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   Preface 

   Multiple myeloma has evolved from an incurable disease with no therapeutic 
options 5 decades ago to a readily treatable disease, based upon increased under-
standing of its biology and pathogenesis. Nonetheless, myeloma remains a complex 
disease driven by both genomic and epigenetic alterations. Moreover, interaction of 
tumor cells with the bone marrow microenvironment confers additional tumor cell 
growth, and survival advantage, and drug resistance. Advances in our understand-
ing of the pathobiology of the disease have also translated to improved diagnostic 
and prognostic methods including high-throughput genomics, serum-free light 
chain, MRI, and PET scanning. Notably, proteasome inhibitors, immunomodula-
tory agents, as well as other targeted agents, when used singly or in combination, 
have transformed myeloma therapy and now achieve unprecedented frequency and 
extent of response. These rapid advances highlight the need for a state-of-the-art 
resource focused on the biology of myeloma and its clinical application. Our book 
describes the basic advances in our understanding of the disease biology and delin-
eates molecular mechanisms mediating tumor growth and progression, as well as 
bone disease and organ dysfunction. Importantly, it provides the preclinical ratio-
nale for and clinical ef fi cacy of single and combination targeted therapies directed 
at the tumor cell in its bone marrow milieu. With an eye toward the future, we 
update the recent advances using high-density, high-throughput genomic technolo-
gies to integrate both DNA and transcriptional changes for improved molecular 
classi fi cation and personalized therapeutic options. Finally, since studies are already 
reporting prolonged disease-free survival in myeloma, our book highlights the fact 
that we are now at the threshold of curative outcome in this disease.        

    Boston ,  MA ,  USA            Nikhil   C.   Munshi,   M.D.      
Kenneth   C.   Anderson,   M.D.     
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  Abstract In the past years we have learned much about the genetics and biology of 
multiple myeloma (MM) and plasma cell disorders.  It is now clear that (nearly) all 
MM cases are preceded by a benign phase of expansion of monoclonal PCs known 
as monoclonal gammopathy of undetermined signi fi cance (MGUS). It is also known 
that MGUS is a common condition that increases in prevalence with advancing age.  
Trying to couple the understanding we have of the genetics of the disease with the 
speci fi c risk of progression from MGUS to MM could be of importance in deter-
mining different risk of progression with associated management strategies.  
Currently there is limited information regarding the speci fi c factors that drive the 
progression from MGUS to MM and the risk associated with different genetics 
classes of the disease.  A better understanding of the biologic steps that are needed 
for progression from a benign stage to a malignant form of the disease is needed, as 
well as better markers to provide a more dynamic monitoring for incipient disease 
evolution.  In this chapter we discuss some of the background knowledge and basic 
biology of the disease, and some future strategies for a better surveillance of patients 
with MGUS.  

   1.1   Myeloma 

 Multiple myeloma (MM) is a malignancy that affects nearly 20,000 new cases per 
year in the USA, and at any given time, there are ~60,000 people living with this 
disease  [  1  ] . Despite many advances in therapeutic options offered, the disease 
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remains lethal for the majority of patients. Recent studies have shown at least doubling, 
if not tripling, of the expected median survival time for patients with MM with the 
advent of novel therapeutics such as bortezomib and lenalidomide, alone or in 
combination with other agents such as thalidomide, alkylators, and corticosteroids 
 [  2–  12  ] . Better approaches for the early detection of MM as well as for the generation 
of strategies to prevent the progression from MGUS to MM are needed as they 
would reduce the morbidity associated with disease progression and would allow 
for a better quality of life with early treatment of those at imminent risk for disease 
progression. 

 MM is characterized by the expansion of monoclonal plasma cells (PCs), mostly 
restricted to the bone marrow (BM) microenvironment for their survival. In most 
patients, the presence of circulating monoclonal PCs is at very low numbers, thus 
not detectable through the standard clinical testing (e.g., hemogram). Plasma cells 
are detected at high numbers in the blood only in cases of very aggressive MM such 
as in plasma cell leukemia (PCL). 

 Monoclonal PCs are characterized by the production of monoclonal 
immunoglobulins  [  13  ] . In all cases, PCs produce at least a light chain (kappa more 
commonly than lambda) and frequently a heavy chain (mainly IgG and in decreasing 
proportion IgA, IgD, and IgE). The heavy chain is secreted from the cells into the 
BM interstitial  fl uid and ultimately reaches the circulation and allows for monitoring 
for the disease as well as responsiveness to treatment. The test that has been classically 
used for the detection of monoclonal immunoglobulins is the serum protein 
electrophoresis and is widely available as a routine clinical test, often leading also 
to the diagnosis of MGUS. Multiple additional assays exist for the determination 
and measurement of these monoclonal proteins [immuno fi xation, quantitative 
immunoglobulins, serum free light chains (FLCs), and urine tests] that will not be 
further discussed in this chapter  [  14  ] . 

 As a consequence of the growth of monoclonal PCs in the BM, once the disease 
becomes malignant, patients will have a reduction in normal hematopoiesis resulting 
in anemia and other cytopenias  [  15–  18  ] . Thrombocytopenia is uncommon except in 
cases with very advanced plasmacytosis and extensive replacement of the BM by 
clonal PCs. As discussed elsewhere in this book, the clonal PCs produce substances 
that affect the normal bone metabolism resulting in bone loss, manifested as 
osteoporosis, lytic bone lesions, and the associated consequences including bone 
fractures  [  19  ] . Additionally, patients can also have other organs damaged, particularly 
renal insuf fi ciency, as a consequence of the clonal growth and the production of 
monoclonal immunoglobulin  [  15–  17,   19,   20  ] . The circulating light chains are small 
enough that they can be  fi ltered into the tubular structures of the kidney, causing cast 
nephropathy and renal failure in a subset of patients with MM. The treatment of the 
disease can prevent further deterioration of bone lesions, but rarely do these lesions 
completely heal once they have been established. Patients can have improvements 
in bone stability as a consequence of sclerosis of the rims of those lesions as well as 
healing associated with some of those fractures; however, loss of natural function is 
common after a fracture secondary to MM. One of the complications that can be irre-
versible in patients with MM is the development of renal failure. While the failure 
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can be reversible if treated soon after it is established, patients who present with 
more protracted pictures will have dif fi culty in reversing the renal function and 
frequently will ultimately require hemodialysis. Conversely, the development of 
anemia or hypercalcemia can usually be reversed after medical interventions such 
as transfusions, intravenous  fl uids, or the use of steroids. 

 It is the presence of these bone lesions and renal failure that are dreaded 
complications of MGUS progressing to MM and that would be desirable to prevent 
at the preceding stage. As will be discussed below, however, it is currently dif fi cult 
to know which patients are at risk for progression from MGUS to MM. A future 
where patients can be readily identi fi ed when they are at imminent risk of progression 
would be ideal, given that early treatment potentially could delay the development 
of MM and certainly would be useful in preventing organ damage, such as bone 
lesions and renal failure. Better management strategies are needed for the monitoring 
and surveillance of these patients. 

 MGUS is characterized by the clonal expansion of PCs inside the BM but without 
harm to the patient. The difference with MM is that this clonal expansion is discreet 
enough such that the PCs did not cause negative effects on the surrounding hematopoi-
etic cells and patients therefore have no anemia. Likewise, patients have no evidence 
of lytic bone deletion or bone destruction and usually the protein production is low 
enough that the patients will not have renal failure  [  21  ] . MGUS is present in ~3% of 
the population over the age of 50, and the prevalence increases with advancing age 
 [  21,   22  ] . For practical purposes, it is important to differentiate those MGUS of the 
IgM type versus those that are not IgM. The IgM-type MGUS is derived from lym-
phoplasmacytic cells instead of from PCs and put the person at risk for the develop-
ment of lymphoid disorders such as Waldenström’s macroglobulinemia but not MM 
 [  21  ] . Relevant to this chapter are those gammopathies that are IgA, IgG, or light chain 
only. The group at Mayo Clinic in Rochester has recently described the presence of 
an MGUS variant characterized exclusively by the presence of circulating light 
chains with no heavy chain attached  [  23  ] . Biologically, these cases are likely to be 
variants of other PC clonal expansion processes and will also likely include the simi-
lar genetic abnormalities in those cells. 

 Clinically, the management of patients with MGUS includes routine surveillance 
to detect early signs of disease progression. However, the criteria that determine 
progression remain largely subjective and are often fraught with clinical nuances 
that make it dif fi cult to determine which patients are in need of therapy versus those 
that are not. Extreme clinical situations are easily identi fi ed such as a patient with 
no evidence of complications, whatsoever, versus a patient who has clear need for 
treatment. However, frequently the clinician may encounter patients who have 
intermediate stages of a mild anemia or mild renal insuf fi ciency where a subjective 
determination has to be made regarding the need for therapy. In addition, it is 
conceivable that some patients that present with a light chain that is particularly 
damaging to the kidney will result in a phenotype of renal failure despite a clonal 
process that is rather quiescent. It is then that the clinical classi fi cation of MM 
complications does not necessarily fully correspond to the stages of clonal evolution 
present inside the BM. 
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 Patients are usually reassured of the benign nature of the disease when they 
receive a diagnosis of MGUS. These patients will be counseled to have at least a 
yearly determination of their monoclonal protein as well as measuring hemoglobin, 
calcium, and creatinine levels. However, the optimal strategy for determining the 
patient at imminent risk for progression or detection of early progression is not well 
de fi ned. Recent studies have identi fi ed that patients with high concentration of 
monoclonal protein, serum FLCs, and ultimately indirect markers of increased 
tumor bulk are at greater risk for disease progression  [  24,   25  ] . Results showed that 
the risk of progression in patients with abnormal FLC  k / l  ratios was signi fi cantly 
higher than that in patients with normal ratios. Furthermore, the risk of progression 
increased as  k / l  ratios became more extreme. It is our hypothesis that this greater 
risk of progression results from a higher probability of acquiring a secondary genetic 
abnormality (stochastic) since there are a greater number of cells at risk for disease 
progression. 

 Like MM, MGUS is more common in individuals of African origin. Population-
based studies have shown that MM appears to be at least two times more common 
in individuals of African origin than in individuals of Caucasian descent  [  26,   27  ] . 
A recent study conducted in Ghana showed that patients there have twice the 
prevalence of MGUS as do patients in the USA, indicating that the higher prevalence 
of MM in Africans is not due to a higher rate of disease progression, but rather due 
to a higher propensity for developing MGUS  [  27  ] . Likewise, another study looking 
at serially collected sera from two patient populations has conclusively shown that 
all MM patients are preceded by an MGUS stage  [  28,   29  ] . It is then that we under-
stand that MGUS is of paramount importance to understanding MM. Furthermore, 
the majority of genetic abnormalities observed in MM are also observed in MGUS, 
and the speci fi c prevalence and implications will be discussed below. By perform-
ing comparative longitudinal genetic analysis between the clonal cells of MGUS 
and MM, we would expect to be able to elucidate those genetic factors that result in 
more rapid cell growth or ineffective apoptosis ultimately leading to clonal expansion 
and a malignant phenotype.  

    1.2   The Genetics of Plasma Cell Disorders 

 Over the past 15 years, much progress has been made in understanding the genetic 
basis associated with the clonal expansion of PCs. At the very top level, two major 
genetic subtypes of MM can be found: the so-called hyperdiploid MM (H-MM) and 
the non-hyperdiploid MM (NH-MM)  [  30–  32  ] . The H-MM variant is characterized 
by the presence of multiple trisomies, particularly affecting the odd-numbered 
chromosomes 3, 5, 7, 9, 11, 15, 19, and 21  [  31,   33–  36  ] . The recurrent pattern 
observed suggests that the presence of extra copies of these speci fi c chromosomes 
somehow results in a favorable environment for the clone, allowing further expansion 
and proliferation. Patients with H-MM can have a number of other genetic 
abnormalities such as gains of 1q and deletions of 1p, 13, 17p, as well as  IgH  
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translocations. However, the overall majority of patients with H-MM will not have 
 IgH  translocations, which are the hallmark of the NH-MM as will be discussed 
below. Indeed, if the H-MM have  IgH  translocations, they are likely to belong to 
either the t(4;14) group or patients with the less common forms of the  IgH  
translocations. Several studies have shown that the presence of H-MM is an early 
event in the clonal expansion of PCs and can be readily detectable in cases of MGUS 
 [  37–  39  ] . Furthermore, the presence of H-MM has been associated with a more 
favorable outcome among MM patients  [  40–  42  ] . Patients with H-MM have a 
propensity to have a higher extent of bone disease and tend to be older than those 
patients without H-MM. It is currently unknown whether there is a negative or a 
positive effect on the likelihood of progression from MGUS to MM in patients who 
have H-MM. 

 The other main genetic subgroup is the NH-MM. This genetic subtype of the 
disease, which comprises approximately half of patients, is mainly characterized by 
the presence of  IgH  translocations. These translocations are thought to be seminal 
events in the pathogenesis of the disease and involve an array of recurring chromosomal 
partners. The most common chromosomal translocations include the t(4;14) and the 
t(11;14) present in about 15% of patients each, and the t(14;16) present in ~5% of 
patients. In lower frequency are found the t(6;14) and the t(14;20) present in 3–5% 
of patients each. There are a number of other translocations, which are less common 
 [  43–  45  ] . These translocations are present since the early stages of the disease and 
when present are detectable in a large majority of clonal PCs  [  42,   46  ] . In fact, those 
clonal cells without the translocation likely are not displaying it due to technical 
issues. Nevertheless, a recent paper suggested that the  IgH  translocations could be 
present in a lower percentage of clonal cells, and if indeed con fi rmed, this would 
have profound implications regarding the importance of chromosomal translocations 
in the pathogenesis of the disease  [  47  ] . Nevertheless, the vast majority of clinical 
studies published so far shows that the majority of clonal cells harbor these 
chromosomal translocations  [  42,   46,   48  ] . 

    1.2.1   Translocation t(11;14) 

 The t(11;14) results in the upregulation of the  CCND1  gene and, in general, results in 
a more favorable outcome  [  42,   46,   49–  51  ] . Nevertheless, there are certain subtypes 
of MM with the t(11;14) that display a more aggressive behavior. Interestingly, the 
cells that harbor this translocation frequently display lymphoplasmacytic morphology 
with scant cytoplasm  [  52,   53  ] . It is also notable that other malignancies affecting late-B 
cell and PCs are also enriched for this translocation. In particular, a large fraction of 
patients with primary PCL can harbor the t(11;14) as well as patients with IgM-variant 
MM  [  54  ] . It is also remarkable that nearly half of patients with light chain-associated 
amyloidosis, a disease state that can result from a minimal plasmacytosis, will harbor 
this translocation  [  55  ] . The translocation is found in patients with remarkable genomic 
stability showing few other changes on top of the t(11;14).  
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    1.2.2   Translocation t(4;14) 

 The t(4;14) results in the upregulation of the  FGFR3  and  MMSET  genes. This 
translocation has been associated with a more aggressive clinical behavior and has 
been associated with a shorter survival  [  42,   46,   50,   56,   57  ] . On the other hand, 
patients with this translocation have a lower prevalence of lytic bone lesions. These 
patients had a shorter progression-free survival when treated with standard chemo-
therapy followed by a single autologous stem cell transplant  [  46,   50,   58,   59  ] . It 
appears that this group of patients bene fi ts from the addition of bortezomib as part 
of the  fi rst-line therapy of the disease, although when this translocation is used as a 
prognostic factor for groups treated with bortezomib, it still retains its prognostic 
signi fi cance  [  5,   60  ] . Early attempts at blocking the expression of  FGFR3  associated 
with this translocation have been unsuccessful, although elegant preclinical work 
has shown that targeting  FGFR3  may be of bene fi t in the management of MM 
patients with this speci fi c abnormality  [  61,   62  ] .  

    1.2.3   Translocation t(14;16) and Other MAF Translocations 

 The t(14;16) results in the upregulation of the  MAF  proto-oncogene  [  63  ] . This 
translocation is quite similar to the t(14;20), which results in the upregulation of 
 MAFB . In several clinical series, the t(14;16) has been associated with a more 
aggressive behavior and shorter survival  [  42,   64  ] . A similar inferior outcome was 
also associated with t(14;20), affecting  MAFB [  65  ] . A recent study questioned the 
usefulness of t(14;16) as a prognostic marker, but at least four other studies have 
shown that patients with this abnormality have a shorter survival  [  66  ] . Even in the 
study that questioned its prognostic value, patients with t(14;16) had a higher num-
ber of circulating PCs, something that has been described as an adverse prognostic 
factor in MM. We have recently reported that patients with this translocation have 
absent expression of NCAM  [  67  ] , something that could explain a higher propen-
sity of PCs with the t(14;16) to be circulating in extramedullary sites and locations 
such as the peripheral blood  [  68  ] . No speci fi c therapeutic strategies have been devel-
oped so far for the management of patients with t(14;16).  

    1.2.4   Deletion of Chromosome 13 

 Most cases with abnormalities in chromosome 13 are characterized by monosomy 
13 (~85%), whereas the remaining 15% of cases have interstitial deletions  [  69,   70  ] . 
Deletion of chromosome 13 was initially associated with shorter survival in patients 
with MM  [  71–  74  ] . It is now clear that this effect was the consequence of deletion 13 
being an indirect marker for NH-MM. In particular, chromosome 13 is enriched in 
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patients with the t(4;14) and the t(14;16) and therefore preselected patients with 
aggressive variants of the chromosomal translocations  [  32,   46,   56  ] . Thus, at least 
80% of patients with t(4;14) will also harbor deletion 13. It is no longer considered 
a high-risk genetic marker, although patients with this abnormality in general tend 
to have a shorter survival because of the association with the aforementioned 
translocations. Deletion 13 nevertheless appears to be important in the pathogenesis 
of the disease, as it is clonally selected and present in the majority of the clonal PCs 
 [  69  ] . The exact genes involved in the pathogenesis of MM associated with chromosome 
13 have not been fully elucidated, although most genetic mapping studies continue 
to point at  RB1  as a suspect gene associated with deletion 13.  

    1.2.5   Deletion of 17p13 

 Deletions of the short arm of chromosome 17 are also thought to be important in the 
pathogenesis and progression of MM. Indeed, deletion of 17p13 remains the single 
most important genetic prognostic factor in MM  [  42,   46,   64,   75  ] . As in the case of 
deletion 13, the exact gene(s) have not been fully elucidated, although a body of 
data suggested  TP53  being the critical gene. Deletion of 17p13 is present in ~10% 
of patients but increases in prevalence with advancing stages of the disease  [  42,   76  ] . 
We have recently found that this abnormality is present in 20% of MM patients at 
the time of their  fi rst relapse and 30% of the patients at second relapse and later. 
Furthermore, we have shown that patients with PCL  [  76  ]  as well as human myeloma 
cell lines (HMCLs) have a very high prevalence of chromosome 17 deletions and 
 TP53  mutations  [  77  ] . In contrast, deletion 17p13 appears to be quite rare in patients 
with MGUS and smoldering MM (SMM). In our series, we have found only one 
MGUS patient with deletion 17, and the prevalence in SMM disease has been esti-
mated at 3%. While only longitudinal and prospective studies can fully address the 
question as to whether deletion 17 could be associated with the progression of the 
disease, the cross-sectional evaluation leaves no doubt that the acquisition of dele-
tion 17 is a progression event, and therefore a patient in early stages of the disease 
with this abnormality should be considered at potential risk of earlier disease 
progression.  

    1.2.6   Chromosome 1 

 Copy number gain of 1q21 is among the most commonly reported genetic 
abnormalities seen in MM cases  [  31,   40,   78,   79  ] . A putative target of this ampli fi cation 
is  CKS1B , which promotes the degradation of p27, an inhibitor of cell cycle 
progression. Previous studies suggest that gain of 1q21 is associated with both 
disease progression and poor prognosis  [  80  ] . It was shown that the prevalence of 1q 
abnormalities goes from 0% in MGUS to 43% in newly diagnosed MM and 72% of 
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relapsed MM  [  80  ] . Patients with 1q21 copy number gain have a higher prevalence of 
deletion 13 and t(4;14). A published high-risk genetic signature for MM is highly 
enriched for genes located on chromosome 1, including  CKS1B  between them. 
Even though the gain of 1q21 has been associated with poor prognosis in MM  [  79, 
  80  ] , its analysis has not been implemented into the routine clinical practice yet and 
its effect is still under investigation.  

    1.2.7   RAS Mutations 

 Mutations affecting  RAS  genes are present in ~40% of MM and HMCLs  [  81–  83  ] . 
Remarkably, they have been identi fi ed as involving both  KRAS  and  NRAS  at codons 
12, 13, and 61, but not  HRAS . Activating mutations on  RAS  genes appear to be 
mutually exclusive with mutations on  FGFR3 , suggesting that activating mutations 
affecting both genes have a similar effect  [  81  ] . 

 Only those mutations affecting  KRAS  have been associated with a shorter 
survival. However, it is possible that  NRAS  mutations are important in the progression 
from a quiescent benign state of PCs to a more aggressive phenotype associated 
with MM. Some studies have failed to show the presence of  RAS  mutations in 
MGUS and therefore could indicate a role for this mutation accelerating clonal 
growth in the progression of MGUS to MM.  

    1.2.8   Gene Expression Pro fi ling 

 Although the use of gene expression pro fi ling (GEP) data has been successfully 
implemented as a risk-strati fi cation tool in MM  [  64,   84,   85  ] , the same did not happen 
in the identi fi cation of progression markers from MGUS to MM. A critical point to 
be highlighted is that a successful GEP experiment depends on the high purity of the 
tumor population. In MM, it is assumed that the majority of CD138+ cells (marker 
of PCs) are clonal, thus being accepted as the routine technique for tumor puri fi cation. 
That is not necessarily the case in all MGUS, where in some cases the normal PCs 
still represent a signi fi cant proportion of PCs found in BM. Recently, six-color sorting 
strategy has been implemented with the goal of identifying the clonal cells and to 
help set the gates that will separate the clonal plasma cells from normal polyclonal 
counterparts  [  86,   87  ] . A comparative GEP study between the proper clonal population 
of MGUS and MM might be extremely powerful in the identi fi cation of disease 
progression markers.  
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    1.2.9   High-Throughput Mutation Analysis 

 Recent whole genome sequencing analyses have led to the con fi rmation of mutations 
in genes previously described in MM such as  RAS ,  TP53 , and regulators of the 
NF-kB signaling pathway as well as to the identi fi cation of mutations in previously 
unaffected genes and pathways in MM  [  88  ] . The frequency of some salient mutations 
is as follows:  CCND1  2%,  BRAF  4%,  DIS3  (RPP44) 11%,  FAM46C  13%,  XBP1  
4%,  LRRK2  6%,  IRF  6%, and  PRDM1  in 6%. Other notable  fi ndings were the 
identi fi cation of pathway-speci fi c mutations such as genes associated with protein 
translation 42%, histone-modifying enzymes ( HOXA9  and others) and  fi brin clot 
formation genes in 16% of cases. 

 The lack of conclusive longitudinal studies that can address the role of genetic 
factors as progression events from MGUS to MM is due to the fact that BMs are not 
frequently done in patients with MGUS and that a very large number of patients 
need to be studied, given the rarity of progression events. The rate of progression 
from MGUS to MM has been estimated at ~1% per year, and therefore to achieve 
enough statistical power, factors that have a high relative risk of progression and a 
large cohort of patients need to be analyzed.  

    1.2.10   Epigenetic Factors 

 Most of the analyses focused on the study of epigenetic abnormalities in MM have 
been performed on single locus  [  89–  93  ] . Inactivation of  CDKN2A  (p16) and other 
genes by promoter hypermethylation has been studied also as potential markers for 
progression from MGUS to MM  [  89  ] . The methylation level appears to be progressive 
with advancing stages of the disease and could be considered one of the hallmarks 
for disease progression and poor outcome  [  94,   95  ] . Methylation of  CDKN2A  appears 
to be more common in MM than in MGUS, but again the studies are not conclusive 
to categorically state that methylation of speci fi c genes is associated with disease 
progression. Other studies have looked at other sets of genes, which remain hypothesis 
generating, but none so far have been able to conclusively show the risk of progression 
associated with their presence  [  89–  93  ] . 

 A recent study focused on the WNT pathway showed the utility of examining sets 
of genes rather than single genes in MM pathogenesis  [  96  ] . Only a small percentage 
of patients showed hypermethylation of the genes encoding these ligands; however, 
when various genes on the pathway were analyzed, 42% of patients showed methyla-
tion and silencing of at least one of the seven genes examined in myeloma. 

 By using high-throughput approaches, we and others have shown differences in 
the methylation pro fi le between MGUS and MM. This transition was mainly 
characterized by the overall hypomethylation of the genome and the gene-speci fi c 
hypermethylation at the transition from MGUS to MM stage  [  97,   98  ]  although the 
exact mechanisms leading to this hypomethylation state are currently unknown. In 
addition, DNA methylation pro fi le has shown signi fi cant differences between 
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cytogenetic subgroups  [  97  ] . More speci fi cally, methylation subgroups were de fi ned 
by translocations and hyperdiploidy, with t(4;14) myeloma having the greatest 
impact on DNA methylation  [  97  ] .  

    1.2.11   Subclonal Heterogeneity 

 It is now clear that while all MM cells, in any given patient, share common ancestry, 
they also diverge and drift genetically with disease evolution [ 99–  101  ] . The sub-
clonal heterogeneity, once identi fi ed, can be analyzed using FISH or deep sequenc-
ing in single-cell analysis (Fig.  1.1  ) [  102,   103  ] . The presence of resistant subclones 
at the time of diagnosis will result in only temporary disease control and ultimate pro-
liferation of cells with a growth and survival advantage. In addition, this subclonal 
heterogeneity will change on clonal selection pressures associated with the various 
therapeutic approaches. The ultimate cure of the disease can be achieved only by 
eliminating all potential subclones containing “driver” mutations at the time of 
initial therapy.    

  Fig. 1.1    Example of clonal diversity in MM identi fi ed by single-cell interphase FISH analysis. 
At the  top , a non-PC (negative for cIg-staining) with two  red  (R) and two  green  (G) FISH signals 
is shown. At the  bottom , two PCs with different genetic arrangements (0R1G and 1R1G, respec-
tively) are shown       
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    1.3   Evaluating Disease Progression 

 Currently, few markers are available to identify disease progression from MGUS to 
MM. In that regard, longitudinal studies of genetic abnormalities between disease 
stages have been useful in generating the basic, although fragmented, genetic landscape 
of disease evolution. Thus, several genetic abnormalities are shared between MGUS 
and MM, indicating their status as early events on the disease. Conversely, another 
subset of genetic changes is absent in MGUS and found only in more advanced 
phases of the disease, thus serving as markers of disease progression. With our current 
understanding of MM, we propose the following model for disease initiation and 
progression. 

 The major division on two genetic groups found in MM (H-MM and NH-MM) 
is already detected in MGUS, thus indicating that both groups of genetic abnormalities 
are initiating events in pathogenesis  [  38,   39,   104  ] . Like MM, nearly half of the 
MGUS patients have  IgH  translocations. In addition, several studies have shown 
that the prevalence of the t(11;14) and t(14;16) is comparable between MGUS and 
MM  [  105  ] . That is in agreement with the hypothesis indicating that the primary  IgH  
translocations occur during the IgH switch recombination in the germinal center 
during the maturation of the late-B cell  [  106  ] . Although the t(4;14) is also observed 
in MGUS, it seems to be less common and present more frequently in patients with 
SMM and MM  [  39,   104  ] . The deletion 13 is already present in MGUS and its 
prevalence has been varied between 25 and 50% of MGUS cases across studies  
[  39,   48,   105,   107,   108  ]  and has been recently suggested that the prevalence of dele-
tion 13 was related to the presence of  IgH  translocations  [  105  ] . 

 Similar to  IgH  translocations, the prevalence of aneuploidy is independent of 
disease stage. Thus, the remaining 40–50% of MGUS cases are characterized by an 
aneuploid karyotype  [  37,   38,   105,   109,   110  ] . 

 Conversely, a subset of genetic events is clearly associated with disease 
progression. One of the best characterized is the deletion of 17p13. Deletion of 
17p13 and mutation of  TP53  are present only in 0–2% of MGUS  [  111–  113  ] , but its 
prevalence increases in later stages of the disease going to 10% in newly diagnosis 
MM, 20% at the time of the  fi rst relapse, 30% at second or third relapse, and 50% 
in PCL  [  76  ] . Furthermore, deletions and mutation of  TP53  are observed in a vast 
majority of HMCLs  [  77  ] . 

 Another genetic markers associated with disease progression are chromosome 
1p loss and 1q gain. Chromosome 1 abnormalities are highly prevalent in newly 
diagnosed and relapsed MM but absent or found in very low prevalence in initial 
stages of the disease  [  80  ] . Recently, a serial analysis has shown that the 1p loss was 
acquired during the progression from SMM to MM  [  114  ] . 

 Upregulation of  MYC  has been also frequently identi fi ed as a genetic event found in 
progressive disease, mainly involved in secondary IgH translocations  [  106,   114–  116  ] . 
However, in a recently generated mice model (Vk*MYC), the AID-dependent  MYC  
activation in germinal center B cells was associated with the progress to an indolent 
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MM stage sharing the biological and clinical features highly characteristic of the human 
disease  [  117  ] . These data suggested that  MYC  dysregulation could have a causal role in 
the progression of MGUS to MM. 

 Activating mutations of  KRAS  and  NRAS  have been also associated with 
progression from MGUS to MM. Of interest, RAS mutations are enriched among 
patients with t(11;14), thus being more likely important factors for disease 
progression for this subtype  [  118,   119  ] . 

 There are other recurrent genetic and epigenetic events without a clear association 
with the progression of the disease. We and others have recently found mutations 
affecting multiple regulators of the NF-kB signaling pathways, ultimately leading 
to the constitutive activation of those pathways  [  120,   121  ] . It is not very clear their 
relationship with disease progression although are likely secondary genetic events. 

 The ideal analysis to better elucidate the real power of these markers to predict 
progression from MGUS to MM would be a longitudinal analysis including same 
patient samples corresponding to MGUS and MM stages. In the meantime, the 
 aforementioned genetic events are utilized, in less or more extent, to understand 
the steps involved in disease progression from MGUS to MM as well as used as 
disease prognostic markers. A schematic representation of the current state of art 
is shown in Fig.  1.2 .  

  Fig. 1.2    Schematic representation of the temporal acquisition of genetic abnormalities in the 
 progression from MGUS to MM. The   initial genetic factors occur in premalignant B cells previous 
to MGUS. The progression genetic factors are de novo events or show a marked prevalence 
increase in the transition from MGUS to MM       
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    1.3.1   In Vitro and in Vivo Models of Disease Progression 

 Recapitulating progression from MGUS to MM is dif fi cult in the laboratory given 
all the nuances of disease progression in the clinic. The differential growth rate for 
clonal PCs in the BM could be small enough over a period of many years such that 
seemingly trivial differences could account for different risk of progression. The 
patterns of progression from MGUS to MM are variable, but some patients have a 
steady but continuous to rise in the concentration of their monoclonal protein and 
PCs, indicating only a very slight differential in the growth rate of the clone that 
ultimately results in organ damage. In contrast, there are other patients who appear 
to acquire a secondary genetic event that would lead to a rapid increase in the num-
ber of cells resulting in disease phenotype. Trying to recapitulate this in the labora-
tory remains arti fi cial at best. Cell culture systems that would result in dramatic 
growth changes probably will have no applicability in the clinic given the very long 
latency of the disease and the progression from MGUS to MM that occurs some-
times over decades. Likewise, while animal models can clearly identify the additive 
effect of speci fi c genetic changes in the process of clonal evolution, this still remains 
limited in its relevance and applicability to the human disease. It seems that, for the 
time being, only cross-sectional comparison of patients with MGUS versus those 
with MM will have the power to yield clues regarding the acquisition of secondary 
genetic hits for disease progression.  

    1.3.2   Progression of the Disease, Intrinsic Versus Extrinsic 

 It could be argued that progression from MGUS to MM could be extrinsic and not 
necessarily derived from the acquisition of secondary genetic hits for the MM clone. 
For instance, changes in the microenvironment or changes in the immune surveillance 
process of the host could allow for a more rapid growth of clonal PCs leading to the 
phenotype of MM. In fact one such study suggests that a decrease in immune 
surveillance could allow for a more rapid growth of PCs resulting in a phenotype of 
MM. Our hypothesis remains that the progression process is intrinsic and not 
necessarily related to external factors of the microenvironment. While there is no 
doubt that the microenvironment remains an important part in the survival and 
maintenance of clonal PCs, it is still not clear whether it participates actively in the 
process of disease evolution. Likewise, it is unclear whether features such as 
angiogenesis or other growth factors play any role if any in the evolution from the 
benign stages of the disease. 

 One of the best clinical models to prove this point of intrinsic progression is the 
biclonal MGUS. Patients with biclonal gammopathies will frequently have discreet 
subpopulations of PCs in the BM, each one of which can produce different monoclonal 
proteins. Genetic studies done in biclonal gammopathy cell populations have 
revealed that one can identify populations of cells that shared a common ancestor, 
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as would be determined by the presence of shared genetic abnormalities, yet at 
some point one of those cells started producing a second type of monoclonal 
immunoglobulin presumptively as a consequence of IgH rearrangement. Clinically, 
when these patients are followed and they progress to MM, it can readily be 
identi fi ed that the progression occurs with only one of the monoclonal proteins 
rising and the other one decreasing in concentration. One would presume, if 
progression was extrinsic, that you would see growth of both types of cells 
assuming there is no differential effect of the microenvironment on the soft populations 
of cells that experience progression. Conversely, if progression is intrinsic, one 
would expect that stochastically one of the cells will acquire a secondary genetic 
hit, will exhibit more rapid growth or less apoptosis, and ultimately will become 
the dominant clone. While this is dif fi cult to prove experimentally, we are still 
led to believe that progression from MGUS to MM is primarily an intrinsic process 
driven by the acquisition of secondary genetic hits although this has not been fully 
elucidated. The more salient differences comparing MGUS to MM are depicted in 
Table  1.1  .   

 Another theory is that the BM has a niche that can contain only a certain number 
of PCs beyond which it is not capable to maintain. Factors changing in the microen-
vironment of potentially surveillance cells could allow for a more rapid growth of 
PCs and expansion beyond their designated physiologic niche. Nevertheless, this 
theory would not seem to be supported by the monoclonal progression of biclonal 
MGUS.  

    1.3.3   Clinical Monitoring for Progression 

 Despite the reassurance of clinicians to patients who have MGUS, the process for 
monitoring and surveillance remains imperfect. The optimal interval for testing is 

   Table 1.1    Main clinical and genetic differences observed between MGUS and MM   
 MGUS  Newly diagnosed MM 

 Clinical presentation 

 PCs in BM  <10%  >10% 

 Monoclonal protein in serum  <3 g/dL  >3 g/dL 
 Organ damage  No  Yes 
 Genetic factors 

  NRAS/KRAS  mutations  <5%  ~40% 
  TP53  loss/mutations  <2%  ~10% 
 1p loss/1q gain  <5%  ~40% 
  MYC  upregulation  No  Yes 
 Global hypomethylation  No  Yes 
 Gene promoter hypermethylation  +  ++ 
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unknown, and retrospective analysis of large cohorts of patients with MGUS suggests 
that the process is fraught with problems and is unable to detect early signs of 
progression in the majority of patients. Given the current status of our knowledge of 
these genetic factors, it is unlikely that genetics alone will be able to predict those 
patients at more imminent risk of progression. Static formulas that only take 
into consideration markers of tumor burden and features of disease biology (e.g. 
genetic events) only provide a limited approximation of the total risk of pro-
gression and their clinical usefulness will likely remain limited. It seems more 
appealing to develop systems that are able to detect in a dynamic fashion early signs 
of clonal evolution. This could be a system that incorporates measurements that 
would take into account changes in the concentration of the monoclonal protein, 
changes in the function of organs potentially affected with MM, or more sensitive 
markers of bone metabolism. Perhaps it will be the integration of many of these 
markers at more frequent intervals that would allow for the earlier treatments of 
patients at imminent risk for progression. It seems that it would be a clinically 
worthwhile intervention to have systems such that a patient at imminent risk of 
progression is started on treatment earlier, spared of the quality of life detrimental 
complications such as bone disease and renal failure.  

    1.3.4   Public Health Implications 

 All of these studies have to take into consideration that MGUS is a very common 
condition and frequently this will not be initially cared for a hematologist. MGUS has 
become an ancillary diagnosis in elderly patients who have many medical problems 
and therefore automated, and more reliable systems for surveillance and monitoring 
are needed. Education of primary care providers will be essential so that patients who 
show incipient signs of progression from MGUS to MM will become carefully followed 
up and will receive early intervention. Because of the complexity of integrating 
biomarkers, genetic markers, and do so in a dynamic fashion, it is likely that coordination 
of monitoring will best be done through referral centers or through automated systems 
that can provide an index that will identify a patient with a high risk of progression. 
A brighter future would be one where a patient who has evidence of clonal expression 
of PCs could be more accurately predicted in risk of progression and could receive the 
proper interventions at the time of incipient progression.   

    1.4   Conclusion 

 Optimal management of patients with MGUS and at risk for MM progression will 
likely be a combination of baseline risk factors plus a system that allows dynamic 
monitoring for disease progression. These baseline factors can be genetics and clinical 
markers in nature. It seems unlikely that one set of factors alone will have ultimate 
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power in completely predicting clinical variability. Therefore, coupling a baseline 
(cross-sectional) analysis of risk with dynamic monitoring will be of key importance in 
avoiding patients who at the time of diagnosis suffer from irreversible MM 
complications. 

 In addition to its predictive abilities, the identi fi cation of MM molecular pathways 
of progression also holds the promise of genetic or pathway targeting strategies that 
will result in better treatments (i.e., the Achilles heel of the disease). Myeloma has 
such genetic complexity that single agent, small molecule-based, strategies would 
seem unlikely to result in durable clinical remissions, such as is the case in chronic 
myelogenous leukemia (CML), where long duration of disease control is now possible 
with the use of single agents such as imatinib. However, the situation is quite different 
in accelerated phase CML, where patients fared better with an allogeneic stem cell 
transplant. In some cases, MM will be treated as chronic CML, but perhaps most 
commonly as accelerated phase CML. If that is the case, genetic-targeted therapy in 
combination with the currently available novel agents is likely to be the most promising 
treatment strategy.      
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  Abstract  Multiple myeloma (MM) is characterized by a huge heterogeneity in 
survival. Most of these differences can be captured by the variability of genetic 
events occurring within the malignant plasma cells. At the chromosomal level, the 
two most important changes are the del(17p) and the translocation t(4;14), both 
associated with a poor outcome. Recent data using modern genomics, such as gene 
expression pro fi ling, or SNParray, revealed another level of complexity, which can 
be utilized for a better prognostic assessment. However, these techniques are still 
research tools. Whether there will be routine techniques in the future is an open 
question.      

 As for other hematopoietic malignancies, and especially acute leukemias, chromosomal 
abnormalities have been shown to represent very strong predictors of evolution in 
multiple myeloma. However, and in contrast with acute leukemias, the use of genetics 
to predict patient evolution, and thus to adapt therapy to this risk, is only in its infancy. 
This gap between myeloma and leukemias is especially related to technical pitfalls (see 
next section). With the development of novel technologies and the systematization of 
genetic analyses in the diagnostic evaluation of the patients, there is no doubt that genetics 
will take a major place in the management of patients with myeloma. The goal of this 
chapter is to summarize our current knowledge of chromosomal abnormalities in 
myeloma as well as to show their role in the oncogenesis, their impact on the natural 
history of the disease, and their potential utility in patient management. 
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    2.1   De fi nitions and Technical Aspects 

 Classically, the landscape of the chromosomal abnormalities observed in a speci fi c 
disease is obtained through the analysis of hundreds of patients using classical 
cytogenetics. In myeloma, this approach has been less successful than in leukemias 
because of the dif fi culty to generate metaphases within the tumor clone. Recent studies 
using high-density CGH (comparative genomic hybridization) or SNP (single-nucleotide 
polymorphism) arrays have shown that virtually 100% of the patients with myeloma 
display chromosomal abnormalities  [  1,   2  ] . In contrast, cytogenetic analyses reported 
in the literature have shown that an abnormal karyotype is identi fi ed in <30% of the 
patients  [  3–  8  ] . This discrepancy is not related to the resolution differences between 
the two techniques, since many of the genetic changes identi fi ed by CGH involved 
large chromosomal regions. The two major explanations are related to the low 
proliferation of malignant plasma cells and to the usual low percentage of plasma 
cells within the biological specimens sent to the cytogenetic laboratories. Thus, 
normal karyotypes in myeloma should not be interpreted as the absence of chromo-
somal changes within the tumor clone, but as the result of the division of normal 
myeloid bone marrow cells, representing the constitutional DNA. 

 This failure to obtain informative karyotypes has led researchers to use other 
techniques, not dependent upon the generation of clonal metaphases, especially 
 fl uorescence in situ hybridization (FISH) on interphase cells  [  9–  12  ] . This technique 
enables to assess the presence or not of speci fi c chromosomal changes in every 
patient with myeloma, whatever his/her in vitro proliferation potential. However, 
because of the common low plasma cell percentage within the bone marrow 
specimens sent to the lab (median = 6% in the IFM experience), the technique 
cannot be performed straightforward, as usual in other hematopoietic malignancies. 
The plasma cells have to be selected, either by a previous cell sorting or by the 
concomitant labeling of the cytoplasmic Ig light chains, thereby enabling an unam-
biguous identi fi cation of the plasma cells. Both strategies are equivalent: cell sorting 
enabling to perform further analyses, like gene expression pro fi ling or copy number 
analyses on pure plasma cell populations.  

    2.2   Speci fi c Chromosomal Changes 

    2.2.1   Aneuploidy 

 Despite the scarcity of large cytogenetic studies, the analysis of the literature reveals 
that abnormal karyotypes can be separated in two groups, almost identical in num-
bers: patients with a hyperdiploid karyotype (i.e., with more than 46 chromosomes), 
and those with a hypo-or pseudodiploid one (i.e., with less than 46 chromosomes, 
or 46 chromosomes with structural aberrations). Although this classi fi cation (hyper-
diploidy vs. non-hyperdiploidy) is somewhat arti fi cial, hyperdiploidy appears as a 
relatively homogeneous group. Most of the patients in this category present with a 
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high number of chromosomes (median = 54), involving nonrandom gains. Actually, 
trisomies involve especially odd chromosomes, mostly chromosomes 3, 5, 7, 9, 11, 
15, 19, and 21. In contrast, non-hyperdiploid karyotypes are much more heterogeneous, 
even though some chromosome losses and some structural aberrations appear also 
nonrandom. The most recurrent ones are monosomy 13, 8p deletions, 1q gains, and 
14q32 translocations. Nevertheless, these abnormalities are not speci fi c of the non-
hyperdiploid category and can be observed in hyperdiploid karyotypes. Of note, 
most (if not all) of the human myeloma cell lines derived from patient specimens 
belong to the non-hyperdiploid category. This bias has to be considered when cell 
lines are used as models of the human disease. 

 Few studies have analyzed the prognostic value of this classi fi cation  [  8,   13–  15  ] . 
Hyperdiploidy seems to be associated with a better prognosis. However, these 
analyses are hampered by several methodological biases, including the retrospective 
nature of the analyses, the heterogeneity in the patient population, and the disparity 
of the treatment strategies. More recently, a few studies have used interphase FISH 
approaches to de fi ne ploidy  [  16,   17  ] . These studies did con fi rm the better prognosis 
of hyperdiploidy, but it has to be demonstrated that this prognostic value is not 
dependent of other confounding parameters. In the IFM experience, hyperdiploidy 
was not an independent prognostic factor but was associated with a lower incidence 
of del(13), t(4;14), and del(17p) (see below,  [  18  ] ).  

    2.2.2   Chromosome 13 Abnormalities 

 Chromosome 13 is frequently abnormal in myeloma. Most of the abnormalities 
are monosomies and, less frequently, translocations or interstitial deletions are 
observed, usually involving the 13q14 region. In cytogenetic series, chromosome 
13 abnormalities, or del(13), are observed in about half of the abnormal karyo-
types. This frequency has been con fi rmed in interphase FISH studies  [  19–  23  ] . 
The role of del(13) in the oncogenesis of myeloma is still a matter of debate. The 
abnormality is probably an early event (and even possibly a primary genetic 
event), since it is observed with similar frequencies in premalignant MGUS stages 
and in patients at relapse. The molecular consequences of these chromosomal 
losses are almost unknown, although a molecular signature has been identi fi ed 
using expression pro fi ling  [  24,   25  ] . However, because most of del(13) are in fact 
monosomies, many genes are lost and may be deregulated. The quest for the Holy 
Grail is still opened! 

 The  fi rst recognition of the negative impact of del(13) on survival came from 
Little Rock in 1995, based on cytogenetic data  [  26  ] . Later on, several groups 
demonstrated that this poor-prognosis feature was retained when the del(13) was 
identi fi ed by interphase FISH. However, a debate still exists regarding the 
prognostic value of del(13) depending on the technique used. Few reports have 
compared the prognostic value of both techniques on the same patients. However, 
those reports are concordant to show that del(13) identi fi ed by interphase FISH 
only (with a concomitant normal karyotype) does predict for a shorter survival 
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than those patients lacking del(13)  [  27,   28  ] . In the recent IFM study, del(13) 
identi fi ed by FISH was not an independent prognostic factor, since its association 
with a poor prognosis is related to the concomitant t(4;14) or del(17p) (see below) 
 [  18  ] . Actually, del(13) per se may not confer a speci fi c prognosis in myeloma and 
may be considered as a marker frequently associated with other more speci fi c 
poor-prognosis factors.  

    2.2.3   Translocations Involving the 14q32 Region 

 Cytogenetic analyses did identify the chromosomal 14q32 region as a recurrent 
hotspot of translocations in myeloma, with a frequency of about 30%. In most cases, 
these translocations identi fi ed on the karyotype were t(11;14)(q13;q32)  [  29,   30  ] . 
The interest for this region grew in 1997 with the publication by Bergsagel et al. 
showing that at least 90% of the human myeloma cell lines did present an illegitimate 
molecular rearrangement of the  IGH  gene, located at 14q32  [  31  ] . Interestingly, 
some of the cell lines displaying a rearrangement by Southern blot looked normal at 
karyotype, leading to hypothesize cryptic rearrangements. This hypothesis has been 
demonstrated by several authors, using different techniques. Actually, the analysis 
of primary tumors from patients showed that a 14q32 translocation was present in 
about 60% of the patients  [  12,   13,   32,   33  ] . Furthermore, it has been shown that these 
14q32 translocations did involve several chromosomal partners, and that some of 
these translocations were karyotypically silent, explaining, at least in part, the 
frequent discrepancy between FISH and cytogenetics. However, the picture is 
different than that observed in some non-Hodgkin lymphomas, in which a unique, 
typical 14q32 translocation is the hallmark of a lymphoma subtype. In myeloma, at 
least 30 different chromosomal regions have been involved in translocations with 
the 14q32 region. Despite this heterogeneity, a few recurrent speci fi c translocations 
have been described: the t(11;14)(q13;q32) in ~20% of the patients, the t(4;14)
(p16;q32) in ~15% of the patients, and the t(14;16)(q32;q23) in ~5% of the patients. 
These more frequent translocations may actually de fi ne myeloma subtypes. 

 The  t(11;14) ( q13;q32)  is identical to that observed in mantle cell lymphomas. 
The breakpoints involve the  IGH  gene at 14q32, and the  CCND1  gene at 11q13, 
encoding the cyclin D1 protein  [  34,   35  ] . One of the molecular consequences of the 
translocation is the upregulation of cyclin D1. So far, the oncogenic role of the 
translocation is unknown. Although the cyclin D1 has been involved in the activation 
of proliferation, the t(11;14) myelomas are characterized by a low proliferative 
index and a frequent morphology of small mature plasma cells  [  36,   37  ] . They are 
more likely to express the CD20 at the cell surface  [  38  ] . Clinically, this type of 
myeloma is not remarkable. Even though preliminary reports did show on a better 
survival  [  39  ] , more recent and larger studies did not con fi rm this prognostic impact 
 [  18,   40  ] . 

 The  t(4;14)(p16;q32)  is so far speci fi c of myeloma and has never been described 
in other malignancies. However, this speci fi city has to be taken with caution since 
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the t(4;14) is “cryptic,” meaning that it is not detectable by the karyotype. The 
molecular cloning of the translocation revealed a peculiar situation so far unique in 
hematology  [  41–  43  ] . The translocation leads to the deregulation of two genes 
located at 4p16. The  FGFR3  gene, which encodes a receptor for the  fi broblast 
growth factors, is located on the telomeric side of the breakpoints. The translocation 
displaces the  FGFR3  gene to the 14q32 region, leading to the molecular activation 
of the gene transcription. Because FGFR3 has a tyrosine kinase activity, it is a good 
candidate for an oncogenic function. Several tyrosine kinase inhibitors are currently 
tested in order to inhibit this function. However, even though in vitro and animal 
models did favor this hypothesis  [  44,   45  ] , several reports did show that about 
one-third of the patients with t(4;14) did not display FGFR3 overexpression  [  46, 
  47  ] . This observation supports the hypothesis of another molecular consequence of 
the translocation. Actually, the translocation disrupts another gene located at 4p16, 
a gene identi fi ed with the cloning of t(4;14) translocations. This gene has been 
named  MMSET  (for  Multiple Myeloma SET domain  gene), because of some degree 
of homology with other genes containing a  SET  domain, like  MLL . The translocation 
disrupts the  MMSET  gene within the  fi rst introns, leading to the generation of a 
novel chimeric  IGH-MMSET  gene. So far, neither the physiological function of 
MMSET (it could be involved in the regulation of chromatin remodeling), nor the 
consequences of its deregulation by the translocation are known. However, this 
chimeric gene is constantly present in the t(4;14) cases, and  MMSET  may represent 
the primary target of the t(4;14). 

 Several studies did show that the t(4;14) is associated with a poor prognosis 
(Fig.  2.1 ). However, recent large-scale studies did suggest that all the patients with 
t(4;14) do not present a very short survival and that other factors may have an 
in fl uence on outcome  [  18  ] . For instance, the IFM did show that patients with t(4;14) 
and a low  b 2-microglobulin level may enjoy longer survivals than those presenting 
the translocation with a high  b 2-microglobulin level  [  48  ] . Recent data suggest that 
the poor prognosis associated with the t(4;14) might be (at least partially) overcome 
by novel therapies, especially bortezomib-based combinations  [  49  ] . Interestingly, 
genetic studies using FISH did show that at least 85% of the patients with t(4;14) do 
also present del(13). The reasons for this strong association are so far unknown, but 
clinically it appears that patients displaying the two genetic abnormalities have a 
poorer prognosis than those lacking the del(13). Finally, it has to be highlighted that 
the frequency of the t(4;14) is higher in human myeloma cell lines than in the 
patients (25 vs. 15%). This discrepancy may re fl ect the intrinsic aggressiveness 
conferred by the translocation, possibly facilitating the generation of cell lines.  

 The  t(14;16)(q32;q23)  is also speci fi c for myeloma. The cloning of the translocation 
did show that the 16q23 breakpoints occur in the vicinity of the  MAF  gene, leading to 
its translocation on the derivative chromosome 14, and  fi nally to its overexpression 
 [  50  ] . Further investigations did show that MAF is a transcription factor that posi-
tively regulates other genes like  CCND2  or  ITGB7   [  51  ] . The translocation is rare in 
myeloma (~3% of the patients), whereas it is frequently observed in myeloma cell 
lines (~25%). Here again, the discrepancy in frequencies between patients and cell 
lines might be related to the aggressiveness conferred by the t(14;16). Actually, very 
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few reports have analyzed the prognostic impact of this translocation. The rare 
publications on this topic did report a shorter survival for patients presenting the 
translocation, which is almost always associated with del(13). This translocation has 
to be related to another 14q32 translocation, the  t(14;20)(q32;q11)  observed in only 
a few percentage of patients  [  52  ] . This latter translocation deregulates  MAFB , a gene 
belonging to the  MAF  family, with molecular consequences so far unknown. 

 Finally, almost 20% of the patients display a 14q32 translocation with other 
multiple chromosomal partners. The role of these nonrecurrent translocations is 
totally unknown. In contrast to the recurrent 14q32 translocations described above, 
these ones are mostly observed in patients with hyperdiploid karyotypes. They may 
re fl ect a genetic instability, especially focused on the 14q32 region and the  IGH  
gene, which is physiologically rearranged at several stages of the B-cell 
differentiation.  

    2.2.4   Deletions 17p 

 More recently, a loss of the short arm of the chromosome 17, i.e., del(17p), has been 
described in about 10% of the patients with myeloma  [  53,   54  ] . These deletions are 
not speci fi c to myeloma and have been reported in numerous tumor types, like 

  Fig. 2.1    Overall survival for patients presenting a t(4;14) or not. Black represents patients without 
and blue with t(4;14). This research was originally published in  Blood . Ref 18 © the American 
Society of Hematology       
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chronic lymphocytic leukemia, acute myeloid leukemia, or many solid tumors. 
These losses generally involved the major part of the short arm of chromosome 17, 
thus leading to the loss of many genes, this region being particularly rich in coding 
sequences. However, most authors did focus on the  TP53  gene, located at 17p13, 
since this gene is mutated in about half of the tumor types. Nevertheless, this hypothesis 
would suppose a mutation of the other allele. This hypothesis is attractive since 
patients presenting a del(17p) usually display a poor prognosis, whatever the type of 
treatment (conventional or intensive). Since P53 is involved in the mechanisms of 
cell death induced by most chemotherapeutic agents, its invalidation may participate 
to the chemoresistance presented by patients with del(17p). However, this hypothesis 
has to be demonstrated. Mutations of the  TP53  gene are a rare event in myeloma, 
especially at diagnosis  [  55–  57  ] . The IFM recently reported that  TP53  mutations are 
exclusively observed in patients with del(17p), with a frequency of around 30–40% 
 [  58  ] . Whatever the mechanism, these deletions are associated with a poor outcome, 
observed in all the studies reported so far (Fig.  2.2 ). In contrast to translocations 
involving the 14q32 region, they are thought to be secondary events and can be 
acquired during evolution.   

  Fig. 2.2    Overall survival for patients presenting a del(17p) or not. Black represents patients with-
out and blue with del(17p). This research was originally published in  Blood . Ref 18 © the American 
Society of Hematology       
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    2.2.5   Abnormalities of the 1q Region 

 More recently, the Arkansas group did report on the prognostic value of 1q gains 
 [  59  ] . In cytogenetic studies, extracopies of the long arm of chromosome 1 have been 
described in about one-third of the patients  [  60  ] . Actually, this abnormality is not 
restricted to myeloma and has been reported in many tumor types, both in hema-
tological neoplasms and in solid tumors. In the Arkansas study, this abnormality 
came up as the strongest prognostic factor. They did show that patients with either 
a gain of the 1q21 chromosomal region or with overexpression of the  CKS1B  gene 
(located at 1q21) presented a poor outcome in the “Total Therapy” program. Since 
this pioneering report, several groups did con fi rm the poor outcome of patients with 
1q gains. However, the Mayo Clinic  [  61  ]  and the IFM (unpublished results) did 
show in independent cohorts of patients that this parameter was not retained in mul-
tivariate analyses and that its prognostic value disappeared when combined with 
other classical biological and genetic prognostic factors. Thus, further studies are 
required in order to understand the real prognostic impact of 1q gains.   

    2.3   Practical Use of Cytogenetic Data in Routine Practice 

 The  fi rst question is as follows: Should we perform chromosomal analysis for every 
patient and (in case of a positive answer) how? Analyzing the prognostic impact of 
some chromosomal changes, it is clear that cytogenetics (conventional or molecu-
lar) displays a prognostic value in myeloma, similar to other hematological neo-
plasms. Thus, in agreement with general hematological practice, cytogenetic 
analysis at diagnosis should be considered as a “good clinical practice,” at least to 
de fi ne the prognosis of the disease in each typical patient. Furthermore, the improve-
ment of our knowledge of myeloma biology will de fi nitely have a major impact in 
the improvement of patient management, either by selecting optimal treatments for 
each patient or by helping in the development of novel drugs. 

 The way to perform chromosomal analysis is more debatable. Both conventional 
cytogenetics and molecular cytogenetics present their own advantages. Conventional 
cytogenetics allows a global envision of the chromosomal abnormalities throughout 
the entire genome. Furthermore, the prognostic value of a typical chromosomal 
abnormality will probably be stronger if detected at karyotype rather than with 
FISH, essentially because an abnormal karyotype is, by de fi nition, linked to prolif-
eration (at least in vitro). Taking into account the prognostic impact of proliferation 
in myeloma, karyotypic abnormalities display a strong prognostic value. However, 
this is not a suf fi cient reason to recommend to perform conventional cytogenetics. 
This theoretical advantage has to be faced with the frequent absence of any detectable 
chromosomal change on the karyotype and with the heaviness of cytogenetic 
assessment. Actually, karyotyping is highly time consuming, and regarding its 
low informativity in myeloma, it has to be seriously evaluated before it is proposed, 
especially in a multicenter setting. Thus, more and more cooperative groups did 
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include in their strategy the use of interphase FISH for the assessment of chromosomal 
changes observed in patients enrolled in those trials. Even though this technique 
is also technically demanding (plasma cell labeling or sorting), it is much lighter to 
set up, especially for multicenter trials. Samples can be sent to a reference lab, 
enabling a huge improvement in cost-effectiveness, and also high reproducibility. 
So FISH karyotyping is probably the method of choice for the analysis of chromo-
somal changes in myeloma. Combining Infl uence of t(4;14), del(17p), along with 
beta 2-microglobulin level may provide a superior model to predict overall survival 
(Fig.  2.3 ).   

    2.4   Genomic Abnormalities in MM 

 Genome-wide CGH and SNP DNA arrays have demonstrated their utility to identify 
acquired chromosome abnormalities in myeloma cells  [  1,   2,   62–  69  ] . Despite 
dramatic differences of resolution between metaphase-based CGH and array CGH 
(aCGH) or high-density SNP arrays (SNP array), the skyline recurrence plot for 
copy number abnormalities (CNAs) is similar in different studies  [  2  ] .  High-resolution 
molecular karyotyping using whole-genome DNA provided molecular evidence 

  Fig. 2.3    In fl uence of t(4;14), del(17p), and  b 2-microglobulin level on overall survival. The black 
curve is for patients lacking del(13), t(4;14), and del(17p), and presenting a low β2-microglobulin 
level (≤ 4 mg/L). The green curve represents the similar patients, but with a high β2-microglobulin 
level (> 4 mg/L). The blue curve depicts patients lacking t(4;14) and del(17p) with a low 
β2-microglobulin level, but presenting a del(13). The red curve represents patients lacking both 
t(4;14) and del(17p) with a high β2-microglobulin level and with a del(13). The gray curve shows 
patients with either a t(4;14) or a del(17p) in more than 60% of their plasma cells, and a low 
β2-microglobulin level. Finally, the pink curve shows the overall survival of patients with either a 
t(4;14) or a del(17p) in more than 60% of their plasma cells, and a high β2-microglobulin level. 
This research was originally published in  Blood . Ref 18 © the American Society of Hematology       
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that MM is a heterogeneous genetic disease with an average of at least seven numer-
ical and/or structural chromosomal abnormalities (Fig.  2.4 )  [  1,   2  ] .  

 MM patients are characterized by highly frequent (>30%) gain of the odd num-
bered chromosomes 3, 5, 7, 9, 11, 15, 19, and 21, loss of chromosomes 13 and X (in 
females cases), and gain of 1q and frequent (>10%) deletion of sub-chromosomal 
material including 1p, 6q, 8p, 12p, 14q, 16p, 16q, and 20p and gain of 6p. Based on 
these frequent CNAs, MM are clustered into several groups, with one predominant 
group including the vast majority of hyperdiploid MM ( ³ 47 chromosomes) that 
almost exclusively harbored chromosome gains (whole or segmental)  [  2  ] . Among 
hyperdiploid MM, a clear survival advantage was demonstrated for either hyperdip-
loid patients with trisomy 11  [  1  ]  or 5q31 gain  [  2  ] . 

 Besides their high resolution, genome-wide SNP arrays combine intensity and 
genotype data to simultaneously evaluate copy number and loss of heterozygosity 
in cancer cells. The use of adapted analysis tools such as CHAS (  http://www.
affymetrix.com    ), CNAG and AsCNAR (  http://www.genome.umin.jp    ), dChip (  http://
www.dChip.org    ), and Partek GS (  http://www.partek.com    ) allows to establish both 
allele frequency and determine allele-speci fi c copy number, facilitating exploration 

  Fig. 2.4    SNP array plot of 192 patients analyzed with the Affymetrix 500 K chip.Legend: each 
column represents a single patient. SNPs are ordered from chromosome 1p to chromosome 22q. 
 Blue  represents losses, whereas  red  represents gains. This research was originally published in 
 Blood . Ref 18 © the American Society of Hematology       
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of acquired uniparental disomy (UPD) and minor populations in cancer. Few studies 
have analyzed distribution, size, and frequency of UPD in MM  [  2,   67,   69  ] . Two 
mechanisms of acquired UPD can occur in MM: whole-chromosome UPD that 
arise from a chromosomal segregation error in mitosis and segmental UPD that 
occur through mitotic recombination events. Whole-chromosome UPD is a rare 
event, apparently not random, affecting predominantly even chromosomes. 
Segmental UPD is more frequent and affect preferentially chromosomes 16q and 
Xq. UPD has no prognostic impact in MM. 

    2.4.1   Minimal Common Regions of Interest with Prognostic 
Value 

 Analysis of genome-wide aCGH or SNP arrays in large series of MM allows 
identi fi cation of recurrent minimal common genetic lesions  [  1,   2,   69  ] . These genomic 
analyses con fi rmed prognostic signi fi cance of 1q21 ( CKS1B ), 8q24 ( MYC ), and 17p13 
( TP53 ) and revealed novel loci at 1p, 5q, 8q, 12p, 14q, 16q, 20p, 20q, and 22q, which 
impact on survival. However, prognostic signi fi cance of these lesions has to be 
con fi rmed in larger genomic studies using standardized genomic analysis tools.  

    2.4.2   Genes of Interest Residing in MGCL 

 Integration of recurrent ampli fi cations and deletions with their correlated gene 
expression changes identi fi ed a number of candidate genes associated with poor 
survival. Among them, genes with “oncogene-like” pattern de fi ned as genes resid-
ing in ampli fi ed genomic loci showing signi fi cant overexpression in ampli fi ed 
genomic locus included  ADAR ,  CKS1B ,  IL6R ,  ILF2 ,  MCL1 ,  SHC1 ,  UBAP2L , and 
 UBE2Q1  at 1q21 locus;  MYC ,  FBXO32  at 8q24; and  YWHAB  at 20q13. Genes with 
“tumor suppressor gene-like” pattern de fi ned as downregulated genes located in 
deleted genomic regions included  DFFA  at 1p36;  CD27/EVI1  at 12p13;  CYLD  at 
16q12; and  TP53  at 17p13.  

    2.4.3   Multivariate Analysis of Lesions Independent of Risk 
Strati fi cation 

 Based on the frequent genomic lesions (>10%) with the most signi fi cant prognostic 
impact identi fi ed in newly diagnosed MM enrolled in IFM trials, we built a survival 
model. Multivariate analysis retained two adverse genetic markers: amp(1q23.3) 
and del(12p13.31) and one favorable marker: amp(5q31.3)  [  2  ] . Further genomic 
studies by other cooperative groups are required to evaluate the prognostic impact 
of the model in patients treated with different regimens.   
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    2.5   Conclusion 

 To conclude, genetic changes represent probably the most important prognostic factor 
in MM, as previously shown in other hematological malignancies. Several techniques 
can be used to identify these factors, including FISH, SNP, or CGH array, but also gene 
expression pro fi ling (described in another chapter). The goal now will be to de fi ne what 
is (are) the best technique(s) to use to detect these prognostic factors.      
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  Abstract   Our understanding of myeloma biology has bene fi ted greatly with the advent 
of new technologies, such as interphase  fl uorescence in situ hybridization (FISH), 
spectral karyotyping, comparative genomic hybridization, single-nucleotide polymor-
phism genotyping, and gene-expression pro fi ling (GEP). Combining these approaches 
with emerging technologies, such as high-throughput proteomics, microRNA pro fi ling, 
and whole-genome sequencing, not only broadens the spectrum of molecular variables 
that can be studied but also poses immense challenges to integrate the complexities of 
these high-dimensional datasets to improve therapy and management of multiple 
myeloma (MM). The present chapter focuses on the use of GEP of primary disease to 
classify the disease, de fi ne risk, and elucidate underlying mechanisms that are begin-
ning to change clinical decision-making and inform drug design. 

          3.1   Historical Perspective 

 It is very likely that each of the six hallmarks of cancer, outlined in the Hanahan–
Weinberg model  [  1  ] , ultimately causes or is related to reproducible changes in the 
expression of subsets of genes within clonal cancer cells and that these patterns are 
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exclusive and speci fi c to each malignancy. This hypothesis was dif fi cult to test, however, 
until the completion of the human genome project  [  2,   3  ]  and the development of 
high-throughput tools capable of analyzing the activities of all genes simultaneously 
 [  4  ] . It is now believed that the human genome consists of ~25,000 mRNA-encoding 
genes, and this complexity is increased by posttranscriptional modi fi cations, such as 
alternative splicing. 

 In the mid-1990s, Brown and colleagues revolutionized molecular biology by 
developing a system that used DNA microarrays to monitor the expression levels of 
thousands of genes in parallel  [  4–  6  ] . Cloned DNA fragments immobilized on a solid 
matrix were used simultaneously to probe mRNA pools from a control source and 
from the tissue of interest, each labeled with a different  fl uorescent dye. Building on 
this concept, more advanced and sensitive high-density oligonucleotide microar-
rays were developed using photolithography and solid-phase chemistry. These 
 whole-genome high-density oligonucleotide microarrays contain hundreds of thou-
sands of  oligonucleotide probes and are now the industry standard  [  7  ] . The probes 
are tightly packed and designed to maximize sensitivity, speci fi city, and reproduc-
ibility, which allows consistent discrimination between speci fi c and background 
signals and between closely related target sequences  [  8  ] . 

 Microarray technology was  fi rst used to study cancer in 1996  [  9  ] , and De Vos 
and colleagues were the  fi rst to use GEP to study MM in 2001  [  10  ] . In these early 
experiments, human myeloma cell lines and plasma cell leukemia samples were 
analyzed on small-scale,  fi lter-based cDNA arrays to identify genes involved in 
intercellular signaling. In spite of its small scale, this study revealed that key sig-
naling molecules within the Wnt pathway were altered in MM. Subsequently, 
Stewart et al .  used a combination of high-throughput DNA sequencing and microar-
rays on cells pooled from several cases of plasma cell leukemia to establish a 
comprehensive list of genes expressed in MM  [  11  ] . GEP analysis has evolved into 
a  fi eld of its own and, in many ways, is at the epicenter of translational research 
in MM.  

    3.2   Microarray Pro fi ling in MM 

    3.2.1   MM Cell Procurement Techniques 

 Because of the heterogeneous nature of MM growth within the bone marrow, with 
variable percentages of tumor in a given site as low as 5%, molecular pro fi ling of 
unfractionated bone marrow aspirates complicates interpretation of results. To 
 overcome this limitation, researchers have employed various means of cell 
 enrichment of plasma cells from bone marrow aspirates. Plasma cells typically 
make up <1% of the cells in healthy human bone marrow, so isolation of suf fi cient 
numbers of plasma cells from healthy human marrow made large-scale GEP 
 experiments an impractical endeavor for most laboratories. To isolate suf fi cient 
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 numbers of cells for GEP, two different but complementary specialized  methodologies 
were developed. Zhan et al .  employed automated immunomagnetic bead sorting 
of plasma cells from large-volume bone marrow aspirates using a monoclonal 
antibody, BB4, raised against syndecan-1/CD138  [  12  ] ; this technique routinely 
has isolated highly homogeneous populations of healthy plasma cells from both 
bone marrow and tonsil  [  13  ] . To create a source of polyclonal plasma cells from 
healthy donors, Tarte and colleagues developed a method for in vitro differentia-
tion of peripheral blood B cells  [  14  ] . Global GEP of polyclonal plasma cells and 
healthy bone marrow plasma cells derived from immunomagnetic sorting has 
revealed not only strong similarities but also distinct and reproducible differences 
between the two  populations and myeloma cells  [  15,   16  ] , suggesting that poly-
clonal plasma cells may not fully recapitulate the molecular biology of a bone 
marrow plasma cell.  

