 3   
  GO    Gemtuzumab ozogamicin   
  HCL    Hairy cell leukemia   
  HDACs    Histone deacetylases   
  HIF-1 a      Hypoxia-inducible transcription 

factor-1  a    
  HMOX-1    Heme oxygenase   
  HSC    Hematopoietic stem cells   
  IL    Interleukin   
  IFN- a     Interferon alfa   
  IgVH     Immunoglobulin heavy-chain vari-

able gene   
  IKZF1    IKAROS family zinc fi nger 1   
  ITDs    Internal tandem duplications   
  ITIMs     Immune tyrosine-based inhibitory 

motifs   
  LSC    Leukemic stem cell   
  MCL    Mantle cell lymphoma   
  MDS    Myelodysplastic syndrome   
  MESF     Molecules of equivalent soluble 

fl uorophore   
  MMPs    Matrix metalloproteinases   
  MN1    Meningioma 1   
  MoAb    Monoclonal antibody   
  MPD    Myeloproliferative disorder   
  MPN    Myeloproliferative neoplasm   
  NF k B    Nuclear factor kappa B   
  NPM1    Nucleophosmin 1   
  NRP-1    Neuropilin-1   
  NR    Nonresponder   
  NRR    Negative regulatory region   
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  PCD    Programmed cell death   
  PCR    Polymerase chain reaction   
  Ph-chromosome    Philadelphia chromosome   
  PI3K    Phosphoinositide 3-kinase   
  PLL    Prolymphocytic leukemia   
  PMF    Primary myelofi brosis   
  PML-RAR a      Promyelocytic leukemia–

retinoic acid receptor- a    
  PR    Partial remission   
  PTD    Partial tandem duplications   
  PV    Polycythemia vera   
  R    Responder   
  RARG    Retinoic acid receptor- g    
  RoS    Reactive oxygen species   
  siRNA    Short-interfering RNA   
  SLVL     Splenic lymphoma with 

villous lymphocytes   
  SMIPs     Small-molecule immunophar-

maceuticals   
  T-ALL    T-lineage ALL   
  TCRAD    T-cell receptor  a – d    
  TCRB    T-cell receptor  b    
  TH    T helper   
  TKIs    Tyrosine kinase inhibitors   
  TNF- a     Tumor necrosis factor-alpha   
  T-PLL    T-prolymphocytic leukemia   
  VDR    Vitamin D receptor   
  VEGF     Vascular endothelial growth 

factor   
  WT1    Wilms tumor 1   
  XiaP    X-linked inhibitor of apoptosis     

     Introduction 

 Leukemias are a heterogeneous group of hemato-
logic malignancies derived from stem cells or 
blasts in the hemopoietic bone marrow and 
 characterized by uncontrolled neoplastic prolifera-
tion and suppression of normal hemopoiesis. 
Depending on the cell line from which the leuke-
mic clone evolves, leukemias can be divided into 
myeloid or lymphoid. Within these two subsets, 
we can further differentiate acute and chronic leu-
kemias, based on the disease course. Each of these 
broad subsets includes several pathological enti-
ties that differ in clinical and biological character-
istics, as well as with regard to prognosis and 

response to therapy. The outcome of the majority 
of these diseases has changed profoundly in recent 
years, thanks to huge advances in basic and clini-
cal research. The identifi cation of important bio-
logical markers allowed the differentiation of 
patients with different prognostic features, sug-
gesting innovative and successful therapeutic 
approaches and the planning of targeted therapies. 

 The pathways that regulate proliferation, dif-
ferentiation, apoptosis, and cell invasiveness are 
the basis of neoplastic transformation and are the 
target of this new therapeutic approach. Some of 
these innovative drugs are now commonly used 
in the treatment of leukemia. 

 Paradigmatic example is the understanding of 
molecular pathophysiology of the BCR–ABL 
rearrangement in Philadelphia chromosome (Ph)-
positive chronic myeloid leukemia (CML) which 
led to the extraordinarily rapid development of 
multiple selective BCR–ABL tyrosine kinase 
inhibitors (TKIs). Imatinib mesylate, the fi rst 
BCR–ABL-targeted drug, proved superior to 
the old standard of therapy of interferon and 
hydroxyurea. However, as many as 20% of newly 
diagnosed patients do not respond, and an equiv-
alent number fail, due to the development of ima-
tinib-resistant mutations. There are now three 
new TKIs available that inhibit BCR–ABL (nilo-
tinib, dasatinib, and bosutinib) and provide fur-
ther treatment options in patients who fail 
imatinib treatment as well as in newly diagnosed 
CML patients in the chronic phase of their dis-
ease. These new compounds improved 10-year 
survival of CML patients from the historic expe-
rience of approximately 20% to an estimated rate 
of 85%  [  1,   2  ] . 

 An improved survival has also been obtained 
in chronic lymphocytic leukemia (CLL), by using 
chemoimmunotherapy involving the combination 
of fl udarabine, cyclophosphamide, and rituximab 
(FCR), an anti-CD20 monoclonal antibody 
(MoAb)  [  3,   4  ] . Furthermore, several other MoAbs 
against different myeloid and lymphoid cell lin-
eage antigens have been synthesized and intro-
duced in clinical trials as biodrugs for chronic as 
well as acute leukemias. 

 In acute lymphoid leukemia (ALL), modern 
intensive chemotherapy regimens now result in 
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cure rates of 90% in children and 40% in adults 
 [  5  ] . Similarly, high-dose cytarabine-based regi-
mens in acute myeloid leukemia (AML) now 
result in cure rates of 60–80%  [  6  ] . Combining 
chemotherapy with targeted therapies involving 
TKIs has increased the estimated 5-year survival 
rates in Ph-positive ALL subsets from less than 
10% to approximately 50%  [  7  ] . Anti-CD20 
MoAb combined with short-term, dose-intensive 
chemotherapy increased survival rates in the sub-
set of CD20-positive B-lineage ALL and in 
Burkitt ALL, ranging in this latter from less than 
20% to approximately 70%  [  8  ] . 

 Several molecular aberrations with important 
prognostic implications have recently been iden-
tifi ed in patients with AML exhibiting “normal” 
diploid karyotype: these discoveries enabled the 
planning of a more rationally targeted therapy, 
including the use of allogeneic stem-cell trans-
plantation in fi rst remissions for higher-risk 
patients as well as avoidance of transplantation in 
better-risk individuals, such as those with NPM1 
mutations. Moreover, a large number of AML 
patients with FLT3 gene mutations could benefi t 
from the targeted therapy with FLT3 inhibitors  [  9  ] . 
Therapeutic strategies that use all-trans-retinoic 
acid and arsenic trioxide (ATO), either alone or in 
combination with chemotherapy, are now associ-
ated with cure rates of 80% in acute promyelo-
cytic leukemia (PML)  [  8  ] . 

 The introduction of hypomethylating agents 
in the therapy of myelodysplastic syndromes 
(MDS) and the discovery of the important role of 
the JAK2-mutated signaling pathways in myelo-
proliferative disorders (MPD) with the conse-
quent development of JAK2 inhibitors resulted in 
improved survival when compared with support-
ive care alone and/or traditional chemotherapy. 
Subsets    of low-risk MDS with 5q deletion and 
red-cell transfusion dependency had dramatic 
benefi t from therapy with the immunomodulant 
agent lenalidomide  [  10  ] , and several JAK2 
inhibitors are now showing promise in the treat-
ment of myelofi brosis  [  11  ] . 

 With the increasing pathogenetic discoveries 
and the consequent production of many new 
drugs, leukemia landscape is changing rapidly. 
Some of the most important biotargets of 

leukemia and their clinical implications will be 
addressed in this chapter with attention paid to 
the emerging molecular features, to provide an 
updated overview of the current knowledge in 
this rapidly developing fi eld.  

   Monoclonal Antibody Therapy 

 MoAb treatments of leukemia have improved 
outcomes and reduced toxicity compared to 
more conventional chemotherapy regimens. The 
reduced toxicity results from the more targeted 
killing of neoplastic cells and a relative lack of 
toxicity to nonneoplastic cells. Several potential 
MoAb effector mechanisms have been 
 highlighted (Fig.  6.1 ), including complement- 
mediated cytotoxicity, antibody-dependent cellu-
lar cytotoxicity, inhibition of cell growth, 
induction of apoptosis, and sensitization to che-
motherapy or radiation. Because of this latter 
mechanism, best results are obtained when MoAbs 
are used in combination with chemotherapy.  

 Resistance to the MoAb therapy may be due to 
increased MoAb metabolism, reduced tumor pen-
etration, impaired MoAb binding, loss or down-
regulation of the antigen, resistance of leukemic 
cells to MoAb effector mechanisms  [  12,   13  ] , and 
impaired immune effector cell recruitment or 
function  [  14  ] . In fact, one of the possible causes 
of MoAb target therapy failure could be a low 
antigen expression on leukemic cells, either typi-
cal of the leukemia phenotype or due to therapy-
induced receptor downregulation. The synthesis 
of engineered antibodies with high avidity for the 
antigen may be useful in these cases. For exam-
ple, leukemic cells from CLL patients exhibit 
CD20 expression intensity lower than normal 
peripheral blood lymphocytes, and this is an 
important parameter of immunophenotypic diag-
nosis (Fig.  6.2 ). Receptor expression intensity 
could also differentiate CLL from other B-cell 
neoplastic diseases (Fig.  6.3 ). Another B-cell 
antigen, CD19, is expressed with different inten-
sity on normal and leukemic cells (Figs.  6.4  and 
 6.5 )  [  15  ] . Similarly, CD52 antigen is expressed 
on most normal and neoplastic lymphoid cells 
with different intensity (Figs.  6.6  and  6.7 )  [  16  ] . 
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The reshaped humanized IgGl anti-CD52 MoAb 
(campath-IH) has been used in the treatment of 
hemopoietic and nonhemopoietic diseases for its 
ability to induce lymphocyte depletion both 
in vitro and in vivo. Good activity has been shown 
in patients with chronic T- and B-cell leukemias, 
in particular T-prolymphocytic leukemia (T-PLL). 
However, the response to treatment is not uniform, 
and this variability may depend on differences in 
the level of antigen expression on the leukemic 
cells (Fig.  6.8 ). Although other factors may play a 
role in the response to MoAb therapy, the 
quantitative estimation of the target antigen 
expression may drive the selection of those 
patients with a higher probability of responding 
to target therapy.        

 Several MoAbs have been utilized in clinical 
practice for targeted therapy of leukemia, 
while others are in a preclinical phase of study 
(Table  6.1 ).  

 CD20 is a B-cell activation and growth regula-
tor receptor, which represents an excellent target 
for MoAb therapy: it is expressed at all stages of 
B-cell maturation but not on precursor B cells or 
other cells, and it is not shed or internalized after 
binding with antibody. The effectiveness of ritux-
imab correlates with the level of CD20 expres-
sion. Not all B-cell leukemias express high levels 
of CD20. For example, CLL characteristically 
expresses CD20 at low levels. Rituximab 
depletes both normal and neoplastic CD20+ B 
cells. Patients tolerate the decrease in B cells 

  Fig. 6.1    Potential MoAb effector mechanisms in leuke-
mia therapy. MoAbs kill their target by multiple mecha-
nisms. The Fc arm of the immunoglobulin recruits and 
activates Fc-R-expressing immune effector cells, includ-
ing macrophages and NK cells, which in turn eliminate 
the target cell by release of cytotoxic mediators in anti-
body-dependent cell cytotoxicity (ADCC) (NK cells and 
macrophages) or direct phagocytosis (macrophages). 
Another antileukemic effect could be mediated by 
complement-dependent cytotoxicity (CDC): complement 
fi xation occurs when C1q, the globular head of C1, binds 

the Fc portion of two IgG molecules, which triggers a 
series of enzymatic reactions in cascade that generate 
pores in the cell membrane (membrane attack complex) 
leading ultimately to cell lysis. Apoptosis or programmed 
cell death (PCD) is induced by direct and indirect mecha-
nisms. Adaptive cellular immunity is potentially 
enhanced by promoting the uptake of tumor antigens by 
dendritic cells and cross-presentation to T cells, which 
differentiate into cytotoxic T cells that evoke an antitu-
mor cellular immune response, inducing a sort of vacci-
nation effect       
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better than a decrease in other leukocytes: immu-
noglobulin stores can be replenished relatively 
easily from donor immunoglobulin whereas anti-
body therapies to other targets such as CD33 or 
CD52 cause decreased granulocytes and increased 
infection risk that is not so easily rectifi ed. 
Rituximab toxicities include non-infection- 
associated side effects due to immune reactions 

to the product or to lysis of the neoplastic B cells. 
The more severe immune reactions have been 
labeled a “cytokine release syndrome”  [  17  ] . 

 Ofatumumab is a second-generation, fully 
humanized, anti-CD20 MoAb with enhanced Fc 
effector function based on an IgG1-kappa immu-
noglobulin framework  [  18  ] . It theoretically 
improves complement activation and access by 

  Fig. 6.2    Different CD20 expression patterns in B-cell 
leukemias. Overlays of single-parameter histograms 
showing different CD20 expression patterns in B-cell leu-
kemias compared with normal (full histogram). CLL has 
lower CD20 density compared to prolymphocytic leuke-

mia (PLL), mantle cell lymphoma (MCL), splenic lym-
phoma with villous lymphocytes (SLVL), and hairy cell 
leukemia (HCL). (Reproduced from [ 15 ]. With permis-
sion from BMJ Publishing Group Ltd)       
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effector cells to kill the target by ADCC  [  19  ] . 
Alemtuzumab is a humanized MoAb against 
CD52, an antigen expressed on lymphocytes 
(T and B), monocytes, and subpopulations of 
granulocytes. The function of CD52 is unknown, 
but it is expressed at high levels on CLL and 
not expressed on most marrow stem cells. 
Alemtuzumab has been approved as a single 
agent for treatment of CLL  [  20,   21  ] . CD33 is a 
cell surface glycoprotein commonly expressed 
on myeloid cells including myeloid leukemia 
cells. CD33, involved in sialic acid-dependent 
cell interactions and adhesion of myeloid cells at 
certain stages of their differentiation, contains 
immune tyrosine-based inhibitory motifs 
(ITIMs), thus serving as an inhibitory receptor. 

Engagement of CD33 by MoAb induces apopto-
sis and inhibits proliferation in normal myeloid 
cells and leukemia cells from patients with 
AML and CML  [  17  ] . 

 Gemtuzumab ozogamicin (GO) is a 
calicheamicin-conjugated anti-CD33 MoAb 
approved for therapy of relapsed AML. This 
humanized IgG4 MoAb induced remissions in 
31% of patients with tolerable side effects  [  22  ] . 
Another MoAb directed to CD33, lintuzumab, 
has been developed. It is a humanized MoAb 
whose activity depends solely on its inherent 
properties of mediating direct effects through 
binding to CD33 and activating effector cells 
through its Fc domain. Lintuzumab    has demon-
strated its ability to decrease the production of 

  Fig. 6.3    Distribution of individual CD20 antigen concen-
tration among B-cell leukemias. Antigen molecules/cell, 
detected by quantitative fl ow cytometry and expressed as 
antibody binding capacity (ABC) values, for CD20 in nor-
mal peripheral blood lymphocytes and B-cell leukemias. 

 CLL  chronic lymphocytic leukemia,  PLL  prolymphocytic 
leukemia,  HCL  hairy cell leukemia,  SLVL  splenic lymphoma 
with villous lymphocytes,  MCL  mantle cell lymphoma. 
(Reproduced from [ 15 ]. With permission from BMJ 
Publishing Group Ltd)       
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proinfl ammatory cytokines by AML cells and 
mediate ADCC and phagocytosis of AML cells. 
Lintuzumab has been used in studies of the treat-
ment of AML converting patients with minimal 
residual disease into molecular remission  [  23  ] . 

 Leukemic stem cells (LSCs), different from 
normal hematopoietic stem cells (HSC), are a 
small subpopulation within the leukemic bulk, 

with the peculiar property of propagating the 
leukemic growth. Targeting this LSC population 
of cells holds the promise of higher cure rates by 
elimination of the total population of leukemia, 
not just the more prevalent non-stem cell fraction. 
Thus, it is important to determine the antigenic 
targets on this population for treatment with 
MoAbs with or without other therapy. Candidate 

  Fig. 6.4    CD19 expression in normal and leukemic B 
cells. Overlays of single-parameter histograms showing 
the difference in CD19 expression between normal periph-
eral blood B cells (displayed in  black ) and B-cell leuke-
mias. CD19 is lower than in normal B lymphocytes in all 

B-lineage leukemias except HCL.  CLL  chronic lympho-
cytic leukemia,  PLL  prolymphocytic leukemia,  HCL  hairy 
cell leukemia,  SLVL  splenic lymphoma with villous lym-
phocytes,  MCL  mantle cell lymphoma. (Reproduced from 
 [  15  ] . With permission from BMJ Publishing Group Ltd)       
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antigens include the cell adhesion family recep-
tor CD44, the leukemic stem cell-associated anti-
gen CD123, and CD33  [  24  ] . 

 CD44 is a receptor for hyaluronic acid and can 
also interact with other ligands, such as osteo-
pontin, collagens, and matrix metalloproteinases 
(MMPs). While not uniquely expressed on AML 
stem/progenitor cells, it nevertheless is present 
on AML cells and may be a good target for 
therapy. 

 The mechanisms underlying this effect may 
include interference with transport to stem cell-
supportive niches and alteration of AML-LSC 
fate, thus identifying CD44 as a key regulator of 
AML LSCs  [  25  ] . The CD123 antigen is function-
ally the interleukin-3 receptor. This receptor is 
found on pluripotent progenitor cells, induces 

tyrosine phosphorylation within the cell, and 
promotes proliferation and differentiation within 
the hematopoietic cell lines. CD123 is expressed 
on LSC but not normal HSC and thus may be a 
suitable target for antibody-mediated therapy. 
A MoAb is available that targets this antigen. 
Other methods of targeting CD123 include the 
use of antibody fragments coupled to toxins, such 
as diphtheria or pseudomonas exotoxins. These 
compounds have promising activities in preclini-
cal studies  [  26  ] . 

 Rituximab (CD20 MoAb) and epratuzumab 
(CD22 MoAb) in combination with chemother-
apy for newly diagnosed BCR–ABL-negative 
B-lineage ALL are giving promising results. 
Aside from CD20 and CD22, ALL cells do 
express antigens that are targetable by MoAbs 

  Fig. 6.5    Distribution of individual CD19 antigen con-
centration among B-cell leukemias. Individual ABC val-
ues for CD19 in normal peripheral blood B cells and 
B-lineage leukemias, showing the extremely expression 
variability among the different disease entities.  CLL  

chronic lymphocytic leukemia,  PLL  prolymphocytic leu-
kemia,  HCL  hairy cell leukemia,  SLVL  splenic lymphoma 
with villous lymphocytes,  MCL  mantle cell lymphoma. 
(Reproduced from  [  15  ] . With permission from BMJ 
Publishing Group Ltd)       
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  Fig. 6.6    CD52 expression on normal peripheral B and T 
lymphocytes. Overlay of fl uorescein-conjugated (FITC)-
campath-1H histograms, gated on CD3+T lymphocytes 
and CD19+B lymphocytes from a normal control, showing 

the difference in CD52 density between T and B cells. The 
strong CD52+cells are CD3+T lymphocytes while the 
weak CD52+cells are CD19+B lymphocytes. (Reprinted 
from  [  16  ] . With permission from Elsevier)       

  Fig. 6.7    CD52 expression on neoplastic cells from 
T-prolymphocytic leukemia (T-PLL) and B-chronic lym-
phocytic leukemia (B-CLL). Peripheral blood lymphocyte 
dot plots showing the difference in CD52 density in a case 

of ( a ) T-PLL and in a ( b ) B-CLL patient. In T-PLL cells, 
there is a signifi cantly higher expression of CD52 
compared to B-CLL cells. (Reprinted from  [  16  ] . With 
permission from Elsevier)       
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including CD52, and CD19, and even the 
myeloid antigen CD33 in some cases. Thus, 
existing monoclonal antibodies may be effective 
for ALL  [  17  ] .  

   Chronic Myeloid Leukemia 

 According to the 2008 WHO classifi cation sys-
tem for myeloid neoplasms  [  27  ] , CML can be 
considered as a classic BCR–ABL-positive 
myeloproliferative neoplasm (MPN), together 
with other classic MPN, such as JAK2 V617F-
positive polycythemia vera (PV), essential throm-
bocythemia (ET), and primary myelofi brosis 
(PMF). 

 CML is a clonal disorder caused by the malig-
nant transformation of a pluripotent stem cell. It 
is characterized by a genetic abnormality, the 
Philadelphia chromosome, identifi ed as the bal-
anced translocation t(9;22) (q34;q11), which is 
present in more than 90% of adult CML patients, 
as well as in 15–30% of adult ALL and 2% of 

AML. This translocation fuses the genes encod-
ing BCR and ABL and results in expression of 
the constitutively active protein tyrosine kinase 
BCR–ABL. Different molecular weight isoforms 
are generated, based on different breakpoints and 
mRNA splicing. Most chronic myelogenous leu-
kemia patients have a fusion protein of 210 kDa, 
while approximately 30% of Ph + ALL cases and 
few chronic myelogenous leukemias are associ-
ated with 190 kDa BCR–ABL1 protein  [  28  ] . 
CML is a progressive neoplasm typically 
comprising three clinically recognized phases: 
the majority of patients are diagnosed during the 
indolent chronic phase, which is followed by an 
accelerated phase and a terminal blastic phase. 
As patients progress through the different phases, 
cytogenetic abnormalities may be detected in 
addition to the Ph-chromosome (clonal evolu-
tion). Mutations and deletions in specifi c genes 
may also occur (e.g., p53, p16/INK4a, and RB). 
There are increasing evidences that Src family 
kinases are involved in chronic myelogenous leu-
kemia progression through induction of cytokine 

  Fig. 6.8    CD52 expression on normal and leukemic lym-
phoid cells and correlation with response to therapy in 
patients treated with anti-CD52 MoAb. Distribution of 
individual values of CD52 MESF in T and B lymphocytes 
from normal controls, T-PLL and CLL cases, ( a ) and dis-
tribution of individual CD52 MESF values in leukemic 
cells from T-PLL and CLL patients who underwent cam-
path treatment ( b ). Patients are divided into responders 

(R), including complete remissions (CR) and partial 
remissions (PR), and nonresponders (NR). Solid symbols 
are patients with partial remission. The intensity of the 
expression of CD52 is signifi cantly higher in T-CLL, such 
as T-PLL, compared with B-CLL. Moreover, the differ-
ences in CD52 expression are somewhat higher in cam-
path responder patients than in nonresponders. (Reprinted 
from [ 16 ]. With permission from Elsevier)       
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independence and apoptotic protection  [  29  ] . The 
identifi cation of the crucial role of BCR–ABL1 
has allowed the development of imatinib mesy-
late, the fi rst therapy to target this pathogenetic 
transcript, which acts by competitively binding 
the inactive form of BCR–ABL1, preventing a 
switch to the active form and partially blocking 
the enzyme ATP binding site. This action also 
prevents BCR–ABL1 autophosphorylation, acti-
vation, and signal transduction. Imatinib, which 
inhibits the tyrosine kinase activity of BCR–ABL, 
was introduced as a fi rst-line treatment for CML 
almost 10 years ago and radically improved the 
outcome of patients with CML. Imatinib has been 
the standard therapy for CML due to its remark-
able activity and mild toxicity. It now constitutes 
the fi rst-line therapy for the majority of CML 
patients diagnosed in chronic phase and the 
minority diagnosed in advanced phase. Today, 
most patients have the expectation of a favorable 
outcome when treated with standard-dose ima-
tinib. Patients treated with imatinib showed a 
cumulative complete cytogenetic response rate of 
approximately 89%, an estimated survival rate of 
85% and freedom from progression rate of 92%, 
with an event-free survival of 81. CML patients 
who consistently tested negative for BCR–ABL 
by reverse transcription PCR for at least 2 years 
may safely stop imatinib, provided they are sub-
jected to intense monitoring to detect disease 
recurrence. It is estimated that 10% of patients 
with CML may be eligible for a trial of imatinib 
discontinuation  [  30  ] . 

 Clinical trials in which CML patients in 
chronic phase were randomly assigned to receive 
imatinib or interferon alfa (IFN- a ) plus cytara-
bine (Ara-C) established imatinib as the standard 
therapy  [  31  ] . However, in this trial, 17% of 
patients never achieved a complete cytogenetic 
response, and approximately 15% of responders 
eventually lost it; moreover, nearly 5% were 
intolerant to imatinib. Thus, at least one-third of 
all patients did not have an acceptable outcome. 
Therefore, a signifi cant proportion of patients do 
not achieve the optimal desirable outcome  [  32  ] . 
Effective salvage therapy followed the recogni-
tion of some of the most common mechanisms of 
resistance. 

 Some patients develop imatinib resistance, 
and some events (loss of response, progression to 
advanced phase) still occur, even in low rate, 
also in patients who previously demonstrated 
complete response. It has been shown that con-
tinuous and adequate imatinib dosing is 
essential to the achievement of therapeutic goals 
 [  33  ] . Nonadherence can lead to unnecessary 
diagnostic testing, changes in dose or regimen, 
misleading results, and inconsistent response 
rates (suboptimal responses or failure)  [  34  ] . 
Therefore, second-generation TKIs, namely 
dasatinib, nilotinib, and bosutinib, have been 
recently developed  [  29  ] . 

 Clinical trials assessing the newer TKIs 
(dasatinib, nilotinib, and bosutinib) as fi rst-line 
therapies in newly diagnosed chronic phase CML 
are ongoing. Despite the responses observed with 
imatinib, a proportion of patients develop resis-
tance to imatinib or cannot tolerate its side effects. 
This led to the development of newer TKIs 
of BCR–ABL, including dasatinib, nilotinib, 
and bosutinib, that were initially tested in 
clinical studies of patients with prior imatinib 
therapy  [  35  ] . 

 Dasatinib and nilotinib, the two most exten-
sively studied second-generation TKIs, have been 
approved for use as second-line therapy in CML 
patients with imatinib resistance or intolerance. 
Both agents show signifi cant clinical effi cacy and 
a favorable toxicity profi le. With dasatinib, a 
complete cytogenetic remission occurs in 51% of 
patients, with a 24-month progression-free sur-
vival of 81%  [  36  ] . Nilotinib induced remission in 
44%, with a 24-month progression-free survival 
of 64%  [  37  ] . Bosutinib, the other second- 
generation TKI under development, appears to 
have also signifi cant clinical activity, with a 
remission rate of 50%  [  38  ] . The excellent results 
obtained with imatinib when used as initial ther-
apy, and the availability of effective salvage ther-
apy, therefore redefi ned the CML treatment 
algorithm  [  39  ] . IFN- a  was for many years the 
standard therapy for CML because it induced 
cytogenetic remissions in a signifi cant number of 
patients. With imatinib and other TKIs, it is pos-
sible to achieve complete cytogenetic remission 
[polymerase chain reaction (PCR)-undetectable 
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BCR–ABL transcript] in many more patients. 
Another attractive approach could be the combi-
nation of TKIs with IFN- a   [  32  ] .  

   Chronic Lymphocytic Leukemia 

 CLL is the most common mature B-cell neo-
plasm. It is a clonal disorder resulting in the 
accumulation of B lymphocytes coexpressing 
CD5, CD19, and CD23  [  3  ] . The goal of therapy 
in CLL is now to achieve complete remission, 
eradicate minimal residual disease, and improve 
survival  [  4  ] . The molecular profi le of CLL pro-
vides insight into disease pathogenesis and 
provides useful information on time to progres-
sion, need for therapy, and overall survival. 
A molecular profi le can be built from assessment 
of a large number of biomarkers that have been 
identifi ed [mutational status of the immunoglob-
ulin heavy-chain variable gene (IgVH)], use of 
IgVH, and expression of 70-kDa zeta-associated 
protein (ZAP70) and CD38. One or more chro-
mosome abnormalities can be found in more than 
80% of CLL patients by using fl uorescent in situ 
hybridization (FISH), including del13q, del11q, 
trisomy 12, del17p, and del6q  [  40,   41  ] . Fifty per-
cent of CLL patients have undergone somatic 
hypermutation in IgVH, and these patients have a 
more indolent clinical course and longer survival 
than those without somatic hypermutation. 
Analysis of variable region sequences demon-
strates that CLL cells use a biased repertoire of V 
genes with overrepresentation of certain Ig gene 
segments. Patients with CLL cells that use 
IGHV3-21 have relatively aggressive disease  [  4  ] . 
Surrogate markers of IgVH mutational status, 
such as expression of ZAP70 and CD38, have 
been assessed, and both have prognostic signifi -
cance. However, there is not an absolute relation-
ship between ZAP70 expression and IgVH 
mutational status, with discrepancies occurring 
in up to 25% of patients  [  40  ] . Discordant cases 
may have other biologic features with poor prog-
nostic implications such as del17p, del11q, or use 
of IGHV3-21  [  4,   8  ] . 

 Currently, the most effective treatment for 
CLL consists of a combination of FCR. Although 

this approach has encouraging results, patients 
with CLL eventually relapse and require addi-
tional therapies. Patients with unmutated immu-
noglobulin heavy-chain (IgVH) genes as well as 
del(17p13.1) and del(11q22.3) are more likely to 
become refractory to conventional therapies. 
These CLL cases might benefi t from novel agents. 
Many of the current therapeutic regimens for 
CLL are myelotoxic, immunosuppressive, 
and associated with infectious complications. 
Targeted therapies can often minimize these 
complications  [  42  ] . Emerging therapies ranging 
from new monoclonal antibodies to small mole-
cules that interfere with vital pathways in signal 
transduction and cell cycle regulation are 
currently being developed ,  including the 
immunomodulator lenalidomide; monoclonal 
antibodies, such as lumiliximab, GA-101, 
and small-molecule immunopharmaceuticals 
(SMIPs); BCL-2 inhibitors, such as oblimersen, 
obatoclax, and ABT-263; and protein kinase 
inhibitors, such as fl avopiridol, spleen TKIs, and 
phosphatidylinositol 3-kinase inhibitors  [  4  ] . 

 CD20 is a B-cell activation and growth regula-
tor receptor expressed at all stages of B-cell 
maturation but not on precursor B cells or other 
cells. Rituximab, the fi rst anti-CD20 MoAb, is 
extensively employed in the clinical practice as 
single agent or in combination with conventional 
chemotherapeutical drugs  [  43  ] . Recent data sug-
gest that the main antileukemic effect of ritux-
imab is mediated through the induction of 
apoptosis, whereas complement-mediated cyto-
toxicity could be a minor component for clear-
ance of tumor cells and even be detrimental to 
therapeutic effi cacy. Rituximab induces caspase 
activation in CLL patients which correlates with 
tumor cell depletion  [  44  ] . Apoptosis could be 
directly mediated by anti-CD20 MoAb or indi-
rectly through Fc g R-expressing effector cells or 
could be mediated through sensitizing tumor 
cells to chemotherapy-induced cell death  [  14  ] . 

 Several new anti-CD20 MoAbs have been 
generated to enhance therapeutic function in 
rituximab-refractory patients and/or enhance 
activity over rituximab in newly diagnosed 
patients. Their structures have been engi-
neered to provide theoretical advantages over 
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rituximab and are currently undergoing clini-
cal investigation. 

 A newly approved agent, ofatumumab, is a 
fully human anti-CD20 MoAb that differs from 
rituximab by binding to a different CD20 epitope 
and directing more potent complement- dependent 
cytotoxicity, even against cells expressing lower 
levels of CD20  [  18  ] . Ofatumumab has been uti-
lized in patients refractory to fl udarabine and 
alemtuzumab (anti-CD52, campath) in various 
clinical trials. Lenalidomide is an immunomodu-
latory drug currently approved for the treatment 
of multiple myeloma as well as 5q-deletion MDS. 
It exerts antiangiogenic properties, tumor 
necrosis factor-alpha (TNF- a ) inhibition, modu-
lation of T- and NK cell-mediated immunologic 
responses, and induction of apoptosis  [  45  ] . 
Furthermore, lenalidomide upregulates the 
expression of costimulatory CD80 and CD150 on 
CLL cells, leading, respectively, to T- and normal 
B-cell activation, which correlates with the 
cytokine release syndrome observed during treat-
ment and enhanced immunoglobulin production 
 [  46  ] . The MoAb lumiliximab is directed against 
CD23, a surface glycoprotein commonly 
expressed on the surface of CLL cells but rarely 
found on other cells. It strongly induces apopto-
sis in CD23+ CLL cells  [  47  ]  and shows a favor-
able safety profi le in relapsed/refractory CLL. 
Lumiliximab also enhances the effects of fl udara-
bine and rituximab, providing rationale for their 
combined use. GA-101 (obinutuzumab), a third-
generation MoAb with higher affi nity binding to 
CD20 type II epitope, shows an enhanced ability 
to induce ADCC compared to other anti-CD20 
MoAbs, such as rituximab. Alemtuzumab (anti-
CD52) is now approved for use in previously 
untreated CLL, having been approved initially 
for fl udarabine-refractory patients. SMIPs are 
peptides designed to contain the variable region 
from a specifi c antibody and a constant 
region encoding IgG1 domains. TRU-016 is engi-
neered to contain a variable region from anti-
CD37 antibodies. CD37 is a glycoprotein strongly 
expressed on the surface of normal B cells as well 
as B-CLL. It mediates signal transduction for 
cell growth and development. The expression of 
CD37 is particularly strong on CLL cells 

compared to CD20  [  48  ] . TRU-016 has shown 
signifi cant antitumor activity by NK-mediated 
antibody-dependent cellular cytotoxicity against 
human B-cell neoplasms. BCL-2 inhibitors are 
modulators of the BCL-2 pathway. The majority 
of CLLs overexpress the antiapoptotic BCL-2 
family members BCL-2, BCL-XL, and MCL-1. 
These proteins sequester the proapoptotic 
proteins BAX and BAK, thereby preventing 
apoptosis. Oblimersen is a single-stranded DNA 
oligonucleotide that can bind to the fi rst six 
codons of BCL-2, thereby inhibiting its 
transcription and impairing tumor cell viability 
 [  3  ] . Obatoclax is a small molecule mimicking the 
BH3 peptidic domain that acts as a pan-inhibitor 
of BCL-2 family proteins, resulting in apoptosis. 
Other BCL-2 inhibitors, such as ABT-263 and 
AT-101, induce apoptosis in CLL cells by bind-
ing to antiapoptotic BCL-2 family proteins 
BCL-XL, BCL-2, and BCL-W but not MCL-1 or 
A1, and BCL-2, BCL-XL, and MCL-1, respec-
tively, with synergistic effects with cyclophosph-
amide and rituximab  [  49  ] . Flavopiridol is a 
pan-inhibitor of cyclin-dependent kinases, includ-
ing CDK9, and can induce apoptosis in primary 
human CLL cells  [  50  ] . SNS-032 is another small-
molecule inhibitor of CDK2, CDK7, and CDK9 
currently being studied in a multicenter phase I 
trial in relapsed/refractory CLL and multiple 
myeloma  [  51,   52  ] . Preclinical studies demon-
strate potent induction of apoptosis in CLL cells 
irrespective of prior drug exposure, IgVH gene 
mutational status, or the presence of high-risk 
cytogenetic abnormalities. The B-cell receptor 
(BCR) signals are transduced by the nonreceptor 
spleen tyrosine kinase (Syk). Activation of Syk 
leads to the activation of phosphatidylinositol 
3-kinases (PI3K) and AKT and the phosphoryla-
tion of multiple signaling proteins including 
RAS, PLC-gamma, and MAP kinases, resulting 
in cell survival. Syk is expressed mainly in 
hematopoietic cells, and its expression is upregu-
lated in CLL, making it a potential target for CLL 
treatment  [  53,   54  ] . Fostamatinib disodium is the 
fi rst clinically available oral Syk TKI. Class I 
PI3Ks are a family of intracellular signaling 
proteins that are essential components of migra-
tory, proliferative, survival, and differentiation 
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pathways in many cell types, including those of 
hematopoietic origin. Upon PI3K activation, the 
p110 catalytic subunit generates the lipid second 
messenger phosphatidylinositol-trisphosphate, 
which acts as a binding site for recruitment and 
activation of numerous intracellular signaling 
enzymes. Sustained activation of the PI3K path-
way can occur following BCR stimulation and 
has a pivotal role in the survival of CLL. CAL-
101 is an oral small-molecule inhibitor of PI3K. 
Mammalian target of rapamycin (mTOR) is a 
kinase involved in cellular growth and prolifera-
tion that transduces signals from the PI3/AKT 
pathway, which is commonly activated in hema-
tologic malignancies  [  55  ] . CLL cells exposed to 
the mTOR inhibitor rapamycin have reduced 
expression of cyclin D3, cyclin E, and cyclin A. 
Inhibition of this pathway is currently the focus 
of numerous research efforts. Rapamycin, also 
known as sirolimus, acts as an immunosuppres-
sive agent as well as a growth inhibitory agent 
 [  56  ] . Everolimus is a more readily bioavailable 
derivative of sirolimus  [  57  ] . Dasatinib is a TKI 
approved by the FDA for the management of all 
phases of CML and adults with Ph + ALL with 
resistance or intolerance to prior therapy. In addi-
tion to inhibition of BCR–ABL, dasatinib has 
inhibitory activity on Src family kinases, includ-
ing LYN, which is often unregulated and consti-
tutively activated in CLL cells  [  58  ] . Dasatinib 
can induce apoptosis in CLL cells in vitro. 
Dasatinib can also sensitize CLL cells to other 
chemotherapy agents by inhibiting the antiapop-
totic program induced by CD40 stimulation. Heat 
shock protein 90 (Hsp90) is a chaperone protein 
involved in the proper folding, assembly, trans-
port, and function of important mediators of cell 
signaling and cell cycle control, such as tyrosine 
kinase–associated protein of 70 kDa (ZAP-70). 
The Hsp90 inhibitor BIIB021 is currently being 
evaluated in a phase I trial in relapsed/refractory 
CLL. The histone deacetylase inhibitor valproic 
acid was recently shown to induce apoptosis by 
modulating antiapoptotic and proapoptotic genes. 
Furthermore, valproic acid also appears to 
increase the chemosensitivity of CLL cells to fl u-
darabine, fl avopiridol, bortezomib, thalidomide, 
and lenalidomide. SDF-1/CXCR4 axis plays a 

central role in CLL cell traffi cking and survival; 
CXCR4 antagonists impair migration of CLL 
cells to the microenvironment and result in 
increased susceptibility to chemotherapeutic 
agents  [  59  ] . Plerixafor, a CXCR4 antagonist, has 
been experimented in combination with ritux-
imab in patients with relapsed CLL  [  3  ] .  

   Acute Myeloid Leukemia 

 AML is a very heterogeneous clonal disorder 
characterized by the accumulation of somatically 
acquired genetic alterations in hematopoietic 
progenitor cells that alter normal mechanisms of 
self-renewal, proliferation, and differentiation. 
Nonrandom chromosome abnormalities occur in 
50–60% of patients. In some instances, such as 
the acute promyelocytic subtype, cytogenetic 
corroboration is essential confi rmation of that 
subtype, which is now regarded and treated as a 
separate entity  [  60,   61  ] . 

 In recent years, gene mutations and deregu-
lated expression of genes and noncoding RNAs 
(microRNAs) have been identifi ed, unraveling 
the enormous molecular genetic heterogeneity 
within distinct cytogenetically defi ned subsets of 
AML, in particular the large group of cytogeneti-
cally normal (CN) AML  [  62–  64  ] . 

 An increasing number of cases of AML can be 
categorized on the basis of their underlying 
genetic defects. From a clinical perspective, spe-
cifi c chromosome abnormalities and molecular 
genetic changes are among the most important 
prognostic markers and therefore may be used for 
stratifi cation of patients with AML to risk adapted 
therapeutic strategies. Novel therapies are being 
developed that target some of the identifi ed 
genetic defects to optimize the treatment of dis-
tinct subtypes of AML. Although many promis-
ing biotargets have been identifi ed, to date, only 
diagnosis of NPM1, CEBPA, and FLT3 muta-
tions has entered clinical practice and affects 
diagnosis, risk assessment, and also guidance of 
therapy. Nucleophosmin 1 (NPM1) is a nuclear-
cytoplasmic shuttling phosphoprotein with pleio-
tropic functions. NPM1 gene mutations, resulting 
in its delocalization into the cytoplasm, are found 
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in approximately one-third of adult cases of 
AML, making it the most frequent mutation 
known in this disease to date  [  65  ] . NPM1 muta-
tions have been associated with achievement of 
complete remission and favorable outcome  [  60  ] . 
CEBPA is a key leucine zipper containing 
transcription factor regulating differentiation of 
several cell types, including myeloid precursors. 
CEBPA biallelic mutations in AML have been 
identifi ed, affecting the N-terminal region (trun-
cated CEBPA isoform with dominant-negative 
properties) and the C-terminal basic region-leu-
cine zipper domain (decreased DNA-binding or 
dimerization activity)  [  66  ] . The end result of such 
mutations is often a null phenotype. CEBPA 
mutations are predominantly found in CN-AML 
and in cases with 9q deletion  [  60  ] . Among 
CN-AML, CEBPA mutations have consistently 
been associated with a relatively favorable out-
come  [  67  ] . In both cases, therapeutic recommen-
dation is standard induction chemotherapy 
followed by three to four cycles of high-dose 
cytarabine  [  6,   9  ] . 

 Activating mutations in the FMS-like tyrosine 
kinase 3 (FLT3), a tyrosine kinase receptor, 
important in the development of myeloid and 
lymphoid lineages, occur in 25–30% AML. 
FLT3 mutations result in internal tandem dupli-
cations (ITDs) in the juxtamembrane domain or 
mutations of the activating loop of the kinase. 
FLT3-ITD provides proliferative advantage and 
antiapoptotic signals and predicts shorter com-
plete remission duration  [  68  ] . Several TKIs with 
FLT3 inhibitory activity have been introduced 
in clinical trials with best results in combination 
with chemotherapy. Prognosis of CN-AML with 
FLT3-ITD is signifi cantly inferior compared 
with CN-AML without this mutation when 
treated with current standard chemotherapy 
 [  69  ] , and allogeneic hemopoietic stem-cell 
transplantation is an attractive option for these 
patients. Given the poor results after standard 
chemotherapy in FLT3-ITD AML, new modali-
ties need to be evaluated. FLT3 inhibitors in 
combination with chemotherapy as a frontline 
approach to patients with AML with activating 
FLT3 mutations are underway. 

 KIT, another member of the class III receptor 
tyrosine kinase family, and its ligand, stem-cell 
factor, have a key role in differentiation and acti-
vation of hemopoietic progenitors. KIT muta-
tions have been associated with inferior outcome 
 [  70  ] . Activating mutations of the c-KIT receptor 
result in drug resistance and cytokine-indepen-
dent proliferation through activation of STAT3 
signaling  [  62  ] . IDH1 (cytosolic) and IDH2 (mito-
chondrial) are enzymes catalyzing oxidative 
decarboxylation of isocitrate to  a -ketoglutarate. 
They are involved in cellular defense against oxi-
dative damage. Both IDH1 and IDH2 mutants 
cause loss of the physiologic enzyme function 
and create a novel ability of the enzymes to con-
vert  a -ketoglutarate into 2-hydroxyglutarate, a 
putative oncogenic metabolite  [  71  ] . This muta-
tion predicts worse outcome for patients without 
FLT3-ITD  [  72–  74  ] . Wilms tumor 1 (WT1) tran-
scription factor is implicated in regulation of 
apoptosis of hemopoietic progenitors. Its muta-
tions are found in 10–13% of CN-AML and are 
associated with inferior outcome. Increased 
expression of WT1 has been used as a surrogate 
marker for minimal residual disease in AML. 
RUNX1 is deregulated in AML by chromosomal 
translocations and by mutations clustering in the 
Runt domain of the gene. RUNX1 mutations have 
been associated with undifferentiated (M0) mor-
phology and with specifi c chromosome 
aberrations, such as trisomy 21 and trisomy 13. 
Mutations of this transcription factor gene are 
associated with lower complete remission rate 
and with inferior survival  [  68  ] . MLL is a binding 
protein that regulates gene expression through 
epigenetic mechanisms. Partial tandem duplica-
tions (PTD) of MLL oncogene are found in 
5–11% of patients with CN-AML and frequently 
in those with AML with trisomy 11  [  9,   67,   72  ] . 
MLL-PTD have been shown to contribute to leu-
kemogenesis through DNA hypermethylation 
and epigenetic silencing of tumor suppressor 
genes, pointing to a potential role of DNA 
methyltransferase and/or histone deacetylase 
inhibitors in the treatment of this AML subset. 
MLL-PTD have been associated with inferior 
CR duration and relapse-free survival  [  67  ] . 
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Low expression of the brain cells and acute 
leukemia, cytoplasmic (BAALC) gene product, 
the human member of a novel mammalian 
neuroectoderm gene lineage implicated in 
hematopoiesis and acute leukemia, is associated 
with favorable outcome in CN-AML  [  75  ] . The 
MN1 (meningioma 1) gene was fi rst identifi ed as 
a fusion partner of the TEL gene in reciprocal 
translocations. Recent studies have shown that 
MN1 overexpression is associated with poor 
response to induction chemotherapy and higher 
relapse rate and worse overall survival  [  76,   77  ] . 
ERG amplifi cation with consecutive gene over-
expression was observed in AML with complex 
aberrant karyotypes and has an adverse prognos-
tic signifi cance in CN-AML  [  67  ] . Deregulated 
expression of EVI1 (ecotropic viral integration 
site 1) is found in virtually all AML, with inv(3)
(q21q26.2/t)(3,3)(q21; q26.2) leading to rear-
rangement of the EVI1 and RPN1 genes. High 
EVI1 expression predicts poor outcome. Aberrant 
expression of multiple microRNAs has recently 
been reported in AML  [  61  ] . MicroRNAs are nat-
urally occurring noncoding RNAs that are cleaved 
from hairpin precursors and hybridize to impre-
cisely complementary mRNA of protein-coding 
genes, thereby leading to downregulation of the 
encoded proteins by RNA degradation or transla-
tion inhibition  [  78  ] . Deregulation of microRNAs 
and in turn of their target genes has been found to 
contribute to malignant transformation  [  79  ] . 

 Immunophenotyping using multiparameter 
fl ow cytometry is used to determine lineage 
involvement of a newly diagnosed acute leuke-
mia  [  80  ] . Quantifi cation of expression patterns of 
several surface and cytoplasmic antigens is 
necessary for lineage assignment and to detect 
aberrant immunophenotypes allowing for mea-
surement of minimal residual disease. AMLs 
with minimal differentiation frequently express 
early hematopoiesis-associated antigens (e.g., 
CD34, CD38, and HLA-DR) and lack most 
markers of myeloid and monocytic maturation; 
megakaryoblasts from acute megakaryoblastic 
leukemia typically express one or more of the 
platelet glycoproteins CD41 and/or CD61, and 
less commonly CD42. Some AMLs with recur-
rent genetic abnormalities are associated with 

characteristic immunophenotypic features. For 
example, AMLs with t(8;21) frequently express 
the lymphoid markers CD19 or, to a lesser extent, 
CD7; they may also express CD56; AMLs with 
inv(16) frequently express the T lineage- 
associated marker CD2 and AMLs with NPM1 
mutation typically have high CD33 but absent or 
low CD34 expression  [  6  ] . Some of these antigens 
are becoming therapeutic targets. GO is a 
calicheamicin-conjugated anti-CD33 humanized 
MoAb approved for therapy of relapsed AML 
 [  81  ] . GO induced remissions in 31% of patients 
with tolerable side effects. Lintuzumab is another 
anti-CD33 MoAb  [  82,   83  ]  whose activity depends 
on its properties of activating effector cells 
through its Fc domain. Lintuzumab decreases 
the production of proinfl ammatory cytokines by 
AML cells and mediates ADCC and phagocyto-
sis of AML cells  [  23  ] . Lintuzumab has been used 
in the treatment of AML converting patients with 
minimal residual disease into molecular remis-
sion  [  17  ] . CD44 functions as a key regulator of 
AML LSCs. It is a receptor for hyaluronic acid 
and can also interact with other ligands, such as 
osteopontin, collagens, and MMPs and may be a 
good target for therapy  [  25  ] . 

 The interleukin-3 receptor CD123 on 
pluripotent progenitor cells induces tyrosine 
phosphorylation and promotes proliferation 
and differentiation  [  26  ] . Anti-CD123 fragments 
coupled to toxins, such as diphtheria or 
pseudomonas exotoxins, have promising activi-
ties in preclinical studies  [  84  ] . 

 D-cyclins regulate cell cycle progression and 
proliferation by acting in a complex with cyclin-
dependent kinases (CDKs) to promote the phos-
phorylation of the retinoblastoma protein and 
initiate cellular transition from G1 to the S phase. 
Overexpression of D-cyclins occurs in many 
tumors and leads to increased cell proliferation 
and chemoresistance  [  85  ] . In contrast, inhibition 
of the expression of D-cyclins decreases 
cellular proliferation and induces apoptosis  [  86  ] . 
D-cyclins, universally dysregulated in multiple 
myeloma, are also overexpressed in a subset of 
patients with AML and are associated with poor 
outcome. Compounds with inhibitory activity 
are glucocorticoids  [  87  ] , cyproheptadine  [  88  ] , 
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kinetin riboside  [  89  ] , and the novel compound 
S14161, which inhibits D-cyclin transactivation 
via inhibition of phosphoinositide 3-kinase 
(PI3K) activity. This latter displayed preclinical 
activity in myeloma and leukemia cells in vitro 
and in vivo  [  85  ] .  

   Acute Lymphoblastic Leukemia 

 Acute lymphoblastic leukemia (ALL) is a neo-
plasm of lymphoid progenitors that may be of 
B- or T-lymphoid lineage (B-ALL or T-ALL) 
and is the most common malignancy of child-
hood  [  90  ] . The outcome of ALL therapy has 
improved dramatically in recent decades, with 
cure rates exceeding 80%  [  91  ] . However, up to 
one-quarter of patients relapse, which carries a 
poor prognosis  [  92  ] . Current treatment regimens 
use intensive combination chemotherapy with 
little scope for signifi cant intensifi cation due to 
excessive short- and long-term side effects. 
Consequently, further improvements in the out-
come of ALL therapy require the development of 
new, targeted, and less toxic therapies  [  7  ] . 

 Because of the highly specifi c treatments avail-
able for unique ALL subtypes, it is essential to 
differentiate Philadelphia (Ph) chromosome posi-
tive from Ph-negative ALL, and mature ALL from 
B- or T-cell precursor ALL. Age and white blood 
cell count are important risk factors. Older adults 
are regarded as a prognostically unfavorable 
group. Regarding immunophenotype, in B-cell 
precursor ALL, a CD10-negative pro-B pheno-
type has high risk, especially when associated 
with t(4;11). Ph-negative common ALL (CD10+) 
is standard risk. The pre-B subtype expressing 
cytoplasmic heavy chains has a bad outlook when 
harboring MLL rearrangements. CD20 antigen is 
expressed in nearly half of BCP-ALL and may be 
prognostically adverse  [  5  ] . In T-cell precursor 
ALL, the prognosis is worse for CD1a-negative, 
CD3-negative cases compared to the CD1a-
positive cortical/thymic phenotype  [  90  ] . 

 ALL is characterized by recurring genetic 
alterations, including aneuploidy and structural 
rearrangements that commonly result in the 
expression of chimeric fusion genes, for example, 
BCR–ABL1 and MLL rearrangements, or 

dysregulate genes by juxtaposition to antigen 
receptor gene loci  [  93  ] . Several of these, such as 
MLL rearrangement and low hypodiploidy, are 
associated with a high risk of relapse. A substan-
tial minority of patients lack a known, recurring 
gross chromosomal alteration. Consequently, 
there has been intensive effort in recent years to 
use high-resolution genomic profi ling to identify 
novel genetic alterations that contribute to leuke-
mogenesis, infl uence treatment responsiveness, 
and ultimately may be translated to the clinic as 
new prognostic tools and therapeutic targets. 

 In B-lineage ALL, there are recurring genetic 
alterations in genes encoding regulators of lym-
phoid development (e.g., PAX5, IKZF1, and 
EBF1), transcription factors (ETV6, ERG), 
lymphoid signaling molecules (BTLA, CD200, 
BLNK, VPREB1), regulators of cell cycle and 
tumor suppressors (CDKN2A/CDKN2B, ATM, 
RB1, PTEN), and less commonly regulators of 
drug responsiveness (e.g., the glucocorticoid 
receptor NR3C1)  [  94,   95  ] . Genetic alterations 
targeting lymphoid development are key determi-
nants of both the pathogenesis of B-ALL and 
responsiveness to therapy  [  96  ] . Different altera-
tions targeting lymphoid development exhibit 
markedly variable associations with treatment 
outcome. PAX5 is the most common target of 
genetic alteration in B-ALL  [  97  ] . Deletion or 
sequence mutation of the early lymphoid tran-
scription factor gene IKZF1 (encoding IKAROS) 
is associated with very poor outcome. IKAROS 
family zinc fi nger 1 (IKZF1) mutations are preva-
lent in blast phase CML or BCR–ABL+ALL, 
suggesting a pathogenetic contribution to 
leukemia transformation  [  98  ] . Mutation of IKZF1 
is associated with an up to threefold increased 
risk of treatment failure in ALL  [  96,   99  ] . 
Consequently, there has been considerable inter-
est in testing for IKZF1 alterations at the time of 
diagnosis to assist with risk stratifi cation. 
Expression of the constitutively active tyrosine 
kinase BCR–ABL1 is a hallmark of CML and a 
subset of ALL (Ph + ALL). Prior to the advent of 
TKIs, Ph + ALL was associated with very poor 
outcome  [  64  ] . Targeted therapy with    TKIs for 
Ph + ALL and with anti-CD20 MoAb added to 
hyperfractionated cyclophosphamide, vincristine, 
adriamycin, dexamethasone plus methotrexate, 
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high-dose cytarabine regimen for Ph + B-ALL, 
improved patient survival; clinical trials 
combining chemotherapy plus rituximab (anti-
CD20) and epratuzumab (anti-CD22) are in prog-
ress  [  5  ] . IKZF1 alterations are present in more 
than 80% of Ph + ALL cases in both adults and 
children and at the progression of CML to lym-
phoid blast crisis but are uncommon in other sub-
types of ALL  [  100  ] . These fi ndings suggest that 
IKZF1 alteration is a key determinant of the lin-
eage and progression of Ph-positive leukemia. 
Approximately one-third of these Ph-like ALL 
have rearrangements of CRLF2, which encodes 
the cytokine receptor-like factor two that forms a 
heterodimer with interleukin-7 receptor alpha for 
the cytokine thymic stromal lymphopoietin. Up 
to 60% of patients with CRLF2 rearrangements 
have concomitant activating mutations in the 
kinase or pseudokinase domains of JAK1 and 
JAK2  [  101  ] . Several selective JAK1/2 inhibitors 
are being investigated for the treatment of myelo-
proliferative diseases  [  102  ] . JAK inhibitors show 
activity as single agents or combined with che-
motherapy in patients with these alterations. 

 The vast majority of cases of ALL appear to 
originate from putative developmental lesions in 
normal B-cell precursor clones during early 
phases of ontogeny and express D19 coreceptor. 
CD19 is a B-lineage restricted molecule that 
functions as a key regulator of transmembrane 
signals. Recently, a CD19-specifi c recombinant 
human protein (CD-L) has been tested as antileu-
kemic agent in B-ALL. CD19-L, as well as anti-
CD19 MoAb, induces apoptosis of normal and 
malignant B cells, suggesting that CD19 partici-
pates in regulation of immune responses and pre-
vention of autoimmunity by mediating negative 
selection of hyperactive or autoreactive B-cell 
clones via apoptosis  [  103  ] . 

 Genomic profi ling has been successfully used 
to identify new sequence alterations in T-ALL, 
including deletions dysregulating LMO2  [  104  ] , 
amplifi cation of MYB  [  105  ] , amplifi cation 
associated with the NUP214-ABL1 rearrange-
ment  [  106  ] , and deletion and sequence mutation 
of PTEN109  [  107  ]  and WT1  [  108  ] . However, 
few associations between individual genetic 
alterations and outcome in T-ALL have been 
identifi ed  [  101  ] . 

 The less common T-lineage ALL (T-ALL) has 
an inferior outcome compared to B-ALL  [  109  ] . It 
represents about 15% of pediatric and 25% of 
adult ALLs. It is an aggressive hematologic tumor 
resulting from the malignant transformation 
of immature T-cell progenitors. The outcome of 
T-ALL patients has improved remarkably over 
the last two decades as a result of the introduction 
of intensifi ed chemotherapy protocols. However, 
these treatments are associated with signifi cant 
toxicity, and the treatment of patients presenting 
with primary resistant disease or those relapsing 
after a transient response remains challenging. 

 The most common genetic alteration in T-ALL 
is the presence of deletions in the CDKN2A 
tumor suppressor locus containing the P16/
INK4A and the P14/ARF tumor suppressor 
genes, which control cell cycle progression and 
p53-mediated apoptosis, respectively. In addi-
tion, over 50% of T-ALLs harbor activating 
mutations in the NOTCH signaling pathway  [  110, 
  111  ] . T-ALL-associated chromosomal transloca-
tions typically result in the juxtaposition of a 
selective group of oncogenic transcription factors 
next to strong regulatory elements located in the 
vicinity of the T-cell receptor  b  (TCRB) gene in 
chromosome 7q34 or the T-cell receptor  a – d  
(TCRAD) locus in chromosome 14q11  [  112  ] . 

 Aberrant NOTCH signaling is a central player 
in T-ALL, and the NOTCH pathway represents 
an important potential therapeutic target. The 
NOTCH1 receptor is a transmembrane protein 
that functions as a ligand-activated transcription 
factor  [  110  ] , directly transducing information 
from extracellular signals into changes in gene 
expression in the nucleus. It is composed of an 
N-terminal extracellular subunit (NEC) and a 
C-terminal transmembrane and intracellular sub-
unit (NTM). In addition, it contains a negative 
regulatory region (NRR) which prevents the 
spontaneous activation of the receptor in the 
absence of ligand. Under physiologic conditions, 
the ligand–receptor interaction induces a confor-
mational change in the NRR regulatory region 
and triggers a fi rst cleavage of the surface domain 
by metalloproteases followed by a second prote-
olytic cleavage catalyzed by the  g -secretase com-
plex in the transmembrane region of the receptor 
 [  113  ] . Thus, the  g -secretase complex releases the 
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intracellular domain of NOTCH1 (ICN1) into the 
cytosol and allows its translocation into the 
nucleus, where it recruits members of the master-
mind (MAML) family of coactivators and p300, 
and, through these interactions, activates gene 
expression. Finally, the polyubiquitination and 
proteasomal degradation of the activated receptor 
takes place in the nucleus  [  110  ] . In the lymphoid 
system, NOTCH signals provided by the thymic 
microenvironment are essential for the specifi ca-
tion of  a / b  T-cell progenitors  [  114  ] . During this 
process, several important factors are transcrip-
tionally controlled by NOTCH, including the 
pre-T-cell receptor  a , the IL7 receptor  a   [  115  ] , 
and MYC  [  116  ] . NOTCH1 signaling is also criti-
cally required to sustain cell metabolism via acti-
vation of the PI3K–AKT cascade. Activating 
mutations in NOTCH1 typically result in the dis-
ruption of molecular locks responsible for pre-
venting the spontaneous activation of the receptor 
at the membrane or mediating the termination of 
NOTCH1 signaling in the nucleus. Various genes 
and pathways are controlled by NOTCH1 in 
T-cell transformation  [  117  ] . In addition to its 
direct effect on anabolic genes and facilitating 
cell growth via upregulation of MYC  [  116  ] , 
NOTCH1 facilitates the activation of the PI3K–
AKT–mTOR signaling pathway, a critical regu-
lator of cell growth and metabolism. Oncogenic 
NOTCH1 signaling also promotes G1/S cell 
cycle progression  [  118  ]  through transcriptional 
upregulation of CCND3, CDK4, and CDK6 
 [  119  ] . Moreover, inhibition of NOTCH signaling 
in T-ALL is associated with upregulation of the 
cyclin-dependent kinase inhibitors CDKN2D and 
CDKN1B  [  118  ] . Finally, NOTCH1 signaling can 
also regulate the survival of T-ALL cells by 
increasing expression of IkB kinase and conse-
quently upregulating NF k B activity  [  120  ] . 

 The critical role of this interaction is demon-
strated by the antileukemic effects of NF k B inhi-
bition in T-ALL and the strict requirement of 
NF k B signaling for NOTCH-induced transfor-
mation  [  121  ] . The most exciting opportunity 
derived from the identifi cation of NOTCH1 muta-
tions in T-ALL is the possibility of developing 
anti-NOTCH1-targeted therapies. The  g -secretase 
complex, responsible for the proteolytic processing 

and activation of NOTCH signaling, can be 
inhibited with small-molecule inhibitors (GSIs), 
which block the activity of NOTCH receptors 
and reduce proliferation by inducing G1 cell 
cycle arrest  [  112  ] . Because of their gastrointesti-
nal toxicity, intermittent dosing schemes as well 
as combined chemotherapy or other molecularly 
targeted drugs have been experimented, such as 
combination therapies of GSIs with CDK 
inhibitors, drugs targeting NF k B signaling, or 
small-molecule inhibitors of CK21 and the 
PI3K–AKT–mTOR pathway  [  118,   122  ] . 
Glucocorticoid treatment seems to have a direct 
protective effect against GSI-induced intestinal 
toxicity. The use of synthetic peptides blocking 
the NOTCH transcriptional complex directly in 
the cell nucleus is under investigation. It has 
recently shown that SAHM1, a cell-permeable 
peptide targeting NOTCH, has specifi c antileuke-
mic effects both in human T-ALL cell lines and 
in a mouse model of NOTCH1-induced T-ALL 
 [  123  ] . Finally, given that NOTCH proteins are 
surface molecules, specifi c antibodies could pro-
vide selective blocking of NOTCH1 while pre-
serving the activity of the other NOTCH family 
members  [  112,   124  ] . 

 The PI3K/AKT/mTOR pattern of signal trans-
duction has a critical function in proliferation, 
cell cycle progression, apoptosis, and metabo-
lism. AKT kinase is activated in response to PI3K 
directly and is the most important effector of 
PI3K. It is capable of integrating signals from 
outside and inside the cell, such as signals related 
to the state energy, in the presence of nutrients 
and growth factors. T-ALL is characterized by 
the constitutive activation of the PI3K/AKT/
mTOR axis, and many compounds that target the 
PI3K/AKT/mTOR have been developing  [  85  ] .  

   Acute Promyelocytic Leukemia 

 Acute promyelocytic leukemia (APL) is a rare 
disease in which biotargeted therapies have a 
central role in clinical practice. APL had a bad 
prognosis, particularly because of fatal coagula-
tion disorders, before the introduction of anthra-
cyclines, which allowed the cure of some APL 
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patients. The subsequent introduction of all-
trans-retinoic acid (ATRA) and the pure form of 
ATO improved the response of these patients 
leading to a dramatic change in the prognosis of 
this disease  [  125  ] . The simultaneous administra-
tion of ATRA and anthracycline-based chemo-
therapy is currently considered the standard 
induction treatment for newly diagnosed patients 
 [  126  ] . Various clinical regimens combining RA, 
ATO, and anthracyclines now defi nitively cure up 
to 90% of APL patients. This combination results 
in extremely high antileukemic effi cacy, leading 
to complete remission rates of 90–95%. In sev-
eral recent clinical trials, more than 90% of 
patients are disease-free and off-treatment after 5 
years  [  127  ] . In particular, treatment regimens 
combining RA and ATO, including some without 
any DNA-damaging chemotherapy, have cured 
most patients  [  128,   129  ] . 

 The specifi c PML-retinoic acid receptor- a  
(RAR a ) oncogene fusion and/or the t(15;17) 
translocation, detected by PCR, FISH, and 

conventional karyotyping, respectively, are the 
hallmarks of this leukemia. Additional altera-
tions, for example, NRAS mutation, FMS   -related 
tyrosine kinase 3 (FLT3) activation, and MYC 
overexpression, increase disease penetrance or 
favor its progression but do not have the same 
central role as PML-RAR a  in the hierarchy of 
genetic alterations  [  8,   127  ] . 

 PML-RAR a  gene fusion initiates leukemogen-
esis by blocking the normal myeloid differentia-
tion program and increasing self-renewal of APL 
progenitor cells (Fig.  6.9 ). RA and ATO cure this 
leukemia, by targeting PML-RAR a  gene fusion 
for degradation, triggering rapid APL cell differ-
entiation into granulocytes. The combination of 
RA with anthracyclines cures 70% of patients. 
Moreover, ATO triggers apoptosis and partial 
maturation of human APL cells, but together with 
cytokines or cyclic AMP (cAMP), it also promotes 
terminal differentiation. Both RA and ATO can 
trigger differentiation. RAR a  is an RA-responsive 
transcription factor, and PML is the organizer 

  Fig. 6.9    PML-RAR a  as a gain-of-function fusion pro-
tein. PML-RAR a  functions as a multifaceted protein that 
deregulates differentiation and self-renewal of myeloid 
progenitors and confers resistance to apoptosis. It represses 
RAR a  and non-RAR a  target genes and disrupts PML 
nuclear bodies. This results in immortal proliferation and 
inhibition of terminal differentiation. Mechanistically, 

therapy-induced transcriptional activation (or derepres-
sion) is responsible for APL cell differentiation, and 
PML-RAR a  degradation by RA or ATO results in APL 
eradication. Arsenic trioxide targets PML through oxida-
tion-triggered disulfi de bond formation and direct bind-
ing. This results in PML and PML-RAR a  sumoylation, 
ubiquitylation, and proteasome-mediated degradation       
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of nuclear subdomains that are linked to 
posttranslational modifi cations and the control 
of stem-cell self-renewal. The PML-RAR a  fusion 
protein retains all the functional domains of 
RAR a . PML-RAR a  transforms hematopoietic 
progenitors through the transcriptional repression 
of RAR a  target genes in a dominant-negative 
manner, resulting in enhanced recruitment of 
corepressors and histone deacetylases (HDACs) 
onto RAR a  target genes, enforcing DNA methy-
lation. As RAR a  signaling regulates myeloid 
differentiation, its inhibition could explain the 
block in differentiation that is observed in APL 
cells. Pharmacological doses of RA convert PML-
RAR a  into a transcriptional activator, thus 
enhancing expression of crucial RAR a  targets 
and restoring the normal differentiation  [  130  ] .  

 Transcriptional repression of RAR a  target 
genes is not the only molecular mechanism 
initiating APL leukemogenesis. For example, 
PML-RAR a  activates the expression of cyclin-
dependent kinase inhibitor 1A (CDKN1A 
encoding p21), which could allow HSC to tolerate 
DNA damage, indirectly contributing to transfor-
mation. PML-RAR a  also induces massive his-
tone modifi cations or DNA methylation  [  131  ] . 

 Heterotetramers of PML-RAR a  linked to 
RXR a  bind several DNA target sequences that 
are not effi ciently recognized by the normal 
RXR a –RAR a  heterodimers, thus contributing to 
widespread transcriptional deregulation. These 
de novo binding sites include sites that are recog-
nized by other nuclear receptors controlling 
myeloid differentiation or stem-cell self-renewal, 
such as retinoic acid receptor- g  (RARG), vitamin 
D receptor (VDR), and thyroid hormone recep-
tors. These non-RAR a  binding sites constitute a 
considerable proportion of the recently deter-
mined natural targets of PML-RAR a  in human 
APL cells, exemplifying a dramatic gain of func-
tion of the oncogenic fusion. As for many other 
transcription factors, PML-RAR a  sumoylation 
induces transcriptional repression. PML-RAR a  
may also function by interfering with poorly 
defi ned PML-controlled pathways implicated in 
apoptosis resistance and have been recently 
linked to defective p53 activation  [  8  ] . 

 PML-RAR a  modulates several key pathways 
that cooperate to enforce leukemic transformation. 

PML-RAR a  degradation pathway involves pro-
teases, activated by RA-induced differentiation, 
that cleave the PML moiety of PML-RAR a   [  132, 
  133  ] . The second degradation pathway directly 
couples RA-induced transcriptional activation to 
proteasome-mediated RAR a  degradation. A third 
pathway involves formation of autophagic vesi-
cles. In contrast, ATO degrades PML-RAR a  by 
targeting its PML moiety and accordingly also 
degrades the normal PML protein. ATO induces 
the formation of reactive oxygen species (RoS), 
which trigger the formation of PML intermolecu-
lar disulfi de cross-links that induce multimeriza-
tion, targeting nuclear bodies, and allow PML 
sumoylation in trans by ubiquitin-conjugating 
enzyme nine. In mouse models, RoS inducers 
(such as paraquat and  a -tocopheryl succinate) 
have resulted in disease regression and/or dra-
matic prolongation of survival  [  134  ] . This obser-
vation sheds new light on the basis for the effi cacy 
of anthracyclines in APL. Similar to ATO, anthra-
cyclines induce massive RoS production. 

 Rare variant translocations, all involving 
RAR a , account for 1–2% of patients with APL. 
The most common results in a PLZF-RAR a  
fusion protein that is associated with RA-resistant 
APL. Resistance was proposed to result from an 
additional corepressor binding site in PLZF, 
which precludes RA-dependent target gene acti-
vation and thus differentiation  [  8  ] . High-dose RA 
treatment results in PLZF-RAR a  degradation, by 
the same mechanism as RAR a  and PML-RAR a . 

 Clinical and basic research have allowed most 
patients with APL to be defi nitively cured, even 
with some treated without DNA-damaging 
agents. Greatly simplifi ed clinical protocols asso-
ciating frontline RA and ATO should lead not 
only to extremely high levels of cure but also to a 
higher quality of life and fewer days spent as an 
inpatient  [  135  ] .  

   JAK2 + Myeloproliferative Neoplasms 

 The classical Philadelphia chromosome-negative 
myeloproliferative neoplasms (Ph-negative 
MPNs) include PV, ET, and PMF  [  136  ] . 
Ph-negative MPNs are chronic myeloid neo-
plasms which are thought to arise from a 
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primitive HSC which has undergone malignant 
transformation. Several MPN-associated mutations, 
not mutually exclusive, are currently known. 
They mainly originate at the progenitor cell 
level, but they do not necessarily represent the 
primary clonogenic event. Clinical manifesta-
tions include variable degrees of erythrocytosis, 
thrombocytosis, and leukocytosis, or 
cytopenias, extramedullary hematopoiesis (e.g., 
splenomegaly), increased risk for thrombosis, 
and transformation to AML. Patients with PV 
and ET are usually treated with cytoreductive 
agents (e.g., hydroxyurea, anagrelide, busulfan, 
and pipobroman) which can effectively control 
elevated blood cell counts and decrease the risk 
of thrombosis but may also be associated with an 
increased risk of transformation to AML  [  137, 
  138  ] . Apart from hydroxyurea, there are few 
drugs available for treating these patients with-
out incurring in signifi cant late side effects. For 
patients with MF, therapy is usually palliative 
and directed to alleviation of symptoms caused 
by splenomegaly and/or cytopenias. Recently, 
great advances were made in the understanding 
of the pathogenesis of these disorders with the 
discovery of an activating mutation of the JAK2 
tyrosine kinase (TK) (JAK2 V617F) in patients 
with Ph-negative MPNs  [  139,   140  ] . The JAK2 
V617F mutation leads to constitutive signaling 
through the JAK2 TK, leading to increased 
cellular proliferation and resistance to apoptosis 
in hematopoietic cells. More importantly, the 
discovery of JAK2 V617F led to the 
development of JAK2 inhibitors for therapy of 
patients with Ph-negative MPNs, following the 

same rationale used to target BCR–ABL1 in 
CML with imatinib. 

 Preclinical studies have confi rmed activity of 
these compounds, with induction of apoptosis in 
both in vitro and in vivo models  [  141,   142  ] , and 
several JAK inhibitors were entering clinical tri-
als for patients with MF and later PV/ET, with 
differences in potency and kinase specifi city 
(Table  6.2 ).  

 Most TKIs in current clinical development are 
small molecules that act by competing with ade-
nosine triphosphate (ATP) for the ATP-binding 
catalytic site in the TK domain since ATP is the 
source of phosphate groups utilized by TK for 
phosphorylating protein targets  [  143  ] . The V617F 
mutation locates outside the TK domain of JAK2, 
and current JAK2 inhibitors target both wild-type 
and mutated JAK2 indiscriminately. This could 
explain why these drugs are active in patients 
with both wild-type and mutated JAK2  [  11  ] . 
Therapy with JAK2 inhibitors may induce rapid 
and marked reductions in spleen size and can lead 
to remarkable improvements in constitutional 
symptoms and overall quality of life. Because 
JAKs are involved in the pathogenesis of infl am-
matory and immune-mediated disorders, JAK 
inhibitors are also being tested in clinical trials in 
patients with rheumatoid arthritis and psoriasis, 
as well as for the treatment of other autoimmune 
diseases and for the prevention of allograft rejec-
tion. In these pathologies, the main effect is the 
inhibition of T helper 1 (TH1) and TH17 infl am-
matory pathways  [  144  ] . Preliminary results indi-
cate that these agents hold great promise for the 
treatment of JAK-driven disorders  [  145–  147  ] .  

   Table 6.2    JAK tyrosine inhibitors tested in myeloproliferative neoplasms (MPN)   

 Compound  Mainly inhibited transcription factor  Stage of development 

 Ruxolitinib (INCB018424)  JAK1, JAK2  Phase III 
 TG101348  JAK2, JAK2 V617F  Phase II 
 Lestaurtinib (CEP-701)  JAK2 V617F, FLT3, RET, TRKA  Phase II 
 XL019  JAK2  Phase I/II (halted for neurological 

toxicity) 
 SB1518  JAK2, JAK2 V617F  Phase I 
 CYT387  JAK1, JAK2  Phase I/II 
 AZD1480  JAK1, JAK2  Phase I/II 
 Tasocitinib (CP-690550)  JAK1, JAK2, JAK3  Phase II/III 
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   Myelodysplastic Syndromes 

 MDS, commonly considered preleukemic 
diseases, are characterized by clonal hematopoie-
sis, aberrant differentiation, peripheral cytopenias, 
and risk of progression to AML. The spectrum of 
genetic abnormalities in MDS implicates a wide 
range of molecular mechanisms in the pathogen-
esis of these disorders, including activation of 
tyrosine kinase signaling, genomic instability, 

impaired differentiation, altered ribosome func-
tion, and changes in the bone marrow microenvi-
ronment  [  148  ] . Table  6.3  shows the more frequent 
genetic abnormalities in MDS  [  10  ] .  

 The term “epigenetic” refers to the heritable 
component of cellular phenotypes that are not 
mediated by changes to the genomic DNA 
sequence. The most relevant molecular 
mediators of the epigenetic state in MDS are 
gene expression patterns maintained by methyla-
tion of cytosine residues in DNA and covalent 

   Table 6.3    Genetic, epigenetic, and microenvironmental abnormalities in myelodysplastic syndromes   

 Chromosomal 
abnormalities  Pathogenetic mechanisms  Clinical features 

 Chromosome 5q deletions  Haploinsuffi ciency for RPS14, 
RPS14, miRNAs 

 Better prognosis, high lenalidomide response rate 
erythroid phenotype 

 Chromosome 7 and 7q 
deletions 

 Mutations in EZH2  Poor prognosis 

 Trisomy 8  Unknown  Intermediate risk, marker of progression in AML 
and responsiveness to immunosuppressors 

 Chromosome Y and 20q 
deletions 

 Unrelated to disease 
pathogenesis 

 Marker of clonal hematopoiesis 

 Chromosome 3q26 
abnormalities 

 Altered expression of EVII  Poor prognosis 

 Chromosome 17 
abnormalities 

 TP53 disruption  Intermediate risk when isolated 

 Isodicentric chromosome 
Xq13 

 Unknown  Intermediate risk when isolated presence of ring 
sideroblasts 

 T(6;9)(p23;q34) 
translocation 

 Generation of the DEK-NUP214 
fusion gene 

 Intermediate risk when isolated 

 Gene mutations 
 TET2   a -Ketoglutarate-dependent 

dioxygenase gene 
 Frequently present in low-risk MDS cases 

 ASXL1  Additional sex comb-like 1 gene 
encoding a member of the 
polycomb family of chromatin-
binding proteins 

 Uncertain prognostic signifi cance 

 RUNX1  Member of the transcriptional 
core-binding factor gene family 
(CBFA2 or AML1); DNA 
binding domain disruption 

 High risk of progression to AML; frequently 
found in secondary MDS 

 IDH1, IDH2  Isocitrate dehydrogenase genes 
encoding nicotinamide adenine 
dinucleotide phosphate-depen-
dent enzymes; altered catalytic 
function 

 High risk of progression to AML; associated 
with advanced disease 

 FLT3, KIT, PDGFR, MPL  Constitutive tyrosine kinase 
activation 

 Rare in MDS, more frequent in MPN; more 
advanced disease and progression to AML, 
except for MPL 

 JAK2  Constitutive tyrosine kinase 
activation 

 Uncertain prognostic signifi cance 

(continued)
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modifi cation of histones. DNA methyltransferases 
convert cytosine bases into 5-methylcytosines. 
Abnormal DNA methylation can alter gene inter-
action with DNA-binding proteins, such as tran-
scription factors and histone-modifying enzymes. 
Typically, methylation of promoters leads to 
silencing of neighboring genes and represents a 
mechanism for loss of tumor suppressor gene 
expression. In MDS and AML, several genes have 
been described as targets of DNA hypermethyla-
tion. These include the cell cycle regulators 
CDKN2A (p14 and p16) and CDKN2B (p15), 
CTNNA1, E-cadherin (CDH1), and many others 
 [  149,   150  ] . These observations provide a rationale 
for the use of demethylating agents in MDS. The 
nucleoside analog azacitidine and its 2 ¢ -deoxy 
counterpart decitabine are inhibitors of DNMTs 
and have been approved for the treatment of MDS 
in the USA. Both medications have good response 
rates in MDS with 30–73% of patients experiencing 

a 50% or better decrease in transfusion depen-
dence  [  151  ] . Inhibition of histone-modifying 
enzymes represents another potential epigenetic 
target for MDS therapy. Abnormalities of the 
bone marrow microenvironment are well docu-
mented in MDS and other myeloid malignancies. 
Levels of vascular endothelial growth factor 
(VEGF) and several infl ammatory cytokines are 
elevated in the bone marrow of patients with MDS 
 [  152  ] . These changes are thought to be the result 
of the complex interplay between the abnormal 
hematopoietic cells and the adaptive immune 
response they instigate: activation of the innate 
immune system and autocrine or cell contact-
mediated interactions with the stroma. Such alter-
ations to the microenvironment can negatively 
impact normal hematopoiesis, providing a poten-
tial explanation for why cytopenias can occur 
even when MDS cells occupy only a fraction of 
the bone marrow  [  10  ] . 

 Chromosomal 
abnormalities  Pathogenetic mechanisms  Clinical features 

 CBL  TK-associated ubiquitin ligase 
functioning as negative 
regulator; STAT5 phosphoryla-
tion and growth factor 
hypersensitivity 

 Poor prognosis 

 NRAS, KRAS  GPTase activity loss and 
constitutive activation of serine/
threonine kinase 

 Frequent; poor prognosis and progression to 
AML 

 TP53  Tumor suppressor gene  More frequent in secondary MDS; poor 
prognosis; resistance to therapy 

 Epigenetics 
 DNA cytosine residue 
methylation 

 Hypermethylation target genes: 
CDKN2A/B, CTNNA1, CDH1, 
etc. silencing of promoters of 
tumor suppressor gene 
expression 

 Uncertain prognostic signifi cance; rationale for 
the use of demethylating agents 

 Histone covalent 
modifi cation 

 Enzymatic histone modifi cation 
and altered interaction with 
DNA and other chromatin-bind-
ing proteins 

 Uncertain prognostic signifi cance; rationale for 
the use of histone-modifying enzymes 

 Bone marrow microenvironment signals 
 VEGF  Hypoxia-induced increase and 

neoangiogenesis 
 Uncertain prognostic signifi cance 

 Proinfl ammatory 
cytokines 

 Immune system activation, 
cell–cell and cell–stroma 
interactions 

 Uncertain prognostic signifi cance 

Table 6.3 (continued)
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 Patients are divided into low- and high-risk 
categories. Without therapy, prognosis of patients 
with high-risk MDS is poor, and treatments 
should be directed to improve survival. 
Prognosis of patients with low-risk MDS is more 
heterogeneous, and therapies are usually directed 
to minimize transfusion needs and potentially to 
alter the natural course of the disease. Treatment 
options for patients with high-risk MDS include 
hypomethylating agents (azacitidine and decit-
abine), intensive chemotherapy, and allogeneic 
stem-cell transplantation. The use of the hypom-
ethylating agents has transformed the approach 
to these patients, in particular older individuals, 
for whom intensive chemotherapy and bone mar-
row transplantation are not indicated. In low-risk 
MDS, treatment strategies are used sequentially: 
observation in patients with low risk and no 
transfusion dependency, growth factors, and 
lenalidomide for patients with alteration of chro-
mosome 5 and anemia. The use of hypomethylat-
ing agents is less understood in this group of 
patients. Bone marrow transplantation is usually 
reserved for patients with low-risk MDS closer to 
the time of transformation  [  148,   153  ] .  

   Leukemic Microenvironment 
and Leukemic Stem Cell 

 Acute myelogenous leukemia is propagated by a 
subpopulation of LSCs. Unresponsiveness to ini-
tial treatment and/or relapses are often the 
consequence of LSC resistance to current thera-
pies. Like normal HSCs, LSCs reside in a mostly 
quiescent state  [  8  ]  which renders them substan-
tially more resistant to standard chemotherapy 
than bulk leukemia populations. Both intrinsic 
and extrinsic components infl uence LSC survival. 
Among intrinsic factors, there are regulators of 
cell cycle and prosurvival pathways, such as 
nuclear factor kappa B (NF k B) and AKT. The 
extrinsic components are generated by the bone 
marrow microenvironment and include chemokine 
receptors (CXCR4), adhesion molecules (VLA-4 
and CD44), and hypoxia-related proteins. New 
targeted strategies exploit potentially unique 
properties of the LSCs and their microenviron-
ment. The specifi c LSC phenotype allows 

primitive leukemia cells to be distinguished 
from normal stem and progenitor cells  [  154  ] . 

 The NF k B and AKT pathways are constitu-
tively activated in AML stem cells  [  155  ] , repre-
senting central targets in LSC-specifi c therapies 
 [  156  ] . For example, the inhibition of AKT by 
using phosphatidylinositol-3 kinase (PI3K) 
inhibitors has been shown to augment LSC-
targeted therapies. In addition to its role as sur-
vival signal via modulation of the proapoptotic 
factor BAD, the activity of the PI3K pathway has 
also recently been implicated in antioxidant 
defenses. Treatment with PI3K inhibitors effec-
tively blocks induction of heme oxygenase 
(HMOX-1), acting to increase oxidative stress in 
AML cells through the inhibition of cellular anti-
oxidant mechanisms. Interestingly, oxidative 
stress may reduce self-renewal, leading to either 
differentiation or death of primitive AML cells. 
Bcl-XL and Bcl-2 antiapoptotic proteins, highly 
expressed in leukemic progenitor cells, could be 
targeted by specifi c modulators, such as ABT-
263, which is undergoing phase I and II clinical 
trials as single agent or in combination with 
MoAbs in CLL and ALL. ATO, widely utilized 
in APL therapy, is a strong inhibitor of the NF k B 
pathway and also induces high levels of oxidative 
stress. Multiple agents that inhibit PI3K pathway 
components are in development, and derivatives 
of the mTOR inhibitor are also available (e.g., 
temsirolimus). In addition, there is strong interest 
in targeting the Wnt/beta-catenin pathway with 
several types of agents currently under investiga-
tion  [  157,   158  ] . Activation of the principal self-
renewal pathways through Wnt/beta-catenin and 
NOTCH signaling can be caused by microenvi-
ronmental stimuli and is amenable to therapeutic 
interventions  [  159  ] . Microenvironment plays a 
pivotal role in survival and drug resistance of 
LSCs  [  160  ] , and this fi nding has generated novel 
approaches targeting the microenvironmental 
niche. This latter supports LSC survival through 
production of cytokines, chemokines, and intrac-
ellular signals initiated by cellular adhesion. 
Recent data indicate that, in parallel with 
leukemogenic events in the hematopoietic sys-
tem, the niche is converted into an environment 
with dominant signals that favor cell proliferation 
and growth  [  161,   162  ] . The interaction between 
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CXCL12 (stromal cell-derived factor-1 alpha) 
and its receptor CXCR4 on leukemic progenitor 
cells contributes to their homing to the bone mar-
row microenvironment. CXCR4 levels are sig-
nifi cantly elevated and associated with poor 
outcome in patients with AML. Administration 
of anti-CXCR4 antibody to mice engrafted with 
primary AML cells resulted in a dramatic decrease 
in the levels of human AML cells in the BM, 
blood, and spleen. Integrins are also required for 
LSC attachment to the bone marrow microenvi-
ronment, and interaction between very late anti-
gen-4 on leukemic cells and fi bronectin in the 
niche is crucial for the persistence of minimal 
residual disease in AML. CD44 adhesion mole-
cule is another key regulator of AML LSCs 
homing to microenvironmental niches  [  25,   163  ] . 
Disruption of migratory and adhesion signals 
represents the strategy of blocking LSC homing 
to a BM niche and/or sensitizing leukemic cells 
to chemotherapy or kinase inhibitors. Targeting 
CXCR4 with small-molecule pharmacologic 
inhibitors has been shown to be effi cacious in 
preclinical models of CLL, ALL, and AML 
 [  164  ] . Leukemic cells are able to proliferate even 
under hypoxic conditions  [  165  ] . In bone marrow 
specimens from ALL patients, there is overex-
pression of the key hypoxia mediator hypoxia-
inducible transcription factor-1  a  (HIF-1 a ). 
Several strategies specifi cally targeting HIF-1 a  
are being explored, including antisense oligonu-
cleotide against HIF-1 a  and small-molecule 
HIF-1 a  inhibitors  [  166  ] . Hypoxia is the major 
stimulus for angiogenesis through upregulation 
of VEGF. Increased angiogenesis is observed in 
MDS, AML, and ALL. Targeting angiogenesis is 
the most clinically advanced approach for 
infl uencing leukemia microenvironment. The 
anti-VEGF MoAb bevacizumab is the fi rst anti-
angiogenic agent that has been validated in can-
cer therapy. Bevacizumab, combined with 
cytarabine and mitoxantrone, has been demon-
strated to improve the overall response rate of 
48% in a phase II study in AML patients 
 [  167–  169  ] . Other types of antiangiogenic agents, 
such as TKIs (sunitinib and sorafenib) and 
anticytokine drugs (thalidomide and lenalido-
mide), have now entered clinical practice  [  170  ] . 
Although these agents may affect endothelial 

bone marrow niches, they may, in turn, enforce 
expansion of hypoxic niches and possibly pro-
mote chemoresistance. Structural chromosomal 
changes have been found in bone marrow stromal 
cells from patients with MDS and AML, suggest-
ing an aberrant microenvironment in leukemia 
 [  171  ] . The transmembrane neuropilin-1 (NRP-1) 
receptor, a glycoprotein initially identifi ed on 
neurons and endothelial cells, offers a potential 
drug delivery approach for therapies against 
AML and ALL, due to its role in angiogenesis 
and progression of hematologic malignancies in 
bone marrow microenvironment  [  165  ] . NRP-1 is 
highly expressed in diverse tumors  [  171  ]  where it 
correlates with cell growth, vascularization, and 
invasiveness. Its expression can be stimulated in 
response to tissue injury or hypoxic conditions 
 [  172  ] . NRP-1 expression is increased in the bone 
marrow of ALL and AML patients compared 
with normal bone marrow and high levels of 
NRP-1 correlates with disease severity and pro-
gression. Since angiogenesis is an important 
requirement for the development and progression 
of human hematologic malignancies  [  173  ] , 
NRP-1 can be, therefore, considered as a poten-
tial target in leukemia therapies, suggesting the 
potential for ligand-directed drug delivery  [  174  ] .  

   TP53 and Apoptosis 

 The p53 protein is a transcription factor that con-
trols cellular responses to stress by inducing cell 
cycle arrest, apoptosis, and cellular senescence. 
Impairment of p53 function (Fig.  6.10 ) occurs in 
the majority of tumors as a result of mutations in 
TP53 gene itself or abrogation of signaling path-
ways regulating p53 protein. Direct inactivation 
of p53 protein can also occur as a result of the 
binding of virus proteins. For example, preclini-
cal studies suggest that p53 may be an excellent 
candidate tumor antigen  [  175  ] . The tumor- 

specifi c, high expression levels of TP53 and its 
frequent mutation in human cancers suggest that 
p53 may be perceived by the immune system as a 
target antigen. This has led to a number of active 
clinical trials using immunization with large pep-
tides derived from p53  [  176  ] . The MDM2 ubiq-
uitin ligase regulates p53 by targeting it for 
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ubiquitin-dependent proteasomal degradation 
 [  177  ] . MDM2 gene amplifi cation is frequently 
found in cancer with consequent downregulation 
of p53 activity  [  178  ] . Similarly, methylation at 
the CDKN2A locus can epigenetically silence 
the expression of the p14ARF protein blocking 
the ability of activated oncogenes to stabilize the 
p53 response  [  179  ] . In hematologic malignancies 
such as acute and chronic lymphoid leukemias, 
the induction of p53 function using nutlin-3, a 
small-molecule inhibitor of MDM2, can induce 
apoptosis in malignant cells  [  180  ] , whereas nor-
mal cells tolerate MDM2 inhibition with low-
grade toxic effects in normal tissues. Another 
MDM2 inhibitor from the nutlin series, rG7112, 
is being tested in phase I trials. The small-mole-
cule reactivation of p53 and induction of tumor 
cell apoptosis (RITA)  [  181  ]  seems to act differ-
ently to the nutlins by binding directly to p53 and 
blocking its ability to interact with MDM2 but 
not its ability to activate p53-dependent apopto-
sis. The induction of apoptosis by nutlin-3 is 

 specifi c to wild-type TP53 and synergistically 
enhances the cytotoxicity of doxorubicin and 
cytarabine in AML blasts but not in normal 
hematopoietic progenitor cells with minimal side 
effects. Treatment with nutlin-3 also resulted in 
TP53-dependent upregulation of NOTCH1 in 
CLL  [  182  ] ; the combination with  g -secretase 
inhibitors, which block the activation of NOTCH 
receptors, enhanced its cytotoxic effects, suggest-
ing therapeutic potential for this drug combina-
tion. Another study reported that combining 
treatment of nutlin-3 with inhibition of XiaP 
(X-linked inhibitor of apoptosis, which is highly 
expressed in AML and protects malignant cells 
from apoptosis) produced synergistic apopto-
genic activities in blast cells isolated from AML 
patients  [  183  ] . A novel potential role for nutlin 
and p53-activating drugs is in protecting normal 
tissues from the side effects of chemotherapy, 
through the cell cycle arrest functions of p53 in 
normal tissues (cyclotherapy). In this approach, 
nutlin would protect normal tissues from the 

  Fig. 6.10    Possible inactivation mechanisms of p53 
responses in hematologic malignancies and main thera-
peutical approaches targeting dysfunctional p53 pathways 
currently in development. Normally, p53 functions as a 
transcription factor which upregulates key genes involved 
in cell cycle arrest and apoptosis. p53 dysregulation 
may be achieved in different ways: (1) p14ARF promoter 
methylation downregulating p14ARF expression, 

(2) MDM2 gene amplifi cation, (3) TP53 missense and 
nonsense mutations, (4) p53 protein degradation by 
human papillomavirus E6 (HPV-E6). Agents targeting the 
p53 pathway currently in development for leukemias 
include MDM2 antagonists (nutlin, MI-219/AT-219, 
RITA), reactivators of mutant p53 (PRIMA, MIRA-1, 
STIMA-1), and antisense MDM2 oligonucleotides 
(GEM240)       

 



1876 Leukemias

effects of conventional cytotoxic agents resulting 
in improvement of their therapeutic window, 
fewer toxic effects, and possibility of increasing 
the doses of the active agents  [  175  ] .   

   Conclusion and Perspectives 

 New advances in understanding the biology of 
leukemias and the development of modern thera-
pies are occurring at a rapid pace. The increas-
ingly detailed understanding of the pathophysiology 
and molecular pathogenesis of leukemia has led 
to the identifi cation of important biotargets against 
which highly effective and selective new com-
pounds have been synthesized  [  184  ] . 

 The new lines of research are directed to the 
identifi cation of agents that interfere in a selective 
manner against specifi c molecular targets to 
increase the selectivity and reduce systemic side 
effects. This kind of approach to disease confi gu-
rates an excellent example of modern translational 
and personalized medicine  [  185  ] . Genomics and 
proteomics have increased our understanding of 
the mechanisms of leukemogenesis, resistance to 
therapy, and relapses  [  37  ] , with results derived 
from clinical trials using new biotargeted drugs, 
moving observations from the bedside to the bench 
and vice versa. The use of functional genomic 
approaches, such as siRNA screens, may identify 
novel targets and pathways in many leukemias. 
Lessons learnt from fi rst-generation targeted 
agents have aided the design and evaluation of 
second-generation compounds. Better understand-
ing of the mechanism of action of a drug may also 
help in defi ning potential mechanisms of resis-
tance. Profi ling of human leukemia-derived cell 
lines with combinatorial libraries might yield 
ligand peptide sequences that bind to specifi c inter-
nalizing receptors on cell surfaces and may poten-
tially lead to the discovery of new or unrecognized 
therapeutic targets. Such targeting motifs could 
also serve as vehicles for the preferential delivery 
of cytotoxic agents to leukemic cells  [  17,   184  ] . 

 New preclinical strategies are being used to 
evaluate novel agents, such as inhibitors of phos-
phatidylinositol 3-kinase for T acute lymphoblas-
tic leukemias (T-ALL) characterized by the 

constitutive activation of this kinase, and to iden-
tify promising combinations of targeted drugs 
 [  186–  188  ] . These strategies should include the 
identifi cation of molecular changes that are 
essential for the survival and proliferation of leu-
kemic cells, for example, by using multiparamet-
ric fl ow cytometry to detect cell-specifi c surface 
markers characteristic of distinct bone marrow 
populations  [  189–  191  ] , together with annexin V 
staining to detect apoptotic cells  [  192,   193  ] . The 
identifi cation of specifi c cell surface markers on 
putative LSC, and their separation from other 
tumor cells by fl ow cytometry, might enable 
research into their biological properties, includ-
ing their sensitivity to drugs  [  60,   194  ] . 

 However, only about 5% of identifi ed com-
pounds targeting specifi c molecules or pathways 
essential for the survival and proliferation of leu-
kemic cells demonstrate suffi cient clinical effi -
cacy in phase III trials, recapitulating disease 
complexity and molecular heterogeneity  [  195  ] . 
The most effective treatment to inhibit the sur-
vival of leukemic blasts depends on the mecha-
nism of activation in each different type of 
leukemia  [  166  ] . The clinical development of 
drugs directed against biological targets should 
be aimed not only to inhibit the signaling path-
way but inhibition should also lead to a clinical 
response in the patient  [  196,   197  ] . Better knowl-
edge of oncogenic signaling mechanisms and the 
mechanisms of action of their inhibitors is prob-
ably the most effective way to obtain such goal.      
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    Structure and Regulation 
of Normal Breast 

   Anatomy of Mammary Gland 

 The mammary gland is a specialized accessory 
gland of the skin. According to the histological 
features, it can be classifi ed as an exocrine, tubu-
lar-alveolar gland organized in 15–20 lobes 
defi ned by connective tissue septa. Each lobe has 
a cone shape, with its apex close to the nipple and 
the base facing the deep fascia (Fig.  7.1a ), and is 
in turn composed of several groups of lobules 
containing alveoli, the smallest secretory units of 
the mammary gland (Fig.  7.1b ). At variance with 
the other composed glands, human breast lacks 
an external connective capsule and does not have 
a principal excretory duct branching into progres-
sively smaller and smaller ductules. Indeed, each 
lobe is drained by a duct, called lactiferous duct, 
and all these ducts converge in the nipple, below 
the areola, where they expand to form the lactif-
erous sinus (Fig.  7.1a ). The portion of the gland 
opposite to the nipple includes the most actively 

growing terminal ductal structures, named terminal 
end buds (TEBs) (Fig.  7.1c ).  

 The number of ductules is closely related to 
the functional state of the breast, varying from 8 
to 200, and reaching the maximum number (over 
400) during pregnancy. The glandular structure, 
which represents the parenchymal compartment, 
is surrounded by a loose specialized stroma, 
differing from the interlobar stroma because of a 
higher vascularization and cellularity. Another 
peculiarity of the mammary gland is the presence 
of adipose tissue between the lobes, which 
increases with age. 

 The branching ductal system of the mammary 
gland, except for the terminal part of the lactifer-
ous duct, is lined by a continuous inner layer of 
luminal epithelial cells and an outer layer of myo-
epithelial cells resting on the basal lamina 
(Fig.  7.1c ). Both cell types originate from the 
ectoderm, then epithelial cells differentiate in a 
tissue-specifi c manner, while the other type 
acquires a contractile myoepithelial phenotype 
 [  1  ] . Major ducts are usually lined by a single or 
pseudostratifi ed layer of cuboidal or low colum-
nar epithelial cells, the latter well joined by junc-
tional complexes. In contrast, TEBs are lined by 
a multilayered epithelium composed of large 
cuboidal cells having a high rate of proliferation 
(Fig.  7.1c ). On the basal surface of the end 
beneath the basal lamina are the so-called cap 
cells, which lack of differentiated features, thus 
representing a multipotent stem cell population, 
capable of differentiating into both ductal and 
myoepithelial cell types  [  2  ] . 
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 Luminal cells are cuboidal polarized cells 
anchored to myoepithelial cells and to the basal 
lamina. They have an apical and a basolateral 
domain expressing sialomucin and adhesion mol-
ecules, respectively. Moreover, these cells express 
oestrogen and progesterone receptors (ER, PR). 
The cytoplasm of the luminal cells presents with 
electron-dense secretory granules stained with 
ruthenium red, indicating an acidic mucopoly-
saccharide content  [  3  ] . 

 Myoepithelial cells are fl at-shaped cells 
located between the secretory cells and the basal 
lamina to which they are anchored. They are con-
tractile cells enveloping the secretory cells, thus 
facilitating milk ejection. This contraction, as 
described in more detail below, is induced by 
oxytocin stimulation. Several markers have been 
identifi ed for these cells, although none of them 
are exclusively expressed by myoepithelial cells. 
Among them are the oxytocin receptors, S-100 
protein, glial fi brillary acidic protein (GFAP), 
vimentin, nerve growth factor (NGF) receptor, 
smooth muscle myosin heavy chain (SMM-HC) 
and a p53 homologue, named p63, which seems 
to be the most specifi c since it stains nuclei of 

myoepithelial cells without reacting with 
myofibroblasts or secretory cells  [  4,   5  ] . 

 Several reports showed a role for myoepithe-
lial cells in tumourigenesis since loss of their 
function could allow progression of epithelial 
cancer  [  6–  8  ] . Indeed, it has been demonstrated 
that some proteins expressed by these cells, 
including connexin 43, cytokeratin 5 and smooth 
muscle actin and TIMP-1 could have an antitu-
mourigenic activity  [  8–  12  ] .  

   Physiology and Regulation 
of Mammary Gland 

 Except for the pregnancy period, breast is an 
inactive gland with a lesser developed parenchy-
matous tissue surrounded by adipose and connec-
tive tissue. At birth, the mammary gland is not 
completely formed but begins to develop during 
the early pubertal period when the primitive duc-
tal structures enlarge and branch. The number of 
ductules increases with age, reaching the maxi-
mum in pregnant women, whereas they regress 
with the onset of menopause. 

  Fig. 7.1    The human mammary gland. ( a ) Schematic 
representation of the whole mammary gland, showing 
the lobes, the adipose tissue surrounding them and the 
branching of ducts which, once leaved the lobe, reach 
the nipple where they enlarge to form the lactiferous 
sinus. ( b ) Schematic representation of one breast lobe, 

showing the presence of the lobules and ductules 
branching into the lobe. ( c ) Cartoon showing the termi-
nal end bud (TEB), which is composed of an outer layer 
of myoepithelial cells and an inner multilayer of epithe-
lial cells. Cap cells are the putative terminal end bud 
stem cells       
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 With the onset of the ovulatory menstrual 
cycle, the branching of ductal system acquires a 
more complex structure, while lobular structures 
form at the end of the terminal ducts to produce 
the so-called terminal ductal lobular units 
[TDLUs, also named TEBs (Fig.  7.1c )]. Two 
principal hormones contribute to the develop-
ment of the mammary gland: oestradiol and pro-
gesterone. Indeed, whereas the former stimulates 
ductal elongation and progesterone receptor 
expression, progesterone induces lobulo-alveolar 
development. 

 During pregnancy, the high levels of oestrogen 
and progesterone trigger mammary gland hyper-
plasia, thus inducing a further branching and 
enlargement of the ductal tree, together with pro-
liferation of the alveoli, at the expense of the adi-
pose tissue that is reduced. This massive 
enlargement of the breast continues throughout 
pregnancy, together with the hypertrophy of paren-
chyma cells and the distension of alveoli and ducts, 
reaching its maximal effect during lactation  [  13  ] . 

 After the delivery, prolactin secreted by the 
pituitary gland stimulates milk production, which 
is continuous, while milk emission is episodic, 
with the principal stimulus of milk ejection being 
mechanic, due to baby suckling. Indeed, between 
one feeding and another, the major part of the 
milk is stored in the alveolar and ductal lumen; 
baby sucking stimulates the release of prolactin 
by the anterior lobe of the pituitary gland, while 
the posterior lobe releases oxytocin. The latter, in 
turn, induces the contraction of the myoepithelial 
cells surrounding the alveoli, thus favouring milk 
ejection  [  13  ] . 

 All the components of the milk are produced 
by alveolar cells. Different secretory processes 
are synchronized in the mammary epithelial cells 
to secrete all the components of the milk. The 
protein components of milk, such as casein, 
together with lactose, are released by a mecha-
nism of merocrine secretion. Indeed, these secre-
tory vesicles represent the source of most of the 
constituents of the aqueous phase of milk includ-
ing citrate, nucleotides, calcium, phosphate and 
probably monovalent ions and glucose. These 
latter two components are also transferred outside 
by a direct transport across the apical membrane 
of the mammary alveolar cell. Finally, lipids, 

organized in droplets, are secreted by an apocrine 
mechanism  [  13  ] .   

   Pathogenesis of Breast Cancer 

 Breast cancer represents the second most common 
cause of cancer-related mortality in women, with 
an estimate of at least one million of women diag-
nosed per year worldwide  [  14  ] . Nevertheless, an 
earlier detection of this disease, together with the 
assessment of a more effi cacious adjuvant therapy, 
led to a 24% reduction of breast cancer mortality, 
especially for young patients with oestrogen 
receptor-positive breast cancer  [  15,   16  ] . 

 As for the other types of cancers, despite the 
many efforts, the mechanisms underlying tumour 
onset have not been completely elucidated and 
are still debated. A classic theory, known as spo-
radic clonal evolution model, hypothesizes that 
any breast epithelial cell could be subjected to 
random mutations. These mutated cells escape 
the mechanisms of DNA repair and/or apoptosis 
and acquire an advantage in terms of ability to 
proliferate, thus perpetuating the harboured 
mutations to their progeny in a clonal way  [  17  ] . 

 Although this theory has never been disproved 
and could be valid for several types of cancer, 
over the last years, a new theory has more and 
more emerged, which identifi es tumour stem 
cells as the principal players of carcinogenesis, 
recurrence and resistance to therapy  [  18  ] . 

 Normal breast stem cells, like any other nor-
mal stem cell, are tissue-resident cells, located 
within a specialized niche in the basal epithelial 
compartment, characterized by self-renewal 
activity and multi-lineage differentiation at the 
same time and with the ability to recapitulate the 
breast tubule-lobular architecture of the mam-
mary gland  [  19  ] . It has been estimated that 1 
breast stem cell for 2,000 epithelial cells is pres-
ent  [  19,   20  ] , carrying a phenotype characterized 
by high levels of CD44 receptor and of aldehyde 
dehydrogenase 1 (ALDH1) and low levels of 
CD24, with no expression of oestrogen or pro-
gesterone receptors  [  21,   22  ] . How regulation of 
this stem pool is accomplished has not been 
completely understood. Indeed, it has been 
recently demonstrated that mouse mammary stem 
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cells are highly responsive to steroid hormone 
signalling, despite lacking the ER and PR, and 
that ovariectomy markedly diminished their 
number and growth  [  23  ] . A parallel work also 
showed a crucial role of progesterone on adult 
mammary stem cell pool expansion, by an indi-
rect mechanism, that is the stimulation by 
progesterone of ductal epithelial cells to release 
the cytokine RANKL (receptor activator of 
NF-kappaB ligand), which in turn elicits expan-
sion of stem cell population  [  24  ] . 

 As far as the involvement of mammary stem 
cells in carcinogenesis is concerned, these cells 
could be a good candidate for the accumulation 
of genetic and epigenetic modifi cations, leading 
to the development of a tumour stem cell. The 
latter, by asymmetric division, maintains a tumour 
stem cell pool and triggers the onset of tumour 
growth, leading to the different breast cancer sub-
types  [  18  ] . 

   Mechanisms Involved in Breast Cancer 
Tumourigenesis 

 As defi ned by Anderson  [  25  ] , breast tumourigen-
esis is the result of a benign to malignant progres-
sion due to the accumulation of multiple genetic 
changes that allows the evolution from normal 
breast epithelium through benign proliferative 
lesions to atypical proliferative lesions and then 
to in situ carcinoma and invasive tumours. This 
progression is due to a common fault caused not 
only by genetic changes but also by epigenetic 
factors and hormonal treatments as summarized 
in Table  7.1  and described in more detail below.  

   Hormones and Breast Cancer 
 It has been well established that the ovarian 
hormones progesterone and oestrogens are linked 
to breast cancer. Indeed, use of oestrogens as oral 
contraceptive or for therapy (i.e. hormonal 
replacement therapy), early menarche, late meno-
pause, nulliparity and late fi rst full-term preg-
nancy are all the principal hallmarks of increased 
breast cancer risk  [  25–  27  ] . In support of this evi-
dence, it is known that treatment with antioestro-
gens reduces the incidence of breast cancer in 
high-risk women  [  28  ] . 

 As far as the progesterone is concerned, there 
is less evidence about its involvement in breast 
tumourigenesis. While progestins included in 
combined oral contraceptives can prevent ovar-
ian and endometrial cancer  [  29  ] , it has been 
reported that a combination of oestrogen and pro-
gestins in post-menopausal women subjected to 
hormone replacement therapy slightly, but signifi -
cantly, increases the risk of breast cancer over 
time when compared with oestrogen alone  [  30  ] . 
Indeed, data to this regard are not completely clear 
since it is also known that early pregnancy in 
rodents and humans or treatment of rodents with 
low doses of oestrogen plus progestins produces a 
mammary gland phenotype that is refractory to 
subsequent chemically induced carcinogenesis 
 [  31  ] . Other studies conducted in mice demon-
strated that the synthetic progestin medroxypro-
gesterone acetate (MPA), when employed in 
combination with the carcinogen dimethylbenz[a]
anthracene (DMBA), signifi cantly accelerates the 
development and increases the incidence of breast 
tumours  [  32  ] . Conversely, it was found that com-
bination treatment with different progestin antago-
nists and different antioestrogens has greater 
antitumour effi cacy than single therapy. A positive 
effect of antiprogestins was also observed in post-
menopausal patients with metastatic breast cancer 
 [  33  ] . Finally, two studies from Beral  [  34  ]  and 
Rossouw  [  35  ]  suggest that hormone replacement 
therapy with oestrogen plus progestin is associ-
ated with an increased risk of breast cancer. 

 Concerning the mechanisms of tumourigene-
sis induced by progesterone, two recent indepen-
dent works call into question the RANKL, whose 
role in normal mammary gland development has 

   Table 7.1    Summary of the mechanisms involved in 
breast cancer tumourigenesis   

  Hormone treatment  
 Oestrogen and progesterone alone or in combination 
  Epigenetic mechanisms  
 Histone acetylation/deacetylation 
 DNA methylation 
 MicroRNAs (miRNAs) 
  Genetic predisposition  
 BRCA1 and BRCA2 germ line mutations 
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been clearly established  [  36  ] . Schramek and col-
leagues found that in vivo administration of MPA 
in female mice drives a massive secretion of 
RANKL by progesterone receptor (PR)-positive 
epithelial breast cells, which in turn interacts with 
its receptor RANK expressed by mammary epi-
thelial cells triggering their proliferation as well 
as protecting them from apoptosis  [  37  ]  (Fig.  7.2 ). 
Moreover, progesterone-induced RANKL/
RANK pathways also provide a survival advan-
tage to damaged mammary epithelium, which is 
a hallmark for the onset of mammary carcinogen-
esis  [  37,   38  ] . The parallel study from Gonzalez-
Suarez et al.  [  39  ]  showed an increased 
pre-neoplasia and breast tumour formation in 
mice overexpressing RANK, while treatment 
with RANK-Fc, which blocks the RANKL pathway, 

reduced tumourigenesis in MPA plus carcinogenic-
treated mice as well as in a spontaneous mammary 
tumour model. Finally, Jones et al. demonstrated 
the ability of RANKL to stimulate human epithelial 
cancer cells and melanoma cells migration  [  40  ] .  

 These fi ndings acquire additional value if we 
consider the role of RANKL/RANK in the devel-
opment of breast cancer bone metastases. Indeed, 
this cancer has a high prevalence to induce oste-
olytic bone metastases, which rely on the so-
called “vicious circle”, a phenomenon triggered 
by the interplay between osteoclasts, the bone 
cells devoted to resorb bone, and tumour cells. In 
this context, RANKL plays a prominent role 
since it is one of the most powerful inducers of 
osteoclastogenesis and bone resorption  [  41  ] . 
Indeed, in a mouse model of melanoma metasta-
sis, in vivo neutralization of RANKL by its decoy 
receptor osteoprotegerin dramatically reduced 
bone lesions  [  40  ] . Consistently, it has been 
recently demonstrated that in the MDA-MB-231 
human breast cancer cell line treatment with 
RANKL stimulated EMMPRIN expression, 
which in turn induced the MMP-9 and VEGF 
genes and increased the incidence of osteolytic 
lesions in vivo  [  42  ] . Finally, a recent work 
showed that tumour-infi ltrating regulatory T 
cells stimulated mammary cancer metastasis 
through the RANKL/RANK signalling  [  43  ] .  

   Epigenetic Factors and Breast Cancer 
 The term “epigenetic” identifi es specifi c mecha-
nisms able to change gene activity with no altera-
tion of the primary DNA sequence. Several 
biological processes have an epigenetic regula-
tion, including genome reprogramming during 
differentiation and development, genomic 
imprinting and X-chromosome inactivation. Two 
main epigenetic mechanisms regulating gene 
transcription have been characterized so far: 
chemical histone tail modifi cations and DNA 
methylation, both interacting with each other for 
the regulation of gene transcription. 

 Histone modifi cations include acetylation or 
deacetylation of lysine residues located in the 
N-terminal tail of histones which changes chro-
matin compactness, leading to active transcrip-
tion or transcriptional repression, respectively  [  44  ] . 

  Fig. 7.2    Effect of progesterone on RANKL/RANK sig-
nalling. Medroxyprogesterone acetate (MPA) stimulates 
RANKL secretion in epithelial breast cells. RANKL inter-
acts with its receptor RANK, thus triggering breast cell 
proliferation and protecting them from apoptosis       
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DNA methylation consists of the addition of a 
methyl group to the 5-carbon of the cytosine ring 
within CpG (cytosine-p-guanine) dinucleotides, 
a reaction catalyzed by the DNA methyltrans-
ferase (DNMT). Over 60% of genes harbour CpG 
dinucleotides in their promoting region, and it 
has been shown that several genes normally unm-
ethylated in the non-malignant tissue became 
aberrantly methylated in the tumour, most of 
them being tumour suppressing genes  [  45,   46  ] . 

 Breast cancer is usually characterized by 
global DNA hypomethylation, together with a 
50% reduction of 5-methylcysteine levels com-
pared to normal tissue. Hypomethylation involves 
especially repetitive DNA sequences and peri-
centromeric satellite DNA  [  47  ]  as well as specifi c 
genes including urokinase plasminogen activa-
tor, the breast cancer-specifi c protein 1/synuclein-
y gene (SNCG) and the multidrug resistance 1 
(MDR1) gene  [  48–  50  ] . 

 Another epigenetic mechanism regulating 
gene transcription is accomplished by microR-
NAs (miRNAs), recently identifi ed as a class of 
small (20–30 nucleotides) non-coding RNAs that 
match the 3 ¢  untranslated regions (3 ¢ UTR) of a 
target mRNA, leading to its degradation or inhi-
bition of translation  [  51  ] . So far, several miRNAs 
have been implicated in tumourigenesis, that is, 
let-7 family mRNAs, whose depletion in breast, 
lung and colon cells causes enhanced tumourige-
nicity  [  44,   52  ] , and miR-21, whose overexpres-
sion in breast cancer increased tumour invasion 
and metastasis  [  53,   54  ] . A recent genome-wide 
profi ling study of miRNAs identifi ed 15 differen-
tially expressed miRNAs, most of them down-
regulated, that were able to distinguish between 
breast cancer and normal breast  [  53  ] . Other stud-
ies identifi ed a cluster of miRNAs that correlate 
with the HER2/neu or oestrogen receptor (ER) 
status in breast tumours  [  55  ] .  

   Genetic Mutations Predisposing 
to Breast Cancer 
 Mutations in the BRCA1 and BRCA2 genes 
account for the majority of hereditary breast can-
cers, with a risk of developing breast cancer rang-
ing from 50% to 80%  [  56  ] . In 1990, genetic 
studies provided initial evidence that the risk of 

breast cancer in some families was linked to 
chromosome 17q21, which was characterized by 
autosomal dominant inheritance with incomplete 
penetrance  [  57  ] . Few years later, BRCA1 was 
identifi ed as the breast cancer susceptibility gene 
together with BRCA2, the latter located on 
chromosome 13q12.3  [  58,   59  ] . Of note, these 
two genes are not only associated with an 
increased risk of breast cancer but also with 
increased susceptibility to ovarian, pancreatic, 
prostatic and male breast cancers  [  60  ] . 

 More than 200 different germ line mutations 
associated with cancer susceptibility have been 
identifi ed so far, most of them generating loss of 
function due to a premature truncation of the pro-
tein. In contrast, somatic disease-causing muta-
tions in either of these genes are extremely rare in 
sporadic breast cancers  [  61  ] . 

 Both BRCA1 and BRCA2 are involved in the 
mechanisms of DNA repair. Indeed, several studies 
demonstrated the involvement of BRCA1 and 
BRCA2 in complexes that activate the repair of 
double-strand breaks (DSBs) and initiate homol-
ogous recombination, linking the maintenance of 
genomic integrity to tumour suppression. Recent 
evidence shows that BRCA1 contributes to the 
regulation of c-Abl activity, a tyrosine kinase that 
induces apoptosis under the effect of genotoxic 
agents  [  62  ] . BRCA1 has also been implicated in 
the transcriptional regulation of several genes 
activated in response to DNA damage and as 
coactivator for p53  [  63,   64  ] . 

 BRCA1-associated breast cancers are usually 
diagnosed in younger patients (premenopausal) 
and show characteristic histological features, 
being in most cases poorly differentiated infi ltrat-
ing ductal carcinomas of high grade and ER, PR 
and HER2/neu negative (triple negative). Other 
typical features are the positivity for cytokeratins 
5 and 6, the overexpression of cyclin E and p53, 
while p27 is downregulated  [  65  ] . BRCA2-
associated breast cancers are also generally of 
high grade, although they share pathologic char-
acteristics more similar to that of non-carriers 
 [  64  ] . Moreover, tumours from BRCA1 mutation 
carriers have been found to be frequently of the 
basal subtype, whereas BRCA2 tumours fall 
mainly within the luminal category  [  66  ] . 
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 As far as the prognosis of BRCA-associated 
breast cancer is concerned, this matter is complex 
and still debated. Since BRCA-related breast 
cancers occur earlier in life and usually cannot be 
treated with common hormone therapy due to the 
fact that they are mainly oestrogen receptor nega-
tive, many breast cancer patients with BRCA 
mutations have shorter survival. Indeed, a pro-
spective study examining 5-year disease-free 
survival and overall survival show that BRCA1 
mutation carriers had a worse (survival) progno-
sis compared to non-carriers  [  67  ] , while the study 
from Rennert  [  68  ]  showed that there is no signifi -
cant difference in overall survival between BRCA1-
BRCA2 mutant carriers and non-carriers. Moreover, 
a meta-analysis study performed by Lee and col-
leagues investigated the effect of BRCA1/2 muta-
tion on short-term and long-term breast cancer 
survival, fi nding that short-term prognosis of 
BRCA1 mutation was signifi cantly worse than 
non-carriers, while in BRCA2 mutation, it was 
similar to non-carrier patients  [  69  ] . Finally, the 
risk of contralateral breast cancer seems to be 
higher in the mutant carrier group relative to non-
carrier patient  [  69  ] , while the risk of metastasis 
is similar between the two groups  [  70  ] .    

   Breast Cancer Diagnosis 

 The diagnostic approach to breast lesions has 
dramatically changed in the last 10 years. The use 
of frozen section examination for intraoperative 
diagnosis underwent a rapid decline following 
the adoption of preoperative diagnostic strate-
gies, including the fi ne needle aspiration cytol-
ogy and the needle core biopsy. These are simple 
procedures, applicable to outpatients in order to 
allow decisions prior to hospital admission and 
surgery. Moreover, the use of mammography and 
population-based screening programmes has led 
to an increase of non-palpable breast lesions, out-
numbering biopsies for palpable masses. 
Nevertheless, in a large number of cases, differ-
entiation between benign and malignant lesions 
is still based on histologic examination. Therefore, 
a close cooperation of the pathologists with 
surgeons, radiologists and oncologists is needed 
to avoid suboptimal patient management. 

 The role of histopathology in breast cancer 
diagnosis has remained unchanged in its impor-
tance over the years since it is essential to differ-
entiate the pathological changes of benign disease 
towards neoplastic lesions. Cancer diagnosis is 
usually confi rmed preoperatively and sometimes 
during the operation. After surgery, the patholo-
gist is required to provide an evaluation of the 
features determining prognosis and the require-
ment of further treatments. 

   Diagnostic Procedures 

 According to the timing and the techniques 
employed, the procedures for breast cancer diag-
nosis may be distinguished in preoperative, 
intraoperative and operative (Table  7.2 ).  

   Preoperative Diagnostic Procedures 
  Fine Needle Aspiration Cytology (FNAC) . FNAC 
is a fast, inexpensive and minimally invasive pro-
cedure that can confi rm malignancy, although it 
cannot differentiate between in situ and invasive 
carcinoma  [  71  ] . It is usually performed free hand 
for palpable masses or under image guidance for 
non-palpable lesions. The accuracy of FNAC 
depends on adequate and representative sam-
pling, suitable technical procedures and inter-
pretation by an expert cytopathologist  [  72  ] . 
Following the triple approach (clinical, radiologic 
and cytologic), the accuracy rate for palpable 
lesions is 99%  [  72  ] . Dealing with non-palpable 
lesions, sensitivity decreases to 87%, with speci-
fi city virtually about 100%  [  73  ] . Standardized 

   Table 7.2    Description of the principal 
breast cancer diagnostic procedures   

  Preoperative diagnostic procedures  
 Fine needle aspiration cytology (FNAC) 
 Needle core biopsy (NCB) 
  Intraoperative diagnostic procedures  
 Frozen section examination 
  Operative diagnostic procedures  
 Open biopsy (incisional or excisional) 
 Quadrantectomy 
 Mastectomy (radical, simple, subcutaneous) 
 Sentinel lymph node dissection (SLND) 
 Axillary lymph node dissection 
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reporting is required in order to assure a clear 
interpretation by clinicians and correlation with 
following biopsies. 

 According to the current reporting system 
 [  74  ] , the following fi ve diagnostic categories are 
classifi ed: C1: unsatisfactory; C2: benign; C3: 
atypia, probably benign; C4: suspicious of malig-
nancy and C5: malignant. 

  Needle core biopsy (NCB) . NCB has been intro-
duced and rapidly developed more recently, 
almost totally replacing FNAC. It can be per-
formed under local anaesthesia in the outpatient 
setting. A stereotactic approach is preferable for 
non-palpable lesions, especially in areas harbouring 
microcalcifi cations  [  75  ] . 

 By simultaneously evaluating cellular features 
and tissue architecture, NCB allows to differenti-
ate invasive from in situ carcinoma and easily 
identify the majority of benign lesions  [  71,   75  ] . 
Moreover, grade assessment of malignant lesions 
is easier on biopsy material, which also allows to 
perform ancillary testing  [  71,   76,   77  ] . 

 Standardized reporting systems include the 
following fi ve categories  [  78  ] : B1: normal tissue/
inadequate sample, B2: benign lesion, B3: lesion 
of uncertain malignant potential, B4: lesion suspi-
cious of malignancy and B5: malignant lesion. 

 FNAC and NCB are widely used, achieving 
high rates of sensitivity and specifi city  [  71  ] . The 
utility of both procedures is limited mainly by 
sampling errors. Despite image-guided sampling, 
the results of both methods are sometimes incon-
clusive, resulting in repeat of the procedures or in 
open biopsy  [  75  ] .  

   Intraoperative Diagnostic Procedures 
  Frozen section examination . Frozen section 
assessment may be useful in lesions exceeding 
1 cm in largest diameter, representing a highly 
accurate method  [  73  ] . In smaller or ill-defi ned 
nodules, this procedure should be avoided since 
the right area is often diffi cult to be identifi ed, the 
tissue for defi nitive examination may be exhausted 
and the architecture of the residual tissue 
distorted  [  75  ] . Moreover, other information, 
such as tumour size and margins status, is diffi cult 
to provide intraoperatively. The use of frozen 
sections should be limited to cases in which a 

preoperative diagnosis could not be yielded and/
or if the intraoperative diagnosis can modify the 
therapeutic approach.  

   Operative Diagnostic Procedures 
 Each specimen collected should be submitted 
fresh and untouched, immediately after the oper-
ation, to allow optimal processing by the pathology 
team  [  75,   79  ] . Because most of the breast surgical 
specimens lack natural landmarks, they need to 
be oriented according to markers (wires) placed 
by the surgeon. In addition, given the already 
mentioned importance of pathological-radiological 
correlation, evaluation of the radiographs repre-
sents an integral part of specimen examination, 
providing information about disease locations 
and the sectioning strategy. 

  Open biopsy . This could include the incisional 
biopsy (partial removal of the lesion) that is 
occasionally performed to give tissue for intraop-
erative consultation and the excisional biopsy, 
where the whole nodule with variable portions of 
surrounding normal tissue is removed and the 
specimen to be processed is oriented in order to 
evaluate the margins status  [  79  ] . This procedure 
is applied when facing clinically benign lesions, 
but it is also performed in a two-step surgical 
approach or in elderly patients. 

  Quadrantectomy . The removal of an artifi cially 
subdivided portion (quadrant) of mammary gland 
with overlying skin represents the standard opera-
tion for breast cancer, usually associated with sen-
tinel lymph node dissection (see further). Although 
the amount of tissue may vary, the documentation 
of fi ve fundamental tumour margins (superior, 
inferior, lateral, medial, deep) together with a skin 
sample is always needed  [  73,   75,   79,   80  ] . 

  Mastectomy . Surgical specimens from radical 
(removal of breast with overlying skin and axil-
lary lymph nodes), simple (without nodes) and 
subcutaneous (without overlying skin) mastec-
tomy became more and more infrequent in these 
recent years of conservative surgery. Sampling 
strategy is similar to that mentioned for quadran-
tectomies, with the adjunction of nipple/areola 
region. 
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  Sentinel lymph node dissection (SLND) . SLN 
biopsy has become an invaluable alternative to 
total lymph node dissection in order to determine 
nodal spread of the cancer  [  81,   82  ] . It is well 
known that sentinel nodes have a higher chance 
of containing metastases than do other lymph 
nodes. Despite controversies about optimal 
evaluation methods, the lack of standardized 
protocols and persisting uncertainties about the 
clinical implications of isolated tumour cells and 
micrometastases, the removal of sentinel lymph 
node and its thorough examination represent the 
standard method for predicting the status of non-
sentinel lymph nodes  [  81,   83  ] . 

 The gross specimen should be dissected care-
fully to check any node present, as not infre-
quently more than one node is removed. Multilevel 
assessment is mandatory; thus, each single node 
is serially sectioned at 2-mm interval and entirely 
processed for histology. The preparation of 
stained and unstained sections (for additional 
immunohistochemistry) at intervals of 50–100  m m 
until exhaustion of the block allows to examine 
the sentinel node status with suffi cient reliability. 
Immunohistochemistry is not mandatory  [  83  ] , 
but it is reported able to reveal occult metastases 
in nodes appearing negative on routine stains  [  82  ] . 
Intraoperative examination is usually limited to 
nodes grossly suspicious for malignancy  [  79  ]  but 
might be routinely done by frozen sections or 
imprint cytology, with advantages and disadvan-
tages in both methods  [  84–  86  ] . 

  Axillary (non-sentinel) lymph node dissection . 
Total axillary dissection should be performed 
only after a nodal FNAB or NCB or SLND posi-
tive for carcinoma. After careful gross dissection 
of nodes from the fat, each palpable node is 
submitted to histology, and at least two sections 
at different levels are obtained. This represents an 
effective compromise to the removal and complete 
staging of the disease.  

   Ancillary Studies 
 Along with classic prognostic factors (histological 
type, grade, size, margin status, lymphovascular 
invasion), additional features of prognostic and/
or predictive signifi cance may be important in 
determining the risk of recurrence and choosing 

appropriate treatment  [  79,   87,   88  ] . Some of these 
factors are routinely determined in histopathology 
laboratories by molecular morphology (immuno-
histochemistry and fl uorescence in situ hybrid-
ization) methods, whereas other markers are 
variably used (see further).   

   Classifi cation of Breast Carcinoma 

 From a classical point of view, two main distinc-
tions are made between intraductal and invasive 
forms and between ductal and lobular histologic 
types. Carcinoma in situ is a neoplastic epithelial 
proliferation within breast ducts and always 
limited by the basement membrane of the ducts. 
Along with other forms of intraepithelial prolif-
erative lesions, it represents a precursor of invasive 
carcinoma and may occur in coexistence with it 
(Fig.  7.3 ). Invasive carcinoma shows a range of 
histological subtypes, but the majority of cases 
are classifi ed as invasive ductal carcinoma, not 
otherwise specifi ed. The second most frequent 
form is invasive lobular carcinoma (Fig.  7.3 ).  

 Although recent studies on gene expression 
profi ling have been able to identify different 
subtypes of tumours with different prognostic 
implications  [  89  ] , histological typing remains the 
golden standard for the classifi cation of breast 
carcinomas, providing useful prognostic infor-
mation. A comprehensive classifi cation of epithe-
lial malignant lesions, based on the histological 
classifi cation published by the World Health 
Organization  [  74  ] , is provided in Table  7.3 .   

   Histopathology of Breast Carcinoma 

 Below is a brief description of the most frequent 
histopathological features of breast cancer cases 
 [  73,   75,   79  ] . 

  Intraductal Proliferative Lesions . They are tradi-
tionally classifi ed in different categories, includ-
ing both “benign” entities as well as ductal 
carcinoma in situ (DCIS). DCIS may show a 
variety of microscopic growth patterns and three 
different cytological grades. All these entities 
often coexist together or with invasive ductal 
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  Fig. 7.3    Histological sections of breast carcinoma. Haematoxylin/eosin staining of sections from various types of car-
cinomas. Original magnifi cation ×100       

 Adenoid cystic carcinoma 
 Secretory carcinoma 
 Apocrine carcinoma 
 Invasive micropapillary carcinoma 
 Invasive papillary carcinoma 
 Mucinous carcinoma 
 Medullary carcinoma 
 Neuroendocrine tumours 
 Metaplastic carcinoma 
 Lymphoepithelioma-like carcinoma 
 Squamous carcinoma 
 Lipid-rich carcinoma 
 Oncocytic carcinoma 
 Acinic cell carcinoma 
 Glycogen-rich clear cell carcinoma 
 Sebaceous carcinoma 
 Infl ammatory carcinoma 
 Carcinoma with osteoclastic giant cells 
 Carcinoma with choriocarcinomatous features 
 Melanotic carcinoma 
 Basal-like carcinoma 

   Table 7.3    Histological classifi cation of the principal 
breast epithelial malignant lesions   

  Intraductal proliferative lesions  
 Ductal hyperplasia 
 Flat epithelial atypia 
 Columnar cell hyperplasia 
 Atypical ductal hyperplasia (ADH) 
 Ductal carcinoma in situ (DCIS) 
  Lobular intraepithelial neoplasia  
 Lobular carcinoma in situ (LCIS) 
 Atypical lobular hyperplasia 
  Intraductal papillary neoplasia  
 Intraductal papilloma 
 Atypical papilloma 
 Intraductal/intracystic papillary carcinoma 
  Microinvasive carcinoma  
  Infi ltrating epithelial tumours  
 Invasive ductal carcinoma (IDC), not otherwise 
specifi ed (NOS) 
 Invasive lobular carcinoma 
 Tubular carcinoma 
 Invasive cribriform carcinoma 
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carcinoma. A recently introduced classifi cation 
of intraductal proliferations considers all these 
lesions as true neoplastic processes, naming 
them ductal intraepithelial neoplasia (DIN). 
Translational scheme between old and new 
classifi cation systems are available  [  75  ] . 

  Lobular Intraepithelial Neoplasia (LIN) . This is 
a solid and often occlusive proliferation of small 
and loosely cohesive epithelial cells within 
TDLUs, with (lobular carcinoma in situ, LCIS) 
or without (atypical lobular hyperplasia) expan-
sion of the lobules. LIN is often an incidental 
fi nding and may progress to invasive carcinoma. 

  Intraductal Papillary Neoplasia . These are ductal 
proliferations, with peculiar morphology and 
clinical behaviour. Papillomas are made of fi bro-
vascular stalks covered by myoepithelial cells 
and non-atypical epithelial cells. They may be 
solitary (central, located in a larger duct) or mul-
tifocal (peripheral, involving TDLUs). They may 
show secondary alterations (haemorrhagic necro-
sis, squamous metaplasia, sclerosis) and often 
result in bloody nipple discharge. When epithe-
lial cells display intraepithelial proliferative 
lesions, the lesion is designed as atypical papil-
loma. Whether or not atypical, a papilloma 
always behaves in a benign fashion. 

 Intraductal/intracystic (non-invasive) papillary 
carcinoma has the same architecture of benign 
lesions but lacks myoepithelial layer. It has an 
excellent outcome, but it may be very diffi cult to 
distinguish true infi ltration from epithelial ele-
ments entrapped or displaced within the stroma. 

  Microinvasive Carcinoma . It describes a focus of 
invasive carcinoma usually <1 mm in diameter 
within CIS and is associated with a very low risk 
of metastasis. 

  Infi ltrating Epithelial Tumours . A great number 
of invasive breast cancers ( see  Table  7.3 ) are 
 invasive ductal carcinoma  (Fig.  7.3 ), not other-
wise specifi ed (IDC, NOS). Special histological 
types of invasive carcinoma have distinct clinico-
pathological features and different outcomes. To 
be considered of special type, at least 90% of the 

tumour should have the characteristic morphology 
of that particular type. Mixed carcinomas contain 
more than 50% of characteristic morphology and 
have intermediate outcomes. When characteristic 
morphology is less than 50%, the tumour is 
classifi ed as NOS. 

