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       1.1   Clinical Presentation    

 The most frequent presenting symptom is fatigue, 
and the majority of patients have a macrocytic 
anemia at time of diagnosis (Sekeres et al.  2008  ) . 
Large retrospective series have indicated that 
most patients do not have leukopenia or thrombo-
cytopenia at time of presentation (Greenberg 
et al.  1997  ) . However, there are some patients 
who do present with recurrent infections and easy 
bruising and bleeding events. Upon further ques-
tioning frequently, a prolonged history of symp-
tomatic anemia can be elicited; however, there 
are a few patients who present with isolated 
thrombocytopenia or leukopenia. Few patients 
have circulating peripheral myeloblasts at time of 
presentation. Splenomegaly as a presenting sign 
in MDS is rare and should result in alternative 
diagnostic considerations such as myeloprolifer-
ative neoplasms (MPNs) or MDS/MPN overlap.  

    1.2   Diagnosis 

 The diagnosis of MDS is based upon the World 
Health Organization (WHO) criteria (Table  1.1 ) 
(Vardiman et al.  2009  ) . The WHO classi fi cation 
is helpful for determining prognosis (Malcovati 
et al.  2005  )  and in selection of therapy (Howe 
et al.  2004  ) . Despite advancements in classi fi cation 
schemata, there is often discordance among 
pathologists in diagnosing lesser degrees of dys-
plasia (Naqvi et al.  2011  ) . In a patient survey, the 
diagnosis of MDS was delayed on average for 
3 years after initial presentation with a hemato-
logic abnormality (Sekeres et al.  2011  ) . The diag-
nosis of MDS is one exclusion as there are other 
disorders such as acute myeloid leukemia and 
myeloproliferative neoplasms which can result in 
dysplastic changes within the bone marrow. The 
suggested diagnostic workup is summarized in 
Table  1.1  (Greenberg et al.  2011  ) .  

    1.2.1   Differential Diagnosis 

 Vitamin de fi ciencies such as folate and vitamin 
B12 can cause a megaloblastoid anemia with evi-
dence of bone marrow dysplasia; therefore, test-
ing for these vitamin de fi ciencies is considered a 
standard part of the evaluation of patients with 
macrocytic anemia. In addition, copper de fi ciency 

    B.  L.   Scott ,  MD  
     Division of Clinical Research , 
 Fred Hutchinson Cancer Research Center ,
  1100 Fairview Avenue N, D1-100 ,   
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has been recently noted to lead to peripheral 
cytopenias and dysplastic changes within the bone 
marrow (Gregg et al.  2002 ; Huff et al.  2007  ) . 
Excessive alcohol use has also been associated 
with a macrocytic anemia and dysplastic changes 
within the marrow. Endocrine abnormalities such 
as hypothyroidism may result in a macrocytic 
anemia. There are certain genetic disorders that 
are associated with the development of MDS such 
as Fanconi Anemia and dyskeratosis congenita. 
Therefore, genetic screening may be warranted in 
certain clinical situations such as a positive family 
history or young age at diagnosis. Hypoplastic 
MDS can be dif fi cult to distinguish from aplastic 
anemia as there are few cells present within the 
marrow to be analyzed for the presence of dyspla-
sia; cytogenetic testing and measurement of 
CD34-positive cells by  fl ow cytometry or immu-
nohistochemistry is particularly useful in this situ-
ation (Orazi et al.  1997  ) . Testing for paroxysmal 
nocturnal hemoglobinuria should be considered 
in patients with early stage MDS as these disor-
ders may coexist (Dunn et al.  1999  ) . Additionally, 
it is acknowledged that MDS patients with a PNH 
clone are more likely to respond to immunosup-
pressive therapy (Wang et al.  2002  ) .  

    1.2.2   Laboratory Features 

 MDS are disorders of blood; therefore, assessment 
is focused on hematologic analyses (Table  1.2 ). A 
complete blood count with examination of periph-
eral blood smear and platelet count is standard if 
MDS is suspected, particularly when looking for 
enlarged erythrocytes (treating with replacement 
therapy to rule out folate or vitamin B12 de fi ciency) 
or peripheral blasts. Measures for serum iron, total 
iron- binding capacity, ferritin, and folic acid are 
also recommended to evaluate for other potential 
causes of anemia, and lactate dehydrogenase 
(LDH), haptoglobin, reticulocyte count, and 
Coombs’ tests are needed to rule out an underlying 
hemolytic process. Serum copper levels should 
also be tested in any patient with a suspicion of 
MDS and less than 5 % myeloblasts with a normal 
karyotype. Copper de fi ciency has become an 
increasingly recognized cause of cytopenias with 
marrow dysplasia (Gregg et al.  2002 ; Huff et al. 
 2007  ) . A baseline serum erythropoietin value 
should be determined prior to the initiation of any 
growth factor therapy and preferably prior to ini-
tiation of red blood cell transfusion support 
(Hellstrom-Lindberg et al.  2003  ) . Examination of 
the peripheral blood smear is a central part of the 
diagnosis of MDS and usually shows a macrocytic 
or normocytic anemia. Additionally, hypochromic 
changes, poikilocytosis, and anisocytosis are fre-
quently observed. Abnormalities may be observed 
within the granulocytic lineage such as the pseudo-
Pelger-Huët anomaly and hypogranulation. 
Thrombocytopenia is present at diagnosis in a 
minority of patients with MDS (Garcia-Manero 
et al.  2008  ) . Certain subtypes of MDS are associ-
ated with an increased platelet count (del 5q). 
Morphologic abnormalities observed include 
enlarged platelets with poor granulation.    

    1.3   Bone Marrow Examination 

 Bone marrow evaluation is crucial to establish 
the diagnosis of MDS. In fact, a  fi nal diagnosis 
must be con fi rmed based on morphologic criteria 
available only from marrow examination. Marrow 
features play a role in treatment planning as well. 

   Table 1.1    Suggested evaluation of MDS   

 History and physical examination 
 Complete blood cell count with differential 
 Reticulocyte count 
 Bone marrow aspiration with iron stain and biopsy 
 Cytogenetic testing by karyotype analysis 
 Serum erythropoietin level 
 RBC folate, serum B12 
 Serum ferritin, iron, total iron-binding capacity 
 Transfusion history 
 Thyroid-stimulating hormone 
  Helpful in some clinical situations  
 Flow cytometry of bone marrow 
 HLA typing if stem cell transplant candidate 
 HLA-DR 15 typing if immunosuppressive therapy 
considered 
 Jak 2 mutation analysis in patients with thrombocytosis 
(RARS-T) 
 Copper level in patients with bone marrow myeloblasts 
<5 % 

  Adapted    from NCCN Guidelines version 2.2013  
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For instance, a bone marrow biopsy is the only 
means to measure cellularity, which can in fl uence 
the selection of therapy. The majority of patients 
with MDS have a hypercellular marrow; how-
ever, normocellular and hypocellular marrows 
have been observed (Tuzuner et al.  1995  ) . The 
presence of marrow  fi brosis has a negative impact 

on prognosis (Buesche et al.  2008  ) , and  fi brosis 
can only be assessed by obtaining a bone marrow 
biopsy. A marrow aspirate can be examined for 
evidence of hematopoietic cell maturation abnor-
malities, excessive marrow blasts (>5 %), and the 
presence of iron suggestive of ring sideroblasts, 
and the sample can be used for testing in  fl ow 

   Table 1.2    WHO diagnostic classi fi cation of Myelodysplastic Syndromes  ( Vardiman et al.  2009  )    

 Disease  Blood  fi ndings  BM  fi ndings 

 Refractory cytopenia with 
unilineage dysplasia (RCUD): 
(refractory anemia [RA]; 
refractory neutropenia [RN]; 
refractory thrombocytopenia 
[RT]) 

 Unicytopenia or 
bicytopenia a  

 Unilineage dysplasia:  ³ 10 % of the cells in one myeloid 
lineage 

 No or rare blasts (<1 %) b   <5 % blasts 
 <15 % of erythroid precursors are ring sideroblasts 

 Refractory anemia with ring 
sideroblasts (RARS) 

 Anemia   ³ 15 % of erythroid precursors are ring sideroblasts 
 No blasts  Erythroid dysplasia only 

 < % blasts 
 Refractory cytopenia with 
multilineage dysplasia 
(RCMD) 

 Cytopenia(s)  Dysplasia in  ³ 10 % of the cells in  ³ 2 myeloid lineages 
(neutrophil and/or erythroid precursors and/or 
megakaryocytes) 

 No or rare blasts (<1 %) b   <5 % blasts in marrow 
 No Auer rods  No Auer rods 
 <1 × 10 9 /L monocytes  ±15 % ring sideroblasts 

 Refractory anemia with excess 
blasts-1 (RAED-1) 

 Cytopenia(s)  Unilineage or multilineage dysplasia 
 <5 % blasts b   5–9 % blasts b  
 No Auer rods  No Auer rods 
 <1 × 10 9 /L monocytes 

 Refractory anemia with excess 
blasts-2 (RAEB-2) 

 Cytopenia(s)  Unilineage or multilineage dysplasia 
 5–19 % blasts c   10–19 % blasts c  
 Auer rods ±  a   Auer rods ±  a  
 <1 × 10 9 /L monocytes 

 Myelodysplastic syndorme—
unclassi fi ed (MDS-U) 

 Cytopenias  Unequivocal dysplasia in <10 % of cells in one or more 
myeloid lineages when accompanied by a cytogenetic 
abnormality considered as presumptive evidence for a 
diagnosis of MDS (see Table  1.3    ) 

 <1 % blasts b   <5 % blasts 
 MDS associated with isolated 
del(5q) 

 Anemia  Normal to increased megakaryocytes with hypolobated 
nuclei 

 Usually normal or 
increased platelet count 

 <5 % blasts 

 No or rare blasts (<1 %)  Isolated del(5q) cytogenetic abnormality 
 No Auer rods 

   a Bicytopenia may occasionally be observe. Cases with pancytopenia should be classi fi ed as MDS-U 
  b If the marrow myeloblast percentage is <5 % but there are 2–4 % myeloblasts in the blood, the diagnostic classi fi cation 
is RAEB-1. Cases of RCUD and RCMD with 1 % myeloblasts in the blood should be classi fi ed as MDS-U 
  c Cases with Auer rods and <5 % myeloblasts in the blood and less than 10 % in the marrow should be classi fi ed as 
RAEB-2. Although the  fi nding of 5–19 % blasts in the blood is, in itself, diagnostic of RAEB-2, cases of RAEB-2 may 
have <5 % blasts in the blood if they have Auer rods or 10–19 % blasts in the marrow or both. Similarly, cases of 
RAEB-2 may have <10 % blasts in the marrow but may be diagnosed by the other two  fi ndings, Auer rod + and/or 
5–19 % blasts in the blood  
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cytometry, cytogenetics, and  fl uorescence in situ 
hybridization testing as well. The presence of at 
least 10 % of the cells of a speci fi c myeloid lin-
eage (erythroid, granulocytic, or megakaryocytic) 
should show evidence of dysplasia in order to 
con fi rm the diagnosis of MDS. A presumptive 
diagnosis of MDS may be made by the presence 
of recurrent cytogenetic abnormalities as dis-
cussed below.  

    1.4   Cytogenetic Analysis 

 The WHO diagnostic schema now includes the 
presence of recurrent cytogenetic abnormalities 
as presumptive evidence of MDS even in the 
absence of signi fi cant dysplasia (Table  1.3 ) 
(Vardiman et al.  2009  ) . Cytogenetic studies are 
important in determining treatment expectations 
and can be helpful in determining the most appro-
priate therapy. For example, patients with dele-
tion 5q are well known to have increased response 
rates when treated with lenalidomide (List et al. 
 2006  ) . In addition, speci fi c cytogenetic changes 
are suggestive of patient prognosis (Schanz et al. 
 2011  ) . Some mutations have been shown to pre-
dict disease progression whereas other genetic 
derangements may suggest sensitivity to speci fi c 
medications. The reliability and prognostic 
signi fi cance of cytogenetic analyses have been 
documented in a multicenter analysis (Haase 
et al.  2007  ) . The investigators reported that 
among 2,124 patients in Austria and Germany on 
whom they carried out cytogenetic testing, 97.6 % 
were successfully analyzed. They also observed 
that about half of the subjects had normal genetic 
pro fi les, but cytogenetic pro fi les allowed for the 
separation of the rest of the subjects into good, 
intermediate, or poor prognostic categories. The 
WHO diagnostic system has been revised to 
include certain cytogenetic changes such as del 
5q. The importance of cytogenetic changes in 
determining prognosis has been emphasized in 
newer prognostic models (Schanz et al.  2012  ) . It 
should be noted that t(8;21), inv(16), t(16;16), 
and t(15;17) would classify a patient as having 
AML regardless of the myeloblast percentage 
and occurrence of dysplasia.   

    1.5   Flow Cytometry 

 Flow cytometry is emerging as a prominent diag-
nostic and prognostic test in MDS. Flow cytom-
etry is particularly useful in patients with 
hypoplastic MDS as it provides an accurate mea-
surement of CD34+ cells and myeloid dyspoiesis 
which can be helpful to distinguish hypoplastic 
MDS from aplastic anemia. In addition,  fl ow 
cytometry of the peripheral blood is the preferred 
diagnostic tool for PNH. With  fl ow cytometry, 
multiple myeloid and monocytic antigens can be 
measured to look for abnormalities in hematopoi-
etic development (Wells et al.  2003  ) . These anti-
genic aberrancies have been used to develop a 
 fl ow cytometric scoring system which has been 
validated in the transplant (Scott et al.  2008  )  and 
non-transplant setting (van de Loosdrecht et al. 
 2008  ) . Additionally,  fl ow cytometry is helpful as 
a diagnostic tool (Stetler-Stevenson et al.  2001  ) . 
This is particularly relevant in patients with hyp-
oplastic MDS where there is a low cellularity 
within the marrow which precludes an accurate 
assessment of dysplasia by morphology. Another 
advantage of  fl ow cytometry is the ability to 
detect small quantities of disease burden known 
as minimal residual disease (MRD). Patients with 
MDS who have evidence of MRD pre-transplant 
are known to be at a higher risk of relapse follow-
ing stem cell transplantation (Scott et al.  2008  ) . 
Ultimately, this technology may prove useful in 
monitoring response to therapy and subsequently 

   Table 1.3    Recurrent chromosomal abnormalities consid-
ered suf fi cient for a presumptive diagnosis of MDS even in 
the absence of signi fi cant dysplasia  ( Vardiman et al.  2009  )    

 Unbalanced abnormalities  Balanced abnormalities 

 −7 or del(7q)  t(11;16)(q23;p13.3) 
 −5 or del(5q)  t(3;21)(q26.2;q22.1) 
 i(17q) or t(17p)  t(1;3)(p36.3;q21.1) 
 −13 or del(13q)  t(2;11)(p21;q23) 
 del(11q)  inv(3)(q21q26.2) 
 del(12p) or t(12p)  t(6;9)(p23;q34) 
 del(9q) 
 indic(X)(q13) 

  Complex karyotype (three or more chromosomal abnor-
malities) involving one or more of the above 
abnormalities  
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altering treatment choices at earlier time points 
leading to improved outcomes.  

    1.6   Summary 

 MDS is a collection of disorders resulting in low 
blood counts and a propensity to progress to 
AML. The most common presentation is fatigue 
with a macrocytic anemia. The differential diag-
nosis is broad and requires the collaborative 
efforts of an experienced hematologist and 
hematopathologist. A careful history and physical 
examination is necessary to exclude other poten-
tial causes of a macrocytic anemia. Presentations 
with isolated neutropenia or thrombocytopenia 
are unusual but have been reported. A compre-
hensive diagnostic workup includes examination 
of a peripheral blood smear, bone marrow aspi-
rate, and bone marrow biopsy. Cytogenetic testing 
is useful from a diagnostic and prognostic per-
spective and should be performed in all patients 
who have marrow examinations done to evaluate 
cytopenias. Newer techniques such as  fl ow cytom-
etry are being incorporated into diagnostic and 
prognostic schemes. Although our diagnostic 
tools have improved, a clinical suspicion of MDS 
in general is necessary to avoid delays in appro-
priate diagnosis and institution of treatment.      
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          2.1   Introduction 

 Epidemiology seeks to describe patterns of 
 disease according to demographic factors and 
other exposures, thereby elucidating etiologic 
factors (causes of disease) and predictors of 
prognosis (such as survival). Epidemiologic 
research of MDS has been fairly limited in com-
parison to other hematopoietic cancers (such as 
acute myeloid leukemia (AML)), no doubt due 
to dif fi culty in case- fi nding from a historical 
lack of reporting of MDS in cancer registries. 
The  International Classi fi cation of Diseases for 
Oncology  listed MDS as malignant for the  fi rst 
time in its 3rd edition in 2000 (ICD-O-3) (Fritz 
et al.  2000  ) , thereby spurring registration of 
MDS in cancer registries worldwide. As a result, 
population-based data have been more readily 
available in the past decade for identifying MDS 
cases and describing the epidemiology of MDS, 
and the amount and quality of published studies 
on MDS have since increased. Nevertheless, the 
 fi eld continues to encounter challenges due to 
changing case de fi nitions and likely incomplete 
case identi fi cation.  

    2.2   Descriptive Epidemiology 

    2.2.1   Incidence 

 MDS incidence rates have been described in 
 several reports in the past decade, since the ICD-
O-3 classi fi cation of MDS as malignant (Fritz 
et al.  2000  ) ,  making MDS a reportable cancer in 
registries worldwide. Prior to that time, incidence 
rates were described within hospitals or regions 
that had historically close cancer surveillance. 
Estimated incidence rates of MDS in the USA 
from cases registered in the Surveillance, 
Epidemiology and End Results (SEER) and North 
American Association of Central Cancer 
Registries (NAACR) programs are reported as 
3.3–3.4 per 100,000 person-years (PY) (Ma et al. 
 2007 ; Rollison et al.  2008  ) . These estimates are 
quite similar to rates reported in Europe and other 
regions (Table  2.1 , all per 100,000 PY) such as the 
UK (3.8) (McNally et al.  1997  ) , England (3.5) 
(Phekoo et al.  2006  ) , Germany (2.5) (Neukirchen 
et al.  2011  ) , Sweden (3.6) (Radlund et al.  1995  ) , 
New Zealand (3.7) (Rodger and Morison  2011  ) , 
and Australia (3.2) (Rodger and Morison  2011  ) . 
Rates are not always perfectly comparable across 
studies due to differing MDS case de fi nitions 
(e.g., inclusion of different histologies). The US 
studies (Ma et al.  2007 ; Rollison et al.  2008  )  
classi fi ed MDS according to the ICD-O-3 (Fritz 
et al.  2000  ) , which includes refractory anemia 
(RA, ICD-O-3 9980); refractory anemia with 
sideroblasts (RARS, ICD-O-3 9982); refractory 
anemia with excess blasts (RAEB, ICD-O-3 
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9983); refractory anemia with excess blasts in 
transformation (RAEB-t, ICD-O-3 9984); refrac-
tory cytopenia with multilineage dysplasia 
(RCMD, ICD-O-3 9985); MDS with 5q deletion 
(5q− syndrome, ICD-O-3 9986); therapy-related 
MDS, not otherwise speci fi ed (NOS) (t-MDS, 
ICD-O-3 9987); and MDS, NOS (MDS-U, ICD-
O-3 9989). MDS case classi fi cation according to 
the World Health Organization (WHO) revision 
(adopted in  2001  )  does not include RAEB-t but 
rather classi fi es it as AML (Jaffe  2001  ) . The WHO 
classi fi cation also excludes MDS patients who 
have had previous chemotherapy. Several of the 
studies using the WHO classi fi cation reported 
somewhat lower rates, including those from 
France (1.3 per 100,000 PY) (Neukirchen et al. 
 2011  )  and throughout Europe (1.8) (Sant et al. 
 2010  ) . Several of the European incidence studies, 
particularly before the year 2000, included chronic 
myelomonocytic leukemia (CMML) (Bauduer 
et al.  1998 ; McNally et al.  1997 ; Phekoo et al. 
 2006 ; Williamson et al.  1994  ) , as de fi ned under 
the previously used French-American-British 
(FAB) cooperative group classi fi cation system 
(Bennett et al.  1982  ) ; CMML is classi fi ed in a 
myelodysplastic/myeloproliferative neoplasm 
overlap category by WHO (Jaffe  2001  ) . Rates 
also differ importantly based on methods of stan-
dardization; several rates reported in Table  2.1  are 
crude (unstandardized) rates (Bauduer et al.  1998 ; 
Irwin et al.  2011 ; Williamson et al.  1994  ) , which 
do not account for differing age distributions 
between different regions. Use of the world stan-
dard population versus the European or US stan-
dard population can also affect results, as the 
world standard population has a younger age dis-
tribution than the European or US alternatives.  

 Regardless of the methods of rate estimation, 
MDS incidence increases sharply with age, with 
a median age at diagnosis in the 70s in the US 
and European populations (Ma et al.  2007 ; 
Neukirchen et al.  2011 ; Phekoo et al.  2006 ; 
Sekeres et al.  2008  ) . Younger median age at diag-
nosis, typically in the 50s, has been observed in 
several Eastern countries, such as Japan 
(Kuendgen et al.  2007  ) , China (Chen et al.  2005  ) , 
Central Africa (Mukiibi and Paul  1994  ) , and 
Jordan (Awidi et al.  2009  ) , suggesting different 

histologies or exposures in these regions com-
pared to Western countries. MDS is more com-
mon in men than women, except for the subtype 
with 5q deletion (Maynadie et al.  2011 ; 
Neukirchen et al.  2011  ) . The male excess is most 
prominent among ages 50 and older. A detailed 
analysis of the male-to-female MDS incidence 
ratio in the UK revealed a U-shaped pattern, with 
a male excess until age 15 (ages at which MDS is 
extremely rare), a female excess in ages 30–50, 
and a male excess increasing prominently after 
age 50 (Cartwright et al.  2002  ) . A similar pattern 
was observed for most acute myeloid leukemia 
(AML) and myeloproliferative disease (MPD) 
subtypes, suggesting a shared etiology. MDS is 
more common among whites and non-Hispanics 
than among other racial/ethnic groups in the USA 
(Ma et al.  2007 ; Rollison et al.  2008  ) , and 
American Indians/Alaska Natives have the low-
est rates in the USA (Ma et al.  2007  ) . In contrast, 
higher rates were reported in New Zealand Maoris 
(4.9 per 100,000) than non-Maori ethnicities (3.7 
per 100,000) (Rodger and Morison  2011  ) . 
A study conducted in Japan suggests lower MDS 
incidence than in Western countries (Shimizu 
et al.  1995  ) , and similarly, Asian Americans/
Paci fi c Islanders in the USA have lower rates 
than US whites (Ma et al.  2007  ) . Any changes in 
MDS incidence over time have been dif fi cult to 
establish and when observed have been generally 
attributed to changes in diagnostic practices and 
reporting (Germing et al.  2004  ) . In studies that 
reported MDS incidence by subtype, RA has usu-
ally been the most frequently diagnosed type, fol-
lowed by RARS and RAEB (Bauduer et al.  1998 ; 
Ma et al.  2007 ; McNally et al.  1997  ) . However, 
reclassi fi cation of many previously de fi ned RA 
as RCMD under the WHO classi fi cation has 
resulted in RCMD as the most common subtype 
in recent studies (Irwin et al.  2011 ; Neukirchen 
et al.  2011  ) . Declarative subtype distributions 
have been impossible to establish in the US reg-
istry-based studies, as approximately half of all 
cases registered in SEER and NAACR are 
classi fi ed as MDS-U (Rollison et al.  2008  ) . 
CMML is quite common in the studies that 
included it under the FAB classi fi cation, with fre-
quency ranging from 11 % in the French Basque 
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region (Bauduer et al.  1998  )  to 31 % in 
Bournemouth, UK (Williamson et al.  1994  ) . 