    3.2.2   Early GEP-Based Studies 

 Early studies made several contributions to understanding the molecular basis of 
MM by comparing gene-expression pro fi les of CD138-enriched plasma cells from 
the bone marrow of healthy donors and patients with monoclonal gammopathy of 
undetermined signi fi cance (MGUS), newly diagnosed MM, and end-stage MM 
 [  12  ] . These studies uncovered potential clues to the molecular pathogenesis of 
MM—disease-speci fi c changes in gene expression. Myeloma plasma cells can be 
clearly distinguished from those of healthy donors based on expression of ~120 of 
6,800 genes analyzed. Unsupervised clustering of these early global gene-expres-
sion data showed that MM could be divided into four distinct molecular subgroups, 
MM1–MM4, with MM1 being more like MGUS and MM4 being related to myeloma 
cell lines. The MM4 group also had a higher incidence of cytogenetic abnormalities 
(CAs) and high serum levels of beta-2-microglobulin, clinical features historically 
linked to poor prognosis. Consistent with these data, genes distinguishing MM4 
from the other groups were related to cell proliferation. More advanced microarray 
t echnologies and larger sample sizes have now further divided MM into seven 
 disease classes (discussed below). 

 These results provided the  fi rst evidence that MM is likely numerous molecular 
 entities that presumably employ different molecular mechanisms to get to a tumor 
with a common histology, which has enormous clinical implications. First, the high 
 resolution of molecular classi fi cations allows retrospective evaluation of class-
speci fi c ef fi cacy of current therapeutic regimens, which is exceedingly important 
when designing clinical trials. For example, a new drug might not show a signi fi cant 
effect on a given endpoint when considering MM as a whole, but the results might 
be dramatically different if the endpoint is examined in the context of a particular 
molecular classi fi cation of MM, which might include only 5% of the overall popu-
lation. Second, identifying the genes whose expression is  driving these classes can 
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inform the use of existing agents that might not have been considered and can direct 
development of new class-speci fi c drugs.  

    3.2.3   Early GEP-Based Discoveries of MM Genetic Anomalies 

 To provide insights into the molecular characterization of plasma cell dyscrasias 
and to investigate the contributions of speci fi c genetic lesions to the biological and 
clinical heterogeneity of MM, Mattioli et al .  compared the GEP of plasma cells 
isolated from 7 cases of MGUS, 39 of MM, and 6 of plasma cell leukemia. MM was 
heterogeneous at the transcriptional level, whereas MGUS was distinguished from 
plasma cell leukemias and the majority of MM cases by differential expression of 
genes involved in DNA metabolism and proliferation. The clustering of MM cases was 
mainly driven by the presence of one of  fi ve recurrent translocations involving the 
immunoglobulin heavy-chain (IGH) locus  [  16  ] . For example, overexpression of  CCND2  
and genes involved in cell-adhesion pathways was observed in cases with t(14;16) and 
t(14;20), whereas upregulated genes showed apoptosis-related functions in cases with 
t(4;14). The peculiar  fi nding in cases with t(11;14) was downregulation of the alpha 
subunit of the interleukin-6 receptor (IL6R). Finally, cancer-testis antigens were 
speci fi cally expressed in a subgroup of patients characterized by aggressive clinical 
evolution of MM  [  17  ] . 

 Genomic pro fi ling in a large cohort of primary disease revealed that dysregulated 
expression of cyclin D might be a universal event in myelomagenesis. Relative to 
plasma cells from the bone marrow of healthy donors, myeloma plasma cells exhibit 
increased and/or dysregulated expression of either  CCND1 ,  CCND2 , or  CCND3  
 [  18  ] .  IGH -mediated translocations can directly activate  CCND1  (11q13)  [  19  ]  or 
 CCND3  (6p21)  [  20  ] ;  MAF -(16q23)- or  MAFB -(20q11)-activating translocations 
lead to their transactivation of adhesion molecules and  CCND2 , which is elevated 
in t(4;14)-positive tumors  [  21  ] . Biallelic dysregulation of  CCND1  occurs in nearly 
40% of tumors, most of which are hyperdiploid  [  18  ] . Elevated levels of  CCND2  
and the absence of IGH translocation spikes characterize a novel form of MM 
discovered through GEP of primary disease (termed “Low Bone,” discussed 
below)  [  22  ] ; interestingly, elevated expression of  CCND2  is not an adverse 
 prognostic factor in this setting  [  23  ] .   

    3.3   GEP-Based MM Classi fi cation 

 Bergsagel et al .  developed a classi fi cation schema based on GEP spikes of the  fi ve 
recurrent translocations, speci fi c trisomies, and expression of cyclin D genes in a 
supervised clustering approach  [  16  ] . This led to the identi fi cation of about 30 genes, 
which could segregate MM in to eight translocation/cyclin D (TC) groups. These 
groups were termed the 11q13/TC1, 6p21/TC2, 4p16/TC3, maf/TC4, D1/TC5, 
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D1 + D2/TC6, D2/TC7, and none/TC8 classes  [  18  ] . The authors proposed that these 
genetic entities are de fi ned by early, perhaps initiating, oncogenic events. The 
classes exhibited signi fi cant differences in clinical features, such as prevalence of 
bone disease, frequency distribution at relapse, and progression to extramedullary 
tumor growth. Agnelli et al. used this class-prediction model on puri fi ed plasma 
cells from 50 MM cases. Although the TC1, TC2, TC4, and TC5 groups were 
characterized by 112 probe sets, the TC3 samples showed heterogeneous clinical 
features. The TC2 group, characterized by extra copies of the  CCND1  locus and no 
IGH translocations or 13q deletion, demonstrated overexpression of genes involved 
in the regulation of protein translation  [  24  ] . The failure to validate all TC classes 
could be attributed to either the small sample size or the possibility that the TC 
classi fi cation is not robust, and new methods of classi fi cation are required when 
dealing with large datasets. 

 Conversely, the unsupervised hierarchical clustering allows samples to self-organize 
based on underlying correlations in gene-expression patterns (Fig.  3.1 ). Using a training 
set of 351 MM cases and a test set of nearly 200 newly diagnosed MM cases, Zhan 
et al. separated MM into seven different reproducible classes (Table  3.1 )  [  22  ] . These 
 molecular classes correlate with the TC classi fi cation but are strongly in fl uenced by 
distinct gene-expression pro fi les associated with known genetic lesions, including 
hyperdiploidy, translocations, cell proliferation, and myeloma cell interactions with 
the bone marrow microenvironment.   

 Four (MF, MS, CD-1, and CD-2) of these classes demonstrate an elevated expres-
sion of particular genes that result from recurrent chromosomal translocations 
present in ~40% of MM, which occur due to errors in switch recombination and/or 
somatic  hypermutation  [  25  ] . These translocations cause normally silent genes to 
partner with powerful immunoglobulin enhancer elements, resulting in expression 
spikes that are detectable in microarray studies. The LB class, characterized by a 
low incidence of magnetic resonance imaging (MRI)-de fi ned bone lesions, expresses 
high levels of  CCND2  and a unique constellation of genes, including  endothelin-1 . 
HY is characterized by low ectopic expression of  CCND1  and overexpression of 
genes mapping to the  odd-numbered chromosomes that typically exhibit trisomy in 
MM. The PR class is related to high expression levels of proliferation-associated 
genes rather than a  primary genetic lesion. This class likely consists of the other 
classes, but underlying features are masked by expression of proliferation genes. 
In the following section, we  highlight subsets of 700 differentially expressed genes 
thought to be signi fi cant in disease pathogenesis in different MM molecular 
classes. 

    3.3.1   MS Class 

 This class is characterized by t(4;14)(p16;q32) translocation, which is a high-risk 
MM entity that predicts poor prognosis  [  26  ] . This reciprocal translocation results in 
hyperactivation of both  FGFR3  and  MMSET/WHSC1  genes  [  27  ] . All t(4;14)-positive 
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  Fig. 3.1     Classes are characterized by unique GEP patterns . ( Upper panel ) A supervised clus-
tergram of the expression of 700 genes (50 SAM-de fi ned overexpressed and 50 underexpressed 
genes from each of the seven classes) across 256 newly diagnosed cases. Genes are indicated 
along the vertical axis and samples on the horizontal axis. The normalized expression value for each 
gene is indicated by a  color , with  red  representing high expression and  blue  representing low expres-
sion. ( Lower panel ) The Affymetrix gene-expression signal (expression level: vertical axis) for the
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disease expresses elevated levels of  MMSET , but in about 30% of these cases,  expression 
of  FGFR3  is lost  [  26,   28  ] . Because loss of  FGFR3  expression is the only obvious GEP 
difference between these two types of t(4;14)-positive MM, it appears that  MMSET  
plays a central role in driving downstream transcriptional events in the MS class. 
Furthermore, 25% of MM cases in other classes also exhibit upregulation of 
 MMSET , supporting its importance in MM pathogenesis  [  29  ] . In a comparison of 
cases with and without t(4;14), GEP studies identi fi ed 127 genes as differentially 
expressed, including  MMSET  and  CCND2 . Notable genes overexpressed in the MS 
class, relative to other classes, encode N-cadherin/CDH2, cadherin family member 
desmoglein2/DSG2, Wnt receptors FZ2 and FZD8, and B-cell oncogene PBX1. 
Underexpressed genes with potential relevance encode adhesion molecules ICAM4, 
cadherin 7/CDH7, and transcription factor PAX5.  

    3.3.2   MF Class 

 Accounting for ~6% of cases, the MF class of MM is characterized by the t(14;16)
(q32;q23) and t(14;20)(q32;q11) translocations, which result in the activation of 
 c-MAF  and  MAFB  proto-oncogenes, respectively. Cases lacking characteristic 
 c-MAF  or  MAFB  spikes can be classi fi ed as MF, suggesting that other genes of the 
MAF family may be activated in these cases. Although translocations involving 
 c-MAF  are seen in <5% of MM cases,  c-MAF  expression is elevated in myeloma 
cell lines lacking the translocations and in up to 50% of primary samples  [  21  ] . 
These data strongly suggest that  c-MAF  expression may be activated by other 
mechanisms and attest to the importance of this family of transcription factors in 
MM pathogenesis. The NF-kB gene-expression signature in the MF class is 
signi fi cantly higher than that in the other classes, with the exception of the LB 
class (see below)  [  30  ] . Clinically, the MF class has relatively low incidence of bone 
lesions and, consistent with this, has low expression of  DKK1 , a Wnt antagonist 
produced by myeloma cells and associated with bone disease  [  31  ] . In GEP studies 
aimed at identifying MAFB targets in MM, 284 transcripts were modulated—14 
were common to c-MAF and some had functional relationships with MAFB  [  32  ] . 
Additional genes uniquely overexpressed in the MF class that represent known and 
putative targets of these transcription factors include  NUAK1/ARK5   [  33  ] ,  NTRK2 , 
 ARID5A ,  SMARCA1 ,  TLR4 ,  SPP1 , and  G6MB6 .  CX3CR1  and  ITGB7  are 

Fig. 3.1 (continued) mRNA of  MAF ,  MAFB ,  FGFR3 ,  MMSET ,  CCND1 ,  CCND2 ,  CCND3 ,  FRZB , 
and  DKK1 , within classes presented in the  upper panel , is indicated. The normalized expression level 
for each gene across the samples is given by the height of each bar. Note that spiked expression of 
 CCND1 ,  MAF and MAFB , and  FGFR3 and MMSET  is strongly correlated with speci fi c subgroup 
designations. Also note that cases retaining the  MMSET  spike but lacking  FGFR3  spikes maintain 
similar cluster designation, and  MAF  and  MAFB  spikes cluster in the same subgroups. Several 
 MMSET  and  CCND1  spike cases are evident in the PR class.  CCND3  expression is mutually  exclusive 
of  CCND1  expression. While overexpressed in the HY subgroup,  FRZB  and  DKK1  are signi fi cantly 
underexpressed in LB and MF. Figures reproduced with permission from  Blood        
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 overexpressed in the MF class  [  34  ] , consistent with the report that  CCND2 ,  CX3CR1 , 
and  ITGB7  are targets of the c-MAF transcription factor  [  21  ] . Expression of  CCND2  
is elevated in other disease classes but is highest in the MF class.  

    3.3.3   CD-1 and CD-2 Classes 

 The t(11;14)(q13;q32) and t(6;14)(p21;q32) translocations, characteristics of the 
CD-1 and CD-2 classes, directly activate expression of  CCND1  and  CCND3 , 
 respectively. Tumors with  CCND1  and  CCND3  spikes have gene-expression pro fi les 
that cluster membership, suggesting that their activation leads to dysregulation of 
common downstream pathways. 

 Nevertheless,  CCND1  and  CCND3  spikes are associated with two distinct, 
 nonoverlapping gene-expression signatures that were used to distinguish the CD-1 
and CD-2 classes. CD-2 is characterized by elevated expression of  CD20/MS4A1 , 
 VPREB3 , and  PAX5 —genes expressed in B cells but normally extinguished in 
 terminally differentiated plasma cells. Of note, CD20 mRNA and protein levels are 
correlated  [  22  ] , but cells expressing elevated  PAX5  mRNA do not express the  protein 
 [  35  ] . Unlike CD-2, CD-1 lacks expression of  CD59  (potent inhibitor of complement 
membrane-attack complex), Notch-like protein  NOTCH2NL , and Notch target gene 
 HES1 . CD-1 is characterized by overexpression of  KLHL4  (a transcription  factor), 
 INHBE ,  FYN  proto-oncogene,  CEBPB / NF-IL6 , and  EVER1  and  EVER2 , two 
cytoplasmic proteins that colocalize with calnexin, an integral membrane protein 
of the endoplasmic reticulum  [  22  ] .  

    3.3.4   HY Class  

 Hyperdiploid MM is characterized by trisomies of chromosomes 3, 5, 7, 9, 11, 15, 19, 
and 21. The HY signature is present in nearly 50% of cases and is associated with 
hyperdiploid karyotypes in more than 90% of these; however, the signature is also 
observed in cases that are not identi fi ed as hyperdiploid by  fl ow cytometry analyses. 
Such cases may arise through a similar initiating genetic mechanism (trisomies of odd 
chromosomes) with clonal evolution that results in DNA loss from other chromo-
somes, resulting in a DNA complement that is essentially diploid. Genes uniquely 
overexpressed in the HY class encode guanine nucleotide binding protein, gamma 11/
GNG11, Trail/TNFSF10, Wnt signaling antagonists FRZB/SFRP3 and DKK1, and 
MIP1-alpha chemokine receptor CCR5. Overexpression of several interferon-induced 
genes, including  OAS2 ,  IFI27 , and  IFI35 , is also  characteristic of this class. Genes 
signi fi cantly underexpressed in the HY class, r elative to the other classes, included 
 CD52  and genes mapping to chromosome 1q— TAGLN2 ,  CKS1B , and  OPN3 —whose 
overexpression has been linked to poor survival  [  36  ] . These data are also consistent with 
aCGH studies that de fi ned disease clusters based on copy number variation  [  37  ] .
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These studies revealed that the classical hyperdiploid trisomies de fi ned a speci fi c subset 
of MM that lacks gains of 1q and deletion of chromosome 13.  

    3.3.5   LB Class 

 LB ( l ow  b one disease) is a unique MM class characterized by low incidence of 
MRI-de fi ned focal bone lesions and lacks evidence of translocation spikes or HY 
gene-expression features. Along with the absence of MRI-de fi ned focal lesions in the 
LB class, recent studies integrating positron emission tomography (PET) imaging 
with GEP also revealed that the LB class is uniquely inversely correlated with 
 F18- fl uorodeoxyglucose PET-de fi ned focal lesion number and intensity  [  38  ] . This 
class exhibits overexpression of  endothelin 1/EDN1 , a soluble factor secreted by 
prostate cancers and that causes osteoblastic metastases of prostate cancer. 
Interestingly, puri fi ed EDN1 induces osteoblast differentiation via suppression of 
Wnt/ b -catenin signaling antagonist  DKK1   [  39,   40  ] , and the LB class is characterized 
by signi fi cantly lower expression of  DKK1 , suggesting that EDN1 may  downregulate 
 DKK1  in myeloma cells. LB is also associated with high expression levels of  IL6R . 
In contrast to LB, the HY class rarely expresses  IL6R  and expresses high levels of 
 DKK1  and EDN1 decoy receptor  EDNRB . These data suggest a potential  connection 
between  EDN1  signaling and  DKK1  production and bone disease in MM.  

    3.3.6   PR Class 

 The PR ( pr oliferation) class is another unique MM class that is characterized by 
overexpression of numerous genes related to cell-cycle progression and cell 
 proliferation, including  CCNB2 ,  CCNB1 ,  MCM2 ,  CDCA2 ,  BUB1 ,  CDC2 , and  TYMS , 
and cancer-testis antigen genes  MAGEA6 ,  MAGEA3 ,  GAGE1 , and  GAGE4 . Plasma 
cells from all MM classes have a higher gene-expression-de fi ned  proliferation index 
(PI) than normal plasma cells, but the PI of the PR class is signi fi cantly higher than 
the non-PR classes and comparable to human myeloma cell lines. Metaphase CAs 
are present in a very high percentage of cases in the PR class. The PR class is associ-
ated with poorer survival than other classes. The PR cases with hyperdiploidy are at 
higher risk than those with the HY signature. Overexpression of  proliferation-associated 
genes in all non-PR classes, the presence of expression spikes in the PR class, and a 
shift to the PR class upon disease progression suggest that the PR class is driven by 
a transformation event due to underlying primary genetic lesions.  

    3.3.7   Classi fi cation Outliers 

 In the study by Zhan et al . , about 25% of newly diagnosed cases could not be classi fi ed 
because gene-expression signatures of myeloid/lymphoid-lineage cells and/or polyclonal 
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plasma cells predominated and, like the PR signature, prevented unsupervised classi fi cation. 
The presence of translocation spikes in these cases supports the idea that this is not a unique 
class of MM. This contamination signature appears to hold important clinical implications 
because patients with this signature have lower levels of bone marrow plasmacytosis, lower 
incidence of CAs, low beta-2-microglobulin and creatinine, and better event-free survival 
(EFS) and overall survival (OS) than those without the signature.   

    3.4   MM-Speci fi c Genetic Features and GEP 

    3.4.1   GEP and Hyperdiploid Disease 

 GEP has been used to gain a better understanding of hyperdiploid and  nonhyperdiploid 
MM. A combination of FISH and GEP showed that differential expression of 204 genes, 
involved with oxidative phosphorylation, protein synthesis, and transcription, can 
 distinguish the two types of disease. The majority of upregulated genes in  hyperdiploid 
disease mapped to the hyperdiploid chromosomes, and 29% of genes upregulated in 
 nonhyperdiploid disease mapped to chromosome 16q  [  41  ] ; these  fi ndings were validated 
in independent datasets. Hyperdiploid MM was further divided into two distinct  molecular 
and transcriptional entities, one characterized by trisomy 11 and another lacking this 
feature but harboring chromosome 1q gains and chromosome 13 deletion  [  37,   41  ] . 

 It was also observed that hyperdiploid MM is primarily de fi ned by a protein synthe-
sis signature driven through a gene-dosage mechanism, which can further subdivide 
hyperdiploid MM into four independently validated patient clusters. One prominent 
cluster was characterized by cancer-testis antigen,  proliferation-associated genes, and 
higher median plasma cell labeling index. This patient population  experienced much 
shorter survival times than those in the other three clusters  [  42  ] . Genes involved in tumor 
necrosis factor alpha/TNF-a and NF-kB signaling and anti-apoptosis characterized 
another cluster, and these patients had better responses to bortezomib than those in other 
clusters. This hyperdiploid disease cluster is  probably the same disease entity as the 
hyperdiploid disease characterized by gain of 1q, lack of trisomy 11, and deletion of 
chromosome 13, as well as the LB class of MM. Studies combining GEP with aCGH 
revealed that the LB disease is  primarily composed of this novel type of hyperdiploid 
disease  [  43  ]  and is signi fi cantly  associated with increased NF- k B activation  [  30  ] .  

    3.4.2   GEP and Chromosome 13 Deletion 

 A study reported on the prognostic implications of all individual CAs with refer-
ence to GEP, utilizing a cohort of MM patients followed over 9 years. Among all 
 prognostic factors examined prior to treatment, only nonhyperdiploid disease and 
deletion of chromosome 13 (del13), alone or in combination, were associated 
with the shortest EFS and OS  [  44  ] . A combination of CAs, GEP, and interphase 
FISH (to identify del13) on 146 patient samples demonstrated that overexpression 
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of  cell-cycle genes distinguished disease with CA from that without CA. This obser-
vation was most apparent for cases lacking FISH-de fi ned del13. Del13 by interphase 
FISH was signi fi cantly associated with reduced expression of a subset of genes map-
ping to  chromosome 13, including  RB1 . The authors proposed that haploinsuf fi ciency 
of genes mapping to chromosome 13, as well as signi fi cant upregulation of  IGF-1R  
(insulin-like growth factor receptor), may have an amplifying effect on the expression 
of cell-cycle genes, providing a molecular explanation for the poor outcome of this 
subset of MM patients. 

 Recent data indicate that the historic poor prognosis associated with del13 is 
related to the presence of other molecular features. A study combined FISH-
del13 with GEP on highly puri fi ed plasma cells from 80 patients newly diag-
nosed with MM identi fi ed 67 differentially expressed genes that were 
downregulated in del13 MM (44 genes mapped to Chap.   13    , 7 genes to Chap. 
  11    , 3 genes to Chap.   19    ). FISH-de fi ned del13 was associated with upregulation 
of genes mapping to 1q21–1q42 and downregulation of genes mapping to 19p 
and most of chromosome 11  [  45  ] .  

    3.4.3   GEP and Gains of Chromosome 1q 

 Abnormalities of chromosome 1 are among the most frequent chromosomal 
 alterations in MM, found in about 45% cases  [  46  ] ; the short arm is associated with 
deletions and the long arm with ampli fi cations  [  37  ] . Gain/ampli fi cation of 1q21 
increases the risk of MM progression, and incidence of the ampli fi cation is 
signi fi cantly higher in relapsed than in newly diagnosed MM  [  46,   47  ] . GEP studies 
comparing MM with and without 1q gains  [  48  ]  identi fi ed 61 genes that  distinguished 
the two groups. In cases with 1q gains, 41 of the 43 upregulated genes mapped to 
1q12–q44, whereas most of the 18 downregulated genes were localized to 
 chromosomes 13q (7/18) and 11 (6/18). These data point out that cases with 1q 
ampli fi cations typically also harbor del13 and lack trisomy 11, features consistent 
with the LB class. 

 Gains of 1q are associated with upregulation of genes involved in intracellular 
vesicle-mediated protein transport including  COPA  and  ARF1 , and  RABIF  and 
 RAB3GAP2 , associated with the Rab GTPases that regulate membrane-vesicle 
transport. These  fi ndings may also partially account for increased expression of 
genes encoding proteins involved in energy-production pathways. 1q gains also 
result in downregulation of three genes involved in protein translation ( RPLP2 , 
 RPL21 , and  FAU ), which is potentially signi fi cant because of the role of ER–Golgi 
transport system in the survival of B-cell malignancies, including MM  [  49  ] . 

 Cases with 1q gains also showed signi fi cantly altered expression of genes 
involved in unfolded protein response (UPR), including upregulation of chaperone 
gene  CLN3 ,  UBAP2L  and  UBE2Q1 , proteasome degradation gene  PSMD4 , and 
 CASP4  gene involved in UPR-induced apoptosis  [  48  ] . Because UPR-induced 
 apoptosis can play an important role in malignant cells’ sensitivity to certain drugs, 
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including bortezomib, these studies suggest that a better understanding of UPR may 
contribute to important new treatment strategies in MM.  

    3.4.4   GEP and Deletion of 17p13/TP53 

 Deletion of 17p13 is considered a high-risk feature in MM, which presumably leads 
to loss of heterozygosity of  TP53   [  50  ] , a tumor suppressor gene that  transcriptionally 
regulates cell-cycle progression and cellular responses to DNA damage. Low 
 expression levels of  TP53  are seen in ~10% of newly diagnosed patients and highly 
correlate with FISH-de fi ned  TP53  deletion as an independent risk factor  [  51  ] . Only a 
few known p53 target genes correlate with  TP53  expression levels in primary myeloma 
cells. GEP following ectopic expression of  TP53  in four  TP53- null cell lines identi fi ed 
85 signi fi cantly differentially expressed genes (50 upregulated, 35 downregulated). 
Using these target genes, unsupervised hierarchical clustering of myeloma-cell 
samples from 351 newly diagnosed and 90 relapsed patients revealed two major 
subgroups that strongly correlated with not only  TP53  expression but also OS. 
These data indicate that loss of  TP53  expression confers high risk and probably 
results in deregulation of a novel set of p53 target genes speci fi c to MM  [  51  ] .   

    3.5   GEP-Based MM Risk Strati fi cation 

    3.5.1   GEP-De fi ned High-Risk MM 

 While most cases of MM initially respond to treatment, a small subset of patients is 
refractory to therapy from the outset. Eventually, the majority of initial responders 
will develop resistance over time. Therefore, survival in patients with MM can show 
considerable variation, and it is dif fi cult to predict outcome based on current 
l aboratory tests. High-risk MM is routinely de fi ned by laboratory parameters alone 
or in combinations such as the Durie–Salmon staging system  [  52  ]  and International 
Staging System (ISS)  [  53  ] . The Bartl grading system was developed based on cell 
morphology  [  54  ] , and the presence of abnormal metaphase or interphase  cytogenetics 
 [  55  ] , high plasma cell labeling index  [  56  ] , and  fl ow cytometric-de fi ned minimal 
residual disease have also been employed  [  57  ] . To determine a better measure of 
risk strati fi cation, microarray data were correlated with outcome in two independent 
cohorts. This led to the identi fi cation and validation of a high-risk gene-expression 
signature in ~15% of newly diagnosed MM (Fig.  3.2 ). The high-risk signature 
 portends poor prognosis and is evident in a subset of all molecular classes. This 
70-gene model of high risk is based on expression patterns of 70 genes featuring 
increased expression of genes from the q arm and reduced expression of genes from 
the p arm of chromosome 1  [  36  ] .  
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  Fig. 3.2     A GEP-based 70-gene score can de fi ne high-risk myeloma  ( a ) Heat map of the 70 genes 
illustrates remarkably similar expression patterns in CD138 +  selected tumor cells among 351 
newly diagnosed patients.  Red bars above  the patient columns denote patients with disease-related 
deaths at the time of analysis. The 51 genes in rows designated by the  red bar  on the  left  ( top rows ; 
upregulated) identi fi ed patients in the  upper quartile  of expression at high risk for early disease-
related death. The 19 gene rows designated by the  green bar  (downregulated) identi fi ed patients in 
the  lower quartile  of expression at high risk of early disease-related death. ( b ) Frequencies of the 
risk score de fi ned as the log 

2
  geometric mean ratio of the 51 quartile-4 genes and 19 quartile-1 

genes. This self-normalizing expression ratio has a marked bimodal distribution, consistent with 
the upper/lower-quartile log-rank differential expression analysis, which was designed to detect 
genes that de fi ne a single high-risk group (13.1%) with an extreme expression distribution. 
Interpreted as an up/downregulation ratio on the log 

2
  scale, higher values are associated with poor 

outcome. The  vertical line  shows the high-risk versus low-risk cutoff for the log 
2
 -scale ratio deter-

mined by K-means clustering: the percentage of samples  below  and  above  the cutoff is also shown. 
Kaplan–Meier estimates of EFS ( c)  and OS ( d ) in low-risk myeloma ( green ) and high-risk myeloma 
( red ) showed inferior 5-year actuarial probabilities of EFS (18 vs. 60%,  P  < 0.001; HR = 4.51) and 
OS (28 vs. 78%,  P  < 0.001; HR = 5.16) in the 13.1% patients with a high-risk signature. Reproduced 
with permission from  Blood        

 



553 GEP in Myeloma

 Improving on the ISS risk strati fi cation, microarray data were used to develop 
response and survival classi fi ers for relapsed disease treated with single-agent 
 bortezomib or high-dose dexamethasone and found to have signi fi cant association 
with outcome  [  58  ] . A modi fi ed 70/17-gene model was also predictive of poor outcome 
in relapsed MM  [  59  ] . U133A data from newly diagnosed disease validated the 
 70/17-gene model but also demonstrated that the t(4;14) translocation remained a 
signi fi cant variable for poor outcome  [  60  ] . 

 A custom cDNA microarray-based 15-gene model related to MM cell  proliferation 
was also developed to predict high-risk disease and found a hyperdiploid signature 
being related to better survival  [  61  ] . Multivariate analysis comparing the  70/17-gene 
model with the 15-gene model revealed that the 70/17-gene model was signi fi cant 
in all datasets tested, but the 15-gene model was signi fi cant in the bortezomib trials 
only. These data, together with unpublished studies, suggest that the 70/17-gene 
model captures more outcome variability than models or indexes of cell  proliferation, 
with the caveat that the  R  2  is ~30%.  

    3.5.2   Progression of Low-Risk to High-Risk at Relapse 

 GEP on 71 paired newly diagnosed and relapse samples indicated increased 70/17-
gene model scores in 80% of cases, and this conversion from low to high risk 
severely impacted post-relapse survival in 14 of 24 cases (58%) (need to update 
Fig.  3.3 ). This quanti fi able increase in the high-risk score over time corresponds 
with increased number of MM cells with gains of chromosome 1q increased over 
time. This suggests expansion of a dominant MM clone with survival and/or 
 proliferation advantages. The almost universal increase in this risk score during 
disease evolution suggests that evaluating minimal residual disease may bene fi t 
from monitoring this traceable molecular signature, in combination with  fl ow-
cytometry-based surrogate. An urgent task is to determine whether a speci fi c base-
line GEP signature can prospectively identify which low-risk cases will convert to 
high risk at relapse, as the 1q21 gains appear to be a  fi nal common pathway.   

    3.5.3   GEP and the Centrosome Index 

 Centrosome ampli fi cation has been implicated as the cause of chromosomal 
 instability in a variety of tumors and may be involved in MM, possibly accounting 
for the aneuploidy observed in MM. Immuno fl uorescence staining has shown 
 presence of centrosome ampli fi cation in 67% of MGUS  [  62  ] . To explore these 
 fi ndings in more depth, a GEP-based centrosome index (CI) was created from gene 
expression of centrosome proteins and found to have high correlation with the 
immuno fl uorescence-detected centrosome ampli fi cation. High CI (>4) was 
a ssociated with poor prognostic genetic features and was an independent prognostic 
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factor in a small cohort of heterogeneously treated cases of MM. Prognostic 
signi fi cance of the CI was subsequently validated in two large cohorts of patients 
entered into clinical trials, showing that a high CI is a powerful independent prog-
nostic factor in both newly diagnosed and relapsed patients, whether treated by 
intensive therapy or novel agents  [  63  ] . Preclinical studies suggest a potential role of 

  Fig. 3.3     A 70-gene risk score can increase in relapsed relative to newly diagnosed disease and an 
increase predicts poor post-relapse survival . ( a ) The 70-gene risk score in paired diagnostic ( blue ) 
and relapse ( red ) samples of 51 patients. The gene-expression risk score is indicated to the  left . 
Sample pairs are ordered from  left to right  based on lowest baseline score. ( b ) Kaplan–Meier plots 
of post-relapse survival of the three groups de fi ned by low risk both at diagnosis and relapse 
(Low–Low), low risk at diagnosis and high risk at relapse (Low–High), and high risk at both time 
points (High–High). Reproduced with permission from  Blood        
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novel aurora kinase inhibitors in high CI MM, as human myeloma cell lines with 
higher CIs are more responsive to these compounds (85).  

    3.5.4   GEP and CD200 

 Elevated expression of CD200 is an additional prognostic marker that emerged from 
GEP studies as a high-risk feature in MM  [  64  ] . CD200 is a membrane glycoprotein 
that imparts an immunoregulatory signal through CD200R, leading to suppression 
of T-cell-mediated immune responses  [  65  ] . CD200 expression was predictive for 
EFS independent of ISS stage or beta-2-microglobin serum levels, but it has not yet 
been validated in independent datasets or evaluated in the context of OS and all 
molecular subtypes and models. Because failure of immune surveillance may 
account for MM progression, CD200 modulation might be an important adjunct to 
cellular immunotherapy. As a cell-surface protein, CD200 is a potential target for 
monoclonal antibody therapy, but such strategies will have to consider off-target 
effects and the critical role of this molecule in immune regulation.   

    3.6   GEP in MM Therapeutic Decision-Making 

    3.6.1   GEP and Cancer-Testis Antigen Expression in MM 

 Cancer-testis antigens are normally expressed in testis and aberrantly expressed in 
cancer cells but rarely in non-gametogenic tissues, making them attractive targets 
for cancer immunotherapeutic approaches. GEP studies have discovered that 
patients newly diagnosed with MM expressed variable numbers of cancer-testis 
genes (98% expressed at least one, 86% at least two, and 70% at least three) and that 
expression of six or more cancer-testis genes was associated with shorter EFS  [  66  ] . 
Global GEP studies showed that cancer-testis antigen NY-ESO-1 could be an ideal 
tumor target antigen for immunotherapy of patients with MM. NY-ESO-1 expres-
sion was higher in MM cells from patients with CAs than in those with no CAs, and 
this observation was more striking in relapsing MM cases  [  67  ] .  

    3.6.2   GEP and IGF Signaling 

 Insulin-like growth factors have been implicated in tumorigenesis and their receptor 
 IGF-1R  is universally expressed in various hematologic malignancies, including 
MM, lymphomas, and leukemias. In vitro inhibition of IGF-1R with neutralizing 
antibody, antagonistic peptide, or selective kinase inhibitor (NVP-ADW742) has 
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antitumor activity against diverse cell types (particularly MM), including those 
resistant to conventional cytotoxic agents. Global GEP in MM also delineated mod-
ulated intracellular concentrations of key components of the IGF/IGF1-R pathway, 
including Akt, Raf, and IKK. NVP-ADW742, alone or in combination with  cytotoxic 
chemotherapy, had signi fi cant antitumor activity in an orthotopic xenograft MM 
model, providing in vivo proof-of-principle for therapeutic use of selective IGF-1R 
inhibitors  [  68  ] . Sprynski and colleagues showed that an IGF-1 autocrine loop 
 promoted survival in CD45-negative MM cell lines, while CD45-positive cells 
required addition of either IL-6 or IGF-1  [  69  ] . GEP analysis in primary disease 
revealed that elevated expression of IGF-1R and IL6R conferred an adverse 
 prognosis. High expression of both IGF-1R and IL6R is seen most frequently in the 
MS molecular class, but elevated IGF-1R expression is also seen in other classes 
and is associated with a poor prognosis. Combining IGF-1-targeted therapy with 
other novel anti-MM agents may be a useful strategy in the subset of patients with 
IGF-1R expressing MM.  

    3.6.3   Pharmacogenomic Studies of Short-Term In Vivo Exposure 

 Mechanisms underlying chemotherapy resistance are poorly understood, and 
 therapeutic ef fi cacy typically relies on clinical outcome. GEP studies can  potentially 
identify new strategies for avoiding or overcoming drug resistance. Marton et al .  
 [  70  ]  and Gray et al .   [  71  ]  were the  fi rst to use microarrays to study the effects of 
therapeutic agents in yeast, and Cheok et al .  were the  fi rst to reveal gene-expression 
patterns in drug responses of human malignancies  [  72  ] . 

 Comparative GEP of myeloma cells before and 48 h after single-agent therapy 
with dexamethasone, thalidomide, or lenalidomide led to the discovery of 
di fferentially expressed genes that were prognostic for EFS and OS. Interestingly, 
these genes were predominantly involved in oxidative stress reactions and actin 
cytoskeleton rearrangements  [  73  ] . Remarkably, gene expression altered by 
th alidomide in newly diagnosed disease and associated with subsequent survival 
was also altered by lenalidomide, a thalidomide analogue, and the changes were 
associated with EFS in a salvage trial of patients with relapsed disease. This  fi nding 
strongly suggests that these genes are powerful biomarkers, and the similar acute 
gene-expression responses to two related chemotherapeutic agents may provide 
important insights into the drugs’ potential mechanism(s) of action. These results 
also highlight the similar acute molecular responses to chemotherapies in both 
 primary and refractory diseases. 

 GEP studies following therapy with proteasome inhibitor bortezomib in 142 newly 
diagnosed symptomatic MM cases identi fi ed 113 genes with signi fi cantly altered 
expression—predominately downregulated proteasome genes—seen in tumor cells 
from 76% of patients  [  74  ] . The post-bortezomib gene-expression s ignature was 
a ssociated with a 3-year survival estimate of >80%, which  dramatically contrasts with 
median survival of <24 months in those with activated proteasome genes. Multivariate 
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analysis demonstrated that the post-bortezomib score was an independent predictor of 
outcome that alone accounted for >50% of outcome  variability  [  74  ] . These data 
implied that the activation status of proteasome genes in tumor cells after short-term 
proteasome inhibition is associated with signi fi cant  outcome differences in patients 
with MM receiving combination chemotherapy that includes bortezomib.   

    3.7   Conclusions 

 Utilizing high-throughput genomic analyses and data-mining techniques, a complete 
landscape of MM molecular pathogenesis is emerging, and powerful validated 
 prognostic models have been developed. Unsupervised clustering of GEP data of 
large patient cohorts also have revealed that MM heterogeneity can be accurately 
cataloged and disease classes de fi ned. Importantly, the improved survival observed 
in speci fi c classes through the use of new treatments, such as thalidomide, 
 lenalidomide, and bortezomib, buttresses the concept of personalized treatment 
approaches. 

 Large-scale gene-expression data and large cohorts of uniformly treated patients 
with long follow-up times have provided more precise and independent prognostic 
models for stratifying patients with MM. Investigating GEP changes between 
 baseline and relapse has shed light on the mechanisms underlying MM progres-
sion and the nearly universal development of multidrug-resistant MM. 
Pharmacogenomics studies comparing gene-expression pro fi les at diagnosis and 
following short-term single-agent therapy have identi fi ed genes associated with 
drug responses, c ontributing to mechanistic understanding. This has been critical 
for improving existing therapies with personalized treatments and led to an explo-
sion in the discovery of new anti-MM therapeutics. 

 It is well known that MM growth and survival are highly dependent on 
 interactions with the bone marrow microenvironment, and GEP has uncovered 
many molecular details of these interactions, which might prove to be the 
Achilles heels of MM. A prominent example was the use of GEP and MRI 
imaging of bone to learn that myeloma cells aberrantly synthesize DKK1, a 
potent inhibitor of Wnt/ b -catenin signaling, which is required for osteoblast 
differentiation and function. GEP of whole-bone biopsies that contain tumor cells 
and all the bone marrow niche cells are also beginning to reveal details of MM 
pathogenesis and shedding light on potential therapeutic targets. 

 In summary, GEP is emerging from the research laboratory as a clinical tool with 
the potential for transforming routine management of MM to truly personalized 
care. While the majority of MM patients can anticipate long-term disease control 
via a variety of treatment approaches, patients with molecularly de fi ned high-risk 
disease do not bene fi t from current approaches. To address this, clinical trials 
designed to reduce toxicities in low-risk disease and to test new treatment strategies 
in high-risk disease are underway. When routinely available, molecular-based 
classi fi cation and risk strati fi cation will meet their potential to shift strategies for 
MM and possibly cure.      
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  Abstract   Numerous studies have been devoted to the identi fi cation of myeloma 
cell growth factors (MGF) and to the signalling pathways leading to survival and/or 
proliferation of myeloma cells. These MGFs and their receptors may be speci fi c to 
the myeloma clone or expressed throughout normal plasma cell differentiation. In a 
 fi rst part, we will brie fl y review the MGFs produced by the bone marrow (BM) 
microenvironment and then review the major signaling cascades triggered in mul-
tiple myeloma cells (MMCs) interacting with their microenvironment.       
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    4.1   Myeloma Cell Growth Factors 

 The biologic behavior of MMCs is not only determined by their genetic background 
but also by their BM microenvironment. BM environment is a heterogeneous 
population composed of immune cells, hematopoietic stem cells, BM stromal cells 
(BMSCs), osteoclasts, osteoblasts, erythrocytes, BM endothelial cells, extracellular 
matrix proteins, and growth factors. The majority of MGFs is secreted by the BM 
environment compared to autocrine MGFs  [  1  ] . Recent studies have provided a 
comprehensive overview of MGF expression in the different BM cell  subpopulations 
of MM patients  [  1–  3  ] . 

    4.1.1   MMC Autocrine Growth Factors 

 Even if the larger part of MGFs is produced by the BM environment, speci fi c MMC 
MGFs include two members of the EGF family [neuregulin (NRG) 2 and NRG3], 
two members of the FGF family (FGF7 and FGF18), and four members of the Wnt 
family (Wnt4, Wnt10A, Wnt11, and Wnt16). These MGFs are exclusively autocrine 
for MMCs and only FGF7, Wnt4, and Wnt10A are also expressed in normal plasma 
cells  [  1  ]  (Fig.  4.1 ).   

    4.1.2   Bone Marrow Stromal Cell-Produced Growth Factors 

 Adhesion of MMCs to BMSCs activates a multitude of signaling pathways supporting 
survival and proliferation of MMCs  [  4  ] . Within the BM, BMSCs are the main source 
of MGFs  [  1  ] . BMSCs overexpress BDNF, three members of the FGF family (FGF1, 
FGF2, and FGF5), GDF15, IL-6, JAG1, LIF, VEGF, and two members of the Wnt 
family (Wnt3 and Wnt5B)  [  1,   3,   5–  7  ]  (Fig.  4.1 ). The secretion of IL-6 by BMSCs is 
dependent on MMC/BMSC interaction and VEGF secretion by MMCs  [  3  ] . MMC/
BMSC interactions are also mediated by integrins, CD40/CD40L, and Notch/Notch 
ligands  [  3  ] . We demonstrated that BMSCs from patients with MM show a speci fi c 
gene expression pro fi le, with a differential expression of genes coding for proteins 
involved in MMC growth, angiogenesis, and osteoblast differentiation including 
IL-6, DKK1, and GDF-15  [  5  ] . Patients’ BMSCs signi fi cantly overexpressed CD200 
 [  5  ] , an immunomodulator protein associated with a bad prognosis in MM  [  8  ] .  

    4.1.3   Osteoclast-Produced Growth Factors 

 MM patients develop osteolytic bone disease characterized by bone pain, patho-
logic fractures, and hypercalcemia resulting from the disruption of the  coupling 
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of osteoclastic bone resorption and osteoblastic bone formation  [  9  ] . MMCs pro-
mote osteoclastic formation directly  [  10,   11  ]  or indirectly  [  12,   13  ]  and osteoclasts 
support MMC survival  [  2,   11  ] . Osteoclasts support also the survival of normal 
plasma cells in vitro  [  14  ] . Osteoclasts express speci fi cally four chemokines tar-
geting CCR2 (CCL2, CCL7, CCL8, and CCL13)  [  2  ] . CCL7, CCL8, and CCL13 
increase signi fi cantly the growth of CCR2 +  MMCs  [  2  ] . Osteoclasts are the main 
cells in the BM environment that produce various CCR2 chemokines enabling 
malignant plasma cells attraction and support the growth of MMCs through high 
expression of IGF-1, APRIL, and IL-10 MGFs  [  1,   2,   15  ]  (Fig.  4.1 ).  

    4.1.4   BM Endothelial Cell-Produced Growth Factors 

 Angiogenesis is a hallmark of MM progression and disease activity  [  16  ] . BM 
endothelial cells secrete growth factors including VEGF and FGF2. The  fi rst use of 
thalidomide in MM was linked to its anti-angiogenic activity  [  17  ] . Thalidomide 
treatment inhibits secretion of VEGF, FGF2, and HGF MGF  [  18,   19  ] , and decreased 
microvessel density within BM was identi fi ed only in MM patient responders to 
thalidomide  [  20  ] .  

  Fig. 4.1    Myeloma cell growth factors produced by the BM microenvironment and/or by myeloma 
cells themselves       
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    4.1.5   BM Immune Cell-Produced Growth Factors 

 BM polymorphonuclear cells could be an important source of MGFs, especially 
because they represent around 50% of the cells in the BM. Polymorphonuclear cells 
highly express BAFF, oncostatin M (OSM), and FGF13 growth factors  [  1,   15  ]  
(Fig.  4.1 ). Monocytes express high level of BAFF, TNF- a , OSM, IL-1 b , IL-15, and 
HB-EGF  [  1,   15  ]  (Fig.  4.1 ). 

 Dendritic cells (DCs) have been described to be functionally defective in MM 
patients due to IL-6-, VEGF-, IL-10-, or  b 2-microglobulin-triggered inhibition of 
DC maturation  [  21–  24  ] . Direct MMC/DC interaction increases MM clonogenicity 
 [  25  ] . More recently, a study demonstrated that MMC/DC interaction through CD28 
on MMC and CD80/CD86 on DC directly transduces a prosurvival signal to MMC. 
This interaction induces also the production of IL-6 and the immunosuppressive 
enzyme IDO by DCs  [  26  ] . 

 CD3 +  T cells were characterized by a speci fi c overexpression of FGF19  [  1  ] . 
CD3 +  T cells have been identi fi ed as the main source of IL-3 in MM patients  [  27  ] . 
In MM, IL-3 inhibited osteoblast formation by an indirect effect mediated by mono-
cytes and macrophages  [  28  ] . IL-3 is also involved in osteoclast activation and for-
mation in MM patients  [  29  ] .  

    4.1.6   Adipocyte-Produced Growth Factors 

 Recent data demonstrated that adipocytes should no longer be considered as irrelevant 
cells in MM biology  [  30  ] . Adipocytes could contribute to MMC proliferation, survival, 
and migration. Adipocytes are the only cells within the MM microenvironment that 
secreted leptin  [  30  ] . Multiplex analyses of growth factors showed that BM adipocytes 
secrete growth factors involved in MM disease, such as vascular endothelial growth fac-
tor, basic  fi broblast growth factor (FGF), stem cell factor, VCAM-1, IL-1b, IL-6, IL-10 
and IL-12, OSM, and TNF- a   [  30  ] . These MGFs are also produced by other BM sub-
populations, and the identi fi cation of the pivotal cytokines in the interactions between 
BM adipocytes and MM cells needs further investigations. A study indicated that leptin 
serum levels were increased in MM patients at diagnosis compared to control patients. 
Although leptin levels did not increase with advancing MM stages, leptin levels 
decreased following treatment  [  31  ] . Leptin receptor expression on MMCs was described 
to be predictive for a patients’ response to treatment with thalidomide  [  30  ] .   

    4.2   Signaling Cascades Connected to MMC Survival 
and/or Proliferation 

 Numerous studies have been devoted to the signaling pathways activated by MGFs 
and leading to survival and/or proliferation of MMCs. MGFs activate one or several 
major signaling pathways: IL-6, IFN a , IL-10, and IL-21—the JAK/STAT and MAP 
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kinase pathways; IGF-1, insulin, EGF family, and HGF—the PI-3 kinase/AKT and 
MAP kinase pathways; BAFF/APRIL and TNF—the NF-kappa B pathway; Jagged 
1, Jagged 2, and Delta-like 1 (DLL-1)—the Notch pathway; and Wnt growth 
factors—the  b  catenin pathway. 

    4.2.1   Activation of JAK/STAT and MAP Kinase Pathways: IL-6 
Family MGF and IFN- a  

 IL-6 is a major growth factor for MMCs  [  32,   33  ] . BMSCs are the main source of 
IL-6  [  1,   34,   35  ] , and autocrine IL-6 production re fl ects a highly malignant pheno-
type  [  36  ] . Production of IL-6 by the tumor environment is mainly mediated by 
IL-1, produced by monocytes and MMCs  [  1,   33,   37  ] , through PGE2 induction 
that triggers IL-6 production  [  37,   38  ] . IL-6 binds to IL-6 receptor (IL-6R) and the 
complex IL-6/IL-6R induces the homodimerization of the gp130 IL-6 transducer 
 [  39  ] . Both IL-6R and gp130 are overexpressed in normal plasma cells compared 
to normal B cells in agreement with the survival effect of IL-6 on plasma cells 
 [  40  ] . Soluble form of IL-6R (sIL-6R) is an agonist, binding IL-6 with a same 
af fi nity as membrane IL-6R. IL-6/sIL-6R complex is known to bind and activate 
gp130  [  39  ] . The major role of IL-6 in the survival and proliferation of MMCs was 
well established  [  32,   33  ] . Anti-IL-6 mAb blocks the survival and proliferation of 
primary MMCs in vitro  [  33,   41  ] . Anti-IL-6 mAb administration inhibited MMC 
proliferation in patients with terminal disease  [  42,   43  ] . High concentration of 
anti-IL-6 mAb should be injected to block the large IL-6 production in vivo  [  44  ] . 
Elevated serum levels of IL-6 and soluble IL-6R are associated with a poor prog-
nosis in MM patients  [  45,   46  ] . MMCs can also directly induce IL-6 production by 
direct contact with BMSCs  [  35  ] . Human myeloma cell lines (HMCLs) whose 
survival is dependent on the addition of exogenous IL-6 can be obtained from 
patients with extramedullary proliferation  [  47  ]  and cover a large part of the 
molecular heterogeneity of primary MMCs  [  48  ] . Transgenic mice with IL-6 gene 
expression under E m  promoter develop polyclonal plasmacytosis  [  49  ] . Knockdown 
of IL-6 gene abrogated the generation of malignant plasmacytomas in BALB/C 
mice primed with mineral oil  [  50  ] . 

 An intriguing point is to understand the signi fi cance of the low autocrine IL-6 
production by MMCs compared to the large amounts secreted by BMSCs. Our 
group has shown that low autocrine IL-6 production is suf fi cient to promote cell 
cycling in HMCLs  [  51  ] . At the opposite, survival of HMCLs in vitro necessitates 
large exogenous IL-6 concentration  [  51  ] . We demonstrated that IL-6R expression 
in MMCs is associated with bad prognosis due to its link with t(4;14) transloca-
tion  [  52  ] . 

 Other members of the IL-6 family are known to support MMC growth, includ-
ing OSM, CNTF, IL-11, and LIF  [  53  ] . Our recent data demonstrate that these 
factors are weakly produced by the tumor or its environment suggesting that they 
are not involved in the emergence of the disease  [  1  ] . Interferon-alpha (IFN a ) is 
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also a MMC survival factor activating the JAK/STAT and MAP kinase pathways 
 [  54,   55  ] . Other groups identi fi ed that IFN a  could block MMC proliferation prob-
ably through the ability of IFN a  to induce P19 inhibitor in some HMCL yielding 
to apoptosis  [  56  ] . IL-10 and IL-21 are also identi fi ed as MGF  [  57,   58  ] . IL-10 is 
mainly produced by osteoclasts  [  2  ]  and induces autocrine loops of members of the 
IL-6 family  [  59  ] . 

 These MGFs induce MMC survival through phosphorylation of STAT3 by JAK 
kinases activated by the gp130 IL-6 transducer or IFN receptor (Fig.  4.2 ). Blockade 
of JAK/STAT pathway by AG490 inhibits STAT3 phosphorylation and induces 
MMC apoptosis  [  60  ] . STAT3 could induce the transcription of several anti-apoptotic 
proteins. Among ten anti-apoptotic and pro-apoptotic proteins, we found that only 
MCL-1 was regulated by IL-6 or IFN a   [  61  ] . Several studies reported that BCL-xL 
was the main anti-apoptotic protein controlled by IL-6 in MMCs  [  62,   63  ] . However, 
only a blockade of MCL-1, unlike BCL-2 or BCL-xL could inhibit MMC survival 
 [  64  ] . Furthermore, overexpression of MCL-1 is suf fi cient to promote MMC prolif-
eration independently of IL-6  [  65  ] . We identi fi ed a weak AKT phosphorylation in 
only some IL-6 dependent HMCL  [  66  ] . PI-3 kinase/AKT activation can be mediated 
by STAT3  [  67  ] .   

  Fig. 4.2    JAK/STAT and MAP kinase signaling pathways       
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    4.2.2   Activation of PI-3 and MAP Kinase Pathways: Insulin-Like 
Growth Factor 1 and Heparin-Binding Growth Factors 

    4.2.2.1   Insulin-Like Growth Factor 1 (IGF-1) 

 IGF-1 is an essential growth factor for MMC  [  52,   68,   69  ] . Inhibition of IGF-1 pathway 
reduces MMC growth in vitro and in vivo  [  70–  73  ] . Osteoclasts are an important 
source of IGF-1 within the BM  [  1,   2  ] . Primary MMCs from patients and HMCLs 
expressed IGF-1  [  1,   2  ] . IGF-1R is aberrantly expressed by MMCs whereas it is not 
expressed by normal plasma cells  [  1  ] . Furthermore, we have shown that IGF-1R 
expression is associated with poor prognosis in MM  [  52  ] . Plasma IGF-1 level is not 
signi fi cantly increased in MM patients even if it is associated with poor survival  [  74  ] . 
Several IGF-binding proteins, mainly IGF-BP3, circulate at high  concentration and 
neutralize IGF-1 in vivo  [  75  ] . Cells may also express IGF-binding protein that con-
tributes to the biological activity of IGF-1 and disrupts the circulating IGF/IGF-BP 
complexes  [  1,   76  ] . MMCs also express the proteoglycan syndecan-1 that can bind 
these trimeric complexes through IGF-BP3  [  1,   76  ] . Recently, we demonstrated that 
osteoclasts highly express ADAM28  [  77  ] . ADAM28 displays an enzymatic activity 
leading to degradation of IGF-BP3 enhancing bioavailability of IGF-1 released from 
the complex IGF-BP3/IGF-1  [  77  ] . IGF-1 activates mainly PI-3 kinase pathway  [  52, 
  78  ] , and its effect is independent of an activation of the JAK/STAT signaling pathway 
 [  68,   79  ] . IGF-1 induces also MAP kinase phosphorylation  [  52,   78  ]  but MGF activity 
of IGF-1 was blocked by inhibitor of PI-3K/AKT pathway unlike MAP kinase inhibi-
tor  [  52,   80  ] . The PI-3K/AKT pathway in MMCs phosphorylates the P70S6-kinase, 
forkhead proteins, and the glycogen synthase kinase-3 beta (GSK3b) proteins leading 
to blockade of apoptosis and activation of cell cycle in various models  [  80–  82  ]  
(Fig.  4.3 ). In MMCs, IGF-1 induces CYCLIN D1 and SKP2 expression and down-
regulation of P27/KIP1  [  82  ] , and a study reported that PI-3K/AKT pathway may acti-
vate expression of several targets of NF-kappa B involved in cell survival including 
A1/B fl 1, cIAP2, XIAP, survivin, and FLIP  [  83  ] . Dominant negative forms of AKT 
induce inhibition of IL-6-induced proliferation of MMCs, and constitutive activation 
of AKT enhances tumor growth and protects MMC from DEX-induced apoptosis 
 [  84  ] . A deletion/mutation of PTEN, an inhibitor of the PI-3K/AKT pathway, was 
reported in some MMCs  [  85  ]  leading to activation of PI-3K/AKT.   

    4.2.2.2   Insulin 

 Insulin, IGF-1, and their receptors are closely related molecules  [  86  ] . The role of 
insulin in MM was poorly studied. Insulin and IGF-1 bind to the receptor of the 
other one with a weak af fi nity. Our recent data demonstrated that insulin receptor 
(INSR) is increased throughout normal plasma cell differentiation  [  86  ] . INSR is 
also expressed by primary MMCs of patients and insulin is an MGF as potent as 
IGF-1  [  86  ] . Insulin MGF activity requires the presence of insulin/IGF-1 hybrid 
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receptors, stimulating only INSR + IGF-1R +  MMC and not INSR + IGF-1R −  or 
INSR − IGF-1R −  MMC  [  86  ] . Insulin/IGF-1 hybrid receptors’ expression on MMCs 
was demonstrated by immunoprecipitation, and insulin induced both IGF-1R and 
INSR phosphorylation suggesting that therapeutic drugs targeting the IGF-1R pathway 
have to take into account the IGF-1R-mediated insulin MGF activity.  

    4.2.2.3   Heparin Binding MGF 

 Syndecan-1 proteoglycan expression is a hallmark of plasma cell differentiation 
 [  87,   88  ] . Syndecan-1 is a proteoglycan concentrating heparin-binding factors on the 
surface of MMCs, playing likely a major role in MM biology  [  89,   90  ] . In patients 
with MM, all MMCs express syndecan-1 with the exception of preapoptotic cells, 
which rapidly lose this proteoglycan expression  [  91  ] . In addition, among the major 
cell-surface heparan sulfate proteoglycans, MMCs only express high level of synde-
can-1  [  90  ] . Among the heparin-binding growth factors, we will review the MGF 
activity of epidermal growth factor (EGF) family, hepatocyte growth factor (HGF), 
and FGF family. 

  Fig. 4.3    PI-3 kinase, MAP kinase, and NF- k B signaling pathways       
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   Epidermal Growth Factor Family 

 We found that MMCs can bind large levels of EGF family molecules through heparan 
sulfate chain of syndecan-1 molecules  [  90  ] . MMCs express the four receptors of 
EGF family, ErbB1–ErbB4. ErbB1 and ErbB2 are also expressed by normal plasma 
cells and ErbB3 and ErbB4 are aberrantly expressed by MMCs  [  92  ] . A pan-ErbB 
inhibitor induces strong apoptosis of MMCs cultured for 5 days with their BM 
environment  [  93  ] . EGF members activate PI-3K/AKT and MAPK pathways in 
MMCs  [  93  ] . When the ErbB-speci fi c inhibitor is combined with dexamethasone or 
anti-IL-6 antibody, apoptosis is signi fi cantly increased leading to an almost com-
plete elimination of viable MMCs while non-MMC cells were unaffected  [  93  ] . This 
is likely due to the cooperation between EGF family members and IL-6 to trigger an 
optimal survival signal to MMC  [  94  ] . These data suggest that ErbB inhibitors might 
improve treatment of patients with MM.  

   Hepatocyte Growth Factor 

 HGF/c-MET signaling pathway plays an important role in MM biology  [  95–  98  ] . 
Within the BM, HGF is expressed by MMCs, BMSCs, monocytes, and polymor-
phonuclear cells, and the c-MET receptor is expressed by MMC in 50% of patients 
 [  1  ] . HGF activity is blocked by removal of heparan sulfate chains of syndecan-1 
with heparitinase, indicating that syndecan-1 is critical to capture heparin-binding 
HGF and to present it to its receptor  [  99  ] . Serum levels of HGF are signi fi cantly 
increased in MM patients and are associated with a poor prognosis  [  100  ] . Low 
pretreatment HGF concentrations are associated with therapeutic response to bort-
ezomib in patients with MM  [  101  ] . Serum concentration of c-MET is not signi fi cantly 
different comparing MM patients and healthy individuals  [  102  ] . However, a 
signi fi cant negative correlation between serum c-Met level and disease stage, BM 
plasma cell percentage, and serum concentration of M-protein was reported. These 
data suggest a possible role for the c-Met ectodomain as a negative regulator of 
HGF/c-Met activity  [  102  ] . Recently, a study reported a novel mechanism driving 
the HGF pathway whereby heparanase stimulates an increase in both HGF expres-
sion and syndecan-1 shedding to enhance HGF signaling  [  103  ] . Our group reported 
that heparanase expression is a bad prognostic factor in MM  [  104  ] . One mechanism 
is that heparanase can control syndecan-1 gene expression and syndecan-1 shedding 
into a soluble form that also confers MMC growth advantage  [  105  ] . HGF increases 
bone resorption  [  106  ] , suggesting that it may also be involved in the abnormal 
osteoclast resorption in patients with MM.  

     Fibroblast Growth Factor Family 

 Analysis of the FGF family was restricted to FGF2 with controversial data concerning 
the nature of the cells producing FGF2  [  34,   107  ] . Our recent data demonstrated that 
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BMSCs are the main source of FGF2  [  1  ] . We have shown that other family members 
are broadly expressed in MM, suggesting that like FGF2, they may contribute to 
MMC survival and proliferation  [  1  ] . The t(4;14) translocation affects the FGF 
receptor type 3 (FGFR3) in 15% of patients with MM and is associated with a poor 
prognosis  [  108,   109  ] . FGF family members bind syndecan-1 as HB-EGF or HGF, 
and activation of FGFR3 induces the PI-3K/AKT pathway activation that is critical 
for MMC survival and proliferation  [  110  ] . These data suggest that FGF family 
could play a role in MM biology.    

    4.2.3   Activation of NF-Kappa B Pathway: BAFF/APRIL 
Family Members 

 APRIL and BAFF are two members of the TNF family that bind to the TNFR-like 
receptors: transmembrane activator and calcium modulator and cyclophilin ligand 
interactor (TACI) and B-cell maturation antigen (BCMA). BAFF also binds to 
BAFF receptor (BAFF-R)  [  111  ] . BAFF/APRIL is involved in the survival of normal 
and malignant B cells and normal plasma cells  [  111–  113  ] . Activation of BAFF 
receptor family results in triggering the NF-kappa B pathway and likely other 
unidenti fi ed pathways  [  113  ] . Using DNA microarray or FACS analysis, we and oth-
ers found that MMCs express the two BAFF receptors, BCMA and TACI  [  66,   114, 
  115  ]  whereas BAFFR is infrequently expressed by MMCs  [  114  ] . In patients with 
MM, BAFF and APRIL are mainly produced by the BM microenvironment, in par-
ticular myeloid cells, monocytes, and osteoclasts  [  2,   15  ] . We identi fi ed that BAFF 
and APRIL are potent survival and proliferation factors of MMC, in association 
with the expression of BCMA or TACI. In addition, BAFF or APRIL can protect 
MMC from dexamethasone-induced apoptosis  [  66  ] . In MMCs, BAFF and APRIL 
activate MAPK, PI3K/AKT, and NF k B pathways, leading to an upregulation of 
Mcl-1 and Bcl-2 anti-apoptotic proteins  [  66,   116  ] . Of note, several genes coding for 
NF k B pathway proteins are abnormal in MMCs of 20% of newly diagnosed patients. 
In particular, an ampli fi cation of the  TACI gene was reported in some MMCs leading 
to NF k B pathway upregulation  [  117,   118  ] . Other    gene abnormalities-targeting 
genes encoding for products amplifying one of the canonical and noncanonical 
NF- k B pathways (TACI, CD40, LTB-R, NF- k B1, NIK, CYLD, cIAP1-2, TRAF2, 
TRAF3, NF- k B2) have been described in MM  [  94,   95,   119,   120  ]  (Fig.  4.3 ). Our 
group and others identify syndecan-1 as a coreceptor for APRIL and TACI at the 
cell surface of MMCs, promoting the activation of an APRIL⁄TACI pathway that 
induces survival and proliferation in MMCs  [  114,   121,   122  ] . In primary MMCs, the 
level of TACI expression correlates with a characteristic phenotypic pattern: TACI high  
MMCs resemble BM mature plasma cells and TACI low  MMCs resemble plasmablasts 
 [  15  ] . Same characteristics were observed in HMCLs  [  123  ] . The results lead us to 
perform a phase I trial with a BAFF/APRIL inhibitor, a TACI receptor fused with Fc 
fragment of human immunoglobulin  [  124  ] . TACI-Fc is a dimer. We observed a lack 
of toxicity of the treatment, and a decrease in total B cell number and also of 
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polyclonal immunoglobulins indicating an inhibition of the survival of normal 
plasma cells. A stabilization of the disease was found for some of these patients 
with refractory disease  [  124  ] . Using SCID-hu mice, another group demonstrated 
that MM patients whose tumors can be selectively classi fi ed according to high TACI 
gene expression may bene fi t from TACI-Fc treatment  [  125  ] .  

    4.2.4   Activation of Notch Pathway: Notch Family 

 Notch signaling in fl uences multiple processes that govern normal morphogenesis, 
programmed cell death, and cell proliferation  [  126  ] . Notch signaling is implicated 
in cancer. Overexpression of Notch receptors, ligands, and targets is observed in 
solid tumors  [  127–  129  ] . Notch signaling is involved in the pathogenesis of some 
hematological malignancies  [  126  ] . In MM BM, Notch-1, 2, and 3 are expressed by 
MMCs and BMSCs  [  1,   130  ] . Interaction of BMSCs and MMCs induces Notch 
signaling activation in both MMCs and BMSCs  [  131,   132  ] , leading to secretion of 
IL-6, VEGF, and IGF-1 by BMSC  [  131  ] . Activation of Notch-1 signaling in MMCs 
inhibits apoptosis induced by melphalan and mitoxantrone drugs  [  130  ] . These data 
indicate a role of Notch signaling in survival and proliferation of MMCs. Recent 
data demonstrated that  g -secretase inhibitor induces apoptosis of MMCs via 
speci fi c inhibition of Notch signaling in vitro and in vivo in mouse models  [  133  ] . 
 g -Secretase inhibitor activity was mediated via Hes-1 and upregulation of Noxa 
 [  133  ] . Inhibition of Notch signaling prevents BM-mediated drug resistance and 
sensitizes myeloma cells to chemotherapy  [  133  ] . Combined inhibition of Notch 
signaling and Bcl-2/Bcl-xL results in synergistic antimyeloma activity in vitro and 
in MM mouse models  [  134  ] . Notch signaling is also implicated in MMC-induced 
osteoclast activation  [  135  ] .  

    4.2.5   Activation of Wnt Pathway: Wnt Family 

 The expression of Wnt family members and FRZ receptors has been documented 
in some HMCLs and primary MMCs, and the biologic relevance of this pathway 
in the MM has been demonstrated  [  136,   137  ] . Our team reported the expression 
of eight Wnt family members in at least one BM subpopulation in MM patients 
 [  1  ] . Wnt5A is aberrantly overexpressed in MMCs compared to normal plasma 
cells  [  1  ] . Concerning FRZ receptors, FRZ4, FRZ7, and FRZ8 are expressed in 
more than 90% of the patients. LRP6, which is the required coreceptor of FRZ 
receptors, is expressed by MMCs  [  1  ] . Wnt signaling could be implicated in malig-
nant transformation  [  138  ] . Wnt/ b -catenin pathway signaling inhibits GSK-3 b  
activity and blocks  b -catenin phosphorylation and its degradation by the protea-
some leading to  b -catenin accumulation in the cytoplasm (Fig.  4.4 ). Wnt pathway 
activation by Wnt3A induces accumulation of nuclear  b -catenin and increases cell 
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proliferation  [  136  ] . Wnt pathway activation leads to morphological changes and 
migration of MMC through alternative Wnt/RhoA signaling and activation of 
PKC family members  [  137  ] . High levels of Dikkopf-1 (DKK-1), an inhibitor of 
Wnt signaling, in BM plasma are associated with focal bone lesions by inhibiting 
osteoblasts differentiation  [  139  ] .    

    4.3   Hierarchy of MGF in Order to Design Ef fi cient Biologically 
Based Treatments of MM 

 Our group and others have reported that IGF-1 is the major growth factor for MMCs 
 [  52,   58  ] . The effect of the larger number of MGFs is dependent, in part, on the activa-
tion of IGF-1R by IGF-1. This is the case for IL-6, IL-21, EGF family members, and 
HGF  [  52,   58  ] . IGF-1R is aberrantly expressed by about 50% of primary MMCs of 
newly diagnosed patients in association with a poor prognosis  [  52  ] . This aberrant 
IGF-1R expression leads to major MMC growth response to IGF-1 and insulin that 
are abundant in vivo. Anti-IGF-1R monoclonal antibody completely blocked the 
osteoclast-induced survival of MMCs  [  2  ] . IGF-1 activity is linked to the expression of 
CD45 by MMCs. The phosphatase CD45 can dephosphorylate and inactivate IGF-1R, 
suggesting that IL-6 is mandatory to support the growth of CD45 +  MMCs  [  71  ] . 

  Fig. 4.4    Wnt signaling pathway       
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 IL-6 inhibitors can be useful to induce MMC apoptosis. We have previously found 
that treatments of patients with terminal disease with anti-IL-6 mAb can block the 
in vivo proliferation of MMCs and reduce IL-6-related toxicities  [  42,   43,   140  ] . A limi-
tation of the anti-IL-6 treatments was the very large production of endogenous IL-6 in 
patients with MM that could not be neutralized by the anti-IL-6 mAb  [  44  ] . IL-6 or 
others MGFs can increase the resistance of MMCs to MM treatments in vivo. This 
data indicated that inhibitors of MGFs have to be used in combination with conven-
tional cytotoxic agents. We have documented the rise of large concentrations of IL-6 
9 days after high dose melphalan in patients  [  141  ] . This large concentration of IL-6 
will facilitate melphalan-resistant MMCs to survive within the BM. Our group has 
performed a phase II trial with anti-IL-6 antibody in association with high dose mel-
phalan  [  142  ] . We found that prolonged anti-IL-6 treatment in association with DEX 
and HDM was feasible and did not affect hematopoietic recovery. It has also shown 
that patients treated with high-dose melphalan, stem cell transplantation, and anti-
IL-6 antibody had a survival advantage when mixed with a large cohort of matched 
patients treated with melphalan and stem cell transplantation alone  [  142  ] . 