  Invasive lobular carcinoma  (ILC) is the second 
most common histotype after IDC, NOS, and is 
characterized by scattered non-cohesive cells, 
often arranged in single rows or concentrically 
around benign epithelial structures (targetoid 
growth) (Fig.  7.3 ). Intracytoplasmic mucin-
containing vacuoles or lumina are also present, to 
complete the classic morphologic triad of this 
type. Nuclear atypia is almost always mild, except 
in the pleomorphic variant of ILC. 

  Tubular carcinoma  (unusual) is composed of 
tubules lined by a single layer of cells with mild 
nuclear atypia and desmoplastic stroma. The 
prognosis is excellent. 

  Invasive cribriform carcinoma  (rare) is often 
mixed with the tubular variant, with similar cells 
arranged in cribriform structures. This type has a 
good prognosis. 

  Adenoid cystic carcinoma  (rare) is histologically 
identical to that of salivary gland origin. It is 
characteristically ER and PR negative and has an 
excellent prognosis. 

  Secretory carcinoma  (rare) is characterized by a 
multicystic growth of cells with abundant intra- 
and extracellullar eosinophilic secretions. The 
prognosis is very good. 

  Apocrine carcinoma  (unusual) harbours cells 
with abundant granular eosinophilic cytoplasm 
with large vesicular nuclei and prominent 
nucleoli. They express androgen receptor and 
gross cystic disease fl uid protein 15 but lack ER 
and PR. 

  Invasive micropapillary carcinoma  (rare) is com-
posed of small solid clusters of malignant cells 
lying within clear stromal spaces. Despite the high 
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occurrence rate of nodal metastases, the prognosis 
is not necessarily poor. 

  Invasive papillary carcinoma  represents the asso-
ciation of an invasive component with an intra-
ductal/intracystic papillary carcinoma, associated 
with a very good prognosis. 

  Mucinous carcinoma  (unusual) is a well-circum-
scribed nodule made of small tumour cell nests 
fl oating within mucin pools. The prognosis is 
good. 

  Medullary carcinoma  (unusual) is a well-circum-
scribed lesion with high-grade tumour cells 
arranged in a syncytial pattern of growth with a 
marked lymphocytic infi ltrate. The prognosis is 
excellent. 

  Neuroendocrine carcinoma  (unusual) has the 
characteristic organoid growth pattern with cel-
lular features (and clinical behaviour) depending 
on the differentiation grade, with nuclei made of 
fi nely granular chromatin. 

  Metaplastic carcinoma  is a rare, heterogeneous 
group of lesions containing variable amounts of 
neoplastic epithelial and/or mesenchymal 
elements. 

 All the other types mentioned in Table  7.3  are 
extremely rare fi ndings. 

  Basal-Like Breast Carcinoma (BLBC) . This is a 
recently emerged subgroup of tumours identifi ed 
by gene expression profi ling  [  89,   90  ]  but display-
ing a characteristic morphology and immunophe-
notype  [  90  ] . From the morphological point of 
view, the vast majority of basal-like carcinoma is 
represented by poorly differentiated carcinomas 
 [  87,   90  ] . Despite the absence of an international 
consensus about the immunohistochemical 
requirements to diagnose such tumours, basal-
like breast carcinoma usually expresses basal 
cytokeratins and lacks hormone receptors and 
HER2/neu (triple-negative tumour)  [  75,   90  ] . 
There is a marked parallelism between triple-
negative breast carcinomas (see further) and 
basal-like breast carcinomas, but these are not 
equivalent terms  [  90  ] . These features allow us to 

make the diagnosis at the pathology level  [  90  ] . 
Recent studies suggest that BLBCs originate 
from mammary stem cells and are associated 
with the worst clinical outcome  [  75,   90,   91  ] .  

   Additional Prognostic 
and Predictive Markers 

 The most important goal in patients affected by 
cancer is to determine their outcome, a very dif-
fi cult task in which some value is provided by 
TNM staging system  [  92  ] . Multiple elements 
related to prognosis and prediction were identi-
fi ed and still continue to be taken into account. 
Beside “classical” factors, such as histological 
type, grade and vascular invasion, additional 
prognostic and predictive markers may be inves-
tigated in biopsies or surgical tissues and using 
ancillary techniques. Some of these factors are 
recommended in daily practice, and the results 
must be cited in the fi nal report. 

   Oestrogen and Progesterone Receptors 
 Hormone receptor expression represents the fi rst 
additional marker introduced in breast cancer 
diagnosis  [  93  ] . The expression of ER and PR by 
tumours has a weak prognostic signifi cance but 
represents an excellent predictive factor, correlat-
ing with low histologic grade and responsiveness 
to hormonal treatment  [  79,   87  ] . ER and PR are 
nowadays routinely evaluated with immunohis-
tochemistry on paraffi n sections (Fig.  7.4a ). The 
actual percentage of ER-positive neoplastic cells 
(stained nuclei) is included in the pathology 
report, to identify patients likely to benefi t for 
adjuvant hormonal therapy.   

   Tumour Proliferation Rate 
 It is usually measured by immunohistochemical 
detection of Ki-67 (MIB-1 monoclonal anti-
body). The percentage of positive nuclei of the 
neoplastic cells correlates with prognosis and 
tumours with a high proliferation rate have a 
worse prognosis. When combined with other 
routinely used proliferative indicators, such as 
mitotic index, MIB-1 index may be of help in 
identifying patients sensitive to adjuvant treat-
ments  [  88,   94  ] .  
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   Human Epidermal Growth Factor 
Receptor 2/neu Status 
 HER2/neu (c-erbB2) is a membrane tyrosine 
kinase and a proto-oncogene that encodes the 
production of HER2, a cell surface protein impor-
tant in cell regulation. When activated, it provides 
the cell with potent proliferative and antiapopto-
sis signals  [  95  ] . Abnormalities of such gene 
(amplifi cation with resultant protein overexpres-
sion) occur especially in poorly differentiated, 
ER and PR negative, highly proliferating breast 
carcinomas  [  96  ] . Using paraffi n-embedded 
sections, gene amplifi cation can be detected by 
fl uorescence in situ hybridization (FISH), but protein 
overexpression is cheaply investigated by IHC 
(Fig.  7.4b ). HER2 status represents an adverse 
prognostic factor and an eligibility criterion for 
immunotherapy with trastuzumab, which signifi -
cantly reduces mortality  [  95,   96  ]  (see further). 

 Other prognostic factors, such as DNA ploidy 
and p53 protein overexpression correlate with 
shorter survivals, but there is little evidence to 
support their routine use at present time.    

   Breast Cancer Therapy 

 Several improvements of the therapeutic strategies 
allowed recently to increase patient’s quality of 
life as well as life expectancy. Another issue that is 
more and more emerging is the possibility of a 
combination versus single chemotherapy. Recent 
randomized phase III studies showed that a combi-
nation of chemotherapeutic agents increased the 
response rate and improved the time to tumour 
progression  [  97  ] . In this section, we show the 
main therapies employed and their specifi c appli-
cation according to tumour phenotype (Table  7.4 ).  

  Fig. 7.4    Immunohistochemical analysis. ( a ) Histological 
sections from normal breast and breast carcinoma samples 
were evaluated for ER (oestrogen receptor) protein expres-
sion by immunohistochemistry analysis. ( b ) Histological 

sections from breast carcinomas immunostained for ErbB2/
HER2 and scored according to the levels of cell membrane 
expression of ErbB2/HER2 (1 +  = low positivity, 2 +  = medium 
positivity, 3 +  = high positivity). Original magnifi cation ×100       
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   Antioestrogen Therapy 

 This therapy lasts    over the years since it is still 
one of the most successful for patients with 
ER-positive metastatic breast cancer with no 
compromised visceral tissues  [  98  ] . Indeed, it has 
been clearly demonstrated that adjuvant endo-
crine therapy has contributed to the reduction of 
breast cancer mortality. 

 It has been estimated that ER-positive breast 
cancer constitutes about 60% of breast cancers 
arising in premenopausal women and 80% of those 
diagnosed after menopause  [  99,   100  ] . However, 
not all ER-positive tumours are sensitive to endo-
crine regulation, and the degree of sensitivity is 
variable in terms of grade of tumour shrinkage and 
duration of effect, the latter issue strictly related 
to the occurring of the resistance towards this 
therapy, an event that is very frequent  [  101  ] . 

 As described below in more detail, the two 
most commonly used approaches in hormone 
therapy are oestrogen antagonists and oestrogen 
deprivation. 

   Selective Oestrogen Receptor Modulators 
 Tamoxifen is one of the fi rst SERMs employed in 
the clinical practice. This drug acts as a competi-
tive inhibitor, by binding to ER. When oestrogen 
binds to its receptor, ER acquires changed shape, 
thus gaining the ability to interact with coactiva-
tors of transcription (Fig.  7.5a ). Tamoxifen binds 
to ER, but this binding fails to allow a conforma-
tional change, so that ER is no longer able to 
interact with nuclear coactivators, with the result-
ing repression of ER transcriptional activity  [  102  ]  
(Fig.  7.5b ). The overall effect on the cell is 
cytostatic since hormonal growth signal has been 
turned off. Breast cancer cells treated with 
tamoxifen stop growing at the point between the 
G1 and the S phases of the cell cycle.  

 Tamoxifen proved to be mainly effective in 
the adjuvant therapy, thus signifi cantly reducing 
the risk of recurrence and death in patients with 
ER-positive breast cancer  [  103,   104  ] . However, 
as for other therapies, one of the pitfalls of tamox-
ifen administration is the occurrence of drug 
resistance, frequently seen during long-term 
therapy. Moreover, it has been described that 
tamoxifen could acquire an agonistic effect, so 
that tumour cells could proliferate in response to 
both oestrogen and tamoxifen  [  105,   106  ] . 

 Raloxifen is a second generation SERM 
approved by US Food and Drug Administration 
(FDA) for prevention and treatment of osteopo-
rosis, which proved to be effective like tamoxifen 
on ER-positive breast carcinomas, with a lesser 
toxicity in terms of endometrial cancer and 
thromboembolic events  [  107  ] . Other SERMs 
showed no further therapeutic advantages if 
compared to tamoxifen or raloxifen.  

   Selective Oestrogen Receptor 
Downregulators 
 Among this class, there is fulvestrant (ICI 
182,780/Faslodex), an antioestrogen with no 
agonist activity which, at variance with tamox-
ifen, binds to ER and blocks its signalling by pro-
moting ER degradation  [  108  ] . This leads to a 
dramatic reduction of ER cellular levels and is 
also associated with a signifi cant reduction of 
PR. Fulvestrant is indicated for the treatment of 
hormone receptor-positive metastatic breast 

   Table 7.4    Classifi cation of the principal therapeutic 
approaches employed in breast cancer therapy   

  Antioestrogen therapy  
 Selective oestrogen receptor modulators (SERMs): 
  Tamoxifen, raloxifen 
 Aromatase inhibitors: 
  First generation: aminoglutethimide 
  Second generation: fadrozole, anastrozole, letrozole 
  Third generation: exemestane 
 Selective oestrogen receptor downregulators (SERD): 
  Fulvestrant 
  Chemotherapy  
 Anthracyclines: 
  Doxorubicin 
 Taxanes: 
  Paclitaxel, docetaxel 
 Epothilones 
  Targeted therapy  
 Epidermal growth factor receptor (EGFR) family 
inhibitors: 
  Trastuzumab, gefi tinib, erlotinib, pertuzumab 
 Dual EGFR and HER2 inhibitors: 
  Lapatinib 
 Inhibitors of Ras pathway: 
  Tipifarnib 
 Anti-VEGF drugs: 
  Bevacizumab 
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cancer in postmenopausal women with disease 
progression following antioestrogen therapy.  

   Aromatase Inhibitors 
 This is another therapeutic approach able to block 
oestrogen synthesis by inhibiting the aromatiza-
tion of androgens and their conversion to oestro-
gens in peripheral tissues. Aromatase is an 
enzyme of the cytochrome P-450 family that cat-
alyzes the conversion of androstenedione and 
testosterone to estrone and estradiol (Fig.  7.5c ). 
The gene that encodes this enzyme is expressed 
in several human tissues and cells such as ovar-
ian granulosa cells, placental syncytiotropho-
blast, adipocytes, skin fi broblasts and brain. 
In reproductive-age women, the ovary is the most 
important site of oestrogen biosynthesis, and this 
takes place in a cyclic fashion. On the other hand, 

in postmenopausal women, oestrogen formation 
takes place in extraglandular tissues such as the 
adipose tissue and the skin. 

 It seems that aromatase inhibitors are more 
effective than tamoxifen as adjuvant therapy of 
ER-positive breast cancer patients, with longer 
disease-free survival and without the risk of 
endometrial hyperplasia, cancer and thromboem-
bolic events. By contrast, while tamoxifen can 
have oestrogen-like effects on bone, aromatase 
inhibitors could induce bone loss  [  109  ] . 

 The third-generation aromatase inhibitors 
include anastrozole and letrozole, which are 
nonsteroidal aromatase inhibitors, and exemes-
tane, a steroid similar to androstenedione that 
binds and irreversibly inhibits aromatase 
(Table  7.4 ). These compounds showed greater 
effi cacy against advanced breast cancer if com-

  Fig. 7.5    Antioestrogen therapy. ( a ) Schematic representa-
tion of the mechanism of action of oestrogen, which interacts 
with its cytoplasm receptor, thus inducing a conformational 
change. After dimerization, the ER/oestrogen complex trans-
locates to the nucleus where it interacts with coactivators of 
transcription, thus triggering specifi c target gene transcrip-

tion, which in turn promotes cell proliferation. ( b ) Tamoxifen 
binds to ER, but this binding fails to allow a conformational 
change, so that ER is no longer able to interact with nuclear 
coactivators, with the resulting repression of ER transcrip-
tional activity. ( c ) Schematic representation of the effect of 
aromatase inhibitors on oestrogen synthesis       
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pared to tamoxifen  [  101  ] . Indeed, exemestane 
resulted to be more effective than tamoxifen in 
terms of objective response rate, while letrozole 
is signifi cantly better in terms of time to progres-
sion and quality-adjusted time without symp-
toms, with no differences in toxicity  [  110–  112  ] . 
Comparison among the three aromatase inhibi-
tors shows no differences in terms of overall 
survival and progression-free survival  [  101  ] .   

   Chemotherapy 

 A substantial body of evidence has shown that 
breast cancer is among the most chemosensitive 
solid tumours. However, as for hormone-based 
therapy, intrinsic or acquired resistance to these 
treatments is still a common feature that limits 
the benefi ts and should encourage the identifi ca-
tion of novel therapeutic strategies. 

   Anthracyclines 
 These are the most employed cytotoxic drugs for 
the treatment of breast cancer, with particular 
regard to adjuvant therapy, although it has also 
been hypothesized to have a potential leukaemo-
genic effect, together with cardiac dysfunction, 
especially in the metastatic setting and heart failure 
 [  113,   114  ] . However, data to this regard are still 
confl icting. Indeed, Zambetti and colleagues  [  115  ]  
showed that along 10 years of follow-up, the use of 
doxorubicin at a dose commonly applied in regi-
men of adjuvant chemotherapy did not lead to car-
diac complications that counterbalance the benefi t 
of treatment in patients with operable breast cancer. 
Similar results were observed by Ganz  [  116  ] .  

   Taxanes 
 This is a group of cytotoxic drugs interacting 
with microtubules of mitotic spindles, thus block-
ing mitosis. Among them, the most employed in 
metastatic setting are paclitaxel and docetaxel 
 [  97,   117  ] . Taxanes represent a valid alternative 
for anthracyclines, as demonstrated by recent 
trials showing an effi cacy of these compounds 
slightly higher than those of anthracyclines in the 
metastatic setting  [  118  ] , with no cardiotoxicity. 
Moreover, a recent study indicated that docetaxel 

plus cyclophosphamide was more effective 
than adriamycin plus cyclophosphamide in the 
adjuvant treatment of breast cancer  [  119  ] .  

   New Chemotherapeutic Agents: 
Epothilones 
 These new drugs share a similar mechanism of 
action with taxanes, having the advantage of a 
lower susceptibility to tumour resistance, thus 
representing a useful alternative for breast cancer 
patients who have acquired a resistance to other 
currently available treatments  [  120,   121  ] .   

   Targeted Therapy 

 This term was coined to identify a therapy able 
to target a specifi c molecular pathway involved 
in the growth and progression of cancer, thus 
inhibiting crucial processes such as cell prolif-
eration, migration and invasion and angiogene-
sis. Below is enclosed a brief description of the 
most important targeted therapies employed in 
breast cancer treatment. 

   Epidermal Growth Factor 
Receptor Family Inhibitors 
 EGFR is a receptor tyrosine kinase belonging to 
a wide family including four homologous recep-
tors: EGFR, also known as ErbB1 or HER1; 
ErbB2 (HER2/ neu ); ErbB3 (HER3); and ErbB4 
(HER4) which are the most commonly studied 
proto-oncogenes in the recent years. Figure  7.6a  
shows the main pathways triggered by the four 
receptors, whose ligands are structurally related 
polypeptides grouped in the epidermal growth 
factor (EGF) family. The proto-oncogenic role 
relies on an abnormal activation of these recep-
tors due to gain of function somatic mutations, 
gene amplifi cation or protein overexpression. 
Indeed, HER1 and HER2 are frequently overex-
pressed in many tumours, among them breast 
cancer, where they promote breast cancer cell 
proliferation and invasiveness; therefore, their 
expression is correlated with a poor outcome 
 [  122–  124  ] . It has been estimated that HER2/neu 
amplifi cation could increase the number of recep-
tors on the tumour cell surface from 20,000 to 
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2 million, thus promoting their proliferation and 
survival  [  123  ]  and resulting in a more aggressive 
breast cancer and a reduced disease-free survival 
 [  125  ] . Therefore, blocking EGFR signalling 

represents a good target for a therapeutic strategy 
(Fig.  7.6b ).  

 In clinical practice, HER2/neu overexpression 
identifi es the candidate patients for treatment 

  Fig. 7.6    The EGFR pathway. ( a ) EGFR family 
includes four main tyrosine kinase receptors, named 
EGFR  alias  ErbB1 (HER1), ErbB2 (HER2/neu), 
ErbB3 (HER3) and ErbB4 (HER4), which under phys-
iological conditions interact with their specific ligands 

and autophosphorylate, thus triggering several molec-
ular pathways and leading to downstream effects, 
including cell cytoskeletal remodelling, cell prolifera-
tion and survival. ( b ) Principal drugs targeting EGFR 
receptors       
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with EGFR family inhibitor, such as trastuzumab 
(Fig.  7.4b ). Trastuzumab (Herceptin) is a milestone 
in the HER2-targeted therapy. This is a recombi-
nant humanized monoclonal antibody able to 
bind the extracellular domain of HER2 with a 
consequent block of HER2 signalling  [  126  ] . 
Starting in 1998, when it was approved by FDA, 
several clinical trials have been performed, show-
ing that trastuzumab signifi cantly improved disease-
free and overall survival in metastatic breast 
cancer patients  [  127–  129  ] . Since 2006, trastuzumab 
has been approved in a combination therapy 
together with adjuvant chemotherapy for the 
treatment of HER2/ neu -positive, node-positive 
breast cancer patients. This combination therapy 
signifi cantly improved response and progression 
rates, with an increase of quality of life and a 
reduction of 33% mortality and 50% recurrence 
 [  130  ] . However, one pitfall of trastuzumab is that 
over one-third of patients could acquire resis-
tance to this therapy. 

 Trastuzumab-DM1 is a recently synthesized 
molecule consisting of an antibody, trastuzumab, 
linked to maytansine, also known as DM1, which 
is an antimicrotubule drug. This “combination 
drug” has the advantage that trastuzumab targets 
DM1 specifi cally into tumour cells. Two phase III 
studies are ongoing on HER2-positive metastatic 
breast cancer patients, testing the activity of this 
compound versus lapatinib plus capecitabine ther-
apy or versus docetaxel plus trastuzumab  [  97  ] . 

 Gefi tinib (ZD1839) and erlotinib (OSI-774) 
are two recent selective EGFR inhibitors belong-
ing to the anilinoquinazoline family and able to 
reversibly bind EGF receptor, thus preventing its 
autophosphorylation  [  131,   132  ] . Phase I and II 
studies have been performed with gefi tinib, alone 
or in combination with chemotherapy which, 
however, showed the lack of improvement of 
disease-free survival and overall response rate 
 [  97  ] . In contrast, preliminary results of two phase 
II trials comparing anastrozole or tamoxifen with 
or without gefi tinib showed that patients experi-
enced a prolonged progression-free survival with 
hormone therapy plus gefi tinib  [  133  ] . 

 As far as erlotinib is concerned, a recent study 
showed that this drug, in combination with 
capecitabine and docetaxel in patients with meta-

static breast cancer, gave a complete response in 
2 patients, while 12 had a partial response  [  134  ] . 
Other preclinical studies are still in progress. 

 Pertuzumab (2C4) belongs to a new class of 
drugs that blocks EGFR dimerization by binding 
the dimerization domain of HER2; moreover, 
this binding site does not overlap with the domain 
recognized by trastuzumab, thus allowing a com-
bination therapy with these two antibodies. 
Indeed, preclinical studies demonstrated a syner-
gistic effect between these two compounds on 
breast cancer cell survival  [  135  ] , and a clinical 
benefi t of this combination therapy has been 
reported in patients overexpressing HER2, 
although a cardiac toxicity, asymptomatic in most 
cases, has been also found  [  136  ] .  

   Dual EGFR and HER2 Inhibitors 
 These compounds are able to target both EGFR 
and HER2 receptors, thus resulting in a more 
effi cient inhibition of breast cancer cell growth. 
Among them, there is lapatinib (GW572016), the 
most advanced dual EGFR/HER2 inhibitor in 
breast cancer. Although there is not signifi cant 
benefi t as monotherapy, a preclinical study 
showed a synergistic effect of lapatinib with tras-
tuzumab  [  137  ] , while preliminary data indicate 
that this combination therapy signifi cantly 
improved progression-free survival  [  138  ] . 
Moreover, a preclinical study showed that lapa-
tinib is able to restore sensitivity in tamoxifen-
resistant breast cancer cells  [  139  ] , while 
combination therapy with letrozole in postmeno-
pausal women with HER2-positive, hormone-
sensitive metastatic breast cancer improved 
progression-free survival  [  140  ] .  

   Inhibitors of Ras Pathway 
 Ras protein is involved in cell growth-stimulating 
signalling, and its constitutive activation, due to 
point mutations, could be found in 5% of breast 
cancer patients. One of the most advanced Ras 
pathways inhibitor is tipifarnib (R115777). 
Combination therapy with tipifarnib plus doxoru-
bicin and cyclophosphamide gave encouraging 
results since 7 out of 21 treated patients had a 
pathological complete response  [  141  ] . Other 
interesting results were also observed in metastatic 
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breast cancer patients treated with tipifarnib plus 
fulvestrant  [  142  ] .  

   Antiangiogenic Drugs 
 This therapeutic strategy could also be consid-
ered a targeted therapy, mostly directed against 
the vascular endothelial growth factor (VEGF), 
which plays a key role in the neovasculature 
accomplished during tumourigenesis as well as 
during tumour metastasis. 

 Bevacizumab is a monoclonal antibody able 
to neutralize all the six isoforms of VEGF (i.e. 
VEGF-A, B, C, D, placental growth factor-1 and 
placental growth factor-2). Clinical trials showed 
that this compound can be employed in combina-
tion with chemotherapy without toxic effects. A 
phase III study of bevacizumab as fi rst-line treat-
ment for patients with metastatic breast cancer 
showed a signifi cant increase of the progression-
free survival parameters in patients treated with 
this compound plus paclitaxel versus single 
treatment with paclitaxel  [  143  ] . Currently, beva-
cizumab is in clinical trial as neoadjuvant 
treatment.    

   Conclusions 

 Breast cancer represents the second most com-
mon cause of cancer-related mortality in women, 
with an estimate of at least one million women 
diagnosed per year worldwide  [  14  ] . As for the 
other types of cancer, the mechanisms underlying 
tumour onset have not been completely eluci-
dated. What is clearly known is that progression 
towards a malignant condition is a complex phe-
nomenon due to a common fault caused not only 
by genetic (i.e. accumulation of somatic muta-
tions) but also by epigenetic and environmental 
factors. Moreover, among the other types of 
tumours, breast cancer is a quite heterogeneous 
disease, with several subtypes characterized by 
distinct morphological features and clinical 
behaviours. 

 Nevertheless, since 1990, overall breast can-
cer mortality has decreased, especially for young 
patients with ER-positive breast cancers  [  15,   16  ] . 
This is at least in part due to an earlier diagnosis 

of the disease, through the use of more effi ca-
cious diagnostic techniques, together with the 
implementation of population-based screening 
programmes, which allow to identify non-palpa-
ble breast lesions. Moreover, the close coopera-
tion of the pathologists with surgeons, radiologists 
and oncologists is always desirable to avoid sub-
optimal patient management. 

 Another issue crucial to increase patient’s qual-
ity of life as well as their life expectancy is the 
advance in terms of therapeutic strategies, such as 
the combination therapy. Indeed, several random-
ized phase III studies have compared single-agent 
chemotherapy versus combination chemotherapy, 
and one of the most recent studies showed that a 
combination of chemotherapeutic agents improved 
the response rate and increased the time to tumour 
progression. Moreover, a therapeutic strategy more 
and more adopted over the years is the so-called 
targeted therapy, that is, a therapy able to target a 
specifi c molecular pathway involved in the 
growth and progression of cancer, thus inhibiting 
crucial processes such as cell proliferation, 
migration, invasion and angiogenesis. 

 Finally, it should be pointed out that improve-
ments of the diagnostic and therapeutic strategies 
rely mainly on basic and preclinical research, 
which needs to be encouraged since the knowl-
edge of the molecular mechanisms underlying 
tumour onset and progression are the starting 
point to the identifi cation of more selective 
tumour markers as well as alternative therapies 
that could be more effi cacious and could counter-
act the occurrence of the resistance towards a 
canonical therapy.      
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    Introduction 

 Gastric cancer currently represents the second 
most common cause of cancer-associated death 
in the world  [  1  ] , and as such is one of the leading 
causes of mortality globally. Oesophageal cancer 
also presents an important global health issue as 
the sixth most common cause of cancer- associated 
death globally; however, it has risen to great 
prominence over recent decades due to the alarm-
ing rise in incidence of certain forms of the dis-
ease  [  2  ] . In the USA, there has been sixfold 
increase in incidence in adenocarcinoma of the 
oesophagus and gastro-oesophageal junction 
(GOJ) over recent decades  [  3  ] , this being, in part, 
due to the ageing populations in these countries 
as well as the increasing incidence of obesity 
which results in increased gastro-oesophageal 
refl ux  [  4  ] . 

 The incidence of these diseases vary across the 
globe in response to genetic variation as well as 
variations in exposure to carcinogens particularly 
in the form of tobacco and dietary factors includ-
ing alcohol and obesity as mentioned above. 

 Biologically, the cancers of the gastro- 
oesophageal region fall broadly into one of six 
categories, namely, cancers of the distal stomach, 
the proximal stomach, the gastro-oesophageal 
junction, oesophageal adenocarcinomas (exclud-
ing Barrett’s carcinomas), Barrett’s carcinomas 
and oesophageal squamous cell carcinomas.  

   Aetiology 

 Distal gastric cancers are primarily related to 
 Helicobacter pylori  infection  [  5  ] , and subsequent 
to the discovery and treatment of this pathogen, 
there has been a reduction in the incidence of this 
form of cancer. Conversely,  H. pylori  infection 
has a protective effect against oesophageal ade-
nocarcinoma according to meta-analysis of a 
number of studies  [  6  ] . However, eradication ther-
apy had not been shown to be contributing to the 
rise in incidence of cancer or gastro-oesophageal 
refl ux disease (GORD)  [  7  ] . 

 Genetic predisposition is likely to play a role 
in carcinogenesis in individuals as well as differ-
ential population risks around the globe. The 
incidence of alcohol dehydrogenase and aldehyde 
dehydrogenase polymorphisms shows heteroge-
neity across continents and appears to confer 
higher risk of squamous oesophageal cancers in 
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Asian populations  [  8  ] , and twin studies report a 
genetic predisposition to GORD  [  9,   10  ] . Alcohol 
is a well-established contributing factor to the 
development of oesophageal squamous cell carci-
noma, particularly when taken in excess, and 
tobacco smoke is similarly associated. However, 
whilst these risk factors are known to contribute to 
GORD, the link to oesophageal adenocarcinoma 
is only confi rmed in smoking but not alcohol  [  11  ] .  

   The Spectrum of Pathology in the 
Stomach and Oesophagus 

 The differentiation between Barrett’s carcinoma 
and other adenocarcinoma of the oesophagus 
continues to develop. Indeed, the defi nition of 
Barrett’s continues to be a matter of debate with 
some recent defi nitions excluding the previous 
requirement for histological confi rmation of 
intestinal metaplasia that is pathognomonic of 
the condition  [  12  ] . Whilst, in part, this is a 
response to the practicalities of histologically 
assessing an area of fi eld change, it is also symp-
tomatic of an awareness that the many lower 
oesophageal cancers occur in patients with no 
history of Barrett’s and also that the presence of 
glandular mucosa above the GOJ appears to con-
fer to a similar cancer risk as those who develop 
metaplasia in the lower oesophagus  [  13  ] . 

 The differentiation between lower oesopha-
geal adenocarcinomas and GOJ carcinomas was 
initially a clinical observation regarding the 
poorer survival noted in patients with GOJ 
tumours, and even amongst tumours at the GOJ, 
there are clear cut clinical differences dependent 
on the precise relationship to the junction, lead-
ing to the adoption of the Siewert classifi cation 
system  [  14  ] . Defi ning the biological properties 
that give rise to these differences continues to be 
an area of investigation and as yet not suffi ciently 
defi ned to have led divergence from the estab-
lished standards of care for these tumours. 
However, genetic characteristics are being 
documented that may lead to better understand-
ing of the disease in these different areas. For 
example, COX-2 expression has been noted to be 
increased in lower oesophageal cancers but not in 
GOJ cancers  [  15,   16  ] , and whilst this has not led 

to successful therapeutic strategies, it does point 
to biological differences between sites that are 
important to consider in the successful design of 
clinical trials. However, other genetic changes 
appear to be consistent between cancers of the 
lower oesophagus and the GOJ, with one study 
fi nding a similar pattern of gain and loss of gene 
function across the 2 areas and thereby distin-
guished them from gastric cancers that displayed 
a different pattern. These changes included up-
regulation of EGFR and CDK6 genes in oesopha-
geal and GOJ cancers  [  17  ] . 

 This chapter is divided into sections that will 
explore the biology of individual clinically rele-
vant biotargets and then review current clinical 
evidence regarding therapies developed that take 
advantage of these targets. Where possible, it will 
seek to differentiate between the anatomical sub-
types of cancer in order to determine the utility of 
the biotarget in precise situations; however, this 
is not always possible due to the limited evidence 
which has often combined the groups, for exam-
ple, to increase recruitment in clinical trials. In 
these situations, only the evidence available can 
be reported even though further defi nition will 
develop in time. 

   Epidermal Growth Factor Receptor 

 EGFR is the cell surface receptor for the epider-
mal growth factor family of ligands which cause 
dimerisation of the receptor and resulting auto-
phosphorylation of the intracellular tyrosine 
kinase. Activation of the tyrosine kinase initiates 
a number of signalling pathways including the 
RAS/RAF/MEK/ERK and PI3K and JAK/STAT 
pathways (Fig.  8.1 )  [  18–  22  ] . The receptor itself 
is a glycoprotein with a molecular weight of 
170 kDa and is transcribed from a gene on chro-
mosome 7p12  [  23  ] .  

 Pathways activated by EGFR have been impli-
cated in cell growth, survival, proliferation and 
differentiation and may become dysregulated 
during the development of a variety of cancers. 
This makes it an attractive target for therapy, and 
a variety of methods of targeting this class of 
receptor have developed over recent years and 
successfully transferred into clinical practice. 
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 A great deal is known of the interactions of 
these pathways with EGF signalling, and this has 
demonstrable clinical utility as seen in the use of 
cetuximab (an EGFR inhibitor) in colorectal 
metastases which is used only in patients with 
wild-type RAS, which has been shown to be of 
greater importance than the EGFR phenotype of 
the tumour  [  24  ] . 

 In total, there are 4 subclasses of protein 
named EGFR, EGFR2, EGFR3 and EGFR4, 
although the alternative nomenclature human 
epidermal receptor (HER) and the gene symbol 
ErbB remain in use, particularly in regard to 
EGFR2 (HER2, ErbB2). EGFR 3 and 4 have only 
been assessed to a minor degree in oesophageal 
cancer, although an understanding of the role of 
these molecules in breast cancer is beginning to 
emerge. They have been reported as markers of 
good prognosis or to have a role in regulating 
response to existing targeted agents, and as such 
no interest has yet to be shown in these molecules 
as potential targets for treatment  [  25  ] . However, a 

single study has suggested that EGFR 3 may be 
associated with diffuse-type gastric cancer and 
also worse overall survival, leaving the possibil-
ity that the storey may be different in subtypes of 
gastro-oesophageal cancer  [  26  ] . 

 EGFR2 (HER2)-targeted agents have an 
established role in the treatment of breast cancer, 
and the introduction of trastuzumab and related 
targeted agents for the treatment of oesophago-
gastric cancers will be discussed in the light of 
positive phase III trials in a separate section 
(HER2) with this section, concentrating exclu-
sively on EGFR. 

 EGFR inhibitors have also been shown to be 
effective agents in the treatment of EGFR mutant 
non-small-cell lung cancer. At present, no phase 
III trial information is published regarding the 
use of these same agents in oesophago-gastric 
cancer, but the results of phase II trials are encour-
aging and are discussed below. 

 Even though EGFR inhibitors such as gefi -
tinib, erlotinib and trastuzumab have been shown 

  Fig. 8.1    Pathways related to activation of EGFR       

 



224 A.M. Reece-Smith et al.

to be effective agents, their use has required tar-
geting in a variety of ways. Current clinical prac-
tice targets trastuzumab treatment essentially to 
those who express the HER2 protein on immuno-
histochemistry  [  27  ] . However, in lung cancer, the 
tyrosine kinase inhibitors have been shown to 
primarily benefi t those with mutations of EGFR 
gene but to have minimal effects in those who 
simply express the protein and a debated effect in 
those over-expressing the gene  [  28–  31  ] , and in 
colon cancer, mutations in the downstream KRAS 
gene have been shown to negate the effects of 
cetuximab on expressed EGFR protein  [  24  ] . 
These differences emphasise the need for prese-
lection of well-defi ned targets at a genetic or 
molecular level and well-designed clinical trials 
with adequate analysis of those patients that 
respond to the treatment and those that do not. 
This is particularly the case in oesophago-gastric 
cancer (E-GC) where a variety of sub-
classifi cations exist. Many studies have initially 
assessed a mixture of oesophageal, gastric and 
junctional tumours and have included adenocar-
cinomas, Barrett’s carcinomas and squamous 
carcinomas without adequately reporting the out-
comes in the subgroups. In reviewing the litera-
ture below, an attempt has been made to precisely 
defi ne the fi ndings in these individual biological 
categories and also to report on the geographical 
origin of the patients involved in order to remain 
mindful of the genetic differences that may exist 
particularly between Caucasian populations and 
those from East Asian countries.   

   EGFR in Oesophageal SCC 

 Between studies that have assessed EGFR pro-
tein expression, there has been signifi cant varia-
tion in the methodology to determine the degree 
of expression. Some studies report the presence 
of any degree of staining on immunohistochemis-
try (IHC), and others have performed semi-
quantitative assessment by grading the intensity 
of staining, often using methods similar to those 
used clinically in HER2 staining, which defi ne 
those cases with moderate to intense staining 
for the receptor to be positive. There is also 
signifi cant heterogeneity noted within individual 

tumours and as such a further method of scoring 
computes a composite score from the percentage 
area stained and staining intensity. Three Japanese 
studies  [  32–  34  ]  of between 62 and 217 patients 
and one Thai study of 55 patients  [  35  ]  have deter-
mined the expression of EGFR protein by IHC in 
oesophageal SCC and have reported it in between 
34% (in the smallest Japanese series) and 80% 
(in the Thai series), with all reports from groups 
who removed patients considered to have low-
intensity staining, although each used slightly 
different methods to determine which patients 
were excluded. Similarly, a Chinese study of 62 
patients found 75.8% of cases to be positive for 
EGFR mRNA in SCC  [  36  ] . One group reported 
that a higher proportion of the EGFR-positive 
group achieved complete pathological response 
to chemoradiotherapy than those with EGFR-
negative tumours  [  34  ] ; however, other studies 
report no difference in survival in patients 
expressing EGFR  [  32,   33  ] . One study went on to 
perform fl uorescent in situ hybridisation (FISH) 
analysis of those expressing EGFR and found 
that 28% of the 53 cases assessed over-expressed 
EGFR (13% of the total population)  [  33  ] . The 
Thai study found gene amplifi cation in 15% of 
cases, but this included analysis of EGFR IHC-
negative patients of whom 7% were FISH posi-
tive  [  35  ] . In a study that analysed a small number 
of lymph nodes involved with metastatic disease, 
it was found that, in some cases, only 50% of 
nodes possessed the same over-expression seen 
in the primary tumour suggesting that amplifi ca-
tion may be an early process in carcinogenesis 
that is not integral to the metastatic process  [  33  ] . 
A fi nal Japanese study reported EGFR gene 
amplifi cation by slot-blot analysis of 107 SCC 
cases and detected amplifi cation in 12%, all of 
which had stage 3 or 4 disease, but multivariate 
analysis confi rmed EGFR amplifi cation to be an 
independent determinant of poor survival  [  37  ] . 

 Within Europe, two studies have been con-
ducted of EGFR expression in SCC, each 
analysing approximately 100 patients from 
France and Holland  [  38,   39  ] . EGFR expression 
was reported in between 40% and 68.2% of cases 
with both using concordant methods of scoring 
EGFR positivity when there was moderate or 
intense staining. The French study also reported 
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that a diffuse rather than mosaic pattern of stain-
ing correlated with poor survival. A further 
German study reviewed a similar number of 
patients and reported 98.8% positivity. However, 
this study did not perform semi-quantitative anal-
ysis of the immunostaining and so may represent 
an over-estimate of the biologically signifi cant 
expression  [  40  ] , and a further small Irish study 
using semi-quantitative scoring consistent with 
other European sites also provides a consistent 
result of 64.3%  [  41  ] . 

 Overall, it appears diffi cult to distinguish a 
difference between European and East Asian 
SCC populations based on EGFR protein expres-
sion using current evidence. FISH analysis of 
gene amplifi cation has only been assessed in 
Japanese patients but has consistently been 
reported as 12% or 13% in both studies  [  33,   37  ] . 
From the evidence available, conclusive 
prognostic use for EGFR staining has been dem-
onstrated, with only one study reporting a poor 
survival in patients with high EGFR expression. 
This has been important to determine in order to 
make a valid assessment of phase II trial evidence 
for the novel agents that target EGFR. In trials 
recruiting EGFR-positive patients with SCC, we 
could at present assume that these patients have a 
survival expectation that is little different to the 
EGFR-negative population prior to intervention.  

   EGFR in Oesophageal 
and GOJ Adenocarcinoma 

 Studies examining the incidence of EGFR pro-
tein expression in oesophageal and GOJ cancer 
have been more consistent although still included 
some variability in the reporting of immunostaining. 
The evidence comes exclusively from primarily 
Caucasian populations in the USA and Europe 
but has often included oesophageal and GOJ 
tumours together which has made it diffi cult to 
determine if these areas are biologically different 
in terms of the EGF contribution to carcinogene-
sis. Three such studies used similar semi-quanti-
tative scoring systems that excluded weakly 
staining patients to fi nd positivity for EGFR in 
24–55% of patients  [  17,   42,   43  ] . 

 A study that restricted itself to oesophageal 
adenocarcinomas reported positivity in 39% of 
38 cases; however, this included patients with 
weak or focal staining  [  44  ] . Two studies limited 
to Barrett’s carcinomas found EGFR amplifi ca-
tion in 8% of cases  [  45,   46  ] . 

 Only one study has reported mutation rates in 
oesophageal adenocarcinoma, which were pres-
ent in 11.7% of cases  [  47  ] . 

 With regard to prognostic information, none 
of the studies demonstrated a signifi cant survival 
difference on multivariate analysis; however, two 
studies demonstrated a trend towards worse sur-
vival in EGFR-positive patients that may have 
reached signifi cance with a larger sample size or 
longer follow-up  [  42,   44  ] .  

   EGFR in Gastric Cancer 

 In gastric cancer, the evidence is more robust, 
particularly due to two large East Asian studies 
of more than 400 patients each and using consis-
tent semi-quantitative scoring methods. One 
study only found positive staining in 2.1% of 
cases and only 10.4% even when weakly stained 
cases were included  [  48  ] . The other study found 
positivity in 27.4% of cases  [  49  ] . Both studies 
undertook FISH analysis and found this to be 
positive in 1.6% and 5.5% of cases. Smaller 
Asian studies have also found protein expression 
in 7.3% of early gastric cancers and 30% of 
advanced gastric cancers  [  50,   51  ] , whilst EGFR 
mutations have been detected in 5.1% of cases in 
the only small series available  [  52  ] . 

 In European studies, EGFR expression has 
been scored again using variations on semi- 
quantitative methods that measure intensity and 
area stained, and this makes direct comparison 
diffi cult. Two studies report the proportion of 
positive cases to be between 14.8% and 33% 
 [  53,   54  ] . However, the scoring system used by 
the second group used a lower threshold for posi-
tivity in terms of area and intensity and so may 
represent fairly consistent populations. One of 
these studies reported EGFR expression to be 
associated with worse prognosis, particularly 
when combined with VEGF expression as 
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well  [  53  ] . Similar poor survival was noted in a 
Mexican study that reported EGFR moderate/
intense positivity in 28% of cases  [  55  ] .  

   Summary of EGFR in Gastro-
Oesophageal Cancer 

 SCCs appear to demonstrate EGFR positivity in a 
higher proportion of cases than adenocarcinomas 
of the oesophagus, and proportions may be con-
sistent between East Asian and European popula-
tions. Although, a high degree of heterogeneity 
exists between results in SCC, it may be that 
greater than 50% of cases express EGFR. In ade-
nocarcinomas of the oesophagus and GOJ, there 
is EGFR expression in approximately 40% of 
cases in Caucasian populations, whilst EGFR 
expression is low in gastric cancer. Present evi-
dence might suggest a trend to higher positivity 
in Caucasian populations in gastric cancer, in 
whom approximately 20% of cases appear posi-
tive compared to 10% or less in East Asian 
populations. 

 There is some evidence to suggest that EGFR 
positivity may increase with advancing disease 
and that survival may be slightly worse in patients 
with EGFR-positive cancers. 

 In NSCLC, the effi cacy of EGFR TKIs is 
largely restricted to those cancers that have acti-
vating mutations of the EGFR gene rather than 
simply those that express the EGFR protein. 
Whilst this does mean that it is a dramatically 
limited population of patients that benefi t from 
this treatment, the precise targeting of the 
treatment allows for other individuals to avoid 
the side effects of unsuccessful therapy. In 
oesophageal cancer, the incidence of mutations 
in the EGFR gene is similarly low, but clinical 
trials so far have not identifi ed the need to limit 
EGFR inhibitor treatment to patients carrying 
mutations.  

   EGFR Inhibitors 

 The EGFR inhibitors in current clinical use are 
either receptor tyrosine kinase inhibitors or 
monoclonal antibodies against the extracellular 

domain of the receptor. These antibodies 
competitively inhibit the receptor ligands by 
binding to the receptor and on binding can induce 
dimerisation of the receptor and its subsequent 
down-regulation, whilst the tyrosine kinase 
inhibitors (including erlotinib and gefi tinib) are 
small molecules that primarily act by competing 
for ATP binding sites on the intracellular tyrosine 
kinase  [  18  ] .  

   EGFR Inhibitors in Oesophageal 
and GOJ Cancer 

 Gefi tinib is currently approved for use in other 
cancer types including as a fi rst-line agent in non-
small-cell lung cancer, and two European phase 
II trials have reported on the safety of this drug. 
In one trial, 27 patients were recruited with 
advanced oesophageal or GOJ adenocarcinoma 
more than 2 months since completing any fi rst-
line treatments. These patients were assessed for 
response to gefi tinib radiologically after 1 month 
of treatment, and response rate was found to be 
11%, with a total of 37% achieving disease con-
trol and a median progression-free survival of 1.9 
months across the study population  [  56  ] . Results 
similar to this were also reported in a preliminary 
report of a US phase II trial  [  57  ] . 

 The other European trial of gefi tinib as a 
second-line treatment of advanced oesophageal 
or GOJ cancer included patients with either ade-
nocarcinoma or SCC. This study recruited 36 
patients of which only 1 (2.8%) patient achieved 
a partial response, with another 10 (27.8%) 
maintaining stable disease on reassessment at 8 
weeks. This study found k-ras mutations in 2 of 
the non-responder patients, but no EGFR muta-
tions in the cohort. However, they did fi nd high 
EGFR expression in 37.5% of those tested, and 
this was more prevalent in SCCs with disease 
control rate reported to be 66.7% in patients with 
high EGFR expression, although this failed to 
convert into statistically superior survival 
outcomes  [  58  ] . 

 An American study examining Erlotinib in a 
phase II setting initially recruited 43 GOJ cancer 
patients and 25 gastric cancer patients, with out-
comes reported separately. All had advanced 
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adenocarcinoma, but none had been treated for 
metastatic disease previously. There were 4 
responses (9%) in the GOJ arm including one 
complete response. In total, 10 patients had stable 
disease or a response to treatment (23.8%). 
Eighty-six percent of 42 patients tested for EGFR 
expression were positive, but again no EGFR 
mutations were detected, and there was no cor-
relation between EGFR expression and response 
to erlotinib. Median survival in the GOJ and gas-
tric arms were 6.7 and 3.5 months, respectively 
 [  59  ] , but without details of the EGFR expression 
status of the patients included, it is impossible to 
determine if these differences are due to the 
higher proportion of GOJ cancers expected to 
express EGFR. 

 Cetuximab in combination with cisplatin and 
5-FU has been trialled against chemotherapy 
alone and achieved a 19% response rate and 75% 
control rate with a trend to benefi t with the addi-
tion of cetuximab which did not reach signifi -
cance in any survival outcomes  [  60  ] .  

   EGFR Inhibitors in Gastric Cancer 

 A US phase II trial of Erlotinib reported above 
also recruited 25 gastric cancer patients. This arm 
of the study closed early due to there being only 
one patient with a stable disease response  [  59  ] . 
However, other studies have observed more 
promising levels of response. 

 A Korean phase II trial of cetuximab in com-
bination with FOLFOX treatment treated 40 
patients with advanced gastric cancer and found 
EGFR expression in 12 (30%), and these patients 
had longer time to progression outcomes. This 
group also measured serum concentrations of the 
ligands EGF and TGF-alpha and reported that 
100% of patients with EGFR protein expression 
who had low serum EGF/TGF-alpha responded 
to treatment. A total of eight patients in this 
responder group had follow-up blood tests of 
which seven showed a rise in EGF levels at the 
time of disease progression. No patients had 
EGFR amplifi cations  [  51  ] . 

 An Italian Phase II trial of cetuximab in 
combination with FOLFIRI in advanced gastric 

cancer included 38 patients known to be EGFR 
positive. The study design included four patients 
who had tumours involving the GOJ. They 
reported a response rate of 44.1% and disease 
control in 91.2%. They found no correlation 
between the degree of IHC positivity for EGFR 
or in the proportion of the tumour examined that 
stained positive. Complete response was seen in 
11.8%. Median time to progression was 8 months 
and predicted median survival 16 months  [  61  ] . 
Whilst this may not provide conclusive evidence 
of a benefi t from the addition of the targeted ther-
apy, these results are favourable compared to a 
number of trials using similar regimes without 
cetuximab  [  62–  65  ] . 

 The same group have more recently reported 
similar fi ndings from a further phase II study 
combining cetuximab with a different combina-
tion chemotherapy including docetaxel and cis-
platin, although this trial returned a slightly lower 
stable disease rate possibly due to the absence of 
a fl uopyrimidine in the combination  [  66  ] . 

 Panitumumab is a similar humanised IgG2 
monoclonal antibody that has been optimised for 
entry into phase III studies and is likely to target 
the same disease as treated by cetuximab  [  67  ] . 

 Results appear to suggest that patients with 
high EGFR protein expression are more likely to 
respond to EGFR inhibitor therapy and the addi-
tional quantifi cation of EGF levels may also 
allow further identifi cation of patients most likely 
to respond to these targeted agents. As discussed 
above, the expression of EGFR appears to be 
more frequent in cancers of the oesophagus or 
GOJ, and so phase III trials in progress have jus-
tifi ably chosen to assess the benefi ts of gefi tinib 
and cetuximab primarily in oesophageal and 
junctional cancer and initial results may appear 
in 2012. The subgroup analysis of any such trial 
may yet reveal important understanding of the 
mechanism of effi cacy of these drugs in gastro-
oesophageal cancer. The impact of mutations of 
the EGFR gene and genes downstream such as 
KRAS have yet to be determined, and similarly, 
the effects of gene amplifi cations, found in 
smaller portions of the population, are not yet 
understood. However, it appears that response 
may primarily be related to protein expression in 
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a similarly way that HER2 inhibitors are used in 
breast cancer, and if this proves to be the case, 
this form of treatment will mark a huge step for-
ward in the treatment of these cancers due to the 
relatively common expression of these markers 
particularly in squamous oesophageal cancer.  

   Human Epidermal Growth 
Factor Receptor 2 

 As discussed previously, HER2 belongs to the 
EGFR family of receptors. However, the termi-
nology ‘receptor’ is a little misleading because at 
present no physiological ligands or binding sites 
for a ligand has been identifi ed  [  20,   68  ] . However, 
the molecule is integral in heterodimerisation of 
other members of the EGFR family and so might 
perhaps have been more appropriately termed a 
co-receptor (Fig.  8.2 ). Structurally, it is similar to 
the other members of the EGFR family consist-
ing of an extracellular glycoprotein, a small 
transmembrane section and an intracellular 
tyrosine kinase. The molecular weight of the 
HER2 receptor is 185 kDa, with the gene being 
located on chromosome 17 q21  [  69  ] .  

 The receptor was initially identifi ed in breast 
cancer as a marker of poor prognosis,  [  70  ]  and 
trastuzumab was subsequently developed as a 
successful therapy targeted to inhibit the receptor 
by preventing its binding to other members of the 
EGFR family in metastatic breast cancer and in 

the adjuvant setting  [  71  ] . HER2 inhibitors 
constrain the same pathways discussed in the pre-
vious section regarding EGFR, which promote 
cell growth, survival, proliferation and differen-
tiation, and of which a developing understanding 
will allow greater defi nition of the mechanisms 
of resistance to these therapies  [  72  ] . Indeed, 
whilst no mutations of the HER2 gene have 
been identifi ed as an absolute indication or 
contraindication to therapy, as in lung cancer, for 
example, there may yet prove to be downstream 
mutations that will aid in the refi ning of the treat-
ment group  [  73  ] . 

 Subsequently, research focused on determin-
ing other targets for this therapeutic approach and 
O-GCs have proven to be a prosperous area. 
Below, the evidence will be discussed that 
has sought to determine the role of HER2 in 
this group of cancers, to determine if the 
assumptions made in breast cancer with regard to 
prognosis and treatment remain true in E-GC. 
Once again, the evidence will be assessed to 
determine if generalisations can be made across 
the anatomical regions of the gastro-oesophageal 
tract as well as across geographical and racially 
different populations. 

 The identifi cation of the target is arguably as 
important as the development of the therapy, and 
whilst a great deal of work has been done in 
breast cancer to refi ne and validate methods of 
detecting patients suitable for therapy, the evi-
dence will show that whilst many similarities 

  Fig. 8.2    Dimerisation of EGF family receptors in response to the EGF ligand as well as the neuregulin ligands       
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exist in the utilisation of HER2-targeted therapies 
in O-GC, there are differences in the detailed 
application that shall be reviewed.  

   Identifi cation of HER2 Status 

 Whilst the incidence of HER2 staining varies 
across the different areas of the stomach and 
oesophagus, it currently appears that the accurate 
determination of HER2 status can be achieved in 
a manner similar to that used in breast cancer, 
whereby intensity of IHC staining is scored on a 
scale of 0 to 3+ (Table  8.1 ).  

 Consensus has been reached with regard to 
scoring of HER2 staining in E-GC and essentially 
the system of    HercepTest, as used in breast can-
cer, with FISH correlation of indeterminate cases 
has been adopted for E-GC. In this system, sam-
ples that score 3+ on IHC are considered positive, 
and those that stain 2+ are only positive provided 
gene amplifi cation is demonstrated. The only 
modifi cation required for E-GC being that sam-
ples with incomplete basolateral membranous 
staining should also be considered positive should 
they stain with suffi cient intensity because the 
receptors are frequently lacking on the luminal 
surface of cells  [  74  ] . This system appears to be 
clinically validated to some degree in gastric can-
cer with the publication of the ToGA trial, dis-
cussed below, which used this scoring system and 
provides initial evidence that clinical outcomes 
following treatment with an HER2 inhibitor may 
correspond to this scoring system and a high con-
cordance has been demonstrated between HER2 
expression and gene amplifi cation using this 

system  [  75–  77  ] . However, the evidence is not 
conclusive as yet, and hopefully further progress 
will continue to fi nely tune the distinction 
between those who will benefi t from treatment 
and those who will not. Other scoring systems in 
the past have placed greater emphasis on the pro-
portion of the tumour that expresses HER2, and 
this is a notable omission of the current consen-
sus guidance. This is of particular importance in 
gastric cancer in which heterogeneity of the 
HER2 status has been reported in 4.8% of cases, 
a fi gure far higher than in breast cancer where 
there is heterogeneity in 1.4% of cases  [  74  ]  
(Fig.  8.3 ).  

 For clinical utility, this heterogeneity can 
never be fully assessed histologically to deter-
mine patient treatment due to the diffi culty in 
sampling the whole disease, but questions persist 
regarding the effi cacy of treatment in patients 
with less than 10% of the disease over-expressing 
HER2 even though some concordance has been 
shown in the clinical features of patient groups 
when either a 5% or 10% cut-off point has been 
used  [  78  ] . Developments to determine HER2 sta-
tus through novel imaging techniques remain 
largely preclinical or in preliminary phase assess-
ment but may provide the extra detail required in 
the future to determine whether a patient, who 
may have disease at multiple sites, has a suffi cient 
burden of disease with HER2 over-expression to 
warrant treatment  [  79,   80  ] . In the mean time, 
tumour heterogeneity poses a diffi cult problem 
in these tumour types. Advanced cases do not 
warrant resection, and so the diagnosis and 
treatment is guided by biopsy material which is 
primarily derived endoscopically with no way of 

   Table 8.1    Consensus IHC scoring for HER2   

 IHC score  Staining classifi cation 

 0  Staining in less than 10% of cell membranes 
 1+  Faint staining in more than 10% of cell membranes or incomplete membrane staining 
 2+  Weak to moderate complete or basolateral membrane staining in more than 10% of cells 
 3+  Moderate to intense complete or basolateral membrane staining in more than 10% of cells 

  A score of 3+ is regarded as positive. 2+ is equivocal, and gene amplifi cation analysis may be important in deter-
mining clinical benefi t from HER2-targeted therapies in these patients [Adapted from Hofmann M, Stoss O, 
Shi D, et al. Assessment of a HER2 scoring system for gastric cancer: results from a validation study. 
 Histopathology.  Jun 2008;52(7):797–805. With permission from John Wiley & Sons, Inc.]  
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targeting towards areas of positivity. Consensus 
guidance on HER2 scoring has removed the 
necessity for 10% staining in biopsy material, but 
as yet no study has determined how many false-
negatives will occur with different biopsy regi-
mens  [  74  ] . The heterogeneity in these advanced 
cases may also occur between the primary and 
secondary sites, and as such patients will con-
tinue to have HER2 primary lesions treated when 
the main secondary disease burden may be HER2 
negative and others undertreated because the 
HER2-positive disease is only found at second-
ary sites  [  77,   81,   82  ] . 

 Unfortunately, many studies previously have 
not used standardised scoring techniques, and this 
does cloud the interpretation of many previous 
results. It is also diffi cult to account for differences 
in tissue handling and the variability seen between 
commercially available assays which have been 
demonstrated in the past to be unacceptably high 
 [  83  ] , as well as individual variation in scoring by 

pathologists who historically may or may not have 
accounted for variable intensity of staining in sur-
rounding normal tissue  [  84  ] . 

 As we have seen, there is some variation in the 
techniques used to identify patients for HER2-
targeted treatments. This has been highlighted by 
a study that compared different thicknesses of 
section that FISH was performed on and found 
considerable higher detection was possible in 
thicker sections  [  85  ] . With time, there has been a 
degree of standardisation, but developments con-
tinue to occur. The role of gene amplifi cation in 
determining the patient population continues to 
be researched, and until a simple, cheap and reli-
able method of testing is developed, treatment 
will be rationed in some quarters to those with 
IHC 3+ staining  [  86  ]  who have proven clinical 
benefi t with treatment. Whilst FISH has been 
used successfully in breast cancer to determine 
which IHC2+ patients are most likely to benefi t, 
an alternative technology, CISH (chromogenic in 

  Fig. 8.3    HER2 staining by immunohistochemistry in 
E-GC cancer. ( a ) IHC 1+. ( b ) IHC 2+. ( c ) Example of 
basolateral staining in IHC 2+. ( d ) IHC 3+ [Kindly pro-

vided by Dr S. Madhusudan, Academic Department of 
Clinical Oncology, University of Nottingham]       

 



2318 Oesophago-Gastric Cancer

situ hybridisation), has been developed that has 
advantages over FISH in terms of ease of use and 
longevity of staining for future reference whilst 
maintaining accurate identifi cation of amplifi ca-
tion  [  87  ] . This is due to lesser need for special-
ised fl uorescent microscopy and practitioners 
skilled in its interpretation and does not suffer 
from fading of the fl uorescent signal with time. 
These benefi ts importantly lead to cost savings 
that may yet have an impact on the adoption of 
amplifi cation screening for equivocal cases, and 
CISH has already been shown to have a high con-
cordance with FISH results  [  88,   89  ] . 

 It is a more common occurrence for HER2 
protein expression to be unrelated to gene ampli-
fi cation in GEC than in breast cancer, highlight-
ing the importance for further research to continue 
to defi ne the therapeutic implications of the pos-
sible combinations of HER2 expression  [  74  ] , 
especially as amplifi cation appears to be more 
homogenous in cancer samples than the protein 
expression  [  87  ] .  

   HER2 Expression in Gastric Cancer 

 The high prevalence of gastric cancer in East 
Asian countries again ensures that there is a large 
amount of evidence available regarding the inci-
dence of HER2 expression in this population. 
Protein expression has been determined to occur 
in between 8% and 18.6% of cases  [  26,   88,   90–  95  ] , 
and the correlation of HER2 with intestinal 
type histology, as opposed to diffuse type, is an 
almost universal fi nding throughout the studies 
 [  26,   88,   91,   93–  95  ] . However, most studies have 
not used consensus scoring to determine clinical 
benefi t, and as such the proportion expected to 
benefi t from HER2-receptor-targeted therapy 
will be lower. One study reported 3+ IHC scores 
in 6% of patients  [  88  ] , and gene amplifi cation has 
been reported in 7.1–7.8% of cases  [  93,   96  ] , and 
these fi gures are a more likely estimate of the 
proportion of East Asian gastric cancer patients 
likely to benefi t from drugs such as trastuzumab. 
HER2 expression has often been shown to be 
present in higher stage disease  [  26,   90,   92,   93  ]  
and at times has correlated with survival on 

multivariate analysis  [  26,   88,   90,   91  ] . As in breast 
cancer, only a small proportion of those patients 
with IHC2+ staining will be demonstrated to 
have gene amplifi cation, with studies reporting 
this in 11.1–20% of patients  [  88,   93  ] . 

 It seems likely that HER2 expression is simi-
lar in European populations with the literature 
reporting 3+ or similar staining in between 3.4% 
and 13% of cases  [  75,   76,   78,   97  ] . Gene amplifi -
cation has been reported in 8.2% and 16% of 
cases  [  75,   76,   98  ] . The only study that has found 
a worse survival in European HER2 gastric can-
cers appears anomalous due to the exceptionally 
high incidence of HER2 staining (91%)  [  99  ] . 
However, there is other heterogeneity in survival. 
The largest European study combined datasets 
from the UK and Germany, but subgroup analysis 
found that the German HER2 group tended 
towards worse survival, whilst the British group 
tended towards improved prognosis and so over-
all the results cancelled each other out  [  78  ] . 

 These fi gures, of course, represent the popula-
tions that the trials have sampled. Predominantly, 
these are populations with localised or locally 
advanced disease in patients that have undergone 
resection with curative intent. Whilst many have 
not excluded patients undergoing palliative resec-
tion, these studies are inevitably biassed towards 
earlier stage disease and, since they have demon-
strated that HER2 positive disease correlates with 
increased disease stage, the assumption would be 
that HER2-positive rates are higher in advanced 
disease. The ToGA trial, discussed later, treated 
patients with HER2-positive advanced disease, 
and an analysis of those screened in recruitment 
for the trial has been reported as an abstract. This 
found that in approximately 3,000 advanced gas-
tric cancers from around the globe, 20.9% were 
either IHC 3+ or FISH positive. 

 In summary, the expression of HER2 seems 
comparable between Europe and East Asia, but 
in spite of a large number of trials, it remains 
uncertain as to whether HER2-positive gastric 
cancers represent a subgroup with worse progno-
sis. The implication of this is that any therapy 
trialled to target HER2 must expect survival fi g-
ures which improve upon current expectations 
using present standard of care treatment.  
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   HER2 in Oesophageal 
Adenocarcinoma 

 Few studies have reported results specifi cally in 
oesophageal adenocarcinoma but have rather 
included these cases in mixed analyses with either 
GOJ or SCCs. However, one study has reported 
gene amplifi cation in 15% of cases  [  77  ] , and oth-
ers report protein expression in 15.3–23% of 
cases  [  100,   101  ] , although both have not specifi -
cally identifi ed those who might benefi t from 
HER2 inhibitor therapy according to consensus 
scoring and so the clinically relevant group is 
presumed to be closer to the lower end of these 
fi gures. 

 Various studies have focused on Barrett’s car-
cinomas specifi cally, although all are set in pri-
marily Caucasian populations. These have found 
some degree of IHC staining in 9.8–26% of cases 
 [  85,   102,   103  ] , and gene amplifi cation has been 
reported in 10.5–19% of cases  [  85,   104  ] . Two of 
these studies have reported worse survival in 
HER2-positive patients  [  102,   104  ] . 

 Overall, it is diffi cult to determine if the 
Barrett’s carcinoma subgroup of oesophageal 
adenocarcinomas has a different pattern of 
HER2 expression, with approximately 15% of 
these cases having clinically relevant expression 
levels.  

   HER2 in Oesophageal SCC 

 There is a great deal of heterogeneity in reported 
incidence of HER2 expression in SCC with very 
low incidence reported in a number of studies. 
Even though an early study found some degree of 
protein expression present in 26% of cases  [  101  ] , 
three other European studies have since reported 
expression or amplifi cation in between 2.8% and 
5% when scoring using, what has been deter-
mined to be, more clinically relevant systems  [  38, 
  77,   100  ] . A subsequent Swedish study found 13% 
of SCC cases to intensely stain for HER2 but less 
than a third of IHC 3+ cases in this mixed study 
of adeno- and squamous carcinoma were found 
to have corresponding gene amplifi cation  [  105  ] . 

 East Asian populations have returned more 
mixed results with one study fi nding 13.6% of 
patients to be IHC 2/3+ and clinically relevant 
gene amplifi cation in a total of 9%  [  106  ] , but 
other studies reported 2+/3+ staining in 7.7–9% 
of cases  [  35,   107  ]  which is an overestimate of the 
treatable population as demonstrated by one of 
the studies that found no cases of 3+ staining and 
only 2% gene amplifi cation due to infrequent 
amplifi cation in IHC2+ disease  [  35  ] , whilst a 
single South American study found cases to be 
IHC 3+ 6% of the time  [  108  ] . 

 When patients with locally advanced disease 
were biopsied prior to chemoradiotherapy, it was 
found that within those who proved to be resis-
tant to oncological treatment, there was a high 
proportion of HER2-positive cases (71.4%) 
 [  109  ] . However, this study reports a total of 
55.9% IHC 2/3+ staining, and no survival differ-
ence was noted due to HER2 status even though 
the treatment resistant group overall had lower 
survival than the sensitive group. Although this is 
an unexpectedly high incidence of HER2 stain-
ing, the relationship to resistance to therapy is 
mirrored by another study that found high HER2 
mRNA expression correlated with resistance to 
chemoradiotherapy in a study group containing 
more than 60% SCCs  [  110  ] . 

 Whilst there may be few cases of SCC that 
express HER2 to a suffi cient degree to warrant 
targeted treatment, it may be that these patients do 
still benefi t from such therapy. The expense of 
screening for HER2 in SCCs for so few cases may 
be prohibitive at times, but if this group of patients 
proves to be resistant to conventional therapy, 
then the cost to benefi t ratio is improved.  

   HER2 Expression in GOJ Cancers 

 In an analysis of patients with advanced disease 
screened during recruitment to the ToGA trial, the 
incidence of HER2 expression was considerably 
higher in GOJ tumours than the gastric cancers 
that were assessed, with IHC- or FISH-positive 
results in 33.2% of cases  [  111  ] . As mentioned 
previously, the high rates reported partly refl ect 
the advanced stage of the disease in this patient 
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group, but other trials that have included GOJ 
tumours in mixed populations of gastro-oesopha-
geal cancers have also reported high expression 
of HER2 at 23–28%  [  81,   98,   101,   112  ] . 

 The high expression of HER2 in GOJ cancers 
appears to be the primary reason for regional 
variations in HER2 expression with countries 
that have a higher proportion of GOJ cancers, 
compared to gastric or oesophageal cancers, hav-
ing the highest frequency of HER2-positive 
expression  [  113  ] .  

   HER2 Inhibitors in Gastric 
and Junctional Cancers 

 The advent of a successful phase III trial of tras-
tuzumab in advanced gastric and GOJ cancers 
has demonstrated that targeted therapies may 
have a role in the treatment of O-GC, but at pres-
ent, it remains the only targeted drug to come into 
mainstream usage. The results of the ToGA trial 
 [  114  ]  that has prompted this will be discussed in 
detail below, but the future role for other drugs 
still in development as well as the expanding role 
of trastuzumab will also be reviewed. 

 The ToGA trial randomised 584 patients with 
either advanced gastric (approx. 80%) or GOJ 
(approx. 20%) cancer from centres across Europe, 
Asia, Central and South America to Cisplatin and 
5-Fluorouracil either with or without trastu-
zumab. All patients were either FISH positive or 
IHC3+ in either arm of the study with no option 
for crossover. Both arms were demographically 
comparable, and HER2 status was determined in 
line with consensus guidance. Median follow-up 
was approximately 18 months with the study 
powered to detect an increase in overall survival 
of 3 months. The primary outcome was reached 
with median survival in the treatment arm of 
13.8 months compared to 11.1 months in the con-
trol arm ( p  = 0.0046). Overall response rate was 
47% with a further 32% maintaining stable dis-
ease and 12% suffering progressive disease. 
Interestingly, those patients included due to FISH 
positivity that did not have IHC 3+ protein expres-
sion appeared to gain less benefi t from the 
treatment. Previously, it has been shown that 

mRNA levels correlated strongly with gene 
amplifi cation  [  115  ] , and as such there may be 
post-transcriptional regulation that is of great 
importance in determining protein expression. In 
patients with IHC2+/FISH + disease, the confi -
dence interval of the hazard ratio was 0.51–1.11 
showing evidence of a possible benefi t in this 
group, although further research will be required 
in the future to determine the optimal treatment 
regimes in equivocal cases. Overall, no differ-
ence was noted in adverse effects, although the 
treatment arm particularly had higher frequencies 
of diarrhoea, stomatitis and fatigue. Cardiac 
events were rare with a total of 5% of the trastu-
zumab group suffering >10% decrease in LVEF 
(left ventricular ejection fraction) to a value 
<50%, compared to 1% in the control arm. Only 
approximately 20% of cases were GOJ tumours, 
and, as such, the hazard ratio for this subgroup 
does not demonstrate benefi t as unequivocally as 
the gastric tumours with a confi dence interval of 
0.42–1.08, but with this strong suggestion of ben-
efi t in the biologically different GOJ tumours, it 
must be hoped that oesophageal squamous and 
adenocarcinomas that similarly express HER2 
could also prove to be usefully targeted by 
trastuzumab. 

 Currently, no evidence exists for the use of 
trastuzumab in an adjuvant or neoadjuvant set-
ting in the treatment of early stage disease. 

 There are several phase II trials in progress for 
lapatinib (HER2/EGFRi) and also a phase III trial 
(LOGIC) which will again target patients 
with advanced disease anywhere in the gastro- 
oesophageal tract for treatment provided they are 
shown to be HER2 positive. Although the drug is 
a dual inhibitor, it appears in preclinical testing 
that the drug is primarily active in HER2-positive 
cells  [  116,   117  ] .  

   HER2 Inhibitors 
in Oesophageal Cancers 

 A phase II trial of cisplatin and paclitaxel in com-
bination with radiation and trastuzumab selected 
only HER2 2+- and 3+-positive patients with dis-
tal oesophageal adenocarcinoma for treatment. 
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The study only consisted of 19 patients, but more 
than 70% of these had coeliac, portal, cervical or 
retroperitoneal lymphadenopathy. As such, the 
group was weighted towards patients who had 
advanced disease that might become resectable 
following down-staging therapy. In HER2 3+ 
patients, there was a 57% complete response rate, 
and in the HER2 2+ group, fi ve patients were 
included who were FISH negative, one of which 
had a complete response to chemoradiotherapy. 
Six patients underwent surgical exploration fol-
lowing what was assessed to be complete 
response, but two of these were found to have 
metastatic disease, which presumably remained 
either because it fell outside the radiation fi eld or 
because it did not respond to the various chemo-
therapies as well as the primary disease. However, 
the residual disease in all cases was not assessed 
further for biomarkers of response. Median sur-
vival for the whole group was 24 months, but the 
cohort was not powered to demonstrate differ-
ences between subgroups  [  118  ] . 

 No reported trials have yet included squamous 
cell cancers within their cohorts; however, evi-
dence is building that there is clinically relevant 
expression of targets to a greater or lesser extent 
throughout the gastro-oesophageal tract and that 
response to trastuzumab can be predicted using 
standardised scoring systems similar to that 
reported in breast cancer. Research continues to 
defi ne the precise role for trastuzumab, and, fol-
lowing the same path as breast cancer before it, 
the development of second generation inhibitors 
and dual inhibitors will hopefully add to this 
progress.  

   VEGF 

 The ability of cancers to facilitate neoangiogen-
esis has long been understood to be vital in the 
progression of tumours beyond a given size  [  119  ]  
and has subsequently been termed a ‘hallmark of 
cancer’  [  120  ] . As such, it provides an enticing 
biotarget that could be taken advantage of in all 
solid tumour types, and indeed, clinical effi cacy 
of inhibitors have been subsequently demon-
strated in a wide variety of tumour types includ-
ing lung, colon and breast amongst others. 

However, the gains in terms of overall survival 
have often been limited, and with the toxicity that 
has been attributed to these agents, their utility in 
clinical practice remains a topic of debate. This 
section will seek to briefl y outline the role of this 
growth factor in carcinogenesis in oesophago-
gastric cancer and will then explore the develop-
ing role of its inhibition in the treatment of this 
disease. Whilst these agents have not yet demon-
strated the effi cacy required to put them into wide 
spread clinical use, there has been some encour-
aging initial trial data, with the results of a num-
ber of phase III trials pending. Should ongoing 
clinical trials successfully identify biomarkers of 
response and non-response to these agents, they 
may yet have an important role to play in person-
alised therapy. 

 There are a number of VEGF subclasses 
including VEGF-A, VEGF-B, VEGF-C and 
VEGF-D, as well as other members of the PDGF 
superfamily such as PIGF (placental growth fac-
tor), and these are functionally and structurally 
related  [  121–  123  ] . VEGF-E and VEGF-F have 
also been identifi ed encoded in orf virus or as a 
component of snake venom  [  124  ] . These sub-
classes also may individually exist in a number of 
different isoforms  [  125,   126  ] . The growth factors 
themselves consist of glycoproteins of approxi-
mately 45 kDa molecular weight, dependent upon 
the specifi c isoform, and these interact with the 
receptors VEGFR-1, VEGFR-2 and VEGFR-3. 
VEGF-A may also act as a ligand for the neuro-
pilins NP-1 and NP-2 which behave as co-recep-
tors to enhance the binding of VEGFR  [  127–  129  ] . 
The specifi city of the individual growth factors 
with the ligands is detailed on Table  8.2 .  

 The receptors are primarily expressed on vas-
cular endothelium, with the exception of 

   Table 8.2    Dimerisation occurs during binding between 
members of the VEGF family and the receptors shown 
were indicated by an ‘X’   

 Growth factor 

 Receptor  VEGF-A  VEGF-B  VEGF-C  VEGF-D  PIGF 

 VEGFR1  X  X  X 
 VEGFR2  X  X 
 VEGFR3  X  X 
 NP1 and 2  X 

  Based on data from Refs.  [  123,   130–  134  ]   
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VEGFR-3 which is found in lymphatic vessels 
following their development from a common 
embryological source  [  135  ] , and they are also 
present on a number of haemopoietic cells. 
Activation of these receptors produces a variety 
of biological effects, through the initiation of 
cellular transduction pathways including Raf-
MEK-MAP-kinases, PI3K-AKT and TSAb-Src 
pathways  [  136,   137  ] . 

 These contribute towards angiogenesis through 
processes including alteration of vascular perme-
ability and vasodilatation, and increasing endothe-
lial cell proliferation and migration  [  138  ] . 
However, these are equally relevant in the 
development of side effects due to its inhibition. 
The molecule of primary importance in clinical 
practice is the VEGF-A class, which is generally 
referred to simply as VEGF, and this text will con-
tinue in this manner from here onwards. The inter-
action of prime importance that VEGF will 
perform is with the VEGFR-2 tyrosine kinase, and 
this will contribute to vasodilation as well as the 
proliferation and migration of vascular endothe-
lial cells. The vasodilatory effects also create 
hyperpermeability of capillaries which in turn 
allows the extravasation of plasma proteins which 
can subsequently create extracellular matrix for 
the proliferating endothelial cells  [  139  ] . 

 VEGF levels are found to be elevated in can-
cer patients due to release from a variety of 
sources including the tumour cells and surround-
ing stroma  [  140  ] , although skeletal muscle and 
platelets represent the major reservoir of VEGF 
in the body  [  141  ] . The promotion of VEGF 
expression can occur in a wide variety of ways 
including the stimulation of cells via other cytok-
ines, such as HGF or TGF b , or due to the hypoxic 
tumour micro-environment  [  137,   142,   143  ] . The 
presence of increasing levels of VEGF in the 
serum has been correlated with worse survival 
and increasing stage of disease in gastric cancer 
 [  144–  146  ]  and has been shown to decrease fol-
lowing curative surgical intervention after a 
short-term rise in VEGF levels secondary to 
surgical trauma  [  147  ] . In oesophageal SCC, 
high VEGF was associated with increasing 
stage and decreased response to subsequent 
chemoradiotherapy and worse survival  [  148,   149  ] . 
Similarly, tissue sections from gastric cancer 

have been found to have VEGF present when 
stained immunohistochemically, and these posi-
tive patients also had a worse overall survival and 
were more likely to have metastatic disease  [  150  ] . 
Also, receptors for VEGF are found in stromal 
vessels in between 42% and 87% of gastric can-
cer cases (dependent on the specifi c receptor 
stained for using IHC), and these cases also had 
poor survival  [  151  ] . 

 The side effects of VEGF inhibitor therapies 
particularly related to the mode of action are 
thromboembolic events, hypertension, gastro-
intestinal bleeding and perforation and problems 
with wound healing. Although no evidence exists 
within the fi eld of gastro-oesophageal surgery, 
the evidence from colorectal cancer trials pro-
vides a model for abdominal surgery that can be 
usefully extrapolated with due caution. It has 
been suggested that surgeons should aim to delay 
surgery by 6–8 weeks following the completion 
of bevacizumab therapy used in the neoadjuvant 
setting for colorectal cancer due to poor wound 
healing and liver regeneration demonstrated in 
in vivo models, although the more rapid elimina-
tion of tyrosine kinase inhibitors might allow sur-
gery after just 1 week  [  152  ] . However, in the 
emergency surgical setting, following incidental 
or complications related to chemotherapy, the 
delayed wound healing remains an unavoidable 
issue with this type of therapy. 

 Two large studies have reported that compli-
cations in regard to wound healing were 
encountered in 1.7–5% of patients who received 
treatment at a variety of time points following 
surgery, and this was signifi cantly increased in 
the study that randomised to chemotherapy with 
or without bevacizumab  [  153,   154  ] .  

   VEGF Inhibitors 

 Inhibition of vascular endothelial growth factor 
in order to suppress angiogenesis has been known 
to be an effective way of inhibiting tumour growth 
in vivo for some time  [  155  ] , and this has led to 
the development of a variety of inhibitors 
including monoclonal antibodies and tyrosine 
kinase inhibitors. Specifi cally, bevacizumab 
(a monoclonal antibody to VEGF) and sorafenib 
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and sunitinib (small molecule VEGF-R inhibitors 
also inhibiting PDGFR) have been carried for-
ward into some degree of clinical usage in 
gastro-oesophageal cancer types, although a 
number of other related agents will surely follow, 
especially if biomarkers of response to these 
drugs can improve their effi cacy by more accu-
rately identifying patients who might benefi t 
from them. The integral role of angiogenesis in 
tumour development provides some rational to 
the non-targeted use of these drugs, but with 
many clinical trials failing to show suffi cient 
benefi t improvements in the tailoring appears to 
be vital if they are to move in to widespread clini-
cal usage. A variety of markers of response have 
indeed been demonstrated but clinical validation 
is yet to be completed and incorporated into suc-
cessful phase III trials  [  156  ] . 

 Sorafenib has been used in a single phase II 
trial in combination with docetaxel and cisplatin 
for 44 patients with advanced or metastatic gas-
tric or GOJ adenocarcinomas. This study found 
that 41% of patients experienced a partial 
response to the combination and overall survival 
was 13.6 months, although 64% experienced 
grade 3 or 4 neutropaenia and there were also 3 
cases of grade 3 or 4 thrombotic complications 
and 1 rectal perforation  [  157  ] . With regard to 
effi cacy, these results may be demonstrating 
some benefi t with this treatment especially con-
sidering that approximately 3 quarters of the par-
ticipants had GOJ tumours that carry a worse 
prognosis compared to distal gastric cancers; 
however at present, the drug remains in phase II 
trials with different combination regimes in 
gastric and oesophageal cancer  [  158–  160  ] . 

 Two phase II trials of sunitinib have recently 
been reported. When used in the second-line set-
ting in gastric cancer, only 2.6% of patients dem-
onstrated a response, although 32% maintained 
stable disease, and overall survival was 6.8 
months. The main toxicities reported were grade 
3 or 4 thrombocytopenia or neutropenia, which 
both occurred in approximately a third of patients 
 [  161  ] . As such, it shows no advantage over 
existing treatments in this setting, but it is yet to 
be determined if the different mode of action 
means that it may be of use in a combination 

therapy regime. Another study of 51 patients who 
had exhausted various treatment options reported 
an overall survival approaching 6 months at an 
international meeting. The cohort included GOJ 
cancers which may account for the lower survival 
in spite of the consistent 32% disease control 
rate  [  162  ] . 

 At present, no evidence exists for the use of 
sunitinib or sorafenib in advanced oesophageal 
cancers besides the few GOJ cancer patients 
included in other trials, although recruitment of 
patients to phase II trials in an adjuvant setting is 
ongoing  [  163–  165  ]  and if they can demonstrate a 
reduced side effect profi le and more rapid clear-
ance, these may yet have advantages over 
bevacizumab. 

 Bevacizumab is a humanised murine IgG1 
antibody that binds to VEFG-A receptor to inhibit 
its function. This drug has reached later stages in 
development in a number of cancer types leading 
to its approval for use in some of these, albeit not 
without controversy following the FDA approval 
for use in breast cancer and subsequent with-
drawal of this indication for the drug. Most phase 
II evidence regarding bevacizumab was produced 
through the study of gastric and GOJ tumours, 
with oesophageal cancers almost completely 
excluded. The drug was assessed in combination 
with a variety of other conventional agents with 
response rates of between 42% and 67% and 
reporting survival of 11.1–16.8 months, although 
there were also perforation rates of 2–8% and 
thromboembolic events in 25.5–39%  [  166–  168  ] . 

 Phase III evidence continues to be collected 
by a number of trial groups, but the AVAGAST 
trial has reported initial fi ndings with fi nal publi-
cation including pre-planned analysis of samples 
collected during the trial still awaited. The trial 
randomised 774 patients to a cisplatin/
capecitabine combination with or without bevaci-
zumab and found a median survival of 12.1 
months in the treatment arm compared to 10.1 
months in the placebo group which was not sta-
tistically signifi cant. Progression-free survival 
was signifi cantly increased with bevacizumab 
from 29.5 to 38 months, and the incidence of per-
foration and thromboembolism was actually 
lower in the treatment group, although the overall 
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incidence of grade 3–5 complications was 6.2% 
with treatment compared to 0.5% without; wound 
problems being particularly prevalent in the bev-
acizumab arm (2.3% versus 0.3%). Although this 
does not provide evidence to support the use of 
this drug in this setting at present, the sample 
analysis may yet help to determine some means 
of targeting the treatment to those more likely to 
benefi t, and to this end, the authors report that 
they have noticed that East Asian patients appear 
to have gained less benefi t compared to the 
European and American groups. With nearly 
50% of patients recruited from East Asian coun-
tries, it will be important to determine the reason 
for this difference in order to design more effec-
tive future trials  [  169  ] . 

 In summary, VEGF inhibitor therapy has not 
been as successful as other targeted therapies 
during its introduction into clinical practice due 
to the greater evidence of side effects and the lack 
of validated biomarkers that can be used to target 
the drugs towards those most likely to benefi t, 
and it is the development of these that may well 
determine their ongoing use outside the clinical 
trial setting.  

   EpCAM 

 EpCAM is a 40-kDa protein derived from the 
GA733-2 gene which acts as a cell adhesion mol-
ecule  [  170  ] . As such, it is present on various 
tissues in both health and disease; however, vari-
ations in its exposure allow it to be utilised as a 
biotarget with limited toxicity to normal epithe-
lium because the intact basement membrane of 
normal tissue prevents binding of targeted drugs 
such as monoclonal antibodies and if used in the 
setting of a malignant effusion, as with catumax-
omab discussed below, the mesothelial lining of 
the peritoneum is protective because this does not 
express EpCAM. In contrast, EpCAM is expected 
to be accessible for binding in solid tumours with 
antibodies passing through the increasingly 
permeable tumour capillaries or in body fl uids 
such as ascites or pleural effusions. 

 Expression of EpCAM has been reported in a 
high proportion of cases of E-GC, although the 

precise number has varied widely from 34.3% to 
100%  [  171–  173  ] . This may be due to variation in 
reporting of staining intensity on immunohis-
tochemistry, but one study has reported that 
intense staining was found in 41% of cases of 
oesophageal SCC  [  174  ] . In malignant effusions, 
expression of EpCAM may fall in the upper end 
of this range being found in 66.2–100% of cases 
from a variety of cancers associated with ascites 
 [  175–  177  ] . 

 With regard to prognosis, there is confl icting 
evidence in SCC that EpCAM-positive patients 
carry a prognosis different to negative groups 
 [  174,   178  ] .  

   Monoclonal Antibodies to EpCAM 

 Catumaxomab is a trifunctional monoclonal anti-
body with two antigen-binding sites and a func-
tional Fc domain, which will bind to EpCAM on 
the epithelial tumour cells. In addition, it binds to 
T-cells via CD3 and also activates Fc gamma-
receptor I-, IIa- and III-positive accessory cells 
via its functional Fc domain  [  179  ] . 

 Other monoclonal antibodies to EpCAM have 
been trialled in the past but failed to show effi cacy 
in the adjuvant treatment of colon cancer  [  180  ] . 

 However, the use of tri-functional EpCAM-
targeted agents delivered directly to the intraperi-
toneal space in disseminated intra-abdominal 
malignancy may improve effi cacy by providing 
localised treatment of EpCAM-positive tumour 
cells in the peritoneal cavity as well as having 
increased effi cacy due to tri-functional binding. 
Disseminated intra-abdominal malignancy may 
cause malignant ascites, and one goal of treat-
ment in this setting is to palliate the ascites, aside 
from improving survival. 

 Catumaxomab has been studied in phase I/II 
trials in patients with peritoneal carcinomatosis 
secondary to GI malignancy (mainly gastric and 
colonic). There was evidence of effi cacy in a 
matched pair, case control analysis  [  181  ] , and the 
drug continues in randomised phase III multi-
centre trials to further defi ne the optimal 
treatment strategy for the drug and is due to com-
mence recruitment of patients with peritoneal 
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carcinomatosis secondary to gastric cancer in the 
second half of 2011. 

 Currently, a single phase II/III study has been 
published which recruited 258 patients, half of 
which had ovarian cancer and half of which had 
other cancers. In the non-ovarian group, approxi-
mately 50% had ascites secondary to gastric can-
cer. Ovarian and non-ovarian groups were 
analysed separately due to the different prognosis 
and treatment options in ovarian cancer. 

 Patients were randomised 2 to 1 to paracente-
sis with or without catumaxomab intraperitoneal 
infusion, and puncture-free survival in the non-
ovarian patients was 37 days in the treatment arm 
compared to 14 in the control group; however, 
this was most marked in the gastric cancer 
patients in whom the puncture-free survival 
increased from 15 to 118 days and overall sur-
vival was also signifi cantly increased from 44 to 
71 days with treatment  [  179  ] . 

 Phase II studies in operable gastric cancer have 
completed recruitment though publication is pend-
ing following a suffi cient follow-up period  [  182  ] . 

 In summary, catumaxomab is a monoclonal 
antibody to EpCAM, which is over-expressed on 
the majority of gastric cancers including oesoph-
ageal cancer. Although no evidence exists in 
oesophageal cancer at present, early results in 
advanced gastric cancer are encouraging though 
further studies are required, and at present the 
indications are limited to the specifi c disease set-
ting of malignant ascites.      
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   Epidemiology, Staging and 
Biology of CRC 

   Epidemiology 

 Colorectal cancer (CRC) is the third commonest 
cancer in the Western world, with an estimated 
142,570 cases diagnosed in the USA in 2010 
(SEER database). Worldwide, approximately 1.23 
million new cases are diagnosed each year and 
608,000 deaths from CRC occurred in 2008  [  1  ] . 
The lifetime risk for CRC in the Western world is 
roughly 5–6%. Although familial cases—patients 
with two or more fi rst- or second-degree relatives 
with CRC—comprise approximately 20% of dis-
ease, high-penetrance Mendelian conditions are 
responsible for a relatively small proportion 
(3–4%). Hereditary non-polyposis colorectal can-
cer (HNPCC), also known as Lynch syndrome, 

results from germline mutation in mismatch repair 
proteins  [  2  ] . Defective DNA mismatch repair 
leads to accumulation of mutations with develop-
ment of CRC typically in the 5th decade of life 
 [  2  ] . Carriers have a risk of 22–69% for CRC 
development before age 70  [  3  ]  and are also at sig-
nifi cantly increased risk of tumours of the endo-
metrium, ovary, stomach, uroepithelium, small 
bowel and bile duct  [  4  ] . In familial adenomatous 
polyposis (FAP), germline mutation of the  APC  
tumour suppressor results in the development of 
hundreds to thousands of adenomatous polyps 
within the colorectum, with inevitable malignant 
change by the 4th to 5th decade of life  [  2  ] . Recent 
large-scale genome-wide association studies have 
begun to demonstrate the low-penetrance, com-
mon genetic variants that underlie many sporadic 
CRCs  [  5,   6  ] . 

 Several dietary factors appear to modify the 
risk of CRC. An inverse association between 
folate intake and the incidence of colorectal ade-
nomas and carcinomas has been shown in epide-
miological studies  [  7  ] , but trials of folate 
supplementation after CRC diagnosis demon-
strated no reduction in risk of adenoma or carci-
noma recurrence  [  8,   9  ] . Evidence also supports a 
role for calcium supplementation in the reduction 
of CRC incidence and adenoma recurrence 
 [  10–  12  ] . Additional risk factors for CRC include 
smoking  [  13,   14  ]  and high BMI  [  15  ] , while phys-
ical exercise  [  16,   17  ]  and aspirin use  [  18–  20  ]  
reduce risk.  
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   Staging 

 The anatomical and histological progression of 
CRC is well understood. The classic model is the 
development of an adenomatous polyp, with 
malignant conversion leading to local invasion 
through submucosa, muscularis propria, and, 
eventually through the outer layers of the colon 
and into surrounding fat or adjacent structures. 
Invasion of lymphatic vessels facilitates spread to 
locally draining mesenteric lymph nodes and 
access to blood vessels enables spread to distant 
organs, most commonly the liver. The extent of 
local invasion, nodal and distant metastases 
remains the best prognosticators in CRC, as codi-
fi ed in the staging systems used clinically—the 
AJCC TNM  [  21  ]  and the Dukes’ systems. These 
are summarised in Table  9.1  together with the 
approximate 5-year survival associated with each 
stage. Further prognostication is provided by 
additional factors such as bowel obstruction or 
perforation at presentation, tumour vascular and 
lymphatic invasion, tumour grade and patient 
performance status  [  22  ] . However, even account-
ing for these, there remains substantial heterogeneity 

in outcome within stage groups, indicating addi-
tional differences in tumour and patient biology 
not revealed by these indicators.   

   Biology 

 The adenoma–carcinoma sequence of CRC 
development described above is estimated to take 
place over 10–20 years.    As a result of this step-
wise progression, and the technical feasibility of 
obtaining pathological material from colonic 
biopsy and tumour resection, the molecular biol-
ogy of CRC is better understood than that of 
many cancers. CRC can be divided into two 
principal pathological categories. The majority 
(65–70%) of cases are characterised by aneu-
ploidy and chromosomal instability (CIN), while 
tumours from patients with HNPCC and approxi-
mately 15% of sporadic cancers  [  23,   24  ]  demon-
strate an alternative molecular phenotype of 
microsatellite instability (MSI), and typically 
retain diploid chromosome complement. 

 In a seminal paper published over two decades 
ago, Vogelstein et al. proposed a model of sequen-
tial mutations to account for adenoma–carcinoma 
progression in CIN CRC  [  25  ] . In this, inactivat-
ing mutations in tumour suppressor genes and 
activating mutations in oncogenes each confer a 
proliferative, survival or metastatic advantage to 
the tumour, enabling progression, invasion and 
ultimately metastasis. Early lesions were shown 
to lack APC, a tumour suppressor that encodes a 
negative regulator of Wnt signalling—a key 
developmental signalling pathway that promotes 
cell division  [  26  ] . Subsequent events include 
activating mutations in  KRAS , a small GTPase 
downstream of many receptor tyrosine kinases 
(RTKs) including EGFR, which leads to constitu-
tive activation of the MAPK pathway, resulting 
in further mitogenic effects, loss of chromosome 
18q-containing  SMAD4 —a transcriptional regu-
lator with tumour suppressive effects and loss of 
TP53, which results in resistance to apoptosis. 
Though this basic model has been validated by 
subsequent studies  [  27  ] , it has also been substan-
tially enriched by the demonstration that there 
are many more mutations and epigenetic changes 

   Table 9.1    AJCC/Dukes’ staging systems for colorectal 
cancer and 5-year overall survival   

 AJCC/Dukes’ 
stage 

 Anatomical extent of 
disease 

 5-Year overall 
survival 

 I/A  Confi ned to mucosa 
(T1) or muscularis 
propria (T2) 

 93.2% 

 No nodal involvement 
 No distant metastases 

 II/B  Tumour penetrates 
muscularis (T3) or 
invades adjacent organs 
or structures (T4) 

 82.5% 

 No nodal involvement 
 No distant metastases 

 III/C  Any tumour stage  59.5% 
 Nodal metastases 
 No distant metastases 

 IV/D  Any tumour stage  8.1% 

 Any nodal status 
 Distant metastases 
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in CRC than previously realised  [  28  ] . A summary 
of the schematic proposed by Vogelstein et al. 
and an updated version are shown in Fig.  9.1 .  

 MSI results from defective function of the 
DNA mismatch repair (MMR) proteins MLH1, 
MSH2, MSH6 and PMS1 MMR leading to slip-
page and duplication of repetitive microsatellite 
DNA elements during DNA replication. This 

results in mutation of genes that contain such 
repeats, including  TGFBR2   [  29  ] ,  IGF2R   [  30  ]  and 
 BAX   [  31  ] , in addition to point mutations in other 
genes such as  BRAF   [  32,   33  ] . Though this may 
result from germline mutation (HNPCC, discussed 
above), the commonest cause in sporadic carcino-
mas is the downregulation of  MLH1  by promoter 
methylation  [  34,   35  ] . Consequently, MSI tumours 

  Fig. 9.1    Original    and updated genetic models of ade-
noma–carcinoma sequence. ( a ) Model of carcinoma devel-
opment proposed by Vogelstein and Kinzler. The fi rst event 
is mutation of the tumour suppressor  APC , resulting in con-
stitutive activation of the Wnt pathway and the develop-
ment of crypt dysplasia and early adenoma. Subsequent 
activation of the small GTPase KRAS by mutation at 
codons 12, 13 or 61 leads to activation of the MAPK path-
way, while 18q deletion results in loss of SMAD4, a com-
ponent of the transforming growth factor- b  (TGF b ) 
pathway, leading to adenoma progression. Inactivating 
mutations in  TP53  result in progression to invasive carci-
noma. ( b ) The refi ned model encompasses subsequent data 
since the pivotal work of Vogelstein and refl ects the demon-
stration that CRC development can be broadly divided into 
two subclasses, depending on the underlying pattern of 
molecular aberrations—chromosomal instability (CIN) 

( upper fi gure ) and microsatellite instability (MSI) ( lower 
fi gure ). CIN tumours largely develop according to the sche-
matic proposed in ( a ), though further common mutations 
have been demonstrated, including inactivating mutations 
in the ubiquitin ligase  FBW7  and activating mutations in 
 PIK3CA —encoding the catalytic subunit of PI3K. MSI 
tumours result from defective mismatch repair apparatus 
and are characterised by an alternative spectrum of muta-
tions. Early lesions demonstrate Wnt pathway activation, 
while mutation in  BRAF  appears to substitute for  KRAS  
mutation in promotion of adenoma progression. Inactivating 
mutations in tumour suppressors  TGF b R2 ,  IGF2R  and 
 PTEN  characterise progression to carcinoma. It should be 
noted that both models are signifi cant oversimplifi cations—
recent work suggests CRC typically contains over ten 
driver mutations—and that many tumours demonstrate 
 features of both       
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demonstrate a different mutational spectrum and 
histological features (proximal to splenic fl exure, 
mucinous, poorly differentiated, lymphocytic 
invasion) to CIN tumours  [  36–  38  ] . The potential 
utility of CIN and MSI status in tumours as prog-
nostic and predictive markers is discussed below. 

 To summarise, recent data indicate that the 
simple model of CRC progression associated 

with predictable genetic changes requires embel-
lishment. Though tumours are characterised by 
common themes of pathway activation, tumour 
suppressor loss and acquisition of metastatic abil-
ity, there exists a substantial variation between 
tumours in the actual genes mutated. A summary 
of the commonly deregulated pathways and 
mutations is shown in Fig.  9.2 . The increased 

  Fig. 9.2    Aberrant MAPK and PI3K pathway activation in 
colorectal cancer results from mutation. The MAPK and 
PI3K-AKT pathways are essential in cellular homeostasis, 
and their activation drives colorectal carcinoma (CRC) 
development via multiple mechanisms. Binding of extracel-
lular ligand to RTKs including the epidermal growth factor 
receptor (EGFR) typically causes receptor dimerisation and 
autophosphorylation at tyrosine residues. These serve as 
docking moieties for adaptor proteins including GRB2 and 
the regulatory p85 subunit of PI3K (not shown). Though 
precise mechanisms vary, these typically act to recruit sub-
strates to the plasma membrane where they are activated. In 
the case of the MAPK pathway, membrane localisation of 
the small GTPase KRAS by the GRB2-SOS complex causes 
it to exchange GDP for GTP, converting it from its inactive 
to active form. Activating  KRAS  mutations occur in 40% of 
CRC and abrogates the GTPase activity of KRAS, rendering 
it constitutively “switched on.”    BRAF is a serine–threonine 
kinase immediately downstream of KRAS and is mutated in 
10% of CRC, particularly in MSI tumours.  BRAF  mutations 
substitute for  KRAS  mutation in activating the MAPK path-
way, and the two events appear mutually exclusive. 
Downstream of BRAF, MEK and ERK activation leads to 

changes in transcriptional regulators such as Fos, Jun and 
EGR1 with net result of increased cellular proliferation, 
growth and migration. The PI3K pathway is also activated 
by RTKs via p85 recruitment, which causes the p110 a  sub-
unit of PI3K to phosphorylate the membrane lipid phos-
phatidylinositol-4,5-bisphosphate (PIP2) at the 3 ¢  position 
to generate phosphatidylinositol-3,4,5-trisphosphate (PIP3). 
By removal of the 3 ¢  phosphate from PIP3, the tumour sup-
pressor PTEN catalyses the reversal of this reaction. PIP3 
recruits the serine–threonine kinase AKT to the plasma 
membrane, where it activated and proceeds to phosphory-
late multiple substrates. Sequential phosphorylation events 
downstream of AKT include activation of mTOR, a key 
regulator of cell growth, activation of glycolytic pathways 
and inactivation of multiple anti-apoptotic proteins. The 
PI3K pathway is activated in the majority of CRC by mul-
tiple mechanisms, including activating mutations in 
 PIK3CA , loss of PTEN and mutation in the ubiquitin ligase 
 FBW7 . Approximate mutational frequencies are indicated 
for pathway intermediates (PTEN is also silenced by pro-
moter methylation). It should be noted that extensive cross-
talks and feedbacks exist between the MAPK and PI3K 
(and additional) pathways, not shown for reasons of space       
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knowledge of the molecular biology of CRC 
has provided many new therapeutic targets, of 
which some have been successfully validated, as 
discussed below.    

   Current Standard of Care 
and Novel Biotargets 

   Multimodality Management 
of Colorectal Cancer 

 The management of CRC is multimodal and opti-
mum therapy is determined by the tumour stage. 
Surgery to remove the primary tumour and drain-
ing lymph nodes is the only treatment required in 
stage I and low-risk stage II disease, and resection 
followed by adjuvant chemotherapy is generally 
recommended for high-risk stage II and all stage 
III tumours  [  39  ] . Although historically, patients 
with stage IV disease were managed with pallia-
tive chemotherapy alone, an expanding indication 
for surgery is the removal of hepatic metastases, 
which permits 5-year survival rates of 20–30% in 
appropriately staged patients  [  40,   41  ] . Radiotherapy, 
though seldom used in management of colonic 
tumours, is an essential component of rectal 
tumour therapy either delivered as a short course 
prior to surgery or as a longer fractionation sched-
ule combined with chemotherapy  [  42  ] .   

   Chemotherapy in CRC 

   Metastatic CRC 

 The median survival of stage IV CRC with no 
treatment is less than 7.5 months  [  43  ] . Early clin-
ical trials of chemotherapy in metastatic CRC 
(mCRC) demonstrated that 5-fl uorouracil (FU), 
combined with leucovorin (LV), which improves 
fl uorouracil (FU) response rate through modula-
tion of thymidylate synthetase activity resulted in 
the extension of survival by a median of 3.7 
months  [  44  ] .    Irinotecan is an inhibitor of topoi-
somerase I, an enzyme required for the unwind-
ing of DNA prior to replication or repair, and has 
activity in FU-refractory CRC. In a pivotal clinical 

trial for fi rst-line therapy of mCRC, the addi-
tion of irinotecan to FU (FOLFIRI) was shown to 
improve response rate (RR) (39% vs. 21%, 
 P  < 0.001) and extend median overall survival 
(OS) (14.8 vs. 12.6 months,  P  = 0.04) compared 
to FU alone  [  45  ] . Another agent with anti-tumour 
activity in FU-refractory CRC is oxaliplatin, a 
third-generation platinum that mediates cytotox-
icity though addition of platinum adducts to 
DNA. Oxaliplatin improved RR (50.7% vs. 
22.3%;  P  = 0.0001), progression-free survival 
(PFS) (median, 9.0 vs. 6.2 months;  P  = 0.0003) 
and OS (median, 16.2 vs. 14.7 months;  P  = 0.12) 
when combined with FU (FOLFOX) in fi rst-line 
therapy for advanced CRC compared to FU alone 
 [  46  ] . The clinical benefi t of the addition of oxali-
platin and irinotecan to the therapeutic armamen-
tarium is refl ected in the improved overall 
survival of patients with stage IV CRC treated 
with all three drugs when compared with patients 
who were not able to receive such therapy  [  47  ] . 
Capecitabine (Xeloda™) is an oral fl uoropyrimi-
dine with at least equivalent effi cacy to bolus FU 
in mCRC as monotherapy  [  48  ]  or in combination 
with oxaliplatin (XELOX)  [  49  ] . It provides a 
convenient alternative to intravenous FU and has 
been widely adopted in clinical practice. Response 
rates and overall survival have been further 
improved, albeit modestly by the addition of tar-
geted therapies to the above regimens in the last 
decade, as described below.  

   Adjuvant Therapy 

 The benefi t of adjuvant chemotherapy in stage III 
disease was demonstrated in pivotal clinical trials, 
which showed that FU treatment reduced the 
absolute risk of disease relapse by approximately 
15%  [  50  ] . The activity of irinotecan and oxalipla-
tin in the metastatic setting led to their evaluation 
in adjuvant therapy of stage II and III disease. 
Results were mixed; while the addition of oxalip-
latin to FU-based therapy led to signifi cant 
improvement in disease-free survival (DFS) and 
OS  [  51,   52  ] , combination of irinotecan and FU 
failed to demonstrate superiority over FU alone 
in several large studies  [  53,   54  ] . Though the benefi ts 
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of adjuvant therapy in stage II disease are smaller, 
the QUASAR trial demonstrated that FU-based 
therapy resulted in a 3.6% absolute benefi t in sur-
vival compared to observation  [  55  ] . Subsequent 
data indicate that the addition of oxaliplatin to 
FU in stage II disease does not signifi cantly 
improve this benefi t, though the study was not 
powered for this analysis  [  51  ] . As in the meta-
static setting, capecitabine can be substituted for 
FU monotherapy  [  56  ]  and may be combined with 
oxaliplatin  [  57  ] .   

   Novel Targets in CRC 

   Vascular Endothelial Growth Factor 

 Like other solid tumours, CRC is reliant on the 
development of new vasculature to maintain cel-
lular viability and was therefore a logical target 
for antiangiogenic therapy. Bevacizumab 
(Avastin®), is a monoclonal antibody that targets 
vascular endothelial growth factor (VEGF)—an 
extracellular ligand that promotes angiogenesis 
and endothelial cell survival  [  58  ] . In a large phase 
III clinical trial, the addition of bevacizumab to 
FOLFIRI as fi rst-line therapy of mCRC was 
associated with substantial improvement in PFS 
(10.6 vs. 6.2 months,  P  < 0.001) and OS (20.3 vs. 
15.6 months,  P  < 0.001)  [  59  ] . Following these 
results, bevacizumab was widely adopted as part 
of fi rst-line therapy for mCRC. Subsequent stud-
ies combining bevacizumab with FOLFOX or 
XELOX either as fi rst-line therapy or following 
FOLFIRI also demonstrated improvements in 
PFS and OS  [  60,   61  ] , though the OS improve-
ments of 6–8 weeks were modest compared to 
the pivotal FOLFIRI trial. Unfortunately, despite 
effi cacy in the metastatic setting, the addition of 
bevacizumab to FOLFOX for adjuvant therapy in 
the NSABP C-08 trial did not translate into 
improved 3-year DFS (77.4% vs.75.5%  P  = NS) 
 [  62  ] . Additionally, the AVANT study, though as 
yet unpublished, was discontinued early by the 
data monitoring committee due to lack of effi -
cacy  [  63  ] .  

   Epidermal Growth Factor Receptor 

 The epidermal growth factor receptor (EGFR) is 
a cell surface receptor tyrosine kinase expressed 
on epithelial cells, including CRC cells. Activation 
of EGFR by ligand binding induces a cascade of 
downstream phosphorylation events through the 
MAPK and PI3K pathways (Fig.  9.2 ). The result-
ing changes in gene transcription, protein locali-
sation and protein activity act in concert to 
promote cell division, cell growth and cell sur-
vival  [  64  ] . Cetuximab and panitumumab are 
monoclonal antibodies that target the EGFR 
extracellular domain, and both have proven effi -
cacy in advanced CRC. Several RCTs have dem-
onstrated signifi cant benefi t from cetuximab or 
panitumumab treatment either as monotherapy 
 [  65,   66  ]  or in combination with cytotoxics 
 [  67–  69  ] . Notably, response to therapy in these 
studies was not correlated with EGFR expression 
 [  70  ] —highlighting the need for alternative bio-
markers predictive of response. In light of the 
encouraging data in advanced disease, anti-EGFR 
therapy in the adjuvant setting was examined in a 
recently reported study. Disappointingly, the 
addition of cetuximab to FOLFOX chemotherapy 
showed a trend to inferiority to FOLFOX alone 
 [  71  ] . Thus, EGFR targeting cannot be recom-
mended following resection of localised disease. 
The reasons for these discordant results are pres-
ently unclear, though they may refl ect disparate 
biology of micro- and macrometastases.  

   Other Emerging Targets 

  PIK3CA , which encodes the catalytic subunit of 
PI3K, is activated by mutation in 13% of CRC 
 [  72  ] . This results in activation of the PI3K-AKT 
pathway and increased sensitivity to PI3K inhibi-
tion  [  73  ] . Several compounds targeting PI3K 
have been developed and are presently in early-
phase clinical trials with promising results  [  74  ] . 
BRAF is a serine–threonine kinase downstream 
of KRAS and is mutated in approximately 10% 
of CRC  [  75,   76  ] . This mutation—a substitution 
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of glutamic acid for valine at residue 600 
(V600E)—results in a constitutively active protein 
with downstream pathway activation. Recently, 
PLX4032, an inhibitor of mutated BRAF, has 
shown remarkable activity in metastatic mela-
noma  [  77  ] . An early trial of PLX4032 in BRAF 
V600E mutant pre-treated mCRC has demon-
strated a more modest benefi t (3.7 month PFS), 
though this remains a target worthy of further 
validation in the clinic  [  78  ] . Insulin-like growth 
factor receptor-1 (IGF1R) mediates signalling 
from insulin-like growth factors (IGF1 and 
IGF2). IGF1R is overexpressed in many solid 
tumours and is an emerging therapeutic target in 
breast and ovarian cancers  [  79  ] . Unfortunately, a 
phase II study of an anti-IGF1R monoclonal anti-
body in cetuximab-/panitumumab-refractory 
CRC demonstrated no anti-tumour activity  [  80  ] . 
Identifi cation of additional therapeutic targets in 
CRC is the focus of intensive investigation.  

   Biomarkers in Clinical Practice 

 The generally accepted defi nition of a biomarker is 
a measurable variable that either varies categori-
cally (present or absent) or continuously (low level 
to high level). Our defi nition in this chapter is 
broad—it may be a single biomarker with prognos-
tic or predictive import or a multivariable predic-
tion model (such as DNA microarray data). Broadly, 
biomarkers can be divided into three categories:
    1.    Prognostic biomarkers 

 This is a biomarker, the level of which has 
implications for patient outcome independent 
of the treatment used.    

    2.    Predictive biomarkers 
 These comprise biomarkers’ presence or 
absence or the relative level of which predicts 
response to therapy. If therapy is universally 
used, then a predictive biomarker will also 
have prognostic import.    

    3.    Biomarkers correlating with treatment response 
 This is a measurable substance, the levels of 
which correlate with response to therapy. The 
commonest example in CRC is the use of 
serum carcinoembryonic antigen (CEA) to 

monitor disease burden in response to palliative 
chemotherapy.     
 Though prognostic and predictive biomarkers 

have been the subject of many published papers, 
unfortunately, the majority of studies are small 
retrospective studies with poorly defi ned proto-
cols for sample collection and analysis. These 
studies have a high risk of bias and false-positive 
results. In view of these diffi culties, guidelines 
for assessing the level of evidence (LOE) for 
biomarkers have been published  [  81  ]  as sum-
marised below: 

 Categories that constitute levels of evidence 
determination for biomarker studies (from Simon 
et al.  [  81  ] ):
    A    Prospective, controlled trial designed to 

address tumour marker. Specimens collected, 
processed and assayed in real time. Study 
powered to answer tumour marker question.  

    B    Prospective trial not designed to address 
tumour marker, but incorporating tumour 
marker utility. Specimens collected, pro-
cessed and archived prospectively using 
generic SOPs. Assayed after trial completion. 
Study powered to answer therapeutic ques-
tion, but not marker question.  

    C    Prospective observational registry, treatment and 
follow-up not dictated. Specimens collected, 
processed and archived prospectively using 
generic SOPs. Not prospectively powered.  

    D    No prospective aspect to study. Specimens 
collected, processed and archived with no 
SOPs. Not prospectively powered.     

 Though it is preferable that it is subsequently 
confi rmed, validation of a category A study is not 
required to obtain Level I evidence, while cate-
gory B studies require validation to become LOE 
I and merit incorporation of results into clinical 
practice. Category B studies without validation 
and validated category C studies both fall into 
LOE II, while category C studies without valida-
tion merit LOE III. Category C studies are 
unlikely to change practice in the absence of 
strong supporting data. Category D studies are 
very likely to be due to the play of chance, are 
assigned LOE IV or V, and are hypothesis gener-
ating rather than practice changing.   
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   Biomarkers in CRC: An Unmet Need 

 Despite accurate staging, CRC remains a hetero-
geneous disease, with 5-year survival varying 
from 72% to 83% in stage II disease and 44% to 
83% in stage III disease  [  21  ] . Adjuvant chemo-
therapy reduces risk of relapse by 3–5% and 
12–15% in stage II and III disease, respectively. 
However, most patients who receive treatment 
fail to benefi t from therapy, while all are exposed 
to the toxicities and suffer the inconvenience of 
treatment. Stage II disease, in particular, provides 
an illustrative example of the need for improved 
predictors of outcome. Typically, patients with 
high-risk features (T4 tumour, vascular and lym-
phatic invasion, high tumour grade) are offered 
chemotherapy. Even with an optimistic estima-
tion of therapeutic effi cacy, 19 of every 20 such 
patients gain no benefi t, as their disease was low 
risk and cured by surgery alone, or inherently che-
motherapy resistant. The availability of accurate 
prognostic biomarkers would spare the former 
group chemotherapy, while predictive biomarkers 
would identify the latter group, enabling either 
omission of therapy or the use of an alternative 
regimen. Improved prognostic and predictive 
markers would also assist in individualising ther-
apy for patients with stage III and IV disease. 

 A particularly important area is the identifi ca-
tion of biomarkers that predict response to targeted 
therapies. These may be as simple as the presence 
of the target on or within the cell (e.g. overexpres-
sion of the HER2 receptor and benefi t from trastu-
zumab in breast cancer) or the presence or absence 
of mutations—for instance, detectable aberrations 
downstream of the agent that interfere with thera-
peutic effect. The pressing need for these is under-
lined by the relatively modest clinical benefi ts 
associated with targeted therapies and their high 
cost compared to conventional cytotoxics.  

   Current and Emerging 
Biomarkers in CRC 

 Some biomarkers, such as the CEA tumour 
marker are long established in clinical practice, 
while others, such as  KRAS  mutation testing for 

prediction of response to anti-EGFR therapy, 
have entered use more recently. Yet other bio-
markers remain unvalidated or demonstrate 
mixed results in studies. Here, we summarise 
the current status of established and emerging 
biomarkers, together with the LOE underlying 
their use. As previously discussed, distinction 
must be made between prognostic markers—
which predict relapse or progression indepen-
dent of future treatment effects and predictive 
markers—which predict response or resistance 
to a particular therapy  [  82,   83  ] . As several prog-
nostic biomarkers also have predictive signifi -
cance, the two are combined in the following 
section.  

   Tumour-Associated Proteins 

   CEA 

 CEA is a mucoprotein that is secreted by CRC 
cells and detectable within the serum. Although 
the specifi city of CEA for CRC is high, its sen-
sitivity is low, and therefore, CEA is not rec-
ommended by the American Society of Clinical 
Oncology (ASCO) or the European Group on 
Tumour Markers (EGTM) for screening of 
CRC  [  84  ] . However, measurement of CEA 
prior to resection of primary disease is recom-
mended by ASCO and EGTM as it provides 
prognostic information independent of other 
variables  [  85,   86  ]  and acts as baseline for sub-
sequent assay  [  84,   87  ] . CEA levels prior to 
resection of liver metastases were also shown 
to be prognostic for risk of relapse in two large 
case series  [  88,   89  ] , while a further study dem-
onstrated that CEA of <30 ng/mL before resec-
tion of liver metastases was associated with 
median survival of 34.8 months, while patients 
with CEA > 30 had median survival of 22 
months  [  90  ] . 

 Regular determination of CEA is also recom-
mended in follow-up of patients following resec-
tion of CRC  [  84,   87  ]  as a sensitive and 
cost-effective indicator of recurrence  [  91–  94  ] . 
CEA provides no indication of the likelihood of 
tumour response to therapy and, therefore, has no 
value as a predictive marker.   
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   Tumour DNA Repair and 
Chromosomal Instability 

   Mismatch Repair/Microsatellite 
Instability 

 MSI is defi ned as instability in at least two of fi ve 
microsatellite markers within the tumour  [  95  ] . 
An association between MSI and favourable 
prognosis has been detected in several ran-
domised clinical therapeutic trials (RCTs)  [  96–
  98  ]  and confi rmed in a meta-analysis comprising 
7,642 patients, 1,277 of whom had MSI tumours. 
This demonstrated conclusively that patients with 
MSI tumours have better overall survival than 
those with microsatellite stable (MSS) tumours, 
with hazard ratio for death of 0.65 (95%; CI 
0.59–0.71)  [  99  ] . Thus, defective MMR is a con-
fi rmed prognostic marker in CRC. 

 Incorporation of FU metabolites into DNA 
resulting in FU/G mispairs is one of the mecha-
nisms by which the drug exerts its effects. These 
can be recognised and repaired by profi cient 
MMR machinery  [  100,   101  ] . Of four prospective 
RCTs comparing adjuvant FU with no chemo-
therapy, two found that chemotherapy benefi t 
was limited to patients with MSI-L or MSS 
tumours  [  102,   103  ] , while two found no differ-
ence in outcome by tumour MSI status  [  96,   104  ] . 
Provocatively, both the meta-analysis referred to 
above and more recent meta-analyses have found 
no evidence of benefi t from adjuvant FU chemo-
therapy in patients with MSI tumours, though 
small numbers and methodological heterogeneity 
limit fi rm conclusions  [  99,   105,   106  ] . However, 
patients with microsatellite unstable advanced 
CRC respond to FU chemotherapy  [  107,   108  ] , 
and currently, the ability of microsatellite insta-
bility to predict FU effi cacy is unclear. Further 
complication is created by the incorporation of 
oxaliplatin and irinotecan into treatment regi-
mens, as preclinical and clinical data indicate that 
sensitivity to these agents is unaffected by pertur-
bations in MMR apparatus  [  109–  111  ] . 
Interestingly, a recent subgroup analysis of the 
CALGB 89803 adjuvant trial demonstrated 
improved outcome in patients with MSI-positive 
resected stage III CRC treated with FOLFIRI 

compared to patients with MSS tumours  [  112  ] . 
This difference was not seen in patients who 
received FU. These interesting results merit pro-
spective investigation. 

 The Eastern Cooperative Oncology Group 
(ECOG) E5202 trial (ClinicalTrials.gov Identifi er: 
NCT00217737) selects patients with resected 
stage II CRC according to MSI status and 18q 
loss of heterozygosity (LOH) (see below). 
Patients with MSI tumours without LOH are 
managed with observation alone. This trial has 
completed accrual and will provide valuable 
information of the safety of omission of chemo-
therapy in this patient group. 

 The 2006 ASCO panel on colorectal tumour 
markers concluded that although evidence sug-
gested a favourable prognosis in MSI CRC com-
pared to MSS, current data were insuffi cient to 
recommend the use of MSI status as a prognostic 
or predictive marker  [  84  ] . However, based upon 
the available current evidence, MSI is clearly a 
prognostic biomarker, though its potential role as 
a predictive biomarker requires clarifi cation.  

   Chromosomal Instability 

 Chromosomal instability (CIN) is usually defi ned 
as loss and gain of chromosome complement, or 
structural changes in chromosomes, and is typi-
cally measured by fl ow cytometry. The 2006 
ASCO tumour marker guidelines recommended 
that tumour aneuploidy could not be recom-
mended for prognostication of CRC  [  84  ] . 
Subsequently, a meta-analysis of 10,126 patients 
in 63 studies has demonstrated unequivocally 
that CIN is a poor prognostic factor in CRC  [  113  ] . 
CIN was detected in 60% of CRC and was asso-
ciated with HR for death of 1.45 (95%; CI of 
1.35–1.55,  P  < 0.001). The effect was present in 
both stage II and III disease and independent of 
adjuvant FU therapy  [  113  ] . 

 CIN results in tumour heterogeneity and rapid 
mutation which could predict for early selection 
of resistant clones in response to anti-neoplastic 
therapy  [  114  ] . CIN is associated with multidrug 
resistance in colorectal cell lines, and analysis of 
informative studies of adjuvant FU is consistent 
with reduced benefi t from therapy in CIN-positive 
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tumours  [  115  ] . However, prospective data link-
ing CIN with decreased therapeutic effi cacy are 
currently lacking.  

   Chromosome 18q Deletion 

 Deletions of the long arm of chromosome 18 are 
common in CRC  [  25  ]  and have been associated 
with poor prognosis  [  116  ] . 18q loss can be 
detected either by loss of heterozygosity for poly-
morphic markers  [  97  ]  or loss of DCC protein by 
IHC  [  117  ] . In addition to DCC, a netrin receptor 
involved in apoptosis, other candidate tumour 
suppressors on 18q include the transcription fac-
tor  SMAD4  and  SMAD22 . However, the above 
data are confounded by the association of 18q 
deletion as a marker of CIN, rather than an inde-
pendent prognostic variable. 18q loss was used in 
ECOG E5202 to stratify patients into the poor-
risk group who received adjuvant therapy—the 
results from this study should indicate whether 
prognosis in patients with stage II disease and 
retained 18q is suffi ciently good to be spared 
chemotherapy. 

 Data on 18q loss as predictor of adjuvant che-
motherapy benefi t are confl icting; studies have 
suggested that compared with patients with 
18q-positive tumours, outcomes are improved 
 [  118  ] , no difference  [  96  ]  or worse  [  98  ] .    Thus, 
conclusions regarding the prognostic and predic-
tive role of 18q loss are limited by confounding 
from CIN and the variable methodology used 
between studies. 18q loss is not currently recom-
mended for either by the ASCO guidelines  [  84  ] .   

   Tumour Apoptosis 

   P53 

  TP53  is the most commonly mutated tumour sup-
pressor in human cancer (  http://www-p53.iarc.
fr/    ). The incidence of  TP53  mutations in CRC is 
approximately 40–50%  [  119  ] , and it is thought to 
be a late event in adenoma to carcinoma transi-
tion  [  120  ] . Unfortunately, despite over 100 
research papers involving over 18,000 patients 

purporting to determine the prognostic effect of 
 TP53  mutation, no fi rm conclusions can be drawn 
from the systematic reviews of the literature  [  121, 
  122  ] . One systematic review showed that patients 
with abnormal TP53 measured either by immu-
nohistochemistry or mutation were at increased 
risk of death with relative risk of 1.32 (95%; CI 
1.23–1.42) and 1.31 (95%; CI 1.19–1.45), respec-
tively  [  122  ] . This study also suggested that the 
risk associated with abnormal TP53 was greater 
in patients at lower risk of relapse. However, 
studies were heterogeneous, and TP53 status is 
not presently recommended in prognostication by 
most authorities  [  84  ] . The largest meta-analysis 
showed no effect of TP53 status on benefi t from 
chemotherapy  [  122  ] .   

   Tumour Proliferation 

   Ki67 Proliferative Index 

 A number of studies have assayed the role of 
CRC proliferative index in prognostication. 
Results are mixed; of ten studies using fl ow 
cytometry identifi ed by the 2006 ASCO guide-
lines, fi ve found that the percentage of cells in S 
phase was an independent prognostic factor, and 
fi ve did not  [  84  ] . Thus, proliferative index in pri-
mary CRC cannot be recommended as prognos-
tic at present.   

   Tumour Signalling Transduction 

 Like many other malignancies, activation of the 
MAPK and PI3K-AKT pathways due to muta-
tion of multiple intermediates is near universal in 
CRC. Consequently, the prognostic and predic-
tive import of these mutations has been the sub-
ject of intensive study. 

   EGFR 

 EGFR is the cell surface receptor for extracellu-
lar ligands from the neuregulin family  [  64  ]  and is 
the target of the monoclonal antibodies cetuximab 

http://www-p53.iarc.fr/
http://www-p53.iarc.fr/
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and panitumumab. EGFR is overexpressed in 
40–80% of CRC, and overexpression generally 
appears to correlate with poor prognosis, though 
as studies are small and retrospective, the poten-
tial for publication bias is high  [  123–  128  ] . Data 
linking an R497K polymorphism in EGFR—
which results in decreased ligand binding and 
downstream pathway activation—to improved 
outcome require validation  [  129  ] . 

 Interestingly, despite predictions, cetuximab 
effi cacy does not correlate with levels of  EGFR  
expression  [  66,   67,   130  ] . While increased  EGFR  
copy number does correlate with response to 
EGFR targeting  [  131–  134  ] , its predictive ability is 
not suffi cient to recommend its use as a biomarker 
at present  [  135  ] . Additionally, in contradistinction 
to non-small cell lung cancer,  EGFR  mutations do 
not predict anti-EGFR effi cacy in CRC  [  136  ] . 
Recent retrospective data suggest that an  EGFR  
A61G polymorphism may correlate with cetux-
imab effi cacy in  KRAS  wild-type tumours, with 
increased response rate and overall survival in A/G 
heterozygote patients compared to homozygotes 
 [  137  ] , though these data require confi rmation. 

  EGFR  overexpression cannot currently be 
recommended in prognostication and has no role 
in predicting cetuximab effi cacy. The prognostic 
and predictive value of  EGFR  polymorphisms 
requires prospective validation.  

   KRAS 

 Point mutations in  KRAS  at codons 12, 13 and 61 
occur in 30–40% of CRCs and are an early event 
in the adenoma–carcinoma sequence  [  75,   138  ] . 
These result in abrogation of KRAS GTPase 
activity with constitutive activation of the protein 
and downstream MAPK and PI3K-AKT path-
ways  [  139  ] . 

 The role of  KRAS  mutations in CRC prognosis 
has been extensively investigated with mixed 
results. Though a large early study suggested that 
 KRAS  mutation is associated with poorer out-
come, this fi nding was restricted to the G12V 
substitution and stage III disease only  [  138  ] . 
Although a subsequent study has also linked 
 KRAS  mutation with poor prognosis  [  140  ] , several 

large RCTs have found no correlation with survival 
 [  33,   121,   141,   142  ] . Thus, presently, there is no 
clear evidence that  KRAS  mutation is an indepen-
dent prognostic factor in CRC, though emerging 
data suggest that it may predict for lung metasta-
ses at relapse  [  143  ] . 

  KRAS  mutations are predicted to cause consti-
tutive activation of downstream pathways irre-
spective of RTK activation. Consequently, 
therapeutic approaches targeting RTKs may be 
futile in the presence of  KRAS  mutation. 
Conclusive demonstration that this is the case for 
the anti-EGFR monoclonal antibodies cetuximab 
and panitumumab in CRC has been provided by 
several RCTs  [  68,   69,   144–  147  ] . In a recent sys-
tematic review, anti-EGFR therapy in patients 
with  KRAS  mutant tumours was shown to confer 
no signifi cant benefi t in progression-free or over-
all survival, in contrast to patients with  KRAS  
wild-type tumours, in whom anti-EGFR treat-
ment resulted in signifi cant improvement in both 
parameters  [  148  ] .  KRAS  mutation is a highly spe-
cifi c negative biomarker of response to anti-
EGFR therapy (specifi city 93%), though its 
sensitivity is limited (47%), indicating the exis-
tence of additional resistance mechanisms  [  149  ] . 
Consequently,  KRAS  mutation testing is indicated 
for all patients being considered for anti-EGFR 
therapy  [  150  ] . Interestingly, a small number of 
patients with  KRAS- mutated tumours respond to 
anti-EGFR therapies, possibly due to the particu-
lar codon or residues substituted  [  145,   151  ] . 
Though this does not affect current guidelines, 
further research is warranted.  KRAS  mutation 
does not predict response to cytotoxic therapy in 
the absence of anti-EGFR agents  [  152  ] .  

   BRAF 

 BRAF is a serine–threonine kinase directly 
downstream of KRAS in the MAPK pathway. 
Mutations in  BRAF , almost universally a valine 
to glutamic acid substitution at residue 600 
(V600E), activate the MAPK pathway and are 
mutually exclusive with  KRAS  mutation  [  32,   76  ] . 
 BRAF  mutations are found in 5–10% of CRC 
overall, but at much higher frequency (40–60%) 
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in MSI tumours  [  75,   76,   140,   153,   154  ] .  BRAF  
mutation appears to be associated with shorter 
survival in the context of advanced disease  [  76, 
  140,   154–  157  ] , though data on MSI tumours are 
confl icting  [  156  ] . Similar to  KRAS , mutant  BRAF  
is associated with lack of response to anti-EGFR 
therapy, indicating that it may be MAPK path-
way activation that confers resistance  [  75,   158  ] . 
 BRAF  mutation (V600E) testing is likely to 
become commonplace in clinical practice over 
the coming years  [  135  ] . As discussed previously, 
although the remarkable results of targeting 
V600E mutant BRAF in melanoma have not been 
reproduced in early-phase studies of CRC, fur-
ther research is ongoing.  

   NRAS 

 NRAS is a further member of the RAS family of 
oncogenes that also functions as a signal trans-
ducer downstream of EGFR.  NRAS  mutations 
have been detected in 2–5% of CRC  [  159,   160  ] . 
Emerging data indicate that  NRAS  mutation con-
fers resistance to anti-EGFR therapy, though 
patient numbers are small  [  75  ] .  

   PIK3CA 

  PIK3CA  encodes the p100 a  catalytic subunit of 
PI3K  [  161  ] . Mutations typically occur at three 
hotspots (two in exon 9, one in exon 20) and ren-
der the protein constitutively active, resulting in 
activation of the PI3K-AKT pathway.  PIK3CA  
mutations are found in 13–15% of CRC  [  72,   75, 
  162  ] . Data on the prognostic signifi cance of 
 PIK3CA  mutation are limited, though a recent 
prospective study showed an association of muta-
tion with poor prognosis in patients who had 
undergone curative resection. Interestingly, this 
effect was stronger in patients with  KRAS  wild-
type tumours  [  162  ] . These interesting data require 
further analysis. 

 An emerging body of literature indicates that 
 PIK3CA  mutation in the context of wild-type  KRAS  
and  BRAF  is predictive of lack of response to anti-
EGFR therapy. However, data are not uniform and 

the relationship is not as strong as for  KRAS  or 
 BRAF  mutation  [  75,   163,   164  ] . Interestingly, in one 
study, only mutations in exon 20 predicted resis-
tance to anti-EGFR therapy  [  75  ] .  

   PTEN 

 PTEN is a lipid phosphatase and key negative 
regulator of the PI3K pathway.  PTEN  is mutated 
or epigenetically silenced in approximately 20% 
of CRC  [  155  ] . Data regarding the signifi cance of 
PTEN as prognostic marker are confl icting  [  144, 
  155  ] . Though results are not universal, loss of 
PTEN by IHC appears to predict lack of benefi t 
from anti-EGFR therapy  [  144,   164,   165  ] . 
Unfortunately, PTEN IHC is challenging, and 
standardisation of methodology is likely to be 
required for prospective studies in order to draw 
fi rm conclusions.  

   IGF2 

  IGF2  is an imprinted, paternally expressed 
growth factor which signals via IGF1R to acti-
vate the PI3K-AKT and MAPK pathways  [  166  ] . 
Regulation of  IGF2  expression is complex and 
involves an imprinting control region (ICR) and 
additional differentially methylated regions 
(DMRs) within the gene locus  [  167  ] . Loss of 
imprinting (LOI) of  IGF2  with biallelic expres-
sion is common in CRC and is detectable in the 
normal adjacent mucosa  [  168,   169  ] . A recent 
study has shown that  IGF2  DMR0 hypomethyla-
tion correlates with LOI and also demonstrated 
that DMR0 hypomethylation was associated with 
higher mortality in 1,033 patients in two prospec-
tive cohort studies  [  170  ] . These interesting results 
require validation in a prospective RCT.   

   Pharmacogenetics and Therapeutic 
Effi cacy 

 The three principal cytotoxic drugs used in the 
management of CRC are all metabolised with 
differing effi ciencies depending on germline 
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polymorphisms present in the population. As 
these result in varying exposure of patients to 
active drug, they may lead to differences in thera-
peutic effi cacy and toxicity. As it has been in 
clinical practice for the longest duration, most of 
the available data pertain to FU, the metabolism 
of which is complex and summarised in Fig.  9.3 . 
Most information on targeted therapies has 
focused on tumour resistance mechanisms, 
though emerging studies suggest that germline 
variants may also contribute to response.  

   Thymidylate Synthase 

 Thymidylate synthetase (TS) catalyses the forma-
tion of thymidylate, required for DNA replication 
and repair, and is thought to be the principal target 
for the main active metabolite of FU, fl uorode-
oxyuridine monophosphate (5-fdUMP). A system-
atic review and meta-analysis showed poorer 
overall survival patients with high tumour TS 
expression in both the adjuvant and metastatic set-
tings. Interestingly, the prognostic effect of high TS 

  Fig. 9.3    5-Fluorouracil metabolism and variants. 
5-Fluorouracil (FU) is converted into three principal 
active metabolites: fl uorodeoxyuridine monophosphate 
(FdUMP), fl uorodeoxyuridine triphosphate (FdUTP) 
and fl uorouridine triphosphate (FUTP). Inhibition of 
thymidylate synthetase (TS) by FdUMP is an important 
mechanism of FU action and is enhanced by the pres-
ence of the reduced folate 5,10-methylenetetrahydrofo-
late.High intratumoral concentrations of TS are 
associated with poor prognosis and decreased benefi t 
from FU. Incorporation of FdUTP into DNA also con-
tributes to cytotoxicity, though may require an intact 
mismatch repair system to detect the modifi ed base. 
Incorporation of FUTP into RNA disrupts normal pro-

cessing and function and leads to toxicity through sev-
eral mechanisms. The main mechanism of FU catabolism 
is by conversion to dihydrofl uorouracil (DHFU) via the 
action of dihydropyrimidine dehydrogenase (DPD). 
Germline variants in the DPD activity are associated 
with FU toxicity.  dTMP  deoxythymidine monophos-
phate,  dTTP  deoxythymidine triphosphate,  dUMP  
deoxyuridine monophosphate,  FdUDP  fl uorodeoxyuri-
dine diphosphate,  FUDP  fl uorouridine diphosphate, 
 FUdR  fl uorodeoxyuridine,  FUMP  fl uorouridine mono-
phosphate,  FUR  5-fl uorouridine,  OPRT  uridine mono-
phosphate synthetase,  RR  ribonucleotide reductase,  TK  
thymidine kinase,  TP  thymidine phosphorylase,  UK  uri-
dine kinase,  UP  uridine phosphorylase       
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was greatest in patients who did not receive 
chemotherapy  [  171  ] . TS expression is determined 
by germline polymorphisms—a variable tandem 
repeat in the promoter and a 6 base pair (6 bp) 
insertion and deletion polymorphism in the 3 ¢  UTR. 
Approximately one quarter of the Caucasian popu-
lation is homozygous for a double repeat (2R/2R) 
in the promoter, one quarter homozygous for a tri-
ple repeat (3R/3R) and half are heterozygous  [  172  ] . 
Although the 3R/3R repeat does not affect the level 
of TS mRNA, it is associated with signifi cantly 
higher levels of TS protein  [  173  ] . The 6-bp deletion 
polymorphism in the 3 ¢  UTR decreases mRNA sta-
bility and results in lower intratumoral TS expres-
sion  [  174  ] . Both preclinical and clinical evidence 
indicate that high TS correlates with decreased 
benefi t from FU  [  171,   172,   175,   176  ] .  