 It is now recognized that MDS incidence is 
probably underestimated due to a combination of 
factors including incomplete case registration 
and underdiagnosis. There are several lines of 
evidence suggesting incomplete case registration. 
Incidence rates vary widely between different 
regions – between US SEER registries, from 3.0 
(per 100,000 PY) in metropolitan Atlanta to 6.6 
in the Seattle-Puget Sound region from 2001 to 
2008  (  2011  ) , and between EUROCARE network 
European cancer registries, from 0.27 in Eastern 
Europe to 2.1 in the UK and Ireland from 2000 to 
2002 (Sant et al.  2010  ) . Differential reporting 
practices likely play a role in the geographic dis-
crepancies, although true differences in incidence 
between regions are also possible. Differential 
completeness in reporting by registries may occur 
because of differing case- fi nding and validation 
methods (e.g., passive vs. active case- fi nding). 
For example, patients who are diagnosed outside 
of a hospital setting are likely to be missed. This 
may be illustrated by the fact that only 4 % of 
cases registered in NAACR (encompassing 82 % 
of the US population) were reported by physi-
cians’ of fi ces, as opposed to hospitals or labora-
tories (Rollison et al.  2008  ) . A recent US study 
identi fi ed incident MDS patients from Medicare 
records using an algorithm requiring two claims 
with an MDS-relevant diagnosis code in addition 
to ordering of typical diagnostic tests for MDS, 
speci fi cally blood counts and bone marrow biopsy 
or aspiration (Cogle et al.  2011  ) . The algorithm 
had high speci fi city (99.8 %) and moderate sensi-
tivity (78.1 %) when compared to SEER-identi fi ed 
cases as the gold standard. MDS incidence was 
much higher using the Medicare algorithm than it 
was based on SEER-reported cases, with rates 
among persons 65 years and older of 75 (per 
100,000 PY) versus 20, respectively (Cogle et al. 
 2011  ) . These results suggest that patients diag-
nosed in the outpatient setting are frequently not 
reported to SEER. 

 Underdiagnosis likely also contributes to 
underestimation of MDS incidence. De fi nitive 
diagnosis of MDS requires a bone marrow biopsy, 
and the fact that potential MDS patients may not 

undergo detailed work-up likely leads to under-
diagnosis of the disease. The third National 
Health and Nutrition Examination Survey 
(NHANES) cross-sectional study in the USA 
identi fi ed 11.0 % of men and 10.2 % of women as 
anemic, with 5.8 % of the anemic population 
having unexplained anemia and peripheral blood 
features suggestive of MDS (macrocytosis, 
thrombocytopenia, or neutropenia) (Guralnik 
et al.  2004  ) . A similar survey conducted in Italy 
found unexplained anemia with blood features of 
MDS in 8.1 % of the anemic elderly (Tettamanti 
et al.  2010  ) . Underdiagnosis of MDS was also 
suggested by a study of patients enrolled in a 
health plan in Western Washington State, which 
found that half of all patients with new MDS 
diagnoses (de fi nite/probable or possible cases) 
were not reported to SEER, and inclusion of all 
cases led to an overall incidence rate of 10.2 per 
100,000 PY (De Roos et al.  2010a  ) . The “possi-
ble” cases, identi fi ed by diagnosis code and cor-
roborated by chart review, did not receive bone 
marrow biopsy. There was evidence that de fi nitive 
diagnosis was less likely to be pursued in less 
severe cases, as “possible” cases had higher aver-
age hemoglobin levels, platelet counts, and white 
blood cells upon presentation than did SEER 
cases (De Roos et al.  2010a  ) . A higher than typi-
cally reported rate of MDS was also found in a 
UK study that aimed for complete identi fi cation 
of MDS cases through periodic health examina-
tions followed by pursuit of bone marrow biopsy 
in patients with suggestive blood  fi ndings 
(Williamson et al.  1994  ) . The estimated (crude) 
incidence rate in the UK study was 12.6 per 
100,000 person-years (including CMML but not 
including patients with previous chemotherapy 
or radiotherapy). These studies suggest that 
underdiagnosis contributes to underestimation of 
MDS incidence, probably due to less severe cases 
that typically do not receive diagnostic work-up.  

    2.2.2   Prevalence and Survival 

 There are an estimated 12,000 new MDS cases 
diagnosed per year in the USA and 20,000 in 
Europe, based on reported incidence rates 
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(Germing et al.  2008  ) . MDS prevalence, or the 
number of persons living with the disease, was 
estimated as 7.2 per 100,000 persons in Germany, 
using the WHO classi fi cation in 2003 (Neukirchen 
et al.  2011  ) . However, with such a wide range in 
incidence estimates (Table  2.1 ), prevalence is 
uncertain. Based on the NHANES study  fi nding 
that 5.8 % of the anemic population had “unex-
plained anemia” with peripheral blood features 
suggestive of MDS (Guralnik et al.  2004  ) , Sekeres 
estimated that this  fi nding would translate to 
170,000 persons living with MDS in the USA 
while acknowledging that this  fi gure is likely an 
overestimate (Sekeres  2011  ) . Nevertheless, cur-
rent prevalence  fi gures based only on registry-
reported incidence rates are probably 
underestimates due to the issues of incomplete 
reporting and underdiagnosis described above 
(Sect.  2.2.1 ). Furthermore, MDS prevalence is 
expected to increase as the population in devel-
oped countries ages. 

 The number of prevalent cases is also dependent 
on survival following MDS diagnosis, which is 
generally poor. Median survival has been reported 
as 23–34 months (Irwin et al.  2011 ; Maynadie et al. 
 2011 ; Phekoo et al.  2006  ) . Relative survival, which 
accounts for competing causes of death by age 
group, was reported as 47 % 2 years from diagnosis 
among US cases with MDS as their  fi rst primary 
cancer (Ma et al.  2007  ) . Superior survival has been 
observed among women compared to men (Ma 
et al.  2007 ; Maynadie et al.  2011 ; Phekoo et al. 
 2006  )  and younger versus older patients (Ma et al. 
 2007 ; Phekoo et al.  2006  ) . Several studies indicate 
longer survival among patients in Asian countries 
than in Western countries (Kuendgen et al.  2007  ) . 
However, survival can vary widely by MDS sub-
type (Germing et al.  2008 ; Ma et al.  2007 ; Phekoo 
et al.  2006  ) , in addition to cytogenetic abnormali-
ties, blast counts, number of dysplastic lineages, 
and blood cell counts (Belli et al.  2002 ; Bowles 
et al.  2006 ; Germing et al.  2008 ; Greenberg et al. 
 1997 ; Haus et al.  2006  ) , and the concept of overall 
survival has limited utility for individual patients. 
MDS prevalence will increase as therapies result-
ing in improved survival are developed and 
disseminated.   

    2.3   Disease Etiology 

    2.3.1   Therapy-Related MDS 

 Among the few known risk factors for develop-
ment of MDS is prior cytotoxic therapy. MDS is 
sometimes termed “secondary” (vs. “primary” or 
de novo) if its diagnosis follows treatment with 
chemotherapy or radiation for any of a variety of 
diseases (but most frequently for cancer) or if fol-
lowing accidental exposure to ionizing radiation 
or benzene (discussed in Sect.  2.3.2.3 ). We will 
use the terms “therapy-related” and “de novo” 
MDS (instead of “secondary” and “primary,” 
respectively), as use of the word “secondary” dif-
fers in the context of cancer registration (2000). 
Therapy-related myeloid neoplasms (t-MN) are 
de fi ned by the WHO classi fi cation as one, hetero-
geneous entity that contains a composite of MDS, 
AML, and MDS/MPN (Vardiman et al.  2009  ) . 
Sekeres et al. reported from a survey of 101 US 
physicians that 10 % of recently diagnosed MDS 
patients were considered to be therapy related 
based on recent chemotherapy, radiation therapy, 
or other chemical exposure (Sekeres et al.  2008  ) . 
However, based on the fact that 26 % of newly 
diagnosed MDS patients reported in SEER from 
2001 to 2006 had previous cancers (De Roos 
et al.  2007  ) , previous cancer treatments may con-
tribute to a greater proportion of newly diagnosed 
MDS than clinically recognized. The risk of 
developing t-MN differs greatly according to the 
type of the initial cancer. For example, up to 10 % 
of patients treated for lymphoproliferative neo-
plasm developed t-MN within 10 years, whereas 
approximately 0.55 % of breast cancer patients 
developed t-AML within 8 years (Leone et al. 
 2010  ) . These differing risks are certainly due to 
varying cytotoxicities of treatment regimens as 
well as the underlying susceptibility for myeloid 
neoplasm of the patient group with the initial 
cancer (i.e., the same genetic pro fi le may increase 
susceptibility to both lymphoproliferative and 
myeloid neoplasms). 

 Clinical observations suggest a worse progno-
sis for therapy-related MDS than for de novo 
MDS (Finch  2004 ; Levine and Bloom fi eld  1992 ; 
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Singh et al.  2007  ) . Therapy-related MDS cases 
have been observed to be less responsive to treat-
ment and evolve more frequently into AML 
(Finch  2004 ; Levine and Bloom fi eld  1992  ) . 
Comparisons of histopathologic features of ther-
apy-related and de novo MDS indicate biologic 
differences that may account for differences in 
clinical outcomes. Clonal chromosomal abnor-
malities are found in 40–50 % of patients with 
de novo MDS compared to up to 95 % of therapy-
related MDS (Catenacci and Schiller  2005  )  
(although it is notable that newer, more sensitive 
technologies detect such abnormalities in a larger 
proportion of de novo MDS (Tiu et al.  2011  ) ). 
Additionally, the proportion of “high-risk” cyto-
genetics (e.g., deletions of chromosome 7 or 
complex karyotypes) is higher in therapy-related 
than de novo MDS (Bloom fi eld  1986 ; Rubin 
et al.  1990  ) . Monosomy of chromosome 5 or 
deletion of 5q (−5/5q−) and/or monosomy of 
chromosome 7 or deletion of 7q (−7/7q−) is fre-
quently associated with prior chemotherapy, in 
particular with alkylating agents (Leone et al. 
 2010  ) . In contrast, no prototypical chromosomal 
patterns have been found for radiation-related 
myeloid neoplasms (Leone et al.  2010  ) . Similar 
to clinical observations, an analysis of SEER data 
observed shorter survival for MDS patients who 
had a previous cancer diagnosis than for de novo 
cases and found that the increased risk was fairly 
constant throughout a 47-month period of follow-
up after MDS diagnosis (De Roos et al.  2007  ) . 
Shortened survival associated with previous can-
cer was most pronounced for MDS cases diag-
nosed within 5 years of the previous cancer 
diagnosis, although previous lymphoproliferative 
neoplasm was associated with shorter MDS sur-
vival even when MDS was diagnosed up to 
20 years after the lymphoproliferative neoplasm 
diagnosis. Previous radiation treatment for can-
cer was an independent predictor of death in 
MDS patients, signi fi cantly so for MDS cases 
diagnosed between 5 and 10 years after irradia-
tion (De Roos et al.  2007  ) . These results suggest 
that previous cancer therapies may contribute to 
MDS etiology up to a decade or longer after 
treatment.  

    2.3.2   Lifestyle and Environmental Risk 
Factors for MDS 

 Few risk factors are known for MDS, aside from 
therapies for previous cancers and other condi-
tions. Epidemiologic research to date has largely 
focused on smoking, alcohol consumption, and 
occupational exposures to solvents and alcohol. 
Epidemiologic studies of “lifestyle” (e.g., smok-
ing, alcohol, obesity) and “environmental” (e.g., 
occupation, hobbies) risk factors for MDS are 
summarized in Table  2.2 . Most studies have 
relied on convenience samples of MDS cases 
and controls, such as hospital patients. Because 
approximately one-third of MDS patients 
develop AML (Steensma and Bennett  2006  ) , 
MDS was sometimes considered in the past as 
“preleukemia” or “aleukemia” in epidemiologic 
studies or was grouped with AML. Indeed, MDS 
may share risk factors with AML, as demon-
strated by similar magnitude risks observed in 
the cohort of atomic bomb survivors in Hiroshima 
and Nagasaki, Japan, with signi fi cant excess 
risks of AML and MDS of 4.3 and 5.3 per 1 Gy 
dose of ionizing radiation, respectively 
(Committee to Assess Health Risks from 
Exposure to Low Levels of Ionizing Radiation 
NRC  2006 ; Preston et al.  1994 ; Richardson et al. 
 2009  ) . Nevertheless, aside from direct genotox-
icity to the bone marrow, potential mechanisms 
of development of these myeloid cell neoplasms 
are not well understood, and there are also likely 
to be risk factors that are not shared between 
AML and MDS.  

    2.3.2.1   Lifestyle 
 Several lifestyle-related factors including smok-
ing and alcohol consumption have been investi-
gated as potential causes of MDS in multiple 
studies. However, the risks associated with these 
factors are as yet not well described in terms of 
etiologically relevant timing of exposure and 
histologic subtype-speci fi c effects. Smoking has 
been signi fi cantly or nonsigni fi cantly associated 
with increased risk in multiple studies (Bjork 
et al.  2009 ; Dalamaga et al.  2002 ; Ido et al.  1996 ; 
Ma et al.  2009 ; Mele et al.  1994 ; Nisse et al. 
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 2001 ; Strom et al.  2005  ) . A meta-analysis of ten 
studies found a signi fi cant increased risk of MDS 
associated with smoking (RR = 1.5, 95 % 
CI = 1.2–1.7), with evidence of heterogeneity of 
the effect between studies but no evidence of 
publication bias (Du et al.  2010  ) . Ma et al. found 
in a prospective cohort of American Association 
of Retired Persons (AARP) members that smok-
ing-related risks were higher for current smokers 
(HR = 3.2, 95 % CI = 2.0–5.0) than past smokers 
(HR = 1.7, 95 % CI = 1.2–2.4) (compared to never 
smokers) and increased by the number of packs 
per day (Ma et al.  2009  ) . Bjork et al. also found 
a higher risk associated with “recent” smoking 
than ever smoking and estimated 1.3 % increased 
risk of MDS per pack-year of exposure, amount-
ing to an excess risk of 71 % (95 % CI = 3–180) 
associated with 40 pack-years of smoking (Bjork 
et al.  2009  ) . Several studies evaluated risk fac-
tors for subgroups of MDS cases classi fi ed by 
 histologic subtype or chromosomal abnormali-
ties. One study found that RAEB/RAEB-t 
patients were more likely to be current smokers 
than RA/RARS patients (18 % vs. 10 %) (Strom 
et al.  2005  )  and that MDS patients with chromo-
somal abnormalities were more likely to be ever 
smokers than those with normal karyotype (73 % 
vs. 59 %) (Strom et al.  2005  ) . A study conducted 
in China similarly found signi fi cant associations 
with smoking only for the RAEB subtype (Lv 
et al.  2011  ) . Another study found that smoking 
was particularly associated with MDS character-
ized by any of several speci fi c chromosomal 
abnormalities (−5/5q−,−7/7q−, +8), estimating a 
2.8-fold increased risk for this MDS subgroup 
associated with ever smoking (95 % CI = 1.0–
7.6) (Bjork et al.  2009  ) . Studies of AML have 
also found particularly strong smoking associa-
tions for AML cases with speci fi c chromosomal 
abnormalities, including −7 or 7q− (Sandler 
et al.  1993  )  and those with t(8;21) abnormalities 
(Moorman et al.  2002  ) . Further evidence for 
cytogenetic differences in smoking-related MDS 
is supported by an observation of increased mor-
tality among cases who ever smoked (HR = 1.2, 
95 % CI = 1.0–1.3), with even shorter survival 
associated with higher smoking frequency 
(Ma et al.  2011  ) . 

 Alcohol consumption has been signi fi cantly 
or nonsigni fi cantly associated with increased risk 
of MDS in several studies (Brown et al.  1992 ; 
Dalamaga et al.  2002 ; Ido et al.  1996 ; Pekmezovic 
et al.  2006  ) , with dose–response by total ethanol 
consumption (ml/week) in a study conducted in 
Japan (Ido et al.  1996  ) . However, several studies 
have found no consistent association with alcohol 
consumption (Lv et al.  2011 ; Ma et al.  2009 ; 
Nagata et al.  1999  ) , and a meta-analysis of  fi ve 
studies found only a nonsigni fi cant increase in 
MDS risk with alcohol consumption (RR = 1.3, 
95 % CI = 0.8–2.2) and signi fi cant heterogeneity 
between studies (Du et al.  2010  ) . Several studies 
found differing risks according to the type of 
alcohol consumed, with a higher risk reported for 
hard liquor (spirits) versus wine or beer 
(OR = 11.8, 95 % CI = 3.8–36.4) (Pekmezovic 
et al.  2006  )  and signi fi cantly decreased MDS risk 
associated with wine consumption (OR = 0.5, 
95 % CI = 0.4–0.8) (Strom et al.  2005  ) . One study 
conducted in Greece found an interaction between 
smoking and alcohol consumption, with a 9.5-
fold increased risk associated with both expo-
sures versus neither (95 % CI = 3.5–25.8) 
(Dalamaga et al.  2002  ) . 

 Ma et al. found in a prospective cohort of 
American Association of Retired Persons (AARP) 
members that obesity was signi fi cantly associ-
ated with risk of MDS and there was an increas-
ing risk by increasing categories of body mass 
index (kg/m 2 ). Highly obese participants (BMI  ³  
35) had 2.5-fold increased risk (95 % CI = 1.5–
4.4) of developing MDS during the study fol-
low-up, compared to participants with normal 
weight (BMI of 18.5 to <25) (Ma et al.  2009  ) . 
Higher weight was associated with MDS in 
another study, although the association with BMI 
was not signi fi cant (Dalamaga et al.  2007  ) . The 
plausibility of these  fi ndings is strengthened by 
several studies describing increased risk of myel-
oid leukemia with overweight and obesity (De 
Roos et al.  2010b ; Lichtman  2010 ; MacInnis 
et al.  2005 ; Ross et al.  2004  ) . 

 Several other lifestyle factors have been evalu-
ated in only a few studies, and in general, the 
detail of the questionnaires used was limited. 
Indicators of socioeconomic status have not been 
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associated with risk of MDS in most of the few 
studies that assessed such factors, including edu-
cation (Dalamaga et al.  2002 ; Pekmezovic et al. 
 2006 ; Rigolin et al.  1998 ; Strom et al.  2005  ) , pro-
fessional versus nonprofessional occupation 
(Pekmezovic et al.  2006  ) , and race/ethnicity 
(Strom et al.  2005  ) . One exception is a study con-
ducted in Shanghai, China, which found an 
increased risk of MDS, albeit imprecise, associ-
ated with no education (vs. 6–9 years education; 
OR = 20.7, 95 % CI = 22.7–156) (Lv et al.  2011  ) . 
Several studies found that risk of MDS was higher 
among those who were never married (Dalamaga 
et al.  2002 ; Farrow et al.  1989  )  or had no children 
(Farrow et al.  1989 ; West et al.  1995  ) ; however, a 
potential biological mechanism for these associa-
tions has not been investigated. Rural versus 
urban residence was associated with increased 
risk in a study conducted in Serbia (Pekmezovic 
et al.  2006  ) . The one prospective study of poten-
tial lifestyle risk factors for MDS found no 
 consistent associations with vigorous physical 
activity, fruit and vegetable intake, or total meat 
intake (Ma et al.  2009  ) . The Serbian study also 
found no associations with most dietary factors, 
except increased risks associated with egg intake 
( ³ 7 times/week vs. none, OR = 2.8, 95 % CI = 1.2–
6.3) and coffee consumption (any vs. none, 
OR = 4.8, 95 % CI = 2.2–10.8) (Pekmezovic et al. 
 2006  ) . Use of hair dyes was signi fi cantly associ-
ated with increased risk of MDS (OR = 2.0, 95 % 
CI = 1.2–3.4) in a study conducted in Japan 
(Nagata et al.  1999  ) , with a clear trend of increas-
ing risk by duration and cumulative frequency of 
use. Several other studies found less consistent 
increases associated with hair dye use, in other 
words, nonsigni fi cant associations or signi fi cant 
associations with no evidence of dose–response 
(Ido et al.  1996 ; Lv et al.  2011 ; Mele et al. 
 1994  ) .  