 Another major actor in MM biology is syndecan-1. Syndecan-1 is heparan sul-
fate proteoglycan with covalently attached heparan sulfate chains, which consist of 
alternating  N -acetylated glucosamine and  d -glucuronic acid units. Heparan sulfate 
chains with highly modi fi ed domains provide speci fi c docking sites for many bioac-
tive molecules, including MGFs, promoting their ability to stimulate MMC growth 
and survival  [  90,   114,   143  ] . Heparan sulfate chain synthesis or syndecan-1 inhibi-
tion suppresses the growth of MMCs in vivo  [  143  ] . Soluble syndecan-1 produced 
by MMCs provides an extracellular matrix able to bind circulating IGF-1–IGFBP 
complexes and to release IGF-1 close to MMCs  [  52  ] . Drugs ef fi ciently targeting the 
heparan sulfate chains of syndecan-1, which is largely expressed by MMCs, will 
inhibit the biological effect of the majority of MGFs including IGF-1, APRIL, the 
EGF family members, HGF, and the FGF family.      
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  Abstract   Multiple myeloma (MM) is a complex and still incurable disease which 
strongly relies on a network of humoral and cellular interactions within the human 
bone marrow milieu. The canonical Wnt/b-catenin and the alternative Wnt/RhoA-
signaling pathways play important roles in the tropism between MM cells and BM 
microenvironment, and they have recently been implicated in MM pathogenesis 
and development of MM bone disease. However, their precise role in growth and 
survival of myeloma cells remains controversial and needs further investigation. We 
here summarize the most recent updates of the Wnt/β-catenin signaling pathway in 
myeloma, and discuss how its various components contribute to MM pathogenesis 
and related bone disease.      

 Multiple myeloma (MM) is a neoplasm of plasma cells (PCs), which in fi ltrate the 
bone marrow (BM), ultimately leading to pancytopenia and osteolytic bone destruc-
tion. The disease represents one of the most common hematological malignancies 
in adults, and despite recent advances in its treatment, it is still incurable, with a 
median survival of only 6 years  [  1  ] , highlighting the need for novel and more effec-
tive treatments. 
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 MM is typically preceded by an age-progressive condition termed monoclonal 
gammopathy of undetermined signi fi cance (MGUS), which progresses to malig-
nant MM at a rate of 0.5–3% annually  [  2  ] . The transition of a PC to a fully trans-
formed aggressive myeloma is a multistep process, which requires the acquisition 
of mutations in several protooncogenes and tumor suppressor genes  [  3,   4  ] , as well 
as alterations in many signaling transduction pathways including the canonical Wnt 
pathway  [  5  ] . 

 Most of MM disease evolution takes place in the BM. There is now an increased 
understanding of how the adhesion of MM cells to BM further affects gene 
 expression in tumor cells and in bone marrow stromal cells (BMSCs), thereby 
increasing tumor growth, survival, drug resistance, and migration. The biological 
and clinical behavior of MM cells is therefore not exclusively determined by their 
intrinsic genetic pro fi le, but is also in fl uenced by intricate bidirectional interactions 
with their local bone microenvironment, which constitutes a sanctuary for MM cells 
 [  6  ] . As a result of these advances, a new treatment paradigm has emerged in MM, 
which is based on the concurrent targeting of both the tumor cell and its BM milieu 
to overcome drug resistance and improve patient outcome. 

 While substantial progress has been made in characterizing the bidirectional 
interactions between MM cells and their bone microenvironment, several 
f undamental questions remain unanswered. For instance, it is not clear yet which of 
these intercellular interactions have the highest contribution to the protective effects 
of the local milieu on MM cells and which speci fi c molecular pathways mediate the 
biologic effects of MM–BM microenvironment interactions. 

 The canonical Wnt/ b -catenin and the alternative Wnt/RhoA-signaling pathways 
play important roles in the tropism between MM cells and BM microenvironment, and 
they have recently been implicated in MM pathogenesis  [  7  ] . Conversely, other reports 
have shown the production by MM cells of soluble inhibitors of Wnt signaling, such as 
Dickkopf-1 (DKK1) and secreted frizzled-related protein-3 (sFRP3), which cause MM 
bone disease  [  8,   9  ] . However, the precise role of Wnt pathway in growth and survival 
of myeloma cells remains unclear and often controversial. A complete understanding 
of the complex molecular genetics of  b -catenin activity in MM would therefore 
provide valuable insight and could help to develop new therapies in MM and other 
malignancies with aberrant Wnt/ b -catenin activity  [  10  ] . 

    5.1   The Wnt Signaling Pathway 

 Wnts comprise a family of glycoproteins critical for normal development  [  11,   12  ] , 
which have been also linked to several forms of cancer  [  13  ] , including hematologic 
malignancies  [  7  ] . WNT genes encode a family of 19 secreted glycoproteins, which 
 promiscuously interact with several transmembrane Frizzled receptors and the  low-density 
lipoprotein receptor-related protein (LRP) 5/6  [  14  ] . This interaction leads to the 
 activation of downstream elements known as Dishevelleds (Dvls)  [  15  ]  and 
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 subsequently a number of intracellular signaling cascades that control gene 
 expression, cell behavior, cell adhesion, and cell polarity, during both embryonic 
development and postnatal life  [  11,   12,   16  ] . The best studied of these signaling 
pathway is referred to as the “canonical” (Wnt/ b -catenin) pathway, in which the key 
event is the stabilization of  b -catenin.  b -catenin plays two important roles in cells, 
as transcriptional activator in Wnt signaling  [  17,   18  ]  and as protein associated with 
E-cadherin in cell–cell adhesion  [  19  ] . 

 In the absence of a Wnt signal, the cytoplasmic  b -catenin interacts with a 
 multicomponent complex consisting of the tumor suppressor gene product 
 adenomatous polyposis coli (APC), Axin scaffold proteins, glycogen synthase 
kinase-3 b  (GSK3 b ), and casein kinase 1 a , which promotes the phosphorylation of 
speci fi c serine and  threonine residues in the N-terminal region of  b -catenin. This 
GSK3 b -mediated  phosphorylation marks  b -catenin for degradation by the 
 ubiquitin–proteasome  pathway  [  20  ] . Levels of free  b -catenin in the cell  consequently 
remain low, and  formation of active nuclear Tcf/ b -catenin transcriptional complexes 
is decreased. 

 Upon Wnt stimulation, however, the kinase complex is dissociated, leading to 
the accumulation of active nonphosphorylated form of  b -catenin in the cytoplasm 
and its further translocation to the nucleus. Here, it interacts with members of the 
lymphoid enhancer factor (LEF)/T-cell factor (TCF) family of transcription factors 
 [  21,   22  ]  driving the transcription of target genes like c-Myc, cyclin D1, Tcf-1, and 
Axin2, which are involved in cell proliferation, migration, and survival  [  23–  25  ] . 

 Several components of the canonical Wnt signaling cascade have been shown to 
function as either tumor suppressor genes or as oncogenes in a wide range of  common 
human cancers  [  13,   26,   27  ] . Recent studies have revealed that high Wnt signaling 
activity functionally designates the cancer stem cell population, underscoring the 
relevance of this pathway for target drug discovery and therapeutic development  [  10, 
  13,   17,   28  ] . Inactivating mutations of the tumor suppressor genes APC and Axin or 
activating mutations of the sequences encoding the crucial GSK3 b  phosphorylation 
sites in the N-terminal domain of  b -catenin have been found in the majority of col-
orectal cancers, as well as many other cancer types. The critical consequence of these 
mutations is the elevation of nuclear  b -catenin, leading to the formation of constitu-
tive nuclear  b -catenin/TCF complexes and altered expression of TCF target genes 
known to cooperate in neoplastic transformation such as CCND1 (cyclin D1), MYC, 
and CD44  [  29  ] . 

 In addition to the canonical pathway, Wnts initiate a second cascade (Wnt/RhoA) 
that does not require the LRP coreceptor leading to activation of RhoA and associated 
downstream kinases  [  30,   31  ] . RhoA is a member of a family of small guanosine 
 triphosphatases (GTPases) that includes Rac and Cdc42  [  32  ] . This pathway has been 
implicated in cell motility and adhesion  [  33  ] , and several cell types have been shown to 
respond with changes in these properties in response to a variety of Wnts  [  34,   35  ] . 

 Finally, activation of PKCs has been associated with a third Wnt signaling 
 pathway characterized by calcium  fl ux and likely involving G protein-coupled 
receptors  [  36,   37  ] .  
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    5.2   Role of WNT Pathway in MM Cell Growth and Survival 

 Constitutively active canonical Wnt/ b -catenin pathway has been documented in 
myeloma cell lines and malignant PCs from patients with MM  [  9,   38  ] . Speci fi cally, 
it is the N-terminally unphosphorylated  b -catenin to be overexpressed in MM, and 
the cause for this constitutive accumulation in myeloma cells has not been deter-
mined yet. To note, no mutations in the Wnt pathway have been identi fi ed in 
myeloma cells, suggesting that mechanisms other than gene mutations may 
 contribute to Wnt pathway deregulation in myeloma  [  7,   38,   39  ] . A recent report 
provided evidence that deregulation of BCL9, known to play an important role in 
transcriptional activity of  b -catenin in association with LEF/TCF family members 
 [  40  ] , can be one alternative pathway for  b -catenin activation  [  41  ] . 

 The precise role of Wnt in growth and survival of myeloma cells is intriguing and 
still controversial. On one hand and in agreement with the general notion that 
 activating mutation in the canonical Wnt pathway promotes tumor growth, there are 
several reports along these lines in MM. For instance, Derksen et al. demonstrated 
that stimulation of the canonical Wnt signaling pathway with Wnt3a additionally 
increases both accumulation and nuclear localization of  b -catenin, leading to 
enhanced MM cell proliferation  [  38  ] . In addition, the small molecule PKF115-584, 
recently identi fi ed by high-throughput ELISA screening, ef fi ciently blocks the 
f ormation of the  b -catenin/TCF transcriptional complex and thereby expression of 
Wnt target genes inducing cytotoxicity in both patient MM cells and MM cell lines 
 [  39  ] . Furthermore, Dutta-Simmons and colleagues have shown  b -catenin  accumulation 
in MM primary tumors compared with normal plasma cells and provided evidence for 
a novel functional link between  b -catenin and Aurora kinase A, underscoring a critical 
role of these pathways in MM disease progression  [  42  ] . Importantly, they showed that 
a decrease in  b -catenin protein caused signi fi cant tumor remission and increased 
 survival in a mouse xenograft model of MM. Since the Wnt/ b -catenin pathway is 
c ritical for normal cellular functions like hematopoietic stem cell homeostasis, 
in hibition of the entire pathway would have undesired effects  [  26,   43,   44  ] . Therefore, 
interference with speci fi c interactions of the  b -catenin transcriptional complex such as 
that between  b -catenin and BCL9, which reduce only the expression of selected target 
genes, could be a good therapeutic option. A  b -catenin small-interfering RNA 
 treatment inhibited myeloma cell growth in vivo in a xenograft model of myeloma 
 [  45  ] . Additional strategies to target Wnt signaling pathways include the use of 
small-molecule inhibitors, which block interaction of  b -catenin with CREB-binding 
protein, siRNAs, and antibodies directed against WNTs  [  46  ] . Indeed, constitutively, 
activation of Wnt signaling correlates with hypermethylation and hence silencing of 
Wnt antagonist genes. Consequently, demethylation of methylated Wnt inhibitors 
downregulates Wnt signaling and associated MM cell proliferation  [  47  ] . 

 In contrast, other studies have shown that the activation of canonical Wnt  signaling 
is not associated with proliferative growth effect, despite the increase in  b -catenin 
activity. Moreover, activation of canonical Wnt signaling by Wnt3a in a SCID-hu model 
of myeloma resulted in cell growth inhibition when growth was restricted to implanted 
human bones in SCID mice and not when the tumor was growing subcutaneously  [  48  ] . 
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A recent report showed that LiCl, a putative  b -catenin activator, could suppress MM 
growth and bone disease in the 5TGM model of myeloma, while promote proliferation 
in a subcutaneous model of myeloma  [  49  ] . These reports suggest the role of the 
 canonical Wnt pathway in the context of the myeloma microenvironment and also 
con fi rm the need to study MM in vivo using animal models that take into  consideration 
the in fl uences of the human bone milieu. Consistent with these data, Fulciniti et al. 
have also shown that BHQ880, a human DKK1 neutralizing antibody, has been shown 
to increase function and number of osteoblasts (OBs) and to induce activation of 
 b -catenin and downregulation of NF- k B activity in BMSC along with anti-MM effect 
when evaluated in the presence of the BM milieu  [  8  ] . In addition, GSK-3 b  inhibition 
has been shown to decrease MM cell growth despite the increased  b -catenin levels, 
ameliorate the bone de struction in a murine model of myeloma bone disease  [  50  ] , and 
augment the response to the cytotoxic effects of bortezomib, a clinically used chief 
therapeutic agent in MM therapy  [  51  ] . 

 Emerging data support an important role for Wnt/ b -catenin activation as a mediator 
of chemoresistance and induction of cell adhesion-mediated drug resistance (CAM-DR) 
in hepatocellular carcinoma  [  52  ] , laryngeal carcinoma  [  53  ] , neuroblastomas  [  54  ] , and 
acute myeloid leukemia  [  55  ] . In MM, Wnt signaling pathways have been implicated in 
the induction of CAM-DR through integrin  a 6 b 1 (VLA-6) and RhoA-Rho 
 kinase-signaling sequelae  [  56  ] . A recent paper has reported that standard care therapy 
for MM, lenalidomide, induces Wnt/ b -catenin pathway activation in myeloma cells 
 [  57  ] , unlike thalidomide, which inhibits Wnt/ b -catenin. Stimulation of Wnt/ b -catenin 
signaling with recombinant Wnt-3a, or by overexpression of  b -catenin, reduced the 
antiproliferative activity of lenalidomide. Conversely, suppression of  b -catenin with 
small hairpin RNAs restored myeloma cell sensitivity to lenalidomide. Together, 
these  fi ndings support the hypothesis that lenalidomide-mediated activation of 
Wnt/ b -catenin signaling in myeloma cells may contribute to mechanisms of 
 resistance to this agent. 

 Finally, previous studies have examined the role of Wnt pathway in migration, 
which is one of the important processes fundamental to myeloma cell invasion and 
dissemination. These studies have demonstrated that activation of the Wnt/RhoA 
pathway, which does not require the LRP coreceptor, induces striking morphologic 
changes in myeloma cells, suggesting altered motility and making Wnts likely 
 candidates as participants in the migratory process  [  58  ] .  

    5.3   Role of WNT Pathway in MM Bone Disease 

 A cardinal clinical feature of MM is the presence of osteolytic bone lesions. Under 
physiological conditions, the skeleton undergoes constant structural remodeling in 
order to optimize the stress-bearing capacity of the bones. This physiologic process 
consists of precisely coordinated cycles of osteoclast (OC)-mediated resorption of old 
bone and subsequent compensatory formation of new bone by OB. In MM, however, 
these two functionally opposing process are uncoupled  [  59,   60  ] . Various clinical 
observations  [  61  ]  and experimental studies  [  62,   63  ]  have linked the level of MM bone 
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disease with disease burden. There is also emerging evidence that the cellular bone 
compartment affects MM cell growth and progression, supported by the observation 
that OC can sustain long-term survival and proliferation of primary MM cells  [  64,   65  ]  
while OB may impede MM cell growth  [  66,   67  ] . Therefore, developing novel  therapies 
that are able to target both tumor cells and bone disease is one of the major goals of 
the treatment for this disease. Indeed, it has been shown that many novel biologic 
agents being used for the treatment of MM also further inhibit the bone destructive 
process (e.g., bortezomib, IMID drugs, SDX-308)  [  68–  71  ] . 

 Increased osteoclastic activity and its molecular basis have long been considered 
a primary pathogenic event in MM bone disease. However, a molecular basis for the 
well-recognized lack of OB function in the MM bone disease has only recently been 
described  [  66,   72  ] . Canonical Wnt pathway plays an important role in controlling 
proliferation, differentiation, and survival of OBs  [  73–  76  ] . Increasing data suggest 
a role for Wnt signaling pathway in the development of myeloma bone disease, and 
recent published data also linked Wnt/ b -catenin signaling with osteoclastogenesis 
in MM  [  77  ] . 

 Human genetic bone diseases and in vivo mouse models provide strong evidence 
for the function of the Wnt signaling pathway in bone biology. Inactivating muta-
tions in the gene for LRP5 result in osteoporosis-pseudoglioma syndrome in humans, 
whereas “gain of function” mutations in LRP5 are associated with a syndrome of 
hereditary high bone density  [  74,   78  ] . Overexpression of  b -catenin in OBs has been 
demonstrated to induce a high bone mass phenotype  [  79  ] . Transgenic mice 
 overexpressing DKK1, in OBs develop severe osteopenia, whereas deletion of a 
 single allele of DKK1 caused an increase in bone mass  [  80,   81  ] . 

 Preclinical studies have demonstrated that treatment of myelomatous SCID-hu 
mice, carrying primary disease, with recombinant Wnt3a stimulated bone formation 
 [  48  ] . On the other hand, the proteasome-inhibitor bortezomib promotes matrix 
 mineralization and calcium deposition by osteoprogenitor cells and primary 
 mesenchymal stem cells via Wnt-independent activation of beta-catenin/TCF 
 signaling  [  82  ] . 

 Tian et al. reported the production of DKK1 by primary CD138+ MM cells, but 
not by plasma cells from MGUS patients and showed the correlation of the levels of 
DKK1 mRNA with focal bone lesions in patients with MM  [  83  ] . Politou et al.  [  84  ]  
have con fi rmed the increased DKK1 levels in the sera of MM patients, and Kaiser 
et al.  [  85  ]  have reported that serum DKK1 levels correlate with the extent of bone 
disease in MM patients. The DKK1 produced by MM cells can inhibit the 
 differentiation of OB precursor cells  [  83  ]  and bone formation in vitro  [  9  ]  through a 
DKK1-mediated attenuation of Wnt3a-induced stabilization of  b -catenin  [  86  ] . 
These  fi ndings con fi rm DKK1 as an important regulator of bone formation in the 
bone microenvironment. Production of DKK1 is also modulated by a number of 
drugs used to treat MM including dexamethasone  [  87  ]  and the immunomodulatory 
agents, thalidomide and lenalidomide  [  88,   89  ] . The treatment of OB with 
 dexamethasone results in a time- and dose-dependent increase in DKK1 expression, 
suggesting that dexamethasone also blocks bone formation through a mechanism 
affecting osteoblastogenesis providing partial explanation for osteoporosis observed 
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with long-term glucocorticoid use  [  87  ] . Thus, combining current treatments with 
anti-DKK1 antibody may abrogate dexamethasone-induced osteoporosis and 
s timulate bone formation. Yaccoby et al. have previously shown that daily i njections 
of a neutralizing DKK1 antibody in the area surrounding myelomatous bone 
 ameliorated bone turnover and reduced tumor burden in the SCID-rab model  [  90  ] . 
Moreover, a human DKK1 neutralizing antibody has been shown to increase 
 function and number of OB in a SCID-hu model of MM in which human myeloma 
cell growth is restricted to human bone implanted into SCID mice  [  8  ] . Edwards 
et al. demonstrated that increasing Wnt signaling within the myeloma bone 
m icroenvironment can inhibit the development of myeloma bone disease, while 
increase myeloma growth at non-osseous sites  [  49  ] , raising clinical concerns for 
targeting Wnt signaling as a therapeutic approach in myeloma due to the risk of 
increasing tumor growth outside the BM microenvironment. 

 Furthermore, myeloma cell lines and primary myeloma cells from patients with 
bone lesions have been shown to produce the soluble Wnt inhibitor sFRP-2 and thereby 
suppress mineralization and alkaline phosphatase activity in OBs. Immunodepletion of 
sFRP-2 signi fi cantly restored mineralized nodule formation in vitro  [  91  ] . 

 Overall, these antecedents suggest the critical role of Wnt signaling pathway in 
the pathogenesis of myeloma bone disease.  

    5.4   Conclusions 

 Despite the advances in our understanding of the biology of MM, yet a number of 
critical questions remain unanswered and myeloma remains an incurable  malignancy. 
Increasing evidences suggest the link between Wnt pathway and the development of 
MM bone disease. The discovery of Dkk1 as a mediator of OB dysfunction in myeloma 
identi fi es the Wnt signaling pathway as a potential therapeutic target for the treatment 
of myeloma bone disease. However, its precise role in growth and survival of myeloma 
cells remains controversial and needs further investigation due to the clinical concerns 
of increasing tumor growth while targeting Wnt signaling as a therapeutic approach in 
myeloma bone disease. The role of the Wnt signaling pathway in myeloma cells may 
be more complex and dependent upon the myeloma microenvironment and the local 
balance of agonists and antagonists of this pathway, suggesting the need to study this 
disease in vivo taken into consideration the in fl uences of the bone milieu.      
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 Abstract The mammalian target of rapamycin (mTOR) is centrally located, 
 linking proximal oncogenic cascades to critical downstream pathways that drive 
tumor growth. MTOR regulates such diverse functions as protein translation, prolif-
eration, viability, autophagy, metabolism homeostasis, monitoring of energy 
reserves and induction of angiogenesis. Given its fundamental role in tumorigene-
sis, it is not surprising that a huge effort is being made to develop mTOR inhibitors. 
The existence of feedback pathways, that become activated subsequent to mTOR 
inhibition, has complicated these efforts.  However, the fact that mTOR exists in two 
separate complexes, TORC1 and TORC2, that rapalogs primarily inhibit only 
TORC1 and that TORC2 is actually a key activator of AKT has injected new energy 
in the quest to  fi nd inhibitors that can inhibit both complexes. In myeloma models, 
pre-clinical studies con fi rm activity of rapalogs as well as newer TORC1/TORC2 
inhibitors and early phase clinical trials have begun.  In addition, the recent  fi nding 
of upregulated myeloma cell expression of DEPTOR, an mTOR binding protein 
that restricts mTOR activity, suggests an additional future therapeutic target speci fi c 

to the myeloma tumor model.     
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     6.1   Introduction 

 The mammalian target of rapamycin (mTOR) kinase is critical for tumor cell 
proliferative, anti-apoptotic and pro-angiogenic activities. As such, it has become a 
popular molecular target for new therapeutics. The characterization of mTOR followed 
the previous discovery of a macrolide antibiotic produced by  Streptomyces 
hygroscopicus , a streptomycete isolated from soil collected from the Easter Island 
known as Rapa Nui  [  1  ] . This potent antifungal drug was named after its geographical 
site of origin; hence, rapamycin. Subsequently, TOR proteins were identi fi ed during 
a screen for mutations that induced resistance to rapamycin in budding yeast  [  2  ] . 
TOR homologs were then identi fi ed in many species and it is now clear that this 
serine/threonine kinase has been conserved throughout eukaryotic evolution for the 
purpose of coordinating cellular growth responses to levels of amino acids, growth 
factors, and energy capability. 

 MTOR belongs to the phosphatidylinositol 3-kinase-related family of kinases 
and functions within two separate multicomponent complexes: TORC1 and TORC2 
 [  3  ] . These individual complexes have different substrates and regulate distinct cellular 
responses (see below). As many of these responses are obviously pro-tumorigenic 
and, since TORC1 and TORC2 activities are upregulated in the majority of 
malignancies, the development of mTOR inhibitors has become a priority. First 
generation mTOR inhibitors, including rapamycin and related rapalog compounds 
such as temsirolimus and everolimus, associate with the FKB12 protein and together 
they bind to mTOR adjacent to its kinase domain  [  4  ] . At that site they allostearically 
inhibit mTOR, primarily that within the TORC1 complex. Newer second generation 
mTOR inhibitors speci fi cally inhibit the mTOR kinase domain and signi fi cantly 
suppress both TORC2 as well as TORC1 activity. In this report, we review the 
molecular biology of mTOR as well as preclinical studies that support use of mTOR 
inhibitors in myeloma. We also address the myeloma-speci fi c characteristics of 
mTOR and mTOR inhibitor activity. Finally, we will review the few clinical trials 
that have been performed.  

    6.2   Structure of mTOR 

 The mammalian TOR kinase is a 300 kDa signaling protein founding member of the 
PIKK family of kinases and consists of several highly conserved domains. These 
include the HEAT repeats, as well as the FAT, FRB (FKBP12-binding domain), 
kinase, FIT, and FATC domains (Fig.  6.1 ). The HEAT repeat regions in the molecule 
are located in the N-terminal and central portions of the kinase and are believed to 
function as a protein–protein interaction surface  [  5  ] . The HEAT repeats form a large 
superhelical structure and are required for raptor binding  [  6  ]  and for localization to 
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the Golgi and endoplasmic reticulum compartments  [  7  ] . A second isoform of mTOR 
has recently been described, mTOR b , which can promote cell proliferation and 
tumorigenesis  [  8  ] . This isoform lacks the HEAT repeats but is competent to bind 
both raptor and rictor and can signal to both TORC1 and TORC2 substrates, 
suggesting that the N-terminal 23 amino acids within mTOR are suf fi cient to mediate 
interaction with its protein partners.  

 The most highly conserved region of mTOR comprises the domains C-terminal to 
the HEAT repeats. This portion of the molecule contains the FAT, FRB, kinase, FIT, and 
FATC domains. The FAT domain consists of ~500 amino acids and has been proposed 
to contain additional HEAT domains possibly involved in protein–protein interactions 
 [  9  ] . The FATC domain is located at the C terminus and is required for mTOR function. 
Nuclear magnetic resonance studies indicate that a disul fi de bridge in the FATC domain 
may link the cellular redox state to mTOR stability and activity  [  10  ] . 

 The FRB domain consists of ~100 amino acids within mTOR and has been proposed 
to contain an additional pair of HEAT domains  [  11  ] . Two missense mutations have 
been characterized in this domain, originally identi fi ed in yeast, which prevent bind-
ing of FKBP12-rapamycin to mTOR and confer rapamycin resistance when either 
of these alleles is overexpressed  [  11  ] . 

 The kinase domain of mTOR is ~300 residues in length and the N-terminal portion 
of this domain contains the binding site for the TORC1 upstream activator Rheb. 
Both the active (GTP-bound) and inactive (GDP-bound) forms of Rheb are capable 
of binding mTOR in vitro; however, only the active form can promote TORC1 
activity  [  12  ] . Recent homology modeling studies suggest that the ATP-binding site 
in the kinase domain forms a novel pharmacophore region which may give insights 
as to the ef fi cacy of the second generation mTOR kinase inhibitors currently in 
clinical development  [  13  ] . 

 The newly de fi ned FIT domain lies between the kinase and FATC regions of 
mTOR  [  13  ] . While not highly conserved across many species, the function of this 
region is consistent with previous observations that the FIT domain may be 
regulated by reversible phosphorylation and may function as a repressor domain 
 [  14–  18  ] .  
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  Fig. 6.1    Schematic diagram of mTOR domains. See text for description of the various domain 
regions       
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    6.3   Architecture of the TORCS and Their Substrate Speci fi city 

 The mTOR kinase is incorporated into at least two different complexes in mam-
malian cells  [  6,   19  ] . MTORC1 is sensitive to the macrolide rapamycin while 
mTORC2 is relatively resistant  [  20,   21  ] . The major mTORC1 components 
include mTOR, Raptor and mLST8/G b L and the mTORC2 components are 
mTOR, Rictor, and mLST8/G b L. The well-characterized substrates for mTORC1 
are p70S6K and 4E-BP-1 while mTORC2 is presently known to directly regulate 
PKC- a , SGK, and AKT (see Fig.  6.2 )  [  20,   22,   23  ] . Additionally, there are several 
accessory binding proteins that have now been characterized which interact 
with mTOR and regulate the function and substrate speci fi city of mTORC1 and 
mTORC2. These include mSIN1 and Protor, which seem to preferentially associate 
within mTORC2, and DEPTOR, which can be found in both mTORCs.  

 Speci fi c isoforms of many of the mTORC1 and mTORC2 components have also 
been described and it has been proposed that isoform speci fi c mTORCs may assemble 
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  Fig. 6.2    Regulation of mTORC signaling by growth factors. mTORC1 and mTORC2 signaling 
are activated in response to growth factors including IL-6. mTORC1 signaling is regulated by the 
tuberous sclerosis complex (TSC1/2), which acts to inhibit mTOR by acting as the GTPase-
activating protein (GAP) for Rheb-GTP, which is required for mTORC1 function. AKT activity is 
induced by growth factor stimulation and mTORC2 and AKT can induce mTOR by inhibiting the 
function of TSC1/2 and inactivating the mTORC1 negative regulator PRAS40. mTORC1 also 
regulates the relative  fl ux of growth factor mediated signals via a feedback pathway ( dashed line ) 
in which S6K phosphorylates IRS1 resulting in its degradation and attenuation of the signaling 
cascade       
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in a cell type speci fi c manner leading to varied mTORC1/2 sensitivity to stimuli 
 [  24  ] . The mTOR b  isoform displays increased signaling to p70S6K, 4E-BP-1, and 
AKT  [  8  ] . Recently, a cell type speci fi c isoform of Raptor has also been described 
although the functional signi fi cance of this isoform remains to be determined  [  25  ] . 
Isoforms of SIN1 and Protor have also been described which are capable of forming 
complexes within mTORC2  [  24,   26  ] . Additionally, Hsp70 has been demonstrated to 
interact with rictor and promote the assembly and kinase activity of mTORC2 
following heat shock  [  27  ] .  

    6.4   Regulation of mTOR Activation 

 Signi fi cant progress has been made in understanding how various environmental 
signals regulate mTORC1 activity, while those that regulate mTORC2 are largely 
unknown (see Fig.  6.2 ). Growth factor-dependent signaling to mTORC1 is positively 
stimulated by the GTP-binding protein Rheb, which is negatively regulated by the 
action of the tuberous sclerosis tumor suppressor proteins TSC1/TSC2  [  28  ] . TSC2 
is a GTPase-activating protein and the loss or mutation of TSC2 results in the 
constitutive activation of Rheb and consequently activation of mTORC1. The 
TSC1/2 complex is believed to function as a nutrient responsive integrator of 
signaling to mTORC1. Cell signaling as a result of global cellular energy loss either 
by AMPK, MAPK, hypoxia, or WNT signaling feed into the TSC1/2/Rheb cascade 
to regulate mTORC1. AMPK is also known to directly phosphorylate Raptor and 
disrupt its interaction with mTOR, thereby blunting mTORC1 activity  [  29  ] . 

 AKT and mTORC1 mutually regulate the activity of each other in a complex 
cross-talk. AKT acts in several distinct pathways to regulate mTORC1 activity. 
First, it can directly phosphorylate TSC2 leading to dissociation of the TSC1/2 
complex resulting in activation of mTORC1 as described above (see Fig.  6.2 ). 
Secondly, it can also activate mTORC1 via an inhibitory phosphorylation of the 
mTORC1-negative regulator PRAS40  [  30  ] . Third, activated AKT stabilizes the surface 
expression of nutrient and amino acid transporters such as Glut1, which results in 
increased uptake of nutrients and activation of mTORC1  [  31  ] . MTOR, in turn, can 
activate AKT (see below) through TORC2-induced phosphorylation of AKT or 
when mTOR inhibition induces derepression of a negative feedback cascade mediated 
by p70SK on IRS-1, which results in increased signaling through PI3-K to AKT. 

 While little is known regarding the environmental signals which regulate 
mTORC2, recent studies have shed light on at least two signaling inputs to this 
complex. Clearly, growth factors are able to stimulate mTORC2 as immunoprecipitated 
mTORC2 from insulin stimulated cells have upregulated in vitro activity as 
determined by serine 473 phosphorylated AKT  [  24  ] . Additionally, mTORC2 has 
been recently shown to be activated by amino acids  [  32  ] .  
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    6.5   Regulation of mRNA Translation by mTOR 

 Upregulated protein translation is part of the malignant phenotype  [  33  ]  and, as such, 
becomes an attractive therapeutic target in general. The ef fi cacy of mTOR inhibitors 
in cancer therapy may be primarily due to their ability to curtail translation so that 
the regulation of this process may determine relative sensitivity to these drugs. 
Alterations in a cell’s extracellular environment rapidly alter gene expression at the 
translation level. Subsequent to transcription, an mRNA molecule is translated into 
protein via the action of the ribosome and this process is delineated by three major 
points of regulation. These are translation initiation, elongation, and termination. 
While all three of these steps can be regulated in the cell, the major point of regulation 
occurs at initiation. In eukaryotes, the majority of all mRNA translation occurs by 
cap-dependent initiation, wherein speci fi c translation initiation factors interact with 
the mRNA cap structure to form a productive pre-initiation complex. Alternatively, 
some mRNAs are able to initiate translation via cap-independent mechanisms 
through the action of an internal ribosome entry site (IRES) where the ribosome 
binds to the mRNA leader independent of the cap and initiates protein synthesis. 
While IRES-mediated mRNA translation initiation is also regulated, the mTORC1 
pathway primarily regulates cap-dependent mechanisms. As described earlier, 
mTORC1 directly phosphorylates the mRNA translational regulators S6K and 
4E-BP-1. These downstream effectors have been demonstrated to control ribosome 
biogenesis, mRNA translation, and cell growth  [  34  ] . 

 Although eukaryotic translation initiation factors (eIFs) and ribosomal proteins 
contain identi fi ed phosphorylation sites, the precise function of many of these 
phosphorylations sites remains unknown  [  35–  38  ] . It has been proposed that many 
of the kinases involved in these post-translational phosphorylation events must be 
in relatively close proximity to their appropriate targets in order for phosphorylation 
to take place within the preinitiation complex. Recent studies have demonstrated 
that the eIF3 protein complex acts as a molecular conduit linking mTORC1, 4E-BP-
1, and S6K phosphorylation to the ordered assembly of the translation preinitiation 
complex  [  39  ] . Under basal conditions inactive S6K is complexed with eIF3. 
Following stimulation by growth factors, mTORC1 binds the eIF3–S6K complex, 
dissociating S6K from the complex and the remaining mTORC1–eIF3 complex 
becomes associated with the 5 ¢  mRNA cap structure. This interaction correlates 
with the phosphorylation of S6K at its hydrophobic motif (Thr389). 

 Cap-dependent protein synthesis is inhibited in the cell when the 
hypophosphorylated form of 4E-BP-1 binds to the cap binding protein, eIF-4E and 
competitively inhibits the interactions of the scaffolding protein eIF-4G with eIF-
4E  [  40  ] . Cell stimulation results in mTORC1 directly phosphorylating 4E-BP-1, 
thus liberating it from eIF-4E and allowing eIF-4E to interact with eIF-4G and the 
cap-structure on mRNAs and initiate protein synthesis. The phosphorylation of 
4E-BP-1 occurs at multiple residues in an ordered manner. The Thr37 and Thr47 
phosphorylations prime 4E-BP-1 for subsequent phosphorylations at Ser65 and 
Thr70. Inactivation of 4E-BP-1 via substitution mutations of these phosphosites, or 
treatment with rapamycin signi fi cantly reduces cap-dependent translation, but does 
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not completely abolish protein synthesis. This suggests some redundancy in the 
mRNA translation signaling pathways  [  41  ] . 

 As protein translation may be the ultimate target of mTOR inhibitors, it follows 
that additional regulation mechanisms that can impact translation may serve as 
resistance pathways. For example, upregulated IRES-dependent translation of 
D-cyclin and/or c-myc can rescue tumor cells from rapamycin-induced cytostasis 
 [  42  ] . Additional resistance mechanisms potentially include alterations in the 4EBP-
1:eIF4E ratio. For example, resistance to rapamycin is associated with decreased 
levels of 4EBP-1  [  43  ] . Furthermore, deregulated elevations of eIF4E are found in 
many malignancies  [  43  ]  and this could also promote translation and serve as a 
mechanism of resistance.  

    6.6   Role of mTOR in Cell Proliferation, Apoptosis,
and Angiogenesis in Cancer 

 The concerted effect of mTOR also plays a major role in the regulation of many 
tumor cell properties. In mammalian cells, mTORC1 regulates the progression of 
cells from G1 into the S-phase of the cell cycle by several mechanisms or speci fi c 
“checkpoints.” mTORC1 is known to regulate the levels and activity of many cyclins 
and cyclin-dependent kinases. mTOR, as a central regulator of cell growth, also 
regulates cell death in normal and tumor cells. Neoangiogenesis often occurs as a 
response to intra-tumoral hypoxia leading to the upregulation of hypoxia-dependent 
gene expression. mTORC1 plays a major role in the regulation of neoangiogenesis 
in tumor cells. Below we describe how mTOR regulates each of these tumor cell 
properties. 

 The CDK/cyclin complexes required for S-phase progression can be inhibited by 
speci fi c CDK-inhibitor proteins (CDKIs)  [  44  ] , including p21 (also WAF1 or CIP1) 
and p27 (Kip1). The expression of both p21 and p27 is regulated at the transcriptional 
and post-transcriptional levels. Activated CDKs (cyclin D/CDK4,6 and cyclin E/
CDK2) can phosphorylate Rb, thus removing its inhibitory effect on the E2F family 
of transcription factors. These transcription factors upregulate the transcription of 
genes required for S-phase cell cycle progression. The CDKI, p27Kip1, inhibits 
both cyclin D/CDK4 as well as cyclin E/CDK2 complexes and p27 expression is 
regulated by signaling through mTORC1. P27 protein levels are relatively elevated 
in resting cells; however, its levels rapidly fall following cell stimulation. Rapamycin 
can inhibit growth factor mediated reductions in p27 protein levels in most tumor 
cell types  [  45  ] . Additionally, ectopic expression of a constitutively active form of 
4E-BP-1 can enhance the expression of p27  [  46  ] . 

 As a viability-promoting pathway, the mTORC1/S6K axis serves an important 
function in delivering survival signals by S6K-mediated phosphorylation of the 
proapoptotic effector BAD  [  47,   48  ] . S6K has been shown to directly phosphorylate 
BAD on Ser136 both in vitro and in vivo and thereby inactivate its proapoptotic 
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function. Conversely, inhibition of mTORC1/S6K signaling via rapamycin or S6K 
gene disruption prevents growth factor induced phosphorylation of BAD. In 
addition, mTOR provides an anti-apoptotic function by upregulating protein phos-
phatase 5 activity which inhibits apoptosis signal-regulating kinase 1 (ASK 1) and 
downregulates the apoptosis-inducing stress activated protein kinase pathway  [  49  ] . 
Finally, the mTOR-facilitated expression of anti-apoptotic proteins like MCL-1  [  50  ]  
can be crucial in maintaining viability of certain tumor types. 

 In terms of mTORC1 regulation of neoangiogenesis, hypoxia driven upregulation 
of the transcription factor HIF-1a has been shown to be mTORC1-dependent  [  51  ] . 
The upregulation of HIF-1a results in activation of VEGF its target gene. These 
observations have positioned mTORC1 as an upstream activator of HIF-1alpha in 
cancer cells and furthermore suggested that the antitumor activity of rapamycin is 
mediated, in part, through the inhibition of hypoxia induced stress.  

    6.7   Activation of mTOR in Multiple Myeloma 

 Early studies  [  52–  55  ]  identi fi ed activation of the PI3-K/AKT pathway in MM cell 
lines as well as primary cells, which resulted in proliferative and anti-apoptosis 
responses. It was, thus, natural to investigate which signal proteins downstream of 
PI3-K/AKT were critical for these responses. A previous study by Chauhan et al. 
 [  56  ]  had demonstrated that the IL-6 myeloma growth factor promoted p70S6kinase 
activity in MM cells. As p70 is a proximal substrate of TORC1 (see above) this 
suggested activation of mTOR was a downstream target of PI3-K/AKT in myeloma. 
This notion was con fi rmed in subsequent studies by Shi et al.  [  57,   58  ]  where IL-6 
or IGF-1 exposure upregulated phosphorylation of the mTOR substrates p70S6K 
and 4E-BP1 in a PI3-K/AKT-dependent fashion. In addition, prevention of p70 
 activation and 4E-BP1 phosphorylation by the mTOR inhibitors rapamycin and 
temsirolimus resulted in inhibition of cytokine-induced MM cell growth  [  57,   58  ] . 
These studies collectively con fi rmed hyperactivation of mTOR in myeloma down-
stream of PI3-K/AKT. However, it is not completely clear whether all pro-myeloma 
growth signals from PI3-K/AKT are mediated by mTOR. Against this hypothesis is 
the fact that inhibiting PI3-K/AKT often induces MM cell apoptosis while inhibit-
ing TORC1 with  fi rst generation mTOR inhibitors only induces G1 arrest without 
MM cell death. In addition, there are many AKT substrates that are critical for 
tumor cell health that are independent of mTOR. On the other hand, it is now clear 
that a more extensive inhibition of TORC1 with more potent second generation 
TOR inhibitors or the addition of TORC2 inhibition can induce MM cell death (see 
below). This important question speaks to the potential of targeting the translation 
apparatus in myeloma. 

 There are several potential mechanisms by which mTOR might be activated in 
MM. The study by Guglielmelli et al.  [  59  ]  suggests that activation correlates with 
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AKT activation and is, thus, usually downstream of PI3-K/AKT in MM speci-
mens. In addition to the stimulating effects of IL-6 and/or IGF-1 described above, 
loss-of-function mutations of the tumor suppressor PTEN gene in several MM cell 
lines results in hyperphosphorylation of mTOR substrates  [  58  ]  which can be 
reversed by transfection-induced reexpression of PTEN. Although genetic altera-
tions of PTEN have only been described in relatively few patients  [  60  ] , epigenetic 
mechanisms may occur and there are no studies that have assayed PTEN protein 
expression in MM specimens. In contrast to PTEN, gain-of-function N-RAS or 
K-RAS mutations are relatively common in MM and correlate with aggressive 
phenotype. Over-expression of mutant K-RAS or N-RAS in the ANBL-6 MM cell 
line results in upregulated, rapamycin-sensitive p70 phosphorylation  [  61  ]  and 
mutant N-RAS in the same cell line results in upregulation of AKT S473 phospho-
rylation  [  62  ] . These data suggest that MM RAS mutations could activate TORC1 
(phosphorylating kinase for p70) and TORC2 (phosphorylating kinase of AKT-
S473). However, supportive data on primary specimens linking RAS mutation to 
mTOR activation is lacking.  

    6.8   Activity of mTOR in MM 

 A host of responses occur in MM cells downstream of mTOR activation. The immediate 
TORC1 substrates p70 and 4E-BP1 are known to be hyperphosphorylated  [  57,   58  ]  
and 4E-BP1 phosphorylation is associated with inhibited binding to the eIF-4E 
translation initiation factor  [  58  ] . Release of eIF-4E allows it to participate in translation 
initiation complexes with resulting cap-dependent translation. As for TORC2, 
phosphorylation of the TORC2 substrate AKT S473 is easily detected by IHC in 
primary samples  [  62,   63  ] . The AKT S473 phosphorylation is relatively speci fi c for 
MM tumor cells as adjacent nonmalignant hematopoietic cells in patient marrows 
are usually negative for S473 staining. MM cell line studies suggest an additional 
TORC2 target, SGK-1, is also upregulated as its substrate, NDRG1, is 
hyperphosphorylated  [  62  ] . 

 As p70 and 4E-BP1 phosphorylation promote cap-dependent translation of criti-
cal proliferative, survival and angiogenic proteins, it is not surprising that mTOR 
activation results in upregulated D-cyclin, c-myc and VEGF translation and 
expression  [  58,   64,   65  ] . D-Cyclin and c-myc translation facilitate G1-to-S cell 
cycle transit and VEGF translation promoted angiogenesis in MM xenografts 
 [  64  ] . Activation of mTOR also suppresses autophagy in MM cell lines  [  66  ] . It is 
also clear that either MM TORC1 and/or TORC2 activity promote MM cell via-
bility  [  62,   67,   68  ]  although the mechanism of such a tumor-promoting function is 
not yet clear.  
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    6.9   Preclinical Activity If TORC1 Inhibitors 

 Rapamycin and the rapalog temsirolimus are effective cytoreductive agents in vitro 
against MM cell lines  [  57,   58,   61  ] . The major effect of these agents is to induce G1 
arrest which correlates with their ability to downregulate expression of D-cyclins 
and c-myc and upregulate p27  [  58,   68  ] . The IC 

50
  doses of these drugs against sensitive 

MM clones are very low (~1–10 nM)  [  58,   69  ] . However, the dose response curves 
are  fl at, reaching early plateaus in ef fi cacy at only 40–60% inhibition of most MM 
cell lines  [  62  ] . In addition, rapamycin-induced cytotoxicity is signi fi cantly reduced 
by exposure to IL-6, IGF-1 and the presence of bone marrow stromal cells (BMSCs) 
 [  68,   69  ] . In contrast to these results with cell lines, the in vitro effect of rapamycin 
against primary specimens includes apoptosis in addition to G1 arrest  [  68  ] . It is 
unclear why primary cells would be more sensitive to apoptosis induction and this 
issue merits further study. Several possibilities come to mind such as: (1) Treated 
primary MM cells may demonstrate a more profound inhibition of protein translation 
or a greater sensitivity to protein translation inhibition; (2) Primary cells may exhibit 
less feedback activation of PI3K/AKT (see below); (3) Additional mTOR-dependent 
but translation-independent pro-apoptotic effects may singularly occur in primary 
cells. It should also be noted that apoptosis can be induced in cell lines of other 
tumor models when exposed to  fi rst generation rapalogs  [  49  ]  depending on the 
particular genetic makeup of those cells. 

 A fair amount of literature  [  70,   71  ]  indicates that tumor cells with elevated AKT 
activity as a result of dysregulated PI3K activity, AKT gene ampli fi cation or loss of 
PTEN, display markedly increased G1 arrest following rapamycin exposure relative 
to cells with quiescent AKT. This is also true for MM clones with hypersensitivity 
to temsirolimus present in AKT-activated PTEN-null MM lines  [  58  ] , AKT-activated, 
RAS-mutated lines  [  61  ]  and AKT-transfected U266 cells  [  65  ] . Since heightened 
AKT activity is a mechanism of resistance to most anti-tumor agents, its sensitizing 
effect to rapalogs may have clinical relevance and suggest baseline AKT activity as 
a positive biomarker for future clinical trials of rapalogs. The mechanism by which 
AKT regulates sensitivity appears explained by a greater rapalog-induced 
downregulation of D-cyclin translation in “high-AKT” clones  [  65  ] . This is due to 
AKT’s inhibitory effect on the fail-safe cap-independent pathway of protein translation 
when mTOR-mediated cap-dependent translation is prevented  [  65  ] . Whether this 
sensitizing effect of AKT to  fi rst generation rapalogs will be similarly present when 
second generation TOR inhibitor (see below) are investigated in future studies 
remains to be seen. As these inhibitors also curtail AKT activity (due to TORC2 
inhibition) it may be counter-intuitive to expect that heightened basal AKT activity 
would sensitize to these agents. However, if their greater ef fi cacy is mostly due to a 
more profound inhibition of cap-dependent translation, the inhibitory effect of AKT 
on cap-independent translation may allow greater downregulation of critical proteins 
involved in cell cycle transit and viability. In addition, heightened AKT activity may 
suggest AKT addiction as shown with direct AKT inhibitors  [  63  ] , also resulting in 
sensitivity to TORC2 inhibition as seen with second generation TOR inhibitors. 
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 It is clear from several studies that when rapalogs are combined with a diverse 
assortment of anti-MM agents, synergistic cytotoxicity ensues. As most molecularly 
targeted agents show minimal ef fi cacy in clinical trials as single agents, these 
preclinical studies are important in suggesting which combinations may be 
ef fi cacious in patients. Synergistic anti-MM activity has been most notable when 
 fi rst generation mTOR inhibitors are combined with dexamethasone  [  67,   68  ] , 
Revlimid  [  69  ]  and the 17-AAG HSP90 inhibitor  [  72  ] . Importantly, the apoptotic 
response to combination therapy was markedly enhanced in these studies and the 
protective effect of IL-6, IGF-1 and BMSCs was overcome  [  68,   69  ] . In contrast, 
combination of rapamycin with bortezomib resulted in antagonistic anti-MM effects 
 [  73  ]  quite possibly due to the upregulation of AKT activity observed secondary to 
mTOR inhibition (below). Since the major molecular effect of rapamycin is to curtail 
cap-dependent translation, it is possible that translation inhibition sensitizes to 
apoptotic effects of different myeloma therapies. In fact, inhibition of cap-dependent 
translation in MM cells by gene transfer also sensitizes to dexamethasone-induced 
apoptosis  [  67  ] . A high throughput screen for mRNA translational state identi fi ed 
several anti-apoptotic proteins whose translation was inhibited by rapamycin  [  67  ]  
suggesting an explanation for the sensitizing effect of rapalogs. 

 Rapalogs have also demonstrated anti-MM effects in murine models. 
Temsirolimus  [  74  ]  and nanoparticle albumin-bound rapamycin  [  75  ]  have shown 
such in vivo ef fi cacy, the latter especially when combined with perifosine. Effective 
anti-MM doses of these agents produced little host toxicity and were associated 
with decreased tumor cell proliferation, induction of apoptosis and prevention of 
neo-angiogenesis. Additionally, cytoreduced tumors exhibited reduced c-myc, 
D-cyclin and VEGF expression  [  64,   65,   74  ]  and elevated p27 expression  [  74  ] , 
results which mirrored that from in vitro exposure of cell lines to rapalogs. It is also 
noteworthy that the in vitro  fi ndings of AKT activity sensitizing MM cells to rapalogs 
and synergistic interaction between rapalogs and dexamethasone were reproduced 
in these in vivo models  [  67,   74  ] . The one notable difference between in vitro and 
in vivo studies was the signi fi cant induction of tumor cell apoptosis in vivo which is 
lacking during in vitro exposure to single agent rapalogs. One obvious possible 
explanation is the requirement for angiogenesis to maintain tumor cell viability 
in vivo which was signi fi cantly prevented by temsirolimus injections in the 
SC-challenged murine model  [  74  ] .  

    6.10   Use of Second-Generation mTOR Inhibitors 

 It is now apparent that feedback activation of the PI3K/AKT cascade subsequent to 
mTOR inhibition can dampen antitumor effects. This resistance mechanism exists 
because the insulin receptor substrate-1 (IRS-1) is a downstream target of mTOR 
with mTOR or p70-mediated phosphorylation of IRS-1 resulting in dissociation of 
this adaptor from the IGF-1 receptor and its proteasomal degradation  [  76  ] . Both of 
these events result in downregulation of insulin or IGF-1 signaling through PI3-K to 
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AKT. Thus, when mTOR/p70-mediated phosphorylation of IRS-1 is prevented by 
rapalogs, the IGF-R/IRS-1/PI3-K/AKT pathway becomes de-repressed and subsequent 
AKT activation can prevent tumor cell apoptosis. A study by Shi et al.  [  73  ]  con fi rmed 
the existence of the feedback cascade in MM cells. Exposure of cell lines and 
primary MM cells to rapamycin resulted in decreased phosphorylation of IRS-1 on 
serine 312, increased tyrosine phosphorylation of the p85 regulatory subunit of PI3-
K, increased PI3k lipid kinase activity, and increased AKT phosphorylation kinase 
activity. Rapamycin-induced activation of the pathway was prevented by a blocking 
anti-IGF-R antibody, indicating the importance of proximal IGF-R/IRS-1 signaling. 
Importantly, the presence of rapamycin and upregulated AKT activity seemed to 
protect MM cells against bortezomib-induced apoptosis. These results have been 
con fi rmed by Cirstea et al.  [  75  ]  and provide a caveat for arbitrary decisions on 
combining anti-MM agents with  fi rst generation mTOR inhibitors. Nevertheless, 
these data provide a rationale for combining mTOR and PI3-K/AKT inhibition and 
support the development of drugs such as NVP-BEZ235, a dual PI3-K/mTOR 
inhibitor which has shown signi fi cant preclinical anti-MM activity  [  77  ] . In addition, 
once it became apparent that mTOR complexed with rictor (TORC2) was the key 
kinase that phosphorylates AKT on S473  [  78  ] , which is required for full AKT kinase 
activity, the development of drugs that could inhibit TORC2 as well as TORC1 
became a priority. There are now several of these compounds available and some are 
already in clinical phase I trials. In contrast to the  fi rst generation rapalogs that bind 
mTOR adjacent to the kinase domain with allostearic inhibition, these second gen-
eration compounds are ATP-competitive inhibitors that directly bind the mTOR 
catalytic site and, thus, curtail TORC2 as well as TORC1. In MM cell lines and 
primary specimens, these TORC1/TORC2 inhibitors are more effective than 
rapamycin on a molar basis for inhibiting cell growth and inducing apoptosis  [  62, 
  79,   80  ]  and they markedly synergize with bortezomib  [  62  ]  while, as described 
above, rapamycin is antagonistic with bortezomib. These more impressive anti-MM 
effects are associated with abrogation of TORC2 activity (i.e., prevention of mTOR 
phosphorylation on S2481, AKT phosphorylation of S473 and NDRG1 
phosphorylation on serine 330 (NDRG1 is a substrate of the SGK kinase, the latter 
which is activated by TORC2  [  81  ] ). 

 Although these initial studies are exciting, there are several questions concerning 
these newer TORC1/TORC2 inhibitors that need to be addressed: First, it is not 
clear whether their more impressive activity compared to rapamycin is due to the 
additional TORC2 inhibition or a more intense TORC1 inhibition. Studies in other 
tumor models  [  50,   82  ]  demonstrate that TORC1-induced phosphorylation of 
4E-BP1 and liberation of eIF-4E is a relatively rapamycin-resistant activity of 
TORC1 and that newer inhibitors directly targeting the TOR kinase domain are 
much more effective in 4E-BP1 dephosphorylation and sequestering of eIF-4E. In 
MM cell lines, rapamycin can induce 4E-BP1 dephosphorylation and eIF-4E binding 
although a newer TORC1/TORC2 inhibitor is modestly more effective  [  62  ] . On the 
other hand, knock down of rictor with attendant TORC2 inhibition is deleterious to 
MM cells  [  62  ]  indicating that TORC2 is a legitimate target. The answer to whether 
greater TORC1 inhibition or additional TORC2 inhibition is key to anti-MM 
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responses will have a great in fl uence on the development of future third generation 
mTOR inhibitors. 

 A second important issue is whether these newer agents completely resolve the 
problem of resistance due to feedback signaling. Although they prevent AKT S473 
phosphorylation, feedback activation of IGF-R/PI3-K signaling (due to TORC1/
p70 inhibition) may still upregulate AKT T308 phosphorylation which can, in some 
instances, maintain AKT kinase activity to some degree in the absence of S473 
phosphorylation  [  4  ] . Amore problematic feedback cascade may be the ERK MAPK 
pathway. ERK becomes hyperphosphorylated and activated subsequent to treatment 
with TORC1/TORC2 inhibitors  [  62  ]  and ERK activity is well known as a pro-growth 
factor for MM cells  [  83  ] . This potential resistance mechanism could be overcome 
by combining newer mTOR inhibitors with ERK inhibitors, or, alternatively, if 
TORC2 inhibition is shown to be critical although not involved in ERK feedback 
activation, developing newer agents that only target TORC2 without effects on 
TORC1, thus preventing feedback activation of signaling.  

    6.11   DEPTOR 

 A recent development that may be relevant to future mTOR targeted therapy in MM 
is the identi fi cation of DEPTOR as an mTOR binding protein that negatively regulates 
TORC1 and TORC2 activity  [  84  ] . Loss of DEPTOR activates TORC1 output 
(S6K1 activity) and TORC2 output (AKT and SGK1 activity) and, in non-myeloma 
cells, promotes cell growth and survival. In contrast, ectopic DEPTOR over-expres-
sion suppresses S6K activity (i.e., suppresses TORC1) but, via de-repression of 
feedback regulation of PI3-K signaling, it activates AKT. In an intricate circuit, 
DEPTOR expression is itself negatively regulated by TORC1 and TORC2. Since 
the mTOR pathway is hyperactivated in many different tumor models, it is not 
surprising that expression of this TORC-inhibitory protein is kept at very low levels 
in malignantly transformed cells. However, in a signi fi cant proportion of myeloma 
samples, DEPTOR is markedly over-expressed, suggesting that it provides a proliferative/
survival advantage to MM cells. DEPTOR over-expression was speci fi cally detected 
in specimens with Ig gene translocations and, most markedly, where C-MAF or 
MAFB transcription factors were involved and dysregulated in the translocations. 
Additional experiments identi fi ed DEPTOR as a transcriptional target of MAF, 
explaining the high levels of DEPTOR in MAF-translocated specimens. In MM 
cell lines with high DEPTOR expression, there was an association with inhibited 
S6K phosphorylation and elevated AKT phosphorylation. This was explained as 
the anticipated DEPTOR-induced TORC1 inhibition (S6K output) and the de-
repressed PI3K/AKT pathway (increased AKT). The most remarkable aspect of 
DEPTOR in MM comes from DEPTOR knockdown in these MM cell lines. The 
TORC1 output is increased as expected (increased S6K phosphorylation) and feed-
back PI3K/AKT activity is decreased as expected. However, in contrast to non-
myeloma cell models where DEPTOR knockdown promoted cell growth, in MM 
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lines with high DEPTOR expression, knock down resulted in apoptosis. The data 
suggest that the feedback PI3K/AKT activation in DEPTOR over-expressed MM 
specimens is a critical survival pathway for these cells. Another possibility relates to 
the exceedingly high level of protein synthesis in MM cells due to their mandatory 
Ig secretion. The prime raison d’etre of DEPTOR in those MM cells may be to 
restrict protein synthesis because they are always primed for death due to hyperac-
tivation of the unfolded protein response (UPR) cascade from excessive ER stress. 
Markedly turning up the rheostat of the translational machinery secondary to 
TORC1 upregulation in DEPTOR knocked down cells may tip the scales towards 
cell death from UPR signaling. Thus, DEPTOR may be a legitimate target for future 
therapy in a subset of MM patients.  

    6.12   Clinical Trials in MM Patients 

 The earliest clinical trials with mTOR inhibitors were performed with the intravenous 
Wyeth formulation of temsirolimus, an ester of rapamycin. The drug was generally 
well tolerated and peak plasma concentrations were above that required for mTOR 
inhibition. An intermittent weekly regimen has been established although a lower 
dose daily schedule might theoretically permit a more consistent mTOR inhibition 
in tumor cells  [  85  ] . A second orally administered mTOR inhibitor, everolimus, can 
be given daily and may achieve this goal. The phase I trials suggested some ef fi cacy 
in renal cell CA which has been subsequently con fi rmed and these mTOR inhibitors 
are now part of the armamentarium used in this disease  [  86,   87  ] . Ef fi cacy has also 
been demonstrated in mantle cell lymphoma patients  [  88  ]  and approval has followed 
for this disease as well. 

 One clinical trial of temsirolimus as a single agent in relapsed/refractory MM 
patients has been completed and reported  [  89  ] . Sixteen heavily pretreated patients 
were treated with a relatively low dose of temsirolimus (25 mg IV q week as opposed 
to the starting dose of 250 mg IV q week used in MCL patients). However, even at 
this starting dose, further dose reductions occurred for AEs in 11 of 16 patients 
although there were no treatment-related deaths. Toxicity was mostly hematologic. 
Ef fi cacy was very minimal with one partial response and  fi ve minor responses. 
There were rough correlations between responsiveness and the temsirolimus AUC 
as well as with the pharmacodynamic effect of drug assessed by immunoblot assay 
for phosphorylation of p70S6K and phosphorylation of 4E-BP1 in circulating 
PBMNCs. Guenther et al.  [  90  ]  has shown similar results using oral everolimus. 
Somewhat less toxicity was seen and one PR and four stable diseases were identi fi ed 
in seven evaluable patients. 

 In contrast to the above studies in MM patients, a more marked antitumor effect 
has been seen in two related disease, mantle cell lymphoma (MCL) and Waldenstrom’s 
macroglobulinemia. At a starting dose of 250 mg IV q week, temsirolimus resulted 
in a 38% overall response rate in patients with MCL with 1 CR and 12 PRs in 34 
evaluable patients  [  88  ] . The major molecular similarity to MM in MCL is the 
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D-cyclin translocation and dysregulated expression. As described above, D-cyclin 
translation is a major target of mTOR inhibitors and cell line responsiveness to 
mTOR inhibitors correlates well with the degree of D-cyclin downregulated expression. 
Obviously, there are many other differences in the molecular pathology between 
MCL and MM that may relate to differential responsiveness. Although the starting 
dose in the MCL study was considerably higher than in the MM studies, signi fi cant 
dose reductions occurred in >90% of MCL patients with a median monthly dose of 
525 mg. Furthermore, there was no signi fi cant difference in monthly dose seen 
between responders and non-responders. 

 Waldenstrom’s disease is another more responsive B cell malignancy with a high 
single agent activity signal  [  91  ] . In 50 evaluable heavily pretreated patients (median 
of 3 prior therapies), receiving everolimus at a starting dose of 10 mg PO qd, 42% 
achieved a PR and 28% additional patients achieved minimal response (MR). Stable 
disease was seen in 16%. Responses were associated with correction of anemia and 
decreases in lymphadenopathy. The fact that Waldenstrom tumor cells appear to 
have lost PTEN RNA and protein expression  [  92  ]  may explain this greater ef fi cacy. 
This would be consistent with preclinical observations that tumors with genetic 
abnormalities affecting pathways that regulate mTOR are, in fact, much more 
dependent on mTOR function. This is true for MM as well (see above  [  58  ] ) and 
suggest that the relatively small numbers of MM patients with PTEN loss could be 
more responsive to mTOR inhibitors. 

 Because of the modest ef fi cacy of mTOR inhibitors when used alone, several 
trials have been designed to combine them with other known anti-MM drugs. In a 
phase I/II study combining bortezomib with temsirolimus  [  93  ] , an MTD was 
identi fi ed as 1.6 mg/m 2  bortezomib q week and 25 mg temsirolimus q week and 
toxicity was generally manageable (mostly cytopenias). In the phase II part of the 
trial an overall response rate of 47% was seen in 43 patients with 5% CR, 9% 
VGPR, 19% PR and 14% MR. Of the patients considered refractory to prior bort-
ezomib, the response rate was considerably lower at 21% although there were still 
3 PRs and 3 MRs in 32 patients suggesting activity of temsirolimus. 

 Because of preclinical evidence of synergy against MM cells when mTOR inhibitors 
are combined with Revlimid  [  69  ] , this combination has also been tested in clinical 
trials. The Boston group  [  94  ]  combined everolimus with Revlimid and, in 19 evaluable 
patients, there were 1 CR, 2 PRs and 8 MRs. It was not clear, however, what the 
contribution of the mTOR inhibitor was to these responses as only three patients in 
the trial were thought to be refractory to Revlimid. The Ohio State group  [  95  ]  
combined Revlimid with temsirolimus and demonstrated a similar low level of 
response rate with 1 CR, 1 PR and 3 MR in 21 patients. 

 It is dif fi cult to make any clear conclusions from the above phase I/II trials that 
have studied small numbers of patients. The  fi rst generation mTOR inhibitors 
(temsirolimus and everolimus) have been generally well tolerated although toxicity 
is increased when combined with other agents  [  95  ] . As mTOR inhibitors are well 
known immune-suppressive drugs, it is gratifying to note there have not been serious 
infectious complications in these early trials even though the patients have been 
heavily pretreated. The issues of dose, scheduling and potential predictive biomarkers 
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have also not been clearly de fi ned. More importantly, it is likely that these questions 
will never be answered for rapalog use in MM as the  fi eld rapidly moves forward to 
focus on the second generation TORC1/TORC2 inhibitors. These are already in trials 
and results are eagerly awaited.      
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  Abstract   The malignant behavior of multiple myeloma cells is driven by the 
 pattern of gene expression exhibited by these cells, particularly inappropriate 
expression of genes regulating cell survival and proliferation.  Working back from 
this observation, it was found that the transcription factor STAT3 is activated con-
stitutively in a large proportion of cases.  Whereas STAT3 is normally activated 
rapidly and transiently in response to cytokines, the continual activation of STAT3 
in myeloma leads to enhanced expression of genes that underlie the proliferation, 
spread, and therapeutic resistance seen in this disease.  This constitutive activation 
of STAT3 can be mediated by a number of pathways including autocrine or para-
crine loops (particularly involving IL-6), as well as a loss of negative regulators of 
STAT activation.  The  fi nding that STAT3 plays an oncogenic role in the biology of 
multiple myeloma also provides an opportunity to develop molecular therapies that 
target this pathway.  Although transcription factors like STAT3 have traditionally 
been viewed as dif fi cult targets for pharmacological therapy, rapid advances are 
being made in targeting this oncogenic transcription factor.  Alone or in combina-
tion with other therapeutic modalities, STAT3 inhibitors hold great promise for 
increased ef fi cacy and decreased toxicity in the treatment of patients with multiple 
myeloma.  
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       7.1   Introduction 

 While multiple myeloma has generally been viewed as an incurable disease when 
treated with standard cytotoxic chemotherapy, our increasing understanding of the 
molecular pathogenesis of this disease has revealed new targets that hold out the 
promise for greatly improved clinical responses. There are two key requirements to 
developing targeted therapeutic strategies for myeloma. The  fi rst is to elucidate 
pathways that are activated in a myeloma cell and drive the pathogenesis of the 
malignancy. The second is that the target must either be unique to the myeloma cell 
or dispensable in normal cells. Given that the pathogenesis of multiple myeloma 
re fl ects processes such as inappropriate survival and proliferation that are directly 
related to the pattern of gene expression in the cell, one area of particular focus has 
been transcription factors that are activated inappropriately in a myeloma cell. 

    7.1.1   STAT3 As an Oncogenic Transcription Factor 

 Transcription factors were among the earliest oncogenes identi fi ed, including  myc , 
 fos , and  jun . However, it is becoming increasingly apparent that even in the absence 
of mutation, constitutive activation of a transcription factor can be a key step in the 
molecular pathogenesis of cancer. These so-called oncogenic transcription factors 
can serve as convergence points of multiple signaling pathways, and regulate 
 expression of a key cohort of genes that drive the malignant behavior of a myeloma 
cell  [  1  ] . One transcription factor that has emerged as an important oncogenic regulator 
in myeloma is STAT3. STAT3 is one of seven STAT family members that relay signals 
emanating from cytokine and growth factor receptors at the cell surface to the nucleus 
 [  2  ] . STAT3, like all STATs, is present in the cytoplasm under resting conditions. 
When a single tyrosine residue located near the carboxyl terminus of STAT3 becomes 
phosphorylated, STAT3 forms dimers through reciprocal interactions between the 
phosphorylated tyrosine of one STAT3 molecule with the Src homology 2 (SH2) 
domain of its binding partner. Dimer formation then allows the nuclear accumulation 
of STAT3, where it can then bind to nine base pair sequences in the regulatory region 
of target genes, thereby modulating gene transcription (Fig.  7.1 ). While STATs (an 
acronym of  s ignal  t ransducers and  a ctivators of  t ranscription) are generally viewed 
as activators of gene transcription, increasing evidence indicates that STATs may 
also repress the expression of target genes as well  [  3  ] . Although it was initially 
proposed that STATs are present in the cytoplasm as monomers under basal 
 conditions, more recent evidence suggests that STATs exist as dimers prior to 
 activation but that their conformation is altered by tyrosine phosphorylation, 
thereby allowing nuclear localization  [  4  ] . Even in the absence of phosphorylation, 
STAT3 may shuttle between the nucleus and the cytoplasm  [  5  ] . However, the 
 conformational change induced by tyrosine phosphorylation leads to a masking of 
nuclear export signals, thereby promoting their nuclear accumulation.  