   Methyltetrahydrofolate Reductase 

 Methyltetrahydrofolate reductase (MTHFR) 
catalyses the irreversible conversion of 
5-10-methylenetetrahydrofolate (5,10-mTHF) to 
5-methyltetrahydrofolate (5-mTHF), thus reduc-
ing levels of the former, an essential cofactor in 
the conversion of deoxyuridine monophosphate 
to deoxythymidine monophosphate by TS. Two 
polymorphisms within  MTHFR  have been dem-
onstrated to have functional signifi cance: a 
C677T polymorphism associated with reduced 
enzymatic activity  [  177  ]  and increased sensitiv-
ity to FU  [  178  ]  and to a lesser degree an A1298C 
polymorphism. Though initial data suggested 
that  MTHFR  677T polymorphism was associated 
increased sensitivity to FU  [  179,   180  ] , other stud-
ies have detected no difference in outcome  [  181, 
  182  ] . Interestingly, a recent study suggests that 
favourable  MTHFR  polymorphisms predict 
response to FOLFOX in advanced CRC  [  183  ] . 
Both polymorphisms appear to predict capecit-
abine and FOLFOX toxicity  [  184,   185  ] .  

   Thymidine Phosphorylase 

 Thymidine phosphorylase (TP) catalyses the 
conversion of FU to the active metabolite FUdR. 

Data on its role as a biomarker are confl icting, 
however, as studies have suggested that high TP 
expression may either decrease  [  186  ]  or not affect 
FU activation  [  187  ] . Further complication is 
afforded by the additional function of TP in pro-
motion of angiogenesis—refl ected in its alterna-
tive name, platelet-derived endothelial cell 
growth factor  [  188–  191  ] . Though higher levels 
of TP in tumours have been associated with more 
extensive angiogenesis  [  192  ]  and poorer outcome 
 [  191,   193,   194  ] , fi rm conclusions cannot be 
drawn at present.  

   Dihydropyrimidine Dehydrogenase 

 Dihydropyrimidine dehydrogenase (DPD) is the 
principal enzyme in FU catabolism  [  195  ] . Levels 
of DPD in the population vary—3–5% of people 
are partially and 0.2% are completely DPD defi -
cient. DPD defi ciency results in the accumulation 
of active drug and is associated with FU toxicity 
 [  196  ] . However, the association of over 30 poly-
morphisms with DPD defi ciency precludes 
screening for this prior to FU therapy  [  197  ] . 
Several studies have shown an inverse correla-
tion between tumour DPD expression and sur-
vival following adjuvant FU treatment for CRC 
 [  198–  200  ] , while another study has shown that 
high FU clearance predicts poorer outcome in 
this context  [  201  ] . However, this requires 
confi rmation.  

   Oxaliplatin Sensitivity 

 Reduced sensitivity to oxaliplatin has been linked 
to decreased tumour penetration, increased 
detoxifi cation and increased removal of platinum 
DNA adducts by profi cient repair mechanisms. 
Glutathione S-transferases are a family of 
enzymes that target drugs for excretion by conju-
gation with glutathione. GSTP1 targets platinum 
derivatives, including oxaliplatin for this process. 
Polymorphisms in GSTP1—I105V and A114V—
result in decreased activity and have been associ-
ated with improved outcome and increased 
neuropathy after oxaliplatin treatment  [  202–  205  ] , 
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though other studies have shown no correlation 
with either toxicity or outcome  [  206,   207  ] . 
Enhanced removal of platinum DNA adducts by 
nucleotide excision repair (NER) machinery 
would be predicted to result in decreased thera-
peutic effi cacy. A recent systematic review of 17 
published studies comprising 1,787 patients 
showed that polymorphisms in two NER genes, 
 ERCC1  C11615T and  ERCC2  T13181G, were 
predictive of substantial reduction in oxaliplatin 
effect (HR for survival 2.03 and 1.42, respec-
tively)  [  208  ] . These interesting results require 
prospective validation.  

   Irinotecan Sensitivity 

 The active metabolite of irinotecan, SN38 is 
conjugated and detoxifi ed by UDP-glucuronosyl-
transferase (UGT1A1). The  UGT1A1  promoter is 
polymorphic, with variation in the number of 
repeats of a TATA element, with increasing repeat 
number associated with decrease in enzyme 
activity—homozygosity for the 7-repeat allele, 
referred to as  UGT1A1*28 , is associated with 
signifi cantly increased risk of toxicity from 
irinotecan, particularly at higher doses  [  205, 
  209,   210  ] . Though testing for the  UGT1A1*28  
polymorphism was approved by the FDA in 
patients prior to irinotecan therapy, use has been 
patchy, possibly as a result of the decreased tox-
icity associated with lower irinotecan doses in 
combination regimens.  

   Determinants of Response/Toxicity 
to Targeted Therapies 

 Activation of antibody-dependent cell-mediated 
cytotoxicity (ADCC) contributes substantially to 
the therapeutic effect of trastuzumab and ritux-
imab  [  211  ] . Fc g R polymorphisms modify the kill-
ing function of effector immune cells and are 
associated with tumour response in patients treated 
with these agents. Although it appears clear that 
the predominant mechanisms of resistance to anti-
EGFR monoclonal antibodies are tumour intrinsic, 
small studies have shown that Fc g R polymorphisms 

( FCGR2A -H131R and  FCGR3A -V158F) are asso-
ciated with cetuximab response  [  212,   213  ] . 
Although these interesting results suggest that 
ADCC contributes to cetuximab effi cacy, they 
require prospective confi rmation.   

   Emerging Platforms in Biomarker 
Analysis 

 Though yet to fully translate into advances in the 
clinic, high-throughput arrays and other emerg-
ing technologies provide hugely powerful plat-
forms for analysis of tumours and facilitate a shift 
from hypothesis-driven research to unbiased 
interrogation of the whole genome, transcriptome 
and proteome (Fig.  9.4 )  [  214–  217  ] . With the rap-
idly decreasing cost and increasing capacity of 
next generation sequencing, it is likely in the not 
too distant future both mutational and expression 
analysis of tumours will be feasible on an indi-
vidual patient basis  [  218  ] . The enormous amounts 
of data generated by these technologies pose sig-
nifi cant logistical and statistical challenges to 
analysis and require careful experimental design 
for accurate biomarker identifi cation and 
validation.  

   Gene-Expression Signatures 

 The fi rst published gene signature in CRC was 
published in 2004  [  219  ] . Based on analysis of 31 
relapses in 71 patients, Wang et al. proposed a 
23-gene prognostic signature as identifying 
patients likely to develop recurrent disease. 
However, validation of this set showed that this 
performed little better than chance (67% positive 
predictive value), and the same group demon-
strated in a larger cohort that a reduced signature 
of seven genes performed better in an enlarged 
patient cohort  [  220  ] . Further small studies have 
also generated prognostic signatures in stage II 
and III CRC  [  221,   222  ] . Escherisch et al. analysed 
adenomas and stage II–IV CRC by microarray. 
They generated a 43-gene signature that was 
superior to TNM staging in prediction 36-month 
overall survival and validated this in an  independent 
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cohort of 95 patients  [  223  ] . However, again, this 
awaits large-scale validation. 

 Recently, O’Connell et al. have published a 
recurrence score generated from 1,851 formalin-
fi xed, paraffi n-embedded tumour samples from 
patients with stage II/III CRC enrolled in NSABP 
adjuvant trials C-01/C-02/C-04/C-06 and a 
cohort of untreated patients from the Cleveland 
Clinic. They performed reverse transcriptase 
quantitative PCR (RT-qPCR) for 761 candidate 
genes and found 48 genes signifi cantly associ-
ated with recurrence and 66 predictive of FU 
benefi t  [  224  ] . From these, they selected seven 
recurrence genes, six FU-benefi t genes and fi ve 
internal reference genes, and validated them in 
1,436 patients with stage II CRC from the 
QUASAR trial. This 12-gene recurrence signature 
(commercially available as Onco type  DX ®) 

predicted recurrence risk ( P  = 0.004) and retained 
signifi cance ( P  = 0.008) in multivariate analysis 
independent of MSI status, T-stage, tumour grade 
and lymphovascular invasion  [  225  ] . This recur-
rence score has also been shown to be prognostic 
in stage III disease  [  226  ] . Another group analy-
sed fresh frozen tissue from 188 patients with 
stage I–IV CRC by microarray and generated an 
18-gene signature (ColoPrint®). This was then 
validated in an independent dataset or 206 
tumours. Classifi cation of patients into low and 
high risk by the signature correlated with 5-year 
relapse-free survival of 87.6 and 67.2%, with 
hazard ratio of 2.5 (95% CI, 1.33–4.73; 
 P  = 0.005), and the signature retained signifi -
cance in multivariate analysis (HR = 3.34; 
 P  = 0.017)  [  227  ] . The PARSC trial seeks to com-
pare the ColoPrint® signature with current 

  Fig. 9.4    High-throughput methodologies in colorectal 
cancer. Emerging platforms in the diagnosis and investiga-
tion of CRC include assays of change in genetic sequence, 
gene expression and protein expression. Most advanced in 
clinical development are gene-expression signatures 
(Onco type  DX®, ColoPrint®), which use either RT-qPCR 
or microarray technology to assay the relative expression of 
hundreds to thousands of genes within tumour samples. By 
generation of prognostic and predictive signatures, these 
seek to enable individualised therapy by stratifi cation of 
patients according to risk of relapse and likelihood of benefi t 

from therapy. The rapid progress in sequencing technology 
is likely to permit the mutational analysis of tumours in the 
next few years, while RNAseq combines expression analy-
sis with mutational detection of the transcriptome. Genome-
wide association studies (GWAS) have been used to identify 
single nucleotide polymorphisms (SNPs) that confer 
increased risk of developing CRC and, more recently, to 
predict outcome. Proteomics provides several powerful 
platforms for tumour analysis, including high-throughput 
immunohistochemistry (IHC) via tissue microarrays 
(TMA) and mass-spectrometric approaches       
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prognostic factors in prediction of relapse in 
patients with resected stage II CRC and is cur-
rently recruiting  [  228  ] . However, practically 
speaking, the collection and storage of good 
quality fresh frozen tissue that is viable for 
this screening assessment is a huge challenge. 
A 33-gene signature has been generated from 
the NSABP C-07 trial using Illumina arrays 
and division of the study population into 
equally sized training and validation subsets. 
Classifi cation of patients into low- and high-risk 
groups by the index predicated recurrence at 5 
years (82.6% disease free vs. 64.3% disease free, 
 P  < 0.001). Notably, the authors demonstrated 
that although the relative benefi t from the addi-
tion of oxaliplatin to FU was similar in both risk 
categories, the absolute risk reduction from com-
bination therapy was small enough in the low-
risk group to be of questionable benefi t  [  229  ] . 
These interesting results await further validation. 

 High-throughput platforms have substantial 
promise in the identifi cation of patients likely to 
benefi t from individual therapies, though this 
remains challenging due to the large sample sizes 
required in studies. In addition to the 6-gene FU 
benefi t signature predictor referred to above, small 
studies have attempted to generate signatures pre-
dictive of therapeutic response. A small study gen-
erated a 14-gene signature predictive of FOLFIRI 
response in mCRC by microarray profi ling of 
snap-frozen tissue  [  230  ] . Though this identifi ed all 
responding patients, the study lacked an indepen-
dent validation set, and, therefore, requires confi r-
mation. Microarray analysis has also been used to 
predict response to cetuximab  [  231  ] , and interest-
ingly, the response signature overlaps signifi cantly 
with the KRAS mutation signature  [  232  ] .  

   Genome-Wide Association Studies 

 SNP array-based genome-wide association stud-
ies (GWAS) have proven a powerful platform for 
the discovery of CRC susceptibility loci  [  5,   6  ] . 
Functional SNPs in genes encoding kinases and 
cell cycle-associated proteins may be predicted 
to alter tumour phenotype and thus outcome. 
Though large numbers are required to gain suffi -

cient power to detect modifi ers, one study in CRC 
has been reported in abstract form. In this, samples 
from 947 patients with stage II/III CRC were 
typed at 309,200 SNPs and analysed by Cox 
regression. Thirty-three SNPs were further anal-
ysed in three additional patient cohorts compris-
ing 2,213 patients. In the fi nal meta-analysis, one 
SNP met the signifi cance level. This polymor-
phism, located near a gene that regulates cell 
motility and invasion conferred an HR for relapse 
of 1.46 (95%; CI 1.10–1.94)  [  233  ] . Based upon 
this analysis, it is unlikely that SNPs conferring 
HR > 2.0 exist, though further studies may defi ne 
lower risk loci.  

   Proteomics 

 Proteomics provides a powerful platform for the 
simultaneous analysis of multiple tumour-associ-
ated proteins. Mass spectrometry may be per-
formed on serum or primary tumour tissue, and 
antibody-based approaches include IHC and 
reverse-phase protein array (RPPA). With the 
exception of IHC, methodologies are in a rela-
tively early stage of development. Small studies 
using mass spectrometry have demonstrated 
characteristic tumour-associated and serum sig-
natures  [  234,   235  ]  that have promise in early 
CRC diagnosis. However, these require valida-
tion in large prospective studies. The advent of 
tissue microarrays (TMA) and automated image 
analysis enables high-throughput analysis of 
tumour protein expression  [  236  ] . These technolo-
gies have been utilised in CRC to demonstrate 
that intratumoral T-cell infi ltration is associated 
with favourable prognosis, with superior prog-
nostic value than TNM staging  [  237,   238  ] . The 
same group have recently published an additional 
retrospective study confi rming these results 
 [  239  ] , and this fi nding merits prospective confi r-
mation. RPPA enables evaluation of pathway 
activation by quantifi cation of phosphoproteins 
within tumours and has been utilised in CRC in 
small studies  [  240,   241  ] . 

 While incorporation of proteomic analysis of 
tumours into routine clinical practice is unlikely 
to occur within the next few years, the technology 
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has substantial promise to contribute to CRC 
detection and management in the future.   

   Conclusions 

 The duration for which validated biomarkers 
have been clinically utilised in CRC varies from 
greater than three decades in the case of CEA to 
less than 5 years for  KRAS  mutation testing. 
During this period, myriad other biomarkers have 
been postulated in small, retrospective studies, 
without confi rmation in larger retrospective or 
prospective cohorts. This emphasises the 
requirement for evaluation of biomarkers in well-
designed prospective clinical trials, where the 
potential for bias is minimised. Several approaches 
have been postulated to incorporate biomarker 
studies into clinical trial design in order to 

expedite biomarker validation and adoption into 
clinical practice  [  242  ] . A summary of the LOE 
supporting the use of selected established and 
emerging biomarkers is presented in Table  9.2 . 
Currently, the evidence supports the use of only 
three of the many biomarkers discussed above in 
routine CRC clinical practice. A further two cat-
egories of biomarker are promising, but require 
additional validation before adoption into patient 
care (Table  9.3 , Fig.  9.5 ).    

 Furthermore, the signifi cance of individual 
CRC biomarkers has been reappraised and refi ned 
in light of increased understanding of tumour 
biology over recent years. For example, 18q dele-
tion appears to be a surrogate for CIN rather than 
an independent prognostic factor, while the precise 
prognostic signifi cance of  BRAF  V600E mutation 
requires clarifi cation given its association with 
microsatellite instability. It is plausible that 

   Table 9.2    Levels of evidence supporting biomarker studies   

 Biomarker  Context  Valid biomarker  Level of evidence 

 Recommended 
by ASCO/ESMO 
guidelines 

 Serum carcinoembryonic 
antigen (CEA) 

 Prognosis  Yes  I  Yes 
 Predictive  No  I  No 

 Microsatellite instability  Prognosis in stage II 
disease 

 Yes  I  ESMO only 

 Predictive (FU benefi t)  Unclear  NA  No 
 Chromosomal instability  Prognosis  Yes  I  No 

 Predictive (FU benefi t)  Unclear  NA  No 
 KRAS mutation  Prognostic  No  II  No 

 Predictive (anti-EGFR 
therapy) 

 Yes  I  Yes 

 Gene-expression 
signatures 

 Prognostic (stage II)  Emerging  II  No 
 Predictive (FU benefi t)  Emerging  II  No 

   Table 9.3    Biomarkers supported by current clinical evidence and likely to be validated in the near future   

  Use supported by current evidence  
 Microsatellite instability in stage II CRC with T3 primary tumours. Patients with MSI H  tumours have excellent 

prognosis and are unlikely to benefi t from adjuvant chemotherapy 
  KRAS  mutation testing in patients considered for anti-EGFR therapy. Patients with  KRAS  mutant tumours do not benefi t 

from cetuximab or panitumumab, and therapy should be reserved for patients with  KRAS  wild-type tumours 
 CEA testing prior to resection of primary tumour or liver metastases as an indicator of prognosis, and in follow-up following 

resection of the primary tumour in patients who would be considered for surgery should metastases develop 
  Likely to be validated in near future  
 Gene-expression signatures for prognostication in stage II disease (Onco type  DX®, ColoPrint®) 
  BRAF ,  NRAS  and  PIK3CA  mutation testing for prediction of benefi t from anti-EGFR therapy 
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 additional markers will be discovered to co-
segregate when analysed in toto. 

 Building on the bedrock outlined above, high-
throughput technologies promise to enhance bio-
marker discovery and validation and have the 
potential to enable truly individualised therapies 
for patients with CRC. Perhaps the greatest chal-

lenge will be the integration of data from multiple 
analyses and platforms—germline and tumour 
genomic, proteomic, immunologic—to facilitate 
this. High-quality collaborations between basic 
scientists and clinicians and well-designed clinical 
trials are essential over the coming years if we are 
to achieve this aim.      

  Fig. 9.5    Recommendations for biomarker-informed 
management of CRC. Evidence-based algorithm incorpo-
rating biomarkers for management of CRC. Patients with 
stage I disease have less than 10% chance of relapse and 
require no further therapy. Patients with stage II disease 
have variable prognosis; T4 stage of the primary tumour 
is the most signifi cant pathological factor, and patients 
with T4 disease should be offered adjuvant chemotherapy 
if appropriate. Patients with MSI-high T3 tumours with-
out nodal involvement have good prognosis, appear less 
likely to benefi t from adjuvant chemotherapy and should 
be observed only (level I evidence). MSS T3 tumours 

should be stratifi ed according to further pathological 
criteria—grade, vascular invasion—and are good candi-
dates for gene-expression analysis of tumour to determine 
prognosis and inform therapy (level II evidence). All 
patients at signifi cant risk of relapse (excluding stage I 
disease and low-risk stage II) require regular CEA mea-
surement as part of follow-up, with the exception of 
patients who are not candidates for therapy at relapse 
(level I evidence). All patients with stage IV disease being 
considered for anti-EGFR therapy require  KRAS  mutation 
testing on tumours, with therapy not indicated if  KRAS  
mutant (level I evidence)       
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  Abbreviations  

  AFP    Alpha-fetoprotein   
  AFP-L3    Alpha-fetoprotein   
  Lens    Culinaris agglutinin 3   
  BCLC     Barcelona Clinic Liver Cancer   
  CTHA/CTAP     CT with hepatic arteriography 

and arterial portography   
  DCP     Des-gamma-carboxypro-

thrombin   
  Gd-DTPA     Gadolinium diethylenetriamine 

pentaacetic acid   
  Gd-EOB-DTPA     Gadolinium-ethoxybenzyl-

diethylenetriamine pentaa-
cetic acid   

  HBV    Hepatitis B virus   
  HCC    Hepatocellular carcinoma   
  HCV    Hepatitis C virus   
  MDCT    Multidetector row CT   
  MPR    Multiplanar reconstruction   
  NASH    Nonalcoholic steatohepatitis   
  PDGFR     Platelet-derived growth factor 

receptors   
  PIVKA-II     Prothrombin induced by vita-

min K absence-II   
  SPIO    Superparamagnetic iron oxide   
  RCT    Randomized controlled trial   

  TACE     Transcatheter arterial chemoembo-
lization   

  VEGFR     Vascular endothelial growth factor 
receptors       

 Hepatocellular carcinoma (HCC) is the sixth 
most common cancer in the world and the third 
most common cause of cancer mortality world-
wide  [  1,   2  ] . Between 500,000 and 1 million new 
HCC cases are diagnosed each year worldwide, 
with an age-adjusted annual incidence of 14.9 per 
100,000 in men and 5.5 per 100,000 in women 
 [  3,   4  ] . There are wide geographical variations in 
the incidence of the disease with the highest rates 
in the developing countries of Asia and Africa. 
However, the incidence of HCC is increasing in 
North America and Europe  [  5  ] . 

   HCC Risk Factors 

 The most common risk factor for HCC is cirrho-
sis, which is present in 80–90% of HCC patients. 
It is hypothesized that cirrhotic hepatic necroin-
fl ammation from various etiologies leads to 
cirrhosis and HCC due to increased hepatocyte 
regeneration and hyperplasia predisposing to 
mutations and malignant transformation  [  6  ] . The 
interval from chronic liver disease to cirrhosis 
and HCC ranges from an average of two decades 
in hepatitis B virus (HBV) and hepatitis C virus 
(HCV) infection to 10–15 years for nonalcoholic 
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steatohepatitis (NASH) and hereditary hemo-
chromatosis  [  7,   8  ] . Established risk factors for 
HCC include chronic infection with HBV and/or 
HCV, old age, male sex, afl atoxin exposure, alco-
hol abuse, diabetes, NASH, hemochromatosis, 
and various host genetic factors. 

   HBV 

 Chronic hepatitis B contributes to more than 50% 
of HCC cases worldwide and 70–80% of HCC 
cases in the highly endemic regions of HBV  [  9  ] . 
Standard HBV vaccination programs are expected 
to decrease the prevalence of HCC among the 
vaccinated cohort. Immigration from HBV-
endemic countries may also contribute to the 
increasing incidence of HCC. The incidence of 
HCC increases with age, reaching a peak among 
those aged 50–65 in HBV-endemic areas. 
However, in the last two decades in western coun-
tries, there has been a shift of incidence to patients 
aged 40–60 possibly because of an increase in 
HBV-infected individuals. 

 High viral loads (>10 4  copies/mL), genotype 
C, and mutations (especially in the Enh II/BCP/
precore and pre-S regions) are independently 
associated with increased risks of HCC, 
indicating that these viral properties can be used 
for the prediction of HCC in HBV-infected 
individuals  [  10  ] .  

   HCV 

 The risk of HCC in patients with chronic hepatitis 
C is greatest among patients who have established 
cirrhosis, where the incidence of HCC is between 
2 and 8% per year  [  11  ] . However, although the 
incidence of HCV has also decreased since blood 
donor screening was started in 1990, the impact 
of the decrease in HCV will not become evident 
until after the year 2015. In the meantime, it is 
expected that the incidence of HCV-related HCC 
will continue to increase. An effective vaccine 
against HCV has yet to be developed because of 
the high mutation rate of the virus.  

   Age 

 Age-specifi c incidence rates are strongly affected 
by the etiology of the background liver disease. 
Advanced age is an independent risk factor for 
HCC, especially in areas where HCV infection is 
endemic  [  12  ] .  

   Male Sex 

 Males are more likely to develop HCC than 
females. Male–female ratios are around 3:1 in 
high-risk countries and tend to be higher in 
patients with HBV than in those with HCV  [  12  ] .  

   Afl atoxin 

 Afl atoxins are potent hepatocarcinogens pro-
duced by fungi and are contaminants of stored 
grains. When controlled for HBV infection, HCC 
incidence in Africa is correlated with the extent 
of afl atoxin exposure in diet. A consistent genetic 
mutation in codon 249 of the tumor suppressor 
p53 gene (GC to TA transversion) has been iden-
tifi ed and positively correlated with afl atoxin 
exposure  [  12,   13  ] .  

   Alcohol 

 Oral ingestion of alcohol produces a spectrum of 
liver impairments, from fat accumulation and 
acute necroinfl ammation to cirrhosis. HCC gen-
erally does not develop in the absence of cirrho-
sis, and heavy alcohol intake is the only obvious 
risk factor in some HCC patients without cirrho-
sis. The 5-year cumulative risk for HCC in alco-
holic cirrhosis is 8%  [  13  ] .  

   Obesity and Diabetes 

 The relative risk of HCC for obesity has been 
shown to increase to 4.52 for men and to 1.69 for 
women  [  14  ] . For diabetes, a Danish study showed 



27510 Hepatocellular Carcinoma

that the risk of HCC was increased 4- and 2.1-
fold in men and women, respectively.  

   NASH 

 At the time of diagnosis, advanced fi brosis is 
found in 30–40% of NASH patients, and 10–15% 
already have established cirrhosis  [  15,   16  ] . NASH 
patients share many of the systemic disorders that 
constitute insulin resistance syndrome: hyperlipi-
demia, hypertension, insulin resistance, obesity, 
iron accumulation in the liver, and hepatic steato-
sis. Hyperglyceridemia, diabetes, and normal 
aminotransferases are independent factors asso-
ciated with HCC arising in NASH.  

   Hemochromatosis 

 The increased absorption of dietary iron and 
accumulation in tissue leads to heart failure and 
cirrhosis, primarily in C282Y homozygotes and 
C282Y/H63D compound heterozygotes  [  12  ] . 
The 5-year cumulative risk for HCC in hemo-
chromatosis-associated cirrhosis is 21%, even 
greater than that for HCV cirrhosis in Europe and 
North America  [  13  ] .   

   Surveillance 

 HCC surveillance can detect tumors early and 
increase the chance of a successful curative treat-
ment. All patients at risk of developing HCC with 
potentially curative treatment available are rec-
ommended to undergo regular surveillance. 
High-risk populations (e.g., cirrhosis with HBV 
or HCV infection) with HCC have been clearly 
identifi ed. At present, ultrasonography (US) and 
a serum AFP test at 6-month intervals are stan-
dard surveillance tools  [  11  ] . To improve the 
detection rate of early-stage HCC, the benefi t of 
additional tests and a shorter surveillance interval 
should be confi rmed by a randomized clinical 
trial  [  17  ] . The application of individualized pre-
diction models to surveillance programs may 
improve the cost-effectiveness by focusing on 

high-risk groups. At least, cirrhotic patients with 
HBV and HCV should be recommended as can-
didates for surveillance  [  12  ] .  

   Pathology 

 In terms of gross fi ndings, the lesion may be a 
unifocal, multifocal or diffusely infi ltrative soft 
tumor, and may be green in color, due to its bile 
content; extensive intrahepatic metastases are 
common; snake-like masses of tumor may involve 
the portal vein (35–80%), hepatic vein (20%), or 
inferior vena cava; and hemorrhages and necrotic 
areas are common. Microscopically, patterns are 
trabecular (most common) with 4+ cells 
surrounded by a layer of fl attened endothelial 
cells, solid, pseudoglandular (acinar with pro-
teinaceous material or bile in the lumina), and a 
fi brous capsule and septum  [  18–  20  ]  (Figs. 10.1  
and  10.2 ).   

 The malignant transformation of hepatocytes 
to HCC is a multistep process associated with 
genetic mutations, allelic losses, epigenetic alter-
ations, and perturbation of molecular cellular 
pathways  [  18–  20  ] . The phenotypic expression of 
these changes can be manifested by precursor 
lesions, which accompany HCC spatially and 

  Fig. 10.1    Hepatocellular carcinoma, nodular type, in the 
context of a cirrhotic liver       
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temporally and are termed dysplastic nodules. 
These nodules show a distinct malignant trans-
formation to HCC with a shift in vascular supply 
from the portal vein to the hepatic artery and an 
increase in size (Fig. 10.3 ).   

   Diagnosis 

 Diagnostic tests universally available to date are 
imaging modalities including contrast-enhanced 
US, CT, and MRI, and a tumor marker such as 
alpha-fetoprotein (AFP)  [  11,   12,   17  ] . 

 The evaluation of intranodular hemodynamics 
is important for the diagnosis of HCC because 
the pathologic fi ndings of HCC are closely related 
to the intranodular hemodynamics. HCC can be 
diagnosed radiologically, without the need for 
biopsy if typical imaging features are present 
 [  21–  23  ] . In the arterial phase, HCC enhances 
more intensely than the surrounding liver because 
the liver tissue is mainly supplied by portal blood 
that does not contain contrast, whereas the HCC 
contains mostly arterial blood. In the delayed 
phase, the HCC enhances less than the surround-
ing liver. This is known as “washout,” because 
HCC does not have a portal blood supply and the 
arterial blood fl owing through the lesion no 

  Fig. 10.2    Moderately differentiated hepatocellular carci-
noma. Hepatocellular carcinoma composed of trabeculae 
with a thickness of three or more cell layers       

  Fig. 10.3    Hepatocarcinogenesis. In the course of hepato-
carcinogenesis, fi rst, both arterial and portal supply 
decrease (due to a decrease in the portal tracts), then arte-
rial supply returns to a level equivalent (due to newly 
formed abnormal arteries) to that in the surrounding liver, 

while portal supply continues to decrease, and fi nally por-
tal supply vanishes, and only arterial blood (from newly 
formed abnormal arteries) supplies the lesion (moderately 
differentiated HCC)       
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longer contains contrast, whereas the portal blood 
in the liver now contains contrast. The presence 
of arterial uptake followed by washout is highly 
specifi c for HCC. 

   Imaging 

   US 
 B-mode US is the most widely used modality for 
HCC screening and surveillance. Typical US 
fi ndings of classical HCC are a mosaic pattern, 
septum formation, peripheral sonolucency (halo), 
lateral shadow produced by a fi brotic pseudocap-
sule, posterior echo enhancement, arterial 
hypervascularity with dilated intratumoral blood 
sinusoids, and perinodular daughter nodule for-
mation  [  24  ]  (Fig.  10.4 ). The halo sign corre-
sponds to the thin fi brous capsule of the tumor 
 [  25,   26  ] . Correspondence between    sonographic 
halo sign and histological capsule was reported to 
be 90.1%, and that between the presence of extra-
capsular invasion on US and on histology was 
88.0%. Color Doppler imaging demonstrates 
arterial pulsating fl ows, such as basket pattern 
fl ow and “spot” pattern fl ow; these patterns rep-
resent a fi ne network of arterial vessels 
surrounding the tumor nodules  [  25,   26  ]  
(Fig.  10.5 ). Moreover, two breakthroughs in US, 
harmonic imaging and the development of second-
 generation contrast agents, have demonstrated 

the potential to dramatically broaden the scope of 
US diagnosis of hepatic tumors  [  27,   28  ] . Dynamic 
contrast harmonic US can depict tumor vascular-
ity sensitively and accurately and is able to evalu-
ate small hypervascular HCCs.    

   CT 
 With the advent of multidetector row CT (MDCT), 
high-resolution scanning of the entire upper 
abdomen during one breath-hold became feasi-
ble. The use of a thinner collimation leads to 
increased spatial resolution and reduced partial 
volume averaging. These volume data sets can be 
easily manipulated with three-dimensional imag-
ing, potentially providing additional information 
to a conventional axial display. Thus, the image 
quality of MPR from thin axial slices may signifi -
cantly improve. This may foster the routine use 
of coronal or sagittal reformats for CT evaluation 
of abdominal lesions. 

 The hallmark of HCC in a dynamic CT scan is 
the presence of arterial enhancement followed by 
washout of the tumor in the delayed phases  [  29  ]  
(Fig.  10.6 ). Furthermore, 3D CT angiography is a 
noninvasive volumetric imaging technique 
increasingly used for evaluation of vascular 
systems, and 3D CT angiography has important 
advantages over conventional angiography, 
such as reduced risk, diminished time, and 
better patient acceptance. With MDCT, 3D CT 

  Fig. 10.4    B-mode US. The nodule demonstrated a halo 
image and mosaic pattern at the left lateral lobe of the 
liver on B-mode US         Fig. 10.5    Color Doppler imaging. Color Doppler image 

showed hypervascularity of the tumor       
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angiography crosses over vessel tortuosity and 
allows evaluation of vessel fragility  [  30,   31  ] .   

   MRI 
 Some studies have indicated that the detectability 
of small nodules in the liver is signifi cantly 
improved by MRI dynamic study using gadolin-
ium diethylenetriamine pentaacetic acid 
(Gd-DTPA) in comparison with CT dynamic 
study  [  32,   33  ] . 

 Superparamagnetic iron oxide (SPIO) parti-
cles are used as MR contrast media and are com-
posed of iron oxide crystals coated with dextran 
or carboxydextran. These particles are seques-
tered by phagocytic Kupffer cells in the normal 
reticuloendothelial system, but are not retained in 
tumor tissue. Consequently, there are signifi cant 
differences in T2/T2* relaxation between normal 
liver parenchyma and tumors, which result in 
increased lesion conspicuity and detectability. 
For focal hepatocellular lesions, it has been docu-
mented that SPIO-enhanced MR imaging exhib-
its a slightly better diagnostic performance than 
dynamic helical CT in the detection of hypervas-
cular HCC  [  34,   35  ] . 

 Gadolinium-ethoxybenzyl-diethylenetriamine 
pentaacetic acid (Gd-EOB-DTPA) is a new liver-
specifi c contrast agent. Gd-EOB-DTPA-enhanced 
MR imaging enables improved detection of 
hepatic lesions over Gd-DTPA-enhanced MR 

imaging  [  36,   37  ] . A bolus injection of Gd-EOB-
DTPA enables tumor vascularity to be evaluated 
in a manner similar to that with Gd-DTPA. 
Moreover, Gd-EOB-DTPA accumulates in nor-
mally functioning hepatocytes in the delayed 
phase (hepatobiliary phase). Thus, the liver 
parenchyma is enhanced, while HCCs appear as 
hypointense lesions, because they do not contain 
normally functioning hepatocytes (Fig.  10.7 ).   

   Hepatic Angiography 
 Hepatic angiography is an essential part of the 
workup performed prior to chemoembolization, 
and demonstrates homogeneously stained hyper-
vascular HCCs with their feeding arteries  [  12  ]  
(Fig.  10.8 ). In addition, CT with hepatic arteriog-
raphy and arterial portography (CTHA/CTAP) are 
often performed together and recognized as the 
most sensitive test for detecting individual liver 
lesions  [  38,   39  ] . CTHA is performed with the 
arterial catheter in the common hepatic artery. On 
CT images obtained with this technique, HCC 
tumors appear as uniformly enhancing hyper-
dense masses. CTAP is performed with the arte-
rial catheter in the supermesenteric artery, 
producing a more consistent and homogeneous 
enhancement of the normal hepatic parenchyma. 
HCC tumors are exclusively shown as defects. 
These techniques are invasive; however, it has 
become possible to visualize the distribution of 

  Fig. 10.6    Dynamic CT. ( a ) Axial CT scan obtained dur-
ing hepatic arterial phase showed a huge hypervascular 
tumor in the right hepatic lobe. Unenhanced area at the 
center of the nodule indicated necrotic tissue. ( b ) CT 

during portal venous phase showed portal perfusion defect 
due to tumor. ( c ) The washout image was obtained during 
the equilibrium phase of dynamic CT       
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the intrahepatic portal and arterial blood fl ow sep-
arately with extremely high contrast resolution.    

   Tumor Markers 

   AFP 
 AFP is a glycoprotein synthesized by the fetal 
yolk sac, fetal liver, testicular nonseminomatous 
germ cell cancers, and malignant hepatic cells. 
AFP is the most widely used serological test for 
HCC. Reliance on AFP levels to detect HCC, 
however, is confounded by the fact that AFP may 
be elevated in individuals with chronic HBV or 
HCV infection and hepatic cirrhosis. Most stud-
ies have adopted a cutoff value of 20 ng/mL for 
AFP, with a sensitivity ranging from 49 to 71% 
and specifi city from 49 to 86% in HCCs  [  40–  43  ] . 
Limitations in the sensitivity and specifi city of 
AFP in the surveillance of high-risk populations 
have led to the use of US as an additional method 
for the detection of HCC. The sensitivity and 
specifi city of AFP for diagnosing HCC vary with 
the population studied, and the cutoff value above 

which AFP is considered positive. These values 
have ranged from 52 to 80% and 90 to 98%, 
respectively  [  44  ] .  

   Des-Gamma-Carboxyprothrombin 
 Des-gamma-carboxyprothrombin (DCP), also 
known as prothrombin induced by vitamin K 
absence-II (PIVKA-II), is an abnormal prothrom-
bin protein that is increased in the serum of HCC 
patients. DCP has been recognized as not only a 
highly specifi c marker for HCC but also a predic-
tor of prognosis of HCC patients  [  41,   43,   45,   46  ] . 
The sensitivity and specifi city of DCP at the time 
of diagnosis of HCC has been reported as 74 and 
86%, respectively, at a cutoff of 40 mAU/mL and 
43 and 100%, respectively, at a cutoff of 
150 mAU/mL  [  46  ] . A high DCP level is an impor-
tant prognostic factor for recurrence, even in the 
case of a small HCC before histological invasion 
of the tumor such as vascular invasion becomes 
obvious. Patients who have a high DCP level can 
expect the expression of future vascular invasion 
and early tumor recurrence extrahepatically after 
resection  [  47,   48  ] .  

  Fig. 10.7    Gd-EOB-DTPA-enhanced MRI. ( a ) Axial T1-weighted MR image showed that the lesion was hyperintense 
compared with the liver in the dynamic arterial phase. ( b ) HCCs show hypointensity in the hepatobiliary phase       

 



280 Y. Minami and M. Kudo

   Alpha-Fetoprotein Lens 
Culinaris Agglutinin 3 
 Measurement of an AFP glycoform may prove to 
be clinically superior to the measurement of AFP. 
Alpha-fetoprotein lens culinaris agglutinin 3 
(AFP-L3) is a fucosylated variant of AFP that 
reacts with lens culinaris agglutinin A and can 
differentiate an increase in AFP due to HCC from 
that in patients with benign liver disease  [  49–  51  ] . 
AFP-L1 does not bind to lens culinaris agglutinin 
(LCA) and is the major glycoform found in indi-
viduals with nonmalignant hepatopathy (e.g., cir-
rhosis or chronic HBV infection). AFP-L2 has an 
intermediate LCA binding capacity and is pri-
marily produced by yolk sac tumors. AFP-L3 is 
produced by malignant liver cells, binds to LCA 
with high affi nity, and is the major glycoform 
found in individuals with HCC. The sensitivity 
and specifi city, and positive likelihood ratio of 
AFP-L3 in HCC smaller than 5 cm in diameter 
ranged from 22 to 33%, and 93 to 94%, respec-
tively, with a cutoff value of 10% and 21–49%, 
and 94–100%, respectively, with a cutoff value of 
15%  [  52  ] . Malignant liver cells that produce 
AFP-L3 have an increased tendency for rapid 
growth, early invasion, and intrahepatic metasta-
sis, thus making AFP-L3 an indicator of poor 
prognosis in affected individuals  [  53  ] .    

   Staging Systems 

 The prognosis of solid tumors is generally related 
to tumor stage at presentation. Tumor stage also 
guides treatment decisions. However, in HCC 
patients, the prediction of prognosis is more com-
plex because the underlying liver function also 
affects prognosis. Most major trials of HCC ther-
apy have chosen the BCLC staging system. The 
BCLC staging system was developed based on a 
combination of data from several independent 
studies representing different disease stages and/or 
treatment modalities and can defi ne patient groups 
for therapies across the continuum of disease extent 
seen with HCC  [  11,   54,   55  ]  (Fig.  10.9 ). The main 
advantage of the BCLC staging system is that it 
links staging with treatment modalities and with an 
estimation of life expectancy that is based on pub-
lished response rates to the various treatments.   

   Treatment 

   Surgical Resection 

 This is the treatment of choice for HCC in non-
cirrhotic patients, who account for just 5% of the 
cases in Western countries and about 40% in 
Asia. These patients will tolerate major resections 
with low morbidity, but in cirrhosis, candidates 
for resection have to be carefully selected in order 
to diminish the risk of postoperative liver failure 
with increased risk of death. Hepatic resection for 
HCC is associated with a hospital mortality rate 
of less than 5% in major centers; however, the 
complication rate remains high, around 30–40% 
in large series  [  56–  58  ] . At present, serious com-
plications such as liver failure, postoperative 
bleeding, and bile leak occur nowadays in less 
than 5% of patients after hepatectomy  [  56–  58  ] . 
The 5-year survival after resection is 35–50% in 
recent large cohort studies  [  59–  61  ] . For patients 
with tumors less than 5 cm in diameter, the 5-year 
survival rate is about 70%  [  62  ] . 

 Endoscopic surgery, a rapidly adopted mini-
mally invasive surgery, has been applied to the 
treatment of HCC. There have been reports of 

  Fig. 10.8    Hepatic angiography. Celiac angiogram 
showed the presence of multiple hypervascular tumor 
staining mainly at the right hepatic lobe       
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laparoscopic right and left lobectomy  [  63–  65  ] , 
and laparoscopic surgery has also been applied to 
left lateral segmentectomy of the living donor’s 
liver for transplant  [  66  ] . Laparoscopic hepatec-
tomy can avoid the disadvantages of standard 
hepatectomy and is benefi cial for patient QOL 
due to its minimal invasiveness. 

 Chemoembolization of the tumor prior to 
resection offers no benefi t  [  67  ] . The same is true 
for the general use of portal vein embolization of 
the hepatic lobe hosting the tumor to induce com-
pensatory liver growth and functional capacity in 
the nonaffected lobe prior to major resection  [  68, 
  69  ] . Clearly, large RCTs are needed to defi ne the 
benefi ts and risks of these procedures.  

   Liver Transplantation 

 The liver transplant procedure involves replacing 
a part or whole of the diseased liver with a healthy 

donor liver. When the diseased liver is removed 
from the patient’s body and a new healthy liver is 
transplanted, the procedure is referred as orthoto-
pic liver transplant. In this procedure, the donor is 
a person who has died recently. Orthotopic liver 
transplantation is recommended in the cases of 
total liver failure  [  11  ] . 

 Live donor liver transplantation is a procedure 
in which a living person donates a portion of his 
or her liver to another and has several potential 
benefi ts, most importantly a reduction in waiting 
time and risk of death prior to a cadaveric liver 
transplantation. Other advantages are the sched-
uling of an elective liver transplantation, allow-
ing time to optimize the medical condition of the 
recipient, and use a better quality organ coming 
from a healthy donor with a smaller chance of 
potential injury based on the shorter time in pres-
ervation solution. The risks of live donor liver 
transplantation to the recipient are generally 
identical to those following cadaveric liver 

  Fig. 10.9    BCLC staging. The BCLC system integrates 
liver function and tumor features into a classifi cation that 
is useful for selecting appropriate treatment options. 
BCLC stage A patients are those suitable for surgical/

ablative therapy and transplant, BCLC B patients are suit-
able for regional therapy such as embolization, and BCLC 
C patients are those best suited for systemic therapies or 
clinical trials       
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transplantation, especially for biliary problems. 
In addition, there are signifi cant donor complica-
tions and death rates, estimated to be 10–20% 
and 0.2–0.5%, respectively. The Milan criteria, 
which include solitary HCC with a less than 5 cm 
or fewer than three tumor nodules each of size 
less than 3 cm and without radiological evidence 
of venous invasion or distant metastasis, are 
widely used for the selection of HCC patients for 
liver transplantation based on the achievement of 
a 4-year survival rate of up to 75%, with a recur-
rence rate lower than 15%  [  70  ] . Liver transplan-
tation is a particularly effective treatment for 
patients with early HCC but advanced Child-
Pugh class B or C cirrhosis when other effective 
treatments cannot be offered. 

 The lack of suffi cient liver donation is the 
major limitation of liver transplantation. There is 
always a waiting period between listing and 
transplantation. This varies among programs, but 
if the wait is prolonged, the tumor will grow and 
develop major contraindications (vascular inva-
sion, extrahepatic spread) to transplantation  [  71  ] . 
The rate of exclusion on the waiting list may be 
as high as 25% if the waiting list is longer than 12 
months  [  71,   72  ] . Obviously, if patients with more 
advanced tumors are included as a result of 
expanded listing criteria, the dropout rate will be 
higher, and this will translate into poor survival 
fi gures on an intention-to-treat analysis.  

   Percutaneous Local Ablation 

 Image-guided percutaneous local ablation 
therapies, such as percutaneous ethanol injection 
 [  73,   74  ] , microwave coagulation  [  75  ] , and radiof-
requency ablation  [  76–  78  ]  have been widely per-
formed on patients with small HCC, generally for 
those with Child A or B cirrhosis with three or 
fewer tumors each 3 cm or less in diameter. These 
procedures are potentially curative, minimally 
invasive, and easily repeatable for recurrence. 
Percutaneous ethanol injection was fi rst reported 
in the early 1980s. Percutaneous microwave 
coagulation, in which the cancer tissue is ablated 
by dielectric heat produced by microwave energy 
emitted from a bipolar-type electrode, was intro-

duced into clinical practice in the 1990s and 
reported to improve local tumor control. Since 
the introduction of radiofrequency ablation in the 
1990s, there has been a drastic shift from ethanol 
injection and microwave coagulation to radiofre-
quency ablation. RCTs proved that radiofre-
quency ablation is superior to ethanol injection in 
the treatment of small HCCs in terms of treat-
ment response, recurrence, and overall survival 
 [  78–  80  ] . 

 Percutaneous ablation therapy is recom-
mended particularly for HCC nodules with a 
maximum diameter of 3 cm in patients with no 
more than three tumors who are contraindicated 
for surgery. In radiofrequency ablation, survival 
rates have been reported to be 39.9–68.5% at 5 
years  [  81–  85  ]  and local tumor progression rates 
to be 2.4–16.9%  [  81–  83,   86  ] . Mortality and mor-
bidity rates of RFA have been reported to be 0.9–
7.9% and 0–1.5%, respectively  [  82–  87  ] . 

 A recent trial comparing the combination of 
chemoembolization and radiofrequency ablation 
suggested that this approach offered an improve-
ment in survival compared to chemoembolization 
or ablation alone  [  88  ] . In addition, the use of a 
laparoscopic or open approach allows repeated 
placement of radiofrequency electrodes at multi-
ple sites to ablate larger tumors.  

   Transcatheter Arterial 
Chemoembolization 

 Catheterization of the hepatic artery via the 
femoral artery and celiac axis allows emboliza-
tion of the blood supply to the tumor. By such 
route, chemotherapeutic agents may be delivered 
in high concentration to the target tissue. 
Transcatheter arterial chemoembolization 
(TACE) has been widely accepted as an effective 
measure not only for the palliative treatment of 
unresectable or recurrent HCC but also for the 
management of resectable small HCC. Treatment-
related mortality is less than 5%  [  89  ] . Untreated 
patients at an intermediate stage have a median 
survival of 16 months, whereas TACE increases 
the median survival of these patients to 19–20 
months and is considered the standard of care 
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 [  90,   91  ] . In two RCTs, 1-, 2-, and 3-year survival 
rates for Asian patients and for European patients 
were 57% versus 96%, 31% versus 77%, and 
26% versus 47%, respectively  [  92–  94  ] .  

   Systemic Chemotherapy 

 Sorafenib inhibits the kinase activity of Raf-1, 
wild-type B-Raf, and oncogenic B-Raf V600E. 
In addition, sorafenib inhibits vascular 
endothelial growth factor receptors (VEGFR), 
platelet-derived growth factor receptors (PDGFR), 
c-kit, Flt-3, and RET  [  95  ] . Therefore, both 
antiproliferative and antiangiogenic mechanisms 
may account for the antitumor effects. Sorafenib 
prolongs time to progression and overall survival 
in patients with advanced HCC  [  96,   97  ] . Patients 
with a more advanced stage or who fail TACE are 
candidates for sorafenib provided they remain in 
Child-Pugh class A status with a good perfor-
mance status.   

   Prevention 

 Prevention of HBV infection can successfully 
reduce the incidence of HCC  [  98  ] . The hepatitis 
B vaccine is the fi rst example of a cancer- 
preventive vaccine in humans, which proves that 
prevention of infection by an infectious agent 
can prevent its related cancer. Moreover, the 
meta-analysis indicated that long-term nucle-
otide analogue therapy for adults with chronic 
hepatitis B prevents or delays the development of 
long-term complications including decompen-
sated cirrhosis, chronic hepatitis B-related death 
and chronic hepatitis B-related HCC  [  99  ] . 
Patients who need to take antiviral drugs should 
receive such therapy as soon as possible. During 
monotherapy, when lamivudine resistance occurs, 
lamivudine should be combined with other anti-
viral drugs without cross-resistance to lamivu-
dine because it is still more benefi ted than not 
providing any treatment. However, so far, there is 
no convincing evidence that interferon therapy 
for chronic hepatitis B reduces the incidence of 
HCC  [  11,   100  ] . 

 With HCV-related HCC, recurrence is particu-
larly frequent, and a substantial proportion of 
recurrence in the late phase is thought to repre-
sent de novo, or multicentric, hepatocarcinogen-
esis  [  101–  103  ] . Therefore, it could be reasonably 
assumed that antiviral therapy would reduce the 
overall incidence of recurrence by preventing 
de novo carcinogenesis. Indeed, several small 
RCTs performed in Japan and Taiwan have shown 
that the incidence of recurrence was reduced in 
HCV-related HCC by interferon therapy subse-
quent to initial HCC treatment  [  104,   105  ] .      

   References 

    1.    Jemal A, Siegel R, Xu J, Ward E. Cancer statistics, 
2010. CA Cancer J Clin. 2010;60(5):277–300.  

    2.    Ferenci P, Fried M, Labrecque D, et al. World 
Gastroenterology Organization. Hepatocellular car-
cinoma (HCC): a global perspective. J Clin 
Gastroenterol. 2010;44(4):239–45.  

    3.    Llovet JM, Burroughs A, Bruix J. Hepatocellular 
carcinoma. Lancet. 2003;362(9399):1907–17.  

    4.    Gomaa AI, Khan SA, Toledano MB, Waked I, 
Taylor-Robinson SD. Hepatocellular carcinoma: 
epidemiology, risk factors and pathogenesis. World J 
Gastroenterol. 2008;14(27):4300–8.  

    5.    El-Serag HB. Hepatocellular carcinoma: an 
epidemiologic view. J Clin Gastroenterol. 2002;35(5 
Suppl 2):S72–8.  

    6.    Calvaruso V, Craxi A. Fibrosis in chronic viral hepa-
titis. Best Prac Res Clin Gastroenterol. 2011;25(2):
219–30.  

    7.    Kawada N, Imanaka K, Kawaguchi T, et al. 
Hepatocellular carcinoma arising from non-cirrhotic 
nonalcoholic steatohepatitis. J Gastroenterol. 2009;
44(12):1190–4.  

    8.    Kowdley KV. Iron, hemochromatosis, and hepato-
cellular carcinoma. Gastroenterology. 2004;127(5 
Suppl 1):S79–86.  

    9.    Zhang Q, Cao G. Genotypes, mutations, and viral 
load of hepatitis B virus and the risk of hepatocellu-
lar carcinoma. Hepat Mon. 2011;11(2):86–91.  

    10.    Birrer RB, Birrer D, Klavins JV. Hepatocellular car-
cinoma and hepatitis virus. Ann Clin Lab Sci. 
2003;33(1):39–54.  

    11.    Bruix J, Sherman M. Management of hepatocellular 
carcinoma: an update. Hepatology. 2011;53(3):
1020–2.  

    12.    Omata M, Lesmana LA, Tateishi R, et al. Asian 
Pacifi c Association for the Study of the Liver con-
sensus recommendations on hepatocellular carci-
noma. Hepatol Int. 2010;4(27):439–74.  

    13.    Fattovich G, Stroffolini T, Zagni I, Donato F. 
Hepatocellular carcinoma in cirrhosis: incidence and 



284 Y. Minami and M. Kudo

risk factors. Gastroenterology. 2004;127(5 Suppl 1):
S35–50.  

    14.    Hessheimer AJ, Forner A, Varela M, Bruix J. 
Metabolic risk factors are a major comorbidity in 
patients with cirrhosis independent of the presence 
of hepatocellular carcinoma. Eur J Gastroenterol 
Hepatol. 2010;22(10):1239–44.  

    15.    Bugianesi E, Leone N, Vanni E, et al. Expanding the 
natural history of nonalcoholic steatohepatitis: from 
cryptogenic cirrhosis to hepatocellular carcinoma. 
Gastroenterology. 2002;123(1):134–40.  

    16.    Sanyal AJ, Yoon SK, Lencioni R. The etiology of 
hepatocellular carcinoma and consequences for 
treatment. Oncologist. 2010;15 Suppl 4:14–22.  

    17.    Kudo M, Han KH, Kokudo N, et al. Liver Cancer 
Working Group report. Jpn J Clin Oncol. 2010;40 
Suppl 1:i19–27.  

    18.    Okuda K, Nakashima T, Kojiro M, Kondo Y, Wada 
K. Hepatocellular carcinoma without cirrhosis in 
Japanese patients. Gastroenterology. 1989;97(1):
140–6.  

    19.    Kojiro M. Histopathology of liver cancers. Best 
Pract Res Clin Gastroenterol. 2005;19(1):39–62.  

    20.    Roncalli M, Park YN, Di Tommaso L. 
Histopathological classifi cation of hepatocellular car-
cinoma. Dig Liver Dis. 2010;42 Suppl 3:S228–34.  

    21.    Burrel M, Llovet JM, Ayuso C, et al. MRI angiogra-
phy is superior to helical CT for detection of HCC 
prior to liver transplantation: an explant correlation. 
Hepatology. 2003;38:1034–42.  

    22.    Yu JS, Kim KW, Kim EK, Lee JT, Yoo HS. Contrast 
enhancement of small hepatocellular carcinoma: 
usefulness of three successive early image acquisi-
tions during multiphase dynamic MR imaging. AJR 
Am J Roentgenol. 1999;173:597–604.  

    23.    Forner A, Vilana R, Ayuso C, et al. Diagnosis of 
hepatic nodules 20 mm or smaller in cirrhosis: 
Prospective validation of the noninvasive diagnostic 
criteria for hepatocellular carcinoma. Hepatology. 
2008;47:97–104.  

    24.    Minami Y, Kudo M. Hepatic malignancies: correla-
tion between sonographic fi ndings and pathological 
features. World J Radiol. 2010;2(7):249–56.  

    25.    Makuuchi M, Hasegawa H, Yamazaki S, Bandai Y, 
Watanabe G, Ito T. Ultrasonic characteristics of the 
small hepatocellular carcinoma. Ultrasound Med 
Biol. 1983;2:489–91.  

    26.    Matsui O. Detection and characterization of small 
hepatocellular carcinoma. J Gastroenterol Hepatol. 
2004;19:S266–9.  

    27.    Solbiati L, Tonolini M, Cova L, Goldberg SN. The 
role of contrast-enhanced ultrasound in the detection 
of focal liver lesions. Eur Radiol. 2001;11:E15–26.  

    28.    Konopke R, Bunk A, Kersting S. The role of con-
trast-enhanced ultrasound for focal liver lesion 
detection: an overview. Ultrasound Med Biol. 
2007;33(10):1515–26.  

    29.    Efremidis SC, Hytiroglou P. The multistep process 
of hepatocarcinogenesis in cirrhosis with imaging 
correlation. Eur Radiol. 2002;12(4):753–64.  

    30.    Yamanaka J, Saito S, Fujimoto J. Impact of preop-
erative planning using virtual segmental volumetry 
on liver resection for hepatocellular carcinoma. 
World J Surg. 2007;31(6):1249–55.  

    31.    Subramanian N, Pichon E, Solomon SB. Automatic 
registration using implicit shape representations: 
applications in intraoperative 3D rotational angiog-
raphy to preoperative CTA registration. Int J Comput 
Assist Radiol Surg. 2009;4(2):141–6.  

    32.    Oi H, Murakami T, Kim T, Matsushita M, Kishimoto 
H, Nakamura H. Dynamic MR imaging and early-
phase helical CT for detecting small intrahepatic 
metastases of hepatocellular carcinoma. AJR Am J 
Roentgenol. 1996;166(2):369–74.  

    33.    Noguchi Y, Murakami T, Kim T, et al. Detection of 
hepatocellular carcinoma: comparison of dynamic 
MR imaging with dynamic double arterial phase 
helical CT. AJR Am J Roentgenol. 2003;180(2):
455–60.  

    34.    Tanimoto A, Kuribayashi S. Application of super-
paramagnetic iron oxide to imaging of hepatocellu-
lar carcinoma. Eur J Radiol. 2006;58(2):200–16.  

    35.    Reimer P, Tombach B. Hepatic MRI with SPIO: 
detection and characterization of focal liver lesions. 
Eur Radiol. 1998;8(7):1198–204.  

    36.    Reimer P, Rummeny EJ, Daldrup HE, et al. 
Enhancement characteristics of liver metastases, 
hepatocellular carcinomas, and hemangiomas with 
Gd-EOB-DTPA: preliminary results with dynamic 
MR imaging. Eur Radiol. 1997;7(2):275–80.  

    37.    Vogl TJ, Kümmel S, Hammerstingl R, et al. Liver 
tumors: comparison of MR imaging with Gd-EOB-
DTPA and Gd-DTPA. Radiology. 1996;200(1):59–67.  

    38.    Ueda K, Matsui O, Kawamori Y, et al. Hypervascular 
hepatocellular carcinoma: evaluation of hemody-
namics with dynamic CT during hepatic arteriogra-
phy. Radiology. 1998;206(1):161–6.  

    39.    Matsui O, Takashima T, Kadoya M, et al. Dynamic 
computed tomography during arterial portography: 
the most sensitive examination for small hepatocel-
lular carcinomas. J Comput Assist Tomogr. 1985;
9:19–24.  

    40.    Oka H, Tamori A, Kuroki T, Kobayashi K, Yamamoto 
S. Prospective study of alpha-fetoprotein in cirrhotic 
patients monitored for development of hepatocellu-
lar carcinoma. Hepatology. 1994;19(1):61–6.  

    41.    Volk ML, Hernandez JC, Su GL, Lok AS, Marrero 
JA. Risk factors for hepatocellular carcinoma may 
impair the performance of biomarkers: a comparison 
of AFP, DCP, and AFP-L3. Cancer Biomark. 
2007;3(2):79–87.  

    42.    Di Bisceglie AM. Issues in screening and surveil-
lance for hepatocellular carcinoma. Gastroenterology. 
2004;127(5 Suppl 1):S104–7.  

    43.    Marrero JA, Feng Z, Wang Y, et al. Alpha-fetoprotein, 
des-gamma carboxyprothrombin, and lectin-bound 
alpha-fetoprotein in early hepatocellular carcinoma. 
Gastroenterology. 2009;137(1):110–8.  

    44.    Lopez JB, Thambyrajah V, Balasegaram M, et al. 
Appropriate cut-off levels for serum alpha- fetoprotein 



28510 Hepatocellular Carcinoma

in hepatocellular carcinoma. Diagn Oncol. 
1994–1995;4:287–91.  

    45.    Weitz IC, Liebman HA. Des-gamma-carboxy 
(abnormal) prothrombin and hepatocellular carci-
noma: a critical review. Hepatology. 1993;18(4):
990–7.  

    46.    Lok AS, Sterling RK, Everhart JE, HALT-C Trial 
Group, et al. Des-gamma-carboxy prothrombin and 
alpha-fetoprotein as biomarkers for the early detec-
tion of hepatocellular carcinoma. Gastroenterology. 
2010;138(2):493–502.  

    47.    Koike Y, Shiratori Y, Sato S, et al. Des-gamma-
carboxy prothrombin as a useful predisposing factor 
for the development of portal venous invasion in 
patients with hepatocellular carcinoma: a prospec-
tive analysis of 227 patients. Cancer. 2001;91:
561–9.  

    48.    Hagiwara S, Kudo M, Kawasaki T, et al. Prognostic 
factors for portal venous invasion in patients with 
hepatocellular carcinoma. J Gastroenterol. 2006;41:
1214–9.  

    49.    Toyoda H, Kumada T, Kaneoka Y, et al. Prognostic 
value of pretreatment levels of tumor markers for 
hepatocellular carcinoma on survival after curative 
treatment of patients with HCC. J Hepatol. 
2008;49(2):223–32.  

    50.    Sato Y, Nakata K, Kato Y, et al. Early recognition of 
hepatocellular carcinoma based on altered profi les of 
alpha-fetoprotein. N Engl J Med. 1993;328:1802–6.  

    51.    Li D, Mallory T, Satomura S. AFP-L3: a new gen-
eration of tumor marker for hepatocellular carci-
noma. Clin Chim Acta. 2001;313:15–9.  

    52.    Tateishi R, Yoshida H, Matsuyama Y, Mine N, 
Kondo Y, Omata M. Diagnostic accuracy of tumor 
markers for hepatocellular carcinoma: a systematic 
review. Hepatol Int. 2008;2:17–30.  

    53.    Toyoda H, Kumada T, Kiriyama S, et al. Prognostic 
signifi cance of simultaneous measurement of three 
tumor markers in patients with hepatocellular carci-
noma. Clin Gastroenterol Hepatol. 2006;4:111–7.  

    54.    Forner A, Reig ME, Rodrigruez de Lope C, Bruix J. 
Current strategy for staging and treatment: the BCLC 
update and future prospects. Semin Liver Dis. 
2010;30:61–74.  

    55.    Bruix J, Llovet JM. Prognostic prediction and treat-
ment strategy in hepatocellular carcinoma. 
Hepatology. 2002;35:519–24.  

    56.    Torzilli G, Makuuchi M, Inoue K, et al. No-mortality 
liver resection for hepatocellular carcinoma in cir-
rhotic and noncirrhotic patients: is there a way? A 
prospective analysis of our approach. Arch Surg. 
1999;134:984–92.  

    57.    Poon RT, Fan ST, Lo CM, et al. Improving periop-
erative outcome expands the role of hepatectomy in 
management of benign and malignant hepatobiliary 
diseases: analysis of 1222 consecutive patients 
from a prospective database. Ann Surg. 2004;240:
698–708.  

    58.    Asiyanbola B, Chang D, Gleisner AL, et al. Operative 
mortality after hepatic resection: are literature-based 

rates broadly applicable? J Gastrointest Surg. 2008;
12:842–51.  

    59.    Grazi GL, Ercolani G, Pierangeli F, et al. Improved 
results of liver resection for hepatocellular carci-
noma on cirrhosis give the procedure added value. 
Ann Surg. 2001;234:71–8.  

    60.    Poon RT, Fan ST, Lo CM, et al. Improving survival 
results after resection of hepatocellular carcinoma: a 
prospective study of 377 patients over 10 years. Ann 
Surg. 2001;234:63–70.  

    61.    Capussotti L, Muratore A, Amisano M, Polastri R, 
Bouzari H, Massucco P. Liver resection for hepato-
cellular carcinoma on cirrhosis: analysis of mortal-
ity, morbidity and survival—a European single 
center experience. Eur J Surg Oncol. 2005;31:
986–93.  

    62.    Poon RT, Fan ST, Lo CM, Liu CL, Wong J. Difference 
in tumor invasiveness in cirrhotic patients with hepa-
tocellular carcinoma fulfi lling the Milan criteria 
treated by resection and transplantation: impact on 
long-term survival. Ann Surg. 2007;245:51–8.  

    63.    Chequi D, Husson E, Hammond R, et al. Laparoscopic 
liver resection: a feasibility study in 30 patients. Ann 
Surg. 2000;232:753–62.  

    64.    Descottes B, Lachachi F, Sodji M, et al. Early expe-
rience with laparoscopic approach for solid liver 
tumors: initial 16 cases. Ann Surg. 2000;232:
641–5.  

    65.    Gigot JF, Glineur D, Santiago AJ, et al. Laparoscoic 
liver resection for malignant liver tumors: prelimi-
nary results of a multicenter European study. Ann 
Surg. 2002;236:90–7.  

    66.    Chequi D, Soubarane O, Husson E, et al. Laparoscopic 
living donor hepatectomy for liver transplantation in 
children. Lancet. 2002;359:392–6.  

    67.    Yamasaki S, Hasegawa H, Kinoshita H, et al. A pro-
spective randomized trial of the preventive effect of 
pre-operative transcatheter arterial embolization 
against recurrence of hepatocellular carcinoma. Jpn 
J Cancer Res. 1996;87:206–11.  

    68.    Farges O, Belghiti J, Kianmanesh R, et al. Portal 
vein embolization before right hepatectomy: pro-
spective clinical trial. Ann Surg. 2003;237:208–17.  

    69.    Tanaka H, Hirohashi K, Kubo S, Shuto T, Higaki I, 
Kinoshita H. Preoperative portal vein embolization 
improves prognosis after right hepatectomy for 
hepatocellular carcinoma in patients with impaired 
hepatic function. Br J Surg. 2000;87:879–82.  

    70.    Mazzaferro V, Regalia E, Doci R, et al. Liver trans-
plantation for the treatment of small hepatocellular 
carcinomas in patients with cirrhosis. N Engl J Med. 
1996;334:693–9.  

    71.    Yao FY, Bass NM, Nikolai B, et al. Liver transplan-
tation for hepatocellular carcinoma: analysis of sur-
vival according to the intention-to-treat principle and 
dropout from the waiting list. Liver Transpl. 
2002;8:873–83.  

    72.    Freeman RB, Mithoefer A, Ruthazer R, et al. 
Optimizing staging for hepatocellular carcinoma 
before liver transplantation: A retrospective analysis 



286 Y. Minami and M. Kudo

of the UNOS/OPTN database. Liver Transpl. 
2006;12:1504–11.  

    73.    Livraghi T, Festi D, Monti F, Salmi A, Vettori C. 
US-guided percutaneous alcohol injection of small 
hepatic and abdominal tumors. Radiology. 1986;161:
309–12.  

    74.    Bartolozzi C, Lencioni R. Ethanol injection for the 
treatment of hepatic tumours. Eur Radiol. 
1996;6:682–96.  

    75.    Seki T, Wakabayashi M, Nakagawa T, et al. 
Ultrasonically guided percutaneous microwave 
coagulation therapy for small hepatocellular carci-
noma. Cancer. 1994;74:817–25.  

    76.    Cho YK, Kim JK, Kim WT, Chung JW. Hepatic 
resection versus radiofrequency ablation for very 
early stage hepatocellular carcinoma: a Markov 
model analysis. Hepatology. 2010;51:1284–90.  

    77.    Minami Y, Kudo M. Radiofrequency ablation of 
hepatocellular carcinoma: current status. World 
J Radiol. 2010;2(11):417–24.  

    78.    Shiina S, Teratani T, Obi S, et al. A randomized con-
trolled trial of radiofrequency ablation with ethanol 
injection for small hepatocellular carcinoma. 
Gastroenterology. 2005;129:122–30.  

    79.    Lencioni RA, Allgaier HP, Cioni D, et al. Small 
hepatocellular carcinoma in cirrhosis: randomized 
comparison of radio-frequency thermal ablation ver-
sus percutaneous ethanol injection. Radiology. 
2003;228:235–40.  

    80.    Lin SM, Lin CJ, Lin CC, Hsu CW, Chen YC. 
Radiofrequency ablation improves prognosis com-
pared with ethanol injection for hepatocellular carci-
noma B4 cm. Gastroenterology. 2004;127:1714–23.  

    81.    Machi J, Bueno RS, Wong LL. Long-term follow-up 
outcome of patients undergoing radiofrequency 
ablation for unresectable hepatocellular carcinoma. 
World J Surg. 2005;29:1364–73.  

    82.    Lencioni R, Cioni D, Crocetti L, et al. Early-stage 
hepatocellular carcinoma in patients with cirrhosis: 
long-term results of percutaneous image-guided 
radiofrequency ablation. Radiology. 2005;234:961–7.  

    83.    Tateishi R, Shiina S, Teratani T, et al. Percutaneous 
radiofrequency ablation for hepatocellular carci-
noma. An analysis of 1000 cases. Cancer. 2005;103:
1201–9.  

    84.    Cabassa P, Donato F, Simeone F, Grazioli L, 
Romanini L. Radiofrequency ablation of hepatocel-
lular carcinoma: long-term experience with expand-
able needle electrodes. AJR Am J Roentgenol. 
2006;186:S316–21.  

    85.    Livraghi T, Meloni F, Di Stasi M, et al. Sustained 
complete response and complications rates after 
radiofrequency ablation of very early hepatocellular 
carcinoma in cirrhosis: is resection still the treatment 
of choice? Hepatology. 2008;47:82–9.  

    86.    Yan K, Chen MH, Yang W, et al. Radiofrequency 
ablation of hepatocellular carcinoma: long-term 
outcome and prognostic factors. Eur J Radiol. 
2008;67:336–47.  

    87.    Kasugai H, Osaki Y, Oka H, Kudo M, Seki T. Severe 
complications of radiofrequency ablation therapy for 
hepatocellular carcinoma: an analysis of 3,891 abla-
tions in 2,614 patients. Oncology. 2007;72 Suppl 
1:72–5.  

    88.    Hsu YS, Chien RN, Yeh CT, et al. Long-term out-
come after spontaneous HBeAg seroconversion in 
patients with chronic hepatitis B. Hepatology. 
2002;35:1522–7.  

    89.    El-Serag HB, Marrero JA, Rudolph L, Reddy KR. 
Diagnosis and treatment of hepatocellular carci-
noma. Gastroenterology. 2008;134:1752–63.  

    90.    Llovet JM, Bruix J. Systematic review of random-
ized trials for unresectable hepatocellular carcinoma: 
chemoembolization improves survival. Hepatology. 
2003;37:429–42.  

    91.    Bruix J, Sherman M, Llovet JM, et al. Clinical man-
agement of hepatocellular carcinoma. Conclusions 
of the Barcelona-2000 EASL Conference. European 
Association for the Study of the Liver. J Hepatol. 
2001;35:421–30.  

    92.    Staunton M, Dodd JD, McCormick PA, Malone DE. 
Finding evidence-based answers to practical ques-
tions in radiology: which patients with inoperable 
hepatocellular carcinoma will survive longer after 
transarterial chemoembolization? Radiology. 2005;
237:404–13.  

    93.    Lo CM, Ngan H, Tso WK, et al. Randomized con-
trolled trial of transarterial lipiodol chemoemboliza-
tion for unresectable hepatocellular carcinoma. 
Hepatology. 2002;35:1164–71.  

    94.    Llovet JM, Real MI, Montana X, et al. Arterial 
embolisation or chemoembolisation versus symp-
tomatic treatment in patients with unresectable hepa-
tocellular carcinoma: a randomised controlled trial. 
Lancet. 2002;359:1734–9.  

    95.    Wilhelm S, Carter C, Lynch M, et al. Discovery and 
development of sorafenib: a multikinase inhibitor for 
treating cancer. Nat Rev Drug Discov. 2006;5:
835–44.  

    96.    Llovet JM, Ricci S, Mazzaferro V, et al. Sorafenib in 
advanced hepatocellular carcinoma. N Engl J Med. 
2008;359:378–90.  

    97.    Cheng AL, Kang YK, Chen Z, et al. Effi cacy and 
safety of sorafenib in patients in the Asia-Pacifi c 
region with advanced hepatocellular carcinoma: a 
phase III randomised, double-blind, placebo- 
controlled trial. Lancet Oncol. 2009;10:25–34.  

    98.    Chang MH, Hepatitis B. virus and cancer preven-
tion. Recent Results Cancer Res. 2011;188:75–84.  

    99.    Zhang QQ, An X, Liu YH, et al. Long-term nucleos(t)
ide analogues therapy for adults with chronic hepati-
tis B reduces the risk of long-term complications: a 
meta-analysis. Virol J. 2011;8:72.  

    100.    Baffi s V, Shrier I, Sherker AH, Szilagyi A. Use of 
interferon for prevention of hepatocellular carci-
noma in cirrhotic patients with hepatitis B or hepati-
tis C virus infection. Ann Intern Med. 1999;131(9):
696–701.  



28710 Hepatocellular Carcinoma

    101.    Kumada T, Nakano S, Takeda I, et al. Patterns of 
recurrence after initial treatment in patients with 
small hepatocellular carcinoma. Hepatology. 1997;
25:87–92.  

    102.    Poon RT, Fan ST, Ng IO, Lo CM, Liu CL, Wong J. 
Different risk factors and prognosis for early and late 
intrahepatic recurrence after resection of hepatocel-
lular carcinoma. Cancer. 2000;89:500–7.  

    103.    Sakon M, Umeshita K, Nagano H, et al. Clinical sig-
nifi cance of hepatic resection in hepatocellular carci-
noma: analysis by disease-free survival curves. Arch 
Surg. 2000;135:1456–9.  

    104.    Ikeda K, Arase Y, Saitoh S, et al. Interferon beta 
prevents recurrence of hepatocellular carcinoma 
after complete resection or ablation of the primary 
tumor—a prospective randomized study of hepatitis 
C virus-related liver cancer. Hepatology. 2000;32:
228–32.  

    105.    Kubo S, Nishiguchi S, Hirohashi K, et al. Effects of 
long-term postoperative interferon-alpha therapy on 
intrahepatic recurrence after resection of hepatitis 
C virus-related hepatocellular carcinoma. A 
randomized, controlled trial. Ann Intern Med. 2001;
134:963–7.      



289M. Bologna (ed.), Biotargets of Cancer in Current Clinical Practice, Current Clinical Pathology,
DOI 10.1007/978-1-61779-615-9_11, © Springer Science+Business Media, LLC 2012

  11

    Introduction 

 Kidney cancer or renal cell carcinoma (RCC) 
comprises about 3% of all adult malignancies, 
and its incidence has been steadily rising at a rate 
of ~2–3% per decade but now appears to be level-
ing off or even declining in some US and European 
registries due in part to diagnosis of RCC at ear-
lier stage and smaller size  [  1,   2  ] . Limited symp-
toms often result in late diagnosis in advanced 
stages frequently by incidental radiography for 
another health problem. Surgical resection of pri-
mary RCC can be effective as treatment of local-
ized advanced tumors. However, approximately 
25% of cases will be metastatic upon diagnosis 
 [  3  ] , and since metastatic RCC is notoriously 
refractory to chemotherapy and only moderately 
responsive to immunotherapy, these distant 
metastases remain the primary cause of cancer-
related deaths. Therefore, there is a critical 
need for validated biomarkers of RCC as prog-
nostic indicators of local and advanced disease 
and as predictors of tumor response to therapy. 
Importantly, the identifi cation of biotargets for 
the development of effective molecularly targeted 

therapies personalized to the patient is of the 
highest priority and a major focus of current 
research efforts in the fi eld today.  

   Epidemiology 

 It was estimated that approximately 209,000 new 
cases of RCC arose in 2006 worldwide with nearly 
103,000 deaths  [  3,   4  ] . RCC affects men and 
women in the sixth and seventh decades of life, 
although earlier age of onset is associated with 
inherited renal cancer syndromes. Known risk 
factors that contribute to the development of RCC 
include cigarette smoking, obesity (body mass 
index), hypertension, male gender, and a fi rst-
degree relative with kidney cancer  [  2  ] . Evidence 
is accumulating to suggest that end-stage renal 
disease, parity in women, alcohol consumption 
(inverse), reduced physical activity, and occupa-
tional exposure to trichloroethylene may also con-
tribute to overall risk for RCC while a diet rich in 
fruits and vegetables may be protective  [  2  ] .  

   Classifi cation of RCC: Diagnostic 
and Prognostic Implications 

   Histologic Subtypes and Characteristic 
Cytogenetics 

 RCC is not a single entity but is a diverse group of 
epithelial tumors classifi ed according to histology 
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into the following major subtypes which can 
occur in both sporadic cases and inherited RCC 
syndromes: clear cell, papillary type 1 and type 2, 
chromophobe, and collecting duct renal carcino-
mas. Renal oncocytoma is a benign neoplasm that 
can occur in these settings, progress to large size, 
and compromise renal function  [  5,   6  ]  (Table  11.1 ). 
Renal medullary carcinoma, a rare tumor 
 associated with sickle cell trait, and renal angio-
myolipoma, a benign renal lesion consisting of 
fat, blood vessels, and smooth muscle, which is 
associated with the inherited multisystem disor-
der tuberous sclerosis complex (TSC), will not be 
discussed here.  

   Clear Cell RCC 
 Clear cell renal carcinomas (ccRCC) account for 
approximately 75% of RCC and are named for the 
clear cytoplasmic regions that remain when lipids 
and glycogen dissolve during histologic process-
ing. Clear cell renal tumors arise from the proxi-
mal tubule, are generally solitary and unifocal 
(except in a familial setting), and are characterized 
cytogenetically by loss of chromosome 3 at three 
separate regions (3p25-26, 3p21-22, 3p13-14), 
gains of chromosomes 5q22-ter, 7, and 17, and, 
less frequently, loss of chromosomes 9p, 10q, 13q, 
and 14q, which are associated with poor prognosis 
and/or high histologic grade  [  7–  9  ] . Sarcomatoid 
features are also associated with poor outcome 
and rapid progression to metastasis. Approximately 
60–90% of clear cell renal tumors show loss of 
heterozygosity (LOH) on chromosome 3p that 
includes the  von Hippel–Lindau  ( VHL ) tumor 
suppressor gene locus at 3p25-26  [  10,   11  ] . In a 
recent large retrospective study, 91% of sporadic 
clear cell renal tumors demonstrated mutational 
inactivation of the  VHL  allele by sequence altera-
tion or hypermethylation  [  12  ] , underscoring a 
conclusive role for  VHL  inactivation in the vast 
majority of sporadic clear cell renal tumors. Clear 
cell tumors are the only histologic subtype found 
in patients with the inherited renal cancer syn-
drome, VHL disease, and families with constitu-
tional translocations involving chromosome 3. 
They also occur with lower frequency in Birt–
Hogg–Dubé syndrome, familial renal cancer asso-
ciated with  succinate dehydrogenase  ( SDH ) 

mutations, and rarely in patients with TSC (see 
   “Familial RCC Syndromes: Causative Genes and 
Their Pathways as Potential Biotargets”).  

   Papillary RCC 
 Papillary renal tumors, which arise from the 
proximal tubules, comprise 10% of renal carcino-
mas and may be further subdivided histologically 
into type 1 and type 2  [  7  ] . Type 1 tumors have 
delicate papillae with small tumor cells contain-
ing scant cytoplasm arranged in a single layer on 
the papillary basement membrane and often con-
tain aggregates of foamy macrophages. Type 1 
tumors tend to be multifocal, bilateral, and less 
aggressive compared to clear cell tumors. Type 2 
tumors are characterized by higher nuclear grade 
with eosinophilic cytoplasm and pseudostratifi ed 
nuclei on papillary cores and are most often soli-
tary, unilateral, and more frequently metastasize 
due to their aggressive growth pattern  [  7,   8  ] . Type 
1 tumors are usually associated with lower stage 
and grade than type 2 tumors and therefore are 
linked to longer patient survival and better prog-
nosis  [  13  ] . Cytogenetic studies of papillary renal 
tumors have shown characteristic trisomies/tetra-
somies of chromosome 7 and 17, and loss of Y, 
but only infrequent loss of 3p  [  9  ] . In two studies, 
trisomies of 7 and 17 were infrequent in type 2 
papillary tumors suggesting two distinct morpho-
logic and genetic subgroups  [  13,   14  ] . Trisomies 
of 12, 16, and 20 are also frequent and may be 
associated with tumor progression, with LOH at 
9p13 signifi cantly more frequent in type 2 corre-
sponding to shorter patient survival  [  13,   15  ] . 
Additional regions of loss reported in papillary 
renal tumors include 1p, 4q, 6q, 13q, and X  [  9  ] . 
Papillary type 1 renal tumors are the only histo-
logic variant that arises in the inherited renal can-
cer syndrome, hereditary papillary renal 
carcinoma (HPRC), whereas type 2 papillary 
renal tumors are the most frequent tumors found 
in the inherited RCC syndrome, hereditary leio-
myomatosis and renal cell carcinoma (HLRCC) 
(see “Familial RCC Syndromes: Causative Genes 
and Their Pathways as Potential Biotargets”). 
Clear cell tumors not only with papillary archi-
tecture but also with granular eosinophilic cyto-
plasm develop in patients with a somatic 
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translocation involving chromosome Xp11.2 
resulting in gene fusions with  transcription fac-
tor E3  gene,  TFE3 , and at least six gene partners, 
one of which is unknown ( PRCC ,  ASPL ,  NONO , 
 PSF ,  CLTC ). They are fairly indolent in children 
but aggressive in adults where they are rare, and 
can be distinguished by nuclear immunohis-
tochemical staining for TFE3  [  16  ] .  

   Chromophobe RCC 
 Chromophobe renal tumors, which are thought to 
arise from intercalated cells of the collecting duct, 
account for about 5% of cases and are a distinct 
subtype that tend to have a better prognosis than 
clear cell or type 2 papillary RCC  [  9  ] . 
Histologically, chromophobe tumors are charac-
terized by large polygonal cells with transparent 
slightly reticulated cytoplasm and prominent cell 
membranes, irregular often wrinkled nuclei, small 
nucleoli, and characteristic perinuclear halos. 
They stain positively with Hale’s colloidal iron 
stain, which is one distinguishing feature from 
renal oncocytomas  [  7  ] . As with clear cell RCC, 
sarcomatoid phenotype in chromophobe RCC is 
associated with aggressive tumor growth and 
metastases. Chromophobe RCC is characterized 
by extensive chromosomal losses, most frequently 
chromosomes 1, 2, 6, 10, 13q, 17, and 21 with a 
low chromosomal number ranging between 32 
and 39  [  7–  9  ] . Rare sporadic composite chromo-
phobe/oncocytoma tumors have been described 
termed “oncocytosis,” raising the possibility that 
the two types of tumors might be related  [  17  ] . 
“Oncocytic” hybrid tumors have been described 
as the predominant tumor type in the inherited 
renal cancer disorder, Birt–Hogg–Dubé syndrome 
(see “Familial RCC Syndromes: Causative Genes 
and Their Pathways as Potential Biotargets”).  

   Collecting Duct (Bellini Duct) RCC 
 This tumor, thought to be derived from the princi-
pal cells of the collecting duct of Bellini, occurs 
very rarely (<1%), has poor prognosis, and is 
often metastatic at presentation. Mortality is high 
and two-thirds of patients die of their disease 
within 2 years of diagnosis  [  7  ] . Histologically, 
collecting duct tumors have a tubular/papillary 
growth pattern containing infl amed fi brous 

stroma, desmoplasia, with hobnail appearance 
and are of high nuclear grade  [  7,   8  ] . Very few 
tumors of this rare entity have been evaluated, but 
in one study, loss of multiple chromosomal arms 
was documented including 1q32, 6p, 8p, 13q, and 
21q, while another study suggested that 8p LOH 
might be associated with poor patient prognosis 
 [  7  ] . Collecting duct tumors are infrequently asso-
ciated with the familial RCC syndrome, HLRCC 
(see “Familial RCC Syndromes: Causative Genes 
and Their Pathways as Potential Biotargets”).  

   Renal Oncocytoma 
 Renal oncocytoma is a benign renal neoplasm 
originating from the intercalated cells of the col-
lecting system comprising about 5% of all renal 
neoplasms  [  7  ] . Histologically, these neoplasms 
have round to polygonal cells with densely gran-
ular eosinophilic cytoplasm arranged in nests 
and, on low power, give the appearance of an 
island, a characteristic feature of oncocytomas. 
Ultrastructurally, they contain many mitochon-
dria with predominantly lamellar cristae  [  8  ] . 
They are generally solitary except in a familial 
setting, asymptomatic with excellent prognosis, 
and may be distinguished from malignant chro-
mophobe RCC by the fact that the latter has a 
more complex karyotype in addition to loss of 
chromosome 1. In a few oncocytomas, transloca-
tion of t(5;11)(q35;q13) was detected, and in 
some cases, partial or complete loss of chromo-
somes 1 and 14 was described  [  7,   8  ] . Regions of 
“oncocytosis” containing large numbers of onco-
cytic lesions with a spectrum of morphologic fea-
tures, sometimes including chromophobe or 
hybrid features, have been described in sporadic 
oncocytomas  [  17  ] , rare families with familial 
renal oncocytomas  [  18  ] , and the familial RCC 
disorder Birt–Hogg–Dubé syndrome (see 
“Familial RCC syndromes: Causative Genes and 
Their Pathways as Potential Biotargets”).   

   Diagnostic Immunomarkers 

 In addition to the characteristic histology gener-
ally diagnostic for each subtype of RCC, a num-
ber of immunomarkers have been identifi ed that 
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have proven useful for diagnostic purposes in 
several contexts. Immunohistochemistry using 
these markers has become essential for differen-
tiating renal from nonrenal neoplasms that they 
may resemble, subtyping RCCs to accurately 
determine the subtype variant since it may affect 
choice of therapy regimens, and diagnosing rare 
types of renal neoplasms or metastatic RCC at a 
distant site in small biopsy specimens. 

 The following immunomarkers are considered 
to have good diagnostic utility (reviewed in 
Truong et al.): (1) cytokeratins including CK18, 
CK7, and high-molecular-weight CKs [34  b  E12 + ]; 
(2) vimentin, a mesenchymal marker, expressed 
almost exclusively by RCC and not many other 
cancers; (3)   a  -methylacyl coenzyme A racemase 
(AMACR), a mitochondrial enzyme important in 
fatty acid oxidation; (4) carbonic anhydrase IX, a 
transmembrane enzyme involved in maintenance 
of cellular pH; (5) PAX2 and PAX8, nuclear tran-
scription factors involved in fetal kidney develop-
ment; (6) RCC marker, an antibody that detects a 
glycoprotein in the brush border of proximal renal 
tubule cells; (7) CD10, a glycoprotein enzyme 
involved in cellular response to peptide hormones 
and located in the proximal tubule brush border; 
(8) E-cadherin/kidney-specifi c cadherin impor-
tant for cell–cell interactions and located in distal 
convoluted and collecting duct cells; (9) parval-
bumin, a calcium-binding protein involved in cal-
cium homeostasis located in the distal tubule and 
collecting duct cells; (10) claudins 7 and 8, tight 
cell junction proteins expressed in the distal 
tubule and collecting duct cells; (11) S100A1 
expressed throughout the kidney; (12) CD82, a 
known metastasis suppressor gene, expressed in 
the distal nephron; (13) c-kit (CD117), a proto-
oncogene mutated in several cancers and a poten-
tial therapeutic target; and (14) TFE3, a 
transcription factor involved in Xp11.2 transloca-
tion renal cancers  [  19  ] . The immunoprofi les of 
the major histologic subtypes of RCC are 
extremely valuable for diagnosing renal neo-
plasms in problematic settings or to distinguish 
metastases from primaries in distant organs. Clear 
cell RCC is usually positive for vimentin, AE1/
AE3 keratins, CD10, RCC marker, and CAIX and 
negative for CD117, kidney-specifi c cadherin, 

and parvalbumin. Papillary type 1 RCC is also 
often positive for vimentin, AE1/AE2 keratins, 
CD10, and RCC marker, but unlike clear cell 
RCC, it is also positive for CK7 and AMACR. 
Similar to clear cell RCC, papillary type 1 RCC is 
usually negative for CD117, kidney-specifi c cad-
herin, and parvalbumin. Papillary type 2 RCC has 
a more variable immunoprofi le. Since chromo-
phobe RCC arises from the distal nephron, its 
immunoprofi le is distinctly different from clear 
cell and papillary renal tumors. Chromophobe 
RCC is positive for kidney-specifi c cadherin, par-
valbumin, CD117, AE1/AE3 keratin, CK7, and 
claudins 7 and 8 (limited data) but negative for 
vimentin, CAIX, and AMACR. Benign renal 
oncocytoma which also arises from the distal 
nephron shares a similar immunoprofi le with 
chromophobe RCC, but in two studies oncocy-
tomas were distinguished from chromophobe 
RCC by positive expression of S100A1 and nega-
tive expression for CD82. Conversely, chromo-
phobe RCC was S100A1 negative and CD82 
positive  [  20,   21  ] . Collecting duct carcinoma is 
negative for the common RCC markers, CD10 
and RCC marker, and positive for CK7, PAX2, 
and PAX8. Tumors that develop in Xp11.2 trans-
location patients are distinguished by markers for 
clear cell RCC (CD10, RCC marker) and positive 
nuclear staining for TFE3 protein (Table  11.1 ).  

   Prognostication of Histologic Subtype 

 Of the main histologic types of RCC, patients 
with chromophobe RCC were found to have 
excellent prognosis and overall survival that was 
superior to the other histologic types in two inde-
pendent series  [  22,   23  ] . In a third study, chromo-
phobe and papillary RCC patients were associated 
with improved progression-free survival follow-
ing nephrectomy compared with clear cell RCC; 
however, only chromophobe RCC was retained 
as prognostic after multivariate analyses  [  24  ] . In 
a recent retrospective series of 2,446 nephrec-
tomy patients, clear cell RCC was a predictor of 
metastasis and cancer-specifi c death (HR 2.76 
and 1.77, respectively;  p  < 0.001) relative to pap-
illary and chromophobe RCC in multivariate 
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analyses  [  25  ] . Teloken et al. reported that chro-
mophobe and papillary histologies were also sig-
nifi cantly associated with better outcome 
compared with clear cell histology in a multivari-
ate analysis of 1,863 postnephrectomy patients 
(HR 0.40 vs. 0.62;  p  = 0.014)  [  26  ] . On the other 
hand, in a multicenter study of 4,063 patients 
with clear cell, papillary and chromophobe RCC 
who underwent nephrectomy, Eastern Cooperative 
Oncology Group (ECOG) performance, TNM 
stage, and Fuhrman grade but not histology were 
retained as independent prognostic variables in 
multivariate analysis  [  27  ] . Higher expression of 
VEGFR-2 and VEGFR-3, loss of chromosome 
1p, 3p, or 9p, and absence of trisomy 17 were all 
associated with poor prognosis. In several series, 
papillary type 2 RCC was associated with worse 
prognosis. Klatte et al. evaluated 51 papillary 
type 1 and 107 papillary type 2 RCC patients and 
found type 2 patients to have worse ECOG per-
formance status, higher stage and grade, increased 
nodal and distant metastases, and worse survival 
although type was not retained as prognostic on 
multivariate analysis  [  28  ] . The question of 
whether histologic subtypes predict different sur-
vival outcomes needs additional validation, but in 
the majority of reported studies, patients with 
clear cell RCC demonstrated worse prognosis 
than other histologic subtypes. The prognosis for 
papillary type 2 RCC patients is consistently 
worse than papillary type 1 patients.   

   Familial RCC Syndromes: Causative 
Genes and Their Pathways as 
Potential Biotargets 

 Although familial renal cancers comprise only 
4% of all RCC, our current understanding of the 
genetics of renal carcinoma has come almost 
exclusively from studies of families with rare 
inherited renal cancer syndromes (Table  11.2 ) 
 [  6  ] . The discovery of each of the predisposing 
renal cancer genes— VHL ,  MET ,  FH ,  SDH , 
 FLCN —came from linkage analysis in these 
RCC families. Elucidation of the function of 
these genes in normal cells has provided clues to 
how loss-of-function ( VHL ,  FH ,  SDH ,  FLCN ) or 
activation ( MET ) of these genes leads to renal 

tumor development. In the following sections, 
the clinical presentation and causative gene 
for each major renal cancer syndrome will be 
presented followed by functional consequences 
of each gene mutation. Finally, molecular targets 
identifi ed from among the pathway components 
will be discussed in light of their diagnostic, 
prognostic, and predictive utility. The potential 
of several of these novel biotargets for molecu-
larly targeted therapy will be considered.  

   Inherited Clear Cell RCC: VHL Disease 

 VHL disease is an autosomal dominantly inher-
ited multisystem disorder in which patients 
develop tumors in a number of organ systems 
including central nervous system hemangioblas-
tomas, retinal angiomas, pheochromocytomas, 
endolymphatic sac, and pancreatic islet cell 
tumors, as well as multiple cysts in the kidney 
and pancreas. About 25–45% of VHL patients 
will develop bilateral multifocal clear cell renal 
tumors during the second to fourth decade with 
70% penetrance by age 60  [  29  ] . Patients with 
VHL disease inherit a germline mutation in the 
 VHL  tumor suppressor gene located on chromo-
some 3p25-26  [  30  ]  with subsequent loss of the 
wild-type  VHL  allele in the kidney cell, priming 
it to progress to tumor. In fact,  VHL  biallelic 
inactivation occurs in microfoci of RCC as well 
as preneoplastic renal cysts in kidneys of VHL 
patients confi rming this as an early event in  VHL -
associated tumor progression  [  31,   32  ] . Over 
1,000 germline  VHL  mutations in 945 VHL fami-
lies located throughout the gene (with the excep-
tion of the 35 residue acidic domain) have been 
reported worldwide  [  33  ] . VHL subclasses based 
upon the predisposition to develop pheochromo-
cytomas and high/low risk of RCC have estab-
lished functionally related genotype–phenotype 
associations  [  29  ] .  

   Inherited Clear Cell RCC: Chromosome 
3p Translocation Families 

 A family with a constitutional t(3;8)(p14;q24) 
balanced translocation was described in which 
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bilateral multifocal clear cell renal tumors coseg-
regated with the chromosomal translocation  [  34  ] . 
Loss of the derivative chromosome carrying the 
3p25 segment followed by acquisition of differ-
ent somatic  VHL  mutations in the remaining 
alleles was identifi ed in tumors from this family 
leading to a proposed three-step tumorigenesis 
model in which an individual inherits the consti-
tutional translocation, the derivative chromosome 
3 is lost, and a  VHL  mutation occurs in the remain-
ing copy of the gene  [  35  ] . A number of chromo-
some 3 translocation families have been described 
in which  VHL  inactivation through loss of the 
derivative chromosome and  VHL  somatic muta-
tion contributes to clear cell renal tumors  [  36  ] .  

   Inherited Clear Cell RCC:  SDH  Mutation-
Associated Early Onset Renal Cancer 

 Bilateral multifocal renal tumors with early onset 
(<40 years of age) have been reported in the set-
ting of hereditary head and neck paragangliomas 
(HPGL) and adrenal/extra-adrenal pheochromo-
cytomas  [  37  ] . Most frequently, clear cell RCC 
develops; however, chromophobe RCC, papil-
lary type 2 RCC, and renal oncocytoma have 
been described  [  38,   39  ] . Loss-of-function ger-
mline mutations in the genes encoding subunits 
B and D of the Krebs cycle enzyme SDH (SDHB, 
SDHD) are responsible for the RCC, HPGL, and/
or pheochromocytoma phenotypes in these fami-
lies  [  39–  43  ]  (see “Inherited Papillary Type 2 
RCC: Functional Consequence of Krebs Cycle 
Enzyme Mutations”).  

   Inherited Clear Cell RCC: Function 
of the  VHL  Gene 

 Although new roles for pVHL are continuing to 
be discovered, the most well-understood function 
for the pVHL tumor suppressor protein is to serve 
as the substrate recognition site for the transcrip-
tion factor family, hypoxia-inducible factor   a   
[HIF-  a  ]. HIF-  a   is targeted for proteasomal degra-
dation by an E3 ubiquitin ligase complex contain-
ing pVHL, elongin B, elongin C, cullin-2 and Rbx 

1  [  44–  47  ] . When cells are exposed to normal oxy-
gen levels, a family of HIF prolyl hydroxylases 
(PHDs) that require 2-oxoglutarate, molecular 
oxygen, ascorbic acid, and iron as cofactors act to 
hydroxylate HIF-  a   on critical prolines  [  48,   49  ] . 
pVHL then binds to hydroxylated HIF-  a   through 
its   b  -domain, targeting HIF-  a   for ubiquitylation 
by the E3 ligase complex and subsequent protea-
somal degradation  [  50  ] . However, under hypoxic 
conditions when PHDs cannot function or when 
pVHL is mutated and unable to bind HIF-  a   or 
elongin C, HIF-  a   evades pVHL-facilitated degra-
dation and stabilizes. Accumulated HIF-  a   then 
complexes with its partner HIF-  b   in the nucleus 
and transcriptionally upregulates genes important 
in angiogenesis ( EPO ,  VEGF ), cell proliferation 
[ PDGF  b   ,  TGF  a   ], and glucose metabolism ( GLUT 
1 ) (Fig.  11.1 )  [  44,   51  ] . HIF-  a  -dependent upregu-
lation of proangiogenic factors accounts for the 
highly vascular nature of  VHL -defi cient clear cell 
renal tumors. Germline  VHL  mutations frequently 
occur in the pVHL binding domains for HIF-  a   
and elongin C  [  52  ] . Stabilization of HIF-2  a  , rather 
than HIF-1  a  , appears to be critical for renal tumor 
development  [  53,   54  ] , possibly through HIF-2  a  -
mediated upregulation of c-Myc and its targets, 
driving tumor cell proliferation and enabling 
tumor cells to escape DNA damage-activated 
checkpoints  [  55  ] .   

   Inherited Papillary Type 1 RCC: 
Hereditary Papillary Renal Carcinoma 

 In contrast to VHL disease, affected individuals 
with the rare autosomal dominant familial cancer 
syndrome, HPRC, develop bilateral, multifocal 
renal tumors of papillary type 1 histology with no 
other manifestations  [  56,   57  ] . HPRC develops in 
the fi fth and sixth decades of life with an age-
dependent penetrance of 67% by the age of 60 
 [  58  ] ; however, early age of onset HPRC families 
have been reported  [  59  ] . Fewer than 40 HPRC 
families have been reported worldwide under-
scoring the rare nature of this disorder. Affected 
individuals with HPRC inherit activating muta-
tions in the  MET proto-oncogene  located on chro-
mosome 7q31  [  60  ] . To date, all HPRC-associated 
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 MET  mutations are missense that exchange the 
amino acid and are located in the tyrosine kinase 
(TK) domain of the Met protein  [  56  ] . The fre-
quency of  MET  mutations in sporadic papillary 
type 1 tumors is low ranging from 12.5 to 13% in 
several reported studies  [  61,   62  ] , suggesting that 
sporadic PRC may arise by a Met-independent 
pathway as well.  

   Inherited Papillary Type 1 RCC: 
Functional Consequence of  MET  
Mutations 

 The  MET  gene encodes the hepatocyte growth 
factor/scatter factor (HGF/SF) receptor tyrosine 
kinase, Met. HGF/SF ligand binding triggers Met 
autophosphorylation on two critical tyrosines in 
the intracellular kinase domain that activates Met 
kinase activity. Subsequent phosphorylation of 
two additional tyrosines in the carboxyterminal 
docking site results in the recruitment of a variety 
of intracellular effectors or adaptor proteins that 

link HGF/Met signaling to downstream cascades 
regulating cell proliferation, branching morpho-
genesis, differentiation, and “invasive growth” 
 [  63  ] . Among the many genes upregulated by 
HGF/Met signaling is the receptor itself, and Met 
overexpression has been demonstrated in a num-
ber of epithelial cancers including RCC  [  64  ] . 
HPRC was the fi rst cancer syndrome in which 
germline  MET  mutations were identifi ed, all of 
which are constitutively activating, display onco-
genic potential in animal and cell-based assays 
 [  65,   66  ] , and are predicted to stabilize Met kinase 
in the active conformation  [  67  ] . Nonrandom 
duplication of the chromosome 7 bearing the 
mutant  MET  allele was demonstrated in papillary 
renal tumors from HPRC patients  [  68–  70  ] , sug-
gesting that duplication of mutant  MET  may give 
kidney cells a proliferative growth advantage and 
represent the second step in HPRC tumor patho-
genesis. Targeting the MET signaling pathway 
has great therapeutic potential for treatment of 
both inherited and sporadic papillary renal 
tumors. Moreover,  MET  has been identifi ed as a 

  Fig. 11.1    pVHL targets HIF a  for degradation. Under 
normoxic conditions, HIF prolyl hydroxylase (PHD), with 
cofactors 2-oxoglutarate (2-OG), Fe +2 , and ascorbate, 
hydroxylates HIF a  on critical prolines enabling its recog-
nition by pVHL. pVHL, in complex with elongins C and 
B, Cul2, and Rbx1, targets HIF a  for ubiquitin-mediated 
degradation. When oxygen is low and PHD is unable to 
hydroxylate HIF a , or when VHL is mutated (*) in spo-
radic clear cell RCC or tumors from VHL patients, HIF a  

is not recognized by pVHL and accumulates, resulting in 
transcriptional activation of genes that stimulate tumor 
growth ( PDGF ,  TGF a  ) and neovascularization ( VEGF , 
 EPO ) [from Schmidt LS, Pavlovich CP. et al. Hereditary 
Renal Cell Carcinoma Syndromes. In:  Cancer Hereditario , 
2nd Edition. Segura, PP (ed). Sociedad Espanola de 
Oncologia Medica (SEOM), Madrid 2010, with 
permission]       
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HIF  a   target gene. Hypoxia was shown to activate 
 MET  transcription, increase levels of Met protein, 
amplify HGF signaling and induce invasion  [  71  ] . 
Therefore, Met signaling is a likely contributor to 
 VHL -defi cient clear cell renal cancer and an 
important biotarget for therapy in clear cell RCC. 
Finally,  MET  was also shown to be transcription-
ally upregulated by the strongly activating TFE3 
fusion proteins produced in renal cancer associ-
ated with Xp11.2 translocations and may contrib-
ute to the mechanism of tumorigenesis in these 
tumors (see “Papillary RCC”)  [  72  ] .  

   Inherited Papillary Type 2 RCC: 
Hereditary Leiomyomatosis and Renal 
Cell Carcinoma 

 Initially referred to as multiple cutaneous and 
uterine leiomyomatosis (MCUL)  [  73  ] , this auto-
somal dominantly inherited syndrome was 
renamed HLRCC upon the identifi cation of renal 
tumors in association with skin and uterine leio-
myomata in affected individuals  [  74  ] . The skin 
leiomyomas (benign smooth muscle tumors) and 
uterine leiomyomas (fi broids) are the most pene-
trant manifestations in HLRCC whereas renal 
tumors develop in 15–62% of affected individu-
als  [  75,   76  ] . They tend to be solitary and unilat-
eral and develop with an early age of onset. 
Unlike papillary tumors that develop in the setting 
of HPRC, HLRCC tumors are highly aggressive 
and can metastasize causing death within 5 years 
of diagnosis. HLRCC renal tumors are most often 
papillary type 2 histology, but several reports of 
tumors with collecting duct histology have 
appeared  [  76,   77  ] . Affected individuals with 
HLRCC inherit germline mutations in the gene 
that encodes the Krebs cycle enzyme fumarate 
hydratase ( FH )  [  78,   79  ] .  FH  mutations identifi ed 
in HLRCC include missense, protein truncating, 
and partial and complete gene deletions occur-
ring in most coding exons but without clear gen-
otype–phenotype associations  [  75,   80  ] .  FH  acts 
as a classic tumor suppressor gene with loss or 
somatic mutation of the wild-type  FH  allele at 
high frequency in renal tumors, and skin and 
uterine leiomyomata found in the setting of 

HLRCC  [  76  ] , but rarely in sporadic counterpart 
tumors  [  81  ] .  

   Inherited Papillary Type 2 RCC: 
Functional Consequence of Krebs Cycle 
Enzyme Mutations 

 HLRCC-associated  FH  mutations reduce enzyme 
activity to varying degrees depending on muta-
tion type  [  77,   78,   82  ] . Reduced FH activity causes 
fumarate accumulation and stalling of the Krebs 
cycle  [  83,   84  ]  resulting in stabilization of HIF-
1  a  . Fumarate acts as a competitive inhibitor of 
the PHD cosubstrate, 2-oxoglutarate  [  84  ] , releas-
ing HIF-1  a   from proline hydroxylation and 
VHL-mediated proteasomal degradation. This 
“pseudohypoxia” drives transcriptional activa-
tion of HIF-target genes that promote increased 
microvessel density in the HLRCC-associated 
leiomyomas  [  85  ]  ( VEGF ,  EPO ), aggressive 
growth of papillary type 2 renal tumors ( TGF-  a   , 
 PDGF-  b   ), and rapid glucose uptake that drives 
aerobic glycolysis ( GLUT 1 ,  HK2 ), known as 
“the Warburg effect,” in HLRCC-associated renal 
cancer (Fig.  11.2 )  [  84,   86  ] . Elevated reactive 
oxygen species (ROS) levels, a known conse-
quence of HIF-1  a   stabilization and high glucose 
levels, were observed in an HLRCC-derived renal 
tumor cell line  [  87  ] ; however, in another study 
elevated ROS levels were not detected in HLRCC 
tumors and  FH -defi cient mouse cysts  [  88  ] , sug-
gesting that HIF-1  a   stabilization was a direct 
result of fumarate accumulation which was shown 
to occur even in the presence of disrupted mito-
chondrial energy metabolism. Resolution of the 
mechanism by which fumarate accumulation 
drives HIF stabilization and aerobic glycolysis 
awaits further investigation. In a manner analo-
gous to mutational inactivation of  FH ,  SDH  
mutations lead to reduced SDH enzyme activity 
and accumulation of succinate in renal tumors. 
Consequently, accumulation of succinate com-
petitively inhibits 2-oxoglutarate and blocks PHD 
activity  [  84,   85  ] , resulting in HIF-  a   stabilization 
and transcriptional activation of HIF-  a   target 
genes driving tumor development in  SDH  muta-
tion-associated familial renal cancer.   
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   Inherited Chromophobe RCC: 
Birt–Hogg–Dubé Syndrome 

 Similar to HLRCC, Birt–Hogg–Dubé syndrome 
is a rare autosomal dominantly inherited derma-
tologic disorder that predisposes affected indi-
viduals to develop benign hair follicle tumors 
(fi brofolliculomas), lung cysts and, spontaneous 
pneumothorax  [  89  ]  with high penetrance (>85%) 
 [  90  ] . The cosegregation of renal tumors with 
BHD cutaneous lesions in several renal cancer 
kindreds confi rmed that renal neoplasia was part 
of the phenotypic spectrum of BHD syndrome 
 [  91  ] , which increases risk for renal neoplasia by 
seven-fold compared with unaffected siblings 
 [  92  ] . Bilateral, multifocal renal tumors with 
variable histologies will develop in about one-
third of BHD patients but rarely metastasize  [  90, 
  93,   94  ] . Chromophobe RCC, clear cell RCC, 
and a hybrid oncocytic tumor with features of 

oncocytoma and chromophobe RCC were 
reported in 34, 9 and 50% of cases, respectively, 
with areas of microscopic “oncocytosis” 
observed in normal kidney parenchyma of some 
BHD patients  [  95  ] . Germline mutations in the 
 BHD  or  folliculin  ( FLCN ) gene located on chro-
mosome 17p11.2 were identifi ed in affected 
individuals with BHD syndrome  [  96  ]  including 
protein truncating mutations  [  93,   97,   98  ]  and 
rare missense mutations  [  99  ]  that occur in nearly 
all exons with no conclusive genotype–pheno-
type correlations. Inactivation of the remaining 
copy of  FLCN  by somatic mutation or loss of 
chromosome 17p sequences in renal tumors 
from BHD patients  [  100  ] , and homozygous loss 
of  FLCN  in kidney tumors from  Flcn  knockout 
mice  [  101  ]  confi rm a tumor suppressor role for 
 FLCN .  FLCN  is infrequently mutated in spo-
radic chromophobe or clear cell RCC, or renal 
oncocytomas  [  102–  104  ] .  

  Fig. 11.2    Molecular mechanism of  FH  and  SDH  mutation-
driven renal tumorigenesis. Mutations in the genes encoding 
Krebs cycle enzymes fumarate hydratase (FH) or succinate 
dehydrogenase subunit B or D (SDH) lead to reduced 
enzyme activity and elevated levels of fumarate or succi-
nate, which in turn competitively inhibit HIF prolyl hydrox-
ylase (PHD) cosubstrate 2-oxoglutarate (2-OG), and impair 
PHD function. Consequently, HIF a  cannot be hydroxylated 
for recognition by the pVHL-E3 ubiquitin ligase and HIF a  
accumulates resulting in transcriptional upregulation of 
HIF-target genes such as  VEGF  and the glucose transporter 

 GLUT 1 . “Pseudohypoxia” appears to be the driving force 
for development of FH-defi cient or SDH-defi cient renal 
tumors, which are completely dependent upon aerobic gly-
colysis, not oxidative phosphorylation, for energy produc-
tion. Elevated lactic dehydrogenase (LDH) expression in 
tumor cells catalyzes reduction of pyruvate to lactate and 
acidifi es the cancer cell microenvironment [from Schmidt 
LS, Pavlovich CP. Hereditary Renal Cell Carcinoma 
Syndromes. In:  Cancer Hereditario , 2nd Edition. Segura, 
PP (ed). Sociedad Espanola de Oncologia Medica (SEOM), 
Madrid 2010, with permission]       
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   Inherited Chromophobe RCC: 
Functional Consequences 
of  FLCN  Mutation 

 Folliculin (FLCN) encoded by the  FLCN  gene is 
a novel protein of unknown function and under 
intense investigation in a number of laboratories. 
The discovery of two folliculin-interacting pro-
teins, FNIP1  [  105  ]  and FNIP2/L  [  106,   107  ] , has 
led to the fi nding that a third protein, 5  ¢  AMP-
activated protein kinase (AMPK), interacts with 
FLCN through FNIP1/2  [  105  ] . AMPK functions 
in pathways that sense cellular nutrient and/or 
energy defi cit but, importantly, also serves as a 
negative regulator of mammalian target of 

rapamycin (mTOR), the master controller of pro-
tein translation and cell growth, through phos-
phorylation of TSC2 (Fig.  11.3 ). Inappropriate 
activation of mTOR through mutation of tumor 
suppressor genes in the LKB1–AMPK–TSC1/2-
mTOR pathway ( TSC1/2 ,  LKB1 ,  PTEN ) can lead 
to the development of a number of cancer syn-
dromes  [  108,   109  ] . Accumulating evidence sug-
gests that the FLCN/FNIP complex may 
participate in the regulation of the mTOR path-
way through its association with AMPK and that 
 FLCN  mutations may dysregulate mTOR result-
ing in the hair follicle tumors and renal neoplasia 
associated with BHD. However, confl icting data 
supporting both mTOR activation  [  101,   110  ]  and 

  Fig. 11.3    Akt–mTOR pathway dysregulation promotes 
renal tumorigenesis. Growth factor stimulation (i.e., insu-
lin and insulin-like growth factors IGF-1) of receptor 
tyrosine kinases activates the PI3K–Akt–mTOR pathway 
driving mRNA translation through release of 4E-BP1 inhi-
bition of eIF-4E and phosphorylation of S6 kinase 1. 
mTOR kinase exists in two complexes—mTORC1, which 
promotes mRNA translation of a number of genes that 
drive tumor growth including HIF-1 a , and mTORC2, 
which phosphorylates and activates Akt, further driving the 
Akt–mTORC1 signaling axis and promoting cell survival 
through inhibition of apoptotic signals. Negative regula-
tion of mTORC1 is exerted by 5 ¢ -AMP-activated protein 
kinase (AMPK), which is phosphorylated by its upstream 

kinase LKB1 in response to nutrient or energy defi cit. 
AMPK then phosphorylates and activates TSC2, which in 
complex with TSC1 phosphorylates and defuses GTP-
bound Rheb that is necessary for mTORC1 activation. This 
negative regulation of mTORC1 by TSC2 through Rheb 
can be inhibited by Akt phosphorylation of TSC2 at a dif-
ferent site. FLCN through its binding partners FNIP1 and 
FNIP2 complexes with AMPK and is thought to be impor-
tant for mTOR regulation since  FLCN  mutational inactiva-
tion leads to mTOR dysregulation and renal cancer. 
Mutational inactivation of other tumor suppressor genes on 
the pathway ( LKB1 ,  PTEN ,  TSC1 ,  TSC2 ) also results in 
dysregulation of PI3K–Akt–mTOR signaling and develop-
ment of cancer and/or hamartomas.       
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mTOR inhibition  [  111,   112  ]  as a consequence of 
 FLCN  inactivation have led to the suggestion that 
the mechanism by which FLCN interacts with 
and modulates mTOR is context dependent  [  113  ] . 
Recently, elevated levels of HIF-1  a   and its target 
genes were demonstrated in a  FLCN -null renal 
tumor cell line, in BHD-associated chromophobe 
tumors, and in cells with  FLCN  knockdown with 
higher dependency upon glycolysis, suggesting 
that the “Warburg effect” supports the growth of 
renal tumors in BHD syndrome  [  114  ] . 
Clarifi cation of FLCN function awaits further 
experimentation.    

   Biomarkers of Renal Cell Carcinoma: 
Lessons Learned from Familial RCC 
Syndromes 

 Traditionally, stage, grade, and performance sta-
tus have been used as predictors of outcome in 
RCC  [  115  ] . However, molecular markers have 
the potential to profoundly impact the ability to 
correctly diagnose RCC subtypes, identify tumors 
at high risk for recurrence and/or metastasis, pre-
dict response to available therapeutic treatments 
for RCC, and enable the development of new, 

more effective targeted therapies for RCC 
patients. In recent years, the discoveries uncov-
ered by studying families with inherited renal 
cancer syndromes have signifi cantly contributed 
to our understanding of the molecular basis of 
renal carcinoma, revealing important biochemi-
cal pathways involved in the pathogenesis of 
RCC that provide opportunities for molecularly 
targeted therapies. The VHL–HIF pathway is 
dysregulated in the majority of RCC and most 
extensively investigated for therapeutic biotar-
gets. Recent progress elucidating the complexi-
ties of the Akt–mTOR axis has confi rmed roles 
for components of this pathway in renal tumori-
genesis, underscoring this pathway as critical for 
biotarget discovery. The HGF/Met signaling cas-
cade has also been widely implicated in both 
familial and sporadic RCC and intensely explored 
for therapeutic drug development. Finally, the 
genes and pathways uniquely involved in cancer 
cell metabolism have offered new potential 
biotargets for therapy. 

 The next sections will highlight important 
validated and novel diagnostic, prognostic, and 
predictive biomarkers, and review potential 
biotargets for molecularly targeted therapy of 
RCC (Table  11.3 ).   

   Table 11.3    Biomarkers for RCC for diagnosis, prognosis, and predicted response to therapy   

 Biomarker  Diagnostic  Prognostic  Predictive for therapeutic response 

  VHL  mutation  For clear cell RCC  ↑RCC in VHL patients with 
truncating vs. missense mutations 
 ↑RCC in VHL patients with 
partial vs. whole gene deletions 
 Inconclusive for clear cell RCC 

 For VEGF therapy: inconclusive 

 HIF-1 a   Not specifi c for histology  Inconclusive for survival  ND 

 VEGF/VEGFR  For clear cell and papillary, 
not chromophobe 

 ↓tVEGFR-3, ↑mets, ↓survival 
 ↓sVEGF, ↑survival (2) 
 ↑VEGFR-2,↓survival in pap2 
vs. pap1RCC 

 ↑VEGF/VEGFR—not predictive 
for sorafenib 
 ↓sVEGFC/↓sVEGFR-3, better 
response to sunitinib 
 ↑sVEGF/↓sVEGFR-2,-3 post 
therapy, good response to 
sunitinib 
 ↑sVEGF isoforms, good 
response to sunitinib 
 ↓sVEGFR-2 post therapy, good 
response to pazopanib 

(continued)
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   Biomarkers and Molecular Targets 
in the HIF–VHL Pathway 

    VHL  Mutation 

 Biallelic inactivation of  VHL  is the underlying 
event responsible for the vast majority of spo-
radic RCC  [  12  ] . Stabilization of HIF-  a   and 
upregulation of HIF-target genes involved in 
angiogenesis and proliferation as a consequence 
of  VHL  mutation contribute to the highly vascu-
lar and invasive characteristics of clear cell renal 
tumors (see “Inherited Clear Cell RCC: Function 
of the VHL Gene”).  VHL  mutation status may 
predict outcome of patients with clear cell RCC 
and has been investigated as a prognostic bio-
marker for RCC. 

    VHL  Mutation as Prognostic Indicator 
 VHL disease has been subclassifi ed according to 
the presence or absence of RCC or adrenal tumors 
(pheochromocytoma)  [  116,   117  ] , and results from 

genotype-phenotype studies have suggested that 
 VHL  mutation type and functional consequence 
may be prognostic for sporadic clear cell RCC. 
Genotype–phenotype correlations in large VHL 
cohorts demonstrated that patients with truncating 
mutations or large rearrangements predicted to 
interfere with elongin C or HIF binding developed 
RCC more frequently than those with missense 
mutations  [  118,   119  ] . Furthermore, Maranchie 
et al. observed a lower prevalence of RCC clini-
cally in VHL patients with complete germline dele-
tion of  VHL , and in an age-adjusted comparison of 
123 VHL patients, they found a higher prevalence 
of RCC in patients with partial deletions relative to 
complete deletions (48.9% vs. 22.6%,  p  = 0.007) 
 [  120  ] . An even greater correlation was seen when a 
30-kb region telomeric to  VHL  containing the 
 HSPC300  gene was retained, suggesting that a 
neighboring gene might be critical for RCC devel-
opment, and this observation was confi rmed in 
another VHL cohort of 127 patients  [  121  ] . 

 Many studies over the last few years have 
investigated  VHL  mutation as a prognostic and 

 Biomarker  Diagnostic  Prognostic  Predictive for therapeutic response 
 CAIX  For clear cell RCC, not 

chromophobe RCC or 
oncocytoma 

 ↑CAIX, low tumor grade/stage, 
↑survival 
 ↓CAIX, ↓survival 

 ↑CAIX, good response to IL-2 
therapy (2) 

 phospho-S6  Not specifi c for histology  ↑phospho-S6, high grade/stage, 
↑mets, ↓survival 

 ↑phospho-S6, good response to 
temsirolimus therapy 

 Met  For papillary, collecting 
duct, less for clear cell 
RCC, not for chromophobe 
or oncocytoma 

 ↑Met expression in clear cell 
RCC, high grade/stage 
 Met mutation in pap 1 

 ND for Met-targeted therapy 

 NOX4  For clear cell RCC  ↑NOX4, poor prognosis  ND; therapeutics in development 
 LDH-A  ND  ↑LDH-A, poor prognosis  ND; therapeutics in development 
 FASN  For clear cell RCC  ↑FASN, high grade/stage, mets, 

poor prognosis 
 ND; therapeutics in development 

 B7H1, B7x  ND  ↑B7H1/B7x, high grade/stage, 
mets, poor prognosis, ↓survival 

 ND; therapeutics in development 

 IMP3  Not specifi c for histology  ↑IMP3, high grade/stage, 
metastasis, poor prognosis, 
↓survival 

 ND; therapeutics in development 

 AQP1  For clear cell and papillary 
RCC, not chromophobe 
or oncocytoma 

 ↓AQP1, high grade/stage, poor 
prognosis, ↓survival 
 ↑AQP1, low grade/stage, good 
prognosis, ↑survival 

 Decreased levels in urine 
following nephrectomy 

 ADFP  For clear cell and lesser 
extent papillary RCC 

 ↑ADFP, low grade/stage, good 
prognosis, ↑survival 

 Decreased levels in urine 
following nephrectomy 

   ND , not determined  

Table 11.3 (continued)
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predictive biomarker for clear cell RCC with 
 confl icting results. In a series of 227 sporadic 
clear cell RCC, Brauch et al. found  VHL  muta-
tions in 45% of clear cell RCC with 3p loss in 
93% and a signifi cant association with pT3 stage 
( p  = 0.009). Few to no  VHL  mutations were found 
in papillary RCC, chromophobe RCC, or oncocy-
tomas  [  122  ] . Schraml et al. identifi ed loss-of-
function  VHL  mutations in 34% of 113 clear cell 
RCC that correlated with worse prognosis in uni-
variate analysis ( p  = 0.02) but without correlation 
to stage, grade, proliferation index, or microves-
sel density  [  123  ] . Conversely, in 187 Japanese 
patients with clear cell RCC who had undergone 
radical nephrectomy, Yao et al. found strong asso-
ciation of  VHL  alteration [mutation (52%) or 
hypermethylation (5.3%)] with better cancer-free 
survival and cancer-specifi c survival for patients 
with stage I–III but not stage IV tumors  [  124  ] . 
Additionally, in a series of 100 clear cell RCC 
patients that had undergone radical nephrectomy, 
Patard et al. evaluated  VHL  mutation and expres-
sion of the HIF target, CAIX (see section “CAIX”) 
and found mutations in 58% of patients that pre-
dicted longer progression-free survival ( p  = 0.037). 
Low CAIX expression and absence of  VHL  muta-
tions were correlated with more advanced tumors 
that had higher stage and more frequent metasta-
ses  [  125  ] . Further, in a large case–control study of 
clear cell RCC, Nickerson et al. reported that non-
sense mutations in  VHL  were signifi cantly associ-
ated with high Fuhrman nuclear grade, lymph 
node positivity, and metastases  [  12  ] . However, 
several reports have not shown any association 
between the presence or absence of  VHL  muta-
tions and prognosis for patient outcome and 
 survival  [  126–  128  ] . It seems apparent that deter-
mination of the prognostic value of  VHL  muta-
tions in predicting patient outcome must await 
further investigation with additional large cohorts. 
The diagnostic value of  VHL  mutations for clear 
cell RCC, however, remains undisputed.  

    VHL  Mutation as a Predictor 
of Therapeutic Response 
 A number of studies have also evaluated  VHL  
mutation as a predictor of response to therapies 
that target the VHL–HIF pathway. In a study of 
123 metastatic clear cell RCC patients who had 

received VEGF-targeted therapy, Choueiri et al. 
investigated  VHL  mutation status relative to 
response rate. Patients with  VHL  mutations that 
abrogated function had a 52% response rate com-
pared with a 31% response in patients with wild-
type  VHL  ( p  = 0.04) but no differences in 
progression-free or overall survival. On multi-
variate analysis, the presence of a  VHL  loss-of-
function mutation was an independent prognostic 
factor associated with better response  [  129  ] . In a 
study of 43 patients treated with VEGF therapy, 
those with  VHL  methylation or a mutation pre-
dicted to truncate or shift the reading frame had a 
time to tumor progression that was signifi cantly 
longer than patients without  VHL  mutation 
( p  = 0.06)  [  130  ] . Three other studies attempted to 
correlate  VHL  mutation status with response to 
therapy—a small study of patients on immuno-
therapy [  131  ] , another evaluation of patients on 
axitinib that targets VEGF receptors  [  132  ] , and a 
third small study looking at patients treated with 
temsirolimus therapy that targets the mTOR path-
way  [  133  ] , but no association was observed. 
Given the confl icting results, additional large 
prospective studies are necessary to confi rm any 
association.   

   HIF-1  a   and HIF-2  a   

   HIF-1  a   vs. HIF-2  a   as Distinct Molecular 
Targets 
 HIF1  a   stabilization and transcriptional activation 
of HIF-target genes are important contributors to 
 VHL -defi cient clear cell renal tumorigenesis. 
Although HIF-1  a   and HIF-2  a   regulate overlap-
ping target genes involved in angiogenesis and 
extracellular matrix remodeling, they each have 
unique targets that refl ect their different functional 
roles in a variety of cellular pathways. HIF-1  a   
plays a role in regulating genes involved in glyco-
lytic metabolism and apoptosis, while HIF-2  a   was 
shown to induce stem cell factor  Oct 4  and the gene 
for erythropoietin,  EPO   [  134,   135  ] . They seem to 
have opposing roles in regulation of c-Myc with 
HIF-2  a   acting as an agonist promoting c-Myc-
mediated cell-cycle  progression in the setting 
where HIF-1  a   acts to antagonize c-Myc  [  136  ] . 
Convincing  evidence is mounting to support the 
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concept that HIF-2  a  , rather than HIF-1  a  , is the 
driving force for  VHL -defi cient renal tumorigene-
sis. Studies in  VHL -defi cient cell lines and in vivo 
mouse models have demonstrated that high levels 
of HIF-2  a   but not HIF-1  a   can override tumor sup-
pression by wild-type pVHL in nude mice  [  53, 
  54  ] , and have shown that downregulation of HIF-
2  a   is suffi cient to abrogate  VHL -defi cient renal 
tumor growth in vivo  [  137  ] . To determine if these 
observations in  VHL -defi cient mouse models and 
in vitro culture would extend to ccRCC in patients, 
Gordan et al. evaluated 162 sporadic clear cell 
RCC tumors for  VHL  mutation status, HIF-1  a  /
HIF-2  a   expression, and c-Myc activity  [  55  ] . 
Tumors were grouped as  VHL  wild-type (VHL 
WT) tumors with no detectable HIF-1  a   or HIF-2  a   
expression,  VHL -mutated tumors with HIF-1  a   
and HIF-2  a   expression (H1H2 tumors), and  VHL -
mutated tumors with HIF-2  a   expression alone 
(H2 tumors). H2 tumors displayed greater c-Myc 
activity and cell proliferation (Ki-67 staining) than 
H1H2 or  VHL  WT tumors. H2 tumors demon-
strated elevated levels of c-Myc-target genes 
involved in G1/S cell-cycle transition and genes 
involved in DNA damage repair by mRNA expres-
sion profi ling with less accumulated DNA damage 
and fewer genomic copy number changes. On the 
other hand, H1H2 and  VHL  WT tumors (but not 
H2 tumors) showed activation of the Akt/mTOR 
and ERK/MAPK1 growth factor signaling path-
ways by immunohistochemistry and elevated lev-
els of HIF-1  a   target genes involved in glycolysis 
by mRNA expression profi ling. The results of this 
study reinforce the important differences in func-
tional roles of HIF-1  a   and HIF-2  a   in clear cell 
RCC and their potential as biomarkers in renal 
cancer, and underscore the critical need to charac-
terize tumors by both HIF-1  a   and HIF-2  a   expres-
sion prior to initiating therapeutic treatment 
options for a patient. Topotecan is a topoisomerase 
1 inhibitor that represses HIF-1  a   transcriptional 
activity through inhibition of HIF-1  a   translation 
 [  138  ]  and is being evaluated in clinical trials in 
patients whose tumors express HIF-1  a  . Small 
molecule inhibitors of HIF-2  a   that may be useful 
in treating patients with  VHL -defi cient tumors 
expressing HIF-2  a   are in the early stages of devel-
opment  [  139  ] . Drugs which target the translation 

of both HIF-1  a   and HIF-2  a   through inhibition of 
mTORC1 and mTORC2 are in clinical trials (see 
section “Biomarkers and Molecular Targets in the 
mTOR Pathway”).  

   HIF-1  a   and HIF-2  a   as Prognostic 
Biomarkers 
 Given the functional similarities as well as differ-
ences between the two HIF transcription factors, 
an important consideration is whether HIF-1  a   or 
HIF-2  a   might predict outcome in clear cell RCC. 
In 92 RCC tumor samples examined for HIF-1  a   
levels by immunohistochemistry, Lidgren et al. 
found highest expression in clear cell RCC com-
pared with papillary and chromophobe RCC or 
normal kidney and reported that high HIF-1  a   
levels were an independent prognostic marker for 
better overall survival ( p  = 0.024)  [  140  ] . These 
results were replicated by the same group using a 
tissue microarray (TMA) containing 216 RCC 
samples. A trend toward a prolonged survival 
( p  = 0.055) was seen in clear cell RCC with high 
HIF-1  a   staining but no differences in papillary 
RCC  [  141  ] . Confl icting fi ndings were reported 
by two other groups. Klatte et al. evaluated 308 
clear cell RCC tumors by TMAs and found that 
high HIF-1  a   expression was correlated with poor 
survival when compared with low HIF-1  a   expres-
sion (13.5 months vs. 24 months;  p  = 0.005) 
 [  142  ] . Dorevic et al. examined 94 clear cell RCC 
samples again by TMA and found nuclear HIF-
1  a   expression correlated with good prognosis 
whereas high cytoplasmic expression of HIF-1  a   
correlated with a more aggressive subtype and 
poor prognosis  [  143  ] . Given these inconclusive 
results, determination of the prognostic value of 
HIF-1  a   in RCC awaits validation in larger stud-
ies. To date, no studies of prognostic signifi cance 
of HIF-2  a   in RCC have been reported.   

   VEGF and VEGFR 

   VEGF and VEGFR as Biotargets 
for Therapy 
 Angiogenesis, the physiological process that 
involves the growth of new blood vessels from 
preexisting blood vessels, is an early and essential 
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event for tumor growth and metastasis. The vas-
cular endothelial growth factor (VEGF) family of 
proteins, VEGF-A, VEGF-B, VEGF-C, and 
VEGF-D, are HIF targets upregulated in  VHL -
defi cient RCC. The VEGF ligands signal through 
three VEGF tyrosine kinase receptors, VEGFR-1, 
VEGFR-2, and VEGFR-3, to activate down-
stream signaling pathways leading to endothelial 
cell activation, proliferation, migration, and sur-
vival to promote angiogenesis and lymphangio-
genesis  [  144  ] . In the context of renal tumor 
angiogenesis, VEGF-A and VEGFR-2 are the 
main signaling partners. Blocking VEGF/VEGFR 
signaling to inhibit tumor angiogenesis and 
growth through molecularly targeted therapies 
has shown great promise for treatment of meta-
static RCC. Inhibitors currently in phase II and/or 
phase III trials for treatment of RCC include 
sorafenib, a small molecule inhibitor that targets 
the VEGFR family, PDGFR-  b  , and Raf kinase; 
sunitinib, which inhibits the VEGFR family and 
PDGFR-  b  ; axitinib, which inhibits VEGFR-1, 
VEGFR-2, VEGFR-3, and PDGFR-  b   at low dose; 
pazopanib, which inhibits the VEGF family and 
c-kit; and bevacizumab, a monoclonal antibody 
that neutralizes VEGF-A (Table  11.4 )  [  145  ] .   

   VEGF as a Prognostic Indicator 
 A number of studies have evaluated the prognos-
tic value of VEGF in clear cell RCC but with 
confl icting results. Lam et al. used a TMA of 340 

RCC specimens and associated clinical data to 
determine the correlation between the VEGF 
family of ligands/receptors and prognosis, and 
determined that low endothelial expression of 
VEGFR-3 was an independent predictor of lymph 
node metastasis and poor disease-free survival on 
multivariate analysis  [  146  ] . In another study, 
Jacobsen et al. measured VEGF levels in serum 
of RCC patients prior to surgery and found a cor-
relation with grade and stage of tumor in multi-
variate analysis. Serum VEGF levels were 
signifi cantly higher for RCC patients than for 
control patients with benign renal masses, similar 
for clear cell and papillary RCC, but lower for 
chromophobe RCC. Patients with VEGF levels 
below median value (343.5 pg/mL) had signifi -
cantly longer survival time than those with higher 
VEGF levels ( p  = 0.001), but signifi cance was 
lost upon multivariate analysis  [  147  ] . Similarly, 
no differences in VEGF expression levels using 
VEGF immunostaining on TMAs were seen in 
the different histologic subtypes of RCC in a fol-
low-up study by the same group; however, there 
was signifi cant correlation between VEGF 
expression and tumor size and stage  [  148  ] . Higher 
expression levels of VEGFR-2 and VEGFR-3 
were associated with poor prognosis in papillary 
type 2 RCC ( n  = 107) but not papillary type 1 
RCC ( n  = 51) as part of a study to identify distin-
guishing molecular and chromosomal alterations 
between the two subtypes  [  28  ] .  