    2.3.2.2   Farming and Pesticide Exposure 
 Farming, as an occupation, has been associated 
with increased risks of many types of hematopoi-
etic and lymphatic cancers, including myeloid 
and lymphoid leukemias, non-Hodgkin lym-
phoma (NHL), Hodgkin lymphoma, and multiple 
myeloma (Blair and Freeman  2009 ; Keller-Byrne 

et al.  1995  ) , and pesticides are suspected etio-
logic agents. With regards to MDS, speci fi cally, 
multiple studies have found associations of 
increased risk with pesticide exposure (Goldberg 
et al.  1990 ; Kokouva et al.  2011 ; Lv et al.  2011 ; 
Nisse et al.  2001 ; Pekmezovic et al.  2006 ; Rigolin 
et al.  1998 ; Strom et al.  2005  ) . Other studies 
found no association between MDS and pesticide 
exposure (Albin et al.  2003 ; Brown et al.  1990 ; 
Mele et al.  1994 ; West et al.  1995  )  or farming 
occupation (Brown et al.  1990 ; Mele et al.  1994 ; 
Rigolin et al.  1998  ) . The studies of MDS have 
relied either on self-reported pesticide exposure, 
which is subject to recall bias in retrospective 
studies, or exposure assigned according to occu-
pational title, which offers little information on 
the level of exposure or types of pesticides used. 
A study conducted in an agricultural region of 
Greece asked comparatively detailed questions 
about pesticide use history (Kokouva et al.  2011  ) . 
They reported a 2.1-fold increased risk of MDS 
associated with high versus low/no pesticide 
exposure (95 % CI = 1.0–4.3) and a 1.7-fold 
increased risk associated with working in an agri-
cultural occupation (95 % CI = 1.1–2.8). 
Particularly high risks were found for pesticide 
application to seed (OR = 5.1, 95 % CI = 1.5–16.8) 
and smoking during pesticide application 
(OR = 3.7, 95 % CI = 1.2–12.1) (Kokouva et al. 
 2011  ) . Additional information supporting pesti-
cides as potentially causal for MDS are epidemi-
ologic associations with other myeloid cell 
malignancies. A focused review of pesticide-
exposed cohorts found a signi fi cant increased 
risk of AML among  fi ve studies (RR = 1.6, 95 % 
CI = 1.0–2.3). The relative risk of any myeloid 
leukemia was highest among pesticide manufac-
turing workers (three risk estimates from two 
studies of phenoxy herbicide, chlorophenol, and 
alachlor pesticide manufacturing workers, 
RR = 6.3, 95 % CI = 1.9–21), followed by pesti-
cide applicators ( fi ve studies of applicators of a 
variety of pesticides, RR = 2.1, 95 % CI = 1.4–
3.3), and was not signi fi cantly increased for farm-
ers and agricultural workers (nine studies with 
pesticide exposure mostly assumed based on 
agricultural occupation, RR = 1.03), implying 
dose–response in the contribution of pesticides to 
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the etiology of myeloid neoplasms, given more 
frequent and intense exposures in manufacturing 
and applicator jobs than in typical farming occu-
pations (Van Maele-Fabry et al.  2007  ) . In sum-
mary, there is a substantial amount of preliminary 
data suggesting an association between pesticide 
exposure and MDS incidence; however, the exist-
ing studies leave room for improvement in terms 
of researching speci fi c farming- or pesticide-
related agents as potential causal factors.  

    2.3.2.3   Solvents 
 Solvents have been a suspected and scrutinized 
group of exposures for risks of myeloid cell neo-
plasms. Plausible mechanisms by which various 
solvents may induce myeloid malignancies 
include DNA mutations (McHale et al.  2008 ; 
Motohashi et al.  1999 ; Zhang et al.  2007  ) , DNA 
hypomethylation (Tao et al.  2004  ) , and immune 
dysregulation (Andrys et al.  1997 ; Blossom and 
Gilbert  2006 ; Grif fi n et al.  2000  ) . “Solvents” is a 
very broad category that includes many distinct 
chemicals in various formulations, primarily used 
for cleaning and degreasing and for blending 
other products (e.g., paints). The most evidence 
for a risk of MDS exists for benzene, an aromatic 
hydrocarbon solvent which is a known cause of 
AML based on suf fi cient data from human stud-
ies and clear evidence of the bone marrow as a 
site of benzene toxicity (Golding and Watson 
 1999  ) . Cohort studies of benzene-exposed work-
ers are individually small and underpowered, but 
a meta-analysis of nine studies found that the risk 
of AML was 3.2-fold greater (95 % CI = 1.1–9.5) 
with high benzene exposure (>100 ppm-years) 
than for unexposed (Khalade et al.  2010  ) . Few of 
these cohort studies included MDS or reported 
on it separately, but a couple noted signi fi cantly 
higher numbers of MDS cases than expected 
(grouped with myelo fi brosis in one study) 
(Cowles et al.  1991 ; Honda et al.  1995  ) . The tim-
ing of exposure may be important with regard to 
MDS etiology. Hayes et al. found in his study of 
workers in China exposed to an average benzene 
intensity of less than 10 ppm that increased risk 
of AML/MDS was signi fi cantly associated with 
exposure within the past 10 years (RR = 5.3, 95 % 
CI = 1.8–15.6;  p -trend = 0.003), but was not 

clearly associated with exposure in the more dis-
tant past ( p -trend = 0.51) (Hayes et al.  1997  ) . 

 Several case–control studies have investigated 
solvents in relation to MDS (Table  2.2 ) and have 
found evidence supporting increased risk associ-
ated with benzene exposure (Blair et al.  2001 ; Lv 
et al.  2007  )  or solvent exposure in general 
(Goldberg et al.  1990 ; Ido et al.  1996 ; Nagata 
et al.  1999 ; Nisse et al.  2001 ; Rigolin et al.  1998 ; 
Strom et al.  2005 ; West et al.  1995  ) . These stud-
ies are subject to the same limitations as the stud-
ies on pesticides, in terms of the possibility of 
recall bias and limited exposure information. One 
study conducted in Houston, Texas, USA, found 
that the association with solvents was stronger 
for RAEB/RAEB-t patients than for RA/RARS; 
a signi fi cant trend for increasing risk across lev-
els of solvent exposure was observed only for 
RAEB/RAEB-t ( p -trend = 0.001 vs.  p -trend = 0.34 
for RA/RARS), relating to a 2.7-fold increased 
risk of RAEB/RAEB-t for high-solvent versus no 
solvent exposure (95 % CI = 1.5–4.9) (Strom 
et al.  2005  ) . A study in Shanghai, China, that 
de fi ned MDS according to WHO 2008 criteria 
found that cases with high benzene exposure 
were more likely to be of unspeci fi ed MDS his-
tology (OR = 11.1, 95 % CI = 1.3–92.4) or RAEB 
(OR = 1.4, 95 % CI = 0.2–11.1) than other sub-
types (Irons et al.  2010  ) . Other frequent features 
of highly exposed compared to non-exposed 
cases were marked erythroid dysplasia in the 
bone marrow, no evidence of increased ring 
sideroblasts, near-normal hemoglobin values in 
the face of marked bone marrow dyserythropoi-
esis, and a striking increase in multilineage dys-
plasia with abnormal eosinophils. However, 
highly benzene-exposed cases were less likely to 
have any clonal cytogenetic abnormalities 
(OR = 0.5, 95 % CI = 0.2–1.3) (Irons et al.  2010  ) . 
Another study found no association between sol-
vent exposure and the number or type of chromo-
somal abnormalities (Albin et al.  2003  ) .  

    2.3.2.4   Other Environmental Exposures 
 There have been several other environmental 
exposures that have been associated with MDS, 
usually not in targeted investigations but rather in 
studies that screened a large number of possible 
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risk factors. These associations are worth men-
tioning, if only for generating new research direc-
tions for potential causes of MDS. Increased risks 
have been observed in at least one study for work-
ing in the industries: nonmetallic minerals; 
plumbing, heating, and air conditioning; sales; 
metals fabricating; or education, welfare, and 
health or occupation as truck drivers, machine 
operators, textile workers, and health profession-
als (Blair et al.  2001 ; Nisse et al.  2001 ; West et al. 
 1995  ) . Speci fi c exposures associated with 
increased risk of MDS in at least one study are 
ammonia, diesel, oil, metals, copper compounds, 
fertilizers, cereal dust, poultry, livestock, infec-
tious agents, cotton and  fl ax dusts, and extremely 
low-frequency electric and magnetic  fi elds (EMF) 
(Albin et al.  2003 ; Farrow et al.  1989 ; Nisse et al. 
 2001 ; West et al.  1995  ) . Other occupational/envi-
ronmental exposures that should be pursued as 
potential risk factors for MDS are those with sug-
gestive associations with AML, including engine 
exhausts (Blair et al.  2001 ; Howe and Lindsay 
 1983  )  and formaldehyde (Baan et al.  2009 ; Beane 
Freeman et al.  2009 ; Hauptmann et al.  2003  ) .   

    2.3.3   Host Risk Factors for MDS 

 A person’s biological makeup may predispose 
them to develop MDS; obvious examples are the 
striking increase with age and the higher inci-
dence in men versus women. Several studies have 
found signi fi cant or nonsigni fi cant increased risk 
of MDS among persons with a family history of 
hematopoietic or lymphatic cancer (Nisse et al. 
 2001 ; Strom et al.  2005 ; West et al.  1995  ) , sug-
gesting that genetic factors are likely to play a role 
in MDS etiology. Various genetic pathways have 
been investigated with regards to MDS, including 
detoxi fi cation, DNA repair, and immune-related 
polymorphisms, but individual studies have gen-
erally been small and underpowered, and few 
variants have been investigated in more than one 
study. An exception is the well-studied glutathi-
one-S-transferase (GST) genes responsible for 
detoxi fi cation of xenobiotics such as polycyclic 
aromatic hydrocarbons, solvents, and pesticides. 
GSTT1 was evaluated in a  meta-analysis of 13 

studies, which found a 1.4-fold increased risk 
associated with the null genotype (95 % CI = 1.1–
1.9), with moderate between-study heterogene-
ity (Dahabreh et al.  2010  ) . In contrast, there was 
no association with GSTM1 null genotype in 
ten studies (Dahabreh et al.  2010  ) . The GSTP1 
105Val allele was associated with increased 
risk of MDS in one study (Fabiani et al.  2009  ) . 
A study of therapy-related MDS/AML found that 
patients with variants in detoxi fi cation genes were 
at increased risk of therapy-related malignancy, 
for either NAD(P)H:quinine oxidoreductase 
(NQO1; OR = 2.1, 95 % CI = 1.1–4.0) or a poly-
morphism pro fi le consisting of GSTT1 null 
in addition to variants in NQO1 and CYP1A1 
(Bolufer et al.  2007  ) . Several variants in DNA 
repair genes (RAD51, XRCC3, XPD) were not 
associated with MDS incidence in two studies 
(Baumann Kreuziger and Steensma  2008 ; Fabiani 
et al.  2009  ) .  An  epoetin (EPO) promoter gene 
variant (rs1617640) associated with decreased 
EPO expression was signi fi cantly associated 
with increased risk of MDS among 187 cases 
and 95 controls (OR = 5.0, 95 % CI = 2.0–12.1) 
(Ma et al.  2010  ) . Polymorphisms associated with 
increased expression of TNF-alpha and TGF-
beta 1 (TGFB1) were more prevalent in a small 
group of MDS cases ( n  = 21) than among normal 
populations listed in the NCI SNP500 database 
(Powers    et al.  2007 ), and another study found a 
TGFB1 variant (TT at codon 10, exon 1) to be 
more common in MDS patients with bi- or pan-
cytopenia than those with only anemia ( p  = 0.007) 
(Gyuali et al.  2005 ), but found no associations 
with TNF-alpha. 

 Persons with autoimmune diseases are at 
increased risk of developing MDS. A hospital-
based case–control study conducted in Greece 
found that persons with autoimmune diseases 
were at increased risk of developing de novo 
MDS, even 10 years or longer after autoimmune 
disease diagnosis (OR = 3.5, 95 % CI = 1.2–10.3) 
(Dalamaga et al.  2002  ) . They reported a particular 
association with autoimmune thyroid disease 
(OR = 5.7, 95 % CI = 2.0–16.1) (Dalamaga et al. 
 2008  ) . Autoimmune phenomena are commonly 
reported in patients with MDS (Enright and Miller 
 1997  ) ; however, it is not known if these symptoms 
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simply coevolve with MDS or if autoimmunity is 
potentially causal of MDS. In a large study link-
ing SEER-reported myeloid cancer cases with 
Medicare records, autoimmune conditions were 
associated with increased risk of developing MDS 
(OR = 1.5, 95 % CI = 1.4–1.7) and AML (OR = 1.3, 
95 % CI = 1.2–1.4) (Anderson et al.  2009  ) . 
Speci fi cally, the risk of MDS was associated with 
rheumatoid arthritis, systemic lupus erythemato-
sus, Sjögren’s syndrome, and pernicious anemia. 
There was no association with autoimmune thy-
roid disease, unlike the study conducted in Greece. 
A similar type of linkage study conducted in 
Sweden found increased risk of MDS associated 
with any autoimmune disease (OR = 2.1, 95 % 
CI = 1.7–2.6) as well as speci fi cally with rheuma-
toid arthritis, systemic lupus erythematosus, 
Sjögren’s syndrome, immune thrombocytopenic 
purpura, myasthenia gravis, polymyalgia rheu-
matica, psoriasis, giant cell arteritis, and aplastic 
anemia; there were similar  fi ndings for AML. 
These risks were also present when limited to 
MDS cases diagnosed at least 3 years after diag-
nosis of the autoimmune condition, although esti-
mates were not always statistically signi fi cant 
(Kristinsson et al.  2011  ) . A history of allergy, 
another immune-related condition, was not asso-
ciated with risk of MDS in two case–control stud-
ies (Dalamaga et al.  2002 ; Pekmezovic et al. 
 2006  ) . Similarly, asthma history was not associ-
ated with MDS in the SEER-Medicare linkage 
study (Anderson et al.  2009  ) . 

 Bacterial and viral infections have been inves-
tigated in relation to MDS. History of upper 
respiratory infections two or more times per year 
(vs. none) was associated with increased risk of 
MDS in a case–control study conducted in Serbia 
(Pekmezovic et al.  2006  ) . There was a similar 
observation in the registry-based linkage study 
conducted in Sweden, in which a history of pneu-
monia, even 3 or more years before MDS diagno-
sis, was associated with 30 % increased risk of 
MDS (OR = 1.3, 95 % CI = 1.0–1.7) (Kristinsson 
et al.  2011  ) . Other types of infection were also 
associated with increased MDS risk in the regis-
try study, including herpes zoster and meningitis, 
and the risk estimate for any infection was 1.3 
(95 % CI = 1.1–1.5) (Kristinsson et al.  2011  ) .   

      Conclusion 

 The hematopoietic system appears to be vul-
nerable to neoplastic changes from a variety 
of lifestyle and environmental exposures. 
However, accepted causes of MDS are lim-
ited at this time to treatment-related chemo-
therapy and radiation and occupational 
exposure to benzene. Probable causes, sup-
ported by studies of MDS as well as similar 
 fi ndings for AML, are smoking, obesity, and 
pesticides (without knowledge of speci fi c 
exposures). 

 MDS has been particularly challenging to 
study, for several reasons. As a result of lim-
ited historical registration and the dif fi culty in 
recruiting controls from the general popula-
tion, most case–control studies have been 
based in hospitals (Table  2.2 ). While these 
studies have certainly moved the  fi eld forward 
by describing associations with exposures 
such as smoking and alcohol in multiple stud-
ies, as well in conducting exploratory analyses 
of occupational exposures, the possibility of 
selection bias from use of patient controls may 
have produced spurious associations (or 
masked true effects). An additional issue is 
that most studies to date (with the exception of 
Ma et al.  2009  )  have collected exposure infor-
mation retrospectively (i.e., after MDS diag-
nosis), an approach which is subject to biased 
recall according to case status, as well as gen-
erally faulty recall. Nevertheless, very large 
prospective cohort studies with long follow-
up will be required to achieve a large enough 
number of MDS cases for suf fi cient power to 
identify etiologic risk factors. Because of the 
inherent strengths and weaknesses of both 
study designs, both prospective cohorts and 
general population-based retrospective case–
control studies are needed to continue to 
investigate risk factors for MDS. For many of 
the exposures discussed, further research on 
broad exposure groupings (e.g., any solvent) 
or exposure assessment without any distinc-
tion of intensity (e.g., ever smoked) will not be 
useful for clarifying suggested associations. 
For suspected high-risk exposures and jobs 
(e.g., pesticides or farmers), future research 
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should focus on semiquantitative or quantita-
tive exposure assessment (e.g., by on-site 
measurements or biomarkers) of speci fi c 
exposures of interest (e.g., speci fi c types of 
pesticides or application practices) in order to 
move the state of knowledge forward and to 
target areas for intervention. 

 Epidemiologic investigation of disease het-
erogeneity in MDS has been very limited until 
now, primarily due to the problem of small 
numbers within speci fi c subtypes. Changing 
subtype classi fi cations (e.g., from FAB to 
WHO) also limit interpretation of subtype-
speci fi c results across studies spanning recent 
decades. Nevertheless, several studies report 
stronger associations between exposures such 
as smoking and solvents with RAEB/RAEB-t, 
subtypes that are more likely to evolve to 
AML, than with other subtypes including RA 
(Strom et al.  2005 ; Irons et al.  2010 ; Lv et al. 
 2011  ) . Such studies may elucidate causal 
associations that are speci fi c to certain sub-
types, whereas analysis of MDS as one group 
would mask associations. Even  fi ner 
strati fi cation may be achieved by grouping of 
cases by patterns of cytogenetic abnormali-
ties. Such groupings have proven to be prog-
nostically important and may also be 
etiologically relevant, for example, if a certain 
cytotoxic exposure consistently produces a 
signature pattern of chromosomal abnormali-
ties. Crude case groupings according to the 
number and speci fi c types of cytogenetic 
abnormalities have been associated with expo-
sures such as smoking, pesticides, and sol-
vents (Bjork et al.  2009 ; Rigolin et al.  1998  ) ; 
however, these studies have been limited in 
terms of both the number of chromosomal 
abnormalities described and the limited detail 
of exposure information. Rapidly evolving 
technologies enabling karyotyping by array 
have proven more sensitive than traditional 
metaphase cytogenetics (Maciejewski et al. 
 2009  )  and thus may allow re fi ned de fi nition of 
etiologically relevant subgroups of MDS for 
epidemiologic studies. 

 Finally, both descriptive epidemiology 
studies and studies of disease etiology have 

until now generally only included MDS cases 
with con fi rmed diagnoses that were reported 
to registries. Several studies with active case-
 fi nding (by ICD-9 code or close screening of 
populations) (Cogle et al.  2011 ; De Roos et al. 
 2010a ; Guralnik et al.  2004 ; Tettamanti et al. 
 2010 ; Williamson et al.  1994  )  suggest that a 
potentially large case group, probably with 
less severe disease, has been previously unrec-
ognized. Epidemiologic research should 
expand its scope to include these previously 
missed MDS cases, with the aim to understand 
the importance of this case group in terms of 
its burden on the healthcare system, health 
outcomes compared to both normal popula-
tions and “con fi rmed” MDS, and disease 
etiology.      
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          3.1   Introduction 

 The cytogenetic evaluation of a bone marrow 
sample from patients with a myelodysplastic 
syndrome (MDS) is an integral part of clinical 
care. This analysis not only con fi rms the diagno-
sis, but it is invaluable in de fi ning the prognosis 
and median survival, as well as establishing the 
risk for progression to an acute myeloid leu-
kemia (AML). On a more fundamental level, 
cytogenetic analysis has been instrumental in 
con fi rming the clonality of these syndromes as 
well as providing hints into the pathobiology of 
these entities. This chapter will review the most 
frequently encountered abnormalities explor-
ing their clinical and genetic features, as well as 
the techniques of cytogenetic analysis and their 
applications in MDS.  

    3.2   Diagnosis 

 The diagnosis of all hematological malignancies, 
including MDS, begins with the appropriate clini-
cal evaluation combined with expert pathological 
and genetic analysis. An accurate diagnosis can be 
crucial in management decisions. MDS is typically 
 fi rst suspected with the identi fi cation of cytopenia 
which can be limited to a single cell line resulting 
in anemia, neutropenia, or thrombocytopenia on 
routine blood screening that can have an indolent 
course but may also present with a symptomatic 
complication from a profound decrease in one 
or all three lineages with  life-threatening con-
sequences. Dysplasia identi fi ed in bone marrow 
samples may be found in a number of benign and 
congenital conditions including nutritional disor-
ders, toxic exposures, and infectious states, as well 
in MDS and acute leukemias (Swerdlow et al. 
 2008  ) . In highly dysplastic cases of MDS, or when 
the blast count is elevated, the diagnosis of MDS is 
relatively straightforward and is characterized by 
typical laboratory  fi ndings discussed earlier in this 
volume. Given the varied pathological and clinical 
picture of MDS, however, more sophisticated test-
ing can be useful in establishing the diagnosis. 

 The key distinguishing feature of these syn-
dromes is the clonal nature of the dysplasia. Initial 
work with X chromosome inactivation patterns in 
females, based on isozymes of the enzyme glu-
cose-6-phosphate dehydrogenase, suggested that 
MDS was a clonal disorder (Prchal et al.  1978  ) . 
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The most widely available and  standardized tech-
nique for identifying clonality in MDS, however, 
is classic cytogenetic analysis. In fact, the World 
Health Organization has included recurring cyto-
genetic abnormalities in the classi fi cation of 
several subtypes of MDS with distinct clinical 
presentations and natural histories as discussed 
below (Swerdlow et al.  2008  ) . The identi fi cation 
of mutated oncogenes or tumor suppressor genes 
has been used to con fi rm the clonal nature of 
MDS and to provide additional prognostic infor-
mation (Weimar et al.  1994  ) . Aberrant in vitro 
growth patterns of stem cells can be character-
istic of MDS (Spitzer et al.  1979  ) , yet this evalu-
ation is restricted to laboratories with expertise 
with this technique and is not routinely available. 
Immunophenotyping protocols (Wells et al.  2003 ; 
Kussick et al.  2005 ; van de Loosdrecht et al. 
 2008  )  and high-resolution microarray techniques 
(Walker et al.  2002 ; Gondek et al.  2008  ) , includ-
ing array comparative genomic hybridization and 
single-nucleotide polymorphism (SNP) arrays 
to detect copy-neutral loss of heterozygosity 
(LOH), may re fi ne future clinical diagnostic and 
prognostic reasoning. Next-generation sequenc-
ing and mass-spectrometry genotyping have per-
mitted the whole-genome sequencing of human 
malignancies, and its application to MDS holds 
promise of further understanding of its pathobiol-
ogy, its diagnosis, and the identi fi cation of novel 
therapeutic targets (Bejar et al.  2011a,   b  ) . 

 Both the newly identi fi ed SNP array lesions and 
mutations of known and novel genes were factored 
into the IPSS classi fi cation re fi ning survival curves 
of IPSS intermediate-1 patients. The SNP arrays 
provide additional information allowing for better 
prognostic resolution (median survival 28 vs. 
9 months,  p  = 0.03). Thus, the results of these stud-
ies suggest that SNP array analysis and mutation 
screening may have further diagnostic application 
and complement conventional cytogenetic analysis 
in risk strati fi cation and the selection of therapy. 