 Understanding the molecular steps in the activation of STAT3 has allowed the 
generation of arti fi cial mutant forms of the protein which have served as important 
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biological tools. Mutation of the critical tyrosine residue, tyrosine 705, or mutation 
of the DNA binding domain leads to STAT3 variants that not only lack activity 
themselves, but will inhibit the activation of wildtype endogenous STAT3 in a cell. 
These so-called dominant inhibitory forms of STAT3 have been very useful in 
discerning the role of STAT3 in mediating gene expression or a speci fi c phenotype 
in a cancer cell. By contrast, the addition of two cysteine residues into STAT3 has 
generated a mutant form of STAT3, STAT3C, which forms dimers that are  stabilized 
by the formation of intermolecular disul fi de bonds  [  6  ] . Although this variant still 
requires tyrosine phosphorylation for its activity  [  7  ] , it is constitutively active, and 
has been useful in dissecting cellular effects mediated by STAT3 activated in isola-
tion  [  8  ] . A constitutively active form of STAT3 has not been reported to be found in 
human cancers, indicating that STAT3 acts as an oncogenic transcription factor not 
through its own mutation, but rather by conveying signals generated via mutations at 
upstream signaling points. Interestingly, familial forms of the hyper-IgE syndrome 
have been mapped to STAT3, and the mutations described are predicted to function 
as dominant inhibitory forms  [  9  ] . Since patients with this syndrome develop 
 normally and are fertile, this “experiment of nature” suggests that inhibiting STAT3 
in an adult should be tolerated well by normal cells, an important consideration for 
therapeutic development of STAT3 inhibitors.  

  Fig. 7.1    STAT3 plays a central role in the biology of a multiple myeloma cell. In canonical STAT3 
signaling, STAT3 is present in the cytoplasm of cells under basal conditions. Tyrosine phosphory-
lation of STAT3 can be induced by a cytokine such as IL-6, acting through Jak family kinases, or 
by a tyrosine kinase activated through mutation. This leads to the formation of STAT3 dimers 
which translocate to the nucleus, bind to speci fi c nine base pair regions in the regulatory regions of 
target genes, and increase transcription of genes that regulate proliferation and survival. STAT3 
may also play a role through interactions with mitochondria and microtubules       
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    7.1.2   Non-Canonical Mechanisms of STAT3 Function 

 While phosphorylation of the conserved carboxyl terminal tyrosine was clearly shown 
to be essential for nuclear translocation and the transcriptional function of STATs, 
other modi fi cations of these proteins may occur as well. STAT3, as well as STAT1 and 
STAT4, contain a conserved carboxyl terminal serine residue (serine 727) that can be 
phosphorylated also. A number of serine, threonine kinases, including Erks and p38 
MAP kinase can phosphorylate this site  [  10–  12  ] . It was initially  proposed that STAT3 
serine phosphorylation modulates the magnitude of  transcriptional activation  mediated 
by tyrosine phosphorylated STAT3, or alters DNA binding. However, recent evidence 
suggests that serine phosphorylation of STAT3, which is commonly found in a variety 
of hematological and  non- hematological malignancies, can directly activate 
tr anscription in the absence of tyrosine  phosphorylation  [  13  ] , or may modulate  cellular 
function through localization within the mitochondria  [  14  ] . Unphosphorylated STAT3 
may also associate with other transcription factors to modulate transcription, and may 
alter cellular function through non-transcriptional mechanism including interacting 
with the cytoskeleton  [  15–  17  ] . Controversy still remains as to the relative importance 
of the  transcriptional versus non-transcriptional functions of STAT3 in both normal 
cellular function and neoplastic transformation.  

    7.1.3   Jak-STAT Signaling 

 STAT3 can become activated by receptors for a variety of cytokines and growth factors, 
many of which signal through the activation of the Jak family of non-receptor tyrosine 
kinases. Jaks, or Janus kinases, were so-named for the two kinase domains encoded 
adjacent to each other in the protein, somewhat akin to the two-faced Roman god of 
doorways, Janus  [  18  ] . One of the domains is functionally inactive, and appears to 
function as an endogenous negative intramolecular regulator of the kinase activity of 
the other domain. The Jak family is comprised of four proteins, Jak1, Jak2, and Tyk2, 
all of which are expressed widely, and Jak3, whose expression is largely restricted to 
lymphocytes where it associates with the common gamma chain shared by cytokines 
such as IL-2, IL-7, and others. Jaks are cytoplasmic proteins that associate with the 
 intracellular portion of cell surface receptors or receptor-associated proteins. For 
example, the receptors for cytokines such as IL-6, oncostatin M (OsM), ciliary 
 neurotrophic factor (CNTF), and leukemia inhibitory factor (LIF) all are associated 
with a transmembrane protein called gp130. Jak1, Jak2, and Tyk2 can all associate 
with a cytoplasmic domain of gp130. When a cytokine of this family binds to its 
receptor, dimerization of the receptor and its associated proteins is induced. This 
brings the Jaks associated with gp130 into juxtaposition, thereby activating their 
tyrosine kinase activity. The activated Jaks transphosphorylate each other, as well as 
tyrosine residues on gp130 itself. These sites then allow the docking of STAT3, via 
its SH2 domain, triggering the phosphorylation and activation of STAT3. 
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 Under physiological conditions, the phosphorylation of an inactive cytoplasmic 
STAT protein occurs within seconds of cytokine treatment. Phosphorylation reaches 
a peak generally between 15 and 60 min following stimulation, and STAT 
 phosphorylation reaches baseline levels again within one to several hours. Given 
that the genes regulated by STAT3 control such critical cellular processes as cell 
cycle progression, survival, and self-renewal, it is essential that regulation of these 
genes be tightly controlled. In fact, STAT3 induces expression of a number of 
 negative regulators which block further phosphorylation of STAT3, and promote its 
dephosphorylation and degradation  [  19  ] .  

    7.1.4   The Role of Coactivation of STAT1 

 Many cytokines that can cause the activation of STAT3 also activate the  phosphorylation 
of the related STAT family member, STAT1. STAT1 was originally identi fi ed as a medi-
ator of the effects of interferons  [  20,   21  ] . Like interferons, STAT1 activation can mediate 
cell cycle arrest and a lowered threshold for  apoptosis. When STAT1 and STAT3 are 
activated contemporaneously, it is possible to detect STAT1 homodimers, STAT3 
homodimers, and STAT1–STAT3 heterodimers. The relative activation of each STAT, 
and the genomic localization of each dimer may determine the biological response of a 
cell to cytokines that signal though both of these proteins.  

    7.1.5   Analyzing STAT Activation in Clinical Samples 

 A number of methods have been developed to follow STAT3 activation in primary 
patient samples including paraf fi n-embedded samples. Antibodies have been devel-
oped that recognize the tyrosine phosphorylated form of STAT3  [  22  ] . These can be 
used to measure STAT3 phosphorylation by immunoblot (western blot). While this 
can provide quantitative information about levels of STAT3 phosphorylation in a 
sample, given the admixture of nonmalignant cells, including stroma, immune, 
in fl ammatory, blood and vascular cells, interpretation of such  fi ndings must be 
viewed cautiously. Similarly, nuclear or whole cell extracts can be prepared from 
samples and analyzed for the ability to bind DNA probes containing canonical 
STAT3 binding sites by electrophoretic mobility shift assays (EMSAs). Antibodies 
speci fi c for the phosphorylated form of STAT3 can also be used to analyze cells by 
immuno fl uorescence, immunohistochemistry, or  fl ow cytometry, all of which can 
provide information on the proportion of cells with STAT3 activation within the 
tumor cell population speci fi cally. Finally, antibodies to total STAT3 can be used for 
immunostaining, in which nuclear localization can be used as a marker for STAT 
activation. These methods may be less likely to discern a role for STAT3 operating 
through a non-canonical pathway such as within the mitochondria or cytoskeleton. 
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 Given the transient nature of STAT3 phosphorylation during physiological 
 signaling, analysis of blood cells or bone marrow from healthy donors generally 
fails to show evidence of STAT activation. By contrast, analysis of cells from a 
variety of tumor types, both hematological and non-hematological, have shown 
evidence for constitutive activation, i.e., tyrosine phosphorylation, of STAT3  [  23, 
  24  ] . In particular, analysis of primary cells from patients with myeloma, as well as 
myeloma cell lines, has consistently revealed a high proportion of samples in 
which STAT3 is prominently activated  [  25  ] . This raises two immediate questions: 
what is the mechanism driving the continued activation of STAT3 in multiple 
myeloma, and what is the consequence to cellular function of persistent activation 
of this transcription factor. 

 Constitutive phosphorylation of STATs occurs widely in cancer, though the 
mechanism driving this phosphorylation is not always clear. Among hematological 
cancers, the constitutive activation of STAT5, for example, was  fi rst described in 
chronic myelogenous leukemia (CML), and it could be shown that the Bcr-Abl 
fusion tyrosine kinase could directly contribute to this phosphorylation  [  26,   27  ] . 
Similarly, other oncogenic tyrosine kinases arising from chromosomal transloca-
tions have been found to drive chronic STAT phosphorylation  [  28–  30  ] . In multiple 
myeloma, there has been little evidence for common activating mutations in tyrosine 
kinases. However, it has been clear for many years that myeloma cells are depen-
dent on the presence of cytokines, particularly IL-6 for continued growth  [  31–  34  ] . 
IL-6 may be generated by the myeloma cell itself, thereby acting in an autocrine 
mechanism  [  35  ] . Alternatively, IL-6 may be produced by bone marrow stromal 
cells, perhaps induced by the myeloma cells, and thereby promote STAT3 activation 
in the myeloma cells through a paracrine mechanism  [  36–  38  ] . In some situations, 
STATs may be activated by direct cell–cell contact  [  39  ] , and thus bone marrow 
stromal cells could promote STAT3 phosphorylation either through soluble factors, 
direct contact, or both. Since STAT3 activation generally mediates a pro-survival 
effect in hematopoietic cells, the fact that bone marrow stromal cells can induce 
STAT3 phosphorylation is consistent with their role in promoting myeloma cell 
survival  [  40,   41  ] . This also explains the  fi nding that myeloma cell lines are more 
sensitive to the cytotoxic effects of chemotherapy or radiation when grown in 
 isolation versus their response in the presence of stromal cells. Similarly, pe rforming 
cytotoxic sensitivity assays on myeloma cells grown in culture often predicts greater 
sensitivity of the cells to drugs than what is observed in vivo. 

 Another implication of the prominent role of IL-6 autocrine and paracrine loops 
in multiple myeloma concerns the central role played by Jak kinases. Jaks, 
pa rticularly Jak2, is activated through point mutations in a large fraction of 
m yeloproliferative diseases, particularly polycythemia vera. This  fi nding has 
g enerated a large amount of interest in developing inhibitors of Jak2 as a form of 
targeted therapy for these diseases. In animal studies and early clinical inv estigations, 
it appears that these Jak inhibitors are fairly well tolerated. In the IL-6 autocrine and 
paracrine loops found in myeloma, Jak family members play a key role in driving 
STAT3 activation. Consistent with this role, pharmacological inhibition of Jaks can 
decrease STAT3 phosphorylation and decrease the survival and proliferation of 
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myeloma cells  [  42,   43  ] . These observations provide further support to the concept 
that targeting key signaling intermediates driving the malignant phenotype, even if 
they themselves are not mutated, may be a powerful therapeutic strategy.  

    7.1.6   Inactivation of Negative Regulators of STAT3 

 As noted, incubation of normal cells with cytokines generally leads to a transient 
activation of STAT3 phosphorylation, as the initial stimulation of phosphorylation 
diminishes following the activation of negative regulators of this pathway. This 
raised the possibility that the continued prominent phosphorylation of STAT3 seen 
in myeloma cells may be a combination of cytokine-induced activation of Jak 
kinases, accompanied by a downregulation of one or more negative regulators of 
STAT3 signaling. In fact, key negative regulators of STAT3 phosphorylation, 
 including the phosphatase SHP1 or SOCS3, are often inactivated in myeloma cells 
through mechanisms such as DNA methylation  [  44,   45  ] .  

    7.1.7   STAT3 in the Pathogenesis of Myeloma 

 The second key question that arises from the observation that continued STAT3 
activation is a common event in myeloma cells is whether this directly contributes 
to the pathogenesis of this cancer, or merely re fl ects a bystander activation of this 
transcription factor with little physiological consequence. To address this issue, a 
number of experimental approaches have been pursued. Using dominant inhibitory 
forms of STAT3, or RNA interference targeting this protein, it has been shown that 
cellular proliferation and survival of myeloma cells is strongly diminished f ollowing 
inactivation of STAT3  [  25,   46–  48  ] . These experiments have provided strong 
e vidence that STAT3 activation is not a byproduct of malignant transformation of 
plasma cells, but rather represents a central mediator of the neoplastic process in 
multiple myeloma. This  fi nding coupled with evidence that STAT3 inhibition is 
well tolerated in normal cells, has suggested that STAT3 inhibition would represent 
an excellent therapeutic target in myeloma, with the potential of displaying a very 
high therapeutic index.   

    7.2   STAT3 Target Genes 

 That STAT3 is a key mediator in the pathogenicity of multiple myeloma is not 
su rprising, as STAT3 regulates the transcription of critical target genes involved in 
survival, differentiation, migration, angiogenesis, and apoptosis. STAT3 not only 
directly regulates transcription by binding to STAT3 consensus sites within the 
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genome, but it also upregulates genes indirectly by modulating the expression of 
additional transcription factors including Fos and Jun. While it had been cha-
llenging to identify key direct STAT3 target genes in the past, gene expression 
microarrays have been an invaluable tool in addressing this issue  [  8  ] . In addition, 
identi fi cation of STAT binding sites using homology and computational approaches 
 [  49–  51  ]  or chromatin immunoprecipitation (ChIP) combined with microarrays or 
sequencing has greatly enhanced our ability to de fi ne direct STAT target genes  [  52, 
  53  ] . As more of these studies are conducted, it will be possible to de fi ne a STAT3 
speci fi c gene expression pattern in multiple myeloma that may be useful in provid-
ing p rognostic and predictive information for individual patients. To date, numer-
ous STAT3 target genes have been identi fi ed using these and other methods. A few 
key target genes that have important functions in multiple myeloma will be 
highlighted. 

    7.2.1   Mcl-1 

 One of the best described target genes of STAT3 is Mcl-1 (myeloid cell leukemia-1). 
Mcl-1 is a member of the BCL2 family of anti-apoptotic proteins whose function is to 
bind to BH3-only pro-apoptotic proteins, thereby preventing oligomerization of Bax or 
Bak and eventual cytochrome c release  [  54  ] . Unlike most BCL2 family members, 
Mcl-1 has a short half life, so changes in expression either at the level of transcription 
or translation can rapidly affect cellular survival. STAT3 upregulates Mcl-1 expression 
by binding directly to the STAT3 regulatory region of the Mcl-1 gene  [  55  ] . Myeloma 
cells thus become dependent on STAT3 and Mcl-1 for survival most likely due to an 
oncogene addiction mechanism  [  56  ] . Constitutive expression of Mcl-1 promotes 
 resistance to chemotherapy by providing a continuous survival signal and inhibiting the 
expression levels of Mcl-1 promotes apoptosis of myeloma cells. Therefore, one 
 therapeutic strategy to decrease the expression levels of Mcl-1 is through the inhibition 
of STAT3 activation by targeting of the IL-6/JAK/STAT3 pathway. 

 Bcl-xl and Bcl-2 are additional anti-apoptotic proteins which are also STAT3  targets. 
These two proteins also have similar functions as Mcl-1 such as binding to  pro-apoptotic 
proteins, though their protein half-lives are much longer. In multiple myeloma cell lines 
that have constitutive activation of STAT3, these genes are also upregulated, giving 
these cells additional survival signals. Upregulation of Bcl-xl was shown to prevent Fas 
mediated apoptosis in U266 cells in a STAT3 dependent manner  [  25  ] . Thus, these 
 fi ndings make clear that STAT3 upregulates many genes promoting cell survival. To 
determine which survival protein in particular a cell is depending on, one can perform 
BH3 pro fi ling, a technique that can identify which pro-survival gene is directly 
 preventing apoptosis in the cancer cell  [  57  ] . Drugs that bind to these survival proteins 
are currently being developed and used in clinical trials for a variety of cancers, and 
they may be useful for multiple myeloma therapy  [  57  ] . Targeting STAT3 activation and 
function alone or in combination with a speci fi c inhibitor of a key survival gene, may 
provide a particularly useful  combination therapy.  
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    7.2.2   VEGF 

 The STAT3 target gene VEGF (vascular endothelial growth factor) plays a number 
of important roles in multiple myeloma. IL-6 activation of STAT3 results in 
u pregulation of VEGF expression. Secretion of this growth factor then causes a 
number of signaling events to occur. VEGF secretion leads to IL-6 upregulation and 
secretion in the bone marrow stromal cells and endothelial cells, leading to  paracrine 
activation of STAT3 and ultimately increased expression of Mcl-1 and other STAT3 
target genes  [  58  ] . Therefore, VEGF indirectly promotes the survival of myeloma 
cells. In addition, VEGF secretion affects the cells in the bone marrow 
mi croenvironment, promoting angiogenesis  [  59  ] . The amount of vasculature of the 
bone marrow is a prognostic indicator for myeloma  [  60  ] , and some of the current 
therapies for multiple myeloma, such as thalidomide, are employed in part to inhibit 
angiogenesis  [  61  ] . Targeting STAT3 should therefore not only prevent the survival 
signals in the myeloma cells but also reduce the amount of angiogenesis in the bone 
marrow microenvironment.  

    7.2.3   BCL3 

 BCL3 expression transforms NIH3T3 cells and induces tumor growth in mice  [  62  ] . 
In multiple myeloma, BCL3 is associated with increased proliferation, and high 
expression of BCL3 at time of diagnosis leads to a poor prognosis  [  63  ] . However, 
in vitro work has not substantiated these  fi ndings since forced overexpression of 
BCL3 in myeloma cell lines leads to increased apoptosis, while loss of BCL3 
expression has little effect on cell viability  [  64  ] . Therefore, the exact role that BCL3 
plays in multiple myeloma remains to be determined. BCL3 is a member of the I k B 
family, and BCL3 can both positively and negatively affect NF- k B transcriptional 
activity depending on the context  [  65,   66  ] . BCL3 has been shown to be upregulated 
by IL-6 and STAT3 in multiple myeloma and the STAT3 binding site in the BCl3 
gene has been identi fi ed  [  64  ] . Regulation of BCL3 by STAT3 highlights the poten-
tial intersection of the STAT3 and NF- k B pathways in multiple myeloma.  

    7.2.4   BCL6 

 The transcriptional repressor BCL6 has been described as having a prominent 
 oncogenic function in diffuse large B cell lymphoma (DLBCL) and in preventing B 
cell differentiation. BCL6 has been shown to be expressed commonly in myeloma 
patient samples, and it promotes survival in multiple myeloma cell lines  [  67  ] . This 
is particularly true in myeloma cells growing in the presence of bone marrow stromal 
cells  [  68  ] , most likely due to IL-6 secretion and resultant STAT3 activation. BCL6 
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is regulated directly by STAT3 binding to its promoter region, and the key STAT 
binding sites have been identi fi ed by analyzing inter-species conservation of 
sequence homology  [  3,   67,   69  ] . This raises the possibility that STAT3 is having a 
wide effect on gene expression due to upregulation of a transcriptional repressor 
such as BCL6, which will modulate the expression of additional target genes. 
Importantly, using RNA interference to knock down BCL6 in cells containing 
 constitutively active STAT3 resulted in decreased growth and increased sensitivity 
to chemotherapeutic drugs  [  67,   68  ] . This suggests that treating myeloma cells with 
a BCL6 inhibitor in combination with a STAT3 inhibitor may be a useful c ombination 
for myeloma therapy.  

    7.2.5   Mir-21 

 It is becoming increasingly clear that in addition to regulating mRNA expression, 
STATs play an important role in modulating expression of micro RNAs as well. The 
 fi rst micro RNA identi fi ed as a STAT3 target was Mir-21, and the STAT3 binding 
site of Mir-21 was initially identi fi ed in multiple myeloma using sequence  homology 
 [  33  ] . Like many of the STAT3 target genes, Mir-21 is involved in the control of 
apoptosis. Mir-21 targets a number of genes involved in apoptosis, such as the tumor 
suppressors p53 and PTEN, and proapoptotic genes involved in cytochrome c 
release  [  70  ] . Mir-21 is upregulated in patients that have multiple myeloma  [  71  ] . In 
multiple myeloma cell lines, Mir-21 expression promotes survival by reducing the 
dependency on IL-6 in INA-6 and XG-1, cell lines that require IL-6 for survival 
 [  33  ] . This suggests that upregulation of Mir-21 by STAT3 is another mechanism by 
which STAT3 promotes survival, via Mir-21 mediated inhibition of proapoptotic 
protein expression.  

    7.2.6   Biologic Signi fi cance of STAT3 Activation in Myeloma 

 In reviewing STAT3 target genes that are known to be signi fi cantly expressed in 
multiple myeloma, it is striking to see how many are involved in survival and 
 protection from apoptosis. While this seems to be a major function of STAT3 in 
myeloma, it is by no means the only function that STAT3 plays in myeloma. STAT3 
upregulates VEGF which does promote survival of myeloma cells indirectly; 
 however, VEGF also promotes angiogenesis. Thus, the STAT3 activation of 
myeloma cells leads to secretion of VEGF which affects the bone marrow 
m icroenvironment in which the myeloma cells are located. In addition to the effects 
on angiogenesis, STAT3 target genes may also affect the activity of NF- k B, another 
important transcription factor in myeloma. Upregulation of BCL3 by STAT3 may 
both promote and inhibit NF- k B function on speci fi c genes. Understanding the 
functional interplay between STAT3, BCL3, and NF- k B may lead to new insights 
into the pathogenesis of myeloma. 
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 Re fl ecting the large number of genes promoting protection from apoptosis, it 
is not surprising that IL-6 and STAT3 have been implicated in resistance to many 
c hemotherapeutic drugs. The target genes Mcl-1, Bcl2, and Bcl-xl have all been 
shown to promote resistance to cytotoxic agents. In fact, it has been shown that 
inhibiting STAT3 with the Jak2 kinase inhibitor AG490 sensitizes U266 cells to 
a variety of chemotherapeutic agents, such as cisplatin,  fl udarabine, and vincris-
tine  [  41  ] . Treatment with AG490 led to a decrease in Bcl-xl protein expression. 
This suggested that Bcl-xl may be promoting resistance to chemotherapy and 
that if its expression is reduced, cells can be rendered sensitive to chemothera-
peutic drugs. Therefore, targeting STAT3 for the treatment of myeloma may be a 
useful form of therapy alone or in combination with chemotherapy utilized cur-
rently for myeloma therapy.   

    7.3   STAT Inhibition as a Therapeutic Strategy in Myeloma 

 Given the critical contribution of STAT3 in myeloma biology, it is likely that 
t argeting STAT3 would be a useful treatment strategy. Because of this, a great 
deal of effort has gone into the identi fi cation of molecules that can block STAT3 
function at every step from its phosphorylation to its recruitment of transcriptional 
co activators (Fig.  7.2 ). A greater understanding of the role of STAT3 in myeloma, 
as well as further re fi nement of STAT3 inhibitors, has great potential for advances 
in the clinic, and several approaches to targeting this transcription factor will be 
highlighted.  

    7.3.1   Kinase Inhibitors 

 In cancer, constitutive activation of STATs often occurs through activating muta-
tions in an upstream tyrosine kinase. Thus, targeting the kinase will indirectly 
reduce STAT signaling. Since tyrosine kinases are activated in many tumor types, 
great effort has gone into identi fi cation of pharmacological kinase inhibitors. The 
kinase thought to be most responsible for activating STAT3 in myeloma is Jak2. 
Though STAT activation in some myeloproliferative disorders (MPD) occurs 
through an activating mutation in Jak2, V617F, the activation of Jak2 in myeloma 
appears to be through IL-6 signaling, a cytokine which can be produced by the 
myeloma cells themselves or secreted by bone marrow stromal cells (BMSC). 
Since Jak2 mutations are critical in myeloid malignancies, the major focus of 
developing Jak2 inhibitors has been in these tumors. One example is TG101348, 
which was synthesized by structure based drug design  [  72  ] . Treatment of MPD 
cells with TG101348 reduced their viability, and decreased STAT5 phosphoryla-
tion, the principal endpoint of Jak2V617F signaling. Therefore, inhibition of Jak2 
signaling may be useful in patients having myeloid malignancies associated with 
mutant Jak2. 
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 Two recent publications highlight the utility of inhibiting Jak2 in myeloma. 
INCB20 and INCB16562 are two synthetic compounds that were identi fi ed as 
Jak2 inhibitors  [  73,   74  ] . Both compounds showed a dose dependent decrease in 
the  viability of myeloma cells containing constitutive Jak2 signaling such as the 
IL-6 dependent INA-6 cell line, whereas cells that do not have activated Jak2, 
such as MM.1s, were largely unaffected. Jak2 inhibition overcomes the survival 
advantage given by co-culture with bone marrow stromal cells demonstrating that 
these drugs may be effective in the pro-survival environment in which myeloma 
cells exist in patients. 

 MM.1s cells are sensitive to dexamethasone, a synthetic glucocorticoid 
 commonly used for the treatment of myeloma. However, IL-6 protects MM.1s cells 
from  dexamethasone induced cell death. Re fl ecting the fact that Jak2 mediates 
IL-6  signaling, treatment of IL-6 stimulated MM.1s cells with INCB20 or 
INCB16562 resulted in reduced survival. This reduction in cell survival correlated 
with reduced activation of SHP-2, AKT, MAPK, STAT1, and STAT3, all compo-
nents of Jak2 signaling in myeloma cells. Therefore, therapeutic targeting of Jak2 
in myeloma may be a useful therapy in cells sensitive or resistant to conventional 
chemotherapy. 

  Fig. 7.2    Inhibiting STAT3 is an attractive therapeutic approach with the potential for a high 
 therapeutic index. Although many strategies are being pursued, they fall under four main catego-
ries (1) Inhibition of cytokine-mediated STAT3 phosphorylation (such as inhibition of IL-6, the 
IL-6 receptor chains or Jak family kinase, or enhancing expression of negative regulators such as 
SOCS proteins); (2) inhibition of other activated tyrosine kinases, such as Src family members; (3) 
targeting STAT3 to block its activation, including inhibition of the STAT3 SH2 domain or nuclear 
translocation; and (4) inhibiting the transcriptional function of STAT3 by blocking DNA binding 
or co-activator recruitment       
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 A recent study used a different approach to identify a STAT3 inhibitor  [  75  ] . Since 
the endpoint of STAT3 signaling is transcriptional activation, an assay was devel-
oped that measured changes in STAT3-dependent gene expression. A STAT3 respon-
sive promoter linked to a luciferase reporter gene was stably transfected into STAT1 
null cells. In this system, STAT3 activity could be speci fi cally modulated using IL-6 
without concern of confounding effects from the simultaneous activation of STAT1. 
To circumvent the challenges of bringing novel small molecule inhibitors to the 
clinic, a library of drugs with known safety characteristics was interrogated for 
STAT3 inhibitory activity. A number of compounds were identi fi ed as STAT3 inhib-
itors, including the anti-bacterial drug nifuroxazide, a drug not previously known to 
have anti-tumor activity. When myeloma cells were cultured with ni furoxazide, 
viable cell number was reduced, even in the presence of BMSC. This reduction in 
cell survival was correlated with a reduction in STAT3 tyrosine p hosphorylation 
and a reduction in the expression of the STAT3 target gene Mcl-1. In addition, the 
tyrosine phosphorylation of two Jak family members, Jak2 and Tyk2, was reduced, 
suggesting that the mechanism of action of nifuroxazide is through Jak inhibition. 
This method of identifying STAT3 inhibitors may yield other, more potent inhibi-
tors that may reach clinical use. 

 A number of natural compounds have recently been identi fi ed as having 
 anti-myeloma activity, which may be mediated through inhibition of STAT3. One 
example is curcumin, which is derived from tumeric, a spice used in Indian cuisine 
and folk medicine  [  76  ] . Curcumin was shown to have Jak2 inhibitory activity, but 
the high dose required for ef fi cacy suggested that this compound might not be  useful 
in the clinic. To overcome these limitations, molecular modeling was employed and 
it was determined that curcumin may bind to the STAT3 SH2 domain, thereby 
p reventing STAT3 from being recruited and activated by Jak2  [  77  ] . However, this 
binding theoretically only occurs when curcumin is in the keto form, though it is 
almost entirely in the enol form in solution. By modifying curcumin to reside 
 primarily in the keto form, a new molecule called FLLL32 was characterized. 
FLLL32 reduced Jak2 and STAT3 phosphorylation in a number of cancers,  including 
U266 myeloma cells, and this correlated with loss of cell viability. These results 
demonstrate that combining modern molecular modeling with folk medicine may 
generate new and effective therapies for many tumor types, including myeloma.  

    7.3.2   IL-6 as a Therapeutic Target 

 Since kinases can be constitutively activated in many tumors, much recent effort 
has focused on the direct targeting of these proteins. In some cases, the kinase itself 
is mutated to a constitutively activated form. However, non-mutant kinases are 
often constitutively activated in cancers by cytokines, such as the activation of Jak2 
by IL-6 in myeloma. IL-6 is a known survival factor for myeloma cells, and serum 
levels of the soluble IL-6 receptor have some correlation with reduced survival  [  78  ] . 
Therefore, targeting tyrosine kinase signaling upstream of the kinase activity may 
prove useful as a treatment option. 
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 There have been numerous studies over the years testing the effect of monoclo-
nal antibodies to IL-6 on myeloma cell survival. These have shown mixed results. 
There are convincing data showing the role of IL-6 in myeloma survival using both 
in vitro cell models and in vivo using mouse models, and recent clinical results in 
patients have shown promise. Patients given a murine monoclonal antibody directed 
against IL-6 showed some response  [  79  ] . Though these data strongly suggest that 
IL-6 monoclonal antibody therapy may be useful, patients generally did not achieve 
a complete response. This may be due to the short half-life of the antibody in serum, 
which is related to the immunogenicity of the murine components of the antibody. 

 To overcome these limitations, a fully humanized monoclonal antibody, mAb 1339, 
was generated and tested using cell culture and murine models  [  80  ] . mAb 1339 reduced 
the viability of the IL-6 dependent myeloma cell lines INA-6 and XG1, while reducing 
the survival advantage given by bone marrow stromal cells, including the IL-6 
 responsive cell line MM.1s. These results were correlated with a decrease in the 
p athways downstream of IL-6, including MAPK, AKT, and STAT3. Signi fi cantly, 
nearly peak levels of mAb 1339 remained for at least a week after a single injection of 
this antibody in a murine model of myeloma. Therefore the effect of once weekly mAb 
1339 injections was determined in this model, in which INA-6 myeloma cells are 
implanted in a human bone chip in immunode fi cient mice. Tumor burden was reduced 
after 4 weeks in mAb 1339 treated mice compared to control animals. Therefore, these 
results suggest that mAb 1339 may be useful in human patients with myeloma, and it 
would be important to correlate clinical response with reduction in STAT3 activity.  

    7.3.3   Targeting the IL-6 Receptor 

 While inhibiting IL-6 directly shows promise, an alternative strategy is to target the 
IL-6 receptor. There are two central components to the IL-6 receptor: the 
 ligand-binding IL-6 receptor  a  chain (CD126), and the signal transducing gp130 
component (CD130). The gp130 molecule binds to the Src family kinase Hck, 
which then may serve as an adaptor protein activating the MAPK and PI3K 
 pathways. Though Hck can activate STATs in some cells, it does not activate STAT3 
in myeloma. Therefore, it is not surprising that when the acidic domain of gp130, 
which mediates its association with Src family kinases, was inhibited using a 
 blocking peptide, there was no loss of STAT3 activation, though there was a loss of 
MAPK and PI3K activity and a loss of cell viability  [  81  ] . This demonstrates the 
speci fi city by which the components of the IL-6 receptor affect particular signaling 
pathways, and indicates that non-STAT pathways activated by IL-6 may also play 
an important role in promoting myeloma cell survival. It is possible that targeting 
the IL-6 receptor  a  chain will be useful for inhibiting STAT3 signaling in myeloma. 
In fact, the histone deacetylase inhibitor ITF2357, which shows cytotoxic activity 
in myeloma, reduced expression of the IL-6 receptor  a  chain, and decreased IL-6 
induced STAT3 activation  [  82  ] . Therefore, targeting the IL-6 receptor may be useful 
as a therapeutic target for myeloma patients.  
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    7.3.4   Modulating Negative Regulators of STAT3 

 In normal cells, cytokine signaling is transient, with the phosphorylation of STAT 
proteins occurring within minutes and reaching a maximum at 15–60 min. This 
carefully controlled physiologic STAT activation occurs through the tight regulation 
of cytokine signaling by negative regulators, such as the suppressor of cytokine 
signaling (SOCS) family. This contrasts with STAT signaling in tumor cells, where 
the activation of STAT proteins is often prolonged or continuous. In tumors, STATs 
may be phosphorylated by a kinase that is activated through mutation, or that is 
activated by autocrine or paracrine loops involving cytokines such as IL-6. However, 
there is increasing evidence that many tumors also contain decreased expression or 
activity of negative regulators, which contributes to the prolonged activation of 
STATs. This may be the sole STAT activating event, or it may occur in combination 
with constitutive tyrosine kinase activation. Since inactivation of negative regulators 
promotes the constitutive activation of STATs, the reactivation of these tumor 
su ppressors may provide an effective therapeutic option. 

 There are three main types of negative regulators of STATs. The SOCS proteins 
have SH2 phosphotyrosine-binding domains that compete with the binding of 
STATs to activated tyrosine kinases. They also can recruit ubiquitination enzymes 
that lead to the degradation of the tyrosine kinase. The second group of negative 
regulators are the protein inhibitor of activated STAT (PIAS) proteins, which may 
affect signaling through SUMOylation of STATs. The third type of negative 
r egulators are phosphatases, which remove the activating phosphorylation of STATs. 
Each of these negative regulators inhibits the continual signaling of STATs. Since 
these genes are often induced by activated STATs, they serve as negative feedback 
loops of the STAT-signaling pathway. 

 One mechanism of inactivating tumor suppressors is to downregulate their 
expression, and this may happen by methylation of their regulatory regions. Indeed, 
analysis of methylation of the promoter region of SOCS-1 revealed  hypermethylation 
in the two myeloma cell lines tested, as well as 62 % of the primary patient samples 
 [  45  ] . The myeloma cell lines contain activated STAT3, though the activation status 
of STAT3 was not examined in the patient samples. It is also unknown if there is a 
direct functional link between hypermethylation of the SOCS promoter and the 
tumorigenic properties of the cells. However, a similar study in hepatocellular 
 carcinogenesis showed that reexpression of SOCS-1 in a cell line containing a 
silenced endogenous SOCS-1 gene resulted in reduced growth in soft agar, 
su ggesting that a similar effect may be seen in myeloma  [  83  ] . In a more recent 
study, SOCS-1 was reexpressed in a variety of myeloma cell lines. The authors 
found that IL-6 dependent cell lines tended to show reduced cell viability when 
SOCS-1 was reexpressed, while IL-6 independent cells lines were unaffected  [  84  ] . 
However, these intriguing results raise several interesting issues. It will be important 
to follow up with an analysis of the effect of the ectopic expression of SOCS-1 on 
tyrosine phosphorylated STAT3, which will help elucidate the functional c onsequence 
of SOCS-1. Furthermore, the expression of SOCS-1 in these cell lines needs to be 
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clari fi ed, since U266 cells have been reported to have a hypermethylated SOCS-1 
promoter  [  45  ] , though expression of SOCS-1 had no effect in these cells  [  84  ] . Lastly, 
a follow up study concluded that there was no correlation between SOCS-1 
e xpression and clinical outcomes  [  85  ] . Though more work needs to be done, it is 
likely that SOCS-1 silencing plays a role in the pathogenesis of myeloma, and that 
reexpressing SOCS-1 by gene therapy or with demethylating agents could be useful 
in the treatment of myeloma. 

 Several current therapies for myeloma are known immune system modulators, 
such as lenalidomide and pomalidomide. A recent study has shown that these drugs 
have the effect of modulating SOCS-1 expression in both the immune cells which 
are involved in cell mediated killing, as well as in the myeloma cells themselves 
 [  86  ] . This is notable in that STAT3 activation in immune cells may lead to immune 
dysfunction, and inhibition of STAT3 may enhance anti-tumor immunity  [  87  ] . Both 
of these drugs induced SOCS-1 expression in myeloma cells, which can result in 
reduced STAT3 activation and reduced survival. Therefore, at least part of the effect 
of the immune modulators lenalidomide and pomalidomide may involve inducing 
the expression of SOCS-1. 

 SHP-1 is a phosphatase that may play a role in myeloma pathogenesis. The 
 promoter of SHP-1 has been analyzed in myeloma patient samples, and methylation 
was found in almost 80 % of the patients, as well as in the U266 myeloma cell line 
 [  44  ] . To determine if there was a functional signi fi cance of this methylation, U266 
cells were treated with the DNA demethylating agent 5-azacytidine. After several 
days, SHP-1 expression increased, while the phosphorylation of STAT3 
 concomitantly decreased, though it was not reported what effect this treatment had 
on U266 cell viability. In patients, there was a slight correlation between survival 
and SHP-1 methylation status. Those patients having a methylated SHP-1 promoter 
were more likely to have a worse prognosis, raising the possibility that these patients 
may have more aggressive tumors due to enhanced STAT3 signaling. Therefore, it 
is likely that SHP-1, and possibly other phosphatases, serve as tumor suppressors in 
myeloma, and that reexpressing these phosphatases may increase the survival of 
myeloma patients.  

    7.3.5   Additional Therapeutic Strategies 

 Given the role of STATs in transducing signals from cytokines, much of the early 
work on STAT biology was performed in hematopoietic cells  [  21,   88  ] . Similarly, a 
focus on constitutive activation of STATs in cancer pathogenesis focused initially 
on many hematologic malignancies, including multiple myeloma  [  89  ] . However, it 
is now clear that STAT activation, particularly STAT3 activation, is a common event 
in many forms of non-hematologic cancers as well  [  90  ] , and STAT3 has become a 
focus for a number of novel therapeutic strategies. In addition to the approaches 
discussed, a number of additional approaches are being utilized. For example, 
medicinal chemistry approaches are being utilized to target the SH2 domain of 
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STAT3, which would block both recruitment to activated kinases as well as 
 dimerization  [  91,   92  ] . Although the DNA binding domain of a STAT dimer 
r epresents a large surface that might not seem amenable to classic small molecule 
inhibitors, novel strategies are being utilized to block the interaction between STATs 
and DNA. For example, decoy oligonucleotides, short double stranded 
 oligonucleotides containing a STAT binding site, have been shown to be effective at 
serving as an intracellular sink for activated STATs, thereby attenuating their 
t ranscriptional function  [  93–  95  ] . It has also been possible to synthesize polyamides 
 [  96  ]  which can bind to DNA in a sequence speci fi c manner, thereby blocking the 
function of a transcription factor. Finally, there is evidence that recruitment of 
 co-activators by STAT3 might be blocked by speci fi c small molecules, thereby 
inhibiting the ability of STAT3 to initiate transcription. Although it is too early to 
assess the clinical applicability of some of these approaches, it is clear that the 
increase in molecular understanding of myeloma pathogenesis has provided insight 
into therapeutic strategies that may be very valuable.   

    7.4   Conclusion 

 Although myeloma is generally viewed as an incurable malignancy, the dramatic 
increase in our understanding of the molecular pathogenesis of this cancer has led 
to the identi fi cation of several key rational targets for therapeutic intervention. Since 
the pattern of gene expression in a myeloma cell is largely responsible for its 
 malignant behavior, the targeting of oncogenic transcription factors, particularly 
STAT3, holds promise for providing treatment strategies with a very high  therapeutic 
index. Although transcription factors had not traditionally been thought of as 
t ractable targets for therapeutic inhibition, increasing evidence has shown that these 
proteins can be targeted speci fi cally, and that by decreasing expression of key target 
genes, they can alter the biology of myeloma cells. Clinical trials of STAT3 inhibi-
tors have been initiated in other malignancies, and thus there is increased hope that 
these agents, alone or in combination with current strategies, may greatly enhance 
the outcome of patients with this prevalent disease.      
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  Abstract   The bone marrow micro environment has long been appreciated to support 
multiple myeloma cell pathogenesis. It is evident that this niche may be as important a 
therapeutic target as the malignant myeloma cells. This stems from research over the last 
one to two decades demonstrating that determinants of the bone marrow milieu are 
integral in myeloma pathogenesis, survival, immune surveillance, and resistance to both 
traditional and novel therapeutic agents. Early studies elucidating drug resistance in this 
disease focused on the myeloma cells and found that genetic, acquired changes, in the 
expression or function of speci fi c gene products mediated cell survival. Subsequently, 
dynamic, de novo mechanisms coordinated by the tumor microenvironment have been 
shown to confer an environmental mediated- drug resistance (EM-DR). Appreciation of 
EM-DR has spawned an exciting path of preclinical and clinical research focused on 
attenuating the pro-myeloma aspects of the tumor microenvironment. Within this chap-
ter we will provide an overview of the bone marrow microenvironment in the context of 
multiple myeloma and how these determinants contribute to minimal residual disease 
and subsequent treatment failure. With increased understanding of the bone marrow 
niche and EM-DR, numerous novel therapies are under development targeting the 
microenvironment with the anticipation of improved clinical outcomes.     
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     8.1   Introduction 

 Multiple myeloma (MM) is a disease of bone marrow (BM)-resident malignant 
plasma cells. As a consequence of multidrug resistance (MDR), this plasma dyscrasia 
is plagued by therapy failure and the ultimate demise of the patient. This aspect of 
myeloma has fostered a great deal of research into delineating the mechanisms by 
which MM cells evade regimens of chemotherapy. Recent clinical trials incorporating 
the novel compounds thalidomide, lenalidomide, and bortezomib have provided a 
rationale for overcoming drug resistance  [  1–  3  ] . The clinical success of these agents is 
attributable to both direct cytotoxicity and negative regulation of pro-myeloma deter-
minants of the microenvironment. Unfortunately, even with the clinical gains made 
from these agents, resistance to these compounds remains inevitable; as although 
highly effective, disease relapse remains unavoidable. Therefore, continued investigation 
into the mechanisms of both intrinsic and environmental drug  resistance remains 
paramount for continued gains in the control, if not cure, of MM. 

 An important concept in myeloma treatment failure is that of minimal residual 
disease (MRD) and its contribution to disease relapse and drug resistance. Not 
exclusive to MM, MRD represents limitations in our technology to detect  small  
populations ( a billion cells ) of disease as well as limitations in our therapeutic 
armamentarium. With current therapy and technology, complete remission (CR) is 
de fi ned by the International Myeloma Working Group as the absence of detectable 
serum and urine monoclonal proteins by immuno fi xation as well as an undetect-
able plasma cell population within the BM  [  4  ] . Currently, investigational tech-
niques using patient-speci fi c polymerase chain reaction (PCR) and multiparameter 
 fl ow cytometry (MFC) are able to detect clonal plasma cell populations in patients 
meeting the IMWG de fi nition of CR  [  5–  8  ] . The enduring population of cells rep-
resents MRD or cells that have  evaded  therapy. Subsequent expansion of these 
residual cells correlates with disease relapse  [  7  ] —frequently with an MDR pheno-
type making salvage therapy less successful even with the utilization of novel ther-
apeutic agents. Moreover, the incredible bene fi t bestowed by high-dose 
chemotherapy and autologous stem cell transplant, in the appropriate population, 
is predicated on the concept that a greater reduction in MRD equates to prolonged 
progression-free survival (PFS) and overall survival (OS)  [  9–  11  ] . This concept has 
been taken a step further within the integration of novel and traditional therapies 
with tandem transplant  [  9–  12  ] . The clinical risk versus bene fi t of chemotherapy 
( novel  agent-based), single versus tandem transplant, remains controversial  [  13  ] , 
as does the relationship between residual disease and clinical outcome. However, 
multiple studies have indicated that the degree of response (CR, VGPR, PR) cor-
relates with an improvement in EFS and OS regardless of the therapeutic modality. 
Therefore, targeting MRD should be a therapeutic goal in the appropriate patient 
population  [  14  ] . The signi fi cance of the residual population is further highlighted 
by a recent report by Paiva et al .  examining the use of a “more sensitive” assess-
ment of MRD, MFC, in patients achieving at least a CR with novel agent therapy 
 [  15  ] . The authors demonstrated that patients with MFC-positive MRD [CR and 
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stringent CR (SFLC-negative CR)] had a poorer PFS and TTP when compared to 
patients without (i.e., MFC-negative), termed immonophenotypic response (IR)  [  15  ] . 
The overall survival data have yet to be reported and will have a considerable bearing 
on the signi fi cance of MRD in myeloma. To this end, it is apparent that continued 
investigation and understanding of the determinants modulating EM-DR are inte-
gral in the design of novel therapies and greater success in the control, if not eradi-
cation, of MM via a reduction in MRD.  

    8.2   Genetic and Environmental Contributions to Myeloma 

 Myeloma results from a sequence of genetic alterations within a clone that  facilitates 
an escape from the programmed constraints governing proliferation and death. In 
MM, it has been proposed that these requirements are at least partially ful fi lled by the 
nonrandom translocation of a gene(s) that normally functions as determinants of cell 
proliferation or cell survival to regions juxtaposed to active IgH enhancer elements 
located on the long arm of chromosome 14 (less frequently light chain enhancers) that 
occur secondary to errors in IgH switch recombination. These genetic alterations, in 
turn, facilitate the overexpression and activity of an oncogene (primarily MMSET, 
FGFR3, CCDN3, CCDN1, c-MAF, and MAFB) driving transformation. Subsequent 
secondary IgH translocations with c-myc and activating mutations in Ras (NRAS and 
KRAS), FGFR3, and TRAF3 are acquired throughout the course of disease and cor-
relate with progression or relapse  [  16  ] . Loss of entire chromosomes (hypodiploidy) or 
a portion of chromosomes contribute to myelomagenesis exempli fi ed by the high-risk 
strati fi cation of patients with deletion of the short arm of chromosome 13 (del13) by 
cytogenetics or with deletion of a portion of chromosome 17 (17p13), potentially 
representing losses of the tumor suppressors Rb and p53, respectively. 

 Within the backdrop of a genetic disease, it is appreciated that  both  genetic alter-
ations and microenvironmental effectors contribute to the deregulation of life and 
death of MM cells  [  16  ] . The BM niche provides a sanctuary to resident MM cells 
via both soluble and physical components [interactions between MM cells and 
speci fi c extracellular matrix (ECM) components or other cellular components, e.g., 
BM stromal cells (BMSCs)]. Soluble and physical determinants of the BM are cen-
tral in homing to and survival within the BM microenvironment  [  1,   17,   18  ] . Although 
discussed and examined as separate entities, resistance to therapy likely involves the 
“collaboration” between dynamic, de novo resistance modulated by the BM 
microenvironment and heritable, acquired mechanisms of drug resistance selected 
by drug exposure. The former providing an initial protective effect and contributing 
to MRD, and the latter selected under chronic exposure to therapy ultimately resulting 
in the expansion of a MDR population (relapse) (Fig.  8.1 ). Based on this hypothesis, 
elucidation of the environmental determinants that afford a protective advantage to 
resident myeloma cells, we may be able to overcome de novo and acquired MDR. 
Within this chapter, we will discuss the important aspects of the BM microenviron-
ment that contribute to EM-DR.   
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    8.3   The Bone Marrow Niche 

 Normal plasma cell development culminates in the homing of post-germinal center 
(GC), long-lived, plasma cells to survival niches within the BM microenvironment 
 [  19–  21  ] . Plasma cells are terminally differentiated, antibody-producing B lymphocytes 
that have undergone class-switch recombination, somatic hypermutation. Maturation 
of these cells has involved migration from the BM, to secondary lymphoid organs 
(spleen or lymph nodes), and back to the BM (arguments can be made that the BM 
is also a secondary lymphoid organ and some plasma may not leave the marrow). 
Post-GC BM homing correlates with the expression of BLIMP (B-cell lymphocyte-
induced maturation protein)-1 in secondary lymphoid organs modulating the  repression 
of CXCR5 (CXC-chemokine receptor 5) and the expression of CXCR4 and 
  a 4-integrins  [  20,   22,   23  ] . CXCR4 modulates migration to CXCL12 [CXC-ligand-12/
stromal cell-derived factor (SDF)-1]-rich regions of BM niche rich and expression 
 a 4 integrins  [  19,   24,   25  ] . In turn,  a 4-containing integrin heterodimers facilitate 
adhesion to VCAM (vascular cell adhesion molecule)-1 as well as other homo- and 
heterotypic adhesion molecules. Within the BM, plasma cell adherence to BMSCs 
and likely other juxtaposed cells leads to the production of IL (interleukin)-6, BAFF 
(B-cell-activating factor), bFGF (basic- fi broblast growth factor), and other soluble 
factors that provide crucial survival factors to these long-lived antibody-producing 
cells concordant with BM homeostasis. 

  Fig. 8.1     A proposed model for the minimal residual disease and the subsequent development of 
selected MDR . The mechanisms of drug resistance can be divided into two categories: genetic or 
 acquired  mechanisms and environmental or de novo mechanisms of MDR (EM-DR). It has been 
proposed that therapy resistance in MM involves a sequential process involving de novo resistance 
and acquired mechanisms of drug resistance. In this model, the bone marrow niche affords an 
initial pro-survival environment. To this end, cells interacting with the key determinants are pro-
tected at the expense of other cells. The resultant population represents MRD. Within this sanctu-
ary, following exposure to therapeutic (and/or other genotypic) stressors, selection of mechanisms 
of acquired MDR facilitates the expansion of an MDR population of MM cells (relapse). If this 
hypothesis is correct, then targeting the bone marrow microenvironment will increase therapeutic 
ef fi ciency and lead to better control, if not cure of this mortal disease       
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 It is not dif fi cult to see how the veritable cornucopia of pro-survival and 
proliferative effectors within the BM microenvironment would also bene fi t the pro-
gression of a malignancy, if not its evolution. MM is a malignancy of clonal antibody 
producing (save for rare cases) post-GC (or marginal zone) plasma cells facilitated 
by errors in class-switch recombination and/or somatic hypermutation  [  26,   27  ] . 
Like their normal counterparts, these mature B cells have migrated to the BM via 
various chemo-attractants and adhesion molecules  [  24,   25  ] . Unlike their normal 
counterparts, myeloma cells not only bene fi t from the normal effectors within the 
BM niche but also  hijack  and  contribute  to the environment in a manner that pro-
motes tumorigenesis, altered bone metabolism, neovascularization, and drug resis-
tance  [  28–  30  ] . Myeloma cell adhesion induces BM stromal cell secretion of 
chemokines, cytokines, and growth factors  [  3,   27,   28,   31  ] . IL-6 remains one of the 
most prominent myeloma growth factors; however, a growing list of soluble effec-
tors are also induced by myeloma cell–stromal cell interactions. These factors 
include cytokines: IL-1 b , IL-3, IL-15, IL-21, TNF- a , OSM, LIF; chemokines: IL-8, 
CXCL12, MIP1- a ; growth factors: VEGF (vascular endothelial growth factor), 
FGF (family), IGF-1 (insulin-like GF-1), HGF (hepatocyte GF); and other 
 pro-myeloma factors: Dkk-1 (Dickkopf-1), RANKL (receptor activator of nuclear 
factor kappaB (NF- k B) ligand), BAFF (B-cell activation growth factor), Wnt (fam-
ily), and TGF- b  (transforming GF), among others  [  27,   32,   33  ] . In addition to direct 
proliferative and survival effects, soluble factors also impart the adhesion of 
myeloma cells to adjacent cellular components (stromal cells, dendritic cells, mes-
enchymal stem cells (MSCs), macrophages, and osteoclasts) and extracellular 
matrices [ fi bronectin (FN), collagens, vitronectin, glucose-aminoglycans (GAG), 
hyaluronan, and laminins] via a host of adhesion molecules. The most prominent 
being VLA-4 ( a 4/ b 1/CD49d/CD29), VLA-5 ( a 5/ b 1/CD49e/CD29), CD44, VCAM-
1, intracellular CAM (ICAM) (CD54), NCAM (CD56), CD74, and CS-1 (CD2-
subset-1) among others  [  3,   27,   31  ] . Extracellular stimulation by soluble factors or 
direct adhesion facilitates networks of intracellular cascades. For most of the solu-
ble and physical determinants listed above, a number of signaling cascades have 
been delineated that translated these extracellular stimuli to biology function. 
Importantly, these pathways are typically investigated and discussed in a vacuum; 
however, it is evident that collaborative signaling alters that biologic outcome  [  34–
  36  ] . To this end, it is important to account the network of effectors within the 
myeloma microenvironment when attempting to identify the most relevant  targetable 
pathways  [  37  ] . 

 Within the scope of this book chapter, we will discuss the manner in which a 
number of these BM determinants and subsequent signaling cascades confer drug 
resistance to resident myeloma cells. However, it is important to remark that these 
malignant cells have additional and likely interrelated bearing on bone metabolism 
and angiogenesis within the BM niche. Osteolytic disease is one of the more 
signi fi cant hallmarks of MM occurring through alterations in osteoclast to 
osteoblast ratios and subsequent increase in focal bone catabolism  [  38  ] . This is too 
mediated by the altered signaling between soluble and adherent stimuli between 
myeloma cells and osteoclasts, dendritic cells, activated T cells, and BMSCs  [  38  ] . 
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Myeloma cell production of RANKL, TGF- b , HGF, IL-3, and Dkk-1 inhibit the 
growth of osteoblasts. Simultaneously, RANKL, SDF-1, MIP1- a , and TNF- a  stim-
ulate bone resorption through the positive regulation of osteoclasts  [  30,   39  ] . 
Together, these effects result in the net resorption of bone in focal regions—lytic 
bone lesions. Focal lesions are sites of a number of heterotypic adhesive, paracrine, 
autocrine signaling between myeloma cells and adjacent cellularity. These lesions 
are likely relevant in drug resistance as these focal regions are potential sites for 
MRD. Evidence of this is suggested in studies demonstrating decreased EFS and 
OS in patients in CR with identi fi able focal lesions on whole body-MRI or PET-CTs 
relative to patients with negative imaging  [  40,   41  ] . 

 A number of studies have implicated that increased microvessel density (MVD) 
correlates with disease state, suggesting that increased BM angiogenesis is important 
to myeloma progression  [  42,   43  ] . This theorem originates from observations of the 
increased expression of proangiogenic factors including, VEGF, bFGF, angiopoietin 
(ang)-1, and ang-2 myeloma patients  [  43  ] . The most compelling evidence stems 
from the examination of BM MVD that revealed a greater density in patients with 
active disease relative to patients with MGUS  [  42,   43  ] . Du et al .  demonstrated that 
MVD increased from normal BM samples (normal stem cell donors) to MGUS to 
active disease  [  43  ] . The authors further demonstrated that treatment with thalido-
mide reduced MVD in three of seven patients. Other compelling evidence was elu-
cidated from studies demonstrating that elevated MVD was a univariant predicted 
poorer overall survival in myeloma patients  [  44  ] . Lastly, it is interesting to note that 
studies characterizing the  MM cancer stem cell  have suggested that two lineages are 
populated by these progenitor cells: (1) the prototypical  myeloma plasma cell  and 
(2) a  myeloma monocytoid cell   [  29  ] . With the use of patient-speci fi c FISH, further 
investigation demonstrated that the monocytoid lineage populated a  myeloma 
vascular endothelial cell  lineage  [  29  ] . The authors suggest that not only do myeloma 
cells produce factors that promote angiogenesis, but may, in fact, also directly con-
tribute to increased MVD, nutrient delivery, and plasma cell homing to the marrow. 
Together, these data demonstrate the incredible in fl uence the BM microenvironment 
may have on myeloma pathobiology outside the context of MDR.  

    8.4   The Bone Marrow Niche and Drug Resistance 

 The unique dependence of myeloma on its niche has made this neoplasm a model 
for de fi ning the in fl uence of the tumor microenvironment network on the disease. 
The cytokines, chemokines, growth factors, and adhesive matrices of the BM 
microenvironment facilitate MM cell homing and expansion  [  3,   17,   45–  47  ] . The 
biological mechanisms regulating MM cell homing to the BM involve the regula-
tion of soluble and physical determinants of the microenvironment  [  17  ] . In turn, 
resident myeloma cells are afforded sanctuary from host immune surveillance as 
well as therapeutic agents. Therefore, elucidation of the mechanisms modulating 
homing of MM to the BM and de novo drug resistance will facilitate the rational 
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development of novel pharmacological agents and/or regimens in MM by targeting 
MRD. Appreciation of this concept has spawned an arm of preclinical and clinical 
studies with the sole target of the BM microenvironment.  

    8.5   Soluble Factors 

 Early observations of increased levels of cytokines and chemokines within the BM 
microenvironment of MM patients have long suggested a contribution of IL-6 and 
other soluble factors in MM pathogenesis. A number of these soluble factors, 
including interleukin (IL)-6, insulin-like growth factor (IGF)-1, interferon (IFN)- a , 
and  fi broblast growth factor (FGF)-3, have subsequently been shown to confer 
 resistance to cytotoxic insult (Table  8.1 )  [  3,   48–  50  ] . Other soluble factors are para-
mount in the homing to and maintenance of adherent myeloma cells within the 
BM. The chemokine SDF-1/CXCL12 is a critical regulator of myeloma–BM niche 
via binding to CXC chemokine receptor (CXCR)-4/CD184 and the more recently 
identi fi ed CXCR7  [  17,   51,   52  ] . Signaling following CXCR4 (or CXCR7) ligation 
has been shown to activate Janus kinase (JAK)/STAT signaling, but primarily 
involves heterotrimeric G-proteins (G a /G b /G g )  [  53  ] . Ligand–receptor binding 
facilitates the release of the trimeric protein and activation of phosphatidylinositol 
(PI) 3-kinase, Rac, Rho, Ras/Raf, and phospholipase C  [  24,   53,   54  ] . The SDF-1/
CXCL12 and CXCR4 axis modulates adhesion and chemotaxis interactions with 
VCAM-1 and FN  [  55,   56  ] . SDF-1 has additionally been demonstrated to promote 
cell survival  [  57  ] .  

 Of the soluble determinants of the BM microenvironment, IL-6 remains the 
prototypical growth and survival factor in myeloma. Moreover, numerous additional 
factors contribute to myeloma by either directly or indirectly promoting the produc-
tion/secretion of IL-6 by BMSCs, MSCs, osteoclasts, and malignant cells. TNF- a , 
IL-1 b , FGF-3, TGF- b , and VEGF have been shown to modulate IL-6 expression in 
the context of the BM niche  [  3  ] . These results highlight the prominent role of IL-6 in 
MM and propagated research characterizing the biology of IL-6 signaling. As such, 
IL-6 will be used as an example of soluble factor signaling. Signal transduction fol-
lows binding of IL-6 to gp80/IL-6Ralpha and recruitment of gp130/CD130  [  58  ] . The 
induced dimerization of gp130 results in receptor phosphorylation by constitutively 
bound JAK family tyrosine kinases (JAK1, JAK2, and Tyk2)  [  59  ] . IL-6 binding and 
receptor multimerization facilitates the phosphorylation of gp130 and initiation of 
three major signaling pathways in MM cells: (1) the Ras/Raf–mitogen-activated 
protein kinase kinase–extracellular signal-related kinase (ERK)1/2 pathway  [  60  ] ; (2) 
the PI3-kinase pathway; (3) the JAK/signal transducer and activator of transcription 
pathway  ( Fig.  8.3a )  [  61  ] . Src-family tyrosine kinases (SFKs) have also been identi fi ed 
as mediators of IL-6 signaling events  [  1,   62,   63  ] . Whether these kinases (SFKs) act 
to enhance STAT3, PI3-kinase, and Ras signaling or represent an independent pathway 
has yet to be completely determined. SFKs-dependent enhancement of STAT3 acti-
vation and proliferative signaling following IL-6 cross-linking has been observed  [  63  ] . 



148 K.H. Shain and W.S. Dalton

   Table 8.1    Environment-mediated drug resistance (EM-DR) in MM   

 Determinants of the myeloma bone marrow niche 

  Soluble factors  
 Cytokines: 
  Interleukin (IL)-6 
  IL-1 b  
  IL-3 
  IL-10 
  IL-15 
  IL-21 
  Tumor necrosis factor (TNF)- a  
  OSM (oncostatin M) 
  BAFF (B-cell activation growth factor) 
  A proliferation-induced ligand (APRIL) 
 Chemokines: 
  IL-8 
  CXCL12 
  MIP1- a  
 Growth factors: 
  Insulin-like growth factor (IGF) 
  Vascular endothelial growth factor (VEGF) 
  Fibroblast growth factor (FGF Family) 
  Hepatocyte growth factor (HGF) 
 Other: 
  Interferon  a  (IFN) 
  Dkk-1 (Dickkopf-1) 
  Receptor activator of nuclear factor kappaB (NF- k B) ligand (RANKL) 
  Wnt (family) 
  Transforming growth factor (TGF)- b  
  Direct cell contact  
 Cell adhesion molecules: 
  VLA-4 ( a 4/ b 1/CD49d/CD29) 
  VLA-5 ( a 5/ b 1/CD49e/CD29) 
  CD44 
  VCAM-1 (CD106) 
  ICAM (CD54) 
  NCAM (CD56) 
  CD74 
  CS-1 (CD2-subset-1) 
  Notch 
 Cellular components: 
  Bone marrow stromal cells (BMSC) 
  Mesenchymal stem cells (MSC) 
  Bone marrow dendritic cells 
  Vascular endothelial cells 
  Immune effectors (activated T lymphocytes) 
  Osteoclasts 

(continued)
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Each of these signal transduction pathways has been implicated in IL-6-mediated 
resistance to both physiological and chemotherapy-mediated apoptosis. The variety 
of downstream targets demonstrates that a single soluble factor has the potential to 
regulate drug sensitivity through multiple mechanisms. For the purposes of this 
review, IL-6 serves as a representative signaling soluble environmental determinant 
of EM-DR. However, the lack of de fi nitive clinical bene fi ts of IL-6 antagonism sug-
gests that a signi fi cant degree of redundancy exists within the microenvironment. As 
stated, numerous signaling soluble determinants have been shown to confer resis-
tance to cytotoxic stress through similar signaling effectors independently of IL-6 
 [  48–  50  ] . To this end, targeting of a single effector may not be suf fi cient. Simultaneous 
targeting complementary signaling pathways will likely be necessary for improved 
clinical ef fi cacy. 

    8.5.1   Ras/Raf/MEK/ERK1/2 Signaling 

 IL-6 signaling primarily involves activation of three signaling cascades: Ras/Raf–
MEK–ERK1/2, PI3-kinase–Akt, and JAK–STAT. Each of these pathways has been 
shown to modulate cellular growth and survival. The oncogenic role of the Ras/Raf–
MEK–ERK1/2 pathway has long been established especially in the context of mutant 
Ras. This pathway has also been linked to proliferation and survival in response to 
cytokines, growth factors, chemokines, and adhesive matrices  [  64,   65  ] . The pro-
apoptotic Bcl-2 family member Bim represents a putative downstream target of this 
signaling pathway  [  66  ] . The abrogation of MEK1/2 activity correlated with increased 
phosphorylation/downregulation of Bim 

EL
  and alterations in mitochondrial integrity. 

Whether directly related to Bim, MEK–ERK1/2 signaling has been shown to be inte-
gral in the survival signaling modulated by IL-6 and BMSCs  [  64  ] . Moreover, inhibi-
tion of this pathway sensitized BMSC-resident myeloma cells to both novel and 
traditional therapeutic agents  [  64,   65  ] . This may be in part related to MEK-dependent 
regulation of the paracrine factors BAFF, APRIL, and MIP-1 a  by osteoclasts  [  39,   64,   65  ] . 
More recently, MEK has been elucidated as a key regulator of the key oncogene 
c-MAF, which has signi fi cance in the context of both environmental and heritable 
myeloma disease progression  [  65,   67,   68  ] . Collectively, these data indicate that Ras/
Raf–MEK–ERK1/2 signaling remains an exciting therapeutic target.  

Table 8.1 (continued)

 Determinants of the myeloma bone marrow niche 

  Osteoblasts 
  Macrophages 
  Multiple myeloma monocytoid cells 
  Multiple myeloma vascular endothelial cells 

  This table represents a sampling of the determinants and is not all encompassing  



150 K.H. Shain and W.S. Dalton

    8.5.2   PI3-Kinase/Akt Signaling 

 The different effectors of IL-6-mediated drug resistance appear to have different 
(and in some cases speci fi c) anti-apoptotic mechanisms. The PI3-kinase path-
way signaling following IL-6 stimulation was demonstrated to confer resistance 
to dexamethasone (dex), but not ionizing radiation (IR   ) or CD95/Fas/Apo-1-
induced apoptosis. Dex resistance involves a PI3-kinase-dependent dephospho-
rylation of focal adhesion tyrosine kinase (RAFTK/Pyk2/CAK b ) by 
SH2-containing protein tyrosine phosphatase (SHP)  [  69  ] . Further, p53, NF- k B, 
Bad, Survivin, XIAP, and procaspase-9 are also putative downstream effectors 
of PI3-kinase and Akt in MM and other cell systems  [  70–  72  ] . Molecular attenu-
ation of PI3-kinase (p110 d ) with siRNA has been shown to speci fi cally control 
myeloma proliferation and survival in the context of BMSCs and in in vivo 
SCID-hu murine models  [  73,   74  ] . Importantly, the authors demonstrated that 
this was speci fi c for myeloma cells, sparing the normal hematopoietic cells  [  73  ] . 
These results suggest that by targeting PI3-kinase, we can overcome EM-DR 
and maintain a high therapeutic window. 

 PI3-kinase/Akt activation has been linked to MM cell survival with putative 
downstream targets including the serine/threonine kinase mTOR (mammalian 
targets of rapamycin). mTOR is an exciting target of novel agents in many tumor 
types including myeloma  [  75,   76  ] . The activity of mTOR is proposed to involve 
two signaling protein complexes: TORC1 and TORC2  [  27,   72,   77  ] . It has been 
proposed that TORC1 mediates the proliferative aspects of Akt signaling following 
receptor tyrosine kinase stimulation. TORC1 also functions in a negative feedback 
loop, controlling the dephosphorylation of Akt  [  77  ] . TORC2, in contrast, may be 
involved in the anti-apoptotic Akt signaling and is known to phosphorylate Akt 
 [  77  ] . Speci fi c and dual mTOR complex inhibitors are under active development 
and testing in myeloma due to the potential anti-microenvironment and/or anti-
myeloma effects  [  78–  80  ] .  

    8.5.3   JAK/STAT Signaling 

 The role of JAK/STAT signaling is not limited to neoplastic transformation of MM. 
The identi fi cation of mutant JAK2 in other hematologic malignancies including 
myeloproliferative neoplasms (MPNs), acute myelogenous leukemias (AML), and 
acute lymphoblastic leukemias (ALL) has facilitated an increased interest in this 
signaling partnership as a target for therapy  [  81  ] . IL-6 ligation of cognate receptor 
facilitates the autophosphorylation and transphosphorylation of JAK constitutively 
associated with gp130, facilitating recruitment and activation of STAT3. JAK/
STAT3 signaling following IL-6 ligand–receptor binding has been shown to increase 
expression of the inhibitors of programmed cell death: Bcl-XL and Mcl-1  [  47  ] . 
These anti-apoptotic proteins have been shown to attenuate PCD mediated by a 
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number of cytotoxic agents in MM. In addition to regulation of the Bcl-2 family, 
STAT3 signaling has been shown to affect p53 expression and expression/suppres-
sion of numerous cytokines, chemokines, and growth factors associated with cell 
survival in a multitude of systems  [  82–  84  ] . Together, these studies suggest that JAK/
STAT3 signaling has a signi fi cant in fl uence over MM cell fate. Furthermore, recent 
work has demonstrated that IL-6 and FN collaborate to selectively enhance JAK/
STAT3 conferring a MDR phenotype to co-stimulated MM cells  [  34  ] . These results 
suggest that soluble and physical effectors of the BM microenvironment act in con-
cert conferring MDR and a proliferative advantage to co-stimulated MM cells. 
Further, a new generation of JAK inhibitors is being developed and has been shown 
to overcome the protective effects afforded myeloma cells by IL-6, FGF, and BMSCs 
in response to dex, melphalan, and bortezomib  [  85,   86  ] .  