   Table 11.4    Biotargets for molecularly targeted RCC therapies in clinical trials   

 Biotarget  Therapeutic agent  Mechanism of inhibition  FDA approved 

 VEGF  Bevacizumab  Monoclonal antibody against VEGF-A  For advanced RCC 
 VEGFR  Sunitinib 

 Sorafenib 
 Pazopanib 
 Axitinib 

 Small molecule inhibitors 
of tyrosine kinase receptor activity 

 All for advanced RCC 

 PDGFR- b   Sunitinib 
 Sorafenib 
 Axitinib 

 Small molecule inhibitors 
of tyrosine kinase receptor activity 

 All for advanced RCC 

 Raf kinase  Sorafenib  Small molecule inhibitor 
of tyrosine kinase receptor activity 

 For advanced RCC 

 mTORC1  Temsirolimus 
 Everolimus 

 Binds to FKBP12 in mTORC1 complex  Both for advanced RCC 

 mTORC1 and mTORC2  AZD8055  Targets both mTORC1 and mTORC2  No 
 Met  Foretinib  Small molecule inhibitor of the Met 

tyrosine kinase 
 No 
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   VEGF as a Predictor of Response 
to VEGF-Targeted Therapy 
 Reports from several clinical studies have pre-
sented data evaluating serum or tumor VEGF 
expression as a predictor of response to VEGF 
therapy. In a large phase III trial (TARGET) com-
paring sorafenib with placebo, high baseline lev-
els of VEGF measured in 712 patients with 
advanced RCC were prognostic for poor out-
come, correlating with high Memorial Sloan-
Kettering Cancer Center (MSKCC) score 
indicating poor prognosis, and high ECOG per-
formance status, refl ecting poor performance. In 
the placebo arm, patients with high baseline 
VEGF levels had shorter progression-free sur-
vival times and lower overall survival than those 
with low baseline VEGF levels on univariate 
analysis  [  149  ] . However, in the TARGET trial, 
VEGF levels had no predictive value as patients 
with both low and high levels of VEGF had a 
response to sorafenib therapy  [  150  ] . On the other 
hand, in a phase II study of bevacizumab-refrac-
tory metastatic RCC patients treated with suni-
tinib, patients with baseline levels of sVEGFR-3 
and VEGF C below the median baseline had lon-
ger progression-free survival with sunitinib treat-
ment than patients with levels greater than the 
median (36.7 and 46.1 weeks vs. 19.4 and 
21.9 weeks, respectively)  [  151  ] . Finally, in a 
phase II study of 63 cytokine-refractory meta-
static RCC patients treated with sunitinib, 
Deprimo et al. evaluated plasma levels of four 
VEGF and VEGFR proteins to measure patient 
response to therapy. Patients with objective tumor 
response had signifi cantly greater increases in 
serum VEGF levels and decreases in sVEGFR-2 
and sVEGFR-3 levels than patients with stable 
disease or no response  [  152  ] . Similarly, high 
tumor expression of VEGF isoforms (VEGF 

121
  

and VEGF 
165

 ) were signifi cantly correlated with 
response to sunitinib therapy in 23 metastatic 
RCC patients  [  153  ] , and in a phase II trial of 
pazopanib in RCC patients, decreases in plasma 
sVEGFR-2 were signifi cantly correlated with 
tumor response  [  154  ] . Taken together, these stud-
ies strongly support a role for VEGF/VEGFR 
levels as a biomarker for response to VEGF-
targeted therapy.   

   CAIX 

 Carbonic anhydrase IX (CAIX, CA9, G250) was 
fi rst described as an antigen detected by the 
monoclonal antibody G250 specifi cally in RCC 
but not in normal kidney tissue  [  155  ] . 
Subsequently, G250 antigen was cloned and 
identifi ed as a transmembrane glycoprotein iden-
tical to the tumor-associated antigen MN/CAIX 
 [  156  ] . CAIX, the ninth member of the family of 
carbonic anhydrase enzymes, catalyzes the 
reversible reaction that hydrates carbon dioxide 
with the production of bicarbonate and the release 
of a proton. In cancer cells that are hypoxic, 
anaerobic reduction of pyruvate to lactic acid can 
occur, and acidosis may result. In cooperation 
with anion exchangers and sodium/bicarbonate 
cotransporters, CAIX facilitates a transmembrane 
proton–bicarbonate transfer that neutralizes the 
intracellular pH enabling cancer cells to survive 
and grow in an acidic microenvironment  [  157, 
  158  ] . CAIX is a HIF-1  a   [but not HIF-2  a  ] target 
gene upregulated in  VHL -mutated clear cell RCC 
 [  44,   159  ] . 

   CAIX as a Diagnostic and Prognostic 
Biomarker 
 CAIX expression is the most robust and reliable 
biomarker currently known for RCC displaying 
strong specifi city for clear cell tumors both by 
immunohistochemical staining and RT-PCR, 
negative expression in oncocytoma and chromo-
phobe RCC, and no expression in normal kidney 
or benign cysts  [  160–  162  ] . Furthermore, in a 
study of 49 clear cell RCC, levels of  CAIX  mRNA 
expression in tumors of low clinical stage (I and 
II) measured by RT-PCR was signifi cantly higher 
than those of high clinical stage (III and IV), and 
Kaplan–Meier survival analyses indicated a cor-
relation between high  CAIX  expression and good 
patient outcome  [  161  ] . Several additional studies 
investigating prognostic value of CAIX have 
been reported. Sandlund et al. evaluated CAIX 
expression in 228 tumors using TMA and found 
that patients with tumors with 0–11% CAIX 
expression had a signifi cantly poorer disease-
specifi c survival (DSS) rate than patients whose 
tumors expressed CAIX at greater levels  [  163  ] . 
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Bui et al. evaluated 321 RCC cases on TMAs, 
and using a cutoff of 85% CAIX expression, they 
found that low CAIX staining (  £  85%) was an 
independent poor prognostic factor for survival 
for metastatic RCC patients (Fig.  11.4 ). Overall 
expression of CAIX decreased with progression 
with lower CAIX expression in the metastatic 
lesions relative to the primary tumor from the 
same patient  [  164  ] . Leibovich et al. attempted to 
replicate these results in 730 cases of clear cell 
RCC by immunohistochemistry, but reported 
data indicating that although low CAIX expres-
sion was correlated with increased risk of death 
from RCC relative to high expression in univari-
ate analysis, this association was lost after adjust-
ing for nuclear grade or necroses  [  165  ] . However, 
in a later series of 100 ccRCC that also evaluated 
 VHL  mutation status, high CAIX expression was 
correlated with longer DSS  [  125  ] . In all of these 
studies, the diagnostic value of CAIX for clear 
cell RCC was validated, and a correlation between 
low CAIX expression and poor prognosis (shorter 
survival, higher grade/stage, metastases) was 
most often observed.   

   CAIX as a Predictive Biomarker 
for Response to Therapy 
 Although treatment strategies have changed with 
the implementation of angiogenesis inhibitors, 
immunotherapy still plays a role in treatment of 
metastatic RCC. CAIX has been evaluated as a 

predictor of response to IL-2 therapy by a num-
ber of groups. One study evaluated 86 RCC 
patients who underwent IL-2-based immunother-
apy for metastatic RCC, and when stratifi ed 
according to CAIX expression levels, all com-
plete responders (8%) to IL-2 therapy were in the 
high CAIX expression group, and overall 
response rate was greater in the high CAIX group 
(27%) than in the low CAIX group (14%) 
(Table  11.5 )  [  164  ] . Atkins et al. evaluated 66 
tumor specimens from RCC patients previously 
treated with IL-2 therapy and found that 78% 
(21/27) of responders had high CAIX (>85%) 
expression compared with 51% (30/39) of nonre-
sponders ( p  = 0.04). Median survival was pro-
longed and survival >5 years was associated only 
with those patients with high CAIX expression 
 [  166  ] . Interestingly, a recent report described the 
identifi cation of a single nucleotide polymor-
phism rs12553173 in the  CAIX  gene and correla-
tion of the synonymous C-allele variant with 
improved overall survival in 54 metastatic clear 
cell RCC patients (median 27.3 months vs. 
13.6 months,  p  = 0.0431) and a trend to better 
response to IL-2 therapy (57% vs. 22%;  p  = 0.081) 
 [  167  ] . The affect of this SNP on the function of 
CAIX awaits additional experimentation, but 
 CAIX  genotyping might be considered in the 
evaluation of clear cell RCC patients who are 
being considered for IL-2 therapy. Taken together, 
the evidence supports a role for CAIX as a 

  Fig. 11.4    Kaplan–Meier curves showing high CAIX 
expression correlated with longer survival in metastatic 
RCC patients. Using a staining cutoff of 85%, patients 
with metastatic RCC and high CAIX staining (>85%) 
of tumor tissue core biopsies were associated with longer 

disease-specifi c survival than patients with low CAIX 
( £ 85%) staining tumors (24.8 months vs. 5.5 months, 
 p  < 0.001) (adapted and reprinted by permission from 
the American Association for Cancer Research, Bui et al. 
 [  164  ] )       
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 diagnostic, prognostic, and predictive biomarker 
for clear cell RCC with a signifi cantly better 
response to IL-2 therapy among patients with 
tumors with high CAIX expression.   

   CAIX as a Biotarget for Therapy 
 Besides its utility as a diagnostic and prognostic 
marker, CAIX has also proven useful as a thera-
peutic target due to several important properties 
of this protein—its cell surface location, antige-
nicity, and specifi c expression in RCC with low to 
no expression in normal kidney parenchyma. In a 
recent clinical trial, Bleumer et al. evaluated 35 
patients with progressive clear cell RCC who 
were treated with the chimeric monoclonal CAIX 
antibody WX-G250 in combination with low 
dose IL-2 therapy. A durable benefi t was achieved 
in 23% (8/35) of patients including three with a 
partial response and fi ve with stabilization and a 
mean survival of 22 months  [  168  ] . An interna-
tional phase III trial known as ARISER is in 
progress to evaluate the effect of the WX-G250 
antibody as adjuvant therapy for patients with 
high-risk localized RCC. A second approach to 
therapy is through the use of a vaccination that 
stimulates the host immune response to generate 
cytotoxic T-lymphocytes targeting CAIX. Uemura 
et al. have shown safety and effi cacy in a clinical 
trial investigating CAIX-derived peptide vaccina-
tion in HLA-A24-matched progressive metastatic 
RCC patients. Patients developed CAIX-peptide-
specifi c cytotoxic T-lymphocytes and more 
importantly, among the patients with lung metas-
tases, three gave partial response and six were 
stable for greater than 6 months  [  169  ] . Additional 

innovative approaches to CAIX-targeted vaccines 
that take advantage of this highly promising 
molecular biomarker and therapeutic target for 
clear cell RCC are in progress.    

   Biomarkers and Molecular Targets 
in the mTOR Pathway 

 The cascade of biologic events that ensue follow-
ing loss of VHL function in a renal cell also 
directly impacts the PI3K (phosphatidylinositol-
3-kinase)–Akt–mTOR pathway. Through nutri-
ent-activated growth factor signaling, mTOR 
serves as a nutrient- and energy-sensing master 
switch for protein translation and cell growth in 
nonneoplastic cells. However, mTOR dysregula-
tion occurs in the context of inherited cancer syn-
dromes involving loss-of-function mutations in 
 LKB1 ,  PTEN , and  TSC1/2  tumor suppressor 
genes, and as a consequence of mutational acti-
vation of upstream components of the pathway 
(Akt, PI3K) promoting tumor growth and inva-
sion (Fig.  11.3 )  [  109  ] . Important for prognosis 
and treatment of RCC is the fact that activation of 
mTOR also leads to increased HIF-  a    protein lev-
els through cap-dependent translation of certain 
mRNAs including  HIF-  a   ,  VEGF ,  survivin , and 
cell-cycle regulators  cyclin D1  and  c-Myc   [  170, 
  171  ] . mTOR exists in two complexes that are dif-
ferentially sensitive to rapamycin—mTORC1 
that regulates cell growth and protein translation 
in response to growth factors, amino acids, nutri-
ents, energy, and cell stress factors, and mTORC2 
that regulates actin cytoskeleton organization and 
activates the Akt–mTORC1 pathway in response 
to growth factors  [  109  ] . In vitro knockdown 
experiments have revealed that whereas HIF-1  a   
expression is dependent on both mTORC1 and 
mTORC2, HIF-2  a   expression depends only on 
mTORC2  [  172  ] . The mTOR-dependent increase 
in HIF-  a   protein levels in renal cells, which lack 
 VHL -mediated HIF-  a   degradation, promotes the 
HIF-  a  -driven angiogenic and proliferation pro-
grams that support tumor growth and progression 
underscoring the importance of mTOR as a 
biotarget in RCC. 

   Table 11.5    Response of patients with CAIX-expressing 
RCC to IL-2 therapy   

 IL-2 therapy ( n  = 86) 

 CAIX 

 Low 
( £ 85%,  n  = 14) 

 High 
(>85%,  n  = 72) 

 Overall response  n  = 22  2  20 

 Complete response  n  = 7  0  7 
 No response  7  20 
 Stable response  4  23 
 Not evaluable  1  2 

  Based on data from reference  [  164  ]   
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   Phospho-S6 as Prognostic Marker 

 mTOR activation has been demonstrated in clear 
cell RCC by immunostaining of pathway com-
ponents. Robb et al. confi rmed phospho-S6 
immunoreactivity, a downstream effector of 
mTOR, in 59% of 29 ccRCC and demonstrated 
phospho-mTOR staining in the majority of the 
tumors  [  173  ] . Pantuck et al. evaluated mTOR 
pathway biomarkers for prognostic value in 375 
nephrectomy-treated patients using TMA immu-
nostaining. Strong phospho-S6 staining was sig-
nifi cantly correlated with high stage and grade, 
metastasis, and worse DSS compared with 
weakly staining tumors (13.6 months vs. 
20.2 months;  p  = 0.002)  [  174  ] .  

   mTOR as a Biotarget for Therapy 

 Temsirolimus and everolimus belong to a class 
of rapamycin analogue drugs that inactivate 
mTOR in one of its two complexes, mTORC1 
(Table  11.4 ). These drugs have been approved 
by the FDA for treatment of RCC and have 
shown encouraging response in phase II/III clin-
ical trials for patients with advanced RCC  [  175, 
  176  ] . A promising biomarker for predicting 
response rate to these drugs is phospho-S6. Cho 
et al. evaluated pretreatment tumor tissues from 
20 patients with advanced RCC in a phase II trial 
of temsirolimus by immunostaining and found a 
positive association of phospho-S6 expression 
and a trend toward positive phospho-Akt expres-
sion ( p  = 0.07) with response to temsirolimus 
( p  = 0.02)  [  133  ] . New drugs such as AZD8055 
 [  177  ]  that target both mTOR1 and mTORC2 
with the potential to down regulate both HIF-1  a   
and HIF-2  a   in clear cell kidney cancer are pre-
dicted to be more effective than the rapamycin 
analogue drugs alone and are currently being 
evaluated in clinical trials. 

 Additional  VHL -independent mechanisms of 
mTOR activation in renal cancer have been 
uncovered through studies of inherited syn-
dromes that give rise to renal neoplasia. Loss-of-
function mutations in the  TSC1  and  TSC2  tumor 

suppressor genes in the setting of the multisys-
tem disorder TSC, in which patients develop 
benign angiomyolipomas and rarely RCC, result 
in loss of TSC1/2-mediated negative regulation 
of mTOR (Fig.  11.3 )  [  178  ] . Results from studies 
with preclinical models of Birt–Hogg–Dubé syn-
drome and immunohistochemical staining of 
BHD renal tumors suggest that inactivation of 
the  FLCN  tumor suppressor gene leads to dys-
regulation of the mTOR pathway (see “   Inherited 
chromophobe RCC: Functional Consequences of 
FLCN Mutation”)  [  101,   112,   113  ] . Therefore, 
mTOR has emerged as an important biotarget for 
directed-therapy in advanced clear cell RCC and 
may hold promise as a therapeutic target for renal 
tumors that arise in the setting of BHD and 
TSC.   

   Biomarkers and Molecular Targets 
in the HGF/MET Pathway 

   Hepatocyte Growth Factor Receptor, Met 

   Met as a Prognostic Indicator 
 HPRC is caused by germline-activating muta-
tions in the  MET  proto-oncogene that predispose 
to papillary type 1 tumors in HPRC affected 
patients (see “   Inherited Papillary RCC: Hereditary 
Papillary Renal Carcinoma”)  [  60  ] . However, 
although Met mutations are infrequently found in 
sporadic papillary RCC (up to 13%)  [  61,   62  ] , 
Met overexpression is consistently observed in 
sporadic papillary RCC and in some clear cell 
renal tumors. In an evaluation of 55 tumors, 
Sweeney et al. identifi ed Met protein expression 
in the cytoplasm and cell membrane of 80 and 
56% of these cases, respectively, that correlated 
with higher tumor stage ( p  = 0.004) and trended 
toward lower survival ( p  = 0.07)  [  179  ] . In a larger 
study of 145 RCC cases, Met expression was dif-
fusely and strongly expressed in 90% of papillary 
RCC and all collecting duct tumors but no or 
focally positive staining was seen in clear cell 
RCC, chromophobe RCC, and oncocytomas. Met 
expression in clear cell tumors was associated 
with aggressive behavior  [  180  ] .  
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   Met as a Therapeutic Biotarget 
for Papillary RCC 
 Met overexpression is common in many cancers 
including RCC and leads to activation of HGF/
Met signaling that drives tumor growth, invasion, 
and metastasis  [  63,   64  ] . Targeting the HGF/Met 
signaling pathway is an area of critical impor-
tance, and a number of approaches to inhibit Met 
are in development or in clinical trials including 
small molecule inhibitors of Met tyrosine kinase 
activity, and antibodies to Met and its ligand HGF 
(Table  11.4 )  [  181  ] . A multicenter phase II clini-
cal trial is underway in sporadic and hereditary 
papillary RCC patients to determine the thera-
peutic effect of foretinib (XL-880; GSK1363089), 
a receptor tyrosine kinase inhibitor of both MET 
and VEGF-2 receptors with interim reporting 
indicating promise for this approach to treat RCC 
with activated Met  [  182  ] .    

   Biomarkers and Molecular Targets 
in Cancer Cell Metabolism 

   NOX4 

 The familial renal cancer syndromes HLRCC 
and  SDHB/D  mutation-associated early onset 
familial renal cancer are caused by mutations 
in Krebs cycle enzymes that effectively block 
the cancer cells from using oxidative phosphory-
lation for energy production (see “Familial 
RCC Syndromes: Causative Genes and Their 
Pathways as Potential Biotargets”)  [  87  ] . In both 
familial renal cancers, the accumulation of the 
Krebs cycle intermediates leads to inactivation of 
HIF PHD and stabilization of HIF  a   subunits. 
Addi tionally, ROS has been found to accumulate 
in  FH -defi cient renal tumor cells due to abnor-
mal electron transport chain function  [  87  ] . The 
family of NADPH oxidases (NOX) is a major 
source of ROS generation in cancer cells that 
contributes to neoplastic growth. NOX4 is a 
novel NADPH oxidase that is highly expressed 
in renal tubules and found to be critical for HIF-
2  a   transcriptional activity in  VHL -defi cient cells 
 [  183,   184  ] . NOX4 forms a heterodimer with 

p22 phox  subunits to facilitate ROS generation. 
Block et al. have recently shown that NOX4 and 
p22 phox  are important for the maintenance of HIF-
2  a   expression and are upregulated in  VHL-
 defi cient cell lines and human clear cell RCC 
compared to normal kidney  [  185  ] . Their results 
support a major role for p22 phox -dependent 
NADPH oxidase as a dominant positive regulator 
of a translational signaling pathway responsible 
for HIF-2  a   expression in  VHL -defi cient renal 
cancer. They found that p22 phox -dependent 
NADPH oxidases, through ROS generation, 
facilitate the inhibition of the gene product of 
 TSC2 , tuberin, through Akt phosphorylation, 
resulting in downstream phosphorylation of 
mTOR targets and mTOR-dependent HIF-2  a   
translation. Pharmacological inhibition of NOX4 
would reduce ROS and abrogate this mechanism 
for HIF-2  a   translational signaling strongly sup-
porting NOX4 as a novel molecular target for 
treatment of  VHL -defi cient RCC.  

   LDH-A 

 As mentioned above, HIF-1  a   stabilization in 
HLRCC- and  SDHB/D  mutation-associated renal 
tumors leads to the upregulation of HIF-target 
genes including the glucose transporter  GLUT1  
that promotes increased glucose uptake to sup-
port the shift to aerobic glycolysis, the “Warburg 
effect.” Subsequent fermentation of pyruvate to 
lactate by lactate dehydrogenase-A (LDH-A) is 
necessary for ATP and NAD+ production.  LDH-A  
is also a HIF-1  a   target gene, and LDH-A expres-
sion levels were found to be high in  VHL -defi cient 
clear cell renal tumors  [  186  ]  and associated with 
poor prognosis in advanced RCC  [  187  ] . In an 
in vitro system, knockdown of  LDH-A  resulted in 
increased ROS production, leading to apoptosis 
of the  FH/LDH-A -defi cient cells, thereby reduc-
ing their tumorigenic properties in mice com-
pared with the  FH -defi cient cells that expressed 
LDH-A  [  186  ] . These data strongly support the 
idea that targeting LDH-A may be a viable strat-
egy for treating HLRCC-associated  FH- defi cient 
renal tumors as well as  VHL -defi cient clear cell 



31111 Biomarkers for Prognosis and Molecularly Targeted Therapy in Renal Cell Carcinoma

renal tumors with elevated levels of LDH-A. 
LDH-A inhibitors are currently being developed 
for this exciting new approach to RCC therapy.  

   FASN 

 Another classic feature of tumor cells in addi-
tion to the switch to aerobic glycolysis is a dra-
matic increase in de novo fatty acid synthesis, 
which generates phospholipids to support mem-
brane production for rapidly proliferating tumor 
cells. Acetyl coenzyme A (acetyl CoA) gener-
ated from pyruvate through glycolysis is con-
densed with malonyl CoA by fatty acid synthase 
(FASN), the main biosynthetic enzyme catalyz-
ing the fi rst step in fatty acid synthesis  [  188  ] . 
Although most normal tissues acquire fatty acids 
from the circulation and therefore have low 
FASN levels and very little de novo lipogenesis 
 [  188  ] , overexpression and increased activity of 
FASN is one of the most common features of 
cancer cells and has been the focus of efforts to 
develop pharmacologic agents to block FASN 
activity  [  189  ] . 

 FASN was recently shown to be a prognostic 
indicator in clear cell RCC. A recent study by 
Horiguchi et al. evaluated FASN in 120 renal 
tumors from patients with RCC by immunohis-
tochemistry. Of the 120 tumors, 15% showed 
positive FASN expression that was signifi cantly 
associated with more advanced tumor stage and 
grade, lymph node involvement, and metastasis, 
and on multivariate analysis, was shown to be an 
independent predictor of short cancer-specifi c 
survival (HR 3.7,  p  = 0.036)  [  190  ] . In vitro and 
in vivo studies by the same group evaluated the 
effects of the fatty acid synthase inhibitor C75 
on a number of RCC cell lines, and found that 
C75 signifi cantly reduced RCC cell invasion, 
induced cell-cycle arrest at G2/M, and reduced 
tumor  volume in an RCC-induced xenograft 
mouse model  [  191  ] . FASN may be a novel 
biotarget in certain RCC tumors in which a 
block of FASN activity with a pharmacologic 
inhibitor could be an effective strategy for treat-
ment of RCC.   

   Biomarkers of the Immune Response 

   B7-H1 and B7x 

   B7-H1 and B7x as Immune Regulators 
 The fate of immune responses is determined by 
T-cell costimulatory molecule signaling. B7-H1 
(PD-L1), and B7x (B7-H4) glycoproteins are 
members of the B7 family of inhibitory T-cell 
costimulatory molecule ligands that signal 
through their respective receptors to inhibit T-cell 
function and diminish T-cell survival in order to 
protect against hyperactivation of the immune 
response and development of autoimmune dis-
ease. Normally, the expression of these glycopro-
teins is restricted to the surface of 
macrophage-lineage cells where they regulate 
T-cell activation with little or no expression seen 
in normal kidney tissues  [  192  ] . However, aber-
rant expression of these ligands by tumor cells 
has been well documented and shown to down-
regulate tumor-specifi c immune response by 
inhibiting activated or memory T-cells through 
tumor-specifi c T-cell apoptosis, impaired cytokine 
production, and reduced cytotoxicity of activated 
T-cells  [  192,   193  ] . Several of these molecules 
have been explored as potential prognostic mark-
ers for RCC.  

   B7-H1 as a Prognostic Indicator 
 Thompson et al. was the fi rst to report elevated 
expression of B7-H1 in RCC tumors and RCC 
tumor-infi ltrating lymphocytes  [  194  ] . In a series 
of 196 fresh-frozen clear cell RCC tumors using 
immunohistochemistry, they found that patients 
with tumors expressing high levels of B7-H1 due 
either to tumor or infi ltrating lymphocytes exhib-
ited more aggressive tumors and were 4.5 times 
more likely to die from their disease than patients 
with low B7-H1-expressing tumors on univariate 
analysis (RR 4.53; 95% confi dence interval 
1.94–10.56;  p  < 0.001). Using a cutoff of 10%, 
patients with tumors showing   ³  10% B7-H1 
immunostaining were signifi cantly more likely to 
die from cancer-specifi c disease on univariate 
analysis (RR 2.91;  p  = 0.005), which was further 
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supported on multivariate analysis after adjusting 
for stage, metastases, or size. A follow-up study a 
year later  [  195  ]  found 66.3% of the 196 RCC 
tumors had aberrant tumor-associated B7-H1 
expression and included eight more cancer-
related deaths. Patients with high B7-H1 tumor 
expression had a relative risk for cancer-related 
death of 3.52 ( p  = 0.010) in multivariate analyses 
adjusted for the Mayo Clinic SSIGN stage, size, 
grade, and necrosis score. In a 10-year follow-up 
study of 306 clear cell RCC patients by the same 
group, 23.9% had tumors with B7-H1 expres-
sion, and those patients were at increased risk of 
both cancer-specifi c death (RR 3.92;  p  < 0.001) 
and overall mortality (RR 2.37;  p  < 0.001)  [  196  ] . 
Five-year cancer-specifi c survival rates were 41.9 
and 82.9% for patients with and without tumor 
B7-H1 expression, respectively, and B7-H1 
tumor expression was associated with cancer-
related death (RR 2.0;  p  = 0.003) even after 
adjusting for TNM stage, grade, and performance. 
In a subgroup of 268 patients with localized dis-
ease, tumor B7-H1 expression was signifi cantly 
associated with metastasis (RR 3.46;  p  < 0.001) 
and cancer-related death (RR 4.13;  p  < 0.001), 
even after adjusting for TNM status.  

   B7x as a Prognostic Indicator 
 In a retrospective study, elevated expression of a 
second inhibitory costimulatory molecule B7x, 
also known as B7-H4, was reported in 59.1% of 
259 RCC tumors from nephrectomy by immuno-
histochemistry and was associated with advanced 
tumor size, grade, and stage  [  197  ] . The relative 
risk of death from RCC was 3.05 in patients with 
B7-H4 expressing tumors compared with those 
lacking B7-H4 expression ( p  = 0.002). Patients 
whose tumors were positive for both B7-H1 and 
B7-H4 had signifi cantly lower cancer-specifi c 
survival rates ( p  < 0.001) and were four times 
more likely to die from RCC than those with 
 negative or singly positive tumors ( p  < 0.001). 
Using a serum-based ELISA assay in 101 clear 
cell RCC cases and matched normal controls, 
Thompson et al. found signifi cantly higher levels 
of B7-H4(B7x) in serum of 53 of 101 RCC 
patients compared with 18 of 101 controls 

(14.4 ng/mL vs. 2.7 ng/mL), and higher B7-H4 
levels in RCC patients were signifi cantly corre-
lated with positive lymph nodes, distant metasta-
ses, and trended toward signifi cance with higher 
grade tumors  [  198  ] .  

   Future Potential of B7-H1 and B7x as 
Biotargets for Therapy 
 Based on convincing studies from a single insti-
tution, B7-H1 and B7x(B7-H4) are potentially 
important biomarkers for clear cell RCC associ-
ated with high grade and advanced tumors that 
await further validation in additional studies from 
other clinical centers. An in vivo blockade of 
tumor-associated B7-H1 has been shown to 
potentiate antitumor T-cell responses against 
B7-H1-expressing tumors in mice  [  4  ]  and may 
represent a promising approach to therapeutic 
treatment of B7-H1- and B7-H4-expressing RCC 
tumors in patients.    

   Biomarker for Metastasis 

   IMP3 

   IMP3 as a Prognostic Indicator for RCC 
 Insulin-like growth-factor-II mRNA-binding pro-
tein 3 (IMP3) is a member of a family of three 
IGF-II mRNA-binding proteins. IMP3 is an 
oncofetal protein with biphasic expression during 
embryogenesis but rarely in the adult  [  199  ] . IMP3 
functions in RNA shuttling and translational con-
trol during embryogenesis  [  200  ]  but has been 
found to be reexpressed in a variety of malignan-
cies  [  201,   202  ]  and may have a role in cell migra-
tion and adhesion, leading to tumor invasion and 
metastasis  [  203  ] . In an effort to identify biomark-
ers for metastatic RCC, Jiang et al. evaluated 501 
primary and metastatic RCC tumors for IMP3 
mRNA and protein expression and correlated the 
results with survival in a subset of patients. IMP3 
expression was high in metastatic tumors as well 
as predictive for localized tumors that went on to 
metastasize  [  204  ] . Patients with IMP3-positive 
localized tumors had a much lower 5-year metas-
tasis-free survival and overall survival than those 
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with IMP3-negative localized tumors (stage I, 
32% vs. 89% with HR of 6.44; stage III, 14% vs. 
58% with HR of 3.46) and was retained on multi-
variate analysis. These results were validated in 
an independent study by Hoffman et al. who per-
formed IMP3 immunostaining of a large series of 
716 clear cell RCC and found IMP3 expression 
was associated with advanced stage and grade of 
primary tumors as well as tumor necrosis and sar-
comatoid features  [  205  ] . In that study, IMP3 
expression was associated with a fi vefold increased 
risk of distant metastases (HR, 4.71;  p  < 0.001). In 
a subsequent study of 317 localized papillary and 
chromophobe RCC cases, Jiang et al. were able to 
demonstrate a tenfold increased risk of progres-
sion to distant metastases in both papillary and 
chromophobe RCC with high expression of IMP3 
compared to IMP3-negative tumors (RR, 13.45; 
 p  < 0.001)  [  206  ] . Taken together, these results con-
fi rm that IMP3 is an independent prognostic 
marker for patients with high potential to develop 
metastasis and who might benefi t from early sys-
temic treatment. A new system has been proposed 
combining quantitative IMP3 and tumor stage for 
predicting metastasis for patients with localized 
RCC which has been validated in only a single 
study to date  [  207  ] .    

   Urine Biomarkers for RCC Diagnosis: 
Potential for Noninvasive Screening 

 Since renal carcinoma often presents with mild or 
no clinical manifestations until the tumor mass 
has reached substantial size and advanced grade 
and stage, nearly 25% of renal tumors have 
already metastasized at time of diagnosis. Early 
diagnosis of RCC would provide the opportunity 
for early intervention, minimally invasive 
nephron-sparing surgery to conserve kidney func-
tion, and early and appropriate treatment for 
improved patient prognosis and survival. 
Identifi cation of biomarkers for RCC that are 
detectable in urine would enable noninvasive 
population screening and early diagnosis and 
would greatly improve overall survival for RCC 
patients. Unfortunately, there are no existing urine 

biomarkers for renal cancer diagnosis at present, 
but several good candidates have been evaluated 
in large tumor series with encouraging results. 

   Aquaporin-1 as a Prognostic Indicator 

 Aquaporin-1 (AQP1) is a water channel protein 
that is expressed in the proximal tubule and 
descending thin limb of the kidney. AQP1 mole-
cules form a homotetramer through the cell mem-
brane lipid bilayer creating a selective water 
permeability channel  [  208  ] . AQP1 is also highly 
expressed in cells with rapid gas (O 

2
 /CO 

2
 ) turn-

over such as erythrocytes and microvessel 
endothelium, and a recent study in lung cancer 
cells has suggested that AQP1 may be involved in 
O 

2
  homeostasis and facilitate transmembrane O 

2
  

transport  [  209  ] . Aquaporins are expressed in a 
variety of tumor types, especially in organs that 
rely on water permeability for function such as 
the kidney  [  210  ] , and may be upregulated in 
response to hypoxia in tumor microenvironments. 
Based on these research fi ndings and the well-
established “pseudohypoxic response” of HIF  a   
stabilization in  VHL -defi cient clear cell RCC, a 
number of researchers have investigated the 
potential for AQP1 as both diagnostic and prog-
nostic in RCC.  AQP1  mRNA expression was 
originally investigated due to its role in kidney 
differentiation by Takenawa et al. in 66 RCC 
tumors using Northern blot and in situ hybridiza-
tion  [  211  ] . They found that low  AQP1  expression 
along with low  CAIX  expression correlated with 
poor prognosis, with shorter overall survival, and 
with nonclear RCC relative to high  AQP1  expres-
sion. In a TMA study of 202 renal neoplasms, 
AQP1 expression was diagnostic for clear and 
papillary RCC (tumors arising from the proximal 
tubule) but not for collecting duct carcinoma, 
chromophobe RCC, or oncocytoma (neoplasms 
arising from the distal nephron)  [  212  ] . Again, 
high AQP1 expression was associated with low 
grade in clear cell (but not papillary) RCC. In a 
larger study of 559 sporadic RCC from nephrec-
tomy patients, Huang et al. evaluated  AQP1  
mRNA expression by RT-PCR and found that 
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clear and papillary RCCs expressed AQP1 at sig-
nifi cantly higher levels compared with other his-
tologic types  [  213  ] . Consistent with the earlier 
studies, they found a signifi cant correlation 
between higher AQP1 expression and lower 
tumor size and grade in both clear cell and papil-
lary RCC. Patients with high AQP1 expression in 
clear cell renal tumors had longer cancer-specifi c 
and cancer-free survival compared with patients 
whose tumors expressed low levels of AQP1, 
which was retained on multivariate analysis. 
Taken together, these results support a role for 
AQP1 in predicting patient outcome in clear cell 
and papillary RCC.  

   Adipose Differentiation-Related Protein 
as a Prognostic Indicator 

 Adipose differentiation-related protein (ADFP; 
adipophilin) is important for fatty acid uptake by 
cells and involved in the stabilization of lipid 
storage droplets  [  214  ] . Clear cell RCC is charac-
terized by abundant lipids and cholesterol, which 
are lost during histologic processing to produce 
“clear cells.” Moreover,  ADFP  is a HIF  a  -target 
gene that is upregulated in  VHL -defi cient renal 
tumors  [  215  ] . Finally, several gene expression 
microarray studies have identifi ed ADFP as 
upregulated in RCC  [  216  ] . In a later study to 
identify prognostic and diagnostic biomarkers of 
RCC by gene expression microarray, ADFP was 
also identifi ed as upregulated in RCC by Yao 
et al.  [  217  ] . They validated their microarray 
results by evaluating  ADFP  mRNA and ADFP 
protein expression in 151 RCC using RT-PCR 
and immunohistochemistry, and found a strong 
correlation of ADFP expression with clear cell 
RCC and to a lesser extent papillary RCC com-
pared with other histologic types. Importantly, 
patients with high levels of ADFP expression had 
better cancer-specifi c survival than patients with 
low ADFP expression ( p  = 0.011) on both uni-
variate and multivariate analyses  [  217  ] . In a fol-
low-up study of 432 patients with sporadic clear 
cell RCC by the same group  [  218  ] , ADFP expres-
sion was high in tumors from patients who were 
asymptomatic, had low grade/stage tumors, or 

carried  VHL  mutations compared with low ADFP 
expressing cases, and patients with high ADFP 
expression tumors had better outcome than 
patients with low ADFP expression in both can-
cer-free and cancer-specifi c survival. These 
results taken together support a role for ADFP as 
a prognostic indicator in RCC and diagnostic for 
tumors from the proximal tubule. Interestingly, 
Schmidt et al. have identifi ed several ADFP pep-
tides as major histocompatibility class I ligands, 
one of which was shown to induce an antigen-
specifi c cytotoxic T-lymphocyte response, and 
suggested ADFP peptides might be potential 
candidates for targeted cancer vaccine develop-
ment  [  219  ] . These experimental results support 
the concept of ADFP as a biotarget for RCC 
therapy.  

   AQP1 and ADFP as Urine Biomarkers 
for Noninvasive Screening for RCC 

 As mentioned above, biomarkers for noninvasive 
screening for RCC are critically needed to iden-
tify asymptomatic RCC patients for early detec-
tion, diagnosis, and intervention. Based on the 
published reports that tumor tissue expression 
levels of AQP1 and ADFP were elevated in RCC, 
Morrissey et al. examined prenephrectomy and 
postnephrectomy urine samples from 42 patients 
with incidental radiographically discovered renal 
mass and presumed presurgical diagnosis of 
RCC. They evaluated these proteins by Western 
blot analysis and found that presurgery levels of 
AQP1 and ADFP (76 ± 29 and 117 ± 74 units, 
respectively) were signifi cantly greater in patients 
whose resected tumor had a diagnosis of clear 
cell or papillary RCC compared with patients 
with nonproximal origin tumors or control/
healthy patients (0.1 ± 0.1 and 1.0 ± 1.6 units, 
respectively;  p  < 0.001)  [  220  ] . Importantly, urine 
concentrations of AQP1 and ADFP decreased 
88–97% in available postnephrectomy patients. 
Although these results will require independent 
validation in subsequent series, AQP1 and ADFP 
appear to be promising candidates for the long-
sought urine biomarkers for early diagnosis of 
RCC.   
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   Novel Approaches to Identify 
Biomarkers: Molecular Expression 
Profi ling 

 Molecular expression profi ling is a novel 
approach for the identifi cation of new genes that 
are important for the pathogenesis of renal carci-
noma and may have potential as biotargets for 
therapeutic intervention. In addition, investiga-
tors are searching for a gene expression signature 
that can be diagnostic for distinguishing histo-
logic subtypes of RCC and aggressive from non-
aggressive tumors, prognostic for patient outcome 
and overall survival, and predictive for response 
to therapy. 

 One of the earliest gene expression studies 
profi led clear cell RCC using cDNA microarrays 
and identifi ed a 40 gene set that could distinguish 
aggressive from nonaggressive clear cell RCC 
that was validated in a clinical sample set  [  216  ] . 
Subsequent studies have produced independent 
gene profi les predictive of aggressive vs. nonag-
gressive or metastatic vs. nonmetastatic clear cell 
RCC that were validated within studies by addi-
tional sample sets  [  221–  224  ] . However, little 
overlap was observed when comparing the differ-
ent gene profi les in part due to differences in 
experimental design, reagents, and methods of 
data analysis. Two reports have identifi ed gene 
expression patterns that can distinguish histologic 
subtypes of RCC with a very low error rate  [  225, 
  226  ] . One challenge has been to distinguish 
benign renal oncocytoma from chromophobe 
RCC, which is often diffi cult by histology alone 
and critical for clinical management of these 
patients. Gene expression profi ling  [  227  ]  alone or 
in combination with high density SNP arrays for 
detection of small copy number variations  [  228, 
  229  ]  has been utilized to distinguish oncocytoma 
from chromophobe RCC, and within each of these 
studies, validation was reported in a second series, 
although little or no overlap of gene sets was 
observed across studies. It will be important to 
prospectively validate these fi ndings using stan-
dardized experimental methods in larger sample 
sets with additional molecular methodologies 
(RT-PCR, immunohistochemistry, proteomics). 

 A new and exciting application of molecular 
profi ling microarray technology is the search for 
RCC-associated microRNAs (miRNA), which 
are small, noncoding RNA molecules that regu-
late gene expression through translational repres-
sion, can act as tumor suppressors or oncogenes, 
and have been implicated in cancer pathogenesis 
 [  230  ] . A number of investigations have reported 
miRNA expression signatures that identifi ed spe-
cifi c miRNAs that were up- or downregulated in 
clear cell RCC, although overlap of only a single 
miRNA was observed among the studies  [  231–
  233  ] . miRNA expression profi ling has the poten-
tial to identify novel biotargets for therapeutic 
intervention in RCC.  

   Conclusion 

 Renal carcinoma is not a single entity, but a het-
erogeneous group of tumors, each associated 
with characteristic histology, cytogenetic 
changes, and molecular genetics, and each asso-
ciated with a different clinical course and out-
come. We have gained great insight into the 
causative genes and their molecular pathways 
from family studies of inherited RCC syndromes, 
most notably the VHL–HIF axis, and it is from 
this pathway that the most promising biotargets 
for molecularly targeted therapy have come 
(VEGF, VEGFR, CAIX) (Fig.  11.5 ). Recent dis-
coveries contributing to our understanding of 
mechanisms leading to RCC pathogenesis have 
focused on biotargets in the Akt–mTOR and 
HGF–Met pathways (mTORC1, Met) and path-
ways dysregulated in cancer cell metabolism for 
therapeutic intervention. Molecular expression 
profi ling in RCC holds great promise for further 
elucidation of the underlying pathogenic mecha-
nisms of renal carcinogenesis and has great 
potential for novel biotarget discovery.       
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  Abbreviations  

  ALA    5-Aminolaevulinic acid   
  ATP    Adenosine triphosphate   
  BCG    Bacillus Calmette-Guerin   
  BTA    Bladder tumor antigen test   
  GC    Gemcitabine/cisplatin   
  GC    Gemcitabine, Cisplatin   
  GCS    Gemcitabine, cisplatin, and sunitinib   
  CGA    Comprehensive geriatric assessment   
  CIS    Carcinoma in situ   
  CISCA    Cisplatin,  cyclophosphamide,  adriamycin   
  CT    Computerized tomography   
  EBRT    External beam radiotherapy   
  ECOG    Eastern Cooperative Oncology Group   
  EGFR    Epidermal growth factor receptor   
  EORTC     European Organization for Research 

and Treatment of Cancer   
  ESMO    European Society of Medical Oncology   
  FDA    Food and Drug Administration   
  FGF    Fibroblast growth factor   
  FISH    Fluorescence in situ hybridization   
  FLT-3    FMS-like tyrosine kinase-3 receptor   
  5-FU    5-Fluorouracil   
  GFR    Glomerular fi ltration rate   

  HAL    Hexaminolevulinic acid   
  HD    High dose   
  HER     Human epidermal growth factor 

receptor   
  HIF    Hypoxia-inducible factor-1   
  IHC    Immunohistochemistry   
  KIT     stem cell growth factor receptor or 

proto-oncogene c-Kit or tyrosine-
protein kinase Kit   

  M-CAVI     Methotrexate, carboplatin, and 
vinblastine   

  MIBC    Muscle-invasive bladder cancer   
  MRI    Magnetic resonance imaging   
  MSKCC     Memorial Sloan-Kettering Cancer 

Center   
  MVAC     Methotrexate, vinblastine, doxoru-

bicin, cisplatin   
  MVD    Microvessel density   
  NMIBC     Non-muscle-invasive bladder 

cancer   
  NPP22    Nuclear matrix protein test   
  PDGFR    Platelet-derived growth factor   
  PFS    Progression-free survival   
  PS    Performance status   
  PUNLMP     Papillary urothelial neoplasm of 

low malignant potential   
  QLQ-BLM     Quality of life questionnaire on 

muscle-invasive bladder cancer   
  RC    Radical cystectomy   
  RCC    Renal cell carcinoma   
  RTK    Receptor tyrosine kinase   
  TCC    Transitional cell carcinoma   
  TKI    Tyrosine kinase inhibitor   
  TUR    Transurethral resection   
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  TURB     Transurethral resection of the 
bladder   

  UUT    Upper urinary tract   
  VEGF    Vascular endothelial growth factor   
  WHO    World Health Organization     

        Introduction 

 Bladder cancer is the most common malignancy 
of the urinary tract, and it scores fourth among 
the most common neoplasms of the adult male. 
An incidence of 330,000 new cases/year with 
130,000 deaths/year has been calculated. A male 
to female ratio of 3:1 has been described with a 
decreasing ratio due to the increase of cigarette 
smoking in the female population. Incidence of 
the disease may vary signifi cantly within a single 
continent (27.1:4.1 male to female in Southern 
Europe versus 14.7:2.2 male to female in Eastern 
Europe)  [  1  ] . 

 In the majority of cases (75–85%), the disease 
is not invasive but limited to either the urothelium 
or the submucosa. 

 Bladder cancer is staged according to the 
TNM (2002) system according to the following 
criteria. 

   TNM 

   T-Primary Tumor 

    TX Primary tumor cannot be assessed  
  T0 No evidence of primary tumor  
  Ta Noninvasive papillary carcinoma  
  Tis Carcinoma in situ: “fl at tumor”  
  T1 Tumor invades subepithelial connective tissue  
  T2 Tumor invades muscle  
  T2a Tumor invades superfi cial muscle (inner 

half)  
  T2b Tumor invades deep muscle (outer half)  
  T3 Tumor invades perivesical tissue  
  T3a Microscopically  
  T3b Macroscopically (extravesical mass)  
  T4 Tumor invades any of the following: prostate, 

uterus, vagina, pelvic wall, abdominal wall  
  T4a Tumor invades prostate, uterus, or vagina  
  T4b Tumor invades pelvic wall or abdominal wall     

    N-Lymph Nodes 

    NX Regional lymph nodes cannot be assessed  
  N0 No regional lymph node metastasis  
  N1 Metastasis in a single lymph node 2 cm or 

less in greatest dimension  
  N2 Metastasis in a single lymph node more than 

2 cm but not more than 5 cm in greatest dimen-
sion, or multiple lymph nodes, none more than 
5 cm in greatest dimension  

  N3 Metastasis in a lymph node more than 5 cm in 
greatest dimension     

   M-Distant Metastasis 

    MX Distant metastasis cannot be assessed  
  M0 No distant metastasis  
  M1 Distant metastasis    

 Tumor grading has been updated from the 
WHO 1973 classifi cation into a new grading sys-
tem that only applies to Ta and T1 tumors  [  2,   3  ]  
(Table  12.1 ).  

 Although the implementation of the WHO 
2004 classifi cation is highly recommended, most 
published evidences still rely on the 1973 classi-
fi cation. In the new one, a new item is introduced 
represented by the papillary urothelial neoplasm 
of low malignant potential (PUNLMP) which is 
characterized by normal urothelial cells in papil-
lary confi guration; this entity is not completely 
benign, has a minimal risk for progression but 
with a tendency to recur. 

 Although Ta, T1, and CIS are grouped under 
the same term of non-muscle-invasive tumors, 
they are very different in terms of malignancy and 
tendency to progress. Notwithstanding careful 

   Table 12.1    1973 and 2004 WHO grading system   

 1973 WHO grading  2004 WHO grading 

 Urothelial papilloma  Urothelial papilloma 
 Grade 1: well 
differentiated 

 Papillary urothelial neoplasm 
of low malignant 

 Grade 2: moderately 
differentiated 

 Potential (PUNLMP) 

 Grade 3: poorly 
differentiated 

 Low-grade papillary 
urothelial carcinoma 
 High-grade papillary 
urothelial carcinoma 
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criteria for classifi cation and grading have been 
provided, there is signifi cant variability in stag-
ing and grading of non-muscle-invasive bladder 
cancer. 

   Risk Factors 
 Chemical carcinogenesis plays an important role 
in bladder cancer, and both smoking and profes-
sional exposure to carcinogens are considered of 
importance. Smoking is considered to be respon-
sible for 50–65% of cases in men and for 20–30% 
of cases in women  [  4  ] . Different carcinogens 
including arylamines have been considered to be 
of importance in tobacco smoking. The risk of 
developing bladder cancer is directly related to 
duration and amount of cigarette smoking with 
starting smoking at a young age increasing the 
risk  [  5  ] . The risk decreases rapidly after smoke 
cessation (risk decreases from 2.77 to 1.72) with 
a 40% reduction after 1–4 years and a 60% 
decrease after 25 years  [  5–  7  ] . 

 Occupational risk accounts for 20–25% of 
cancers. At risk industry includes industrial paint-
ing, aluminum and iron processing, and gas and 
tar manufacturing. Involved carcinogens include 
benzene derivatives and arylamines  [  8  ] . Because 
of the strict regulations in western countries, the 
occupational risk of bladder cancer has decreased 
 [  6,   9,   10  ] . 

 An increased risk for bladder cancer has been 
observed following external beam radiotherapy 
(e.g., EBRT for prostate cancer)  [  11  ] . There is no 
clear relation between dietary factors and bladder 
cancer although vegetable and fruit intake is con-
sidered to be protective  [  12  ] . Although the link 
between schistosomiasis and squamous cell car-
cinoma of the bladder is well established, the risk 
seems to be signifi cantly reduced in countries like 
Egypt over the last decades  [  13  ] . Acrolein, a 
metabolite of cyclophosphamide, is considered to 
be responsible for the increased occurrence of 
bladder cancer in patients receiving cyclophosph-
amide for lymphoproliferative disorders  [  14,   15  ] . 

 Involvement of the upper urinary tract is not 
uncommon in patients with bladder cancer. 
Patients with multiple bladder neoplasms or 
tumors of the trigone have a 69% and 41% chance 

of UUT involvement  [  16  ] . Upper and lower 
 urinary tract diseases are rarely synchronous 
and more often metachronous. 

 Women are more frequently diagnosed with 
muscle-invasive disease than men (85 versus 
51%) and are diagnosed at an older age  [  17  ] . 
The postmenopausal status is associated with 
an increased risk of bladder cancer suggesting a 
possibly protective role of estrogens in the 
carcinogenesis.  

   Diagnosis 
 Diagnosis of bladder cancer relies on hematuria, 
which is the most common sign of the disease, 
although urgency, dysuria, and frequency deriv-
ing from bladder irritation can be reported and 
should trigger evaluation for bladder cancer if not 
resolved by pharmacological treatment. Pelvic 
pain may be referred in more advanced tumors.  

   Physical Examination 
 Bladder cancer is usually not diagnosed on physi-
cal examination of the lower abdomen although a 
palpable mass can be found in locally advanced 
tumors. Bimanual palpation can be performed at 
the time of TUR to assess whether the mass is 
fi xed to the pelvic wall.  

   Imaging 
 Diagnosis of bladder cancer may be occasionally 
performed while imaging the urinary bladder 
with ultrasound during abdominal or pelvic ultra-
sonography, in patients reporting symptoms and 
signs that are compatible with bladder cancer. 
Intravenous urography, once the mainstay of 
bladder cancer diagnosis, is now rarely performed 
since uroCT (uro Computerized Tomography) 
and uroMRI (uro Magnetic Resonance Imaging) 
have been developed  [  18–  20  ] . When a bladder 
mass is imaged, it must be confi rmed by histol-
ogy (confi rmation on diagnostic endoscopy may 
be superfl uous).  

   Urine Cytology 
 The diagnosis of bladder cancer with urine cytol-
ogy is limited by the need for cell shedding to 
obtain valuable urine samples and by the 
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confounding presence of erythrocytes and infl am-
matory urothelial cells that may coexists with the 
bladder neoplasm or be responsible for symp-
toms and signs of it. In experienced hands, urine 
cytology may yield a 90% specifi city  [  21  ] .  

   Urine Markers 
 A number of urine markers have been described 
over the years, although none of the involved 
molecules and diagnostic tests reached adequate 
levels of sensitivity and specifi city to be recom-
mended in daily practice  [  22–  28  ]  (Table  12.2 ).  

 The following three markers are of interest: 
NMP22, UroVysion, and ImmunoCyt  [  25,   28–
  33  ] . The BTA test provides a quantitative detec-
tion of human complement factor H-related 
protein, but it suffers a high false-positive rate 
and a low sensitivity for low-grade tumors 
although its sensitivity and specifi city for pTis is 
high  [  34,   35  ] . Measurement of the nuclear matrix 
protein NMP22 showed a high false-positive rate 
and a sensitivity higher than urine cytology; the 
good negative predictive value can be used to 
delay cystoscopy in follow-up protocols  [  29,   31, 
  36–  38  ] . ImmunoCyt is an immunocytological 
fl uorescence assay based on three monoclonal 
antibodies, two are directed to a mucin-like anti-
gen located in the urine on exfoliated tumor cells 
and one binds to a high-molecular-weight glyco-
sylated form of carcinoembryonic antigen; not-
withstanding a high sensitivity for low-grade 
tumors, the 60% detection rate makes it inade-
quate to substitute cystoscopy  [  33,   39  ] . UroVysion 
is a multitarget fl uorescence in situ hybridization 
(FISH) assay that can be useful in the follow-up 
of high-grade tumors in alternative to urine cytol-
ogy  [  32,   40,   41  ] . Microsatellite analysis is a 

promising test to predict recurrence of low-grade 
tumor, but its sensitivity is low  [  42–  44  ] . 

 From a clinical standpoint, urine cytology 
and biomarkers can be used to screen populations 
at high risk for bladder cancer provided cost-
effectiveness is proven, to investigate patients 
with hematuria or symptoms suggestive of blad-
der cancer and to follow-up non-muscle-invasive 
bladder cancer reducing the number of unneces-
sary cystoscopies; unfortunately, none of the pro-
posed biomarkers can yet replace cystoscopy.  

   Cystoscopy 
 Diagnosis of bladder cancer is based on diagnos-
tic endoscopy and pathological evaluation of 
resected specimens although the diagnosis of in 
situ carcinoma may require urine cytology and 
pathological evaluation of bladder biopsies on 
top of cystoscopy  [  46  ] . When bladder cancer is 
imaged on ultrasonography, CT, or MRI, diag-
nostic endoscopy may be superfl uous.    

   Treatment of Non-muscle-Invasive 
Bladder Cancer 

   Transurethral Resection 

 The goal of transurethral resection (TUR) of 
superfi cial bladder tumors is to make a histologi-
cal diagnosis to stage the disease locally, and to 
remove the neoplasm/s entirely when possible. 
For staging purposes, the resection should be 
deep enough to sample a layer of tissue that is 
free of tumor. Submucosal tissue should be avail-
able to diagnose pTa tumors, superfi cial muscle 
should be sampled to diagnose pT1, and deep 

   Table 12.2    Sensitivity and specifi city for bladder cancer diagnosis of urine biomarkers   

 UroVysion® 
 Microsatellite 
analysis 

 Gene 
microarray 

 ImmunoCyt/
uCyt+™  NMP22  BTA stat  BTA trak 

 Sensitivity  30–72  58  80–90  76–85  49–68  57–83  53–91 
 Specifi city  63–95  73  62–65  63–75  85–87.5  68–85  28–83 
 Sensitivity for 
high-grade 
tumors 

 66–70  90  80  67–92  75–83  61–5  77 

  Modifi ed from Babjuk M, Oosterlinck W, Sylvester R, et al. Guidelines on Non-muscle invasive Bladder Cancer (TaT1 
and CIS). 2011.   http://www.uroweb.org/?id=217&tyid=1    . Accessed 10 May 2011. With permission from European 
Association of Urology  

http://www.uroweb.org/?id=217&tyid=1
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muscle layers should be available to diagnose a 
pT2 neoplasm. Small lesions can be sampled in 
en bloc; in larger tumors, the exophytic part, the 
bladder wall, and the lesion margins should be 
provided separately. Each bladder lesion should 
be placed in a separate container. Bladder tissue 
resection is not trivial surgery, and proper tissue 
sampling is crucial for correct diagnosis and opti-
mal patient management. 

 Bladder biopsies using a cold cup forceps or a 
resection loop may be taken when suspicious 
(reddish or velvetlike) areas are observed. In 
patients with positive urine cytology and nega-
tive cystoscopy, random biopsies are usually 
obtained from the bladder trigone, lateral, poste-
rior, and anterior wall to diagnose CIS. Random 
bladder biopsies are not recommended in patients 
with papillary neoplasm. Biopsies of prostatic 
urethra are recommended in the presence of sus-
picious areas; carcinoma of prostatic urethra and 
ducts are more frequently diagnosed in associa-
tion with CIS, multiple neoplasms, tumors of the 
bladder trigone, and neck. 

 The use of fl uorescence cystoscopy with 
5-aminolaevulinic acid (ALA) or hexaminolevu-
linic acid (HAL) has been proposed for its supe-
rior ability in identifying malignant tumors and 
CIS  [  47–  51  ] . Notwithstanding some preliminary 
experience suggesting a 15.8–27% and 12–15% 
higher rate of recurrence-free survival at 12 and 
24 months, respectively, one large study reported 
no additional benefi t with ALA fl uorescence cys-
toscopy, and a 9% lower recurrence rate was 
found in another large study using HAL fl uores-
cence-guided TUR. In consideration of the costs 
involved in the examination and the false-positive 
rate following BCG treatment, the use of fl uores-
cence-guided cystoscopy could be limited in the 
diagnosis of patients with positive urine cytology 
and negative endoscopy and in the follow-up of 
high-grade bladder tumors. 

 Clinical experience suggests that persistent 
tumor can be observed after initial resection of 
pT1 disease in 33–53% of cases and the disease 
can be understaged in 4–25% of patients  [  52–  58  ] . 
Indications for a second resection include incom-
plete resection of multiple or large neoplasms, 
absence of muscle tissue in the pathological 

specimen, and diagnosis of high-grade or pT1 
tumor in the fi rst resection. 

 To evaluate the risk of local recurrence and pro-
gression, the following parameters are of impor-
tance: number of tumors, tumor size, prior 
recurrence rate, T category, concomitant CIS, and 
tumor grade. For clinical purposes, a risk calculator 
(  http://eortc.be/tools/bladdercalculator/    ) has been 
developed by the genitourinary group of the 
EORTC, and patients with low, intermediate, and 
high risk for local recurrence and progression can 
be derived (Fig.  12.1 ).  

 In patients with CIS, disease progression to 
muscle-invasive disease is observed in about 
54% of cases; multiple CIS and association with 
pT1 disease are associated with poor prognosis 
 [  59  ] . Response to BCG treatment is an important 
prognostic factor as 10–20% of responders prog-
ress to muscle-invasive disease compared to 66% 
of nonresponders  [  60–  62  ] .  

   Imaging in Histologically Verifi ed 
Bladder Cancer 

 Since the management of muscle-invasive blad-
der cancer strongly depends on staging, CT or 
MRI imaging may be required to evaluate local 
tumor invasion, lymph node involvement, and 
the presence of distant metastases. Local staging 
aims at diagnosing T3b disease as microscopic 
invasion cannot be detected. MR imaging has 
been proposed because using fast dynamic con-
trast-enhanced sequences, tumor enhancement 
may occur earlier than in the normal bladder wall. 
Staging accuracy ranges from 73% to 96% and 
score higher than observed for CT. CT has been 
considered to have lower sensitivity but higher 
specifi city compared to MR imaging for the diag-
nosis of perivesical invasion since mild infl am-
mation may mimic perivesical invasion on MR 
imaging. Sensitivity of CT and MR imaging for 
nodal involvement is relatively low as it is only 
based on node enlargement (48–87%). There is 
no current role for PET scan in staging bladder 
cancer. 

 CT and MR urography are the gold standard 
techniques to diagnose and stage urothelial cancer 

http://eortc.be/tools/bladdercalculator/
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of the upper urinary tract although the radiation 
exposure in CT imaging is not negligible. 

 Metastases from bladder cancer usually 
involve lungs and liver and rarely comprise brain 
and bones; imaging for brain and bone metasta-
ses is therefore performed only when symptoms 
or signs suggest involvement of such districts.  

   Adjuvant Treatment 

 Although bladder resection may suffi ce in man-
aging Ta and T1 disease, data from the peer-
reviewed literature suggest that tumors recur 

locally in a high percentage of patients and more 
rarely progress. Adjuvant treatment may there-
fore be required based on the amount of risk that 
patients are willing to accept; the choice of the 
optimal treatment is not necessary and only based 
on the degree of risk. 

 A single postoperative instillation of chemo-
therapeutic agents is able to reduce the absolute 
and relative risk of recurrence by 11.7% and 
24.2%, respectively  [  63  ] . Although these data 
mostly refer to patients with single lesions, 
the benefi t seems to be even greater for those 
with multiple tumors  [  64,   65  ] . Adjuvant single 
instillation is considered to work through the 

  Fig. 12.1    The relation between probability of tumor recur-
rence and recurrence risk ( a ) and tumor progression and 
 progression risk ( b ) according to the EORTC calculator 

(  http://www.eortc.be/tools/bladdercalculator/    ) ( a ) Recur-
rence risk according to the EORTC calculator. ( b ) Tumor 
progression risk according to the EORTC calculator       
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destruction of tumor cells circulating in the 
 urinary bladder following TUR and ablation on 
tumor cells remaining in the resection site. In 
order to be effective, the instillation should be 
given within 24 h, possibly within the same day 
of surgery and even as early as in the surgical the-
ater or recovery room. Mitomycin C, epirubicin, 
and doxorubicin were shown to be equally effec-
tive  [  64  ] . Early single instillation is recommended 
in patients with low risk of progression; in 
patients with intermediate risk, an early treatment 
can be used in association with subsequent adju-
vant intravesical treatment  [  66  ] . In patients at 
high risk, early instillation is an option although 
the superior effi cacy of BCG adjuvant treatment 
should also be considered. Early instillation 
should not be performed in case of bladder perfo-
ration and bleeding that requires irrigation, but it 
remains feasible in the majority of patients. 

 In patients with intermediate or high risk of 
recurrence and progression, adjuvant intravesical 
chemotherapy or immunotherapy is required 
beyond an early single instillation. The choice 
between chemo- and immunotherapy is based on 
the desired effect: chemotherapy is known to 
reduce recurrence but not progression that is only 
infl uenced by immunotherapy with BCG, but the 
duration of the adjuvant treatment is questionable 
although no additional benefi t is considered to 
exist beyond 1 year of treatment. 

 There is strong evidence that adjuvant treat-
ment with BCG is superior to TUR alone and 
TUR plus adjuvant treatment with intravesical 
chemotherapy in reducing the recurrence rate in 
intermediate- and high-risk patients  [  67–  70  ] . A 
32% reduction in the risk of recurrence can be 
expected with BCG compared to chemotherapy, 
and BCG maintenance cycles are recommended 
 [  71  ] . BCG treatment with maintenance cycles is 
also considered to reduce the risk of tumor pro-
gression by 27% in both TaT1 and CIS patients 
 [  72,   73  ] . Although the optimal frequency and 
duration of maintenance BCG cycles is unknown, 
it is considered to provide a 37% reduction in the 
risk of progression  [  70–  73  ] . 

 Reduced BCG dosages have been investigated 
to reduce local and systemic toxicity while main-
taining the therapeutic effect. A dose of 1/3 of the 

standard one seems to maintain a good therapeutic 
effect with a lower incidence of side effects 
although the incidence of severe systemic adverse 
events was not reduced  [  74,   75  ] . It has been sug-
gested that the standard dose is more effi cacious in 
patients with multifocal disease  [  74,   75  ] . One-
third of the standard dose seems to be the mini-
mum effi cacious dose in the management of 
patients with intermediate risk; the use of a lower 
dose (1/6 of the standard one) resulted in a lower 
effi cacy with no improvement in side effects  [  76  ] . 

 BCG side effects occur in less than 5% of 
patients  [  77  ] . The more severe side effects (sep-
sis) occur following systemic absorption of BCG, 
and instillations should not be done within 
2 weeks for TUR, in case of hematuria or trau-
matic catheterization. BCG-induced cystitis and 
allergic reactions may also occur. BCG should 
not be instilled in immunocompromised patients 
 [  78  ] . Proper management of BCG side effects 
may require high-dose fl uoroquinolones and anti-
biotic regimens for the treatment of tuberculosis. 
Recommendations for management of BCG com-
plications can be found by Witjes JA, Palou J, 
Soloway M, et al. Clinical practice recommenda-
tions for the prevention and management of intra-
vesical therapy-associated adverse events  [  79  ]  .  

 The choice between intravesical chemother-
apy and BCG is based on the relative cost-benefi t 
ratio of the two treatments. Patients at high risk 
of progression who would otherwise be sched-
uled for radical cystectomy should receive BCG 
treatment with a 1-year maintenance. Patients at 
intermediate or high risk of recurrence and inter-
mediate risk of progression can receive either 
intravesical chemotherapy or immunotherapy 
taking into consideration that BCG is more effi -
cacious and has more side effects. 

 There is no clear guidance for the manage-
ment of CIS. When CIS is diagnosed in associa-
tion with muscle-invasive disease, treatment is 
dictated by the muscle-invasive tumor. When CIS 
is associated with TaT1 disease, patients are at 
high risk of progression, and treatment should be 
performed accordingly. Isolated CIS can either be 
treated with BCG or with immediate cystectomy; 
this latter approach provides excellent disease-
specifi c survival rates, but up to one in two 
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patients may be overtreated. Complete response 
of 48 and 72–93% has been described following 
intravesical chemotherapy or BCG treatment, 
respectively, but up to 50% of responders may 
recur locally or progress  [  59,   80–  84  ] . Randomized 
trials of BCG versus intravesical chemotherapy 
showed a 59% reduction in the risk of failure with 
BCG; long-term benefi t of BCG treatment with 
maintenance has been confi rmed (OR: 57%)  [  85  ] . 
A 35% decrease in the risk of progression has 
been shown in patients receiving BCG treatment 
compared with intravesical instillation  [  45  ] . 

 Attention should be paid to the possible CIS 
involvement of the upper urinary tract that makes 
patients’ survival worse. CIS may also involve 
prostatic urethra in which case standard BCG 
treatment is required, but if the prostatic ducts are 
involved by CIS, radical surgery should be con-
sidered likewise when the prostate stroma in 
involved  [  86  ] . 

    In the management of TUR failures, patients 
with local recurrences following intravesical che-
motherapy may benefi t from BCG treatment, and 
in patients with a local recurrence 3 months after 
a BCG course, a second course can achieve a 
complete response in 50% of cases although the 
risk of progression is increased  [  87,   88  ] . 
Following BCG failure, radical surgery is recom-
mended as any other therapeutic approach 
remains investigational  [  60,   88,   89  ] .  

   Follow-Up for TaT1 and CIS 

 Follow-up is aimed at the early diagnosis of 
tumor progression versus muscle-invasive dis-
ease, and we know that results of a 3-month cys-
toscopy are a prognostic factor for both recurrence 
and progression. In low-grade tumors, if the 
3-month cystoscopy is negative, a second one 
can be performed at 12 months and then yearly as 
these tumors tend to recur locally but not to prog-
ress. In high-risk disease, endoscopy and urine 
cytology should be performed 3-monthly for 
2 years, 6-monthly for the following 3 years, and 
then yearly. In patients with intermediate risk, the 
follow-up schedule can be adapted to individual 
factors  [  45  ] .  

   Radical Surgery for TaT1 Bladder Cancer 

 Immediate radical cystectomy can be offered 
even for non-muscle-invasive disease in case of 
multiple recurrent high-grade tumors, in case of 
high-grade T1 lesions, and in the presence of 
high-grade tumors associated with CIS. A 5-year 
disease-free survival rate of 80% or greater has 
been observed when radical cystectomy is per-
formed in patients with non-muscle-invasive dis-
ease  [  90–  94  ] . 

 Notwithstanding a 34% staging error in recur-
rent TaT1 tumors, mostly associated with CIS, 
the 10-year survival in T1 and T2 tumors under-
going radical cystectomy is similar, suggesting 
that previous TUR is not a negative predictive 
factor. 

 There are no clear indications as to the man-
agement of BCG failures as data from the peer-
reviewed literature differ in terms of BCG 
treatment and maintenance schedule and defi ni-
tion of failure. We know that 80% of patients 
with a local recurrence at 3 months will develop 
muscle-invasive disease and that tumor persis-
tence at 9 months is associated with 30% chance 
of invasive disease and death. It is therefore rea-
sonable to offer radical surgery in case of tumor 
persistence at 9 months after BCG treatment as 
additional BCG can offer a 27–51% response of 
unknown duration.   

   Treatment of Muscle-Invasive 
Bladder Cancer 

   Neoadjuvant Treatment 

 Provided the gold standard treatment of muscle-
invasive bladder cancer is radical cystectomy, 
5-year survival does not exceed 50%, and strate-
gies to improve results have been explored  [  90, 
  95–  98  ] . Neoadjuvant chemotherapy is one of 
such strategies although pros and cons have to be 
considered. On the positive side, patients are con-
sidered to tolerate chemotherapy better before 
than after surgery, and the burden of micrometas-
tases is supposed to be low; on the negative side, 
chemotherapy delays surgery, and since staging 
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accuracy does not exceed 70%, overtreatment 
may occur  [  99,   100  ] . On average, about 70% of 
patients are expected to receive a full neoadju-
vant treatment with a total of 78% receiving any 
treatment  [  101  ] . Preoperative anemia and neu-
ropathy can be expected  [  102  ] . The question 
whether  neoadjuvant chemotherapy improves 
survival remains open. A fi rst meta-analysis pub-
lished in 2003 suggested a 5% improvement in 
overall survival (from 45 to 50%)  [  103,   104  ] . 
Similar results were obtained in a second meta-
analysis (2004) with overall survival improving 
from 50 to 55%. Another meta-analysis published 
in 2005 confi rmed a 5% benefi t although studies 
from the Nordic group achieved an 8% survival 
benefi t with 11% benefi t in T3 disease  [  105  ] . 
Nevertheless, data suggest that perioperative che-
motherapy is used in only 11.6% of patients 
enrolled in the National Cancer Data Base in the 
USA suggesting a low degree of integration of 
guideline’s recommendations into clinical 
practice.  

   Radical Surgery 

 Radical cystectomy is the standard treatment for 
recurrent NMIBC and muscle-invasive disease, 
although there is an interest in organ-sparing 
treatment such as radio- and chemotherapy  [  90, 
  106  ] . We know that preoperative conditions and 
pathological state are related to survival follow-
ing radical surgery, and therefore careful coun-
seling is advised  [  107  ]  (Table  12.3 ). Evaluation 
of series in patients older than 80 years suggest 
increased postoperative morbidity but not mor-
tality. In older patients, an ileal conduit is gener-
ally preferred  [  108  ] .  

 Timing of surgery is essential, and a delay of 
90 days has been considered to increase the chance 
of extravesical disease from 52% to 81% and the 
type of surgery to be executed  [  109  ] . The average 
time to surgery is in fact shorter for orthotopic 
neobladder compared to ileal conduits  [  110  ] . 

 Indications for radical cystectomy include 
BCG resistant Tis and T1G3, papillary tumors 
that cannot be managed with TUR, and muscle-
invasive disease (T2-T4a, N0-X, M0)  [  106  ] . 

Patients who do not respond to conservative 
treatment and patients with nonurothelial can-
cers, intractable fi stulas, or hematuria may 
undergo salvage cystectomy. 

 The standard surgical technique involves 
removal of prostate gland together with the uri-
nary bladder. Attempts to spare part of the pros-
tate gland have been made, but no randomized 
trials are available  [  111,   112  ] . Overall, between 1 
in 4 and 1 in 3 of patients undergoing radical cys-
tectomy have no involvement of the prostate 
gland; in fact, a 32–33% of patients have urothe-
lial cancer in the prostate gland, and prostate can-
cer is found in 23–54% of cases  [  113–  115  ] . 

 Radical cystectomy includes removal of 
lymph nodes draining the urinary bladder 
although a standard template has not been defi ned 
yet. In retrospective analysis, an extended tem-
plate including the aortic bifurcation was associ-
ated with improved survival  [  116  ] . Retrospective 
analysis indicates that removal of 15 lymph nodes 
is suffi cient for a correct staging and to improve 
patient survival  [  117–  119  ] . Evaluation of ureteral 
margins should be performed in case of CIS, and 
urethrectomy is recommended when positive 
urethral margins are found, in case of extensive 
tumors at the bladder neck or urethra in women 
and prostatic involvement in men. 

 Laparoscopic and robotic-assisted cystectomy 
should be considered as investigational tech-
niques since they have been tested in relative 
small series only  [  120,   121  ] . 

 Different types of diversions can be used in 
which urine is drained through an abdominal 
opening with or without interposition of a conti-
nent or incontinent intestinal segment (ureterocu-
taneostomy, ileal conduit, colonic conduit 
continent ileal pouch, etc.), orthotopic continent 
pouches, and diversions to the sigma and rectum 
 [  122  ] . Although orthotopic diversions are pre-
ferred for the maintenance of an intact body 
image, contraindications to complex reconstruc-
tions drive from short life expectancy, liver and 
renal dysfunction, TCC of surgical margins or 
urethra, and neurological and psychiatric disor-
ders. Previous radiation therapy that compro-
mised both the ileum and colon segments may 
prevent the confection of an intestinal pouch, and 
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severe urethral stenosis may contraindicate an 
orthotopic reconstruction. 

   Ureterocutaneostomy 
 This is the simplest form of diversion that is gener-
ally used in patients with severe comorbidities  [  123, 
  124  ] . Postoperative complications are considered 
to be low although stenosis of the anastomosis with 
the abdominal skin and retrograde infection of the 
upper urinary tract are reported  [  125  ] .  

   Ileal Conduit 
 Although this is one of the most commonly used 
types of diversion, it is not free of complications 
that seem to increase with longer follow-up 
reaching a prevalence of 94% at 15 years  [  126  ] . 
Upper urinary tract deterioration and problems 
with the stoma have been described  [  126–  128  ] .  

   Continent Cutaneous Diversions 
 Ileal and colonic intestinal segments can be used 
to construct a continent pouch that is attached to 
the abdominal skin (usually the umbilicus) using 
either the appendix or an intussuscepted ileal 
loop. The pouch is emptied by self-catheteriza-
tion. Satisfactory continence rate can be achieved 
(>90%), although stomal problems, stone forma-
tion, and incontinence have been reported 
 [  129–  135  ] .  

   Ureterosigmoidostomy 
 This is the most common form of anastomosis 
between the ureters and the colon; notwithstand-
ing antirefl ux techniques for ureteric reimplanta-
tion, infection of the upper urinary tract is 
frequently observed, and the technique is now 
rarely used; a risk of colon carcinogenesis has 
also been described  [  136,   137  ] .  

   Orthotopic Diversions 
 There is now a large experience with the confection 
of orthotopic neobladders consisting of detubular-
ized ileal segments arranged in a more or less 
spherical shape in which both ureters are anasto-
mosed and that is connected to the remaining 
 urethral stump. Voiding is achieved with a combi-
nation of pelvic fl oor relaxation and abdominal 
straining. Daytime and nighttime continence is 
possible provided timed voiding is implemented to 
compensate for increased urine volume due to 
osmotic diuresis. Ileal segments are most frequently 
used compared to colonic or sigmoid segments. 
Complications are not unusual and include stenosis 
of the ureteric and urethral anastomoses, stone for-
mation, urinary retention, and urethral recurrence 
 [  138,   139  ] . The type of urinary diversion does not 
seem to infl uence the oncological outcome  [  140  ] . 

 In general, there is no consensus as to the type 
of diversion that offers the best quality of life 
 [  141–  143  ] . No particular type of diversion can be 
recommended, and the choice is left to surgeon’s 
experience and patient preference. Radical cys-
tectomy is not void of complications with 3% 
mortality and 28% of complications  [  95,   144  ] . 
Morbidity and mortality rates seem to be related 
to surgeon’s experience.   

   Flow Chart for the Management of MIBC 

     1.    Diagnosis
   (a)     Pathological staging by TURB with 

biopsy of proximal (females) or prostatic 
urethra (males)  

   (b)    UUT staging by CT/RM  
   (c)     Staging of the chest and abdomen by 

CT/RM      

   Table 12.3    Disease and overall survival after radical cystectomy   

 Author 
 Disease-free survival 

 Disease-specifi c 
survival  Overall survival 

 Comments  5 yrs  10 yrs  5 yrs  10 yrs  5 yrs  10 yrs 
 Shariat et al.  [  145  ]   58%  66%  66% 
 Stein et al.  [  90  ]   68%  60%  66%  43% 
 Gschwend et al.  [  146  ]   72.9%  49.1%  Organ-confi ned disease 

 33.3%  22.8%  Non-organ-confi ned disease 
 27.7%  20.9%  N + disease 
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    2.    Treatment
   (a)     In pT2,N0,M0 tumors, bladder sparing 

techniques may be considered in selected 
patients.  

   (b)    In pT2-3,N0,M0 tumors:
    Neoadjuvant chemotherapy can be con-• 
sidered with 5–7% survival benefi t at 
5 years.  
  Radical cystectomy.  • 
   No adjuvant chemotherapy is indicated • 
after cystectomy.             

   Neoadjuvant Radiotherapy 

 The effect of preoperative radiotherapy has been 
investigated in various trials. They suggest a 
tumor downstaging in T3 patients  [  147,   148  ]  with 
improved local control in pT3b and improvement 
of overall survival from 40% to 52%. A dose of 
40 Gy proved to be effi cacious with reduced risk 
of local recurrence and improved survival (from 
21% to 63%)  [  149  ] . 

 Overall, preoperative radiotherapy followed 
by radical cystectomy results in tumor downstag-
ing, reduced risk of local recurrence, and 
improved survival  [  147–  155  ] . Pathological com-
plete response is associated with increased sur-
vival  [  156–  158  ] . Preoperative radiotherapy is not 
associated with increased toxicity  [  158  ] , but a 
meta-analysis of prospective randomized trials of 
preoperative radiotherapy failed to confi rm a sur-
vival advantage  [  159,   160  ] .  

   Bladder-Sparing Treatment for Locally 
Advanced Disease 

 In selected cases, a bladder-sparing approach can 
be proposed provided risks and benefi ts are prop-
erly discussed with the patient.   

   TURB 

 Patients with MIBC diagnosed at  trans urethral 
resection may present with either pT0 or pT1 sta-
tus at the re-TURB, about half of them will end 

up with a radical cystectomy, and a cancer-spe-
cifi c survival rate <50% has been described. 
A negative TURB is considered to be essential in 
planning bladder-sparing management of these 
patients in selected cases when the initial disease 
in  £ pT2 or when the patient is unfi t for radical 
surgery.  

   Radiotherapy 

 External beam radiotherapy is associated with 
severe morbidity and a tumor-free rate <5%. The 
5-year survival rate of MIBC treated with exter-
nal beam radiotherapy is 30–60% with cancer-
specifi c survival of 20–50%  [  161–  165  ] . 
Meta-analysis from the Cochrane Collaboration 
suggests a survival benefi t of radical cystectomy 
over radiotherapy  [  160  ] . Radiotherapy remains a 
viable option in those unfi t for radical surgery 
with an expected control and survival rates of 
56% and 36% at 3 years  [  166  ] .  

   Chemotherapy 

 Complete (12–50% for MVAC and 12–22% for 
gemcitabine/cisplatin) and partial responses have 
been reported in patients with MIBC treated with 
neoadjuvant chemotherapy  [  102,   167–  177  ] . 
A bladder-spring approach with TURB followed 
by i.v. chemotherapy can be proposed in selected 
cases, and it may allow survival with an intact 
bladder, although there is a risk of a staging error 
and recurrent or metastatic disease.  

   Multiple Modality Bladder-Sparing 
Treatment 

 A combination of TURB followed by external 
beam radiotherapy and i.v. chemotherapy can be 
proposed in selected cases of small T2 neoplasms 
with no CIS. In the presence of a complete 
response (70–80% with cisplatin), radical cystec-
tomy can be avoided although the risk of local 
recurrence is high  [  178  ] . No comparative data 
exist versus radical cystectomy although survival 
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rates seem comparable. Patients who then end up 
with radical surgery (30–40%) have a poor prog-
nosis, and a 20–50% survival at 5 years has been 
described  [  178,   179  ] . Patients undergoing bladder 
sparing multimodality treatment should be aware 
of the required intense follow-up schedule and the 
possibility of multiple TURBs  [  178–  182  ] . 

   Adjuvant Chemotherapy 

 Chemotherapy can be used after radical surgery 
in patients with locally advanced or node-positive 
disease. There is limited evidence available as to 
the outcome of this adjuvant approach  [  183–  189  ]  
to support its use in daily practice. Patients with 
extravesical disease or positive lymph nodes can 
be considered for adjuvant chemotherapy, pro-
vided they are fully informed of the limited evi-
dence available. There is no evidence to prefer 
adjuvant chemotherapy to chemotherapy upon 
evidence of disease recurrence. Long-term sur-
vival has been described in patients with positive 
nodes and good performance  [  173,   190,   191  ] .  

   Metastatic Disease 

 A minority of patients presents with distant 
metastases at diagnosis. The majority of patients 
with metastases are relapses following radical 
cystectomy for MIBC  [  192  ] . In the absence 
of chemotherapy, survival is not beyond 
6 months  [  193  ] . 

 Trials on chemotherapy of metastatic bladder 
cancer have identifi ed two major prognostic fac-
tors for clinical response: Karnofsky performance 
status and visceral metastases, PS of 80% or less, 
visceral disease, elevated LDH levels, and 
more than three sites of disease were found to be 
associated with reduced survival  [  171,   175,   190, 
  194–  196  ] ; ECOG PS2–3 and hemoglobin lev-
els <10 mg/dl have also been associated with 
poor survival  [  197  ] . The presence of comorbidi-
ties is also considered of importance for mortal-
ity  [  198–  201  ] . Patients with PS of 3–4 are 
considered not to benefi t from chemotherapy 
(Fig.  12.2 ).  

 A number of conditions including reduced 
GFR, poor performance status, neuropathy and 

  Fig. 12.2    Management of metastatic bladder cancer       
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severe presbycusis, cardiovascular disease, and 
congestive heart failure have been considered of 
importance in precluding or cautioning the use of 
chemotherapy and particularly of cisplatin. It is 
generally considered that one in two patients with 
metastatic bladder cancer is unfi t for chemother-
apy. Although the comprehensive geriatric assess-
ment (CGA) has been considered of importance 
to better evaluate patients’ performance status, its 
use in clinical practice remains marginal  [  202  ] . 

 Different drugs have been evaluated as single 
agents in metastatic bladder cancer, and variable 
response rates have been described (Table  12.4 ).  

 Single-agent chemotherapy is rarely used 
because of the absence of complete responses 
and the short life of the observed responses with 
a mean survival of less than 9 months.   

   First-Line Combination 
Chemotherapy 

 Current therapeutic regimens are based on cispl-
atin-containing chemotherapy. MVAC and the 
combination of gemcitabine and cisplatin proved 
to be effective (14.8 and 13.8 months survival) 
and more effi cacious than CISCA and cisplatin/
docetaxel  [  168,   215–  217  ] . MVAC and GC appear 
to be equally effective with 46% and 49% of 
response rates, respectively, although GC is bet-
ter tolerated. The use of high-dose-intensity 
MVAC supplemented with GCSF seems to offer 

2-year survival with reduced toxicity compared 
to standard MVAC  [  218,   219  ] . Lymph node 
metastases respond better to MVAC or HD-MVAC 
compared to extranodal disease (66% and 77% 
response versus 29 and 33%, respectively) and 
20.9% versus 6.8% survival at 5 years. 

 The use of carboplatin-containing regimens 
resulted in lower response rate and shortened 
 survival; therefore, it has been abandoned 
 [  220,   221  ] . 

 Non-cisplatin-containing regimens such as 
gemcitabine/docetaxel have been used with 
response rates of 36–60%, but no comparative 
data with cisplatin-containing cocktails are avail-
able, and these regimens are not currently used 
in patients with good prognostic factors  [  214, 
  222–  224  ] . 

 In patients with poor PS, renal impairment, or 
other comorbidities (about one in two patients 
with metastatic bladder cancer), non-cisplatin-
containing regimens have been investigated such 
as carboplatin/gemcitabine and M-CAVI with 
42% and 30% response rate, respectively. 
Subanalyses suggested that patients with PS2 and 
renal insuffi ciency do not benefi t much from che-
motherapy  [  225  ] .  

   Second-Line Chemotherapy 

 Different prognostic factors have been consid-
ered for clinical response to second-line treat-
ment, but no consensus has been reached, and 
there is no standard regimen. 

 Good response rates have been observed with 
gemcitabine chemotherapy, but most patients 
already received this drug as fi rst line  [  208,   211–
  214  ] . Response rates from 0% to 13% have been 
described with agents including paclitaxel, doc-
etaxel, oxaliplatin, ifosfamide, topotecan, lapa-
tinib, gefi tinib, and bortezomib  [  226–  230  ] . The 
combination of paclitaxel and gemcitabine has 
been used with variable response (38–60%) 
depending on pretreatment response and indica-
tion for prior chemotherapy, but further random-
ized trials are required  [  193,   223  ] . 

 A new vinca alkaloid, vinfl unine, proved to be 
effi cacious in second-line treatment of patients 

   Table 12.4    Response rates to single-agent chemotherapy   

 Agent  Response rate  Reference 

 Cisplatin  12   [  171  ]  
 Carboplatin  12%   [  203  ]  
 Paclitaxel  425   [  204  ]  
 Docetaxel  31   [  205  ]  
 Methotrexate  29   [  206,   207  ]  
 Adriamycin  19%   [  206,   207  ]  
 Epirubicin  15%   [  206,   207  ]  
 Mitomycin C  13%   [  206,   207  ]  
 5-FU  35%   [  206,   207  ]  
 Vinblastine  14%   [  206,   207  ]  
 Ifosfamide  29%   [  206,   207  ]  
 Cyclophosphamide  8%   [  206,   207  ]  
 Gemcitabine  25%   [  208–  214  ]  
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relapsing after cisplatin-containing regimens, 
although the response rate is modest (<10%), a 
survival benefi t could be observed. 

 In selected cases, postchemotherapy surgery 
has been advocated considering the high degree 
of complete responses and long-term survival in 
about 20% of patients in which the disease is lim-
ited to lymph nodes  [  176,   231,   232  ] . 

 In case of bone metastases, which occur in 
30–40% of patients with metastatic and advanced 
disease, i.v. bisphosphonate treatment is required 
to reduce the frequency of and delay skeletal-
related events such as pain, need for external 
beam radiotherapy, bone fractures, and need for 
bone surgery, the occurrence of which is associ-
ated with reduced survival. Direct evidence of 
the benefi t of zoledronic acid treatment in patients 
with bone metastases from bladder cancer is lim-
ited, but this regimen is supported by a large body 
of evidence from studies on solid tumors  [  233  ] .  

   Biomarkers 

 Retrospective analysis of study cohorts has been 
looking at the possible prognostic value of differ-
ent biomarkers although no suffi cient evidence 
could be found to support their use in our daily 
practice. Investigated markers include multidrug 
resistance genes, circulating tumor cells, throm-
bospondin-1, urinary and tissue fi broblast growth 
factor receptor-3, urinary and tissue basic fi bro-
blast growth factor, serum vascular endothelial 
growth factor, p53 expression, and microvessel 
density  [  234–  240  ] .  

   What the Future Holds 

 Having reviewed the current standards in the 
management of bladder cancer, let us have a look 
at the current research and possible future devel-
opments. Although the current management of 
bladder cancer is fundamentally surgical, recently 
there has been a growing interest in multimodal 
combination therapy in various clinical scenarios 
to improve outcomes, also due to the high “dis-
tant and local” failure rate in both superfi cial and 

invasive disease. Advances in tumor biology 
have led to the identifi cation of new molecular 
targets in bladder cancer and the development of 
specifi c therapies for bladder cancer. To ensure 
translation of research from bench to bedside, it 
is now required to drive into clinical practice 
these promising therapies. 

 Nowadays, the interest is mainly focused in 
developing novel therapeutic agents that specifi -
cally target growth factor pathways that are 
deregulated in tumor cells. Among the molecular 
therapies for bladder cancer treatment, we will 
focus on those that are currently in a most 
advanced phase of clinical development such as 
the study of agents that target EGFR and angio-
genesis pathways. 

   Targeting EGFR Pathway 

 The epidermal growth factor receptor (EGFR) is 
a 170-kDa transmembrane receptor tyrosine 
kinase expressed on the surface of epithelial cells. 
The EGFR family of RTKs consists of four 
closely related type I transmembrane receptors: 
the EGFR, HER2 (ErbB2/neu), HER3 (ErbB3), 
and HER4 (ErbB4). EGFR regulates important 
processes in carcinogenesis, including cell sur-
vival, cell cycle progression, tumor invasion, and 
angiogenesis. Ligands including epidermal 
growth factor (EGF) bind to EGFR-activating 
signal transduction pathways that upregulate 
transcription factors, leading to growth stimula-
tion. EGFR was fi rst characterized in invasive 
and superfi cial bladder cancer in 1989  [  241  ] . 
Abnormal expression of the urothelial EGFR 
and/or altered excretion of EGF may well pre-
cede overt manifestations of transitional cell car-
cinoma (TCC) and thus may serve as an early 
marker of the invasive phenotype; the degree of 
EGFR overexpression in bladder tumors has been 
shown to correlate with tumor stage and grade 
 [  242  ] . Laboratory investigations have shown that 
stimulation of the EFGR pathway both increases 
proliferation and the migration of bladder cancer 
cells  [  243  ] . Work to identify the predictive mark-
ers for the response of bladder cancer cells to 
EGFR inhibition is underway, using a broad 



33912 Bladder Cancer

spectrum of bladder cancer cell lines  [  244  ] . 
Surprisingly, there is no correlation between 
expression of EGF, the ligand of EGFR, and the 
activity of EGFR inhibitors in bladder cancer 
cells  [  244  ] . Activating mutations of EGFR, a key 
predictive marker for the activity of EGFR inhib-
itors in non-small-cell lung cancer  [  245  ] , are 
uncommon in TCC of the bladder  [  246  ] . Similarly, 
increased ErbB2 expression has been associated 
with worse disease-specifi c survival  [  247  ] . 
Therefore, the EGFR pathway represents a poten-
tial therapeutic target in bladder cancer. 

 Two groups of EGFR-targeting agents are cur-
rently approved for clinical use in some solid 
tumors today: the monoclonal antibody-mediated 
blockade of the extracellular ligand-binding 
domain (cetuximab and trastuzumab) and small-
molecule inhibition of the intracellular tyrosine 
kinase domain (gefi tinib, erlotinib, and lapatinib) 
 [  248  ] . 

   Gefi tinib 
 Gefi tinib (Iressa; AstraZeneca, London, UK) is 
an orally bioavailable small, reversible TKI that 
blocks the ATP-binding domain of EGFR that has 
demonstrated antiproliferative effects on bladder 
tumour cells in vitro and in vivo  [  249–  251  ] . 

 Despite these preclinical evidences, Gefi tinib 
combined with gemcitabine and cisplatin in a 
phase II trial involving in 55 chemotherapy-naive 
patients with locally advanced or metastatic 
failed to improve fi rst-line therapy response rates 
compared with historic controls achieving a 
response rate of 51% and a median overall sur-
vival of 14.4 months, which were very similar to 
those obtained with GC alone  [  252  ] .  

   Erlotinib 
 Erlotinib (Tarceva; Genentech, South San 
Francisco, CA) is another EGFR-targeting TKI 
and was approved in 2004 for treatment of 
patients with NSCLC and in 2005 for use in com-
bination with gemcitabine for pancreatic cancer. 
Erlotinib reversibly inhibits the tyrosine kinase 
function of wild-type EGFR and also show a 
slight inhibitory effect on the mutant EGFRvIII 
tyrosine kinase activity  [  253  ] . The M.D. Anderson 
Cancer Center recently conducted a phase II 

study on 20 patients (15 men) with histologically 
confi rmed muscle-invasive bladder carcinoma 
(clinical stage T2) that examined the value of 
neoadjuvant erlotinib. All patients received treat-
ment with 150 mg daily of erlotinib orally for 
4 weeks before a radical cystectomy. Results of 
operative pathology showed that fi ve (25%) of 20 
patients had a complete response (pT0) at the 
time of RC, and seven (35%) and 15 (75%) had 
pathological downstaging ( £ pT1N0) and organ-
confi ned disease ( £ pT2N0), respectively. 
Interestingly, one patient was found to have 
microscopic lymph node-positive disease but no 
residual primary tumor (pT0, N1) at the time of 
RC  [  254  ] .  

   Cetuximab 
 Cetuximab (Erbitux; ImClone, New York, NY) is 
a recombinant human/murine monoclonal anti-
body (IgG1) that binds to subdomain III on the 
EGFR. It is one of two monoclonal antibodies 
against EGFR that has been licensed for clinical 
use. It was approved in February 2004 for treat-
ment of EGFR-positive late-stage chemorefrac-
tory colorectal cancer and in December 2005 for 
treatment of squamous cell carcinoma of the head 
and neck in combination with irradiation. 

 The EGFR antibody cetuximab has been 
investigated also in a human urothelial carcinoma 
cell line and in a mouse model with human blad-
der carcinoma. Cetuximab was found to inhibit 
tumorigenesis and metastatic progression in vivo 
and in vitro by means of suppression of angio-
genesis and simultaneous induction of apoptosis 
 [  255  ] . There are currently two ongoing studies of 
cetuximab in metastatic bladder cancer: a ran-
domized phase II study of fi rst-line treatment 
with gemcitabine and cisplatin +/− Erbitux 
(NCT00645593)  [  256  ]  and a randomized phase 
II study of second-line treatment with Erbitux 
+/− Paclitaxel  [  256  ] .  

   Trastuzumab 
 Trastuzumab (Herceptin; Genentech, South San 
Francisco, CA) is the fi rst recombinant human-
ized monoclonal antibody directed against the 
HER2. The HER2 gene located on chromosome 
17q encodes a transmembrane ligand orphan 
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receptor tyrosine kinase that amplifi es the signal 
provided by other members of the HER family 
(HER1/EGFR, HER3, and HER4) by forming 
heterodimers with them. HER2  activation and 
dimerization causes alterations in several com-
plex downstream-signaling cascades that are 
involved in regulation of cell growth, prolifera-
tion, migration, adhesion, and survival and thus 
has been implicated in oncogenesis. A phase II 
trial that treated 44 patients with HER2-positive 
(protein overexpression by immunohistochemis-
try [IHC] or gene amplifi cation by fl uorescence 
in situ hybridization [FISH]) in the primary or 
metastatic site) advanced urothelial carcinoma 
with a combination of trastuzumab, paclitaxel, 
carboplatin, and gemcitabine showed 31 (70%) 
responding patients, including 5  complete and 26 
partial responses. Median time to progression and 
survival were 9.3 and 14.1 months, respectively. 
However, the study lacked appropriate controls, 
given the same  chemotherapy without trastu-
zumab. Trastuzumab is also being evaluated in 
combination with paclitaxel and radiotherapy for 
bladder conservation  [  257  ] .  

   Lapatinib 
 Lapatinib (GW572016, Tykerb) is a dual syn-
thetic reversible inhibitor of EGFR and HER2 
tyrosine kinases and has been demonstrated to 
inhibit signifi cantly the proliferation of cancer 
cells, evidencing EGFR and/or HER2 overex-
pression both in vitro and in vivo  [  258  ] . At the 
intracellular level, lapatinib binds reversibly to 
the cytoplasmic ATP-binding site of the kinase, 
thereby preventing receptor phosphorylation. 
Lapatinib blocks ligand-activated signaling from 
multiple receptor combinations, including omo- 
and heterodimers of EGFR and HER2. Lapatinib 
daily as monotherapy was tested in patient with 
advanced bladder cancer and evidence of EGFR 
and/or ErbB2 overexpression by IHC who pro-
gressed after cisplatin-based fi rst-line chemother-
apy, showing possibly effi cacy (median survival 
for strong expression 30.3 weeks compared 
with 10.6 for weak expression)  [  259  ] . Ongoing 
studies of lapatinib include a fi rst-line trial in 
combination with GC (NCT00623064)  [  256  ]  and 
as maintenance after response or stable disease 

following treatment with GC for patients with 
HER1 or HER2 overexpression in their tumors 
(NCT00949455)  [  256  ] .   

   Targeting Angiogenesis 

 Angiogenesis is required for tumor growth and 
metastasis  [  260  ] . Blood vessels are built to sup-
ply the tumor with nutrients and oxygen, failing 
which central necrosis occurs in tumor implants 
bigger than 3 mm 3  in vitro  [  261  ] . If hypoxia 
ensues, the cellular response to low oxygen ten-
sion involves stabilization of the hypoxia-induc-
ible factor-1 (HIF-1) transcriptional complex that 
promotes cell survival and tumor invasion. This 
induces the formation of new blood vessels. 

 It has been demonstrated that in the neoplastic 
bladder, both VEGF mRNA and protein are over-
expressed compared with normal urothelium 
 [  262,   263  ] . In addition to its pro-angiogenic prop-
erties, recent in vitro experiments also suggest a 
role for VEGF signaling as an autocrine and 
paracrine growth factor to directly promote blad-
der cancer growth  [  264  ] . 

 Moreover, clinical studies have suggested that 
elevated MVD, a surrogate marker for angiogenic 
activity, has been demonstrated to be a predictive 
marker of vascular invasion, lymph node involve-
ment, tumor recurrence, and poor survival in 
invasive TCC, while levels of VEGF and bFGF 
are inversely associated with prognosis  [  265, 
  266  ] . Finally, retrospective evaluation of serum 
VEGF levels in the metastatic setting suggests a 
correlation of high levels with poor disease-free 
survival  [  267  ] . Baseline VEGF mRNA expres-
sion levels and microvessel density were found to 
be independent prognostic factors for recurrence 
and metastasis in 51 patients treated with neoad-
juvant MVAC chemotherapy preceding cystec-
tomy  [  268  ] . 

 Based on these fi ndings, recently, strategies to 
block serum VEGF or its signal through RTKs 
were pursued. A number of agents with these fea-
tures have entered clinical trials in urothelial cell 
carcinoma, including bevacizumab (Avastin; 
Genentech), a monoclonal antibody against 
VEGF that has been registered in other solid 
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tumor types including colon, lung, and breast 
cancers, and afl ibercept (VEGF Trap; Regeneron 
Pharmaceuticals), a fully humanized, soluble 
decoy VEGF receptor generated by fusing the 
extracellular domains of VEGFR-1 and VEGFR-2 
to the Fc portion of human IgG1 and several RTK 
inhibitors including sunitinib (Sutent, Pfi zer), 
which has VEGFR, PDGFR, and KIT activity, 
and sorafenib (Nexavar), which has VEGFR, 
RAF, PDGFR, and Kit TKI activities. 

   Sorafenib 
 Sorafenib (Nexavar; Bayer, Leverkusen, 
Germany) is an orally active, small-molecule 
multikinase inhibitor that targets wild-type and 
mutant b-Raf and c-Raf kinase isoforms in vitro 
but also inhibits angiogenesis via inhibition of 
VEGFR-2, VEGFR-3, and/or platelet-derived 
growth factor receptor-beta (PDGFR- b )  [  269  ] . In 
a phase II trial, sorafenib as a single agent showed 
minimal activity in patients with advanced 
urothelial cancer in the second-line setting, with 
no objective responses and a median overall sur-
vival of only 6.8 months  [  256  ] . 

 Similar results were obtained in fi rst-line set-
ting in which none of 14 evaluable patients had 
an objective response.  

   Sunitinib 
 Sunitinib malate (Sutent; Pfi zer, New York, NY, 
USA) is a multitargeted receptor tyrosine kinase 
inhibitor that acts on vascular endothelial growth 
factor (VEGF) receptor 1, 2, and 3; platelet-
derived growth factor (PDGF) receptor; KIT; and 
FMS-like tyrosine kinase-3 receptor (FLT3): its 
antitumor activity has been demonstrated in vari-
ous tumors, including renal cell carcinoma 
(RCC), gastrointestinal stromal tumor, non-
small-cell lung cancer, and colorectal cancer. 

 Sunitinib activity has been evaluated in phase 
II trials (in a 6-week cycle, patients received 
sunitinib 50 mg daily for 4 weeks) as frontline or 
salvages therapy for metastatic TCC. 

 Leading to partial response or stable disease in 
33 of 77 patients (43%), the median PFS was 
2.4 months and median survival was 6.9 months. 
In a frontline trial, patients unsuitable for cispla-
tin with creatinine clearance between 30 and 

60 mL/min and ECOG performance status of 1 or 
higher received sunitinib 50 mg daily for 4 weeks 
in a 6-week cycle. Sunitinib produced a partial 
response in 2 of 16 patients, and an additional 
50% (8 of 16 patients) had stable disease  [  256  ] . 

 Sunitinib is being evaluated in phase II study of 
GCS (gemcitabine, cisplatin, and sunitinib) as neo-
adjuvant chemotherapy in patients with muscle-
invasive urothelial carcinoma of the bladder  [  256  ] .  

   Pazopanib 
 Pazopanib (GW786034) is a second-generation 
multitargeted tyrosine kinase inhibitor against 
VEGFR-1, -2, and -3; platelet-derived growth 
factor receptor- a ; platelet-derived growth factor 
receptor- b ; and c-kit. Pazopanib was approved 
for use in advanced renal cell carcinoma (RCC) 
by the Food and Drug Administration in the USA 
in October of 2009. An ongoing phase II trial 
pazopanib for metastatic urothelial cancer has 
generated promising but very preliminary early 
results, reported in ESMO 2010. Patients received 
pazopanib 800 mg once daily until their disease 
progressed or they experienced unacceptable tox-
icity. Tumor shrinkage has occurred in 4 of 18 
patients, and necrotic evolution of metastatic 
lesion was observed in 12 of 18 patients, by 
monthly computed tomography and positron 
emission tomography scans  [  256  ] .  

   Bevacizumab 
 Bevacizumab (Avastin; Genentech, South San 
Francisco, CA), a humanized IgG1 murine mono-
clonal antibody that binds all VEGF isoforms, 
was the fi rst VEGF inhibitor to be approved by 
the FDA. Bevacizumab neutralizes the ability of 
VEGF to bind to the VEGF receptor (VEGFR), 
primarily VEGF-1 (fi t-l) and VEGF-2 
(KDWfl k-1), on the surface of endothelial cells. 
VEGFR-1 and VEGFR-2 are membrane-bound 
tyrosine kinase receptors responsible for specifi c 
downstream survival and proliferation pathways. 
Bevacizumab was tested as fi rst line, in a phase II 
trial in combination with GC for metastatic UC 
showing promising overall response rate of 72% 
with a median overall survival of 20.4 months 
 [  270  ] . Based on these promising results, CALGB 
has begun a fi rst-line phase III trial comparing 
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GC with GC plus bevacizumab. Another phase II 
trial at MSKCC is assessing the combination of 
carboplatin, gemcitabine, and bevacizumab for 
cisplatin-ineligible patients  [  256  ] .  

   Afl ibercept 
 Afl ibercept (VEGF Trap; Regeneron, Tarrytown, 
NY) is a fully humanized, soluble decoy VEGF 
receptor generated by fusing the extracellular 
domains of VEGFR-1 and VEGFR-2 to the Fc 
portion of human IgG1. Like bevacizumab, this 
agent binds and inactivates VEGF. However, this 
molecule may also bind other VEGF family 
members such as placental growth factor and 
VEGF-B. In addition, its binding affi nity for 
VEGF is similar to that of the high-affi nity 
VEGFR-1, resulting in binding that is potentially 
100-fold tighter than is achieved with bevaci-
zumab  [  271  ] . These unique features differentiate 
this agent from other anti-VEGF strategies. 
Afl ibercept has demonstrated a limited effi cacy 
as single agent with a response rate of 4.5% and 
median progression-free survival of 3.5 months.   

   Conclusions 

 The current treatment of advanced bladder can-
cer relies heavily on traditional cytotoxic agents, 
despite the tumor expression of many targets of 
emerging biologic agents currently available. 
Current regimens yield suboptimal outcomes in 
the frontline setting, and there is no proven and 
effective second-line regimen. 

 Bladder cancer is a biologically intriguing dis-
ease. Its molecular pathogenesis is now increas-
ingly understood, and the identifi cation of 
potential therapeutical targets is under way. The 
translation of these evidences into the clinical 
treatment of patients with urothelial cancer is 
however still at the beginning. Some agents seem 
to be more promising than others, but the lack of 
reliable predictive factors that are able to identify 
the patients more likely to benefi t from a targeted 
therapy approach still limit the clinical use of 
such drugs. 

 The challenge for the future remains how to 
integrate all the increasing knowledge incoming 

from preclinical setting and to translate them in 
data useful to achieve biologic profi le of individ-
ual patient tumors. 

 The information contained in the current 
review clearly points at the absolute need for a 
strict collaboration between urologists, medical 
oncologists, and radiotherapists in the manage-
ment of locally advanced and metastatic bladder 
cancer. Shared care is undoubtedly the primary 
quality parameter in the management this 
condition.   

   Quality of Life 

 Bladder cancer has a relevant impact on psycho-
logical, physical, emotional, and social function 
as any other tumor, but radical cystectomy may 
modify patient’s body image, result in impotence 
and incontinence, and impact on patient’s sexual 
life. The use of a urine bag always raises concern 
about the possible odor from contained urine. 
These and other issues are often neglected in ret-
rospective studies on quality of life in patients 
with bladder cancer and are more properly inves-
tigated in specifi c questionnaires such as the 
EORTC-QLQ-BLM (muscle-invasive bladder 
cancer module)  [  272  ] . 

 There is no consensus on the type of urinary 
diversion that results in the best quality of life for 
bladder cancer patients. Although most patients 
would rather prefer orthotopic neobladders, some 
studies failed to prove an advantage in patients’ 
quality of life  [  273–  276  ] , but more recent studies 
are pointing in a different direction and suggest 
that a better quality of life is associated with 
orthotopic reconstruction  [  272,   277–  280  ] . Health 
quality of life is an important issue in oncology 
as it is an independent prognostic factor for sur-
vival  [  281  ] .  

   Follow-Up 

 Pelvic recurrences following radical cystectomy 
are observed in 5–15% of patients, and metasta-
ses develop in about 50% of patients. Although 
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disease recurrence is most frequently observed 
within the fi rst 2 years, pelvic recurrences may 
occur up to 5 years after surgery and distant dis-
ease may become manifest even after 10 years. 

 Patients with pelvic recurrences have a short 
survival (months) even when treatment is applied 
(surgery, radiotherapy, chemotherapy). Bladder 
cancer may recur in the upper urinary tract (usu-
ally in the fi rst 3 years after cystectomy), and it 
may metastasize to the liver, lungs, and bones 
 [  282–  285  ] . 

 Tumor recurrence in the urethra occurs in 
5–17% of patients within 1–3 years from surgery 
particularly when tumor invasion of the prostatic 
stroma is found in the pathology specimen of the 
radical cystectomy in men and when bladder can-
cer involves the bladder neck in women  [  286–
  289  ] . A lower rate of urethral recurrence is 
observed after orthotopic diversions compared to 
non-orthotopic ones  [  286,   290–  292  ] .  

   In Synthesis 

 The management of non-muscle-invasive bladder 
cancer has not changed signifi cantly since BCG 
was introduced by Morales in 1986, but the man-
agement of muscle-invasive disease is a rapidly 
evolving area. Surgical reconstruction of an 
orthotopic neobladder is becoming less invasive 
by laparoscopic and robotic-assisted techniques, 
and chemotherapeutic treatment of locally 
advanced and metastatic disease is facing a new 
era with targeted treatments. Multidisciplinary 
management of bladder cancer patients is a fea-
ture without which proper management of urothe-
lial tumors is no longer possible.      
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  Abbreviations  

  BPH    Benign prostatic hyperplasia   
  CaPSURE    Cancer of Prostate Strategic 

Urologic Research Endeavor   
  CRPC    Castration-resistant prostate cancer   
  CTC    Circulating tumor cells   
  DMAB    (3,2 ¢ -Dimethyl-4-aminobiphenyl)   
  DRE    Digital rectal examination   
  ETS    Erythroblastosis virus E26 trans-

forming sequence: a family of tran-
scription factors   

  GRP    Gastrin-releasing peptide   
  GSTP1    Glutathione S-transferase   
  HDAC    Histone deacetylase   
  hK2    Human glandular kallikrein-2   
  HRPCa    Hormone-resistant prostate cancer   
  LH    Luteinizing hormone   
  LHRH    Luteinizing hormone-releasing 

hormone   
  MMPs    Matrix metalloproteases   
  NE    Neuroendocrine   
  NET    Neuroendocrine transdifferentiation   
  NSE    Neuron-specifi c enolase   

  PAP    Prostatic acid phosphatase   
  PCa    Prostate cancer   
  PCA3    Prostate cancer gene 3   
  PIN    Prostatic intraepithelial neoplasia   
  PSA    Prostate-specifi c antigen   
  PSMA    Prostate-specifi c membrane 

antigen   
  PSP94    Prostate secretory protein-94   
  TMPRSS2    Prostate-specifi c gene transmem-

brane protease serine 2   
  uPA    Urokinase-type plasminogen acti-

vator   
  VPA    Valproic acid     

     Introduction 

 After a systematic description of pathological 
and clinical features of prostate cancer (PCa), the 
most recent concepts regarding PCa biomarkers 
are reviewed in this chapter, based on current sci-
entifi c reports and some of the most advanced 
research programs which are ongoing. 

 Biomarkers are essential elements to deter-
mine early diagnosis, defi ne prognosis of single 
cases of disease, and possibly also to represent 
targets for molecular therapies, which are gaining 
great momentum in the present era of individual-
ized therapy strategies. All the above goals are of 
relevant importance in the fi eld of PCa in which 
a large number of diagnosed cases [due to the 
wide use of prostate-specifi c antigen (PSA) 
testing] have enhanced the percentage of early 
diagnosed cases, most of which have modest 

    M.   Bologna ,  M.D.   (*)
     Department of Experimental Medicine ,  University of 
L’Aquila ,   Via Vetoio, Coppito-2 ,  L’Aquila   67100 ,  Italy    
e-mail:  mauro.bologna@univaq.it  

     C.   Vicentini ,  M.D.  
     Department of Urology ,  University Hospital of Teramo , 
  L’Aquila ,  Italy    

      Biomarkers in Prostate Cancer       

     Mauro   Bologna         and    Carlo   Vicentini             

M. Bologna (ed.), Biotargets of Cancer in Current Clinical Practice, Current Clinical Pathology,
DOI 10.1007/978-1-61779-615-9_13, © Springer Science+Business Media, LLC 2012



356 M. Bologna and C. Vicentini

clinical relevance but hard-to-predict prognostic 
perspective. Very diffi cult is the decision to opt 
in the fi rst line for the “watchful waiting” (active 
surveillance) strategy that should be appropriate 
for most but not all PCa-diagnosed patients. 

 So, dependable biomarkers are absolutely 
needed in the clinical management of PCa and 
are extremely useful in the daily medical practice 
for optimal patient treatment and outcomes, in 
particular for the early determination of the many 
indolent, slow progression cases (low-risk PCa) 
and of the few aggressive, rapid progression 
cases (high-risk PCa). 

 Biomarkers must be considered in two broad 
categories: tissue-specifi c markers and disease-
specifi c markers. 

 The major current biomarker of PCa is the 
PSA, which is used both as a screening tool, 
before the disease is diagnosed, and as an instru-
ment to monitor the disease extension and pro-
gression, once PCa presence has been ascertained 
and possibly treated with a fi rst-line therapy (sur-
gery, radiotherapy, or their combination). PSA is, 
however, only a tissue-specifi c marker and not a 
disease-specifi c one; therefore, many caveats 
exist in the interpretation of PSA testing. 

 Several other markers are being actively stud-
ied and discussed in this chapter. 

 For a very quick summary, besides classical 
biomarkers like PSA, specifi c sections discuss 
prostate cancer gene 3 (PCA3), gene fusions, 
prostate secretory proteins, circulating tumor 
cells (CTCs), and neuroendocrine markers  [  1  ] . 
Further paragraphs discuss current research 
issues concerning future biomarkers under active 
investigation.  

   Epidemiology of Prostate Cancer 

 Prostate cancer (PCa) is the top-ranking cancer 
cause for men and the second cancer-death cause 
for males in the USA and in many industrialized 
countries  [  2,   3  ] ; it affects one in six men (more 
than 210,000 cases per year) and claims more 
than 30,000 deaths each year in the USA  [  3,   4  ] . 
Every day, about 600 men are given the diagnosis 
of PCa in that country. Although PCa incidence is 

slightly decreasing in the USA in recent times 
 [  3  ] , it is, however, still on the rise in many other 
geographical areas, and its mortality rate accounts 
for a large proportion of male cancer death 
statistics. 

 The decrease in PCa incidence rates in the 
USA (by 2.4% per year from 2000 to 2006) can 
refl ect recent stabilization of PSA antigen testing, 
resulting in a decreased detection or a decreased 
number of undiagnosed cases  [  5  ] . 

 Comprehensible and updated epidemiological 
data can also be found, together with extensive 
clinical discussion, in a very useful publication 
recently issued and devoted to the general public 
of the USA, with the title “Report to the Nation 
on Prostate Cancer,” published in 2005 by the 
Prostate Cancer Foundation of Santa Monica, 
California, USA  [  4  ] . It covers all aspects of the 
matter, starting from epidemiology and extend-
ing then mostly to the major questions raised in 
the general public by this pervasive and worri-
some health problem becoming a widespread 
social issue in populations with a progressively 
increasing proportion of aging citizens. 

 The most heavily interested population stratus 
interested by PCa is indeed that of elderly males 
(but includes obviously their families), since it 
affects mostly the advanced age classes  [  3  ] , while 
the race affected the most is that of African-
Americans, having an incidence considerably 
higher and a mortality rate more than double as 
compared to that of American whites  [  3  ] . 

 Another striking element emerging from the 
most recent statistical evaluations published for 
the USA is the fi gures concerning the probability 
of developing an invasive form of PCa for an 
American male at different ages, which is pre-
cisely 1 in 9,400 (birth to 39 years of age), 1 in 41 
(40–59 years of age), 1 in 16 (60–69 years of 
age), 1 in 8 (70–79 years of age), and 1 in 6 (birth 
to death)  [  3  ] . 

 In 1990, PCa surpassed lung cancer as the 
most frequently diagnosed malignant neoplasm 
in North American men, due both to the reduc-
tion of lung cancer frequency and to the increase 
of PCa diagnosis attributed at least in part to the 
wide use of PSA serum testing introduced in 
1980 by Papsidero and coworkers  [  6  ] . PSA had a 
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long and still-debated discovery story (see below 
at the paragraph entitled “A Brief Story of the 
Discovery of PSA”). 

 Recent European data (Eurostat 2008) reveal a 
death rate for PCa of 21.9 deaths per 100,000 
inhabitants (EU-27 cumulative statistics), with 
generally higher rates in northern European coun-
tries (37.1, Latvia; 36.3, Lithuania; 35.4, Denmark; 
35.3, Iceland; 34.1, Norway; 34.4, Sweden; 33.3, 
Estonia), intermediate rates for central Europe 
(29.0, Belgium; 25.4, the UK; 26.6, the Netherlands; 
26.4, Czech Republic; 25.9, Switzerland; 22.3, 
Austria and Hungary; 23.8, France; 21.2, 
Germany), and lower rates for southern Europe 
(18.8, Italy; 18.0, Spain; 16.4, Bulgaria; 15.3, 
Romania), with some notable geographical excep-
tions (33.9, Slovenia; 26.4, Finland)  [  7  ] . 

 The reported incidence of PCa in Europe 
makes it the most common malignancy in men in 
such geographical area  [  8  ] . 

 PCa is very rare before the age of 50 and is 
mostly a disease of aged men, since 75% of the 
diagnosed cases are aged between 60 and 80 years. 
In the USA, the cases younger than 50 years are 
less than 1% of all the PCa cases. At the age 50, the 
probability to develop a clinically evident PCa 
in the rest of life is 10% in American males. 

 Autopsy studies have revealed that the real 
frequency of PCa is much higher than that of the 
clinical disease. Most cases (70–90%) are only 
accidental autopsy evidences or histological fi nd-
ings of small microscopic tumor foci in the con-
text surgical specimens of benign prostatic 
hyperplasia (BPH). Autoptic frequency of PCa 
increases with age, being less than 10% in sub-
jects aged 40–50 years, but reaching levels even 
up to 50–70% in subjects aged more than 80 
years  [  2,   9  ] . 

 Some data infer a future increase in PCa inci-
dence in the USA, since the epidemiological stra-
tum named “the baby boomers” [indicating the 
category of increased births in the economic boom 
period (see the description of “Baby Boom 
Generation” in Wikipedia, where the term is related 
in extended manner to the people born during the 
middle part of the twentieth century)] will become 
aged people in the next years and may bring PCa 
incidence to new cancer cases to 300,000 in 2015 

and even to 400,000 in 2035, according to Peter 
Carroll in a recent Web conference (  http://www.
medscape.org/viewprogram/3398    ). 

 Considerable geographical differences exist in 
the age-related incidence and mortality rates of 
PCa. Highest frequencies are recorded in the 
USA (69 cases every 100,000 men) and in the 
northern European countries (Scandinavia), while 
the lowest rates have been recorded in Mexico, 
Greece, and Japan (3–4 cases every 100,000 
men). Most central European countries are at 
intermediate rates. The highest rates are recorded 
in black Americans, as already mentioned, with 
frequency almost double compared to whites  [  2  ] . 
Migration studies have demonstrated that second-
generation emigrants to the USA coming from 
Japan have higher rates of PCa compared to their 
nationals in the country of origin; in parallel, 
rates in American blacks are higher than that of 
blacks in Africa. Hereditary factors and dietary 
factors (high-lipid-content diet) have also been 
implied in PCa risk. Familial cases are about one-
tenth of all cases, with a risk signifi cantly higher 
in fi rst-degree relatives of ascertained PCa cases 
 [  9  ] . In particular, if a male subject has a fi rst-
degree relative with PCa, its lifelong risk of hav-
ing PCa is double, compared to general population 
of males without relatives affected, and if a male 
subject has two fi rst-degree relatives with PCa, 
its lifelong risk of having PCa is even fi ve times 
higher with respect to familial history-negative 
subjects  [  2  ] . 

 Data from CaPSURE (Cancer of Prostate 
Strategic Urologic Research Endeavor) have 
revealed that the percentage of cases having a 
low-risk PCa (according to published criteria) 
 [  10  ]  has increased from 31% in 1989–1990 to 
47% in 2001–2002. In contrast, the incidence of 
the high-risk disease has decreased from 41 to 
15%  [  11  ] . This trend has enormously expanded 
the proportion of men diagnosed as having PCa 
at early stages, and posing the question whether 
all patients should be treated anyway or if a sub-
stantial proportion of them, being affected only 
by a slowly progressing disease that does not 
need any invasive treatment, should be simply 
followed though a “watchful waiting” strategy 
(or active surveillance). Some recent review 

http://www.medscape.org/viewprogram/3398
http://www.medscape.org/viewprogram/3398
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papers have addressed exactly these points, 
focusing on how to avoid PCa overdiagnosis and 
how to best recognize aggressive cases, deserv-
ing immediate treatment, through the appropriate 
use of biomarkers  [  1  ] .  

   Genetics and Causes 
of Prostate Cancer 

 As mentioned in the above paragraph on epide-
miology, a quote of PCa cases is detected in fam-
ily clusters, mostly in fi rst-degree relatives of 
index cases. This observation did not allow, so 
far, the identifi cation of a specifi c set of genes 
univocally related to PCa pathogenesis. However, 
several indications point to the existence of gene 
combinations constituting a higher risk for the 
disease in some families and in some young-
onset sporadic cases. 

 The genetic basis of cancer is recognized as due 
to the accumulation of several genetic defects in 
time in the same cells, giving origin to neoplasia. 
The substantial identity of frequency for subclini-
cal (sporadic) form of PCa in both high clinical 
case populations (USA) and low clinical case pop-
ulations (Japan) supports the idea that the proba-
bility of acquiring further mutations is lower in 
Asian populations and that in “western life-style” 
populations, such probability is instead consider-
ably higher. All this is in keeping with the demon-
strated higher rate seen in populations migrated 
from low-risk areas to high-risk areas and with 
increased trends in time spent in the high-risk areas 
characterized by a “westernized” lifestyle  [  2  ] . 

 Androgen receptor (AR) gene mutations have 
been extensively studied, but they may play a 
signifi cant role only in a minority of cases of 
PCa. Gene amplifi cation events involving AR 
genes may, however, play a role in androgen sen-
sitivity of PCa. Among various gene alterations 
studied in PCa, a susceptibility gene was mapped 
in chromosome 1 (1q24–25), together with sev-
eral other chromosomic areas  [  12  ] . 

 Onco-suppressor genes which are lost in several 
PCa samples involve genetic loci of 8p, 10q, 13q, 
and 16q chromosomal regions. In most cases, the 

identity of such genes is still under investigation 
and seems to be mostly relevant during metastatic 
disease. This allows to retain that involvement of 
well-known genes like TP53 happens only late 
during the biological history of the multi-hit 
genetic pathways leading to invasive and highly 
malignant forms of PCa. Further data have impli-
cated the genes PTEN and KAI1 and the loss of 
cell-surface molecules like E-cadherin and CD-44 
 [  2  ] . Moreover, the EGF pathway which is signifi -
cantly involved in the pathogenesis of several 
invasive carcinomas has been studied in PCa 
(overexpression of her-2/neu in cancer, like breast 
cancer and other malignant epithelial neoplasms), 
together with GSTP1 (glutathione S-transferase), 
localized in chromosome 11q13, and related to 
rare cases of PCa characterized by very aggres-
sive behavior  [  13  ] . 

 Further gene studies have indicated possible 
roles in PCa susceptibility at locations 11q25 
(RNASEL or PRCA1)  [  14  ] , 8p22 (MSR1 or 
SCARA1)  [  15  ] , 3p26 (OGG1)  [  16  ] , and 6q25 
(SOD2 or MnSOD)  [  17  ] . The last two are notably 
related to oxidant detoxifi cation and repair (see 
below, at the paragraph entitled “Pathogenesis 
of PCa”). 

 Moreover, some infl ammation-related genes 
may be involved with PCa pathogenesis and are 
currently studied: at locations 19p13 (GDF15) 
 [  18  ] , 9q32–33 (TLR4), 4q13–21 (IL8), and 
1q31–32 (IL10)  [  19,   20  ] . 

 A very recent and promising report indicated 
in PTEN, SMAD4, cyclin D1, and SPP1 a four-
gene combination able to predict the aggressive 
behavior of PCa cases, starting with a demonstra-
tion in mouse PTEN-negative models and extend-
ing the experience to human cases  [  21  ] . The 
results of this kind of research allow to envision 
the future possibility of identifying, through 
genetic analysis of tumor cells, which PCa cases 
may rapidly progress to become aggressive, 
lethal forms of disease (and therefore deserve 
aggressive, radical therapy) and which ones 
instead (not having the genetic traits of fast pro-
gressive cases) may have high probability of pro-
gressing slowly: these will be better treated by 
watchful waiting strategies and avoiding useless 
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costs and distressing treatments. The function of 
these genes are described in further detail in sec-
tion “Current Research Issues and Discovery on 
New Biomarkers of Prostate Cancer.” 

 One more of the gene alterations currently 
under investigation is a gene fusion between 
prostate-specifi c gene transmembrane protease, 
serine 2 (TMPRSS2), and members of the eryth-
roblastosis virus E26 transforming sequence 
(ETS) family of transcription factors  [  1  ] . A more 
detailed description of these research fi ndings are 
discussed in section “Gene Fusions.” 

 In high-risk subjects (having fi rst-degree rela-
tives affected at young age), clinical controls are 
recommended even starting at age 40: this is 
probably the population which may benefi t the 
most from early detection efforts through detailed 
genetic analysis  [  2  ] . 

 Causes of PCa are still largely unknown. But 
many are the ascertained factors connecting with 
PCa risk: age-related frequency, race-related fac-
tors, geographical differences, and diet-related 
factors. Among diet infl uences, there are both 
negative factors (hypercaloric and particularly 
hyperlipidic composition of diet) and positive 
factors (high vegetable consumption, substantial 

lycopene assumption with tomatoes and tomato-
derived products,  [  22  ]  vitamins, selenium, soy 
derivatives, etc.). 

 Conclusive evidences in the genetic studies of 
PCa are, however, still lacking. The available 
data, which concern not few but many different 
genes, confi rm the paradigm that a genetic 
approach to the solution of cancer management is 
still vague and not easily at reach, requiring com-
plex and multigene further investigation.  

   Pathology of Prostate Cancer 

 Pathological features of PCa have been exten-
sively studied and have led to a relevant amount of 
knowledge on the morphological and biomolecu-
lar aspects of the disease, although the original 
cause of prostatic adenocarcinoma remains elu-
sive. A clear endocrine dependence of early stages 
of the disease is, however, well established  [  2  ] . 

 The prostate gland anatomy is well known, 
and PCa insurgence takes place in most cases in 
the posterior lobes of the gland (Fig.  13.1 ), where 
a nodule with increased hardness may be detected 
through a classical urological procedure named 

  Fig. 13.1    Drawing of the anatomical structure of the 
prostate gland, with indication of the various lobes. The 
posterior lobe, where most cases of PCa occur, is adjacent 
to the rectum and may be palpated by digital rectal exam. 

[Modifi ed from Spring-Mills E. Krall A. Functional 
Anatomy of the Prostate. In: Hafez ESE. Spring-Mills E 
(eds). Prostatic Carcinoma: Biology and Diagnosis. 
Martinus NiJhoff. The Hague; 1981: 5–12]       
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digital rectal exam (DRE), consisting in a palpa-
tory exploration of the anterior surface of the rec-
tal mucosa, which is closely adjacent to the 
posterior lobes of the prostate. During DRE, it is 
possible to perform needle biopsies of the sus-
pect nodules and to obtain histological samples 
of that area for histo-microscopic examination 
(Fig.  13.2 ).    

   Pathogenesis of PCa 

 The hormone dependence of prostate gland 
growth and development, under androgenic con-
trol, and the response of prostate carcinoma to 
castration or to exogenously administered estrogen 
molecules confi rm a clear implication of male 
sexual hormones in PCa growth and progression. 

In patients with PCa, however, androgen levels 
were never demonstrated to be consistently 
higher than normal. Although several reports 
have pointed to the detection of higher than aver-
age urinary ratios of estrone/testosterone, this 
parameter never reached signifi cant adoption as a 
biomarker for PCa diagnosis or screening. 

 Experimental induction of PCa was obtained 
with chemical carcinogens, like DMAB 
(3,2 ¢ -dimethyl-4-aminobiphenyle) and other 
mutagens (tumor inducers, as charred meat poly-
cyclic compounds like phenylimidazopyridines, 
PIPs)  [  23  ] , with a secondary role played by 
androgenic hormones (tumor promotion effect). 

 In the PCa carcinogenesis experiments, a clear 
inhibitory effect is played by some antioxidants, 
like isothiocyanates (sulforaphane) in cruci-
ferous vegetables and lycopene (a vegetable 

  Fig. 13.2    Digital rectal exam, by which the urologist can 
appreciate by palpation across the rectal mucosa the pres-
ence of nodules in the adjacent posterior lobe of the pros-

tate gland ( a ) and, if judged necessary, perform a bioptic 
sample collection, either  trans -perineally (core biopsy) 
( b ) or  trans -rectally (fi ne-needle aspiration biopsy) ( c )       
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alpha-carotenoid), abundant in tomatoes. There-
fore, to counteract carcinogenetic events active in 
the prostatic epithelium, it is widely accepted that 
a diet rich in antioxidants and particularly in cru-
ciferous vegetables and tomatoes may be highly 
recommended  [  24–  26  ] . 

 There are no demonstrations of a possible 
origin of prostate adenocarcinoma from nodules 
of BPH although this hypothesis has been evalu-
ated extensively and for long time. High scientifi c 
interest is devoted, however, to nodules of dys-
plastic intraductal foci (PIN, often detected inci-
dentally in BPH surgical samples or in prostatic 
biopsy samples), which consists of native pros-
tatic ducts lined by secretory layer cells which are 
cytologically atypical and by a scarcity of basal 
cells. Today, PIN foci are considered, based on 
extensive studies, true preneoplastic lesions able 
to progress toward prostatic adenocarcinoma. 
These lesions precede by 20 years the appearance 
of invasive PCa and their frequency and degree of 
atypical features increases with age  [  27  ] . 

 Morphological evidence linking PIN to PCa 
includes (a) prevalence of peripheral localization 
in the prostate gland for both lesions, (b) cyto-
logical similarity of high-grade PIN cells with 
invasive PCa, and (c) the close topographical 
proximity of high-grade PIN with PCa in many 
specimens. Moreover, PIN lesions are found with 
the highest frequency in prostates carrying also 
PCa nodules, as compared to prostates negative 
for PCa nodules. Some markers are similar in 
high-grade PIN and in invasive PCa, namely, 
aneuploidy, TGF-alpha, type IV collagenase, and 
oncogene expression ( bcl-2  and  c-erb-B2 ). 

 High-grade PIN, when present in biopsy spec-
imens, is therefore an important marker for the 
possible presence of PCa. Many patients showing 
only high-grade PIN in their initial biopsies 
develop in following samples evidence of PCa, 
within weeks or months of follow-up.  

   Morphology of PCa 

 Prostatic adenocarcinomas, constituting 98% of 
all primitive prostate tumors, are usually multi-
centric in their distribution and localized most 

frequently in the peripheral areas of the prostate 
gland. The cut surface of a prostate with PCa 
shows irregular nodules, white to yellowish in 
color, of higher consistency, and having mostly a 
subcapsular localization.  

   Prostatic Intraepithelial Neoplasia 

  Low-grade PIN  is characterized by crowding and 
overlapping of secretory cells showing wide vari-
ability in nuclear dimensions. Nucleoli are often 
present but normal sized. Basal cells are present. 
On the contrary,  high-grade PIN  shows a denser 
crowding of cells, a more pronounced nuclear 
enlargement, and prominent, abnormally sized 
nucleoli  [  27,   28  ] . 

 A smaller number of basal cells can be dem-
onstrated with immunohistochemical staining 
methods for high-molecular-weight cytokeratins. 
Atypical cells in ducts with PIN have a fl at, papil-
lary, or cribriform aspect. Basal layer prostatic 
cells can be recognized through several immuno-
histochemical methods for numerous immuno-
logical markers of such cells. Recently, also 
cDNA microarray methods have been introduced 
but can help only in conjunction with accurate 
standard histological methods  [  29  ] . 

 All the available evidences support the con-
cept that PIN is an intermediate lesion between 
normal prostatic epithelium and prostate adeno-
carcinoma  [  2,   27  ] .  

   Invasive Carcinoma Features 

 Most prostatic adenocarcinoma samples derive 
from acinar cells and are composed by small to 
mid-size glands with irregular organization and 
invading the surrounding stroma. Well-
differentiated tumors show uniform glands with 
small or mid-sized acini, lined by a single layer of 
neoplastic epithelial cells. The most widely used 
morphological criterion to diagnose microscopi-
cally the PCa specimens is indeed the presence of 
a single layer of cuboidal cells lining the neoplas-
tic glands. Progressive loss of differentiation in 
prostatic adenocarcinoma is characterized by 



362 M. Bologna and C. Vicentini

(a) increasing variability of gland dimensions and 
distribution; (b) papillary and cribriform architec-
ture; and (c) formation of rudimental glands, having 
only infi ltrating cell cords. Only rarely PCa is 
formed by small undifferentiated cells growing 
singularly or in layers without any structural tis-
sue organization (see below, “Grading of PCa”).  

   Cytology and Grading of PCa 

 In PCa microscopic samples, polymorphic and 
hyperchromatic nuclei are very variable: nuclei 
tend to have most frequently one or two promi-
nent nucleoli in a dense chromatin context, close 
to the nuclear membrane. Moderately eosino-
philic cytoplasm can be sometimes markedly 
vacuolated and resemble clear cell carcinoma of 
the kidney. Cell borders are evident in well-
differentiated tumors, but are less marked in 
poorly differentiated cases. 

 The most widely used and best clinically recog-
nized biomarker of PCa is the morphological grad-
ing system refi ned by Gleason  [  30  ]  (Fig.  13.3 ).  