    3.2.1   Cytogenetic Analysis 

 The value of cytogenetic analysis in predicting 
survival and risk of leukemic transformation 

 during a patient’s clinical course has been well 
established (Morel et al.  1993 ; Toyama et al. 
 1993 ; Jotterand and Parlier  1996 ; Sole et al.  2000 ; 
Sole et al.  2005 ; Haase et al.  2007  ) . Among the 
few independent variables identi fi ed that predict 
clinical outcomes in MDS, cytogenetic  fi ndings 
form the cornerstone of successful prognos-
tic scoring systems including the most widely 
adopted International Prognostic Scoring System 
(Table  3.1a ) (Greenberg et al.  1997  ) . Since its 
adoption, newer classi fi cations have incorporated 
the degree of cytopenias re fl ected in transfusion 
dependency as well as having the advantages 
of being dynamic throughout the course of the 
disease (WPSS) (Malcovati et al.  2007  )  and hav-
ing been applied to a broader cohort of patients, 
including therapy-related patients and CMML 
(Kantarjian et al.  2008  ) . With collaborative 
efforts using patients from the German-Austrian 
Working Group, the International Risk Analysis 
Workshop, the Spanish Cytogenetics Workshop, 
and the International Cytogenetics Working 
Group of the MDS Foundation, the prognos-
tic information has been extended to 20 com-
mon cytogenetic abnormalities classi fi ed into 
risk quartiles with medial survival ranging from 
5.7 to 50.6 months, time until 25 % of patients 
evolved to AML ranged from 3.4 to 71.9 months 
(Table  3.1b ). Undoubtedly with genetic and epi-
genetic aberrations being established as key com-
ponents in the pathogenesis of MDS (as described 
below), their inclusion in future prognostic mod-
eling will likely be forthcoming.   

 At the time of diagnosis, recurring chro-
mosomal abnormalities are found in 40–70 % 
of patients with primary MDS and in 95 % of 
patients with therapy-related MDS (t-MDS) 
(Vallespi et al.  1998  ) . The frequency of cytoge-
netic abnormalities increases with the severity 
of disease, as does the risk of leukemic trans-
formation with the exception of the del(5q) 
found in MDS with an isolated del(5q) (the 
5q− syndrome). Clonal chromosome abnor-
malities can be detected in marrow cells of 
25 % of patients with Refractory Anemia (RA), 
10 % of patients with Refractory Anemia with 
Ringed Sideroblasts (RARS), 50 % of patients 
with Refractory Cytopenias with Multilineage 
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Dysplasia (RCMD), 50–70 % of patients with 
Refractory Anemia with Excess Blasts 1, 2 
(RAEB-1,2), and 100 % of patients with MDS 
with isolated del(5q). 

 Most recurring cytogenetic abnormalities found 
in MDS are unbalanced, most commonly the result 
of the loss of a whole chromosome or a deletion of 
part of a chromosome, but unbalanced transloca-
tions and more complex derivative (rearranged) 
chromosomes can be found (Figs.  3.1  and  3.2 , 
Table  3.2 ). The most common cytogenetic abnor-
malities encountered in MDS are del(5q), −7, +8, 
and del(20q) which have been incorporated into 
the more robust prognostic scoring systems of 
MDS. Clones with unrelated abnormalities, one of 
which typically has a gain of chromosome 8, are 

seen at a greater frequency (~5 % vs. ~1 %) in 
patients with MDS than in patients with AML.    

 A handful of speci fi c cytogenetic abnormali-
ties, including MDS with an isolated del(5q) (the 
5q− syndrome) (Van den Berghe and Michaux 
 1997  )  and the 17p− syndrome (Jary et al.  1997  ) , 
are associated with morphologically and clini-
cally distinct subsets of MDS (Table  3.2 ). Many 
 fi ndings, including rearrangements or deletions of 
chromosome 5, loss or deletion of chromosome 7, 
gain of chromosome 8, and complex karyotypes, 
are common to both MDS and AML (Fig.  3.2 ). In 
rare cases, recurring balanced translocations have 
been reported. Abnormalities characteristic of 
acute leukemia without a prior myelodysplastic 
phase, such as the t(15;17), inv(16), and t(8;21), 

   Table 3.1a    Cytogenetic abnormalities of the international prognosis scoring system   

 Cytogenetic abnormalities  25 % AML progression (years)  Median survival (years) 

 Favorable risk  Normal karyotype  5.6  3.8 
 Isolated del(5q) 
 Isolated del(20q) 
 Isolated −Y 

 Intermediate risk  Other abnormalities  1.6  2.4 
 Poor risk  −7/del(7q)  0.9  0.8 

 complex karyotypes 

   Table 3.1b    Cytogenetic abnormalities of the proposed 4-tier cytogenetic risk strati fi cation system   

 Risk group  Cytogenetic abnormalities 
 25 % AML 
progression (months) 

 Median survival 
(months) 

 Good  Normal  50.6  71.9 
 del(5q) 
 del(5q) and another abnormality 
 der(1;7)(q10;p10)/t(1;7) 
 del(11q) 
 del(12p) 
 +19 
 del(20q) 
 −Y 

 Intermediate-1  Two abnormalities (without del(5q) or −7/del(7q))  25.7  14.7 
 +8 
 i(17)(q10) 
 +21 
 Any other single abnormality 

 Intermediate-2  Two abnormalities with −7/del(7q)  16  9.8 
 t(3q26.2) 
 Complex karyotype (3 abnormalities) 

 High  Complex karyotype (>3 abnormalities)  5.7  3.4 
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can be identi fi ed rarely in MDS (Rowley  1999  ) . 
The t(9;22), diagnostic of chronic myelogenous 
leukemia and a subtype of acute lymphoblastic 
leukemia (ALL), has only rarely been reported in 
MDS (Smadja et al.  1989  ) . 

    3.2.1.1   Specimen Collection 
 Detailed methods for the cytogenetic analysis of 
hematological malignant diseases have been 
described previously (Roulston and Le Beau 
 1997  ) . Cytogenetic studies are performed on 
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  Fig. 3.1    Type of karyotypic abnormalities in MDS       
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  Fig. 3.2    Recurring chromosomal abnormalities in MDS       
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spontaneously dividing cells that are typically 
cultured for short periods (24–72 h). The dividing 
cells are enriched by arresting them in metaphase 
using a spindle  fi ber inhibitor, e.g., Colcemid. 
Slides are prepared by dropping the cell suspen-
sion onto microscope slides, followed by histo-
logical staining. Conventional cytogenetic studies 
can be performed on almost any tissue with 
actively dividing cells. Bone marrow is the tissue 
of choice for cytogenetic studies of MDS. Tissue 
should be collected in cell culture media with 
heparin to prevent clotting and antibiotics to pre-
vent bacterial contamination, and immediately 
transported to the laboratory. Specimens should 
not be collected in tubes containing agents such as 
EDTA or Sodium Citrate, as these affect cell via-
bility and limit the cells from undergoing mitosis 
which is essential for analysis.  

    3.2.1.2   Report and Interpretation 
of Results 

 The International System of Human Cytogenetic 
Nomenclature (ISCN 2009) was developed as the 
result of several international conferences and is 
used to describe chromosomal abnormalities in a 
consistent manner (Shaffer et al.  2009  ) . Using 
this system, abnormalities can be described with 
abbreviated terms for the type of rearrangement, 
followed by the chromosome(s) number, chro-
mosome arm(s), and band(s) involved. A typical 
cytogenetic analysis includes at least 20 meta-
phase cells, which provides a good sensitivity for 
lower-frequency clones. This number may not 
always be possible and depends on the cellular-
ity, mitotic index, and quality of the specimen. 
An analysis of less than 20 cells is still informa-
tive if a clonal abnormality is detected. The cyto-
genetic workup should include the analysis of 
cells from more than one preparation, preferably 
two short-term cultures, e.g., 24- and 48-h cul-
tures. Genetic mutations accumulate during the 
progression of a normal cell to a malignant state. 
Therefore, multiple, related subpopulations of 
cells derived from a single progenitor may be 
present in any one specimen. A chromosomal 
abnormality is considered clonal if a structural 
abnormality or gain of a chromosome is identi fi ed 
in two or more cells. Chromosome loss can occur 

as a technical artifact during metaphase cell prep-
aration; thus, a loss of a chromosome is consid-
ered to be clonal only when it occurs in three or 
more cells. The number of cells observed in each 
clone is listed after the clone description in square 
brackets [n]. The simplest clone is listed  fi rst, and 
related clones are listed in order of increasing 
complexity. To describe subclones, the term 
“idem” followed by any additional changes can 
be used. It is important to note that “idem” always 
refers to the abnormalities described in the sim-
plest clone. This type of karyotypic progression 
is referred to as clonal evolution.  

    3.2.1.3   Applications of Conventional 
Cytogenetic Analysis 

 Cytogenetic analysis should be requested for any 
patient with a suspected or con fi rmed MDS. In 
addition, any abnormality noted at the time of 
diagnosis can be used as a biological marker to 
monitor the response to therapy or to detect resid-
ual disease in follow-up specimens. Subsequent 
specimens without this biological marker can be 
interpreted to represent a cytogenetic remission. 
Likewise, if the abnormal chromosome(s) is 
detected in a follow-up specimen, it is indicative 
of residual disease, relapse, or in the case of 
karyotypic evolution, disease progression. 
Increasingly, cytogenetic results will be used to 
select risk-adapted therapies.   

    3.2.2   Fluorescence In Situ 
Hybridization (FISH) 

    3.2.2.1   Background and Theory 
 In contrast to classical cytogenetic analysis, 
 fl uorescence in situ hybridization (FISH) can 
evaluate both metaphase and interphase cells in a 
rapid and ef fi cient manner. The primary advan-
tage of FISH is its simpli fi ed analysis permitting 
the evaluation of an increased number of cells 
greatly increasing sensitivity. It can also be 
applied to histologically stained cells allowing a 
direct correlation of the genetic target’s status 
within morphologically characterized cells. The 
technique does not, however, evaluate the entire 
chromosome complement but rather speci fi c 
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alterations based on probe selection. Not all 
recurring abnormalities of interest have probes 
suitable for clinical use, and variation in the cyto-
genetic abnormality (with either complex rear-
rangement or differences in breakpoints) may 
occasionally not be detected with conventional 
probes. 

 Fluorescence in situ hybridization is based 
on the ability of single-stranded DNA to anneal 
to complementary DNA. In the case of FISH, 
the target DNA is the nuclear DNA of inter-
phase cells or the DNA of metaphase chromo-
somes af fi xed to microscope slides. The test 
probe is labeled through incorporation of a 
 fl uorescently tagged reporter nucleotide. 
The test probe anneals to its complementary 
sequences on  fi xed metaphase chromosomes 
or interphase nuclei and is visualized by 
 fl uorescence microscopy as a brilliantly colored 
signal at the hybridization site. FISH can be 
performed using standard cytogenetic cell prep-
arations, bone marrow or peripheral blood 
smears, or  fi xed and sectioned tissue.  

    3.2.2.2   Types of FISH Probes 
 A variety of probes can be used to detect chromo-
somal abnormalities by FISH; a partial list of 
probes available for detection of the recurring 
abnormalities in MDS is given in Table  3.3 . In 
general, these probes can be divided into three 
groups: (1) probes that identify a speci fi c chro-
mosome structure, (2) probes that hybridize to 
multiple chromosomal sequences, and (3) probes 
that hybridize to unique DNA sequences (Gozzetti 
and Le Beau  2000  ) .  

     Centromere Probes 
 Examples of probes that hybridize to a speci fi c 
chromosome structure include  a - and  b -satellite 
probes. These probes represent tandemly repeated 
DNA sequences that  fl ank the centromeres of 
human chromosomes. In most instances, these 
sequences are distinct, such that an  a -satellite 
probe derived from one chromosome will hybrid-
ize to that chromosome only. At present, speci fi c 
probes are available for chromosomes 1–4, 6–12, 
15–18, and 20, as well as the X and Y chromosomes. 

   Table 3.3    FISH probes to detect recurring chromosomal abnormalities in MDS   

 Abnormality  Probe  Format a   Vendor b  

 t(11q23)  MLL  Two-color break-apart  Abbott, Kreatech 
 del(5q)/t(5q) c   EGR1D5S23/D5S72  Two-color deletion  Abbott 

 CSF1R D5S23/D5S72  Two-color deletion  Abbott 
 5q31/5q33  Two-color deletion  Kreatech 

 −7/del(7q)  D7S522/CEP7  Two-color deletion  Abbott 
 D7S486/CEP7  Two-color deletion  Abbott 
 CUTL1/7q35  Two-color deletion  Kreatech 

 del(20q)  D20S108  Single color  Abbott 
 20q11.2/q12  Two-color deletion  Kreatech 

 +8  CEP8, D8Z1  Single color  Abbott, Cytocell, Ltd, Kreatech 
 del(13q)  D13S25, 13q14  Single color  Abbott, Kreatech 
 del(11q)  ATM  Single color  Abbott, Kreatech 
 −17/del(17p)  TP53  Single color  Abbott 

 TP53/D17Z1  Two-color deletion  Kreatech 
 Miscellaneous 
  Transplants  CEPX/CEPY, DXZ1, DYZ3  Single color or two color  Abbott, Kreatech 

   a In two-color break-apart probes, DNA sequences from the 5 ¢  and 3 ¢  regions of a single gene are labeled and detected 
with red and green  fl uorochromes. In the germ line con fi guration, a yellow fusion signal is observed, whereas individual 
red and green signals are observed when the sequences are separated as a result of a translocation 
  b Abbott Molecular Diagnostics (  http://www.abbottmolecular.com/home.html    ); Cytocell, Banbury England (  http://
www.cytocell.co.uk    ). Kreatech Diagnostics (  http://www.kreatech.com/products.html    ). Note that there are additional 
commercial suppliers of FISH probes for diagnostics of hematological malignancies 
  c The  EGR1  gene at 5q31.2 is located within the commonly deleted segment of the del(5q) in AML, whereas the  CSF1R  
gene is mapped to 5q33 and detects the del(5q) in the 5q− syndrome  

http://www.abbottmolecular.com/home.html
http://www.cytocell.co.uk/
http://www.cytocell.co.uk/
http://www.kreatech.com/products.html
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Hybridization of chromosome-speci fi c repetitive 
sequence probes is particularly suitable for the 
detection of monosomy, trisomy, and other aneu-
ploidies, e.g., −7 or +8 (Moyzis et al.  1987 ; 
Jenkins et al.  1992  ) .  

     Chromosome Painting Probes 
 Chromosome painting probes utilize cloned DNA 
libraries derived from whole,  fl ow-sorted human 
chromosomes (Pinkel et al.  1988  ) . After hybrid-
ization and detection, the result is the  fl uorescent 
staining or “painting” of an entire chromosome. 
Chromosome-speci fi c painting probes are avail-
able for each of the human chromosomes and are 
particularly useful in characterizing marker chro-
mosomes (a rearranged chromosome of unknown 
origin), or additional material of unknown origin 
translocated to other chromosomes, which are 
often seen in the complex karyotypes of some 
MDS patients.  

     Locus-Speci fi c Probes 
 Probes that hybridize to unique DNA sequences 
are usually genomic clones, which vary in size. 
Probes in this group are particularly useful for 
detecting structural rearrangements. Using multi-
color FISH, recurring translocations can be 
identi fi ed in interphase or metaphase cells by 
using genomic probes that are derived from the 
breakpoints (Nederlof et al.  1990 ; Tkachuk et al. 
 1990  ) . Similarly, recurring deletions can be 
detected using genomic probes located within the 
commonly deleted segment. For example, a 
locus-speci fi c probe for the  EGR1  gene at 5q31 
detected with a green  fl uorochrome and a locus-
speci fi c control probe for the short arm of chro-
mosome 5 detected with a red  fl uorochrome can 
be used to identify the del(5q) in MDS.   

    3.2.2.3   FISH Strategies 
     Dual-Color/Dual-Fusion Probes 
 A variety of strategies have been developed for 
the detection of recurring translocations in inter-
phase cells, each with variable sensitivity 
(Gozzetti and Le Beau  2000  ) . The selection of a 
particular probe con fi guration may vary depend-
ing on the application. A common type of probe 
for detecting translocations with high sensitivity 

and speci fi city is a  dual - fusion signal . In the 
example of the t(8;21), both probes include large 
regions spanning the breakpoints in the  RUNX1  
and  ETO  loci, such that cells with the t(8;21) 
have one red and one green signal observed on 
the normal homologs and yellow fusion signals 
observed on both the der(21) and der(8) 
homologs. This type of probe has a low rate of 
false-positive cells, and the cutoff value for a 
positive result is ~1 % (Dewald et al.  1998  ) . The 
results of a recent study suggested that quantita-
tive analysis of 6,000 nuclei could be used to 
detect MRD with a sensitivity of ~0.2 % 
(Dewald et al.  1998  ) .  

     Dual-Color Break-Apart Probes 
 Two-color break-apart probes are designed such 
that DNA sequences from the 5 ¢  and 3 ¢  regions 
of a single gene are differentially labeled and 
detected with red and green  fl uorochromes. In 
the germ line con fi guration, a yellow fusion sig-
nal is observed, whereas separate red and green 
signals are observed when the sequences are 
separated as a result of a translocation. This 
probe con fi guration offers the advantage that 
knowledge of the partner gene is not necessary 
and, therefore, is most useful for loci that are 
translocated to multiple sites, such as  MLL . The 
sensitivity of this type of probe is exceedingly 
high (cutoff value of ~1.7 %) with very high 
speci fi city.   

    3.2.2.4   Report and Interpretation 
 When interpreting FISH results, it is important to 
 fi rst note the type of probe strategy used. This 
provides a general indication of the sensitivity of 
the speci fi c test performed. Next, it is important 
to note the speci fi c laboratory reference range for 
the probe used. The guidelines for clinical FISH 
analysis establish procedures for probe valida-
tion, assay validation, and assay analytical sensi-
tivity (available through   http://www.acmg.net    ). 
Each laboratory must establish normal and abnor-
mal reference ranges; without this information it 
is not possible to interpret FISH results accu-
rately. FISH nomenclature, much like chromo-
some banding nomenclature, is outlined in the 
ISCN (2009) (Shaffer et al.  2009  ) .  

http://www.acmg.net/
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    3.2.2.5   Applications of FISH 
 The applications of FISH in cancer diagnosis have 
been described in depth in several reviews (Kearney 
 1999 ; Gozzetti and Le Beau  2000  ) . In many cases, 
FISH analysis provides increased sensitivity in 
that cytogenetic abnormalities have been detected 
in samples that appeared to be normal by morpho-
logical and conventional cytogenetic analysis. 
FISH is most powerful when the analysis is tar-
geted toward those abnormalities that are known 
to be associated with a particular disease or are 
known to occur in a particular patient’s tumor. For 
example, cytogenetic analysis is often performed 
at the time of diagnosis to identify the chromo-
somal abnormalities in an individual patient’s 
malignant cells. Thereafter, FISH can be used to 
detect residual disease or early relapse and to 
assess the ef fi cacy of therapeutic regimens. It can 
also be used to follow engraftment of donor cells 
in stem cell transplant cases, as well as in a num-
ber of research applications, including mapping 
and establishing copy number of different genes.  

    3.2.2.6   Advantages and Limitations of 
Cytogenetic and FISH Analysis 

 The advantages and limitations of cytogenetic and 
FISH analysis have been described (Gozzetti and 
Le Beau  2000  ) . Perhaps the most critical 
 parameters for consideration are the sensitivity 
and speci fi city of each method and the speed with 
which each can be accomplished. Cytogenetic 
analysis has a relatively low sensitivity as com-
pared to FISH (~1:20 cells vs. 1:100). Moreover, 
cytogenetic analysis requires highly skilled per-
sonnel and is labor-intensive; results are not avail-
able for 1–3 weeks in all but exceptional cases. In 
contrast, material for FISH can be processed in 
4–24 h, and the analysis of 200–400 cells can be 
accomplished in 15–20 min. Thus, FISH is a rapid 
technique that enables one to obtain information 
on the cytogenetic pattern of tumor cells in a time 
frame suf fi cient for the data to be considered in 
treatment decisions. Both methods can be used to 
detect numerical and structural chromosomal 
abnormalities. Cytogenetic analysis requires 
dividing cells from which metaphase chromo-
somes can be examined, whereas FISH may be 
applied to both metaphase cells and interphase 

cells, allowing for the accurate and informative 
analysis of those specimens for which no meta-
phase spreads could be isolated. 

 The speci fi city of cytogenetic analysis is very 
high, and conventional cytogenetic analysis can 
detect the presence of virtually all chromosomal 
abnormalities with a single test. In contrast, 
the most notable limitation of FISH is that the 
detection of abnormalities is restricted to those 
loci tested and to those probes that are currently 
available (Table  3.3 ). With the exception of sev-
eral probes marketed by Vysis, Inc. (Abbott 
Laboratories), most of the commercially available 
FISH probes have not yet received US Food and 
Drug Administration approval for diagnostic use. 
This compels laboratories to continue to use both 
cytogenetic analysis and FISH methods to analyze 
the same clinical sample, rather than FISH alone. 
Other limitations of FISH relate to technical fac-
tors. First, the technique has been demonstrated 
to be highly sensitive for the detection of trisomy 
but is less sensitive in detecting chromosome loss. 
The false monosomy rate (presence of only one 
signal in a diploid cell) can vary from 3 to 9 % of 
all nucleated cells in preparations from bone mar-
row or peripheral blood; therefore, the application 
of FISH to detect m onosomy in a small percent-
age of the cell population, e.g., MRD, is limited. 
Second, processing of bone marrow and peripheral 
blood cells is relatively simple; however, process-
ing other tissues, such as paraf fi n-embedded tis-
sues or frozen sections from lymph node biopsies, 
is substantially more dif fi cult. Artifacts created 
by crushing and sectioning of tissue and techni-
cal factors related to penetration of the probe into 
the cell nucleus can give misleading results. In 
these tissues, the percentage of cells showing false 
monosomy may be very high (>50 %).    

    3.3   Recurring Abnormalities 

    3.3.1   Cytogenetic Findings in MDS 

    3.3.1.1   Normal Karyotype 
 In MDS, 30–60 % of patients have a normal 
karyotype. This group of patients is almost cer-
tainly genetically heterogeneous where technical 
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factors precluded the detection of chromosomally 
abnormal cells or where leukemogenic altera-
tions occur at the molecular level and are not 
detectable with standard cytogenetic methods. 
Nonetheless, despite this heterogeneity, these 
cases are a standard reference for comparison of 
outcomes. Patients with a normal karyotype fall 
within the favorable risk group. The median sur-
vival for these patients is 3.8 years, and the time 
to progression to AML of 25 % of this cohort was 
5.6 years (Greenberg et al.  1997  ) .  

    3.3.1.2   −Y 
 The clinical and biological signi fi cance of the 
loss of the Y chromosome, −Y, is unknown. The 
loss of the Y chromosome has been observed in a 
number of malignant diseases but has also been 
reported to be a phenomenon associated with 
aging (Pierre and Hoagland  1972  ) . The United 
Kingdom Cancer Cytogenetics Group undertook 
a comprehensive analysis of this abnormality in 
both normal and neoplastic bone marrows  (  1992  ) . 
A −Y could be identi fi ed in 7.7 % of patients 
without a hematologic malignant disease and in 
10.7 % of patients with MDS and, thus, was not 
reliable in documenting a malignant process. In a 
large series of 215 male patients, Wiktor et al. 
 (  2000  )  found that patients with a hematological 
disease had a signi fi cantly higher percentage of 
cells with a –Y (52 % vs. 37 %,  p  = 0.036). In this 
series, the presence of −Y in >75 % of metaphase 
cells accurately predicted a malignant hemato-
logical disease. A neutral or favorable prognosis 
for an isolated −Y was noted by the authors. 
While loss of a Y chromosome may not be diag-
nostic of MDS, once the disease is identi fi ed by 
clinical and pathologic means, the International 
MDS Risk Analysis Workshop found that −Y as 
the sole cytogenetic abnormality conferred a 
favorable outcome (Greenberg et al.  1997  ) .  