    8.5.4   Src-Family Tyrosine Kinases 

 The SFKs have been associated with neoplastic transformation since the identi fi cation 
the Rous sarcoma virus. Although  fi rst identi fi ed in a solid tumor, this family of 
non-receptor tyrosine kinases has a prominent role in normal hematopoietic 
proliferation and differentiation. Thirteen SFKs are found exclusively or 
 predominantly in hematopoietic cells  [  1  ] . These signaling determinants appear to 
act as catalysts promoting/enhancing speci fi c signaling cascades. To this end, their 
role in hematologic malignancies remains an important avenue of investigation. In 
MM, gp130 and SFKs (Fyn, Lyn, and Hck) were shown to be involved in IL-6 
signaling more than demonstrated more than a decade ago  [  87  ] . More recently, an 
SFK (Hck)-binding “acidic peptide” domain has been identi fi ed on gp130 necessary 
for optimal IL-6 signaling in MM cells  [  62  ] . Incubation of MM cells with antisense 
oligonucleotides or pharmacological inhibition of the SFK Lyn attenuated IL-6-
mediated proliferation and survival  [  88  ] . The SFK Fer has also been directly linked 
to enhanced STAT3 activity following IL-6 stimulation in other cancer cell models 
 [  63  ] . Together, these data demonstrate a prominent role for SFKs in MM and 
suggest that this family of tyrosine kinases may provide an appropriate target for 
novel therapeutic regimens. SFKs may represent an additional signaling determinant 
elicited by soluble factors of the BM microenvironment. The soluble determinants, 
however, represent only one component of EM-DR. The physical environment also 
plays a signi fi cant and expanding role in MM therapy resistance.  

    8.5.5   NF- k B 

 The last signal transduction cascade to be reviewed involves the nuclear factor (NF)-
 k B family. The importance of this family of signaling effectors in MM and numerous 
other hematopoietic malignancies cannot be underscored  [  89  ] . The dependence of 



152 K.H. Shain and W.S. Dalton

intramedullary growth and survival of myeloma cells on classical, non-canonical, 
and alternative NF- k B signaling pathways has been shown to involve extracellular 
stimuli (e.g. soluble and physical effectors) as well as heritable genetic alterations in 
key activating components  [  89–  93  ] . Within myeloma cells, NF- k B effectors control 
proliferation, apoptosis, adhesion, migration, and DNA damage repair  [  27,   50,   53,   94  ] . 
Within the context of the BM niche, NF- k B signaling modulates the  expression of a 
number of soluble effectors including IL-6, BAFF, and ARPIL by BMSCs and osteo-
clasts  [  32,   38  ] . Further, this pathway also facilitates increased cellular adhesion to 
ECM and BMSCs via regulation of ICAM and VCAM  [  27  ] . As would be predicted 
by its role in the expression of determinants listed above, inhibition of NF- k B signaling 
has been shown to overcome the pro-myeloma aspects of microenvironment pro-
duced by BMSCs and in in vivo murine studies  [  50  ] . Lastly, the clinical success of 
the proteasome inhibitor bortezomib is at least partially attributable to the negative 
regulation of this pathway in the context of BM niche. These results suggest that 
NF- k B is an important signaling effector(s) within the BM microenvironment and, 
therefore, a viable target to overcome EM-DR and MRD.   

    8.6   Direct Cell Contact 

 The physical components of the  BM  niche have been demonstrated to play a prominent 
role in MM pathogenesis and MDR. Moreover, data suggest that the physical ele-
ments of the microenvironment evolve with progression. Alterations in the expression 
of the ECM components FN, collagen I, and collagen IV have been shown to correlate 
with disease state (normal, MGUS vs. frank MM)  [  95  ] ; thereby providing further 
evidence that MM and the BM microenvironment are intimately linked. Interactions 
between cells and their physical environment are mediated by the cell adhesion mol-
ecule (CAM) superfamily. CAMs promote communication between the physical envi-
ronment, cellular architecture, and intracellular signaling cascades. These cell surface 
molecules include the Ig (immunoglobulin) family, cadherins, selectins, hyaluronate 
receptors, receptor tyrosine phosphatases, and integrins. These transmembrane recep-
tors coordinate homing, lodging, and  differentiation of MM cells in the marrow niche 
through speci fi c homotypic and heterotypic interactions with environmental ligands 
 [  96,   97  ] . As with soluble factors associated with MM, interactions between MM 
cells and ECM components or adjacent cells of the BM also confer de novo MDR  [  47, 
  98  ] . Although integrins will be primarily discussed below, numerous other adhesion 
molecules are also involved in cell adhesion-mediated drug resistance (CAM-DR) 
including hyaluronan, LFA (lymphocyte-associated function antigen-1), Notch-1/
Jagged, Wnt/RhoA, and MMSET gene products  [  46,   99,   100  ] . Moreover, these inter-
actions are not limited to cell: ECM interactions. BMSCs, osteoclasts, BM dendritic 
cells, vascular endothelial cells, and likely immune effectors also support myeloma 
drug resistance through direct contact  [  3,   27,   31,   39  ] . 
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 When speaking about myeloma cell adhesion to ECM or adjacent cellular marrow 
components, it is important to note that at least two levels of response can be 
separated temporally and by mechanism of activation. Two phases exist, an  early 
phase , characterized by rapid dynamic biologic changes, and a  delayed phase , 
characterized by secondary signaling and transcriptional events  [  27,   31  ] . Within the 
early phase, posttranslational events result in intracellular redistribution, degradation, 
and increased stability of critical proteins  [  34,   36,   101–  103  ] . What is unique about 
these early events is that they are reversible; within minutes of disassociating from 
the adherent matrix, myeloma cells return to a drug-sensitive phenotype  [  36,   101  ] . 
The rapid reversal of these events is important when considering adhesion as a target 
for therapy. As such, only transient alterations in the adhesive phenomenon may be 
necessary to sensitize myeloma cells to therapy. The delayed events are characterized 
by transcriptional activity and the production and secretion of soluble effectors such 
as IL-6, MIP-1 a , VEGF, and others (Table  8.1 ). In turn, these effectors participate 
in apparent feed-forward paracrine signaling between MM cells and the surrounding 
cellular milieu facilitating indirect EM-DR. 

    8.6.1   Integrin-Mediated Adhesion 

 The role of cell survival and MDR has been best characterized in integrin-mediated 
adhesion. Integrins are heterodimeric membrane receptors consisting of an  a  and 
 b  subunit ligand-speci fi c binding properties  [  96  ] . These cell surface receptors 
bind extracellular ligands such as FN, vitronectin, laminin, collagens, or other 
CAMs. Integrins do not have intrinsic kinase activity and, therefore, are depen-
dent upon associated factors such as focal adhesion kinase, RAFTK, PI3-kinase, 
ILK (integrin-linked kinase), PINCH (particularly interesting new cysteine–histidine-
rich protein), Nck2 (non-catalytic  region of  tyrosine kinase adaptor protein 2) to 
elicit intracellular signaling  [  97  ] . The organization of intracellular protein com-
plex  facilitates the activation of signaling cascades and cytoskeletal changes fol-
lowing the integrin cross-linking that modulates cell growth, differentiation, 
migration, and survival (Fig.  8.3b ). Integrin-speci fi c CAM-DR in MM was ini-
tially described in studies demonstrating that  b 1-integrin-speci fi c adhesion of the 
MM cell lines to FN conferred resistance to several classes of chemotherapeutic 
agents both in cell lines and in patient samples  [  47,   104–  106  ] . Evidence of 
CAM-DR was noted in studies demonstrating elevated expression of VLA-4 
( a 4 b 1 integrin receptors), ICAM, and VCAM-1 in MM patient samples exposed to 
chemotherapy relative to treatment-naive patients  [  98  ] . More recently,  b 7 integ-
rins have been demonstrated to similarly promote myeloma growth, survival, 
migration, and drug resistance  [  107  ] . From these studies, it is apparent that target-
ing determinants of CAM-DR may lead to the development of clinical regimens 
to circumventing de novo MDR and MRD. Below we will review a number of 
cellular determinants of CAM-DR. 
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    8.6.1.1   Bim proteolytic processing 

  b 1-integrin   -mediated adhesion to immobilized FN confers a survival advantage to 
adherent myeloma cell lines in response to traditional therapeutic agents. Integrin 
binding has a number of documented mechanisms facilitating resistance. One 
CAM-DR determinant is the pro-apoptotic Bcl-2 family member Bim  [  108  ] . The 
Bcl-2 family of proteins plays a crucial role in apoptosis via modulation of mitochon-
drial integrity. Studies have outlined the complex sequence of interactions by which 
Bcl-2 family proteins modulate ted apoptosis. This family consists of three major 
subgroups: anti-apoptotic members [Bcl-2, Bcl-X 

L,
  Bcl-w, myeloid cell leukemia 

 [  109  ] -1, and Bcl-2-related protein (B fl /A1)] that contain four Bcl-2 homology 
domains (BHDs); pro-apoptotic mitochondrial-membrane-associated members [Bcl-
2-related ovarian killer  [  110  ] , Bcl-2-antagonist/killer (Bak), and Bcl-2-associated X 
protein (Bax)] that contain three BHDs; and pro-apoptotic ligands that contain only 
a single BHD [Bcl-2-like 11, apoptosis facilitator (Bim), Bcl-2-interacting killer, 
apoptosis inducing  [  79  ] , Bcl-2-associated agonist of cell death (Bad), Bh3 interact-
ing domain death agonist (Bid), and phorbol-12-myristate-13-acetate-induced pro-
tein 1 (Noxa)]. The interplay between these factors controls the fate of the cell. 
Following cytotoxic insult, Bim targets the mitochondria facilitating mitochondrial-
dependent apoptosis. However, in FN-adherent cells, Bim is downregulated via a 
dynamic proteasome-dependent process. To this end, posttranslational regulation of 
the pro-apoptotic effector Bim represents a novel mechanism of CAM-DR  [  108  ] .  

    8.6.1.2   Intracellular Redistribution of Topoisomerase II a  and II b  

 CAM-DR has also been shown to reduce drug cytotoxicity via alterations in drug 
target. Topoisomerase II b  is involved in repair of DNA damage induced by DNA 
speci fi c toxins including topoisomerase poisons and the alkylating agent melphalan 
 [  111  ] . FN-mediated adhesion protects adhered leukemic cells from mitoxantrone- 
and etoposide-induced DNA double-strand breaks  [  106  ] . This integrin-mediated 
reduction in DNA damage paralleled a decrease in topoisomerase II b  enzymatic 
activity, salt extractability, and altered nuclear localization. These data demon-
strate a mechanism by which environmental effectors may regulate sensitivity to 
cytotoxic agents via the subcellular redistribution of a key chemotherapeutic tar-
get, topoisomerase II b . Topoisomerase II a  intracellular localization is also con-
trolled by the microenvironmental factors. In the setting of increased myeloma 
cell density, primed for cell-to-cell contact, myeloma cells are resistant to chemo-
therapeutics  [  103,   112  ] . This resistance was causally associated with the Crm1-
dependent nuclear export of topoisomerase II a   [  103  ] .  

    8.6.1.3   Increased p27 kip1  

  b 1-integrin-mediated adhesion to immobilized FN also confers a survival advan-
tage to adherent MM cell lines to cytotoxic agents via a p27 kip1 -dependent resistance 
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to etoposide and cell cycle arrest  [  113  ] . The decrease in apoptosis and growth arrest 
following FN adhesion occurred through the posttranslational regulation of p27 kip1  
protein expression. In accordance with these studies, lymphoma cell adhesion via 
integrins was demonstrated to regulate levels of p27 kip1  via modulation of the SCF/
Skp2 ubiquitin ligase pathway  [  114  ] . In the lymphoma model, cell adhesion was 
shown to posttranslationally increase levels of cdh1, an activating component of the 
anaphase-promoting complex. This ubiquitin ligase can target Skp2 for ubiquitini-
zation and degradation. Skp2 degradation leads to stabilization and maintenance of 
p27 kip1  protein levels and cell cycle arrest  [  14  ] . Together, these studies suggest that 
cell adhesion may facilitate p27 kip1 -mediated drug resistance via a proteasome ubiq-
uitin pathway.  

    8.6.1.4   Intracellular Redistribution of cFLIP L  

 Adhesion to FN also affects physiologic determinants of apoptosis. CD95/Fas and 
TRAILR2/DR5 are two members of the TNF superfamily that facilitate apoptosis. 
MM cell adhesion to FN controls the intracellular localization of the anti-apoptotic 
protein c-FLIP  [  115  ] . Only in adherent cells is c-FLIP able to associate with FADD 
and CD95 to block the apoptotic signal. In contrast, when cells are maintained in 
suspension, c-FLIP is sequestered unable to block death receptor-mediated signaling. 
These data, together with evidence of alterations on protein stability (topoisomerase 
II a ,  b , Bim, and p27 kip1 ), suggest that adhesion-orchestrated posttranslational 
regulation is an important mechanism by which the physical environment confers 
resistance to cytotoxic stress and MDR.   

    8.6.2   Notch1/Jagged 

 In addition to integrins, reports have identi fi ed Notch-1 and Jagged signaling as an 
important modulator of EM-DR via BMSCs to adherent MM cells. MM and BMSC 
interactions are complex making the identi fi cation of speci fi c determinants of 
EM-DR arduous. However, Notch-1, a large heterodimeric transmembrane receptor, 
and its interactions with ligand Jagged have been demonstrated to confer an MDR 
phenotype to BM stromal interacting MM cells  [  116  ] . Notch-1-speci fi c signaling 
protects MM and other malignant hematopoietic cells from melphalan and mitoxan-
trone via an increase in p21 Cip1/WAF1  protein levels. Regulation of p21 Cip1/WAF1  expression 
has been proposed to occur similarly to that of p27 kip1  as discussed above. More 
recently, attenuation of Notch-1 signaling via gamma-secretase inhibitors was 
shown to (1) facilitate apoptosis in MM cell lines and (2) enhance melphalan- and 
doxorubicin-mediated cell death in in vitro and in vivo (xenograft and SCID-hu) 
models  [  100  ] . Together, these experiments suggest that Notch-1 signaling is an 
important target of EM-DR with potential therapeutic implications.   
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    8.7   A Complex Network of Survival Signals 

 Soluble and physical determinants of the BM microenvironment independently 
confer the EM-DR phenotype. However, logic dictates that these soluble and physical 
environmental effectors function in concert. This network involves autocrine/ 
paracrine signaling as well as regulatory events mediated by adhesion of myeloma 
cells to BMSCs, osteoclasts, osteoblasts, MSCs, immune effectors, and endothelial 
cells (Fig.  8.2 )  [  27,   117  ] . These cellular interactions are important catalysts for the 
production of the numerous soluble factors  [  3,   118,   119  ] . However, it is apparent 
that the maximal effect of EM-DR is not mediated by soluble or physical effectors 
alone. Instead, these factors cooperate in conferring EM-DR. Evidence for this has 
been provided in studies examining the anti-apoptotic nature of speci fi c co-culturing 
conditions between myeloma cell and BMSCs  [  116,   120  ] . In these studies, the 
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  Fig. 8.2     The bone marrow niche is composed of a network of extracellular determinants . The BM 
microenvironment plays a key role in the disease pathology of MM. It is rich in cytokines, chemok-
ines, growth factors, and adhesive matrices that facilitate MM cell homing, proliferation, and 
survival. The protective determinants of the BM consist of both soluble factors and physical factors. 
These factors include cytokines: IL-1 b , IL-3, IL-15, IL-21, TNF- a , OSM, LIF; chemokines: 
IL-8, CXCL12, MIP1- a ; growth factors: VEGF (vascular endothelial growth factor), FGF (family), 
IGF-1 (insulin-like GF-1), HGF (hepatocyte GF); and other pro-myeloma factors: Dkk-1 
(Dickkopf-1), RANKL [receptor activator of nuclear factor kappaB (NF- k B) ligand], BAFF (B 
cell activation growth factor), Wnt (family), and TGF- b  (transforming GF) among others  [  27,   32,   33  ] . 
In addition to direct proliferative and survival effects, soluble factors also impart the adhesion of 
myeloma cells to adjacent cellular components (stromal cells, dendritic cells, MSCs, macrophages, 
and osteoclasts) and extracellular matrices ( fi bronectin, collagens, vitronectin, GAG, and lamin-
ins) via a host of adhesion molecules. The most prominent being VLA-4 ( a 4/ b 1/CD49d/CD29), 
VLA-5 ( a 5/ b 1/CD49e/CD29), CD44, VCAM-1, ICAM (CD54), NCAM (CD56), CD74, and 
CS-1 (CD2-subset-1) among others  [  3,   27,   31  ] . Extracellular stimulation by soluble factors or 
direct adhesion facilitates networks of intracellular cascades       

 



1578 Environment Mediated-Drug Resistance

degree of chemotherapy resistance was dependent upon the co-culture condition 
examined. Myeloma cells co-cultured in contact with BMSCs were protected to 
greater degree than cells co-cultured without contact. These results demonstrate the 
existence of at least two environmental networks elicited by interactions between 
MM cells and BMSCs: a network involving anti-apoptotic paracrine signaling and 
a network involving the conjunction of soluble and physical effectors, with the 
combination providing a more pronounced survival advantage  [  27,   49  ] .  

 An explanation of these  fi ndings may be suggested by studies examining the 
intracellular consequences of co-stimulation  [  34  ] . These data demonstrate that 
signaling events are speci fi cally enhanced relative to those elicited by a single effec-
tor. A report examining the intracellular signaling following stimulation with IL-6 
alone, FN adhesion alone, or their combination demonstrated the complexity of 
converging extracellular determinants  [  34  ] . The collaboration between IL-6 and FN 
adhesion resulted in a selective enhancement of JAK/STAT3 phosphorylation and 
activity, but not Akt or ERK1/2 phosphorylation. Co-stimulated cells were afforded 
both a proliferative and an MDR advantage. Further, this collaboration paralleled 
increased gp130 complex phosphorylation via a novel IL-6-independent pre-association 
of STAT3 (unphosphorylated) with gp130 when cells are adhered to FN. Together, 
these results suggest that examination of crosstalk between intracellular signaling 
networks may identify speci fi c components, which contribute to a greater (or lesser) 
degree to therapy resistance and proliferation (i.e., more in vivo-like conditions, 
where cells are not modulated by a single determinant). To this end, identi fi cation 
of prominent signaling molecules under co-stimulatory conditions may direct us 
toward more appropriate drug targets. 

    8.7.1   Therapeutic Implications 

 As discussed above, EM-DR and MRD are prominent hurdles in the treatment failure. 
To this end, successful treatment may involve correctly identifying modalities that 
target the myeloma microenvironment and/or attendant signaling cascades. The 
novel agents bortezomib, thalidomide, and lenalidomide have had a signi fi cant 
impact on the treatment of this disease  [  2  ] . These therapeutic compounds have been 
demonstrated to function, at least in part, via a modulation of the microenvironment. 
Bortezomib is a direct inhibitor of the 26S proteasome and has a number of  indirect  
effects on the microenvironment through the downregulation of key paracrine 
 effectors. Proteasome inhibition has been shown to overcome EM-DR in preclinical 
studies with cell lines and patient samples  [  2  ] . Bortezomib regulates the expression 
of numerous cytokines and growth factors. Bortezomib has been shown to inhibit 
angiogenesis via a modulation of VEGF and bFGF, as well as inhibit cellular adhe-
sion via deregulation of VCAM and ICAM  [  2  ] . Gene expression pro fi ling of 
myeloma cells treated with bortezomib demonstrated decreased production of  a 4 
integrin/CD49d consistent with a role in targeting EM-DR  [  121  ] . Thalidomide and 
the immune modulatory compound lenalidomide also have anti-EM-DR properties. 
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The proposed action of thalidomide primarily involves the downregulation of VEGF 
and associated angiogenic factors  [  2  ] . Recent phase II studies using the VEGFR 
inhibitor pazopanib suggests that VEGF antagonism may not be suf fi cient as a 
single-agent therapy  [  122  ] . Additionally, lenalidomide also has signi fi cant clinical 
bene fi t when coupled with dexamethasone  [  2  ] , likely secondary to its proposed 
activity of fortifying antitumor immune system. However, as with bortezomib and 
thalidomide, lenalidomide also demonstrates multi-targeted effects on the BM 
microenvironment (cytokine and growth factor expression, inhibition of angiogen-
esis, and inhibition of cellular adhesion). Unfortunately, even with the widespread 
utilization of these therapeutics, myeloma remains incurable. As such, continued 
investigation into therapies to compliment their activity is required. 

 With our greater appreciation for the role of EM-DR, a large number of agents 
have been designed to targeting determinants of the BM niche. Small-molecule inhib-
itors of IL-6 and IL-6-dependent signaling have been identi fi ed. Early studies with 
Sant7 demonstrated positive preclinical results  [  123,   124  ] . More recently, monoclonal 
antibody therapy with the chimeric monoclonal antibody (CNTO 328) speci fi c to IL-6 
has shown preclinical success in myeloma cell lines and patient samples. A phase II 
study in previously treated patients demonstrated a 57% overall response rate follow-
ing therapy with the combination of CNTO 328 and bortezomib, suggesting that this 
anti-IL-6 chimeric immunoglobulin may have anti-myeloma activity  [  125  ] . 

 Drugs targeting other extracellular determinants are also being evaluated. Initially 
examined in the setting of HIV and then stem cell harvesting  [  126  ] , the CXCR4 
inhibitor AMD3100/Plerixafor has been shown to attenuate myeloma–BMSC com-
munication. These effects translated to enhance cytotoxicity of bortezomib  [  17,   24  ] . 
AMD3100 acts to interfere with homing of cells to the BM, but more importantly 
its effects may be to facilitate a deadhesion phenomenon, thereby attenuating the 
resistance conferred to resident myeloma cells by the physical microenvironment. 
AMD3100 has also been examined in other hematologic and non-hematologic 
malignancies  [  127,   128  ] . A humanized monoclonal antibody to CXCR4 is also 
being evaluated in clinical and preclinical studies (BMS983564). The FGFR- and 
VEGFR- speci fi c  receptor tyrosine kinase inhibitor (BIBF100) was examined in 
MM cell lines and patient samples  [  129  ] . The cytotoxicity of bortezomib and dex-
amethasone was enhanced when combined with BIBF100 in poor-risk patient sam-
ples (and cell lines) carrying t(4:14) (FGFR3/MMSET; IgH translocations) and 
t(14:16) (c-maf; IgH translocations—associated with c-maf-mediated VEGF sig-
naling)  [  129  ] . Sorafenib, a putative VEGFR tyrosine kinase inhibitor, has shown 
preclinical promise in myeloma  [  130  ] . 

 The physical microenvironment is also being targeted with novel therapeutics 
(Fig.  8.3b ). The design of compounds to target  b 1 integrins or other mediators of 

Fig. 8.3 (continued) the activation of signaling cascades including SFK, PI3-kinase, Ras/Raf–
ERK1/2 kinase, and NF- k B. These cascades have been directly and indirectly linked to cytoskel-
etal changes following the integrin cross-linking and modulation of cell growth, differentiation, 
migration, and survival. To this end, inhibitors of these cellular processes (extracellular or intracel-
lular) may have anti-myeloma activity         
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  Fig. 8.3     Extracellular and Intracellular Signaling Pathways are Targets for Novel Therapeutics . 
Numerous extracellular determinants of the BM initiate intracellular signaling cascades culminat-
ing in EM-DR and MRD. ( a ) This  fi gure depicts a general outline for signaling modulated by cell 
membrane receptors (cytokines, GFs, and chemokines). A new generation of potential therapies is 
being examined. ( b ) The role of cell survival and MDR has been best characterized in integrin-
mediated adhesion. Integrins are a family of single-pass heterodimeric membrane receptors. 
Integrin receptors lack intrinsic kinase activity and so depend on associated factors such as focal 
adhesion kinase, RAFTK, PI3-kinase, ILK (integrin-linked kinase), PINCH (particularly interest-
ing new cysteine-histidine rich protein), Nck2 (non-catalytic  region of  tyrosine kinase adaptor 
protein 2) to elicit intracellular signaling. The organization of intracellular protein complex facilitates
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adhesion between tumor cells and the physical environment may provide therapeutic 
bene fi t. In AML, VLA-4 ( a 4 b 1)-speci fi c antibodies were shown to potentiate the 
antitumor effects of cytarabine in vivo by reducing MRD  [  131  ] . Volociximab, a 
chimeric monoclonal antibody to VLA-5 ( a 5 b 1), was tested in solid tumors dem-
onstrating mild clinical bene fi t and was well tolerated  [  132  ] . These early reports 
indicate that integrin-direct antibody therapy may be an important adjunct in target-
ing MRD. Integrin–ECM interactions involve the recognition of a speci fi c three 
amino acid sequence, RGD (arginine, glycine, and aspartate). Linear peptides, 
cyclic peptides, and peptidomimetics have been designed to mimic this peptide 
sequence to disrupt integrin-mediated adhesion  [  133  ] . Recently, a new group of 
RGD-blocking compounds has been identi fi ed. The cystine knot peptides or  knot-
tins  have been engineered demonstrating nanomolar af fi nity for multiple integrin 
heterodimers  [  133  ] . A   nother example is the decapeptide HYD1, synthesized based 
on the RGD amino acid motif, which has been shown to attenuate VLA-4 integrin-
mediated adhesion to FN in multiple cancer cell models. Interestingly, incubation of 
myeloma cell lines and patient samples with HYD1 not only abrogated adhesion to 
ECM but also induced myeloma cell necrosis (caspase-independent death)  [  134  ] . 
These results demonstrate that inhibition of integrin-mediated adhesion may have 
direct (or indirect) anti-myeloma effects and reveal the potential of therapies 
designed to target the physical microenvironment in cancer therapy.  

 In the complex milieu of the BM, cell-signaling cascades are also potential 
 therapeutic targets (Fig.  8.3a, b ). Pyridone 6, a reversible ATPase inhibitor, blocks JAK 
activity arresting growth of MM cells and patient samples with constitutive JAK/STAT3 
activity  [  135  ] . Additional JAK inhibitors including INCB20, AZD1480, and 
INCB16562 have been shown to attenuate MM cell growth in response to IL-6 and 
BMSCs  [  69  ]  PI3-kinase, Akt, and mTOR are also promising targets for therapeutic 
intervention  [  27,   73,   74,   78  ] . Ras/Raf–MEK–ERK1/2 signaling, especially MEK, is 
another pathway with a growing number of promising inhibitory compounds with anti-
EM-DR properties  [  64,   65,   67,   136  ] . Lastly, SFK inhibitors are also being examined in 
MM. Preclinical data with the tyrosine kinase inhibitor dasatinib demonstrated growth 
arrest and synergism with conventional and novel therapeutics in MM cell lines  [  137  ] . 
By no means is this a complete listing of novel anti-EM-DR compounds, but it demon-
strates the principles behind drug design in the context of the microenvironment. 

 The inhibitors discussed above target both extracellular and intracellular deter-
minants of the BM niche. The hope is that we can identify the appropriate factors 
within the complex network of the tumor cell microenvironment to target. To this 
end, we may divine therapies to overcome the coordinated effort between MM cells 
and the microenvironment. In so doing, we may be able interrupt the sequence of 
events (de novo and acquired) facilitating MRD culminating in therapy resistance. 
However, it is important to note that with the signi fi cant heterogeneity of signaling 
factors and transduction pathways within the BM niche, we will need to design 
combination therapies with targeted agents. To this end, targeting of multiple path-
ways either simultaneously or in sequence may be the only measure by which to 
overcome the sanctuary of the BM milieu. 
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 In conclusion, the treatment of myeloma remains in the midst of a revolution. For the 
 fi rst time in decades, we have novel therapeutic modalities at our disposal with signi fi cant 
clinical bene fi t (thalidomide, lenalidomide, and bortezomib) due to the multi-targeted 
activities. As discussed, the refractory nature of this malignancy stems from the protective 
nature of BM microenvironment (at least in part). Resident MM cells are afforded 
sanctuary from therapeutic insult resulting in MRD. To this end, improved PFS and OS 
will require the development of microenvironment-targeted agents and the rational 
combination of these drugs to combat EM-DR and overcome MRD.       
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  Abstract   Multiple myeloma (MM) bone disease is a major contributor to the 
morbidity and mortality of MM patients due to pathological fractures. The MM 
cells interact with the cells of the bone microenvironment to both generate bone 
lesions as a result of enhanced induction of osteoclastogenesis and prevent reactive 
new bone formation to heal the lesions by repressing osteoblast activity. The MM 
stimulated osteoclasts (OCLs) not only generate bone lesions, but also interact with 
the myeloma cells to promote the proliferation and survival of the MM cells through 
the generation of interleukin-6 (IL-6), osteopontin,  fi broblast activation protein, 
BAFF, APRIL, and annexin II. These MM-supportive OCL products present thera-
peutic opportunities. Further, the enhanced bone resorption by OCLs releases 
immobilized growth factors from the bone matrix that both support the MM cells 
and further stimulate OCL differentiation in a vicious cycle. Hence, targeting osteo-
clast activity may inhibit myeloma growth. Therefore, bisphosphonates have been 
investigated for their anti-tumor affects. The MM cells increase osteoclast activity 
both directly and by stimulation of microenvironmental production of RANKL, 
MIP-1α, TNF-α and interleukins IL-1b, IL-3 and IL-6. These are therefore also 
possible therapeutic targets to inhibit myeloma bone disease.     
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     9.1   Introduction 

 Multiple myeloma (MM) is the most common cancer to involve bone with more 
than 80% of patients developing bone lesions  [  1  ] . The bone lesions are purely oste-
olytic in nature and do not heal in the vast majority of patients, even when they are 
in long-term complete remission. Up to 20% of patients will present with a fracture 
at diagnosis, 40% will sustain a pathologic fracture within the  fi rst year of diagno-
sis, and 60% of patients will develop pathologic fractures over the course of their 
disease  [  2  ] . MM bone disease is so severe because MM, like other osteolytic metas-
tases, has increased osteoclastic bone destruction, but in contrast to other tumors, 
once MM tumor burden exceeds 50% in a local area, osteoblast activity is either 
severely depressed or absent  [  3  ] . 

 Bone destruction in MM can involve any bone and is responsible for some of the 
most devastating aspects of the disease. The most common radiographic  fi ndings of 
bone involvement in MM are “punched-out” lytic lesions without reactive new bone 
formation and also include osteopenia, pathologic fractures, or a combination of 
these conditions. These  fi ndings demonstrate that enhanced osteoclast (OCL) activity 
is a major contributor to MM bone disease, which is further exacerbated by the 
suppressed osteoblast activity. This paradigm makes the OCL an attractive target for 
treating MM bone disease.  

    9.2   Role of the Osteoclast in Myeloma 

 The bone marrow microenvironment plays a pivotal role in the development of MM 
bone disease. Multiple factors are produced by both the MM cells and neighboring 
bone marrow stromal cells (BMSC) within the microenvironment, which interact to 
shift the normal delicate balance of bone destruction and new bone formation toward 
increased bone destruction with absent new bone formation. In addition, the OCL 
themselves play an important role in supporting MM cell growth. 

 Yaccoby and coworkers have shown that primary MM plasma cells from patients 
are attracted to OCL precursors and that MM cells induce differentiation of these 
cells into multinucleated bone resorbing OCL  [  4  ] . They further showed that a coculture 
of MM cells with OCL allowed the primary MM cells to proliferate for more than 
13 weeks. Physical contact between OCL and MM cells was required for these 
effects, and both OCL from healthy donors and MM patients could support the 
growth of MM cells. Blocking IL-6 decreased survival of MM cells but had no 
effect on the proliferation of the primary MM cells. Similarly, Abe and co-workers 
 [  5  ]  have shown that OCL support the growth of primary MM cells and that this is 
dependent on both osteopontin and IL-6 production by the OCL. These authors 
demonstrated that peripheral blood mononuclear cell-derived OCL were much more 
potent in enhancing the growth and survival of primary MM cells than BMSC. They 
also showed that OCL protected MM cells from apoptosis induced by serum depletion 
or treatment of MM cells with doxorubicin. Again, adhesion of the MM cells to 
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OCL was required to support MM cell growth as complete inhibition of cell contact 
between MM cells and OCL totally blocked the supportive effects of OCL on MM 
cell growth. These data clearly showed that OCL play a pivotal role in the support 
of MM cell growth. The adhesive interactions between MM cells and OCL increased 
IL-6 production by OCL. Osteopontin (Opn) receptors, VLA-4,  a  

v
  b  

3
 -integrin, and 

CD44 are expressed on the cell surface of myeloma cells. IL-6 and Opn in combination 
enhanced MM cell growth and survival. However, other factors must also be 
involved in OCL supported MM cell growth, because it is only partially inhibited 
by simultaneous addition of anti-osteopontin and anti-IL-6 antibodies. As discussed 
further below, IL-6 has multiple sources and roles in MM bone disease; however, 
IL-6 production by OCLs may increase MM tumor burden leading to enhanced 
bone destruction. 

 Other OCL-derived factors have been implicated in the support of myeloma 
cells. Ge et al. found that the DASH protease,  fi broblast activation protein (FAP), 
was involved in the OCL-induced MM cell growth  [  6  ] . These authors demonstrated 
that FAP was upregulated when OCL and MM cells were cocultured in vitro as well 
as in MM tissue in human bone in the SCID-hu model of MM. FAP was expressed 
by OCL and was critical for the support of MM cell growth by OCL. In addition, 
knockdown of FAP expression with a siRNA reduced MM cell survival in these 
cocultures. Inhibition of DASH proteases with PT-100 affected expression of adhesive 
molecules by OCL that are required for OCL support of MM cell growth and MM 
bone disease  [  7  ] . Further, inhibition of DASH proteases blocked OCL differentiation 
and bone resorption activity. Tanaka and coworkers  [  8  ]  have shown that MM 
cell–OCL interactions enhance angiogenesis. These authors found that OCL-derived 
osteopontin and VEGF produced by MM cells cooperatively enhanced angiogenesis 
and induced osteoclastogenic activity by vascular endothelial cells. These data 
clearly show that the OCL plays a central role in both MM cell growth and the 
increased angiogenesis associated with MM. Further, Abe and coworkers reported 
that BAFF and APRIL are OCL-derived survival factors for MM cells  [  9  ] , which 
are also produced by bone BMSC from myeloma patients. Thus, BAFF, produced 
by both OCL and BMSC in patients with MM, is a potential therapeutic target for 
treating MM bone disease. 

 Recently, we have found that OCL produce annexin II (AXII), which is a stimulator 
of MM cell growth  [  10  ] , by both increasing proliferation and decreasing apoptosis 
 [  11  ]  and is also an autocrine/paracrine stimulator of OCL formation  [  12,   13  ] . AXII 
was found to be upregulated in pancreatic, stomach, lung, renal, breast cancers, and 
more importantly in MM  [  14–  20  ] . More recently, AXII was shown to increase the 
proliferation of human MM cell lines and had anti-apoptotic effects in these MM 
cell lines  [  11  ] . The AXII/AXII receptor (AXIIR) axis plays a crucial role in the 
homing, growth, and adhesion of prostate cancer cells to the bone marrow  [  21  ] . 
AXII appears to stimulate MM cell growth through increased ERK and p38 MAPK 
signaling. This is consistent with previous studies in which we have shown that 
AXII can also stimulate receptor activator of NF- k B ligand (RANKL) expression in 
human BMSC via MAPK as well as GM-CSF expression by both marrow stromal 
cells and activated T cells  [  10,   22  ] . RANKL and GM-CSF together are important 
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for OCL formation induced by AXII. MM cells themselves also make AXII, but it 
appears in preliminary studies that MM-derived AXII does not increase MM cell 
growth, whereas both OCL- and BMSC-derived AXII stimulate the growth of MM 
cells. Thus taken together, these data demonstrate a critical role for OCL in the support 
of MM cell tumor proliferation and prevention of MM cell apoptosis (Fig.  9.1 ).   

    9.3   Osteoclast Stimulatory Factors Produced in Myeloma 

 In addition to factors produced by OCLs, osteoclastic bone resorption releases 
growth factors, which enhance the growth of MM cells (Fig.  9.1 ). This has been 
termed the “vicious cycle” for MM cell growth in which MM cells induce increased 
OCL activity and the bone resorption process releases immobilized growth factors 
produced by the marrow microenvironment that both support the MM cells and 
further stimulate OCL. Locally acting factors produced by MM cells have been 
implicated in both the extensive bone destruction and impaired new bone forma-
tion. The factors produced in vivo by MM cells or induced by MM in bone 
microenvironmental cells that can increase osteoclastic activity include RANKL, 
macrophage in fl ammatory protein-1 a  (MIP-1 a ), TNF- a , IL-1 b , IL-3, and IL-6 
 [  23–  27  ]  (Fig.  9.2 ).  

 RANKL is part of the tumor necrosis factor (TNF) gene family and is a major 
osteoclastogenic factor involved in MM bone disease. When MM cells bind to 
BMSC, RANKL expression is increased on the surface of the BMSC. Subsequently, 
this results in enhanced OCL activity through binding of RANKL to its receptor 
RANK on OCL precursor cells, promoting their differentiation  [  28  ] . RANKL also 
plays a role in the inhibition of OCL apoptosis  [  29  ] . T-lymphocytes also produce 
RANKL in the MM marrow microenvironment. The proposed mechanism for the 

  Fig. 9.1     Mechanisms of osteoclastic support for myeloma cells . Osteoclasts are stimulated by 
cell–cell contact with myeloma cells to produce a variety of factors that support myeloma proliferation 
and survival, such as IL-6, Opn, FAP, BAFF, APRIL, and AXII. The bone destructive process 
releases growth factors that increase the growth of myeloma cells and increase OCL progenitors, 
further exacerbating both processes       
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upregulation is through the release of a soluble factor by MM cells, which increases 
RANKL expression on the T-lymphocytes and BMSC and ultimately results in 
enhanced osteolytic bone destruction  [  30  ] . 

 A soluble decoy for RANKL, known as osteoprotegerin (OPG), is produced by 
BMSC and inhibits the actions of RANKL on osteoclastogenesis. The ratio of 
RANKL to OPG determines the level of OCL formation and activity. Interactions 
between MM cells and BMSC lead to decreased production of OPG, which allows 
for increased amounts of RANKL binding to its receptor. This results in further 
OCL activation and enhanced bone destruction  [  29  ] . Giuliani et al. have demonstrated 
that in cocultures of human MM cells with BMSC, RANKL expression was 
upregulated and OPG production strongly downregulated at both the protein and 
mRNA levels in the BMSC  [  25  ] . In addition, Pearse et al. have examined bone marrow 

  Fig. 9.2     Mechanisms responsible for myeloma bone disease . Myeloma cells produce factors that 
directly or indirectly activate osteoclasts such as MIP-1 a , TNF- a , IL-1 b , and IL-3. In addition, 
MM cells enhance osteoclast formation and activation by inducing BMSC production of IL-6 and 
altering the RANKL/OPG ratio. Myeloma cells also produce dickkopf-1 (DKK-1), IL-3, soluble 
frizzle-related protein-2 (sFRP2), TNF- a , and IL-7, which suppress osteoblast differentiation and 
new bone formation       
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biopsy specimens from patients with MM and found that RANKL expression was 
markedly upregulated in bone marrow biopsies from patients with MM, while OPG 
was expressed at very low levels compared to normal controls  [  31  ] . The above studies 
suggest that there is a marked imbalance between RANKL expression and OPG 
levels that favors osteoclastogenesis and OCL activation in MM. 

 In a murine model of MM, Menu et al. demonstrated that injected Fc-OPG inhibited 
the development of MM-induced osteolytic bone disease and also led to a signi fi cant 
reduction in tumor load  [  32  ] . Similarly, when primary MM cells are injected into a 
human fetal bone rudiment implanted into mice with severe combined 
immunode fi ciency (SCID), a RANKL inhibitor, RANK-Fc, decreased bone resorption 
and tumor burden  [  33  ] . These studies suggest that blocking bone resorption induced 
by RANKL may decrease tumor burden as well as bone destruction in patients with 
MM. Based on these observations, a human monoclonal antibody to RANKL has 
been developed and used in phase I, II, and III trials in MM patients, and is 
discussed below. 

 Recently, antagonists to the MIP-1 a  receptor, CCR1, have been developed, and 
tested in vitro and in vivo in preclinical models. These experiments have demonstrated 
their potential utility in treating MM bone disease. Oba and coworkers reported that 
the CCR1 antagonist, BX471, inhibited OCL formation induced by MIP-1 a  and 
blocked adhesion of MM cells to BMSC. This resulted in decreased secretion of 
IL-6 by the BMSC  [  34  ] . Similarly, Vallet et al., using another CCR1 antagonist 
MLN3897, showed that MLN3897 inhibited OCL formation and inhibited the adhesion 
of MM cells to OCL, thereby decreasing MM cell growth and survival  [  35  ] . Menu 
et al. have reported studies using the 5TMM mouse model of MM in which BX471 
decreased development of osteolytic lesions by 40% in mice with established tumors 
 [  36  ] . Taken together, these results demonstrate that CCR1 is a viable target for treat-
ing MM bone disease and should be pursued. It is expected that CCR1 antagonists 
will be in clinical trial for MM in the next several years. 

 TNF- a  and IL-1 b  induce IL-6 and RANKL production  [  37  ]  and can also synergize 
with RANKL to potentiate OCL formation (TNF- a )  [  38  ]  as well as OCL activation 
and survival (IL-1 b )  [  39  ] . However, their source and roles in MM bone disease are 
unclear  [  23,   40  ] . In particular, a pilot study of recombinant human soluble TNF 
receptor fusion protein (Etanercept) in patients with refractory multiple myeloma 
did not result in an objective response. Furthermore, acceleration of disease occurred 
in four of ten patients  [  41  ] . In a phase II clinical trial with 47 patients with smoldering 
and indolent MM who were at risk of progression to active myeloma, treatment 
with IL-1 receptor antagonist (IL-1Ra) and low-dose dexamethasone was reported 
at ASCO 2007 to induce a chronic disease state with improved progression-free 
survival  [  42  ] . More recently, in preclinical studies, a humanized anti-IL-1 b  antibody 
(XOMA 052) was highly effective at inhibiting IL-6 production generated by all 
MM patient supernatants from bone marrow cells tested including the patients that 
were high inducers of paracrine IL-6 production. 

 IL-3 is also signi fi cantly elevated in marrow plasma from patients with MM as 
compared to normal controls  [  26  ] . Previous reports have shown that up to 40% of 
patients with MM will have elevated levels of IL-3 in the peripheral blood, and 75% 
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of bone marrow samples from patients with MM will have elevated IL-3 mRNA and 
protein levels  [  24  ] . Serum from MM patients with elevated IL-3 stimulates the growth 
of IL-3 dependent MM cell lines  [  43  ] . IL-3 can induce in vitro OCL formation in 
human marrow cultures at levels similar to those measured in MM patient samples, 
and OCL formation induced by marrow plasma from MM patients could be inhib-
ited by a blocking antibody to IL-3  [  26  ] . IL-3 also enhances the effects of RANKL 
and MIP-1 a  on the growth and development of OCLs, as well as directly stimulates 
MM cell growth  [  26  ] . Further, addition of IL-3 to murine bone marrow induces the 
development of OCL-like cells, which were multinucleated and stained positively 
for tartrate resistant acid-phosphatase (a marker enzyme of OCLs)  [  44  ] . Overall, 
IL-3 increases the numbers and activity of OCLs, leading to further bone destruc-
tion, and appears to be an OCL stimulatory factor in MM. 

 The role that IL-6 plays in MM is controversial. It is unclear if elevated levels of 
IL-6 correlate with disease status  [  24,   45  ] . Levels of IL-6 have been shown to be 
elevated in patients with osteolytic lesions, as compared to patients without lytic 
lesions or with patients with monoclonal gammopathy of undetermined signi fi cance 
(MGUS)  [  46  ] . IL-6 levels from bone marrow, but not peripheral blood plasma, have 
also been correlated with markers of bone turnover  [  47  ] . IL-6 induces RANKL 
expression in mesenchymal cells thereby increasing osteoclastogenesis  [  48,   49  ] . 
Most studies support the idea that IL-6 is produced by cells in the bone marrow 
microenvironment induced through contact with MM cells. These cell types include 
osteoblasts, OCLs, and BMSC. Increased osteoblast production of IL-6 has been 
reported in cocultures of human osteoblasts with MM cells  [  50  ] . OCLs also produce 
high levels of IL-6 when grown in coculture with MM cells  [  5  ] . The increased IL-6 
not only increases OCL formation but also further enhances the growth of the MM 
cells and inhibits MM cell apoptosis  [  5,   51  ] . Based on these observations, humanized 
monoclonal antibodies to both IL-6 and IL-6R have been developed and will be 
discussed below. 

 Because multiple signaling pathways are activated in BMSC from MM patients, 
that regulate both BMSC support of MM and induction of osteoclast formation, 
attempts have been made to try to identify a common component that is involved in 
these multiple signaling pathways and can be targeted to treat MM bone disease. 
BMSC from MM patients have increased NF- k B and p38 MAPK signaling. p62 is 
a common component that serves as a platform for formation of these signaling 
complexes. However, the effects of targeting p62 on these signaling pathways in 
MM are unknown. We found that although p62 levels were not altered in the BMSC 
of 13 MM patients compared to 11 healthy controls, signaling through p62 was 
increased in BMSC from MM patients compared with healthy cells as exempli fi ed 
by elevated ratios of phosho-PKC z  to total PKC z  (two to sixfold), although the 
levels varied greatly among the individual patients. Therefore, we determined the 
effects of siRNA knockdown of p62 in BMSC on p38 MAPK and NF- k B signaling. 
p62 expression was decreased by 60% and 90% at the mRNA and protein level, 
respectively, in these BMSC. PKC and VCAM-1 expressions were decreased by at 
least 70% in p62 siRNA transduced MM-derived and normal BMSC compared with 
control siRNA transduced cells. Further, knocking-down p62 in primary MM-derived 
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BMSC treated with TNF- a  markedly decreased NF- k B and p38 MAPK signaling 
compared with control siRNA treated cells. Importantly, IL-6 production by p62 
siRNA transfected normal and MM-derived BMSC was also signi fi cantly decreased 
compared with scrambled siRNA or untreated cells. We further showed that loss of 
p62 markedly decreased the capacity of MM patient-derived BMSC to both induce 
OCL formation and enhance the growth of MM cells. These results demonstrate that 
targeting p62 may be a method for blocking the role of the microenvironment in 
MM bone disease.  

    9.4   Targeting Osteoclast Generation and Activity to Inhibit 
Tumor Growth in Myeloma 

    9.4.1   Bisphosphonates 

 Nitrogen-containing bisphosphonates interfere with OCL function and survival 
and have been extensively utilized to treat osteoporosis  [  52  ] . These compounds 
bid avidly to the surface of bone hydroxyapatite crystals and are ingested by OCL 
during bone resorption. These drugs interfere with metabolic pathways involving 
diphosphate moieties such as the mevalonate pathway involved in cholesterol 
synthesis and prenylation of GTPases Rab, Rho, and Ras. This leads to distur-
bance of the OCL cytoskeleton resulting in decreased bone resorption and 
increased OCL apoptosis.   

    9.5   Anti-Myeloma Effects of Bisphosphonates in Preclinical 
Models of Myeloma 

 Studies in preclinical models of MM and bone metastases  [  53–  56  ]  demonstrated 
that bisphosphonates inhibit tumor growth and decrease bone destruction in vivo .  
Yaccoby and coworkers reported that pamidronate and zoledronate decreased 
tumor growth in a SCID-hu model of MM  [  57  ] . In this model, human fetal bone 
is implanted subcutaneously in mice with severe combined immunode fi ciency. 
Primary human MM cells are then injected into the fetal bone. The MM cells 
grow in this human microenvironment and induce bone resorption. Treatment of 
these mice with pamidronate or zoledronate inhibited MM-induced bone resorp-
tion and MM cell growth, if MM cells were from patients with disease con fi ned to 
the bone marrow. In contrast, pamidronate and zoledronate did not inhibit tumor 
growth when MM cells from patients with extramedullary disease were used. 
These results suggested that the anti-MM effects of bisphosphonates only occurred 
if the MM cells were dependent on the marrow microenvironment and/or bone 
resorption for growth. 
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 Similarly, Croucher et al. used the 5T2MM model of MM to test the effects of 
bisphosphonates on MM growth and bone destruction  [  58  ] . The 5T2MM model of 
MM is an immunocompetent model of MM in which murine MM cells derived from 
a spontaneously developing MM in mice are injected intravenously into syngeneic 
hosts. The mice develop a disease that has all the characteristics of human MM. 
Zoledronate treatment, either from time of tumor injection or after paraprotein was 
detected, prevented osteolytic lesions, decreased tumor burden, and signi fi cantly 
increased survival of the mice from 35 to 47 days after detection of the paraprotein. 
Zoledronate also blocked the increased angiogenesis induced by the MM cells. 
These results suggest that bisphosphonates inhibit tumor-induced angiogenesis 
through their effects on MM cells and/or on endothelial cells. Radl et al.  [  59  ]  
reported that pamidronate also reduced tumor burden and increased survival in the 
5TMM2 model of MM. 

 However, bisphosphonates also signi fi cantly reduce the growth of prostate, lung, 
and breast cancer cells implanted subcutaneously in mice (reviewed in  [  60  ] ), 
suggesting that bisphosphonates can also inhibit tumor growth independent of their 
effects on bone remodeling. Bisphosphonates can also directly inhibit growth, 
induce apoptosis, and increase sensitivity to chemotherapy in MM cell lines. 
Guenther and coworkers  [  56  ]  reported that zoledronate inhibited the growth of six 
different MM cell lines. Importantly, the concentrations of zoledronate required to 
induce cytotoxicity in MM cells did not affect peripheral blood mononuclear cells 
from healthy donors. Baulch-Brown and coworkers also showed that zoledronate 
inhibited MM cell growth and that the inhibitory effects of zoledronate on MM cell 
growth were due to its capacity to prevent geranylgeranylation of small GTPases 
that resulted in cell cycle arrest and apoptosis  [  61  ] . Bisphosphonates also inhibit 
MM cell adhesion to BMSC  [  62  ] , increasing the sensitivity of MM cells to 
chemotherapy  [  63  ] . Since small GTPases play a key role in integrin activation, the 
inhibition of tumor cell adhesion to matrix or BMSC by bisphosphonates is not 
surprising  [  64  ] . Further, zoledronate inhibits chemokine-induced tumor cell migration 
by affecting cell surface expression of the chemokine receptor CXCR4, a receptor 
for CXCL12  [  65  ] . CXCR4 and CXCL12 play important roles in MM cell homing 
to the marrow and MM cell mobilization to the peripheral blood  [  66  ] . Finally, 
zoledronate can synergize with several chemotherapeutic agents, to increase tumor 
cell apoptosis and enhance TNF- a  related apoptosis through TRAIL  [  66,   67  ] . These 
in vitro results demonstrate the direct anti-MM potential of bisphosphonates.  

    9.6   Clinical Studies Reporting Effects of Bisphosphonates 
in Treatment of Myeloma 

 The seminal studies of Berenson and coworkers  [  68  ]  demonstrated that pamidronate 
signi fi cantly increased the time to development and decreased the number of skeletal 
related events (SREs) as well as bone pain in patients with advanced MM. However, 
pamidronate did not signi fi cantly increase survival of these patients. 
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 Attal and coworkers examined the ef fi cacy of pamidronate as maintenance therapy 
for MM patients after autologous stem cell transplantation  [  69  ] . Six hundred patients 
were randomly assigned to receive no maintenance, pamidronate, or pamidronate 
with thalidomide following autologous stem cell transplantation. None of the 
patients received pamidronate prior to transplantation. Pamidronate did not decrease 
SREs or increase 3-year event-free or overall survival in the patients. In contrast, 
both event-free survival and overall survival were signi fi cantly increased in patients 
receiving pamidronate with thalidomide. These results demonstrated that 
pamidronate as a single agent did not confer a survival advantage in patients with 
MM. However, this trial could not distinguish if pamidronate enhanced the effects 
of thalidomide on event-free and overall survival because no patients received 
thalidomide without pamidronate in the trial agent. Anecdotally, Kondo and coworkers 
reported an MM patient treated for 18 months with pamidronate and no additional 
anti-MM treatment  [  70  ] . Pamidronate markedly reduced marrow plasmacytosis and 
sbin levels in this patient. 

 Several studies have shown that bisphosphonates have antitumor effects in breast 
cancer patients when used in the adjuvant setting. Diel and coworkers and Powles 
et al. reported that treatment of patients with primary breast cancer at high risk for 
distant metastasis with clodronate decreased bone metastasis and increased overall 
survival compared to placebo  [  71,   72  ] . Visceral metastases also decreased in patients 
treated with adjuvant clodronate  [  73  ] . Gnant et al. recently reported that treatment 
of premenopausal breast cancer patients with endocrine therapy and zoledronate 
improved disease-free survival as well as decreased bone and distant metastasis but 
did not improve overall survival  [  74  ] . Further, large trials of zoledronate for prevention 
of treatment-induced bone loss in premenopausal breast cancer patients receiving 
aromatase inhibitors or postmenopausal patients receiving adjuvant endocrine therapy 
for stages 1 to 3A hormone responsive breast cancer found a signi fi cant decrease in 
both bone and distant metastasis as well as increased disease-free survival (reviewed 
in  [  75  ] ). In addition, patients receiving neoadjuvant chemotherapy and zoledronate 
had an increased complete remission rate as well as decreased residual tumor size at 
surgery  [  75  ] . These results suggest that zoledronate may have antitumor effects in 
breast cancer patients independent of its effects on bone. 

 Until recently, a distinct survival advantage for zoledronate treatment of patients 
with MM has not been reported  [  76  ] . Avilés et al. treated 94 newly diagnosed MM 
patients with conventional chemotherapy and either zoledronate or placebo  [  77  ] . 
Five-year actuarial event-free survival and overall survival was increased for 
patients receiving zoledronate compared to controls (80% vs. 46%,  p  < 0.01). 
However, this trial did not determine if the effects of zoledronate on survival were 
independent of zoledronate’s effects on SREs. However, at the 2010 American 
Society of Clinical Oncology Meeting, Morgan and colleagues reported the results 
of the MRC Myeloma IX trial  [  78  ] . This was a prospective multicenter randomized 
controlled trial comparing intravenous zoledronate (4 mg every 3–4 weeks) with 
daily oral clodronate in patients randomized to either intensive therapy, which 
included stem cell transplantation, or less intensive therapy. MM treatment was 
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dependant on the performance status of the patient. Almost 2,000 newly diagnosed 
MM patients were entered into this trial. Patients had international staging system 
(ISS) stage I, II, or III MM. Approximately 20% of the patients did not have bone 
disease. At a median follow-up of 3.7 years, SREs were signi fi cantly reduced in 
patients treated with zoledronate as compared to clodronate (27% vs. 35%, 
 p  = 0.0004). Importantly, patients treated with zoledronate had a 5.5-month survival 
advantage compared to those receiving clodronate. Zoledronate treatment decreased 
the risk of death by 16% and progress-free survival by 12% ( p  = 0.0118 and 
 p  = 0.0179, respectively). Multivariate analysis demonstrated that this survival 
advantage was independent of zoledronate’s effects on SREs. The incidence of 
osteonecrosis of the jaw was low in the study (3.6% vs. 0.3% in zoledronate vs. 
clodronate-treated patients). Further, Dr. Morgan stated at the presentation that 
patients who do not have bone disease and received zoledronate also had a similar 
survival advantage compared to clodronate. 

 How zoledronate enhanced the survival of MM patients in this large prospective 
randomized trial is unclear. Zoledronate could affect patient survival through its 
effects on OCL, or it may have direct effects on MM cells. OCL are angiogenic cells 
 [  79  ] , and zoledronate’s inhibition of OCL activity may contribute to decreased 
angiogenesis in MM patients. Another potential mechanism for the enhanced 
disease-free survival of MM patients receiving zoledronate could be prevention of 
MM cell mobilization to distant bone marrow sites. Kollet and colleagues reported 
that OCL play a role in hematopoietic stem cell mobilization through degradation of 
CXCL12  [  80  ] . The CXCR4/CXCL12 axis also contributes to mobilization of MM 
cells from the bone marrow of patients with MM  [  81  ] . Thus, blocking OCL activity 
should inhibit MM cell mobilization. However, patients without bone disease had 
the same survival advantage as those with bone disease, and multivariate analysis 
found that the survival advantage was independent of SREs. Nitrogen-containing 
bisphosphonates can have immunomodulatory effects and stimulate expansion of 
 g ∆-T cells, thereby increasing tumor cell lysis by  g ∆-T cells  [  82  ] . Zoledronate could 
also affect tumor growth through its effects on endothelial cells, angiogenesis, and 
decreasing VEGF production, as demonstrated in patients with metastatic breast 
cancer  [  78  ] . Thus, the effects of zoledronate on patient survival cannot be completely 
explained by its inhibition of OCL activity. However, because of the complexity of 
this trial, further analysis will be required to determine the mechanism(s) responsible 
for the survival advantage conferred by zoledronate in MM patients. 

    9.6.1   RANKL Inhibition as a Target to Inhibit Tumor 
Growth in Myeloma 

 Preclinical and clinical studies clearly identi fi ed the importance of RANKL as a 
driver of osteoclastogenesis in MM, and several studies have suggested that MM 
cells themselves can produce RANKL as well as induce BMSC and activated T cell 
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RANKL production  [  83,   84  ] . Importantly, preclinical studies using OPG have 
shown that blocking RANKL activity markedly decreases bone destruction and 
tumor burden in murine models of MM  [  85,   86  ] . These studies have led to the devel-
opment of a high in fi nity human monoclonal antibody that binds RANKL, deno-
sumab. Denosumab speci fi cally binds RANKL and does not bind other gene family 
members such as TNF- a , TNF- b , TRAIL, or CD40  [  87  ] . It directly inhibits OCL 
formation and activation as well as affects OCL survival. Phase I studies have shown 
that denosumab at 1–3 mg/kg given subcutaneously as a single dose can suppress 
bone resorption markers for up to 90 days. The suppression of bone resorption 
markers induced by denosumab was at the same level as that seen with a single dose 
of 90 mg of pamidronate. However, pamidronate suppression of bone resorption 
markers only lasted about 30 days  [  88  ] . A phase II study of denosumab in patients 
with relapsed and plateau phase MM showed that denosumab was very effective for 
MM bone disease with bone resorption markers decreased in relapsed patients by 
70% and a 52% decrease in bone resorption markers in plateau phase patients  [  89  ] . 
Recently, results of a phase III trial that compared denosumab to zoledronic acid in MM 
in patients with solid tumor bone metastasis, but not breast cancer or prostate cancer, 
have been reported  [  90  ] . Denosumab was noninferior in delaying or preventing the 
 fi rst on study skeletal-related event compared to zoledronic acid in over 1,600 patients, 
of which approximately 200 were MM patients. Further, adverse event rates with 
denosumab and zoledronic acid were similar, and the incidence of ONJ was infre-
quent and not signi fi cantly different between the treatment arms (10 vs. 11 patients). 
Thus, denosumab is equally ef fi cacious as zoledronic acid in patients with MM 
although it is unclear what the long-term effects of denosumab will be because of 
the small number of MM patients in the phase III study.  

    9.6.2   Blocking IL-6 to Treat Myeloma Bone Disease 

 Both IL-6 and IL-6R (gp80) have been targeted through the development of humanized 
mAbs (reviewed in  [  91,   92  ] ). Anti-IL-6 antibodies developed by Diaclone (B-E8) 
and Centocor (CNTO 328) have been used alone or in combination with chemo-
therapeutic agents in preclinical studies and in small phase I clinical studies of MM. 
Both B-E8 (half-life 3–4 days) and CNTO 328 (half-life 18 days) transiently blocked 
IL-6 action, decreased C-reactive protein production, generated antiproliferative 
effects, and decreased IL-6 toxic effects such as fever and were well tolerated. It is 
not clear why the therapeutic effects of both anti-IL-6 antibodies were transient. 
The anti-IL6R mAb (Tocilizumab/Actemra ® ) is already in use for treatment of 
Castleman’s disease and rheumatoid arthritis (speci fi cally blocking in fl ammatory 
osteoclastogenesis) and has shown effectiveness for juvenile idiopathic arthritis and 
Crohn’s disease. However, phase I/II clinical trials in MM have just begun.   
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    9.7   Summary 

 The OCL appears to play a critical role in supporting the growth of MM cells, both 
by the direct effects of factors produced by OCL, including BAFF, APRIL, 
osteopontin, IL-6, and AXII. In addition, the bone destructive process ongoing in 
MM cells releases growth factors, which stimulate the growth of MM cells from the 
bone microenvironment. Targeting OCL activity in MM with bisphosphonates 
appears to improve survival of MM patients and suggests that combinations of therapies 
that target both OCL activity and the tumor cells themselves should have a profound 
effect on MM bone disease and MM tumor growth in general. Future studies with 
denosumab will determine if it too has anti-MM effects comparable to those recently 
reported with zoledronic acid.      
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  Abstract   The BAFF/APRIL cytokine network is intimately linked through three 
different receptors to the survival and  fi tness of B lineage cells, from the  fi rst expres-
sion of a complete B cell receptor to their differentiation to memory B and plasma 
cells. The speci fi c, pervasive, and survival-linked nature of the relationship between 
B lineage cells and this cytokine network make it both a likely disease modi fi er and 
a tantalizing target for therapeutic intervention in humoral immune pathologies. 
Some current therapeutics directly targeting the BAFF/APRIL cytokine network 
have been developed and undergone clinical trials in the context of autoimmunity 
with some limited success. Despite a powerful rationale and a constantly deepening 
mechanistic understanding of the BAFF/APRIL cytokine network in normal and 
malignant plasma cells, trials of cytokine network-targeted therapeutics in multiple 
myeloma are still in their infancy and have shown only minor promise. There is 
signi fi cantly greater potential in inhibiting NF-kB, a downstream mediator of BAFF/

APRIL signals.     

     10.1   Introduction 

 B cell activating factor of the TNF family (BAFF; also BLyS, TNFSF13B) is the 
most prominent member of a complex cytokine network central to both the 
 homeostasis and pathology of humoral immunity. The network is de fi ned by 
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ligands BAFF and a proliferation inducing ligand (APRIL) and receptors 
 BAFF-receptor (BAFF-R; also BR3, TNFRSF13C), B cell maturation antigen 
(BCMA; also TNFRSF17), and transmembrane activator and  calcium-modulating 
cyclophilin ligand interactor (TACI; also TNFRSF13B). All three receptors are 
expressed  primarily on B lineage cells and are differentially regulated at various 
stages of ontogeny and differentiation. Furthermore, appropriate function of 
these receptors has been shown to regulate B cell survival at crucial points in 
development. The qualities of lineage restriction, stage-speci fi c differential 
expression, and survival enhancement make the BAFF network a tantalizing 
 target for malignancies that arise from the B lineage. However, the potential for 
therapeutic intervention is exquisitely dependent on the still incompletely 
 understood physiology of the system and currently ranges from very en couraging 
to the less than promising.  

    10.2   The BAFF Receptor/Ligand Network: Structure, 
Expression, and Speci fi c Interactions 

    10.2.1   BAFF and APRIL 

 The two main ligands of the system (Fig.  1.1 ), BAFF  [  1–  6  ]  and APRIL  [  7,   8  ] , 
are Type II transmembrane proteins with a receptor-binding tumor necrosis 
 factor (TNF) homology domain (THD) at the carboxyl terminus separated from 
the amino terminal transmembrane domain by a furin cleavage site. In addition 
to these two predominant, canonical members of the network, there are also 
multiple BAFF and APRIL splice variants  [  9  ] . The most prominent of these 
variants are  D BAFF  [  10  ] , which lacks an exon encoding part of the THD, and 
TWE-PRIL  [  11  ] , which is the product of a  trans -splicing event combining the 
5 ¢ end of the 5 ¢  adjacent gene  TWEAK  (TNF-related weak inducer of apoptosis) 
with the 3 ¢ end of APRIL. Although  D BAFF retains the exon encoding  full-length 
BAFF’s furin cleavage site, it is less susceptible to cleavage and has been shown 
to dramatically reduce  endogenous BAFF activity by becoming incorporated 
into BAFF trimers and thus blocking the release of soluble BAFF and also by 
lessening the soluble trimer’s bioactivity  [  10,   12  ] . While this is an area of active 
research, little is known about the in vivo physiological signi fi cance of any of 
the BAFF and APRIL splice variants.  

 BAFF is present both in a membrane-bound form on the surface of the cells 
that produce it and in a soluble form predominantly as a homotrimer  [  3,   13,   14  ] . 
The furin cleavage of APRIL, however, occurs intracellularly, and extracellular 
APRIL is only detectable in its soluble form  [  15–  18  ] . There is evidence that both 
BAFF and APRIL are capable of acting physiologically as ligands of higher order 
than trimers. Unique among the TNF family, BAFF has been proposed to 
 self-assemble into a 60-mer viral-like particle using a  fl ap region to associate each 



18910 Targeting the BAFF/APRIL Cytokine Network in Multiple Myeloma

of the 20 trimers  [  19–  21  ]  though the physiological relevance of the 60-mer is still 
a matter of debate  [  22–  24  ] . The existence of the BAFF 60-mer is especially 
 pertinent to a discussion of BAFF-targeted therapeutics, since this form of the 
BAFF ligand would have  distinct biological properties that affect its localization, 
pharmacokinetics, and activity, including a 20-fold increase in avidity and a likely 
size-imposed inability to diffuse across endothelial barriers. While APRIL does 
not assemble into  viral-like complexes, it has been shown to effectively create a 
higher order ligand by binding heparin sulfate proteoglycans like syndecans 

  Fig. 1.1     The BAFF/APRIL cytokine network.  The schematic represents the two main ligands of 
the network, BAFF and APRIL, as produced by supportive cells of the immune system, including 
dendritic cells, macrophages, osteoclasts, and stromal cells. BAFF is present in the immune milieu 
both as a soluble trimer (sBAFF), a membrane-bound trimer (mBAFF), and a viral-like particle 
60-mer, while APRIL is present only in soluble form or bound to HSPGs. Heteromers of the 
ligands and BAFF and APRIL variants are not represented. BAFF-R, BCMA, and TACI are  present 
at different points in B lineage development and differentiation, and the ligands of the system have 
varying af fi nity for each receptor. BAFF-R only binds BAFF, TACI binds both APRIL and BAFF 
with comparable af fi nity, and BCMA has a distinctly higher af fi nity for APRIL than BAFF. THD, 
TNF homology domain;  CRD  cysteine-rich domain       
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including CD138 on the surface of cells, allowing the accumulation of APRIL 
trimers at high concentration in the immediate vicinity of their target receptors 
 [  18,   25,   26  ] . These complexities in the form of higher order BAFF and APRIL 
ligands represent a signi fi cant barrier to targeted therapeutics since such t herapeutic 
strategies must overcome the enhanced avidity of multimerized molecules and 
also reach the compartments to which the multimerization restricts them: the 
microenvironment in which the BAFF 60-mer assembles and the surface of 
HSPG- and BBR-coexpressing target cells. 

 BAFF and APRIL have been shown to have numerous sources throughout the 
innate immune system, including neutrophils, monocytes, macrophages, and 
 dendritic cells  [  1,   3,   27–  30  ]  as well as a class of radiation-resistant stromal cells 
 [  31  ] . These sources likely provide the bulk of these factors, although both BAFF 
and APRIL have been shown repeatedly to have potentially autocrine sources, as 
well, expressed by both malignant, and in rare cases, normal B lineage cells that 
co-express their receptors  [  32–  36  ] . While the antiapoptotic loop of autocrine BAFF 
and APRIL production is intriguing, the relative contribution of this alternative 
pathway to BBR signaling in malignancy is unde fi ned. Autocrine pathways could 
present an especially dif fi cult challenge to therapies targeting either the ligands or 
the receptors of this cytokine network. Since cells engaging an autocrine loop may 
not require the surface expression of the receptors or the secretion of the ligands, 
both normally extracellular arms of the system would be rendered inaccessible to 
most therapeutics.  

    10.2.2   BAFF-R, TACI, and BCMA 

 BAFF-R  [  37,   38  ] , TACI  [  39–  43  ] , and BCMA  [  44–  46  ]  are members of the TNF 
receptor (TNFR) family. Their ligand-binding regions are de fi ned by the presence 
of cysteine-rich domains (CRDs) that allow binding to the THDs of their ligand 
counterparts. The initial descriptions and structural taxonomy of these receptors 
were complicated by their atypical structure; while most TNFRs contain three or 
more CRDs, TACI has only two, BCMA has only one, and BAFF-R has only a 
single, partial CRD. Despite this structural deviation, it is now clear that the 
 extracellular domains of these receptors do indeed bind the THD of their ligand 
counterparts. The intracellular domains of these molecules are characterized by 
TNFR associated factor (TRAF) binding. Speci fi cally, BCMA has been shown to 
bind TRAFs 1, 2, and 3; TACI to bind TRAFs 2, 5, and 6; and BAFF-R to speci fi cally 
bind only TRAF3  [  41,   45,   47–  49  ] . 