 PCa grading is executed traditionally in keeping 
with the  Gleason grading system,  based on fi ve 
histological aspects concerning gland architecture 
and infi ltration features evident in low-power 
optical microscopy. In order to take in consider-
ation the very heterogeneous and mixed tumor 
foci, the  Gleason score  is used, which is the sum 
of the grades (1–5) related to the primary tumoral 
component, that is, more prevalent (more repre-
sented in the sample) and the secondary tumoral 
component (less represented). Therefore, the well-
differentiated PCa cases have a Gleason score of 2 
(1 + 1), while the very undifferentiated PCa cases 
have a Gleason score of 10 (5 + 5). Most cases, 
however, have intermediate scores, ranging from 
4 to 7 (2 + 2 to 3 + 4 or 4 + 3). A PCa sample char-
acterized by a very homogeneous tissue pattern 
(i.e., without a more prevalent and a less prevalent 
pattern) is given a Gleason score of 2× the value 
corresponding to its differentiation pattern. 
According to this principle, the more differenti-
ated tumors are of grades 2–4, the intermediate 
tumors have grades of 5–6, and the most undiffer-
entiated tumors have grades 7–10. Although some 

  Fig. 13.3    PCa histological tumor grading system, accord-
ing to Gleason. The fi nal grading is obtained by the sum of 
the two predominant gland patterns in each sample. The 
fi ve basic patterns are illustrated, with variants A, B, C 
existing in the more anaplastic and less differentiated sam-
ples. 3A, irregular glands, medium to large in size; 3B, 
irregular glands, small to minute in size, not fused or 

“chained”; 3C, cribriform pattern or papillary nodules, with 
rounded outer margins; 4A, irregular masses of confl uent 
epithelial tissue, with single tumor cells in the stroma; 4B, 
same as before, with large clear cells; 5A, Uniform, cribri-
form, or solid masses, often with necrosis-like comedo-
carcinoma; 5B, anaplastic carcinoma with vacuoles and 
glands suggesting adenocarcinoma, invading the stroma       
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authors have described the possibility of a clinical 
case to become less differentiated with time, usually 
the Gleason score remains unaltered for several 
years and neoplasias with the highest scores tend 
to be untreatable  [  9  ] . 

 Together with tumor clinical stage, Gleason 
score has a prognostic value: the lower the score, 
the better is the prognosis of the single PCa case 
 [  30  ] . Some authors even consider the tertiary histo-
logical component, if it is less differentiated but, 
however, present since it may in time progress and 
overcome the more differentiated components.  

   Other Rare Forms of Prostatic 
Neoplasms 

 Prostatic adenocarcinoma is by far the most fre-
quent form of PCa. However, a few rare forms of 
different tumors exist in the prostate, like ductal 
carcinoma (with symptoms similar to urothelial 
tumors: hematuria and urinary obstruction), 
squamous carcinoma, and mucinous carcinoma. 
The most aggressive and rare form of tumor is 
the small-cell carcinoma  [  31,   32  ] . 

 Occasionally, also mesenchymal tumors (leio-
myoma, sarcomas) may grow in the prostate 
 [  2,   33,   34  ] .  

   Natural History of Human Prostate 
Cancer and Metastatic Spreading 
Routes 

 Several PCa cases are discovered during the his-
tological exam of prostate glands surgically 
removed during standard therapeutic procedures 
for BPH. The malignant neoplastic disease within 
the prostate is mostly asymptomatic and not rare 
are the cases in which PCa is discovered when 
already in progression phase, that is, when tumor 
cells have already crossed the anatomical barriers 
of the gland capsule and have established distant 
metastases. 

 Prostate capsule invasion is frequent in PCa, 
also due to the prevalent subcapsular localization 
of the primary tumor. Also frequent is the 
 perineural invasion within the prostate and the 

spreading toward the adjacent tissues. Since 
peripheral nerves do not have lymphatic vessels, 
perineural invasion is considered a local contigu-
ity spreading in a space anatomically constituting 
a reduced resistance site. 

 Seminal vesicles are very often involved in 
PCa spreading. Less frequent is the urinary blad-
der involvement, which can, however, occur in 
advanced stages. Early metastasis of PCa can 
take place in lymph nodes of the obturator and 
periaortic regions. Further lymphatic or venous 
spreading localizations may be represented by 
pulmonary metastases (through thoracic duct or 
inferior vena cava). Of particular frequency and 
gravity are bone metastases, mostly at the lumbar 
spine, the ribs, and the pelvic bones, where path-
ological fractures can occur and markedly com-
plicate the clinical situation. Hip fractures tend to 
be the most common, although the most signifi -
cant complication from PCa bone metastases is 
spinal cord compression due to vertebral frac-
tures and nerve compression consequences caus-
ing intense pain, severe nerve damage, and 
possibly, paralysis (if not managed immediately). 
All these possibilities deserve special treatment 
and intense care efforts.  

   Major Clinical Features of Prostate 
Cancer: Open Issues 

 Current screening programs of PCa are based on 
DRE (rectal exploration) and PSA serum mea-
surement: they are useful to detect the malignant 
tumor in most cases. Patients having high levels 
of serum PSA are studied further with needle 
biopsies of the prostate (see Fig.  13.2 ). PSA lev-
els prior to surgery have been related to tumor 
volume. Very rare is the development of urinary 
fl ow obstruction for advanced PCa. 

 Most new PCa cases are diagnosed at an early 
stage, since over 80% of the patients are diag-
nosed with localized or locally advanced disease 
(T1 or T2 stage; see below “Staging of Prostate 
Cancer,” and Fig.  13.4 ).  

 Symptoms of PCa are rare, since most cases of 
PCa are today found before the disease can cause 
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symptoms. Most of the symptoms are, however, 
very aspecifi c, since they can be associated not 
only with prostate cancer but most of the times 
mainly with non-cancerous conditions. 

 Here is a list of possible symptoms: urinary 
hesitancy (delayed or slowed start of urinary 
stream), urinary dripping, especially immediately 
after urinating, urinary retention, pain with urina-
tion, pain with ejaculation, lower back pain, pain 
with bowel movement. Additional symptoms may 
be associated with PCa, like excessive urination 
at night, incontinence, bone pain or tenderness, 
hematuria (blood in the urine), abdominal pain, 
anemia, weight loss, lethargy, and hemospermia. 
None of the above-mentioned symptoms is, how-
ever, particularly signifi cant, nor in any case 
specifi c for PCa or prostate disease. 

 To determine primitive tumor in cases diag-
nosed at the metastatic stage, prostatic histologi-
cal biomarkers (PSA and prostatic acid 
phosphatase, cytokeratins, racemase) are useful 
in bioptic samples of the metastatic sites. These 
markers are evaluated also in the blood stream 
(serum) of PCa patients. PSA is considered use-
ful as a screening method for presence of PCa 
disease and for therapy response since it is gener-
ally proportional to the secretory prostatic tissue 

mass within the body (normal and pathological 
tissue growth). Prostate-specifi c acid phosphatase 
is instead present in the serum only in cases with 
PCa metastatic to bone, particularly in relation 
with bone metastases of the osteoblastic type.  

   Biomarkers of Diagnosis 

 In addition to DRE-discovered palpable mass in 
the anatomical area of dorsal prostate, measure-
ment of serum PSA is the most useful biomarker 
for the early detection of prostate cancer. 
Concerning PSA biochemical and historical 
information, see also the following section enti-
tled “A Brief Story of Discovery of PSA.” 

 Prostatic cytology (microscopic exam of exfo-
liated cells in the urine or seminal fl uid, derived 
from epithelial lining of prostatic acini and ducts) 
is nowadays mostly of historical value, although 
it has been at the basis of some experimental and 
clinical comparison research,  [  35  ]  but is still of 
clinical interest in conjunction with modern 
molecular techniques. 

 A very extensive literature is available about 
all aspects of PSA testing. However, its useful-
ness for screening activities of the tumor is still 

  Fig. 13.4    PCa staging. Intracapsular tumors ( upper 
row ) and extracapsular tumors ( lower row ) are illus-
trated, with the corresponding classifications accord-

ing to the ABCD (American Urological Association) 
and the TNM (UICC) grading systems. See also 
Table  13.2        
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very much debated and widely unagreed. Urinary 
symptoms are very rare in PCa, since the tumor 
tends to emerge in peripheral areas of the gland, 
far from the urethra; therefore, urinary symptoms 
emerge only in very late clinical stages. Still 
many cases, unfortunately, come to clinical atten-
tion only in a stage of advanced metastatic dis-
ease because of low back pain in relation to 
secondary localizations of PCa to vertebral bone. 
Transrectal ultrasound analysis can add some 
objective evidence to an accurate DRE proce-
dure, but the most dependable confi rmation test 
remains the transrectal or transperineal needle 
biopsy of the prostate gland, sometimes eco-
graphically guided. On the contrary, computed 
tomography (CT) scans and magnetic resonance 
imaging (MRI) analysis of the prostatic gland are 
only rarely of particular importance in diagnos-
tics although multimodal MRI with endorectal 
coil can produce the best images of prostate and 
may, through spectroscopy, reveal different levels 
of metabolites in cancer tissue. This procedure 
may be of some usefulness for early diagnosis of 
suspect lesions. 

 Serum PSA levels represent essentially a mea-
sure of prostate cell activity: highly concentrated 
in the cytoplasm of the prostatic epithelium, PSA 
is normally secreted in the prostatic fl uid and not 
backward in the blood. If present in the blood in 
measurable amounts, PSA concentrations indi-
cate that some causes may have diverted some 
secretion to the blood: this is the case of prostatic 
infl ammation (prostatitis) and prostatic manipu-
lation (palpation, like DRE, even recent ejacula-
tion, or neoplastic disease causing a disarray of 
PSA secretion by PCa cells anywhere in the body, 
at primary site or metastasis). 

 PSA is therefore used in diagnosis and monitor-
ing of PCa, but many caveats must be set. Being 
a product of normally functioning prostatic epithe-
lium, PSA is regularly secreted in the seminal fl uid. 
In the normal subject, and in absence of the above-
mentioned conditions, only very small amounts of 
PSA are present in the serum. On the opposite, high 
levels of serum PSA may be found in cases of exten-
sive PCa growth, both localized and metastatic. 

 In most laboratories a threshold value of 4 ng/ml 
of PSA in the serum is considered a “cut-off” 

value between normal and pathological results. 
To rely confi dently on such cut-off value is, how-
ever, simplistic; every case deserves instead a 
very careful clinical evaluation, in particular 
regarding time trends of such values and accurate 
single patient evaluation. 

 Estimates of positive predictive value of 
PSA > 4 ng/ml for the presence of a PCa is 
33–47%, in various case series. A PSA serum 
level between 4 and 10 ng/ml gives a 20–40% 
probability of presence of PCa, while a PSA 
value > 10 ng/ml gives a probability of PCa 
between 50 and 70%. 

 This situation (see Fig.  13.5 ) creates a high 
uncertainty area (so-called gray area) for PSA 
serum values between 4 and 10 ng/ml, in which 
repeated determinations and prostate biopsy may 
be recommended.  

 PSA, at the best, is an organ-specifi c marker 
and not a tumor-specifi c marker: it may be found 
elevated in many prostatic diseases, including 
prostatitis, prostatic vascular accidents like 
infarcts, and the very prevalent affection named 
BPH. Even instrumental manipulation of the 
prostate and ejaculation may increase serum PSA 
levels within minutes and for the duration of 
hours to days. 

  Fig. 13.5    PSA test dependability. A blood sample posi-
tive for PSA (assuming a cut-off value of 4.0 ng/ml) is 
characterized by a substantial proportion of false-negative 
results (about 20%) and an even more substantial propor-
tion of false-positive results (about 65%), including many 
different pathological conditions like prostatitis, vascular 
accidents (prostatic infarcts), and benign prostatic hyper-
plasia (BPH). Therefore, sensitivity and specifi city of 
PSA test are too low to be generally reliable. This test, 
however, remains a mainstay of PCa diagnosis       
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 Refi nements of serum PSA evaluations have 
included ratios between measured serum PSA 
and gland volume ( PSA density ), curves of serum 
PSA variations in time ( PSA velocity ), the use of 
specifi c reference values according to age, and 
the ratio between free and bound PSA in the 
blood. PSA density allows to better distinguish 
BPH from PCa, but serum PSA evaluation is not 
suffi cient to diagnose PCa with high confi dence 
anyway. 

 With older age, the prostate gland is naturally 
enlarged, and therefore, serum PSA levels 
increase. For this simple reason, threshold “cut-
off” values of serum PSA should be age-adjusted, 
namely, around 2.5 ng/ml for subjects aged 
40–49; 3.5 ng/ml for subjects aged 50–59; 4.5 ng/
ml for subjects aged 60–69; and 6.5 ng/ml for 
subjects aged 70–79  [  36  ] . 

 Moreover, PCa patients have serum PSA vari-
ations more rapid than normal aging male sub-
jects: therefore, a normal increase in time of 
serum PSA levels should not exceed 0.75 ng/ml 
per year, while higher variations may be suspect 
for the presence of a possible neoplasia of pros-
tatic origin  [  2  ] . 

 Some studies revealed that serum immunore-
active PSA (the antigen is currently measured 
with immunological laboratory methods) belongs 
to two different molecular species: a larger frac-
tion which is bound to alpha-1-antichymotrypsin 
and beta-2-macroglobulin, with a smaller 
unbound (free PSA) fraction  [  37  ] . The bound 
fraction represents 80–90% of total PSA, with 
the bound form being generally higher in case of 
PCa presence. The ratio between free and bound 
PSA is therefore usually smaller in men with 
PCa respect to men without the disease or to men 
with BPH, since both proteins are produced in 
higher quantities by cancer cells  [  38  ] . Moreover, 
it appears that the free-to-bound PSA ratio is 
more sensitive in the “gray zone” of total PSA 
values comprised between 4 and 10 ng/ml  [  39  ] . 
In these cases, if free PSA is higher than 25%, 
neoplastic risk is apparently low; meanwhile, if 
free PSA is below 10%, neoplastic risk is consid-
erably higher. 

 Even with such improvements, however, 
serum PSA evaluations cannot be used as a single 

biomarker for early diagnosis of PCa and are not 
suitable for dependable screening programs. 

 In case of suspect PCa (anomalous DRE fi nd-
ings, elevated serum PSA and transrectal ultra-
sound with dubious fi ndings), a prostatic biopsy 
is indicated if the patient can benefi t from any 
available treatment and in particular in young 
subjects with potentially long life span ahead. 

 Some other biomarkers of diagnosis of PCa 
have been studied in the past, like prostate-spe-
cifi c acid phosphatase, lately considered without 
major clinical signifi cance. 

 One of them is human glandular kallikrein 2 
(hK2), a trypsin-like serine protease expressed 
predominantly in the prostate epithelium. hK2 
has proven to be a useful marker that can be used 
in combination with PSA for screening and diag-
nosis of prostate cancer. But further develop-
ments have led to a reduction in the clinical 
interest on this marker  [  40,   41  ] . However, some 
claims indicate its usefulness in discriminating 
stage and grade of PCa cases  [  42  ] . 

 Another biomarker of PCa of some success 
has been the prostate-specifi c membrane antigen 
(PSMA): analog to PSA, but membrane-bound, it 
can be useful to detect circulating PCa cells, and 
has been related to the identifi cation of patients 
with progressing disease and in research of 
immunotherapeutic agents able to attach upon 
and destroy cells carrying such membrane-bound 
prostate-specifi c molecules although with limited 
success and no practical clinical application yet 
 [  43,   44  ] . Research in this fi eld is, however, still in 
progress and may have important developments 
in the future  [  45,   46  ] .  

   A Brief Story of the Discovery of PSA 

 PSA is a 237-amino-acid glycosylated protein, 
present both in the prostatic epithelial cells and in 
the seminal fl uid: because of its multiple loca-
tion, it has been discovered in different times by 
various researchers and given different names, in 
the years 1960–1980, before being recognized as 
a single proteic species. PSA is a protein with 
proteolytic enzyme activity: it is a member of the 
kallikrein sub family of trypsin proteases. PSA is 
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produced by the prostatic secretory epithelium in 
the acini of the gland, reversed in the prostatic 
fl uid which mixes during ejaculation with the 
spermatozoa originated in the testicles. PSA role 
in seminal fl uid is mostly that of semen fl uidifi -
cation, after ejaculation, by hydrolyzing the 
high-molecular-mass seminal vesicle protein 
(responsible of seminal coagulum), to favor 
sperm mobility and their capacity to fertilize 
ovocytes during sexual intercourse. PSA protein 
production is under androgenic control. Minimal 
amounts of PSA are produced also by periure-
thral glands (in both sexes) and in other organs 
(pancreas, salivary glands, perianal glands) and 
in some chronic infl ammatory conditions. 

 Some of the different names given in time to 
the same biological entity, now generally indi-
cated as PSA, include: gamma-seminoprotein, 
semen p30 protein, E1 protein, kallikrein 3 
(KLK3), prostate antigen, and, fi nally, PSA. 

 A chronology table may be useful in this 
respect. A recent review article delineates accu-
rately this historical timeline  [  6  ]  (Table  13.1 ).  

 In 1960, Flocks was the fi rst to search for anti-
gens in the prostate, but only 10 years later, Ablin 
described precipitation antigen experiences in the 
prostate. In 1971, there was the fi rst biochemical 
characterization of a protein in the seminal fl uid, 

by Hara, given the name of gamma-seminoprotein. 
Afterward, the E1 protein isolated from the 
human semen by Li and Beling was studied in the 
context of human fertility manipulation and con-
trol. In 1978, the description of semen-specifi c 
protein p30 by Sensabaugh added further bio-
chemical information and still another name to 
the same proteic species. In 1979, Wang purifi ed 
a tissue-specifi c antigen from the prostate and 
named it “prostate antigen.” PSA quantitative 
measurement in the blood was fi rst performed by 
Papsidero in 1980, with Stamey carrying out the 
initial work on the clinical use of PSA as a marker 
of PCa. A huge amount of literature ever since 
has been dealing with PSA and its clinical 
meaning, raising many controversies. Worth 
mentioning is also the fact that early work on 
PSA was aimed at using it as a forensic marker 
for ascertaining sexual rape victims. 

 There is no doubt that serum PSA determina-
tion revolutionized the diagnosis and the man-
agement of benign and malignant diseases of the 
prostate, with great consequences on clinical 
management of PCa cases. 

 Its clinical usefulness became rapidly evident, 
soon after the introduction of the clinical labora-
tory test for its serum-level measurement  [  47  ] . 
PSA testing increased by far the number of diag-
nosed cases, bringing to the present high rate of 
early case detection, but in parallel to the high 
numbers of patients with clinically insignifi cant 
disease that would have better fared without this 
worrisome knowledge. 

 PSA is currently the most widely used marker 
in the diagnosis and follow-up of any type of can-
cer  [  48  ] . Only very recently, a slight decline of its 
clinical use has been described, mostly in oldest 
men, at least in the USA: but probably, this fi nd-
ing is not generalizable  [  49  ] .  

   Staging of Prostate Cancer 

 Clinical staging criteria for PCa, according to the 
widely accepted TNM classifi cation, are listed in 
Table  13.2  and illustrated in Fig.  13.4 .  

 At the initial discovery, 10% of PCa cases 
are at stage T1. Nonpalpable tumors represent a 

   Table 13.1    The chronology of the discovery of PSA   

 Year  Person  Discovery 

 1960  Rubin H. Flocks  Species-specifi c 
prostate antigens 

 1964  Mitsuwo Hara  Unique antigen in the 
semen 

 1970  Richard J. Ablin  Prostate-specifi c 
antigen 

 1971  Mitsuwo Hara  Gamma-seminoprotein 
 1973  Tien Shun Li 

 Carl G. Beling 
 Purifi cation of E1 
antigen 

 1978  George Sensabaugh  P30 
 1979  Ming C. Wang  Prostate antigen from 

prostate tissue 
 1980  Lawrence C. Papsidero  Prostate-specifi c 

antigen from blood 

  [Reprinted from Rao AR, Motiwala HG, Karim OM. The 
discovery of prostate-specifi c antigen.  BJU Int.  Jan 
2008;101(1):5-10. With permission from John Wiley & 
Sons, Inc.]  
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particular clinical challenge  [  50  ] . Among the T2 
cases (palpable prostate-organ confi ned tumors), 
60% demonstrate microscopic evidence of cap-
sule invasion or lymph node invasion (T3). 

 Metastatic localization frequency is highest in 
lymph nodes, followed by bones, bone marrow, 
lungs, and liver. The fi nal stage of the disease 
(PCa carcinomatosis) is characterized by termi-
nal pneumonia, anemia, and sepsis, which ulti-
mately causes death.  

   Biomarkers of Follow-Up 
in Prostate Cancer 

 While serum PSA levels are not the “gold stan-
dard” for diagnosing a subclinical PCa case, 
serial measurements of serum PSA are instead a 

very useful biomarker to monitor response to 
therapy in already diagnosed cases. For instance, 
a rise in serum PSA after radical prostatectomy or 
after radiotherapy applied for a localized PCa is 
an indication of a relapse of the disease. Moreover, 
immunohistochemical localization of the PSA 
can allow the pathologist to determine if a metas-
tasis may be of prostatic origin  [  51  ] . 

 After prostatectomy or radiotherapy of local-
ized PCa, serum PSA levels drop to “undetect-
able levels,” typically below 0.1 ng/ml. If this 
does not happen, the surgical removal of neoplas-
tic prostatic tissue may not have been radical or 
distant metastases, already present, were not 
revealed. Ideally, PSA levels remain close to zero 
(undetectable levels) until a possible recurrence 
of PCa, that is, the formation of new colonies of 
PCa cells possibly escaped from the initial site 

   Table 13.2    Staging Systems of PCa: American AUC system and TNM systems compared   

 AUC  TNM 

 Stage A: accidental discovery 
 A1 focal; A2 diffuse 

 T 
0
 N 

0
 M 

0
 : not palpable tumor, not clinically evident 

 T 
0
  undetected tumor, focal or diffuse 

 Stage B: tumor confi ned to the 
prostate gland 
 B1: small- or medium-size nodule; 
 B2: large nodule or multiple nodules 

 T 
1
  N 

0
 M 

0
 : clinically unapparent lesion (not palpable tumor, imaging negative) 

 T 
1:
  intracapsular tumor surrounded by    normal gland upon palpation 

 (discovered at biopsy or after surgery for BPH) 
 T 

1a
 : involving less than 5% of    resected tumor tissue 

 T 
1b

 : involving more than 5% of resected tumor tissue 
 T 1c : tumor diagnosed by needle biopsy (after elevated PSA values) 
 T 

2:
  palpable, intracapsular tumor with nodules protruding and deforming the 

gland surface 
 T 

2a
 : involving less than 5% of resected tumor tissue in a single lobe of the 

gland 
 T 

2b
 : involving more than 5% of resected tumor tissue in a single lobe of the 

gland 
 T 

2c
 : involving both lobes of the gland 

 Stage C: tumor localized in the 
peri-prostatic area 
 C1: seminal vesicles not involved; 
<70 g 
 C2: seminal vesicles involved; >70 g 

 T 
3–4

  N 
0
 M 

0
 : local or extraprostatic extension 

 T 
3:
  tumor diffused beyond the prostate capsule, with or without seminal 

vesicles involvement 
 T 

3a
 : extra capsular extension 

 T 
3b

 : seminal vesicle invasion 
 T 

4
  fi rm, solid tumor infi ltrating the surrounding structures, like urinary 

bladder neck, rectum, perianal muscles 
 Stage D: metastatic disease 
 D1: pelvic lymph node metastasis or 
ureteral obstruction 
 D2: bone metastasis or regional 
lymph node metastasis or soft tissue 
iuxtaregional metastases 

 T 
0-4

 N 
1-4

 M 
0
 —T 

0-4
 N 

0-4
 M 

1
  

 N 
1-3:

  regional lymph node metastasis 
 N 

4:
  iuxtaregional lymph node metastasis 

 M 
0
 : no distant metastasis 

 M 
1
 : distant metastasis detected 

 M 
1a

 : distant lymphnode metastasis detected 
 M 

1b
 : skeleton (bone) metastasis detected 

 M 
1c

 : other sites of metastasis detected 

  (See also Fig.  13.4 ). Note that the A-B-C-D staging system according to AUC organization is now widely dismissed and 
is recorded here mostly for historical interest  
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before primary treatment. Such regrowth of PCa 
may be detected by a new rise in serum PSA lev-
els, which are considered signifi cant in these 
patients, when they reach levels above 0.2 ng/ml 
after prostatectomy or 1.0–1.5 ng/ml after radio-
therapy. This event takes place usually between 1 
and 2 years after initial treatment. The rate at 
which PSA levels rise after initial treatment 
(prostatectomy or radiation therapy) can be a 
very signifi cant factor in determining how aggres-
sive the single PCa case is. 

 A measure of this is the PSA doubling time, 
that is, the time frame in which a signifi cantly 
elevated PSA value doubles. This velocity (or 
doubling time) may moreover vary with time and 
be related to further progression of malignity of 
the tumor (usually progressively reducing dou-
bling time in following serial evaluations). This 
indeed is a bad prognostic parameter. The most 
aggressive tumors end up having a serum PSA 
doubling time of less than three months.  

   Prognosis of Prostate Cancer 

 Despite the work of hundreds of researchers in 
the PCa fi eld, there is still currently no exact 
method to ascertain how each single PCa case 
will evolve, in which time frame and how it will 
respond to any particular treatment or interven-
tion. At diagnosis, it is important to establish if 
the disease had already progressed, or not, out-
side the anatomical limits of the prostate gland, 
how aggressive the disease looks (objective eval-
uation done by the Gleason score), and if surgery 
was performed, was it really radical (i.e., able to 
remove entirely the cancerous tissue)? 

 Five-year survival of PCa depends on clinical 
stage of the disease, at diagnosis, and on the 
Gleason grade of the histological evaluation. 
According to the clinical stage, T1 and T2 stages 
have a 5-year survival of 90%, with a progression 
very slow, of the order of 10 or more years  [  2  ] ; 
T3 stage has a 5-year survival of 40% and T4 
stage has a 5-year survival of only 10%. 

 Some special attention must be given to young 
diagnosed cases of early stage, for their long life 
expectancy and for the usefulness of an early 

therapy in case of progression (effectively 
adopted watchful waiting strategy). 

 Therefore, receiving a diagnosis of PCa raises 
in so many male subjects an important series of 
concerns and questions that need to be resolved, 
with the help of expert and available physicians 
and urologists. “Can I be cured?” and “What is 
my prognosis?” are fundamental questions that 
need urgent and possibly clear-cut answers, 
which are, however, diffi cult to provide quickly 
and clearly enough to fulfi ll patient expectations 
in most cases  [  4  ] . 

 Prognostic biomarkers may better defi ne the 
situation: to discover and validate better and 
dependable biomarkers is the goal that all the 
involved researchers and clinicians must pursue. 
The contact with single patients should be man-
aged by a team of physicians to discuss at their 
best the various aspects of the problem with the 
patient. The urologist mostly for the surgical 
options, a radiation oncologist for the radiothera-
peutic options and a medical oncologist about 
drug therapy options, with a need of a continuous 
intercommunication between the patient and 
them and between them as a clinical team: all this 
is easy to describe in theory but certainly elabo-
rate to realize and sometimes diffi cult to obtain 
in real life. 

 Pathological and clinical fi ndings able to pre-
dict tumor behavior have been extensively stud-
ied and allow to establish that clinically 
insignifi cant tumors (low-risk PCa) may be 
defi ned as a small volume lesion (0.2–0.5 ml), 
entirely confi ned within the prostate gland, and 
with a Gleason score up to 6. This lesion may be 
either unpalpable (occasionally found at biopsy 
for BPH, stage T1) or palpable (stage T2). The 
early data published on this issue by Epstein 
 [  50  ]  have been validated in subsequent studies, 
both in the USA  [  52,   53  ]  and in Europe  [  54  ] . 
However, the Epstein criteria, applied retrospec-
tively to a large case series, have revealed to be 
inaccurate in 24% of the cases with “insignifi -
cant tumors,” in which a radical prostatectomy 
performed according to previous clinical crite-
ria revealed histologically the presence of a 
Gleason 7–10 PCa and even non-organ-confi ned 
disease  [  54  ] . 
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 Further developments of research in the area 
led to the publication of nomograms by Kattan 
(prognostic models) aiming at the prediction of 
the pathological extent of PCa, through a combi-
nation of PSA values, clinical stage, and Gleason 
score  [  55  ]  These instruments have been refi ned in 
time and are still actively revised and validated 
 [  56,   57  ] . 

 However, the search for dependable and high-
sensitivity new biomarkers is still very much 
needed in PCa.  

   Therapy of Prostate Cancer 

 PCa can be treated with surgery, radiotherapy, 
and hormone therapy, or combinations of them. 
More than 90% of patients undergoing such ther-
apies can have a life expectancy of 15 years or 
more  [  2  ] . 

 Therapy options of PCa are, however, depen-
dent on clinical stage at diagnosis. Patients at 
stages T1 and T2 are best treated with radical 
prostatectomy or with radiotherapy. In T3 PCa 
cases, radiation therapy is the treatment of choice, 
having clear that these patients have occult metas-
tases in pelvic nodes and probably also further 
systemic dissemination sites and cannot, there-
fore, be cured by surgery. Improvements of the 
surgical technique aimed at limiting blood loss 
during the intervention, avoiding postsurgical 
incontinence and/or impotence (nerve-sparing 
techniques) have led to much better results than 
before. Analysis of surgical sample margins, per-
formed systematically at the pathological evalua-
tion of each surgical PCa sample, added further 
to the effi cacy and completeness of treatment, by 
recommending postsurgical radiotherapy in case 
of presence of residual tumor tissue at the surgi-
cal margin, in periprostatic area where the surgi-
cal radicality may be impossible or unadvisable 
by the presence of vital nerve and vascular ele-
ments fundamental for urinary continence and 
sexual function. 

 Three very different treatments are available 
for localized PCa: active surveillance (also named 
“watchful waiting”), surgery, and radiation 
therapy. Surgery and radiation therapy have both 

shown positive outcomes in this situation: they 
can result in “cure” (defi ned as disease-free case 
for 5 years) in more than 90% of men with local-
ized PCa. The slow-growing cancers actually 
may not need aggressive treatment: so, active 
surveillance is an option. 

 But which are the cases truly having a slow 
growth (constantly in time)? Will these cases 
really reach death for other reasons eventually 
(arriving therefore at the end of their life “with” a 
PCa and not “because” of a PCa)? When is a 
good time to start a treatment in a diagnosed PCa 
patient, judged initially to have and indolent form 
of disease inducing to adopt only an active sur-
veillance strategy? Men older than 65 years and 
those with low-grade tumors are the best candi-
dates for this approach: active surveillance means 
vigilant monitoring, with frequent PSA and DRE 
evaluations, is the best current option in such 
cases. But better future biomarkers of progres-
sion and dependable biomarkers of prognosis 
may change this current clinical standard which 
is widely agreed upon. 

 Another issue to consider is how healthy is the 
patient overall, because if he is affected by other 
major illnesses like heart disease, long-standing 
high blood pressure, and poorly controlled diabe-
tes, there is the solid possibility that a major clinical 
treatment like radical prostatectomy or intense 
radiotherapy may have potential complications that 
may be avoided, in view of the limited survival 
benefi t that could be expected from them, overall. 

 So it is never enough to remember that every 
man’s circumstances are unique and that only a 
full discussion between the patient and his clini-
cal team of experts can reach the best treatment 
strategy  [  4  ] . 

 Radical prostatectomy is aimed at enucleating 
the entire prostate gland, with its organ-confi ned 
PCa tissue, and to remove it. In doing so, other 
structures may be involved, like vascular and 
nervous bundles around the gland, essential to 
other important functions like erectile function. 
Therefore, to save such functions, more delicate 
surgical techniques have been adopted in recent 
times, and namely the “nerve sparing” prostatec-
tomy procedure, which preserves the peripros-
tatic nerve bundles. 
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 Radiation therapy aims at killing the cancer 
cells where they live, in the prostate, and possibly 
around it: but the prostate is located next to other 
two important internal structures, the urinary 
bladder and the rectum, which may receive radia-
tion damage. This damage may cause signifi cant 
urinary and bowel problems, which may worsen 
over time (even after 3 years) as radiation effects 
accumulate. So also this therapy is not devoid of 
potential undesired effects. 

 In patients with clinical progression or having 
regional or distant metastases at the time of diag-
nosis, the main therapy is hormone-based. 
Hormonal therapy comprises orchiectomy or the 
administration of hypophyseal luteinizing hor-
mone (LH) antagonists or luteinizing hormone-
releasing hormone (LHRH) agonists. In both 
cases, the goal is the androgenic ablation effect, 
capable to reduce the growth stimulation exerted 
by androgens on PCa cells which are androgen 
responsive, due to the presence and activity of 
androgen receptor (AR) in them. Long-term 
LHRH agonist administration (after an initial 
transient increase of LH secretion) inhibits LH 
release and determines a so-called chemical cas-
tration. The principles of hormone therapy of 
PCa are delineated in the Fig.  13.6 .  

 It is worth mentioning the concept that hormone 
therapy is essential in men with documented met-
astatic PCa, particularly if they have symptomatic 
disease. However, for most men, the hardest part 
of hormone therapy is the side effects. 

 Although antiandrogenic therapy induces 
remission of PCa, some androgen-insensitive 
clones may emerge in the progression steps of the 
neoplasia and hesitate in hormone-unresponsive 
disease which almost inevitably progresses to 
further invasion and metastasis. A rising serum 
PSA value despite hormone therapy (even with 
estrogens) is an early warning sign that the tumor 
is becoming less sensitive to the changes of testos-
terone concentration. So in parallel to hormone 
therapy, other options should be considered in 
such cases. 

 Chemotherapy options in PCa are limited, in 
contrast with the situation of most other types of 
cancer, in which chemotherapy is a mainstay of 
treatment. This has not been the case for PCa, in 
which most classical chemotherapy regimens 
have provided only modest results. In recent 
years, however, taxanes have produced some 
appreciable outcomes and are currently consid-
ered a valid therapeutic option with or without 
concurrent hormonal treatment in advanced PCa, 

  Fig. 13.6    Hormonal 
regulation of prostate gland 
growth and function. 
Androgen-dependence of 
the prostate gland is a basic 
feature of its physiology. 
Prostatic tumors, at least in 
the early stages, maintain 
androgen-dependence and 
can be inhibited by 
antiandrogens, by 
castration (removal of 
testes), and by several 
hormonal manipulations 
affecting the hypothalamus-
pituitary-adrenal feedback 
relationships in a complex 
variety of ways       
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especially in combination and aiming at different 
biotargets at the same time  [  58  ] . 

 So, in conclusion to this brief review of thera-
peutic concepts for PCa, we may stress how it is 
of particular importance to tailor treatment to 
each single patient. By evaluating the extent of 
the tumor (cancer spread beyond the prostate 
capsule or not), the overall health situation of the 
subject (heart disease, respiratory diseases like 
emphysema or asthma, blood clotting problems, 
hypertension, diabetes), and the age of the sub-
ject (younger men usually fare better with surgi-
cal treatment, while older men fare better with 
radiation therapy) clinicians decide together with 
the patient the best treatment option. In subjects 
older than 65 years, usually, the best solution is 
watchful waiting (active surveillance)  [  4  ] . New 
precise biomarkers may help considerably in tak-
ing the right choices, based on the biological fea-
tures of each PCa case. 

 One of the most important goals is to preserve 
the quality of life after initial treatment since 
prostatectomy and radiotherapy may affect uri-
nary function, bowel function, erectile function, 
and fertility, all deserving great attention and 
measures to preserve them or to recover them 
after a transient perturbation.  

   Current Research Issues 
and Discovery of New Biomarkers 
in Prostate Cancer 

 Great interest is receiving the strategy of targeted 
therapy in all forms of cancer. Targeting a special 
key biological passage to interfere with the way 
cancer cells grow and interact with each other or 
with the way the immune system attacks cancer 
cells is a very attractive perspective being actively 
pursued in all possible biological pathways. 

 Growth factors, cell surface receptors sensi-
tive to growth factors, cytoplasmic messaging 
networks transporting the activation signal to the 
nucleus and conducing to the decision of the cell 
to undergo proliferation are among the major tar-
gets of potentially interfering pharmaceutical 
actions that can be of high value in cancer 
 therapy. Some of these approaches have produced 

exceedingly positive results, like the protein-
kinase inhibitor approach at the basis of new 
drugs like imatinib (Gleevec) in leukemia and 
other forms of rare cancers (like GIST, gastroin-
testinal stromal tumor). Other approaches are tar-
geting angiogenesis: some anti-angiogenetic 
factors and drugs are currently in use and may 
show further relevant promise, at least in the form 
of combination therapies, in many cancers, 
including PCa. Among these we may cite bevaci-
zumab and thalidomide, under evaluation. 

 In addition, for metastatic disease a very 
promising approach involving a specifi c biologi-
cal target is that against the endothelin receptor 
activity, of particular importance on osteoblasts, 
and involved in PCa growth in the bone metasta-
ses. Atrasentan is a new drug being evaluated, 
since it has the ability to block the endothelin 
receptor, with a slowing of growth of bone metas-
tases in PCa  [  59,   60  ] . 

 The research group active in our team at the 
University of L’Aquila (Italy) since 1978 has 
developed over time a series of strategies and 
results comprised within this broad fi eld of bio-
marker research in PCa and the identifi cation of 
better diagnostic, prognostic, and therapeutic 
strategies based on biological parameters obtained 
from tumor cells of single patients, through 
in vitro evaluations. An early cell biology 
approach allowed to refi ne a tissue culture score 
able to correlate with prognosis of single cases: 
this evaluation has been used for some time to 
corroborate the clinical decisions but failed to 
gain prompt international recognition although 
still gives important and objective parameters 
in vitro in our local clinical experience  [  61  ] . An 
extension of the method allowed an early detec-
tion of PCa cases through culture of exfoliated 
cells  [  35  ] . Further search for diagnostic markers 
led us to consider the presence of neuroendocrine 
markers in PCa cells, with the signifi cant action 
of neuropeptides like bombesin  [  62  ] . 

 A following line of research involved the 
detection of proteases to establish a prognosis 
evaluation in terms of tissue invasion and meta-
static potential: also in this case, the clinical cor-
relations were found, and the method contributed 
to extend the biological data available on the PCa 
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cells obtained from each single patient in our 
clinical case series  [  63,   64  ] .  

   Prostate Cancer Gene 3 

 Prostate cancer gene 3 (PCA3, DD3) is a recently 
discovered noncoding, prostate-specifi c mRNA 
highly overexpressed in PCa cases, as compared 
to benign tissue  [  65  ] . Similarly to PSA, it is not a 
tumor-specifi c marker, but can be useful in evalu-
ating presence and extension of neoplastic dis-
ease. A new urinary test for PCA3 has been 
developed in 2002, with encouraging results  [  66  ] . 
Briefl y, the procedure of the test requires a digital 
rectal massage of the prostate, to favor prostate 
epithelial cell shedding from acinar and ductal 
sites (where cancer foci are particularly prone to 
shed loosely bound cancer cells)  [  35  ] , their pas-
sage into the prostatic urethra and following col-
lection of the fi rst stream of urine (about 20 ml). 
Amplifi cation of PSA and PCA3 mRNAs is per-
formed by molecular biology techniques and a 
PCA3 score is calculated, in the form of the ratio 
between PCA3 mRNA to PSA mRNA × 10 3   [  67  ] . 

 A signifi cant correlation has been demon-
strated between PCA3 score and tumor volume 
 [  68  ] , so that in some centers, this parameter has 
been included in pre-operative nomograms, also 
in view of its potential ability to predict capsular 
extension of PCa cases  [  69  ] . 

 PCA3 test alone, however, does not seem to 
have a better role as compared to PSA alone, nor 
enough sensitivity, to allow prediction of extra 
capsular extension of PCa  [  1  ] . The diagnostic 
performance of the PCA3 test is being evaluated: 
it is clear, however, that it may be improved by 
the combination with other molecular markers of 
PCa  [  70,   71  ] .  

   Gene Fusions 

 Because of chromosomal translocations or dele-
tions of genomic segments, gene fusions may 
take place in DNA. Therefore, two normally 
 distinct gene transcripts may happen to become a 

single protein and may determine a trigger point 
of oncogenesis  [  72  ] . 

 A signifi cant gene fusion has been evidenti-
ated in PCa involving the prostate-specifi c gene 
transmembrane protease, serine 2 (TMPRSS2), 
and members of the ETS family of transcription 
factors  [  73,   74  ] . 

 There are different genetic events by which a 
gene fusion involving TMPRSS2 gene can be 
determined in PCa cases. Two different mecha-
nisms have been evidentiated so far and are illus-
trated in the Fig.  13.7 .  

 Current research involving the evaluation of 
TMPRSS2 gene fusion is in progress, with the 
aim of relating changes of fusion protein expres-
sion and PCA3 levels under therapy in locally 
advanced or metastatic PCa subjects (Triptocare 
study)  [  1  ] . 

 Very recent developments of this research 
produced indeed extremely promising results 
 [  71,   75  ] . It was demonstrated indeed that it is 
possible to predict, via a urine test, the presence 
of PCa and improve the precision of diagnosing 
such cancer in the future. Evidence of 
TMPRSS2:ERG fusion gene transcript, PCA3 
positivity, and a noncoding RNA (PCAT-1) may 
confi rm the presence of PCa, avoid an enormous 
number of unnecessary prostate biopsies, and 
may potentially save considerable amounts of 
health expenses in the ever-growing population 
of subjects with high blood levels of PSA. The 
high proportion of false-positive subjects can be 
understood through the graph in Fig.  13.5 .  

   Further Genetic Studies 

 Genetic studies have produced many interesting 
results. Among the most recent ones, there is the 
discovery of a series of genetic variants able to 
predict aggressive forms of PCa. Indeed, a major 
problem in the fi eld is to predict which limited 
number of cases, among the many subjects with 
PCa, which is often an indolent neoplasm, carry 
instead aggressive tumors. Five genetic variants 
have been identifi ed which are strongly associated 
with aggressive, lethal PCa  [  76  ] . 
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 These are fi ve single nucleotide polymor-
phisms (SNPs) which have been validated as 
being related to PCa-specifi c mortality:

    • LEPR,  the strongest marker associated with 
prostate cancer mortality in the study, is a 
cytokine receptor that is highly expressed in 
normal and malignant prostate tissue. The 
binding of leptin to its receptor leads to sev-
eral downstream effects that may affect pros-
tate carcinogenesis, including stimulation of 
tissue growth, infl ammation, angiogenesis, 
and bone mass regulation. The latter effect, 
according to the study’s authors, makes  LEPR  

an interesting candidate for disease progres-
sion because the primary metastatic site for 
prostate cancer is the bone and bony metasta-
ses are predictive of fatal prostate cancer.  
   • CRY1 , the cryptochrome 1 gene, is in the cir-
cadian rhythm pathway, and circadian clock 
genes regulate androgen levels, which are 
known to affect prostate cancer progression 
and may also function as tumor suppressors 
through regulation of cell proliferation, apop-
tosis, and response to DNA damage.  
   • RNASEL  is associated with hereditary prostate 
cancer and is associated with apoptosis, 

  Fig. 13.7    Gene fusions described in PCa. Tomlins et al. 
described in 2005 a series of recurrent fusions of genes 
detected in PCa cases. The TMPRSS2: ETV1 fusion on 
chromosome 7 (occurring in 1–10% of cases) ( panel A ) 
and the TMPRSS2: ERG fusion in chromosome 21 

(occurring in about 50% of cases) ( panel B ). [Reprinted 
from Martinez-Pineiro L. Personalised Patient Diagnosis 
and Prognosis in Prostate Cancer: What are the future 
perspectives?  Eur Urol Supplements.  2010;9:794–789. 
With permission from Elsevier]       
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infl ammation, and cell proliferation and 
adhesion.  
   • IL4  plays a role in cancer via activation of the 
Stat6 transcription factor.  
   • ARVCF  is a member of the p120 catenin fam-
ily of proteins, and increased expression has 
been shown to disrupt cell adhesion, which 
may facilitate cancer progression.    
 Patients with 4–5 at-risk genotypes had a 50% 

higher risk for prostate cancer-specifi c mortality 
than patients who had only 2 or fewer of these 
genotypes. After adjusting for clinicopathologi-
cal factors known to affect prognosis, the risk for 
mortality increased with the number of at-risk 
genotypes ( P  for trend = 0.001). 

 Although confi rmation studies are always 
necessary, these fi ndings may open very impor-
tant perspectives in the elucidation of PCa prog-
nosis of single cases.  

   Viruses and Prostate Cancer 

 In 2006, a new fi nding indicated the possible 
implication of viruses in the pathogenesis of PCa 
 [  77  ] . Analogous fi ndings happened also earlier in 
time, without practical consequences and proba-
bly only in conjunction with occasional viral 
infections. The constant and reproducible pres-
ence of a viral entity in PCa would represent an 
important element under the point of view of bio-
markers and also of potential new therapy, but 
unfortunately this does not appear to be the case, 
according to the available data. 

 More recent research, however, indicated a 
possible role of XMRV (xenotropic murine leu-
kemia virus-related virus) in PCa, new human 
gammaretrovirus identifi ed in prostate cancer tis-
sue from patients homozygous for a reduced-
activity variant of the antiviral enzyme RNase L. 
Neither a causal relationship between XMRV 
infection and prostate cancer nor a mechanism of 
tumorigenesis has been established, but a poten-
tial biological interaction consistent with a model 
in which XMRV may contribute to tumorigenic-
ity via a paracrine mechanism  [  78  ] . 

 However, a demonstration that appears to offer 
nearly conclusive evidence, in this respect, 

reaches the conclusion that, after testing nearly 
800 PCa samples, using a combination of real-
time PCR and immunohistochemistry, no evidence 
for XMRV in PCa was obtained. By discussing 
possible explanations for the discrepancies in 
the results from different laboratories, it is pos-
sible that XMRV is not actually circulating in 
the human population; even if this is the case, the 
data do not seem to support a causal role for this 
virus in PCa  [  79  ] . A fi nal demonstration identi-
fi ed in a laboratory sample contamination the ori-
gin of XMRV hypothesis and seems therefore to 
have said the last word on the issue, by excluding 
the viral origin of PCa  [  80  ] .  

   Circulating Tumor Cells 

 One more of the currently investigated biomark-
ers in PCa involves the detection of CTCs in 
blood samples. CTCs are evidently a marker of 
ongoing metastatic process although we know 
from experimental data that tumor cells in circu-
lation are only half way through their successful 
metastatic journey. This procedure of CTC detec-
tion is not new, since it has been described and 
used in several forms of cancer  [  81  ] , without par-
ticularly advantageous results in the clinical 
setting. 

 In PCa, however, recent data have indicated 
that there is a correlation between the number of 
CTCs and survival in castration-resistant PCa 
(CRPC)  [  82,   83  ] . Further studies, some of which 
are in progress, will give more data in this approach, 
to establish how good this evaluation can be as 
a general biomarker of prognosis in PCa.  

   Prostatic Secretory Protein-94 

 Prostatic secretory protein-94 (PSP94), also 
known as beta-microseminoprotein or prostatic 
inhibin-like protein, is a small peptide, nonglyco-
sylated, and formed by 94 amino acids  [  84  ] . It is 
one of the major secretory proteins of the prostate 
gland and, together with PSA and PAP (prostate 
acid phosphatase), among the three most abundant 
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proteins in seminal fl uid. Studies have demon-
strated that PSP94 levels decrease with progres-
sion of PCa, from a hormone-dependent to a 
hormone-refractory state. In highly advanced and 
metastatic PCa cases, PSP94 production is almost 
null, and therefore, its serum levels are extremely 
low. PSP94 can therefore be a good prognostic 
marker in the identifi cation of tumor progression 
and to recognize the most aggressive forms of 
PCa. Serum and seminal plasma levels of PSP94 
are linked; therefore, its serum measurement may 
refl ect prostate secretory function. 

 Some recent developments in this fi eld have 
also indicated the possible function of the PSP94 
gene as a tumor suppressor in PCa  [  85  ] , and even 
the feasibility of pharmaceutical interventions 
through the anti-metastatic function of this mol-
ecule  [  86  ] .  

   Neuroendocrine Markers in PCa 

 Neuroendocrine (NE) phenotype in PCa is gener-
ally related to a rapid progression of disease and 
androgen independence; therefore NE features 
are considered a bad prognostic marker. NE dif-
ferentiation parameters include, among others, 
neuron-specifi c enolase (NSE), serotonin, calci-
tonin, various neuronal peptides such as GRP 
(gastrin-releasing peptide), bombesin, and 
chromogranin-A. 

 The NE differentiation of PCa cases was fur-
ther investigated in our laboratory, both to fi nd 
new biomarkers and to evaluate the effi cacy of 
new anticancer therapies; we tried to ascertain 
that neuroendocrine transdifferentiation (NET) 
induced by valproic acid (VPA) in PCa cells is 
mediated by PPARgamma activation and confers 
resistance to antiblastic therapy. VPA is a promis-
ing anticancer agent assigned to the class of his-
tone deacetylase (HDAC) inhibitors. However, 
molecular mechanisms underlying VPA action in 
PCa cells are largely unknown and further exper-
imental validation to prove its potential applica-
tion in clinic practice is needed. We showed that 
VPA is a potent inducer of NET in androgen 
receptor null PCa cells, both in vitro and in vivo. 

NET was an early event detectable through the 
expression of neuroendocrine (NE) markers 
within 72 h after VPA treatment, and it was asso-
ciated to a reduction in the overall cell prolifera-
tion. When we interrupted VPA treatment, we 
observed the recovery in residual cells of the 
basal proliferation rate both in vitro and in a 
xenograft model. The NET process was related to 
Bcl-2 over-expression in non-NE PCa cells and 
to the activation of PPARgamma in NE cells. The 
use of specifi c PPARgamma antagonist was able 
to reduce signifi cantly the expression of NE 
markers induced by VPA. The use of VPA as 
monotherapy in PCa has to be considered with 
extreme caution, since it may induce an unfavor-
able NET. In order to counteract the VPA-induced 
NET, the inhibition of PPARgamma may repre-
sent a suitable adjuvant treatment strategy and 
awaits further experimental validation  [  87  ] .  

   Progression and Metastasis 
Markers in PCa 

 Some molecules involved in the metastatic pro-
cess of PCa have been studied. Some are related 
in particular to the interplay between PCa cells 
and bone cells, where PCa preferentially estab-
lishes secondary colonies. Among these, prote-
olytic enzymes (like uPA, and matrix 
metalloproteases, MMPs) have been studied and 
found in good correlation with disease stage 
and grade. 

 Other molecules of interest are TGF-beta, 
PDGF, VEGF, endothelin, and also osteopontin, 
a normal non-collagenous component of bone 
matrix, found in bone matrix but also present in 
human milk, and active on PCa cells  [  88  ] . 

 For a review of many of those factors, explain-
ing why PCa metastases to bone are frequently 
osteoblastic rather than osteolytic, see in particu-
lar the extensive review by Logothetis and Lin, 
published in 2005  [  89  ] . 

 Moreover, special aspects of metastasis are 
illustrated in Chap.   19    , with abundant and updated 
literature references on the metastatic process in 
many different malignancies, including PCa.  
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   Conclusions 

 Although established solutions for PCa like radi-
cal prostatectomy and radiotherapy continue to 
reveal optimization in their use, with a very 
important late study demonstrating how prostate-
ctomy is the best solution for early-stage PCa 
cases younger than 65 years  [  90,   91  ] , new and 
better use of established biomarkers remains an 
imperative need in PCa, as clearly underlined in 
other recent review articles on the subject  [  92  ] . 

 In particular, notwithstanding the increase of 
biomarker discovery in recent years, their trans-
lation into clinical utility has been limited because 
of the lack of suitable validation conditions and 
the need for the adoption not of single biological 
markers but of panels for them to be evaluated at 
once in selected patient populations. 

 Many clinical decisions are made with less-
than ideal biomarkers and therefore many situa-
tions show the need for biomarker discovery and 
validation, with a clear roadmap inserting them 
in the major clinical issues of cancer detection, 
staging, grading, and clinical signifi cance, which 
is so important in PCa, a disease with many 
“low-risk” cases which would end up their lives 
at advanced age “with” cancer and not “because” 
of cancer. 

 As nicely underlined in a recent editorial  [  93  ] , 
with time, the prognosis of PCa has changed 
remarkably, from a fi rst era (around 1980) when 
most PCa cases were detected as advanced and 
incurable disease cases, through a second era (in 
the mid-1980s) with the advent of PSA testing, 
leading to a doubling of incidence rates and a 
higher fraction of cases diagnosed with curable 
disease, and fi nally, to a third era (today) when 
most PCa cases are detected as smaller lesions of 
lower grade. So at present, even among patients 
with low-grade, low-volume cancer, more than 
90% receive surgery or radiation therapy. 
Unnecessary for many, these treatments may 
reduce the quality of life, while in subjects above 
65 years of age, several data stress the clear 
advantage of active surveillance as the most valid 
initial treatment approach  [  94  ] .      
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    Introduction 

 Each year, ovarian cancer leads to the most fatali-
ties among gynecologic malignancies  [  1  ] . For 
perspective, breast cancers are 90% more com-
mon yet display disproportionately better sur-
vival rates as most are diagnosed at early 
stage—within the optimal window for curative 
intervention. Since early detection is the excep-
tion and not the rule for ovarian cancers, strate-
gies to improve screening should promote better 
outcomes given the marked differences in sur-
vival rates (30% vs. 90% for advanced and early 
stages, respectively). 

 Screening biotargets represent ideal candi-
dates to identify preclinical and localized disease 
thereby dramatically improving survival. The 
current modalities of using CA-125 and trans-
vaginal ultrasound are ineffective. As will be 
described later, a clear need exists for developing 
other biotargets to impact incidence rates. 

 Following a diagnosis of new onset or recur-
rent ovarian cancer, most clinicians grapple with 
(1) whether to offer chemotherapy at all in the 

early-stage settings or (2) in advanced settings, 
which subsequent line treatment to pursue that 
could offer the most clinical benefi t. The standard 
fi rst-line regimen for advanced-stage ovarian 
cancer is a combination of carboplatin or cispla-
tin with paclitaxel. Clearly, one or multiple 
biotargets signaling aggressive tumor biology 
and, hence, unfavorable outcomes could justify 
the addition of chemotherapy to surgical resec-
tion. Eighty-fi ve percent of epithelial ovarian 
cancer patients respond to fi rst-line platinum-
based therapies, yet despite this high response 
rate, 50–75% of patients will recur and require 
subsequent treatment to manage their disease  [  1  ] . 
Patients who are diagnosed with recurrent dis-
ease are classifi ed (refractory, resistant, or sensi-
tive) by their response to a platinum-based 
regimen. Clinicians use this information to plan 
which therapies to use to treat recurrent disease. 
The growing appreciation for the heterogeneity 
of ovarian cancers has spurred development of 
therapies targeted toward specifi c pathways 
involved in cell-death and cell growth of such 
tumors. It is anticipated that their concurrent use 
with accepted standard treatments will improve 
overall response and survival. This enthusiasm 
has brought along multiple candidate agents to 
investigate in the context clinical trials  [  2  ] . Along 
with the myriad other advanced line chemothera-
pies available to clinicians, a priori information 
that can accurately predict tumor response to a 
particular therapeutic class could help shift the 
side effect/benefi t pendulum toward benefi t and 
help achieve personalized medicine.  
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   Screening Biotargets: The Challenge 

 The presenting symptoms associated with ovarian 
cancer typically result from metastatic disease to 
the abdomen. Early detection biotargets, readily 
sampled in urine or blood, with selectivity for 
ovarian cancers and demonstrated effi cacy in the 
asymptomatic phase are therefore a highly unmet 
clinical need. 

 Ovarian cancer is a low incidence disease in the 
general population with an incidence of 40 per 
100,000 per year. Essential criteria for any ovarian 
cancer screening test includes very high specifi city 
and moderate to high sensitivity for preclinical 
disease to avoid unnecessary surgery for false-
positive screening results while still identifying a 
clinically meaningful amount of early-stage ovar-
ian cancers. Specifi cally, an acceptable ovarian 
cancer screening method needs a minimum posi-
tive predictive value (PPV) of 10% (i.e., for every 
true positive case surgically confi rmed, there must 
be no more than nine false-positive surgeries). 
With an incidence of 40/100,000, a true screening 
program must have a 99.6% overall annual speci-
fi city. All in all, this is considered a high standard 
by any screening metric.  

   Single Biotargets 

   CA-125 

 The fi rst screening biotarget for ovarian cancer, 
Cancer Antigen 125 or CA-125, was discovered 
three decades ago yet is still intimately linked 
with ovarian cancer management today. CA-125 
is a surface glycoprotein that circulates in blood 
at elevated levels in the presence of ovarian can-
cer cells. Eighty percent of all serous epithelial 
ovarian cancers have elevated levels  [  3  ] . Of these 
80%, only 50% of stage I disease patients have 
elevated levels. CA-125 is also found at elevated 
levels in benign gynecologic conditions such as 
fi broids or endometriosis, T-cell lymphoma, pan-
creatic, lung, colon, and even breast cancer meta-
static to the peritoneum, and physiological 
conditions such as pregnancy and menstruation  [  3  ] . 

Since elevated levels are not always specifi c to 
ovarian cancer, CA-125 screening has a false-
positive rate if used as the sole test, and should 
therefore be used as a fi rst-line test to determine 
who warrants additional testing and monitoring. 

 A prospective study focused on the likelihood of 
detecting early-stage disease from pre-diagnostic 
CA-125 values in the general population  [  4  ] . From 
a single serum bank, 20,305 serum samples col-
lected were compared to 11,009 peripheral blood 
samples collected the following year from the same 
population of women. Ages ranged from 11 to 98 
years old, with most between 55 and 64 years old. 
The patients were followed from 1975 to 1989 with 
annual CA-125 evaluations. Ultimately, 37 cases of 
ovarian cancer, 89% from epithelial origin, were 
detected and only 23 displayed CA-125 levels at or 
above 35 U/mL (57% sensitivity). These data 
showed little difference in CA-125 levels in ovarian 
cancer cases across cell type, extent of disease, or 
year of diagnosis. One case of stage IV ovarian can-
cer was found in the fi rst 3 years of follow-up with 
a CA-125 of 270 U/mL. Control group analyses 
demonstrated one stage I endometrial cancer, one 
unknown primary cancer with liver metastatic dis-
ease, and one case of colon cancer; all had CA-125 
levels below the reference level. Of those patients 
who developed ovarian cancer during the study, the 
data suggested that a pre-diagnostic serum value as 
low 10 U/mL was associated with an elevated risk 
of ovarian cancer (estimated risk 3.4; 95% confi -
dence interval 1.3–8.8). Four of seven patients diag-
nosed with ovarian cancer within the fi rst 3 years 
had signifi cantly higher pre-diagnostic CA-125 lev-
els greater than 35 U/mL while none of the controls 
had levels above 35 U/ml (i.e., 57% sensitivity and 
100% specifi city). CA-125 may thus have limited 
promise for screening early-stage disease, although 
the data did indicate that a woman was three times 
more likely to develop ovarian cancer within 15 
years if CA-125 levels hovered at greater than 
10 U/mL. The obvious drawback to using a lower 
reference level for screening would be falsely clas-
sifying a high percentage of women as high risk 
who were truly not. 

 The JANUS project, an ongoing large serum 
banking effort, examined various biochemical, 
immunological, or chemical changes in the 
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 pre-morbid sera potentially suggestive of early-
stage cancer  [  5  ] . Samples from 105 women with 
subsequent ovarian cancer were compared with 
323 matched healthy controls. The entire collec-
tion-to-diagnosis interval ranged from 1 to 143 
months. The median CA-125 collected 24–60 
months prior to diagnosis for the controls was 10.9 
and 18 U/mL for the cases. Half of the cases had a 
CA-125 greater than 30 U/mL within 18 months 
of being diagnosed with one-third demonstrating 
CA-125 values of 65 or greater. All elevations in 
the cases were eventually diagnosed with local-
ized or advanced-stage disease. It is unclear from 
the data the precise stages of disease found because 
it was not a primary endpoint of the initial study. 
Of interest, 25% of women with eventual ovarian 
cancer had elevated CA-125 levels fi ve years or 
more prior to diagnosis, showing a long CA-125 
lead time for a substantial fraction of cases. At the 
very least, these efforts illustrate the value and 
need for appropriately handled and properly stored 
specimens with robust clinical annotation when 
seeking to validate novel biotargets. 

 While CA-125 remains the most extensively 
studied biotarget, it is clear that, as a single 
marker, it is not a panacea. Other markers and 

combinations thereof have been the focus of 
active inquiry especially over the past decade.  

   HE4 

 A more recently discovered serum-based biotarget 
tested as a single modality for screening is Human 
Epididymis protein, a protease inhibitor from the 
whey acidic protein family also known as 
WFDC2. HE4 was initially thought to be a prog-
nostic biomarker in endometrial cancer alone, but 
recent studies demonstrated upregulation in 
malignant serous ovarian carcinomas  [  6  ] . Data 
shows that it is expressed in 32% of ovarian can-
cers without CA-125 elevations  [  7  ] . In 2008, 
HE4 testing was FDA approved for monitoring 
(not diagnosing) women with known epithelial 
ovarian cancer under the premise of equivalence 
to CA-125 performance. 

 Fujirebio Diagnostics conducted the largest 
HE4 preclinical study (>1,100 samples) and 
examined the distribution of elevated HE4 values 
across various cancers, benign conditions, and 
healthy pre- and postmenopausal women to test 
its screening potential  [  8  ] . The results in Table  14.2  

   Table 14.1    FIGO staging for ovarian cancer   

 Stage I 
 IA 
 IB 
 IC 

 Growth limited to the ovaries 
 Growth limited to one ovary; no ascites; no tumor on the external surface; capsule intact 
 Growth limited to both ovaries; no ascites; no tumor on the external surfaces; capsules intact 
 Growth either stage 1A or 1B, but with tumor on surface of one or both ovaries, or with capsule rupture, 
or with ascites present containing malignant cells, or with positive peritoneal washings 

 Stage II 
 IIA 
 IIB 
 IIC 

 Growth involving one or both ovaries with pelvic extension 
 Extension and/or metastases to the uterus and/or tubes 
 Extension to other pelvic tissues 
 Tumor either stage IIA or IIB, but with tumor on surface of one or both ovaries; or with capsules 
rupture, or with ascites present containing malignant cells or with positive peritoneal washings 

 Stage III 

 IIIA 

 IIIB 

 IIIC 

 Tumor involving one or both ovaries with histologically confi rmed peritoneal implants outside the pelvis 
and/or positive retroperitoneal or inguinal nodes; presence of superfi cial liver metastases, tumor is 
limited to the true pelvis, but with histologically proven malignant extension to small bowel or omentum 
 Tumor grossly limited to the true pelvis, with negative nodes, but with histologically confi rmed 
microscopic seeding of abdominal peritoneal surfaces or histologically proven malignant extension 
to small bowel or mesentery 
 Tumor of one or both ovaries with histologically confi rmed implants; peritoneal metastasis of abdominal 
peritoneal surfaces not exceeding 2 cm in diameter; nodes are negative 
 Peritoneal metastasis beyond the pelvis greater than 2 cm in diameter and/or positive retroperitoneal 
or inguinal nodes 

 Stage IV  Growth involving one or both ovaries with distant metastases; if pleural effusion is present, there must 
be positive cytology to a lot a case to stage IV; parenchymal liver metastasis is present 
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show that 95% of healthy women had an HE4 
value below the reference level of 150 pmol 
(72/76 and 97/103 for pre- and postmenopausal 
women, respectively). For the 127 ovarian cancer 
samples, 27 were below the reference level and 82 
demonstrated values above 300 pmol. Of the lat-
ter samples, 61 were above 500 pmol.  

 HE4 serum levels fl uctuate less in the setting 
of benign gynecologic processes, making it a 
potentially more useful test in the premenopausal 
setting. Specifi cally, HE4 has a greater sensitivity 
for its given specifi city than CA-125 in premeno-
pausal women and equivalent sensitivity in post-
menopausal women  [  6  ] . In at least a third of 
patients with epithelial ovarian cancers that fail 
to overexpress CA-125, HE4 serum levels are 
elevated  [  7  ] . Indeed, studies investigating the 
clinical performance of the two markers com-
bined have occurred and will be discussed later.  

   Ultrasound 

 Ultrasonography is another modality studied as 
fi rst-line screening for ovarian cancer. 
Transvaginal ultrasonography (TVU) is a type of 
pelvic ultrasound used as a noninvasive tool to eval-
uate and detect ovarian abnormalities. Mainly, it 
can detect both morphological abnormalities 
and changes in ovarian volume—potential indi-
cations of disease. TVU provides a higher image 
quality of the ovary compared to transabdominal 
ultrasounds, and a morphology index is typically 
used to distinguish a unilocular cyst with a low 
risk of malignancy versus a complex ovarian cyst 
with a signifi cant risk. To date, there have been 
several studies evaluating TVU as single modal-
ity detection for early-stage ovarian cancer fol-
lowed by scans every 4–6 weeks for women with 
initial positive scans. Repetitive scans have been 
found to reduce the number of false-positive 
cases. 

 One representative prospective study using 
transabdominal ultrasound, enrolled 5,479 healthy 
women, most over 45 years of age, to undergo 
single modality ultrasound for ovarian cancer 
screening  [  9  ] . Of those women, 338 had positive 
screens resulting in 326 exploratory laparotomies 

that would not have been clinically indicated 
outside the context of a research trial. Five sub-
jects had stage I disease, three harbored a border-
line histology, and four cases were detected with 
advanced disease. The odds of detecting a pri-
mary ovarian malignancy using this modality 
were 1 in 67. 

 A similar, yet larger study was conducted from 
1987 to 1999 involving nearly 14,500 women 
older than 50 years or with a family history of 
ovarian cancer  [  10  ] . This study examined the 
effi cacy of annual screening TVU evaluations. 
An abnormal sonogram in this study was defi ned 
as an enlarged ovarian volume greater than 10 cm 
for postmenopausal women or greater than 20 cm 
for premenopausal women. TVUs were repeated 
every 4–6 weeks from the initial abnormal scan. 
Women with consistently abnormal secondary 
scans were followed with CA-125, Doppler fl ow 
sonography, and then recommended for surgery. 
One hundred and eight patients met criteria for 
exploratory laparoscopy or laparotomy and 17 
ovarian cancers were detected: one stage I, three 
stage III, and three stage IV. Only three stage I 
cancers were detected by clinical exam alone. In 
the study, four patients developed cancer within 
less than 12 months of a normal TVU; specifi -
cally, two stage II and two stage III disease. 
Another set of patients developed disease beyond 
12 months of a normal TVU, all presenting clini-
cally with stage III disease. TVU screening dis-
played 81% sensitivity, 98.9% specifi city, and a 
PPV 9.4%  [  10  ] . The results highlight the potential 
for annual TVU to identify early-stage disease. 

 To improve upon TVU alone, studies have 
investigated whether addition of functional imaging 
modalities such as color-fl ow Doppler imaging 
that can measure blood fl ow patterns, can better 
distinguish malignant from benign conditions. 
Spontaneous new blood vessel development 
called neo-angiogenesis is characteristic of some 
fast-growing tumors that may lead to irregular 
blood fl ow or resistance. Color-fl ow Doppler 
may theoretically pick up on these abnormalities 
better than standard ultrasound. To evaluate this 
prospectively, Guerriero et al. led a study com-
paring the performance of these two imaging 
modalities in the evaluation of an adnexal mass 
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prior to surgery  [  11  ] . In total, 2,148 masses were 
evaluated. Color Doppler conferred better speci-
fi city (94% vs. 89%,  P  = 0.001) and equal sensi-
tivity (95% vs. 98%,  P  = 0.44) than standard 
ultrasound. The pretest probability that an adn-
exal mass was an ovarian malignancy rose from 
22 to 82% when evaluated with color Doppler 
imaging. This study demonstrated the potential 
benefi t of combining TVU with color Doppler 
sonography for screening. 

 Various limitations and concerns still exist 
with using TVU as a single modality. TVU leads 
to many false-negatives—instances where results 
are normal yet patients still present with advanced-
stage disease. Moreover, there are doubts as to 
whether the addition of Doppler would impact 
the management of an adnexal mass. In other 
words, it remains unclear whether enough confi -
dence exists in the readouts to render decisions 
on who can forego surgery and who can be man-
aged conservatively. Due to the high cost of oper-
ation and low incidence of this disease in the 
general population, TVU may also not be fi scally 
practical as a screening modality. Indeed, insur-
ers still consider them experimental tests and will 
not reimburse them as a screening tool.  

   Proteomics 

 Proteomics refl ect the large-scale study of pro-
tein structure and function. New proteomic tech-
nologies have provided extraordinary 
opportunities for the identifi cation of novel 
serum- or plasma-based biotargets. Matrix-
associated laser desorption/ionization time-of-
fl ight (MALDI-TOF) technology, a technique 
used in mass spectrometry, can analyze and iden-
tify protein patterns or “fi ngerprint” from serum 
or plasma samples. Surface-enhanced laser des-
orption and ionization time-of-fl ight (SELDI-
TOF) is a lower cost version of this technology 
that has also generated enthusiasm for biotarget 
discovery. Correlogic systems, Inc. developed an 
assay named OvaCheck using SELDI-TOF to 
detect early ovarian cancer from human serum 
samples  [  12  ] . Specifi cally, proteomic patterns in 
serum samples from 50 patients with epithelial 

ovarian cancer were compared with serum from 
50 healthy women. Additionally 63 of 66 non-
cancers were correctly identifi ed as benign. These 
data indicate that SELDI-TOF analysis conferred 
100% sensitivity and 95%. specifi city. Although 
the preliminary data are highly encouraging, the 
company has not identifi ed the specifi c proteins 
corresponding to the spectral peaks used to dif-
ferentiate cases from controls in this study. 
Moreover, many have questioned its validity and 
methodology and wait for independent studies to 
be conducted and for results to be replicated. The 
Correlogic case illustrates the barriers proteomic 
technologies encounter from both a regulatory 
and scientifi c perspective. From a regulation 
standpoint, the tension lies between balancing a 
patient’s desire to tap into cutting edge diagnos-
tics with effi cacy and appropriate clinical use of a 
test. Scientifi cally, the metric of success for a 
diagnostic lies in reproducibility within and out-
side the laboratory of origin, clinical performance 
(sensitivity, specifi city, accuracy), and clinical 
adoption (is it user friendly and feasible to con-
duct?) among other factors  [  13  ] . 

 There are additional challenges with using 
serum proteomic technology as a cancer screening 
tool. For example, it may be diffi cult to identify 
subtle changes in the proteome or generate enough 
sensitivity to detect low-abundant proteins present 
in early preclinical cancers. Nevertheless, serum 
proteomic technology still holds potential for 
facilitating biotarget discovery. If it reliably identi-
fi es biotargets shed into the blood circulation by 
subclinical disease, then profi ling their expression 
within longitudinal patient specimens could 
enhance our understanding of temporality.   

   Novel Uses of Biotargets: 
Combination Modalities 

 Due to the complexities appreciated in the pre-
sentation and behavior of ovarian carcinoma, the 
screening fi eld has shifted focus toward multiple 
serum biotargets (i.e., multiplexing) or combina-
tion modalities with hopes of increasing early 
detection sensitivities. An ambitious study inter-
rogating the screening performance of a panel of 
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serum tumor markers (CA-125, HER-2/ neu , 
UGP, LASA, and DM/70K) has been attempted 
 [  14  ] . Over 6 years, serum samples were collected 
from 1,257 asymptomatic pre- and postmeno-
pausal women with a fi rst or second-degree rela-
tion or family history of breast, gynecologic, or 
colon cancer. The fi ndings supported differences 
in multiplexed values according to menopausal 
status. For instance, in postmenopausal women 
the mean CA-125 level and HER-2/ neu  levels 
were signifi cantly lower and the mean UGP, 
DM/70K, and LASA levels signifi cantly higher 
than their premenopausal counterparts. Two per-
cent of postmenopausal women had CA-125 val-
ues above the upper-limit of normal (defi ned as 
35 U/mL) compared to 15% of premenopausal 
women. Overall, CA-125 had a specifi city of 
98% and HER-2/neu a specifi city of 95% but 
when combined, did not prove any superior than 
CA-125 alone. 

 Unlike single-marker comparisons, multiple-
marker screening analyses require partnerships 
with experienced statisticians and bioinformatics 
personnel since determining threshold values to 
discriminate between malignant or benign lesions 
is not trivial. 

   CA-125 Plus TVU 

 The Prostate, Lung, Colorectal and Ovarian Trial 
(PLCO), a large screening study sponsored by 
the National Cancer Institute, enrolled 78,216 
healthy women ages 55–74 to be screened annu-
ally for 6 years with a 13-year maximum follow-
up. Subjects were randomized to either standard 
of care or TVU and CA-125. If either TVU or 
CA-125 were positive, referral to a gynecologist 
would occur. Recently, the fi nal analyses from 
this ambitious study were announced to the med-
ical community. Unfortunately, combined modal-
ity screening did not confer a survival advantage. 
Moreover, in women with false-positive results 
in whom screening led to surgical intervention, 
15% sustained at least one serious complication 
underscoring the need for improved screening 
tools. The investigators of this major study will 
explore other screening options either in addition 
or in lieu of CA-125 and TVU.  

   CA-125: Risk of Ovarian Cancer 
Algorithm 

 Although studies fail to support CA-125 as a 
screening tool, it still remains the most character-
ized screening biotarget available and provides 
the best indication of disease presence. In an 
attempt to improve the sensitivity of CA-125, the 
utility of serial tests has been explored. The phi-
losophy behind the approach is establishing a 
baseline reference value for each woman as 
opposed to a global reference and monitoring the 
relative fl uctuations from the internal value. 
Repetitive samples over a given time that gener-
ate statistically signifi cant elevations above an 
individual’s baseline are hypothesized to indicate 
early disease  [  15  ] . This is similar to how CA-125 
is used to monitor chemotherapy response. 
Researchers have hypothesized that the serial 
approach will increase sensitivity without losing 
specifi city and hence personalize the interpreta-
tion of CA-125 values. 

 ROCA or Risk of Ovarian Cancer Algorithm 
was developed from statistical models of serial 
CA-125 values  [  15  ] . ROCA incorporates age and 
individual CA-125 values to assess incremental 
increase of recent values compared to priors. The 
computerized algorithm was derived by applying 
Bayes theorem and comparing an individual’s 
serial CA-125 values to two sets of patterns, the 
fi rst set based on patterns observed in women 
without a diagnosis in screening studies (con-
trols), and the second set based on CA-125 pat-
terns observed in women subsequently diagnosed 
with ovarian cancer (cases). The more the serial 
collection behaves like the known cases’ profi les, 
the greater the risk of ovarian cancer; for exam-
ple, a ROC of 2% suggests a 1 in 50 risk for an 
individual to develop cancer, which is high rela-
tive to the initial risk of 1 in 2,500 for postmeno-
pausal women. ROCA was designed to capture a 
better snapshot of cases than using a single ele-
vated cut point. A CA-125 rule using a single ref-
erence value when screening asymptomatic 
women will miss cases with low CA-125 levels, 
whereas ROCA can detect those cases with 
prompt interval changes even though they may 
still remain below the reference level  [  15  ] . Also, 
ROCA can rule out women with consistently 
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elevated but stable CA-125 values above the ref-
erence level. Multiple studies are under way 
examining whether ROCA followed by ultra-
sound in high-risk women, as determined by 
ROCA, can be combined to improve screening 
techniques and whether that translates into 
reduced ovarian cancer mortality.  

   ROCA + TVU 

 The combination of ROCA with TVU in post-
menopausal women has been investigated pro-
spectively  [  16  ] . Conducted over 9 years and 
including 3,238 postmenopausal women ages 
50–74 years old without any familial risk of dis-
ease, every new CA-125 result was used to calcu-
late risk. Based on this, participants were triaged 
into three risk arms depending on baseline ROCA 
scores: a woman with low risk was referred to the 
next annual CA-125 evaluation, a woman with 
intermediate risk was referred to CA-125 evalua-
tions repeated every 3 months, and a woman with 
high risk was referred for TVU and consult with 
a gynecologic oncologist. Overall, 2.6% of 
women were classifi ed as high risk and in need of 
TVU. Eight women from the study had surgery, 
and fi ve cases were diagnosed with ovarian can-
cer; three were high-grade epithelial tumors and 
two borderline. Of the three cases of ovarian can-
cers that were detected, two had stage IC and one 
had stage IIB. All three had low-risk annual 
ROCA scores before their values rose. Two had 
exponential rises after years of normal levels and 
one doubled (from 10 to 22 U/mL) after an annual 
evaluation. ROCA had a PPV of 37.5% (95% 
confi dence interval [CI]. 8.5–75.5%) and when 
combined with TVU a specifi city of 99.7% (95% 
CI, 99.5–99.9%). These results demonstrate the 
high potential for sensitivity improvements even 
when combining familiar clinical tools such as 
CA-125 with TVU for screening purposes.  

   UKCTOCS 

 To build upon the promising ROCA with TVU 
results, an on-going study in the UK addresses 

their impact on a much larger population of 
women. The study, called United Kingdom 
Collaborative Trial of Ovarian Cancer Screening 
(UKCTOCS), enrolled over 200,000 postmeno-
pausal women with average risk of disease and 
randomized them into three arms: standard of 
care, annual TVU, or annual CA-125 using 
ROCA and TVU for those at elevated risk. In this 
fi nal group, if the CA-125 rose signifi cantly over 
the baseline as measured by an intermediate or 
elevated ROCA risk, enhanced surveillance was 
implemented with either a 3-month CA-125 eval-
uation (intermediate risk) or TVU (elevated risk). 
Interim analyses reveal that about 50% of cancers 
in both screening arms were detected at early 
stage compared to the 25% detected, based on 
FIGO alone  [  17  ] . There were signifi cantly less 
needed surgeries in the ROCA arm (CA-125 fol-
lowed by TVU) versus the TVU arm; with PPVs 
of 35% (ROCA) and 3% (TVU). These data are 
encouraging for ROCA (a combination tool using 
serial CA-125 tests, a risk calculation, followed 
by TVU for women at elevated risk) as an ovar-
ian cancer screening tool. This study will end in 
2015 and should provide enough mature data to 
investigate its impact on mortality. Table  14.2  
shows an overview of representative ovarian can-
cer screening trials.   

   CA-125 + HE4 

 To move beyond the limitations of CA-125 and 
TVU, combined HE4 and CA-125 has been 
evaluated. One preclinical study analyzed 65 
various proteins in patients with adnexal masses 
to fi nd patterns that would discriminate benign 
from malignant cases  [  18  ] . As single markers, 
CA-125 had the greatest signifi cance between 
benign and malignant cases while HE4 had the 
greatest signifi cance for late-stage disease. 
Biotargets were then tested in sets of two, three, 
and four, with CA-125 and HE4 performing the 
best via 83% sensitivity and 85% specifi city in 
early-stage disease and 74.2% and 91.7%, 
respectively, for late-stage disease. In another 
recent but small prospective clinical study, com-
bining HE4 with CA-125 did not translate into 



38914 Ovarian Cancer

appreciable improvement in detecting early-stage 
cancers  [  19  ] . 

 Another recent study compared CA-125, HE4, 
and a symptom index as ovarian cancer screening 
modalities to determine which one independently 
or in combination offered the best diagnostic 
accuracy  [  20  ] . Seventy-four cases were collected 
from women with an undefi ned mass prior to sur-
gery and were compared to 137 healthy, age-
matched controls. A positive test in the serum 
panel needed to have a threshold for positivity in 
the 95th percentile. Of the 74 cancer cases, there 
were 50 serous carcinomas, 7 endometrioid, 6 
clear cell, and 5 adenocarcinoma cancers; with 
31 early-stage cases and 41 advanced stage. In 
high-risk patients, HE4 had the highest sensitiv-
ity at 95% and specifi city at 100%. Its other com-
monly used counterpart, CA-125, had a 95% 
sensitivity and 81% specifi city, identifying 79% 
of the high-risk and 68% of the early-stage cases. 
The symptom index alone demonstrated a sensi-
tivity of 64% and specifi city of 88%. In this study, 
HE4 and CA-125, either independently or in 
combination, performed better than the symptom 
index. HE4 slightly outperformed CA-125 (100% 
vs. 79% sensitivities and similar 95% specifi ci-
ties) in high-risk women, the population of great-
est interest because it is the only group for whom 
screening is currently strongly recommended.   

   Diagnostics 

 The Risk of Ovarian Malignancy Algorithm 
(ROMA) provides a mathematical calculation to 
predict malignancy risk based on menopausal 
status. Its initial study combined serum HE4 and 
CA-125 levels to assess the risk of developing 
epithelial ovarian cancer in patients with an ovar-
ian cyst or pelvic mass  [  21  ] . Given that ROMA is 
a feasible and relatively low-cost approach, other 
groups have readily investigated its performance 
prospectively. The area under the curve (AUC) is 
widely recognized as the measure of a diagnostic 
test’s discriminatory capability. A value of 1.0 
indicates a perfect test (100% sensitive and 100% 
specifi c) while a value of 0.5 indicated no dis-
criminatory value (essentially random). Van Gorp 

et al. evaluated preoperative HE4 and CA-125 
levels in 389 women  [  22  ] . The diagnostic perfor-
mance of each marker, as well as that of ROMA, 
was examined. Of those malignant tumors, 
ROMA’s AUC of 0.89 was equivalent to CA-125’s 
AUC of 0.88 although slightly better than HE 
(AUC = 0.86). In postmenopausal women, ROMA 
offered a 91% sensitivity and a specifi city of 
66%. In all, the Belgium group concluded that 
HE4 and ROMA offered no improvement beyond 
CA-125 alone. Also recently, a U.S. group pub-
lished their results from a prospective, multi-
center blinded trial of 472 women presenting to 
their health-care provider (across specialties) 
with an adnexal mass  [  23  ] . Preoperative serum 
HE4, CA-125, and ROMA were analyzed. 
Pathology deemed 89 women as harboring a 
malignant mass with 39 of them being epithelial 
ovarian cancers. In the postmenopausal women, 
ROMA had a sensitivity of 92% and a specifi city 
of 76% compared to 100% and 74%, respectively 
for their pre-menopausal counterparts. 
Considering all comers, ROMA offered 94% sen-
sitivity, 75% specifi city, and a negative predic-
tive value of 99%. The authors concluded that in 
this study examining real life clinical scenarios 
(i.e., greater external validity), ROMA can be 
supported as a tool to triage women to gyneco-
logic oncologists. 

 In 2009, Vermillion, Inc developed Ova1, an 
assay to detect malignancy in a pelvic mass and 
claiming to measure the levels of fi ve proteins in 
blood (CA-125, transferrin, transthyretin, apo AI, 
and beta-2 microglobulin) to derive a single 
numerical value between 0 and 10; where 10 
refl ects the highest level of probability for malig-
nancy  [  24  ] . The algorithm used to arrive at a 
score remains proprietary. Recently, a study 
involving nearly 600 women compared the clini-
cal performance of Ova1 relative to CA-125  [  25  ] . 
Both in early and late-stage ovarian malignan-
cies, the multiplexed analyses outperformed 
CA-125. For instance, the assay detected 75% of 
malignancies missed by CA-125 alone and when 
combined with physician assessment, sensitivity 
improved to 86%. Increased sensitivity occurred 
at the expense of decreased specifi city, resulting 
in nearly twice as many false-positives as CA-125 
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alone. While this may not be so problematic in 
women already undergoing surgery for suspi-
cious masses, concerns heighten in the context of 
general screening of large numbers of asymp-
tomatic women.  

   Prognostic Biotargets 

 Predicting prognosis for individuals with ovarian 
cancer and identifying predictive factors that can 
guide therapy that will impact the course of the 
disease remain some of the most important goals 
in the management of the most fatal of all gyne-
cologic malignancies. The current “gold stan-
dard” for prognosis uses patient, surgical, and 
tumor characteristics. The most powerful predic-
tors of outcome likely refl ect intrinsic biology 
and include tumor grade, histologic subtype, size, 
debulkability (size of tumor leaving the operating 
room), and stage (the extent to which the disease 
has spread). Prognostic factors are notoriously 
inaccurate as inevitably some patients with the 
most favorable prognostic features die of recur-
rent disease (10% of stage I and 25% of stage II), 
while we can still cure 25% of patients with 
advanced metastatic and bulky tumors with poor 
prognostic features. 

 This prognostic uncertainty and the drive to 
identify predictive factors by which we can select 
novel and targeted therapy drive researchers to 
look beyond traditional markers and test and val-
idate molecular and genomic biomarkers, which 
are anticipated to soon complement or even 
eclipse traditional factors, further clarifying prog-
nosis and treatment selection.  

   Traditional Prognostic Biotargets 

 A surgical diagnosis remains the standard of care 
for all ovarian cancer patients. Surgery serves to 
establish the diagnosis and accurately determine 
clinical and pathological prognostic variables. 
A proper staging laparotomy includes a total 
abdominal hysterectomy, bilateral salpingo-
oophorectomy, node dissection, multiple perito-
neal biopsies, exploration, and peritoneal lavage 

with cytology. Pathologic evaluation of these 
specimens defi nes stage. The stage classifi cation 
of patients is based upon the FIGO system and 
correlates well with a 5-year survival at the time 
of diagnosis. It is important to note, however, that 
there are major differences in survival reported 
for patients within the same FIGO stage  [  1  ]  Table 
 14.1 . This variability and lack of continuity high-
lights the inadequacy of stage as a prognostic fac-
tor, yet nonetheless is highly regarded as the most 
dependable means of prognosis and the manage-
ment of treatment. 

 Aside from staging, the laparotomy also 
allows the surgeon to physically remove as 
much tumor as possible, and the volume of 
residual disease following their cytoreductive 
surgery is highly prognostic  [  26  ] . Optimal 
cytoreduction is arbitrarily defi ned as less than 
1 cm of residual tumor remaining after surgery, 
typically associated with a nearly 2-year (22-
month) improvement in median survival, com-
pared with patients who have less than optimum 
(suboptimal) resection  [  1  ] . The Gynecological 
Oncology Group (GOG) reported a 37-month 
median survival for patients with residual dis-
ease less than 1 cm, whereas patients that have 
residual disease  between 1 and 2 cm, had a 
median survival that was 31 months, and patients 
with disease greater than 2 cm had a mean sur-
vival of only 21 months  [  27  ] .  

 All epithelial ovarian cancers are assigned a 
tumor grade depending on the degree of differen-
tiation of the tumor cells (grades 1–3), correlated 
with patient prognosis. Epithelial ovarian cancers 
are classifi ed by their pathologic appearance into 
histologic subtypes, and include serous (most 
common), endometrioid, and less commonly, clear 
cell, transitional, squamous, mucinous, mixed, 

   Table 14.3    Traditional prognostic factors in ovarian 
cancer   

 FIGO stage 
 Tumor grade 
 Histologic subtype 
 Age 
 Performance status 
 Presence of ascites 
 Residual disease following cytoreductive surgery 
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and undifferentiated subtypes. These subtypes 
have substantial clinical differences and refl ect 
different origins, and molecular drivers that impact 
presentation and prognosis  [  1  ] . Approximately 
75% of papillary serous carcinomas of the ovary 
are diagnosed at an advanced stage while only 
approximately 40% of mucinous, endometrioid 
and clear cell carcinomas are diagnosed in the 
advanced stages  [  28  ] . When controlling for stage, 
in multivariate analysis, histologic grade (1 well, 2 
moderately, and 3 poorly differentiated) and sub-
type remain important prognostic factors. Early-
stage, patients with endometrioid and mucinous 
tumors have a 10-year disease-specifi c survival of 
85 and 79%, respectively, while those patients 
with clear cell and high-grade serous tumors have 
a 10-year disease-specifi c survival of 70% and 
57%, respectively  [  29  ] . In addition, clear cell and 
mucinous tumors have a dramatically poorer prog-
nosis compared to endometrial and serous tumors 
when diagnosed in late-stage disease. 

 Universally important prognostic factors also 
used in ovarian cancer are performance status 
and age Table  14.3 . Based on 2,000 patients 
enrolled in six different phase III trials, the GOG 
identifi ed age and performance status as two of 
the three major prognostic factors, with the third 
being volume of residual disease  [  30  ] . When tak-
ing into account all FIGO stages, women younger 
than 45 years at diagnosis have a 5-year survival 
rate as high as 67% compared to 12% for patients 
older than 80 years  [  31  ] . Overall, reproducible 
independent factors that prolong survival include 
younger age, early-stage, low-tumor grade and 
residual tumor volume, and rapid rate of tumor 
response.  

   CA-125 

 CA-125 was the 125th, and is still the best-char-
acterized serum marker for ovarian cancer. Initial 
CA-125, the rate of fall on chemotherapy, and the 
fi nal value are all prognostic factors in patients 
with advanced epithelial cancer  [  32–  34  ] . Patients 
with persistently elevated levels of CA-125 (che-
motherapy refractory disease) have a dismal 
prognosis. Multiple investigators have suggested 

important thresholds for preoperative CA-125 
concentration (>65 U/L or >500 U/mL associated 
with a worse prognosis) or post-chemotherapy 
values associated with a greater change of cure 
(<35, <20, <15, <12, and <10 U/mL)  [  35  ] . The 
rate of decline of the CA-125 marker is perhaps 
the most important dynamic prognostic indicator 
during chemotherapy with a 50% decline in less 
than 20 days was associated with signifi cantly 
improved survival (28 months vs. 19 months) as 
compared to greater than 20 days  [  36  ] , and the 
time to complete marker remission (<35 U/mL) 
consistently predictive of survival  [  37  ] .  

   Molecular Prognostic Biotargets 

   Ploidy 

 Aneuploidy is defi ned as an abnormal number of 
chromosomes. Cells that compose a tumor may 
be described in terms of their overall DNA con-
tent as compared to that of normal tissue. When 
this distribution is not in balance, aneuploidy 
occurs, and is believed to occur in approximately 
70% of human tumors  [  1  ] . Ploidy studies of epi-
thelial ovarian cancer have detected aneuploidy 
in 0–34% of borderline tumors (grade 0) and in 
50% or more of invasive carcinomas  [  38  ] . Many 
ploidy studies that have included advanced-stage 
disease have also reported a signifi cant adverse 
association between aneuploidy and median time 
to recurrence or long-term survival  [  38  ] . 
Unfortunately, ploidy status as a prognostic bio-
marker lacks signifi cant substantiated evidence. 
As such, the characterization and quantifi cation 
of ploidy has been diffi cult and a number of stud-
ies have not confi rmed its prognostic value  [  39  ] .  

   TP53 

 Mutations in p53 are the most frequent genomic 
abnormality in human cancers, including ovarian 
cancer  [  40  ] . p53 is a major cell cycle regulator 
and mediates the cell response to DNA damage. 
The prognostic value of TP53 mutation in ovar-
ian cancer has provided confl icting prognostic 
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results, which may result in part from differences 
in assessment including the utilization of differ-
ent antibodies, genomic analysis and more recent 
technologies  [  41  ] . To date, there have been 
approximately 30 studies analyzing the prognos-
tic value of mutated p53 for ovarian cancer. 
Eighteen of these studies utilize immmunohis-
tochemical staining, while 12 determined the 
genomic status of p53. Two separate studies 
reported that positive immunostaining with the 
D01 antibody was an independently poor prog-
nostic variable, while another study reached the 
same conclusion utilizing the PAb1801 antibody. 
While these data are suffi cient to suggest that, 
utilizing p53 immunohistochemistry, one can 
detect an adverse prognostic factor in univariate 
analysis, only few studies have yielded signifi -
cant results in a multivariate model  [  41  ] . 
Unfortunately, only two studies have shown a 
mutation in TP53 to be an adverse prognostic 
factor after a multivariate analysis, and to date, 

there is no consistent evidence suggesting that 
TP53 mutation alone is an independent adverse 
prognostic factor in ovarian cancer. A more recent 
comprehensive analysis of p53 has yielded 
another possible reason for the lack of substanti-
ated data concerning the prognostic value of 
mutated p53. The mutation rate of p53 for serous 
tumors has been as high as 97%  [  42  ] . These data 
suggest that all of these cancers have disruption 
of the p53 pathway. However, important remain-
ing issues include the possibly differential impact 
of specifi c mutation types (missense, deletion, or 
truncation), on clinical behavior  [  43–  69  ]  
(Tables  14.4  and  14.5 ).    

   P53 and MDM2 

 Recent studies have also looked to MDM2, a 
(murine double minute-2) gene that is a proto-
oncogene encoding a nuclear protein that 

   Table 14.4    Studies    relating p53 immunostaining to survival   

 References  Antibody  Positive staining (%)  Sample size  Univariate analysis  Multivariate analysis 

  [  43  ]   D07  72  54 (stages II 
and IV only) 

 NS  NS 

  [  44  ]   CM1, PAb240, 
PAb1801 

 52  61  NS  NS 

  [  45  ]   D01 
 PAb1801 
 D07 
 RSP53 
 Bp53-12 

 Quantitative  73  Worse prognosis  Worse prognosis 

  [  46  ]   D07, BP53-12  53.7  82  Worse prognosis  NS 
  [  47  ]   PAb1801  Quantitative  83  Worse prognosis  Worse prognosis 
  [  48  ]   CM1  45  89  Worse prognosis  NS 
  [  49  ]   D07  47  90  NS  NS 
  [  50  ]   D07  47  93  Not conducted  NS 
  [  51  ]   D07  44  105  NS  NS 
  [  52  ]   D07  48.6  107  NS  NS 
  [  53  ]   PAb1801  50  107  NS  Not conducted 
  [  54  ]   D07  59  134  Worse prognosis  NS alone 
  [  55  ]   D07  52  162  NS  Not conducted 
  [  56  ]   D07  48.5  171  NS  NS 
  [  57  ]   D01  49  185  Worse prognosis  Worse prognosis 
  [  58  ]   D07  14  187  Worse prognosis  Not conducted 
  [  59  ]   PAb1801  62  284  Worse prognosis  NS 
  [  60  ]   D07  53  783  Worse prognosis  NS 
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 negatively regulates the transcriptional activating 
function of p53. The MDM2 protein can bind to 
and interfere with the p53 protein, suggesting 
that overexpression of MDM2 results in a bio-
logical effect similar to the mutational inactiva-
tion of p53  [  70  ] . IHC evaluation of tumor 
specimens from 82 patients treated with the same 
regimen indicates that 54 and 33% of the cases 
stained positive for p53 and MDM2, respectively. 
Since p53 expression is associated with serous 
type, higher grade, positive cytology, residual 
tumor, and stage of disease, it supplemented the 
MDM2 expression predicted of chemosensitivity 
related with higher grade. The co-expression of 
p53 and MDM2 was also associated with poor 
outcome  [  46  ] . After conducting a multivariate 
analysis, it was revealed that FIGO stage, MDM2 
expression, response to chemotherapy, and opti-
mal cytoreduction were signifi cant independent 
prognostic factors of survival.  

   BRCA 1/2 

 The majority of families with multiple cases of 
ovarian cancer and breast cancer have inherited 
mutations in the BRCA 1/2 genes. BRCA 1/2 
play important roles in the repair of DNA via 

homologous recombination. As such, cells carrying 
defects in BRCA 1 or BRCA 2 produce error-
prone cells with high levels of damage that 
compromise the viability of the cell. Of interest, 
recent research has also suggested that patients 
with mutations at BRCA 1 and BRCA 2 sites may 
have a better prognosis  [  71  ] . Multiple studies 
have reported that the survival of patients with 
BRCA-associated ovarian cancer is better when 
compared to the survival in women with sporadic 
ovarian cancer. The mechanism underlying the 
improved survival of these patients is under 
intense debate. Whether BRCA-associated 
tumors respond better to current therapies or if it 
is due to the natural history of ovarian cancer in 
the two subgroups remains unclear. A study of 
consecutive cases of ovarian cancers, which com-
pared BRCA-associated ovarian cancers to spo-
radic ovarian cancers at the same institution, 
found that BRCA mutation status was a favorable 
and independent predictor of survival for women 
with advanced disease  [  71  ] . More specifi cally, 
Cass et al. reported that BRCA 1 mutation carriers 
with ovarian cancer had a higher response rate to 
primary therapy than did matched noncarriers. 
Carrier patients with advanced disease had better 
overall survival, with 91 months for BRCA1 car-
riers versus 54 months for noncarriers of the 

   Table 14.5    Studies relating TP53 mutation by direct sequencing to survival   

 References  Method  Exons 
 Mutation 
rate (%)  Sample size  Univariate analysis  Multivariate analysis 

  [  61  ]   SSCP/direct  5–8  63  27 (endometrioid 
histologies only) 

 Worse prognosis  Worse prognosis 

  [  62  ]   SSCP  4–8  41.9  31  NS  Not conducted 
  [  63  ]   DGGE  2–11  64.4  45  NS  Not conducted 
  [  64  ]   Direct  2–11  32  68 (early-stage 

cancers only) 
 Worse prognosis  Not conducted 

  [  65  ]   SSCP/direct  5–8  44  73  NS  Not conducted 
  [  66  ]   SSCP/direct  5–8  39  82  NS  Not conducted 
  [  40  ]   Direct  2–11  74  109  Improved prognosis 

in short term, lost in 
long term 

 Not conducted 

  [  68  ]   TTGE/direct  2–11  73.4  109  NS  Not conducted 
  [  56  ]   SSCP/direct  2–11  57.3  171  Null-worse prognosis  Null-worse prognosis 
  [  67  ]   TTGE/direct  2–11  28.9  178 (early-stage 

cancers only) 
 NS  Not conducted 

  [  69  ]   SSCP/direct  2–11  55.6  178  Worse prognosis  NS 
  [  41  ]   SSCP/direct  4–10  47  267  NS  Not conducted 
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BRCA1 mutation  [  72  ] . Further, women with 
BRCA1 mutations were diagnosed with ovarian 
cancer at a younger average age of 52.6 years, 
compared to 58.8 years for carriers of BRCA 2 
mutations and 57.3 years for the nonhereditary 
cases. If diagnosed at a younger age, patients are 
more likely to have a favorable prognosis 
(Table  14.6 ).    

   Cyclin-E 

 Cyclins are proteins that are key regulators of the 
cell cycle movement. They bind to and activate 
cyclin-dependent kinases to push the cell through 
the cell cycle by raising or lowering the level of 
specifi c cyclin members D, E, A, and B. Cyclin E, 

   Table 14.6    Summary of studies reporting survival in ovarian cancer cases with a germline mutation in BRCA1/2 
compared with noncarriers   

 References  Population  Carriers  Sporadic  Survival results 
  P  for Carriers 
vs. Noncarriers 

  [  73  ]   Consecutive cases; 
BRCA1: stages III–IV; 
matched controls by age, 
stage, grade and 
histology 

 43  NA  Median survival  <0.001 

  [  74  ]   High-risk families; 
BRCA1 

 13  29  5-year survival: BRCA1 
carriers, 78.6%; controls, 30.3% 

 <0.05 

  [  75  ]   Familial BRCA1 
carriers; age- and 
stage-matched controls 

 38  97  Hazard ratio = 1.2; 95% 
Cl, 0.5–2.8 

 NS 

  [  76  ]   High-risk families; 
sporadic cases 

 151  119  5-year survival: BRCA1 
carriers, 21%; BRCA2 carriers, 
25%; noncarriers, 19% 

 NS 

  [  77  ]   Consecutive cases; 
BRCA ½ tissues; Jewish 
Origin 

 88  101  5-year survival: BRCA ½ 
carriers, ~47%; noncarriers, 
~22% 

 BRCA 1/2 vs. 
noncarriers, 
 P  = 0.004; BRCA1 
vs. noncarriers, 
 P  = 0.008   ; BRCA2 
vs. noncarriers, 
 P  = 0.09 

  [  78  ]   Familial cases; BRCA 
1/2 

 23  17  5-year survival: BRCA ½ 
carriers, ~40%; noncarriers, 
~46% 

 NS 

  [  79  ]   Consecutive cases; 
Jewish origin; BRCA 1/2 

 27  71  Median survival: BRCA 1 
carriers, 52 months; BRCA 2 
carriers, 49 months; noncarriers, 
35 months 

 NS 

  [  80  ]   Incidence cases; Jewish 
origin; BRCA 1/2 

 229  549  3-year survival: BRCA ½ 
carriers, 65.8%; noncarriers, 
51.9% 

 <0.001 

  [  81  ]   Incidence cases: BRCA 1 
carriers; stage-matched 
noncarriers 

 24  24  Medial survival: BRCA1 
carriers, 4.5 years; noncarriers, 
4.6 years 

 NS 

  [  82  ]   Consecutive cases, 
BRCA 1/2; Jewish 
Ashkenazi; stages III–IV 

 29  25  Median survival: BRCA ½ 
carriers, 91 months; noncarriers, 
54 months 

 0.046 

  [  83  ]   Familial cases: BRCA 1  30  100  5-year survival: BRCA1 
carriers, 33%; noncarriers, 23% 

 NS 

  [  84  ]   Population-based 
sample, BRCA 1/2 

 32  200  4-year survival: BRCA 1 
carriers, 37%; BRCA 2 carriers, 
87%; noncarriers, 12% 

 BRCA1 vs. 
noncarriers, 
 P  = 0.17; BRCA2 
vs. noncarriers, 
 P  = 0.013 
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in particular, binds cyclin-dependent kinases to 
move the cell through mitosis. Over expression 
of cyclin E has been shown to ascribe a poor 
prognosis in advanced-stage ovarian cancer. 
Immunohistochemical expression of cyclin E was 
evaluated in 139 suboptimally debulked epithelial 
ovarian cancer specimens from patients enrolled 
in a prospective randomized clinical trial. High 
cyclin E expression (greater than or equal to 40% 
cyclin E-positive tumor cells) was seen in 45% of 
the suboptimally debulked advanced ovarian can-
cer patients  [  42  ] . Expression of cyclin E was not 
associated with age, race, stage, grade, cell type, 
or amount of residual disease. High versus low 
cyclin E expression was associated with a shorter 
mean survival of 29 months versus 35 months and 
worse overall survival  [  42  ] . 

   Angiogenesis Markers and VEGF 

 Vascular endothelial growth factor (VEGF) is the 
best understood of the angiogenic growth factors 
and their receptors and has been identifi ed as an 
important regulator of angiogenesis. VEGF 
expression can be detected in all stages of ovar-
ian cancer and has been found to be associated 
with a poor prognosis and a shorter survival. The 
VEGF family of peptides and their receptors play 
a pivotal role in the process that stimulates the 
formation of new blood vessels of cancerous 
tumors. Furthermore, VEGF is an important 
autocrine growth factor in ovarian cancer, infl u-
encing the tumor directly by protecting the can-
cer cells from apoptosis  [  85  ] . Several studies 
reported an association between high VEGF lev-
els and prognostic markers such as disease stage, 
grade, and it is prognostic for disease-free sur-
vival time (DFS), and cancer-related death (OS) 
 [  85  ] . Numerous studies have reported high VEGF 
levels in ovarian cancer patients associated with 
advanced tumor stage, metastasis, poor disease-
free survival, and shortened overall survival  [  86  ] . 
Additionally, overexpression is directly associ-
ated with the production of ascites. When VEGF 
pathways are inhibited, ascites formation is dis-
rupted  [  85  ] . Frustratingly, no antiangiogenic 
parameter has been confi rmed to be predictive of 

benefi t from bevacizumab, the monoclonal 
antibody against VEGF  [  87  ] .  

   Maspin 

 Maspin (mammary serine protease inhibitor) is a 
member of the serine protease inhibitor super-
family. Multiple studies indicate that maspin sup-
presses tumor growth, angiogenesis, invasion, 
and metastasis. Interestingly, maspin has been 
shown to be over expressed in ovarian cancer 
compared to normal human ovarian tissue  [  88  ] . 
Maspin is upregulated in borderline tumors and 
the early stages of ovarian carcinoma and then 
signifi cantly downregulated with malignant 
transformation. Paradoxically, high expression 
may promote the invasion and metastasis of ovar-
ian carcinomas, therefore rendering low expres-
sion levels of maspin as an indicator of longer 
survival  [  88  ] . In other studies focusing on 
advanced-stage epithelial ovarian cancer, non-
detectable maspin is associated with subopti-
mally debulked disease and may be an independent 
predictor of an increased risk of progression 
and death  [  72  ] . Further studies are needed to 
 validate these exploratory claims, and the prog-
nostic relevance of maspin expression remains 
controversial.  

   Signal Transduction Molecules: 
EGF and HER Signaling 

 The EGF family of peptides and their receptors are 
implicated in tumor development and progression 
via effects on the cell cycle, apoptosis, angiogene-
sis, tumor cell motility and metastasis  [  89  ] . The 
EGFR superfamily (counting several members) is 
overexpressed and/or dysregulated in numerous 
cases of epithelial ovarian cancer. A poor prognos-
tic factor and expression of EGF and EGFR were 
found to be signifi cantly higher in patients with 
mucinous cystadenocarcinomas than in mucinous 
LMP tumors  [  90  ] . Further, in a series of 226 patients 
with early-stage epithelial ovarian cancer, EGFR 
(ERB1) status was a signifi cant independent prog-
nostic factor with regard to disease-free survival. 
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 The c-erbB-2 oncogene expresses a trans-
membrane protein, p185, also known as HER-2/
NEU. In ovarian cancer, 9–38% of patients have 
elevated levels of p105, the extracellular domain 
of the HER-2/NEU protein  [  91  ] . While other 
reports have asserted that the measurement of 
HER-2/NEU alone or in combination with 
CA-125 is not useful for differentiating benign 
from malignant ovarian tumors  [  92  ] , elevation of 
p105 in serum or the overexpression immunohis-
tochemically of HER-2/NEU in tumors has cor-
related with an aggressive tumor type, advanced 
clinical stages, and poor clinical outcome  [  93  ] . 

 Meden et al. were some of the fi rst to investi-
gate the prognostic value of EGFR (c-erbB-1), 
comparing it to the overexpression of the c-erbB-2 
oncogene product p185 in ovarian cancer. These 
data, unfortunately, yielded results that questioned 
the value of EGFR as a reliable prognostic bio-
marker. The study was conducted on 266 newly 
diagnosed ovarian cancer patients with FIGO 
stage I through IV disease that had yet to embark 
on any treatment regimen. The EGFR and 
c-erbB-2 oncogene product p185 were evaluated 
using immunohistochemistry. EGFR was detected 
in 13% of the patients while the c-erB-2 oncogene 
product p185 was detected in 18% of primary 
tumors. EGFR showed no signifi cant impact on 
the survival time, whereas c-erbB-2 oncogene 
product p185-positive patients had a signifi cantly 
worse prognosis compared to p185 negative 
cases. In the multivariate analysis, p185, like 
tumor stage, histological grade, and age, was 
found to be a signifi cant prognostic factor  [  94  ] . 
These data confi rm the prognostic importance of 
the c-erbB-2 oncogene product p185 in ovarian 
cancer at the time of primary surgery, while 
EGFR does not seem to hold any prognostic 
relevance. 

 Conversely, Nicholson et al. examined the 
relationship between EGFR expression and can-
cer prognosis based on literature compiled on 
PubMed between 1985 and 2000. More than 200 
studies were identifi ed that analyzed progression-
free-interval or survival data directly in relation 
to EGFR levels in over 20,000 patients. Analysis 
of these data showed that ten cancer types, 
including ovarian cancer, express elevated levels 

of EGFR relative to normal tissues. The EGFR 
was found to act as a strong prognostic indicator 
in head and neck, ovarian, cervical, bladder and 
esophageal cancers. In these cancers, increased 
EGFR expression was associated with reduced 
recurrence-free or overall survival rates in 70% 
of studies  [  95  ] . Frustratingly, the prognostic sig-
nifi cance is inconsistently reported  [  96  ] , and the 
expected predictive benefi t of anti-HER-2/neu 
therapy, such as trastuzumab, has been very dis-
appointing  [  97  ] . However, novel antibodies such 
as MM-121 and pertuzumab are being investi-
gated, as HER-3 down regulation may refl ect 
HER-2 drive to tumor  [  98  ] .   

   Aurora-A 

 Aurora kinase A (Aurora-A) is a gene known to 
affect genomic instability and tumorigenesis 
through cell cycle dysregulation and BRCA2 
suppression. Its over-expression is thought to 
contribute to the extensive aneuploidy seen in 
epithelial ovarian cancers. Aurora-A protein 
expression is strongly linked with poor patient 
outcome and aggressive disease characteristics. 
Further, over expression of Aurora-A predicted 
poor overall and disease-free survival  [  99  ] . 
Further studies using independent sets of tumors 
will need to be performed in order to accurately 
assess the value of Aurora-A expression as a 
prognostic factor.  

   Genomic Profi les 

 The genomic revolution has provided new tech-
nologies, which can detail the molecular signa-
ture of many tumors. These studies have utilized 
a broad number of genomic platforms including 
cGH, gene expression profi ling, and methylation 
patterns. The results of these studies have pro-
vided investigators with a variety of potential 
new and novel prognostic biomarkers. These sig-
natures could potentially stratify patients accord-
ing to prognosis. Such biomarkers may identify 
patients with advanced-stage disease in whom 
standard therapeutic interventions are likely to be 
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ineffective, thus identifying potential candidates 
for experimental treatments. 

 Tothill et al. attempted to identify novel 
molecular subtypes of ovarian cancer by gene 
expression profi ling with linkage to clinical and 
pathologic features. Using high-density expres-
sion oligonucleotide microarrays for profi ling 
285 well-annotated serous and endometrioid 
invasive ovarian, fallopian, and peritoneal can-
cers, they found six potential subsets of ovarian 
cancer. These tumor subsets had different acti-
vated biochemical pathways and patient survival. 
Two subtypes represented predominantly serous 
low malignant potential and low-grade endo-
metrioid subtypes. The remaining four subtypes 
represented higher grade and advanced-stage 
cancers of serous and endometrioid morphology. 
Among their discoveries was a novel subtype of 
high-grade serous cancers refl ecting a mesenchy-
mal cell, with overexpression of N-cadherin and 
P-cadherin and low expression of differentiation 
markers, including CA 125 and MUC1. A reac-
tive stroma gene expression signature defi ned a 
poor prognosis subtype, correlating with exten-
sive desmoplasia. Each subtype also displayed 
distinct levels and patterns of immune cell infi l-
tration. Class prediction identifi ed similar sub-
types in an independent dataset with similar 
prognostic trends  [  42  ] . The precise clinical value 
of these subsets remains to be defi ned. 

 Conversely, another large-scale genomic 
study by Bonome et al. used gene expression 
profi ling to identify a prognostic signature 
accounting for the distinct clinical outcomes 
associated with ovarian cancer. They analyzed a 
series of advanced stage, high-grade ovarian 
cancer specimens using the Affymetrix human 
U133S gene chip oligonucleotide expression 
array. No clear subsets of these tumors were 
identifi ed  [  100  ] . Although the algorithm suc-
cessfully identifi ed a validated signature for sub-
optimal tumors, it was unable to do so for 
optimally debulked patients. The expression of 
these genes signifi cantly affects the survival of 
this particular patient group by defi ning tumor 
biology and as such, clinicians could use these 
genes to serve as possible targets to determine 
individualized therapeutic intervention, not only 

facilitating management of the disease, but also 
identifying optimal therapeutic targets. 

 Mok et al. identifi ed and confi rmed a gene 
expression signature correlating with poor sur-
vival in microdissected advanced serous ovarian 
tumors. They performed expression profi ling on a 
series of late-stage, high-grade papillary serous 
ovarian adenocarcinomas to identify a prognostic 
gene signature, using similar methods employed 
by Bonome et al., with an independent evaluation 
to confi rm the association of a prognostic gene 
microfi bril-associated glycoprotein 2 (MAGP2) 
with poor prognosis. MAGP2 promotes tumor 
epithelial cell survival as well as stimulates 
endothelial cell motility and survival. Their work 
managed to develop a prognostic gene signature 
of biological signifi cance, where increased 
MAGP2 expression correlated with microvessel 
density suggesting a proangiogenic role in vivo, 
indicating poor prognosis, and identifying MAGP2 
as a possible ovarian cancer target  [  101  ] .  

   Conclusion 

 Progress in the treatment of ovarian cancer over 
the past 20 years has resulted in prolongation of 
patients’ survival, without an equal improvement 
in the rate of cured patients. Through the use of 
genomic, proteomic, and transcriptional profi ling 
methods on DNA, RNA, and protein levels in 
tumors, blood, and urine, scientists are looking to 
identify tumor markers with acceptable sensitiv-
ity and specifi city. It is clear that detection of a 
greater fraction of ovarian cancers in the early 
stage might signifi cantly affect survival. While 
promising leads have been made in this regard, 
statistical evidence of a single and reliable bio-
marker has proved to be elusive. There are no 
fully validated, clinically relevant prognostic 
markers for ovarian cancer currently available. 
Of course, the absence of evidence is not evi-
dence of the absence. There is an urgent need for 
new and more sensitive tumor markers, and as 
technology advances in the fi eld of genetics and 
proteomics, it is highly likely that several new 
tumor markers will be discovered. Conceptually, 
there are many limitations in attempting to detect 
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biomarkers as a dependent prognostic factor. 
Current discovery efforts are highly variable, not 
only in methods of marker identifi cation, but also 
in study design and patient selection. Moreover, 
there is the danger of bias and problems of 
 overfi tting the data, as well as the handling and 
storing of clinical specimens. There is also great 
hardship in distinguishing studies that are look-
ing for new biomarkers for disease and studies 
seeking to validate a new biomarker. Nonetheless, 
these studies need to undergo rigorous validation 
to assess their clinical value.      
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    Introduction 

 An estimated 43,470 women in the USA devel-
oped endometrial cancer in 2010  [  1  ] . Historically, 
endometrial cancer has been categorized by his-
tology, demographics, and behavior into low risk 
(type I) and high risk (type II)  [  2  ] . Over the last 
25 years, there has been an explosion of informa-
tion about the relationship between disruption of 
cellular controls and the development of cancer. 
The categorization of endometrial cancer as type 
I and II continues to be used to describe the his-
tology of endometrial cancers, its behavior clini-
cally, and to evaluate prognostic information. 
Type I cancers comprise about 80% of endome-
trial cancers and are believed to be associated 
with a favorable prognosis. Type I cancers are 
associated with unopposed estrogen, obesity, and 
metabolic syndrome. They are associated with 
the premalignant histological fi eld defect of 
endometrial hyperplasia and have an endometri-
oid histology.    Type II cancers, on the other hand, 
are associated with older age, higher grade, and 

lack of estrogen receptors, and are predominantly 
serous histology. Type II cancers either present at 
late stage or are associated with a high likelihood 
of recurrence despite diagnosis at an early stage. 

 This chapter reviews current knowledge of 
genetic and molecular mechanisms of malig-
nancy and its implication for strategies at preven-
tion and treatment in endometrial cancer.  

   Categorization of Endometrial 
Cancer 

 Endometrial cancer has been further classifi ed by 
the knowledge derived from the available scien-
tifi c tools of each decade. Originally, this cancer 
was described both by the symptoms and charac-
teristics of the women who suffered from it. With 
improving surgical techniques, endometrial cancer 
became classifi ed by a surgical staging system. 

 As the fi eld of pathology evolved, histologic 
subsets of endometrial cancer were identifi ed. 
Immunohistochemistry and a knowledge of hor-
mone receptors led to the addition of receptor sta-
tus. With the advent of analytic methods to 
quantitate DNA and chromosomal analysis, ploidy 
status and chromosomal shifts were discovered. 

 Genetic associations for endometrial cancer 
were fi rst described by family trees. With loss of 
heterozygosity studies, actual gene mutations 
were mapped  [  3  ] . By the 1990s, with the identifi -
cation of tumor suppressor genes, loss and 
amplifi cations of certain genes were linked with 
various types of endometrial cancers. For instance, 
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loss of heterozygosity studies identifi ed the p53 
mutation on chromosome 17p in endometrial 
cancer  [  4  ] . Currently, knowledge about the cell 
signaling pathways that control the processes of 
cell growth and death have helped identify key 
pathways that, when altered, lead to malignant 
transformation.  

   Symptoms 

 Abnormal bleeding is the single most important 
symptom. Any postmenopausal bleeding, regard-
less of quantity, should be evaluated by tissue 
sampling to rule out a malignancy. Forty percent 
of endometrial cancers occur before menopause, 
and 5% occur before age 40 years. Intermenstrual 
bleeding or excessive and changing menses may 
be hallmarks of malignant or premalignant 
changes within the endometrium and should also 
be evaluated by biopsy. 

 Table  15.1  lists possible presenting symptoms 
for endometrial cancer. As the cancer grows, 
involving surrounding organs, additional symp-
toms such as urinary frequency, pelvic and back 
pain, and leg swelling from compression of pel-
vic vessels, occur. However, endometrial cancers 
may have no other symptoms beyond a change in 
the bleeding pattern. Some women may have 
developed cervical stenosis either from atrophy 
or scarring from prior surgical procedures. In the 
setting of cervical stenosis, they may not have 
any bleeding and may present with hematome-
tria, or a blood-fi lled uterus.   

   Clinical Characteristics 

 Clinical features of women who develop endo-
metrial cancer are usually those associated with 
type I cancers. Table  15.2  summarizes these fea-
tures. Comorbid conditions include hypertension, 
osteoarthritis, metabolic syndrome, type 2 diabe-
tes, and abdominal obesity  [  5  ] . The majority are 
associated with either exogenous or endogenous 
excessive or unopposed estrogen stimulation. 
Obesity is found in up to 93% of patients and 
leads to high estrone levels. Obesity is an increas-
ing problem in industrialized countries. In the 
USA, 71% of Americans were classifi ed as obese 
in 2007  [  6  ] . This is up from 61% in 1999  [  7  ] . The 
USA, however, is not alone in facing this epi-
demic of obesity and the subsequent increased 
rates of endometrial cancer. In Japan, for instance, 
endometrial cancer has had the fastest growing 
cancer incidence over the past decade  [  8  ] .  

 Hormonal hypotheses may provide some 
explanation for this. Anovulation due to exces-
sive weight and polycystic ovarian syndrome are 
also associated with a high estradiol levels and 
the absence of opposing progesterone. Estrogen 
is thought to be the most important environmen-
tal factor in the development of endometrial can-
cer. Estrogen induces the expression of TGF-alpha 
(transforming growth factor alpha) and its recep-
tor. This leads to progression through the cell 
cycle and subsequent cell proliferation. 
Intracellular signaling pathways are directly acti-
vated independently by estrogen via the nuclear 
estrogen receptor  [  8  ] . 

 Dietary hypotheses have also been presented 
as an explanation for the increasing rates of endo-
metrial cancer. Accumulation of adipose tissue 
has been identifi ed as an associated risk factor 

   Table 15.1    Symptoms and signs of endometrial cancer   

 Bleeding 
 Menorrhagia 
 Intermenstrual bleeding 
 Postmenopausal bleeding 

 Watery vaginal discharge 
 Pelvic pain 
 Urinary frequency 
 Back pain 
 Leg swelling 
 Uterine mass 
 Adnexal masses 

   Table 15.2    Clinical characteristics in endometrial cancer   

 Obesity 
 Anovulation 
 Polycystic ovarian syndrome 
 Hypertension 
 Diabetes 
 Metabolic syndrome 
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for cancer. Both type I and type II endometrial 
cancers (described in further detail below) are 
associated with subcutaneous adipose accumula-
tion. The correlation appears to be stronger for type 
I endometrial cancer  [  9  ] . A 1997 case–control 
study in Hawaii provides additional evidence for 
the important role of diet in the development of 
endometrial cancer. The authors examined role of 
dietary soy and fi ber on the risk of developing 
endometrial cancer. High fat intake had a positive 
association with risk of endometrial cancer (OR 
1.6), whereas a high fi ber intake was associated 
with a 29–46% reduction in risk. High consump-
tion of soy was also associated with a decrease in 
risk (OR 0.46). Similar risk reductions were noted 
with other phytoestrogens, such as whole grains, 
vegetables, fruits, and seaweeds  [  10  ] . A 2009 
meta-analysis of soy intake and endocrine-related 
tumors, including endometrial and ovarian can-
cers, confi rms the protective effect of a soy diet, 
with an OR of 0.71 for endometrial cancer  [  11  ] . 

 The strong association between obesity and 
endometrial cancer has been well studied. 
Diabetes has been shown to be an independent 
risk factors for endometrial cancer. New infor-
mation about molecular mechanisms for tumori-
genesis suggests that insulin resistance plays a 
role in altering the cell signaling pathways  [  12,   13  ] . 
The term “insulin resistance” encompasses overt 
diabetes as well as varying degrees of hypergly-
cemia and prediabetes. An insulin-resistant state 
is highly prevalent among women with endome-
trial cancer. In both obese and nonobese patients, 
rates of insulin resistance have been reported as 
high as 66%  [  14  ] . In addition, preclinical studies 
have demonstrated that insulin resistance accom-
panied by high circulating levels of insulin further 
potentiates the effect of estrogen on endometrial 
proliferation  [  15  ] . 

 The insulin-like growth factor (IGF) is a com-
plex system of peptide hormones, cell-surface 
receptors, and circulating binding proteins. 
Specifi cally, IGF-1 and -2, two of the peptide 
hormones, are mitogens and function to regulate 
cell proliferation, differentiation, and apoptosis. 
Their effects are mediated through the insulin-
like growth factor receptor, type 1 (IGF-R1). At 
any level in this signaling pathway, disruptions 

can lead to the development and progression of 
various cancers. IGF ligands and IGF-R1 appear 
to be the most infl uential players; when disrupted, 
they act as potent oncogenes. High serum con-
centrations of IGF-1 and IGF-2 are associated 
with an increased risk of cancers, such as breast, 
prostate, colorectal, and lung. IGF-R1 is com-
monly disturbed in many gastric, lung, and endo-
metrial cancers. In contrast, IGF-R2 is considered 
to act as a tumor suppressor gene  [  12–  14  ] .  

   Surgical Staging 

 Surgical staging of endometrial cancer has 
become the standard of care as up to 25% of 
women with apparent stage I cancers have meta-
static disease at surgery. Optimal defi nitive ther-
apy requires knowledge of the true extent of 
disease at diagnosis  [  16  ] . The New FIGO surgi-
cal staging of endometrial cancer is shown in 
Table  15.3   [  17  ] . Staging information is obtained 
during surgery after the removal of the uterus, 
adnexa, pelvic, and  para aortic lymph nodes.   

   Histology 

 Endometrial cancer can be classifi ed by its mor-
phologic appearance, the architectural and nuclear 
organization, and the presence of preinvasive 
precursors. These cancers arise from the endome-
trial glands of the lining of the uterus  [  18  ] . 
Table  15.4  lists the various histological variants 

   Table 15.3    Endometrial cancer staging   

 IA  Tumor confi ned to the uterus, no or <½ 
myometrial invasion 

 IB  Tumor confi ned to the uterus, >½ myometrial 
invasion 

 II  Cervical stromal invasion, but not beyond uterus 
 IIIA  Tumor invades serosa or adnexa 
 IIIB  Vaginal and/or parametrial involvement 
 IIIC1  Pelvic node involvement 
 IIIC2   Para aortic involvement 
 IVA  Tumor invasion bladder and/or bowel mucosa 
 IVB  Distant metastases including abdominal 

metastases and/or inguinal lymph nodes 
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and their association with either type I or type II 
classifi cation.  

 The preinvasive phase of type I endometrial 
cancer has historically been called complex atyp-
ical hyperplasia based on the complexity of the 
architecture and the presence of nuclear atypia. 
The term, endometrial intraepithelial neoplasia 
(EIN), has also been used to defi ne this premalig-
nant lesion. EIN is reported as an intrinsically 
proliferative monoclonal lesion that arises focally 
and confers an elevated risk of adenocarcinoma 
 [  19  ] . Atypical hyperplasia shares genomic altera-
tions with endometrioid cancers  [  20  ] . Type II 
endometrial cancers have been postulated to have 
a precursor lesion, endometrial intraepithelial 
carcinoma (EIC). EIC frequently coexists with 
serous papillary endometrial carcinomas and is 
hypothesized to be its precursor lesion  [  21  ] . 

 Connected with the histologic classifi cation is 
grade, a descriptive strategy dividing adenocarci-
nomas into three distinct groups based on the 
degree of architectural and nuclear disorganiza-
tion. A grade 1 tumor contains less than 5% of a 
solid nonsquamous growth pattern. A grade 2 
cancer manifests a range from 6 to 50% solid pat-
tern, and grade 3 tumors contain over 50% solid 
pattern. Increasing disorganization within the 
tumor architecture as described by grade is 
directly correlated with an increase in invasive-
ness, risk or metastases, and recurrence  [  22  ] . 
Figure  15.1  demonstrates the various grades of 
endometrioid histology. Figure  15.2  demonstrates 
clear cell and serous histologies.    

   Immunohistochemistry 

 Immunohistochemistry has been used to study 
the expression of different biomarkers in endo-
metrial cancer. Hormone receptor status (ER, 
PR), proliferation-associated indices, tumor sup-
pressor gene products (i.e., p53 protein), cell 
cycle-related proteins (i.e., cyclin D1), antiapop-
totic proteins (i.e., bcl-2), and adhesion molecules 
(i.e., CD44s) are just some of the biomarkers that 
have been investigated. Each has been shown to 
be involved in tumorigenesis. These biomarkers 
also appear to be correlated with tumor differen-
tiation and myometrial invasion and thus provide 
another tool for better understanding the biologi-
cal behavior of endometrial carcinogenesis  [  23  ] . 

 Human endometrium expresses estrogen (ER) 
and progesterone (PR) receptors (Fig.  15.3 ). The 
expression of ER and PR and their distribution 
pattern play a role in both normal endometrial 
function and pathogenesis. Positive progesterone 
receptor status correlates with better grade and 
lower risk of recurrence of the cancer. Hormone 
receptors are less likely to be present in grade 3 
cancers and in the histological subtypes associated 
with type II cancers—serous and clear cell  [  18  ] .   

   Family History 

 Endometrial cancers are presumed to develop 
after a series of genetic alterations. Inherited 
mutations in DNA repair genes associated with 
the clinical familial syndrome, hereditary non-
polyposis colon cancer (HNPCC), are associated 
with 5% of endometrial cancers  [  24  ] . HNPCC 
syndrome, also known as Lynch syndrome, pres-
ents as an autosomal dominant pattern of colon 
and endometrial cancers. Clinically, women with 
HNPCC present with endometrial cancers at least 
10 years earlier than those with sporadic cancers, 
with 49 years being the average age at diagnosis. 
The histologic appearance of HNPCC cancers is 
similar to type I cancers with well-differentiated, 
early-stage endometrioid adenocarcinoma being 
the most common  [  25  ] . 

   Table 15.4    Histologic subtypes of endometrial cancer   

  Association with clinical type I or II  
 Histology  Type 
 Endometrioid  I 
 Villoglandular  I 
 Secretory  I 
 Endometrioid with squamous differentiation  I 
 Mucinous  I 
 Serous  II 
 Clear cell  II 
 Squamous cell  ? 
 Undifferentiated  I 
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  Fig. 15.1    Histology of type I endometrial cancers. ( a ) 
Grade I endometrioid endometrial cancer; >95% greater 
gland forming. ( b ) Grade 2 endometrioid endometrial 
cancer; 50–95% gland forming. ( c ) Grade 3 endometrioid 

endometrial cancer; >50% solid elements [Courtesy of 
Dr. Rosemary Tambouret; Department of Pathology; 
Massachusetts General Hospital]       

  Fig. 15.2    Histology of type II endometrial cancers. ( a ) 
Serous endometrial cancer; all serous carcinomas are high 
grade. ( b ) Clear cell endometrial cancer; all clear cell car-

cinomas are high grade [Courtesy of Dr. Rosemary 
Tambouret; Department of Pathology; Massachusetts 
General Hospital]       
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 Unlike the familial cluster associated with 
HNPCC, a cohort of 289 Ashkenazi Jewish 
women diagnosed with endometrial cancer were 
screened for BRCA mutations—mutations linked 
to the most common familial breast and ovarian 
cancer syndrome. Despite the known relationship 
between Ashkenazi heritage and BRCA muta-
tion, there did not appear to be an association 
among this population of endometrial cancer 
with BRCA 1 or 2 mutations  [  26  ] .  

   Gene Mutations 

 For the clinical family syndrome, HNPCC, 
genetic alterations occur in MSH2, MSH6, 
MLH1, PMS1, and PMS2 genes that are impor-
tant for DNA mismatch repair  [  27,   28  ] . Loss of 
mismatch repair causes genetic mutations to 
accumulate throughout the genome. Microsatellites 
are repetitive DNA sequences in the noncoding 
areas of the genome and within genes. 
Microsatellite mutations secondary to DNA mis-
match repair gene mutations lead to microsatel-
lite instability (MSI)  [  29  ] . This is believed to 
cause inactivation of tumor suppressor genes and 
thus lead to malignant transformation. 

 MSI can occur from DNA methylation as a 
somatic epigenetic cause  [  30,   31  ] . In sporadic 
endometrial cancer, reported rates of MSI range 
from 10 to 43%  [  32  ] . MSI with DNA methylation 

has been analyzed in premenopausal versus 
postmenopausal women with endometrial cancer. 
In a group of 101 women younger than age 50 
years and 112 older women, MSI in the absence of 
DNA methylation identifi ed 13% of the younger 
cohort and 5% of the older group as having true 
germ line mutation found in HNPCC  [  33  ] . While 
MSI due to replication error repair appears com-
mon in endometrial cancer, especially earlier-
stage disease, its prognostic implications are not 
fully understood  [  34,   35  ] . 

 MSI was fi rst described in patients with 
HNPCC, and mutational analysis of DNA mis-
match repair genes is currently the standard for 
diagnosis. MSI confers a survival advantage in 
sporadic and hereditary colorectal cancer but 
may carry a poorer prognosis in breast cancer 
 [  36,   37  ] . It has also been noted that there is an 
increased incidence of ovarian cancer in women 
with HNPCC. However, while MSI in HNPCC 
related endometrial cancer is caused by the loss 
of DNA mismatch repair genes, for those HNPCC 
patients with simultaneous ovarian cancers, the 
ovarian cancers do not carry a MSI mechanism 
for malignant transformation  [  38  ] . 

 Another novel cause of HNPCC (Lynch syn-
drome) was identifi ed with a germ line mutation in 
the EPCAM gene. The deletion leads to transcrip-
tional errors and epigenetic silencing of the neigh-
boring MSH2 gene. In this cohort, those with 
deletions extending close to the MSH2 promoter 

  Fig. 15.3    Immunohistochemistry of endometrial cancer [Courtesy of Dr. Rosemary Tambouret; Department of 
Pathology; Massachusetts General Hospital]       
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showed an increased development of endometrial 
cancer  [  39  ] . 

 Eighty percent of endometrial cancers have a 
normal diploid DNA content. Aneuploidy occurs 
in the remaining 20% and is associated with 
advanced stage, high grade, nonendometrioid 
histology, and poor survival  [  40  ] . For sporadic 
type I cancers, the most common sites of chro-
mosomal gain are 1q, 8q, 10p, and 10q. 
Chromosomal losses are also observed  [  41,   42  ] . 

 Using cDNA microarray analysis, normal 
endometrial tissue was compared to malignant 
tissue. In malignancies, the 100 hormonally regu-
lated genes found in normal tissue become 
expressed in a disorderly manner in endometrial 
cancers  [  43  ] . Distinct gene expression profi les 
have been associated with different histologic 
types of endometrial cancer. Specifi cally, 
Maxwell and colleagues described 160 genes dif-
ferentially expressed among endometrioid versus 
papillary serous cancers  [  44  ] . In another microar-
ray study, 31 genes were upregulated in endo-
metrioid carcinomas, and a different 35 genes 
were overexpressed in serous and clear cell carci-
nomas  [  45  ] . Retrospective evaluation by gene 
expression profi les have shown that genes most 
associated with risk of recurrence could be used 
to further stratify an intermediate risk group of 
endometrial cancers into high risk and low risk 
for recurrence  [  46  ] . In another study using 
microarray technology, 117 genes distinguished 
endometrial cancer specimens from normal endo-
metrium. An additional 10 genes were only dif-
ferentially regulated in late-stage cancer compared 
to early stage  [  47  ] . 

 The microarray technology of the last decade 
has identifi ed the complexity of genetic altera-
tions in a quantitative manner. It was not within 
the domain of this technology to explore the 
actual molecular and subcellular alterations lead-
ing to malignant transformation but has led to 
some important information regarding classifi ca-
tion and risk stratifi cation within histological 
subtypes of endometrial cancer. 

 Table  15.5  summarizes the gene mutation 
fi ndings in endometrial cancer.   

   Cell Signaling Pathways 

 Table  15.6  is a glossary of cell cycle genes, cell 
surface receptors, and signaling pathways.  