    3.3.1.3   del(20q) 
 A deletion of the long arm of chromosome 20, 
del(20q), is a common recurring abnormality in 
malignant myeloid disorders. The del(20q) is 
seen in approximately 5 % of MDS cases and 
7 % of t-MDS cases (Vallespi et al.  1998  ) . Clinical 
features characterizing MDS patients with a 

del(20q) include low-risk disease (usually RA), 
low rate of progression to AML, and prolonged 
survival (median of 45 months vs. 28 months for 
other MDS patients) (Wattel et al.  1993  ) . 
Morphologically, the presence of a del(20q) is 
associated with prominent dysplasia in the eryth-
roid and megakaryocytic lineages (Kurtin et al. 
 1996  ) . The International MDS Risk Analysis 
Workshop noted that patients with a del(20q) 
observed in association with a complex karyo-
type identi fi ed a poor risk group with a median 
survival for the entire poor risk group of 
9.6 months, whereas the prognosis for patients 
with an isolated del(20q) was favorable 
(Greenberg et al.  1997  ) . These data suggest that 
the del(20q) in MDS may be associated with a 
favorable outcome when noted as the sole abnor-
mality but with a less favorable prognosis in the 
setting of a complex karyotype. This phenome-
non is analogous to that observed for the del(5q) 
in MDS (discussed below).  

    3.3.1.4   Rearrangements of Chromosome 
5 or del(5q) 

 In MDS or AML arising de novo, rearrangements 
of the long arm of chromosome 5, or a deletion, 
−5/del(5q), are observed in 10–20 % of patients, 
whereas in t-MDS/t-AML, it is identi fi ed in 40 % 
of patients (Fig.  3.3 ) (Vallespi et al.  1998 ; Godley 
and Larson  2002 ; Smith et al.  2003  ) . Although an 
interstitial deletion is most common, other rear-
rangements such as unbalanced translocations also 
occur. Recent studies using FISH and array-based 
approaches have revealed the presence of chromo-
some 5 sequences in marker chromosomes, or 
other rearranged chromosomes, and that −5 does 
not actually occur. A signi fi cant occupational 
exposure to potential carcinogens is present in 
many patients with AML or MDS de novo and 
either del(5q) or a −7/del(7q) (discussed below), 
suggesting that abnormalities of chromosome 5 or 
7 may be a marker of mutagen-induced malignant 
hematological disease (West et al.  2000  ) .  

 In primary MDS, abnormalities of chromo-
some 5 are observed in the 5q− syndrome 
(described below) or, more commonly, in RAEB 
1, 2 of the WHO classi fi cation in association 
with a complex karyotype. Clinically, the 
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patients with del(5q) coupled with other cytoge-
netic abnormalities have a poor prognosis with 
early progression to leukemia, resistance to 
treatment, and short survival. Abnormalities of 
5q are associated with previous exposure to 
standard and high-dose alkylating agent therapy, 
including use in immunosuppressive regimens 
(Larson et al.  1996 ; Aul et al.  1998 ; McCarthy 
et al.  1998 ; Pedersen-Bjergaard et al.  2000  ) . A 
role for exposure to benzene (Hayes et al.  1997  )  
as well as therapeutic ionizing radiation (Fenaux 
et al.  1989 ; Rowley and Olney  2002  )  as risks for 
MDS is emerging.  

    3.3.1.5   MDS with an Isolated del(5q) 
(the 5q− Syndrome) 

 The 5q− syndrome represents a distinct clinical 
syndrome characterized by a del(5q) as the sole 
karyotypic abnormality (Boultwood et al.  1994 ; 
Van den Berghe and Michaux  1997  ) . Unlike the 
male predominance in MDS in general, the 5q− 
syndrome has an overrepresentation of females 
(2:1). The initial laboratory  fi ndings are usually a 
macrocytic anemia with a normal or elevated plate-
let count. The diagnosis is usually RA (in two-
thirds) or RAEB-1 (in one-third). On bone marrow 
examination, abnormalities in the megakaryocytic 
lineage (particularly micromegakaryocytes) are 
prominent. These patients have a favorable outcome, 

in fact the best of any MDS subgroup, with low 
rates of leukemic transformation and a relatively 
long survival of several years duration (Boultwood 
et al.  1994 ; Greenberg et al.  1997  ) . Loss of a single 
copy of the  RPS14  gene may be involved in the 
pathogenesis of this syndrome as described subse-
quently (Ebert et al.  2008  ) .  

    3.3.1.6   +8 
 The incidence of a gain of chromosome 8 in MDS 
is ~10 %. This abnormality is observed in all 
MDS subgroups varying with age, gender, and 
prior treatment with cytotoxic agents or radiation 
(Morel et al.  1993 ; Greenberg et al.  1997 ; Vallespi 
et al.  1998 ; Paulsson et al.  2001  ) . The signi fi cance 
of the gain of chromosome 8 in MDS patients is 
not fully characterized as a risk factor. The situa-
tion is complicated in that +8 is often associated 
with other recurring abnormalities known to have 
prognostic signi fi cance, e.g., del(5q) or −7/
del(7q) and may be seen in isolation as a separate 
clone unrelated to the primary clone in up to 5 % 
of cases. The presence of cryptic abnormalities at 
other sites within the genome has also been 
described in some cases using molecular tech-
niques (Paulsson et al.  2006  ) . The International 
MDS Risk Analysis Workshop as well as the 
WPSS ranked this abnormality in the intermedi-
ate risk group (Greenberg et al.  1997  ) . Several 

del(5)(q14q33)

5 del(5q)

q14 --

q33 --

del(7)(q11.2q36)

7 del(7q)

q11.2 --

q36 --

  Fig. 3.3    Deletions of 5q and 7q in myeloid neoplasms. In 
this del(5q), breakpoints occur in q14 and q33, resulting 
in interstitial loss of the intervening chromosomal mate-
rial. In this del(7q), breakpoints occur in q11.2 and q36. In 

both cases, the critical commonly deleted segments are 
lost. Normal chromosome 5 and 7 homologs are shown 
for comparison       
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groups found that +8 as a sole abnormality had a 
worse behavior than expected for an intermediate 
IPSS risk group (Sole et al.  2000 ; Haase et al. 
 2007  ) . In a subset of patients, however, a gain of 
chromosome 8 as the sole abnormality is associ-
ated with a better response to immunosuppres-
sive therapy, particularly if the patient is younger, 
diagnosed with refractory anemia, on HLA typ-
ing is DR15 positive, and has a short duration of 
disease (Sloand and Rezvani  2008  ) . This gain, 
one of the few examples of gene ampli fi cation in 
MDS, leads to higher levels of expressions of 
many genes, including  MYC  and several anti-
apoptotic genes.  

    3.3.1.7   Loss of Chromosome 7 or del(7q) 
 Figure  3.4  A −7/del(7q) is observed as the sole 
abnormality in approximately 5 % of adult 
patients with de novo MDS (Toyama et al.  1993 ; 
Sole et al.  2000  ) , but in ~50 % of children with 
de novo MDS (Kardos et al.  2003  )  and in ~55 % 
of patients with t-MDS (Fig.  3.3 ) (Godley and 
Larson  2002 ; Smith et al.  2003  ) . As with del(5q), 
exposure to mutagens, whether occupational 
(benzene), environmental (smoking), or thera-
peutic (chemotherapy and radiotherapy as well as 
immunosuppressive agents), has been associated 
with −7/del(7q) (Bjork et al.  2000  ) . It can occur 
in three clinical situations (reviewed in (Luna-
Fineman et al.  1995  ) ): (1) de novo MDS and 
AML, (2) myeloid leukemia associated with con-
stitutional predisposition, and (3) t-MDS/t-AML. 
The similar clinical and biological features of the 
myeloid disorders associated with −7/del(7q) 
suggest that the same gene(s) is altered in each of 
these contexts. The IPSS considers the −7/del(7q) 
to be a poor prognosis cytogenetic  fi nding 
(Greenberg et al.  1997  ) . 

 “Monosomy 7 Syndrome” has been described 
in young children. It is characterized by a prepon-
derance of males (~4:1), hepatosplenomegaly, 
leukocytosis, thrombocytopenia, and poor prog-
nosis (Emanuel  1999 ; Martinez-Climent and 
Garcia-Conde  1999  ) . Juvenile myelomonocytic 
leukemia (JMML, previously known as juvenile 
chronic myelogenous leukemia), classi fi ed by the 
WHO as a MDS/MPD disease, shares many fea-
tures with this entity, with −7 observed either at 

diagnosis or as a new cytogenetic  fi nding associ-
ated with disease acceleration on marrow exami-
nation (Luna-Fineman et al.  1995  ) . A new 
paradigm is that −7 cooperates with deregulated 
signaling via the RAS pathway in the pathogene-
sis of JMML. Activation of the RAS pathway 
occurs as a result of mutations in the  NRAS  or 
 KRAS  genes, inactivating mutations in the gene 
encoding NF1, a negative regulator of RAS pro-
teins, or activating mutations in the gene encoding 
the PTPN11/SHP2 phosphatase, a positive regu-
lator of RAS proteins, as well as  RUNX1  mutations, 
and methylation silencing of  CDKN2B ( p15   INK4B  ) 
gene (Christiansen et al.  2003 ; Loh et al.  2004 ; 
Side et al.  2004  ) . In constitutional disorders asso-
ciated with a predisposition to myeloid neoplasms, 
including Fanconi anemia, neuro fi bromatosis type 
1, and severe congenital neutropenia, a −7/del(7q) 
is the most frequent bone marrow cytogenetic 
abnormality detected.  

    3.3.1.8   The 17p− Syndrome 
 Loss of the short arm of chromosome 17 (17p−) 
has been reported in up to 5 % of patients with 
MDS. This loss can result from various abnormali-
ties, including simple deletions, unbalanced trans-
locations, dicentric rearrangements (particularly 
with chromosome 5), or less often −17 or isochro-
mosome formation (Johansson et al.  1993  ) . The 
dic(5;17)(q11.1-13;p11.1-13) is a frequent recur-
ring rearrangement (Lai et al.  1995 ; Wang et al. 
 1997  ) . Approximately one-third of these patients 
have t-MDS (Merlat et al.  1999  ) , and most have 
complex karyotypes. The most common additional 
changes are −7 or loss of 7q and +8. 

 Morphologically, the 17p− syndrome is 
associated with a characteristic form of dys-
granulopoiesis combining pseudo-Pelger-Huet 
hypo lobu lation and the presence of small gran-
ules in granulocytes. Clinically, the disease 
is aggressive with resistance to treatment and 
short survival. The  TP53  (p53) gene, an impor-
tant tumor suppressor gene that functions in the 
cellular response to DNA damage, is located 
at 17p13.1. In these cases, one allele of  TP53  
is typically lost as a result of the abnormal-
ity of 17p; an inactivating mutation in the sec-
ond allele on the remaining, morphologically 
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 normal  chromosome 17 occurs in ~70 % of cases 
(Lai et al.  1995 ; Wang et al.  1997  ) . Note that the 
17p− syndrome is not recognized as a clinically/
morphologically distinct entity by the WHO 
classi fi cation (Swerdlow  2008 ).  

    3.3.1.9   Translocations of 11q23 
 The  MLL  (Mixed Lineage Leukemia) gene (also 
known as  ALL1 ,  HTRX ,  HRX ) is involved in rear-
rangement with 71 partner genes in leukemia 
(Marschalek  2011  ) . In a European workshop of 
550 patients with 11q23 abnormalities, 28 cases 
(5.1 %) presented with a MDS, and  fi ve others 
with such an abnormality had evolved from 
t-MDS to t-AML prior to cytogenetic analysis, 
for a total of 6 % of all examined cases. One 
fourth of these cases were t-MDS (Bain et al. 
 1998  ) . Other abnormalities, including complex 
karyotypes and a −7/del(7q), frequently accom-
pany the 11q23 abnormalities in both primary 
MDS and t-MDS. No association with FAB sub-
group was identi fi ed, although RA was overrep-
resented, and RARS underrepresented as 
compared to most series of MDS patients. The 
median survival was short (19 months) with leu-
kemic transformation in ~20 % of cases. The 
classic association of prior exposure to topoi-
somerase II inhibitors in their 40 cases of t-MDS 

and t-AML was not con fi rmed in this workshop, 
but this may simply re fl ect the relatively small 
number ( n  = 23) of cases with full treatment 
details (Secker-Walker  1998  ) . 

 Just under 12 % of the 162 patients with 11q23 
involvement included in an international workshop 
on MDS and leukemia following cytotoxic treat-
ment presented with a t-MDS (Bloom fi eld et al. 
 2002 ; Rowley and Olney  2002  ) . One-third (6/19) 
of these patients had progression to an acute leuke-
mia (5 AML, 1 ALL). This study also did not  fi nd 
a clear association with FAB subtype. The most 
common translocations were t(9;11)(p22;q23) in 
six cases, t(11;19)(q23;p13.1) in three cases, and 
t(11;16)(q23;p13.3) in three cases.  

    3.3.1.10   t(11;16) 
 The t(11;16)(q23;p13.3) occurs primarily in 
t-MDS, but rare cases have presented as t-AML 
(Fig.  3.4 ) (Rowley et al.  1997  ) . The t(11;16) is 
unique among at least 54 recurring translocations 
of  MLL  in myeloid malignancies (with AML pre-
dominating), in that most patients have t-MDS. 
The  MLL  gene on chromosome 11 is fused with 
the  CREBBP  (CREB binding protein or  CBP ) 
gene on chromosome 16. The MLL protein is a 
histone methyltransferase that assembles in pro-
tein complexes that regulate gene transcription, 

der(11)11 16 der(16)

p13.3--

q23--

t(11;16)(q23;p13.3)

  Fig. 3.4    t(11;16)(q23;p13.3). In the t(11;16), breakpoints 
occur in 11q23 and 16p13.3, followed by a reciprocal 
exchange of chromosomal material. The 5 ¢  end of the 
 MLL  gene at 11q23 is fused to the 3 ¢  end of the  CREBBP  

gene from 16p13.3 to form the  MLL / CREBBP  fusion gene 
on the der(11).  Arrowheads  indicate the breakpoints. 
Normal chromosome 11 and 16 homologs are shown for 
comparison       
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e.g.,  HOX  genes during embryonic development, 
via chromatin remodelling. CREBBP is an 
adapter protein involved in transcriptional con-
trol via histone acetylation, which mediates chro-
mosome decondensation, thereby facilitating 
transcription.   

    3.3.1.11   Complex Karyotypes 
 Complex karyotypes are variably de fi ned but 
generally involve the presence of  ³ 3 chromo-
somal abnormalities. The majority of cases with 
complex karyotypes involve unbalanced chromo-
somal abnormalities leading to the loss of genetic 
material. Complex karyotypes are observed in 
~20 % of patients with primary MDS and in as 
many as 90 % of patients with t-MDS (Le Beau 
et al.  1986 ; Godley and Larson  2002 ; Smith et al. 
 2003  ) . Abnormalities involving chromosomes 5, 
7, or both are identi fi ed in most cases with com-
plex karyotypes. There is general agreement that 
a complex karyotype carries a poor prognosis 
(Hamblin and Oscier  1987 ; Greenberg et al. 
 1997 ; Haase et al.  2007 ; Malcovati et al.  2007  ) .  

    3.3.1.12   Rare Recurring Translocations 
 The identi fi cation of genes involved in recurring 
cytogenetic abnormalities has been extremely 
useful in gaining insights into their normal func-
tions and their role in leukemogenesis (Look 
 1997 ; Rowley  2000  ) . The consequence of the 
recurring translocations is the deregulation of 
gene expression with increased production of a 
normal protein product or the generation of a 
novel fusion gene and production of a fusion pro-
tein. To date, all of the recurring translocations 
cloned in malignant myeloid disorders result in 
fusion proteins. In MDS, several such transloca-
tions have been identi fi ed and examined by 
molecular analysis. 

     The Platelet-Derived Growth Factor Receptor 
Beta Translocations 
 The t(5;12)(q33;p13) is observed in ~1 % of 
patients with chronic myelomonocytic leukemia 
(CMMoL). In 1994, the molecular consequences 
of this translocation were elucidated. The gene 
encoding the beta chain of the platelet-derived 

growth factor receptor ( PDGFRB ) is involved on 
chromosome 5. A novel ETS-like (Erythroblas-
tosis Virus Transforming Sequence) transcription 
factor,  TEL  (translocated ETS in leukemia, also 
known as  ETV6 ), is the gene affected on chromo-
some 12. The translocation creates a fusion gene, 
and the encoded fusion protein contains the 5 ¢  
portion of  TEL  and the 3 ¢  portion of  PDGFRB  
(Golub et al.  1994  ) . Biochemical studies have 
revealed that the PDGFRB kinase activity is per-
turbed contributing to the transformed phenotype. 
 TEL  encodes a transcriptional repressor and is 
promiscuously involved in translocations with 
some 40 genes in hematologic malignancies 
(Zhang and Rowley  2006  ) . Interest has increased 
in identifying this translocation which predicts for 
a response to imatinib mesylate, a selective inhib-
itor of the tyrosine kinase activity of the PDGFRB 
protein (Apperley et al.  2002  ) . Similarly,  PDGFRB  
participates in other rare translocations involving 
genes encoding the membrane associated protein 
HIP1 (Huntington interacting protein 1) in the 
t(5;7)(q33;q11.2) (Ross et al.  1998  ) ; the small 
GTPase RABPT5 (Rabaptin 5) in the t(5;17)
(q33;p13.2) (Magnusson et al.  2001  )  and H4, a 
ubiquitous protein of unknown function in the 
t(5;10)(q33;q21) (Kulkarni et al.  2000  )  to produce 
CMMoL; and with CEV14 (clonal evolution-
related gene on chromosome 14, also known as 
TRIP11, thyroid hormone receptor interactor 11) 
in the t(5;14)(q33;q32) in a case of AML (Abe 
et al.  1997  ) . A unifying feature of these various 
translocations is the presence of eosinophilia.  

     Translocations of 3q 
 The t(3;21)(q26.2;q22.1) has been linked to acute 
leukemia arising after cytotoxic therapy. This 
abnormality was  fi rst recognized in chronic myel-
ogenous leukemia in blast crisis (Rubin et al. 
 1987  )  and later in t-MDS/t-AML (Rubin et al. 
 1990  ) . The  EAP  gene (Epstein-Barr small RNAs-
associated protein) at 3q26.2 encodes a highly 
expressed small nuclear protein associated with 
EBV small RNA (EBER1).  EAP  was found to be 
fused with the  RUNX1  (runt-related transcription 
factor, also known as AML1) gene at 21q22, 
retaining the DNA-binding sequences of  EAP . 
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The fusion is out-of-frame; thus, the  RUNX1  gene 
is truncated and loses its functional activity. 
Further work has identi fi ed two additional genes 
400–750 kb centromeric to  EAP , also at 3q26.2, 
namely,  MDS1 / EVI1  (MDS-associated sequences) 
and  EVI1  (Ecotropic Virus Insertion site) (Nucifora 
et al.  1994  ) . Both genes encode nuclear transcrip-
tion factors containing DNA-binding zinc  fi nger 
domains, which are identical other than an 
N-terminal extension of 12 amino acids in the 
MDS1/EVI1 protein, representing a splicing vari-
ant. Each gene has independent and tightly con-
trolled expression during differentiation (Sitailo 
et al.  1999  ) . The MDS1/EVI1 and EVI1 proteins 
have opposite functions. EVI1 inhibits G-CSF-
mediated differentiation and TGF b 1 growth-
inhibitory effects, whereas MDS1/EVI1 has no 
effect on G-CSF and enhances TGF b 1 growth 
inhibition (Sitailo et al.  1999  ) .  RUNX1  fuses with 
 MDS1 / EVI1  in-frame, resulting in the loss of the 
 fi rst 12 amino acids, producing a novel EVI1 pro-
tein, and a phenotype of arrested differentiation, 
which leads to apoptosis in vitro (Sood et al. 
 1999  ) . MDS1/EVI1 serves as a translocation part-
ner with the ribosome binding protein RPN1 
(ribophorin 1) (Martinelli et al.  2003  )  and/or the 
gene encoding GR6, a poorly characterized pro-
tein in fetal development (Pekarsky et al.  1997  )  in 
the inv(3)(q21q26.2) or the t(3;3)(q21;q26.2) 
associated with normal or increased platelet 
counts as well as  TEL1  (Raynaud et al.  1996  )  (dis-
cussed above) in the t(3;12)(q26.2;p13). EVI1 
encodes a transcription factor that contains a zinc 
 fi nger protein that interacts with a number of 
 transcriptional and epigenetic regulators 
(CREBBP, CTBP, HDAC, KAT2B (P/CAF), 
SMAD3, GATA1, GATA2, DNMT3A, and 
DNMT3B) and  mediates chromatin modi fi cations 
and DNA hypermethylation. Depending on its 
binding partners, EVI1 can act as a transcriptional 
activator to promote the proliferation of HSPCs, 
e.g., when bound to GATA2, or as a transcriptional 
repressor inhibiting erythroid differentiation, e.g., 
when bound to GATA1. In addition, EVI1 impairs 
myelopoiesis by deregulation of multiple tran-
scription factors, including RUNX1 and PU.1 
(Laricchia-Robbio et al.  2009  ) . Common features 

of myeloid  diseases associated with abnormalities 
of 3q are a previous history of cytotoxic exposure, 
prominent bone marrow dysplasia, and a poor 
prognosis. Abnormalities of chromosome 7 [−7/
del(7q)] are observed in most cases with rear-
rangements of 3q. In an international workshop 
on therapy-related hematologic disease, 
inv(3)/t(3;3) abnormalities were the most frequent 
of the 3q abnormalities (Block et al.  2002  ) .    

    3.3.2   Evolution of the Karyotype 

 Serial evaluations can be informative, particu-
larly when there is a change in the clinical fea-
tures of a patient. The identi fi cation of new 
abnormalities in the karyotype often coincides 
with a change in the behavior of the disease, usu-
ally to a more aggressive course, and may herald 
incipient leukemia. 