 All three of these speci fi c receptors bind BAFF to varying degrees  [  9  ] . BAFF 
binding to BAFF-R and TACI is both easily demonstrable and several orders of 
 magnitude greater than BAFF binding to BCMA. Unlike BAFF, APRIL does not 
bind BAFF-R and binds only to TACI and BCMA. APRIL has an additional 
 non-TNFR binding partner in heparan sulfate proteoglycans (HSPGs), including 
syndecans like CD138  [  18,   25  ] . Several basic residues distinct from APRIL’s speci fi c 
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receptor binding site impart an ability to bind HSPGs while simultaneously binding 
its speci fi c TNFR partners  [  50,   51  ] . This additional binding ability grants APRIL the 
capacity to collect and multimerize on the surface of cells with surface HSPGs, cells 
that may either possess speci fi c APRIL receptors like plasma cells, or like bone 
 marrow stromal cells, that interact with cells that do. This additional HSPG-binding 
function is particularly adaptive to TACI function, since TACI  signaling seems to be 
dependent on higher-order ligands of the type that could be provided endogenously 
by HSPG-multimerized APRIL, the BAFF-R 60-mer, or membrane-bound BAFF-R 
 [  24  ] . Additionally, APRIL-binding HSPGs may initiate a distinct signal  [  52  ]  and also 
provide a unique sink for circulating APRIL,  amplifying its effect by concentrating 
it on the surface of target cells and allowing otherwise insigni fi cant amounts of 
 paracrine or autocrine APRIL to provide a viable signal. 

 In humans, the BAFF and APRIL receptors are largely differentially restricted 
to B lineage cells at various stages of development and differentiation (Fig.  1.2 ) 
 [  18,   53–  56  ] . BAFF-R is  fi rst detectably expressed on the surface of B cells at the 
 immature stage, when B cells  fi rst express a complete and functional BCR, 
increases in mature B cells, and is present at various levels on all B cells before the 
loss of expression in terminally differentiated bone marrow plasma cells. TACI 
expression follows a more inducible phenotype; it is  fi rst expressed on a small 
subset of naïve B cells and a larger portion of activated B cells and clearly charac-
terizes memory B cells and plasma cells. BCMA is the de fi ning BAFF/APRIL 
receptor of terminally differentiated plasma cells, although there are also germinal 
center and memory B subpopulations with some degree of BCMA expression.    

    10.3   BAFF and APRIL Receptors in Plasma Cells 

    10.3.1   Normal Plasma Cells 

 There is accumulating evidence that BCMA is the de fi ning BBR of plasma cells. 
The increasingly well-de fi ned BBR pro fi le of B lineage cells demonstrates both 
an induction of BCMA coincident to loss of BAFF-R upon differentiation to 
 immunoglobulin secreting cells and the consistent presence of BCMA on bone 
 marrow PCs  [  54  ] . While the absence or improper signaling of BAFF-R and 
TACI have been shown to have signi fi cant effects on developing B cell 
 populations  [  9  ] , they have had little effect on the independent physiology of 
their downstream descendants, plasma cells. However, the BCMA-mediated 
pathway has been shown to have signi fi cant rami fi cations for the long-lived 
plasma cell subset; its absence in effect eliminates the longevity of those cells 
 [  57  ]  and may impact the survival of plasmablasts as well  [  58  ] . Recent work has 
demonstrated that this survival pathway can rely on either BAFF or APRIL, 
both of which are capable of binding BCMA  [  59  ] , although the multimerization 
that CD138 provides may shift the physiologic responsibility of BCMA  signaling 
to APRIL in vivo.  
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    10.3.2   Myeloma Plasma Cells 

 Despite the mounting consensus regarding BCMA’s role in normal plasma cell 
physiology and the diminished role of BAFF-R and TACI, the BAFF-binding 
r eceptor pro fi le of these cells’ malignant counterparts is still somewhat ambiguous. 
There is agreement that BCMA is expressed by the malignant plasma cells that 
characterize multiple myeloma, but TACI and BAFF-R expression have been 
shown to vary among both primary patient samples and established multiple 
myeloma cell lines  [  35,   60  ] . This characterization was most recently reinforced by 

  Fig. 1.2     The BAFF/APRIL network in physiological development, differentiation, and in plasma 
cell malignancy.  While BAFF-R is expressed in all B cells from the  fi rst expression of a complete 
BCR until differentiation to a plasma cell, TACI is induced only at later stages of development 
beginning at activation, and BCMA identi fi es plasma cells almost exclusively.  Inset.  In multiple 
myeloma, the BBR pro fi le mostly recapitulates the expression pro fi le of their normal counterparts, 
although some primary myeloma cells have been shown to express surface BAFF-R. Therapeutic 
agents targeting the BAFF/APRIL cytokine network aim at the ligands, the receptors, and at 
NF- k B, a central, but by no means sole, mediator of signaling downstream of the three receptors       
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a gene e xpression pro fi ling study of 320 newly diagnosed myeloma patients  [  61  ]  
whose data we analyzed to show universally high-level BCMA expression, variable 
and signi fi cantly lower absolute TACI expression, and low to absent BAFF-R 
ex pression. While BAFF-R expression in myeloma has been largely dismissed as 
insigni fi cant due to its only sporadic presence on primary myeloma cells and con-
spicuous absence on normal bone marrow plasma cells, the repeated segregation of 
primary myeloma cells and myeloma cell lines into either TACI hi  or TACI lo  groups 
has inspired signi fi cant exploration. Moreaux et al. have postulated that the TACI hi  
and TACI lo  groups respectively represent a mature bone marrow, niche-dependent 
myeloma subtype and a plasmablastic, niche-independent myeloma subtype  [  62, 
  63  ] . More importantly, there is evidence that these BAFF-binding receptors can 
enhance p roliferation and survival of myeloma cells  [  35,   60,   64,   65  ]  and that the 
TACI si gnature affects this response  [  26,   66  ] .   

    10.4   Targeting BAFF in Multiple Myeloma 

    10.4.1   Targeting the BAFF Network in B Lineage Malignancies 

 Although all B lineage malignancies have shown some degree of BBR expression, 
the central role of the BAFF/BAFF-R axis in the survival of normal developing B 
cells has made BAFF and BAFF-R attractive targets in cancers characterized by a 
BAFF-rich milieu or that express BAFF-R. In mice, BAFF and APRIL transgenic 
animals demonstrate signi fi cant expansions of B cells and, in certain circumstances, 
predispositions to B lineage neoplasms  [  67–  69  ] . In B cell non-Hodgkins lymphoma 
and chronic lymphocytic leukemia, in which BBR expression is well documented, 
exogenous BAFF has been shown to support the malignant cells and BAFF levels 
have been shown to correlate with disease progression and severity  [  32,   34,   70–  75  ] . 
Thus, there is a powerful rationale behind targeting the BAFF/APRIL cytokine 
n etwork in malignancy, although the BAFF/BAFF-R axis in mature B cells has been 
the most obvious and exploited arm in this approach.  

    10.4.2   Points of Intervention in BAFF/APRIL Network 
Targeting in Multiple Myeloma 

 The rationale for BAFF/APRIL network-targeted intervention in multiple 
myeloma is not as compelling as that for the BAFF-R-expressing B lineage 
 malignancies, which express the most well-characterized and survival-linked 
BBR. However, it is clear that normal bone marrow plasma cells and malignant 
myeloma cells express BCMA, can express TACI albeit at low and variable levels, 
and, in some ci rcumstances, express BAFF-R. Furthermore, the ability of the 
malignant cells to exploit BAFF- and APRIL-initiated signaling pathways has 
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been repeatedly d emonstrated with in vitro assays  [  35,   60,   64–  66  ] . The evidence 
implicating the BAFF/APRIL network in the regulation of multiple myeloma 
growth and survival suggests three signi fi cant points of intervention to target 
 multiple myeloma (1) the presence of ligands BAFF and APRIL in the immune 
milieu, (2) the receptors c haracteristic of the malignant myeloma cells, and (3) the 
signaling cascades d ownstream of the BBRs responsible for mediating the BAFF- 
and APRIL-initiated effects. The state of therapeutics speci fi cally targeting BAFF, 
APRIL, and their receptors (Fig.  1.2 ) in autoimmunity and oncology was recently 
reviewed in detail by Ryan et al .   [  76  ] . 

    10.4.2.1   Ligand-Targeted Therapy 

 Therapeutics targeting the ligands of the BAFF/APRIL network are the most 
 well-developed class of BAFF/APRIL network-directed drugs. This class includes 
 molecules that have already had some degree of testing in humans and, in the case 
of atacicept, testing in myeloma. 

 Atacicept (TACI:Fc5), a modi fi ed fusion protein combining the APRIL- and 
BAFF-binding domain of the TACI molecule with the Fc portion of human 
 immunoglobulin IgG1, was designed to act as a decoy receptor, preventing BAFF 
and APRIL from meeting their endogenous binding partners by providing an excess 
of a soluble alternative and thus depleting free soluble BAFF and APRIL stores. In 
vitro investigations provided the proof-of-principle evidence that atacicept could 
act through APRIL/BAFF depletion to inhibit tumor growth  [  60,   64,   66  ] , while a 
recently completed phase I trial showed some promise in both Waldenström’s 
m acroglobulinemia and multiple myeloma. In this study, atacicept showed little 
toxicity and measurable clinical and biological effects that corresponded with st able, 
though not dramatically improved, disease in most subjects  [  77,   78  ] . Speci fi cally, 
“ fi ve of the [eleven] patients with [multiple myeloma] who completed the  fi rst 
tr eatment cycle had stable disease, and four of these maintained stable disease after 
the extension treatment period,” meaning that disease metrics including M-protein 
level, urinary light chain excretion, and bone marrow plasma cells did not change 
more than 25% and thus, according to established criteria  [  79  ] , these patients did 
not experience a minimal response or progression. Besides trials in plasma cell 
malignancies, atacicept is undergoing extensive studies in antibody-driven 
a utoimmune disorders and in non-Hodgkin’s lymphoma  [  80–  85  ] . These trials 
s upport the favorable toxicity pro fi le and biological ef fi cacy of atacicept. As these 
studies progress, it will be important to address the distribution of atacicept, since 
intervening in the BAFF/APRIL network in plasma cell malignancies may mean 
accessing the bone marrow and, in advanced disease, lytic lesions, which may be 
dif fi cult to access, and interrupting the bone marrow microenvironment and the 
intimate relationship between plasma cells and the adjacent supportive cells. 

 In addition to atacicept, which binds both BAFF and APRIL, there are several 
nascent pharmaceuticals targeting BAFF alone, including belimumab, an antibody 
to BAFF; A-623 (formerly AMG-623), a synthetic BAFF antagonist; and BR3-Ig, a 
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BAFF-R-immunoglobulin fusion protein. The most developed of this class is 
 belimumab, a fully human monoclonal antibody directed against BAFF, which is 
also known by the trade name Lymphostat-B © , developed by Human Genome 
Sciences and GlaxoSmithKline. Like atacicept, all the members of this class of 
therapeutics are proposed to work by depletion of the target ligand, rendering it 
unavailable to ligate the three receptors of the network. Unlike atacicept, they are 
incapable of removing APRIL from the system. APRIL is particularly relevant in 
targeting the malignant plasma cells of multiple myeloma, which typically lack 
BAFF-R and express TACI and BCMA, the two receptors that are capable of 
responding to APRIL as well as BAFF. This limitation does not preclude the ef fi cacy 
of these therapeutics in multiple myeloma, and, in fact, the existence of a h ypothetical 
BAFF-R +  myeloma stem cell with a less mature B phenotype would make b elimumab 
an excellent approach. However, the malignant plasma cells of Waldenström’s 
m acroglobulinemia are a more promising target, in that they may express BAFF-R 
both more often and to a greater degree than the APRIL-responsive receptors  [  86  ] . 
In addition to several clinical trials in lupus and Sjögren’s syndrome, a phase II trial 
of belimumab in symptomatic Waldenström’s macroglobulinemia is currently 
recruiting participants.  

    10.4.2.2   Receptor-Targeted Therapy 

 There are also therapeutics targeting the receptor side of this cytokine network in 
development: LR131, a radiolabeled recombinant BAFF; anti-BR3, a monoclonal 
antibody to BAFF-R; and rGel/BLyS, a fusion protein combining a toxic agent with 
the binding domain of BAFF  [  87–  89  ] . While the antibody targeting BAFF-R is 
unlikely to be useful in the only occasionally BAFF-R-expressing multiple myeloma 
plasma cells, the other two drugs have great potential to reach the malignant cells 
due to the consistent presence of at least one BBR. Of these, LR131 is the only one 
to have reached clinical trials, undergoing testing in non-Hodgkins lymphoma and 
multiple myeloma  [  90–  92  ] . A major weakness of an approach targeting any BBR is 
the lack of speci fi city to the malignant cells. Normal B lineage cells express BBRs 
and typically to greater degrees than normal and malignant plasma cells and thus 
may suffer from unintended depletion as well as be more susceptible to the drugs 
than their malignant counterparts. Once the surface expression of the target receptor 
is established, some of these therapeutics are still limited by the activity of the 
receptors on these cells; BAFF-R’s role in the survival of immature B cells is clear, 
well-established, and easily demonstrable, while its role in the survival of mature, 
peripheral B cells is much harder to detect.  

    10.4.2.3   Signaling-Targeted Therapy 

 Besides therapeutic approaches to myeloma directly targeting BAFF/APRIL 
 network ligands and receptors, it is also possible to exploit this cytokine network 
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by taking aim at the intracellular mechanisms responsible for receptor signaling. 
Therapeutics in this class primarily inhibit NF- k B signaling, which is central to 
BAFF- and APRIL-induced signaling events, and may also be responsible for 
a degree of positive feedback by upregulating BBRs, particularly BAFF-R. 

 In addition to its connection to the BAFF/APRIL network, targeting the NF- k B 
pathway in multiple myeloma is a logical strategy worthy of concerted and rapid 
pursuit due to its intimate connection to immune cell signaling, survival, and gene 
expression. The normal, physiological, NF- k B-mediated immune pathways that 
 initiate cell survival, proliferation, and activation are typically dependent on 
microenvironmental stimuli, including growth factors from neighboring cells and 
direct interactions with cell surface bound molecules. Recent studies have shown 
that in a subset of multiple myeloma patients, and even its precursor condition, 
monoclonal gammopathy of undetermined signi fi cance (MGUS), these pathways 
become constitutively active through a number of diverse mechanisms including 
mutations in TACI and TRAFs  [  93,   94  ] . 

 Clinical NF- k B inhibition is a complex and vast area of ongoing research in 
its own right, employing numerous groundbreaking approaches reviewed 
recently  [  95–  98  ]  and including the proteasome inhibitors, which are postulated 
to work in large part through NF- k B inhibition. Despite some successes, NF- k B 
inhibition is not a curative agent in multiple myeloma and still lacks any ef fi cacy 
in some patients. Identifying those cases with NF- k B mutations may allow more 
patient-speci fi c  chemotherapeutic regimens with fewer misdirected and ineffec-
tive treatments.   

    10.4.3   Additional Challenges Facing Therapeutic Intervention 
in the BAFF/APRIL Network in Multiple Myeloma 

 In addition to the speci fi c hurdles described above, enthusiasm for therapeutics 
 targeting the BAFF/APRIL network in multiple myeloma must be tempered by 
 recognition of the differences between the B lineage cells of autoimmunity and 
those of malignancy. In autoimmune disorders, the B cells participating in, if not 
driving, the ongoing pathology are presumed to be fundamentally normal, in that 
they behave in ways consistent with a known understanding of B cell physiology. 
The clonal cells of malignancy are distinct in that they have become independent of 
the endogenous mechanisms of homeostatic control and behave in ways often 
 completely divorced from their environment and the immune milieu. Thus, while 
targeting pathways crucial for the survival and proliferation of normal B cells is a 
logical approach in any B lineage cell-driven disease, the likelihood of the approach’s 
success is much greater in autoimmunity than in malignancy.   
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    10.5   Conclusion 

 The somewhat subtle quality of the approaches directly targeting BAFF/APRIL 
 network members, effecting immune modulation rather than outright destruction of 
the target cells, is a liability in a traditional chemotherapeutic. However, the same 
quality may ultimately open new treatment avenues by gaining in precision what it 
lacks in lethality, for instance preventing the progression of premalignant conditions 
to outright malignancy, as in the transition from MGUS to MM. In MGUS and other 
premalignant conditions, the aberrant cells maintain a stable population under an 
unknown modi fi ed homeostatic mechanism, and thus may still be susceptible to 
some mechanisms of homeostatic control and manipulation, particularly of the type 
this class of therapeutics provides. 

 The incurable, terminal nature of multiple myeloma requires that we explore every 
therapeutic option to its full extent. The BAFF/APRIL cytokine network  provides 
several therapeutic approaches in the ligands, receptors, and signaling molecules that 
mediate the cytokines’ effects in both normal and malignant myeloma plasma cells. 
The ligand- and receptor-directed therapeutics undergoing clinical  trials in this  fi eld 
are primarily driven by their application in autoimmunity, in which the cytokines and 
their interaction with their receptors are theorized to play an essential role in driving 
the disease. The application of therapeutic strategies across disease entities may 
indeed provide signi fi cant bene fi ts in treating all malignancies of B lineage origin that 
share the quality of expressing one or more BBR, from the malignant cells of B cell 
acute lymphocytic leukemia to those of multiple myeloma. Our understanding of the 
role of this network in multiple myeloma suggests that the BBRs that characterize the 
malignant cells serve to augment the disease but not to control it, and thus these thera-
peutic approaches are likely to serve as adjuncts to a complex chemotherapeutic regi-
men rather than as a single curative agent. The agents targeting NF- k B, however, have 
the bene fi t of acting on a key mediator of diverse cellular processes advantageous to 
malignant cells regardless of NF- k B’s current dependence on or independence of 
microenvironmental stimuli. In this regard, NF- k B is the most promising target in the 
BAFF/APRIL network in multiple myeloma.      
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  Abstract   Bone disease in multiple myeloma results from uncoupled osteoclast and 
osteoblast activity. Osteoblasts or bone forming cells show impaired differentiation, 
increased apoptosis and overall reduced function. Soluble and membrane bound 
proteins have been studied for their role in myeloma-related osteoblast inhibition. 
Progress in the understanding of the pathogenesis of the osteoblast axis in myeloma 
has allowed the development of novel targeted therapies, such as DKK1 and activin 
inhibitors. This chapter provides an overview of the mechanisms behind osteoblast 
inhibition in myeloma and novel anabolic agents under clinical investigation.     

     11.1   Introduction 

 Multiple myeloma (MM) is a hematological cancer characterized by malignant 
plasma cells homing and proliferating in the bone marrow microenvironment. The 
estimated incidence of MM in the USA in 2010 was nearly 20,000 new cases. 
Although prolonged overall survival has been achieved with new therapeutic agents, 
there is still no evidence of cure and more than 10,000 patients die each year in the 
USA from MM-related complications  [  1  ] . The occurrence of complications such as 
pathological fractures consequent to bone disease contribute to this mortality rate. 
About 80% of MM patients develop osteolytic lesions, which can also present with 
severe pain and vertebral body compression fractures  [  2,   3  ] . 

 The pathogenesis of bone disease relies on the interplay between tumor cells and 
the bone microenvironment. Bone marrow (BM) biopsies from MM patients revealed 
a generalized osteoclast (OC) activation correlating with tumor burden  [  4,   5  ] , and a 
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decrease in trabecular formation and calci fi cation rate, suggesting impaired osteoblast 
(OB) activity  [  6  ] . Indeed, myeloma cells disrupt bone homeostasis by altering the 
balance between bone-resorbing OC and bone-forming OB. They stimulate osteo-
clastogenesis and inhibit OB differentiation. In addition, tumor cells stimulate angio-
genesis, and alter the cytokine pro fi le in the bone marrow (BM), favoring the release 
of angiogenic, chemotactic, and growth cytokines as well as OC-activating factors 
(OAFs)  [  7–  9  ] . In turn, OCs together with bone marrow stromal cells (BMSC) and 
endothelial cells support plasma cell proliferation and mediate chemoresistance  [  10  ] . 
Conversely, OBs have an overall inhibitory effect on tumor cell proliferation  [  11, 
  12  ] . These changes in cell composition and function within the BM milieu induced 
by malignant plasma cells create a niche permissive to cancer propagation. 

 Treatment strategies currently available for MM patients with bone disease are 
largely palliative as they aim at alleviating pain and reducing the incidence of skeletal-
related issues such as vertebral fractures. They include radiation, surgical  fi xation, 
and bisphosphonate administration. In order to treat bone disease effectively, there 
is a need for therapies with the ability to reverse the osteolytic process and restore 
physiologic bone remodeling. Ongoing studies therefore attempt to unravel the 
pathogenesis of bone lesions in MM with the goal of identifying novel therapeutically 
relevant targets.  

    11.2   Physiology of Osteoblast 

 OBs play a pivotal role in the maintenance of bone health. They derive from common 
mesenchymal progenitor cells along with adipocytes, chondrocytes, and myocytes. 
Three principal periods of differentiation can be identi fi ed in vitro (1) nonfunctional 
preosteoblasts; (2) OB secreting extracellular matrix; and (3) OBs inducing bone 
mineralization. In vivo three different functional states can be recognized: active 
bone-forming cells, quiescent bone-lining cells, and regulatory bone-embedded 
osteocytes  [  13  ] . Quiescent and active OBs lie on the bone surface and together with 
OCs regulate the bone remodeling process. In the absence of bone formation, inactive 
OBs are recognizable as lining cells. Bone-resorbing OCs activate OBs, identi fi able 
as osteoid-secreting cubic cells. During bone formation, some OBs remain trapped 
in growing bone, forming the osteocytes that function as mechanical receptors 
directing the process of bone remodeling according to stress forces  [  14  ] . 

 Regulators of osteogenesis include systemic and locally secreted factors, like 
parathyroid hormone (PTH),  fi broblast growth factor (FGF), Wnt, and BMP (bone 
morphogenetic proteins)  [  15  ] . Importantly, OB differentiation and function are coupled 
to osteoclastogenesis by means of surface and secreted bidirectional signaling, such 
as the Ephrin/Eph pathway. Stimulation of the receptor EphB4 on OB surface via 
the membrane-bound ligand ephrinB2 expressed by OCs promotes osteoblastogenesis. 
In turn, reverse signaling via ephrinB2 inhibits OC differentiation  [  16  ] , thus 
regulating bone remodeling. Other important OB-derived modulators of OC activity 
are RANKL and its antagonist osteoprotegerin (OPG), which respectively induce 
and inhibit OC differentiation. 
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 In vitro osteogenesis studies have allowed the identi fi cation of the signaling 
pathways and transcription factors regulating OB differentiation (Fig.  11.1 ). 

    11.2.1   Wnt Signaling 

 Via modulation of the receptors such as LRP5/6 and frizzled, Wnt and its antagonists, 
dickopff (DKK)1, sclerostin and soluble frizzled-related protein (sFPR)-1,2,3,4 
regulate the canonical  b -catenin-dependent, and non-canonical disheveled or 
calcium-dependent pathways  [  17  ] . Ultimately, these signaling pathways converge 
to upregulate runt-related transcription factor (Runx)2 and osterix transcription factor 
activity  [  18,   19  ] . Runx2 is critical to progenitor cell commitment to the OB lineage 
and modulates several bone matrix protein genes  [  20  ] . Arrest in OB differentiation 
and lack of bone formation have been demonstrated in RUNX2 knockout mice  [  21  ] . 
Importantly, overexpression of RUNX2 induces osteopenia as well because OBs 
are frozen in an immature state, suggesting that timely RUNX2 activation is critical 
in osteogenesis  [  22  ] . Osterix is downstream of RUNX2 and contributes to early OB 
differentiation. In fact, osterix null mice have endochondral skeleton in the absence 
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b-catenin
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  Fig. 11.1    Therapeutically amenable pathways directing OB differentiation. Osteogenesis is regulated by 
several signaling pathways that may exert opposite effects on critical transcription factors. Two main 
signaling pathways promote OB differentiation: the  b -catenin and SMAD1 pathways that are down-
stream of Wnt and BMP, respectively. They modulate RUNX2, Osterix, and DLX5 transcriptional 
activity involved in progenitor cell commitment to the OB lineage and cell maturation. Inhibitors of 
the Wnt pathway are DKK1, sclerostin, and soluble frizzled-related proteins. The balanced activity of 
SMAD1 and SMAD2, induced by BMPs and activin, regulates DLX5 expression. Other recently 
identi fi ed modulators of OB differentiation are Ephrin ligands and receptors that contribute to the OB/
OC coupling by simultaneously stimulating osteogenesis and inhibiting OCs       
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of bone formation  [  23  ] . Osterix is also critical to OB function, since postnatal gene 
knockout reduces bone formation rate and mineralization without affecting OB 
proliferation or differentiation  [  24  ]    .   

    11.2.2   BMP Signaling 

 BMPs belong to the TGF b  superfamily; they activate dimeric receptors (activin and 
BMP receptors) and downstream signaling pathways that exert opposite effects on 
bone formation. BMP2 stimulates OB differentiation via SMAD1 and distal-less 
homeobox (DLX)5 upregulation  [  25  ] . In contrast, activin is a negative regulator as 
it inhibits DLX5 by means of SMAD2 activation. DLX5 is a critical transcription 
factor in OB differentiation. It contributes to the regulation of osterix expression 
 [  26  ]  and lack of DLX5 gene expression induces abnormal osteogenesis.  DLX5  is 
also a common target of the  b -catenin signaling pathway  [  27,   28  ] , so that differential 
effects on DLX5 transcription account for the opposing effects of Wnt10b, BMP2, 
activin, and TGF- b  on OB differentiation  [  29,   30  ] .   

    11.3   Osteoblast–Myeloma Interactions 

 The development of osteolytic lesions in MM relies on impaired OB function that 
cannot compensate for the OC hyperactivity. Indeed, tumor cells interfere with 
OB differentiation and activity by means of cell contact and cytokine secretion. 
The VLA4/VCAM-1 interaction downregulates RUNX2 activity in OB progenitor 
cells  [  31  ] , and inhibition of this signaling via neutralizing antibodies promotes 
OB differentiation. In addition, several soluble factors have been identi fi ed as OB 
inhibitors, such as DKK1 and frizzle-related protein (sFRP) 2 and 3, activin and 
TGF- b , CCL3, interleukins (IL)-3 and 7. Along with these mechanisms, a deregulation 
of the ephrin signaling pathway has also been demonstrated in MM. 

    11.3.1   DKK1 and sFRPs 

 The WNT signaling antagonist DKK1 is upregulated in BM plasma of MM patients 
with osteolytic lesions  [  32  ] . Secreted by MM cells, DKK1 downregulates RUNX2 
activity most likely via the non-canonical Wnt signaling pathway since its levels are 
independent from  b -catenin activation status  [  33  ] . Both in vitro and in vivo studies 
show that DKK1 inhibition promotes OB differentiation and function  [  34,   35  ] . In addi-
tion to DKK1, sFRP2 and 3 are expressed by MM cells and upregulated in BM plasma 
of MM patients with bone lesions and may contribute to OB inhibition  [  33,   36  ]    .   
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    11.3.2   Activin A 

 Like DKK1, activin A is also upregulated in MM patients with osteolytic lesions. 
Tumor cells do not directly produce activin but stimulate its secretion by BMSC. 
Activin upregulates SMAD2 signaling, resulting in inhibition of DLX5 with subsequent 
impairment of osteoblastogenesis. The in vivo relevance of this pathway is 
demonstrated by the correlation between DLX5 downregulation in BM biopsies of 
MM patients with bone disease and high BM plasma activin A levels  [  30  ] . In addition, 
activin exerts a pro-OC effect, and its inhibition results in overall improvement of 
bone disease in several cancer mouse models  [  30,   37  ] .  

    11.3.3   TGF b  and Interleukins 

 Similar to activin A, TGF b  inhibits differentiation of mesenchymal stem cells to 
osteoblasts as well as adipocytes, and its inhibition restores osteogenesis and 
suppresses MM cell growth  [  38  ] . IL-3 is secreted by both malignant plasma cells 
and T lymphocytes in MM. It stimulates OC differentiation in combination with 
RANKL. It is a growth factor for MM cells and indirectly inhibits OB differentiation 
via stimulation of CD45+ monocytic–macrophagic cell population  [  39–  41  ] . IL-7 is 
also a MM-derived cytokine stimulating RANKL production by T lymphocytes 
 [  42  ]  and mediating MM-induced OB inhibition via downregulation of RUNX2 
transcriptional activity  [  31  ] .  

    11.3.4   Ephrin Signaling 

 A deregulation of the EphrinB2/EphB4 signaling is recognizable in MM. BMSC 
from MM patients have lower expression levels of both ligand and receptor, and 
tumor cells are directly responsible for this effect. In vivo treatment with chimeric 
ephrinB2-Fc stimulated angiogenesis, osteoblastogenesis, and bone formation. In 
addition to these effects, treatment with EphB4 inhibits tumor growth, osteoclasto-
genesis, and angiogenesis  [  43  ] . 

 In contrast to OCs and BMSC that support tumor cells growth, OBs inhibit 
directly and indirectly MM cell survival. In vitro coculture studies suggested MM 
growth inhibition in the presence of OB, and similarly upregulation of the  b -catenin 
signaling pathway results in tumor growth inhibition in vivo  [  44  ] . Although the 
mechanism of MM inhibition has still to be clari fi ed, small leucine-rich proteogly-
cans are probably involved. Decorin, in particular, is an OB-derived extracellular 
matrix component that induces MM cell apoptosis via p21 activation and inhibits 
angiogenesis and osteoclastogenesis  [  45  ] . In addition, OBs affect tumor cell growth 
indirectly via their regulatory effects on OCs. The OPG expression in OBs is  inhibited 



208 S. Vallet and N. Raje

by MM-derived DKK1, whereas RANKL secretion is upregulated  [  46  ] . Therefore, 
stimulating OB differentiation may inhibit OC differentiation and subsequently 
their support to MM cells. 

 Of interest, mesenchymal cells and OBs derived from healthy donors or 
myeloma patients show differences in their cytokine and gene expression pro fi le 
as well as function. Ex vivo cultures of MM-derived BMSC express factors favor-
able to tumor growth and the OBs generated from these cells are unable to dif-
ferentiate in functional cells  [  47–  49  ] . A recent study could not identify any 
primary karyotype or telomerase defects in MM-derived MSC, suggesting that 
these differences may be consequent to an imprinting induced by tumor cells 
in vivo  [  50  ] .   

    11.4   Therapeutically Targeting Osteoblasts 

 Current therapies to arrest bone disease and prevent skeletal complications 
include bisphosphonates (BPs) and radiotherapy. However, these strategies do 
not restore normal bone architecture. Since recent advances in MM treatment 
have resulted in improved patient overall survival, targeting bone disease has 
taken on a new relevance as the focus is now largely on quality of life. Several 
studies suggest that manipulating the BM niche may result in balanced bone 
homeostasis and consequent tumor growth inhibition. Therefore, the identi fi cation 
of novel agents to overcome bone disease and, eventually, treat MM is an impor-
tant clinical challenge (Fig.  11.2 ). 

DKK1Activin

Myeloma cells

Cytokine and
integrin-
mediated MM
cell growth

Decorin

Integrin signaling

Differentiation of bone marrow stromal cells to osteoblasts 

DKK1 neutralizing
antibody

ACE-011

Bortezomib

Bortezomib

  Fig. 11.2     Anabolic agents . Bortezomib is a potent anti-MM agent with anabolic effects due to 
RUNX2 upregulation. DKK1 neutralizing antibodies are anabolic agents currently undergoing 
clinical evaluation in MM in combination with Zoledronic acid. ACE-011 is a humanized soluble 
receptor inhibiting activin A with a promising dual activity as osteoblast stimulator and osteoclast 
inhibitor. Ongoing clinical trials are assessing its effects on bone architecture in MM       
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    11.4.1   Sotatercept (ACE-011) 

 Activin A is a multifunctional cytokine involved in fetal development, gonadal and 
bone homeostasis, and erythropoiesis as well. High levels of this cytokine have been 
identi fi ed in MM, prostate and breast cancer patients. In MM, in particular, activin 
A expression correlates with osteolytic burden. In vitro inhibition of activin A using 
a murine chimeric antibody RAP-011 (Acceleron Pharma, Cambridge, MA) results 
in increased OB differentiation and decreased OC development, restoring the bone 
balance in MM. In animal models of osteoporosis, MM and breast cancer associated-
bone disease RAP-011 treatment improved bone density, prevented osteolytic bone 
disease, and reduced tumor growth  [  30,   37,   51  ] . After a promising phase I trial in 
post-menopausal women, the bone anabolic effects of the humanized activin A 
inhibitor Sotatercept (ACE-011) have been assessed in MM patients with osteolytic 
lesions receiving standard chemotherapy (NCT00747123). In this phase II study, 
increase in bone formation parameters and reduction in pain have been observed 
 [  52  ] . Of note in 75% of the patients treated with high doses of Sotatercept, an 
increase in Hb level has also been noted. As a result, a second phase II trial in 
patients with metastatic breast cancer (NCT00931606) addressing the hematopoietic 
effects of ACE-011 has been initiated. 

  Bortezomib  has a direct cytotoxic effect on MM cells via proteasome and NF-kB 
signaling pathway inhibition and also indirectly by inhibition of MM-BMSC inter-
actions. Several studies have identi fi ed bone effects resulting from OC inhibition 
and enhancement of OB differentiation. The suggested mechanism for the anti-OC 
effects of bortezomib consists of early p38 inhibition followed by a late impairment 
of NF-kB signaling and AP1  [  53  ] . In contrast, the anabolic properties rely on the 
inhibition of proteasome activity and resultant RUNX2 and osterix upregulation 
 [  54–  56  ] . In MM patients, bortezomib treatment with or without dexamethasone 
induces upregulation of OB activation and downregulation of bone-resorption 
markers  [  57,   58  ] . Notably, combination with alkylating agents and thalidomide 
(VMTD) diminishes bene fi ts of bortezomib on OB differentiation  [  59  ] . Therefore, 
continued assessment of the effects of anti-MM strategies on bone remodeling are 
needed and may help identify optimal combination strategies.  

    11.4.2   DKK1 Antagonists 

 DKK1, a negative regulator of OB differentiation, is overexpressed in MM patients 
 [  32  ] , and strategies to block DKK1 activity have been investigated. BHQ880 is a 
neutralizing antibody against DKK1 that promotes OB differentiation by reversing 
the negative effect of MM cells on OB formation and inhibits IL6 production by 
BMSC, therefore blocking the proliferative advantage conferred to tumor cells  [  34  ] . 
In vivo studies using both murine and humanized models of MM-bone disease 
demonstrated bone-anabolic properties of DKK1 inhibition, with increased bone 
formation, increased OB number, and improvement of osteolytic lesions  [  35,   60  ] . 
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Importantly, blocking DKK1 resulted in reduced tumor growth, mainly as an indirect 
effect via modi fi cation of the tumor microenvironment  [  34  ] . A clinical trial 
(NCT00741377) is currently ongoing in relapsed or refractory myeloma patients to 
assess safety and tolerability as well as ef fi cacy of the DKK1 inhibitor BHQ880 in 
combination with standard chemotherapy with or without bisphosphonates.  

    11.4.3   Sclerostin Antagonists 

 Sclerostin antagonists are currently under investigation for their anabolic effects. 
Mutations of sclerostin receptor (LRP5) cause an increased bone mass syndrome, 
and gene mutations abolishing sclerostin expression are responsible for sclerostosis 
 [  61  ] , characterized by increased bone mineral density. High sclerostin levels have 
been reported in MM patients correlating with advanced disease, suggesting its 
involvement in MM pathogenesis  [  62  ] . Anti-sclerostin antibodies have been therefore 
developed and a phase I trial in healthy men and postmenopausal women demonstrated 
increases in bone mineral density at the lumbar spine and total hip compared with 
placebo  [  63  ] .   

    11.5   Future Perspective 

 In the past few years, our knowledge on the pathogenesis of bone lesions in MM has 
greatly improved. Based on recent  fi ndings on tumor and bone cell interactions, 
novel targeted therapies are currently under clinical investigation. Future research 
challenges include the identi fi cation of patient populations at risk for bone lesions 
and the assessment of effective mechanism-based drug combination to reverse 
bone lesions. 

 Although almost all MM patients present with bone disease, not all of them 
develop complications. Therefore, tailored treatment strategies based on prognostic 
factors may improve patient quality of life. Recently, it has been shown that a com-
bined analysis of C-terminal telopeptide of collagen type I (marker of osteoclast 
activity) and bone alkaline phosphatase (marker of osteoblast activity) identify 
patients at high risk of skeletal disease progression that may bene fi t from aggressive 
therapies  [  64  ] . 

 Since bone disease is the result of an imbalanced OC/OB axis, treatments should 
aim at targeting both components. For example, lenalidomide inhibits OCs and may 
synergize with anabolic agents. Similarly, bisphosphonates represent the backbone 
strategy against osteolytic lesions in MM for their anti-catabolic effect. However, 
reports on a possible negative impact on osteoblast differentiation provide the rationale 
for clinical evaluation in combination with anabolic drugs such as DKK1. 

 In conclusion, balanced OB activity is important not only to restore bone 
homeostasis but is also critical to tumor cell inhibition. Strategies to rescue OB 
function in MM will soon become a relevant part in the treatment of MM.      
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  Abstract   The introduction of agents targeting multiple myeloma (MM), an incurable 
cancer of plasma cells (PC), in the context of the bone marrow (BM) microenviron-
ment has radically changed the prognosis of the disease. Expected overall survival 
of patients has increased from 2-3 years in the 1950s to the currently estimated 7-8 
years. The uncovering of the crucial pathogenetic role of the BM niche in nurturing 
MM cells by promoting survival, proliferation and drug resistance has been instru-
mental in designing more effective treatments. Historically, the stigmata of MM has 
been the presence of multiple foci of bone disease, herein the nomenclature 
 “multiple”. Together with the production of a monoclonal immunoglobulin, the 
capacity of cancer cells to traf fi c between distant bone sites and home to the BM is 
the pathognomonic feature of MM. In this chapter we will review the molecular 
mechanisms sustaining MM traf fi cking and homing to the BM and the maladaptive 
interaction with the BM niche, with an emphasis on the development of novel drugs 
to target these processes.     
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     12.1   Homing of Antibody-Producing Cells to the Bone 
Marrow: The Role of SDF-1/CXCR4 Axis in Health 
and Disease 

    12.1.1   Ontogenesis of Long-Lived Plasma Cells 

 Multiple myeloma (MM) is a cancer of terminally differentiated plasma cells (PC) 
 [  1  ] . It accounts for over 10% of hematologic malignancy and 2% of annual cancer-
related deaths  [  2,   3  ] . The American Cancer Society estimates that almost 22,000 
new cases of MM will be diagnosed in the year 2012 and 10,700 MM-related deaths 
are expected for the same year  [  4  ] . Despite the introduction of several new effective 
anti-MM drugs over the last two decades, this disease remains incurable with an 
estimated overall survival of 7–8 years  [  5  ] . 

 Antigenic pro fi le studies suggest that early genetic mutations in MM occur at 
pre-B cell stage, but the  fi nal oncogenic process takes place in terminally differentiated 
PC  [  6  ] . More speci fi cally, MM cells are the malignant counterpart of long-lived PC, 
a subset of antibody-producing, terminally differentiated B cells whose name 
re fl ects their prolonged life span  [  7  ] . This peculiar characteristic distinguishes them 
from the more abundant post-germinal center (GC), short-lived PC which undergo 
apoptosis after 3–7 days of intense, high-af fi nity antibody secretion  [  8–  10  ] . A tight 
control over the life span of PC is essential to appropriately terminate antibody 
production, thus limiting the potential side effects of sustained immunoglobulin 
synthesis, including autoimmunity  [  11–  13  ] . 

 Long-lived PC are also a product of GC maturation but, differently from short-lived 
ones, they electively home to specialized BM niches where they survive for months 
to years and produce low titer, high-af fi nity antibodies, important for immunologic 
memory  [  14,   15  ] . 

 Basic science has elucidated the molecular mechanisms underlying the prolong 
survival of long-lived PC in the BM. Researchers observed that apoptosis quickly 
ensues when these cells are cultured ex vivo, thus suggesting the presence of essential 
survival signals in the BM microenvironment. Indeed, programmed cell death can 
be delayed by supplementing growth media with interleukin 6 (IL-6) and stromal 
cell-derived factor 1 (SDF-1)  [  14,   16  ] . 

 The latter is a chemokine constitutively expressed by bone marrow stroma cells 
(BMSC) whose function is crucial throughout the process of B lymphopoiesis. It is 
a growth factor for pre-B cells and an essential chemoattractant in the process of 
homing and retention to the BM of mature B cells and PC  [  17–  19  ] . The activity of 
SDF-1 (also known as CXCL-12) is mediated via binding to its cognate receptor 
CXCR4, a G protein coupled receptor widely expressed along different stages of B 
cell differentiation  [  20,   21  ] . At the pre-B cell level, CXCR4 guides localization to 
specialized BM niches; in mature B cells, it is essential for appropriate organization 
of GC;  fi nally it mediates long-lived PC homing to the BM  [  22  ] . In the dynamic 
process of chemokine rearrangement, CXCR4 was shown to be progressively 
upregulated in B cell lineage during the process of differentiation to PC, accounting for 
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increased sensitivity to SDF-1 of terminally differentiated B lymphocytes  [  23,   24  ] . 
SDF-1 and CXCR4 are linked in an exclusive, univocal relationship as demon-
strated by the reproduction of an identical, lethal phenotype in both Cxcr4 and 
Cxcl12 gene-deleted mice. Knockout animals for either one of these genes present 
with impaired myelopoiesis, especially involving the B cell lineage, and defective 
cardiovascular and neuronal development  [  25–  27  ] . 

 Mice genetically engineered to selectively lack expression of CXCR4 in the B 
cell lineage showed delayed, but not absent, recruitment and accumulation of PC in 
the BM, thus underlying both the importance of SDF-1/CXCR4 axis in PC homing 
and the redundancy of signaling pathways mediating it  [  28  ] . On the basis of these 
observations, it was speculated that two independent processes are responsible for 
the ontogenesis of long-lived PC: one dependent on CXCR4/SDF-1 for BM homing 
of post-GC PC, and a second mechanism of BM recruitment, GC- and CXCR4/SDF-
1-independent, with terminal differentiation of B cells to long-lived PC in situ.  

    12.1.2   Multiple Myeloma Cell Recruitment and Retention 
to the Bone Marrow 

 Circulating, malignant PC are present in more than 70% of newly diagnosed MM 
patients, outlining the capacity of these cells to recirculate from peripheral blood to 
BM and vice versa  [  29,   30  ] . The complex process leading to the recruitment of MM 
cells to specialized BM niches is known as homing  [  31  ] . This nomenclature synthesized 
a series of events required for MM cells to extravasate and localize to the BM, 
including tenacious adhesion to endothelial cells (EC); crossing of the EC basement 
membrane; degradation of the extracellular matrix (ECM); and  fi nally binding to 
pro-survival elements in the BM. 

 An intact SDF-1/CXCR4 axis is essential for MM cells homing to the BM and 
survival  [  32,   33  ] . As their normal counterpart, MM cells express high level of 
CXCR4  [  34  ] . Upon binding with SDF-1, the latter mediates adhesion to vascular 
cell adhesion protein 1 (VCAM-1); ECM components, including  fi bronectin; and 
EC, via expression of  a 4 b 1  [  35  ] . Flow cytometry of primary patient cells showed 
CXCR4 to be expressed in 70% of MM cells of BM origin and 100% of MM cells 
obtained from peripheral blood or extramedullary sites  [  36  ] . Interestingly, the SDF-1 
level was signi fi cantly higher in the BM milieu of patients with MM compared to 
healthy donors  [  35  ] . 

 As the interaction of MM cells with the BM microenvironment is crucial for their 
survival, proliferation, and drug resistance, recent years have witnessed a growing 
interest in understanding the mechanisms underlying SDF-1-mediated recruitment 
of MM cells to the BM. 

 SDF-1 induces relocalization and polarization of CXCR4, followed by pseudopodia 
formation, eventually leading to chemotaxis of MM cells toward the source of 
SDF-1  [  35  ] . In vitro ,  high concentrations of SDF-1 cause internalization of CXCR4, 
thus suggesting a negative feedback loop between ligand and receptor and explaining 
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the higher surface expression of CXCR4 in circulating MM cells compared to 
BM-extracted MM cells. Importantly, pharmacologic inhibition of CXCR4/SDF-1 
binding, via anti-CXCR4 monoclonal antibody (mAb) or CXCR4 knockdown, 
abolished SDF-1-induced migration, con fi rming the univocal relationship between 
SDF-1 and CXCR4  [  35  ] . In MM, the survival pathways mediated by phosphoinositide 
3-kinase (PI3K) and extracellular signal-regulated kinase/mitogen-activated protein 
kinase (ERK/MAPK) are downstream of CXCR4/SDF-1 as proved by their 
inactivation after CXCR4 inhibition. Moreover, MAP/ERK was shown to be 
downstream of PI3K, as inhibitors of the latter, but not of the former, blocked both 
signaling pathways. 

 Downstream of SDF-1 is also the small GTPase RalB that is necessary, but not 
suf fi cient, to drive SDF-1-induced chemotaxis  [  37  ] . Differently from other cell 
types, RalB activation in MM is independent of cytosolic kinases Lyn/Syk, 
phospholipase C (PLC), Bruton’s tyrosine kinase (Btk), PI3K and Ras, and it has 
been suggested to be downstream of the  b -arrestin and p38 pathway  [  38,   39  ] . 

 Beyond RalB, two members of the Rho guanosine triphosphatase (GTPase) family, 
RhoA and Rac1, are mediators of MM adhesion and SDF-1-induced chemotaxis 
 [  40  ] . Gene expression pro fi ling and  fl ow cytometry studies proved RhoA and Rac1 
to be expressed at a signi fi cantly higher level in MM cell lines and primary cells 
from MM patients, when compared to BM PC from healthy individuals  [  41  ] . 
Rho-associated protein kinase (ROCK) is downstream of RhoA and key to the homing 
process, by mediating interaction of MM cells with EC and ECM components, and 
adhesion to BMSC via a very late antigen 4 (VLA 4)/VCAM-1-dependent and 
leukocyte function-associated antigen 1/intracellular adhesion molecule 1 (LFA-1/
ICAM-1)-independent mechanism  [  42–  44  ] . 

 Confocal microscopy studies in the presence of speci fi c ROCK or Rac1 pharma-
cologic inhibitors showed SDF-1-induced actin polymerization and polarization to 
be heavily dependent on ROCK, while Rac1 blockade had a less prominent effect 
on the former and did not affect the latter. Moreover, ROCK, but not Rac1, inhibition 
resulted in increased dephosphorylation of myosin light chain (MLC), a key molecule 
in the regulation of contraction and relaxation of actin  [  45  ] . Altogether these results 
suggest that the RhoA/ROCK pathway rather than the Rac1 pathway is primarily 
responsible for SDF-1-dependent chemotaxis in MM cells in vitro .  However, 
in vivo, ROCK and Rac1 proved to play an analogous role in MM cell homing, as 
pharmacologic inhibition of either one in a murine model caused a comparable 
delay in MM cell extravasation and BM engraftment  [  41  ] .  

    12.1.3   SDF-1/CXCR4 and Their Downstream Effectors 
as Potential Therapeutic Targets in Multiple Myeloma 

 MM cell interaction with the BM microenvironment contributes to cancer cell survival, 
proliferation, and drug resistance (see Sect.  2 ) and inhibition of this maladaptive loop is 
an appealing therapeutic strategy in MM. The CXCR4/SDF-1 axis was the natural, 
primary target of such therapies, in consideration of its pivotal role in MM cell homing. 
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 In vitro, AMD3100 (plerixafor, AnorMED, Toronto, ON, Canada), a selective, 
reversible bicyclam antagonist of SDF-1, sensitizes MM cells to novel and standard 
anti-MM agents such as bortezomib, melphalan, doxorubicin, and dexamethasone 
 [  35,   46  ] . Treatment of MM cells with the proteasome inhibitor (PI) bortezomib was 
shown to induce phosphorylation of Akt, suggesting a potential mechanism of 
resistance  [  47  ] . In coculture systems with BMSC, combinatory treatment of 
AMD3100 and bortezomib results in decreased phosphorylation of Akt compared to 
cells treated with the PI alone, providing a potential, molecular mechanism for the 
enhanced effectiveness of bortezomib in combination with plerixafor. 

 In mouse models, treatment with AMD3100 signi fi cantly reduced homing of 
MM cells to the BM niche compared to untreated animals. Homing and retention of 
hematopoietic stem cells (HSC) within the BM is also dependent on SDF-1/CXCR4 
and the therapeutic use of AMD3100 raised concern in the scienti fi c community for 
potential bone marrow suppression and toxicity to hematopoietic cell progenitors. 
Interestingly, in murine models, mobilization of HSC and MM cells after injection 
of AMD3100 followed different kinetics with cancer cells regressing later compared 
to HSC. This observation suggests that a timely administration of chemotherapy 
after AMD3100 could spare HSC and exquisitely targets MM cells  [  46  ] . 

 The presence of circulating malignant cells in MM patients is a negative prognostic 
factor for overall survival  [  30  ] . As AMD3100 works primarily by mobilizing MM 
cells out of their survival BM niche and into the bloodstream, there is a reasonable 
concern that such treatment could increase disease aggressiveness and precipitate 
distant metastatic seeding. However, preclinical data are encouraging: mice treated 
with AMD3100 show neither more aggressive course of disease nor increase 
extramedullary engraftment of MM cells. Moreover, MM cells mobilized outside 
the BM by AMD3100 largely undergo apoptosis while in the blood stream upon 
bortezomib treatment, with no evidence of increased toxicity against HSC  [  46  ] . 

 AMD3100 has been successfully used in phases I, II, and III clinical studies to 
aid mobilization of CD34 positive cells in patients undergoing harvesting for autol-
ogous bone marrow transplantation  [  48,   49  ] . No signi fi cant early or delayed toxic-
ity, or inadequate HSC engraftment, was noticed with the use of AMD3100 alone or 
in combination with G-CSF  [  50–  54  ] . Indeed, the addition of AMD3100 to G-CSF 
was proven to successfully mobilize CD34 positive cells in patients with hemato-
logic malignancies, including MM, who had previously failed mobilization with 
cytokines alone  [  55  ] . 

 Noticeably, the use of AMD3100 was not associated with signi fi cantly increased 
mobilization of MM cells to the peripheral blood or with tumor contamination of 
the CD34-positive apheresis products  [  56  ] . In the context of the data reported by 
Azab et al., this observation could be explained by the differential kinetics of BM 
egress for MM cells versus HSC. 

 A phase I/II clinical trial of plerixafor in combination with bortezomib is currently 
open for patients with relapsed/refractory MM. 

 T140 is a 14-amino acid, CXCR4 antagonist derived from a naturally occurring 
horseshoe crab–produced molecule. In comparative studies, T140 acts as a pure 
inverse agonist of CXCR4, while AMD3100 shows early and transient, weak 
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partial agonist activity, followed by sustained antagonism  [  57,   58  ] . These different 
pharmacodynamic properties re fl ect in a temporary, pro-proliferative and pro-
survival effect of AMD3100, but not T140  [  59  ] . Based on these observations, T140 
could be more effective and safer when compared to AMD3100, prompting clini-
cal evaluation in solid tumors. T140 is currently not undergoing clinical trials in 
hematologic malignancies. 

 The ROCK inhibitor Y27632 and the Rac1 inhibitor NSC23766 have been 
successfully used in vitro and in animal models to study the mechanisms underlying 
MM homing and traf fi cking. They have not been evaluated clinically, yet.   

    12.2   The Pathogenetic Role of the Bone Marrow 
Microenvironment 

    12.2.1   The Downstream Effects of Bone Marrow Stroma 
Cells–Multiple Myeloma Cells Interaction 

 The bone marrow microenvironment is composed by a cellular and a noncellular 
compartment. The former includes BMSC, EC, HSC, and hematopoietic progenitors, 
adipocytes, osteoblasts, and osteoclasts; the latter is the pool of ECM proteins such 
as laminin,  fi bronectin, and collagen  [  60,   61  ] . A de fi nitive, relevant pathogenetic role 
for the BM microenvironment in MM has been recognized in recent years  [  62  ] . The 
binding of MM cells to BM cells causes autocrine and paracrine production of 
molecules involved in survival, proliferation, and neoangiogenesis such as IL-6, 
SDF-1, vascular endothelial growth factor (VEGF),  fi broblast growth factor (FGF), 
insulin-like growth factor 1 (IGF-1), tumor necrosis factor  a  (TNF- a ), and 
transforming growth factor  b  (TGF- b )  [  63–  65  ] . This bidirectional positive feedback 
loop between MM cells and BM niche is sustained by the induction of several signaling 
pathways, including nuclear factor kB (NF-kB), MEK/ERK, Janus kinase/signal 
transducers and activator of transcription 3 (JNK/STAT3) and PI3K/AKT  [  16,   34,   66  ] . 
The downstream effects of their activation include proliferation (i.e., upregulation of 
cyclin D1; IL-6); survival (i.e., induction of antiapoptotic, multi-dimers Bcl pro-
teins); neoangiogenesis (i.e., VEGF); BM homing and traf fi cking (i.e., ICAM-1, 
MMP-9, and MMP-1); and disruption of normal bone architecture via stimulation 
of osteoclastogenesis and inhibition of osteoblast differentiation  [  67–  70  ] . 

 Importantly, adhesion of MM cells to BMSC causes drug resistance via at least 
two distinct mechanisms: cell adhesion-mediated drug resistance (CAM-DR), 
which requires direct cell to cell contact; and via release of cytokines, including 
IL-6, in a contact-independent process  [  71–  73  ] . 

 Several adhesion molecules mediate MM-BMSC interaction: CD44, VLA 4 and 5, 
LFA-1, ICAM-1, VCAM-1, and syndecan-1, also known as CD138. The latter is a 
transmembrane proteoglycan strongly expressed by terminally differentiated PC and 
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MM cells that mediates adherence to ECM via binding of type I collagen. CD138-type 
I collagen interaction triggers expression of matrix metalloproteinase 1 (MMP-1), which 
has been shown to be crucial for ECM reabsorption and tumor invasion  [  67,   74,   75  ] . 

 Disruption of the normally balanced osteoclast and osteoblast activity is a prominent 
feature of MM that not only guarantees cancer survival and proliferation but also 
determines major MM-related morbidity including pathologic fractures and 
hypercalcemia  [  76,   77  ] . MM bone microarchitecture is characterized by increased 
number and activity of osteoclasts and impaired new bone deposition due to 
suppression of osteoblast function  [  78,   79  ] . Several humoral factors are involved in 
supporting osteoclastogenesis and impairing osteoblast activity, including IL-6, 
receptor activator of NF- k B ligand (RANKL), B-cell activating factor (BAFF), 
VEGF, and dickkopf (DKK)-1  [  80,   81  ] . A relative excess of the pro-osteoclastogenic 
RANKL in face of decreased osteoprotegerin (OPG), a RANKL decoy receptor, is 
at the base of myeloma bone disease pathogenesis and has been proven to be a 
predictive factor for bone disease in MM patients  [  79,   82,   83  ] .  

    12.2.2   Pharmacologic Targets in Multiple Myeloma–Bone 
Marrow Niche Interaction 

 The maladaptive nature of MM cell–BM niche interaction and its central pathogenetic 
role in MM has been increasingly recognized in recent years thanks to growing 
insights from basic and translational research. Indeed, it is now widely recognized 
that in order to be effective, anti-MM drugs need to overcome the nurturing support 
of BMSC and be effective in the context of the BM microenvironment. The novel 
anti-MM agents, bortezomib, thalidomide, and lenalidomide, have been speci fi cally 
proved active against MM while in the context of the BM niche. 

 The therapeutic application of mAb has provided the unique opportunity to 
design speci fi c therapies to target MM cell–BM interaction while sparing normal 
tissues. MAb effectiveness relies both on the speci fi city of the target and on several 
mechanisms of toxicity such as antibody-dependent cell-mediated cytotoxicity 
(ADCC); complement-dependent cytotoxicity (CDC); and direct induction of apoptosis 
or growth arrest  [  84  ] . 

 Flow cytometry, immunohistochemistry, and ELISA techniques have been instru-
mental in designing mAb for the treatment of MM by identifying surface molecules 
highly expressed by MM cells, such as CS1, CD38, CD40, CD74, and CD70; or 
soluble pro-survival, pro-angiogenic, and growth factors present in abundance in the 
BM milieu (IL-6, VEGF, EGFR, DKK-1, and RANKL)  [  85  ] . Most of these targets 
have been validated in preclinical models and are currently been evaluated as single 
agent or in combinatory regimens with lenalidomide and bortezomib in clinical trials 
 [  85  ] . IL-6 has a prominent pathogenetic role in MM, being not only a growth factor 
for cancer cells but also an important mediator of dexamethasone resistance  [  86  ] . In 
vitro, the chimeric mAb against IL-6, siltuximab (CNTO 328), enhanced the anti-
MM activity of both standard (melphalan, dex) and novel (bortezomib) therapies  [  87  ] . 
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In combination with these drugs, it was shown to cause apoptosis via activation of 
both caspase 8 and 9  [  88  ] . Siltuximab proved to be safe in phase I and II clinical trials 
and is currently undergoing phase III clinical evaluation in combination with dex and 
bortezomib in relapsed, refractory MM patients  [  89,   90  ] . 

 Elotuzumab (HuLuc6) is a mAb directed against CS1, a transmembrane glyco-
protein highly expressed on MM cells that contributes to the interaction between 
cancerous cells and BM niche  [  91  ] . In vitro, elotuzumab triggers natural killer 
(NK)-mediated ADCC against MM cells and synergize with bortezomib, thalidomide, 
and lenalidomide. In clinical trials, elotuzumab was only modestly active against 
MM as a single agent, while it showed promising results in combination with 
lenalidomide and bortezomib. Several clinical trials of multidrug regimens containing 
elotuzumab and bortezomib (or lenalidomide) are currently enrolling newly diagnosed 
and refractory/relapsing MM patients  [  92–  94  ] . 

 Given their speci fi city for target cells, MAb have also been used as a vehicle to 
selectively deliver highly cytotoxic drugs to cancer in an attempt to improve 
effectiveness and reduce systemic toxicity. This is the case also for MM where an 
anti-CD-138 antibody conjugated to maytansinoid, toxic derivatives of the microtubule 
inhibitor maytansine, showed encouraging anti-MM effect in animal models  [  95  ] . 

 Myeloma-related bone disease is a cause of major morbidity and poor quality of 
life. Most recently, the unmatched activity of OC over OB has been suggested to 
also play a role in promoting disease progression and MM cell proliferation  [  80  ] . 
Indeed, in mouse models, treatment with OPG not only decreased bone reabsorption 
but also suppressed MM proliferation, suggesting a bidirectional pro-survival loop 
between OC and cancer cells  [  96  ] . 

 Bisphosphonates are the standard of care of myeloma bone disease due to their 
pro-apoptotic and inhibitory effect against OC and have been historically considered 
supportive therapy  [  80  ] . More recently, a direct anti-MM activity of these compounds 
has been advocated on the base of direct cytotoxicity of nitrogen-containing 
bisphosphonates [zoledronic acid (ZA) and pamidronate] against MM cells in 
preclinical models as well as the evidence of a survival advantage in patients with 
breast cancer receiving ZA  [  97–  99  ] . 

 A randomized, prospective, controlled phase III clinical trial proved prolonged 
overall survival and progression-free survival in MM patients treated with ZA 
compared to patients receiving clodronate (an orally available bisphosphonate), 
providing the  fi rst clinical evidence of direct anti-cancer activity of ZA  [  100  ] . 

 Several mAb have been developed to target bone remodeling with the aim of 
either increasing OB activity or inhibiting OC function. The molecular target of the 
mAb BHQ880 is Dickkopf −1 (DKK-1), an inhibitor of the WNT/ b -catenin signaling 
pathway which directly suppresses OB function, including production of OPG, 
resulting in an overall favorable, pro-OC balance. In vitro, BHQ880 promotes OB 
differentiation and activity and results in indirect inhibition of tumor growth  [  101  ] . 
It is currently in phase I/II clinical evaluation in combination with ZA in patients 
with refractory/relapsed MM. Denosumab (AMG165), a RANKL-blocking antibody, 
proved to be an effective treatment of cancer-related bone disease in MM and other 
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malignancies, even in patients refractory to bisphosphonates, and is currently in 
phase III clinical trial  [  102,   103  ] . 

 In preclinical studies, CCR1 inhibitor MLN3897, anti-B cell activating factor 
(BAFF) MAb and anti-activin MAb (RAP-011 and ACE-011) oppose OC–MM 
interaction and support OB function, thus providing the rational for their clinical 
evaluation  [  80,   85  ] .   

    12.3   Traf fi cking of Multiple Myeloma Cells 

    12.3.1   The Role of Metallo- and Non-Metalloproteinases 

 The presence of multiple foci of bone disease is a hallmark feature of MM. Myeloma 
cells are capable of migrating from one BM site to another via blood circulation, a 
complex, multistep process collectively known as traf fi cking. First, cancer cells 
need to lose their bonds to cellular and acellular elements in the BM niche; then they 
need to migrate through ECM, subendothelial space, and basement membrane; and 
 fi nally move across the endothelium lining to reach the vascular lumen. In order to 
extravasate and invade a metastatic site, circulating MM cells need to recognize 
chemotactic signaling; adhere tenaciously to the EC surface and perform the same 
sequence of migratory steps, but in inverse order. 

 Metalloproteinases (MMP), a family of multidomain, zinc-dependent, endopep-
tidases, have been implicated in both physiological (leukocyte extravasation and 
tissue remodeling in in fl ammation or wound repair) and pathological (metastatic 
seeding and tissue invasion) processes  [  104–  106  ] . MMP exist as integral 
transmembrane proteins, namely membrane-type MMP (MT-MMP), or as 
zymogenic enzymes, which are secreted inactive and acquire function through in 
situ cleavage  [  107–  109  ] . The activity of MMP is modulated tightly at the tran-
scriptional, translational, and post-translational level. Tissue inhibitors of MMP 
(TIMP) are a family of small molecular weight proteins whose function is to revers-
ibly inhibit MMP via stereotactic interaction  [  110  ] . The  fi ne equilibrium between 
MMP activity and their counter-regulatory mechanisms de fi nes the overall prote-
olytic outcome  [  111–  114  ] . 

 When compared to normal PC, primary MM cells and BMSC from MM patients 
produce an excess of several MMP: MMP-1, MMP-2, MMP-8, MMP-9, MMP-13, 
and MTI-MMP  [  67,   74  ] . In vitro, migration of MM cells through Matrigel, an ECM 
extract that mimics the composition of basement membrane, is inhibited by blocking 
SDF-1/CXCR4 interaction or by using a broad MMP inhibitor (GM6001)  [  115  ] . 
MMP-9 is secreted by MM cells in response to SDF-1 exposure and participates in 
migration through ECM and EC. Its blockade, either pharmacological (via anti 
MMP-9 antibodies) or via TIMP-1, a naturally produced, speci fi c inhibitor, 
signi fi cantly abrogates SDF-1-induced MM migration. MMP-9 is believed to favor 
metastatic spread of MM cells also by releasing matrix-bond VEGF-A, thus allowing 
it to bind its receptor and initiate the neoangiogenetic cascade  [  116  ] . 



224 G. Bianchi and I.M. Ghobrial

 SDF-1 induces expression of MT1-MMP and its discrete polarization along a 
unique site on the cell membrane of MM cells. Inhibition studies with blocking 
mAb and pharmacologic inhibitors showed MT1-MMP to mediate migration of 
MM cells through Matrigel upon SFD-1 exposure. 

 MMP have also been implicated in the recruitment of OC at the sites of bone 
remodeling, suggesting a causative role for these enzymes in bone disease and 
osteolytic lesions  [  117  ] . 

 Mouse models have been used to further investigate the putative role of MMP in 
MM traf fi cking and disease progression. In 5T2MM-bearing mice, treatment with 
SC-964, a broad MMP inhibitor, reduced signi fi cantly disease burden, osteolytic 
lesions, and neoangiogenesis, suggesting a pivotal role for MMP in MM patho-
genesis  [  118  ] . 

 Enzymes other than MMP have recently been implicated in the process of tumor 
cell migration and metastasization. Heparanase is an endo- b - d -glucuronidase highly 
expressed in both solid and hematologic cancers, including MM, that has raised 
signi fi cant interest for its role in cell dissemination and metastasis  [  119  ] . Its primarily 
function is cleavage of heparan sulfate side chains from proteoglycans (i.e., 
syndecan-1), an activity that has been associated with metastasization, 
neoangiogenesis, and in fl ammation. Speci fi cally in MM, high level of heparanase 
was shown to reduce nuclear syndecan-1 and increase histone acetyltransferase 
enzymes activity, resulting in increased protein transcription and aggressive cancer 
phenotype  [  120  ] . In consideration of these functions, heparanase appears to be an 
appealing drug target in MM.  

    12.3.2   Integrins in Multiple Myeloma 

 A wide array of integrins, including  a 4,  a 5,  a v,  b 1,  b 2,  b 3, and  b 7, are expressed 
by MM cells and involved in the processes of homing and traf fi cking. Their activity 
is regulated both by binding with ECM, and BM milieu cytokines and chemokines, 
as well as by inside-out signaling  [  70,   121  ]  [  122,   123  ]  

 VLA-4 ( a 4 b 1), VLA-5 ( a 5 b 1), and  a v b 3 were the  fi rst integrins to be recognized 
for their role in mediating MM homing to the BM, malignant cell traf fi cking, and 
drug resistance  [  71,   124–  127  ] . More recently, a role for integrin  b 7 in MM 
pathogenesis has been proposed. Integrin  b 7 is a negative prognostic factor for 
overall survival and predictor of poor response to standard and novel therapy in MM 
patients  [  128  ] . It was  fi rst identi fi ed as a downstream target of the oncogene C-MAF, 
which is overexpressed in almost half of MM patients either via genetic rearrange-
ment (translocation t(14;16)) or paracrine stimulation along the BAFF/APRIL/TACI 
(B-cell-activating factor/a proliferation-inducing ligand/transmembrane activator and 
calcium modulator and cyclophilin ligand interactor) axis. In MM cells, knock 
down or mAb-mediated inhibition of integrin  b 7 caused decreased adhesion to 
 fi bronectin, E-cadherin, and BMSC; impaired invasion of Matrigel; and diminished 
migration along an SDF-1 gradient; resulting in increased sensitivity to standard 
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and novel chemotherapy agents such as melphalan and bortezomib. Moreover, inte-
grin  b 7 was shown to induce VEGF, macrophage in fl ammatory protein 1 b  (MIP-1 b ), 
and interleukin 1 b  (IL-1 b ) secretion in MM and BMSC, suggesting a role in medi-
ating neo-angiogenesis and osteoclast activity  [  128  ] . Consistent with in vitro data, 
knock down of integrin  b 7 in a mouse model caused delayed homing and tumor 
engraftment and decreased neoangiogenesis.  

    12.3.3   The Challenges of Pharmacological Inhibition 
of Multiple Myeloma Traf fi cking 

 The pivotal role of MMP in cell traf fi cking, neoangiogenesis, and maladaptive bone 
remodeling makes them a promising pharmacologic target in MM and solid 
malignancies  [  129,   130  ] . However, the clinical validation of anti-MMP molecules 
has been largely unsuccessful, underscoring the dif fi culties in understanding the 
complex process of traf fi cking and the speci fi c role of individual enzymes, as well 
as the limitations of currently available disease models. 

 As an example, Neovastat (AE-941), a puri fi ed extract of shark cartilage, showed 
promising anti-neoplastic and anti-nonangiogenic activity in vitro via inhibition of 
EC,  fi broblast, muscular skeleton, and cancer cell growth as well as direct blockade of 
MMP-2, -9, -12, and VEGFR-2  [  131  ] . However, a phase II clinical trial in relapsed-
refractory MM showed no signi fi cant activity of Neovastat as a single agent  [  132  ] . 
There are currently no MMP inhibitors in clinical development in MM. 