 Intracellular signaling pathways stimulated by 
individual receptors on the cell membrane induce 
various cellular functions such as cell prolifera-
tion, differentiation, and apoptosis. Figures  15.4  
and  15.5  demonstrate current knowledge of these 
cell signaling pathways .  Apoptosis is a normal 
regulatory system for homeostasis and is dictated 
by mitochondria dependent on the death receptor 
system. A thorough understanding of these sig-
naling pathways provides insight into mecha-
nisms of disease, resistance to chemotherapy, and 
promising targets for future therapies. While a 
consistent pattern of pathway mutations for tar-
geted therapies has been diffi cult to identity in 
ovarian cancer, endometrial cancer presents a 
host of therapeutic targets.   

 For instance, receptor tyrosine kinases play an 
important role in regulation of cellular prolifera-
tion and differentiation. The epidermal growth fac-
tor receptor (EGFR) family consists of four tyrosine 
kinase cell-surface receptors (EGFR (erbB-1), 
HER-2/neu (ErbB-2), Her-3 (ErbB-3), and Her-4 
(ErbB-4))  [  48  ] . Following binding to EGF growth 
factor, the intracellular tyrosine kinase domain is 
activated. This leads to cellular proliferation. Both 
type I and type II endometrial cancers can overex-
press EGFR. This overexpression is correlated to 
tumor grade, depth of myometrial invasion, and 
poor survival  [  49  ] . Her-2/neu overexpression 

   Table 15.5    Summary of gene mutation studies in endo-
metrial cancer   

 Germ line mutation in DNA mismatch repair genes 
leads to hereditary risk of endometrial cancer 
 −80% of endometrial cancers are diploid and are 
associated with type I cancers 
 Aneuploid tumors correlate with type II endometrial 
cancers 
 Multiple chromosomal depletions and additions are 
associated with malignant phenotype 
 cDNA microarray identifi es between 60 and 160 genes 
associated with malignant phenotype 



410 A. Goodman et al.

occurs in about 10% of endometrial cancers and is 
more likely associated with serous papillary tumors 
 [  49–  53  ] . 

 K-ras (y-Ki-ras2 Kirsten rat sarcoma 2 viral 
oncogene homolog) mutations are identifi ed in 
approximately 11–26% of type I and 2% of type 
II endometrial cancers  [  54–  57  ] . c-Kit, a tyrosine-
protein kinase, is a protein is encoded by the Kit 
gene and is a cytokine receptor expressed on the 
cell surface. Unlike K-ras, the immunohis-
tochemical KIT expression and mutational status 
of the KIT gene was studied in 30 primary and 15 
recurrent endometrial cancers. These cases did 
not show KIT gene mutations  [  58  ] . 

 Tumor suppressor gene products such as TP53 
and PTEN have a regulatory effect on the cell 
cycle and promote apoptosis. The ATM/p53 sig-
naling pathway promotes DNA repair after dam-
age from radiation. Ataxia telangiectasia mutated 
gene (ATM) phosphoylates p53. P53 causes 
growth arrest of the cell to allow DNA damage 
repair. P53 also causes the cell to undergo apop-
tosis if the damage is too severe. 

 The inactivation of TP53 tumor suppressor 
gene is the most common genetic event in endo-
metrial cancer. Overexpression of mutant p53 
gene product, seen in 20% of cancers, is also 
associated with other poor prognostic factors 
 [  59  ] . TP53 mutations occur in approximately 
20% of type I cancers but are found in almost 
90% of type II endometrial cancers  [  56,   60,   61  ] . 
Overexpression of p53 protein occurs in cancers 
with missense mutations causing amino acid sub-
stitutions in the gene product  [  62  ] . This is thought 
to be a late event in endometrial cancer forma-
tion. TP53 mutation and p53 protein overexpres-
sion are present in most papillary serous tumors 
and are rarely described in endometrioid tumors 
of their precursors  [  61  ] . 

 TP53 mutations rarely occur in endometrial 
intraepithelial neoplasia (EIN); however, PTEN 
mutations (phosphatase and tensin homologue on 
chromosome 10 gene), a tumor suppressor gene, 
have been reported in 20% of endometrial hyper-
plasias  [  43,   54  ] . PTEN loss in the setting of EIN 
on endometrial biopsies has been used to predict 
the existence of endometrial cancer  [  63  ] . 

 PTEN mutations occur with 30–50% of endo-
metrial cancers  [  64  ] . PTEN loss of function is 
much more common in type I endometrial can-
cers  [  65,   66  ] . The PTEN tumor suppressor gene 
regulates the oncogenic phosphatidylinositol 
3-kinase (PI3K) signaling pathway that is 
involved in carcinogenesis. The PTEN gene 
encodes a phosphatase that opposes the activity 
of cellular kinases  [  67,   68  ] . The phosphatase 
activity of PTEN is crucial for its role in tumori-
genesis. Downstream of the PI3K pathway is 
Akt, a serine-threonine kinase, that is regulated 
by PI3K and infl uences apoptosis and cell prolif-
erations. Mammalian target of rapamycin 

   Table 15.6    Glossary of cell genes, cell-surface receptors, 
and signaling pathways   

 Akt serine-threonine kinase 
 ATM—ataxia telangiectasia mutated gene 
 EGFR—epidermal growth factor receptor 
 EPCAM gene—codes for epithelial cell adhesion 
molecule which is a membrane protein expressed in all 
carcinomas 
 HER-2/neu (ErbB-2)—EGFR tyrosine kinase 
 IGFs—insulin-like growth factors 
 IGFBPs—IGF—binding proteins 
 KIT—receptor tyrosine kinase 
 K-ras—y-Ki-ras2 Kirsten rat sarcoma 2 viral oncogene 
homolog 
 MAPK—mitogen-activated protein kinase 
 MLH1—DNA mismatch repair genes 
 MSH2—DNA mismatch repair genes 
 MSH6—DNA mismatch repair genes 
 MSI—microsatellite instability 
 mTOR—mammalian target of rapamycin 
 PARP—poly-ADP ribose polymerase 
 Pathways 

 PI3K/PTEN/Akt/mTOR 
 ATM/p53—promotes DNA repair 
 Raf-MEK-ERK 

 PI3K—phosphatidylinositol 3-kinase 
 PMS1—DNA mismatch repair genes 
 PMS2—DNA mismatch repair genes 
 PTEN—phosphatase and tensin homologue on 
chromosome 10 gene a tumor suppressor gene 
 SNPs—single nucleotide polymorphisms 
 TGF-alpha—transforming growth factor alpha: may 
play a role in tumor angiogenesis 
 TP53—tumor suppressor gene 
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  Fig. 15.4    Molecular pathways and targets in endometrial cancer: implications for synthetic function       

  Fig. 15.5    Molecular pathways and targets in endometrial cancer: nuclear targets       
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(mTOR) is also a serine/threonine protein kinase 
which integrates signals from nutrients, growth 
factors, hormones, cellular energy stores, and 
oxygen levels to control critical cellular processes 
such as growth, differentiation, transcription, and 
mRNA translation  [  68  ] . 

 The PI3K-Akt-mTOR pathway plays a major 
role in regulating cell proliferation, growth, and 
survival. Alterations in the PTEN-PI3K-Akt path-
ways are noted in hormone-related tumors of the 
endometrium. Molecular alterations in AKT are 
rare, but both type I and type II endometrial can-
cers demonstrate a high rate of mutations in the 
PI3KCA gene, which encodes PI3K  [  69  ] . These 
are seen in 20–30% of endometrial cancers  [  70–
  72  ] . Amplifi cation of the PI3KCA gene, however, 
is much more common in type II endometrial 
cancer, with a prevalence of about 46%  [  72  ] . 
PTEN antagonizes PI3K function and negatively 
regulates Akt activities, mainly cell survival and 
apoptosis. Loss of PTEN in endometrial cancers 
is associated with increased activity of the PI3k 
with resultant phosphorylation of its downstream 
substrate Akt  [  73  ] . In turn, Akt upregulates mTOR 
activity. Hyperactivation of mTOR signaling 
increases translation of mRNAs encoding growth 
factors, cell cycle regulators, survival proteins, 
and angiogenic factors. Dysregulation of the 
PI3K/Akt/mTOR pathway as a result of genetic 
mutations and amplifi cations is thought to be a 
conduit for carcinogenesis  [  74  ] . 

 The PI3K-Akt-mTOR pathway has been 
shown to be active in many solid tumors and 
plays a key role in maintaining a tumorigenic 
state  [  67,   75,   76  ] . Preclinical studies suggest that 
such interactions may affect resistance to chemo-
therapy in endometrial cell lines. 

 In a case–control study of 417 women with 
endometrial cancer and 407 matched controls, 
common genetic variations in PTEN, PIK3CA, 
AKT1, MLH1, and MSH2 were not statistically 
signifi cantly associated with endometrial cancer 
 [  77  ] .  Other studies have found PTEN gene 
mutations to be associated with endometrioid his-
tology, early stage, and favorable clinical behavior 
 [  66  ] . Interestingly, in a study of uterine carcino-
sarcomas, comparative evaluation of the carcino-
matous and sarcomatous elements showed a 

similar mutation profi le. Forty-six percent of the 
52 patients had cancer gene mutations with TP53, 
PIK3CA, and KRAS mutations dominating  [  78  ] . 

 The location of the Akt activity is important in 
the behavior of the cancer. The nuclear p-Akt L1 
was signifi cantly higher in grade 1 than in grade 
3 cancers and was associated with estrogen recep-
tor (ER-alpha) expression. Higher nuclear p-Akt 
levels were associated with worse prognosis in 
grade 1 endometrial cancers allowing for even 
further subclassifi cation of similar grade tumors 
 [  8  ] . Conversely, cytoplasmic p-Akt expression 
was higher in grade 3 cancers. 

 PTEN also plays a role in cellular signaling by 
inhibiting the MAP kinase pathway. The MAPK 
pathway is another major intracellular signaling 
cascade by which signals are transmitted through 
phosphorylation by tyrosine kinase-type recep-
tors on cell membranes. 

 The mitogen-activated protein kinase (MAPK) 
pathway involves cell proliferation and differen-
tiation via Raf-MEK-ERK. MAPK is activated 
by growth factors and their receptors upstream of 
functional cascades. An autonomous and consti-
tutive activation of MAPK signal transduction is 
induced by the overexpression of growth factors 
and their receptors in cancer cells  [  48  ] . 

 Other growth factor pathways play roles in 
carcinogenesis. The IGF pathway plays a critical 
role in the growth and development of the uterus. 
IGFs are potent mitogenic and antiapoptotic mol-
ecules which regulate cell proliferation and ste-
roid actions in the endometrium. Increased 
amounts of unbound IGF may lead to uncon-
trolled cellular proliferation in the uterus  [  12  ] . 

 One case–control study investigated the asso-
ciation between 44 polymorphisms within IGFs 
and IGF binding proteins (IGFBPs) with endo-
metrial cancer risk; 692 cases of endometrial 
cancer and 1,723 control cases were analyzed, 
and the authors found an inverse relation 
between certain polymorphisms and cancer 
risks. Specifi cally, variation with IGF-2 and 
IGFP-3 may infl uence endometrial cancer risk 
in Caucasians  [  12  ] . 

 Table  15.7  summarizes the molecular altera-
tions detected in type I and type II endometrial 
cancers.   
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   Translational Implications 
for Therapy 

 In the past 25 years, our understanding of signal-
ing pathways regulating cellular growth, cell 
cycle, and apoptosis has evolved. This molecular 
insight has led to the investigation of numerous 
cell cycle signaling targets as therapeutic agents. 
Studies to date begin to unpack the complexity 
and variability of genetic alterations in malignant 
transformation and also the variable cell signal-
ing pathways that are blocked, suppressed, or 
amplifi ed when mutations lead to malignancies. 
While we still divide endometrial cancers into 
type I and II based on clinical and histological 
factors, gene profi ling and gene mutational anal-
ysis reveal a vast heterogeneity within both 
groups. 

 Molecular profi ling of tumors to identify tar-
geted therapy is being explored for many solid 
tumors. Figure  15.6  identifi es several points in 
the cell cycle for therapeutic targets. In an early 
pilot study of 86 patients, 27% had response from 
therapy identifi ed by molecular profi ling  [  79  ] . 
Gene expression profi les have been used to target 
therapy in leukemia, lung cancer, and gastroin-
testinal cancers. Breast and ovarian cancers are 
now evaluated for BRCA1/2 mutations with the 
advent of poly-ADP ribose polymerase (PARP) 
inhibitors  [  80  ] . However, due to the great genetic 
heterogeneity, some have endorsed therapy selec-
tion to become individualized by single gene 
mutations  [  81  ] .  

 Traditional chemotherapy continues to play a 
major role in the treatment of endometrial cancer. 
However, for recurrent endometrial cancers, 
pooled response rates from multiple trials range 
from 17 to 42%. For patients receiving second-
line chemotherapy, response rates drop to 4–27% 
 [  82  ] . There is much hope that targeted therapy will 
provide a novel approach to treating the formida-
ble problem of endometrial cancer recurrence. 

 The best established targeted therapy in endo-
metrial cancer is hormone therapy with agents 
that bind to estrogen and progesterone receptors. 
Progesterone has a 70% response rate when used 
as primary, fertility-sparing therapy in early-stage 
disease. However, up to 30% of patients have 
resistance to progesterone  [  83  ] . 

 Metformin has been evaluated in vitro and 
shown to reverse progesterone resistance. It has 
also shown to enhance progesterone-induced cell 
proliferation inhibition, and induced apoptosis 
in vitro  [  84  ] . Loss of PTEN has been associated 
with progesterone refractory endometrial hyper-
plasia  [  85  ] . 

 Despite promising preclinical studies using a 
targeted approach to anticancer therapy, early 
human trials have been somewhat disappointing. 
A review of the nine Gynecologic Oncology 
Group (GOG) studies focused on recurrent or 
advanced endometrial cancer summarizes pro-
gression free survivals ranging from 5 to 7 months 
for traditional chemotherapies. Temsirolimus, an 
mTor inhibitor; thalidomide, an antiangiogenesis 
inhibitor; and the VEGF inhibitor, bevicizumab, 
reveal progression free survival rates of 1.7–3 
months  [  48  ] . Additionally, GOG #181 reported 
there was no signifi cant activity for trastuzumab, 
an EGFR inhibitor, in women with advanced or 
recurrent endometrial cancer  [  86  ] . GOG #188, a 
study of Faslodex, an estrogen receptor down-
regulator approved for use in ER-positive breast 
cancer, was equally disappointing when testing 
in women with endometrial cancer  [  87  ] . 

 PI3K pathway inhibitors have been aggres-
sively developed as novel cancer therapies  [  75, 
  87  ] . From a therapeutic perspective, the complex 
regulation of mTORC1 is important. Inhibition 
of mTOR with sirolimus in endometrial cancer 
has shown some response  [  74  ] . Some PI3K 

   Table 15.7    Molecular alterations in endometrial cancer   

 Alteration 
 Prevalence 
type I (%) 

 Prevalence 
type II (%) 

  PIK3CA  mutation  [  60,   70–  72  ]   ~30  ~20 

  PIK3CA  amplifi cation  [  72  ]   2–14  46 

  KRAS  mutation  [  56,   57  ]   11–26  2 

  AKT  mutation  [  69  ]   3  0 
 PTEN loss of function  [  65,   66  ]   83  5 
 Microsatellite instability 
 [  32,   35  ]  

 20–45  0–5 

 TP53 mutation  [  56,   60,   61  ]   ~20  ~90 
 HER2 overexpression  [  49,   53  ]   3–10  32 
 HER2 amplifi cation  [  52  ]   1  17 
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inhibitors in clinical trials directly block both 
PI3K and mTOR, whereas others inhibit only 
PI3K. Dual PI3K–mTOR inhibitors might offer a 
therapeutic advantage in cancers in which PI3K 
is not the primary regulator of mTORC1  [  76  ] . 

 To date, none of the targeted therapies response 
rates approach comparable responses to proges-
terone or conventional chemotherapy. It is not 
surprising that single therapeutic interventions at 
the cell signaling pathway may not be useful 
given the cDNA microarray data from the last 
decade that suggest that hundreds of genes are 
involved with carcinogenesis. Careful study of 
how to selectively target multiple cancer related 
pathways while preserving the pathways of nor-
mal cells will be the work of the next decade.      
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       Introduction 

 S arcoma  (derived from the Greek word sarkos—
fl esh) is an umbrella term for more than 50 diverse 
solid neoplastic subtypes. They are broadly 
divided into bone and soft tissue sarcomas. 
Sarcomas originate from the mesenchyme, which 
comprises a large proportion of body mass that 
includes skeletal and smooth muscles, nerves, 
blood vessels, connective tissue, bone, tendons, 
ligaments, and joints  [  1,   2  ] . Sarcomas occur very 
commonly in all mammals except for man, with 
an incidence of only 1% of all human cancers. 
Even so, more than 13,000 cases, primary or met-
astatic, are diagnosed in the USA annually and 
are responsible for more than 5,000 estimated 
deaths  [  3  ] . In this regard, they are similar to leu-
kemias, also mesodermal in origin, in that their 
biological signifi cance is disproportionate to their 
frequency and incidence. Sarcomas occur across 
the age spectrum, affecting children, adolescents, 
and young adults, as well as the geriatric popula-
tion. Some sarcomas, like Ewing’s sarcoma and 

osteosarcoma, are more common in young 
people, whereas leiomyosarcoma and liposar-
coma are seen in older individuals. Although they 
universally arise from the mesenchyme, there is 
considerable heterogeneity in the biology of vari-
ous sarcomas, which is refl ected by differences in 
clinical behavior, prognosis, drug responsiveness, 
and, consequently, optimal management  [  4  ] . This 
chapter outlines the past history of sarcomas, 
explores current challenges, and highlights future 
opportunities for developmental therapeutics 
aimed at novel biotargets.  

   Sarcomas: The Past 

 Historically, sarcomas have played a signifi cant 
role in understanding the biology of cancer. In 
the early 1900s, Rous successfully transferred 
spindle cell sarcoma from one chicken to another, 
heralding the fi eld of tumor virology. It was later 
discovered that a gene designated V-SRC was the 
transforming region of the Rous sarcoma virus. 
This observation, together with the fi rst demon-
stration of its tyrosine kinase activity, launched a 
new and fertile fi eld of investigation  [  1  ] . In the 
2000s, the responsiveness of the sarcoma subtype 
gastrointestinal stromal tumor (GIST) to imatinib 
created a paradigm for the promise of molecular 
targeted therapy in solid tumors. 

 A major therapeutic landmark in treating bone 
sarcoma occurred in the 1960s when it was fi rst 
noted that total amputation was not a curative 
solution, and many patients eventually died of 
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metastatic disease. Subsequently, adding chemo-
therapy to the treatment regimen dramatically 
improved patient outcomes in this subtype of 
bone sarcomas in young patients and led to the 
fundamental belief that most, if not all, 
sarcoma patients have micrometastatic disease 
at diagnosis.  

   The Present and Future 

 Unfortunately, therapeutic options for sarcomas 
have essentially remained unchanged, with cyto-
toxic regimens reaching a therapeutic plateau in 
their potential. However, rapid strides have been 
made in the neoadjuvant and the adjuvant settings 
in the “pediatric bone sarcomas” (osteosarcoma 
and Ewing’s sarcoma). Recent advances in the 
ability to molecularly characterize individual 
patient tumors leading to the consequent person-
alization of chemotherapy have further broad-
ened research in this area. 

 The successful translation of a compound tar-
geting c-kit receptors in GIST with imatinib and 
recent identifi cation of insulin-like growth factor 
1 receptor (IGF1R) as a potential target for 
Ewing’s sarcoma demonstrate the benefi t that can 
be derived from targeted agents in sarcoma 
patients. Because most sarcomas are driven by a 
translocation or mutation, the need to identify 
targeted agents for these anomalies has become 
apparent. Most patients with sarcoma should ide-
ally receive treatment in specialty or tertiary care 
centers that employ a multidisciplinary approach 
that combines surgery, radiation therapy, and 
chemotherapy. If available, newer agents in ratio-
nally designed clinical studies based on molecu-
larly “targeted therapy” will also become an 
integral component of this armamentarium. 

 The adult sarcomas comprising the heteroge-
nous soft tissue sarcomas (STS) have historically 
been grouped together in clinical trials. 
Consequently, responses in subtypes with their 
particular histologies combined with the rarity of 
their occurrence could not be evaluated even if 
they had excellent responses in early phase 
trials.  

   Classifi cation 

 Broadly, sarcomas are divided into soft tissue and 
bone sarcomas. Histopathologically, STS are 
classifi ed based on the soft tissue cell of origin. 
The exponential increase of cytogenetic informa-
tion has led to reclassifi cation and regrouping of 
subtypes. Genome sequencing technologies may 
further refi ne and redefi ne these subgroups in the 
future. The current WHO classifi cation below 
takes into account such detailed genetic and his-
tologic data (Table  16.1 ).   

   Table 16.1    WHO classifi cation of soft tissue tumors   

 Adipocytic tumors 
 Benign 
 Lipoma 8850/0 a  
 Lipomatosis 8850/0 
 Lipomatosis of nerve 8850/0 
 Lipoblastoma/lipoblastomatosis 8881/0 
 Angiolipoma 8861/0 
 Myolipoma 8890/0 
 Chondroid lipoma 8862/0 
 Extrarenal angiomyolipoma 8860/0 
 Extra-adrenal myelolipoma 8870/0 
 Spindle cell 8857/0 
 Pleomorphic lipoma 8854/0 
 Hibernoma 8880/0 
  Intermediate (locally aggressive)  
 Atypical lipomatous tumor/well-differentiated 
liposarcoma 8851/3 
  Malignant  
 Dedifferentiated liposarcoma 8858/3 
 Myxoid liposarcoma 8852/3 
 Round cell liposarcoma 8853/3 
 Pleomorphic liposarcoma 8854/3 
 Mixed-type liposarcoma 8855/3 
 Liposarcoma, not otherwise specifi ed 8850/3 

 Fibroblastic/myofi broblastic tumors 
  Benign  
 Nodular fasciitis 
 Proliferative fasciitis 
 Proliferative myositis 
 Myositis ossifi cans fi bro-osseous pseudotumor of digits 
 Ischemic fasciitis 
 Elastofi broma 8820/0 
 Fibrous hamartoma of infancy 
 Myofi broma/myofi bromatosis 8824/0 
 Fibromatosis colli 
 Juvenile hyaline fi bromatosis 
 Inclusion body fi bromatosis 
 Fibroma of tendon sheath 8810/0 

(continued)



42116 Biotargets in Sarcomas: The Past, Present, and a Look into the Future

 Desmoplastic fi broblastoma 8810/0 
 Mammary-type myofi broblastoma 8825/0 
 Calcifying aponeurotic fi broma 8810/0 
 Angiomyofi broblastoma 8826/0 
 Cellular angiofi broma 9160/0 
 Nuchal-type fi broma 8810/0 
 Gardner fi broma 8810/0 
 Calcifying fi brous tumor 
 Giant cell angiofi broma 9160/0 
  Intermediate (locally aggressive)  
 Superfi cial fi bromatoses (palmar/plantar) 
 Desmoid-type fi bromatoses 8821/1 
 Lipofi bromatosis 
  Intermediate (rarely metastasizing)  
 Solitary fi brous tumor 8815/1 and hemangiopericytoma 
9150/1 (incl. lipomatous hemangiopericytoma) 
 Infl ammatory myofi broblastic tumor 8825/1 
 Low-grade myofi broblastic sarcoma 8825/3 
 Myxoinfl ammatory 
 Fibroblastic sarcoma 8811/3 
 Infantile fi brosarcoma 8814/3 
  Malignant  
 Adult fi brosarcoma 8810/3 
 Myxofi brosarcoma 8811/3 
 Low-grade fi bromyxoid sarcoma 8811/3 
 Hyalinizing spindle cell tumor 
 Sclerosing epithelioid fi brosarcoma 8810/3 

 So-called fi brohistiocytic tumors 
  Benign  
 Giant cell tumor of tendon sheath 9252/0 
 Diffuse-type giant cell tumor 9251/0 
 Deep benign fi brous histiocytoma 8830/0 
  Intermediate (rarely metastasizing)  
 Plexiform fi brohistiocytic tumor 8835/1 
 Giant cell tumor of soft tissues 9251/1 
  Malignant  
 Pleomorphic “MFH”/undifferentiated 
 Pleomorphic sarcoma 8830/3 
 Giant cell “MFH”/undifferentiated 
 Pleomorphic sarcoma 
 With giant cells 8830/3 
 Infl ammatory “MFH”/undifferentiated 
 Pleomorphic sarcoma with 
 Prominent infl ammation 8830/3 
 Smooth muscle tumors 
 Angioleiomyoma 8894/0 
 Deep leiomyoma 8890/0 
 Genital leiomyoma 8890/0 
 Leiomyosarcoma (excluding skin) 8890/3 
 Pericytic (perivascular) tumors 
 Glomus tumor (and variants) 8711/0 
 Malignant glomus tumor 8711/3 
 Myopericytoma 8713/1 

 Skeletal muscle tumors 
  Benign  
 Rhabdomyoma 8900/0 

 Adult type 8904/0 
 Fetal type 8903/0 
 Genital type 8905/0 
  Malignant  
 Embryonal rhabdomyosarcoma 8910/3 (incl. spindle 
cell, 8912/3 botryoid, anaplastic) 8910/3 
 Alveolar rhabdomyosarcoma (incl. solid, anaplastic) 
8920/3 
 Pleomorphic rhabdomyosarcoma 8901/3 

 Vascular tumors 
  Benign  
 Hemangiomas 
 Subcut/deep soft tissue 9120/0 
 Capillary 9131/0 
 Cavernous 9121/0 
 Arteriovenous 9123/0 
 Venous 9122/0 
 Intramuscular 9132/0 
 Synovial 9120/0 
 Epithelioid hemangioma 9125/0 
 Angiomatosis 
 Lymphangioma 9170/0 
  Intermediate (locally aggressive)  
 Kaposiform hemangioendothelioma 9130/1 
  Intermediate (rarely metastasizing)  
 Retiform hemangioendothelioma 9135/1 
 Papillary intralymphatic angioendothelioma 9135/1 
 Composite hemangioendothelioma 9130/1 
 Kaposi sarcoma 9140/3 
  Malignant  
 Epithelioid hemangioendothelioma 9133/3 
 Angiosarcoma of soft tissue 9120/3 

 Chondro-osseous tumors 
 Soft tissue chondroma 9220/0 
 Mesenchymal chondrosarcoma 9240/3 
 Extraskeletal osteosarcoma 9180/3 
 Tumors of uncertain differentiation 
  Benign  
 Intramuscular myxoma 8840/0 (incl. cellular variant) 
 Juxta-articular myxoma 8840/0 
 Deep (“aggressive”) angiomyxoma 8841/0 
 Pleomorphic hyalinizing 
 Angiectatic tumor 
 Ectopic hamartomatous thymoma 8587/0 
  Intermediate (rarely metastasizing)  
 Angiomatoid fi brous histiocytoma 8836/1 
 Ossifying fi bromyxoid tumor 8842/0 (incl. atypical/
malignant) 
 Mixed tumor/8940/1 
 Myoepithelioma/8982/1 
 Parachordoma 9373/1 
  Malignant  
 Synovial sarcoma 9040/3 
 Epithelioid sarcoma 8804/3 
 Alveolar soft part sarcoma 9581/3 
 Clear cell sarcoma of soft tissue 9044/3 

(continued) (continued)
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   Grouping 

 Although traditionally, sarcomas have been broadly 
grouped into bone and STS, this now seems over-
simplifi ed in view of their diverse biology and 
intrasubtype and intersubtype heterogeneity. 

 Other classifi cation schemes divide sarcomas 
into:
    1.    Translocation-positive versus translocation-

negative sarcomas  
    2.    Adult-type sarcomas versus pediatric type 

sarcomas  
    3.    Chemosensitive versus chemoresistant types     

 In a cumulative compendium of current 
knowledge of histology, clinical features, and 
specifi c molecular events that defi ne tumor sub-
types, Nielson et al. recently devised a classifi ca-
tion that groups sarcomas into four categories  [  2  ]  
shown in Table  16.2  and Fig.  16.1 .    

   Table 16.2    Clinical, pathologic, molecular classes of sarcoma. Adapted with permission from  [  2  ]    

 Group  Defi nition  Examples 

 1  Nonpleomorphic histology and known 
pathognomonic molecular events 

 GIST with activating  KIT  mutations, 
dermatofi brosarcoma protuberans and 
pigmented villonodular synovitis where 
translocations fuse collagen promoters to 
growth factors, and sarcomas bearing fusion 
transcription factor translocations including 
Ewing family of tumors 

 2  Affect younger patients and generally have 
nonpleomorphic histology and karyotypes of 
limited complexity, but pathognomonic 
molecular events, which are likely to exist, 
have yet to be identifi ed 

 Adamantinoma, chordoma 

 3  Seen mostly in adult populations and show 
pleomorphic histology, but on a background of 
complex changes, do include consistently 
identifi ed molecular events 

 Dedifferentiated liposarcoma with  CDK4/
MDM2  amplifi cations, malignant peripheral 
nerve sheath tumor with  NF1  deletions, 
myxoinfl ammatory fi broblastic sarcoma with 
recently recognized t(1;10) and 3p 
amplifi cations11 

 4  This group is most common in adult popula-
tions. They have complex karyotypes, 
pleomorphic histology, and lack consistently 
identifi able molecular events 

 Undifferentiated pleomorphic sarcoma/
malignant fi brous histiocytoma, leiomyosar-
coma, pleomorphic lipo- and rhabdomyosarco-
mas, angiosarcoma, osteosarcoma, 
myxofi brosarcoma, myofi broblastic sarcoma 

 Extraskeletal myxoid chondrosarcoma 9231/3 
(“chordoid” type) 
 PNET/extraskeletal Ewing’s tumor 
 pPNET 9364/3 
 Extraskeletal Ewing’s tumor 9260/3 
 Desmoplastic small round cell tumor 8806/3 
 Extrarenal rhabdoid tumor 8963/3 
 Malignant mesenchymoma 8990/3 
 Neoplasms with perivascular epithelioid cell 
differentiation (PEComa) 
 Clear cell myomelanocytic tumor 
 Intimal sarcoma 8800/3 

  Adapted from Fletcher CDM, Unni KK, Mertens F, World 
Health Organization, International Agency for Research 
on Cancer. Pathology and genetics of tumours of soft tis-
sue and bone. Lyon: IARC Press; 2002 
  a Morphology code of the international classifi cation of 
diseases for oncology (ICD-O) {} and the systematized 
nomenclature of medicine (  http://snomed.org    )  

Table 16.1 (continued)

http://snomed.org
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  Fig. 16.1    Clinical, pathologic, molecular classes of sar-
coma. Group 1: nonpleomorphic tumors with pathogno-
monic molecular events. Group 2: nonpleomorphic tumors 
for which pathognomonic molecular events have yet to be 
identifi ed. Group 3: sarcomas with pleomorphic histology 

and some defi ned molecular events alongside complex 
karyotypic changes. Group 4: pleomorphic sarcomas 
with complex karyotypes and expression profi les. Adapted 
with permission from  [  2  ]        
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   Genetic Aberrations/Translocations 

 Many sarcomas harbor specifi c genetic events/
aberrations that are often diagnostic and sometimes 
confer a prognostic and therapeutic advantage. 

 The exclusive genomic events include:
    1.    Aberrant transcription factors that lead to 

unique genetic rearrangements  
    2.    Constitutively active receptor tyrosine kinases 

(RTKs)  
    3.    Constitutively active growth factors     

 These exclusive events as shown in Fig.  16.2  
may be amenable to targeted therapies. 
Table  16.3  catalogs the known translocations/
genetic events.    

   TET-Family Genetic Rearrangements 

 TET gene families are so-named using the fi rst 
letters of  TLS/FUS, EWSR1 , and  TAFII68  genes. 
TET-family proteins possess a unique 87-amino 

acid RNA recognition motif that is associated 
with protein-RNA binding and that participates 
in transcription and RNA metabolism  [  6,   7  ] . 
More than 50% of these fusion proteins are asso-
ciated with many sarcomas and are thought to be 
primordial events in sarcomagenesis  [  7  ] . 

 Each of these family members may be inter-
mixed, generating a sarcoma subtype. For instance, 
EWSR1-ERG as well as some FUS-ERG fusions 
are associated genotypically with Ewing’s sar-
coma, and these may be phenotypically impossi-
ble to tell apart  [  6  ] . Likewise, EWSR1-DDIT3 
and FUS-DDIT3 are found in myxoid liposar-
coma and are phenotypically alike.  

   Major Sarcoma Subtypes: Key Points 

 The complete epidemiology of the several types 
of sarcoma is beyond the scope of this chapter. 
Below are the salient points of the most common 
sarcoma subtypes.  

   Group 1 Sarcomas 

   Gastrointestinal Stromal Tumors 

    GISTs are the most common among the gas-• 
trointestinal sarcomas.  
  Most frequently occur in the 40–60-year age • 
group.  
  More than three-fourths of patients with GIST • 
harbor activating mutations of the  c-kit  gene. 
The  c-kit  gene encodes the tyrosine kinase 
receptor for stem cell ligand.     

   Dermatofi brosarcoma Protuberans 

    This very rare sarcoma presents near the body • 
surface; surgical resection is the primary 
modality of therapy.  
  The hallmark of DFSP is rearrangement of • 
chromosomes 17 and 22 (17q22 and 22q13).  
  There is constitutive production of the • 
platelet-derived growth factor B ligand 
(PDGFB), leading to autostimulation in 

  Fig. 16.2    Targeted therapies in sarcomas: This illustrates 
some specifi c opportunities for targeted therapies in sar-
comas.  IGF1R  insulin-like growth factor 1 receptor, 
 mTOR  mammalian target of rapamycin,  ALK  anaplastic 
lymphoma kinase,  TRAIL  TNF-related apoptosis-induc-
ing ligand,  RANKL  receptor activator of NF- k B ligand 
 PDGFR  platelet-derived growth activating factor,  HGF/
MET  hepatocyte growth factor/mesenchymal-epithelial 
transition factor pathway       
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sarcomagenesis. This has been demonstrated 
preclinically and has important clinical 
implications.  
  Imatinib blocks the PDGF receptor PDGFB in • 
addition to its ABL and KIT kinase activity 
and has been used in advanced DFSP.     

   Pigmented Villonodular Synovitis 

    Benign tumor associated with proliferation of • 
giant cells in the synovium.  
  The hallmark is a t(1;2) translocation involv-• 
ing a collagen gene and  CSF1 , the gene for 
macrophage colony-stimulating factor 
(M-CSF).  
  Occurs in young and older adults.  • 
  Open synovectomy is the standard treat-• 
ment with arthroscopic synovectomy in 
some patients. Radiation therapy may also 
be used.  
  Recently, there has been some success with • 
imatinib mesylate for the treatment of locally 
advanced and/or metastatic pigmented vil-
lonodular synovitis/tenosynovial giant cell 
tumor (GCT). Imatinib also seems to inhibit 
the M-CSF receptor in addition to its c-kit and 
PDGFR activity.     

   Ewing’s Sarcoma 

    Second most common bone cancer in chil-• 
dren, adolescents, and young adults.  
  Incidence is around 250–700/year.  • 
  Nonmetastatic disease has 70% 5-year • 
survival.  
  Metastatic and recurrent disease confer less • 
than a 20% chance of survival.  
  Relatively highly chemosensitive to standard • 
cytotoxic agents.  
  Hallmark is EWS-FLI1 translocation. There • 
are other subtypes with EWS fusing with 
translocation partners other than FLI1.  
  Recent studies have shown IGF1R/mTOR • 
pathway activity in Ewing’s sarcoma.     

   Synovial Sarcoma 

    Monophasic synovial sarcoma (spindle cell • 
morphology) and biphasic (both spindle + epi-
thelioid morphology) are two subtypes within 
this type.  
  Possess a pathognomonic t(X,18) transloca-• 
tion (p11.2;q11.2). This leads to the apposi-
tion of the  SS18  (also known as  SYT ) gene on 
chromosome 18 with one of three closely 
related genes ( SSX1 ,  SSX2 , and  SSX4 ) on the 
X chromosome. The fusion product is associ-
ated with sarcomagenesis.  
  Surgery, chemotherapy, and radiation are used, • 
and it is a high-grade sarcoma. The SYT-SSX 
fusion protein that results from the X,18 trans-
location may be a druggable target. Other 
overexpressed proteins are bcl-2, EGFR, and 
HER2/neu which may also be targets.      

   Group 2 Sarcomas 

   Adamantinoma 

    Adamantinoma is a very rare low-grade malig-• 
nant bone tumor with males more prone to 
develop it than females.  
  Surgery, which is the mainstay of treatment, • 
includes wide tumor excision, amputation, or 
limb salvage reconstruction surgery.  
  It is radiotherapy and chemotherapy resistant.     • 

   Chordoma 

    The most common primary malignant tumor • 
of the spine and sacrum.  
  Causes signifi cant morbidity through local • 
aggressiveness, leading to neurologic compro-
mise and lytic destruction of bone.  
  Surgery is the mainstay of treatment and is rela-• 
tively radiotherapy and chemotherapy resistant.  
  Recent studies show activity of PDGFR inhibi-• 
tors, and EGFR inhibitors of both EGFR (HER1) 
and HER2/neu, and as inhibitors of mTOR.      
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   Group 3 Sarcomas 

   Dedifferentiated Liposarcoma 

    Liposarcoma comprises the most common • 
soft tissue sarcoma in the USA.  
  Well-differentiated liposarcoma/dedifferenti-• 
ated liposarcoma, myxoid liposarcoma, round 
cell liposarcoma, and pleomorphic liposar-
coma are the various histopathologic subtypes 
and differ in their clinical presentation.  
  Considerable heterogeneity in clinical behav-• 
ior as in well-differentiated liposarcoma/dedif-
ferentiated liposarcoma has a low metastatic 
potential, in contrast to the round cell (RC) 
variants of MLPS or PLPS that have a high 
propensity to metastasize.  
  Treatment is surgery with or without radio-• 
therapy and chemotherapy for aggressive 
disease.  
  There is an oncogenic  • MDM2, CDK4, HMGA2,  
and  TSPAN31  in well-differentiated liposar-
coma/dedifferentiated liposarcoma sarcoma 
subtypes. This is of signifi cance as MDM2 
inhibitors are in clinical development.     

   Malignant Peripheral Nerve Sheath 
Tumor with  NF1  Deletions 

    Malignant peripheral nerve sheath tumor • 
(MPNST) includes tumors that were previ-
ously called malignant schwannoma, neuro-
genic sarcoma, and neurofi brosarcoma.  
  This commonly affects adults and older adults, • 
and more than half of these tumors are in 
patients with neurofi bromatosis type 1 (NF1).  
  This is a common autosomal dominant disor-• 
der with a prevalence of ~1:3,000–3,500 indi-
viduals worldwide.  
  Highly aggressive nature confers a grave • 
prognosis.  
  There is a role for the HGF/MET autocrine • 
loop in this disease which may be amenable to 
targeted therapy.      

   Group 4 Sarcomas 

   Undifferentiated Pleomorphic Sarcoma/
Malignant Fibrous Histiocytoma 

    The term malignant fi brous histiocytoma has • 
undergone a lot of name changes and has been 
classifi ed and reclassifi ed.  
  MFH can be subdivided into fi ve subtypes: • 
storiform-pleomorphic (most common; up to 
70%), myxoid (myxofi brosarcoma) (10–20%), 
giant cell (malignant GCT of soft parts), 
infl ammatory, and angiomatoid.  
  Gene expression profi ling points to MFH hav-• 
ing a mesenchymal stem cell origin.     

   Leiomyosarcoma 

    Leiomyosarcoma is another very common • 
sarcoma subtype.  
  Uterine leiomyosarcomas are the most com-• 
mon. However, leiomyosarcoma may occur in 
extrauterine sites.  
  The gene expression signatures of uterine and • 
extrauterine leiomyosarcomas are different.  
  Aberrations in  • TP53  and  MDM2  expression 
and overexpression of cyclin-dependent kinase 
inhibitor 2A ( CDKN2A ) are seen commonly 
with this sarcoma.     

   Rhabdomyosarcomas 

    Most common pediatric sarcoma and very rare • 
in the older population.  
  Is a relatively chemosensitive sarcoma with • 
VAC-based therapies, surgery, and radiation 
conferring more than a 70% 5-year survival.  
  Potential targets include IGF1R and mTOR. • 
Preclinical studies show expression of ALK, 
FGF receptor 4, and the hepatocyte growth 
factor receptor in some cases of rhabdomyo-
sarcoma which may be amenable to targeted 
therapy. Also, c-Met and MET expression are 
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associated with the PAX3-FKHR fusion and in 
patients with metastatic disease. CDK4 inhibi-
tors might be particularly valuable in RMS as 
some subsets have CDK4 expression.     

   Angiosarcoma 

    Very rare subtype. Occurs in scalp and facial • 
areas.  
  Some cases are seen in postradiotherapy • 
planes.  
  Recently, VEGF-based therapies have shown • 
some clinical benefi t.     

   Osteosarcoma 

    The most common primary bone cancer, with • 
approximately 1,000 cases occurring annually 
in the USA.  
  Three-fourths of the patients with osteosar-• 
coma are younger than 25 years.  
  A second peak incidence of osteosarcoma • 
occurs in patients older than 50 years of age.  
  In the younger age group, it is mostly de novo • 
(>95%) compared to the older age group in 
which more than 50% of patients have predis-
posing factors such as a prior history of radio-
therapy or Paget’s disease. A genetic 
predisposition to osteosarcoma is found in 
patients with hereditary retinoblastoma, char-
acterized by mutation of the retinoblastoma 
gene RB1 on chromosome 13q14; Rothmund–
Thomson syndrome, an autosomal recessive 
disorder with mutation in the RECQL4 gene 
in a subset of cases; and also in Li-Fraumeni 
syndrome, an autosomal dominant disorder. It 
is associated with a germline mutation of  p53 , 
a suppressor gene. A second recessive  p53  
oncogene on chromosome 17p13.1 may also 
play a role in the development and progression 
of osteosarcoma.     

   Current Therapy for Sarcomas 

 As with most solid tumors, surgery remains the 
mainstay of therapy for localized STS. In addi-
tion, neoadjuvant chemotherapy and radiotherapy 

are employed for Stage II and beyond  [  8  ] . Bone 
sarcomas and STS are approached differently. 
Guidelines for the upfront management and treat-
ment of soft tissue and bone sarcomas, including 
principles of biopsy, surgery, radiotherapy, and 
chemotherapy, are provided by the National 
Comprehensive Cancer Network (NCCN) and 
published in The Journal of the National 
Comprehensive Cancer Network (JCCN)  [  9,   10  ] . 
For that reason, it will only be touched upon and 
is not the primary purpose of this chapter. 

 In short, ifosfamide and Adriamycin are the 
two most widely accepted agents for the treat-
ment of advanced STS. When they are adminis-
tered in combination up to their full doses as 
upfront therapy, an overall response rate of 64% 
has been seen  [  11  ] . Bone tumors are treated with 
cisplatin and methotrexate in addition to ifosf-
amide and Adriamycin  [  12  ] . Accepted second-
line agents include gemcitabine and docetaxel. 
These agents are also outlined in the NCCN 
guidelines  [  10  ]  and are listed in Table  16.4  for 
STS and Table  16.5  for bone sarcomas.    

   Opportunity for Current and Future 
Targeted Therapy of Sarcomas 

 New drug development encompasses new cyto-
toxic chemotherapies, immunotherapies, and 
molecularly targeted treatments, which include 
both monoclonal antibodies and small molecule 
inhibitors of various targets and agonists. The cur-
rent treatment paradigm in STS is a “one-size-fi ts-
all” approach for sarcomas that are resistant to a 
particular accepted fi rst-line therapy. Figure  16.3  
illustrates the paradigm for targeted therapies. 
The challenge in that setting is how to design 
studies in single rare disease sarcoma subtypes. It 
is important to acknowledge that trials of targeted 
agents in sarcoma may be reporting low response 
rates as a group, which may overshadow the 
higher responses in some specifi c sarcoma sub-
types. As illustrated in Fig.  16.4 , while common 
relatively homogeneous cancers such as breast 
cancer are increasingly being divided by their 
molecular phenotype, it is still unfortunate that 
different types of sarcomas, though biologically 
distinct, are grouped together in clinical trials. 
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It would be benefi cial for protocols to include 
tumor tissue banking for correlative studies and 
biomarker development. At present, despite the 
less than fully developed approaches to sarcoma 
treatment as with the algorithm for neoadjuvant 
therapy for STS, sarcomas that have a defi nite 
translocation and those that express specifi c aber-
rant receptors and/or mutations are exciting 
tumors for targeted therapy.   

   Fusion Transcription Factors 
 Hypothetically, the fusion proteins in transloca-
tion-positive sarcomas are likely to become the 
molecular targets with the greatest promise. 
Fusion proteins are present only in tumor, not in 
normal tissue, and are primarily associated with 
survival, pathogenesis, metastasis, and progres-
sion and, hence, may be amenable to targeting. 
Agents directed against fusion proteins themselves 

would be the preferred choice, although other 
opportunities may be their downstream targets. 
For instance, in the case of Ewing’s sarcoma, 
abrogating EWS-FLI1 fusion protein expression 
in cell lines and nude mice models by oligodeoxy-
nucleotides (ODNs), antisense RNA, and siRNA 
delivery via nanoparticles inhibited tumor growth 
and produced disease regression. While based on 
this preclinical success, targeting EWS-FLI1 may 
be the best approach, but translating these fi ndings 
to real patients has not been possible. Hopefully, 
future advances in technology such as nanotech-
nology will allow translation of successful labora-
tory advancements in to clinical benefi t. 

 Another approach would be to understand the 
transcription factors’ downstream effects. For 
instance, EWS-FLI1 binds to the insulin-like 
growth factor binding protein 3 (IGFBP3) pro-
moter and downregulates it. A secondary effect 

   Table 16.4    Systemic therapy agents and regimens with activity in soft tissue sarcoma   

  Extremity, retroperitoneal, intra-abdominal sarcomas  
  Combination regimens  AD (doxorubicin, dacarbazine), AIM (doxorubicin, ifosfamide, mesna), MAID (mesna, 
doxorubicin, ifosfamide, dacarbazine), ifosfamide, epirubicin, mesna, gemcitabine and docetaxel, gemcitabine and 
vinorelbine 
  Single agents  doxorubicin, ifosfamide, epirubicin, gemcitabine, dacarbazine, liposomal doxorubicin, temozolomide 

  Angiosarcoma  
 Paclitaxel, docetaxel, vinorelbine, sorafenib, sunitinib, bevacizumab 

  Desmoid tumors (fi bromatosis)  
 Sulindac or other nonsteroidal anti-infl ammatory drugs including celecoxib a , tamoxifen, toremifene, methotrexate, 
and vinblastine. Low-dose interferon, doxorubicin-based regimens, imatinib mesylate 

  GIST  
 Imatinib, sunitinib, sorafenib, nilotinib, dasatinib 
  Solitary fi brous tumor/hemangiopericytoma  
 Bevacizumab and temozolomide, sunitinib 

  Pigmented villonodular synovitis/tenosynovial giant cell tumor (PVNS/TGCT)  
 Imatinib 

  PEComa, recurrent angiomyolipoma, lymphangioleiomyomatosis  
 Sirolimus 

  Alveolar soft part sarcoma (ASPS)  
 Sunitinib 

  Chordoma  
  Combination regimens : erlotinib and cetuximab, imatinib and cisplatin, imatinib and sirolimus 
  Single agents : erlotinib, imatinib, and sunitinib 

  Adapted from Demetri GD, Antonia S, Benjamin RS, et al. Soft tissue sarcoma. J Natl Compr Canc Netw 
2010;8:630–74 
  a The risk for cardiovascular events may be increased in patients receiving celecoxib. Physicians prescribing celecoxib 
should consider this information when weighing the benefi ts against risks for individual patients  
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of a decrease binding protein might be an increase 
in insulin-like growth factor and activation of 
IGF1R machinery. This phenomenon may explain 
the striking activity of IGF1R inhibitors in some 
patients with Ewing’s sarcoma.  

   Pathways and Specifi c Targeted 
Therapies 
 Cellular signaling pathways, cell surface adhe-
sion molecules, RTKs, and growth factors are 
overexpressed in various sarcoma subtypes. 
Developments in genomics and proteomics have 
elucidated several of these pathways with a role 
in sarcomas as well as some plausible druggable 
targets as detailed below.  

   Insulin-Like Growth Factor/Akt/mTOR 
 IGF1 and its receptor, IGF1R, are components of 
a hormone system (which includes insulin and its 
receptor) whose activity is driven by binding to a 
tyrosine kinase cell surface receptor, thereby 
activating a series of intracellular signaling path-
ways that include the MAPK kinase pathway and 
the Akt pathway. This activation results in 
increased cell proliferation and resistance to 
apoptosis. IGF1R/PI3K/Akt and mTOR pathway 
activation have been shown to be critical for sar-
coma tumor oncogenesis, proliferation, and sur-
vival across histologic subtypes both in preclinical 
studies and in retrospective review of patient 
specimens. 

   Table 16.5    Systemic therapy agents and regimens with activity in bone sarcoma. Adapted from  [  9  ]    

  Chondrosarcoma  
 Conventional chondrosarcoma (grades 1–3) has no known standard chemotherapy options 
 Mesenchymal chondrosarcoma: follow Ewing’s regimens 
 Dedifferentiated chondrosarcoma: follow osteosarcoma regimens 

  Ewing’s sarcoma  
 First-line therapy (primary/neoadjuvant/adjuvant)    a  
 VAC/IE (vincristine, doxorubicin, and cyclophosphamide alternating with ifosfamide and etoposide) 
 VAI (vincristine, doxorubicin, and ifosfamide) 
 VIDE (vincristine, ifosfamide, doxorubicin, and etoposide) 
 Primary therapy for metastatic disease at initial presentation 
 CVD (cyclophosphamide, vincristine, and doxorubicin) 
 VAC/IE (vincristine, doxorubicin, and alternating with ifosfamide and etoposide) VAI (vincristine, doxorubicin, and 
ifosfamide) 
 VIDE (vincristine, ifosfamide, doxorubicin, and etoposide) 
 Second-line therapy (relapsed or refractory disease) b  
 Cyclophosphamide and topotecan 
 Temozolomide and irinotecan 
 Ifosfamide and etoposide 
 Ifosfamide, carboplatin, and etoposide 
 Docetaxel and gemcitabine 

  Osteosarcoma  
 First-line therapy 
 Cisplatin and doxorubicin MAP (high-dose methotrexate, cisplatin, and doxorubicin) 
 Doxorubicin, cisplatin, ifosfamide, and high-dose methotrexate ifosfamide and etoposide ifosfamide, cisplatin, and 
epirubicin 
 Second-line therapy (relapsed or refractory disease) docetaxel and gemcitabine cyclophosphamide and etoposide 
cyclophosphamide and topotecan gemcitabine ifosfamide and etoposide ifosfamide, carboplatin, and etoposide 
high-dose methotrexate, etoposide, and ifosfamide 

  MFH of bone  
 Follow osteosarcoma regimens 

   a Dactinomycin can be substituted for doxorubicin for concerns regarding cardiotoxicity 
  b Vincristine may be added to any of the regimens below  
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 Agents directed at these pathways have the 
potential to play an important role in the future of 
sarcoma developmental therapeutics. Other than 
mTOR inhibitors (rapamycin, temsirolimus, 
everolimus), which are FDA approved, the rest in 
other classes of agents (IGF1R inhibitors, Akt 
inhibitors) are in different stages of clinical and 
preclinical development. 

 Because the IGF1R signaling pathway has 
been implicated in the cancer biology of many 
different sarcoma subtypes, several associated 
clinical studies have enrolled advanced sarcoma 
patients  [  13  ] . In particular, IGF1R inhibitors 
have demonstrated early potential in the Ewing’s 

sarcoma family of tumors. Three different 
 IGF1R-antibody-based (R1507, AMG479, 
CP-751, 871) phase I trials  [  14–  17  ]  have been 
recently published showing activity even as 
monotherapy. In a phase I study of R1507 (Roche, 
Nutley, NJ), two patients with Ewing’s sarcoma 
achieved partial responses (PR), with one patient 
achieving a near complete response (CR) for 
more than 26 months  [  14  ]  (Fig.  16.5 ). In another 
study using AMG479 or ganitumab (Amgen, 
Thousand Oaks, CA), one patient achieved a CR 
and one had a PR  [  16  ] .    In another phase I study 
using fi gitumumab, or CP-751, 871, (New York, 
NY) exclusively in 29 sarcoma patients, out of 16 

  Fig. 16.3    Classical cytotoxic chemotherapy versus novel 
targeted therapeutics. A one-size-fi ts-all approach with the 
cytotoxic chemotherapeutics in large groups of patients 

represents the old paradigm in contrast to the novel targeted 
therapeutics approach, viz., imatinib mesylate for activated 
c-kit in GISTs or IGF1R inhibitors in Ewing’s sarcoma       

  Fig. 16.4    Tumor subclassifi cation homogeneous cancer 
type versus rare and diverse cancer/legend: common 
relatively homogeneous cancers such as breast cancer 
are increasingly being divided by their molecular pheno-
type ( a ) for purposes of treatment and clinical trials; con-
versely, STS subtypes, given their rarity, are often 
grouped together ( b ).  STS  soft tissue sarcomas,  SS  syn-

ovial sarcoma,  LMS  leiomyosarcoma,  ALT  atypical 
lipomatous tumor,  Angio  angiosarcoma,  MPNST  malig-
nant peripheral nerve sheath tumor or neurofi brosar-
coma,  MFH  malignant fi brous histiocytoma,  GIST  
gastrointestinal stromal tumor,  RMS  rhabdomyosarcoma, 
 DSRCT  desmoplastic small round blue cell tumor. 
Adapted from  [  8  ]        
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Ewing’s sarcoma patients, one patient had a CR, 
one patient had a PR, and six patients had stable 
disease (SD) (range 4–16 months)  [  15  ] . Using 
different antibodies targeting different epitopes 
of the receptor, signifi cant responses, albeit in 
only a subset of patients, have been seen in 
patients with advanced Ewing’s sarcoma who 
had been refractory to multiple lines of earlier 
treatment.  

 The combination of IGF1R and mammalian 
target of rapamycin (mTOR), although using a 
different antibody (IMC-A12/cixutumumab and 
temsirolimus), also demonstrated responses  [  18, 
  19  ] . In the latter study, two patients who initially 
responded to an IGF1R inhibitor but later showed 
progression achieved a response to the combina-
tion, suggesting that mTOR inhibition helped 
overcome IGF1R resistance  [  19  ] . Furthermore, 
morphoproteomic analysis of tissue at the time of 
development of resistance to the IGF1R antibody 
confi rmed upregulation of mTOR. 

 Preclinical studies have also shown that 
IGF1R-based agents may be effi cacious in sarco-
mas such as alveolar rhabdomyosarcoma. Alveolar 
rhabdomyosarcoma harbors a PAX3-FOXOA1 
translocation. IGF1R is a direct target of the onco-
genic gene product. It may also have activity in 
other IGF2 secreting sarcomas, such as in patients 
with solitary fi brous tumors and those with GIST. 
These patients may present with symptomatic 

hypoglycemia as well as tumor, which is known 
as Doege–Potter syndrome. In fact, in an early-
phase translational study using combined mTOR 
and IGF1R inhibition (everolimus and fi gitu-
mumab) in patients with advanced sarcomas, PR 
was seen in a patient with massive solitary fi brous 
tumor.  [  20  ]  Overexpression and activation of 
IGF1R have been shown in wild-type GIST but 
have not yet been translated into clinical benefi t.    

   mTOR 

 Activation of the Akt/mammalian target of 
rapamycin (mTOR) pathway is associated with 
cell growth, metabolism, and angiogenesis. Growth 
factors like IGF1R control cell functions via the 
P13K pathway. The tumor suppressor phosphatase 
and tensin homolog (PTEN) is also very closely 
responsible for the functional signaling of mTOR. 
There has been an exponential growth in knowl-
edge about the mTOR signaling pathway and 
associated aberrations in various sarcomas. Two 
complexes, mTOR complex 1 (TORC1) and 
mTOR complex 2 (TORC2), together orchestrate 
mTOR signaling. Rapalogs is the name given to 
rapamycin (sirolimus) and its analogs temsiroli-
mus and everolimus, which are now available 
commercially. These agents have been shown to 
 selectively target mTORC1 and have demonstrated 

  Fig. 16.5    Imaging responses in a patient with Ewing’s 
sarcoma showing benefi t to molecularly targeted IGF1R 
therapy. CT    of the thorax in patient with Ewing’s sarcoma 
showing response to IGF1R antibody (R1507) alone  [  14  ] . 

 Left panel  shows pretreatment CT scan of the thorax 
showing metastatic Ewing’s sarcoma in the lung.  Right 
panel : 6 weeks after IGF1R antibody (R1507) therapy 
shows regression of tumor       
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preclinical and clinical activity in various types of 
sarcomas. A new generation of mTOR inhibitors 
with both mTORC1 and mTORC2 activity has 
been recently in clinical development. Other 
known drugs like metformin and also natural 
agents like curcumin, caffeine, and resveratrol 
have been shown to inhibit this pathway. Most 
recently, a new mTOR inhibitor AP23573 
(deforolimus) has been through phase I, II, and III 
(NCT00093080, NCT00538239) in advanced sar-
comas and from preliminary data seems promis-
ing. Final results of this trial are expected soon.  

   The Platelet-Derived Growth Factor 
Receptor Pathway 

 The platelet-derived growth factor group of signal-
ing molecules and its receptor PDGFs and PDGFRs 
play a major role in angiogenesis, regulation of 
tumor growth, and also as transforming growth 
factors associated with cell cycle progression and 
evading apoptosis. The PDGF/PDGFR pathway 
has been shown to be active and expressed in many 
sarcoma subtypes, including GIST, osteosarcoma 
rhabdomyosarcoma, dermatofi brosarcoma protu-
berans, Ewing’s sarcoma, desmoplastic small 
round cell tumor, MPNST, and uterine sarcomas. 

 In addition to KIT activity, imatinib is active 
against several other tyrosine kinase-containing 
cell surface receptors. The sarcoma subtype 
 dermatofi brosarcoma protuberans possesses a 
unique PDGFB-COL1A1 translocation, which is 
ultimately processed into wild-type PDGF beta, 
which is a secreted signaling protein that binds to 
the PDGFR. The use of imatinib has resulted in 
dramatic activity in this disease, although other 
tumors like Ewing’s sarcoma and osteosarcoma 
that express PDGFR yielded dismal results.  

   Death Receptor/TRAIL 

 Recombinant human apoptosis ligand 2/tumor 
necrosis factor-related apoptosis-inducing ligand 
(rhu Apo2L/TRAIL) (ligand for the death receptor), 
or dulanermin, is a proapoptotic receptor agonist 
that binds both death receptors 4 and 5 (also known 
as TRAIL 1 and 2, respectively)  [  21  ] . Binding 

triggers cell death independently of the p53 path-
way by activating the extrinsic pathway  [  21  ] . 

 In a phase I study of rhu Apo2L/TRAIL in 71 
advanced cancer patients, two chondrosarcoma 
patients had signifi cant PRs, including one patient 
with a durable response over 5 years  [  21  ] . These 
results offer hope to patients with advanced chon-
drosarcoma who generally are relatively chemo-
therapy and radiotherapy resistant. It is unclear 
why chondrosarcoma patients in particular 
responded, and underlying mechanisms of 
response and resistance remain to be elucidated.  

   Anaplastic Lymphoma Kinase 

 Approximately 50% of cases of infl ammatory 
myofi broblastic tumor harbor rearrangements of 
the anaplastic lymphoma kinase ( ALK ) locus on 
chromosome 2p23, causing aberrant ALK expres-
sion  [  22  ] . Recently, a sustained PR to the ALK 
(and c-Met) inhibitor crizotinib (PF-02341066, 
Pfi zer, New York, NY) was reported as a part of a 
phase I study in a patient with  ALK -translocated 
tumor. There was no activity in another patient 
with the same type of tumor but with no ALK 
translocation  [  22  ] . These divergent results in such 
a rare chemoresistant tumor demonstrate that ALK-
mediated signaling contributes to tumorigenesis in 
a subgroup of patients with this disease and sup-
port the theory and hypothesis underlying success-
ful translation of a molecularly targeted therapy.  

   Vascular Endothelial Growth Factor 
Receptor 

 Like many solid tumors, several sarcoma sub-
types produce VEGF and/or express VEGFR, 
aberrations associated with growth, migration, 
and metastases. 

 The recombinant human monoclonal antibody 
bevacizumab (Avastin) has been shown to have 
some modest activity in refractory sarcoma sub-
types. A 12% objective response rate was reported 
in angiosarcoma  [  23  ] . In addition, several of the 
other VEGFR-2 small molecule inhibitors like 
sunitinib, sorafenib, and pazopanib are in differ-
ent stages of clinical trials for sarcoma subtypes. 
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 Cediranib (Recentin, AZD2171, AstraZeneca 
Pharmaceuticals, Wilmington, DE) is an orally 
bioavailable small molecule that potently inhibits 
the tyrosine kinase activity of vascular endothe-
lial growth factor receptor 1 (VEGFR-1; Flt-1), 
VEGFR-2 (KDR), and VEGFR-3 (Flt-4), which 
mediate angiogenesis and lymphangiogenesis. In 
a pediatric phase I study, objective responses 
were seen in Ewing’s sarcoma, synovial sarcoma, 
and osteosarcoma patients with pulmonary 
metastases  [  24  ] . A patient with alveolar soft part 
sarcoma (ASPS) had disease stabilization. In 
fact, cedarinib demonstrated promising activity 
in phase II studies in patients with ASPS 
(ClinicalTrials.gov number: NCT00942877), 
which is considered a chemoresistant sarcoma. 
Combination phase I studies using other anti-
VEGF agents such as bevacizumab (Avastin, 
Genentech/Roche, and CA) are underway 
(ClinicalTrials.gov number: NCT00458731).  

   Receptor Activator of NF- k B Ligand 

 Osteoblasts and osteoclasts are required for nor-
mal bone physiology and are the primary cells 
associated with bone growth, modeling, and 
remodeling. The receptor activator of the NF- k B 
(RANK) pathway is a prerequisite for the differ-
entiation of osteoclasts. Also required is the 
ligand of RANK known as RANKL. Preclinical 
models have demonstrated that loss of function 
of alleles in RANK and/or its ligand RANKL is 
associated with osteopetrosis. Interestingly, in 
one of the sarcoma subtypes, the GCT RANKL 
was overexpressed in a subpopulation of stromal 
cells, which comprise the tumor in addition to 
giant cells. These stromal elements may ulti-
mately be incriminated as contributors to the 
bony destruction and resultant pathology seen in 
this sarcoma subtype. Although most commonly 
benign, these tumors may undergo malignant 
transformation. Surgery and radiation have thus 
far been the only options in the absence of sys-
temic treatments. Denosumab (now approved by 
the FDA for osteoporosis), a monoclonal anti-
body to RANKL, was studied in GCT patients 
with clinical benefi t achieved in as many as 86% 
of patients. The exact role of denosumab in the 

treatment algorithm remains to be defi ned, and 
several trials are exploiting this rational strategy.  

   Macrophage Colony-Stimulating 
Factor 1 

 Recurrent aberrations in the macrophage colony-
stimulating factor (M-CSF 1) are seen in pig-
mented villonodular synovitis or tenosynovial 
GCT (PVNS/TGCT). In a similar fashion to GCT 
of the bone, which expresses RANKL, these 
tumors show overexpression of CSF1 receptors. 
Interestingly, KIT inhibitors like imatinib, nilo-
tinib, and/or dasatinib may inhibit CSF1R in 
addition to KIT and PDGFR. Although this tumor 
is benign and does not cause mortality, it causes 
signifi cant pain and morbidity as it attacks the 
tendons and joints. Clinically, imatinib was 
shown to demonstrate some activity in this tumor 
type. Studies using second-generation KIT inhib-
itors are in clinical trials.  

    p53  Pathway/MDM2 Pathway 

 Well-differentiated liposarcoma/dedifferentiated 
liposarcoma are associated with a similar genetic 
abnormality, typifi ed by 12q14–15 amplifi cation 
involving the MDM2 gene  [  25–  27  ] . Preclinical 
studies have demonstrated that intact wild-type 
p53 together with MDM2 amplifi cation can pre-
dict susceptibility to MDM2 inhibitor targeted 
therapy  [  25  ]  . Two different MDM2 antagonists, 
RO5045337 [RG7112, Hoffmann-La Roche] 
(NCT00559533) and JNJ-26854165 [Ortho 
Biotech; Johnson & Johnson] (NCT00676910), 
are in phase I studies. Results in patients with 
advanced well-differentiated liposarcoma and 
dedifferentiated liposarcomas are awaited.  

   Hepatocyte Growth Factor/
Mesenchymal-Epithelial Transition 
Factor Pathway 

 Hepatocyte growth factor mediates cell survival, 
similar to other growth factors. This activity is 
mediated through the mesenchymal-epithelial 
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transition factor (MET), which is an RTK. Several 
c-Met inhibitors are in various phases of preclini-
cal and clinical development as activating muta-
tions are seen in the more common cancers such 
as lung and gastric tumors. Mutations in the MET 
pathway have not yet been reported in sarcomas. 
However, several sarcoma subtypes like ASPS, 
clear cell sarcoma, some osteosarcoma subtypes, 
and alveolar rhabdomyosarcoma express MET. 
This may be a potential strategy that can be 
exploited in these sarcoma subtypes .   

   Other Targets and Early Clinical Trials 
for Sarcomas 

 Sarcoma patients are sometimes offered enroll-
ment in early clinical trials using targeted or non-
targeted agents after failing multiple lines of 
standard of care therapy. These trials establish 
the maximum tolerated dose in the case of cyto-
toxic agents and/or the optimal biologic dose of 
targeted agents for further phase II studies. 
Increasingly, eliciting response signals has 

become an important objective of these trials. 
Phase I trials represent the most critical step in 
translating fi ndings from the bench to the bed-
side, especially for many novel fi rst-in-human 
studies. Sarcomas that have a defi nite transloca-
tion and express aberrant receptors or specifi c 
mutations hold particular promise for deriving 
clinical benefi t from targeted therapy  [  28  ] . 
Although many published preclinical studies 
with novel targets and agents have provided a 
rationale for using this approach in a clinical set-
ting, actually translating these study fi ndings to 
the bedside is diffi cult given the rarity and hetero-
geneity of sarcomas. On the other hand, clinically 
evaluating investigational agents, especially 
novel targeted therapies in sarcoma patients 
enrolled in phase I trials, may enlighten basic sci-
ence researchers and clinical trialists about novel 
potential pathway involvement  [  29  ] . Such dis-
coveries can delineate various subpopulations of 
sarcomas based on their pharmacodynamic and 
clinical responses. A list of such potential agents 
in development and potential sarcoma are shown 
in the Table  16.6 .   

   Table 16.6    Specifi c targets and opportunities for enrollment of sarcoma patients in molecularly targeted phase 1 trials   

 Target/pathway  Potential target-specifi c sarcoma 

 Insulin-like growth factor 1 receptor (IGF1R)  Ewing’s sarcoma, desmoplastic small round cell tumor, 
rhabdomyosarcoma, wild-type GIST 

 Mammalian target of rapamycin (mTOR)  Ewing’s sarcoma, desmoplastic small round cell tumor, 
malignant peripheral nerve sheath tumor (MPNST), PEComa 

 Apoptosis ligand 2/tumor necrosis factor-related 
apoptosis-inducing ligand (Apo2L/TRAIL) 

 Chondrosarcoma, osteosarcoma 

 Receptor activator of NF- k B and ligand 
(RANKL) 

 Giant cell tumor of bone, other bone sarcomas, bone mets 

 Macrophage colony-stimulating factor 1 
(M-CSF 1) 

 Pigmented villonodular synovitis and tenosynovial giant 
cell tumor 

 Retinoblastoma (RB gene)—CDK4  Well- and dedifferentiated liposarcoma 
 p53/mouse double minute (MDM2) inhibitor  Well- and dedifferentiated liposarcoma, malignant peripheral 

nerve sheath tumors and osteosarcomas, Ewing’s sarcoma 
 Vascular endothelial growth factor receptor  All sarcomas in combination with chemo, angiosarcoma, 

alveolar soft part sarcoma, hemangioendothelioma 
 c-Met  Clear cell sarcoma, alveolar soft part sarcoma, alveolar 

rhabdomyosarcoma, MPNST, and osteosarcoma 
 PI 3 kinase/Akt/mTOR  Ewing’s sarcoma, neurofi brosarcoma, chondrosarcoma 
 Aurora kinase  Ewing’s sarcoma, liposarcoma 
 Histone deacetylases (HDAC)  Osteosarcoma, dedifferentiated chondrosarcoma, and liposarcoma 
 Chemokine receptor type 4 (CXCR-4)  Rhabdomyosarcoma, synovial sarcoma, Ewing’s sarcoma 
 Her2/neu  Osteosarcoma, synovial sarcoma, and sarcoma expressing Her2/neu 

(continued)
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   Conclusion 

 The recent molecular characterization of biotar-
gets in sarcomas offers a tantalizing array of 
opportunities for targeted therapy, especially in 
those sarcomas that have a defi nite translocation 
and those that express specifi c receptor aberra-
tion. So far, the targeted agents used to address 
these aberrations have demonstrated mixed 
results. The challenge is identifying biomarkers 
predictive of response/resistance and matching 
them with a specifi c patient’s histology.      

   References 

    1.    Skubitz KM, D’Adamo DR. Sarcoma. Mayo Clin Proc. 
2007;82:1409–32.  

    2.    Nielsen TO, West RB. Translating gene expression into 
clinical care: sarcomas as a paradigm. J Clin Oncol. 
2010;28:1796–805.  

    3.    Jemal A, Siegel R, Xu J, Ward E. Cancer statistics, 
2010. CA Cancer J Clin. 2010;60:277–300.  

    4.    Chugh R, Baker LH. Pharmacotherapy of sarcoma. 
Expert Opin Pharmacother. 2009;10:1953–63.  

    5.   Fletcher CDM, Unni KK, Mertens F. World Health 
Organization, International Agency for Research on 
Cancer. Pathology and genetics of tumours of soft tis-
sue and bone. Lyon: IARC Press; 2002.  

    6.    Jain S, Xu R, Prieto VG, Lee P. Molecular classifi ca-
tion of soft tissue sarcomas and its clinical applica-
tions. Int J Clin Exp Pathol. 2010;3:416–28.  

    7.    Riggi N, Cironi L, Suva ML, Stamenkovic I. Sarcomas: 
genetics, signalling, and cellular origins. Part 1: the fel-
lowship of TET. J Pathol. 2007;213:4–20.  

    8.    Reynoso D, Subbiah V, Trent JC, et al. Neoadjuvant 
treatment of soft-tissue sarcoma: a multimodality 
approach. J Surg Oncol. 2010;101:327–33.  

    9.    Biermann JS, Adkins DR, Benjamin RS, et al. 
Bone cancer. J Natl Compr Canc Netw. 2010;8: 
688–712.  

    10.    Demetri GD, Antonia S, Benjamin RS, et al. Soft tis-
sue sarcoma. J Natl Compr Canc Netw. 2010;8: 
630–74.  

    11.    Patel SR, Vadhan-Raj S, Burgess MA, et al. Results of 
two consecutive trials of dose-intensive chemotherapy 
with doxorubicin and ifosfamide in patients with sar-
comas. Am J Clin Oncol. 1998;21:317–21.  

    12.    Patel SR, Vadhan-Raj S, Papadopolous N, et al. High-
dose ifosfamide in bone and soft tissue sarcomas: 
results of phase II and pilot studies–dose-response 
and schedule dependence. J Clin Oncol. 
1997;15:2378–84.  

    13.    Rodon J, DeSantos V, Ferry Jr RJ, Kurzrock R. Early 
drug development of inhibitors of the insulin-like 
growth factor-I receptor pathway: lessons from the 
fi rst clinical trials. Mol Cancer Ther. 2008;7: 
2575–88.  

    14.    Kurzrock R, Patnaik A, Aisner J, et al. A phase I study 
of weekly R1507, a human monoclonal antibody 
insulin-like growth factor-I receptor antagonist, in 
patients with advanced solid tumors. Clin Cancer Res. 
2010;16:2458–65.  

 Target/pathway  Potential target-specifi c sarcoma 

 Nerve growth factor receptor NGFR  Neurogenic sarcoma 
 Platelet-derived growth factor receptors 
(PDGFR) 

 Ewing’s sarcoma, dermatofi brosarcoma protuberans, 
hemangiopericytoma, GIST, desmoplastic small round cell tumor 

 Neurotrophin-3 receptor (NTRK3)  Congenital fi brosarcoma 
 BRAF  Gastrointestinal stromal tumor (refractory to imatinib) 
 RAF kinase  All types of sarcoma 
 Osteoclast/mevalonate  Bone sarcomas 
 Cell cycle inhibition/poly (ADP-ribose) 
polymerase (PARP) 

 Any type of sarcoma 

 Hedgehog  Ewing’s sarcoma, bone sarcomas 
 Notch/gamma secretase inhibition  Osteosarcoma, liposarcoma 
 Anaplastic lymphoma kinase-1(ALK-1)  Infl ammatory myofi broblastic tumor 
 SRC-kinase  Undifferentiated pleomorphic sarcoma, all sarcoma subtypes in 

combination with cytotoxics 
 c-kit/PDGFR  Gastrointestinal stromal tumor (refractory to imatinib), 

dermatofi brosarcoma protuberans 
 Proteasome  Liposarcoma, Ewing’s sarcoma 
 Estrogen receptor  Desmoid 

Table 16.6 (continued)



438 V. Subbiah and R. Kurzrock

    15.    Olmos D, Postel-Vinay S, Molife LR, et al. Safety, 
pharmacokinetics, and preliminary activity of the anti-
IGF-1R antibody fi gitumumab (CP-751,871) in patients 
with sarcoma and Ewing’s sarcoma: a phase 1 expan-
sion cohort study. Lancet Oncol. 2010;11:129–35.  

    16.    Tolcher AW, Sarantopoulos J, Patnaik A, et al. Phase 
I, pharmacokinetic, and pharmacodynamic study of 
AMG 479, a fully human monoclonal antibody to 
insulin-like growth factor receptor 1. J Clin Oncol. 
2009;27:5800–7.  

    17.    Subbiah V, Anderson P, Lazar AJ, Burdett E, Raymond 
K, Ludwig JA. Ewing’s sarcoma: standard and experi-
mental treatment options. Curr Treat Options Oncol. 
2009;10:126–40.  

    18.   Subbiah V, Benjamin RS, Naing A, et al. Novel phase 
I clinical trials in sarcoma patients: the MD Anderson 
Cancer Center experience. J Clin Oncol (Meeting 
Abstracts). 2010;28:e13111.  

    19.   Subbiah V NA, Brown RE, Robert Benjamin, Anderson 
PM, Kurzrock R. Targeted morphoproteomic profi ling 
of Ewing’s sarcoma treated with insulin-like growth 
factor 1 receptor (IGF1R) inhibitor: response and 
resistance signatures. In: Connective Tissue Oncology 
Society Proceedings. Paris, France; 2010.  

    20.    Quek R, Wang Q, Morgan JA, et al. Combination 
mTOR and IGF-1R inhibition: phase I trial of everoli-
mus and fi gitumumab in patients with advanced sar-
comas and other solid tumors. Clin Cancer Res. 
2011;17:871–9.  

    21.    Herbst RS, Eckhardt SG, Kurzrock R, et al. Phase I 
dose-escalation study of recombinant human Apo2L/
TRAIL, a dual proapoptotic receptor agonist, in 

patients with advanced cancer. J Clin Oncol. 
2010;28:2839–46.  

    22.    Butrynski JE, D’Adamo DR, Hornick JL, et al. 
Crizotinib in ALK-rearranged infl ammatory myofi -
broblastic tumor. N Engl J Med. 2010;363:1727–33.  

    23.    Judson I. Targeted therapies in soft tissue sarcomas. 
Ann Oncol. 2010;21:vii277–80.  

    24.   Fox E, Aplenc R, Bagatell R, et al. A phase 1 trial and 
pharmacokinetic study of cediranib, an orally bio-
available pan-vascular endothelial growth factor 
receptor inhibitor, in children and adolescents with 
refractory solid tumors. J Clin Oncol. 2010;28(35):
5174–81. Epub 2010 Nov 8.  

    25.    Conyers R, Young S, Thomas DM. Liposarcoma: 
molecular genetics and therapeutics. Sarcoma. 2011;
2011:483154.  

    26.    Italiano A, Bianchini L, Gjernes E, et al. Clinical and 
biological signifi cance of CDK4 amplifi cation in 
well-differentiated and dedifferentiated liposarcomas. 
Clin Cancer Res. 2009;15:5696–703.  

    27.    Coindre JM, Pedeutour F, Aurias A. Well-differentiated 
and dedifferentiated liposarcomas. Virchows Arch. 
2010;456:167–79.  

    28.    Wardelmann E, Schildhaus HU, Merkelbach-Bruse 
S, et al. Soft tissue sarcoma: from molecular diagno-
sis to selection of treatment. Pathological diagnosis 
of soft tissue sarcoma amid molecular biology and 
 targeted therapies. Ann Oncol. 2010;21 Suppl 7:
vii265–9.  

    29.    Thomas DM, Wagner AJ. Specifi c targets in sarcoma 
and developmental therapeutics. J Natl Compr Canc 
Netw. 2010;8:677–85. quiz 86.      



439M. Bologna (ed.), Biotargets of Cancer in Current Clinical Practice, Current Clinical Pathology,
DOI 10.1007/978-1-61779-615-9_17, © Springer Science+Business Media, LLC 2012

  17

    Melanoma and Skin Cancers: 
An Introduction 

 Skin cancers are the most common of all cancers. 
The incidence of skin cancer continues to increase 
year on year, with nearly 50% of all Americans 
reaching the age of 65 expected to have skin can-
cer at some point in their lives. Skin cancers are 
broadly categorized according to their cell of ori-
gin. The two most common forms of skin cancer, 
basal cell carcinoma (BCC) and squamous cell 
carcinoma (SCC), derive from the keratinocytes 
and are generally less deadly. In contrast, mela-
noma arises from the malignant transformation of 
melanocytes and is responsible for the majority of 
skin cancer deaths. Although exposure to solar 
ultraviolet radiation is the major risk factor for all 
skin cancers, keratinocyte- and melanocyte-
derived cancers have distinct biological behavior, 
follow different clinical courses, and require 
different therapeutic management. In this chapter, 
we discuss the latest information on the epidemio-
logical and molecular characteristics of both 
melanoma and nonmelanoma skin cancers and will 
describe how new information about the genetic 
mutations that drive these tumors can both dictate 
the prognosis and help guide therapy selection.  

   Melanoma: Incidence, 
Epidemiology, and Risk Factors 

 Melanoma is the most aggressive, therapy resis-
tant, and deadly form of skin cancer. Approximately 
68,130 new cases of melanoma and 46,770 cases 
of melanoma in situ, resulting in 8,700 deaths, are 
estimated for the USA in 2010  [  1  ] . Whereas over-
all rates of cancer death continue to decrease, risk 
of death from melanoma—particularly in male 
patients—continues to rise and showed a 7% 
increase during the period 1990–2006  [  1  ] . The 
incidence of melanoma is both gender- and age-
related, with melanoma frequencies being higher 
in women than men <40 years of age and then 
signifi cantly higher in men than women above 40 
years of age  [  2,   3  ] . Melanoma rates in men aged 
75 years are currently three times higher than 
those of age-matched women  [  3  ] . Of particular 
concern, recent years have seen a dramatic 
increase (a 2.7% increase per year) in new mela-
noma diagnoses in women aged 15–39, thought 
to result in part through the increased use of sun 
tanning beds  [  4  ] . 

 Risk factors for melanoma development 
include ultraviolet (UV) radiation exposure (e.g., 
sunlight and the use of tanning beds), family his-
tory of melanoma, skin type, numbers of nevi, 
age, ethnicity, and occupation  [  3  ] . UV radiation 
is a potent carcinogen and is known to damage 
genomic DNA leading to acquisition of muta-
tions. There are good correlations between aver-
age annual UV exposure and melanoma risk, 
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with similar correlations also existing between 
latitude and melanoma risk (with UV radiation 
being most intense at the equator) and altitude 
(where UV exposures are also greater) and mela-
noma risk  [  5  ] . Epidemiological studies have also 
shown that the age at which UV exposure occurs 
is also an important factor in determining mela-
noma risk. It is known that persons born in 
Australia have a higher lifetime incidence of 
melanoma development than those individuals 
who migrated to Australia after 10 years of age 
 [  6  ] . However, this is unlikely to be the only deter-
minant of risk with other studies showing that 
prolonged UV exposure in later life also leads to 
increased melanoma incidence  [  7  ] . The causative 
role of UV exposure in melanoma development 
is further supported by the fi ndings that individu-
als with a poor tanning response (such as those 
with fair skin and a tendency to freckle), and a 
presumably higher rate of UV-induced DNA 
damage in their skin, have the highest risk of 
melanoma development  [  3  ] . Support for these 
epidemiological studies also comes from whole 
genome-sequencing studies that have shown the 
presence of multiple UV-signature mutations in 
human melanoma cell lines  [  8  ] . Reduction of UV 
exposure through regular use of sunscreens 
signifi cantly reduces melanoma development. 
A recent randomized trial of 1,621 people in 
Queensland, Australia, who were followed for 14 
years, showed daily sunscreen use to reduce mel-
anoma development by 50%  [  9  ] . 

 A clear relationship exists between family his-
tory and risk of melanoma development with 
~10% of all melanomas occurring in family clus-
ters  [  3  ] . So far, two high-penetrance genes, 
encoding for the cyclin-dependent kinase inhibi-
tor 2A (CDKN2A: p16) and cyclin-dependent 
kinase 4 (CDK4), respectively, have been associ-
ated with the development of hereditary mela-
noma  [  10,   11  ] . Of these, the incidence of 
CDKN2A mutation is more prevalent and is 
thought to account for 20–40% of all familial 
melanomas  [  10  ] . In comparison, CDK4 muta-
tions have only been identifi ed in 15 families 
worldwide, making them relatively rare  [  11  ] . 

 Another predictive factor for melanoma 
development is the presence of large numbers of 

nevi  [  12  ] . Common acquired nevi are melanocytic 
proliferations that typically develop on areas of 
sun-exposed skin  [  13  ] . Although most nevi are 
benign, they can, in rare cases, develop into mel-
anoma. There is a good correlation between 
nevus number and melanoma development, with 
individuals harboring >120 nevi having a 20-fold 
increased risk of melanoma  [  13,   14  ] .  

   Melanoma Diagnosis and Prognosis: 
The Role of Biomarkers 

 Accepted markers for melanoma prognosis are 
vertical tumor (Breslow) thickness, invasion 
(Clark) level, the mitotic rate (measured as the 
number of mitoses per mm 2 ), the presence of 
ulceration, and the degree of lymph node involve-
ment  [  15  ] . Breslow thickness (in millimeter) is 
measured from the granular layer of the epider-
mis down to the deepest point of invasion  [  16  ]  
(Fig.  17.1 ). Clark level describes the level of ana-
tomical invasion of the melanoma in the skin 
(epidermis, papillary dermis, reticular dermis, 
subcutis)  [  17  ] . The current version of the AJCC 
melanoma staging and classifi cation defi nes 
mitotic rate and ulceration as the most powerful 
predictors of survival in patients with localized 
melanomas (stages I and II)  [  15,   18  ] . The number 
of metastatic nodes, tumor burden, and presence 
or absence of melanoma ulceration are the most 
powerful predictors of survival in patients with 
nodal metastases (stage III), and the anatomic 
site of distant metastases was the most signifi cant 
predictor of survival in patients with distant 
metastases (stage IV)  [  15  ] .  

 The risk of metastasis to lymph nodes is 
directly related to the Breslow thickness and the 
number of mitoses in the primary melanoma  [  19, 
  20  ] . Metastases are rare for thin melanomas 
(<0.75 mm), and the risk for tumors 0.76–1.0-
mm thick is about 5%. Melanomas that have an 
intermediate thickness (1–4 mm) have a risk that 
starts at about 8% for 1-mm tumors; this rises 
steadily to 30% with increasing depth. In addi-
tion to a high risk of systemic spread, melanomas 
thicker than 4 mm have a risk of approximately 
40% for nodal involvement, in addition to a high 
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risk of systemic spread. A sentinel lymph node is 
one that receives lymphatic drainage directly 
from the primary tumor site. Although the sur-
vival benefi t of sentinel lymph node dissection is 
highly debated, the sentinel lymph node status 
provides accurate prognostic information for dis-
ease-free and overall survival for melanomas 
stage T1b or greater  [  15,   21–  23  ] . 

 Although most melanomas can be adequately 
diagnosed through histological criteria, there 
remain subsets of melanoma that are diffi cult to 
distinguish from benign melanocytic nevi. 
Specifi c examples of these diffi cult diagnoses 
include certain types of nevi, such as dysplastic 
nevi and Spitz nevi, as these share overlapping 
histopathological features with melanomas. 
Diagnosis of these cases is especially diffi cult as 
none of the histochemical or immunohistochemi-
cal markers used in routine diagnosis can ade-
quately differentiate between nevi and melanoma 

 [  24–  26  ] . The one exception to this is the marker 
HMB45, which, in benign and dysplastic nevi, 
shows a gradient of strong staining in the superfi -
cial cells and weak-to-negative staining in the 
deeper tumor cells; in melanoma, HMB45 shows 
strong staining in the deep tumor cells. As misdi-
agnosis can have potentially grave consequences, 
there have been a number of attempts to develop 
diagnostic markers that allow the differentiation 
of benign and malignant melanocytic lesions. In 
a recent study, Kashani-Sabet et al.  [  27  ]  defi ned a 
panel of fi ve molecular markers that included 
developmental WNT pathway member-2 (WNT-
2), fi bronectin (FN1), actin-related protein 2/3 
complex subunit 2 (ARPC2), secreted phospho-
protein-1 (SPP1), and regulator of G-protein 
signaling 1 (RGS1). Using a sample set of 693 
melanocytic lesions (composed of Spitz nevi, 
melanomas, nevi, and misdiagnosed melanomas), 
the authors successfully used their marker panel 

  Fig. 17.1    Schematic showing the progression of melanoma by Clark level Breslow thickness and mitotic rate. Diagram 
shows the layers of the skin and its constituent cells       
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to differentiate benign melanocytic lesions from 
melanoma with a specifi city of 95% and a sensi-
tivity of 91%  [  27  ] . 

 The diagnosis of amelanotic melanomas can 
also be diffi cult. In these instances, the approach 
of choice is the immunohistochemical staining of 
lesions for components of the pigmentation 
machinery including the S100 protein, gp100 
(HMB-45 antigen), and melanoma antigen rec-
ognized by T-cell one (MART-1; Melan-A pro-
tein). MART-1/Melan-A, S100, and gp100/
HMB-45 show high sensitivity for melanoma 
(75–92%, 97–100%, 69–93%). As all of these 
markers are also found in melanocytic nevi, their 
specifi city to distinguishing melanoma from nevi 
is low  [  24–  26  ] . MART-1/Melan-A and S100 
strongly stain both benign and malignant mel-
anocytic neoplasms. 

 As melanomas frequently metastasize early, it 
is therefore critical to identify patients who are at 
risk for relapse and dissemination. Although bio-
marker strategies have been used successfully for 
prognostic and diagnostic purposes in other 
tumor types, no reliable biomarkers have yet 
been identifi ed that are both highly sensitive and 
melanoma specifi c  [  28  ] . A recent meta-analysis 
of the literature identifi ed over 515 publications 
 [  29  ]  that described novel melanoma biomarkers. 
As yet, none of these have found their way into 
routine clinical practice for either diagnostic or 
prognostic purposes. The reasons for this lack of 
translation were manifold and included the lack 
of statistical power in the sample size and 
 inadequate validation techniques. Of the initial 
515 studies under consideration, only 37 of 
these were judged to be worth of analysis. The 
molecules identifi ed in this subset of publications 
included melanoma cell adhesion molecule 
 (Mel-CAM), matrix metalloproteinase-2 (MMP-
2), the proliferation markers Ki67 and proliferat-
ing cell nuclear antigen (PCNA), and the tumor 
suppressor locus p16 INK4A   [  29  ] . The interested 
reader is directed to a series of excellent review 
articles that examine each of these biomarkers in 
detail  [  28–  31  ] . 

 The Ki-67 protein is expressed at all stages of 
the cell cycle except for the G0 quiescent phase 
and is considered to be a sensitive marker of cell 

proliferation. Expression of dermal Ki-67 is 
related to the development of melanoma metasta-
ses, with high dermal expression of Ki-67 of 
>20% being demonstrated to be an independent 
prognostic factor  [  32  ] . A 10-year retrospective 
study of 396 patients with thin melanomas stained 
for Ki-67 identifi ed two groups with high risk of 
metastasis: the fi rst consisted of men and women 
with a dermal mitotic rate of >0 and a dermal 
Ki-67 positivity of >20% and the second group 
consisted of men with a mitotic rate of >0 and a 
dermal Ki-67 of <20%, with 10-year metastasis 
rate of 39% and 20%, respectively  [  32  ] . 

 The increased invasive potential of melanoma 
cells compared to melanocytes is due in part to 
altered expression of cell–cell and cell–matrix 
proteins, and a number of these molecules have 
been investigated as potential prognostic bio-
markers for melanoma. Melanoma cells are 
known to express increased levels of receptors of 
the immunoglobulin gene superfamily of cell 
adhesion molecules (CAMs), such as melanoma 
cell adhesion molecule (MCAM, Mel-CAM, 
MUC18, CD146), L1 cell adhesion molecule 
(L1-CAM, CD171), activated leukocyte cell 
adhesion molecule (ALCAM, CD166), vascular 
cell adhesion molecule 1 (VCAM-1, CD106), 
intercellular cell adhesion molecule 1 (ICAM-1, 
CD54), and carcinoembryonic antigen-related 
cell adhesion molecule 1 (CEACAM1, CD66a) 
reviewed in  [  33  ] . Of these, Mel-CAM is required 
for homologous and heterologous interactions 
between melanoma cells and endothelial cells, 
respectively, via a heterophilic Ca 2+ -independent 
adhesion to a currently unidentifi ed ligand  [  34–
  36  ] . In melanocytic cells, expression of Mel-
CAM is initially found in nevi, when the cells 
have separated from the epidermal keratinocytes 
and have migrated into the dermis  [  37,   38  ] . As the 
tumor progresses, Mel-CAM expression gradu-
ally increases and is at its highest in melanoma 
metastases  [  37,   39–  42  ] . Two recent studies ( n  = 76 
and  n  = 170, respectively) have shown Mel-CAM 
expression to independently predict for develop-
ment of lymph node metastases  [  43  ]  and worse 
overall survival (after adjustment for age, Breslow 
index, and Clark level)  [  44  ] . It was noted that 
Mel-CAM-negative patients had a 5-year survival 
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of 92% compared to 40% for patients who were 
Mel-CAM positive  [  43  ] . One further study, on a 
larger cohort of patients ( n  = 340) showed Mel-
CAM expression to predict for disease-free and 
overall survival in a univariate analysis but not 
when multivariate analysis was performed. The 
discrepancy between this and the two previous 
studies was suggested to be a consequence of dif-
ferences in the antibodies used and the methods 
of sample preservation  [  45  ] . 

 L1-CAM is a neuronal cell adhesion mole-
cule that is also detected in melanoma  [  46,   47  ] . 
It mediates adhesion both via homophilic 
(L1-CAM–L1-CAM) and heterophilic (L1-CAM–
 a  

v
  b  

3
  integrin) mechanisms  [  48  ]  and allows for 

melanoma/melanoma cell and melanoma/
endothelial cell interactions through its binding 
to  a  

v
  b  

3
  integrin  [  49  ] . The interaction of L1-CAM 

and  a  
v
  b  

3
  integrin plays an important role in 

transendothelial migration of melanoma cells 
 [  50  ]  whereas overexpression of L1-CAM pro-
motes conversion from radial to vertical growth 
phase melanoma without upregulation of  a  

v
  b  

3
  

integrin expression  [  51  ] . L1-CAM immunoreac-
tivity is known to be increased in melanoma com-
pared to nevi  [  52  ] . A study that systematically 
identifi ed novel melanoma-specifi c genes con-
fi rmed L1-CAM not to be expressed in normal 
skin and melanocytic nevi but was highly and dif-
ferentially expressed in primary melanoma tis-
sues and melanoma lymph node metastases  [  53  ] . 
A recent study, evaluating 12 nevi, 67 primary 
melanomas, 40 sentinel lymph nodes and 35 dis-
tant metastases, showed L1-CAM to be a highly 
sensitive (90–93%) and specifi c (100%) diagnos-
tic marker for melanoma  [  26  ] . A 10-year retro-
spective biomarker study, evaluating 100 
melanoma specimens, showed the expression of 
L1-CAM in human primary cutaneous melanoma 
to be associated with metastatic spread and an 
independent predictor for metastasis  [  47  ] . 

 Intercellular adhesion molecule (ICAM)-1 
binds to integrin  a  

L
  b  

2
  (lymphocyte function-

associated antigen 1, LFA-1) and Mac1 on lym-
phocytes  [  54  ] . Its expression is known to correlate 
with melanoma progression and the increased 
risk of metastasis  [  55  ] . Increases in ICAM-1 
expression parallel the transition from nevi to 

melanoma metastasis and correlate with Breslow 
index in primary melanomas  [  56–  59  ] . The obser-
vation that stage I patients with ICAM-1-positive 
melanomas had a signifi cantly shorter disease-
free interval and overall survival than those with 
ICAM-1 negative tumors  [  57  ]  and that the sup-
pression of ICAM-1 in an animal model reduced 
the metastatic capacity  [  60  ]  supported the role of 
ICAM-1 in melanoma progression and metasta-
sis. However, the exact role of ICAM-1 in mela-
noma progression remains obscure with 
contradictory reports showing both that ICAM-1 
promotes the aggregation of melanoma cells with 
leukocytes that enhances survival of tumor cells 
in the vascular system  [  61  ]  and that ICAM-1 is 
shed from melanoma cells  [  62  ] —possibly in a 
form that inhibits lymphocyte–tumor cell interac-
tions  [  63  ] . 

 CEACAM1, CD66a, is a member of the 
immunoglobin family of cellular adhesion mole-
cules involved in intercellular adhesion. In epi-
thelial cells, CEACAM1 acts as a growth 
suppressor with its expression being either lost or 
signifi cantly down- or dysregulated in carcino-
mas of liver, prostate, endometrium, breast, and 
colon reviewed in  [  33  ] . CEACAM1 interacts 
with the  b  

3
  integrin subunit via the CEACAM1 

cytoplasmic domain and colocalizes at the tumor–
stroma interface, suggesting a role for the 
CEACAM1–integrin  b  

3
  interaction in melanoma 

cell migration and invasion  [  64  ]  and the develop-
ment of metastases  [  65  ] . Forced overexpression 
of CEACAM1 in CEACAM1-negative melano-
cytic cells and melanoma cell lines leads to 
increased migratory and invasive growth poten-
tials in vitro  [  66  ] , supporting the role of 
CEACAM1 in melanoma progression and metas-
tasis. An evaluation of 12 nevi, 67 primary mela-
nomas, 40 sentinel lymph nodes, and 35 distant 
metastases showed CEACAM1 to be a highly 
sensitive (93–97%) and specifi c (63%) diagnos-
tic marker for melanoma  [  26  ] . 

 E-cadherin is expressed on the cell surface of 
both keratinocytes and melanocytes and is the 
major adhesion molecule mediating the interac-
tion between these two cell types in the epidermis 
 [  67,   68  ] . In cell culture, melanoma cells lose their 
expression of E-cadherin and undergo a cadherin 
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switch that favors an increase in N-cadherin 
expression that allows the melanoma cells to 
associate with fi broblasts and vascular endothe-
lial cells  [  67  ] . Although experimental studies 
confi rm that E-cadherin loss is critical to mela-
noma progression (reviewed in  [  69,   70  ] ), the 
clinical data are confl icting and show that 
E-cadherin expression is not decreased in many 
cases of advanced melanoma  [  71–  73  ] . A recent 
study evaluating 144 primary melanomas, 53 
metastases, and 8 nevi reported E-cadherin 
expression to be signifi cantly correlated with pri-
mary tumor depth, but this was not predictive of 
patient outcome  [  74  ] . Interestingly, when the 
E-cadherin expression data was combined with 
that of the calcium-binding protein S100A4, a 
stronger signifi cant correlation between high 
E-cadherin-expressing and S100A4-negative 
biopsies and increased disease-free survival was 
revealed  [  74  ] . Another recent study evaluating 
115 melanoma samples (55% of which were acral 
lentiginous melanomas) and 4–285-month fol-
low-up (median 69 months) reported that 91% of 
the tumors showed reduced E-cadherin expres-
sion; however, there was no signifi cant correla-
tion between the level of E-cadherin expression 
and patient survival  [  75  ] .  

   Molecular Subtypes of Melanoma: 
Personalizing Therapy 

 Currently, there are few effective treatments for 
disseminated melanoma, and the median survival 
from the disease is 6–10 months. Although pri-
mary melanoma is curable through surgery, treat-
ment of advanced disease remains a challenge, and 
therapeutic strategies employed over the past 30 
years have not signifi cantly improved cure rates. 
Until very recently, all major chemotherapy drugs, 
immunotherapies, and radiotherapies failed to pro-
long survival when tested in large-scale phase III 
clinical trials  [  76  ] . The past decade has seen break-
throughs in personalized cancer medicine, where 
new targeted therapies are being developed that 
inhibit cellular proliferation and survival in tumors 
with certain specifi c oncogenic mutations. Use of 
these new agents, such as imatinib mesylate 
(Gleevec) in chronic myeloid leukemia (CML) and 

gastrointestinal stromal tumors (GIST), represents 
a major advance in cancer therapy  [  77–  79  ] . It is 
becoming clear that melanoma constitutes a het-
erogeneous group of tumors, with different pat-
terns of oncogenic mutation, overexpression, and 
genomic amplifi cation  [  80–  82  ] . There are now 
encouraging signs that the deadlock in the thera-
peutic management of disseminated melanoma 
may be broken and that therapeutic strategies 
designed to specifi cally target the genetic muta-
tions required for melanoma initiation and pro-
gression may allow for better levels of response. In 
the next sections, we outline the major molecular 
subtypes of melanoma and review the latest prog-
ress in matching small molecule targeted therapies 
with genotypes.  

   BRAF Mutant Melanoma 

 A signifi cant advance in our understanding of 
melanoma initiation and progression was the dis-
covery of activating mutations in  BRAF  in over 
50% of melanomas  [  83,   84  ] . Rapidly growing 
fi brosarcoma (derived from Raf) proteins consti-
tute a three member family of serine/threonine 
kinases (ARAF, BRAF, and CRAF) with closely 
overlapping functions  [  85  ] . So far, over 50 dis-
tinct mutations in  BRAF  have been identifi ed 
 [  86  ] . Of these, the  BRAF  V600E mutation, result-
ing from a valine to glutamic acid substitution, is 
by far the most common and accounts for over 
80% of all reported  BRAF  mutations  [  83,   87  ] . 
Most of the transforming activity of the  BRAF  
V600E mutation is thought to result from the 
stimulation of the MAPK pathway  [  83  ]  
(Fig.  17.2 ). Constitutive activity in the Ras/Raf/
MEK/ERK MAPK pathway contributes to the 
oncogenic phenotype of melanoma through its 
effects on cell proliferation, invasion, and sur-
vival  [  88  ]  (Fig.  17.3 ). Of these, the best charac-
terized role for MAPK signaling in melanoma is 
in the regulation of cell growth, particularly at 
the G1 cell-cycle checkpoint (Fig.  17.2 ). 
Progression through the G1 restriction point into 
S-phase is driven by cyclin-dependent kinases 
(CDK) 4 and 6 which interact with cyclin D1, as 
well as by CDK2 which interacts with cyclins 
A/E  [  89  ]  (Fig.  17.3 ). Constitutive MAPK activity 
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increases cyclin D1 and downregulates p27 
expression in melanoma cells  [  90  ] . Inhibition of 
either BRAF or MEK in melanoma cell lines 
using siRNA strategies and pharmacological 
inhibitors leads to a profound G1 phase cell-cycle 
arrest. In experimental systems, the role of 
mutated  BRAF  in melanoma is convincing. In 
vitro studies have shown that V600E mutant 
 BRAF  is an oncogene in immortalized mouse 
melanocytes  [  91  ]  and that selective downregula-
tion of the V600E-mutated  BRAF  using RNAi 
leads to reversal of the melanoma phenotype 
 [  92  ] . Increased BRAF activity also suppresses 
the activity of the melanocyte-specifi c transcrip-
tion factor microphthalmia (MITF), diverting the 
melanoma cells from a differentiated state into 
one of rapid proliferation  [  93  ] .   

 Acquisition of the  BRAF  V600E mutation 
appears to be an early event in melanoma devel-
opment with a high percentage of nevi found to 
be BRAF V600E mutation positive  [  94  ] . In line 
with observations that nevi only rarely develop 

into melanoma, the presence of a  BRAF  V600E 
mutation alone is not suffi cient to oncogenically 
transform primary human melanocytes into mel-
anoma and instead leads to an irreversible growth 
arrest—characteristic of senescence  [  95  ] . Clinical 
studies have confi rmed these fi ndings and have 
shown that most nevi are growth-arrested and 
stain positively for the senescence marker 
 b -galactosidase  [  95  ] . This phenomenon, which is 
termed “oncogene-induced senescence” is an 
important mechanism by which cells protect 
themselves from oncogenic transformation by 
activating pathways leading to irreversible cell-
cycle exit, such as the ARF/p53/p21 axis and the 
cyclin-dependent kinase inhibitor p16 INK4A   [  96  ] . 
As silencing of and mutation of the p16 gene is a 
common event in some inherited forms of mela-
noma,  BRAF  mutations were initially thought to 
occur in tandem with p16 inactivation  [  97  ] . 
Interestingly, this seems not to be the case with 
the introduction of mutated  BRAF  leading to a 
rather irregular pattern of p16 induction  [  95  ] . 

  Fig. 17.2    Cell signaling scheme of pathways activated in 
melanoma cells through either receptor tyrosine kinases 
(RTKs), Ras, and BRAF. Irrespective of the activating 
oncogenic mutation, nearly all melanoma cells are known 

to have constitutive signaling in the BRAF/MEK/ERK 
and PI3K/AKT pathways. Together, these pathways drive 
the uncontrolled growth of melanoma cells and prevent 
the induction of apoptosis       
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Further, in vitro studies confi rmed the clinical 
fi ndings and showed that siRNA knockdown of 
p16 in melanocytes did not lead to malignant 
transformation when combined with the  BRAF  
V600E mutation  [  95  ] . Nor was the introduction 
of  BRAF  V600E alone found to activate the ARF/
p53/p21 axis  [  95  ] . 

 A wealth of evidence now supports the idea 
that multiple signaling pathways must be acti-
vated to drive melanoma development. The other 
major signal transduction cascade known to con-
tribute to melanoma initiation and development is 
the phosphoinositide-3-kinase (PI3K)/protein 
kinase B (AKT) pathway. Activation of PI3K/
AKT signaling occurs via multiple mechanisms, 
and in  BRAF  V600E, mutated melanoma arises 
through loss/inactivation of PTEN, activating 
mutations in AKT3, or increased AKT3 expres-
sion  [  98–  100  ] . The strongest supporting evidence 
for the dual requirement of BRAF and PI3K/AKT 

signaling in melanoma initiation comes from 
mouse modeling studies showing that introduc-
tion of mutant  BRAF  alone leads to the develop-
ment of melanocytic hyperplasia; development of 
melanoma only occurs when BRAF is introduced 
in concert with inactivation of PTEN  [  101  ] .  

    NRAS  Mutant Melanoma 

 The fi rst activating oncogenic mutation to be 
reported in melanoma was in  NRAS   [  102,   103  ] . 
 NRAS  mutant melanomas constitute the most sig-
nifi cant group of  BRAF  wild-type melanomas iden-
tifi ed so far. RAS proteins are a large family of low 
molecular weight GTP-binding proteins (or 
GTPases). Three of the RAS family members, 
 NRAS ,  HRAS,  and  KRAS,  are often mutated in 
human cancers, and >20% of all tumors harbor acti-
vating mutations in one of their  RAS  genes  [  104  ] . 

  Fig. 17.3    Constitutive MAPK signaling plays a key role 
in the oncogenic behavior of melanoma cells. Increased 
activity in the MAPK pathway is known to decrease con-
trol by local skin keratinocytes by downregulating 

E-cadherin expression. Pathway activity also stimulates 
melanoma growth by increasing cyclin D1 expression and 
invasion through the modulation of integrin expression 
and increased matrix metalloproteinase (MMP) release       
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Mutations in  NRAS  have since been identifi ed 
in 15–20% of all melanomas and are most 
 commonly the result of a point mutation leading 
to the substitution of leucine to glutamine at 
 position 61  [  83,   105  ] .  NRAS  mutations have also 
been reported at positions 12 and 13  [  106  ] . 
Mechanistically, the acquisition of point muta-
tions in  NRAS  leads to impaired GTPase activity, 
so that the GTP-bound NRAS is more abundant 
than GDP-bound NRAS. This facilitates the 
recruitment of adapter proteins leading to an 
increase in intracellular signaling (Fig.  17.2 ). 
In addition to NRAS, 1–2% of melanomas have 
 KRAS  mutations, and 2% are  HRAS  mutant 
 [  83,   105  ] . Although it is unclear why NRAS 
mutations predominate in melanoma, there are 
suggestions that this may result from NRAS 
being overexpressed in melanocytes relative to 
the other Ras isoforms. It is also possible that 
NRAS possesses distinct signaling properties 
over the other Ras isoforms that favors melano-
cyte transformation  [  107  ] . In agreement with 
this, it is known that although both mutated 
KRAS and NRAS stimulate Raf signaling in 
mouse melanocytes and increase their anchorage-
independent growth in vitro, NRAS has greater 
transforming activity than KRAS in mouse mela-
noma models  [  108  ] . 

 In its GTP-bound state, RAS binds to and acti-
vates a number of effector signaling pathways 
involved in proliferation. The best characterized 
of these is the serine/threonine kinase RAF (dis-
cussed in more depth under the BRAF section 
above)  [  109  ] . Most of the oncogenic activity of RAF 
is mediated through activation of the mitogen-
activated protein kinase (MAPK) cascade, which 
regulates the cell-cycle entry through control of 
cyclin D1 expression  [  110  ]  (Fig.  17.3 ). RAS is 
also known to activate the phosphoinositide-3-ki-
nase (PI3K)/AKT pathway, which contributes to 
tumor progression via the modulation of growth 
and survival of transformed cells  [  110  ]  (Fig.  17.2 ). 
In addition to MAPK and PI3K/AKT, mutant 
 NRAS  can also activate other intracellular signal-
ing pathways important for malignant transfor-
mation with recent studies demonstrating the 
importance of Ral guanine nucleotide exchange 
factors (Ral-GEFs) in the anchorage-independent 

growth observed following the  NRAS -mediated 
melanocytes transformation  [  111  ] . The relative 
importance of each RAS effector pathway in driv-
ing the malignant phenotype has not yet been 
determined. 

 Although  BRAF  and  NRAS  mutant melanomas 
tend to show constitutive activation of their RAF/
MEK/ERK and PI3K/AKT signaling, there are 
important differences in how these pathways are 
regulated. Melanomas harboring activating  NRAS  
mutations are different from melanomas with 
 BRAF  mutations in that they rely upon CRAF to 
induce their MAPK pathway activity  [  112  ] . In 
normal melanocytes, receptor tyrosine kinase 
(RTK)-induced activation of RAS leads to the 
stimulation of both BRAF and CRAF  [  112  ] . 
Under these conditions, activation of the MAPK 
pathway only proceeds via BRAF, as constitutive 
protein kinase A (PKA) activity leads to the phos-
phorylation and inactivation of CRAF. In mela-
nomas with  NRAS  mutations, the cyclic AMP/
PKA system is deregulated, so that PKA no lon-
ger suppresses CRAF, allowing CRAF-mediated 
MAPK activation to occur  [  112  ] .  

   c-KIT Mutant Melanoma 

 Melanomas on sites with little UV exposure, such 
as the skin on the palms of the hands, the soles of 
the feet or subungual sites (acral melanomas), 
and on mucous membranes (mucosal melano-
mas), have a very low incidence of  BRAF  muta-
tions  [  80  ] .  BRAF  mutations are also known to be 
rare on skin that exhibits signs of chronic sun 
damage (as shown by increased solar elastosis). 
The incidence of acral and mucosal melanomas 
is uniform across all racial groups. A landmark 
study by Bastian and colleagues in 2006 made 
the observation that 21% of mucosal melanomas, 
11% of acral melanomas, and 17% of melanomas 
arising on sun-damaged skin harbor activating 
mutations in  c-KIT , with most of these occurring 
at the imatinib-sensitive juxtamembrane position 
 [  80  ] . The  KIT  gene was originally identifi ed as 
the viral oncogene  v-KIT , derived from the feline 
sarcoma virus HZ 4-FeSV, and then subsequently 
as the proto-oncogene form  c-KIT.  c-KIT is an 
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RTK member of the platelet-derived growth fac-
tor (PDGF) family. Structurally, it is composed of 
fi ve immunoglobin-like motifs in the extracellu-
lar portion and a hydrophilic kinase insert domain 
that forms the intracellular portion (Fig.  17.4 ). Its 
ligand is the glycoprotein stem cell factor (SCF), 
which is also known under a variety of other 
names including mast cell growth factor and steel 
factor (SF). SCF activates c-KIT through binding 
and the induction of a process that leads to recep-
tor dimerization and autophosphorylation.  

 Sequencing of  c-KIT  exons 11, 13, 17, and 18 
revealed the most prevalent mutations in mela-
noma to be K642E, L576P, D816H, and V559A 
 [  113  ] . It was also shown that the presence of a 
 c-KIT  mutation is typically accompanied by an 
increase in KIT gene copy number and genomic 

amplifi cation as identifi ed by array comparative 
genomic hybridization (a-CGH)  [  80  ] . There were 
also instances where c-KIT was amplifi ed in the 
absence of a mutation, and thus, it was reported 
that a total number of c-KIT aberrations (either 
amplifi cation and/or mutation) were 39% for 
mucosal, 36% for acral, and 28% for melanomas 
arising on sun-damaged skin  [  80  ] . Subsequent 
studies have shown that c-KIT is expressed in 
88% of oral mucosal melanomas and that at least 
22% of these harbored activating mutations 
 [  114  ] . Another recent paper also reported the 
presence of the activating L576P mutation in 
 c-KIT  in 15% of anal melanomas, a mutation that 
the authors showed to be imatinib sensitive 
in vitro  [  115  ] . It should be noted that acral len-
tiginous and mucosal melanomas are relatively 

  Fig. 17.4    Structure of the c-KIT receptor and signaling 
pathways activated downstream of KIT. Upon phosphoryla-
tion, the KIT receptor stimulates the MAPK pathway (Ras/
Raf/MEK/ERK) through recruitment of an adaptor com-
plex consisting of Grb2/Sos/Shc. Other phosphorylation 

sites on the KIT receptor are also known to recruit Src fam-
ily kinases and the p85 subunit of PI3K. Activation of all of 
these pathways leads to increased growth and survival of 
melanoma cells       
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rare and, when combined, account for only about 
4% of all melanomas  [  113  ] . The numbers of mel-
anoma patients presenting with activating muta-
tions in  c-KIT  are likely to be quite low. 

 A further subset of melanomas that lacked 
 BRAF  mutations but expressed high levels of 
c-KIT and cyclin-dependent kinase (CDK) 4 was 
also recently identifi ed  [  116  ] . These melanoma 
cell lines lacked activating  c-KIT  mutations and 
showed no evidence of an SCF/c-KIT autocrine 
loop. They were, however, found to have constitu-
tive c-KIT receptor signaling as shown by the 
presence of high-level phospho-c-KIT expression, 
suggesting that the signaling activity may have 
arisen as a consequence of very high receptor 
expression levels leading to spontaneous dimeriza-
tion. Similar fi ndings have been reported in non-
small cell lung cancer where very high epidermal 
growth factor (EGF) receptor expression levels 
lead to constitutive signaling activity  [  117  ] . 

 The role of SCF/c-KIT in melanocyte biology 
is quite well studied, and it is known that SCF 
stimulates the migratory behavior of melanocytes 
grown on fi bronectin by increasing their expres-
sion of pro-invasive integrins  [  118,   119  ] . The 
likely source of SCF during this process is the tis-
sue microenvironment of the neural crest/skin, 
with both dermal fi broblasts and human epider-
mal keratinocytes being shown to express SCF. 
Consistent with these fi ndings, the  c-KIT  and  SCF  
genes are located at genetic loci associated with 
pigmentary defects, with  c-KIT  being located at 
the  W  (white spotting) locus on human chromo-
some 4 and mouse chromosome 5  [  120  ]  and  SCF  
being located at the steel locus on human chromo-
some 12 and mouse chromosome 10  [  121  ] . 
Naturally occurring inactivating mutations at 
either of these loci leading to impaired c-KIT sig-
naling are associated with depigmented patches 
of skin/fur characteristic of piebaldism in humans 
and white spotting in mice  [  122  ] . In these 
instances, c-KIT signaling appears to be critical 
at the level of the melanocyte precursor and 
promotes the survival and proliferation of c-KIT-
positive neural crest-derived cells, where it works in 
concert with other soluble factors such as endothe-
lin 3 (ET-3)  [  123  ] . Although c-KIT signaling is 
essential for melanocyte development, recent 

work has shown that it may in fact be dispensable 
for the survival/proliferation of mature pigmented 
melanocytes. The forced expression of a constitu-
tively active c-KIT (D814Y) mutant into mouse 
melanocytes led to decreased pigmentation and an 
increase in migration  [  124  ] . Mechanistically, this 
seems to occur as a result of increased degrada-
tion of the melanocyte-specifi c transcription fac-
tor microphthalmia-associated transcription factor 
(MITF) following the c-KIT-mediated Ser-73/
Ser-409 phosphorylation of MITF leading to its 
proteasomal degradation  [  125  ] . This study further 
showed that constitutive levels of c-KIT signaling 
led to increased N-cadherin expression in the mel-
anocytes, a fi nding consistent with both increased 
motile behavior and increased oncogenic poten-
tial in melanoma cells  [  126  ] . The lack of prolif-
eration seen in the  c-KIT -mutated melanocytes 
was unexpected but is likely to be a consequence 
of  c-KIT  constituting only one oncogenic “hit.” 
These data suggest that  c-KIT  can only oncogeni-
cally transform melanocytes when accompanied 
by genetic lesions in other pathways. In agree-
ment with this, recent studies have shown that the 
expression of mutated c-KIT in melanocytes 
grown under hypoxic conditions, or in concert 
with the overexpression of hypoxia-inducible 
factor (HIF)-1 a , leads to anchorage-independent 
growth in soft agar  [  127  ] . Here, it appears that 
hypoxia is required for the activation of MAPK 
signaling in the c-KIT mutant cells, as this was 
not observed in the melanocytes expressing wild-
type c-KIT  [  127  ] . Taken together, these results 
point to the fact that melanocytes derived from 
different skin locations may inhabit different 
microenvironmental conditions and may there-
fore follow different paths to oncogenic 
transformation. 

 For a long time the possible involvement of 
c-KIT/SCF signaling in melanoma progression 
was mostly discounted. This stemmed from 
immunohistochemical studies showing that c-KIT 
receptor expression was progressively lost during 
local melanoma growth and invasion  [  128,   129  ]  
and the fi nding that >70% of melanoma cell lines 
and tumor samples lacked any c-KIT expression 
 [  129  ] . On the basis of these results, it was assumed 
that c-KIT was primarily a regulator of melanocyte 
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behavior and therefore dispensable for melanoma 
growth. Some studies went even further and 
showed that overexpression of c-KIT in previ-
ously metastatic melanoma cell lines led to 
signifi cant reductions in tumor growth and suppres-
sion of metastasis  [  130,   131  ] . It was also demon-
strated that the exposure of c-KIT-expressing 
melanoma cells to the c-KIT ligand SCF led to the 
induction of apoptosis. Mechanistically, it was 
shown that loss of the AP-2 transcription factor 
was the likely mechanism underlying the down-
regulation of c-KIT receptor expression  [  131  ] .  

   Other Subgroups of Melanoma 

 A minor subgroup of melanomas have been iden-
tifi ed with  BRAF  mutations in positions other 
than 600. Many of the non-V600  BRAF  mutants 
tend to show impaired BRAF kinase activation in 
isolated kinase assays (hence, the name “low-
activity”  BRAF  mutants) and required the pres-
ence of CRAF to transactivate their MAPK 
signaling  [  87  ] . Analysis of a large panel of mela-
noma cell lines and tissues revealed that ~1% of 
melanoma cell lines had either D594G or G469E 
mutation in  BRAF , respectively, and that 1% of 
melanoma specimens harbored a G469A muta-
tion in  BRAF   [  132  ] . These “low-activity”  BRAF -
mutated cell lines differed in their signaling from 
the  BRAF  V600E mutants and showed high lev-
els of phospho-ERK, low levels of phospho-
MEK, and resistance to MEK inhibition  [  132  ] . 
Interestingly, these “low-activity”  BRAF  mutants 
seem to form part of a broader subgroup of mela-
noma cell lines, including some that are  BRAF  
wild type and  BRAF  V600K-mutated, that are 
reliant upon CRAF for their survival  [  133  ] . 
Studies from two independent groups have now 
demonstrated that shRNA knockdown of CRAF 
in the CRAF-dependent melanoma groups leads 
to MEK-independent effects upon BAD phos-
phorylation and Bcl-2 expression, leading in turn 
to apoptosis and impaired tumor growth in a 
mouse xenograft model  [  132  ] . 

 There also exists a group of  BRAF/NRAS  
wild-type melanoma for which the initiating 

oncogenic event is currently unknown. This 
group is likely to account for ~30% of all 
 melanomas. Efforts are currently underway to 
study this potentially signifi cant subgroup of 
melanomas.  

   Distinct Pathological 
and Prognostic Features 
of Melanomas with Different 
Activating Mutations 

 Both  NRAS  and  BRAF  mutant melanomas are 
found on sun-exposed skin, whereas c-KIT 
mutant melanomas arise on sun-protected sites 
 [  81,   134  ] . Evidence is emerging that the duration 
and frequency of sun exposure may also deter-
mine the nature of initiating oncogenic event, 
with  BRAF  mutant melanomas tending to occur 
in younger patients with a lower cumulative UV 
exposure and  NRAS  mutant melanomas more 
likely to develop in older patients with a more 
sustained history of sun exposure  [  135  ] . Careful 
pathological examination of large numbers of 
 BRAF ,  NRAS , and  c-KIT  mutant melanoma spec-
imens has revealed signifi cantly different muta-
tion-specifi c biological behavior  [  136  ] . It was 
found that  BRAF -mutated melanomas had an 
increased tendency to upward migration and nest 
formation and gave rise to larger, rounded, and 
more pigmented tumor cells  [  136  ] . In contrast, 
 NRAS -mutated melanomas were not found to 
exhibit these morphological and phenotypic char-
acteristics  [  136  ] . With regard to the possible 
prognostic value of mutation status, there is some 
suggestion that that  NRAS  mutant primary mela-
nomas may pose a higher risk of metastasis, as 
they tend to be more deeply invasive at the time 
of initial diagnosis than  BRAF- mutated melano-
mas and tend to have a higher mitotic rate. The 
effects of the different initiating mutations upon 
melanoma prognosis and biological behavior 
remain an area of intense study. As things stand, 
the available evidence suggests that both  BRAF  
and  NRAS  mutant melanomas ultimately follow a 
similar clinical course, with little differences in 
overall survival noted  [  137  ] .  
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   Targeted Therapy for Melanoma: 
Matching Therapies with Genotypes: 
Targeting Mutant BRAF 

 Since the discovery of activating BRAF mutations 
in melanoma, a number of BRAF inhibitors 
have been developed and subjected to extensive 
in vitro testing  [  138–  142  ] . The most thoroughly 
studied of these is the kinase inhibitor sorafenib 
(BAY43-9006, Nexxavar®)  [  142  ] . Although 
originally developed as a CRAF inhibitor, 
sorafenib was also found to inhibit BRAF with 
moderate potency and was evaluated as the poten-
tially fi rst proof-of-concept for BRAF inhibition 
in melanoma  [  143  ] . In animal studies, sorafenib 
treatment led to limited regression of  BRAF  
V600E-mutated melanoma xenografts and was 
associated with only minor levels of apoptosis 
induction  [  132,   143  ] . Extension preclinical inves-
tigations have now shown sorafenib to be a rela-
tively weak inhibitor of BRAF, with many 
off-target effects (including inhibition of VEGFR, 
PDGFR, and p38 MAP kinase  [  142,   144  ] ); it is 
likely that any antimelanoma activity of sorafenib 
is independent of its putative effects upon BRAF 
inhibition  [  145  ] . 

 Since the evaluation of sorafenib, a new gen-
eration of BRAF inhibitors has been developed. 
These drugs show higher potency against 
mutated  BRAF  and have fewer off-target effects; 
the list of those currently under preclinical inves-
tigation includes SB590885, GSK2118436, 
PLX4032/4720 (RG704), AZ628, XL281, and 
GDC-0879  [  138,   139,   146–  152  ] . PLX4032 (and 
its analogue PLX4720) are ATP-competitive 
RAF inhibitors (wt  BRAF  IC50 100 nM, mutated 
 BRAF  31 nM) that selectively inhibit growth in 
melanoma cell lines harboring the  BRAF  V600E 
mutation both in vitro and in vivo mouse in xeno-
graft models  [  139,   151,   153  ] . Another BRAF 
inhibitor currently exciting much interest in both 
the preclinical and clinical arenas is GSK2118436, 
an ATP-competitive inhibitor of  BRAF  V600E/
D/K, wild-type  BRAF,  and  CRAF   [  154  ] . The 
compound has been shown to have promising 
activity in preclinical models of melanoma and is 
now the subject of clinical evaluation  [  155  ] . 

 Responses to PLX4032 in melanoma xenograft 
models were  BRAF  V600E specifi c and highly 
potent, with either partial or complete responses 
observed in all cases  [  151,   153  ] . Interestingly, 
not all  BRAF- mutated melanoma cell lines were 
similarly sensitive to PLX4032 and PLX4720, 
with a signifi cant proportion showing varying 
degrees of intrinsic resistance  [  146,   149,   150  ] . 
Current data suggests that PLX4032/4720 induces 
both cell-cycle arrest and apoptosis in the most 
sensitive cell lines and cell-cycle arrest only in 
less sensitive cell lines  [  146,   150  ] . A recent 
genetic study, looking for patterns of mutation 
and genomic amplifi cation between PLX4032-
sensitive and PLX4032-resistant cell lines, was 
unable to identify any unifying differences 
between the two groups  [  150  ] . More recent stud-
ies have suggested that increased cyclin D1 
expression (in ~17% of  BRAF -mutated melano-
mas) allows for cell-cycle entry when BRAF and 
MAPK signaling is abrogated  [  156,   157  ] . Studies 
from our own lab identifi ed loss of the tumor sup-
pressor PTEN, observed in >10% of melanoma 
specimens, as being responsible for increased 
PI3K/AKT signaling when BRAF was inhibited. 
It was noted that recovery of AKT signaling 
impaired apoptosis when BRAF was inhibited 
through the suppression of BIM and BAD expres-
sion  [  158  ] . In addition to changes in PTEN and 
cyclin D1, it is also known that  BRAF  V600E-
mutated melanomas show alterations in  CDK2, 
CDK4, MITF , and  AKT3   [  82,   159  ] . How the 
expression and mutational status of these genes 
impacts upon biological behavior and future ther-
apy selection remains to be determined. 

 The mechanisms by which BRAF inhibition 
leads to melanoma regression are not fully under-
stood. The best characterized role for BRAF/
MAPK signaling in melanoma is in the regula-
tion of cell growth, with constitutive BRAF/
MAPK activity being shown to increase cyclin 
D1 expression  [  90  ] . Inhibition of either BRAF or 
MEK in melanoma cell lines using pharmaco-
logical inhibitors leads to a profound G1 phase 
cell-cycle arrest. Indeed, the BRAF inhibitors 
SB590885  [  138  ] , AZ628  [  148  ] , and PLX4720 
 [  139  ]  as well as the MEK inhibitors U0126  [  160  ] , 
CI-1040  [  141  ] , PD0325901, and AZD6244  [  140  ] , 
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all have cytostatic effects upon melanoma cell 
lines harboring the  BRAF  V600E mutation. The 
role of  BRAF  in melanoma survival is less clear, 
with both pharmacological inhibitors and siRNA 
knockdown of BRAF being relatively weak 
apoptosis inducers  [  138,   139  ] . There is, however, 
evidence implicating  BRAF  in the control of 
anoikis, with siRNA studies showing a link 
between mutated  BRAF  and regulation of the 
pro-apoptotic BH3-family (Bcl-2 family) pro-
teins BIM, BAD, and Mcl-1  [  161–  163  ] . 

 Clinically, the most highly studied of the new 
class of BRAF-specifi c inhibitors is PLX4032 or 
RG7204 (vemurafenib) (Fig.  17.2 ). In the recent 
phase I clinical trial, 80% of melanoma patients 
( n  = 32) selected for the presence of the  BRAF  
V600E mutation responded to RG7204 (960 mg/
kg BID) and showed signifi cant levels of tumor 
regression  [  164  ] . Pharmacodynamic studies sug-
gested that >80% BRAF inhibition was required 
for clinical activity to be observed  [  153  ] . RG7204 
was well tolerated with the most common side 
effects being rash, arthralgia, photosensitivity, 
and fatigue. Intriguingly, >23% of patients rap-
idly (mostly <12 weeks of treatment) developed 
SCCs of the keratoacanthoma type  [  164  ] . These 
tumors were removed surgically and did not 
recur. Although the exact cause of these carcino-
mas is not known, there is evidence showing that 
SCC often harbor mutations in  HRAS , and it is 
known that inhibition of BRAF in RAS-mutant 
cell lines leads to the paradoxical increase in cell 
growth following the transactivation of CRAF 
 [  147,   165,   166  ] . In the phase II BRAF in mela-
noma (BRIM)-2 trial, 132 patients were recruited 
and received 960 mg of RG7204 BID. The pri-
mary end point was best overall response, with 
duration of response, progression free survival, 
overall response, and safety as the secondary end 
points. Results from the trial showed that 52.3% 
( n  = 69) had a complete (2.3%) or partial response 
(50%), 29.5% ( n  = 39) had stable disease, and 
13.6% ( n  = 18) had progressive disease. Average 
duration of response was 6.8 months, and pro-
gression free survival was 6.2 months. Like the 
phase I trial, 24.2% of the patients developed 
low-grade SCC. A phase III trial of RG7204 
(BRIM-3) has now completed accrual. In it, a 

proposed 680 patients were randomized 1:1 
against dacarbazine with the primary endpoint 
being overall survival. Data from this trial have 
been submitted to the FDA for possible regula-
tory approval. 

 Although very encouraging, the responses 
seen to RG7204 were not durable in most patients, 
with the median progression free survival from 
the phase I and II trials being ~7 months. These 
observations mirror the pattern of response seen 
to targeted therapy in CML, GIST  [  77,   78  ] , and 
most recently medulloblastoma  [  167,   168  ] , where 
an initial period of tumor regression is later fol-
lowed by relapse. The current model for drug 
resistance to targeted therapy suggests that sec-
ondary mutations are acquired in drug-target pro-
teins. In CML and GIST, imatinib resistance 
emerges via the acquisition of secondary muta-
tions at sites within the kinase’s ATP binding site 
that prevent the binding of the drug to the hydro-
phobic pocket at so-called “gatekeeper” residues 
 [  78,   169,   170  ] . Although BRAF gatekeeper 
mutants that confer drug resistance have been 
generated in vitro, similar drug-insensitive  BRAF  
mutations have not yet been observed in mela-
noma patients  [  145  ] . Analysis of tumor samples 
from patients failing RG7204 therapy using both 
deep and ultra-deep sequencing was unable to 
identify de novo mutations in  BRAF , suggesting 
that the acquisition of a gatekeeper mutation is 
not the mechanism of resistance  [  171  ] . Further 
studies, where the BRAF kinase was immunopre-
cipitated from in vitro cultures of RG7204, resis-
tant melanoma specimens showed the BRAF to 
retain its sensitivity to RG7204, again suggesting 
the absence of secondary  BRAF  mutations  [  171  ] . 
Instead, it currently appears that resistance is 
mediated by signals arising upstream of mutated 
 BRAF . In support of this, recent data from two 
independent groups have shown BRAF inhibitor 
resistance to be mediated through increased RTK 
signaling (PDGFR b  and IGF1R, respectively) 
 [  154,   171  ]  (Fig.  17.5 ). In the case of IGFR1, 
downstream MAPK signaling was reactivated 
following the rerouting of signaling from mutated 
 BRAF  to ARAF and CRAF  [  154  ]  (Fig.  17.5 ). In 
those melanomas with increased PDGFR- b  
expression, the nature of the rebound signaling is 
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currently unclear  [  171  ] . The observation that 
melanoma cells quickly compensate for the lack 
of a mutated  BRAF  signal is also supported by 
studies showing that MAPK signaling recovers 
very rapidly (often within 48 h) following treat-
ment with BRAF inhibitors  [  146,   172,   173  ] . 
There is now a growing list of mechanisms by 
which melanoma cells can reactivate their MAPK 
signaling when BRAF is inhibited. Another 
recent study demonstrated that increased COT 
(MAP3K8) expression drives BRAF inhibitor 
resistance through the RAF-independent activa-
tion of ERK  [  174  ] . The clinical relevance of 
increased COT expression in the resistance phe-
notype was confi rmed in a limited number of 
melanoma samples from patients failing BRAF 
and MEK inhibitor treatment  [  172,   174  ] . These 
data fi t with earlier preclinical studies showing 
that exogenously added growth factors and cytok-
ines rescued melanoma cells from cell death fol-
lowing siRNA-induced knockdown of BRAF by 
reactivating MAPK signaling  [  175,   176  ] . These 
fi ndings provide the rationale for how BRAF 
inhibitor resistance could potentially be man-
aged, with a number of groups now suggesting 
that dual BRAF/MEK inhibition may prevent or 
delay the onset of resistance  [  146,   174,   177  ] . This 
hypothesis is currently being evaluated clinically 

in a phase I/II clinical trial of the BRAF inhibitor 
GSK2118436 in combination with the MEK 
inhibitor GSK1120212 in  BRAF  V600E-mutated 
melanoma patients who are treatment naïve 
(NCT01072175).   

   NRAS 

  NRAS  is a small GTPase and therefore a diffi cult 
target for conventional drug discovery  [  104  ] . The 
only class of drugs to be developed so far specifi -
cally designed to inhibit RAS signaling is the 
farnesyltransferase inhibitors (FTIs)  [  178  ] . This 
strategy is predicated on the fact that RAS family 
proteins require farnesylation to form complexes 
with their effectors at the cell membrane. 
Although inhibition of farnesylation was shown 
in vitro to deplete the pool of RAS available to 
drive downstream signaling, many proteins 
require farnesylation to function effectively, 
making FTIs nonspecifi c inhibitors of RAS sig-
naling. Despite being evaluated in many tumor 
types, these compounds have shown little single-
agent activity, even in colorectal carcinoma 
where ~40% of the tumors have activating muta-
tions in  KRAS   [  178  ] . In several clinical trials, 
evaluation of target inhibition was assessed with 

  Fig. 17.5    Putative mechanisms of acquired resistance to 
the BRAF inhibitor PLX4032.  BRAF  V600E melanoma 
cells chronically treated with BRAF inhibitors acquire 
drug resistance via switching between the three isoforms 

of RAF to activate the MAPK pathway. Establishment of 
IGFR1 and PDGFR signaling may also allow mutated 
 BRAF  to be bypassed       
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serial tumor biopsies and was associated with 
only modest inhibition of RAS signaling even at 
the maximum tolerated doses. It is therefore cur-
rently unclear whether FTIs would constitute 
effective RAS mutation-specifi c therapies even if 
appropriate dose levels could be reached. One 
FTI in particular, tipifarnib, was evaluated in a 
single-agent, single-arm phase II trial among 
patients with metastatic melanoma  [  179  ] . The 
lack of response among the fi rst 14 patients 
enrolled led to closure of the trial. Since these 
patients were unselected with regards to their 
 NRAS  mutation status, it is unlikely that more 
than 1–2 patients on the trial harbored an  NRAS  
mutation. Another phase II trial was conducted 
combining tipifarnib and sorafenib in genetically 
unselected patients, to test whether this combina-
tion would inhibit two points within the MAPK 
pathway. This regimen was associated with mini-
mal clinical activity and was abandoned after the 
fi rst stage of accrual  [  180  ] . 