 Cytogenetic evolution is the appearance of an 
abnormal clone where only normal cells have 
been seen previously, or the progression from 
the presence of a single clone (often with a sim-
ple karyotype) to multiple related, or occasion-
ally unrelated, abnormal clones. The abnormal 
clones may evolve acquiring additional abnor-
malities with disease progression, and typically 
resolve with remission of disease following 
treatment. In published series, most MDS 
patients die of bone marrow failure, close to half 
progress to acute leukemia, and a few die of 
intercurrent illness. 

 The natural history of MDS is generally char-
acterized by one of three clinical scenarios: (1) a 
gradual worsening of pancytopenia where the 
marrow blast count is found to be increasing, (2) 
a relatively stable clinical course followed by an 
abrupt change with a clear leukemic transforma-
tion, and (3) a stable course over many years 
without signi fi cant change in the marrow blast 
counts when reevaluated (Hamblin and Oscier 
 1987  ) . In the  fi rst group, the karyotype typically 
remains stable, and the progression to leukemia 
is based on the relatively arbitrary  fi nding of 
greater than 20 % blasts (30 % in the FAB 
classi fi cation) in the marrow, making the transition 
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to AML a relatively ill-de fi ned event. In the sec-
ond group, a change in the karyotype with the 
gain of secondary clones, and complex karyo-
types, is typical. Both the karyotype and the dis-
ease tend to remain stable in the third group. Few 
series with sequential cytogenetic studies have 
been published, and most series are small with 
short follow-up periods (Horiike et al.  1988 ; 
Geddes et al.  1990 ; de Souza Fernandez et al. 
 2000  ) . Nonetheless, karyotypic evolution in MDS 
is associated with transformation to acute leuke-
mia in about 60 % of cases and reduced survival, 
particularly for those patients who evolve within 
a short period of time (less than 100 days) 
(Geddes et al.  1990  ) .   

    3.4   The Genetics of the 
Myelodysplastic Syndromes 

    3.4.1   Molecular Models for 
Chromosome Abnormalities 
in MDS 

 As described earlier, many of the recurring chro-
mosomal abnormalities in MDS lead to the loss 
of genetic material. Such loss is the hallmark of 
tumor suppressor genes, which normally 
 function to control cell growth and/or cell death 
by regulating the cell cycle, the response to 
DNA damage, and apoptosis. A simple “two-
hit” model involving a single target tumor sup-
pressor gene (Knudson’s model) predicts that 
loss of function of both alleles must occur for 
the malignant phenotype to be expressed 
(Knudson  1971  ) . Loss of gene function may 
occur by chromosomal deletion or loss, point 
mutations, or methylation of the regulatory ele-
ments of the gene (transcriptional silencing). 
A clinical example to illustrate this principle is 
the occurrence of MDS or AML following cyto-
toxic therapy (t-MDS and t-AML, respectively). 
A relatively long latency period following cyto-
toxic exposure precedes bone marrow dysfunc-
tion. This latency is compatible with a two-step 
mechanism in which a second mutation of a tar-
get gene must occur in a myeloid progenitor 
cell. Given two normal alleles at the tumor 

 suppressor gene locus initially, one would be 
mutated as a result of therapy. Subsequent loss 
of the second allele in a bone marrow stem 
cell would permit leukemia development. 
Alternatively, because AML develops in only 
5–15 % of patients who are treated for a primary 
tumor, these individuals may have inherited a 
predisposing mutant allele; subsequent expo-
sure to cytotoxic therapy may induce the second 
mutation, giving rise to leukemia. In these cases, 
characterization of the predisposing mutations 
will be important in identifying individuals who 
are at risk of developing t-AML and in the selec-
tion of the appropriate therapy for the primary 
malignant disease. 

 In an alternative model, loss of only a single 
copy of a gene may result in a reduction in the 
level of one or more critical gene products 
(haploinsuf fi ciency). Several reports implicate 
haploinsuf fi ciency of the  TP53  and  p27Kip1  
genes in the pathogenesis of tumors in mice, 
where a substantial percentage of tumors devel-
oping in heterozygous mice retain a functional 
copy of  TP53  or  p27Kip1  (Fero et al.  1996 ; 
Venkatachalam et al.  1998 ; Song et al.  1999 ; 
French et al.  2001 ; Rosenbauer et al.  2004  ) . In 
humans, haploinsuf fi ciency of the  RUNX1  gene 
results in a familial platelet disorder with a 
predisposition to AML (Song et al.  1999 ; 
Michaud et al.  2002 ; Nakao et al.  2004  ) . 
Importantly, the few leukemias available for 
analysis from affected family members appear 
to retain one normal  RUNX1  allele. Support for 
this mechanism in sporadic cases of MDS and 
AML with point mutations in the  RUNX1  gene 
is also emerging (Nakao et al.  2004  ) . Despite 
intensive analysis, homozygous deletions have 
not been detected in myeloid leukemia cells 
characterized by deletions of 5q, 7q, or 20q in 
MDS and AML, an observation that is compat-
ible with a haploinsuf fi ciency model in which 
loss of one allele of the relevant gene (or genes) 
alters the cell’s fate. Moreover the absence of 
inactivating mutations in the remaining allele 
of candidate genes located within the commonly 
deleted segments of these chromosomes 
lends further support for the haploinsuf fi ciency 
model.  
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    3.4.2   Molecular Analysis of the del(5q) 

 Several groups of investigators have de fi ned a 
CDS (Figs.  3.4  and  3.5 ) on the long arm of chro-
mosome 5, band 5q31.2, predicted to contain a 
myeloid tumor suppressor gene that is involved 
in the pathogenesis of the more aggressive forms 
of MDS and AML (Fairman et al.  1995 ; Zhao 
et al.  1997  ) . A second, distal CDS of 1.5 Mb 
within 5q33.1 has been identi fi ed in MDS with 
an isolated del(5q) (Boultwood et al.  2002  ) . 
Despite intense efforts, the identi fi cation of 
tumor suppressor genes (TSGs) on chromosomes 
5 has been challenging, as a result of the fact that 
the deletions of 5q are typically large and encom-
pass both of these regions. Molecular analysis of 
the 19 candidate genes within the CDS of 5q31.2 
and 44 genes in the 5q33.1 CDS did not reveal 
inactivating mutations in the remaining alleles 
nor was there evidence of transcriptional 

silencing (Lai et al.  2001 ; Boultwood et al.  2002 ; 
Graubert et al.  2009  )  [Godley and Le Beau 2011, 
unpublished data]. Moreover, copy-neutral loss 
of heterozygosity (also known as acquired uni-
parental disomy) is not seen on 5q in MDS or 
AML. These observations are compatible with a 
haploinsuf fi ciency model in which loss of one 
allele of the relevant gene(s) on 5q perturbs cell 
fate, rather than the biallelic inactivation of a 
tumor suppressor gene (Shannon and Le Beau 
 2008  ) . A number of genes and several miRNAs 
located on 5q, including  RPS14  (Ebert et al. 
 2008  ) , miRNA-145 (Kumar et al.  2009 ; 
Starczynowski et al.  2010  ) ,  EGR1  (Joslin et al. 
 2007  ) , APC (Wang et al.  2010  ) ,  CTNNA1  (Liu 
et al.  2007  ) ,  HSPA9  (Chen et al.  2011  ) , and 
 DIAPH1  (Eisenmann et al.  2009  ) , have been 
implicated in the development of myeloid disor-
ders due to a gene dosage effect, and several of 
these are reviewed below. Together, these studies 
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  Fig. 3.5    Ideogram of the long arm of chromosome 5 
showing chromosome markers and candidate genes within 
the commonly deleted segments (CDSs) as reported by 
various investigators. The proximal CDS in 5q31 was 
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distal CDS in 5q33 was identi fi ed in MDS with isolated 
del(5q) (the 5q− syndrome)       
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support a haploinsuf fi ciency model, in which 
loss of a single allele of more than one gene on 
5q act in concert to alter hematopoiesis, promote 
self-renewal of HSPCs, induce apoptosis of 
hematopoietic cells, and disrupt differentiation.  

    3.4.2.1   RPS14 
 The gene encoding RPS14, which is required for 
the processing of 18S pre-rRNA, is located at 
5q33.1 and is involved in MDS with an isolated 
del(5q) (Ebert et al.  2008  ) . Downregulation of 
 RPS14  in CD34+ bone marrow cells blocks the 
differentiation and increases apoptosis of eryth-
roid cells via a TP53-dependent mechanism 
(Barlow et al.  2010  ) . Of interest, the ribosomal 
processing defect caused by haploinsuf fi ciency 
of RPS14 in MDS is highly analogous to the 
functional ribosomal defect seen in Diamond-
Blackfan anemia. Other studies have shown that 
haploinsuf fi ciency of two micro-RNAs, miR-145 
and miR-146a, encoded by sequences near the 
 RPS14  gene, cooperate with loss of RPS14 
(Kumar et al.  2009 ; Starczynowski et al.  2010  ) . 
The Toll-interleukin-1 receptor domain-contain-
ing adaptor protein (TIRAP) and  FLI1  are targets 
of these miRNAs. Haploinsuf fi ciency of miR-
145 may account for several features of MDS 
with an isolated del(5q), including megakaryo-
cytic dysplasia; however, neither  RPS14  nor miR-
145 haploinsuf fi ciency is predicted to confer 
clonal dominance.  

    3.4.2.2   APC 
 APC is a multifunctional tumor suppressor 
involved in the pathogenesis of colorectal cancer 
via regulation of the WNT signaling cascade. 
The  APC  gene is located at 5q22.2 and is deleted 
in >95 % of patients with a del(5q) (Zhao et al. 
 1997  ) . Conditional inactivation of a single allele 
of  Apc  in mice leads to the development of severe 
macrocytic anemia, a block in erythropoiesis at 
the early stages of differentiation, and an expan-
sion of the short-term and long-term HSCs (Wang 
et al.  2010  ) .  Apc  heterozygous myeloid progeni-
tor cells display an increased frequency of apop-
tosis and decreased in vitro colony-forming 
capacity, recapitulating several characteristic fea-
tures of myeloid neoplasms with a del(5q).  

    3.4.2.3   EGR1 
 The early growth response 1 gene ( EGR1 ) encodes 
a member of the WT-1 family of Zn  fi nger tran-
scription factors and mediates the cellular response 
to growth factors, mitogens, and stress stimuli 
(Baron et al.  2006  ) . Recently, Egr1 has been shown 
to be a direct transcriptional regulator of many 
known TSGs, e.g.,  Tp53 ,  Cdkn1a / p21 ,  Tgfb , and 
 Pten , and acts as a TSG in several human tumors, 
including breast non-small cell lung cancer (Baron 
et al.  2006  ) .  Egr1 -null mice show spontaneous 
mobilization of HSPCs into the periphery, identi-
fying Egr1 as a transcriptional regulator of stem 
cell migration (Joslin et al.  2007 ; Min et al.  2008  ) . 
Moreover, loss of a single allele of  Egr1  cooper-
ates with mutations induced by an alkylating agent 
in the development of malignant myeloid diseases 
(MPD with ineffective erythropoiesis) in mice, 
indicating that Egr1 is a haploinsuf fi cient myeloid 
suppressor gene (Joslin et al.  2007  )  

 In summary, the existing data suggest that there 
are two non-overlapping CDSs in 5q31.2 and 
5q33.1. The proximal segment in 5q31.2 is likely 
to contain a tumor suppressor gene involved in the 
pathogenesis of both de novo and therapy-related 
MDS/AML. Band 5q33.1 is likely to contain a 
second myeloid tumor suppressor gene involved 
in the pathogenesis of the 5q− syndrome.   

    3.4.3   Molecular Analysis of −7/del(7q) 

 A −7/del(7q) is observed as the sole abnormality 
in ~5 % of adult patients, in ~50 % of children 
with primary MDS, and in ~55 % of patients with 
t-MDS (Fig.  3.3 ) (Luna-Fineman et al.  1995 ; 
Sole et al.  2000 ; Godley and Larson  2002 ; Smith 
et al.  2003  ) . As with del(5q), occupational or 
environmental exposure to mutagens including 
chemotherapy, radiotherapy, benzene exposure, 
and smoking, as well as severe aplastic anemia 
(regularly treated with immunosuppressive agents 
alone), have been associated with −7/del(7q) 
(Greenberg et al.  1997  ) . The IPSS considers the 
−7/del(7q) to be a poor prognostic cytogenetic 
 fi nding (Greenberg et al.  1997  ) . “Monosomy 7 
Syndrome” has been described in young children 
and is characterized by a preponderance of males 
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(~4:1), hepatosplenomegaly, leukocytosis, throm-
bocytopenia, and a poor prognosis (Luna-
Fineman et al.  1995  ) . Juvenile myelomonocytic 
leukemia (JMML) is a MDS/MPD disease in the 
WHO classi fi cation and shares many features 
with this entity (Luna-Fineman et al.  1995  ) . An 
emerging paradigm is that −7/del(7q) cooperates 
with deregulated signaling via the RAS pathway 
as a result of mutations in the  NRAS  or  KRAS  
gene, inactivating mutations in the gene encoding 
NF1, a negative regulator of RAS proteins, or 
activating mutations in the gene encoding the 
PTPN11/SHP2 phosphatase, a positive regulator 
of RAS proteins, as well as  RUNX1  mutations, 
and methylation silencing of the  CDKN2B  
( p15   INK4B  ) gene (Christiansen et al.  2003 ; Loh 
et al.  2004 ; Side et al.  2004  ) . 

 To date, three CDSs have been identi fi ed on 
7q; however, the molecular mutations underlying 
the development of MDS and AML with del(7q) 
are poorly understood (Johnson et al.  1996 ; Le 
Beau et al.  1996 ; Fischer et al.  1997  ) . Le Beau 
previously identi fi ed two distinct CDSs, a 
2.52 Mb CDS within 7q22 spanning the interval 
containing  LRCC17  and  SRPK2  and a second, 
less frequent, region in q32-33 (Le Beau et al. 
 1996  ) . Each of the candidate genes within the 
CDS at 7q22 has been evaluated for mutations 
(Curtiss et al.  2005  ) ; however, no inactivating 
mutations have been identi fi ed in the remaining 
allele. Mice with a conditional heterozygous 
deletion of this region in murine HSPCs had no 
alterations of hematopoiesis, suggesting that this 
region does not contain a haploinsuf fi cient myel-
oid tumor suppressor gene or that mutations in 
cooperating genes are required (Wong et al. 
 2010  ) . Recently, Dohner et al. reported the analy-
sis of a large series of patients with abnormalities 
of 7q using FISH. Whereas most patients had 
large deletions, they identi fi ed an ~2 Mb-deleted 
segment in proximal q22 that overlaps with the 
proximal portion of the CDS de fi ned by Le Beau 
et al. but extends more proximally and includes 
the  CUTL1 ,  RASA4 ,  EPO , and  FBXL13  genes in 
7q22.1 (Dohner et al.  2006  ) . The recent recogni-
tion of mutations in  EZH2 , a gene located at 
7q36.1, is intriguing; however, myeloid neo-
plasms with  EZH2  mutations typically do not 

have −7/del(7q), and the del(7q) does not always 
result in loss of one  EZH2  allele (Ernst et al. 
 2010 ; Nikoloski et al.  2010  ) .  

    3.4.4   Molecular Analysis 
of the del(20q) 

 The majority of deletions of 20q are large with 
loss of most of the long arm, although cytoge-
netic analysis of the deleted chromosome 20 
homologs has revealed that the deletions are 
variable in size. By using FISH with a panel of 
probes from 20q, combined with LOH studies, 
investigators have identi fi ed an interstitial CDS 
of 4 Mb within 20q12 that is  fl anked by 
D20S206 proximally and D20S424 distally, 
containing a number of genes. Despite the avail-
ability of detailed physical maps and transcripts 
maps, the identity of a myeloid tumor suppres-
sor gene on 20q is unknown (Bench et al.  2000 ; 
Wang et al.  2000  ) . 

 Recent studies have implicated the genes 
encoding topoisomerase I and lethal (3) malig-
nant brain tumor (L3MBTL), which is related to 
the polycomb group family of transcriptional 
repressors. Although  L3MBTL  is not mutated in 
MDS, reduced or absent L3MBTL expression 
may be relevant in some cases of myeloid leuke-
mia (MacGrogan et al.  2004  ) .  

    3.4.5   Alterations in Gene Function 

 A growing body of evidence suggests that muta-
tions of multiple genes mediate the pathogenesis 
and progression of MDS. The involved genes fall 
into two main classes, namely, genes encoding 
hematopoietic transcription factors or proteins 
that regulate cytokine signaling pathways. There 
is an increase in the frequency of molecular muta-
tions from low-risk to high-risk MDS, or AML 
evolving from MDS, emphasizing the role of 
these mutations in disease progression. A detailed 
review of these genes is beyond the scope of this 
chapter and has been provided elsewhere (Olney 
and Le Beau  2008 ; Bejar et al.  2011a,   b  ) . Table  3.4  
provides a partial list and overview of some of 
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the salient features of genes implicated in the 
pathogenesis of MDS.  

 One of the paradoxes associated with MDS is 
the presence of peripheral cytopenias, frequently 
involving all three lineages (granulocytic, eryth-
roid, and megakaryocytic), with the presence of a 
hypercellular bone marrow where cells in both 
the peripheral blood and bone marrow exhibit 
varying degrees of dysmorphic features. Many 
genes are involved in the tightly regulated and 
complex process of apoptosis (programmed cell 
death), which plays an important role in main-
taining normal homeostasis by removing imma-
ture and damaged cells. Although some of the 
 fi ndings are con fl icting, there is consensus on a 
number of points. Measurements of cell cycle 
kinetics demonstrate an increase in the prolifera-
tion of all hematopoietic cell lineages, particu-
larly the myeloid cell lines (Raza et al.  1995 ; 
Parker et al.  2000  ) . This proliferation is balanced 
by an increase in apoptosis in MDS. It is well 
documented that altered cytokine levels play a 
pivotal role in this process (Westwood and Mufti 
 2003  ) . The proapoptotic tumor necrosis factor 
alpha (TNF a ), transforming growth factor alpha 
(TGF a ), interferon gamma (IFN g ), and interleu-
kin-1 beta (IL1 b ) are increased in MDS (Reza 
et al.  1999 ; Yoshida and Mufti  1999 ; Allampallam 
et al.  2002  ) . They may function to suppress the 
growth of hematopoietic progenitors and induce 
expression of the FAS receptor which, when 
appropriately triggered, can initiate the apoptotic 
pathways. The prominent role of some cytokines 
has been examined in clinical studies. Strategies 
to neutralize TNF a  by decreasing its production 
with pentoxifylline or thalidomide and with solu-
ble TNF a  receptors (to competitively bind the 
excess TNF) have resulted in clinical responses 
in a minority of MDS patients (Raza et al.  1996 , 
 2001 ; Turk et al.  1996  ) . 

 DNA regions with origin from only one par-
ent, uniparental disomy (UPD), have been 
detected with SNP arrays in 15–50 % of MDS 
patients across all subtypes (Mohamedali et al. 
 2007 ; Gondek et al.  2008 ; Heinrichs et al.  2009  ) . 
These areas were found both in hematologic 
 tissues as well as buccal tissue, con fi rming a con-
stitutional origin. Additional ampli fi cations and 

deletions, however, are acquired in the clonal 
hematopoietic cells suggesting possible genetic 
instability and an increased risk of individuals 
carrying UPD regions for the development 
of MDS.  

    3.4.6   Genetic Findings in MDS 

 Recently, it has been demonstrated that the inte-
gration of mutation analysis into diagnostic 
classi fi cation and prognostic scoring systems in 
MDS has the potential to stratify a diverse disease 
into discrete subsets with more consistent clinical 
phenotypes and prognosis (Langemeijer et al. 
 2009 ; Bejar et al.  2011a,   b  ) . For example, muta-
tions in  RUNX1 ,  TP53 , and  NRAS  were associated 
with severe thrombocytopenia and increased blast 
percentage. In multivariate analysis, mutations in 
5 genes, occurring in one-third of patients, retained 
independent prognostic signi fi cance:  TP53 ,  EZH2 , 
 ETV6 ,  RUNX1 , and  ASXL1 , and predicted poor 
overall survival. Mutations of these genes strati fi ed 
low- and intermediate-1 and intermediate-2 IPSS 
risk groups into two risk groups each, identifying 
patients within these subgroups with a poorer 
prognosis who may require a more intensive thera-
peutic approach. The genes most commonly 
mutated in MDS are  TET2 ,  ASXL1 ,  EZH2 ,  RUNX1 , 
and  TP53 , which are described brie fl y below. 

 An emerging paradigm in MDS is the high 
frequency of mutations in genes involved in the 
regulation of transcription via chromatin 
modi fi cations ( IDH1 / 2 ,  TET2 ,  EZH2 ,  ASXL1 ) 
and the intriguing observation that mutations 
often occur in more than one gene in the same 
patient, implying functional cooperation (note 
that  IDH1 / 2  and  TET2  mutations are mutually 
exclusive). The most frequently mutated gene in 
MDS is  TET2  (20 %); point mutations are 
observed in all cytogenetic subsets (Langemeijer 
et al.  2009 ; Bejar et al.  2011a,   b  ) . TET2 converts 
5-methylcytosine to 5-hydroxymethylcytosine, 
thereby altering the epigenetic mark created by 
DNA methyltransferases (Ko et al.  2010  ) . Recent 
studies suggest no impact of  TET2  mutations on 
overall survival in MDS (Kosmider et al.  2009 ; 
Langemeijer et al.  2009  ) . 
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  ASXL1  mutations are observed in 10–15 % of 
MDS (Gelsi-Boyer et al.  2009 ; Bejar et al.  2011a, 
  b  ) . ASXL1 is a member of the polycomb family 
of chromatin-binding proteins and is involved in 
the epigenetic regulation of gene expression (typ-
ically repression). Mutated proteins are predicted 
to function as dominant-negative proteins inhibit-
ing the function of the wild-type proteins as well 
as other members of the polycomb complex. The 
prognostic signi fi cance of ASXL1 mutations in 
MDS is not yet known. 

  EZH2  (enhancer of zeste homolog 2) muta-
tions occur in 5 % of MDS (Ernst et al.  2010 ; 
Nikoloski et al.  2010 ; Bejar et al.  2011a,   b  ) . 
EZH2 encodes a histone methyltransferase that 
trimethylates histone 3 at lysine 27, an epigenetic 
mark that confers gene silencing. In MDS, the 
mutations lead to loss of the catalytic activity and 
are predicted to increase HSC expansion 
(Majewski et al.  2010  ) . Although  EZH2  is located 
at 7q36.1, loss or mutation of  EZH2  does not 
appear to be the sole driver of myeloid neoplasms 
associated with −7/del(7q). 