 SST0001, a heparin-derivative with no anticoagulation properties, inhibits 
heparanase activity in MM preclinical models. It has shown promising results in ani-
mal studies, causing direct inhibition of cancer growth and neoangiogenesis. The anti-
MM activity of SST0001 is predicated on the downstream effects of heparanase 
inhibition: downregulation of HGF, VEGF, and MMP-9 and decreased syndecan-1 
shedding  [  133  ] . Moreover, when used in combination with dexamethasone (dex), 
SST0001 proved effective in arresting tumor growth in xenograft mouse models 
injected with dex-resistant MM cells. On the basis of these promising preclinical 
results, SST001 is currently undergoing evaluation for entering clinical trials in MM. 

 Integrins are a challenging pharmacologic target given their pleiotropic expression 
and major role in several physiologic activities. Rather, targeting molecules involved 
in neoangiogenesis, a largely cancer-speci fi c process, seems to be a more selective 
approach. In particular, the VEGF/VEGFR pathway has been considered an appeal-
ing pharmacologic target, given its overexpression in MM and key pathogenetic 
role. However, similarly to MMP inhibitors, development of safe and effective 
inhibitors of the VEGF/VEGFR axis has been challenging. 

 ZD6474 is an orally bioavailable, selective inhibitor of VEGFR and EGFR 
kinase activity. While theoretically promising based on preclinical data, it failed to 
demonstrate activity in refractory/relapsing MM patients as monotherapy in phase 
II study  [  134  ] . XL999, a small molecule inhibitor of VEGFR, PDGFR, and FGFR, 
showed promising activity in phase I clinical trials, but a phase II trial in MM was 
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terminated due to signi fi cant cardiac toxicity and its development has since been 
discontinued. 

 The VEGF-blocking mAb bevacizumab is currently undergoing phase I clinical 
studies in advanced hematologic and solid malignancies. In refractory/relapsing 
MM patients, it has been evaluated in combination with bortezomib alone or as part 
of a bortezomib-containing multidrug regimen  [  135,   136  ] .   

    12.4   A Role for Hypoxia in Promoting Multiple 
Myeloma Cell Traf fi cking 

    12.4.1   Pathogenetic Functions of HIF-1 and 2 in Multiple 
Myeloma 

 The discovery that hypoxemic cells are present in the vast majority of tumor beds 
has been a landmark in the history of medicine  [  137  ] . The role of hypoxia in 
determining chemo- and radiation-resistance as well as promoting neoangiogenesis 
and metastasis has opened a new era in oncology and a promising  fi eld in 
pharmacology. The bone marrow is physiologically characterized by a lower oxy-
gen tension compared to other tissues, and MM therefore exempli fi es the paradigm 
of hypoxemic tumor. 

 Hypoxia inducible factors (HIF) are a family of transcription factors that sense 
hypoxia and trigger a signaling pathway aimed at restoring homeostasis in oxygen 
tension via neoangiogenesis and cell migration  [  138  ] . HIF-1 a  and 2 a  are the most 
studied members of this family and have been thought to be largely overlapping in 
their proto-oncogenic function  [  139–  141  ] . HIF-1 a  and 2 a  appear to play a patho-
genic role in MM  [  142,   143  ] . Immunohistochemistry studies found both molecules 
to be frequently overexpressed in primary MM cells and their expression to corre-
late with VEGF production and neoangiogenesis. HIF-1 a  overexpression was also 
associated with increased MM cell survival and traf fi cking, representing a poor 
prognostic factor for patients  [  143–  145  ] . 

 Among the mechanisms advocated for HIF1 a  and HIF2 a  oncogenic effect in 
MM is the induction of CXCR4, resulting in increased cancer cell traf fi cking and 
metastatic spread  [  146,   147  ] . HIF-2 a  was found to be a positive regulator of aber-
rant expression of SDF-1 in MM cell lines, providing a second mechanism to sup-
port MM cell migration and homing  [  148  ] . 

 Recent data also showed HIF-1 a  expression to increase proportionally with 
MM cell proliferation and BM invasion. In return, HIF-1 a  downregulates 
E-cadherin expression in a process known as epithelial–mesenchymal transi-
tion, and upregulates CXCR4, with the net result of decreased MM cell adhe-
sion to BMSC and increased cancer cell egression from BM and metastatic 
seeding  [  149  ] .  
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    12.4.2   Turning Hypoxia Against Cancer: A New Pharmacologic 
Option for the Cure of Multiple Myeloma? 

 There is growing interest in suppressing HIF function in MM to reduce neoangiogenesis 
and metastatic spread. In preclinical studies, blockade of HIF-1 a  activity via either 
RNA silencing or small molecules inhibitors resulted in effective anti-MM activity 
and provides the rational for clinical validation of this novel target  [  150–  152  ] . 
Currently, there are no HIF inhibitors in clinical development in MM, although 
clinical trials are ongoing in solid tumors. 

 For instance, EZN-2968 is an antisense oligonucleotide that speci fi cally binds 
HIF-1 a  mRNA, once internalized by cells, thus abrogating its transcription  [  153  ] . 
Phase I study in metastatic, advanced solid malignancies proved a safe toxicity 
pro fi le and phase II studies are eagerly awaited. 

 A different approach to exploit the hypoxemic cancer microenvironment against 
MM was recently developed. TH-302 is a prodrug designed to be activated to the 
highly cytotoxic bromo-isophosphoramide mustard only in the presence of hypoxia, 
with the rational of limiting toxicity to the normo-perfused healthy tissues  [  154  ] . In 
murine models of MM, TH-302 effectively reduced paraprotein and microvessel den-
sity, suggesting an effect on both MM proliferation and neoangiogenesis. Based on 
these results, a phase I/II clinical trial of TH-302, alone or in combination with borte-
zomib, in patients with refractory MM is currently recruiting (clinicaltrials.gov).   

    12.5   The Importance and Limitations of Animal Models 
to Study Multiple Myeloma Traf fi cking and Homing 

 Homing and traf fi cking of MM cells proved to be a challenging process to study due 
to dif fi culties in reproducing the disease in animal models and in following cancer 
cell circulation in real time. Moreover, mouse models are intrinsically  fl awed due to 
inherent differences between murine and human bone marrow microenvironment 
 [  155  ] . Several animals have been developed in the past two decades with the intent 
of overcoming these challenges. 

 The  fi rst murine model available to study MM traf fi cking was the 5T2MM. The 
latter is a murine myeloma cell line derived from elderly C57Bl/KaLwRij mice that 
reproduces a phenotype similar to MM when injected intravenously in syngenic, 
young mice  [  156  ] . These cells produce a monoclonal Ig protein, home to the BM, 
where they proliferate and induce neoangiogenesis, and are capable or recirculating, 
thus causing the typical pattern of multiple osteolytic lesions  [  96,   157  ] . 

 The 5T2MM mice were used to evaluate the effect of MMP inhibition in MM 
cell homing, survival, and proliferation. This animal model proved adequate for 
assessing BM homing, neo-angiogenesis, and disease burden; however, it had two 
major limitations:  fi rst, MM cell traf fi cking could not be monitored real time, and 
second, both cancer and BMSC studied were murine and not human  [  118  ] . 
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 The plasmacytoma mouse model attempted to address this latter caveat by 
subcutaneously injecting human MM cells in immunode fi cient mice. This  escamotage  
allowed to directly study human cancer cells in an animal model  [  158  ] . The major 
limitation of this model is the heterotopic localization of MM cells, outside their 
natural BM microenvironment, thus being of no utility for the study of MM homing 
and traf fi cking  [  159  ] . 

 Intravenous injection of MM cells in severe combined immunode fi cient/non-obese 
diabetic (SCID/NOD) resulted in MM cell homing to different BM sites, with a 
considerable improvement compared to the plasmacytoma model. However, similarly 
to the 5T2MM model, the circulation and homing of MM cell could not be monitored 
real time. 

 The development and biomedical application of optic techniques based on 
luminescence and  fl uorescence  fi lled this gap and provided the unique opportunity 
to visualize real-time cancer cell traf fi cking  [  160  ] . 

 The kinetic of homing of malignant cells in irradiated, SCID/NOD mice injected 
intravenously with luciferase positive (Luc+) or lentiviral-transfected GFP-luciferin-
Neo MM.1S cells could be followed at close interval by means of whole body, real-time 
bioluminescence  [  161,   162  ] . These mouse models were used to study the effect of the 
SDF-1 inhibitor AMD3100 on MM cell traf fi cking and homing as well as the role of 
hypoxia in promoting MM cell egression from the BM and traf fi cking  [  35,   46,   149  ] . 

 The use of GFP-tagged MM cells had the advantage of allowing high-resolution 
images throughout the intact animal skull and direct visualization of the bone marrow 
niche via  fl uorescence confocal microscopy. Apoptosis of cancer cells could also be 
detected via in vivo  fl ow cytometry without the need of blood draws or mice sacri fi ce 
 [  46,   163  ] . 

 Given the amount of information provided by the SCID mouse model injected 
with  fl uorescent MM.1S, these mice have been widely used to study the role of 
several molecules, such as integrin  b 7, ROCK and Rac1 in MM cell proliferation, 
homing and traf fi cking  [  41,   128  ] . 

 A caveat for these animals is the lack of a human BM microenvironment as a 
dock for human MM cell homing. It is dif fi cult to anticipate the inter-species 
variability and differences in the structure and function of the BM niches and 
consequently the impact of this limitation on the data gathered from these animals. 

 Current efforts have been put in developing a mouse model that could overcome 
this limitation.  

    12.6   Conclusions and Remarks 

 In the past two decades, basic and translational science has provided a critical mass 
of information regarding the biology of MM and the prominent pathogenetic role of 
the BM microenvironment. Homing of MM cells to the BM and traf fi cking among 
distant bone niches have been recognized as crucial in the progression of the disease. 
The complexity of the molecular mechanisms of MM adhesion and recirculation, 
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the pathogenic role of signaling pathways also involved in physiologic functions, 
such as hematopoiesis and in fl ammation, as well as the limitations of currently 
available animal models, have made the development of tolerable, effective drugs 
targeting homing and traf fi cking extremely challenging. 

 A deeper understanding of the importance of the different molecules participating 
in these processes is eagerly awaited in order to develop more selective, tolerable 
drugs to help cure MM patients.      
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  Abstract   Multiple myeloma (MM) mainly progresses in the bone marrow (BM). 
Therefore signals from BM microenvironment are thought to play a critical role in 
maintaining plasma cell growth, migration, and survival. Reciprocal positive and 
negative interactions between plasma cells and BM stromal cells, namely endothe-
lial cells (ECs), ECs progenitor cells, hematopoietic stem cells, osteoblasts/osteo-
clasts, chondroclasts,  fi broblasts, macrophages, and mast cells, are mediated by an 
array of cytokines, receptors, and adhesion molecules. BM neovascularization is a 
constant hallmark of MM, and goes hand in hand with progression until leukemic 
phase. MM neovessels form through angiogenesis and vasculogenesis, and are 
endowed with the overangiogenic phenotype of ECs (MMECs). Induction of the 
vascular phase in MM is sustained by angiogenic cytokines, such as vascular 
endothelial growth factor (VEGF), basic  fi broblast growth factor (bFGF), hepato-
cyte growth factor (HGF), platelet derived growth factor (PDGF) and metalloprotei-
nases, secreted by the BM plasma cells, and overexpressed in MMECs. BM 
microenvironmental factors induce MMECs to become functionally different from 
MGUS ECs (MGECs), i.e., to be characterized by an overangiogenic phenotype, 
and be similar to transformed cells. In fact, MMECs down- or up-regulate some 
genes like tumor cells. The induced phenotypic and genotypic modi fi cations of 
MMECs entail at least 22 different genes that are ivolved in speci fi c pathways which 
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control apoptosis, extracellular matrix formation and bone remodeling, cell adhe-
sion, angiogenesis, and cell proliferation. These alterations play an important role in 
MM progression and may represent new molecular markers for prognostic 
strati fi cation of patients and prediction of the response to antiangiogenic drugs as 
well as new potential therapeutic targets.     

     13.1   Differences Existing Between Normal 
and Tumor Vasculature 

 Considerable differences exist between normal and tumor vasculature. Tumor 
blood vessels are irregular in size, shape, and branching pattern, lack the normal 
hierarchy, and do not display the recognizable features of arterioles, capillaries, 
and venules. 

 Endothelial cells (ECs) of mature, quiescent vessels are low proliferative and 
their estimated turnover times are measured in years, whereas those of tumor  vessels 
are markedly dependent on growth factor for their survival. Tumor ECs proliferate 
50–200 times faster than normal ECs  [  1  ] . Their constant proliferation rate in some 
regions of the tumor vasculature re fl ects the angiogenesis that accompanies an 
increase in tumor volume, whereas in other regions tumor ECs undergo apoptosis in 
parallel with tumor necrosis and vessel regression. 

 The tumor-associated endothelium is structurally defective. Discontinuities 
or gaps that allow hemorrhage and facilitate permeability are common features. 
ECs contacts are usually poorly differentiated and no complex contact struc-
tures exist. Defects in ECs barrier function, due to abnormal cell–cell junctions 
and other changes, exaggerate leakiness. This correlates with histological grade 
and  malignant potential  [  2  ] , and can be exploited in locating tumors by imaging 
contrast media and in the delivery of macromolecular therapeutics  [  3  ] . 
Furthermore, these defects result in extravasation of plasma proteins and even 
erythrocytes, and may facilitate the traf fi c of tumor cells into the bloodstream 
and the formation of metastases  [  4  ] . Leakiness has been attributed to highly 
active angiogenesis and microvascular remodeling, but its structural basis and 
mechanism are unclear. Intercellular gaps, transendothelial holes, vesiculo-vac-
uolar organelles (VVO), and ECs fenestrae are all present in the endothelium of 
tumor vessels  [  4  ] . 

 Tumor ECs also differ from those of normal vessels in other ways, including the 
pro fi le and level of cell adhesion molecule they express. They preferentially 
 overexpress the cell-surface molecules integrin  a v b 3 and  a v b 5, E-selectin, 
 endoglin, endosialin, and VEGF receptors (VEGFRs), all of which stimulate ECs 
adhesion and migration  [  5  ] . Vascular endothelial cadherin (VE-cadherin) is poorly 
expressed in tumor vessels. This results in their destabilization and may lead to 
abnormal remodeling.  
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    13.2   Peptides Isolated Through Phage Display Libraries 
and Mass Spectrometry 

 Very large collections (“libraries”) of antibodies or peptides expressed on the  surface 
of  fi lamentous phage particles and substractive selection approaches have been used 
to search for differentially expressed cell surface molecules. 

 Arap et al.  [  6  ] , by injecting peptide libraries into tumor-bearing mice followed by 
repeated rounds of phage isolation and reinjection, were able to identify several 
peptides which could selectively home to tumor vessels. Selection of phage from 
the libraries in tumor-bearing mice yielded three peptide motifs capable of homing 
to tumor vasculature. These are an RGD (arginine-glycine-aspartic acid) motif 
embedded in a double-cyclic peptide (termed RGD-4C), an NGR (asparagine- 
glycine-arginine) motif, and a GSL (glycine-serin-leucine) motif. A panel of  peptide 
motifs, including the sequences RGD-4C, NGR, CPRECES, and GSL, have been 
assembled that target the tumor blood vessels  [  7  ] . 

 Oh et al.  [  8  ]  labeled the luminal surface of blood vessels of tumor-bearing mice 
with silica, performed subcellular fractionation of the isolated tissues, and used 
mass spectrometry to identify speci fi c protein expressed at the ECs surface. 
Annexin-1 was the most speci fi c tumor ECs target identi fi ed by this approach.  

    13.3   Gene Expression Abnormalities in Tumor 
Endothelial Cells 

 The use of antibodies speci fi c for ECs receptors coupled with immunomagnetic 
separation has allowed for the isolation of pure populations of ECs from normal and 
tumor tissues. 

 St Croix et al.  [  9  ] , by using this technique followed by serial analysis of gene 
expression (SAGE), were the  fi rst to show that colorectal cancer ECs overexpress 
speci fi c transcripts as a result of qualitative differences in gene pro fi ling compared 
with ECs of the normal colorectal mucosa. Of 79 transcripts differentially expressed, 
46 were at least tenfold more elevated compared with normal ECs, whereas 33 were 
expressed at lower levels. Similar expression patterns were found in tumor- associated 
ECs from metastatic lesions and other primary tumor sites. The transcripts expressed 
at higher level encoded matrix proteins, but most were of unknown function. Nine 
novel cell surface markers, the tumor endothelial markers or TEM (TEM-1–TEM-9), 
were also identi fi ed. TEM-1, TEM-7, and TEM-8 show single-pass transmembrane 
domains. TEM-5 is an orphan seven-pass transmembrane G protein coupled  receptor 
(GPCR) with a long extracellular amino-terminal domain and belongs to the 
 so-called adhesion family of GPRC. TEM-1, TEM-5, and TEM-8 showed strong 
tumor-endothelial expression, but were absent from normal tissues  [  10  ] . The 
 molecular cloning of endosialin showed it to be identical to TEM-1  [  11  ] . TEM-1 
mRNA appeared to be markedly elevated in a variety of cancer types and localized 
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to tumor neovasculature  [  12–  14  ] . TEM-1 was most highly expressed in high-grade 
primary and metastatic brain tumors, lower in benign tumors, and absent in normal 
tissue surrounding the tumor  [  14  ] . TEM-7 was elevated in the endothelium of a 
variety of human tumor types, including colon, breast, bladder, esophageal, and 
brain cancer  [  15,   16  ] . TEM-8 is an anthrax-toxin receptor; the binding of the toxin 
to TEM-8 expressed on tumor endothelium, followed by ECs death, might explain 
the antitumor activity of the toxin  [  17  ] . Antibodies that have been generated against 
TEM-8 demonstrated that the protein is overexpressed in the endothelium of a 
 variety of tumor types  [  18  ] . 

 Most of the differentially expressed genes were also found during luteal 
 angiogenesis and wound healing, indicating that tumor angiogenesis uses the same 
signaling pathways as physiological angiogenesis. 

 Van Baijnun et al.  [  19  ]  compared transcriptional pro fi les of angiogenic ECs 
i solated from colorectal cancer and normal mucosa, as well as from placenta, and 
identi fi ed 17 genes that were overexpressed in tumor ECs but not in angiogenic ECs 
of the normal tissue. 

 Further studied in glioma  [  16,   20  ]  and in invasive breast carcinoma  [  21,   22  ]  
have demonstrated a distinct gene expression pattern related to extracellular 
matrix and surface proteins characteristic of proliferating and migrating ECs, and 
pointed to speci fi c roles for genes in driving tumor angiogenesis and progression 
of tumor cells.  

    13.4   Gene Expression Abnormalities in Multiple Myeloma 
Plasma Cells 

 Multiple myeloma (MM) is characterized by a profound genomic instability 
in volving both numeric and structural genomic rearrangements  [  23  ] . 

 Previous gene expression-pro fi ling studies designed to identify genes involved in 
the initiation and progression of MM revealed that monoclonal gammopathies of 
undetermined signi fi cance (MGUS) and MM plasma cells can be distinguished 
from normal plasma cells  [  24,   25  ] . 

 DNA microarrays enable to perform a molecular dissection of the diversity of 
MM and provides new molecular tools to investigate the pathogenesis of malignant 
plasma cells. Gene expression pro fi ling has been used to de fi ne molecular 
c haracteristics of MM plasma cells according to Ig types/light chain subtypes and in 
relation to the degree of transformation  [  26–  29  ] . 

 Zhan et al.  [  26,   27  ]  distinguished MM plasma cells from those of healthy donors 
based on the expression of approximately 120 of 6,800 genes analyzed and divided 
MM in four distinct molecular subgroups, MM-1–MM-4, with MM-1 being more 
similar to MGUS and MM-4 being related to MM cell lines. Genes distinguishing 
MM-4 from the other groups were related to cell proliferation. 

 Differentially expressed genes included oncogenes/tumor-suppressor genes (LAF4, 
RB1, and disabled homolog 2), cell-signaling genes [RAS family members, B-cell 
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signaling, and NF-kappa B (NFkB) genes], DNA-binding and transcription-factor 
genes (XBP1, zinc  fi nger proteins, forkhead box, and ring  fi nger proteins), and 
 developmental genes (WNT and SHH pathways)  [  28  ] . 

 The discovery of microRNA genes, encoding for a class of small noncoding 
RNAs involved in the regulation of cell cycle, survival and differentiation programs 
has added a further level of complexity to cancer cell biology. Roccaro et al.  [  30  ] , 
performing microRNA expression pro fi ling of MM cells vs. their normal cellular 
counterparts and validating data by RT-PCR, identi fi ed a MM-speci fi c microRNA 
signature characterized by down-expression of microRNA-15a/16 and  overexpression 
of microRNA-222/-221/-382/-181a/-181b. Moreover, they investigated the  functional 
role of microRNA-15a and −16, and demonstrated that they regulate  proliferation 
and growth of MM plasma cells in vitro and in vivo, by inhibiting AKT serine/
threonine protein-kinase (AKT3), ribosomal-protein S6, MAP-kinases, NF-kB-
activator MAPKIP3.  

    13.5   Angiogenesis in Multiple Myeloma 

 Under physiological conditions, angiogenesis depends on the balance of positive 
and negative angiogenic modulators within the vascular microenvironment. Tumor 
angiogenesis is linked to a switch in this balance, and mainly depends on the release 
by neoplastic cells of growth factors speci fi c for ECs and able to stimulate the 
growth of the host’s blood vessels  [  31  ] . 

 Numerous clinical studies have shown that the degree of angiogenesis or the 
levels of angiogenic factors are correlated with the extent of stage of disease, 
 prognosis or response to therapy  [  32  ] . Taken together these data strongly suggest 
that angiogenesis induction in solid and hematological tumors has a p athophysiology 
relevance for disease progression. 

 Angiogenesis is a constant hallmark of MM progression and has prognostic 
potential  [  33  ] . It is induced by plasma cells via angiogenic factors with the t ransition 
from MGUS to MM, and probably with loss of angiostatic activity on the part of 
MGUS. The pathophysiology of MM-induced angiogenesis is complex and involves 
both direct production of angiogenic cytokines by plasma cells and their induction 
within the microenvironment. 

 Bone marrow stroma cells (BMSCs) increase the concentration of angiogenic 
factors and matrix-degrading enzymes in the bone marrow microenvironment by 
direct secretion or by stimulation of MM plasma cells or ECs through paracrine 
interactions  [  34,   35  ] . BMSCs, osteoclasts, osteoblasts, and ECs secrete several 
 factors, including VEGF, FGF-2, tumor necrosis factor alpha (TNF- a ), IL-6, B- cell-
activating factor, stromal cell-derived factor-1 a  (SDF-1 a , also known as CXCL12), 
and various Notch family members, which are further upregulated by tumor cell 
 adhesion to extracellular matrix proteins and/or BMSCs. Moreover, BMSCs and other 
accessory cells supporting MM plasma cell survival in the bone m icroenvironment 
constitute potential therapeutic targets  [  34,   35  ] . 



246 D. Ribatti and A. Vacca

 Finally, circulating ECs and endothelial precursor cells (EPCs) contribute to the 
neovascularization, and the presence of EPCs suggests that vasculogenesis 
(new vessel formation from EPCs) may also contribute to the full MM vascular 
tree  [  33  ] .  

    13.6   Multiple Myeloma Endothelial Cells 

 In 2003, Vacca et al.  [  36  ]  for the  fi rst time isolated ECs from bone marrow of patients 
with active Multiple myeloma endothelial cells (MMECs) and compared them with 
human umbilical vein ECs (HUVECs). MMECs showed a high expression of  typical 
ECs markers (Tie2, VEGFR-2, FGFR-2, CD105-endoglin, and VE-cadherin), and 
high secretion of matrix metalloproteinases-2 and −9 (MMP-2 and MMP-9), and 
upregulation of angiogenic genes (VEGF, FGF-2, Gro- a  chemokine, TGF b ,  HIF-1 a , 
ETS-1, and osteopontin). Moreover, MMECs expressed CD133 (AC133), a marker 
of the ECs progenitors that take part in vasculogenesis. MMECs showed intrinsic 
angiogenic ability in vitro and in vivo and ultrastructurally they are abnormal and 
were metabolically activated, like tumor ECs. 

 In 2005, Pellegrino et al.  [  37  ]  further characterized MMECs and demonstrated 
that these cells secreted higher amounts of the CXC-chemokines CXCL8/ 
intereleukin-8 (IL-8), CXCL11/interferon-inducible T cell alpha chemoattractant 
(I-TAC), CXCL12/stromal cell-derived factor (SDF)-1 a , and CCL2/monocyte 
chemotactic protein (MCP)-1 than HUVECs. Paired plasma cells and several MM 
cell lines expressed cognate receptors of each chemokine to a variable extent. 

 More recently, Ria et al.  [  38  ]  showed that hematopoietic stem and progenitor 
cells (HSPCs) of MM patients were able to differentiate into cells with ECs 
 phenotype. In fact, HSPCs gradually lost CD133 expression and acquired  VEGFR-2, 
factor VIII related antigen, and VE-cadherin expression. 

 Coluccia et al.  [  39  ]  demonstrated that platelet-derived growth factor (PDGF)-
 BB/PDGF receptor beta (PDGFR b ) promoted the transcription of MMEC-
proangiogenic factors, such as VEGF, FGF-2, and IL-8. Moreover, a prolonged 
exposure of MMECs to dasatinib, an oral bioactive PDGFR b /SrcTK inhibitor, 
annulled their ability to respond to VEGF, preventing the expression of endogenous 
VEGF in a time-dependent manner, and the levels of secreted VEGF in the condi-
tioned medium of MMECs in a dose-dependent manner.  

    13.7   Gene Expression Pro fi ling in Multiple Myeloma 
Endothelial Cells 

 Hedvat et al.  [  40  ]  compared gene expression pro fi ling of MM cells, MM leukemia 
plasma cells, and extramedullary plasmacytoma cells, and identi fi ed several 
 angiogenesis-related genes upregulated in extramedullary plasmacytoma cells. 
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Munshi et al.  [  41  ]  compared gene expression pro fi ling of genetically identical twin 
samples and observed increased levels of expression of angiogenesis-related IL-8 
and angiopoietin-1 (Ang-1) transcripts in MM cells as compared to healthy twin 
plasma cells. 

 Vacca et al.  [  42  ]  demonstrated by means of DNA microarray and RT-PCR 
 analysis an induction of VEGF, FGF-2, hepatocyte growth factor (HGF),  insulin-like 
growth factor-1 (IGF-1), and insulin-like growth factor binding protein-3  (IGFBP-3) 
in active MMECs, nonactive MMECs, and MGUS ECs (MGECs) over HUVECs. 
Exposure to thalidomide produced a signi fi cant downregulation of all genes in a 
dose-dependent fashion. The transcription factors Sp1 and NF-kB, both involved in 
angiogenesis, were also subjected to thalidomide modulation. 

 Hose et al.  [  43  ]  evaluated the expression of 402 angiogenesis-associated genes 
in 466 gene-expressing pro fi le, including normal bone marrow plasma cells, pri-
mary MM cells, and human MM cell lines. They demonstrated that although MM 
cells did not show a signi fi cantly higher median number of expressed pro- or anti-
 angiogenic genes, 97% of MM cell samples expressed at least one of the follow-
ing angiogenic factors—HGF, IL-15, Ang, APRIL, CTGF, or transforming growth 
f actor alpha (TGF- a )—while the expression level of antiangiogenic genes 
remained constant. 

 Ria et al.  [  44  ]  have identi fi ed gene differentially expressed in MMECs as 
 compared to MGECs (Table  13.1 ). Deregulated genes were mostly involved in 

  Table 13.1    Genes differentially expressed in multiple myeloma endothelial cells 
(MMECs) as compared to endothelial cells of monoclonal gammopathy of undeter-
mined signi fi cance (MGECs). Validation has been focused on BNIP3, IER3, SEPW1 
CRYAB, SERPINF1, and SRPX genes, which have not been previously found to be 
functionally correlated to the overangiogenic phenotype of MMECs       

Gene Chromosoma Protein Function

BNIP 3 10q26.3 BCL2/adenovirus
19kDa interacting
protein 3

Trascriptional factor
regulated by hypoxia

IER 3 6p21.3 Immediate early
response 3

Anti-apoptosis

SEPW1 19q13.3 Selenoprotein W, 1 omeostasys

CRYAB 11q22.3-q23.1 Crystallin, alpha B Tubular
morphogenesis

SERPINF1 17p13.1 Serpin peptidase
inhibitor, clade F
(alpha-2 antiplasmin,
pigment epithelium
derived factor), 
member 1

Anti-angiogenesis

SRPX Xp21.1 Sushi-repeat-
containing protein, 
X-linked

Oncosuppressor
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ex tracellular matrix formation and bone remodeling, cell adhesion, chemotaxis, 
a ngiogenesis, resistance to apoptosis, and cell-cycle regulation. Validation was 
focused on BNIP3, IER3, SEPW1 CRYAB, SERPINF1, and SRPX genes, which 
were not previously found to be functionally correlated to the overangiogenic 
 phenotype of MMECs.  

 In the apoptosis-related genes, BNPI3 belongs to the Bcl-2 family and is induced 
by hypoxia-inducible factor-1 a  (HIF1- a )  [  45  ] . HIF-1 a  is upregulated in the 
o verangiogenic ECs isolated from patients with active MM at diagnosis, relapse, or 
leukemic phase  [  36  ] , thus promoting the expression of VEGF  [  45  ] . Moreover, 
BNIP3 behaves as an antiapoptotic gene in MMECs, because BNIP3-small 
in terfering RNA ECs increased apoptosis and decreased growth  [  44  ] . IER3 is a 
member of the “immediate early response gene” family induced by the  antiapoptotic 
factor NF-kB in response to the TNF- a  and ligand-mediated FAS, which acts as an 
antiapoptotic and a stress-inducible gene, playing an important role in cell survival 
under stress condition  [  46  ] . IER3 has been reported to be overexpressed in MM 
plasma cells  [  47  ]  and small interfering RNA-silenced IER3 expression reduced cell 
proliferation and induced apoptosis in MMECs  [  44  ] . 

 In the angiogenesis-related genes, SERPIN1, a serine protease inhibitor of 
 angiogenesis  [  48  ] , through Fas/Fas ligand-mediated apoptosis  [  49  ] , was 
 downregulated in MMECs  [  44  ] . 

 In the cell proliferation and homeostasis genes, SEPW1, a gene with antioxi-
dant function  [  50  ] , was upregulated in MMECs and small interfering RNA-
silenced expression of the gene inhibited MMECs adhesion and angiogenic 
activity  [  44  ] . 

 In the signal transduction, cell-cycle regulation genes, DIRAS3, which  negatively 
regulates cell growth and is associated with disease progression in breast and ovary 
carcinoma  [  51  ] , was downregulated in MMECs  [  44  ] . 

 A comparison between the 366 well-characterized genes resulting from the 
HUVECs vs. MMECs supervised gene expression pro fi ling analysis  [  44  ]  (Fig.  13.1 ) 
with the genes previously reported as differentially expressed by these two ECs 
types by means of a 96-gene cDNA array  [  36  ]  indicates that, among 36 genes 
 previously described, eight genes are differentially expressed at high stringency: the 
isoform 7 of the FGF, the VEGF isoforms VEGF-A and VEGF-C,  fi bronectin-1 and 
thrombospondin-2 were upregulated in MMECs, whereas the endothelial 
 differentiating factor 1, CD105, and CD31 were downregulated  [  44  ] .  

 Roccaro et al.  [  30  ]  demonstrated that microRNA-15a/-16, which are 
 downregulated in MM plasma cells as compared to normal cells, exert an 
an tiangiogenic activity, reducing VEGF secretion from MM cells at the protein 
level, thereby reducing MM plasma cell proangiogenic activity on ECs and these 
data were further con fi rmed in vivo in the chorioallantoic membrane assay. 
Therefore, the antiangiogenic role of microRNA-15a and -16 may contribute, at 
least in part, to their anti-MM activity.  
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    13.8   Conclusions and Perspectives 

 Gene-expressing pro fi le analysis in MM clearly evidences that bone marrow plasma 
cells express an excess of proangiogenic over antiangiogenic genes. Aberrant 
expression of proangiogenic genes by MMECs further increase the angiogenic 
stimulus already induced by tumor plasma cells (Fig.  13.2 ). However, it is 
 conceivable that also microenvironmental factors, such as hypoxia, in fl ammation, 
expression of multiple cytokines and growth factors, regulating tumor-associated 
angiogenesis, may display unstable, heterogeneous, and progressive characteristics 
to an extent comparable with the instability of the cancer cell genome. In addition, 
those factors may have genetic causes and consequences, such as increased 
 expression of oncogenes, loss of tumor suppressor genes. This reciprocal 
i nterrelationship and heterogeneity may translate into site- and stage-speci fi c 
changes in the regulation of bone marrow angiogenesis and to changes in the 
 proliferation and antiapoptotic potential of MM tumor plasma cells.  

 ECs lining tumor blood vessels express several cell surface markers that are 
absent in quiescent blood vessels. Accumulating knowledge of a number of cell 
surface tumor ECs markers indicates that they may be expressed across a broad 
variety of tumor types leading to the development of new, speci fi c tumor ECs  targets. 

  Fig. 13.1    Unsupervised and supervised analysis of gene expression pro fi les from human umbilical 
vein endothelial cells (HUVECs) and multiple myeloma endothelial cells (MMECs). HUVECs are 
different from MMECs for 856 genes in an unsupervised analysis and 366 genes in the supervised 
analysis: 188 are up-regulated, while 178 are down-regulated in MMECs as compared to HUVECs       

Unsupervised analysis
(856 genes)

Supervised analysis
(366 genes)

HUVECs MMECs HUVECs MMECs
# 1 2 3 4 5 1 2 3 4 5# 1 2 3 4 5 1 2 3 4 5

188 genes up-regulated
in MMECs vs HUVECs

178 genes down-regulated
in MMECs vs HUVECs
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Antigenic determinants that are selectively and constitutively expressed on the 
tumor vasculature include endoglin, VEGF receptors,  a  n  integrins, the  fi bronectin 
EDB domain, and prostate-speci fi c membrane antigen (PSMA)  [  52  ] . 

 VEGF and its receptors are upregulated in tumor microenvironment, leading to a 
high concentration of occupied receptors on tumor vascular endothelium. 
 VEGF-receptor complexes were shown to be a speci fi c target on tumor endothelium 
for antibodies in vivo. Targeting VEGF or its receptors with monoclonal antibodies 
(such as bevacizumab/Avastin) or small molecule inhibitors of VEGFR tyrosine 
kinase has con fi rmed the anticancer activity of these agents  [  53  ] . Fusion proteins 
and chemical conjugates of VEGF and diphtheria toxin or gelonin induced tumor 
regression in mice  [  52  ] . 

 Ligand-directed vascular targeting can be accomplished by antibodies, speci fi c 
peptides, or growth factors complexed with immunomodulatory, procoagulant or 
cytotoxic molecules  [  52  ] . Advances in proteomics and gene expression technology 
provide us a plethora of potential new targets. Moreover, it may be possible to use 
phage display techniques on tumor patient specimens with the aim to develop novel 
ligand-targeted liposomal chemotherapeutic strategies based on the selective 
 targeting of other novel molecular markers expressed on the surface of tumor 
endothelial cells  [  54  ] .      

  Fig. 13.2    Schematic overview of the complex interplay between different endothelial cell receptors, 
angiogenic cytokines, chemokines, and different genes involved in the characterization of the 
angiogenic phenotype of multiple myeloma endothelial cells (MMECs)       
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  Abstract   Epigenetic mechanisms play a crucial role in the normal development of 
the mammalian organism and are essential for maintaining the cell identity and 
normal functionality. Global changes in the epigenetic landscape associated with 
aberrant gene expression are a hallmark of cancer. Current knowledge indicates that 
both epigenetic alterations and genetic aberrations play an important role in the 
onset and progression of cancer. Recent  fi ndings have demonstrated that in cancer 
extensive reprogramming of all components of the epigenetic machinery (including 
DNA methylation, histone modi fi cations and miRNA expression) takes place and 
have furthermore revealed the existence of a dynamic interplay between the differ-
ent components. However, the exact sequence of events and underlying molecular 
mechanism contributing to carcinogenesis are only just beginning to be uncovered. 
Interestingly, the reversal of aberrant epigenetic modi fi cations has emerged as a 
potential treatment strategy of cancer. Here, we describe the role of the epigenetic 
alterations in the pathogenesis of cancer focusing on the hematological malignancy 
multiple myeloma. In addition, recent advances regarding the relationship between 
histone modi fi cations, chromatin-modifying enzymes, DNA methylation and 
miRNA expression are discussed.     
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     14.1   Introduction 

 One of the key features of multiple myeloma (MM) is the predominant localization 
of the tumor cells in the bone marrow (BM). The BM microenvironment plays a 
pivotal role in the MM pathogenesis providing a sanctuary for the MM cells to 
 survive, proliferate, and evade drug-induced cell death due to the existence of 
 functional, mutual interactions between the MM cells and the BM compartments. In 
addition, environmentally favorable conditions for tumor growth are created by the 
MM cells by inducing angiogenesis, stimulating osteolysis, and modulating the 
immune system  [  1–  3  ] . The list of growth factors produced in the BM 
 microenvironment is continuously expanding, with interleukin-6 (IL-6),  insulin like 
growth factor-1 (IGF-1), IL-1 a , IL-1 b , vascular endothelial growth  factor (VEGF), 
and stromal-derived factor 1a (SDF1a) being the most important ones  [  4  ] . Based on 
the enhanced understanding of the pivotal role of the intimate reciprocal relation-
ship, numerous new molecular targets have been identi fi ed and novel therapies, 
including compounds such as thalidomide, bortezomib, and  lenalidomide, have 
been introduced  [  2,   5  ] . Although in some cases signi fi cant improvement in the over-
all survival has been achieved, MM still remains an  incurable disease. Almost all 
patients eventually relapse, become resistant to the treatment, and die of therapy-
refractory disease  [  5  ] . To prevent drug resistance and improve patient outcome, it is 
important to continue preclinical investigation for the identi fi cation of novel targets 
and for the validation of selective drugs, to be used either as a single agent or in 
combinatorial regimens. 

 Multiple genetic aberrations are observed during the MM pathogenesis, such as 
illegitimate rearrangements of the IgH on 14q32, monosomy 13 and deletions of 13q 
 [  6  ] . In addition, a growing number of studies indicate that epigenetic modi fi cations 
(i.e. ,  heritable changes to the transcriptome without altering the  primary DNA 
sequence) may play a major role in the pathogenesis of MM  [  7–  9  ] . In this respect, 
two of the best documented modi fi cations consist of (1) DNA  methylation of cyto-
sine bases within a CpG dinucleotide and (2) post-translational (non)histone 
modi fi cations (PTMs; e.g., acetylation, methylation, phosphorylation)  [  10,   11  ] . Both 
the interaction between these two epigenetic events and the dynamic interplay 
between the different PTMs are now broadly acknowledged to have a profound 
impact on the organization of the chromatin architecture and hence on the strict con-
trol of gene transcription  [  10–  12  ] . The fundamental difference between epigenetic 
and genetic alterations is the reversible nature of the former, allowing for therapeutic 
intervention. Consequently, over the last 5 years, a plethora of  epigenetic-modulating 
agents have shown promising results in both preclinical and clinical settings and 
even more prominent in combination with chemotherapeutic agents  [  13–  16  ] . 

 In addition to DNA methylation and PTMs, microRNAs (miRNAs) form a third 
post-transcriptional player of gene regulation and are currently intensively studied. 
Emerging evidence has shown that the expression of miRNA is deregulated in  various 
cancers including MM  [  17–  20  ] . The scope of this review is to summarize the recent 
work on epigenetic regulation of MM within its BM microenvironment, with empha-
sis on the crosstalk between the three major epigenetic regulatory mechanisms.  
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    14.2   DNA Methylation 

 DNA methylation is a covalent chemical modi fi cation on the carbon-5 position of 
cytosine preceding guanines (CpG dinucleotides). The transfer of a methyl group 
from the  S -adenosyl- l -methionine donor to cytosines is catalyzed by DNA 
 methyltransferases (namely DNMT1, DNMT3a, and DNMT3b)  [  21  ] . DNMT1, also 
known as “the maintenance DNMT,” copies existing methylation patterns follow-
ing DNA replication, whereas de novo methylation is attributed to DNMT3a and 
DNMT3b. Recent studies, however, have indicated that this clear delineation seems 
to be an oversimpli fi cation, as most DNMTs plausibly possess both the de novo and 
maintenance function as well in vitro as in vivo  [  21–  23  ] . The pattern of DNA meth-
ylation is established during early development and is heritable  [  24  ] . In the mam-
malian genome, CpG sites are unevenly distributed as most of the CpG  dinucleotides 
are found in CpG-rich regions (CpG islands) located at the 5 ¢  end of the regulatory 
region of approximately 60 % of the human genes  [  25,   26  ] . Methylated CpG islands 
serve as a binding site for methyl-CpG binding domain (MBD)  proteins including 
MeCP2 and MBD1-4. These MBDs interact further with histone  modifying enzymes 
(as discussed below) and transfer methylated DNA into a compacted  chromatin 
environment that is repressive for transcription  [  27,   28  ] . In mammalians, most of 
the promoter-associated CpGs islands are normally unmethylated, thus  permitting 
gene expression, except for tissue-speci fi c genes or genes involved in processes of 
X chromosome inactivation and imprinting  [  29  ] . The remaining of the CpG dinu-
cleotides form long stretches of repetitive sequences and are heavily methylated in 
normal cells thus govering genomic instability  [  7,   11  ] . 

 Aberrant DNA methylation has been shown to be associated with various  cancers 
and includes both global genomic hypomethylation and locus-speci fi c  hypermethylation 
of CpG islands. Hypomethylation is foremost associated with the long stretches of 
repetitive sequences and transposable elements which leads to activation of these 
 elements and consequently to genomic instability  [  7,   11,   30  ] . Gene-speci fi c 
 hypermethylation frequently occurs in the promoter regions of tumor suppressor, 
cell cycle control, and DNA repair genes, but also in genes involved in cell signaling 
and cell–cell communication  [  28  ] . Interestingly, several sequences have been 
identi fi ed that correlate with methylation susceptibility  [  31–  34  ] . 

 Today, a number of synthetic and natural DNMT inhibitors (DNMTi) are 
 available. By far the best described and widely used DNMTi are the cytosine 
 nucleoside analogues with modi fi cations at the carbon-5 position of the ring, e.g., 
5 ¢ azacytidine (AZA) or 5 ¢ -aza-2 ¢ -deoxycytidine (decitabine, DAC). These 
 molecules are prodrugs that are phosphorylated and subsequently incorporated 
into DNA and/or RNA. Once incorporated they form covalent bounds with DNMT, 
resulting in bulky DNA-protein adducts and inhibition of DNA synthesis. 
Eventually, this will lead to cell death at high doses and passive demethylation 
upon replication at low doses. Both DAC and AZA have recently been approved by 
the US Food and Drug administration as antitumor agents for the treatment of 
myelodysplastic syndrome  [  15  ] .  



258 E. De Bruyne et al.

    14.3   DNA Methylation and DNA Methyltransferase Inhibitors 
(DNMTi) in Multiple Myeloma 

 Over the last 5 years, an increasing list of genes known to be implicated in MM 
pathogenesis were shown to be hypermethylated in MM including CDKN2B, 
CDKN2A  [  35  ] , SHP1  [  36  ] , SOCS-1  [  37  ] , DAP kinase  [  35  ] , p16, p15  [  36,   37  ] , ARF 
 [  37  ] , EGLN3  [  38  ] , CDH1  [  36,   39  ] , RASD1  [  40  ] , BNIP3  [  36  ] , RAR beta  [  36  ] , DCL1 
 [  41  ] , MEG3  [  42  ] , ICSBP/IRF8  [  43  ] , p53  [  44  ] , SFRP1,-2 and -5  [  45  ] . Of note, the 
growth factor IL-6 has been implicated in the maintenance of p53 hypermethylation 
in MM by increasing DNMT-1 expression  [  44  ] . Recent studies have demonstrated 
that hypermethylation of DAPK  [  35  ] , EGLN3  [  38  ] , RAR beta  [  36  ] , DCL1  [  41  ] , 
BNIP3  [  46  ] , MEG3  [  42  ] , SPARC  [  46  ] , DCC and TGFbetaR2  [  47  ]  appears to be an 
adverse prognostic factor for survival. Moreover, only very recently it was  suggested 
that TP73, ARF, p15, and p16 methylation are early events in the pathogenesis and 
development of MM, while SOCS-1 methylation would represent an important step 
in the progression from MGUS to MM  [  37  ] . Also, consistent with observations 
made for other cancers, genomic instability due to global hypomethylation was 
demonstrated to be correlated with MM progression  [  48  ] . 

 Although it is clear that aberrations in DNA methylation are important in MM 
pathogenesis, only a limited number of studies using DNMTi have been conducted. 
DAC has been shown to induce p21- and p38-mediated cell cycle G1 phase and 
G2/M phase arrest, respectively, in MM  [  49,   50  ] . Recently, it was also shown that 
long-term treatment with dexamethasone leads to hypermethylation of the gene 
RASD1 which results in resistance against dexamethasone  [  40  ] . Combination 
 therapy with DAC was demonstrated to overcome this resistance. For AZA, 
 anti-MM activity could be shown by providing evidence that AZA promoted apop-
tosis, induce  double-stranded DNA breaks and inhibit IL-6 and NF- k B signaling 
pathways  [  51,   52  ] . Moreover, AZA was reported to potentiate the anti-MM poten-
tial of arsenic trioxide, bortezomib, and doxorubicin  [  52,   53  ] . Currently, based on 
the results of preclinical studies, clinical trials are underway to evaluate the effects 
of  demethylating agents such as DAC and AZA in the treatment of relapsed and 
refractory MM.  

    14.4   Histone Modi fi cations 

 It is now well recognized that chromatin remodeling is one of the main processes 
involved in epigenetic regulation. The basic structural unit of chromatin is the 
nucleosome, consisting of 146 base pairs of DNA wrapped around an octamer of core 
histones. The N-terminal tails of the histones protrude from the DNA helix and are 
prone to a variety of covalent, reversible modi fi cations, including acetylation, methyla-
tion, phosphorylation, ubiquitination, sumoylation, and glycosylation (Fig.  14.1 )  [  54, 
  55  ] . Only the  fi rst three types of modi fi cations have been studied extensively  [  10  ] . 
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Although the functional relevance of these individual modi fi cations is often unclear, it 
is widely acknowledged that the global repertoire of histone modi fi cations constitutes 
a (epigenetic) code that modulates the accessibility of the chromatin to transcription 
factors and/or other proteins, thereby controlling gene expression  [  10,   12  ] .  

    14.4.1   Histone Acetylation/Deacetylation 

 Acetylation remains by far the most widely studied histone modi fi cation and is 
governed by opposing actions of a variety of histone deacetylases (HDACs) and 
histone acetyltransferases (HATs). Acetylation of the lysine residues neutralizes the 
positive charges of histones, thereby reducing the af fi nity between histones and 
DNA and thus leading to a more relaxed, transcriptional active chromatin state. In 
contrast, hypoacetylation will lead to a dense, transcriptional inactive chromatin. 
The level of acetylation/deacetylation is controlled by an equilibrium between HATs 
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  Fig. 14.1     Schematic overview of histone modi fi cations . The fundamental repeating unit of chromatin 
is the nucleosome, consisting of 146 base pairs of DNA wrapped around an octamer of the core 
histones H2a, H2b, H3, and H4. The N-terminal tails of the histones (especially H3 and H4) pro-
trude from the DNA helix (histone tail domain) and are prone to a variety of covalent, reversible 
modi fi cations, including acetylation (Ac,  red ), ubiquitination and methylation (Me,  green ) of 
lysine (K) residues, methylation (Me,  green ) of arginine (R) residues, and phosphorylation of 
serine (S) and threonine (T) residues. The enzymes responsible for the methylation (histone methyl-
transferases) and demethylation (histone demethylases) of mammalian H3 and H4 are listed, 
respectively, above or below their target site. In general, active marks include acetylation, arginine 
methylation and methylation of lysine 4 of the H3 tail (H3K4) and H3K36. In contrast, repressive 
marks include H3K9, H3K27, and H4K20 methylation       
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and HDACs  [  56,   57  ] . Currently, a total of 18 HDAC isoenzymes have been identi fi ed 
in humans and are subdivided into four major classes based on phylogenetic  analysis 
and homology to yeast HDACs. Class I consists of HDAC-1, -2, -3, and −8 while 
class II is represented by HDAC-4, -5, -6, -7, -9, and 10. HDAC-11 constitutes the 
single representative of class IV  [  58,   59  ] . Class I, II, and IV HDAC enzymes belong 
to a group of zinc-dependent aminohydrolases owing to the presence of Zn 2+  in their 
catalytic center. Class III HDACs, also called sirtuins, constitute a distinct group of 
HDACs requiring NAD +  for their catalytic activity. Whereas class I HDACs are 
rather small proteins with predominantly nuclear localization, class II enzymes are 
large and capable to translocate between cellular compartments  [  60  ] . Among class 
I, HDAC-1 and -2 seem to regulate most of the changes observed in histone acetyla-
tion  [  61  ] . Importantly, HDACs do not act autonomously but typically  associate with 
multiprotein complexes as they require DNA-binding proteins to  target speci fi c 
genes  [  58  ] . At the same time, other members of the complex act as cofactors, aug-
menting the enzymatic activity of HDACs  [  62  ] . Histones are,  however, not the sole 
target of HDACs/HATs. In fact, a variety of cytoplasmic and nuclear proteins, 
including transcription factors, DNA repair enzymes, cell-cycle r egulators, molecu-
lar chaperones as well as structural proteins, are reversibly acetylated and protein 
modi fi cation by acetylation is nearly as abundant as by phosphorylation  [  63,   64  ] . 
Acetylation/deacetylation may modify the stability of the protein, its  localization, 
DNA-binding ability, and its interactions with other proteins  [  65,   66  ] . Consequently, 
a novel nomenclature was proposed for some of the chromatin-modifying enzymes, 
replacing the historical term of “histone acetyltransferases” (HATs) by the more 
general one, of “lysine (K)-acetyltransferases” (KATs)  [  67  ] . 

 There is increasing evidence that overexpression of HDACs, especially of class I 
enzymes, correlates with a poor outcome in a wide variety of cancers  [  59  ] . In 
a ddition, in hematological malignancies, HDACs are recruited by oncogenic fusion 
proteins to suppress regulatory gene targets  [  68,   69  ] . Consequently, a broad range of 
natural and synthetic HDAC inhibitors (HDACi) have been developed and used as 
anti-cancer agents both in preclinical and clinical settings  [  9,   16,   56,   59,   65,   70  ] . 
Based on their chemical structure, HDACi can be divided into four major classes, 
namely short-chain fatty acids (e.g. ,  Valproic acid, Butyrate), hydroxamates (e.g. ,  
Suberoylanilide hydroxamic acid, Trichostatin A, LBH589, ITF2357, Tubacin), 
benzamides (e.g. ,  MS-275 and CI-994), and cyclic tetrapeptides (e.g. ,  depsipeptide, 
apicidin)  [  9,   70,   71  ] . Among these, hydroxamates and cyclic tetrapeptides are 
 considered to be the more potent HDACi. In general, HDAC inhibitors, with the 
exception of tubacin targeting HDAC6, do not exhibit speci fi city toward a single 
speci fi c isoenzyme  [  9,   71,   72  ] .  

    14.4.2   Histone Methylation/Demethylation 

 Histone methylation is governed by speci fi c histone methyltransferases (HMTs) and its 
mechanism of action is quite different from histone acetylation: (1) histone methylation 
does not alter the histone tail charge but rather in fl uences its basicity, hydrophobicity, 
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and the af fi nity of certain proteins toward DNA  [  73  ] ; (2) histones can be methylated on 
both lysines and arginines; (3) histone methylation is often site-speci fi c and can exist in 
a mono-, di-, or trimethylated state (for arginines only mono- and dimethylation). 
Depending on the site and degree of methylation,  distinct transcriptional readouts will 
be obtained. For example, while H3K4me2/3 (di-, or trimethylation of lysine 4), 
H3K36me2/3, and H3K79me generally activate  transcription, H3K9me2/3, 
H3K27me2/3, and H4K20me3 are known to be  repressive marks  [  10,   11,   74  ] . 

 To date, approximately 50 lysine and arginine HMTs have been identi fi ed in 
humans, with MLL1-4, EZH2, NSD2 (MMSET), SUV39H1/2, G9a and PRMT1, 
PRMT2, PRMT4, PRMT5, and PRMT7 being only a few of them  [  10,   75  ] . At least 
half of the HMTs have been associated with cancer development and progression 
 [  75  ] . For example, MLL is expressed as an aberrant fusion protein in different types 
of leukemia  [  75–  77  ]  and EZH2 is overexpressed in a wide variety of tumors  [  75,   78, 
  79  ] . Also, SUV39H1 overexpression was shown to be linked to B-cell lymphoma 
 [  80  ] . Both genetic and epigenetic mechanisms, as well as miRNAs, have been 
implicated in the deregulation of HMTs in cancer  [  11,   75,   81  ] . Some of these HMTs 
will be discussed below in more detail. To date, only a handful of speci fi c and 
 non-speci fi c HMTs inhibitors have been discovered  [  74,   82–  84  ] . However, large 
screening efforts are in progress and will hopefully lead to the identi fi cation of 
 additional inhibitors with clinical potential. 

 For quite some time, histone methylation was considered to be a permanent, 
irreversible mark  [  10,   74  ] . However, recently two classes of bona  fi de histone 
 demethylases (HDMs), namely, LSD1 and the JmjC domain family, were  discovered 
 [  85,   86  ] . The JmjC family is further divided into 5 subfamilies, namely, JHDM1, 
JHDM2, JMJD2, JMJD3, and JARID1  [  87,   88  ] . LSD1 is only able to turn over 
mono- and dimethylated lysines, whereas some members of the JmjC family are 
capable to act on trimethylated lysines as well  [  74,   89,   90  ] . Apparently, LSD1 acts 
in multiprotein complexes with HDACs and MLL  [  91,   92  ] . Aberrant expression of 
HDMs has also been correlated with cancer  [  74,   93,   94  ] . Similar to the HMTs 
 inhibitors, the search for HDM inhibitors is still in its infancy and development of 
selective inhibitors is urgently warranted  [  74  ] . 

 Apart from being involved in altering the physical properties of chromatin, a given 
PTM of a speci fi c histone residue is thought to be determinant to subsequent 
modi fi cations of that same histone or other ones. Consequently, the context of the 
encrypted message (namely the histone code) will be changed  [  10,   95  ] . This  molecular 
language of chemical marks is deciphered by nuclear proteins such as transcription 
factors or chromatin modifying enzymes. These are endowed with speci fi c  recognition 
modules with bromo- and chromodomains that recognize  acetylated sites or amino 
acids in methylated form, respectively  [  96,   97  ] . Depending on the nature of the 
recruited protein, a speci fi c action will be initiated. Thus, the factual effect on 
 transcription not only depends on the net electric charge of all modi fi cations on  histone 
tails but also on the type of proteins, i.e. ,  silencers or  activators of transcription, 
recruited in response to displacement of speci fi c  moieties. Similar to DNA  methylation, 
aberrant histone modi fi cation patterns have been implicated in carcinogenesis. Overall, 
cancer cells seem to exhibit a global decrease in the levels of acetylation of histone H4 
(H4Ac), H4K20me2/3, and H3K9me2  [  98–  100  ] .   
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    14.5   Histone Deacetylases and HDAC Inhibitors 
in Multiple Myeloma 

 While there is no evidence of aberrant HDAC expression or activity in MM, 
 numerous in vitro and preclinical studies have reported potent anti-MM activity of 
HDACi  [  8,   9  ] . Moreover, in MM cells with autocrine IL-6 expression, the c hromatin 
organization of the IL-6 promoter was reported to be different compared to that of 
non-producing cells  [  101  ] . Furthermore, following melphalan treatment, increased 
acetylation of the oncogenes myc and cyclin D1 was observed in MM patients  [  102  ] . 
In addition, the drug-resistant RPMI8226 cells were demonstrated to exhibit increased 
chromatin condensation and (over)expression of the ABCB1 gene  compared to the 
sensitive counterpart. ABCB1 has been described in MM as an important resistance 
mechanism to conventional therapy  [  103  ] . Together, these reports support the 
 hypothesis that histone deacetylation plays an important role in MM pathogenesis. 

 In vitro, several publications showed that a wide range of HDACi induce 
 dose-dependent cell cycle arrest at the G0/G1 phase and this is mostly due to 
 up-regulation of p21  [  104–  109  ] . Moreover, HDACi induce apoptosis. However, the 
mechanism involved seems to be cell speci fi c and HDACi dependent and is still a 
matter of debate  [  105,   110,   111  ] . Although several HDACi activate common apop-
totic pathways in the MM cells, signi fi cant differences in their mechanism of action 
exist. For example, TSA, SAHA, LBH589, ITF2357, LAQ824, KD5170, and JNJ-
26481585 all activate the intrinsic pathway in MM cells. Of these, SAHA and TSA 
act in a caspase-independent way, whereas the others are caspase-dependent  [  104, 
  106–  108,   110,   112  ] . In addition, HDACi can also up- or down-regulate pro- and 
anti-apoptotic factors respectively  [  107,   113–  115  ] , induce oxidative stress and DNA 
damage  [  112  ] , cause mitochondrial disruption  [  107,   112  ] , and activate the extrinsic 
apoptotic pathway  [  108,   116,   117  ] . 

 Of importance, HDACi such as VPA, FK288, and IFT2357 affect the viability of 
both IL-6 dependent and IL-6 independent MM cells lines  [  106,   109,   114  ] . Moreover, 
LBH589, ITF2357, LAQ824, and KD5170 were reported to induce apoptosis as 
ef fi ciently in the presence or absence of BM stromal cells  [  105,   106,   110,   112  ] . This 
can be explained by the fact that HDACi affect cytokines and proteins that are 
implicated in MM growth, survival, progression, and immune escape. For example, 
HDACi were demonstrated to reduce the levels of the growth factors IL-6 and 
VEGF, secreted by the MM cells and BMSC  [  105,   106,   108,   109  ] . Moreover, 
Mitsiades et al .  could demonstrate that SAHA suppresses the expression of IGF-1R, 
Il-6R and its key signal transducer gp130, TNF-R, syndecan-1 (CD138), and 
CXCR-4  [  118  ] . Recently, LBH589 and TSA were also demonstrated to increase the 
expression of tetraspanin CD9  [  46,   119  ] . The latter correlates with non-active MM 
disease and increases the susceptibility of MM cells to NK cell–mediated cytolysis. 
In addition to these in vitro experiments, most HDACi were shown to signi fi cantly 
decrease tumor burden and to increase survival in mouse xenograft models  [  110, 
  111,   114,   120  ] . Together, these data clearly indicate that HDACi can overcome the 
protective signals of the BM microenvironment. This could also be con fi rmed in the 



26314 Epigenetic Regulation of Myeloma Within Its Bone Marrow Microenvironment

fully immunocompetent and syngeneic 5TMM models, as the HDACi JNJ-26481585 
was reported to not only reduce tumor growth, but also MM-associated bone dis-
ease and BM angiogenesis in vivo  [  104,   121  ] . 

 As mentioned earlier, HDACs also have numerous non-histone targets. Notably, 
HDAC6 has emerged as a major deacetylase of  a -tubulin and plays a key role in the 
aggresomal protein degradation system  [  122  ] , which represents an alternative to the 
proteasome for degradation of polyubiquitinated misfolded proteins  [  123  ] . 
When the number of misfolded proteins exceeds the proteasomal degradation, the 
ubiquitinated proteins will form insoluble aggregates termed aggresomes. These will 
then be transported to the microtubule organizing center (MTOC) for degradation 
by fusion with lysosomes. This transport requires intact microtubules and associa-
tion with motor dynein  [  124,   125  ] . HDAC6 binds both the polyubiquitinated pro-
teins and dynein, thus facilitating the transport of the aggresomes along the 
microtubules  [  122  ] . Interestingly, HDAC6 was recently identi fi ed as a key compo-
nent of basal autophagy, a process that targets protein aggregates and damaged 
mitochondria. HDAC6 promotes autophagy by recruiting a cortactin-dependent 
actin-remodeling machinery by assembly of a F-actin network that stimulates 
autophagosome-lysosome fusion and substrate degradation  [  126  ] . In MM, targeting 
of HDAC6 with the speci fi c inhibitor tubacin or pan HDACi resulted in accumulation 
of misfolded proteins, thus leading to apoptosis  [  105,   127,   128  ] . In addition, target-
ing of HDAC6 also impaired the HSP90 chaperone function leading to additional 
accumulation of aggregates  [  13,   129  ] . Consequently, HDACi were shown to 
signi fi cantly enhance the anti-MM activity of proteasome inhibitors and HSP90 
inhibitors  [  105,   127,   130–  133  ] . Furthermore, HDACi are demonstrated to potenti-
ate the anti-MM activity of conventional therapeutic agents such as melphalan, 
doxorubicin, and  dexamethasone  [  110,   114,   134,   135  ] . Several clinical trials with 
HDACi alone or in combination with other anti-MM agents are ongoing and pre-
liminary data look quite encouraging  [  8,   9  ] . For a detailed overview of the current 
ongoing trials, we refer to Chap.   9     of this book.  

    14.6   MicroRNAs 

 miRNAs are endogenous, non-coding small (~22 nucleotides) RNAs regulating 
gene expression in a sequence-speci fi c manner either through degradation of mRNA 
or translational repression depending on the complementarity between the miRNAs 
and targets  [  136,   137  ] . In the nucleus, miRNA genes are transcribed by RNA 
polymerase II, yielding long primary miRNA (pri-miRNA) transcripts. These 
are subsequently cleaved by the nuclear microprocessor complex to 70-nucleotide 
hairpins, known as precursor miRNA (pre-miRNA). These pre-miRNAs are trans-
ported to the cytoplasm by exportin-5, where they are processed by the endonu-
clease Dicer into 20–22-nucleotide duplexes of mature miRNA. These duplexes 
are loaded into the RNA-induced silencing (RISC) complex, where the Argonaute 
protein Ago2 mediates elimination of one of the miRNA strands. The remaining 
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strand guides RISC to target mRNA that have miRNA complementary sites in the 
3 ¢ -untranslated region (3 ¢ -UTR). RISC then suppresses translation, cleaves or 
degrades the mRNA depending on the level of complementarity  [  138,   139  ] . It is 
estimated that approximately a 1,000 miRNA species exist in humans. miRNAs are 
predicted to negatively regulate up to one third of all protein-coding genes, thereby 
regulating several important biological processes including  proliferation, differen-
tiation, and cell death  [  138,   140–  142  ] . Consequently, miRNA deregulation was 
extensively reported to correlate with various human cancers and was thought to be 
involved in the initiation and progression of human cancers   [  143–  145  ] . Surprisingly, 
expression pro fi ling of miRNAs was shown to be a more  accurate method of clas-
sifying cancer subtypes than using expression pro fi les of  protein-coding genes  [  146, 
  147  ] . In addition, large-scale studies demonstrated that miRNA  expression signa-
tures are associated with prognosis and response to treatment, underlining their 
promise as potential cancer biomarkers  [  18  ] . miRNAs have been suggested to func-
tion either as oncogenes or as tumor suppressor genes. Calin et al .  were the  fi rst to 
show that miR-15a and miR-16 (located at chromosome 13q14.3) are frequently 
down-regulated in patients with B-cell chronic lymphocytic leukemia (B-CLL) and 
negatively regulate the anti-apoptotic protein Bcl-2, thus acting as tumor suppres-
sors  [  148  ] . Other miRNAs that function as tumor suppressors are let-7 and the miR-
34 family. miRNAs with a well-established role as oncogenes include the miR-17-92 
cluster, miR155 and miR-21  [  20,   149  ] . Over the past few years, an expanding list of 
miRNAs were suggested to regulate cell proliferation, apoptosis, replicative poten-
tial, angiogenesis, immune responses, genomic  instability, tumor invasion, and 
metastasis in/of cancer cells  [  149  ] . Consequently, delivery of miRNAs or “antago-
mirs” that antagonize miRNA function may be an attractive new cancer-treatment 
modality. However, some caution seems necessary as in most cases an established 
causal relationship between differential miRNA expression and the malignant phe-
notype is still lacking. Continued research into miRNA function is therefore war-
ranted in order to advance our understanding of the mechanisms leading to 
tumorigenesis. Nevertheless, recent  fi ndings provided us with some clues. They 
indicate that transcriptional deregulation, epigenetic  alterations, mutations, translo-
cations, DNA copy number abnormalities, and a brogation of global miRNA pro-
cessing might all cooperate in miRNA deregulation in human cancer  [  18–  20  ] .  

    14.7   MicroRNAs and Multiple Myeloma 

 Only a few studies have provided some information about miRNA expression in 
MM. In 2007, Lof fl er et al .  were the  fi rst to show that IL-6 regulates miR-21 
 transcription in IL6-dependent cell lines through a STAT-3 mechanism and that 
ectopic miR-21 expression sustained their growth in the absence of IL-6  [  150  ] . One 
year later, Pichiorri et al .  described a MM miRNA signature, which included 
 miR-21, the miR-106b-25 cluster, miR-181a and b, miR-32 and the miR-17-92 
cluster and is able to modulate the expression of proteins critical for MM pathogenesis 
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(e.g. ,  SOCS-1 and p300-CBP-associated factor)  [  151  ] . At the same time, miR-15a 
and miR-16 were reported to be down-regulated in relapsed-refractory MM patients 
and to regulate proliferation and angiogenesis in MM  [  152  ] . Moreover, their anti-
MM activity was demonstrated even in the context of the BM microenvironment. 
According to Corthals et al . , there was no correlation between miR-15a and miR-16 
expression and chromosome 13 deletions in MM  [  153  ] . In chronic lymphocytic 
leukemia (CLL), however, absence of miR15 and -16 was suggested to be the result 
of deletion of the DLEU2 gene consistently lost in cases of CLL with a 13q14.3 
deletion  [  154  ] . Recently, a series of independent studies reported deregulated 
miRNA expression in primary human MM cells. This seemed to be associated with 
cytogenetic abnormalities (such as the IgH translocations, deletions and 
 hyperdiploidy) and correlated with gene expression changes characteristic of MM 
genetic subtypes  [  155–  157  ] . One of the most interesting  fi ndings was the signi fi cant 
upregulation of the miR-1/miR-133a cluster in MM samples with the translocation 
t(14;16). In addition, it was speculated that the underexpression of miR-196b, 
 miR-135b, miR-320, miR-20a, miR-19b, miR-19a, and miR-15a, found in many 
MM samples, could contribute to the overexpression of the predicted target CCND2. 
Of note, it was suggested that deregulation of a CYCLIN D gene is a unifying 
 oncogenic event in MM  [  6  ] . Only very recently, Zhou et al .  reported that there is a 
global elevation of miRNAs in high-risk disease de fi ned by the validated 70-gene 
risk score and proliferation index, which is partially due to overexpression of 
EIF2C2/AGO2  [  158  ] . This gene is a component of the 70-gene mRNA risk model, 
its overexpression in MM is driven by DNA copy number gains, and it seems to be 
the master regulator of maturation and function of miRNAs  [  158–  161  ] . Based on 
these data, the authors suggested that the observed genome-wide elevated  expression 
of miRNAs in high-risk MM may be secondary to deregulation of AGO2 and 
enzyme complexes that regulate miRNA maturation and function. So far only one 
study has evaluated the functional role of the identi fi ed miRNAs in the MM 
 pathogenesis in vivo  [  151  ] . Xenograft studies using human MM cell lines treated 
with miR-19a and b, and miR-181a and b antagonists resulted in signi fi cant 
 suppression of tumor growth. Consequently, the functional characterization of the 
miRNAs described in MM is of outmost importance.  