 The current strategies being considered instead 
involve targeting the pathways downstream of 
Ras activation. There is now good preclinical 
evidence that simultaneous blockade of the MEK 
and PI3K pathways leads to the regression of 
Ras-driven tumors in animal models  [  181,   182  ] . 
Other studies have shown that dual inhibition of 
BRAF and CRAF or BRAF and PI3K (using 
shRNA knockdown) was effective at reducing 
the growth and survival of  NRAS -mutated human 
melanoma xenografts  [  183  ] . Although  NRAS -
mutated melanomas are known to rely upon 
CRAF for their MAPK signaling, there is little 
evidence that sorafenib is any more effective on 
the  NRAS  mutants than melanoma cell lines with 
 BRAF  mutations  [  132  ] . MEK inhibition has been 
evaluated in  NRAS  mutant melanoma with mixed 
results. In vitro, panels of  NRAS  mutant mela-
noma show variable sensitivity to MEK inhibi-
tion with such agents, with inhibition of 
proliferation rather than induction of apoptosis 
being the most prevalent response. The factors 
underlying the level of response of  NRAS  mutant 
melanoma cell lines to MEK inhibitors are cur-
rently unknown  [  140,   141  ] . Several potent and 
selective inhibitors of MEK have emerged from 
phase I clinical trials. The most active of the new 

generation of these compounds, GSK2110212, is 
associated with tumor regression in a subset of 
patients with  BRAF  wild-type melanoma at least 
some of whom were likely to be  NRAS  mutant 
 [  184  ] . As we look to the future, the new genera-
tion of MEK inhibitors will be combined with 
potent and selective inhibitors of PI3K, AKT, and 
mTOR. The fi rst combination regimen of a MEK 
inhibitor (AZD6244) with an AKT inhibitor 
(MK-2206) will begin phase II evaluation in 
2011. This represents the fi rst of what is antici-
pated to be a growing array of combination regi-
mens targeting RAF/MEK/ERK and PI3K/AKT 
pathway signaling in  NRAS  mutant tumors. 

 The importance of matching the correct tar-
geted therapy to the requisite melanoma genotype 
is illustrated by recent preclinical studies showing 
that inhibitors of BRAF paradoxically activate 
MAPK signaling in tumors that lacked activating 
 BRAF  mutations. Reports from at least six inde-
pendent groups have shown that BRAF inhibition 
activates MAPK in cell lines with  NRAS  and 
 KRAS  mutations as well as those cell lines where 
the MAPK pathway is activated through other 
oncogenes such as  HER2   [  147,   165,   166,   185–  187  ]  .  
Mechanistic studies showed that PLX4032 and 
other BRAF inhibitors were able to prevent the 
formation of BRAF–CRAF complexes and instead 
promoted the formation of CRAF–CRAF dimers, 
leading in turn to MEK activation  [  147,   187  ] . 
There is also evidence that PLX4032 increases the 
invasive potential of  NRAS -mutated melanoma 
cells through the activation of ERK and FAK sig-
naling  [  165  ] . Additional studies demonstrated that 
BRAF inhibitors may even contribute to the pro-
gression of  NRAS -mutated melanomas in part by 
suppressing apoptosis through the modulation of 
Mcl-1 expression  [  186  ] .  

   c-KIT 

 A number of small molecule RTK inhibitors 
have been developed that target KIT activity, the 
best studied of which is imatinib mesylate, an 
RTK inhibitor with activity against Bcr-Abl, 
PDGFR, and c-KIT  [  79,   188  ] . It is becoming 
apparent  KIT  mutational status, rather than 
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genomic amplifi cation, is most predictive of 
response to small molecule KIT inhibitors  [  113  ] . 
The available evidence also suggests that the 
nature of the  KIT  mutation dictates which KIT 
inhibitor should be used  [  113,   189  ] . To date, only 
a few relevant preclinical studies have been pub-
lished on melanoma cell lines derived from either 
acral or mucosal melanomas  [  190,   191  ] . The fi rst 
of these characterized three primary mucosal mel-
anoma cell lines, of which one was noted to have 
an exon 11 V559D mutation in  c-KIT   [  190  ] . 
Treatment of this cell line with imatinib led to 
cell-cycle arrest and apoptosis induction and was 
associated with inhibition of JAK/STAT, PI3K/
AKT, and MAPK signaling and the inhibition of 
Bcl-2, survivin, and Mcl-1 expression  [  190  ]  
(Fig.  17.4 ). The second study reported the identi-
fi cation of a mucosal melanoma cell line with a 
D820Y exon 17 mutation in  c-KIT  (the mutation 
often associated with imatinib resistance in GIST) 
that showed sensitivity to sunitinib  [  191  ] . One 
other recent publication reported the identifi ca-
tion of a nonacral/nonmucosal melanoma cell 
lines harboring an L576P  KIT  mutation  [  192  ] . In 
this instance, the cell line was found to be resis-
tant to imatinib, nilotinib, and sorafenib but sensi-
tive to dasatanib  [  192  ] . There is also some 
evidence suggesting that the presence of constitu-
tive KIT activity (as shown by phospho-KIT) may 
be predictive of KIT inhibitor response  [  116  ] . 

 Although imatinib is now routinely used in the 
treatment of patients with CML and GIST, its 
activity in nonselected groups of melanoma 
patients has been very disappointing  [  193  ] . Phase 
II clinical trials of imatinib in patients with meta-
static melanoma revealed no objective responses 
and were associated with poor survival rates and 
signifi cant toxicity  [  193  ] . Another phase II trial of 
melanoma patients selected on the basis of their 
tumors expressing one of the molecular targets of 
the inhibitor by immunohistochemistry (PDGFR, 
c-KIT, c-abl, or abl-related gene) was also nega-
tive  [  194  ] . In this trial, however, one signifi cant 
response was observed in a patient with acral len-
tiginous melanoma. Analysis of the patient’s 
tumor showed it to have the highest c-KIT expres-
sion of the entire cohort, albeit lacking a c-KIT 
receptor mutation. It was also shown that imatinib 

treatment induced a signifi cant level of apoptosis 
in this tumor and in the surrounding endothelial 
cells  [  194  ] . In recent years, there have been a 
number of cases reported where KIT mutant mel-
anoma patients have responded to a variety of 
KIT inhibitors. The fi rst patient to be reported 
was a 79-year-old woman with metastatic mucosal 
melanoma. Immunohistochemical staining 
revealed the tumor to have very strong staining 
for c-KIT, and mutational analysis demonstrated 
the presence of a seven-codon duplication in exon 
11  [  195  ] . After 4 weeks of treatment with ima-
tinib (400 mg daily), regression of the metastatic 
lesions was noted on a PET/CT scan. Another 
recent case report described a patient with a 
mucosal melanoma that stained strongly for 
c-KIT, harbored an activating exon 13 (K642E) 
mutation, and showed increased copy number 
 [  196  ] . Following surgical removal of the primary 
tumor, the patient developed metastatic spread 
and was then put on imatinib therapy, which ulti-
mately led to a resolution of the metastatic nod-
ules  [  196  ] . Two further case studies have also 
reported signifi cant imatinib responses in the 
metastatic setting for patients with acrolentigi-
nous and mucosal melanomas harboring L576P 
and V559A  KIT  mutations, respectively,  [  189, 
  197  ] . Interestingly, not all  KIT -mutant melanoma 
patients show responses to imatinib, and there is 
evidence that other kinase inhibitors may also be 
effective. One report details a case of a mucosal 
melanoma patient harboring a V560D mutation in 
 c-KIT  showing a complete response to sorafenib 
 [  198  ]  and another case of a KIT mutation-positive 
(L576P) vaginal mucosal melanoma patient who 
responded to dasatanib  [  192  ] . Although the initial 
round of clinical studies on imatinib in melanoma 
were negative, studies involving selection of mel-
anoma patients with activating mutations in  c-KIT  
are now underway. The preliminary results from 
the phase II multi-institutional trial of imatinib 
patients with mucosal, acral lentiginous mela-
noma, or melanoma arising on chronically sun-
damaged skin demonstrated responses in zero out 
of ten patients with amplifi ed/wild-type c-KIT 
but partial responses in fi ve out of ten patients 
with  c-KIT  mutations  [  113  ] . The fi nal results of 
this trial are still awaited.  
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   Nonmelanoma Skin Cancers: 
Epidemiology and Incidence 
of Basal Cell Carcinoma 

 BCC is the most common of the keratinocyte 
skin cancers and is so named because of its 
resemblance to the basal cells of the epidermis 
 [  199  ] . Based upon immunohistochemical stud-
ies, BCC is considered to be a malignancy of fol-
licular germinitive cells. It accounts for the vast 
majority of all skin cancers (~75%), with an inci-
dence predicted to be 100 per 100,000  [  199  ] . 
BCC is the most prevalent of all cancers in 
Caucasians, who have an average lifetime risk of 
30% for developing this tumor  [  200  ] . The highest 
incidence of BCC is in Australia, where 1,383 
new cases are identifi ed yearly per 100,000  [  201  ] . 
BCCs occur more frequently in men compared to 
women (at a ratio of 2:1), and the average age of 
disease onset is 60 years  [  199  ] . Interestingly, 
women <40 years of age have an increased risk 
of BCC compared to their male counterparts, a 
fact probably attributable to increased sun tan-
ning behavior (such as use of tanning salons) in 
young females  [  199  ] . Risk factors for BCC devel-
opment include sun/UV exposure (mainly inter-
mittent), severe childhood sunburns, fair skin, a 
history of ionizing radiation exposure, and expo-
sure to oral psoralens and arsenic. Like mela-
noma, there is evidence that age at time of sun 
exposure is an important determinant of BCC 
development, with individuals born in Australia 
showing a greater risk for BCC than those who 
migrated to Australia when older than 10 years of 
age  [  201  ] . The exact etiology and even the pre-
cise incidence of BCC are diffi cult to describe, as 
the occurrence of this cancer is not routinely 
recorded in cancer registries because of the large 
numbers of cases  [  199  ] . 

 BCCs are generally slow growing, infi ltrative 
lesions that normally arise on sun-exposed areas 
such as the face and neck, as palpable, translu-
cent tumors with wispy telangiectasias on their 
surface. There are many histological subtypes 
that may also be distinguished by their clinical 
characteristics. Nodular BCC, the most common 
form (70% of all cases), has a pearly appearance 

with a rolled border and central crusting with 
ulceration. Superfi cial BCC (10–15% preva-
lence) has a scaly, erythematous plaque-like 
appearance. Although BCCs rarely metastasize 
(~0.5% of cases), they are often locally invasive 
and can cause signifi cant levels of tissue damage 
when they infi ltrate the cartilage, muscle, and 
bone. Metastasis of BCC is associated with sig-
nifi cant mortality (3.6 year median survival) with 
the most common sites of spread being the lung, 
liver, and bone  [  202  ] .  

   The Molecular Basis of BCC: 
Hedgehog Signaling 

 For many years, the underlying molecular causes 
of BCC remained obscure. A signifi cant break-
through was made with the discovery of genetic 
mutations in the hedgehog signaling (HH) path-
way in patients with a rare condition known as 
Gorlin syndrome or basal cell nevus syndrome 
(BCNS) in which susceptible patients are noted to 
form hundreds of BCC-like lesions  [  203  ] . Family-
based linkage studies of BCNS kindreds identi-
fi ed the causative factor to be mutations in the 
patched gene (PTCH-1), a key negative regulator 
of the HH signaling pathway (Fig.  17.6a )  [  204  ] . 
Under physiological conditions, the HH pathway 
plays a key role in development and infl uences 
embryogenesis, epithelial and mesenchymal tis-
sue interactions, and cell differentiation. When 
PTCH-1 is mutated, its suppressive effects upon 
the related transmembrane protein smoothened 
(SMO) are relieved, allowing for the activation of 
the downstream GLI family of transcription fac-
tors (so-named because they were fi rst identifi ed 
in GLIoblastoma)  [  205  ]  (Fig.  17.6b ). GLI family 
transcription factors control the expression of 
many genes involved in aberrant tissue differen-
tiation, proliferation, survival, and ultimately the 
development of BCC  [  205  ]  (Fig.  17.6 ).  

 There is now good experimental evidence that 
upregulated HH signaling is the key event under-
lying the development of most BCC and that little 
other signaling activity aside from HH is required 
for BCC initiation  [  204  ] . In agreement with this 
idea, ~90% of all sporadic BCC harbor mutations 
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in one allele of PTCH-1, with a further 10% of all 
BCC showing activating mutations in SMO 
 [  205  ] . Mechanistically, genome-wide association 
studies of keratinocytes with constitutive HH sig-
naling revealed a role for platelet-derived growth 
factor- a  (PDGF- a ), an upregulation of Bcl-2, 
caspase 8, and a FADD-like apoptosis regulator 
CFLAR in HH-mediated tumorigenesis  [  205  ] .  

   Treatment of BCC: Surgery 
and Topical Therapy 

 The gold standard for BCC treatment is complete 
surgical excision. This has been further refi ned 
by the use of Mohs surgery, which decreases 
recurrence rates to ~1.4% (5-year follow-up). 
Indications for Mohs surgery include recurrent 
tumor at a previously excised site, an aggressive 
BCC subtype, poorly defi ned tumor margins, and 
the presence of a tumor at an anatomically restric-
tive site  [  201,   202,   206  ] . Patients who are poor 
surgical candidates can be treated by the applica-
tion of topical therapies including cryotherapy, 
radiotherapy (particularly in patients with large 
tumors), photodynamic therapy using the photo-
sensitizer aminolevulinic acid, and topical che-
motherapy drugs, such as 5-fl uorouracil (5-FU) 
 [  200  ] . One of the most promising topical treat-
ments for BCC is imiquimod, which belongs to 

the imidazoquinolone class of drugs  [  207  ] . It 
exerts its antitumor effects by binding to toll-like 
receptors (TLR) 7 and 8 of macrophages and 
plasmacytoid dendritic cells resulting in the acti-
vation of the innate immune response  [  208,   209  ] . 
Monocytic activation in turn leads to the produc-
tion of several pro-infl ammatory cytokines such 
as interferon-alpha (IFN- a ), tumor necrosis fac-
tor-alpha (TNF- a ), and interleukin-12 (IL-12), 
and it is the secretion of these and other cytokines 
that leads to a cell-mediated cytotoxic Th1 
response. In addition, imiquimod has been shown 
to induce pro-apoptotic factors such as Fas recep-
tor (FasR), also known as CD95, Bax, and cas-
pases 9 and 3  [  207–  209  ] . Five percent imiquimod 
cream (Aldara®, 3M Corporation) has been FDA 
approved for treatment of superfi cial BCC, with 
trials underway to measure its effi cacy in other 
subtypes of BCC such as nodular BCC.  

   Targeted Therapy of Nonmelanoma 
Skin Cancers: Inhibition of HH 
Signaling 

 Although most cases of BCC are treated by surgi-
cal excision, there is currently no standard of care 
for the treatment of more advanced forms of 
BCC, such as locally extensively invasive or met-
astatic BCC. Current strategies for advanced BCC 

  Fig. 17.6    ( a ) Hedgehog signaling in normal develop-
ment. Under physiological conditions, patched (PTCH1) 
suppresses signaling through smoothened (SMO), which 
in turn represses the transcription of GLI1 target genes. 

( b ) Hedgehog signaling in BCC. Inactivating mutations 
found in the majority of BCC prevents the repression of 
smoothened (SMO) leading to constitutive expression of 
GLI-1 family target genes       
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have centered upon the targeting of constitutive 
HH signaling using SMO antagonists. Of these, 
the SMO inhibitor furthest along in clinical devel-
opment is GDC-0449 (vismodegib; Genentech/
Roche), which is currently undergoing phase II 
clinical evaluation. The results of the multicenter 
phase I trial of GDC-0449 for the treatment of 
locally advanced and metastatic BCC were 
reported in September of 2009 in The New 
England Journal of Medicine  [  210  ] . In this study, 
a total of 33 patients received oral GDC-0449. 
The median duration of study treatment was 9.8 
months with 18 patients showing an objective 
response assessed by RECIST criteria, physical 
examination, or both  [  210  ] . Of these, two indi-
viduals showed a complete response, and 16 had 
a partial response. Stable disease was observed in 
11 patients, and 4 patients had progressive dis-
ease. Among the 18 patients with metastatic BCC 
and 15 patients with locally advanced BCC, the 
overall response rates were 50% and 60%, respec-
tively. Correlative studies showed GLI1 mRNA 
levels to be elevated in the majority of BCC 
patients enrolled on study and that PTCH1 gene 
mutations were observed in nine out of ten patient 
specimens analyzed  [  210  ] . Two of the four 
patients who progressed on SMO inhibitor ther-
apy were noted to have increased levels of HH 
signaling, suggesting the existence of novel resis-
tance mechanisms  [  210  ] . At this time, a number 
of other SMO antagonists, including BMS-
833923 (Bristol-Myers Squibb/Exelixis), IPI-926 
(Infi nity), LDE-225 (Novartis), and PF-04449913 
(Pfi zer), are currently in phase Ib trials for 
advanced solid tumors including BCC  [  211  ] .  

   Squamous Cell Carcinoma: 
Incidence, Epidemiology, 
and Risk Factors 

 SCC is the second most common skin malig-
nancy. Overall prevalence is at least 200,000 
cases a year, with a mortality rate of 2,000 cases 
a year. The incidence of SCC has been steadily 
rising over the last 30 years, especially in the 

40-year-old or less age group, with rates now 
standing at 3.9 cases per 100,000 and a cumula-
tive lifetime risk of 7–11%  [  212  ] . The increase in 
SCC incidence has been linked to sun exposure, 
especially in tropical areas, and to sun tanning 
behavior. Identifi able predisposing risk factors 
include older age, male gender, Celtic ancestry, 
oral psoralens (used to treat psoriasis), UVA ther-
apy, coal-tar products (found in some dandruff 
shampoos), high cumulative dose ionizing radia-
tion, and chronic epidermal damage  [  212  ] . Of 
these, UV exposure is thought to be the major 
causative factor for SCC  [  213  ] . The UV spectrum 
is divided into two major carcinogenic wave-
lengths: UVA (320–400 nm) and UVB (290–
320 nm). UV photon absorption by DNA leads to 
mutation through the dimerization of adjacent 
pyrimidine bases. The two major photoproducts 
induced by UV are cyclobutane pyrimidine dim-
ers (CPD) and the pyrimidine–pyrimidone photo-
product (6-4PP)  [  214  ] . UVB is ~1,000 times 
more potent at inducing photodimerizations than 
UVA  [  215  ] . The failure to repair CPDs leads to 
DNA mutations that typically manifest them-
selves as C to T and CC to TT transitions in a 
number of key genes implicated in cancer devel-
opment including p53, PTCH1, p16, and RAS 
 [  216  ] . The fact that SCC, BCC, and melanoma 
commonly show mutations and aberrant activity 
of p53, p16, and  RAS  is taken as strong evidence 
for the causative role of UV radiation in the 
development of these cancers. Recent studies 
have also implicated human papilloma virus 
(HPV) (genus beta) infection in the initiation and 
development of SCC  [  217  ] . In a population-based 
case control study, 62% of cutaneous SCC 
patients ( n  = 252) were found to be seropositive 
for HPV as compared 53% seropositivity (odds 
ratio of 1.6, confi dence interval of 1.2–2.3) in a 
matched control population  [  217  ] . The two spe-
cifi c HPV serotypes implicated in this study were 
HPV-5 and HPV-20  [  217  ] . Further studies have 
shown the presence of HPV-38 in ~50% of skin 
carcinomas but only 10% of normal skin samples. 
Similarly, HPV-38 was also identifi ed in 43% of 
actinic keratoses as well as 13% of SCC and 16% 
of BCC  [  218  ] . HPV infection is known to introduce 
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a number of viral genes, such as  E6,  which facilitate 
oncogenic transformation by affecting the stabil-
ity of p53 and  E7  which disrupts the activity of 
the retinoblastoma protein, an important cell-
cycle regulator. 

 Immunosuppression has also been demon-
strated to be an etiological factor for aggressive 
forms of SCC. Organ transplant patients, such as 
those undergoing renal, cardiac, and pulmonary 
transplants, have 60–100-fold risk of developing 
a subtype of SCC that shows an increased risk for 
metastasis (>20%)  [  219  ] . Immunosuppresive 
drug regimens implicated in SCC development 
include calcineurin inhibitors, mTOR inhibitors, 
antimetabolites, and oral glucocorticoids. Sites of 
chronic wounds, including burn wounds, stasis 
wounds, and osteomyeletic sinus tracts, have also 
been implicated as risk sites for future SCC 
development. The cardinal feature is a persistent 
infl ammatory reaction with increased proteolytic 
activity. 

 SCCs can be stratifi ed on the basis of their 
malignant potential. Low-risk subtypes occur in 
the setting of precursor actinic keratoses (AK) 
lesions and HPV-associated verrucous lesions. 
HPV-associated lesions produce exophytic 
growths that show invasion into the dermis. 
Intermediate-risk subtypes including adenoid 
and lymphoepithelioloma-like carcinoma that 
show increasing levels of atypia, loss of adhe-
sion, and increased frequency of mitoses. High-
risk lesions include adenosquamous carcinoma 
and desmoplastic SCC  [  220,   221  ] . Clinically, 
SCC lesions most often present as a shallow-
based ulcer with a surrounding indurated, raised 
border. At times, the lesion can be hidden beneath 
a thin, dry scale or at the base of a cutaneous 
horn. Overall, the majority of SCC lesions occur 
on sun-exposed sites. SCCs contain malignant 
keratinocytes with varying degrees of keratiniza-
tion that can invade into the dermis. The poten-
tial for SCC to metastasize is minimal, estimated 
to be 0.3–3.7%  [  222  ] , but when metastasis 
occurs, signifi cant mortality results and 5-year 
survival rates for metastatic SCC are ~30%. 
There is an increased tendency toward local 
recurrence and metastasis when the SCC arises at 

certain anatomic sites such as on the lips (14%) 
and the external ear (9%). Primary SCCs with a 
diameter >2 cm (30.3%), a depth greater than 
4 mm (45.7%), and perineural involvement are at 
greatest risk of metastatic spread  [  223  ] .  

   Treatment of SCC 

 Surgical excision is the primary modality for 
removing SCC localized to the skin. In more cos-
metically sensitive areas such as the face, Moh’s 
micrographic surgery has proven useful and 
spares uninvolved tissue. In patients who are 
poor surgical candidates, smaller lesions may be 
amenable to cryotherapy, using topically applied 
liquid nitrogen or electrodessication and curet-
tage. Another useful technique involves using 
aminolevulinic acid applied topically onto the 
lesion leading to the production of localized oxy-
gen radicals, followed by photodynamic therapy. 
5-FU is a nucleotide analogue that inhibits tumor 
proliferation by blocking DNA synthesis. Its use 
as a topical therapy for SCC is limited by its 
inability to penetrate to deeper skin layers and 
side effects that range from severe pruritus to 
pain and severe infl ammation. Although topical 
imiquimod treatment is FDA-approved for BCC, 
it is not currently approved for use in SCC. There 
is evidence from short-term trials (maximum 16 
weeks) that imiquimod has some effi cacy against 
cutaneous and invasive SCC  [  224–  226  ] , and 
investigations are underway to determine the 
safety and effi cacy of long-term treatment.  

   The Molecular Basis of SCC 

 Although both BCC and SCC are keratinocyte 
tumors, the mechanisms of initiation are very dif-
ferent. Whereas BCC arises de novo as the result 
of a defi ned molecular event (activation of HH 
signaling), SCC instead follows a more complex, 
stepwise path to malignancy. To date, one of 
the major genetic changes implicated in SCC 
development is the acquisition of  p53  mutations, 
which are found in >90% of all SCC  [  227,   228  ] . 
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Under normal physiological conditions, p53 
activation protects against tumor development by 
initiating cell-cycle checkpoints and apoptosis in 
cells  following either DNA damage or oncogene 
activation. As discussed previously,  p53  is sus-
ceptible to UV-induced signature mutations, 
which can lead to impaired p53–DNA binding, 
an abrogation of the apoptotic response and 
increased tumor cell invasion and motility  [  229  ] . 
Convincing evidence for the role of p53 inactiva-
tion in SCC development comes from transgenic 
animal studies, with  p53  knockout out mice 
showing a much earlier onset of UV-induced skin 
cancer than their wild-type counterparts  [  230  ] . 
Although the acquisition of  p53  mutations occurs 
early in the development of SCC, there is contro-
versy as to whether the nature of the  p53  muta-
tion acquired predicts for the eventual 
aggressiveness of the tumor. One other possible 
molecular candidate for SCC initiation and pro-
gression is the epidermal growth factor receptor 
(EGFR). Upon exposure to UV radiation, ROS 
generation leads to EGFR signaling in keratino-
cytes, which in turn stimulates p38 MAPK and 
JNK resulting in increased cell proliferation and 
an escape from apoptosis  [  231,   232  ] . Further evi-
dence for the role of EGFR signaling in SCC 
development comes from preclinical studies 
showing that pharmacological inhibition of 
EGFR abrogates UV-induced skin tumor forma-
tion in mice  [  233  ] . A role for persistent JNK sig-
naling in SCC progression has also been 
suggested, with studies showing that >70% of all 
SCCs have constitutive activity in this pathway 
 [  234  ] . One of the hallmarks of cancer is resis-
tance to apoptosis. Overexpression of antiapop-
totic members of the Bcl-2 protein family, 
particularly Bcl-XL, has been implicated in SCC 
development  [  235  ] . In vitro studies have shown 
that increased Bcl-XL expression protects immor-
talized keratinocytes from UV-induced apoptosis 
and that Bcl-XL knockdown sensitizes cells to 
UV-induced apoptosis. In a similar vein, trans-
genic mice with targeted Bcl-XL overexpression 
in their epidermal keratinocytes are more likely 
to develop UV-induced skin cancers  [  236,   237  ] . 
Continued research is expected to lead to impor-
tant new insights into the molecular basis of SCC 
initiation and progression.  

   Future Perspectives 

 We are only at the beginning of understanding 
the molecular events underlying skin cancer 
development and progression. As both basic and 
clinical researches into the biology of melanoma, 
SCC, and BCC progress, a future can be envis-
aged where highly personalized, patient-specifi c 
therapy regimens are developed. It is hoped that 
disseminated melanoma, rather than continuing 
to represent a dismal diagnosis, can be 1 day 
reduced to the level of a manageable, chronic dis-
ease. It is also hoped that effective targeted thera-
pies for both BCC and SCC will reduce and 
prevent the mortality associated with the devel-
opment of metastases.      
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  Abbreviations  

  ADAMs    A disintegrin and metalloproteinases   
  ADAMTS    ADAM with thrombospondin motifs   
  BMPs    Bone morphogenetic proteins   
  CTCs    Circulating tumor cells   
  DTCs    Disseminated tumor cells   
  ECM    Extracellular matrix   
  EGF    Epidermal growth factor   
  EMMPRIN     Extracellular matrix proteinase 

inducer   
  FAK    Focal adhesion kinase   
  FGF    Fibroblast growth factor   
  HS    Heparan sulfate   
  ICAM-1    Intercellular adhesion molecule-1   
  IGF-1    Insulin-like growth factor-1   
  IgSF    Immunoglobulin gene superfamily   
  IL    Interleukin   
  LMWHs    Low-molecular-weight heparins   
  MCF-1    Macrophage chemotactic factor-1   
  MEI    Metastatic effi ciency index   
  MMP    Metalloproteinase   
  MT-MMP    Membrane-type MMP   
  OPG    Osteoprotegerin   
  OPN    Osteopontin   
  PA    Plasminogen activation   
  PAR    Protease-activated receptor   
  PDGF    Platelet-derived growth factor   

  PECAM-1     Platelet endothelial cell adhesion 
molecule-1   

  PSGL-1    P-selectin glycoprotein ligand-1   
  RANKL     Receptor activator of nuclear factor 

 k B ligand   
  RECK     Reversion-inducing cysteine-rich 

protein with Kazal motifs   
  RT-PCR     Reverse-transcriptase polymerase 

chain reaction techniques   
  SLeA    Sialyl-Lewis(A)   
  SLeX    Sialyl-Lewis(X)   
  TEM    Transendothelial migration   
  TF    Tissue factor   
  TFG    Transforming growth factor   
  TFPI    Tissue factor pathway inhibitor   
  TIMP    Tissue inhibitors of metalloprotease   
  TNF    Tumor necrosis factor   
  tPA    Tissue-type plasminogen activator   
  UFH    Unfractioned heparin   
  uPA     Urokinase-type plasminogen activator   
  VCAM-1    Vascular cell adhesion molecule-1   
  VEGF    Vascular endothelial growth factor   
  vWF    von Willebrand factor       

   A Brief Historical Introduction 

 Metastasis is a cancer disseminated from the 
primary lesion to a non-contiguous anatomic 
localization. The use of the term “metastasis” in 
medicine, since the middle of seventeenth century, 
was not confi ned only to oncology. Metastasis 
means “the transfer of disease from one organ or 
part to another not directly connected with it” and 
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may refer to the transfer of pathogenic microor-
ganism  [  1  ] . When we intend the transfer of cells, 
the term metastasis is widely accepted as refer-
ring to the diffusion of malignant tumor cells. 
The concept of metastatic dissemination is much 
more recent than that of cancer. The surgeon 
LeDran (1685–1770) was among the fi rst to 
describe the ability of cancer to colonize lymph 
nodes, and he associated this condition with poor 
prognosis  [  2  ] . However, the basic metastatic rela-
tionship and the clinic importance of metastasis 
were well recognized only by physicians of the 
early nineteenth century. Travers (1829) indicated 
the possibility of hematogenous and lymphogenous 
dissemination of cancer that may colonize many 
different organs at the same time  [  3  ] . Joseph 
Claude Anthelme Recamier, in his 1829 treatise 
about tumors, used for the fi rst time the term 
metastasis to indicate the propagation of cancer 
from the primary site  [  4  ] . 

 To observe the fi rst theories about metastasis 
formation, we have to wait the end of the nine-
teenth century and the establishment of two 
important processes: the application of the “cell 
theory” to metastasis and the systematic autopsy 
records for cancer death  [  5  ] . The concept of “par-
ticles of primary growth” disseminating through 
the body and forming emboli in smaller vessels is 
present in publications of the second half of 
ninententh century by various authors, including 
Stephen Paget  [  6  ] . An early mechanical approach 
to arrest in the vessels was raised, and this hypoth-
esis was initially prevalent. In fact, in 1858, 
Virchow suggested that metastasis could be 
explained simply by the arrest of tumor cell 
emboli in the vasculature  [  7  ] . However, autopsy 
data frequently did not fi t with the mechanical 
hypothesis, and some valid criticisms were raised 
as early as the end of nineteenth century. It was 
supposed that remote organs were not all alike 
passive and that a variable susceptibility of tis-
sues to develop secondary tumors had to exist. 

 The importance of metastases in clinical pro-
gression of cancer emerged early as metastatic pat-
tern at autopsy in patients dying of cancer. Since 
the middle of eighteenth century, accumulating 
data have clearly demonstrated that metastases, 
also in the form of clinically undetectable 

micrometastases, are present in the large major-
ity of patients who died for cancer, and frequently, 
they involve more than one organ in the same 
patient. For example, Walshe reported that in 
about 60% of the cases at autopsy, the cancer 
invaded two or more locations  [  8  ] . In the twenti-
eth century, increasingly effective animal models 
for the study of metastatic process have been 
developed, and the use of immunodefi cient mice 
has permitted the evaluation of the metastatic 
potential of human cancer cell lines in intact 
organisms. Such models have contributed signifi -
cantly to our understanding of the pathological 
aspects of metastatic process and have permitted 
to strengthen the hypothesis about the molecular 
basis of cancer metastasis. In the early 1990s, 
molecular methods were fi rst used to detect cir-
culating cancer cells using reverse-transcriptase 
polymerase chain reaction (RT-PCR) techniques 
 [  9  ] . Thanks to novel techniques to detect circulat-
ing tumor cells (CTCs) in peripheral blood and 
disseminated tumor cells (DTCs) in bone mar-
row, new diagnostic opportunities and improve-
ments in the biological understanding of the 
metastatic process have been realized. DNA chip 
technology has represented one of the most recent 
remarkable advances in cancer research. The 
possibility to analyze simultaneously the expres-
sion of all known genes has offered new hopes in 
determining the “metastatic signature.” The iden-
tifi cation of a metastatic gene signature in the pri-
mary tumor will help to clarify the molecular 
bases of the metastatic process and to direct the 
future therapy.  

   Incidence of Metastasis 

 Despite the improvement in therapeutic approach, 
cancer is becoming the fi rst cause of death in 
western countries. This is due to an increased 
lifetime expectancy and to a lower percentage 
decrease in death rates respect to other high prev-
alent diseases, as heart disease  [  10  ] . In addition, 
we have to consider that the malignancy as cause 
of death is probably underestimated. Most deaths 
for cancer are the consequence of the presence of 
metastases. The metastasis is a common outcome 
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of cancer progression. In fact, as revealed by 
autopsy, unexpected metastases are frequently 
found in multiple organs of cancer patients, sug-
gesting that the presence of metastasis is the rule 
and not the exception. Autopsy records based on 
647 breast cancers were negative for metastases 
in only 14% of cases  [  11  ] , and 27.5% was the 
total percentage of cases without metastases in 
1,885 autopsy cases of prostatic cancer  [  12  ] . In 
two distinct autopsy series comprising 1,038 and 
2,088 cases of several malignant tumors, including 
sarcomas, carcinomas, and melanoma, metastases 
were present in 73% and 68% of all cases, respec-
tively  [  13,   14  ] . 

 Autopsy rates have declined drastically in the 
second half of the twentieth century representing 
at present less than 20% of all hospital deaths 
 [  15  ] . The reasons for this decline are probably 
diverse and include modifi cation in the health-
care delivery system, an increased trust in 
advanced diagnostic technology, and a reduced 
apparent role of necropsy as a source of new 
knowledge. Although palpation, in the case of 
liver, spleen, and ascites, and direct observation, 
for skin, were used in the past to detect metastatic 
enlargement, the autopsy has represented for a 
long period the only method to detect metastasis. 
Autopsy represents, also today, the principal 
diagnostic tool for the secondary neoplasms. In 
fact, despite technological advances, the number 
of inaccurate clinical diagnoses of malignant 
tumor is about the 40% of cases, and the real 
underlying cause of death in the majority of these 
undiagnosed patients was directly related to the 
malignancy  [  16  ] . Inaccuracy in diagnosis regards 
not only the primary tumor but also metastases. 
In a 10-year retrospective study of all autopsies 
performed at the Medical Center of Louisiana, 
54% of 100 undiagnosed cancers had tumor 
metastases, with 15% of them locally invasive 
and 39% with distant metastases  [  16  ] . The records 
of the Autopsy Service of the Yale-New Haven 
Hospital from 1953 through 1982 revealed the 
presence of 29% of undiagnosed lung cancer at 
necropsy, and, of these cases, the 29% had distant 
metastases  [  17  ] . This indicates that autopsy 
records can add valuable information about inci-
dence and pattern of metastases also in modern 

medicine. In addition, we have to consider that 
autopsy procedures themselves have inherent 
limitations, particularly with respect to false-
negative report and that the pattern of metastasis 
is expected to change across different periods 
also because the patients progressively tend to 
live longer with their cancers, potentially permit-
ting the development of more advanced patterns. 

 In many patients, metastases have occurred 
by the time of diagnosis, although this was not 
always clinically apparent. In certain cancer 
types, such as those of lung, ovary, pancreas, and 
stomach, the presence of distant metastases at 
diagnosis represents the most common clinical 
situation  [  18  ] . The current diagnostic tools, in 
fact, allow the identifi cation of tumor with a long 
precedent history. For example, a 1-cm tumor 
has undergone at least 30 doublings since tumor 
initiation to diagnosis  [  19  ] . This time frame rep-
resents three-quarters of tumor’s life history, a 
suffi cient long interval that can explain the high 
incidence of metastasis at diagnosis  [  20  ] . 
However, also in absence of detectable distant 
metastases, a signifi cant number of malignan-
cies are at high risk for this complication at the 
time of diagnosis (Table  18.1 ). In colorectal can-
cer, once liver metastases are discovered, the 
median survival time is from 5 to 12 months. 
Surgical resection is the most effective primary 
treatment for carcinoma of the colon and rectum; 
however, recurrence rates for these diseases are 
high. These recurrences were dependent on the 
development of distant metastases in 40–80% of 
cases  [  21,   22  ] . The presence of distant metasta-
ses in these patients is associated with liver fail-
ure, pneumonia, or malnutrition  [  23  ] . When 
death occurs in the immediate postoperative 
period in lung cancer patients, autopsy some-
times shows that metastases to distant organs are 
already present. Some authors reported that 73% 
of patients who died for lung cancer within 1 
month of operation had metastases, while up to 
86% of patients who died later had metastases 
 [  24  ] . A large study evaluating the time appear-
ance of metastases after surgical removal of the 
primary tumor demonstrated that in 20–45% of 
all cases of prostate, breast, and colon carci-
noma, metastases became clinically detectable 2 
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or more years after the removal of the primary 
tumor  [  13  ] .  

 Recent improvement in immunocytochemical 
and molecular assays is clarifying the reasons for 
the high incidence of recurrence. Very sensitive 
assays have been developed that now allow the 
specifi c detection of “occult” metastatic tumor 
cells at the single-cell stage in the lymph nodes, 
peripheral blood, and bone marrow before the 
diagnosis of metastasis. Results obtained by this 
kind of analysis were frequently surprising. In 
patients with stage I, II, or III breast cancer, DTCs 
were found in 31% of the subjects  [  25  ] . In addi-
tion, CTCs were revealed up to 60% of primary 
breast and prostate cancer patients with no clini-
cal signs of overt metastases  [  26,   27  ] . These data 
indicate that the metastatic process probably 
starts long before we are able to diagnose both 
the metastasis itself and even the primary tumor. 
Coherently, the presence of DTCs is accompa-
nied by a substantially worse prognosis, with a 
signifi cantly decreased overall survival, when 
compared to patients without DTCs  [  28  ] . 

 The progresses in treatment and patient man-
agement are progressively warranting an overall 
improvement in survival. Therefore, the inci-
dence of metastasis is expected to increase 
because the patients tend to live longer with their 
cancer permitting the achievement of more 
advanced steps in cancer progression. Moreover, 
conventional therapies are able to prolong the 
survival of patients with cancer but are not suffi -
ciently effective in inhibiting metastatic growth. 
In fact, most cancer types are associated with dis-
seminated disease that after treatment might per-
sist as minimal residual disease. Studies of 
patterns of failure in inoperable primary pulmo-
nary carcinoma treated with thoracic irradiation 

and chemotherapy have shown at autopsy that 
70% of patients with small cell carcinoma had 
carcinomatosis and that 55% of patients with 
adenocarcinoma and large cell carcinoma had 
distant metastases  [  29  ] .  

   Metastatic Pattern 

 The prediction of metastatic pattern may have 
important therapeutic implications. The major 
problem in analyzing human metastatic pattern is 
the limitation in the current diagnostic tech-
niques. In fact, imaging analysis does not permit 
the unequivocal detection of metastases less than 
0.5 cm in diameter. Thus, the main theories about 
pathogenesis of metastasis have been formulated 
on the basis of autopsy data. From 1950 to 1982, 
there were seven autopsy series of breast cancer 
reporting the analysis of 2,147 patients. These 
studies reported similar fi ndings, and the seven 
leading sites of metastatic involvement resulted 
lymph node, lung, bone, liver, pleura, adrenal 
gland, and brain (Table  18.2 ). Many other organs 
were involved but each one in a small number of 
patients  [  42  ] . Younger patients seem to develop a 
more generalized disease with a higher median 
number and a wider distribution of metastases. 
Younger breast cancer women (below 50 years of 
age) had a signifi cantly higher incidence of 
metastasis than older women, both in the bone 
(81% vs 65%) and liver (80% vs 56%)  [  11  ] . The 
ability of different types of tumor to colonize one 
of the leading sites of metastasis is not the same. 
For example, prostate cancer has a higher tropism 
for bone with respect to colorectal cancer, and 
lung cancer  colonizes kidney more frequently 
than colorectal cancer (Table  18.2 ).  

   Table 18.1    Frequency of metastases for selected cancers at three different times of investigation: at diagnosis of pri-
mary tumor, 2 or more years after surgical resection of primary cancer and in absence of metastases, and at autopsy   

 Primary site 

 Frequency of metastasis (%) 

 At diagnosis of primary 
tumor 

 Two or more years postresection 
of primary tumor 

 At autopsy in patients 
who died of cancer 

 Breast   6  34  93 
 Colorectal  19  20  84 
 Prostate   5  45  61 

  Based on data from  [  14  ]  and Table  18.2   
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 The autopsy frequently revealed the involve-
ment of multiple organs in metastatic patients. 
Viadana found that the median number of metas-
tases at autopsy in breast cancer patients was 
seven  [  11  ] . On the contrary, the chance of having 
isolated metastasis is low. In breast cancer 
patients, the incidence of having isolated metas-
tasis in lung is 4–6%, bone 5%, and liver 2–12%, 
while the chance of involving lung, bone, and 
liver simultaneously is 42%  [  11,   43  ] . In 1,885 
autopsy cases of prostatic cancer, from 1958 
through 1979, the number of cases with metasta-
sis to one organ was 87 (4.6%), those with metas-
tases to two organs 139 (7.4%), and those with 
metastases to three or more organs 1,141 (60.5%) 
 [  12  ] . The lungs, liver, and bones were considered 
to be potential sources of further metastatic dis-
semination; in fact, metastases in various sites 
are very rare, with the exception of the central 
nervous system, when the three major sites are 
not seeded  [  11  ] . Androgen-independent prostate 
adenocarcinoma generates a widely disseminated 
pattern in most cases, and although bone was 
almost always affected, cases with only bone 
involvement are very rare  [  40  ] . However, autopsy 
fi ndings cannot indicate any time sequence 
related to the appearance of metastases in differ-
ent organs. Analyses of metastatic patterns with 
respect to metastatic cascade, instead, can be 
based upon the correlation in the involvement of 
different sites. In breast cancer, it appears that the 
lungs tend to release metastases to the central 
nervous system, pancreas, pituitary, and thyroid, 
while liver metastasis tends to be associated to 
pancreas and thyroid metastases  [  11  ] . The cas-
cade pattern can be frequently interpreted either 
in terms of an anatomical proximity (e.g., liver 
and pancreas) or in terms of hematogenous dis-
semination (e.g., lungs and brain). A statistical 
association analysis revealed that in gastrointes-
tinal carcinomas, metastases fi rst occurred in the 
liver, then cancer cells disseminated from liver to 
lungs which in turn acted as generalizing sites for 
arterial metastases  [  44  ] . The sequential involve-
ment of liver, lungs, and other organs in the 
 formation of metastatic patterns has been con-
fi rmed in later analyses of large series of autopsy 
from primary carcinoma of the colon  [  45,   46  ] . 

The presence of cascades in the formation of 
metastases fi ts to a metachronous model in which 
a specifi c sequential seeding of target organs for 
each primary cancer exists. This is expected 
when circulating cancer cells are trapped in the 
fi rst encountered capillary bed where they are, in 
the most part, killed. Animal studies have dem-
onstrated that only a very small fraction of viable 
cancer cells originally delivered to the liver, via 
the portal vein, will pass through it to directly 
and synchronously seed the lungs  [  47  ] . As a 
result, the metachronous model, in agreement 
with the hematogenous theory, postulates that the 
anatomical localization of the capillary beds 
encountered along the spreading of metastatic 
cells from the primary sites determines not only 
the metastatic selectivity but also the pattern. The 
cascade process hypothesis has important thera-
peutic implications, suggesting that the antitu-
moral therapy directed to a key metastatic    organ 
could avoid the formation of secondary 
metastases.  

   Clinical Outcome of Metastasis 

 There are more than 2.2 million deaths from can-
cer in North America and Europe each year, and 
it was estimated that distant metastases contrib-
ute in 90% of these deaths  [  48–  50  ] . A strong 
positive correlation between metastasis diagno-
sis and reduction in survival exists. The 5-year 
relative survival rates among patients diagnosed 
with cancer decrease dramatically in presence of 
distant metastases. Considering only the four 
most frequent cancer types (lung, prostate, 
breast, and colon), the mean percent reduction in 
5-year relative survival rates of metastatic 
patients with respect to locally diagnosed cancer 
patients is 82% (from 66%, prostate, to 96%, 
lung)  [  10,   48  ] . 

 Although the causes of death associated to 
cancer are rarely delineated, terminally ill cancer 
patients report frequently symptoms that may 
justify the lethal outcome. Autopsy analysis 
revealed that death in cancer patients resulted, in 
decreasing order of frequency, from infection, 
organ failure, infarction, carcinomatosis, and 
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hemorrhage  [  51  ] . The presence of metastasis is 
frequently the direct cause of these clinical out-
comes, or it contributes to the aggravation of the 
symptoms. 

 The high clinical impact of metastases may be 
explained considering that incurable cancers are 
associated to important physiological alterations 
that contribute to produce those cancer syn-
dromes that kill patients. Carcinomatosis, which 
is defi ned as widespread cancer dissemination, 
represents a peculiar cause of death in those 
patients having a severe metabolic or nutritional 
abnormality which precipitated death. Organ 
invasion by neoplastic cells determines death-
associated organ failure in 25% of cancer patients 
and causes respiratory failure, cardiac insuffi -
ciency, hepatic coma, and central nervous system 
and renal failure  [  51  ] . Hepatic failure alone was 
the major cause of death in 10% and was a con-
tributory factor in 5% of cancers  [  52  ] . Organ fail-
ure is associated to tumor size, and it has been 
suggested that survival time is determined by the 
speed needed to reach a total tumor mass of about 
1 kg  [  32  ] . A direct role of metastatic growth can 

be associated to other common symptoms of 
patients with cancer, including dyspnea and bone 
complications (Fig.  18.1 ).  

 Dyspnea, or diffi cult breathing, occurs in 
20–80% of patients with cancer, and it is experi-
enced, in an increasingly severe form, in the time 
period just prior to death. The cause of dyspnea is 
variable in a single patient, but it is usually multi-
factorial, originating from both the direct action 
of cancer (primary or metastatic pulmonary 
parenchymal involvement, pulmonary lymphatic 
spread, malignant pleural effusion) and indirect 
factors (cachexia, emboli, infection)  [  53  ] . The 
presence of metastasis affects ventilation effi -
ciency by both direct destruction of pulmonary 
tissue (lung metastasis) and indirect infl uence on 
physiological mechanism of respiration. Examples 
of the latter situation are rib metastases, causing 
pain during the full inspiration, and mediastinal 
metastases, compromising the activity of recep-
tors in the bronchi and controlling the physiology 
of ventilation  [  53  ] . 

 Skeletal involvement is associated with pain, 
fractures, and spinal cord compression. Although 

  Fig. 18.1    Schematic representation of cancer progres-
sion with more frequent associated clinical outcome. 
There is a strong correlation between proliferation of can-
cer cells in primary site ( continuous line ) and metastatic 
sites ( broken line ) and increasing fatal clinical conditions. 
In the scheme, a diagnostic threshold fi tting the usual 
clinic expectation and two possible metastatic situations 

are indicated. In the situation A, the metastasis is 
 associated with cancer diagnosis, while in the situation B, 
the metastasis appears after the diagnosis. Condition B 
represents the more favorable situation in which it can be 
applied a preventive antimetastatic therapy avoiding 
 possibly the lethal phenotype       
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bone metastasis is not considered a relevant cause 
of death in cancer patients, a signifi cant propor-
tion of these patients require higher and higher 
doses of analgesics, risking concurrent aspiration 
pneumonia and coma-associated death  [  32  ] . 

 Hemorrhage and thromboembolism are com-
mon complications of cancer causing morbidity 
and death in 43% of cancer patients. Clinical 
manifestations vary from venous thromboembo-
lism to disseminated intravascular coagulation 
and arterial embolism. Metastatic cancer is most 
commonly associated to disseminated intravas-
cular coagulation. Hypercoagulable state is a 
well-known clinical characteristic of cancer 
patients, and it has a role not only in thrombo-
genesis but also in the effective dissemination of 
cancer cells. The hypercoagulable state is real-
ized in patients with cancer by several factors. 
Prothrombotic mechanisms are related both to 
the host response to cancer (infl ammation, necro-
sis) and to direct cancer cell activity. Circulating 
malignant cells can activate blood coagulation in 
several ways: by damaging endothelial cells; by 
inducing hemodynamic perturbations; by releas-
ing procoagulant, fi brinolytic, and proaggregat-
ing factors; by producing pro-infl ammatory 
cytokines; and by interacting directly with host 
vascular and blood cells  [  54  ] . Cancer cell in 
blood can interact with activated platelets and 
leukocytes, and this characteristic, in conjunc-
tion with cancer-associated hypercoagulability, 
may account for the highly increased risk of 
venous thromboembolism in the fi rst few months 
after diagnosis and in the presence of distant 
metastases  [  55  ] . 

 Loss of appetite with weight loss is common 
among cancer patients. However, the profound 
weight loss suffered by patients with cachexia 
cannot be entirely attributed to poor caloric 
intake. Insuffi cient oral intake is superimposed 
upon complex metabolic aberrations that lead to 
an increase in basal energy expenditure and cul-
minate in a loss of lean body mass from skeletal 
muscle wasting (sarcopenia)  [  56  ] . An impressive 
weight loss is associated with death in about 
20% of cancer deaths. In cancer, cachexia is a 
multiorgan syndrome characterized by weight 
loss (at least 5%), muscle and adipose tissue 

wasting and infl ammation. The abnormalities 
associated with cachexia include alterations in 
carbohydrate, lipid, and protein metabolism  [  57  ] . 
Cachexia occurs in 30–90% of cancer patients 
with the highest frequency in patients with pan-
creatic and gastric cancer  [  58  ] . Although these 
metabolic abnormalities are not correlated to 
cancer staging, they are signifi cant clinical com-
plications in widespread malignancy in absence 
of other signs. 

 Pro-infl ammatory cytokines, produced also by 
tumor cells, are responsible for most severe meta-
bolic abnormalities associated to metastatic dis-
ease, including cachexia and coagulopathy. The 
maintaining of a chronic state of infl ammation is 
frequently associated to cancer progression  [  59  ] . 
Cancer cachexia has been associated with ele-
vated expression of key pro-infl ammatory cytok-
ines, including tumor necrosis factor (TNF), 
Interleukin-1 (IL-1), and IL-6. Similarly, IL-1 
has a role in thrombosis  [  32  ] . Small molecule 
inhibitors and antibodies directed against these 
cytokines are currently in clinical development 
for infl ammatory diseases. An indirect evidence 
from the use of monoclonal antibody against 
TNF-alpha has demonstrated a dose-dependent 
increased risk of malignancies in patients with 
rheumatoid arthritis  [  60  ] . However, the analysis 
of metastatic signatures has suggested that not a 
single cytokine or a small subset of cytokines was 
upregulated in all advanced signatures  [  32  ] . 
Because of the overlapping functions exerted by 
pro-infl ammatory cytokines, it is probable that a 
single-agent therapy is inappropriate for the treat-
ment of the metastatic disease.  

   Routes of Cancer Cell Dissemination 

 Cancer cells can leave the primary site of growth 
by anatomical contiguity or by utilizing the phys-
iological drainage for that organ, the lymphatic 
and the blood vasculature. The traditional belief 
indicates that carcinomas tend to metastasize by 
lymphatics and sarcomas by bloodstream. 
However, today, there is a substantial agreement 
in considering this hypothesis a generalization 
without an absolute impact on clinical approach. 
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 Cancer cell diffusion through body cavities 
may play an important role in metastatic process 
in some cancers. Gastrointestinal and gyneco-
logical cancers can invade peritoneal cavity. The 
formation of ascites may render clinically indis-
tinguishable primary and metastatic tumors in the 
ovaries because of the diffusion through the peri-
toneal cavity. This process may generate perito-
neal metastasis or guide distinct patterns of 
disease spread. Peritoneal metastases are deter-
mined by molecular properties of the peritoneal 
surfaces and by the hydrodynamics of peritoneal 
fl uid. The Pouch of Douglas, right paracolic gut-
ter, and ileocaecal valve are more common sites 
of metastasis because in these localizations, the 
peritoneal fl uid fl ow is arrested. Following the 
peritoneal fl uid fl ow, cancer cells sloughed from 
the ovarian surface initially reach the rectouterine 
and lateral paravesical recesses by way of grav-
ity, and then fl ow cranially, mainly via the right 
paracolic gutter into the right subdiaphragmatic 
space  [  61  ] . 

 In the history of the medicine, the practice to 
remove axillary lymph nodes in patients with 
breast cancer is an earlier concept with respect to 
that of lymphogenous metastasis. Only by the 
nineteenth century it became clear that cancer 
disseminates via the lymphatics and that it is 
able to grow macroscopically in lymph nodes 
 [  5  ] . Since the end of nineteenth century, unam-
biguous data have been accumulated, demon-
strating that the pattern of lymphogenous 
metastasis could be largely accounted by lym-
phatic anatomy. It is well known that many can-
cers spread via the lymphatics to regional lymph 
nodes, and this peculiar characteristic is at pres-
ent frequently used in clinical practice for diag-
nosis. Pelvic lymph nodes are involved in 
metastatic spread from gynecologic and colorec-
tum cancers. Lymph node metastases are fre-
quent in patients with advanced prostate cancer. 
Inguinal, pelvic, and retroperitoneal lymph 
nodes are affected in 53% of total cases of pros-
tate cancer  [  12  ] . Tumor cells in abdominal and 
pelvic regions can spread along multiple lym-
phatic directions. Rectal cancers can colonize 
posterior pelvic, presacral,  lateral  pelvic, and 
hypogastric lymph nodes, and this contributes to 

the high local recurrence rate of these cancers 
 [  23  ] . A good example of the importance of 
 circulatory anatomy in lymphogenous dissemi-
nation is seen in patients with carcinoma of the 
stomach with involvement of the left subclavicu-
lar lymph nodes  [  62  ] . Also prostate cancer cells, 
following the lymphatic roads, can metastasize 
frequently in distant localizations, including 
para-aortic (22% of total metastatic lymph 
nodes) and in neck and clavicle (18%) lymph 
nodes  [  12  ] . The rare unusual pattern in lymph 
node metastasis may be explained by the con-
cept of “retrograde lymphatic embolism.” In 
presence of obstruction of some lymphatics, it is 
possible that the direction of lymphatic fl ow in 
collateral vessels is reversed, permitting the dis-
semination toward unusual lymph nodes  [  63  ] . 

 The prognostic value of lymph nodes metasta-
sis has been studied in detail in different cancers. 
Although the staging of tumors takes on as fun-
damental element the involvement of nodes, the 
prognostic signifi cance is generally high but vari-
able according to the tumor type. Lymph node 
metastasis has been shown to be the single most 
important adverse prognostic factor in head and 
neck cancer. In prostate cancer, for instance, 75% 
of patients bearing lymph node metastases at the 
time of diagnosis will possess bone metastases 
within 5 years, regardless of treatment  [  64  ] . 
However, recent results in lung adenocarcinoma 
have demonstrated that the detection of tumor 
cells in bone marrow has a higher predictive value 
than metastatic involvement of regional lymph 
nodes, supporting the view that hematogenous 
spread of lung cancer cells is not directly corre-
lated to the spread through lymphatics  [  65  ] . 
Hematogenous metastases in the absence of lym-
phatic spread, as detected in patients harboring 
bone marrow micrometastases in the absence of 
other detectable signs of spread, have been 
reported to occur in 20–40% of carcinomas  [  66  ] . 
For these reasons, it is debated whether lymph-
adenectomy and local radiation therapy may be a 
useful strategy in controlling local recurrence and 
metastatic spreading. For example, present con-
cerns in breast cancer include the identifi cation 
of a group of about 25% of women with small 
breast cancer, without demonstrable axillary node 
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involvement, who develop metastases after mas-
tectomy  [  67  ] . A recent randomized trial compris-
ing 1,408 women with endometrial  cancer found 
no evidence of a clinical benefi t for systematic 
lymphadenectomy  [  68  ] . An initial point of view 
suggested that cancer spreads in a stepwise man-
ner from primary tumor to the regional lymphat-
ics and systematically to distant organs  [  69  ] . An 
opposite more recent theory suggests that 
hematogenous dissemination is independent from 
the lymph node involvement  [  70  ] . The current 
hypothesis, validated by recent clinical trials, 
affi rms that lymph node involvement is both of 
prognostic importance, because it indicates a 
more malignant tumor, and of biological impor-
tance because persistent disease in lymph nodes 
can be the source of subsequent metastases  [  71  ] . 

 Distant metastases are for the most part 
seeded via arteries having as starting point the 
left ventricle. Entry of cancer cells into blood 
vessels is usually confi ned to veins and micro-
vasculature. On the contrary, arterial invasion 
occurs rarely. According to anatomy of blood 
circulation, there are three important sites that 
may be seeded via veins: lung by pulmonary cir-
culation, liver by the portal vein, and spines by 
the paravertebral venous plexus of Batson. 
However, mainly in advanced disease, it is at 
present impossible to discriminate between arte-
rial and venous metastases in these organs. The 
clinical course of patients with cancer of the 
colon and rectum offers a good example of the 
different possibilities of diffusion of cancer cells 
from the primary site (Fig.  18.2 ). Pathological 
examination reported the venous invasion by 
colorectum carcinoma in about the 50% of the 
cases  [  72  ] . Once tumor has entered veins, col-
orectal cancer cells spread to the liver and lungs 
through the low pressure abdominal venous 
drainage system. In addition, the vertebral plexus 
of veins described by Batson represents a path-
way by which pelvic tumor spread can take 
place. By this “third circulation,” colorectum 
cancer cells bypass lungs and can reach directly 
spine and central nervous system. Cerebrospinal 
spread may be enhanced by a partial obstruction 
of the low venous pressure system as the tumor 
volume increases  [  73  ] .   

   The Pathogenesis of Metastasis 

 The development of metastasis is dependent on a 
coevolutive process involving cancer and host 
cells. Although the events required for metastasis 
are the same for all tumors, the outcome of the 
metastatic process is dependent on the intrinsic 
properties of the tumor cells and the accidental 
interactions with different microenvironments 
and anatomical districts. Therefore, the time 
course and the outcome of cancer cell dissemina-
tion can vary considerably between different 
types of primary tumor and also between differ-
ent patients with the same tumor. However, 
results from the whole genome expression and 
the computational analyses have revealed that 
only a small number of genes are differentially 
expressed between tumor and metastasis or 

  Fig. 18.2    Pathways of spread of colorectal carcinoma       
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between different metastases in the same patients. 
This is a recent surprising indication that chal-
lenges the traditional view of the metastatic as a 
very specialized phenotype acquired by few cells 
in the primary tumor. In fact, the process of 
 cancer metastasis consists of sequential steps, 
and it is supposed that each step represents a 
selective challenge for cancer cells  [  74  ]  
(Fig.  18.3 ). Because of the complexity of this 
progression, the metastatic process is retained to 
be ineffi cient, and each step is rate limiting. 
A clear evidence of this ineffi ciency derives from 
in vivo models. In fact, even using highly meta-
static cells, obtained in vitro by clonal selection, 
only a small percentage of cells present in the ini-
tial inoculum is able to form metastases  [  75  ] .  

 The initial necessary, but not suffi cient, events 
in the formation of a metastasis occur in the pri-
mary site: the formation of a neocapillary net-
work supporting an appropriate number of tumor 
cell divisions, and the acquisition by cancer cells 
of an invasive phenotype. Both these events per-
mit to cancer cells to reach a way of escape from 
primary site. Venules and lymphatics offer very 
little resistance to penetration by tumor cells 
entry into the circulation. Moreover, tumor-
induced angiogenesis also offers to malignant 
cells an easy port of entry into the circulation. In 
fact, endothelium of tumor-associated vessels is 
often defective, mainly in those zones with 
reduced oxygenation and necrosis. 

 Loss of cell–cell adhesion within the primary 
tumor mass aids initial dissemination. Compared 
with normal epithelial cells, carcinoma cells show 
a diminished expression of the adhesion molecules 
cadherins involved in maintaining tight intercel-
lular interactions. Cadherins are a superfamily of 
calcium-binding membrane  glycoproteins capable 
of forming intercellular homotypic adhesive com-
plexes that are essential for the maintenance of tis-
sue integrity. Downmodulation of E-cadherin has 
been shown to be a very frequent event in carci-
noma progression associated with the metastatic 
phenotype  [  76  ] . The loss of tight intercellular 
interactions is one of the events in the epithelial–
mesenchymal transition (EMT) which determines 
the appearance of an invasive phenotype. Also 
other members of cadherin family are involved in 

the metastatic process and may permit homotypic 
interaction or confer new interaction ability with 
normal cells encountered along the metastatic dif-
fusion. N-cadherin has been shown to increase 
metastasis from mouse mammary tumors  [  76  ] . 
N-cadherin may regulate the interaction between 
cancer cells and normal cells which express 
N-cadherin, including endothelial and stromal 
cells  [  77,   78  ] . Aberrant expression of N-cadherin 
seems to have a dominant effect in cell–cell inter-
action since even in the presence of E-cadherin, it 
enhances the motility of tumor cells. OB-cadherin 
is expressed by metastatic prostate cancer cells 
and bone osteoblasts, and for this reason, it has 
been proposed to play a key role in the homing of 
prostate cancer cells in bone  [  79  ] . Preclinical 
observation confi rmed this hypothesis  [  80  ] . 
Recently, the fi rst N-cadherin antagonist (exherin) 
has been evaluated in clinical trials with cancer 
patients  [  81  ] . 

 Cancer cells in order to reach distant organs 
must intravasate in lymphatics or venules. In gen-
eral, the intravasation requires basement mem-
brane breakdown by extracellular proteases. 
However, there are situations in which degrada-
tion of basement membrane is not so important: 
the presence of vascular clefts, which are lined by 
cancer cells; when basement membrane is very 
thin and leaky, e.g., in the lung; in presence of 
neovasculature that tends to be fenestrated; and 
an infl ammatory state that renders endothelium 
more permeable. 

 Metastasis along lymphatics is described as 
occurring in successive stages: approach to lym-
phatic endothelium, intravasation, dissemina-
tion, intranodal arrest, and growth in the lymph 
node. Cancer cells can approach lymphatic cap-
illary during the progressive growth of the tumor 
mass because the invasion of the connective. 
Moreover, the hydrostatic pressure of edema 
fl uid in the tumor may be important in carrying 
tumor cells toward the lymphatic capillary  [  82  ] . 
Recently, it has become apparent that also lymp-
hangiogenesis, the formation of new lymphatics, 
can contribute to the metastatic spreading 
  [  83–  85  ] . In addition, tumor lymphangiogenesis 
has been proposed as a new prognostic parameter 
for the risk of lymph node metastasis  [  86  ] . 
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  Fig. 18.3    Schematic representation of the metastatic 
cascade. Cancer cells ( grey cells ) evade from primary site 
of growth by invading the stroma and intravasating in 
lymphatics, venules, or body cavities. The blood circula-
tion can be reached also through the new vessels associ-
ated with tumor-induced angiogenesis. Lymphatic 
dissemination generates a secondary growth in lymph 
nodes where cancer cells can interact with immune cells, 
including macrophages (M). From lymph node, cancer 
cells can reach blood circulation by venous connection. 
Once in bloodstream, cancer cells undergo apoptosis 
induced by shear stress, physical restriction in capillaries, 

and NK cells. Cancer cells can survive in blood interact-
ing with platelets (P) and leukocytes (L), and this event 
favors also the extravasation. The target organ is reached 
or by venous route, utilizing an anatomic shunt, or by 
arterial route after the passage through the heart. The pas-
sage through capillaries determines the trapping of cancer 
cells and can force the transendothelial migration. The 
fate of cancer cells in the metastatic site is dependent on 
the development of a microenvironment permissive for 
the survival and that stimulates the growth of dormant 
cells. The induction of a pro-angiogenic environment is 
one of the key factors in sustaining metastatic growth       
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Progressive seeding to  several lymph nodes is a 
common feature, and it may occur at a relatively 
early stage. 

 Lymph node is deeply modifi ed by the growth 
of tumor cells, changing its anatomy until the 
complete replacement and destruction of the 
node. However, also a node containing a small 
metastasis may show marked reactive changes, 
including the presence of polymorphs, mac-
rophages, and giant cells. Macrophages may be 
seen in abundance in the sinus, in a condition 
called sinus histiocytosis  [  87  ] . Both T and B 
cells may take place in this reaction and undergo 
to the normal process of antigenic response. 
Occasionally, nodal enlargement is due to reac-
tive change rather than to the growth of tumor 
cell within it. The size of a nodal metastasis 
affects its prognostic signifi cance. Small metas-
tases, detected only by serial sectioning of nodes, 
are of little prognostic importance  [  88  ] . In gen-
eral, the presence of a metastasis in a lymph node 
is not a cause of serious upset. Clinical relevance 
may derive by dangerous enlargement of specifi c 
lymph nodes, as in the case of bronchial carci-
noma with the risk for the block of the superior 
vena cava. However, nodal metastasis increases 
the risk for hematogenous spreading by penetra-
tion of lymphaticovenous connections in or 
around the node. In fact, cancer cells dissemi-
nated in lymphatics can penetrate the blood-
stream in two ways: by venous connection in 
lymph node or by passage up the lymphatic chain 
to thoracic duct. 

 Once in the bloodstream, to survive, cancer 
cells have to avoid several menaces: apoptosis 
(or anoikis) due to the loss of survival stimuli 
(growth factors or anchorage); shear stress; 
mechanical damages infl icted by passage 
through narrow vessels; attack by immune cells. 
Fidler demonstrated in a murine model that, 
after intravenous injection of melanoma cells, 
only 0.1% or less of the cells were viable at 24 h 
and only 0.01% of tumor cells produced experi-
mental lung metastases  [  89  ] . However, several 
fi ndings suggest the existence of effective mech-
anisms permitting the survival of tumor cells in 
the bloodstream. Metastatic cancer cells can 
travel in the bloodstream surrounded by other 

cancer cells, platelets, or fi brin  [  90  ] . Interaction 
with platelets protects blood-borne neoplastic 
cells from damaging mechanical factors present 
in the circulation and, probably, from immuno-
logical attack  [  91  ] . In addition, they lead to the 
activation of both tumor cells and platelets and 
in turn facilitate the extravasation  [  92  ] . A clear 
molecular link between thrombosis and tumor 
metastasis exists. Clinical statistics showed that 
half of cancer patients have accompanying plate-
let  activation and thrombosis. Platelet-tumor 
aggregates further embolize, leading to ischemia 
and endothelial cell damage. As a result, tumor 
cells and platelets can bind to the subendothelial 
basement membrane and matrix. In addition, it 
has been shown that CTCs can lodge passively 
in precapillary vessels and capillaries, suggest-
ing that mechanical entrapment is one of the 
main causes of metastatic cell arrest in distant 
organs. However, several data indicate that the 
intercellular adhesive interaction between can-
cer cells and endothelium is necessary for tumor 
cell arrest in microcirculation  [  93  ] . Thus, adher-
ence of cancer cells to organ microvasculature 
endothelial cells is a critical step in the meta-
static cascade because it determines the site of 
metastasis and it is a necessary step in tumor cell 
extravasation. 

 The mechanism of adhesion of cancer cells to 
endothelium is similar to that documented for 
binding of circulating leukocytes upon infl amma-
tory response, and it involves two major steps: 
rolling and fi rm adhesion. In the case of cancer 
cells, this phenomenon has been described as 
“Docking and Locking” model  [  94  ] . Tumor cells 
express in vitro a preferential capacity to adhere 
to endothelial cells derived from a specifi c ana-
tomic localization, and this can explain the pat-
tern of metastasis observed in vivo. For example, 
prostate cancer cells preferentially adhere to 
human bone-marrow-derived endothelial cells 
compared to human endothelial cells isolated 
from different tissues, such as umbilical cord or 
derma  [  95  ] . 

 Once cancer cell has arrested in microvascula-
ture, it must break through the endothelial barrier 
and migrate through the underlying microenvi-
ronment. The presence of an aggregate of tumor 
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cells may damage the endothelial layer and facili-
tates the migration. Alternatively, the hyperco-
agulability state associated to tumor cell spreading 
may create locally the favorable conditions to 
increase invasive potential of cancer cells. The 
infl ammatory microenvironment that is gener-
ated by tumor embolus formation activates the 
adjacent endothelium and recruitment of leuko-
cytes. Markers of endothelial cell activation, 
including adhesive proteins, and infl ammation 
are upregulated during the fi rst hours after micro-
vascular arrest of cancer cells in models of exper-
imental liver and lung metastasis  [  96,   97  ] . This 
situation facilitates cancer cell extravasation and 
colonization of the new microenvironment. The 
capacity by adhered cancer cells to penetrate the 
endothelial barrier is a key element in determin-
ing the effi ciency and the pattern of metastasis. 
Although it was demonstrated that cancer cells 
can utilize the same molecular mechanism 
adopted by leukocytes, experimental data indi-
cate that transendothelial migration (TEM) of 
cancer cells is realized with minor effi ciency. In 
fact, whereas leukocytes complete TEM within 
2 h of contact with endothelial cells in vitro, can-
cer cells appear to take signifi cantly longer 
 [  98,   99  ] . The pattern of metastasis may be 
explained by a different effi ciency in TEM for 
different sites. In vivo study has demonstrated 
that lung carcinoma cells extravasated into the 
liver and adrenals faster than in the brain  [  100  ] . 
In contrast to leukocytes that transmigrate the 
endothelium without damaging endothelial cells, 
tumor cells can induce endothelial cell retraction, 
apoptosis, or necrosis  [  101  ] . It has been previ-
ously reported in a preclinical model that surgical 
trauma may stimulate tumor malignant cell adhe-
sion within the liver. Most interestingly, it was 
concluded that this surgical procedure, probably 
the abdominal trauma, impairs the hepatic blood 
supply, leading to ECM exposure and subsequent 
tumor cell adhesion and liver metastases  [  102  ] . 

 When arrived in the new organ, malignant 
cells can die, grow further, or remain in a dor-
mant state for a long time (dormant metastasis). 
The phenomenon of metastatic dormancy in the 
secondary site was thought to be due to the time 
necessary for tumor cells to mutate and select 

traits that permit them to initiate a new prolifera-
tive phase. We may keep in mind that the current 
data support a clonal origin for metastases, such 
that different metastases originate from different 
single cells  [  103,   104  ] . In fact, several preclinical 
models have indicated that a single metastatic 
lesion has a unicellular origin even when hetero-
geneous clumps of cancer cells are injected intra-
venously  [  105,   106  ] . For this reason, it is plausible 
that after the colonization of the new microenvi-
ronment, single cancer cells take time before to 
become clinically manifest metastases. This 
pause in progression is the explanation for the 
discrepancy between the estimated and observed 
disease-free periods and offers important thera-
peutic opportunities  [  107  ] . In fact, by understand-
ing molecular mechanisms underlying survival of 
dormant cells, it is possible to prolong this phase 
or to induce cell death. The mechanisms that can 
explain metastatic dormancy include the lack of 
fi tness for the new microenvironment, the inabil-
ity to induce angiogenesis, and the host defense 
through immunosurveillance  [  108  ] . It is fre-
quently used the term “niche” to indentify a new 
metastatic microenvironment permissive for can-
cer growth. 

 Once a metastasis is established, it can pro-
duce secondary metastases (“metastases of metas-
tasis”). The increment in the frequency for other 
metastases as soon as one or more organs are 
seeded by the primary cancer may be explained 
either in terms of acquisition by cancer cells of a 
generalized pro-metastatic ability or in terms of 
hematogenous dissemination. It was supposed 
that secondary metastases are generated through 
a cascade process rather than a direct dissemina-
tion from primary. Liver and lung may play a 
principal role in this cascade process  [  109  ] . 

 Preclinical studies have recently suggested 
that primary tumor may act on distant organs 
favoring the implantation of metastatic cells. In 
the resulting model, called “premetastatic niche,” 
tumor cells in the primary site by the release of 
systemic cytokines, including VEGF, can mod-
ify the metastatic organ prior the arrival of tumor 
cells. These modifi cations stimulate an increase 
in vascular permeability in the target organ and 
include the deposition of ECM proteins, as 
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fi bronectin, in the subendothelial matrix and the 
release of chemotactic factors that may recall 
tumor cells or bone-marrow-derived hematopoi-
etic progenitor cells  [  110  ] . Moreover, the 
increase in metalloproteinases expression 
observed in the premetastatic niche could pro-
mote vascular remodeling, thus favoring tumor 
cell arrival  [  111  ] .  

   Models of Metastatic Progression 

 The molecular processes underlying the incidence 
and the pattern of metastases remain largely 
obscure. In this background, models of the meta-
static process become important, as they permit to 
generate therapeutic hypotheses and contribute to 
the design of clinical trials. The key unanswered 
questions concern the mechanisms allowing the 
dispersion of tumor cells and the starting time of 
diffusion of tumor cells from the primary site. 

 The mechanical theory, better known as 
“hemodynamic theory,” assesses that the chance 
to colonize a remote organ is dependent on ana-
tomical and physical clues. Once in the blood-
stream, cancer cells can arrest in capillaries in 
reason of their size. The formation of multicellu-
lar clumps of tumor cells can facilitate the arrest 
in small capillaries, and, as postulated in mechan-
ical trapping theory, the ability to form homo-
typic aggregates may represent an important 
characteristic of metastatic cells  [  112  ] . Moreover, 
the hemodynamic theory implies that an organ is 
preferentially affected in reason of the amount of 
blood received. For this reason, those organs rep-
resenting effective blood fi lters are more suscep-
tible to metastasis. Several doubtless examples 
can be offered to demonstrate the value of the 
hemodynamic mechanism. In colorectal cancer, 
portal venous spread of disease to the liver is very 
common, particularly from cancers of the right 
colon. Other clear examples are represented by 
some specifi c vascular connections existing 
between primary and metastatic sites. Vertebral 
and brain metastases are frequently associated 
with primary cancers of pelvic organs, also in 
absence of pulmonary metastasis. The dissemi-
nation of tumor cells in this case may be explained 

by the presence of Batson’s plexus. Vascular 
shunt has been indicated as the principal explana-
tion because cancer cells can avoid arrest in a tar-
get organ, thereby seeding in the next in-line 
organ. Portacaval venous shunts could account 
for the dissemination of gastrointestinal cancers 
to the lungs, completely bypassing the liver. In a 
similar manner, a porta-ovarian shunt between 
the mesenteric and right ovarian venous plexus 
could permit direct spread of gastrointestinal 
tract cancers to the ovaries  [  5  ] . 

 The hemodynamic theory implies that the 
extravasated cancer cells have the same ability to 
growth in all secondary organs. Paget was the 
fi rst to perceive that organs with the same hemo-
dynamic probability to develop metastasis are not 
always equally affected. Such fi ndings prompted 
Paget to develop the theory of “seed and soil,” in 
which he suggested that malignant cells, although 
“carried in all directions” (like seeds), grow only 
in those distant organs (soil) with a “congenial” 
environment. Evidence supporting the seed and 
soil theory has derived from autopsies until the 
middle of twentieth century when the fi rst experi-
mental data tested Paget’s hypothesis  [  113,   114  ] . 

 The pattern of metastasis may be explained by 
an interplay between mechanical and molecular 
factors. The same fathers of the two theories, 
Ewing and Paget, demonstrated to be skeptic 
about the exclusivity of their own hypothesis. 
Ewing frequently referred in his works of a 
“Genius loci” or a predilection of metastases for 
particular organs in contrast to the mechanism of 
circulation  [  115  ] . However, Ewing did not give 
explanation about the underlying mechanisms of 
this phenomenon. In order to solve this confl ict, 
Weiss reconsidered the major patterns of involve-
ment of eight common target organs, in 16 fre-
quent types of primary cancer, as recorded at 
autopsy  [  46  ] . In this analysis, he considered only 
those target organs in which metastases may be 
explained by arterial but not venous dissemina-
tion, and he utilized as normalizing value the 
measurements of blood fl ow in those organs. In 
particular, Weiss calculated for each target organ 
a metastatic effi ciency index (MEI) as the result 
of percentage involvement divided by blood fl ow 
(ml/min). In accordance with mechanical theory, 
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the MEI should be equal for all organs, because 
the metastatic incidence is postulated as directly 
proportional to blood fl ow. However, Weiss 
observed that MEIs had a large range of variabil-
ity, and for this reason, he suggested that high 
MEIs were associated to “friendly” seed-and-soil 
interactions while low MEIs indicated “hostile” 
seed-and-soil interactions. In the new landscape 
suggested by Weiss, known as the “theory of the 
synthesis,” we fi nd evidence for seed and soil 
effects for one-third of the target sites, while for 
the other sites, the probability of metastasis 
appears linked to the blood fl ow. The majority of 
target organs represent a good soil only for some 
primary tumors. The thyroid is frequently metas-
tasized by breast, uterus, esophagus, ovary, and 
bladder cancer. Bone represents a good soil 
mostly for breast and prostate cancer. On the con-
trary, adrenal glands are frequently colonized by 
several primary tumors indicating a favorable soil 
effect, regardless of the seed. Moreover, Weiss 
analysis indicated that in the 40% of the cases 
explainable by the seed and soil effects, the target 
organ represents a “hostile” soil for a variable 
number of primary tumors. Skin represents a very 
improbable metastatic localization for primary 
cancer of cervix uteri, colorectum, esophagus, 
kidney, and prostate. Thus, at present, it is thought 
that the exclusivity of the two theories is only 
apparent and that both of them do contribute, 
with a peculiar weight, to metastases according 
to different combinations of primary/secondary 
growth sites. Nowadays, in the majority of the 
cases, it is diffi cult to assess the relative impor-
tance of the mechanical and molecular events. 

 A second unsolved problem in the modeling 
of metastatic process is about the moment in 
which metastatic cells originate from the primary 
site and colonize distant organs. In the linear pro-
gression model, the metastatic potential is gained 
by tumor cells only after an adequate accumula-
tion of genetic and epigenetic alterations. 
According to this model, the acquisition by tumor 
cells of the full metastatic potential is dependent 
on the tumor size and a suffi cient number of cell 
divisions. In agreement with this hypothesis, the 
chance of metastasis increases with the growth of 
the primary tumor. For this reason, the surgical 

excision of smaller lesions in many cases, as for 
melanoma, is thought to be curative. The linear 
progression model constitutes the basis of the 
routinely used TNM classifi cation system. 
However, many data suggest that a causal role 
between primary tumor size and metastatic risk 
does not exist. On the contrary, the parallel pro-
gression model states that metastasis can be initi-
ated long before clinically detectable disease. 
Recently, highly sensitive methods, including 
PCR based ones, has permitted to detect the pres-
ence of few DTCs also in clinically localized 
malignancies supporting the parallel progression 
model. It is probable that the dissemination phase 
of the metastatic process may be realized, in 
some cases, earlier than it was previously sup-
posed. Bone marrow DTCs can be detected in a 
substantial proportion of patients with the earliest 
stage of disease. However, also the presence of 
bone marrow DTCs was signifi cantly associated 
with higher tumor stage, worse differentiation, 
and lymph node metastasis, indicating that dis-
tant metastases is dependent on the progression 
of the primary tumor. In fact, the rate of detection 
of bone marrow DTCs was clearly associated 
with stage of disease. In lung cancer, the rate of 
detection of bone marrow DTCs is 29% in 
patients with stage I or II disease and 46% in 
patients with stage III disease. Moreover, the low 
incidence, 5% of all cases, of cancer detected by 
metastasis rather than by primary lesion suggests 
that the dissemination of tumor cells in absence 
of the full malignant progression of primary 
tumor is a very improbable event. 

 A clear clinical confi rmation about the value 
of these models is currently lacking  [  116  ] . 
However, also in this context, an intermediate 
interpretation is plausible. Combining the recent 
data from microarray and genetic analysis with 
the consolidated suggestions from animal mod-
els, it is probable that although the metastatic 
phenotype takes origin from the natural evolution 
of cancer cell populations in the primary tumor, 
signifi cant differences exist between metastatic 
cells and the majority of the tumor cells in the 
primary site. These differences may account for a 
relatively small number of genes that can be 
 targeted for blocking the metastatic process. 
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In addition, it is also probable that metastases can 
occur at different moments during the natural his-
tory of the cancer in dependence of tumor type, 
individual genetic background and chance.  

   Molecular Basis for Therapy 
of Metastatic Disease 

 Available therapies for metastatic cancer are sim-
ilar to those used for primary tumors. However, 
surgical excision, when possible, localized radio-
therapy and systemic chemotherapy offer, at best 
of the current clinical practice, a little improve-
ment in survival expectation. Supportive care is 
usually the only treatment available for clinically 
evident, widely disseminated disease. The pres-
ence of multiple metastatic lesions renders inef-
fective the surgical approach. The 5-year survival 
after hepatic resection in metastatic patients with 
colorectum, breast, kidney, and ovary carcinoma 
is less than 10%  [  117  ] . Systemic chemotherapy 
may offer benefi t in lung metastasis from chemo-
sensitive tumors, such as germinal cell tumors 
and osteosarcoma. Targeted therapy is expected 
to improve our therapeutic effi cacy, but, as the 
recent experience from clinical trials suggests, an 
improvement in the knowledge of the molecular 
basis of metastatic process is needed. Two basic 
questions remain to be answered: when does 
metastatic process start? and how much complex 
is the metastatic phenotype? These two aspects 
are strictly interconnected. In fact, more complex 
is the metastatic phenotype, later is the metastatic 
dissemination. 

 It is well known that metastasis-free periods in 
patients can last few months, several years, or 
even as much as 25 years  [  118  ] . The longer is the 
time window necessary to form clinical detect-
able metastasis, the greater is the possibility for 
prevention. DNA-sequence-based studies are 
yielding new insights into the evolution of cancer 
and confi rm a high variability in the clinical situ-
ations. Analysis of tumor-DNA sequence data in 
pancreatic cancer suggests that the subclones 
with metastatic potential develop over an addi-
tional 5 years from the birth of the founder tumor 
cell of the non-metastatic clone  [  119  ] . Thus, also 

in an aggressive malignancy, the early detection 
of the primary tumor offers a broad time window 
of opportunity for prevention of deaths from met-
astatic disease. Comparative analysis of the num-
ber and type of mutations in tumor cells from the 
same patient permits to determine the time inter-
vals required for the progression from benign to 
malignant tumor and from advanced tumor to 
metastasis. This approach has demonstrated that 
the average time interval between the birth of a 
large adenoma founder cell and the birth of an 
advanced colorectal carcinoma founder is 17 
years, while the average interval between the 
birth of the advanced carcinoma founder cell and 
the liver metastasis founder cell is only 1.8 years. 
These data have threatening implications for our 
attempts to fi nd curative therapies for metastatic 
disease and in particular suggest a model in which 
the metastatic phenotype is largely selected in 
primary clonal expansion  [  120  ] . 

 The current knowledge suggests that the tumor 
cells within a malignant tumor are not all meta-
static, and only acquired genetic variability 
within developing clones of tumors permits the 
emergence of new tumor cell variants that dis-
play increased malignancy  [  121  ] . Primary can-
cers, in fact, contain a mix of distinct subclones, 
each containing several hundreds of millions of 
cells that are present within the primary tumor 
for years before the metastases become clinically 
evident. Direct evidence that individual cancer 
cells differ in their metastatic capabilities was 
offered by several studies involving clonal cell 
lines derived from advanced cancer  [  122–  124  ] . 
Moreover, recent data confi rm that both initial 
biological heterogeneity and the natural selection 
during the progression of metastasis play a role 
 [  104,   125,   126  ] . Biological heterogeneity in the 
primary tumors was observed also for markers 
associated to invasion and metastasis. 
Immunohistochemical studies have shown that 
the expression of proteins associated to invasive 
phenotype varies among different regions of neo-
plasms  [  127  ] . 

 During the metastatic progression, cancer 
cells may become phenotypically less stable, and 
this process can facilitate their biological diversi-
fi cation. In experimental models, highly metastatic 
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cells demonstrated a severalfold higher spontane-
ous mutation rate than poorly metastatic clones 
 [  128  ] . This genetic instability is fundamental in 
generating tumor clones resistant to host defense 
and environmental restraints  [  129  ] . At the same 
time, the high biological heterogeneity of meta-
static cells has important implication in the selec-
tion for clones resistant to drugs commonly used 
to treat tumors. Although clinical confi rmation 
has been challenging, probably due to method-
ological obstacles, the hypothesis of clonal selec-
tion has been confi rmed by several preclinical 
studies  [  130  ] . These studies indicated that metas-
tases originate from a single proliferating cell. 
Tumor cell proliferation coupled with selective 
pressure in target metastatic site determines the 
outcome of new phenotypic diversifi cation of 
single clonal metastatic lesions. Importantly, this 
biological heterogeneity is found both within a 
single metastasis and among different metastases 
 [  104  ] . 

 Microarray technology has offered new 
insights in interpreting the genetic basis of differ-
ent aspects of metastatic process. A fi rst approach 
was oriented to reveal the presence of a “meta-
static signature” in primary tumor. This approach 
is based on the hypothesis of heterogeneity and 
infers that metastatic propensity is expressed early 
by a relatively small subpopulation of cells within 
the tumor. It has also been proposed that a set of 
genes expressed in primary tumor may permit the 
selective organ tropism  [  131,   132  ] . Surprisingly, 
results from different expression profi ling have 
revealed that a small number of genes are differ-
entially expressed between tumors and metasta-
ses, and they are able to predict the clinical 
outcome  [  133–  135  ] . This prediction is highly 
accurate but not perfect. However, these data 
imply that the majority of genes that determine a 
metastatic phenotype yield a selective growth 
advantage also within the primary tumor and that 
they are not limited to a small subpopulation of 
cells. Although the genes in these signatures have 
been inconsistent, they belong to important bio-
logical processes and pathways involved in metas-
tasis, including angiogenesis, invasiveness, and 
apoptosis. These data are in agreement with 
genetic analysis of metastatic subclones that 

revealed several mutated genes present in meta-
static lesions but not in primary cancer. These 
genes include those that may have a role in inva-
sive or metastatic ability through heterotypic cell 
adhesion, motility, and proteolysis  [  119  ] . 

 A second approach utilized in microarray 
analysis examined the expression profi le of pri-
mary cancers and paired metastases. These anal-
yses revealed that metastases generally share a 
high degree of clonality with matched primary 
tumor, but at the same time, there were statisti-
cally signifi cant differences  [  136,   137  ] . Moreover, 
these studies also suggested that the heterogene-
ity both within and between metastases was the 
result of a genetic program developed over a long 
time. The time needed for developing clinical 
detectable metastases may be also the reason 
underlying the genetic differences observed in 
asynchronous metastases with respect to matched 
primary tumor  [  126  ] . 

 Numerous are the potential therapeutic targets 
that have been investigated to date, and new tar-
gets will be certainly discovered in the future. 
Metastases are formed by cells with well-estab-
lished cancer phenotype, and for this reason, 
some of the potential targets are shared by pri-
mary tumors, including angiogenic factors, 
growth factor receptors, signaling molecules, and 
apoptosis modulators. However, successful inva-
sion and metastasis depend upon additional cel-
lular changes enabling the expression by cancer 
cell of new biological characteristics. Cancer 
cells in their metastatic progression do not invent 
new abilities but express cellular function typical 
of other differentiated cells. During metastatic 
dissemination, cancer cells mimic frequently the 
behavior of activated immune cells. In particular, 
they use the same molecular strategies of leuko-
cytes in reaching an infl ammatory site. Several 
evidences indicate that an infl ammatory response 
may, in some cases, facilitate carcinogenesis and 
cancer progression. Paradoxically, the production 
of pro-infl ammatory cytokines by the host 
immune cells can stimulate cancer cell growth 
and facilitate invasion and metastasis. The stimu-
lation of a chronic infl ammatory state by immune 
cells may be important also during the carcino-
genesis and the fi rst phase of tumor growth. 
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During metastatic progression, cancer cells 
acquire themselves the capacity to produce 
infl ammatory cytokines in a self-activating feed-
back loop. These cytokines can induce the forma-
tion of a favorable metastatic microenvironment 
and cause morbidity and mortality through 
the induction of cancer-associated clinical 
syndromes. 

 In the following chapters, we recapitulate the 
most updated knowledge about the molecular 
processes that have been successfully targeted or 
that appear to be the most plausible present and 
future targets in metastatic patients. These pro-
cesses involve especially the capacity of cancer 
cells to interact with and to modify the change-
able microenvironments.  

   Targeting the Adhesive Interactions 

 The expression by cancer cells of an adhesive 
phenotype specifi c for different microenviron-
ment is important in several steps of the meta-
static  cascade. Interaction with ECM components 
sustains proliferation, modulates differentiation, 
and promotes survival, migration, and invasion. 
Interactions with normal cells are fundamental in 
the TEM and in the formation of protective cell 
complex with platelets and leukocytes in the 
blood. 

 Adhesive contacts between cells and ECM 
components are mediated by integrins, the most 
widely distributed protein superfamily of adhe-
sion receptors  [  138  ] . Integrins are transmembrane 
heterodimers assembled through the non-covalent 
association between an  a  and a  b  subunit. Twenty-
four heterodimers have been identifi ed as the 
result of the combinations of 18 different  a  sub-
units and 8 different  b  subunits. Each integrin is a 
receptor for one or several ECM ligands, and dif-
ferent integrins can bind the same ligand. Their 
ligands include the widely expressed collagen, 
fi bronectin, laminin, and vitronectin. Nearly half 
of the integrins, including  a v b 3,  a 5 b 1,  a IIb b 3, 
 a v b 6, and  a 3 b 1, recognize the tripeptide Arg–
Gly–Asp (RGD) in their ligands  [  139  ] . Other 
integrins recognize alternative short peptide 
sequences; for example, integrin  a 4 b 1 recognizes 

Glu–Ile–Leu–Asp–Val (EILDV) and Arg–Glu–
Asp–Val (REDV)  [  140  ] . 

 Some integrins can also mediate cell–cell 
interactions, binding to members of the family of 
intercellular adhesion molecule (ICAM) and vas-
cular cell adhesion molecule (VCAM), expressed 
on target cells. Integrin  a 4 b 1 binds cell surface 
receptors, such as VCAM-1, and integrin  b 2 
plays a central role in the fi rm adhesion of infl am-
matory cells on endothelium  [  141  ] . The binding 
to ECM ligands is possible only when integrins 
are expressed in their active form. Integrin activa-
tion comprises the conformational modifi cation 
of the extracellular domains which changes the 
integrin’s affi nity for their ligands. By interacting 
with the ECM, integrins form clusters on cell 
membrane and transfer signal inside the cells 
modulating many cellular functions, such as 
migration, survival, proliferation, differentiation, 
and gene expression. This mechanism is called 
“outside-in signaling.” The intracellular signal-
ing is due mainly to the formation of focal adhe-
sion complex containing kinases and adaptor 
proteins. Focal adhesion kinase (FAK), once 
localized to focal adhesions, is thought to be one 
of the principal effectors in linking signals initi-
ated by integrins to cytoskeleton, thus controlling 
migration  [  142  ] . Integrins mediate also synthesis 
of cyclins and inositol lipids and activation of 
mitogen-activated protein kinase (MAPK)  [  143  ] . 
On the other hand, intracellular signaling acti-
vated by other receptors on the cell membrane 
could induce conformational changes in integ-
rins, thus altering their functional activity, a pro-
cess called “inside-out signaling”  [  144  ] . 
Therefore, integrins and growth factor receptors 
can exchange or amplify their signaling pathways 
via both “outside-in” and “inside-out” signaling. 

 The role of integrins in tumor progression 
and their ability to crosstalk with growth factor 
receptors has made them appealing therapeutic 
targets. Cancer frequently shows an abnormal 
pattern of integrin with respect to the initial nor-
mal phenotype, and during its progression, can-
cer cells express a predominant integrin pattern. 
For example,  a v b 1 and  a v b 3 are expressed in 
carcinoma cells and rarely in normal epithelial 
cells  [  145,   146  ] . Changes in integrin expression 
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facilitate the migration and survival in changing 
tissue microenvironment during the metastatic 
process. As the tumor cell makes its way toward 
the endothelial basement membrane, the adhe-
sive phenotype has to undergo a switch from 
cell–cell adhesion to cell–ECM adhesion. For 
example, in the progression toward the invasive 
phenotype, cancer cells alter expression or loca-
tion of laminin-binding integrins, such as  a 6 b 4 
 [  147  ] . This switch can be realized by both 
 conformational activation of existing integrins 
and the expression of entirely new integrins 
 [  148,   149  ] . 

 It is thought that the altered expression of inte-
grins in carcinomas is involved in several steps of 
the metastatic process: (a) detachment and migra-
tion in the primary tumor; (b) secretion of ECM 
proteases; (c) adhesive interactions in blood with 
leukocytes, platelets, and endothelial cells; (d) 
adhesive interaction with the target ECM; and (e) 
angiogenesis and lymphangiogenesis. The block-
ade of integrins expressed by tumor cells can 
cause a reduction of proliferation, and, in some 
experimental models, it can induce also apopto-
sis.  a v b 3 and  a v b 5 integrin activation is impor-
tant in maintaining a high growth rate in colorectal 
carcinoma  [  150  ] . In addition, suppression of 
 a v b 6 in colorectal carcinoma downmodulates 
the ECM proteolytic capacity by cancer cells, 
thus inhibiting their invasiveness  [  151  ] . 

 Basic and clinical studies have indicated that 
antagonists of several integrins can be particu-
larly effective in suppressing tumor-associated 
angiogenesis either alone or in combination with 
current cancer therapeutics. To date, the integrins 
 a v b 3 and  a v b 5 appear to be the ones most closely 
associated with tumor angiogenesis  [  152  ] . As 
demonstrated fi rstly for  a v b 3, angiogenic growth 
factors, including basic fi broblast growth factor 
(bFGF), TNF, and IL-8, are able to induce the 
expression of several integrins on blood vessels 
 [  153  ] . The upregulation of integrins  a 1 b 1,  a 2 b 1, 
 a 4 b 1,  a 5 b 1,  a 6 b 1,  a 6 b 4,  a 9 b 1,  a v b 3, and  a v b 5 
is a physiological response in endothelial cells 
associated to wounds and infl ammation. However, 
the same molecules also regulate pathological 
angiogenesis. Integrins expressed in endothelial 
cells have a key role in cell survival and migration 

during angiogenesis. Recent evidence shows that 
integrins, different from those involved in angio-
genesis, may have a role also in lymphangiogen-
esis, and thus, antagonists of these integrins might 
be useful also in preventing lymph node metasta-
sis. Integrins  a 1 b 1 and  a 2 b 1 are expressed on 
lymphatic endothelium in healing wounds in 
response to VEGF and may be involved in the 
metastatic process  [  154  ] . 

 Integrin antagonists currently in preclinical 
and clinical developments include monoclonal 
antibodies targeting the extracellular domain of 
the integrin heterodimer (e.g., etaracizumab), 
peptide mimetics which are orally bioavailable, 
non-peptidic molecules mimicking the RGD 
sequence (e.g., cilengitide), and synthetic pep-
tides containing an RGD sequence (e.g., S247) 
 [  155  ] . Inhibitors of integrin  a v b 3,  a v b 5, and 
 a 5 b 1 are currently in clinical trials for the treat-
ment of cancer. Of these integrin antagonists, all 
have proved nontoxic, probably because the tar-
geted integrins are only expressed in angiogenic 
endothelial cells and in tumor cells. S247 is a 
potent antagonist of  a v b 3 in vitro, and its oral 
administration reduced dramatically in animal 
models lung and hepatic metastasis from breast 
and colon cancer, respectively  [  156,   157  ] . 
Paradoxically low concentrations of RGD-
mimetic integrin inhibitors can enhance the 
tumor growth and angiogenesis  [  158  ] . At the 
same time, several antiangiogenic agents, includ-
ing ATN-161, have demonstrated a hormetic 
(i.e., bell-shaped curves) dose–responses. For 
this reason, in the future, it will be of fundamen-
tal importance the identifi cation of biomarkers 
of angiogenesis that should allow to identify the 
active dose of integrin antagonists  [  159  ] . 
Etaracizumab (MEDI-522, Vitaxin, Abegrin), a 
humanized monoclonal antibody, which has 
specifi city for the integrin  a v b 3, is currently in 
phase II trial for treatment of invasive or meta-
static solid tumors. Etaracizumab demonstrated 
an acceptable safety profi le and had an effective 
biological outcome as demonstrated by suppres-
sion of FAK activation, in melanoma cells and in 
blood vessels  [  160,   161  ] . Recent results from 
 trials on clinical effi cacy of etaracizumab in 
advanced melanoma demonstrated no apparent 
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effects  [  160,   162  ] .  a v b 3 is also the predominant 
integrin on osteoclasts, the cells responsible for 
bone resorption in metastatic osteolytic lesions. 
The use of an  a v b 3 antagonist was able to impair 
osteoclast attachment, without affecting osteo-
clast formation  [  163  ] . However, it is not yet 
clear whether targeting  a v expressed on osteo-
clasts would have a signifi cant effect on bone 
metastases. 

 In order to achieve better effi cacy targeting 
simultaneously more sensible integrins, antago-
nists directed against  a v integrins have been 
developed. Intetumumab (human antibody, 
CNTO95) is under evaluation in phase I/II clinical 
trials for different advanced solid tumors. 
Cilengitide (cyclic RGD peptide, EMD121974, 
NSC707544) was the fi rst integrin inhibitor to 
reach phase 3 development. Also for these integrin 
antagonists, the expected results based upon pre-
clinical studies are far to be reached, and, to date, 
a signifi cant interest is limited to specifi c tumor 
types, as cilengitide for glioblastoma  [  164  ] . 

 Antagonists of  a 5 b 1 are undergoing clinical 
testing in several solid tumors. A chimeric mouse-
human anti- a 5 b 1 antibody, volociximab (M200), 
and ATN-161, a fi ve-amino-acid peptide derived 
from the synergy region of fi bronectin, demon-
strated an encouraging effi cacy, when combined 
with chemotherapy, in preclinical model of 
metastasis. ATN-161 reduced colorectal liver 
metastases, breast cancer metastases, and 
improved survival in mice  [  165,   166  ] . 

 Several preclinical experiments, using differ-
ent approaches, have demonstrated that inhibition 
of tumor cell–platelet interactions reduced metas-
tasis in vivo. Interactions with platelets are com-
plex and involve multiple proteins, including 
integrins, thrombin, and von Willebrand factor 
(vWF). Integrin  a v b 3 expressed on tumor cell 
binds through the bridges of fi bronectin, fi brino-
gen, or vWF, integrin  a II(b) b 3(a) expressed on 
platelet. This binding stimulates the activation of 
platelets and tumor cells resulting in the enhance-
ment of adhesion to endothelial cells and transmi-
gration  [  167  ] . Also soluble fi brin signifi cantly 
increased platelet adherence to tumor cells. This 
effect was primarily mediated by the integrins 

 a II(b) b 3 on the platelet and ICAM-1 (CD54) on 
the tumor cells  [  168  ] . The use of the blocking Fab 
against  a II(b) b 3, abciximab, an antiplatelet drug, 
signifi cantly reduced platelet adherence to tumor 
cells and VEGF release by platelets  [  169  ] . vWF 
is a multimeric plasma glycoprotein that interacts 
with  a II b 3 and  a v b 3 integrins. The vWF plays 
an important role in tumor metastasis and hemo-
stasis. In particular, the expression of vWF in 
ECM modifi es cancer cell adhesion  [  170,   171  ] .  

   Targeting the Prothrombotic 
Condition 

 Thromboembolism is a common complication of 
advanced cancers. The prothrombotic state is 
determined by two events: aberrant activation of 
the coagulation system and interaction between 
cancer cells and blood cells, including platelets 
and leukocytes (Fig.  18.4 ). In addition, also 
homotypic tumor cell aggregation may play a 
role in metastasis-associated thrombosis. A recent 
study suggests that the cancer cells may form 
thrombi as a result of an intravascular prolifera-
tion following the adhesion to the endothelium 
 [  172  ] . Although in vitro studies have correlated 
the ability to form homotypic aggregates with 
higher metastatic potential, there is no experi-
mental evidence showing the presence of fl oating 
aggregates of tumor cells in blood  [  173  ] . 
Therefore, it is more plausible that cell–cell 
aggregation is initiated by a single cancer cell 
stably adhered to the vessel wall.  

 Hypercoagulability is a frequent clinical sign 
in cancer patients. According to the classic model, 
fi brin can coat tumor cells and leads to the forma-
tion of thrombi in the microvasculature. Many 
components of the coagulation and fi brinolytic 
systems contribute directly or indirectly to cancer 
progression. Overexpression of tissue factor (TF), 
a cysteine protease that activates factor X, is 
thought to be one of the key factors for coagul-
opathy in malignant disorders. TF is a transmem-
brane receptor that is constitutively expressed in 
cancer cells, and it contributes to tumor metasta-
sis  [  174,   175  ] . Clinical case series have reported 
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a correlation between TF expression and tumor 
metastasis in patients with colorectal and lung 
cancers  [  176  ] . TF is absent from endothelial cells 
surface, but its expression can be stimulated by 
pro-infl ammatory cytokine, e.g., TNF. TF plays a 
direct role in the generation of thrombin and 
fi brin. The only known endogenous modulator of 
blood coagulation initiated by TF is tissue factor 
pathway inhibitor (TFPI)—a plasma Kunitz-type 
serine protease inhibitor  [  177  ] . Together, upregu-
lation of TF and downregulation of thrombomod-
ulin lead to a prothrombotic condition in the 
vascular wall. Tumor-derived VEGF also induces 
the expression of TF by endothelial cells, which 

implies the involvement of TF in tumor neovas-
cularization  [  178  ] . 

 Aberrant platelet activation and aggregation 
are associated to severe forms of thrombosis, 
including disseminated intravascular coagula-
tion and pulmonary embolism. Metastatic 
patients frequently present with signs of throm-
bosis, and this provides a rationale for the use of 
antithrombotic agents as preventive strategy 
against metastatic syndromes. In addition, sev-
eral clinical observations indicate a relationship 
between the activation of platelet or coagula-
tion system and the metastatic spreading via 
the bloodstream. Thrombin plays a key role in 

  Fig. 18.4    Molecular targets associated with survival of 
cancer cells in blood. The main functional events are the 
interaction of cancer cells with platelets and leukocytes, 

and the induction of a pro-coagulation state. Homophilic 
interaction of cancer cells is supposed to play a role but 
only after adhesion to endothelium       
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stimulating tumor-platelet aggregation. In the 
circulation, thrombin activates platelets to 
express P-selectin on their surface allowing the 
binding to tumor cells expressing the P-selectin 
ligand. This binding determines the production 
of thrombin at a more rapid rate on the catalytic 
surface of platelets, and it leads to a fi rmer bond 
between platelets and tumor cells. In turn, throm-
bin, through the activity of the receptor protease-
activated receptor-1 (PAR-1), may activate tumor 
cells. PARs belong to a family of G-protein-
coupled receptors that are proteolytically acti-
vated by a variety of proteases. PAR-1 is cleaved, 
at its N-terminus, by thrombin and thus acti-
vated. The activation of PAR-1 contributes to the 
acquisition of the metastatic phenotype, upregu-
lating gene products involved in adhesion, inva-
sion, and angiogenesis. 

 Anticoagulant therapy for prevention and 
treatment of venous thromboembolism has con-
sisted of unfractionated heparin (UFH), low-
molecular-weight heparins (LMWHs), and 
vitamin K antagonists. Recently, compounds that 
specifi cally block activated coagulation factor X 
(e.g., fondaparinux, idraparinux, rivaroxaban, 
apixaban) and thrombin (e.g., dabigatran, etexi-
late) have been developed  [  179  ] . Heparin is a gly-
cosaminoglycan exclusively expressed and stored 
in mast cells and consists of N- and O-sulfated 
alternating galactosamine/glucosamine and 
glucuronic acid/iduronic acid moieties  [  180  ] . 
A number of studies in mouse models have shown 
heparin and chemically modifi ed heparin to 
reduce the number of metastases from different 
types of cancer  [  181,   182  ] . Recently, LMWHs 
have replaced heparin in most indications. In 
experimental model of hematogenous dissemina-
tion, LMWHs, including tinzaparin, dalteparin, 
nadroparin, and enoxaparin, have shown potent 
inhibition of lung and liver metastases from 
 melanoma, colon, and breast cancer  [  183–  186  ] . 
Some clinical trials, originally not targeted at 
assessing the anticancer properties of heparins, 
have shown an improvement in survival in patients 
with malignancies  [  187  ] . In a more recent trial, 
the use of dalteparin in a large cohort of patients 
with advanced malignancy did not signifi cantly 
improve 1-year survival rates. An improved sur-

vival was reported only in a subgroup of patients 
with a better prognosis and a metastatic disease 
secondary to administration of heparin  [  188  ] . 
However, the satisfactory safety and tolerability 
profi le of LMWH could contribute to suggest the 
use of these drugs as adjuvant therapy for local-
ized diseases with a high risk of metastasis. 

 Surprisingly, the antimetastatic effects of 
LMWH appeared to be dependent mainly on their 
ability to interfere with selectins (P- and 
L-selectins) and integrins ( a 4 b 1) binding rather 
than on their anticoagulant properties  [  185,   189  ] . 
Inhibition of the interaction between platelets 
and tumor cells through P-selectin leads to atten-
uation of metastasis in vitro  [  190  ] . For this rea-
son, the ability to inhibit selectin binding ability 
could be an important parameter in the selection 
of the more effective LMWH in the future clini-
cal trials. Because LMWHs also retain some anti-
coagulant activity, non-anticoagulant heparins 
are preferable for potential clinical use because 
they could be administered at high doses.  

   Targeting the Transendothelial 
Migration 

 The adhesion of cancer cells to endothelium uti-
lizes the same adhesion molecules normally 
used in the homing of immune cells: selectins, 
immunoglobulin gene superfamily (IgSF) mem-
bers, and integrins (Fig.  18.5 ). The IgSF recep-
tors involved in adhesion to endothelium are 
ICAM-1, VCAM-1, and platelet endothelial cell 
adhesion molecule-1 (PECAM-1). These adhe-
sion molecules have a sequential, but frequently 
overlapping, function during the adhesion and 
extravasation of leucocytes and tumor cells. 
Schematically, selectins are involved in the early 
phase of rolling, IgSF receptors and integrins 
permit the cell arrest on the endothelium and in 
collaboration with PECAM-1 facilitate the dia-
pedesis or TEM. The expression of most of these 
adhesion molecules is not constitutive but is 
dependent on infl ammatory stimuli. In the same 
way, it is plausible that the adhesion of tumor 
cells is dependent upon the aberrant activation 
of endothelial cells. For example, it has been 
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demonstrated that thrombus formation in the 
microvasculature may induce in endothelial 
cells the expression of adhesion molecules that 
facilitate tumor cell migration into the extravas-
cular space. It was found that there was a marked 
increase in adhesion of cancer cells to endothe-
lial cells in the presence of cytokines such as 
IL-1 and TNF that are known to induce the 
expression of adhesion molecules  [  191–  193  ] . 
Cytokines produced by tumor cells can attract 
leukocytes which can be used by tumor cells to 
enhance binding and invasion of endothelium. 
 a L b 2 and  a M b 2 expressed on neutrophils may 
adhere to ICAM-1 on both vascular endothelial 
cells and tumor cells, and the formation of these 

heterotypic cell aggregates on endothelium aids 
extravasation  [  194  ] . The expression of VCAM-1 
and ICAM-1 is also induced by pro-infl amma-
tory cytokines. Colorectal cancer cells trigger 
TNF production by liver macrophages in sinu-
soidal vessels surrounding metastatic tumor 
cells, which induces expression of VCAM-1 and 
ICAM-1  [  195  ] .  

 Selectins are type-I transmembrane glycopro-
teins consisting of an extracellular C-type lectin 
domain, an epidermal growth factor (EGF) 
domain, two to nine consensus repeats, a trans-
membrane domain, and a cytoplasmic tail  [  196  ] . 
Expression of P- and E-selectin is tightly regu-
lated during homeostasis, thereby ensuring spatial 

  Fig. 18.5    Molecular targets associated with adhesion to 
endothelium and transendothelial migration of cancer 
cells. Cancer cells take contact with endothelium in two 
steps: a reversible interaction with endothelial cells, called 

docking, and a following fi rm adhesion to endothelium, 
called locking phase. The extravasation is realized by a 
paracellular transmigration or after direct injury of 
endothelial cells       
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and temporal adhesion/recruitment of leukocytes. 
E-selectin is expressed exclusively by endothelial 
cells, P-selectin is expressed also by platelets, and 
L-selectin is found only on leukocytes. Selectins 
recognize clusters of a repetitive carbohydrates 
motif: sialyl-Lewis(X) (SLeX) and the isomer 
sialyl-Lewis(A) (SLeA). The presence of 
E-selectin ligands on cancer cells correlates with 
enhanced adhesion to activated endothelium  [  197, 
  198  ] . Selectin-mediated interactions not only 
facilitate in cell adhesion but may also participate 
in signal transduction, thereby affecting cell 
migration and activation of other adhesion mole-
cules including integrins  [  199  ] . The transgenic 
overexpression of E-selectin in the mouse liver is 
able to redirect metastases to this organ  [  200  ] . 
The role of selectins has been well documented 
for colon cancer cell arrest in hepatic sinusoids 
 [  201  ] . The contribution of L-selectin to metasta-
sis was analyzed in L-selectin-defi cient mice. The 
absence of L-selectin led to attenuation of metas-
tasis. This fi nding actively implicates leukocytes 
to the process of metastasis, since L-selectin 
expression is restricted to leukocytes  [  202  ] . 
Furthermore, an emerging body of experimental 
evidence suggests that cancer cell homing to tar-
get organs may be regulated by other specifi c 
adhesive proteins. CD44, a hyaluronan receptor 
normally involved in the hematopoietic stem cell 
homing to bone marrow, mediates myeloma, 
breast, and prostate cancer cell adhesion to bone 
marrow endothelium. CD44 is one of the several 
ligands of E-selectin. Other ligands potentially 
involved in metastasis are P-selectin glycoprotein 
ligand-1 (PSGL-1), E-selectin ligand 1(ESL-1), 
CD43 (sialophorin), and  b 2-integrins  [  203  ] . 

 The adhesion of cancer cells to endothelium is 
made possible also by altered cell surface expres-
sion of glycosylation. The activation of endothe-
lium of metastasis-prone tissues may occur in 
response to desialylated carbohydrate structure 
expressed on circulating cancer cells. This activa-
tion is manifested by increase in endothelial cell 
surface galectin-3 expression that induces the 
rolling of human breast and prostate carcinoma 
cells in target organ microvasculature  [  204  ] . The 
major ligand of galectin-3 on cancer cells is 
thought to be the terminal  b -galactosides 

expressed by the transmembrane mucin protein 
MUC1  [  205  ] . Galectin-3, also called MAC-2 
antigen, is the only known member of the chi-
mera-type group constituted of a non-lectin 
domain connected to a typical carbohydrate- 
recognition domain. Galectin-3 is involved in 
many immunoregulatory processes, such as cell–
cell adhesion and adhesion of cells to matrix gly-
coproteins  [  206  ] . As a multifunctional protein 
with multiple cellular localizations, galectin-3 is 
overexpressed in many types of human cancers, 
and its suppression in metastatic human colon 
cancer cells before inoculation of the cells into 
nude mice results in signifi cant reduction of 
tumor growth and metastasis  [  207  ] . A proposed 
mechanism for the role of galectin-3 in cancer 
cell hematogenous dissemination involves cancer 
cell homotypic aggregation and heterotypic adhe-
sion to endothelium  [  208  ] . Moreover, galectin-3 
interacts with basement matrix glycans (e.g., 
laminin and fi bronectin) and can promote tumor 
cell extravasation. 

 Reduction of endothelial cell activation in 
experimental models was associated with 
decreased metastasis  [  209  ] . Moreover, the expres-
sion of specifi c pattern of glycosylation on can-
cer cells has been associated with poor prognosis 
and high rate of metastasis. Overexpression of 
SLeX and SLeA has frequently been identifi ed 
on tumor cell-derived mucins. Mucins are major 
carriers of altered glycosylation that occur during 
progression of carcinomas. Mucins are high-
molecular-weight molecules containing a protein 
core substituted with a large number of O-linked 
glycan structures characterized by the expression 
of SLeX/A structures  [  210  ] . In particular, the 
expression of sialylated fucosylated glycan 
SLeX/A permits the interaction with platelets, 
leukocytes, and endothelium through the binding 
of all the three selectins. However, the expression 
of SLeX on cancer cells is not suffi cient to explain 
the adhesive properties in all the models studied 
 [  211  ] . Selectin inhibitors are currently in devel-
opment phase for a possible application as anti-
infl ammatory and immunomodulating drugs. 
Inhibitors tested in preclinical studies include 
glycan-based molecules, small molecules includ-
ing glycomimetics, soluble forms of ligands, and 
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antibodies either targeting selectins or their 
ligands  [  212  ] . Disaccharide-based inhibitor in 
preclinical models led to reduction of metastatic 
incidence through the decrease in the synthesis of 
SLeX structures by cancer cells  [  213,   214  ] . 

 ICAMs and VCAMs are IgSF members 
expressed on endothelial cells. ICAM-1 and 
VCAM-1 are involved in leukocyte arrest and tra-
verse the endothelium through the binding to 
integrins. VCAM-1 expressed on endothelial 
cells was found to bind to  a 4 integrins expressed 
on renal cell carcinoma and melanoma  [  192, 
  215  ] . The activation of the integrins that permits 
the binding to VCAM-1 and ICAM-1 is induced 
by chemokines such as CXCL12. The expression 
of VCAM-1 on bone marrow endothelium can 
mediate bone metastasis  [  215  ] . Integrin  b 2 is 
involved in the adhesion of tumor cells to endothe-
lium. Interestingly melanoma cells expressing 
ICAM formed aggregates with neutrophils which 
facilitate the extravasation of tumor cells  [  194  ] . 
High metastatic murine breast cancer, selected 
in vivo by serial intravenous inoculation, demon-
strated a signifi cant increment in the expression 
of ICAM-1  [  216  ] . Several investigations with 
monoclonal antibodies against ICAM-1 and 
VCAM-1 demonstrated anti-infl ammatory prop-
erties with tremendous therapeutic potential in 
heart and kidney transplant as well as in rheuma-
toid arthritis  [  217,   218  ] . To date, an anti-ICAM-1 
antibody is tested in clinical trials as anti-infl am-
matory therapy to ischemic stroke  [  219  ] . 

 PECAM-1 can participate directly in tight 
binding of leukocytes to vascular endothelium 
by interacting with  a v b 3 or another PECAM-1 
molecule and subsequently by mediating diaped-
esis  [  220  ] . PECAM-1 is expressed on endothe-
lium, platelets, and most leukocytes. The 
importance of PECAM-1 was demonstrated by 
specifi c antibodies neutralizing PECAM-1 that 
are able to selectively block leukocytes transmi-
gration  [  221  ] . Anti-PECAM-1 mAb therapy sup-
pressed both end-stage metastatic progression 
and tumor-induced cachexia in tumor-bearing 
mice. Importantly, this antimetastatic effect was 
independent from tumor type  [  222  ] . 

 The activation of integrins, necessary for the 
arrest of cancer cells on endothelium, is induced 

by chemokines. Chemokines are members of a 
superfamily of chemotactic cytokines. They are 
defi ned on the basis of a conserved tetra-cysteine 
motif, and the relative position of the fi rst two 
cysteine (separated or not by a non-conserved 
amino acid, X) defi nes two major subclasses, 
CXC and CC chemokines. Of the about 50 
known chemokines, only three cannot be classi-
fi ed in these subclasses: CX3CL1, XCL1, and 
XCL2. Chemokines are secreted factors that 
bind G-coupled receptors with seven transmem-
brane domains denominated CC chemokine 
receptors (CCR) or CXC chemokine receptors 
(CXCR). There is a high redundancy in 
chemokine family as multiple chemokines bind 
to the same receptor and some chemokines bind 
to multiple receptors  [  223  ] . Chemokine function 
is not restricted to stimulation of chemotaxis, but 
it is known that they also play roles in prolifera-
tion, hematopoiesis, angiogenesis, and neovas-
cularization. The response of tumor cells to 
specifi c chemokines can be within the microen-
vironment, or in regional or distal organ sites. 
Effects of chemokine signals can be both short- 
and long-distance and are important in the for-
mation of a concentration gradient which can 
attract cancer cells. 

 Several CXC chemokines have enhanced 
expression in metastatic sites, including CXCL1, 
2, 3, 5, 6, 8, and 12  [  224  ] . The ability of tumor 
cell lines to transmigrate in endothelial co-culture 
system is correlated with the expression of 
chemokine receptors. It could be envisioned that 
chemokines might affect the overall expression 
of surface molecules such as integrins or selec-
tins, which in turn will control the rolling capac-
ity of cancer cells and enable extravasation to 
specifi c organs  [  225  ] . To date, the most promis-
ing candidates for targeted therapy are CXCR4 
and CCR7 and the respective ligands CXCL12 
and CCL19/21. Recently, another receptor, 
CX3CR1, has been associated to the ability of 
pancreatic ductal adenocarcinoma to infi ltrate 
nerves. In this study, CX3CL1, produced by neu-
rons and nerve fi bers, created a gradient that 
attracted pancreatic cancer cells  [  226  ].  

 CXCR4 expression in the primary breast cancer 
has been correlated with the degree of metastasis 
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in several sites, including lymph node, lung, liver, 
and bone  [  131,   227–  229  ] . CXCL12 also known 
as stromal cell-derived factor-1alpha, SDF-
1alpha, is expressed by fi broblasts within tissues 
involved in the spread of breast cancer cells such 
as the lymph nodes, lung, liver, and bone marrow 
 [  230  ] . CXCL12 also binds to CXCR7, and inter-
estingly, it has been reported that expression of 
CXCR7 on breast and lung cancer cells correlates 
with metastasis  [  231  ] . 

 CCR7 expression has been associated with 
lymph node metastasis in several cancers, includ-
ing breast and colorectal cancer  [  232  ] . The 
ligands CCL19 and CCL21 are secreted by lymph 
nodes and are normally involved in the chemoat-
traction of T lymphocytes and dendritic cells. 
Recent fi ndings suggest that the gradient of 
CCL19/CCL21 chemokines is generated not only 
by lymphatic vessels but also by the tumor cells 
themselves. This phenomenon suggests the exis-
tence of a mechanism of progressive self-recruit-
ment (or “autologous chemotaxis”) of cancer 
cells in the metastatic site  [  233  ] . 

 Targeting chemokines and chemokine recep-
tors will likely allow limiting metastasis. The 
observation that upregulation of chemokines is 
an event associated to few physiological situa-
tions but to advanced cancer, offers a potential 
way to target specifi cally metastatic cells. This 
strategy has been tested in preclinical studies, 
and for some of the most promising inhibitors, 
clinical trials are running or in planning. 
Chemokines may be antagonized by blocking 
antibody and the structure of chemokines recep-
tors makes them attractive targets for small mol-
ecules inhibitors. A third class of antagonists 
includes peptide inhibitors that bind to 
chemokine receptors. Blocking the CXCL12/
CXCR4 axis by different targeting strategies has 
demonstrated to be a successful approach for 
decreasing breast cancer metastasis in preclini-
cal models  [  234,   235  ] . Plerixafor (AMD3100, 
BKT140) is a small molecule inhibitor that binds 
to CXCR4, thus inhibiting CXCL12 binding and 
downstream signaling events  [  236  ] . A peptide 
designed to the amino-terminal region of 
CXCR4, TN14003, signifi cantly reduced pul-
monary metastasis  [  237  ] .  

   Targeting the ECM Remodeling 

 Expression of an invasive phenotype is an essen-
tial prerequisite of the metastatic process. 
Metastatic cells have the ability to degrade the 
ECM through the expression of membrane-asso-
ciated and secreted proteases (Fig.  18.6 ). The 
progression to malignancy is often associated 
with deregulation of the normal mechanisms reg-
ulating proteolysis, resulting in numerous pro-
teases having altered and upregulated activity in 
cancer. As a result, many different extracellular 
proteases have been proposed as potential thera-
peutic targets. These include enzymes belonging 
to different classes: zinc-based proteases contain-
ing metalloproteinases (MMPs), a disintegrin and 
metalloproteinases (ADAMs), and ADAM with 
thrombospondin motifs (ADAMTS); serine pro-
teases including plasmin and plasminogen activa-
tors; and cysteine and aspartic proteases including 
cathepsins. There is a functional overlap between 
different ECM proteases, and a similar redun-
dancy must be taken into account in the design of 
antiproteolytic therapies. Moreover, cancer-pro-
moting proteases function as part of an extensive 
multidirectional network of proteolytic interac-
tions  [  238  ] . Beside the traditional view of a role 
in the invasion of ECM, these proteases interact 
signifi cantly with important signaling pathways 
in tumor biology, involving chemokines, cytok-
ines, and kinases. In fact, MMPs are also able to 
cleave non-ECM molecules, including growth 
factors, cytokines, and chemokines from their 
membrane-anchored proforms  [  239  ] .  

   Metalloproteinases 

 MMPs can be classifi ed according to their tissue 
localization in secreted-type and membrane-type 
MMPs (MT-MMPs), or according to their sub-
strate in collagenases (MMP-1, -8, and -13), gelati-
nases (MMP-2 and -9), stromelysins (MMP-3, -10, 
and -11), and a heterogeneous group containing 
matrilysin (MMP-7), metalloelastase (MMP-12), 
enamelysin (MMP-20), endometase (MMP-26), 
and epilysin (MMP-28). The group of MT-MMPs 
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includes four type-I transmembrane enzymes 
(MMP-14, MMP-15, MMP-16, and MMP-24) and 
two glycosylphosphatidylinositol (GPI)-anchored 
proteases (MMP-17 and MMP-25). 

 Different growth factors and cytokines 
enhance MMP gene expression, including TNF 
and IL-1  [  240  ] , while transforming growth fac-
tor- b  (TFG- b ) and glucocorticoids suppressed it 
 [  241,   242  ] . EMMPRIN is a transmembrane gly-
coprotein belonging to the immunoglobulin 
superfamily  [  243  ] , expressed in many tumors, 

including breast cancer, lymphoma, oral 
squamous cell carcinoma, glioma, melanoma, 
and lung, bladder, and kidney carcinomas  [  244, 
  245  ] . The action of EMMPRIN in tumor progres-
sion was initially linked to the stimulation of 
 several MMPs, including MMP-1, 2, 3, 9, 11, 
MT1-MMP, and MT2-MMP  [  243,   246  ] . 
EMMPRIN is also able to induce MMP produc-
tion in tumor cells in an autocrine fashion  [  246  ]  
and to enhance in vivo tumor angiogenesis by 
upregulating VEGF  [  247  ] . 

  Fig. 18.6    Molecular targets associated with growth of 
cancer cells in the secondary site. The scheme is a simpli-
fi ed representation of the main functional events support-
ing the metastatic growth as discussed in the text. After 
the invasion of the tissue, a permissive environment is 

 created by ECM remodeling. Host cells play a central role 
in this step by interacting with cancer cells and by releas-
ing extracellular proteases. The cancer-induced expres-
sion of metalloproteinases and integrins by endothelial 
cells permits the angiogenesis and sustains cancer growth       
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 MMPs are synthesized as inactive proenzymes 
in which the prodomain, interacting with the 
 catalytic zinc (II) ion, does not permit the enzy-
matic activity. Pro-MMPs activation is due to the 
removal of the prodomain by several proteases 
including endopeptidase furin, plasmin, and other 
members of MMP family. For example, with the 
exception of MMP-17 and MMP-23, MT-MMPs 
are capable of activating pro-MMP-2. The activ-
ity of MMPs is the result of a complex balance 
between activators and inhibitors activity. Tissue 
inhibitors of metalloproteinases (TIMPs) are the 
best known selective inhibitors for MMPs. TIMPs 
include four members (TIMP-1–4) that are 
expressed in most tissues, cells, and in body fl u-
ids and whose transcription is regulated by cytok-
ines and growth factors  [  248  ] . In addition, 
MMP-2, MMP-9, and MT1-MMP are inhibited 
by RECK (reversion-inducing cysteine-rich pro-
tein with Kazal motifs) which is a GPI-linked 
glycoprotein  [  239  ] . RECK has been reported to 
inhibit also ADAM10  [  249  ] . 

 Several MMPs have been detected in human 
specimens from metastatic sites, and their expres-
sion in these sites is frequently higher with respect 
to corresponding primary tumors. MMP-9 is a 
hallmark of liver metastases from colorectal can-
cer  [  250  ]  and of bone metastasis from various 
carcinomas  [  251,   252  ] , MMP-2 and MT1-MMP 
have been detected in bone lesions from meta-
static prostatic cancer, and MT1-MMP immunos-
taining was detected in 80% of brain metastases 
from lung adenocarcinoma  [  253  ] . Thus, it is 
thought that MMPs play a central role also in the 
progression of secondary lesions. Interestingly, a 
microarray study aimed to identify bone-specifi c 
breast cancer metastasis genes revealed that the 
majority of bone-associated genes were involved 
in ECM remodeling, including MMP-2 and 
MMP-13  [  254  ] . In particular, upregulation of 
MMP-13 at the tumor-bone interface leads to 
osteoclast activation and increases active MMP-9 
and receptor activator of nuclear factor  k B ligand 
(RANKL) levels  [  255,   256  ] . Other MMPs, 
including MMP-1, determine the release of EGF-
like growth factors, including amphiregulin 
(AREG), heparin-binding EGF (HB-EGF), and 
TGF- a , thus suppressing osteoblast production 

of osteoprotegerin (OPG), a decoy receptor for 
RANKL which inhibits osteoclast differentiation 
 [  257  ] . A critical event in the development of bone 
lytic lesions is the stimulation of osteoclastogen-
esis by aberrant high level of RANKL. MMP-7 is 
able to cleave RANKL, which is predominantly 
present as a transmembrane receptor on osteo-
blast surface, to a soluble form (sRANKL) that is 
critical for widespread osteoclast activation. The 
main contribution to MMP expression and for-
mation of metastatic niche may be offered by 
non-tumoral cells. The expression of MMP-2 by 
stellate-shaped cells in the perisinusoidal space 
adjacent to liver tumors suggests that hepatic 
stellate cells, upon differentiation to myofi bro-
blasts, may contribute to the dissemination of 
liver metastases through the sinusoidal network 
 [  258  ] . MMP-2 and MMP-9 overexpression by 
pulmonary cells is able to increment the number 
of lung metastasis in experimental models 
 [  259,   260  ] . Similarly, osteoblasts, in presence of 
breast cancer cells, produce more MMP-1, thus 
stimulating osteolysis  [  261  ] . 

 The range of proteases targeted by pharmaco-
logical inhibitors in the past and current clinical 
trials is quite broad. Early attempts to target 
ECM-degrading enzymes were realized having 
as target MMPs. However, clinical trials using 
broad-spectrum MMP inhibitors have failed to 
show any signifi cant impact on cancer progres-
sion  [  262  ] . This was probably owing to a lack of 
understanding of the extensive roles of these pro-
teins in cell biology. Moreover, trials were fre-
quently carried out without information on the 
activity of MMP acting locally in the cancer tis-
sue of individual patients. The lack of effi cacy of 
broad-spectrum MMP inhibitors has been attrib-
uted also to the inhibition of non-desired MMPs. 
In fact, there are several instances in which 
expression of MMPs provides protective effects 
by suppressing tumor growth. The antitumor 
activities of MMPs are associated to their expres-
sion not in tumor cells but in tumor-associated 
cells, mainly in macrophages. This is the case of 
MMP-8 and MMP-12  [  263  ] . Moreover, it is pos-
sible that clinical trials have been conducted with 
inappropriate timing and dosing regimens. It is 
plausible, according to the current experience, 
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that MMP inhibitors result more active in early, 
rather than in late stage cancer. Advancement in 
the therapeutic use of MMP inhibitors is probably 
dependent on the ability to selectively target can-
cer-associated activities in the correct stage of 
tumor progression. For this reason, presently, it is 
preferred a strategy based on the use of high 
selective MMP inhibitors. Commercial develop-
ment of the third generation of MMP inhibitors 
has been recently initiated.  

   Serine Proteases 

 The activity of the serine protease plasmin is the 
result of the proteolytic cascade reactions of the 
plasminogen activation (PA) system. This com-
plex system controls the activation of the proen-
zyme plasminogen and involves, as late effectors, 
the proteolytic enzymes urokinase-type plasmi-
nogen activator (uPA) and the tissue-type plas-
minogen activator (tPA). The plasmin formation 
or activation may be blocked by three serine pro-
tease inhibitors belonging to the family called 
serpins, PAI-1 and PAI-2, that inhibit plasmino-
gen activators, and alpha2-antiplasmin that forms 
inactive complex with plasmin. Plasmin has a 
great impact on tissue remodeling. In fact, it can 
directly or indirectly cleave several ECM com-
ponents including laminin, fi bronectin, fi brin, 
vitronectin, and collagen. In addition, plasmin 
can activate elastase and MMPs  [  264  ] . Plasmin 
has been also involved in the release of ECM-
bound growth factors such as VEGF and bFGF 
either directly or indirectly through the activa-
tion of pro-MMPs  [  265,   266  ] . 

 The principal PA activator during physiologi-
cal and pathological tissue remodeling processes 
is uPA, whereas tPA is involved primarily in 
thrombolysis  [  267  ] . uPA is secreted as a single 
polypeptide chain proenzyme, pro-uPA, which 
is activated by plasmin. Pro-uPA and uPA bind 
with high affi nity to a cell surface uPA receptor, 
uPAR, a glycolipid-anchored three-fi nger fold 
protein  [  268  ] , and this binding both confi nes 
and enhances uPA-catalyzed plasminogen acti-
vation at the cell surface. uPAR has also been 
reported to have a variety of biological func-

tions independent of its role in uPA-mediated 
proteolysis. It also mediates cell signaling, pro-
liferation, migration, and survival. This phe-
nomenon is quite surprising because being a 
GPI-anchored receptor with no transmembrane 
domain, uPAR could not be capable of mediat-
ing intracellular signaling. It is now apparent 
that uPAR can exist in dynamic signaling com-
plexes on the cell surface that include integrins, 
EGFR, platelet-derived growth factor receptor 
(PDGFR), and possibly other  cellular compo-
nents able to activate an intracellular signaling 
pathway  [  269  ] . uPAR expression is restricted 
quite tightly to tumor tissue, and it is rarely 
expressed in adjacent normal tissue. However, 
uPAR expression may be upregulated during 
wound healing and infl ammatory response. 
uPAR levels have been strongly correlated with 
metastatic potential and advanced disease, 
which has been demonstrated in tumor samples 
obtained from patients with colon and breast 
cancer  [  270  ] . uPAR expression appears to 
increase with grade or stage of the tumor and 
may be enriched in metastatic lesions  [  271  ] . 