 Point mutations in the runt-related transcrip-
tion factor 1 (RUNX1) have been reported in 
AML and MDS (12 %), particularly in MDS sec-
ondary to treatment with cytotoxic therapy, and 
increase with the severity of the disease (Chen 
et al.  2007  ) . RUNX1, also known as CBFA2 or 
AML1, encodes the DNA-binding subunit of the 
heterodimeric core-binding factor (CBF) com-
plex, which is essential for de fi nitive hematopoi-
esis (Speck and Gilliland  2002  ) .  RUNX1  
mutations impair DNA binding and act as domi-
nant-negative proteins and are associated with 
activating mutations of the RAS pathway, −7/
del(7q), and a shorter overall survival (Chen et al. 
 2007  ) . Germ line mutations of  RUNX1  cause a 
rare human disease called familial platelet disor-
der; affected individuals have an MDS-like phe-
notype with thrombocytopenia, and/or 
dysfunctional platelets, and a predisposition to 
progress to AML (Song et al.  1999  ) . 

 The  TP53  tumor suppressor gene encodes an 
essential checkpoint protein that monitors the 
integrity of the genome and arrests cell cycle pro-
gression in response to DNA damage. Mutations 
of  TP53  (exons 4–8) or loss of an allele, typically 

as a result of a cytogenetic abnormality of 17p, 
are observed in MDS (5–10 %) and t-MDS 
(25–30 %), particularly in patients who have 
received alkylating agent therapy (Christiansen 
et al.  2001  ) .  TP53  mutations may occur as either 
an early or late event in the course of the disease 
and are associated with rapid progression, and a 
poor outcome. In t-MDS,  TP53  mutations are 
associated with del(5q)/t(5q) and a complex 
karyotype. 

  JAK2   V617F   is a constitutively active cytoplas-
mic tyrosine kinase that is able to activate JAK-
STAT signaling and mediate transformation to 
cytokine-independent growth in MPN and has 
been identi fi ed in rare cases of MDS (2–5 %) and 
CMML (3 %) (Steensma et al.  2005  ) . An excep-
tion is RARS-T, in which 60 % of patients have 
the  JAK2   V617F   mutation (Zipperer et al.  2008  ) . 
RARS-T patients with  JAK2   V617F   mutations pres-
ent with higher WBCs and platelet counts. 

 The role of epigenetic changes in the patho-
genesis and treatment of MDS is becoming 
increasingly important. Transcriptional silencing 
via DNA methylation of the  CDKN2B  ( p15   INK4B  ) 
gene increases with progression from RA to 
RAEB-T, is observed in a high percentage of 
patients with t-MDS, and is associated with −7/
del(7q) and a poor prognosis (Christiansen et al. 
 2003  ) . Recent genome-wide studies have demon-
strated that increases in promoter hypermethyla-
tion are predictive of survival in MDS, even when 
age, sex, and IPSS risk groups are considered. 
Moreover, increases in promoter methylation are 
seen during progression to AML (Shen et al. 
 2010  ) . These observations form the rationale for 
use of demethylating agents in MDS. Similarly, 
inhibition of histone-modifying enzymes repre-
sents another rational target for MDS therapy. 
The RAS gene family has been extensively stud-
ied in MDS. RAS proteins are a critical compo-
nent of signaling pathways from cell-surface 
receptors to the nucleus and result in the control 
of cellular proliferation, differentiation, and cell 
death (Rebollo and Martinez  1999  ) . The RAS 
signaling cascade is downstream of a number of 
activated cytokine receptors, including the FLT3, 
IL3, and GM-CSF receptors; thus, this signaling 
pathway plays a pivotal role in hematopoiesis. 
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Mutant RAS proteins retain an active GTP-bound 
form, promoting constitutive activation which is 
seen in a high frequency of hematological malig-
nancies. RAS mutations are present in 10–15 % 
of MDS cases; the most frequent mutation is a 
single base change at codon 12 of the protein, but 
codons 13 and 61 are also frequently mutated 
(Neubauer et al.  1994 ; Gallagher et al.  1997  ) . 
These mutations are associated with a poor prog-
nosis, with higher incidence of transformation to 
AML and shorter survival. Patients with both 
abnormal karyotypes and  NRAS  mutations have 
the highest likelihood of transformation 
(Neubauer et al.  1994 ; Tien et al.  1994 ; de Souza 
Fernandez et al.  1998 ; Padua et al.  1998 ; Beaupre 
and Kurzrock  1999 ; Bacher et al.  2007  ) . Many 
therapeutic molecules, including the farnesyl-
transferase inhibitors and imatinib, interrupt vari-
ous steps in the RAS signaling pathways 
(Apperley et al.  2002 ; Kurzrock et al.  2003  ) . 

 Mutations of the FMS-like tyrosine kinase 3 
( FLT3 ) gene, including both point mutations 
within the tyrosine kinase domain and internal 
tandem duplications (ITD), are among the most 
common genetic changes seen in AML, occur-
ring in 15–35 % of cases.  FLT3 -ITD mutations 
are associated with a poor prognosis, particularly 
in cases with loss of the remaining wild-type 
 FLT3  allele. In MDS,  FLT3 -ITD mutations are 
rare in RA and RARS but increase to about 3 and 
12 % in RAEB and AML following MDS (Bacher 
et al.  2007  ) . Thus,  FLT3 -ITD may represent a 
secondary event associated with progression 
rather than an initiating event.   

      Conclusions 

 Cytogenetic analysis of patient bone marrow 
remains fundamental to the diagnosis and 
prognosis of MDS. Numerous recurrent abnor-
malities guide the clinician in orienting the 
patient toward appropriate therapeutic options. 
The most widely used clinical tools, the IPSS 
and the WPSS, both incorporate these abnor-
malities into the classi fi cation of patients. 
Increasingly, molecularly identi fi ed gene 
abnormalities are being shown to convey inde-
pendent prognostic information and occasion-
ally permit targeted therapy. The research 

techniques permitting this identi fi cation are 
moving closer to the bedside and are unravel-
ing the genetic complexity of MDS with the 
promise of elucidating the pathogenesis of 
these disorders. This work, more importantly, 
moves us closer to re fi ning the prognostic 
scoring systems and identifying targets for 
novel therapeutic agents.      
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 The clinical heterogeneity of patients with myelo-
dysplastic syndromes suggests that there must 
also be a broad range of pathogenetic abnormali-
ties that underlie this disorder. It is clear that the 
molecular abnormalities associated with MDS are 
vast, as are the functional abnormalities within the 
hematopoietic compartment. This implies that 
there may also be signi fi cant differences in the 
cell of origin and varying degrees of aberrant 
communication with the microenvironment in 
individual patients. It is only through recent 
advances in  fl ow cytometry, DNA sequencing, 
and high throughput analysis of the genome, pro-
teome, and RNA expression pro fi les that we can 
make these general but profound statements about 
the spectrum of abnormalities in MDS patients. 

 Given our understanding of the genetic basis of 
cancer, attention has been primarily focused on 
identifying defects within the hematopoietic stem/
progenitor cell compartment of MDS patients, 
with the understanding that these defects can give 
rise to secondary abnormalities in stem cell-stem 
cell niche interactions and/or immune function. 
Recent studies have greatly advanced our under-
standing of the genetic defects found in MDS 
patients, yet how these abnormalities contribute to 
the clinical phenotype of MDS is still unclear. The 
recent identi fi cation of splicing factor mutations in 
all subtypes of MDS, but most impressively, their 
association with SF3B1 mutations in refractory 
anemia with ring sideroblasts (RARS), demon-
strates that heretofore unknown cellular mecha-
nisms may greatly impact normal hematopoietic 
processes (Malcovati et al.  2011 ; Yoshida et al. 
 2011  ) . However, how the MDS clone persists and 
how it replaces the normal HSCs within the bone 
marrow of MDS patients remain a critical and 
poorly understood phenomenon. 

 Although the role of “stem cells” has been 
established in many hematopoietic malignancies, 
the de fi nition of the disease-initiating population 
in MDS remains controversial. It is clear that 
this population shares many features with nor-
mal hematopoietic stem cells (HSCs), including 
the capacity for long-term self-renewal; however, 
it may lack the multipotentiality that is a critical 
de fi ning characteristic of HSCs. While MDS-
initiating cells display myeloid multipotentiality, 
abnormalities within the lymphoid compartment 
are rarely observed; thus, the cell involved may 
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not be a true stem cell. However, there is cer-
tainly evidence that the transforming events in the 
hematopoietic malignancies can promote lineage-
speci fi c differentiation and inhibit the differen-
tiation of alternative lineages. In support of this 
notion is the observation that many of the genetic 
changes identi fi ed in MDS occur in genes encod-
ing transcription factors or genes that control other 
aspects of their regulation. Thus, the diminished 
differentiation potential seen in MDS may re fl ect 
the disruption of lineage-speci fi c differentiation 
programs and not the failure of initiating events to 
occur in HSCs or multipotent progenitors. 

 The clonal nature of MDS is not disputed and 
clearly highlights the similarities between MDS 
and other stem cell propagated hematopoietic 
malignancies such as AML. Clonality in MDS 
has historically been established by isoenzyme or 
cytogenetic analysis (Raskind et al.  1984  ) . 
Fluorescence in situ hybridization (FISH) studies 
have improved upon metaphase cytogenetic anal-
ysis, which is limited by the ability to obtain 
metaphase chromosomes and can detect chromo-
somal abnormalities only in approximately 50 % 
of MDS cases. In addition, the use of high- density 
genomic analysis such as single nucleotide poly-
morphism arrays (SNP-A) and comparative 
genomic hybridization (CGH) has identi fi ed pre-
vious unknown sites of genomic DNA deletion, 
ampli fi cation, and loss of heterozygosity in sam-
ples from MDS patients (Sugimoto et al.  1993 ; 
Christiansen et al.  2001 ; Mohamedali et al.  2007 ; 
Gondek et al.  2008  ) . These techniques have pro-
vided additional clonal markers that can be useful 
in determining how MDS-initiating cells contrib-
ute to various hematopoietic lineages and evolve 
in those patients that progress to AML. 

 Previous work has shown that the cytogenetic 
and genetic abnormalities characterizing MDS 
are rarely found in the lymphoid cell compart-
ment. While cases have been documented in 
which clonal abnormalities are found in both the 
myeloid and B-lymphoid lineages, there is no evi-
dence that clonal T cells are generated from the 
MDS-initiating cell population (White et al.  1994 ; 
Thanopoulou et al.  2004  ) . Furthermore, although 
clonal cytogenetic abnormalities have been found 
within the dendritic cell population, most of these 

have been shown to be myeloid derived (Micheva 
et al.  2004 ; Ma et al.  2007  ) . While this lineage 
restriction challenges the assumption that the 
MDS-initiating cell is a pluripotent stem cell 
with both myeloid and lymphoid capability, it 
is also possible that the genetic and epigenetic 
abnormalities that occur in the MDS stem cell 
block the ability of these cells to commit to the 
B-cell lineage. This hypothesis is supported by 
the accumulating evidence that MDS patients 
have signi fi cant defects in B-cell development 
(Srivannaboon et al.  2001 ; Sternberg et al.  2005  ) . 
When the impairment of lymphoid differentiation 
is overcome by viral transformation or by trans-
plantation of patient bone marrow-derived MDS 
cells into immunode fi cient mice, clonal cytoge-
netic abnormalities are detected in both myeloid 
and B-cell lineages. However, the data support-
ing B-cell involvement in MDS is somewhat 
contradictory. Thus, while a B-lymphoblastic 
cell line was established by transforming periph-
eral blood mononuclear cells from a patient with 
MDS containing a 20q deletion identical to that 
seen in myeloid metaphases from the patient, no 
B or T cells from the same patient were found 
to carry the 20q deletion when evaluated using 
PCR-based assays (White et al.  1994  ) . However, 
others have reported a 13q deletion identical 
to that of the myeloid cell population in EBV-
transformed B cells derived from two patients 
with acquired sideroblastic anemia (Lawrence 
et al.  1987 ; Asimakopoulos et al.  1996  ) , and 
when bone marrow cells from an MDS patient 
with trisomy 8 were injected into NOD/SCID  b 2-
micoglobulin null mice, a similar proportion of 
trisomy 8-positive granulocytic and B-lymphoid 
cells were found (Thanopoulou et al.  2004  ) . Thus, 
while the MDS-initiating abnormality may occur 
in a pluripotent stem cell, the inhibition of lym-
phoid differentiation may limit detection of the 
genetic abnormality in the circulating lymphoid 
compartment. 

 Another explanation for the lack of clonal 
lymphoid cells derived from the MDS-initiating 
cells may be a myeloid lineage bias in the HSCs. 
In the murine system, recent studies have chal-
lenged the notion that stem cells break off into 
“lymphoid only” and “myeloid only”  progenitors; 
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Pax5-negative B-cell precursors can switch lin-
eages and develop into functional macrophages 
(Nutt et al.  1999 ; Heavey et al.  2003  ) . Similarly, 
early thymic precursors have both T lineage and 
myeloid lineage capability (Weerkamp et al. 
 2006  ) . These studies suggest that the HSCs pos-
sess a myeloid lineage bias and that both B- and 
T-lymphoid precursors retain some myeloid dif-
ferentiation capacity (Bell and Bhandoola  2008 ; 
Wada et al.  2008  ) . Limiting dilution transplanta-
tion assays using murine HSCs have revealed 
signi fi cant heterogeneity in the behavior of indi-
vidually tracked HSCs, with HSC subtypes dif-
fering in their ability to complete lymphoid 
differentiation (Benz et al.  2012  ) . However, 
whether a similar lymphoid restricted population 
of HSCs exists in humans remains to be deter-
mined. If so, the myeloid restriction in MDS may 
be due to the transformation of cells with a preex-
isting limited lymphoid differentiation potential. 

 The hallmark of murine HSCs is their ability 
to reconstitute multilineage hematopoiesis in 
lethally irradiated recipients. Much effort has 
been placed into the development of surrogate 
transplantation assays for human HSCs. A vari-
ety of in vitro methods are used to establish the 
hierarchy of human stem/progenitor cells includ-
ing colony-forming assays and long-term culture 
initiating cell (LTC-IC) assays, which utilize 
semisolid media or supporting stroma. The 
in vitro culture of MDS-derived clones has proved 
challenging due to the inability of immature pro-
genitors to sustain long-term colony formation. 
Thus, recent studies have relied on the xenotrans-
plantation of human cells into immunode fi cient 
mice, initially using NOD/SCID mice (Lapidot 
et al.  1994 ; Thanopoulou et al.  2004  ) . Over time, 
more immunode fi cient strains have been estab-
lished, and generally the subset of cells capable 
of engrafting in these mice varies with the level 
of immunode fi ciency. For example, only 
CD34+CD38− cells will engraft in NOD/SCID 
mice, while more cell types are capable of 
engrafting in the NOD/SCID mice that addition-
ally lack  b 2 microglobulin or IL-2R common 
 g -chain (Kollet et al.  2000 ; Mcdermott et al. 
 2010  ) . The engraftment potential of human MDS 
cells in NOD/SCID  b  2 -micoglobulin null mice 

was evaluated in a study by Thanopoulou et al. 
Bone marrow cells from 9 of 11 different MDS 
patients showed transient repopulation of the 
immunode fi cient mouse strain. The engrafting 
cells retained the original cytogenetic abnormali-
ties characterizing the patient’s disease but failed 
to differentiate into B-lymphoid or erythroid 
cells. However, CD41+ cells, which include 
megakaryocytes and platelets, were also not 
detected in these mice suggesting that the 
microenvironment may not be conducive to the 
growth of more than one lineage. 

 Despite the limitations of these assays, speci fi c 
cell surface markers have been identi fi ed that 
enrich for primitive human HSCs. For example, 
more primitive cells lack the cell surface markers 
associated with terminally differentiated 
hematopoietic cells, known as lineage markers. 
CD34 was the  fi rst cell surface marker to be rec-
ognized on primitive human HSCs, and the 
CD34+ cells have been further divided into 
CD38-positive and CD38-negative fractions. It is 
clear that CD34+CD38− human bone marrow or 
cord blood cells are more primitive than 
CD34+CD38+ cells. Differences exist between 
CD34+ cells isolated from different sources; nor-
mal bone marrow contains approximately 1 % 
CD34+ mononuclear cells, and around 1 % of 
these are CD38−, while umbilical cord blood col-
lections consist of approximately 1 % of the 
CD34+ cells, 4 % of which are CD38−. Recent 
work suggests that the Thy-1 marker (CD90), lin-
eage markers (Lin), and CD45RA can be used to 
identify the more primitive human cells in cord 
blood. Isolation and molecular characterization 
of this Lin-CD34+CD38−CD90+ population in 
MDS patients has revealed that MDS HSCs have 
a higher percentage of karyotypic abnormalities 
compared to total bone marrow cells and that this 
population may persist even in cases of morpho-
logical remission. This primitive population was 
signi fi cantly expanded in high-risk MDS patients 
compared to normal controls (Will et al.  2012  )  
Furthermore, analysis of the more committed 
progenitor populations in these patients demon-
strated a bias toward the expansion of common 
myeloid progenitors (CMPs) in the lower-risk 
MDS patients compared to an expansion of 
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 granulocyte monocyte progenitors (GMPs) and a 
decrease in megakaryocyte/erythrocyte progeni-
tors (MEPs) in the high-risk patients. While 
HSCs can be identi fi ed by cell surface expres-
sion, murine and human HSCs have also been 
isolated based on their ability to ef fl ux  fl uorescent 
dyes such as Hoechst 3342. Hoechst-negative 
cells form a characteristic pattern when analyzed 
by FACS called the side population, which is 
enriched for CD34− HSCs (Goodell et al.  1996  ) . 
An improved ability to isolate and characterize 
these stem and progenitor populations in various 
subtypes of MDS should further our understand-
ing of how changes in speci fi c progenitor popula-
tions relate to disease progression in the different 
risk groups. 

 Although immunophenotyping of AML or 
MDS is useful for identifying aberrant cell sur-
face expression and detecting minimal residual 
disease, it is not yet possible to isolate leukemia 
or MDS-initiating cells solely based on immuno-
phenotype. Efforts to identify aberrant surface 
markers speci fi c to malignant HSCs have sug-
gested that the expression of IL-3 receptor alpha 
chain (IL-3R a /CD123) may distinguish LSCs 
from their normal hematopoietic counterparts. 
IL-3R a  is a component of the high-af fi nity recep-
tor for IL-3, and CD34+CD123+ AML cells are 
able to engraft and propagate the leukemia in 
immunode fi cient NOD/SCID mice (Jordan et al. 
 2000  ) . Enhanced expression of IL-3R a  on AML 
blasts correlates with a poor prognosis, which 
may relate to their “stem cell-like” properties 
(Testa et al.  2002  ) . Blasts expressing elevated 
IL-3R a  levels exhibit higher cycling activity, 
increased STAT5 phosphorylation, and relative 
resistance to apoptosis under growth factor-limit-
ing conditions, features that may explain the abil-
ity to evade treatment effects. Whether CD123 or 
other markers that may identify leukemic blasts 
such as the C-type lectin-like molecule-1 (CLL-1) 
(Van Rhenen et al.  2007  )  or the angiotensin-con-
verting enzyme (ACE/CD143) (Jokubaitis et al. 
 2008  )  can distinguish the MDS-initiating cells 
from their normal HSPC counterparts remains to 
be determined. 

 Given the lack of a cell surface expression 
pro fi le that de fi nes MDS-initiating cells, many 

studies have focused on identifying gene 
 expression changes and common pathways 
involved in the pathogenesis of MDS, using 
patient samples or murine models that recapitu-
late the features of MDS. Gene expression pro fi les 
of the CD34+ fraction of MDS or AML samples 
obtained from patients with speci fi c FAB or 
WHO subtypes can begin to characterize whether 
a speci fi c HSC population is “stem cell”-like. 
However, the heterogeneity in MDS, including 
the intrinsic differences between hematopoietic 
stem cells and progenitor cells, makes it particu-
larly challenging to decipher MDS by assessing 
relative levels of total cellular RNAs. 

 Despite these challenges, gene expression 
pro fi ling in MDS has revealed abnormalities in 
the pathways regulating HSC self-renewal, dif-
ferentiation, and quiescence (Chen et al.  2004 ; 
Nilsson et al.  2007 ; Will et al.  2012  ) . The 
increased apoptosis seen in the early hematopoi-
etic cell compartment in MDS has led to studies 
of TNF a  and  b  signaling, two negative regulators 
of hematopoiesis, which could contribute to the 
observed hematopoietic abnormalities found in 
MDS patients. Early studies utilizing CD34+ 
MDS cells revealed a gene expression pro fi le 
similar to that of the IFN g  response in normal 
CD34+ HSCs (Pellagatti et al.  2006  ) . IFN g  nega-
tively regulates hematopoietic self-renewal and 
promotes apoptosis of erythroid progenitor cells 
(Yang et al.  2005  ) . These changes may provide a 
potential explanation for the observations that 
MDS patients often display hypercellularity in 
the bone marrow yet have peripheral blood 
cytopenias. A comparison of 5q− stem cells with 
normal HSCs demonstrated a number of overex-
pressed genes that regulate stem cell behavior 
including BMI1, ID1, DNMT3A, and MYC 
(Nilsson et al.  2007  ) . CEBPA, a master regulator 
of granulopoiesis, was also upregulated in the 
5q− HSCs (CD34+CD38−), but not in the CD38+ 
progenitors. In general, a large-scale comparison 
of the gene expression pro fi les of CD34+ MDS 
cells revealed that the late stages of the disease 
are characterized by dysregulation of the DNA 
damage response and checkpoint pathways. 

 Many of the mutations identi fi ed in MDS 
patients have been genetically introduced into 
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mice and have been shown to recapitulate the fea-
tures of MDS, most commonly defects in myel-
oid differentiation. Evi1 is found in rare 
translocations with RUNX1 and is overexpressed 
in approximately 30 % of MDS patients. 
Overexpression of Evi1 in mice impaired eryth-
ropoiesis and decreased expression of receptors 
that regulate myeloid proliferation, although with 
a long latency (Buonamici et al.  2004  ) . 
Additionally, Evi1 has been shown to interact 
with GATA1 and RUNX1 and to block PU.1-
dependent promoter activation (Senyuk et al. 
 2007  ) . The association of Evi1 with multiple 
transcriptional regulators may explain defects in 
both myelopoiesis and lymphopoiesis that are 
present in MDS. The Nup98-HoxD13 mouse 
model recapitulates many of the features of MDS 
including peripheral blood cytopenias, bone mar-
row dysplasia, and the eventual progression to 
leukemia (Lin et al.  2005  ) . Translocations involv-
ing Nup98 have been shown to result in the dys-
regulation of clustered Hox genes, which are 
important regulators of hematopoietic differenti-
ation and self-renewal. While these transloca-
tions occur rarely in MDS, HoxA9 in particular 
has been shown to be signi fi cantly upregulated in 
MDS patients, and its overexpression is a prog-
nostic indicator for transformation to AML (Lam 
and Aplan  2001  ) . Another common observation 
in CD34+ MDS stem cells is disruption of the 
Wnt pathway; inhibitors of this pathway have 
been shown to be downregulated in high-risk 
MDS and may contribute to the inhibition of dif-
ferentiation. For instance, loss of function of the 
Wnt inhibitor Apc has been modeled by intro-
ducing similar mutations in mice and yields an 
MDS-like disease (Lane et al.  2010  ) . Lack of 
APC may be important in MDS patients, as it is 
located in the region of chromosome 5 that is fre-
quently deleted in 5q− patients. In summary, it is 
clear that recurrent mutations or abnormalities in 
gene expression due to changes in DNA methyla-
tion or other means result in abnormal regulation 
of HSC function. It is clear that these changes 
will be used to predict patient outcome and hope-
fully ultimately lead to improved MDS therapy. 