    14.8   Interplay Between Histone Modi fi cations, DNA 
Methylation, and miRNAs and Their Potential as Targets 
for Intervention in Multiple Myeloma 

 A growing body of evidence has pointed to the interdependent relationship between 
histone modi fi cations and DNA methylation  [  10–  12  ] . In fact, in cancer cells, 
 heavily methylated promoter regions of tumor suppressor genes are often associ-
ated with a loss of histone acetylation and enrichment of histone H3K9me2/3  [  11, 
  99  ] . However, the exact sequence of events and underlying molecular mechanisms 
are yet unknown. Early studies indicated that the link between histone modi fi cations 



266 E. De Bruyne et al.

and DNA  methylation could be dependent on MBD proteins. The latter recruit 
 chromatin-modifying complexes associated with HDAC and HMT activities to 
sites of de novo DNA methylation, thereby inducing chromatin structural changes 
 [  27,   28  ] . Thus, initially DNA methylation was thought to unidirectionally affect 
 chromatin structure. However, mutations in SUV39H1/2 were shown to reduce 
DNA  methylation, indicating that H3K9me3 might act upstream of DNA 
 methylation  [  162,   163  ] . In addition, G9a has also been demonstrated to play an 
important role in de novo DNA methylation of embryonic and germline genes dur-
ing normal development  [  164,   165  ] . Interestingly, the G9a-mediated DNA methy-
lation does not seem to depend on its catalytic activity (H3K9me2) but rather on its 
capacity to recognize  methyl-lysines and/or to recruit DNMTs  [  164,   166  ] . Based 
on this knowledge, H3K9me2 and DNA methylation have currently been proposed 
to form a reinforcing silencing loop  leading to stable silencing  [  167–  169  ] . 
Consequently, G9a was proposed to be one of the key enzymes in the aberrant 
silencing in cancer. Indeed, G9a is enriched at the promoters of aberrantly methy-
lated genes  [  169  ] . Recent evidence also indicates that inhibition of G9a is suf fi cient 
to reactivate silenced metastasis suppressor genes and this effect is further enhanced 
by concurrent inhibition of DNMT1  [  170  ] . 

 In contrast, H3K4me2/3 was suggested to protect promoters from de novo DNA 
methylation in somatic cells by preventing contact between the nucleosomes and 
DNTM3L  [  171–  173  ] . In actively transcribed genes, H3K4me2/3 marks most CpG 
islands as a result of the recruitment of speci fi c H3K4 HMTs by polymerase II 
 [  172  ] . Consequently, de novo DNA methylation seems to be closely associated with 
the presence of HDMs  [  174  ] . Interestingly, in embryonic stem (ES) cells, the active 
mark H3K4me2/3 and repressive mark H3K27me3 coexist on development-related 
genes and this bivalent modi fi cation status is believed to be necessary to sustain the 
undifferentiated state. During ES cell differentiation, the bivalent modi fi cations 
resolve into either H3K4me2/3 associated with active transcription or H3K27me3 
associated with transcriptional repression  [  175,   176  ] . Trimethylation of histone H3 
at K27 is the central event linking the Polycomb group (PcG) proteins to this 
 transcriptional repression and gene silencing  [  177  ] . The PcG proteins function in 
large multimeric complexes, of which the most well characterized are Polycomb 
repressive complexes PRC1 and PRC2  [  178,   179  ] . The PRC2 is composed of 
SUZ12, EED, YY1, and the catalytic subunit EZH2. The HMT activity of EZH2 
catalyzes H3K27-trimethylation, serving as a signal to recruit the PRC1. This com-
plex consists of HPC, BMI1, RING1, and HPH and will induce transcriptional 
silencing by preventing initiation of transcription by RNA polymerase II  [  180–  183  ] . 
In line with the assigned role for PcG as preservers of gene silencing required for 
self-renewal in cells with embryonic origin, it is not surprising that components of 
the PcG proteins recently also gained wide interest as prominent players in 
 carcinogenesis  [  184,   185  ] . EZH2 has previously been reported to be frequently 
overexpressed in a large number of tumors, in some cases correlating with poor 
prognosis  [  79,   186–  188  ] . Consistent with these  fi ndings, it was recently found that 
overexpression of the PRC2 components EZH2, SUZ12, and EED signi fi cantly 
 correlates with establishment and progression of MM  [  189  ] . EZH2 was associated 
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with cell proliferation and its expression was induced upon S phase entry and G2/M 
transition. Several reports also indicate that tumors are dependent on EZH2 for 
 proliferation  [  81,   188,   190–  192  ] . In MM, EZH2 expression was shown to be induced 
by IL-6 in growth factor-dependent cell lines, while being constitutively expressed 
in IL-6-independent cell lines  [  188  ] . Also, PcG proteins were suggested to induce 
tumorigenesis via direct transcriptional repression of key tumor suppressor genes 
like, p16 INK4A , p14 ARF , and E-cadherin  [  75  ] . Interestingly, this EZH2-mediated cell 
cycle progression promoted by gene repression also seems to involve deacetylation 
by HDAC1  [  193  ] . Consequently, treatment of leukemia cells with the HDACi 
LBH589 was demonstrated to deplete protein levels of EZH2, EED, and SUZ12, 
with concomitant reduction of H3K27me2/3 levels and loss of clonogenic survival 
 [  194  ] . Consistent with the interaction of DNMT1, DNMT3A, and 3B with the PRC2 
complex, PcG-mediated silencing may also predispose target genes to DNA 
 methylation  [  195–  199  ] . Furthermore, PcG proteins seem to be necessary for the 
maintenance of some CpG island methylation patterns in both normal and cancer 
cells  [  200  ] . Recently, however, PcG-mediated H3K27me3 has been suggested to be 
a solid silencing machinery independent of DNA methylation in human cancers  [  11, 
  168  ] . Apparently at least three different forms of silencing ranging from a  fl exible 
and plastic repressor-based mechanism to a highly stable inactivation can be 
 operative in cancer cells (Fig.  14.2 ) (1) genes can be de novo repressed by 
 PcG-mediated H3K27me3 without DNA methylation  [  201  ] ; (2) genes can lose their 
initial H3K27me3 marks after acquiring de novo DNA methylation and H3K9 
methylation  [  168,   201  ] ; and (3) H3K27me3 and DNA methylation may co-exist on 
certain genes  [  202  ] . In this case, the PcG-mediated H3K27me3 is the dominant 
silencing mechanism  [  168  ] . Of note, in prostate cancers, the majority of the genes 
enriched with the H3K27me3 mark seem to lack a CpG island in the promoter 
region and thus fall into the  fi rst class  [  168  ] . Recent data from Kalushkova et al .  
now show that genes bound by the PcG in cells of embryonic origin overlap with the 
MM gene pro fi le of underexpressed genes, as compared to normal plasma cells 
 [  189  ] . Underlining its clinical importance, underexpression of genes within the 
de fi ned pro fi le was more pronounced in the advanced stages (ISS stage III  compared 
to stage II and I) of MM progression. These  fi ndings have implications in the 
 understanding of how MM cells retain their “stemness,” e.g., the capacity for 
 self-renewal and drug resistance. Unraveling the biological signi fi cance of reacti-
vating a silenced gene signature in MM will most certainly have large  therapeutic 
implications. Strategies to chemically revert the H3K27me3-mediated gene silenc-
ing by targeting of the PRC2 complex in vitro and in vivo imply that the Polycomb-
target gene pro fi le could be highly relevant for pharmacological  treatment of MM 
 [  189  ] . The aberrant activity of the HMT WHSC1 (MMSET) or loss of the HDM 
KDM6A (UTX null mutation)  [  203,   204  ]  suggests the existence of several possible 
scenarios to preserve the gene silencing by PcG in a permanent mode in MM. 
MMSET is involved in the recurrent immunoglobulin translocation t(4;14), associ-
ated with a signi fi cant poor prognosis  [  6,   205  ] . Interestingly, the  UTX  null mutation 
and t(4;14) translocation were suggested to be mutually exclusive  [  204  ] . Taken 
together, the complex relationship between the histone code and DNA  methylation 



268 E. De Bruyne et al.

provides a rationale for a multifaceted strategy in which multiple  components of the 
epigenetic machinery may be targeted alone or simultaneously in order to achieve 
complete epigenetic reprogramming of cancer cells. As an example of this, HDACi 
were shown to affect DNMT activity accompanied by global and gene-speci fi c dem-
ethylation or depletion of the repressive chromatin marks  [  206–  210  ] . Moreover, it has 

  Fig. 14.2     Overview of the epigenetic gene-silencing mechanisms in cancer . ( a ) Active genes show 
an open chromatin state displaying an unmethylated promoter together with enrichment of  acetylation 
of the lysine residues on histone tail H3 and H4 ( red circles ) and trimethylation of H3K4 (H3K4me3) 
( green circles ). The combination of these epigenetic modi fi cations allows for transcription if the 
appropriate transcription factors and enhancers are present. In cancer cells, three different forms of 
gene silencing, ranging from a  fl exible and plastic repressor-based mechanism to a highly stable 
silencing, have been demonstrated. ( b ) Promoters lacking CpG islands are repressed through 
 polycomb group (PcG)-mediated trimethylation of H3K27 (H3K27me3) accompanied by the loss of 
histones acetylation and removal of H3K4me3. This form of silencing is rather  fl exible and genes 
could potentially be fully re-expressed by treatment of the cells with a histone deacetylase inhibitor 
(HDACi) and/or a speci fi c histone methyltransferase inhibitor (HMTi; e.g., a speci fi c PRC inhibitor). 
( c ) Promoters with CpG islands are repressed through DNA methylation ( green circles ) by DNA 
methyltransferases (DNMTs). Here, DNA methylation is often accompanied by H3K9me2 forming 
a reinforcing loop leading to highly stable silencing. In addition, DNA-mediated silenced promoters 
display a loss of H3K4me3 and histone acetylation. Full re-expression of these genes can potentially 
be achieved by the combination of a DNMT inhibitor (DNMTi) and HDACi. ( d ) However, on some 
CpG islands rich promoters, the repressive mark H3K27me3 and DNA methylation co-exist. 
Consequently, these promoters display DNA methylation accompanied with enrichment in the 
repressive marks H3K27me3 and H3K9me2 and loss of histone acetylation and H3K4me3. In these 
cases, PcG-mediated H3K27me3 appears to be the dominant silencing mechanism. Full 
 re-expression of these genes could possibly be achieved by the combination of HDACi, DNMTi 
and/or speci fi c HMTi       
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been reported that treatment with DAC only transiently induces demethylation in 
the silenced tumor suppressor genes  [  211  ] . This  phenomenon might be partially 
explained by the epigenetic memory retained in the chromatin. Consequently, it 
seems plausible that combining DNTMi and HMTi/HDACi might overcome this 
problem. Indeed, in vitro, this strategy has proven  successfully with the combina-
tion of DNMTi and HDACi showing robust  re-expression of silenced genes accom-
panied by an enhanced anticancer response  [  13,   212,   213  ] . In leukemia, in vitro 
synergistic anti-tumor activity of HDACi (VPA, JNJ-26481585 and LBH589) and 
DAC was demonstrated  [  206,   214,   215  ] . So far, no combinatorial therapy targeting 
DNMTs and HDACs were conducted in MM. However, Heller et al .  have reported 
on the synergy of the DAC and TSA in the  re-expression of genes silenced by DNA 
methylation in MM  [  46  ] . In addition, DAC was demonstrated to enhance the 
LBH589-mediated de-repression of Bim and CD9 in MM cells  [  113,   119  ] . In the 
case of Bim, microenvironmentally produced growth factors, i.e.,   IGF-1, were 
recently demonstrated to simultaneously increase H3K9me2 and decrease H3K4me3 
and H3K9Ac marks at the Bim and FoxO3a promoter, resulting in silencing of Bim 
 [  113  ] . Interestingly, combinatorial treatment with DAC and the HDACi LBH589 
was demonstrated to result in a drastic and signi fi cant reduction of the H3K9me3 
marks accompanied by an increase in H3K9Ac. It therefore seems plausible that a 
combinatorial approach targeting  several layers of gene silencing favoring tumor 
growth holds promise also in MM.  

 An additional group of critical regulators of the classical epigenetic machinery 
consists of epi-miRNAs, a subset of miRNAs (Fig.  14.3 ). Recent data show that 
Dicer −/−  ES cells exhibit considerable loss of DNA methylation  [  216,   217  ] . Indeed, 
the number of studies demonstrating that DNMT-1, DNMT-3a, and DNMT-3b are 
miRNA targets is rapidly growing  [  218  ] . For example, the miR-29 family has been 
shown to directly target DNMT3a and DNMT3b and indirectly DNMT1  [  219,   220  ] . 
DNMT3b is also under the control of the miR-148 family  [  221  ]  and indirectly 
DNMT3a and DNMT3b are controlled by the miR-290 cluster that directly targets 
RBL2  [  216  ] . Moreover, in human hepatocytes, miR-1 was recently found to target 
HDAC4, resulting in the onset of hepatocellular cell cycling  [  222  ] . HDAC4, on its 
turn, is targeted by miR-140, while miR-449a targets HDAC1  [  223,   224  ] . In 
 addition, a decrease in miR-101 expression due to genomic loss concomitant with 
increased expression of EZH2 expression was observed in progressed prostate can-
cer and bladder transitional cell carcinoma  [  81,   225  ] . Likewise, in B-cell lymphoma, 
 miR-26a expression was decreased and inversely correlated with EZH2 levels 
 [  226  ] . So far, there are no reports on epi-miRNAs in MM.  

 Conversely, DNA methylation and histone modi fi cations have also been  suggested 
to affect miRNA expression in a number of (cancer) cell types  [  19,   20,   227,   228  ] . 
Saito et al .  were one of the  fi rst to show, by extensive pro fi ling of  miRNAs, that 17 
of the 313 human miRNAs examined were upregulated after combinatorial  treatment 
with DAC and the HDACi PBA in T24 human bladder cancer cells  [  227  ] . Among 
the re-expressed miRNAs was miR-127 targeting the proto-oncogene BCL6. This 
tumor suppressor miRNA was demonstrated to be embedded in a CpG island and to 
be epigenetically silenced by both promoter hypermethylation and histone 
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modi fi cations in cancer. The regulation of miRNA expression by DNA methylation 
was further con fi rmed by creating double knockout (DKO) for DNMT1 and 
DNMT3b in the colorectal cancer cell line HTC-116. Eighteen of the 320  miRNAs 
examined were upregulated in the DKO cells. One of the main targets was miR124a, 
of which the promoter is densely methylated in cancer cells. miR124a targets the 
oncogene CDK6 and has an impact on the phosphorylation status of the  downstream 
protein Rb  [  229  ] . Recently, promoter hypermethylation of miR-124a was demonstrated 
to be an independent prognostic factor in acute lymphoblastic leukemia  [  230  ] . 
Moreover, the epi-miRNA families miR-29 and -148 were demonstrated to be 
hypermethylated in lung cancers  [  219,   221,   231  ] . HDACi have also been shown to 
regulate miRNA expression on their own, e.g. ,  in breast cancer, the HDACi LAQ824 
signi fi cantly altered miRNA expression levels  [  228  ] . Interestingly, it also seems that 
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  Fig. 14.3     microRNAs (miRNAs) play a complex role in the regulation of the epigenetic land-
scape . miRNAs are ~22 nucleotides small non-coding RNAs which regulate gene expression 
either through mRNA degradation or translational repression depending on the complementarity 
between the miRNAs and target genes. miRNA expression patterns are often found deregulated 
in cancer. miRNA can act as oncogenes or tumor suppressors by inhibiting the expression of 
cancer-related target genes. Interestingly, a reciprocal interaction exists between miRNA, one the 
one hand, and the “classical” epigenetic mechanisms (namely histone modi fi cations and DNA 
methylation), on the other hand. At least two families of miRNAs have been reported to affect 
expression of the DNMTs. The miR-148 family has been shown to regulate expression of 
DNMT3b, whereas the miR-29 family has been shown to target DNMT3a, DNMT3b and indi-
rectly DNMT1. In addition, miRNAs have also been shown to regulate expression of HDACs. 
HDAC4 has been reported to be the target of miR-140 and miR-1, whereas HDAC1 is targeted by 
miR-449a. The subset of miRNAs that target the classical epigenetic machinery are termed epi-
miRNAs. Of note, in cancer cells, the miR-29 and -148 promoters have been reported to be 
hypermethylated in association with deacetylation, thus leading to elevated levels of DNMTs. In 
addition, epigenetic silencing of some of the miRNAs known to target critical factors involved in 
oncogenesis has been documented in cancer       
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transcription factors can recruit epigenetic effectors to the miRNA promoter 
regions. This was, e.g., shown in acute myeloid leukemia, where the AML1/ETO 
fusion oncoprotein was reported to bind to the promoter of miR-223 and subse-
quently recruiting MBP, HDAC1, and DNMTs  [  232  ] . In addition, in 
 cholangiocarcinoma, IL-6 increased DNMT1 concomitant with silencing of the 
 promoter of miRNA-370 and re-expressing of the target gene MAP3K8  [  233  ] . It 
 therefore can be speculated that growth factors might be involved in  miRNA-
modulated tumor development and/or progression. Some reports further indicate 
that silencing of intronic miRNAs (miRNAs located in an intron of the host gene) 
might simply be the result of epigenetic changes of the host gene  [  234,   235  ] . 

 Very recently, the HDACi IFT2357 was demonstrated to signi fi cantly 
 down-regulate miR-19a and -19b expression in several human MM cell lines  [  236  ] . 
In addition, the promoter of miR-34a was found to be methylated in 5.5 % and 
18.8 % of primary MM and non-Hodgkin lymphoma respectively at the time of 
diagnosis. MiR-34a is the transcriptional target of p53 and is implicated in 
 carcinogenesis  [  237  ] . 

 Taking all these observations into account, it can be postulated that miRNAs, in 
concert with the “classical epigenetic mechanisms,” could provide a major  regulatory 
platform that drives gene expression. Consequently, it can be anticipated that 
 miRNAs, in combination with HDACi and/or DNMTi represent innovative targets 
to epigenetically reprogram cancer cells.  

    14.9   Concluding Remarks 

 Recent advances in the rapidly evolving  fi eld of cancer epigenetics have led to the 
concept that both the speci fi c organization of the chromatin structure and the DNA 
methylation process contribute signi fi cantly to the pathogenesis of both solid and 
hematological cancers including MM. Consequently, in an attempt to epigenetically 
reprogram the cancer cells, a plethora of epigenetic modulating agents such as 
HDACi and DNMTi have been developed. Of these, a number of compounds 
 demonstrate ef fi cacy as single agents in in vitro and preclinical settings. Moreover, 
results from ongoing clinical trials are encouraging, especially when given in com-
bination with current therapeutic regimens. However, the molecular mechanisms 
underlying the origin of cancer-speci fi c DNA methylation, histone modi fi cations, and 
miRNA expression are still largely unknown and research in this  fi eld is just starting. 
In-depth understanding of the intimate and reciprocal relationship between all the 
 components of the epigenetic machinery and especially of the precise sequential timing 
of all molecular events in cancer development will not only enhance our c omprehension 
of the different biological mechanisms that drive cancer development and  progression, 
but will also provide new molecular targets (e.g., newly identi fi ed HMT and HDM). 
In addition, the enhanced knowledge will enable the design of better combinatory 
treatment strategies and the identi fi cation of molecular markers for early detection of 
cancer, prediction of prognosis, and prediction of treatment outcomes.  
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  Abstract   The role of angiogenesis in solid tumors but also in hematologic 
malignancies including multiple myeloma (MM) is now well established. Research 
on angiogenesis in general and vascular endothelial growth factor (VEGF), in par-
ticular, is a major focus in biomedicine. Derived antiangiogenic therapeutics includ-
ing the monoclonal anti- VEGF antibody bevazicumab; and the second- generation 
multitargeted receptor kinase inhibitors (RTKIs) sorafenib, sunitinib, and pazopanib 
have fundamentally changed treatment strategies in progressed solid tumors over 
the past decade. In MM, increased microvessel density (MVD) within the bone 
marrow of MM patients correlates with disease progression and poor prognosis. 
The therapeutic success of thalidomide and the novel agents bortezomib and lenali-
domide in MM treatment is based, at least in part, on their activity against VEGF 
production and secretion and related effects within the BM microenvironment. 
Based on these observations, several preclinical and clinical studies are ongoing to 
evaluate strategies, which either directly or indirectly target VEGF and VEGF 
receptors and the “vascular niche” in order to improve MM patient outcome.     
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     15.1   Introduction 

 A new era of research to identify pro- and antiangiogenic molecules and develop 
derived targeted therapies was triggered by Dr. Judah Folkman’s seminal postula-
tion in 1971 that angiogenesis is required for tumor growth and progression and 
may represent a new target for cancer therapy  [  1  ] . After more than 30 years, it is 
well established that angiogenesis plays not only a pivotal role in solid tumors but 
also in hematologic malignancies  [  2,   3  ] . Today, research on the formation of new 
blood vessels (angiogenesis), in general, and VEGF, in particular, is a major focus 
in biomedicine, and has led to the clinical approval of the monoclonal anti-VEGF 
antibody bevazicumab; and the second-generation multitargeted receptor kinase 
inhibitors (RTKIs) sorafenib, sunitinib, and pazopanib in metastatic colorectal can-
cer, hepatocellular carcinoma (HCC), non-small cell lung cancer (NSCLC), glio-
blastoma multiforme (GBM) renal cell carcinoma (RCC), and gastrointestinal 
stroma tumor (GIST). 

 In the  fi rst well-documented case of multiple myeloma (MM), Samuel Solly 
described the disease as a “morbid action of the blood vessels in which the earthy 
matter of the bone is absorbed and thrown out by the kidneys in the urine.” Solly is 
thereby the  fi rst to anticipate the role of the bone marrow microenvironment 
and angiogenesis in MM pathogenesis. However, it was not until 150 years later 
that Vacca et al. reported for the  fi rst time in 1994 increased microvessel density 
(MVD) within the BM of MM versus monoclonal gammopathy of undetermined 
signi fi cance (MGUS) patients and in active (diagnosis, relapse, leukemic phase) 
versus non-active (complete/objective response, plateau) MM  [  4  ] . Importantly, 
these  fi ndings correlate with disease progression and poor prognosis  [  5,   6  ] . 
Moreover, BM MVD at the time of initial diagnosis is an important prognostic fac-
tor for median overall survival (OS) and median progression-free survival (PFS) in 
patients undergoing autologous transplantation as frontline therapy for MM  [  7–  9  ] . 
These data, coupled with antiangiogenic properties of thalidomide recognized by 
D’Amato and Folkman  [  10  ] , provided the rationale for the therapeutic use of thali-
domide in MM. Indeed, the landmark trial by Singhal and Barlogie demonstrated 
responses in 30% of MM patients whose disease was refractory to conventional 
and high-dose therapy  [  11  ] . 

 A signi fi cant decrease of MVD further supported an antiangiogenic effect of 
thalidomide, and suggested the association of angiogenesis and primary resistance 
to therapy of more aggressive disease  [  12,   13  ] . Subsequent studies demonstrated 
that increased BM MVD is mediated by an unbalance of normally  fi nely tuned 
expression of pro- and antiangiogenic molecules  [  14–  18  ] . 

 Here we review up-to-date insights on the MM BM microenvironment and the 
“vascular niche” in particular. Moreover, we summarize recent derived approaches 
to target BM angiogenesis and vascular endothelial growth factor (VEGF), the 
key angiogenic activator in tumor angiogenesis, using novel therapeutic 
strategies.  
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    15.2   The Vascular Niche Within the Multiple Myeloma Bone 
Marrow Microenvironment 

 Following the discovery of the therapeutic value of thalidomide in MM, a multitude 
of preclinical studies by us and others have highlighted the pivotal role of the BM 
microenvironment in MM pathogenesis and identi fi ed additional new therapeutic 
targets. The therapeutic success of derived novel agents, e.g., bortezomib and lenali-
domide, even in relapsed/refractory disease is, at least in part, due to their activity 
against BM microenvironment-derived (e.g., antiangiogenic) effects on MM cells, 
con fi rming the therapeutic promise of targeting MM–BM milieu interactions. 

 The BM environment located within the protective coat of mineralized bone 
consists of hematopoietic and non-hematopoietic cells, as well as an extracellular 
and liquid compartment. It is organized in a complex three-dimensional architecture 
of sub-microenvironments (“niches”). Under physiologic conditions, these com-
partments are highly organized by cell–matrix and cell–cell interactions within a 
regulative liquid milieu and support normal hematopoiesis. In MM, the balanced 
homeostasis between these BM compartments is disrupted and supports MM cell 
proliferation, survival, migration and drug resistance via activation of various 
signaling pathways  [  19  ] . 

 The “vascular niche,” in particular, is comprised of vasculature forming a 
conduit between the “encapsulated chamber” of the BM and the peripheral circulation 
to enable MM cells both to leave the osteoblastic niche and enter the vascular system 
via transendothelial migration (mobilization), and to return to the BM via homing 
 [  19  ] . Functionally, it is now clear that the vascular niche is not only a transfer system 
for mature blood cells to the peripheral circulation, but also a site required for the 
differentiation and maturation of hematopoietic progenitors via both the production 
and secretion of various cytokines and growth factors, as well as direct contact. 
Importantly, hematopoietic cells in turn prolong survival of BM endothelial cells by 
secreting endothelial cell survival factors, such as VEGF. 

 The complexity of angiogenesis characterized by sprouting and co-option  [  20  ]  of 
neighboring pre-existing vessels is further enhanced by VEGF-induced recruitment 
of highly proliferative circulatory endothelial progenitors (CEPs) from the BM, 
hematopoietic stem cells (HSCs), progenitor cells, monocytes, and macrophages 
 [  21  ] . Remarkably, also tumor cells can act as endothelial cells and form functional 
avascular blood conduits or mosaic blood vessels  [  21–  27  ] . 

 The imbalance of pro-angiogenic regulators, i.e. VEGF, accounts for an abnor-
mal structure of tumor vessels resulting in chaotic, variable blood  fl ow and vessel 
leakiness, and thereby lowering drug delivery and selecting for more malignant tumor 
cells  [  28–  31  ] . Indeed, Vacca et al. also showed the existence of a heterogeneous 
population of endothelial cells derived from patient BM (MMECs) which differs 
from its normal counterpart in morphology, antigen expression, and function, result-
ing in tortuous, uneven vessels with profuse branching and shunts. These  fi ndings 
indicate that MMECs facilitate tumor cell growth, invasion, and dissemination more 
than HUVECs  [  32  ] .  
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    15.3   The Role of VEGF in MM 

 VEGF and its receptors are expressed both by stromal cells and a variety of tumor 
cells, including MM cells. VEGF within the BM microenvironment of MM is over-
expressed and secreted predominantly by the clonal plasma cells. One main regulatory 
circuit of MM cell-derived VEGF secretion is represented by the functional interac-
tion of interleukin-6 (IL-6) and VEGF. Speci fi cally, MM cells trigger IL-6 secretion 
by BM stromal cells (BMSCs). In turn, BMSC-derived IL-6 promotes proliferation, 
survival, and VEGF production in plasma cells  [  15,   33  ] . Both IL-6 and VEGF secretion 
are additionally induced by CD40 activation of tumor cells, as well as by a variety 
of other growth factors and cytokines present in the BM microenvironment, including 
TNF a  and IL-1  [  34  ]   [  35  ] . VEGF-mediated paracrine effects on endothelial cells are 
mediated via VEGF receptor-2 (VEGFR-2), and VEGF-mediated paracrine effects 
on stromal cells as well as autocrine effects on tumor cells are mediated via VEGFR-1. 
Besides stimulating endothelial cell proliferation and migration, VEGF also 
enhances endothelial expression and activation of adhesion proteins (e.g., integrins) 
and stimulates secretion of proteases and ECM components, thereby enabling the 
remodeling of extracellular matrix (ECM) structures and modulating tumor 
 cell–tumor cell as well as tumor cell–ECM interactions  [  36  ] . Although VEGF 
represents the predominant angiogenic factor, the concerted function of additional 
pro-angiogenic molecules is required for angiogenesis. These factors include basic 
 fi broblast growth factor (bFGF), interleukin-8 (IL-8), placenta-like growth factor 
(PlGF), transforming growth factor- b , platelet-derived endothelial growth factor 
(PD-EGF), angiopoetin-1, and pleiotrophin. While VEGF directly stimulates 
endothelial cell growth, the other pro-angiogenic factors predominantly recruit 
supporting cells such as pericytes and smooth muscle cells, as well as proteins of 
the ECM. Inducers of angiogenesis in the MM BM microenvironment include IL-6, 
TNF- a , FGF-2, HGF, IGF-1, MIP-1, MCP-1, and SDF-1  [  37  ] . Antiangiogenic 
factors including angiostatin, endostatin, and thrombostatin  fi nely tune angiogenesis 
by regulating expression of the above activators  [  38,   39  ] . 

 In addition to its role in angiogenesis, VEGF triggers a multitude of additional seque-
lae, which are likely to contribute to the clinical features of MM including direct tumor 
cell survival, migration and moderate proliferation, immune suppression and lytic bone 
lesions  [  40,   41  ] . It therefore represents a potential new therapeutic target in MM.  

    15.4   Strategies to Directly and Indirectly Targeting 
Angiogenesis and VEGF-signaling Sequelae 

 Approaches to disrupt the VEGF/VEGF receptor signaling pathways range from 
small molecule VEGF receptor inhibitors to biological agents including soluble 
receptors, anti-VEGF and anti-VEGF receptor antibodies, and VEGF transcription 
inhibitors. Although avastin is an effective medication and studies testing the 
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 VEGF-trap or VEGFR-targeting antibodies are promising, drug resistance always 
develops likely due to targeting a single tumorigenic pathway. Indeed, extended 
blockade of VEGF alone results in tumor revascularization, dependent on other pro-
angiogenic factors such as FGF  [  42  ] . Small-molecule inhibitors therefore have the 
advantage of being both orally available and more promiscuous in target inhibition. 

    15.4.1   Bevacizumab (Avastin™) 

 A recent milestone in cancer therapy was the approval of bevacizumab, a humanized 
monoclonal antibody against VEGF, by the US Food and Drug Administration as 
 fi rst-line therapy for metastatic colorectal cancer in February 2004. Bevacizumab 
represents the  fi rst cancer drug speci fi cally designed to target VEGF. Mechanisms 
of action include not only inhibition of tumor angiogenesis but also tumor vessel 
normalization, and inhibition of vascular recruitment of circulatory endothelial cells 
(CECs) and endothelial progenitor cells (EPCs). Indeed, bevacizumab-induced 
increases of the systemic fraction of tumor endothelial cells with pericyte coverage 
may re fl ect the dropout of immature endothelial cells and potentially provide a 
novel biomarker  [  43  ] . Following metastatic colorectal cancer, the effectiveness of 
bevacizumab has also been demonstrated in several other tumors, however, only 
when combined with conventional chemotherapy  [  44  ] . To date, more than 300 clinical 
trials are evaluating bevacizumab in a variety of solid and hematologic malignancies, 
including MM (  http://www.clinicaltrials.gov/    ). For example, ongoing trials in MM 
evaluate the ef fi cacy of bevacizumab either in combination with lenalidomide and 
dexamethasone or in combination with bortezomib in relapsed or refractory MM.  

    15.4.2    VEGF-trap,  HuMV833 and VEGFR antibodies 

 VEGF-trap (A fl ibercept, Regeneron Pharmaceuticals, Tarrytown, NY) is a soluble 
decoy receptor protein consisting of a hybrid Fc construct in which domain 2 of 
VEGFR-1 is fused to domain 3 of the VEGFR-2  [  45,   46  ] . It has high af fi nity for all 
isoforms of VEGF-A and causes regression of co-opted vessels in a model of neu-
roblastoma  [  47  ] . Several clinical phase II/III trials testing the VEGF-trap in solid 
malignancies including prostate cancer, NSCLC, colorectal, and pancreatic cancer 
as well as a clinical phase II trial in patients with stage II or stage III MM which 
have relapsed or did not respond to previous treatment are ongoing (  http://clinicaltrials.
gov/    ). Similarly, HuMV833 is a humanized monoclonal IgG antibody that binds 
VEGF-A isoforms VEGF121 and VEGF165 with antitumor activity in human tumor 
xenograft models  [  48,   49  ] . Further antibodies against VEGFR-1 or VEGFR-2 
(IMC-18 F1, IMC-1121B ImClone, New York, NY) are under preclinical and clini-
cal investigation.  

http://www.clinicaltrials.gov/
http://clinicaltrials.gov/
http://clinicaltrials.gov/
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    15.4.3   Sorafenib and Sunitinib 

 Two RTK inhibitors have now been approved by the FDA:  [  1  ]  sorafenib (Nexavar, 
BAY43-9006, Bayer HealthCare Pharmaceuticals and Onyx Pharmaceuticals)  [  50,   51  ] , 
which targets VEGFR2, VEGFR-3, Raf, PDGFR b , Flt3 and c-Kit for the treatment 
of advanced RCC in 2005 and for the treatment of unresectable hepatocellular car-
cinoma (HCC) in 2007, with advanced clinical studies in NSCLC and melanoma; 
and  [  2  ]  sunitinib (Sutent, SU11248, P fi zer)  [  52  ] , which targets VEGFR2, PDGFR a / b , 
c-Kit, Flt3, RET for  fi rst-line and second-line therapy of metastatic RCC  [  53,   54  ]  
and for treatment of nongastrointestinal stromal tumor sarcomas  [  55  ]  in 2006, with 
advanced clinical studies in breast, colorectal, and lung cancer. 

 In MM, a clinical phase II trial evaluated the ef fi cacy of sunitinib in relapsed or 
refractory MM. Results are pending. Most recent data demonstrated signi fi cant 
sorafenib-induced preclinical anti-MM activity and synergized with common 
anti-MM drugs  [  56  ] . A variety of ongoing clinical trials evaluate the therapeutic 
value of sorafenib alone or in combination with bortezomib, lenalidomide, and 
dexamethasone; or everolimus. 

 Side effects include hand–foot skin reaction, diarrhea, alopecia, fatigue, nausea, and 
hypertension for sorafenib; and fatigue, nausea, diarrhea, and vomiting for sunitinib.  

    15.4.4   Vatalanib (PTK787/ZK222584) 

 Vatalanib (Novartis Pharmaceuticals, East Hanover, NJ) is an orally available 
tyrosine kinase inhibitor which binds to the ATP-binding sites of VEGF receptors 
 [  57,   58  ] . In MM, we have reported that vatalanib  [  1  ]  acts directly on MM cells to 
inhibit VEGF-induced MM cell growth and migration and  [  2  ]  inhibits paracrine 
IL-6-mediated MM cell growth in the BM milieu  [  59  ] . A trial testing vatalanib as 
post-transplant maintenance therapy in patients with MM has now been completed. 
Results show that vatalanib failed to show any signi fi cant decrease of microvessel 
count in BM biopsies assessed by immunohistochemistry prior to vatalanib initia-
tion, after three cycles of therapy, and at the end of therapy. Also there was no 
change in BM cellularity and plasma cell count noted. In summary, the study failed 
to demonstrate a clinical bene fi t for maintenance therapy with vatalanib in the post-
ASCT setting for MM  [  60  ] .  

    15.4.5   Pazopanib (GW786034B) 

 Pazopanib (GlaxoSmithKline, Research Triangle Park, NC) is an orally available, 
small-molecule tyrosine kinase inhibitor of VEGF-receptor-1, -2, -3 with IC50s of 
10, 30, and 47 nM, respectively  [  61,   62  ] . An initial non-randomized, dose-escalation 
phase I study with pazopanib (GSK-VEG10003) showed stable disease or partial 
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responses in relapsed/refractory patients with renal cell (RCC), Hurthle cell, 
neuroendocrine, GIST, and adeno-lung carcinoma, as well as chondrosarcoma, leio-
myosarcoma, and melanoma with manageable side effects  [  63  ] . Based on a phase 
III clinical trial, pazopanib was FDA approved in October 2009 for the treatment of 
locally advanced or metastatic RCC  [  64  ] . Ongoing studies are evaluating pazopanib 
for the treatment of a variety of other malignancies including breast cancer, ovarian 
cancer, cervical cancer, NSCLC, colorectal cancer, and head and neck cancer. 

 In MM, pazopanib inhibits VEGF-triggered signaling pathways in tumor and 
endothelial cells, both in vitro and in vivo. Moreover, low-dose pazopanib 
 demonstrated synergistic cytotoxicity with conventional (melphalan) and novel 
(bortezomib, immunomodulatory drugs) therapies  [  65  ] . These preclinical studies 
provided the rationale for clinical evaluation of pazopanib. In a clinical phase II 
study, pazopanib did not demonstrate activity for relapsed or refractory MM  [  66  ] .  

    15.4.6   Other VEGF Inhibitors 

 Signi fi cant ef fi cacy of RTK inhibitors including small molecules SU5416 (Sugen) 
 [  67–  69  ] , SU11248 (Sugen)  [  52  ] , AG013676 and CP-547,632 (P fi zer)  [  70  ] , ZD6474 
(Vandetanib, ZACTIMA, AstraZeneca)  [  71  ] , and GW654652 (GlaxoSmithKline) 
has been demonstrated in preclinical models with promising results in clinical trials 
of solid tumors. In MM, a phase II study of SU5416 in patients with refractory MM 
had only minimal clinical activity. However, signs of biological activity (decrease in 
plasma VEGF levels) suggested that angiogenic modulation may be of therapeutic 
value in patients with MM  [  72  ] . Similarly results were obtained in a targeted phase 
I/II trial of ZD6474 in relapsed or refractory MM  [  73  ] .   

    15.5   Additional Approaches Directly or Indirectly 
Targeting VEGF 

    15.5.1   Thalidomide (alpha-N{phthalimido}glutarimide)/IMiDs 

 In 1957 thalidomide was introduced as a sedative and for treatment of morning sickness 
during the  fi rst trimester of pregnancy in Europe but got withdrawn from the market 
only a few years later due to the induction of teratogenicity and phocomelia. Based 
upon both its antiangiogenic activity  [  10  ]  and the increased MVD in advanced MM 
 [  4  ] , Singhal et al. used thalidomide to empirically treat patients with refractory or 
relapsed MM. Response rates of approximately one third of patients  [  11  ]  were later 
con fi rmed by other investigators  [  74  ] . Today, thalidomide is part of standard therapy 
regimens not only for relapsed and refractory MM patients but also for treatment of 
newly diagnosed patients both transplant-eligible and transplant-ineligible. 
Importantly, thalidomide is also used as a category 1 maintenance therapeutic. 
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 Subsequently to thalidomide, a series of more potent immunomodulatory drugs 
(IMiDs) have been developed  [  75  ] . Similar to thalidomide, IMiDs, and lenalidomide 
in particular are now part of standard therapy regimens for patients with relapsed or 
refractory MM, as well as for patients with newly diagnosed MM  [  76  ] . Moreover, 
recent data support the use of maintenance lenalidomide to prolong PFS post-ASCT 
 [  77,   78  ] . In addition, Palumbo et al. have shown prolonged PFS in non-ASCT 
candidates treated with melphalan plus prednisone plus lenalidomide followed by 
lenalidomide maintenance  [  79  ] . Importantly, both thalidomide and the IMiDs can 
overcome the growth and survival advantage conferred by the BM milieu, at least 
in part by downregulating VEGF  [  80,   81  ] . Mechanistically, recent data show that 
thalidomide signi fi cantly inhibits proliferation and capillarogenesis of MMECs  [  32  ]  
and mediates its antiangiogenic action by ceramide through depletion of VEGF 
receptors and antagonization by sphingosine-1-phosphate  [  82  ] . A phase I/II study 
using IMiD CC-4047 (Actimid), another IMiD in patients with advanced MM, 
showed anti-tumor activity and an acceptable safety pro fi le  [  83  ] .  

    15.5.2   Bortezomib (Velcade ® ) 

 The  fi rst-in-class proteasome inhibitor bortezomib (Velcade, PS341) may serve as a 
paradigm for the translation of a rationally designed and preclinically evaluated 
compound into successful clinical trials  [  84  ] . Bortezomib signi fi cantly changed 
treatment strategies in MM. It is now part of standard therapy regimens not only for 
relapsed and refractory MM patients but also for treatment of newly diagnosed 
patients both transplant-eligible and transplant-ineligible. Moreover, clinical trials 
to evaluate its role in maintenance therapy are ongoing. 

 The antiangiogenic effect of bortezomib  [  85,   86  ] , which is mediated via caveo-
lin-1-dependent regulation of MM cell-derived VEGF secretion and caveolin-
1-mediated HUVEC proliferation, at least in part, additionally contributes to its 
anti-MM activity  [  87,   88  ] .  

    15.5.3   CD40 Antibody 

 CD40 activation induces p53-dependent VEGF secretion  [  89  ] ; conversely, a 
humanized anti-CD40 antibody induces cytotoxicity in human MM cells  [  90  ] . 
A derived clinical trial is ongoing.  

    15.5.4   Enzastaurin (LY317615.HCl) 

 The macrocyclic bisindolylmaleimide Enzastaurin (LY317615.HCl) is a novel 
orally available PKC inhibitor. Enzastaurin competes with ATP for the nucleotide 
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triphosphate-binding site of PKC, thereby blocking its activation. Besides its major 
target PKC b , Enzastaurin also potently inhibits other PKC isoforms including 
PKC d , PKC e , PKC g , and PKC a   [  91  ] . Initially developed as an anti-angiogenic 
cancer therapy which both inhibits VEGF-triggered PKC pathways in endothelial 
cells as well as decreasing plasma VEGF levels  [  92–  94  ] , signi fi cant activity was 
also reported in a variety of tumor cells  [  91  ] . Early clinical studies show that 
Enzastaurin is well tolerated within a dosage range of 20–700 mg/day, without 
reaching a maximally tolerated dose, and mean steady-state plasma levels of 2  m M 
were achieved after oral administration of 525 mg/day Enzastaurin. In MM, PKC 
isoform expression has been reported in several MM cell lines and associated with 
MM cell apoptosis, migration, and IL-6 receptor  a  shedding. 

 Our own studies demonstrate marked in vitro and in vivo activity of Enzastaurin 
in MM via both its anti-tumor cell and antiangiogenic activity  [  95  ] . A study testing 
Enzastaurin in pretreated patients with Waldenstrom’s macroglobulinemia or MM 
is ongoing. Similarly, several clinical trials are ongoing to test Enzastaurin in a 
variety of malignancies including recurrent brain tumor (phase I), advanced or 
metastatic malignancies (phase II), advanced non-small cell lung cancer (NSCLC) 
(phase II), metastatic colorectal cancer (phase II), advanced or metastatic pancreatic 
cancer combined with gemcitabine (phase II), glioblastoma multiforme (phase III), 
and diffuse large B-cell lymphoma (phase III) (  http://www.clinicaltrials.gov    ).   

    15.6   Inhibiting Endothelial-Speci fi c Integrin/Survival 
Signaling 

 The cyclic pentapeptide EMD 121974 (cilengitide) mediates its antiangiogenic 
activity via selective inhibition of integrins  a  n  b 3 and  a  n  b 5, which are co-stimulators 
in VEGF-triggered signaling pathways  [  96–  99  ] . A clinical trial evaluating the 
ef fi cacy of cilengitide in patients with locally advanced or metastatic cancer including 
MM has now been completed; results are pending.  

    15.7   Discussion 

 BM angiogenesis is pivotal for MM pathogenesis and therefore represents a 
potential therapeutic target in MM treatment. Indeed, the use of thalidomide and its 
derivative lenalidomide but also of bortezomib fundamentally changed treatment 
strategies in MM. The anti-MM activity of these agents is, at least in part, mediated 
via their anti-angiogenic effect. In addition, promising preclinical results obtained 
with more speci fi c inhibitors of angiogenesis, e.g., VEGF-inhibitors, are now evalu-
ated in the clinical setting. 

 Although the introduction of antiangiogenic agents into clinical practice repre-
sented a milestone event in cancer therapy during the last decade, the use of VEGF 

http://www.clinicaltrials.gov
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inhibitors  alone  either in early or  refractory/progressive  disease was disappointing. 
Moreover, survival bene fi ts observed in patients with  advanced  tumors treated with 
bevacizumab  even when combined  with conventional chemotherapies is modest, 
though signi fi cant  [  100,   101  ] . Therefore, further studies to increase our understanding 
of tumor angiogenesis and the development of resistance are required. 

 The optimal use of antiangiogenics/VEGF-inhibitors is very likely stage-dependent 
with higher sensitivity to VEGF inhibition in early stages due to the increase of 
redundant pro-angiogenic signals in later diseases  [  42  ] . Moreover, mechanisms 
mediating the potentiation of combination therapy likely dependent on timing and 
sequencing of the combined agents. This may explain why the clinical activity of 
VEGF-inhibitors as single agents has usually been disappointing when used in solid 
tumors. Even when given in combination with conventional chemotherapies, the 
activity of VEGF-inhibitors is only transient. In addition to upregulation of alternative 
pro-angiogenic signaling pathways, potential mechanisms of evasive resistance 
include the recruitment of vascular progenitor cells and pro-angiogenic monocytes 
from the bone marrow, increased and tight pericyte coverage, or increased capabilities 
for invasion and metastasis; pre-existing in fl ammatory cell-mediated vascular 
protection; hypovascularity; invasive and metastatic co-option of normal vessels; 
and mutational alteration of genes within endothelial cells  [  39,   102  ] . 

 Therapeutic bene fi ts may therefore be achieved by initiating treatment with 
VEGF-inhibitors early and by using antiangiogenic cocktails, which not only target 
VEGF both in patients with early and late stage disease. Moreover, new combined 
treatment regimens are attempting to reduce drug-associated toxic side effects and 
the development of drug resistance by either metronomic chemotherapy  [  102–  104  ]  
or combination with other antiangiogenic agents  [  105–  109  ] . Novel agents directed 
to overcome mechanisms of resistance against antiangiogenic therapies include 
vascular-disrupting agents (VDAs), which selectively destroy existing tumor 
vessels, and drugs, which target molecular mechanisms leading to vessel branching. 
Ongoing clinical trials study the activity of VDAs including combrestatin, AVE8062 
DMXAA, TZT-1027, ZD6126, Exherin, MN-029 alone or in combination with 
conventional chemotherapies or radiotherapy. The addition of VDAs to antiangio-
genic therapies may have a synergistic effect  [  110  ] . Additional novel approaches to 
inhibit tumor angiogenesis include third-generation antiangiogenic therapies targeting 
Dll4/Notch-, VEGFR-3-, PlGF and PDGF-, and maybe most promising Ang-TIE2-
induced signaling cascades, as well as Hif-1  [  111,   112  ] . Speci fi cally, Ang-1 expres-
sion is up-regulated in MM cell lines or in plasma cells obtained from MM patients 
and correlates with BM MVD. Indeed, anti-Tie-2 antibodies blocked the in vitro 
angiogenic activity of MM cells  [  113  ] . 

 Given the bene fi ts of combination therapy, it is also crucial to optimize existing or 
identify new treatment regimens in order to reduce drug-associated toxic side effects. 
Anti-VEGF inhibitors are generally well tolerated. Surprisingly, a very common side 
effect of antiangiogenic therapy is hypertension which has been associated with NO 
changes, pruning of normal vessels, as well as effects on renal salt homeostasis  [  114  ] . 
Although hypertension is treatment-responsive, it remains to be determined whether 
hypertension in fl icts a “contra-effect” to antiangiogenic/VEGF-inhibitor therapy. 
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Adverse side effects of direct VEGF-inhibition (bevacizumab, sorafenib, sutent) 
rarely also include neuropathy, although with a much lower incidence than borte-
zomib or thalidomide. A pivotal role of VEGF and other angiogenic molecules in 
neurogenesis and neuroprotection has been proposed  [  115  ] . In MM, thalidomide, 
bortezomib, and lenalidomide have fundamentally changed clinical practice. 
However, toxic peripheral neuropathy represents a dose-limiting debilitating side 
effect with high incidence and lack of effective treatment. 

 In summary, antiangiogenic compounds like thalidomide have already 
 demonstrated activity in MM. However, with the increase of our knowledge of the 
complexity of molecular mechanisms contributing to tumor angiogenesis in  general, 
and MM BM angiogenesis in particular, we aim to identify additional therapeutic 
targets to further optimize treatment regimens and to reduce mechanisms leading to 
antiangiogenic drug-resistance in order to further improve MM patient outcome and 
reduce drug toxicity.      
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  Abstract   Biologically relevant and reproducible in vivo models are commonly 
used to evaluate new therapies and targets for the treatment of multiple myeloma 
(MM). This chapter describes the historical development of the transplantability of 
tissues from one species to that of a foreign or different species (hetero-transplanta-
tion), the development of non-human mouse models of plasmacytomas and myelo-
mas, other new animal models of MM, and how the knowledge gained from human 
MM models has been applied to clinical trials directly bene fi ting MM patients.     

     16.1   Introduction 

 Animal models of human cancer have long ago been of scienti fi c interest. James B. 
Murphy demonstrated in 1912 that a cancer of the rat, speci fi cally a sarcoma, grew 
in the outer membrane (fused chorion and allantois) of chick embryos before hatching 
time  [  1  ] . Furthermore, the rat sarcoma could be serially transferred from embryo to 
embryo inde fi nitely and could also be implanted back into the rat after generations of 
growth in the chick embryo. His experiments in 1914 also showed that small round 
lymphocytes were responsible for the rejection of a rat sarcoma growing in the outer 
membrane of chick embryos  [  2  ] . The small round lymphocytes were derived from 
adult chicken spleen and bone marrow but adult thymus cells were not tested in these 
experiments. Thus, it was known that cells of at least two organs (spleen and bone 
marrow) were immunologically competent and able to reject tissue grafts. A few 
decades later, heterologous mammalian transplantation was demonstrated by 
successful growth and serial transfer of rabbit tumors into the anterior chamber 
of the eye of guinea pigs  [  3  ] . This inoculation method suggested that it might be 
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possible to grow human cancers. A preliminary report in 1938 by Harry S.N. 
Green brie fl y mentions the growth of a human scirrhus cancer of the breast using 
this inoculation method  [  4  ] ; however, detailed experiments in 1950 established 
unequivocally the successful heterotransplantation of human melanomas into the 
anterior chamber of the eye of guinea pigs  [  5  ] . Serial transfer of these human 
 melanomas into subsequent guinea pigs’ eyes is not mentioned in the report. It is 
important to note that all of the above-mentioned studies were performed either in 
anatomical locations deprived of immune competent cells or immunologically 
 privileged sites. Detailed literature dealing with heterologous transplantation of 
mammalian tumors is available by each of these and other authors, as various claims 
to be the  fi rst to successfully grow human cancers in foreign species have been 
made but were not substantiated upon critical scienti fi c review. 

 In 1960, it was demonstrated that human cell lines could grow in rats if injected 
less than 24 h after birth  [  6  ]  and additional experiments, by other authors, in 1966 
and 1976 con fi rmed this observation  [  7,   8  ] , respectively. The role of the thymus was 
unknown in the early 1960s. In humans, it was known that in infancy the thymus 
was a large mass of tissue that decreases in size at or following puberty and  involutes 
in the adult. Prevailing opinion at the time was that the thymus was a graveyard for 
dying cells. A major discovery in immunology was made in 1962 when J.F.A.P. 
Miller demonstrated that mice thymectomized at birth, but not later, failed to reject 
skin from a different species, the rat  [  9  ] . The rationale for grafting mice with foreign 
skin grafts was based on his observation that neonatally thymectomized mice showed a 
marked de fi ciency of lymphocytes which was accompanied by an  inordinate  susceptibility 
to infection. 

 Shortly thereafter, in 1966, the mouse mutant “nude” mouse was described  [  10  ] , 
and in 1968 it was found not to contain a thymus  [  11  ] . Homozygote nudes are hairless, 
lacking a thymus, and show extremely low blood leukocyte counts. The successful 
graft or “take” of a human cancer was demonstrated in 1969  [  12  ] . Researchers now had 
a scienti fi c tool to study the transplantability of foreign tissues (normal and 
 cancerous), the factors of resistance governing heterologous tissue grafts and a 
model system to study human cancer chemotherapy without placing the patients at 
risk. In 1983, the severe combined immunode fi ciency (SCID) mutation occurred 
spontaneously in the BALB/c C.B-17 strain  [  13  ] . SCID mice lack functional B and T 
cells and are therefore ideally suited for use as animal models of human cancers as 
they more readily accept transplantation of human tissues. This essentially means that 
these mice have a diminished immune system making it easier for the  transplanted 
human MM to grow in the mouse. 

 A report in 1992 showed the  fi rst successful engraftment of primary human MM 
cells when injected intraperitonally into SCID mice  [  14  ] . Growth of human MM 
cell lines using human fetal bone implants was demonstrated in 1997  [  15  ] . Irradiated 
SCID mice were implanted with bilateral human fetal bone grafts and human MM 
cell lines were injected only into the marrow cavity of the left bone implant. It was 
observed that MM cell lines engrafted and proliferated  fi rst in the left and then in the 
right human fetal bone implant. Additionally, these human MM cell lines were also 
found to spread to other locations in the SCID mice that did not have human fetal 
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bone implants. A year later, growth of primary MM cells in irradiated SCID mice 
implanted with human fetal bone was demonstrated. Moreover, it was shown that 
primary MM cells only grew in the human fetal bone and not in the murine bone 
marrow or blood  [  16  ] . The above-mentioned models are collectively referred to as 
SCID-hu due to the human tissue that the SCID mouse bears. The tissue need does 
not have to be fetal bone as fetal liver has also been implanted into SCID mice and 
also referred to as a SCID-hu model  [  17  ] . The SCID-rab model was recently 
d eveloped to replace the SCID-hu MM models mentioned above, as there were 
potential ethical and scienti fi c concerns regarding the use of human fetal bone and 
growth of MM from primary tumor samples and cell lines in an unnatural stem 
 cell-enriched fetal bone. This alternative model was developed in 2004 and  consisted 
of implanting rabbit bones into unconditioned SCID mice, allowing bone  engraftment 
for 6-8 weeks prior to injection with unseparated primary human MM BMMCs or 
CD138-selected primary MM cells  [  18  ] . Graft takes were successful and myeloma 
cells only grew in the rabbit bone. Different animal model systems have been used 
to study MM but the choice of the speci fi c model has been based on the goals of the 
research. While these models are used to study myeloma and its manifestations, 
they are limited in their usefulness. For example, they are not useful as  chemotherapy 
screening systems in vivo due to the inability to generate large cohorts of animals 
bearing tumors. The vast majority of primary MM cells from patients do not grow 
in SCID mice. Most of the time, the tumors grown in vivo are from established MM 
cell lines. These cell lines come from the most advanced cases of extramedullary 
myeloma which is not representative of the myeloma seen in most patients that are 
seen in the clinic. In addition, these tumor cells grow in vitro without the  requirement 
of supportive cells which are critical to the growth of MM in humans. 

 The models mentioned thus far are heterotransplants. Models in which the  cancer 
is of mouse origin are called murine models. It is appropriate here to mention the 
mouse plasmacytoma and MM models since prior to the development of human MM, 
these mouse models were what was available to contribute to our  understanding of 
plasmacytomagenesis and screening of drugs. Experiments in the late 1920s and 
1930s tested the relative potency of different carcinogenic agents when applied to the 
skin and peritoneal cavity of mice, respectively  [  19,   20  ] . In 1949, it was shown that 
tumors were induced in susceptible mouse tissues by the use of various  carcinogenic 
hydrocarbons  [  21,   22  ] . One hydrocarbon (or oil) in particular caused two cases of 
plasma cell leukemias  [  21  ] . It was later shown in 1969 by Michael Potter that pristane 
(a mineral oil) induced mouse plasma cell tumors, secreting monoclonal immuno-
globulin (Ig), when housed under conventional conditions  [  23  ] . Consequently, the 
pristane oil-induced mouse plasmacytoma (MPC) model was the most widely used 
and accepted model to study plasmacytomagenesis. A major bene fi t of this model that 
is not found in the current human myeloma models used today is that the BALB/c 
used to generate the MPCs are immune competent. This model helped scientists better 
understand cancerous plasma cells; however, there were signi fi cant differences when 
compared to their human counterparts. Most MPCs secreted IgA whereas the majority 
of human MM secreted IgG  [  24  ] , and chromosomal analysis of human MM and MPC 
demonstrated that the Ig heavy chain translocation partners found in human MM were 
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not shared by the MPC tumors  [  25  ] . In 1996, a different murine model was discovered 
in which  plasmacytomas developed spontaneously in aging mice of the C57BL/
KaLwRij strain  [  26  ] . This model is called the mouse MM (mMM) and a year later, a 
cell line from the 5T33 model was established  [  27  ] . Some, but not all, elderly mMM 
mice have been found to predominately secrete excessive amounts of monoclonal IgG 
in the serum and show bone marrow (BM) in fi ltration with myeloma cells which 
 produce the osteolytic lesions seen in human MM. These murine MM cells have been 
engineered to express enhanced green  fl uorescent protein (GFP) allowing for the anal-
ysis of homing pattern studies, evaluation of the effects of various therapeutic treatment 
approaches and imaging of tumor foci in the skeleton in a temporal fashion  [  28,   29  ] . 
However, the GFP-based in vivo model of a hematological malignancy was  fi rst shown 
in a human MM cell line which was transfected with a construct for GFP which allowed 
for noninvasive, real-time monitoring of the precise localization of tumor lesions and for 
the assessment of activity of anti-MM therapeutics  [  30  ] . The reader is referred to 
reviews of traditional MM models for additional information  [  31–  33  ] . 

 Recently, several new MM models have been developed. In order to address the 
issue of the lack of a human microenvironment in models involving mice as the host 
for the human MM, Calimeri and colleagues have used a bone-like scaffold as a 
surface to seed human BM stromal cells (SCs) which were implanted into SCID 
mice  [  34  ] . Three weeks later, autologous MM tumor cells were implanted into the 
mice and showed successful engraftment within the scaffolds containing the human 
BMSCs. This model provides the advantage of allowing assessment of effects of 
drugs on the human MM as well as the nonmalignant supporting cells. Data on two 
new transgenic MM models were recently published. Activation-induced deaminase 
(AID)-dependent activation of MYC in germinal center B-cells of VkMYC mice 
resulted in the progression of benign monoclonal gammopathy to an indolent MM 
with biological and clinical features characteristic of human MM  [  35  ] . These 
 transgenic mice were found to mostly secrete paraprotein of the IgG1 type, plasma 
cell expansion localized in the murine bone marrow and low hemoglobin 
c oncentrations indicating anemia. Additionally, lytic bone lesions, vertebral  collapse 
and decreased bone mineral density were occasionally detected in these VkMYC 
mice. Plasma cells from this model were also found to be responsive to conventional 
chemotherapies that are active in MM patients. In contrast to most human MMs 
which involve the translocation of chromosome 14q32 and speci fi c chromosomal 
sites including 11q13  [  36,   37  ] , the MYC oncogene activation that occurs in this 
murine model only occurs in less than 5% of human MM  [  25  ] . The second  transgenic 
model is of a MGUS/MM phenotype in mice with E  m  -directed expression of the 
XBP-1 spliced isoform (XBP-1 s)  [  38  ] . The transcription factor XBP-1 is a major 
regulator of the unfolded protein response (UPR) and abundant expression of 
XBP-1 s has been detected in human MM  [  39  ] . MM cells are known to have a 
 well-developed endoplasmic reticulum (ER), as they secrete excessive amounts 
IgG, and harbor a prominent well-organized Golgi region. The tumor cells are thus 
heavily reliant on the ER for IgG synthesis and the UPR whose function is to 
 properly construct unfolded proteins and correctly put together misfolded proteins 
which accumulate under ER stress conditions. The E  m -xbp-1 s  transgenic mice 
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develop elevated serum IgG, subendothelial Ig deposition and lytic bone lesions. 
This murine model is an additional tool which should help us to further understand 
the progression of MGUS to MM. 

 The development of drug resistance remains the most signi fi cant problem for 
myeloma patients. Despite advances in therapy for MM, patients with this disease 
will ultimately progress from each of their treatment regimens. Thus, it is  imperative 
to optimize the paradigms that will give patients longer lives with reduced side 
effects as they require many different anti-MM regimens during their course of 
disease. For this reason, we have attempted to grow and maintain tumors derived 
from freshly obtained MM bone marrow biopsies and blood from plasma cell 
 leukemia (PCL) patients in SCID mice  [  40  ] . 

 The “in vivo ”  lines we have developed display many features, morphologic and 
immunologic, typical of human MM and plasma cell leukemia that are especially 
suited for evaluation of agents in the preclinical setting and are faithful to the sensitivity 
and resistance of treatments of the patient from which they were derived. Figure  16.1  
outlines the procedures used to generate human MM xenografts using this model.  

 From the growth and passage of the implanted sample, we have established ectopic 
models of human MM and PCL in SCID mice. The morphology of the tumors  growing 
in SCID mice remains unchanged and is identical to that from the human MM tumor 

 

MM patient

BM biopsy

Development of New Multiple Myeloma
and Plasma Cell Leukemia Xenografts

MM
Tumor

Serum

SCID mouse

Passaged in
multiple mice

  Fig. 16.1    SCID mice are surgically implanted into the left hind limb with a 20–40 mm 3  bone 
marrow biopsy sample from a MM patient. The use of the biopsy allows implantation of both the 
malignant population and all of the supporting cells and structures in the BM from the MM patient. 
This overcomes the disadvantages of using cell lines or fresh BM aspirates which lack these addi-
tional elements which are critical to the establishment and growth of human MM       
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from which they were originally obtained. A large nuclear to cytoplasmic ratio is a 
prominent feature of malignant plasma cells. Similarly, the nuclei of the plasma cells 
growing in SCID mice occupy most of the cells with some cytoplasm located along 
the internal perimeter of the cell membrane. In these models, we have not only 
achieved a near 100% success rate at passing these tumors from mouse to mouse, 
but we are also able to grow MM tumors in a short period of time. Human 
 immunoglobulin G (hIgG) levels are detectable by ELISA after 7 days and a tumor 
is palpable as soon as 14 days following implantation of the tumor fragment. 
Notably, the growth pattern of the tumor and the rise in hIgG levels is very similar 
among different SCID mice bearing the same tumor. 

 For serial passages of the transplants, tumor-bearing donor mice are sacri fi ced 
and tumors aseptically dissected, cut into small tumor fragments and  intramuscularly 
implanted into recipient mice. These tumors have been maintained by serial 
 transplantation for years. The growth rate of each MM tumor varies but the average 
time to passage into another host is approximately one and a half months. By using 
an established tumor, we are able to quickly generate large numbers of MM-bearing 
animals for preclinical studies. Additionally, these solid tumors can be excised, 
digested into a single cell suspension, and injected subcutaneously or intravenously 
 [  40  ] . If injected intravenously, mice develop ruf fl ed fur and hind limb paralysis, 
suggesting spinal compression. These models are speci fi cally designed to rapidly 
and accurately evaluate the anti-MM activity of novel therapies and therapeutic 
regimens usually within a few weeks following initial administration of the 
 treatment. They have proven highly useful to many pharmaceutical companies, 
ranging in size from small to large, for the clinical development of different  anti-MM 
treatment strategies. 

 In contrast to MM cell lines and similar to primary MM patient cells, the MM 
tumors we have developed do not grow in vitro and thus cannot be maintained 
inde fi nitely in cell culture. These tumors can only be maintained via serial in vivo 
passage in SCID mice. Culture of these tumors in vitro, however, does allow a 
 window of opportunity to test the direct anti-MM effects of anticancer agents as 
they can survive in culture for a week, providing us the opportunity to evaluate 
direct short-term anti-MM drug effects. Another difference between these models 
and traditional MM cell lines is that our tumors predominantly secrete paraproteins 
of IgG types. Similarly, the majority of patients diagnosed with MM show production 
of this same type of monoclonal protein. Comparisons of the preclinical to clinical 
outcomes of drug responses between conventional MM cell lines, which do not secrete 
IgG, and MM tumor lines, which do secrete IgG, have not been determined in any 
systematic manner. Whether MM animal models which secrete paraprotein IgG and 
thus more closely mimic the clinical diagnosis of MM are better predictors of drug 
responses in humans when compared to MM cell lines grown in animal models is 
currently unknown. 

 Data obtained from preclinical studies using our MM animal models have led to 
many clinical trials. For example, using the LAG l -1 model, the dosing schedule of 
liposomal doxorubicin was optimized. Low doses administered once daily on three 
consecutive days per week were shown to decrease tumor growth and human 
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paraprotein levels whereas much higher doses given once weekly had no 
 anti-myeloma effects  [  41  ] . Moreover, the daily schedule was better tolerated 
than the weekly regimen. We have also shown that tumor-bearing mice treated 
with the combination of ATO and bortezomib have markedly decreased tumor 
volumes and lower paraprotein levels compared to single agent and  vehicle-treated 
mice  [  42  ] . A Phase I study evaluated this combination with ascorbic acid. This 
 regimen did not reach dose-limiting toxicity with full doses of both drugs and 
showed clinical activity  [  43  ] . Notably, we have used these models to also evaluate 
many investigational agents both alone and in combination with other anti-MM 
agents  [  44  ] , and these studies have led to many current clinical trials which have 
shown promising early results  [  45,   46  ] . In addition ,  we have recently published data 
evaluating CEP-18770  [  44  ] , a new proteasome inhibitor, as a single agent and in 
combination with anti-MM agents both in vitro and in vivo (Fig.  16.2 ), and as a 
result of these promising results a Phase I trial evaluating CEP-18770 is currently 
being evaluated.   

    16.2   Conclusion 

 It is dif fi cult to predict with high accuracy which preclinical agents demonstrate 
clinical activity based on the results from the few mouse models of human MM that 
are available today. It is unrealistic to expect that they will predict the variation in 
response that occurs in MM patients to chemotherapeutic agents that are currently 
being tested in various preclinical laboratories and on their way into the clinic. The 
FDA approval rate for oncology drugs is only approximately 10% and substantially 
lower than that of pharmaceutical agents in general (21.5% overall)  [  47  ] . The low 
oncology approval rating and lack of drug ef fi cacy in humans suggests that  traditional 
animal cancer models have limited predictive power. Furthermore, it is well 
 established that drug responses to various known anticancer agents differ between 
patients of the same cancer type. Morphologically similar tumors differ greatly in 
metabolic, biochemical, and genetic constitution. Human myeloma is known to show 
marked heterogeneity in terms of its genomic properties  [  48  ]  and especially its 
responsiveness to different therapeutic regimens. It is therefore essential to increase 
the number of MM models available to provide investigators with a variety of 
 genetically distinct tumors, to test novel therapeutic agents alone and in  combination 
with conventional agents, to more closely re fl ect the clinical  heterogeneity of MM. 
We will then be able to predict with higher accuracy than we currently do the response 
of patients overall to clinically active anticancer agents and more importantly hope-
fully individualize use of effective therapies to optimize outcomes for patients with 
multiple myeloma. Unfortunately, heterotransplantation systems are dif fi cult to 
establish due to the low tumor take rates and dif fi culties in obtaining serially trans-
plantable tumors. Our goal is to increase the number of  different primary MM sam-
ples growing long term in mice to rapidly and accurately test the ef fi cacy of new 
treatments for patients with MM. 
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  Fig. 16.2    In vivo growth 
curves of different human 
MM tumors growing in SCID 
mice. ( a ) Mice bearing the 
LAG k -1A tumor show 
similar IgG levels and tumor 
volumes within speci fi c 
treatment groups and the 
untreated control group. 
( b ) Tumor developed from 
the same patient as that in 
Fig.  16.2a , after the patient 
developed resistance of 
bortezomib and melphalan, in 
which mice received a 
combination of drugs. Mice 
bearing this tumor 
(LAG k -1B) also show similar 
tumor volume growth curves 
within a speci fi c treatment 
group and untreated control 
group. ( c ) Typical growth 
curves (IgG and tumor 
volumes) for the LAG l -1 
tumor         
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 Despite the need for additional MM animal models, the lives of many patients 
have been already improved by the use of the currently available MM models. 
Studies with alkylating agents, newer anthracyclines, proteasome inhibitors and 
arsenicals using these models have helped provide the basis for many of the  currently 
used treatment regimens for our patients with MM. Using in vitro MM cell lines, 
direct or “on target” anticancer effects on MM cells and the corresponding 
 mechanism of action can be ef fi ciently and inexpensively be evaluated. On the other 
hand, since anticancer drugs will be given to humans, in vitro cancer models do not 
allow for the evaluation of the indirect or “off target” anticancer and potential toxic 
effects on organs and organ systems. Thus, in vivo models are needed for this 
 determination. They can be routinely used to provide drug screening systems to 
identify active anticancer agents. Once active agents are identi fi ed, doses,  schedules, 
routes of administration, and the sequencing of drug combinations can be optimized 
to expedite the evaluation of these compounds in clinical trials. By applying the 
knowledge gained from the laboratory to the clinic, MM models should provide 
better treatment options to MM patients on a continuous basis. Additionally, these 
models are allowing us to explore new targeted therapeutic approaches that will 
lead to treatments that will target the cancer without damaging healthy cells. 
Ideally, these targeted approaches will produce more effective therapies with 
decreased side effects.      

Fig. 16.2 (continued)
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