 Potential uPA/uPAR targeting strategies 
include selective inhibitors of uPA activity, antag-
onist peptides, monoclonal antibody, and gene 
therapy techniques. The anti-uPA inhibitor 
WX-UK1 has been tested for toxicity in phase I 
clinical trial in combination with capecitabine in 
advanced malignancies. The antibody ATN-658 
inhibited the growth and invasion in a pancreatic 
carcinoma murine model  [  244  ] . Interestingly, in 
this model, because the antibody is specifi c for 
human uPAR, the antiproliferative activity was 
due to a direct antagonistic effect on tumor cells. 
ATN-658 inhibited also the growth of human 
colon and prostate carcinoma cells when 
implanted in the murine liver and tibia, respec-
tively  [  272,   273  ] . A therapeutic strategy involv-
ing the blockade of uPA/uPAR system was 
successful in different experimental models of 
metastasis  [  274,   275  ] . Despite the preclinical 
success, the importance of uPA/uPAR in human 
therapy has yet to be fully demonstrated. To date, 
few uPA inhibitors entered clinical trials. 
Moreover, because plasminogen gene defi ciency 
is the cause of severe human disease, the toxicity 
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associated to a complete and specifi c inhibition 
of the uPA system is expected to be an important 
clinical aspect  [  276  ] . However, a capped 8 amino 
acid peptide derived from human single chain 
uPA has been studied in cancer patients and was 
well tolerated and safe  [  277  ] .  

   ADAM/ADAMTS 

 The evidence that ADAM and ADAMTS have 
more critical biological functions in metastatic 
process than expected suggests to consider also 
these targets in the future clinical trials. Hence, 
the development of ADAM inhibitors is an area 
of fertile preclinical activity  [  278,   279  ] . Human 
ADAMs are 21 transmembrane proteins classi-
fi ed within the reprolysin family. There are many 
examples of the upregulation of proteolytic 
ADAMs in tumor tissues, and studies have local-
ized their expression at the invasive front of 
tumor, both in cancer cells and in stromal cells 
 [  280  ] . ADAMTS include 19 members and pos-
sess one or several thrombospondin-like motif. 
ADAMTS do not have a transmembrane domain, 
and cleave ECM substrates, including procolla-
gens and fi bronectin, or specifi c Glu-X bonds of 
aggregan, brevican, and versican. For this reason, 
ADAMTS4 and ADAMTS5 are also called 
aggreganase-1 and -2, respectively  [  281  ] . 
ADAMTS13 is a vWF-cleaving protease  [  282  ] . 

 The majority of ADAMs have intact metallo-
proteinase domains with the capacity to degrade 
fi bronectin, collagen IV, and gelatin. A defi nitive 
correlation with more aggressive disease or meta-
static phenotype has not yet documented. 
However, an important implication in cancer pro-
gression derives from their capacity of cleaving 
transmembrane protein ectodomains adjacent to 
the cell membrane. Several cytokines, chemok-
ines, and growth factors are solubilized by ADAM 
sheddase activities. This could be necessary for 
the creation of the metastatic niche through both 
paracrine and autocrine signaling  [  283  ] . 
ADAM17, also called TNF-converting enzyme 
(TACE), has been most extensively studied, and it 
is known to release soluble TNF, pro-TGF- a , pro-
HB-EGF, pro-amphiregulin, and pro-epiregulin 

from their membrane precursors  [  284  ] . The 
release of growth factors by ADAM, as indicated 
for EGFR family ligands, may abrogate the effec-
tiveness of targeted therapy against these recep-
tors  [  285  ] . Therefore, the use of ADAM inhibitors 
fi nds a strong rationale as therapy in combination 
with anti-EGFR family receptor inhibitors. In 
this respect, particular interest is focused on 
ADAM10 and ADAM17 that have been impli-
cated in EGFR transactivation activities  [  283  ] . 
Reduced expression of TIMP3, the main physio-
logical inhibitor of ADAM10 and 17, was found 
to correlate with an aggressive tumor phenotype 
in a number of human tumors  [  286  ] .  

   Cathepsins 

 Today, cathepsins are classifi ed based on their 
structure and catalytic type into serine (cathep-
sins A and G), aspartic (cathepsins D and E), and 
cysteine cathepsins. The cysteine cathepsins are 
11 proteases which have a protein-degrading 
function in the lysosomes of the majority of cell 
types. Because of specifi c molecular mechanisms 
occurring frequently in malignant cells, cathep-
sins can be shunted to the cell surface and secreted 
into the extracellular space, where they degrade 
components of the ECM  [  287,   288  ] . Despite this, 
during the past decade, important and specifi c 
functions of cathepsins have been discovered to 
occur also in other locations inside cells, such as 
secretory vesicles, the cytosol, and the nucleus 
 [  289  ] . All cathepsins are synthesized as inactive 
precursors which can be activated by autolysis at 
acidic pH, in the case of endopeptidases cathep-
sins, or by endopeptidases, in the case of exopep-
tidases cathepsins. Cathepsins are normally 
controlled by interactions with their endogenous 
inhibitors, members of the cystatin superfamily 
of protease inhibitors  [  290  ] . Cathepsins B, C, H, 
L, S, and X/Z have been found to play a role in 
cancer  [  291  ] . Cathepsins function as part of an 
extensive multidirectional network of proteolytic 
interactions. However, it is thought that cathepsin 
B is one of the key proteases which plays a cen-
tral role in modulating proteolytic signal. In fact, 
cathepsin B can be activated by several proteases, 
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including cathepsin D, G, uPA, tPA, and elastase, 
and it can cleave a wide variety of targets depend-
ing on its subcellular localization. Cathepsin B 
can activate MMP-2, MMP-3, uPA, and inacti-
vate TIMPs  [  241  ] . 

 Cathepsins H and L are promising targets for 
anticancer therapy also because they are overex-
pressed only in cancer cells. Using genetic abla-
tion or specifi c inhibitors of cathepsin L, it is 
possible to reduce metastasis in animal models of 
human melanoma  [  292  ] . Similar results were 
obtained also for murine lung and colon carci-
noma  [  293,   294  ] . In these studies, broad-spec-
trum cathepsin inhibitors (E-64, JPM-OEt) have 
been frequently used, and they seem to have 
higher therapeutic potential than inhibitors spe-
cifi c for cathepsin L (CLIK-148, Z-FF-FMK). 
This may due to the compensatory activities by 
other cathepsins. However, the improvement in 
our knowledge about the role of cathepsins may 
render suitable also the use of specifi c inhibitors. 
In fact, interestingly, the inhibition of cathepsin L 
by a selective inhibitor determined a reduction of 
bone metastases from melanoma but not a reduc-
tion of metastases in other localizations  [  294  ] . 
A specifi c role in bone metastasis has been sug-
gested also for cathepsin K. Cathepsin K is a 
lysosomal cysteine proteinase that is highly 
expressed in osteoclasts and has been identifi ed 
as the crucial enzyme in collagen breakdown 
during bone resorption. Preclinical studies have 
demonstrated that cathepsin K inhibitors are 
effective in reducing skeletal tumor burden  [  295  ] . 
An inhibitor of cathepsin K, odanacatib, sup-
pressed bone resorption similarly to zoledronic 
acid in women with breast cancer and metastatic 
bone disease  [  296  ] . Several companies have 
developed inhibitors of cathepsin K (e.g., bali-
catib, relacatib) with some of these inhibitors 
reaching clinical trials for osteoporosis  [  297  ] .  

   Heparanase 

 Although animal studies using non-anticoagulant 
species of heparin indicate that it is possible to 
separate the antimetastatic and anticoagulant 
activities of heparin, the two activities have a 

common molecular basis. Unfractionated heparin 
and other sulfated polysaccharides have been 
suggested to exert antimetastatic activity by 
maintaining the integrity of heparan sulfate (HS) 
side chains and in particular by inhibiting hepara-
nase  [  298  ] . HS is a common constituent in glu-
cidic chains of proteoglycans on ECM and cell 
surfaces. Anticoagulant activities of cell surfaces 
have been predominantly attributed to HS. The 
anticoagulant activities are realized by different 
mechanisms: catalyzing function for antithrom-
bin, facilitating catabolism of coagulant factors, 
and association with TFPI. In addition, HSs have 
important structural function. In fact, they cross-
link various components of the subendothelial 
basement membrane, including laminin and col-
lagens, thereby contributing to the integrity of the 
blood vessel wall. Heparanase is an endo-beta- d -
glucuronidase able to degrade heparin and hepa-
ran sulfate side chains to fragments of similar 
size (5–7 kDa) and is thought to be important in 
migrating leucocytes to extravasate through the 
vascular basal lamina. Heparanase activity is cor-
related with the metastatic potential of cancer 
cells, and it contributes to enhanced remodeling 
of ECM. On the contrary, expression of hepara-
nase in normal tissues is restricted primarily to 
the placenta, keratinocytes, platelets, and acti-
vated cells of the immune system, with little or 
no expression in connective tissue cells and most 
normal epithelia. Upregulation of heparanase 
was reported in infl ammation and wound healing 
 [  299  ] . The heparanase is preferentially expressed 
in metastatic cell lines  [  300  ] , and high expression 
was also found in colon carcinoma cells metasta-
sized to lung, liver, and lymph nodes  [  301  ] . When 
heparanase expression was induced by transfec-
tion in low-metastasizing murine cancer cells, it 
made them able to massively colonize the lung 
and liver  [  302  ] . 

 Heparanase inhibitors have demonstrated to 
be effective in reducing incidence of metastasis 
in preclinical models. The heparan sulfate 
mimetic inhibitor PI-88 is a mixture of natural 
highly sulfated oligosaccharides and is a potent 
inhibitor of heparanase. PI-88 inhibited rat mam-
mary metastasis but also the primary tumor 
growth  [  303  ] . It is likely that PI-88 may have 
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such a broad anticancer activity because it targets 
angiogenesis. In fact, HS is thought to play an 
important role in regulating accessibility of 
growth factors and pro-angiogenic factors. 
Growth factors more extensively studied in this 
context are FGF-2 and VEGF. These factors are 
sequestered by HS chains of proteoglycans and 
are released upon cleavage by heparanase  [  304  ] . 
In clinical trials of advanced and metastatic carci-
nomas, PI-88 has demonstrated to ameliorate 
 disease outcome, but it was associated with sig-
nifi cant hematologic toxicity, including neutro-
penia, thrombocytopenia, and hemorrhage. For 
this reason, further evaluation may be warranted 
to obtain a more manageable safety profi le with 
such agents  [  305,   306  ] .   

   Targeting the Metastatic Growth 

 Once extravasated, the fate of cancer cell, prolif-
eration or growth arrest/death, is decided by the 
cell fi tness for the new environment. A major 
role in this step is played by the presence of a 
permissive microenvironment. Different meta-
static sites can be (or become) permissive in a 
peculiar way. First, metastatic cell proliferation 
is dependent on the net balance of positive and 
negative signals present at the arrival of tumor 
cells in the new microenvironment. These sig-
nals derive from paracrine and endocrine path-
ways. The ability of metastatic cell to interpret 
these signals determines its fate  [  108  ] . The 
undifferentiated proliferating phenotype of a 
single cancer cell reaching the metastatic site 
may be dependent on one or few specifi c growth 
factors. Thus, the presence of suitable local 
growth factors may play a key role in stimulating 
a new proliferative phase for metastatic cells. 
Nerve growth factor and neurotrophin-3 pro-
duced in central nervous system are able to 
 sustain the proliferation of melanoma cells. 
Insulin-like growth factor-1 (IGF-1) has a high 
concentration in the liver, and it is able to 
 control cell cycle progression in those tumor 
cells expressing IGF-1 receptor  [  307  ] . The 
redundancy in signaling pathways can help 
 cancer cells to proliferate in the early phase of 

metastatic growth. An example is offered by 
EGFR axis activation. Different carcinomas are 
maintained in an undifferentiated state by chronic 
and aberrant EGFR activation. Blocking EGFR 
in lung, breast, prostate, and head and neck car-
cinoma resulted in tumor suppression in vivo. 
Thus, it is plausible that a metastatic microenvi-
ronment lacking EGFR ligands can favor dor-
mancy. However, by using different experimental 
models, it was demonstrated that EGFR activa-
tion can be achieved also by the formation 
of complexes with uPAR and integrin  b 1, two 
molecular markers frequently associated to 
tumor progression  [  308,   309  ] . This is in agree-
ment with the evidence that DTCs lacking uPAR 
expression predicted better overall survival 
 [  310  ] . Therefore, it seems reasonable to suggest 
that strategies aimed at inducing and/or main-
taining tumor cell dormancy should include 
 concomitantly blocking EGFR and uPAR, and/
or integrin complexes  [  108  ] . 

 Remodeling of ECM may play a key role in 
the growth of metastatic cells (Fig.  18.6 ). 
Alteration in ECM homeostasis may lead to a 
permissive soil that enables tumor cells to escape 
from dormancy  [  311  ] . For example, increased 
fi bronectin expression by mesenchymal cells was 
reported to be important in the formation of the 
premetastatic niche  [  110  ] . Fibrotic breast cancer 
displays an unusually dense collagenous stroma 
and is associated with a higher risk of developing 
bone and lymph node metastasis  [  312  ] . Moreover, 
clinical studies have shown elevated plasma con-
centration of small integrin-binding ligand, 
N-linked glycoprotein (SIBLING) proteins, 
including bone sialoprotein and osteopontin 
(OPN), in patients with metastatic disease com-
pared to normal samples  [  313  ] . Several studies 
have demonstrated that OPN promotes metasta-
sis  [  314  ] . OPN is produced by tumor cells but 
also by numerous normal cell types, including 
osteoblasts, osteoclasts, endothelial cells, and 
activated immune cells. OPN, upon binding to 
integrins, can induce cell survival, migration, and 
release of ECM-degrading enzymes. Blocking 
antibodies against OPN demonstrated effi cacy in 
the inhibition of lung metastases induced by the 
injection of human hepatocellular carcinoma 
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cells in nude mice  [  315  ] . Alternatively, OPN-
induced metastasis can be blocked by inhibitors 
of integrins  a v b 3 and  b 1. 

 MMPs play a central role in the creation of the 
metastatic niche. Generally, MMPs in the meta-
static sites are expressed at higher levels with 
respect to corresponding primary tumors. The 
production of MMPs by tumor or stromal cells 
can (1) modify the ECM, (2) release cytokines 
and growth factors that are sequestered to ECM, 
and (3) drive angiogenesis. ECM has in all tissues 
an important role in maintaining organ homeosta-
sis. Several studies have indicated that compo-
nents of the ECM are able to modulate the 
phenotype of various cells, including metastatic 
cancer cells  [  316  ] . The modifi cation of the ECM 
by MMPs may determine the shift from a protec-
tive and homeostatic to a growth-promoting 

microenvironment. MMPs are expressed in metas-
tases according to a specifi c pattern, and this may 
represent an important element in designing new 
clinical trials. The pattern of MMPs may be very 
dissimilar in different metastatic environments 
 [  254  ] . For example, brain-seeking clones of breast 
cancer cell line express signifi cantly higher 
mRNA levels of MMP-1 and -9 in comparison to 
bone-seeking and parental cells  [  317  ] . 

 It is well known that cancer progression is 
driven also by tumor-associated normal cells. 
The most impressive interaction is that realized 
by bone-seeking tumors and bone cells (Fig.  18.7 ). 
In bone metastasis, the homeostasis of the miner-
alized matrix, which is controlled by osteoclasts 
and osteoblasts, is dramatically perturbed by 
metastatic cells. In turn, the aberrant activity of 
bone cells can generate a positive feedback loop, 

  Fig. 18.7    Molecular and cellular network underlying the 
growth of metastatic cells in bone. Cancer cells can induce 
a prevalent bone lesion, osteolytic or osteosclerotic, and 
in both situations, a positive feedback can sustain cancer 
growth. Osteoblasts (OB) are stimulated to release new 
matrix in osteosclerotic lesion and to induce osteoclasto-
genesis in osteolytic lesion. Differentiation of osteoclasts 

is due mainly to an increased ratio RANKL/OPG. The 
mineralized matrix is degraded by mature osteoclasts 
(OC), and this event is associated to the release of growth 
factors. The activities of osteoclasts and osteoblasts are 
tightly interconnected, and this determines the develop-
ment of mixed lesions       

 



50318 Molecular Pathology of Cancer Metastasis: Suggestions for Future Therapy

referred to as the “vicious cycle,” that represents 
the driving force for the development of bone 
metastases  [  318  ] . The increased osteoclastogen-
esis, which is the prevalent cellular event associ-
ated to osteolytic bone metastasis, typical of 
breast and lung cancer, determines the bone 
resorption and the release of growth factors 
immobilized in the bone matrix  [  319  ] . These 
growth factors, including IGFs, TGF- b , bone 
morphogenetic proteins (BMPs), FGFs, and 
PDGF, act back on the tumor cells and the other 
cells within the bone to potentiate the vicious 
cycle  [  318  ] . According to the “vicious cycle” 
model, the osteoclast differentiation from mono-
cytes is induced by the RANKL produced by 
osteoblasts which in turn are stimulated by can-
cer-derived factors. Breast cancer cells can pro-
duce several osteoclastogenic factors, including 
parathyroid hormone-related protein (PTHrP), 
IL-8, and prostaglandin E2 (PGE2)  [  320–  322  ] .  

 RANKL, together with its receptor, RANK, 
represents a suitable target in the therapy for bone 
metastasis. The operative role of osteoclasts in 
the full spectrum of bone lesions (lytic, blastic, 
“mixed”) supports the use of inhibitor of osteo-
clasts in all types of bone lesion. Denosumab, a 
fully human monoclonal antibody against 
RANKL, has been shown to inhibit osteoclast-
mediated bone resorption, and in clinical trial 
performed in patients with bone metastases, it 
has demonstrated a better effi cacy in suppressing 
bone resorption with respect to zoledronic acid 
 [  257  ] . Further clinical trials are necessary to clar-
ify whether denosumab can effectively block 
bone metastasis growth. Other inhibitors target-
ing osteoclast function are currently in preclini-
cal or clinical development. Antagonists of the 
 a v b 3 integrin suppressed the development of 
osteolytic breast cancer metastases. In fact,  a v b 3 
is the most abundant integrin in osteoclasts, and it 
permits the adhesion of the osteoclasts to bony 
surfaces mediating bone resorption  [  323  ] . 

 Bone metastases may be associated also to a 
prevalent bone formation, and in this case, they 
are referred to as “osteoblastic” or “sclerotic.” 
Osteoblastic lesions are a typical feature of bone 
metastasis from prostate cancer; however, the 
continuous increase in osteoblast number stimu-
lates the consequent high bone turnover deter-

mining an excess also in bone resorption  [  324  ] . 
Osteoblasts are activated by BMPs, TGF- b , 
PDGF, VEGF, Wnt, uPAR, and endothelin 1. 
Patients with metastatic prostate cancer have ele-
vated levels of plasma endothelin 1 compared 
with patients with organ-confi ned cancer  [  325  ] . 
Endothelin A, the receptor for endothelin 1, can 
be targeted by highly selective inhibitors, includ-
ing atrasentan (ABT-627) and zibotentan 
(ZD4054). Clinical trials conducted up to now 
demonstrated that endothelin 1 inhibitors were 
effective in reducing bone remodeling, as indi-
cated by serum bone turnover markers, but had 
no effect in the clinical progression of the meta-
static disease  [  326,   327  ] . In future clinical trials, 
it should be evaluated whether endothelin 
A inhibitors can be effective in combination ther-
apy with chemotherapeutic drugs. Additional 
factors isolated from prostate cancer cell lines 
and serum samples from patients are candidates 
for playing a role in activation of osteoblasts. 
Prostate cancer cells secrete BMPs which recruit 
osteoblast precursors and activate the promoter 
of VEGF. VEGF itself stimulates osteoblast 
migration and differentiation, amplifying the sig-
nal  [  328  ] . uPA stimulates osteoblast mitogenesis 
either directly or perhaps by activating TGF- b  
 [  328,   329  ] . In osteosclerotic lesions, osteoblasts 
can secrete factors that support the growth of can-
cer cells in bone. The newly formed bone may 
secrete chemoattractants, including CXCL12, 
and macrophage chemotactic factor-1 (MCF-1), 
that favor migration and enhance the invasion 
capability of cancer cells. Moreover, bone matrix 
proteins osteonectin, OPN, osteocalcin, and bone 
sialoprotein produced by osteoblasts are able to 
enhance the metastatic potential of breast and 
prostate cancer cells  [  330–  332  ]   

   Conclusions 

 Distant metastases are the most advanced stage in 
cancer progression and are associated with high 
rate of mortality. Signifi cant improvements in our 
knowledge about the pathogenesis of metastasis 
have been achieved in the last years; however, 
several unanswered questions remain. The pres-
ent curative therapies have demonstrated to be 
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ineffective, while on the other side, the the pos-
sibility for an effective preventive action has not 
been yet defi ned. Moreover, there are some 
aspects of the metastatic cascade that are not eas-
ily targetable. Once cancer cells have diffused 
through the circulation, hydrodynamic features 
can determine their metastatic fate at least in 50% 
of cases. In addition, cancer is frequently diag-
nosed when it has already acquired the full meta-
static potential, and this determines the 
involvement of multiple organs in terminal can-
cer patients. For this reason, and because the high 
frequency in detecting CTCs, a therapeutic strat-
egy aimed to control the metastasis in a single 
site cannot reach curative success. On the other 
hand, a variety of novel molecular targets have 
been found, and the blockade of general func-
tional processes associated to metastatic dissemi-
nation has been successfully tested in preclinical 
models. These include the molecular events that 
permit the survival of cancer cells in blood, the 
adhesion to endothelium, the ability to modify 
the ECM, and the interaction with normal cells in 
the metastatic site. 

 Today, it is clear that the evolutive process that 
regulates the metastatic diffusion frequently 
favors the phenotypic convergence between meta-
static and normal circulating cells, such as immune 
cells. However, we have to remember two impor-
tant features that characterize cancer cells and 
that can limit our therapeutic opportunities: the 
expression of a high redundancy in signaling 
pathways and a large phenotypic heterogeneity. 
For these reasons, the future therapeutic decisions 
should be taken with a major attention about the 
molecular interactions expressed by the targeted 
molecule and about the specifi c evolutive history 
of cancer in the single patient.      
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  Abbreviation  

  3 ¢ -UTR    3 ¢ -Untranslated region   
  AML    Acute lymphocytic leukemia   
  CLL    Chronic lymphocytic leukemia   
  EMT    Epithelial–mesenchymal transition   
  HCC    Hepatocellular carcinoma   
  MM    Multiple myeloma   
  Pol II    Polymerase II   
  Pre-miR    Precursor miRNA molecule   
  Pre-mRNA    Precursor mRNA molecule   
  Pri-miR    Primary miRNA transcript       

   Defi nition and Biogenesis 

 After the initial discovery in 1993, when a small 
RNA encoded by the lin-4 locus was associated to 
the developmental timing of the nematode 
 Caenorhabditis elegans  by modulating the pro-
tein lin-14  [  1  ] , microRNAs have undergone a 
long period of silence. It took indeed several more 
years to realize that these small (19–22 nucle-
otides) RNA molecules are actually expressed in 
several organisms, including  Homo sapiens , 
highly conserved across different species, highly 

specifi c for tissue and developmental stage, and 
playing crucial functions in the regulation of 
important processes, such as development, prolif-
eration, differentiation, apoptosis, and stress 
response. In the last few years, microRNAs have 
indeed taken their place in the complex circuitry 
of cell biology, revealing a key role as regulators 
of gene expression. 

 MicroRNA genes represent approximately 1% 
of the genome of different species, and each of 
them has hundreds of different conserved or non-
conserved targets: it has been estimated that 
about 30% of the genes are regulated by at least 
one microRNA  [  2  ] . 

 MicroRNAs are transcribed for the most part 
by RNA polymerase II as long primary transcripts 
(pri-microRNAs) characterized by hairpin struc-
tures and containing typical eukaryotic mRNA 
features such as cap structures and poly(A) tail. 

 Most microRNAs localize in intergenic 
regions; however, some of them are located in 
intronic regions of known genes, in sense or anti-
sense orientation. This fi nding supports the notion 
that at least a part of them is transcribed as distinct 
transcriptional units. Fifty percent of known 
microRNA genes are located nearby other microR-
NAs, supporting the hypothesis that clustered 
microRNAs can be transcribed from their own 
promoters as polycistronic pri-microRNAs  [  3  ] . 

 MicroRNAs are mostly transcribed by RNA 
polymerase II (Pol II), although the possibility 
that a small number of miRNA genes might be 
transcribed by other RNA polymerases cannot be 
excluded. Pol II produces mRNAs and some of 
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the noncoding RNAs, such as  small nucleolar 
RNAs  and some of the  small nuclear RNAs  pres-
ent in the spliceosoma, the complex of special-
ized RNA and protein subunits that removes 
introns from a transcribed pre-mRNA. 

 Many microRNAs are differentially expressed 
during the development, as frequently observed 
with genes transcribed by Pol II. 

 According to their genomic localization, 
microRNAs can be classifi ed in (a) exonic 
microRNAs located in noncoding transcripts, (b) 
intronic microRNAs located in noncoding tran-
scripts, and (c) intronic microRNA located in 
protein-coding transcripts. Mixed miRNA genes 
can be assigned to one of the above groups 
depending on the given splicing pattern. Intronic 
microRNAs are transcribed within the mRNA of 
the host gene generating a hairpin structure, rec-
ognized and cleaved by the spliceosome machin-
ery  [  4  ] . Exonic microRNAs are transcribed 
within the pri-miR (up to 1 kb long) containing 
both the 5 ¢ -cap and the 3 ¢ -poly(A) tail. 

 Processing of a microRNA consists of two 
phases, one taking place into the nucleus and 
operated by RNAse III Drosha and the second 
one in the cytoplasm, by RNAse III Dicer. Drosha 
is a highly conserved 160 kDa protein containing 
two RNAse III domains and one double-strand 
RNA-binding domain. Drosha forms a huge com-
plex, 500 kDa in  D. melanogaster  and 650 kDa in 
 H. sapiens , called microprocessor and containing 
the cofactor DiGeorge syndrome critical region 8 
(DGCR8), also known as Pasha in  D. melano-
gaster  and  C. elegans . 

 The hairpin structure present in the pri-miRNA 
(primary transcript) is recognized and cleaved by 
RNAse III Drosha into 70-nts-long pre-microR-
NAs (precursor molecule). 

 These precursor molecules are actively 
exported by a Ran-GTP and exportin 5-mediated 
mechanism to the cytoplasm, where an additional 
step is mediated by the RNAse III Dicer, which 
acts in complex with the transactivating response 
RNA-binding protein (TRBP) generating a 
dsRNA of approximately 22 nucleotides, named 
miRNA/miRNA*. Dicer is an extremely con-
served protein through eukaryotes, fi rst identifi ed 

for its involvement in siRNA ( small interfering 
RNAs ) generation. 

 Dicer is a very large enzyme (~200 kDa) con-
served among the species and containing differ-
ent domains: a double-strand RNA-binding 
domain (dsRBD), two RNAse III catalytic 
domains, one PAZ domain, which binds the 3 ¢ -
end of small RNAs, and other domains with 
ATPasic and RNA-helicasic activity. Dicer rec-
ognizes the double-strand region of the pre-miR 
in association with different proteins: RDE-4 
(RNAi  defective  4) in  C. elegans , R2D2 e FMR1 
(fragile X mental retardation syndrome 1 
homolog) in  D. melanogaster , and members of 
the Argonaute    family in other species. In particu-
lar, these proteins are not needed for the endonu-
cleasic activity of Dicer, but they play a role in 
stabilizing the complex Dicer-miR  [  5  ] . In mam-
malians, the Argonaute 2 (AGO2) protein com-
plex, characterized by RNAse H activity, 
cooperates in the Dicer-mediated processing of 
some pre-miRs, yielding to another intermediate 
processing product, called AGO2-cleaved pre-
cursor miR (ac-pre-miR)  [  4  ] . 

 The mature single-stranded microRNA prod-
uct is then incorporated in the complex known as 
 miRNA-containing ribonucleoprotein complex  
(miRNP), miRgonaute, or  miRNA-containing 
RNA-induced silencing complex  (miRISC), which 
generally selects one of the two strands as guide 
strand (mature miR) according to thermodynamic 
properties, whereas the other strand is likely sub-
jected to degradation. miRISC is a ribonucleo-
proteic complex containing Argonaute proteins, 
the mature miR, the star miR, and several addi-
tional factors, some of them necessary for the 
enzymatic activity. Argonaute proteins are con-
served among species and containing the PAZ 
and PIWI domains. The PAZ domain is involved 
in the recognition of the microRNA  [  6  ] , whereas 
the PIWI domain seems to be involved in releas-
ing the mature microRNA through an interaction 
with Dicer  [  7  ] . In  H. sapiens,  miRISC complex is 
formed by the Argonaute homologue eIF2C2 pro-
tein, the glycine–tryptophan protein of 182 kDa 
(GW182), and the helicases Gemin3 and Gemin4 
 [  8  ] . The choice of the pre-miR strand that will 
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generate the active complex resides in the relative 
thermodynamic stability of the two strands form-
ing the duplex: the strand with a more unstable 
5 ¢ -end is included in the miRISC complex. 

 As part of this complex, the mature microRNA 
is able to regulate gene expression at posttran-
scriptional level, binding through partial comple-
mentarity to the 3 ¢ -UTR of target mRNAs, and 
leading to some degree of mRNA degradation 
and translation inhibition (Fig.  19.1 ).  

 MicroRNAs exert their function mostly bind-
ing a specifi c sequence within the 3 ¢ -UTR of tar-
get mRNAs. The 5 ¢ -end of microRNAs (seed site) 
is important in the target recognition mechanism 
 [  2  ] : nucleotides 2–8 (seed sites) of many miRNAs 
present a perfect match with the 3 ¢ -UTR seed 
regions involved in translational block and are 
also well conserved in homologue microRNAs. 

 MicroRNAs can regulate gene expression 
through the degradation of target mRNAs, con-
cordantly with the evidence that mRNA levels 
can be reduced in presence of elevated levels of 
miRNAs. It has been demonstrated that a high 
complementary match between the microRNA 
and the target mRNA can lead to an Ago 
2-mediated mRNA degradation. Recent studies 
suggested that also other processes are involved, 
like deadenylation, 5 ¢ -uncapping, and exonu-
clease activity. Indeed, mRNA degradation 
mechanism requires Ago 2 complex, GW182, 
and deadenylating and decapping enzymes  [  9  ] . 

 Furthermore, the cleavage site does not depend 
on the match between miR and its target, but it is 
due to microRNA sequence only: the cleavage takes 
place between the corresponding mRNA residues of 
the 10th and the 11th nucleotide of the microRNA. 

  Fig. 19.1    Biogenesis, processing, and maturation of 
miRNAs. miRNAs are transcribed mainly by RNA poly-
merase II as long primary transcripts characterized by hair-
pin structures (pri-miRNAs) and processed in the nucleus 
by RNAse III Drosha in a 70-nucleotide-long pre-miRNA. 
This precursor molecule is exported by the exportin 5 to 
the cytoplasm, where RNAse III Dicer generates a dsRNA 
of approximately 22 nucleotides, named miRNA/miRNA*. 

The mature miRNA product is then incorporated in the 
complex known as miRISC, whereas the other strand is 
usually subjected to degradation. As part of this complex, 
the mature miRNA is able to regulate gene expression 
binding through partial homology the 3 ¢ -UTR of target 
mRNAs and leading to mRNA degradation in case of per-
fect matching or translation inhibition when there is partial 
complementarity.  RISC  RNA-induced silencing complex       
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 After the cleavage process, the microRNA 
remains intact and can drive the functioning of 
another miRISC complex  [  10  ] . However, the 
mechanisms underlying the mRNA target selec-
tion remain still unclear. 

 MicroRNAs can also inhibit gene expression 
blocking the translation of mRNAs target. The 
fi rst evidence of this mechanism is the observa-
tion that many miR-targeted mRNAs maintain 
their level in presence of an abundance of the 
respective microRNAs, whereas the levels of the 
encoded protein are decreased  [  9  ] . The exact 
mechanism underlying the miRISC-mediated 
translational blockade remains still unknown: it is 
unclear whether the block overcomes at the begin-
ning or in the next phases of the translational pro-
cess. However, current models see the involvement 
of eIF4F, formed by eIF4A, eIF4E, and eIF4G. 
This proteic complex binds the 5 ¢ -cap of mRNAs 
and starts the translation initiation process. The 
translation initiation factor eIF3, interacting with 
eIF4G, contributes to the assembly of the ribo-
somal subunit 40S at the 5 ¢ -end of mRNAs and 
leads to the formation of the preinitiation com-
plex. The elongation phase takes place when the 
ribosomal subunit 60S is assembled at the preini-
tiation complex in correspondence to the start 
codon AUG. eIF4G and eIF3 interact with the 
poly(A)-binding protein (PAPB1) resulting in 
mRNA circularization, phenomenon that leads to 
a higher translation effi ciency  [  9  ] . A controversial 
body of evidence shows that microRNAs are able 
to inhibit both the preinitiation and the elongation 
phase. In 2006, Petersen et al. proposed a model 
in which miRISC acts as a repressor of the elon-
gation phase, suggesting that miRISC can pro-
mote an early dissociation of the ribosome from 
the mRNA  [  11  ] . 

 Controversially, three different models have 
been proposed to explain the initiation phase 
inhibition operated by miRISC: 

 In the fi rst model, miRISC competes with 
eIF4E for the binding to the 5 ¢ -cap of the target 
mRNA, thus leading to the inhibition of the trans-
lational start; in the second model, miRISC 
blocks the mRNA circularization through the 
inhibition of the assembly of the 60S subunit 
with the 40S subunit, located on the target mRNA 
at the preinitiation complex. 

 The synergic action of multiple miRISC 
complexes leads to an effi cient block of the trans-
lation process  [  12  ]  explaining the presence of 
multiple seed regions within the same target. 

 MicroRNAs can also act through a different 
mechanism mediated by miRISC: the target 
mRNAs are seized into cytoplasmic foci called 
processing bodies (P-bodies), formed by mRNA 
and proteins  [  13  ] ; since P-bodies lack of the 
translational machinery, this mechanism leads to 
a translational blockade of the sequestered 
mRNAs. In some instance, a deadenylation pro-
cess coupled with the translational inhibition has 
been reported  [  9  ] . The deadenylation process is 
mediated by GW182 and Ago proteins. Whereas 
GW182 interacts with Ago through its glycine- 
and tryptophan-rich domains, it is also able to 
recruit through his C-terminus PAPB and the 
deadenylating enzymes CCR4 and CAF1  [  4  ] . 
Furthermore, it has been observed that the num-
ber, the position, and the kind of nucleotide mis-
matches between the microRNA and the mRNA 
can play a role in the repression mechanism 
selection, deciding if the target mRNA would be 
degraded or translationally repressed.  

   MicroRNAs in Human Cancer: From 
Profi ling Studies to Defi nition 
of a Functional Role as Oncogenes 
and Tumor Suppressors 

 Profi ling of different cell types and tissues indi-
cated that the pattern of miRNA expression is cell 
type and tissue specifi c, suggesting that the pro-
gram regulating expression of miRNAs is exqui-
sitely cell type dependent and tightly associated 
with cellular differentiation and development. 
Some of the most important miRNAs which are 
aberrantly expressed in tumors are listed in 
Table  19.1 .  

 The fi rst evidence of the involvement of 
microRNAs in human cancer derived from stud-
ies on chronic lymphocytic leukemia (CLL), the 
most common human leukemia in the Western 
world, particularly in an attempt to identify tumor 
suppressors at chromosome 13q14. Cytogenetic 
studies indicate deletions at chr.13q14 in approx-
imately    50% of CLLs and loss of heterozygosity 
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(LOH) in approximately 70% of CLLs. By tak-
ing advantage of chromosome translocations and 
small deletions, Dr. Croce’s group found that the 
critical region of 13q14 does not contain a pro-
tein-coding tumor suppressor gene but two 
microRNA genes, miR-15a and miR-16-1, that 
are expressed in the same polycistronic RNA. 
This result indicated that the deletion of chromo-
some 13q14 caused the loss of these two microR-
NAs, fi rst evidence that microRNAs could be 
involved in the pathogenesis of human cancer 
 [  14  ] . Study of a large collection of CLLs showed 
knock down or knock out of miR-15a and miR-
16-1 in approximately 69% of CLLs. Since such 
alteration is present in most indolent CLLs, they 
speculated that loss of miR-15a and miR-16-1 
could be the initiating event or a very early event 
in the pathogenesis of this disease  [  14  ] . 
Immediately after these initial observations, they 
mapped all the known microRNA genes and 
found that many of them are located in regions of 
the genome involved in chromosomal altera-
tions, such as deletion or amplifi cation, in many 
different human tumors, in which the presumed 

tumor suppressor genes or oncogenes, respec-
tively, failed to be discovered after many years of 
investigation  [  15  ] . Indeed, in cancer develop-
ment chromosomal regions that encompass 
microRNAs involved in the negative regulation 
of a transcript encoding a known tumor suppres-
sor may be amplifi ed. This amplifi cation would 
result in the increased expression of the 
microRNA and the consequent silencing of the 
tumor suppressor gene. Vice versa, microRNAs 
able to inhibit oncogenes are often located in 
fragile regions of the genome, where deletions or 
mutations can be responsible for their reduced 
levels and the resulting overexpression of the tar-
get oncogene (Fig.  19.2 ).  

 We can certainly affi rm that alterations in 
microRNAs expression are not isolated, but the 
rule in human cancer. After these early studies 
indicating the role of microRNA genes in the 
pathogenesis of human cancer, Dr. Croce’s group 
and others have developed platforms to assess the 
global expression of microRNA genes in  normal 
and diseased tissues, and have carried out profi l-
ing studies to assess microRNA dysregulation in 

   Table 19.1    MicroRNAs aberrantly expressed in tumors   

 Tumor type  Upregulated miRNA  Downregulated miRNA  Target 

 CLL   miR-29, miR-181   TCL1 

  miR-155  
  miR-15a, miR-16-1   BCL2 

 AML   miR-29   MCL1 
 DNMT 

 Lymphoma   miR-155  
  miR-17-92   PTEN, BIM,E2F1 

  miR-106b-25   E2F1 
 MM   miR-21  

  miR-19a, miR-19b   SOCS1 
 Breast cancer   miR-21   PTEN, PDCD4, TPM1 

  miR-125b   HER2, HER3 

  miR-205   HER3 

  miR-10b  (associated with metastasis)  HOXD10 

  miR-373  
  miR-200   ZEB 

 Lung cancer   let-7   RAS, HMGA2, C-MYC 
  miR-155  

 HCC   miR-122a   Cyclin G1 

  miR-221   p27 

  miR-34a   MET 
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human cancer. This was an attempt to establish 
whether microRNA profi ling could be used for 
tumor classifi cation, diagnosis, and prognosis 
 [  16  ] . 

 Indeed, the predictive values of such 
microRNA signature have been validated for sev-
eral types of tumors. Furthermore, the small size 
of miRNAs certainly contributes to a higher sta-
bility in comparison with mRNAs, allowing the 
study of their expression in fi xed tissues or other 
biological material, and thus supporting their 
possible use as novel, minimally invasive, and 
robust biomarkers: indeed, it has been recently 
described how miRNAs can be reliably extracted 
and detected from paraffi n-embedded tissues, 
from blood (either total blood, plasma, or serum) 
 [  17  ]  and from circulating exosomes  [  18  ] . 
Moreover, it has been reported that the profi le of 

circulating miRNA of individuals affected by dif-
ferent neoplasias can refl ect the pattern observed 
in the tumor tissues, evidence suggesting the fas-
cinating possibility of using circulating miRNAs 
as easily detectable tumor biomarkers  [  19  ] , espe-
cially for early diagnosis: very recently, Sozzi’s 
group  [  20  ]  has identifi ed microRNA-expression 
signatures with strong predictive, diagnostic, and 
prognostic potential, analyzing plasma samples 
of lung cancer patients collected 1–2 years before 
the onset of disease. 

 Concerning breast cancer, for example, a pilot 
study performed by Roth et al.  [  21  ]  provided 
the fi rst evidence that tumor-associated circulat-
ing microRNAs are elevated in the blood of breast 
cancer patients and associated with tumor pro-
gression. In particular, the authors evaluated the 
relative concentrations of breast cancer-associated 

  Fig. 19.2    miRNAs as oncogenes or tumor suppressor 
genes. miRNAs can have oncogenic effects (oncomiRNA) 
when they target tumor suppressor genes. When an 
oncomiRNA is overexpressed, for example, because the 
encoding gene is located in an amplifi ed region of the 
genome, this will lead to downregulation of the targets 
and to tumor formation ( upper panel ). Conversely, a 
miRNA can be characterized by tumor suppressor proper-

ties if the main target in that specifi c cellular context is an 
oncogene; in this case, if the miRNA expression is lost, 
for example, because the encoding gene is located in a 
deleted region of the genome, the resulting effect will be 
tumorigenic ( lower panel ). In summary, what usually 
happens in a tumor is the overexpression of an oncogenic 
miRNA and/or the loss of a miRNA with oncosuppressive 
properties       
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miR-10b, miR-34a, miR-141, and miR-155 in the 
blood serum of 89 patients with primary breast 
cancer and metastatic disease and 29 healthy 
women, fi nding that miR-10b, miR-34a, and miR-
155 discriminated M1-patients from healthy 
controls. 

 Heneghan et al.  [  22  ]  surveyed a panel of seven 
candidate miRNAs in whole blood RNAs from 
148 breast cancer patients and 44 age-matched 
and disease-free controls. They found that the 
expression of miR-195 was signifi cantly elevated 
in breast cancer patients and reduced in postop-
erative whole blood compared to the preopera-
tive samples of the same patients. Zhao et al.  [  23  ]  
performed a microarray-based microRNA profi l-
ing in plasma samples from 20 women with early 
stage breast cancer (10 Caucasian American (CA) 
and 10 African American (AA) and 20 matched 
healthy controls (10 CAs and 10 AAs), demon-
strating that the altered levels of circulating miR-
NAs might have great potential to serve as novel, 
noninvasive biomarkers for early detection of 
breast cancer. 

 Switching then from profi ling studies to the 
defi nition of a functional role of microRNAs, it 
has been demonstrated that their aberrant expres-
sion in cancer is not just a random association, 
but the indication of a causal role exerted by these 
small RNA molecules in the tumorigenic process. 
Indeed, due to the role of microRNAs in regulat-
ing the expression of signaling molecules, such 
as cytokine, growth factors, proapoptotic and 
antiapoptotic genes, it has been demonstrated 
that miRNAs can act either as oncogenes or 
tumor suppressor, and more recently, it has been 
demonstrated that a microRNA can exploit both 
functions according to the cellular context of its 
target genes. Another important issue concerns 
the role of miRNAs in regulating the interaction 
between cancer cells and the microenvironment, 
particularly concerning neo-angiogenesis or tis-
sue invasion and metastasis. 

   Leukemia/Lymphoma 

   Chronic Lymphocytic Leukemia 
 As mentioned, the fi rst evidence of alterations of 
microRNA genes in human cancer came from 

studies of CLL. In a large study of indolent  versus 
aggressive CLL, Calin et al. discovered a signa-
ture of 13 microRNAs capable of distinguishing 
between indolent and aggressive CLL  [  24  ] . 
Interestingly, it was found that miR-155, overex-
pressed in different lymphomas including the 
ABC type of diffuse large B-cell lymphoma, is 
also upregulated in aggressive CLLs (where it is 
induced by MYB,  [  25  ] , whereas members of the 
miR-29 family and miR-181 were found to be 
underexpressed and later demonstrated to directly 
regulate the TCL1 oncogene, overexpressed in 
the aggressive form of CLL  [  26  ] . 

 More recently, a prognostic signature has been 
identifi ed in CLL patients with chromosome 17p 
deletions (who develop a more aggressive dis-
ease), revealing that miR-15a, miR-21, miR-34a, 
miR-155, and miR-181b are differentially 
expressed in comparison with normal 17p and 
normal karyotype. Moreover, miR-21 expression 
levels were signifi cantly higher in patients with 
poor prognosis and predicted overall survival 
(OS), and miR-181b expression levels signifi -
cantly predicted treatment-free survival  [  27  ] . 

 Because of the “wait and watch” approach to 
the treatment of CLL, a signature able to distin-
guish between CLL with good and bad prognosis 
was also found. Sequencing of many microRNAs, 
including those in the signature, allowed the iden-
tifi cation of germ line and somatic mutations of 
microRNA genes, including miR-15 and miR-
16-1 and miR-29 family members. Interestingly, 
mutations in the miR-15/16 precursor were also 
identifi ed, affecting the processing of the pri-miR 
into the pre-miR. In two cases, the mutant was in 
homozygosity in the leukemic cells, while normal 
cells of the two patients were heterozygous for 
this abnormality, indicating a loss of the normal 
miR-15/16 allele in the leukemic cell  [  24  ] . Thus 
miR-15a and miR-16-1 behave like typical tumor 
suppressors in CLL. Interestingly, Raveche et al. 
 [  28  ]  mapped a gene responsible for an indolent 
form of CLL in the New Zealand Black (NZB) 
mouse strain on chromosome 14, in a region 
homologous to 13q14 in humans. Sequence anal-
ysis of this region showed a mutation in the pre-
cursor of miR-15/16 in the NZB mouse strain 
6 nts 3 ¢  to miR-16-1 (in the human cases, the 
mutation was 7 nts 3 ¢  to miR-16-1), that also 
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affected the processing of the miR-15/16 precursor. 
Thus, germline mutation of miR-15/16 can cause 
the indolent form of CLL both in human and 
mouse. By using different algorithms to iden-
tify targets of miR-15a and miR-16-1, it was 
found that BCL2, an oncogene protecting cells 
from apoptosis, was a putative target of both miR-
15a and miR-16-1. Knock-down experiments 
showed this to be the case  [  29  ] . Thus, loss of miR-
15a and miR-16-1 leads to high constitutive level 
of the oncogene BCL2, contributing to the devel-
opment of an indolent B-cell leukemia. In follicu-
lar lymphoma, another common indolent B-cell 
malignancy, BCL2 gene becomes dysregulated as 
result of a t(14; 18) chromosome translocation, 
because of its juxtaposition to immunoglobulin 
enhancers, indicating that constitutive overex-
pression of BCL2 causes an indolent B-cell tumor. 
Moreover, it was also found that loss of miR-15a 
and miR-16-1 causes, although indirectly, overex-
pression of MCL1, another oncogene of the BCL2 
family of inhibitors of apoptosis  [  30  ] . Interestingly, 
a recent clinical trial of CLL patients with 
ABT737, an inhibitor of BCL2 developed by 
Abbott, showed partial resistance of the leukemic 
cells to the drug, because ABT737 is specifi c for 
BCL2 but not for MCL1. Thus, treatment with 
either miR-15a or miR-16-1 may abrogate the 
resistance to the drug and improve the responsive-
ness. Additional experiments in vitro and in vivo 
also showed that miR-15a or miR-16-1 can be 
exploited to cause death of leukemic cells, sug-
gesting the possibility of a microRNA-based ther-
apeutic intervention  [  30  ] . 

 To further demonstrate a causal role of miR-
15a and miR-16-1 loss in the occurrence of CLL, 
Klein et al.  [  31  ]  have applied a genetic approach 
generating sophisticated mouse models that have 
either deletion of DLEU2 (a noncoding RNA 
gene including the miR-15a and miR-16-1 clus-
ter in its intron 4) together with both miRNA 
genes (MDR deleted) or deletion of the two 
miRNA genes only. After 15–18 months, about 
5% of the animals displayed monoclonal B-cell 
lymphocytosis, which is a possible precursor to 
CLL. More importantly, 1/5 of the MDR-deleted 
and 1/8 of the miR-15a/16-1-deleted mice devel-
oped CLL or the related small cell lymphocytic 

leukemia. In addition, 9% of the MDR-deleted 
and 2% of the miR-15a/16-1-deleted animals 
developed a phenotype reminiscent of human 
diffuse large B-cell lymphoma, a disease known 
to progress from CLL at low frequency. Thus, the 
deletion of the MDR caused B-cell lymphoprolif-
erative disorders, nicely recapitulating the spec-
trum of human CLL phenotypes. 

 More recently, Fabbri et al.  [  32  ]  have shed 
more light into the molecular mechanisms behind 
the involvement of miR-15a and miR-16-1 in the 
biology of CLL, describing a feedback regulatory 
loop connecting miR-15a and miR-16-1, p53 and 
miR-34b/34c cluster, which critically infl uences 
the pathogenesis of CLL. The oncosuppressor 
p53 is indeed at the same time directly targeted 
by miR-15a and miR-16-1 and able to induce the 
expression of these microRNAs and of miR-
34b/34c, which in turn directly regulate ZAP70. 
In this model, the loss of miR-15a/miR-16-1 
expression, represented by CLLs with 13q dele-
tions, not only shifts the balance toward higher 
levels of the antiapoptotic proteins BCL2 and 
myeloid cell leukemia sequence 1 (BCL2-related) 
(MCL1), as previously demonstrated, but also 
toward higher levels of the tumor suppressor pro-
tein TP53. Consequently, in patients with CLLs 
with 13q deletions, while the number of apop-
totic cells may decrease because of the increased 
levels of antiapoptotic proteins, the TP53 tumor 
suppressor pathway remains intact, thus keeping 
the increase in tumor burden relatively low. This 
novel fi nding explains how 13q deletions are 
associated with the indolent form of CLL. 
Moreover, increased TP53 levels, as found in 
patients with CLLs with 13q deletions, are asso-
ciated with transactivation of miR-34b/miR-34c 
and reduced levels of ZAP70, a tyrosine kinase 
relevant in the initial step of T-cell receptor-
mediated signal transduction. Low expression 
levels of ZAP70 have been found to be positively 
correlated with survival in patients with CLL, 
further explaining the indolent course of CLL 
carrying 13q deletions.  

   Acute Myelocytic Leukemia 
 Acute myelocytic leukemia (AML) is a heteroge-
neous disease that includes several entities with 
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different genetic abnormalities and clinical fea-
tures. Garzon et al. have reported unique 
microRNA profi les in the main molecular and 
cytogenetic subgroups of AML. In addition, a 
subset of these microRNAs was associated with 
overall and disease-free survival  [  33  ] . Another 
study identifi ed a microRNA-expression signa-
ture with prognostic signifi cance in patients with 
AML belonging to the molecular high-risk group, 
including 12 microRNAs associated with event-
free survival  [  34  ] . Five probes represented miR-
181a and miR-181b; their increased expression 
was associated with a decreased risk of an event 
(failure to achieve CR, relapse, or death). This 
result was confi rmed by a subsequent study 
showing that upregulated miR-181a predicted 
favorable outcome in CN-AML (AML with nor-
mal cytogenetics)  [  35  ] . 

 Members of the miR-29 family are located in 
two clusters on two human chromosomes: miR-
29b1/29a is located on chromosome 7q32, while 
miR-29b2/c is located on chromosome 1q23. 
Importantly, chromosome 7q is the region fre-
quently deleted in myelodysplastic syndrome 
(MDS) and therapy-related AML  [  36  ] . Members 
of the miR-29 family have been shown to be 
downregulated in aggressive CLL  [  24  ] , invasive 
breast cancer  [  37  ] , lung cancer  [  38  ] , and cholan-
giocarcinoma  [  39  ] . Transfection of miR-29b 
induces apoptosis in cholangiocarcinoma cell 
lines and reduces the tumorigenicity of lung can-
cer cells in nude mice. Moreover, it was shown 
that rhabdomyosarcoma looses miR-29 expres-
sion because of an elevation of NFkB and YY1 
levels, and introduction of miR-29s into the 
tumor delays rhabdomyosarcoma progression in 
mice  [  40  ] . MiR-29s were also found to directly 
target MCL1  [  39  ] , an oncogene overexpressed in 
AMLs, and the de novo DNA methyltransferases 
DNMT-3A and -3B, while indirectly, through 
regulation of the transactivator Sp1, the mainte-
nance DNA methyltransferase DNMT1  [  35,   38  ] . 
Thus loss of miR-29 family members results in 
the constitutive overexpression of MCL1 and of 
DNMT, causing epigenetic changes characteris-
tic of AML. These recent results suggest that loss 
of miR-29s may be important, perhaps critical, 
for the pathogenesis of a major group of MDSs 
and AMLs (Fig.  19.3 ).   

   Lymphoma 
 Early studies have shown that miR-155 is upreg-
ulated in a subgroup of Burkitt’s lymphoma, dif-
fuse large B-cell lymphoma (DLBCL), primary 
mediastinal B-cell lymphoma (PMBL), and 
Hodgkin’s lymphoma  [  41,   42  ] . This microRNA 
is encoded by the terminal portion of the BIC 
(B-cell integration cluster) gene, which was orig-
inally identifi ed as a common retroviral integra-
tion site in avian-leukosis-virus-induced B-cell 
lymphomas  [  43  ] . Dr. Croce’s group demonstrated 
that mice overexpressing miR-155 in B lympho-
cytes develop polyclonal preleukemic pre-B-cell 
proliferation followed by full-blown B-cell 
malignancy  [  44  ] . Moreover, two knock-out mice 
models have demonstrated a critical role of miR-
155 in immunity by showing that BIC/miR-155 −/−  
have defective dendritic cell functions, impaired 
cytokine secretion, and T 

H
  cells intrinsically 

biased toward T 
H
 2 differentiation  [  45,   46  ] . 

Moreover, miR-155 could represent the connec-
tion between infl ammation, immunity, and can-
cer since its expression can be induced by 
mediators of infl ammation and is involved in 
response to endotoxic shock  [  47  ] . 

 He et al.  [  48  ]  reported that miR-17-92 poly-
cistron was upregulated in 65% of B-cell lym-
phoma patients and demonstrated in a mouse 
model that this miR cluster cooperates with the 
oncogene MYC in accelerating tumor develop-
ment. More recently, a different group observed 
that the overexpression of miR-17-92 in lympho-
cytes caused a lymphoproliferative disease, auto-
immunity, and premature death  [  49  ] . The 
enhanced proliferation of the transgenic lympho-
cytes was mediated by direct regulation of 
proapoptotic PTEN and Bim. O’Donnell et al. 
 [  50  ]  investigated the regulation of miR-17-92 in 
lymphoma, demonstrating that the expression of 
this cluster is directly activated by the oncogene 
c-Myc. Moreover, miR-17-92 cluster, as well as 
its paralog, miR-106b-25  [  51  ] , establishes with 
the transcription factor E2F1, a downstream tar-
get of c-Myc, a negative feedback loop: E2F1 
represents indeed a direct target of the two 
microRNA clusters, but it also induces their 
expression. Thus, MYC simultaneously activates 
E2F1 transcription and limits its expression, 
allowing a tightly controlled proliferative signal.  
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   Multiple Myeloma 
 Few recent reports have linked microRNAs to 
this plasma cell malignancy, as the aberrant 
expression of miR-335, miR-342-3p, and miR-
561 in comparison to normal plasma cells  [  52  ]  or 
the Stat3-mediated activation of the oncogenic 
miR-21 in response to IL-6  [  53  ] . Mir-15a and 
miR-16-1 have been described as oncosuppressor 
microRNAs also in this tumor subtype  [  54–  56  ] . 
Pichiorri et al.  [  57  ]  described a microRNA signa-
ture characteristic of this neoplasia. They evalu-
ated by both microarray analysis and real-time 
PCR the expression of microRNAs in MM-derived 
cell lines, CD138+ bone marrow PCs from sub-
jects with MM or monoclonal gammopathy of 
undetermined signifi cance (MGUS), and normal 

donors, identifying the oncogenic miR-21 and 
miR-181 among the microRNAs aberrantly 
expressed. Two miRNAs, miR-19a and 19b, part 
of the miR-17-92 cluster, were also shown to 
downregulate expression of SOCS-1, a gene fre-
quently silenced in MM that plays a critical role 
inhibiting IL-6 growth signaling. Moreover, 
xenograft studies using human MM cell lines 
treated with miR-19a and b precursors or miR-
181a and b antagonists resulted in signifi cant sup-
pression of tumor growth in nude mice, confi rming 
the involvement of these microRNAs in the 
development of multiple myeloma (MM). More 
recently, the same group  [  58  ]  have demonstrated 
that miR-192, 194, and 215, which are downregu-
lated in a subset of newly diagnosed MMs, can be 

  Fig. 19.3    Molecular alterations in CLL and AML. Deletion 
or downregulation of  miR-15a/miR-16-1  cluster, located at 
chromosome 13q14.3 and directly involved in the regula-
tion of  BCL2  and  MCL1  expression, represents an early 
event in the pathogenesis of CLL. During the evolution of 
malignant clones, other miRNAs (miRs) can be deleted 
(such as  miR-29 ) or overexpressed (such as  miR-155 ), con-
tributing to the aggressiveness of B-CLL. Such abnormali-
ties can infl uence the expression of other protein-coding 
genes (PCGs), such as the  TCL1  oncogene, directly regu-
lated by  miR-29  and  miR-181 , or affect other noncoding 

RNAs (ncRNAs). The consequences of this steady accumu-
lation of abnormalities are represented by the reduction of 
apoptosis and the induction of survival and proliferation of 
malignant B cells, leading to the evolution of more aggres-
sive clones. Members of the  miR-29  family, lost in AML and 
in other tumor types as lung cancer, have also been shown to 
directly target  MCL1  and  DNMT3A  and  B  (adapted from 
Iorio MV, Croce CM. MicroRNAs in cancer: small mole-
cules with a huge impact. J Clin Oncol. 2009;27(34):5848–
56. Reprinted with permission. © 2008 American Society of 
Clinical Oncology. All rights reserved)       
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transcriptionally activated by p53 and modulate 
MDM2 expression. In addition, miR-192 and 215 
target the IGF pathway, preventing enhanced 
migration of plasma cells into bone marrow.   

   MicroRNAs in Solid Malignancies 

   MicroRNAs in Breast Cancer 
 One of the fi rst solid tumors to be profi led for 
microRNAs expression was, in 2005, breast 

 cancer. Iorio et al.  [  37  ]  described indeed the fi rst 
microRNA signature characteristic of breast car-
cinoma, identifying 13 microRNAs able to dis-
criminate tumors and normal tissues with an 
accuracy of 100% (Fig.  19.4 ). Among the most 
signifi cant microRNAs differentially expressed, 
some were extensively studied since their initial 
discovery and revealed an important role on the 
biology of breast cancer: miR-21, overexpressed 
in breast carcinoma, has been demonstrated to 
mediate cell survival and proliferation directly 

  Fig. 19.4    Cluster analysis and PAM prediction in breast 
cancer and normal breast tissues. ( a ) Tree generated by a 
cluster analysis showing the separation of breast cancer 
from normal tissues on the basis of miRNA differentially 
expressed ( P  < 0.05) between breast cancer and normal tis-
sue. The  bar  at the bottom indicates the group of cancer 

samples ( red ) or the group of normal breast tissues ( yellow ). 
( b ) PAM analysis displaying the graphical representation of 
the probabilities (0.0–1.0) of each sample for being a can-
cerous or a normal tissue (adapted from Iorio MV, Ferracin 
M, Liu CG, et al. MicroRNA gene expression deregulation 
in human breast cancer. Cancer Res. 2005;65:7065–70)       
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targeting the oncosuppressor genes PTEN, 
PDCD4, and TPM1, and it has been associated 
with advanced clinical stage, lymph node metas-
tasis, and patient poor prognosis  [  59,   60  ]  also in 
PABC (pregnancy-associated breast cancer)  [  61  ] . 
miR-21 has been also detected as circulating 
microRNA, freely present in the circulation  [  62, 
  63  ]  or in exosomes, as described in ovarian can-
cer  [  64  ] . Very recently, Ota et al.  [  65  ]  have inter-
estingly demonstrated that increased expression 
of miR-21 can be found in bone marrow of breast 
cancer patients, and that the level of this 
microRNA and its target PDCD4 have a prognos-
tic value.  

 Moreover, miR-21, one of the fi rst cancer 
microRNAs described, has been found overex-
pressed in a variety of other malignancies: glio-
blastoma  [  66,   67  ] , ovary  [  68  ] , lung  [  69,   70  ] , and 
more  [  71  ] . In colorectal cancer and pancreas 
endocrine and exocrine tumor, miR-21 overex-
pression is also associated with poor survival and 
poor therapeutic outcome  [  72–  74  ] . 

 Conversely, downregulated microRNAs, as 
miR-125a and b and miR-205, regulate onco-
genes as tyrosine kinase receptors HER2 and 
HER3, respectively  [  75,   76  ] . 

 Let-7, tumor suppressor miR initially discov-
ered in  C. elegans , where it induces cell cycle 
exit and terminal differentiation, has been 
described as a new regulator of self-renewal and 
tumorigenicity of breast cancer cells  [  77  ] , target-
ing molecules originally described in lung can-
cer: RAS  [  78  ]  as well as the oncogene HMGA2 
 [  79  ] , and even MYC itself  [  80  ] . Overexpression 
of let-7 miRNA family can suppress tumor devel-
opment in mouse models of breast and lung can-
cer  [  77,   81  ] . 

 In the signature published in 2005, we could 
also identify miRNAs differentially expressed 
according to specifi c biopathological features, 
such as grade and stage of the disease, vascular 
invasion, proliferation index, and expression 
of hormone receptors  [  37  ] . In particular, we 
could identify a panel of miRNAs differentially 
expressed in estrogen receptor (ER)+  versus  ER−
breast carcinoma patients, being miR-191 and 
miR-26, the most signifi cantly overexpressed, and 
 miR-206 , the most signifi cantly downmodulated. 

 miR-206  has been lately demonstrated by another 
group to directly target ER a   [  82  ] . Moreover, 
Foekens et al. described a subset of miRNAs sig-
nifi cantly associated with ER + luminal signature, 
identifying in particular four miRNAs associated 
with breast cancer aggressiveness  [  83  ] . Among 
them, miR-128a has also been implicated in the 
resistance to AI (aromatase inhibitor) letrozole 
 [  84  ] . In a recent study performed in Dr. Croce’s 
laboratory, we demonstrated  [  85  ]  that miR-221 
and miR-222 are involved in a negative feedback 
regulation with ERalpha, been able to directly 
 target the receptor (as demonstrated also by 
Zhao et al.  [  86  ] , which in turn represses the 
 transcription of the two miRNAs through direct 
binding to responsive elements on their pro-
moter sequences. Moreover, other groups have 
demonstrated that overexpression of  miR-221  and 
 miR-222  is responsible for resistance to antiestro-
genic therapies, such as tamoxifen  [  86,   87  ]  and 
fulvestrant  [  88  ] . 

 Our group particularly focused on the study of 
miR-205 involvement in breast cancer biology. 
Previous studies showed that miR-205 expres-
sion is signifi cantly underexpressed in human 
breast cancer  [  89,   90  ]  and associated with absence 
of vascular invasion  [  37  ] , although it has also 
been shown to be upregulated in other tumors 
types, as ovarian cancer  [  68  ] . We recently dem-
onstrated  [  89  ]  that miR-205 is able to interfere 
with the HER receptor family-mediated survival 
pathway by directly targeting HER3 receptor and 
thus inhibiting its downstream mediator Akt. In 
addition, other studies indicated that miR-205 is 
a negative regulator of the epithelial–mesenchy-
mal transition (EMT), an early phase of the pro-
cess of metastasis, targeting the transcription 
factors ZEB1 and ZEB2, and that expression of 
miR-205 is lost in mesenchymal breast cancer 
cell lines  [  91  ]  and triple-negative breast cancer 
 [  92  ] . Moreover, miR-205 also targets VEGF-A, a 
factor which plays a key role in the process of 
invasion and metastasis  [  90  ] . Finally, in a very 
recent study, silencing of miR-200 family and 
miR-205 has been associated with EMT and 
acquisition of stem-like properties in carcinogen-
induced transformation of human lung epithelial 
cells  [  93  ] . 
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 Table  19.2  summarizes the information avail-
able to date about some of the most important 
miRNAs involved in human breast cancer, and the 
cartoon reported in Fig.  19.5  illustrates the involve-
ment of microRNAs in the complicated network 
of molecules regulating breast cancer biology.    

   Lung Cancer 
 One of the fi rst oncosuppressor microRNAs iden-
tifi ed is let-7a, which regulates RAS  [  78  ]  as well 
as the oncogene HMGA2  [  78,   79  ] , and even MYC 
itself  [  80  ] . Overexpression of let-7 microRNA 
family can suppress tumor development in mouse 
models of breast and lung cancer  [  77,   81  ] . In the 
two most common forms of non-small cell lung 
cancers (adenocarcinomas and squamous cell 
carcinomas), high expression of miR-155 and 
low expression of oncosuppressor let-7 correlate 
with poor prognosis  [  69  ] . The association of let-
7a with survival was also confi rmed by an inde-
pendent study performed by Yu et al.  [  94  ] , who 
identifi ed a miR signature as independent predic-
tor of cancer relapse and survival of NSCLC 
(non-small cell lung cancers) patients. 

 As in other tumor types, also in lung cancer, 
microRNAs can represent accurate diagnostic 
markers. However, data are not always consistent: 
whereas in 2009, it has been described that 
squamous and nonsquamous NSCLCs can be dis-
tinguished according to the expression of miR-205 
 [  95  ] ; more recently, another group  [  96  ]  underlines 
how, despite the relative quantifi cation of miR-205 
and miR-21 seems to be a promising diagnostic 
tool to discriminate adenocarcinomas (ADCs) 
compared with squamous cell carcinomas 
(SQCCs), the molecular approach is still not com-
pletely satisfactory as it may misclassify a nonneg-
ligible percentage of cases. Therefore, the authors 
state that it cannot represent a substitute of accu-
rate morphologic and immunophenotypical char-
acterization of tumors, but it could be used as an 
adjunctive diagnostic criterion in selected cases. 

 MicroRNAs have also been found in the cir-
culation in lung cancer patients, either free or 
associated with exosomes: Rabinowits et al.  [  97  ]  
found a similarity between the circulating exo-
somal miRNA and the tumor-derived miRNA 
patterns; in addition Hu et al.  [  98  ]  found that 

   Table 19.2    miRNAs in human breast cancer   

 Name  Localization  Expression and role  Targets 

  miR-21   17q23.2  Overexpressed 
 Amplifi ed 
 Oncogenic role 

  BCL2  
  TPM1  
  PDCD4  

  miR-155   21p21.3  Overexpressed 
  miR-206   6p12.2  Overexpressed   ER a   
  miR-125a   19q13.41  Downmodulated 

 Oncosuppressor 
 Downmodulated 

  ERBB2, ERBB3  

  miR-125b   11q24.1  Deleted 
 Oncosuppressor 

  ERBB2, ERBB3  

  miR-145   5q32  Downmodulated 
  miR-10b   2q31.1  Downmodulated but associated with 

metastatic potential 
  Homeobox D10  

  miR-9-1   1q22  Downmodulated, hypermethylated 
  miR-27a   19p13.12  Oncogenic role in MDA-MB-231 cells   ZBTB10  
  miR-17-5p   13q31.3  Oncosuppressor in breast cells lines   AIB1  
  Let-7    a   Downmodulated 

 Reduced in BT-ICs 
  RAS  
  HMGA2  

  Modifi ed from Iorio MV, Casalini P, Tagliabue E, et al. MicroRNA profi ling as a tool to under-
stand prognosis, therapy response and resistance in breast cancer. Eur J Cancer. 44(18):2753–9. 
©2008. With permission from Elsevier 
  a Members of  Let-7  family have different chromosomal localization  
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 levels of four miRNAs (i.e., miR-486, miR-30d, 
miR-1, and miR-499) present in the serum of 
lung cancer patients were signifi cantly associated 
with overall survival. More recently, Sozzi’s 
group  [  20  ]  has identifi ed microRNA-expression 
signatures with strong predictive, diagnostic, and 
prognostic potential analyzing plasma samples of 
lung cancer patients collected 1–2 years before 
the onset of disease, thus suggesting their possi-
ble use as noninvasive biomarkers for early 
diagnosis. 

 Notably, microRNAs are also stably present in 
sputum and can be used as highly sensitive and 
specifi c markers for early detection of lung ade-
nocarcinoma, in particular, a panel of four 
microRNAs (miR-21, miR-486, miR-375, and 
miR-200b)  [  99  ] . 

 miR-200c, demonstrated to inhibit the EMT 
process in breast cancer  [  91  ] , is lost in more 

aggressive and invasive NSCLC (non-small cell 
lung cancer) cell lines and associated with 
chemoresistance  [  100  ] . 

 MiR-21, known onco-microRNA in several 
human tumors, seems to play an important role 
also in lung carcinogenesis, both in smokers and 
in never-smokers, being overexpressed and fur-
ther enhanced by the activated EGFR signaling 
pathway  [  101  ] . Moreover, it has been associated 
with disease progression and survival  [  102  ] , also 
in stage I lung tumors, as recently reported  [  103  ] . 

 Among the microRNAs acting as oncogenes, 
Garofalo et al.  [  104  ]  have shown that miR-221 
and 222 are overexpressed in aggressive non-
small cell lung cancer and hepatocarcinoma cells, 
and that they induce TRAIL resistance and 
enhanced cellular migration by targeting PTEN 
and TIMP3 tumor suppressors and activation of 
AKT pathway and metallopeptidases. Moreover, 

  Fig. 19.5    miRNAs take their place in breast cancer biol-
ogy. Summary of the interconnections between miRNAs 
and tumor suppressor genes and oncogenes in breast can-
cer (adapted from Iorio MV, Casalini P, Tagliabue E, et al. 

MicroRNA profi ling as a tool to understand prognosis, 
therapy response and resistance in breast cancer. Eur J 
Cancer. 44(18):2753–9. ©2008. With permission from 
Elsevier)       
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they demonstrated that the MET oncogene is 
involved in miR-221 and 222 activation through 
the c-Jun transcription factor. 

 Focusing on  (c) hepatocellular carcinoma 
(HCC     ) , Murakami et al.  [  105  ]  reported that miR-
222, miR-106a, and miR-17-92 clusters are asso-
ciated with the degree of tumor differentiation, 
while high levels of the oncosuppressor miR-125b 
correlate with good survival  [  106  ] . MiR-125b has 
also been shown to induce growth inhibition 
in vitro in a model of human thyroid anaplastic 
carcinoma  [  107  ] . Other studies focused on the 
identifi cation of molecules targeted by microR-
NAs deregulated in HCC: miR-122a, downmodu-
lated in HCC, directly regulates Cyclin G1  [  108  ] , 
and miR-221, upregulated in this neoplasia, 
directly targets p27  [  109  ] , as also shown in thy-
roid cancer  [  107  ] , and contributes to liver tumori-
genesis  [  110  ] , glioblastoma  [  111  ] , prostate cancer 
 [  112  ] , and melanoma  [  113  ] . One of the fi rst evi-
dences proving miR alteration in human mela-
noma is a genomic study performed by Zhang 
et al.  [  114  ] , who reported DNA copy abnormali-
ties in microRNA genes also in two other epithe-
lial tumors, breast, and ovary. Interestingly, the 
results obtained by this genomic analysis were 
largely overlapping with the expression profi les 
on the same tumor types  [  37,   68  ] . 

 Interestingly, the downregulation of miR-26 
has been associated to poor prognosis but better 
response to interferon therapy  [  115  ] .  

   Ovarian Cancer 
 The fi rst report of a putative involvement of miR-
NAs in the biology of human ovarian cancer was 
the genomic study performed by Zhang et al., 
who used an array comparative genomic hybrid-
ization (aCGH) approach to identify miRNA loci 
gained/lost in ovarian cancer, breast cancer, and 
melanoma  [  114  ] . Many of the miRNAs resulting 
from this study were later confi rmed to be dif-
ferentially expressed in the miRNA expression 
profi ling performed by our group in 2007  [  68  ] . 

 After this initial evidence, several groups have 
investigated the role of miRNAs in the pathogen-
esis of ovarian cancer, either as biomarkers, 
potential research tools, or targets for specifi c 
therapies. miRNA let-7i was recently found to be 

a tumor suppressor signifi cantly downregulated 
in platinum-resistant ovarian tumors, and let-7i 
gain of function restored drug sensitivity of 
chemoresistant ovarian cancer cells, thus repre-
senting a candidate biomarker and therapeutic 
target  [  116  ] . An oncosuppressive role for miR-
15/16 has been described also in ovarian cancer, 
where these two miRNAs regulate the expression 
of the oncogenic protein Bmi1  [  117  ] . 

 In another study, 27 miRNAs signifi cantly 
associated with chemotherapy response, showing 
that (similar to DNA methylation) miRNAs repre-
sent possible prognostic and diagnostic biomark-
ers for ovarian cancer  [  118  ] . miR-214 has been 
reported to target PTEN, thus contributing to cis-
platin resistance  [  119  ] . Interestingly, levels of 
 Dicer  and  Drosha  mRNA in ovarian cancer cells 
have been associated with clinical outcome  [  120  ] . 

 Circulating microRNAs have been found in 
sera of ovarian cancer patients: levels of eight 
microRNAs (miR-21, miR-141, miR-200a, miR-
200c, miR-200b, miR-203, miR-205, and miR-
214), previously demonstrated as diagnostic, 
were compared in exosomes isolated from sera 
specimens of women with benign disease and 
various stages of ovarian cancer, and the expres-
sion profi le resulted similar between tumor cells 
and tumor-derived exosomes in comparison with 
respective controls  [  120  ] . 

 Interestingly, miR-200c, downregulated in 
breast cancer, where it inhibits the EMT process 
 [  121  ] , is overexpressed in ovarian cancer  [  68  ] , 
where the targeting of ZEB1 and 2 mediates the 
opposite phenomenon, the mesenchymal to epi-
thelial transition (MET)  [  122  ] .    

   MicroRNAs in Invasion, 
Angiogenesis, and Metastasis 

 MicroRNAs have been demonstrated to exert a 
crucial role not only in controlling the primary 
tumor growth by regulating pathways involved in 
cell cycle and proliferation, but also to be deter-
minant in modulating migration, invasion, and 
the interaction with the microenvironment, mech-
anisms related to the acquisition of a more aggres-
sive phenotype, and promoting the onset of the 
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metastatic process: the scientifi c world has coined 
the defi nition “metastomiRs.” 

 One of the fi rst studies reporting a prometa-
static role for a miRNA was published by Ma 
et al.  [  123  ] . They observed that miR-10b was 
downmodulated in all the breast carcinomas from 
metastasis-free patients, as previously reported 
 [  37  ] , but surprisingly, 50% of metastasis-positive 
patients had elevated miR-10b levels in their 
 primary tumors. Induced by transcription factor 
Twist, miR-10b inhibits the translation of mRNA 
encoding homeobox D10 (HOXD10), releasing 
the expression of the prometastatic gene  RHOC  
and, thus, leading to tumor cell invasion and 
metastasis. 

 The same group has later identifi ed miR-9 as a 
new “metastomiR”: activated by MYC and 
MYCN and correlated with tumor grade and met-
astatic status, miR-9 directly targets CDH1, the 
E-cadherin-encoding messenger RNA, leading to 
increased cell motility and invasiveness, activa-
tion of beta-catenin signaling, and upregulation 
of VEGF. Moreover, overexpression of miR-9 in 
otherwise nonmetastatic breast tumor cells 
enables these cells to form pulmonary microme-
tastases in mice. Conversely, inhibiting miR-9 by 
using a “miRNA sponge” in highly malignant 
cells inhibits metastasis formation  [  124  ] . 

 Through a functional screen aimed to discover 
miRNAs promoting cell migration in vitro, 
Huang et al.  [  125  ]  identifi ed miR-373 and vali-
dated its metastatic potential in tumor transplan-
tation experiments using breast cancer cells. 

  MiR-34a , which is lost in several tumor types 
and involved into the network mediated by the 
well-known “genome guardian” p53  [  126  ] , inhib-
its migration and invasion by downregulation of 
MET expression in human HCC cells  [  127  ] . 
Oncosuppressive miR-145 inhibits not only 
tumor growth but also cell invasion and metasta-
sis by direct targeting of mucin 1  [  128  ] . 

 EMT is thought to promote malignant tumor 
progression, and several groups have recently 
investigated whether miRNAs are involved in 
this process, and there are data to support this 
hypothesis. Indeed, members of the miR-200 
family of miRNAs and miR-205 have been 
shown to reduce cell migration and invasiveness 

targeting ZEB transcription factors, known induc-
ers of EMT  [  91,   129  ] , and PKC e , as demonstrated 
in prostate cancer  [  130  ] . In addition ZEB1, which 
promotes not only tumor cell dissemination but 
also the tumor-initiating capacity, has been shown 
to repress expression of miR-200 family  [  131, 
  132  ]  and stemness-inhibiting miR-203  [  133  ] . 

 The oncogenic  miR-21  stimulates intravasa-
tion, extravasation, and metastasis in different 
tumor types, included colorectal cancer  [  134  ]  and 
breast cancer  [  135  ] , whereas oncosuppressor 
miR-205 has the opposite effects, reducing inva-
sion in vitro and suppressing lung metastasis 
in vivo  [  90  ] . With the same aim of searching for 
regulators of breast cancer metastasis, Tavazoie 
et al.  [  136  ]  identifi ed miR-126 and miR-335 as 
metastasis suppressors: reduced levels of the two 
miRNAs are associated with poor metastasis-free 
survival of breast cancer patients, while their 
reexpression inhibits metastasis in a cell trans-
plantation model. 

 Interestingly, it has been recently observed 
that primary tumors and metastases from the 
same tissue show a similar pattern of miRNAs 
expression  [  137  ] . Being a more accurate classi-
fi er than mRNA expression studies, miRNA pro-
fi ling has thus revealed the potential to solve one 
of the most demanding issues in cancer diagnos-
tics: the origin of metastasis of unknown primary 
tumors. 

 In the metastatic process, neo-angiogenesis is 
the crucial step allowing cells to reach and dis-
seminate through the systemic circulation. miR-
NAs can control tumor progression also at this 
level, either promoting or inhibiting the prolifera-
tion of endothelial cells. miR-221 and miR-222 
repress the proliferative and angiogenic proper-
ties of c-Kit in endothelial cells  [  138  ] , and miR-
221 downregulation has been recently linked to 
tumor progression and recurrence in a high-risk 
prostate cancer  [  116  ] , whereas hypoxic reduction 
of miR-16, miR-15b, miR-20a, and miR-20b 
expression directly targets VEGF, supporting the 
angiogenic process  [  139  ] . On the other hand, 
VEGF levels can be indirectly increased by miR-
27b, through reduction of the zinc fi nger protein 
ZBTB10 and the consequent activation of Sp 
transcription factor  [  140  ] , and by miR-126, 
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through repression of Sprouty-related protein 
SPRED1 and phosphoinositol 3-kinase regula-
tory subunit 2 (PIK3R2)  [  141  ] . Angiogenesis can 
be also promoted by miR-210, activated by 
hypoxia and directly represses endothelial ligand 
ephrin A3  [  142  ] , and by the miR-17-92 cluster, 
which sustains MYC angiogenic properties 
through repression of connective tissue growth 
factor (CTGF) and the antiangiogenic adhesive 
glycoprotein thrombospondin 1 (TSP1)  [  143  ] , 
also targeted by miR-27b and let-7f  [  144  ] . 

 Interestingly, Dicer expression seems to be 
associated with metastatic properties: a microRNA 
family, miR-103/107, which attenuates miRNA 
biosynthesis by targeting Dicer, a key component 
of the miRNA processing machinery, is associ-
ated with metastasis and poor outcome in human 
breast cancer. Functionally, miR-103/107 confers 
migratory capacities in vitro and empowers met-
astatic dissemination of otherwise nonaggressive 
cells in vivo. Inhibition of miR-103/107 opposes 
migration and metastasis of malignant cells. At 
the cellular level, a key event fostered by miR-
103/107 is induction of epithelial-to-mesenchy-
mal transition (EMT), attained by downregulating 
miR-200 levels  [  145  ] . Metastasis suppression is 
also mediated by TAp63, a p53 family member, 
which coordinately regulates Dicer and miR-
130b  [  146  ] .  

   MicroRNA Expression Regulation 

   General Principles of miRNA Genomic 
Organization 

 miRNAs are frequently expressed as polycistronic 
transcripts. To date, 1,048 human miRNA precur-
sor sequences have been deposited in miRBase 
 [  147  ] . Approximately one-third (390) of these 
miRNAs are located in 113 clusters, each measur-
ing  £ 51 kb in the human genome (51 kb being the 
longest distance between miRNAs belonging to 
the same cluster). These miRNA clusters are 
coexpressed based on evidence from miRNA pro-
fi ling data from a variety of tissues and cell lines 
 [  148,   149  ] . Presentation of miRNA profi les in the 
form of expression clusters provides a readily 

interpretable summary of expression data and 
stresses the importance of cistronic expression 
regulation; dysregulation of one member of the 
cluster should be accompanied by similar dysreg-
ulation of other cluster members. Since miRNA 
genes are frequently multicopy, determining the 
relative contribution of each genomic location to 
mature miRNA expression is challenging.  

   miRNA Expression Regulation: Genomic 
and Epigenetic Mechanisms 

 miRNA expression can be    altered by several 
mechanisms in human cancer: chromosomal 
abnormalities, as suggested by the evidence that 
microRNAs are frequently located in regions of 
the genome involved in alterations in cancer  [  15  ] , 
and recently confi rmed by a genetic study in 
ovarian carcinoma, breast cancer, and melanoma 
 [  114  ] ; mutations, as the inherited mutations in the 
primary transcripts of miR-15a and miR-16-1 
responsible for reduced expression of the two 
microRNAs in vitro and in vivo in CLL  [  28  ] ; 
polymorphisms (SNPs), as described in lung can-
cer  [  98  ] ; defects in the miRNA biogenesis 
machinery, as supported by the changes in 
microRNA expression as a consequence of an 
altered Drosha or Dicer activity  [  120,   150–  152  ] , 
and epigenetic changes, as altered DNA methyla-
tion (Fig.  19.6 ).  

 Moreover, aberrant expression of Drosha or 
Dicer enzymes has been correlated with disease 
progression and outcome in different human 
tumors, even though results are still controver-
sial: strong expression of the central microRNA 
biosynthesis enzyme Dicer predicts poor progno-
sis in patients with colorectal cancer  [  153  ]  and 
prostate cancer, whereas in breast, lung, and 
ovarian cancer  [  120  ]  and neuroblastoma  [  154  ] , 
Dicer has been shown to be a marker of good 
prognosis. Thus further studies on the cellular 
functions of Dicer need to address these issues. 

 An extensive analysis of genomic sequences 
of miRNA genes have shown that approximately 
half of them are associated with CpG islands, 
suggesting that they could be subjected to this 
mechanism of regulation  [  155  ] . Several evidences 
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have indeed proved that an altered methylation 
 status can be responsible for the deregulated expres-
sion of microRNAs in cancer, as the silencing of 
putative tumor suppressor microRNAs: treating 
T24 bladder cancer cells and human fi broblasts 
with DNA methyltransferase (DNMT) inhibitor 
5-Aza-2 ¢ -deoxycytidine, Saito et al.  [  156  ]  observed 
a strong upregulation of miR-127, microRNA char-
acterized by a CpG island promoter, able to target 
the proto-oncogene BCL-6, and silenced in several 
cancer cells. With the same approach of unmask 
epigenetically silenced microRNAs inducing chro-
matin remodeling by drug treatment, it has been 
demonstrated that miR-9-1 is hypermethylated 
and consequently downmodulated in breast cancer 
 [  157  ] , as well as the clustered miR-34b and miR-
34c in colon cancer  [  158  ] . 

 Conversely, the upmodulation of putative 
oncogenic microRNAs in cancer can be due to 
DNA hypomethylation, as shown in lung adeno-
carcinoma for let-7a-3  [  159  ]  or in epithelial ovar-
ian cancer for miR-21  [  68  ] . 

 A different approach to identify epigenetically 
regulated microRNAs was represented by the miR 
profi ling of DNMT1- and DNMT3b-defi cient 

colorectal cancer cells: among the 18 microRNAs 
upmodulated in comparison to WT cells, the only 
one resulting unmethylated in normal tissue but 
hypermethylated, and thus silenced, in tumor 
was miR-124a, embedded in a large CpG island 
and able to target cyclin D kinase 6, which medi-
ates the phosphorylation of RB tumor suppressor 
gene  [  160  ] . 

 Methylation is not the only epigenetic mecha-
nism that can affect microRNAs expression: 
Scott et al.  [  161  ]  showed that in SKBR3 breast 
carcinoma cells histone deacetylase inhibition is 
followed by the extensive and rapid alteration of 
microRNAs levels. 

 The existence of epigenetic drugs, such as 
DNA demethylating agents and histone deacety-
lase inhibitors, able to reverse an aberrant methy-
lation or acetylation status, raises the intriguing 
possibility to regulate microRNA levels, for exam-
ple, to restore the expression of tumor suppressor 
microRNAs, thus reverting a tumoral phenotype. 

 To complicate the scenario connecting microR-
NAs and epigenetics, microRNAs themselves can 
regulate the expression of components of the epi-
genetic machinery, creating a highly controlled 

  Fig. 19.6    Mechanisms of miRNA regulation. The dereg-
ulated miRNA expression observed in cancer can be 
caused by chromosomal abnormalities, mutations, poly-
morphisms (SNPs), transcriptional deregulation, defects 
in the miRNA biogenesis machinery, and epigenetic 

changes (adapted from Iorio MV, Croce CM. MicroRNAs 
in cancer: small molecules with a huge impact. J Clin 
Oncol. 2009;27(34):5848–56. Reprinted with permission. 
©2008 American Society of Clinical Oncology. All rights 
reserved)       
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feedback mechanism: miR-29 family directly tar-
gets the de novo DNA methyltransferases 
DNMT-3A and -3B, while indirectly, through 
regulation of the transactivator Sp1, the mainte-
nance DNA methyltransferase DNMT1. Inter-
estingly, introduction of miR-29s into lung 
cancers and AMLs results in reactivation of 
silenced tumor suppressors and inhibition of tum-
origenesis  [  35,   38  ] . Loss of miR-290 cluster in 
Dicer-defi cient mouse ES cells leads to the down-
regulation of DNMT3a, DNMT3b, and DNMT1 
through upmodulation of their repressor, RBL-2, 
proven target of miR-290  [  162,   163  ] ; miR-1, 
involved in myogenesis and related diseases, 
directly targets HDAC4  [  164  ] .  

   Alterations in miRNA Transcriptional 
Regulation 

 Some autonomously expressed miRNA genes 
have promoter regions that allow miRNAs to be 
highly expressed in a cell-type-specifi c manner 
and can even drive high levels of oncogenes in 
cases of chromosomal translocation. The miR-
142 gene, a marker of hematopoietic cells, is 
located on chromosome 17 and was found at the 
breakpoint junction of a t(8;17) translocation, 
which causes an aggressive B-cell leukemia due 
to strong upregulation of a translocated  MYC  
gene. The translocated  MYC  gene, which was 
also truncated at the fi rst exon, was located only 
four nucleotides from the 3 ¢ -end of the miR-142 
precursor, placing the translocated  MYC  under 
the control of the upstream miR-142 promoter. In 
an animal model for HCC, a similar event placed 
 MYC  downstream the miR-122a promoter active 
only in hepatocytes. 

 Many transcription factors regulate miRNA 
expression in a tissue-specifi c and disease state-
specifi c fashion, and some miRNAs are regulated 
by well-established tumor suppressor or onco-
gene pathways, such as TP53, MYC, and RAS. 
The miRNA and its transcriptional regulators can 
participate in complex feedback regulation loops. 
Examples include the TP53-regulated miR-34a 
 [  165,   166  ] , the RAS-regulated miR-21  [  167  ] , and 
the MYC-regulated miR-17-92 cluster  [  143  ] .   

   MicroRNAs/Anti-microRNAs 
in Cancer Treatment 

 An increasing body of evidence collected up to 
date demonstrates how microRNAs could repre-
sent valid diagnostic, prognostic, and predictive 
markers in cancer. Indeed, the aberrant microRNA 
expression correlates with specifi c biopathologi-
cal features, disease outcome, and response to 
specifi c therapies in different tumor types. 
Moreover, several indications in preclinical mod-
els underline the feasibility and the effi cacy of a 
microRNA-based therapy in cancer, using these 
small molecules as both targets and tools 
(Fig.  19.7  and Table  19.3 ).   

 Reintroduction of miR-15a/16-1, for example, 
induces apoptosis in leukemic MEG01 cells 
and inhibits tumor growth in vivo in a xeno-
graft model     [  30  ] , whereas the inhibition of onco-
genic miR-21 with antisense oligonucleotides 
generates a proapoptotic and antiproliferative 
response in vitro in different cellular models and 
reduces tumor development and metastatic poten-
tial in vivo  [  168  ] . 

 Moreover, microRNAs involved in specifi c 
networks, as the apoptotic, proliferation, or 
receptor-driven pathways, could likely infl uence 
the response to targeted therapies or to chemo-
therapy: inhibition of miR-21 and miR-200b 
enhances sensitivity to gemcitabine in cholangi-
ocytes, probably by modulation of CLOCK, 
PTEN, and PTPN12  [  169  ] , whereas reintroduc-
tion of miR-205 in breast cancer cells can improve 
the responsiveness to tyrosine kinase inhibitors 
through HER3 silencing  [  89  ] , and enforced 
expression of miR-15b or miR-16 could sensitize 
multidrug-resistant gastric cells to vincristine-
induced apoptosis  [  170  ] . 

 Nevertheless, effective delivery into target tis-
sues remains a major hurdle for microRNA-based 
therapy, including the applications of antagomirs 
and synthetic miRNA duplexes. 

 In the case of reduction in the levels of the 
mature microRNA (due to deletion present in the 
microRNA gene or to other mechanisms as 
defects in the processing machinery and aberrant 
transcription), the therapeutic approach could be 
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the exogenous delivery of synthetic double-
stranded hairpin by complexing with lipids or 
delivery proteins. As reported by Tazawa et al. 
 [  171  ] , miR-34a transiently inhibits human colon 
cancer tumor progression when administered 
subcutaneously in complexes with atelocollagen, 
recently shown to be a very useful system to effi -
ciently deliver small interfering RNA molecules 
into tumors in vivo. Chen et al. have developed a 
liposome-polycation-hyaluronic acid (LPH) 
nanoparticle formulation modifi ed with tumor-
targeting single chain antibody fragment (scFv) 
for systemic delivery of miR-34a to lung metas-
tasis of murine melanoma cells  [  172  ]  .  

 However, the vulnerability of unmodifi ed 
dsRNAs to nucleases in vivo limits the use of this 
class of compound to privileged local environ-
ments where locally administration is feasible. 

Using a conditional mouse lung cancer model, in 
which the expression of oncogenic  K-ras  could 
be conditionally activated, Esquela-Kerscher 
et al. showed that the intranasal administration of 
an adenovirus expressing  let-7a  RNA hairpin 
reduced tumor formation in vivo  [  173  ] . In 2009, 
Kota et al.  [  174  ]  presented a study on therapeutic 
microRNA delivery suppressing tumor formation 
in a murine liver cancer model. The authors 
 demonstrated that systemic administration of 
miR-26a in a mouse model of HCC using adeno-
associated virus (AVV) resulted in inhibition of 
cancer cell proliferation, in the induction of 
tumor-specifi c apoptosis. These results are con-
sistent with previous fi ndings made by that same 
group, which demonstrated that MYC-induced 
liver tumors result in concomitant downregula-
tion of various microRNAs  [  175  ] . 

  Fig. 19.7    miRNAs as therapeutic tools. The reintroduc-
tion by transfection of synthetic miRNAs lost during can-
cer development or progression or the inhibition of 
oncogenic miRs by using anti-miRNA oligonucleotides 
could help counteract tumor proliferation, extended sur-
vival, and the acquisition of a metastatic potential, thus 

representing potential therapeutic tools (adapted from Iorio 
MV, Croce CM. MicroRNAs in cancer: small molecules 
with a huge impact. J Clin Oncol. 2009;27(34):5848–56. 
Reprinted with permission. © 2008 American Society of 
Clinical Oncology. All rights reserved)       
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 In short-term experiments of cardiac hypertro-
phy, conducted by Carè et al.,  [  176  ] , overexpres-
sion of miR-133 by adenovirus delivery resulted 
in a signifi cant reduction in the size of left ven-
tricular cardiac myocytes and a signifi cant 
decrease in the expression of fetal genes. To 
achieve stable miRNA reintroduction, the expres-
sion can be enforced by a viral vector with Pol III 
promoter upstream an artifi cial short hairpin 
RNA (shRNA) that bypasses Drosha processing, 
yet is cleaved and loaded into miRISC by Dicer. 
Most constructs have used Pol III promoters, 
including U6, H1, and tRNA  [  177–  179  ] ; how-
ever, these promoters have no cell specifi city. 
Moreover, exceedingly, high levels of shRNA 
expression increase the probability of off-target 
silencing and elicit nonspecifi c effects such as 
interferon response, and they can also saturate 
exportin 5 pathway of endogenous miRNAs with 
fatal consequences  [  180  ] . Alternatively, the entire 
pri-miRNA can be expressed from an RNA Pol II 
promoter, leaving open the possibility for tissue-
specifi c or induced ectopic miRNA expression. 
Furthermore, most miRNAs are known to be 
downstream Pol II promoters, within known pro-
tein-coding genes and expressed by Pol II activ-
ity  [  181  ] . Therefore, strategies using Pol 
II-directed synthesis of shRNA that mimic the 
natural miRNA synthesis could be an effi cient 
therapeutic approach. 

 To achieve miRNA loss of function, chemi-
cally modifi ed anti-miR oligonucleotides (AMOs) 
have been developed  [  182  ] . The most important 
property    of such oligonucleotides is the specifi c-
ity and high binding affi nity to RNA, and a num-
ber of them have been pursued in clinical trials. 
miRNA downregulation has been achieved by 
using 2- O -methyl oligonucleotides  [  75,   76  ] . miR-
122 inhibition was obtained by treating mice with 
AMOs containing 2- O -methoxyethyl groups 
resulted in reduced plasma cholesterol  [  183  ] . 
Intravenous administration of cholesterol-conju-
gated AMOs against miR-16, miR-122, miR-192, 
and miR-194 resulted in a marked reduction of 
corresponding miRNA levels in liver, lung, kid-
ney, heart, intestine, fat, skin, bone marrow, mus-
cle, ovaries, and adrenals  [  182,   184  ] . 

 Very interestingly, Ma et al., after the demonstra-
tion of the crucial role of miR-10b as metastomiR in 
breast cancer, have exploited a possible therapeutic 
application, reporting that systemic treatment of 
tumor-bearing mice with miR-10b antagomirs sup-
presses breast cancer metastasis  [  124  ] . 

 Other modifi ed AMOs are represented by 
locked nucleic acid (LNA) oligonucleotides, able 
to inhibit exogenously introduced miRNAs with 
high specifi city  [  185  ] . 

 The fi rst clinical trial in human of LNA-anti-
miR (a placebo-controlled, double-blind, ran-
domized, single-dose, dose-escalating safety 
study of SPC3649 in a total of 64 healthy male 
volunteers) has been conducted by Denmark’s 
Santaris to study SPC3649 (LNA-anti-miR-122) 
(ClinicalTrials.gov Identifi er: NCT00688012). 
 miR-122  is an abundant miRNA in the liver. The 
hepatitis C virus (HCV) genome harbors two 
closely spaced  miR-122  target sites in the 5 ¢  non-
coding region required for HCV replication. 
Kauppinen et al. showed that administration of 
LNA-anti-miR into mice resulted in a dose-
dependent depletion of mature  miR-122 [  186  ] . 
An effi cacy study was later conducted by Elmen 
et al. on nonhuman primates  [  187  ] , where they 
observed a dose-dependent sequestration of 
mature miR-122 and a long-lasting decrease of 
total plasma cholesterol. The same group has 
very recently developed tiny (8-mer) LNAs to 
obtain the simultaneous inhibition of miRNAs 
within families sharing the same seed, with con-
comitant upregulation of direct targets  [  188  ] . 

 However, the same limitations encountered 
with the application of synthetic miRNA duplexes 
are encountered in the applications of antago-
mirs, namely, their effective delivery into target 
tissues. 

 An interesting approach to overcome these 
problems is to target miRNA by saturating them 
with target mRNAs. Ebert et al.  [  189  ]  developed 
miRNA inhibitory transgenes, called “microRNA 
sponges,” expressing an mRNA containing mul-
tiple tandem binding sites for an endogenous 
miRNA and thus able to stably interact with the 
corresponding miRNA and prevent its associa-
tion with its endogenous targets. Both designed 
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polymerase Pol II- and Pol III-driven miRNA 
sponges showed more effi ciency for miRNA 
inhibition compared to standard 2 ¢ - O -Me 
antagomirs. 

 Lentiviral vectors have proven to be effective 
tool to ectopically express miRNAs using suit-
able transcriptional control units. It has been 
reported by Gentner et al.  [  179,   190  ]  that stable 
miRNA-223 knockdown can be achieved in vivo 
by transducing bone marrow stem and progenitor 
cells with multiple target sequences from strong 
promoters and transplanting them into lethally 
irradiated congenic recipients. They demonstrated 
that overexpressing miR-targets specifi cally 
affects the targeted miRNA rather than saturating 
the effector pathway. However, the need for strong 
promoters and multiple vector integrations to 
obtain a high miR-target expression could increase 
the risk of insertional mutagenesis in target cells, 
potentially confounding the identifi cation of 
miRNA knockdown phenotypes, and thus repre-
senting a potential limitation of this strategy. 

 Su et al.  [  191  ]  have applied a nanotechnologic 
approach to the use of anti-miRNAs: systemic 
delivery of a chemically stabilized anti-miR-122 
complexed with interfering nanoparticles (iNOPs) 
effectively silences the liver-expressed miR-122 
in mice, thus resulting in lowering of plasma 
cholesterol. 

 Beside targeted therapies and chemotherapy, 
microRNAs could also alter the sensitivity to 
radiotherapy, as recently reported by Slack’s 
group  [  192  ] : a potential therapeutic use for anti-
miR-34 as a radiosensitizing agent in p53-mutant 
breast cancer could be considered; in lung cancer 
cells, let-7 family can suppress the resistance to 
anticancer radiation therapy, probably through 
RAS regulation. 

 Evidences described up to date provide the 
experimental bases for the use of microRNAs as 
both targets and tools in anticancer therapy, but 
there are at least two primary issues to address to 
translate these fundamental research advances 
into medical practice: the development of engi-
neered animal models to study cancer-associated 
microRNAs and the improvement of the effi -
ciency of miRNAs/anti-miRs delivery in vivo.  

   Concluding Remarks and Future 
Perspectives 

 Fifteen years ago, when microRNAs seemed just 
a peculiar discovery in  C. elegans , the scientifi c 
world did not probably even imagine that those 
small noncoding molecules would have a large 
impact on our understanding of cellular biology 
and gene regulation. 

 MicroRNAs contribute to maintain the bal-
ance among genes regulating cells’ fate, and their 
deregulation, a frequent hallmark in different 
human malignancies, can destabilize this equilib-
rium, thus contributing to cancer development 
and/or progression, from initiation to metastatic 
disease. However, despite the increasing and 
encouraging body of evidence linking microR-
NAs to cancer biology, many important questions 
remain to be addressed: in fact, although the 
identifi cation and validation of microRNA targets 
greatly improved in the last few years, we still 
know very little about the cellular and molecular 
circuits where they are involved. The scenario is 
surely complicated by the ability of microRNAs 
to target multiple molecules, sometimes belong-
ing to related pathways, and at the same time by 
the redundancy existing among microRNAs. This 
gives rise to a complex regulatory network where 
biological effects and properties of a particular 
microRNA do not always allow a linear 
explanation. 

 Improvement of computation programs of 
microRNA targets prediction and experimental 
methods of validation will certainly contribute to 
elucidate their mechanisms of action, and geneti-
cally modifi ed murine models will likely help in 
determining the oncogenic and tumor suppressor 
potential of individual microRNAs. 

 Data available to date clearly support the 
involvement of microRNA in cancer etiology and 
strongly suggest a possible use of these molecules 
as markers of diagnosis and prognosis, and even-
tually, as new targets or tools for a specifi c ther-
apy (Fig.  19.8 ): stepping from the bench to 
clinical applications would be the next great chal-
lenge in cancer research.       
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 MMPs , 502  
 molecular and cellular network , 502  
 osteoblastic lesions , 503  
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 Cancer metastasis (cont.) 
 osteosclerotic lesions , 503  
 RANKL , 503  
 vicious cycle , 502–503  

 incidence 
 autopsy rates , 471  
 conventional therapies , 472  
 death rate , 470  
 DTCs , 472  
 frequency , 472  
 immunocytochemical and molecular assays , 472  

 molecular basis, therapy 
 biological heterogeneity , 485  
 DNA-sequence-based studies , 485  
 expression pro fi le, primary cancer and paired 

metastases , 486  
 genetic instability , 485–486  
 microarray technology , 486  
 pro-in fl ammatory cytokines , 486–487  
 targeted therapy , 485  

 pathogenesis 
 cadherins , 479  
 cell–cell adhesion , 479  
 CTCs , 481  
 “Docking and Locking” model , 481  
  in vivo  study , 482  
 intrinsic properties, tumor cells , 478  
 lymphangiogenesis , 479  
 macrophages , 481  
 metastatic cascade , 480  
 premetastatic niche , 482–483  
 TEM , 482  
 tumor cells, bloodstream , 481  

 pattern 
 autopsy data , 472, 473  
 breast cancer , 474  
 isolated metastasis , 473  
 metachronous model , 474  

 progression models 
 DTCs , 484  
 hemodynamic theory , 483  
 linear progression model , 484  
 MEI , 483–484  
 microarray and genetic analysis , 484–485  
 vascular shunt , 483  

 prothrombotic condition 
 anticoagulant therapy , 491  
 hypercoagulability , 489–490  
 LMWHs , 491  
 PAR-1 , 491  
 thrombin , 490–491  
 tissue factor (TF) , 489–490  

 transendothelial migration , 491–495   
  Cancer of Prostate Strategic Urologic Research Endeavor 

(CaPSURE) , 357–358   
  Cancer therapy research.    See  MicroRNAs, cancer therapy  
  CaPSURE.    See  Cancer of Prostate Strategic Urologic 

Research Endeavor (CaPSURE)  
  Carcinoembryonic antigen (CEA) levels , 252   
  CDK4.    See  Cyclin-dependent kinase 4 (CDK4)  
  CEA.    See  Carcinoembryonic antigen (CEA)  

  Cell dissemination routes, cancer metastasis 
 breast cancer , 477–478  
 colorectal carcinoma , 478  
 hematogenous metastases , 477  
 lymph node metastases , 477  
 lymphogenous dissemination , 477  
 peritoneal metastases , 477   

  Cell signaling pathway 
 cell cycle genes , 409, 410  
 IGFs , 412  
 K-ras , 410  
 MAPK , 412  
 molecular alterations , 412–413  
 molecular pathways and targets , 409, 411  
 PI3K-Akt-mTOR , 412  
 receptor tyrosine kinases , 409  
 TP53 and PTEN , 410   

  Central nervous system (CNS) tumors 
 biotargets 

 GBMs , 5–10  
 standard radio/chemotherapy treatment , 5  
 targeted therapies , 11–15  

 and childhood (ages 0–19) brain , 2, 3  
 clinical presentation 

 malignancies , 5  
 principal groups , 4–5  
 psychomotor asthenia , 5  

 description , 1  
 distribution and incidence rates , 1–3  
 genetic/epigenetic pathways , 15  
 incidence and mortality , 1–4  
 SEER , 4  
 survival rates, USA , 4   

  Cetuximab 
 chemotherapy , 38  
 clinical studies, anti-EGFR therapy, HNSCC , 37  
 NSCLC 

 anticancer activity , 99  
 anti-EGFR antibody , 98  
 BMS099 , 98  
 FLEX trial , 98  
 KRAS oncogene , 99  
 PFS and OS , 99  
 potential predictors, OS , 99  

 RMD , 37–38  
 use, monotherapy , 37   

  CGH.    See  Comparative genomic hybridisation (CGH)  
  Chemotherapy 

 and BCG , 331  
 chloroethylating drugs and TMZ , 7  
 cytotoxic agents , 7–8  
 neoadjuvant , 332–333   

  Chromosomal instability (CIN) , 253–254   
  Chronic lymphocytic leukemia (CLL) 

 microRNAs 
 BCL2 , 524  
 chromosome 17p deletions , 523  
 germline mutation, miR-15/16 , 524  
 oncosuppressor p53 , 524  
 13q deletions , 524  
 sequencing , 523  
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 objective , 171  
 oblimersen , 172  
 ofatumumab and lumiliximab , 172  
 rituxima , 171–172  
 SDF-1/CXCR4 , 173   

  Chronic myeloid leukemia (CML) 
 BCR-ABL1 , 170  
 dasatinib, nilotinib and bosutinib , 170  
 imatinib , 170  
 neoplasm , 168   

  CIN.    See  Chromosomal instability (CIN)  
  Circulating tumor cells (CTC) 

 detection , 375  
 PCa , 375   

  Cirrhosis 
 child A or B , 282–283  
 and HCC , 273  
 hepatic , 279   

  CLL.    See  Chronic lymphocytic leukemia (CLL)  
  CML.    See  Chronic myeloid leukemia (CML)  
  CNS tumors.    See  Central nervous system (CNS) tumors  
  Colorectal.    See  Colorectal cancer (CRC)  
  Colorectal cancer (CRC) 

 biology 
 adenoma–carcinoma sequence , 246–247  
 MAPK and PI3K pathway activation , 248–249  
 MSI , 247  

 biomarker-informed management , 262–263  
 biomarkers, clinical practice , 251–252  
 CEA , 252  
 chemotherapy 

 adjuvant therapy , 249–250  
 metastatic , 249  

 chromosome 18q deletion , 254  
 CIN , 253–254  
 description , 245  
 dietary factors , 245  
 EGFR , 250  
 epidemiology , 245–246  
 Ki67 proliferative index , 254  
 LOE supporting biomarker , 262  
 mismatch repair/MSI , 253  
 multimodality management , 249  
 P53 , 254  
 pharmacogenetics and therapeutic ef fi cacy 

 biomarker analysis , 259  
 determinants of response/toxicity, 

targeted therapies , 259  
 DPD , 258  
 5- fl uorouracil metabolism , 256–257  
 gene-expression signatures , 259–261  
 GWAS , 261  
 high-throughput arrays , 259, 260  
 irinotecan sensitivity , 259  
 MTHFR , 258  
 oxaliplatin sensitivity , 258–259  
 proteomics , 261–262  
 TP , 258  
 TS , 257–258  

 PIK3CA , 250–251  
 staging , 246  
 tumour signalling transduction 

 BRAF , 255–256  
 EGFR , 254–255  
 IGF2 , 256  
 KRAS , 255  
 NRAS , 256  
 PIK3CA , 256  
 PTEN , 256  

 VEGF , 250   
  Comparative genomic hybridisation (CGH) , 33–34   
  Computed tomography (CT), HCC , 277–278   
  Crizotinib role, NSCLC 

 EML4-ALK fusion , 102–103  
 PROFILE 1007 and PROFILE 1005 , 103  
 TKI targeting , 103  
 treatment, EML4-ALK-positive , 103, 104   

  CTCL.    See  Cutaneous T-cell lymphoma (CTCL)  
  Cutaneous T-cell lymphoma (CTCL) , 134   
  Cyclin-dependent kinase 4 (CDK4) , 440   
  Cycline 

 angiogenesis markers and VEGF , 395  
 EGF and HER signaling , 395–396  
 maspin , 395   

  Cystectomy.    See  Radical cystectomy (RC)  
  Cytokine release syndrome , 163, 172   
  Cytotoxic drugs 

 bendamustine , 126  
 pixantrone and pralatrexate , 126    

  D 
  Dermato fi brosarcoma protuberans (DFSP) , 424, 427   
  Des-gamma-carboxyprothrombin (DCP) 

 description , 279  
 level , 279   

  DFSP.    See  Dermato fi brosarcoma protuberans (DFSP)  
  Diffuse large B-cell lymphoma (DLBCL) 

 ABC and PMBL , 121  
 classi fi cation , 121  
 lymphoid architecture , 120  
 malignant clone, GCB , 120–121  
 novel therapeutic strategies , 122  
 prognostic factors , 121–122  
 WHO classi fi cation, tumors , 120   

  Digital rectal exam (DRE) 
 PCa screening programs , 363  
 PSA , 370   

  Dihydropyrimidine dehydrogenase (DPD) , 258   
  Disseminated tumor cells (DTCs) , 470   
  DLBCL.    See  Diffuse large B-cell 

lymphoma (DLBCL)  
  DLI.    See  Donor lymphocyte infusion (DLI)  
  “Docking and Locking” model , 481   
  Donor lymphocyte infusion (DLI) , 125   
  DPD.    See  Dihydropyrimidine dehydrogenase (DPD)  
  DRE.    See  Digital rectal exam (DRE)  
  Dyspnea , 475    
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  E 
  EBV.    See  Epstein–Barr virus (EBV)  
  ECM remodeling, cancer metastasis 

 ADAM/ADAMTS , 499  
 cathepsins , 499–500  
 heparanase , 500–501  
 MMPs , 495–498  
 serine proteases , 498–499   

  E-GC.    See  Oesophago-gastric cancer (E-GC)  
  EGFRs.    See  Epidermal growth factor receptors (EGFRs)  
  EMT.    See  Epithelial–mesenchymal transition (EMT)  
  Endometrial cancer 

 categorization , 403–404  
 cell signaling pathways , 409–413  
 clinical characteristics 

 description , 404  
 dietary hypotheses , 404–405  
 hormonal hypotheses , 404  
 IGF , 405  
 obesity and , 405  

 description , 403  
 family history , 406, 408  
 gene mutations 

 HNPCC , 408–409  
 microarray technology , 409  
 MSI , 408  

 histology 
 clear cell and serous histologies , 406, 407  
 EIN and EIC , 406  
 grades , 406, 407  
 subtypes , 405–406  

 immunohistochemistry , 406, 408  
 surgical staging , 405  
 symptoms , 404  
 translational implications, therapy 

 hormone therapy , 413  
 metformin , 413  
 PI3K pathway inhibitors , 413–414  
 therapeutic targets , 413–414   

  Endometrial hyperplasia , 403   
  Endothelin receptor , 372   
  EpCAM 

 description , 237  
 expression , 237  
 monoclonal antibodies , 237–238   

  Epidermal growth factor (EGF) 
 EGFRs   ( see  Epidermal growth factor receptors 

(EGFRs))  and HER signaling , 395–396   
  Epidermal growth factor receptor 2 (EGFR 2) , 223   
  Epidermal growth factor receptors (EGFRs) 

 anti-EGFR agents 
 cetuximab , 98–99  
 reversible EGFR-TKIs , 95–98  

 dual and HER2 inhibitors , 212  
 family inhibitors 

 ge fi tinib and erlotinib , 212  
 HER2/neu overexpression , 211–212  
 pathways , 210, 211  
 pertuzumab , 212  

 gastric cancer , 225–226  
 gastro oesophageal cancer , 226  

 gene ampli fi cation and mutations , 33  
 HER2 , 223  
 immunohistochemistry , 33  
 inhibitors 

 description , 226  
 gastric cancer , 227–228  
 oesophageal and GEJ cancer , 226–227  

 MAPK and PI3K pathways , 250  
 oesophageal and GEJ adenocarcinoma , 225  
 oesophageal SCC , 224–225  
 pathways , 222–223  
 prognostic factors, GBM 

 ampli fi cation and downstream lipid kinase , 9  
 ErbB family, tyrosine kinase receptors , 8  
 PKB/Akt and variant 3 , 9  
 STAT3 and MUC1 , 8  

 protein subclasses , 223  
 signalling and action, anti-EGFR agents , 32  
 target therapy 

 cetuximab treatment , 11  
 ge fi tinib (ZD-1839) and erlotinib (OSI-774) , 11  

 tyrosine kinase inhibitors , 224   
  Epigenetic drugs 

 DNMTs , 135  
 HDAC family members , 132–133  
 HDACi , 133–135   

  Epithelial–mesenchymal transition (EMT) , 479   
  Epstein–Barr virus (EBV) 

 detection, diagnosis 
 serum testing , 28  
 VCA-p18 , 29  

 SNUC , 28   
  Erlotinib role, NSCLC 

 ge fi tinib , 95  
 PFS , 106  
 platinum-based chemotherapy , 95  
 TALENT and TRIBUTE , 97  
 vandetanib , 107   

  Extracellular matrix (ECM) remodeling 
 ADAM/ADAMTS , 499  
 cathepsins 

 cathepsin B , 499  
 cathepsins H and L , 500  
 cysteine , 499  

 heparanase 
 growth factors , 501  
 heparan sulfate (HS) , 500  
 PI-88 , 500–501  

 MMPs , 495–498  
 serine proteases 

 ATN-658 , 498  
 capped 8 amino acid peptide , 499  
 plasmin , 498  
 plasminogen activation (PA) system , 498    

  F 
  Fine needle aspiration cytology (FNAC) , 201–202   
  FL.    See  Follicular lymphoma (FL)  
  FLT3.    See  FMS-like tyrosine kinase 3 (FLT3)  
  FMS-like tyrosine kinase 3 (FLT3) 
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 AML patients , 161  
 mutations , 173, 174   

  FNAC.    See  Fine needle aspiration cytology (FNAC)  
  Follicular lymphoma (FL) 

 characterization , 122  
 GC B and stromal cells , 123  
  Helicobacter pylori , hepatitis C virus and EBV , 122  
 morphology , 122  
 non-malignant microenvironment , 123  
 tregs , 123   

  Follicular thyroid carcinomas (FTCs) 
 HCC/oncocytic/oxyphilic , 64  
 hematogenous diffusion , 64  
 molecular genetics 

 description , 69  
 PAX8/PPAR g  rearrangement , 69–70  
 PI3K/AKT pathway , 70  
 RAS oncogenes , 69   

  FTCs.    See  Follicular thyroid carcinomas (FTCs)   

  G 
  Galectin-3 , 493   
  Gastric cancer 

 EGFR , 225–226  
 oesophagus   ( see  Oesophago-gastric cancer)  

  Gastrin releasing peptide (GRP) , 376   
  Gastrointestinal stromal tumor (GIST) , 419   
  Gastro-oesophageal junction (GEJ) 

 EGFR inhibitors , 226–227  
 HER2 expression , 232–233  
 oesophageal adenocarcinomas , 222, 225   

  GBM.    See  Glioblastoma multiforme (GBM)  
  GCB.    See  Germinal-center B-cell-like (GCB)  
  Ge fi tinib role, NSCLC 

 erlotinib , 95  
 EURTAC , 95  
 MET proto-oncogene , 105   

  GEJ.    See  Gastro-oesophageal junction (GEJ)  
  Gene expression pro fi ling , 35   
  Gene-expression signatures 

 description , 259  
 high-throughput platforms , 261  
 RT-qPCR , 260   

  Gene fusions 
 description , 373  
 PCa cases , 373, 374  
 PSA test , 365, 373   

  Genome-wide association studies (GWAS) , 361   
  Genomic biomarkers 

 saliva 
 gene promoter methylation , 23  
 mtDNA , 23  
 p53 mutation , 22–23  

 serum , 24   
  Genomics 

 MAGP2 , 397  
 revolution , 396   

  Germinal-center B-cell-like (GCB) 
 DLBCL , 131  

 PMBL cells , 121  
 subtype , 120   

  GIST.    See  Gastrointestinal stromal tumor (GIST)  
  Gleason grading system , 362   
  Gleason score , 362, 363   
  Glioblastoma multiforme (GBM) 

 CNS tumors and genetic disorders , 6  
 genomics and prognostic factors 

 EGFRs , 8–9  
 epigenetic changes , 10–11  
 LOH , 8  
 p53/MDM2/p14 ARF  , 10  
 PTEN , 9–10  

 glial cells , 5–6  
 microarray technology , 8  
 overall survival (OS) , 6  
 pathology 

 corpus callosum , 6  
 perineuronal and perivascular satellitosis , 6  

 treatment 
 chemotherapy , 7–8  
 radiotherapy (RT) , 7  
 surgery , 7   

  GM-CSF.    See  Granulocyte/monocyte colony-stimulating 
factor (GM-CSF)  

  Granulocyte/monocyte colony-stimulating factor 
(GM-CSF) , 142   

  Grouping, sarcomas 
 group 1 

 DFSP , 424, 427  
 Ewing’s sarcoma , 427  
 gastrointestinal stromal tumors , 424  
 pigmented villonodular synovitis , 427  
 synovial sarcoma , 427  

 group 2 
 adamantinoma , 427  
 chordoma , 427  

 group 3 
 dedifferentiated liposarcoma , 428  
 MPNST , 428  

 group 4 
 angiosarcoma , 429  
 current therapy , 429  
 leiomyosarcoma , 428  
 MFH , 428  
 osteosarcoma , 429  
 rhabdomyosarcomas , 428–429  
 targeted therapy, sarcomas , 429–433   

  GRP.    See  Gastrin releasing peptide (GRP)  
  GWAS.    See  Genome-wide association 

studies (GWAS)   

  H 
  HBV.    See  Hepatitis B virus (HBV)  
  HCC.    See  Hepatocellular carcinoma (HCC)  
  HCV.    See  Hepatitis C virus (HCV)  
  HDT.    See  High-dose therapy (HDT)  
  Head and neck cancer.    See  Head and neck squamous 

cell carcinoma (HNSCC)  
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  Head and neck squamous cell carcinoma (HNSCC) 
 biomarkers   ( see  Biomarkers) 
 CGH , 33–34  
 cyclooxygenase 2 , 43  
 description , 19  
 EGFR , 32–33  
 epidemiology 

 malignant odontogenic tumours , 21  
 malignant salivary gland tumours , 21  
 oropharynx , 20  
 sinonasal tract and nasopharynx , 20–21  
 tobacco smoking and alcohol intake , 20  
 worldwide incidence , 19, 20  

 family, src kinases , 43  
 gene expression pro fi ling , 35  
 genes, prognosis 

 OPMLs , 30  
 perineural/lymphovascular , 29–30  

 global markers/patterns , 33  
 HPV and prognosis , 33  
 individual biomarkers , 31–32  
 molecular analysis , 35–36  
 molecular markers , 36  
 odontogenic carcinomas , 44  
 OPMLs , 30–31  
 PI3K/AKT/mTOR pathway , 43  
 salivary gland , 44  
 sinonasal and nasopharynx , 44  
 surgical margin analysis , 35  
 TRAIL receptor , 43–44  
 validation status , 36   

  Hedgehog (HH) signaling 
 inhibition, targeted therapy , 457–458  
 molecular basis, BCC , 456–457   

  Hematopoietic stem cells (HSCs) 
 PML-RAR a  activation , 180  
 propagation, leukemic growth , 165   

  Hematopoietic stem cell transplantation (HSCT) , 125   
  Hemopoietic and nonhemopoietic diseases , 162   
  Hepatic angiography 

 CTHA , 278  
 description , 278, 280   

  Hepatic resection , 280, 485   
  Hepatitis B virus (HBV) 

 HCC , 274  
 vaccination programs , 274   

  Hepatitis C virus (HCV) 
 HBV and , 275  
 infection , 273, 279  
 risk , 274   

  Hepatocellular carcinoma (HCC) 
 description , 273  
 diagnosis 

 AFP , 279  
 AFP-L3 , 280  
 CT , 277  
 DCP , 279  
 hepatic angiography , 278  
 MRI , 278  
 US , 277  

 pathology , 275–276  
 risk factors 

 afatoxin , 274  
 age , 274  
 alcohol , 274  
 description , 273  
 HBV , 274  
 HCV , 274  
 hemochromatosis , 275  
 male sex , 274  
 NASH , 275  
 obesity and diabetes , 274–275  

 staging systems , 280  
 surveillance , 275  
 treatment 

 chemotherapy , 283  
 liver transplantation , 281–282  
 percutaneous local ablation , 282  
 prevention , 283  
 surgical resection , 280–281  
 TACE , 282–283   

  Hepatocyte growth factor/mesenchymal-epithelial 
transition (HGF/MET) , 428   

  HER2.    See  Human epidermal receptor 2 (HER 2)  
  Hereditary nonpolyposis colon cancer (HNPCC) 

 histologic appearance , 406  
 MSI , 408  
 ovarian cancer , 408  
 syndrome , 406   

  High-dose therapy (HDT) , 124   
  HNSCC.    See  Head and neck squamous cell 

carcinoma (HNSCC)  
  HPV.    See  Human papillomavirus (HPV)  
  HPV-positive oropharyngeal carcinoma 

(HPV-positive OPC) 
 management , 41, 42  
 potential role, gene therapy , 43  
 therapeutic vaccination , 43   

  HSCs.    See  Hematopoietic stem cells (HSCs)  
  HSCT.    See  Hematopoietic stem cell transplantation 

(HSCT)  
  Human cancer 

 AML , 524–525  
 breast , 527–529  
 CLL   ( see  Chronic lymphocytic leukemia (CLL)) 
 lungs , 529–531  
 lymphoma , 525  
 MM   ( see  Multiple myeloma (MM)) 
 ovary , 531   

  Human epidermal receptor 2 (HER 2) 
 expression, gastric cancer , 231  
 expression, GEJ cancers , 232–233  
 identi fi cation , 229–231  
 inhibitors 

 gastric and junctional cancers , 233  
 oesophageal cancers , 233–234  

 oesophageal adenocarcinoma , 232  
 oesophageal SCC , 232   

  Human papillomavirus (HPV) 
 detection methods 
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 GP5+/6+ PCR , 28  
 HNSCC , 26, 27  
 ISH , 26  
 PCR ampli fi cation, viral DNA , 26  
 p16 immunohistochemistry , 26–28  
 RTPCR ampli fi cation, viral E6/E7 mRNA , 26  

 double-stranded DNA virus , 24  
 head and neck tumours 

 positive oropharyngeal carcinoma , 26  
 specimens testing , 25  

 prognosis 
 immunomodulation , 33  
 infection, HNSCC , 33, 34  

 role, carcinogenesis 
 E6 and E7 act , 25  
 E2F , 25  
 mutational events , 24–25    

  I 
  ICAM-1.    See  Intercellular adhesion molecule (ICAM)-1  
  IGF1R.    See  Insulin-like growth factor 1 receptor (IGF1R)  
  IgVH.    See  Immunoglobulin heavy-chain variable 

gene (IgVH )  
  IMiD drugs.    See  Immunomodulatory (IMiD) drugs  
  Immunoglobulin gene superfamily (IgSF) , 491   
  Immunoglobulin heavy-chain variable gene (IgVH ) 

 CLL patients, somatic hypermutation , 171  
 molecular pro fi le , 171   

  Immunomodulatory (IMiD) drugs 
 antineoplastic agents , 146  
 lenalidomide , 146   

  Immunotherapy 
 active 

 antitumor effect, Id-KLH , 142  
 B-cell tumor , 145–146  
 biovest study , 144  
 cocktail, maturation cytokines , 145  
 features and interpretation, clinical trials , 142, 143  
 GM-CSF , 142  
 Id protein , 141–142  
  in vivo  transfection and antigen production , 144  
 indolent B-cell NHLs , 141  
 standard chemotherapy  vs.  vaccination protocol , 

144  
 strategies , 141, 142  
 therapeutic cancer vaccine , 141  
 tolerance mechanisms , 146  
 vaccine , 145  

 mAb 
 anti-CD20 , 137  
 B-cell antigen targets , 136  
 CD20 , 136  
 CD70 and CD74 , 140  
 clinical development B-cell malignancies , 

138–139  
 131I-tositumomab , 140  
 ocrelizumab and valine/phenylalanine , 137  
 ofatumumab and veltuzumab , 137  
 retrospective analysis , 140  
 rituximab , 136–137  

 role, CD40 , 140  
 SMIPs and BiTE Abs , 141  
 TRU-015 and TRU-016 , 141  
 90Y-ibritumomab , 140–141   

  Insulin-like growth factor 1 receptor (IGF1R) 
 Ewing’s sarcoma , 420  
 hormone system , 431  
 oncogenic gene product , 433  
 signaling pathway , 432   

  Integrin 
 activation , 494  
 antagonists , 488  
 cell–cell interactions , 487  
 description , 487  
 expression , 487–488  
 inhibitors , 488, 489  
 integrin  a 4 b 1 , 487  
 integrin  b 2 , 494  
 “outside-in” and “inside-out” signaling , 487  
 upregulation , 488  
  a v b 3 and  a v b 5 integrin activation , 488   

  Intercellular adhesion molecule (ICAM)-1 , 443   
  International Prognostic Index (IPI) , 123   
  Intetumumab , 489   
  Intravesical agents , 331–332   
  Invasion 

 arterial , 478  
 ECM , 495  
 neoplastic cells , 475  
 pancreatic carcinoma murine model , 498   

  Invasive lobular carcinoma (ILC) , 205   
  IPI.    See  International Prognostic Index (IPI)   

  K 
  Keyhole limpet hemocyanin (KLH) , 141, 142   
  KRAS 

 mutations , 255, 410  
 role , 255    

  L 
  Leukemias 

 ALL , 176–178  
 AML , 173–176  
 APL , 178–180  
 CLL , 171–173  
 CML , 168–171  
 identi fi cation, agents , 187  
 inhibitors, phosphatidylinositol 3-kinase , 187  
 JAK2+MPNs , 180–181  
 MDS , 182–184  
 microenvironment and LSCs , 184–185  
 MoAb , 161–168  
 molecular pathophysiology, BCR-ABL , 160  
 myeloid/lymphoid , 160  
 TP53 and apoptosis 

 inactivation mechanisms, 
p53 responses , 185, 186  

 MDM2 , 185–186  
 treatment with nutlin-3 , 186–187   
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  Leukemic microenvironment and LSC 
 CXCR4 levels , 185  
 de fi ned , 184  
 NFkB and AKT pathways , 184  
 NRP-1 , 185  
 survival and drug resistance , 184   

  Leukemic stem cells (LSCs) 
 AML , 166, 175  
 CD123 , 166  
 de fi ned , 165  
 and microenvironment , 184–185   

  Level of evidence (LOE) , 251   
  LIN.    See  Lobular intraepithelial neoplasia (LIN)  
  Liver transplantation procedure , 281–282   
  Lobular intraepithelial neoplasia (LIN) , 205   
  LOE.    See  Level of evidence (LOE)  
  LOH.    See  Loss of heterozygosity (LOH)  
  Loss of heterozygosity (LOH) 

 genetic alteration, GBM , 8  
 oncology , 8   

  LSCs.    See  Leukemic stem cells (LSCs)  
  Lung cancer, miRNA 

 DNA copy abnormalities , 531  
 HCC , 531  
 let-7a , 529  
 miR-21 , 530  
 miR-200c , 530  
 sputum , 529   

  Lymphangiogenesis , 479, 488   
  Lymphoma, microRNAs , 525   
  Lynch syndrome.    See  Hereditary non polyposis 

colon cancer (HNPCC)   

  M 
  Macrophage colony-stimulating factor (M-CSF) , 435   
  Magnetic resonance imaging (MRI) 

 Gd-EOB-DTPA , 278  
 SPIO , 278   

  MAGP2.    See  Micro fi bril-associated glycoprotein 2 
(MAGP2)  

  Malignant  fi brous histiocytoma (MFH) , 428   
  Malignant odontogenic tumours , 21   
  Malignant salivary gland tumours (ICD10 C07–08) , 21   
  Mammalian target of rapamycin (mTOR) 

 de fi ned , 173  
 hyperactivation , 412  
 inhibitor , 173, 184  
 inhibitors 
 PI3K , 414  
 regulation , 413  
 role , 412   

  Mammary serine protease inhibitor (Maspin) , 395   
  Mammary tumour model , 199   
  Maspin.    See  Mammary serine protease inhibitor (Maspin)  
  M-CSF.    See  Macrophage colony-stimulating 

factor (M-CSF)  
  MDS.    See  Myelodysplastic syndromes (MDS)  
  Medroxyprogesterone acetate (MPA) 

 mice, synthetic progestin , 198  
 tumourigenesis , 198–199   

  Medullary thyroid cancer (MTC) 
 molecular genetics 

 genetic lesions and RET mutations , 72  
 involvement, RAS mutations , 72  
 MEN 2 families , 71–72  
 RET gene , 71  

 neuroendocrine tumor , 65  
 tumor diameter , 65   

  MEI.    See  Metastatic ef fi ciency index (MEI)  
  Melanoma 

 BRAF mutant melanoma 
 cell signaling scheme, pathways , 444, 445  
 constitutive MAPK signaling , 444, 446  
 signaling pathways , 446  
 signal transduction cascade , 446  

 c-KIT mutant 
 a-CGH , 448  
 EGF receptor , 449  
 imatinib mesylate , 454  
 immunohistochemistry , 455  
 MITF , 449  
 PDGF , 448  
 SCF , 448  
 structure, signaling pathway , 447, 448  
 tumor growth and suppression, 

metastasis , 450  
 diagnosis and prognosis 

 cell-cell and cell-matrix proteins , 442  
 Clark level Breslow thickness and mitotic rate , 

440, 441  
 E-cadherin , 444  
 ICAM-1 , 443  
 lymph nodes , 440  
 PCNA , 442  

 HH signaling 
 BCNS , 456  
 -mediated tumorigenesis , 456, 457  

 incidence, epidemiology, and risk factors 
 CDK4 , 440  
 ultraviolet (UV) radiation exposure , 439  

 malignant transformation, melanocytes , 439  
 matching therapies, genotypes 

 pharmacodynamic studies , 452  
 putative mechanisms , 452, 453  
 sorafenib , 451  

 molecular subtypes 
 CML , 444  
 GIST , 444  

 nonmelanoma skin cancers 
 BCC   ( see  Basal cell carcinoma (BCC)) 
 SCC   ( see  Squamous cell carcinomas (SCC)) 
 NRAS mutant 

 drug discovery , 453  
 FTIs , 453  
 intracellular signaling , 445, 447  
 MAPK cascade , 447  
 MAPK signaling , 454  
 oncogenic mutation , 446  
 protein kinase A (PKA) activity , 447  

 pathological and prognostic features , 450  
 subgroups , 450  
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 targeted therapy, nonmelanoma skin cancers  
( see  Targeted therapies)  

  Metalloproteinase (MMPs) 
 classi fi cation , 495–496  
 EMMPRIN , 496  
 inhibitors , 497–498  
 metastatic niche, creation , 502  
 RANKL , 497  
 synthesis , 497  
 TIMPs , 497   

  Metastatic ef fi ciency index (MEI) , 483–484   
  MetastomiRs , 532   
  Methyltetrahydrofolate reductase (MTHFR) , 258   
  MFH.    See  Malignant  fi brous histiocytoma (MFH)  
  Micro fi bril-associated glycoprotein 2 (MAGP2) , 397   
  MicroRNAs, cancer therapy 

 anti-microRNAs   ( see  Anti-microRNAs, cancer 
treatment)  classi fi cation , 518  

 cleavage process , 519–520  
 CLL , 520–521  
 deadenylation process , 520  
 Dicer , 518  
 expression regulation 

 genomic and epigenetic mechanisms , 533–535  
 principles, genomic organization , 533  
 transcriptional regulation , 535  

 gene expression , 519, 520  
 genes , 517  
 invasion, angiogenesis and metastasis 

 Dicer expression , 533  
 EMT , 532  
 metastomiRs , 531–532  
 miR-34a , 532  
 neo-angiogenesis , 532  
 oncogenic miR-21 , 532  

 localization , 517  
 miRISC , 518–519  
 oncogenes and tumor suppressor 

 aberrant expression , 520, 521  
 AML , 524–525  
 breast cancer , 522–523, 527–529  
 CLL , 523–524  
 dysregulation , 521  
 lung cancer , 529–531  
 lymphoma , 525  
 microarray-based microRNA pro fi ling , 523  
 MM , 526–527  
 ovarian cancer , 531  

 polymerase II (Pol II) , 517–518  
 processing , 518  
 steps, hypothesis , 540  
 3’-UTR , 519   

  Microsatellite instability (MSI) , 253   
  Microwave coagulation , 282   
  miRNA-containing RNA-induced silencing complex 

(miRISC) , 518–519   
  Mitogen-activated protein kinase (MAPK) cascade , 447   
  Mitogen-activated protein kinase (MAPK) pathway , 412   
  MMPs.    See  Metalloproteinase (MMPs)  

  moAbs.    See  Monoclonal antibodies (moAbs)  
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