 Transcription regulation can also occur at the 
level of mRNA processing. Whole exome 

sequencing of MDS patients has recently 
identi fi ed recurrent somatic mutations in numer-
ous components of the spliceosome. Defects in 
individual spliceosome components have been 
associated with speci fi c characteristics of MDS; 
for example, SF3B1, the most commonly mutated 
spliceosomal gene in MDS, is associated with the 
presence of ring sideroblasts (Papaemmanuil 
et al.  2011 ). MDS cases with these mutations are 
also accompanied by higher platelet and white 
blood cell counts and lower bone marrow blast 
counts. It is also clear that defective nuclear trans-
port of mRNA or protein can contribute to malig-
nant cell behavior through the involvement of 
dysregulated nuclear pore proteins, such as 
Nup98 and NUP214. Furthermore, genes that 
regulate ribosomal biogenesis may play a role in 
the pathogenesis of MDS, based on studies of 
Diamond-Blackfan anemia and 5q− MDS, which 
have implicated the ribosomal proteins RPS19/
RPS24 and RPS14, respectively (Gazda et al. 
 2006 ; Choesmel et al.  2007 ; Pellagatti et al. 
 2008  ) . 

 Our new understanding of the critical roles 
that microRNAs can play in cellular regulation 
has clearly illustrated that the amount of func-
tional protein in the cell can be regulated even 
without changes in the level of RNA (Rhyasen 
and Starczynowski  2012  ) . An elegant demonstra-
tion of this came from experiments characteriz-
ing the role of miRNA 17-5p, 20a, and 106a in 
the control of the translation of AML1 (Fontana 
et al.  2007  ) . Downregulation of this miRNA com-
plex, which is directed against the 3’UTR of the 
AML1 RNA, is correlated with the induction of 
monocytic differentiation, as it allows translation 
of AML1 mRNA into AML1 protein, which then 
activates expression of the M-CSF receptor, 
allowing the cell to respond to M-CSF and 
develop along the monocytic lineage. MicroRNAs 
have also been implicated in 5q− MDS, where 
haploinsuf fi ciency for  miR-145  and  miR-146  on 
chromosome 5 can cause thrombocytosis, mild 
neutropenia, and megakaryocytic dysplasia in 
mice. The loss of these two miRNAs may pro-
vide a potential explanation for the clonal selec-
tion of 5q− cells (   Starczynowski et al.  2011  ) . 
Beyond this regulatory step there is a variety of 
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posttranslational modi fi cations that may also be 
critical for proper hematopoietic cell develop-
ment. These events include phosphorylation 
events, ubiquitination, acetylation, methylation, 
and sumoylation. Mutations in genes that encode 
epigenetic regulatory proteins are among the 
most common genetic lesions in MDS, and these 
include TET2, IDH1, DNMT3a, ASXL2, and 
EZH2. Overall, genome-wide increases in pro-
moter hypermethylation appear to predict sur-
vival and progression to AML, even when 
accounting for patient age, sex, and risk group 
(Jiang et al.  2009 ; Shen et al.  2010  ) . Other 
enzymes affect methylation of lysine residues in 
histone and nonhistone proteins including tran-
scription factors such as AML1 and elongation 
factors such as SPT5 and various splicing factors. 
Acetylation is another important modi fi cation, as 
acetylation of the p53 protein by histone acetyl-
transferases alters its transcriptional activating 
properties and is essential for its ability to trigger 
apoptosis in cells (Tang et al.  2008  ) . Taken 
together, these mutations in genetic and epige-
netic regulators of MDS have underscored the 
importance of mRNA processing, transport, and 
posttranslational modi fi cations in this disease. 

 While the importance of stem cells in the ori-
gin of MDS is now recognized, the clinical 
signi fi cance of these cells remains unclear. A 
study of the clonal architecture of matched patient 
samples during MDS and the subsequent pro-
gression to AML indicated that the preexisting 
MDS-initiating clone persisted at the time of the 
secondary AML (Walter et al.  2012  ) . An under-
standing of how the biology of the initiating clone 
relates to the resistance to treatment will be criti-
cal to developing improved therapy for MDS. 
Some of the  fi rst experiments to study the role of 
stem cell populations in the therapeutic response 
have focused on a subset of MDS patients with 
interstitial deletions involving the long arm of 
chromosome 5 (5q−). Treatment of these patients 
with lenalidomide often results in a complete 
cytological remission; however, there is a high 
rate of relapse. Samples collected from 5q− 
patients before and after treatment were exam-
ined to study the role of stem cells in this disease 
and indicated that while lenalidomide effectively 

reduced the number of 5q−CD34+CD38+CD90+ 
progenitors in patients who obtained partial or 
complete remissions, a fraction of the 
5q−CD34+CD38−CD90+ stem cells remained 
resistant to the drug (Tehranchi et al.  2010  ) . This 
drug resistance was shown to be due to cellular 
quiescence and an increased expression of multi-
drug resistance ef fl ux pumps. Over time, these 
clones, representing a phenotypically and func-
tionally distinct stem cell population, expanded 
leading to eventual lenalidomide resistance and 
clinical relapse. A similar study by Will et al. 
identi fi ed a high percentage of cytogenetic abnor-
malities in Lin−CD34+CD38− MDS HSCs 
derived from patients with lower-risk or higher-
risk MDS. This cell population was evaluated 
before and after epigenetic therapy with 5-azacy-
tidine and the HDAC inhibitor vorinostat. 
Although patients in this study achieved com-
plete morphologic remissions, the frequency of 
HSCs remained elevated, with a high percentage 
of cells containing the original cytogenetic abnor-
mality. In this case also, morphologic relapse was 
preceded by several months by an expansion of 
this cell population, further suggesting that 
relapse and disease progression in MDS patients 
may result from an inability to target speci fi c 
subsets of MDS-initiating cells. Clearly, the 
identi fi cation of minor stem cell populations dur-
ing disease progression may be useful in devel-
oping targeted therapy for this disease. As 
expansion of IL-3R a /CD123 may be able to dis-
tinguish between malignant stem cells and nor-
mal HSPCs, targeting the CD123+ cells may 
prove useful. One approach, conjugating IL-3 to 
diphtheria toxin to generate a fusion protein 
capable of targeting cells expressing the receptor, 
looks promising, based on results using NOD/
SCID mice transplanted with leukemic blasts 
(Frankel et al.  2000 ; Frankel et al.  2008  ) . The 
fusion protein appeared to preferentially target 
cells with high expression of IL-3R, suggesting it 
may effectively target a leukemic stem cell-like 
population. It is clear that MDS and AML are 
distinct diseases, despite some overlap, with dif-
ferent cell surface pro fi les, mutation spectra, and 
the regions of genetic loss or gain. As we better 
de fi ne these features, we will be able to rationally 
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choose therapies based on genetic or gene expres-
sion pro fi les of the MDS cells. A better under-
standing of the interactions of MDS HSCs with 
the bone marrow microenvironment will be criti-
cal, as well, to making therapeutic progress. 

    4.1   The Microenvironment and Its 
Interaction with the MDS 
Clone(s) 

 Hematologic malignancies are generally thought 
to arise from inherited or acquired genetic abnor-
malities in HSCs. However, there is growing evi-
dence, which suggests that the marrow 
microenvironment contributes to the pathogene-
sis or progression of these neoplasms. While this 
is not surprising in light of the data supporting 
the role of the marrow microenvironment in regu-
lating normal hematopoiesis, insights gained 
from recent studies suggest that focusing treat-
ment strategies on microenvironmental defects 
may be effective in these disorders. 

 The marrow microenvironment represents a 
complex structure composed of both HSC-
derived and non-hematopoietic cells, as well as 
an extracellular matrix, which can concentrate 
soluble and membrane bound factors that support 
and regulate normal hematopoiesis. HSCs have 
also been shown to associate with bone marrow 
osteoblasts in the endosteal niche. Some of the 
 fi rst experiments to demonstrate that a supportive 
microenvironment is critical for normal 
hematopoiesis involved studies in which mice 
were engineered to lack expression of the c-kit 
cell surface receptor or its ligand, stem cell factor 
(Russell  1979  ) . HSCs from W/W v  mice are 
de fi cient in c-kit expression, but their hematopoi-
etic defects can be cured by bone marrow trans-
plantation from a normal donor (Huang  1990 ; 
Williams  1990 ). In contrast, the Sl/Sl d  mouse, 
which develops a severe anemia due to lack of 
stem cell factor expression on stroma cells, is not 
cured by HSC transplantation; instead, the defect 
can be corrected by implanting a normal spleen 
into the peritoneum of the mouse (McCulloch 
et al.  1965 ; Copeland et al.  1990  ) . These experi-
ments highlight the importance of stromal cell 

interactions in regulating the survival of normal 
HSCs. 

 In vitro culture studies of the HSC-
microenvironment interaction have relied heavily 
on long-term marrow culture systems, as  fi rst 
described by Dexter. Cells from marrow aspirates 
form a complex adherent layer of stromal cells at 
the bottom of the culture  fl ask that is able to sup-
port hematopoiesis for weeks (Dexter et al.  1977 ; 
Gartner and Kaplan  1980  ) . The adherent layer is 
composed of  fi broblast-like cells, adipocytes, 
endothelial cells, macrophages, lymphocytes, 
osteoclasts, and extracellular matrix (Greenberger 
 1991 ; Mayani et al.  1992  ) . Although osteoblasts 
are not always considered part of the adherent 
stromal layer of the Dexter culture, they are pres-
ent in the medullary cavity and recently have 
been shown to play an important role in normal 
hematopoiesis and HSC homeostasis (Calvi et al. 
 2003 ; Zhang et al.  2003 ; Taichman  2005 ; Visnjic 
et al.  2004  ) . This in vitro system has provided 
considerable insight into the regulation of 
hematopoiesis, including the role of contact-de-
pendent and independent interactions, which 
regulate stem cell fate decisions (Chabannon and 
Torok-Storb  1992  ) . 

 One important question in MDS is whether 
the malignant clone contributes non-hematopoi-
etic cells to the microenvironment. Bone marrow 
transplantation experiments in mice and humans 
have shown that the components of the microen-
vironment that are derived from hematopoietic 
precursors are replaced by donor, while stromal 
cells and other similar cell types remain of host 
origin (Lennon and Micklem  1986 ; Laver et al. 
 1987 ; Simmons et al.  1987 ; Perkins and 
Fleischman  1988  ) . In some hematopoietic disor-
ders, such as CML, stromal macrophages can be 
detected that originate from a Bcr-Abl-positive 
clone. These stromal elements may contribute to 
disease progression by promoting the expansion 
of leukemic progenitors and suppressing normal 
hematopoiesis (Bhatia et al.  1995  ) . In MDS, it 
has been reported that mesenchymal “stem” cells 
can contain the same cytogenetic abnormalities 
as the myeloid cells in patients (Lennon and 
Micklem  1986 ; Laver et al.  1987 ). Clonal cytoge-
netic abnormalities have also been found within 
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“monocyte-derived dendritic cells” and may 
explain the abnormalities in dendritic cell num-
ber and function that have been reported in MDS 
(Ma et al.  2007  ) . However, similar defects in den-
dritic cell maturation have also been noted in 
non-clonal populations. 

 The fact that hematopoietic cell transplanta-
tion (HCT) is curative for many patients with 
hematopoietic neoplasms strongly supports the 
concept that functional defects in the microenvi-
ronment are reversible. Nevertheless, in the set-
ting of allogeneic HCT for MDS, there are 
examples where engraftment of donor cells fails, 
even after repeated attempts. Furthermore, 
numerous cases of donor-derived leukemia have 
been reported (Marsh et al.  1989 ; Witherspoon 
et al.  1985 ; Lawler et al.  2002 ; Mc Cann et al. 
 1994  ) . One explanation for this phenomenon 
could be that although the HSCs are replaced, 
defects in stroma persist. One case of note 
described a male patient with paroxysmal noctur-
nal hemoglobulinuria (PNH), who received an 
HCT from his syngeneic twin, but later experi-
enced a recurrence of the disease (Nafa et al. 
 1998  ) . Surprisingly, the PNH clone present at the 
time of the recurrence had a different mutation 
than the clone present at the time of the original 
diagnosis, which suggests that the marrow 
microenvironment can in fl uence the selection of 
cells that preferentially grow. 

 Indeed, several mouse models have recently 
been described, which show that primary stromal 
abnormalities can induce a malignancy in the 
hematopoietic compartment. In one model, con-
ditional loss of IkB a , the inhibitor of NF- k B, was 
conditionally deleted, leading to a disorder simi-
lar to chronic myelomonocytic leukemia (CMML) 
(Rupec et al.  2005  ) . This disease appeared to be 
dependent on the loss of IkB a  in the microenvi-
ronment, because when IkB a  was conditionally 
deleted in the myeloid population alone, the mice 
failed to develop disease. Similarly, Walkely et al. 
demonstrated that conditional deletion of the 
retinoblastoma gene (Rb) resulted in a myelopro-
liferative disorder in mice. The disease was 
dependent on deletion of Rb in both the 
hematopoietic cells and the microenvironment. 
Additionally, transplantation of normal cells into 

a RAR g -de fi cient microenvironment resulted in a 
myeloproliferative disorder (Walkley    et al.  2007  ) . 
Together, these studies demonstrate that a single 
microenvironmental defect can generate a myel-
oid neoplasm over time. A report by Raaijmakers  
et al.  2010  showed that inactivation of the miRNA 
processing endonuclease Dicer in murine pro- 
osteoblasts resulted in the development of a dis-
ease with features of MDS, further demonstrating 
that disruption of the hematopoietic niche can 
contribute to the development of the hemato-
poietic disorder. These experiments suggest that 
hematologic disorders may arise due to dysregu-
lation of signaling between bone marrow osteo-
blasts and the HSCs. 

 The microenvironment may also play a promi-
nent role in sustaining hematologic malignancies 
(Duhrsen and Hossfeld  1996 ; Scadden  2007  ) . It 
has been postulated that disruption of the signal-
ing events that govern HSC quiescence within the 
stem cell niches may lead to increased HSC pro-
liferation, thereby increasing their susceptibility 
to acquire additional genetic abnormalities. 
Studies in mice have shown that leukemic cells 
are capable of hijacking hematopoietic niches for 
support, displacing normal hematopoietic precur-
sors. Furthermore, both the MDS clone and the 
microenvironment can contribute to severe dys-
regulation of cytokine production that occurs in 
the MDS marrow. Although the marrow stroma 
appears morphologically normal, this dysregula-
tion of cytokine expression may result in changes 
in homing and the ability of HSCs to undergo the 
normal interactions with stroma components that 
facilitate their maturation or maintenance. In fact, 
a characteristic  fi nding in MDS is the atypical 
localization of immature progenitors, where these 
cells are located in a central, medullary location 
rather than the more terminal, trabecular 
endosteum. 

 Paracrine growth factor signaling is found in 
several hematopoietic malignancies, most nota-
bly multiple myeloma (MM), where plasma cell-
derived and contact-dependent signals induce 
functional alterations in the stroma that then sup-
port the growth of the malignant clone (Podar 
et al.  2007  ) . MM cells have been shown to release 
DKK1, a soluble inhibitor of Wnt signaling that 
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contributes to osteolytic bone disease by inhibit-
ing osteoblast differentiation (Qiang et al.  2008  ) . 
Recognition of these MM clone/stromal interac-
tions has led to their successful targeting, with 
drugs like thalidomide or lenalidomide. Similarly, 
the malignant clone in primary myelo fi brosis 
(PMF) induces a polyclonal  fi brotic reaction 
through the release of cytokines into the stroma 
that play a critical role in the pathophysiology of 
the disease. In MDS, one study showed that clon-
ally marked monocytes contributed to the locally 
high levels of TNF a , while failing to respond to 
normal stromal signals (Deeg et al.  2000  ) . 
Another example is the failure of MDS mono-
cytes to upregulate the matrix metalloproteinase, 
MMP9, an enzyme that is involved in the cleav-
age of SDF1 from the microenvironment, facili-
tating the egress of hematopoietic cells from the 
marrow to the peripheral blood (Heissig et al. 
 2002 ; Iwata et al.  2007  ) . One could speculate that 
the lack of inducible MMP9 levels in MDS 
monocytes could contribute to the hypercellular-
ity often seen in this disease. Thus, in a variety of 
diseases, stromal function can be altered by sig-
nals coming from the malignant clone, resulting 
in further support of the propagation of the clone. 
It is also evident that agents that target these dys-
regulated signals in the microenvironment can be 
very effective in treating these disorders. 

 Another mechanism by which the microenvi-
ronment can contribute to disease progression is 
through loss of normal protective function. As 
described in other chapters, MDS patients gener-
ally present with ineffective hematopoiesis and 
high rates of apoptosis in HPCs, with 30–40 % of 
patients progressing to an acute leukemia, a stage 
at which the malignant HSCs are generally resis-
tant to apoptosis and cytotoxic therapy. While 
many investigators have studied the transition of 
MDS to AML, little is known about the mecha-
nisms that lead to progressive cytopenias in 
patients who do not have a progressive increase 
in blasts or worsening dysplasia. The prolonged 
myelosuppression seen in patients with MDS 
suggests a limited hematopoietic reserve and 
implies that patients with MDS likely lose nor-
mal HSCs over time, leading to an accumulation 
of MDS HSCs, which may be competing for stem 

cell niches. The FoxO transcription factors, p38 
MAPK, and ATM have all been implicated in the 
loss of HSCs due to oxidative stress. The p38 
pathway is of particular interest, as p38 inhibitors 
have been shown to decrease the levels of apop-
tosis observed in MDS progenitor cells. 

 In primary cultures, intrinsically apoptosis-
resistant MDS HPSs can acquire apoptosis sensi-
tivity when cultured with bone marrow stroma. It 
appears that these co-culture conditions lead to 
changes in gene expression as well as methyla-
tion patterns in MDS marrow stoma. These alter-
ations within the stroma can then modify the 
clone via dysregulation of transcription factors 
and miRs. For example, the transcription factor 
TWIST1, an inhibitor of p53 function, is upregu-
lated in HSCs in advanced MDS (Li et al.  2010  ) . 
Contact with stroma, however, results in down-
regulation of TWIST1, increased expression of 
p53, and enhanced sensitivity to apoptosis. 
Importantly, these stroma-dependent contact 
alterations occurred only with MDS-derived 
CD34+HSCs and not in CD34+ cells isolated 
from healthy bone marrow. The comparison of 
MDS stroma to stroma derived from normal bone 
marrow has shown that numerous gene promot-
ers are signi fi cantly hypermethylated in MDS, 
with the most signi fi cantly differentially methy-
lated genes involving components of the TNF 
signaling pathways (Figueroa et al.  2009  ) . 
Preliminary data indicate that altered methylation 
patterns in stroma are accompanied by signi fi cant 
changes in protein expression, further supporting 
the concept that the stroma is involved in the 
pathophysiology of MDS. 

 Considering all available data, there is evi-
dence that functional abnormalities in the 
microenvironment are related to their interactions 
with clonal hematopoietic cells. However, it is 
possible that intrinsic defects do occur within the 
stroma and these may alter the function of clonal 
HSCs, leading to their clonal outgrowth. In gen-
eral, treatment strategies have focused on the 
eradication of the clonal hematopoietic stem or 
progenitor cells; however, observations in patients 
with MM suggest that focusing therapeutic strat-
egies on the microenvironment could someday be 
effective. For instance, targeting of CD44 in 
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AML has been shown to eliminate AML stem 
cells via interference with homing, triggering dif-
ferentiation, and enhancing apoptotic responses 
(Jin et al.  2006  ) . Similarly, interactions between 
CXCR4 and its ligand SDF-1 may promote the 
mobilization of MDS HSCs from the marrow 
(Zhang et al.  2012  ) . The ef fi cacy of immunomod-
ulatory agents, including thalidomide and lenali-
domide, and the use of hypomethylating agents 
may lead to the successful targeting of primary 
defects in HSCs and changes in stromal methyla-
tion patterns (Yang et al.  2006 ; Raj et al.  2007  ) . 
The future identi fi cation of primary stromal 
defects might also identify patients who are poor 
candidates for allogeneic HCT but who may 
respond favorably to therapies targeting the 
stromal compartment.      
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    5.1   Introduction 

 The 5q− syndrome was  fi rst described by Van 
den Berghe et al. in  1974  in three patients with 
refractory anemia characterized by erythroid 
hypoplasia, hypolobulated megakaryocytes, nor-
mal to elevated platelet counts, and an interstitial 
deletion on chromosome arm 5q (del[5q]). 
Isolated del(5q) was the second chromosomal 
abnormality recognized to be linked to a speci fi c 
type of malignancy, the  fi rst being the Philadelphia 
chromosome t(9;22) described in 1960. The 5q− 
syndrome was acknowledged as a separate dis-
ease entity in the WHO classi fi cation of 2001 
(Jaffe et al.  2001  )  but was renamed myelodys-
plastic syndrome (MDS) associated with isolated 
del(5q) in the 2008 version (Swerdlow et al. 
 2008  ) . Del(5q) also occurs in the patients with 
more advanced MDS due to blast increase or 
additional karyotypic changes, as well as in acute 
myeloid leukemia (AML) and therapy-related 
MDS. In high-risk patients the presence of del(5q) 
is associated with adverse prognosis, in sharp 
contrast to the favorable outcome seen in 5q− 

syndrome. Intensive efforts have been made to 
investigate the molecular pathogenesis behind 
del(5q) MDS, and currently several genes on 5q 
are thought to be involved in the manifestations 
of the disease. Recent breakthroughs provide 
important insights into key aspects of the disease 
biology and pave the way for treatments effec-
tively targeting the malignant del(5q) clone. This 
chapter focuses mainly on the classical low-risk 
5q− syndrome but also covers more advanced 
types of MDS with del(5q).  

    5.2   Clinical Features 

    5.2.1   Clinical Presentation 

 MDS with isolated del(5q) has an insidious 
onset, with gradually progressing macrocytic 
anemia, coupled with normal or elevated plate-
let counts. The bone marrow is characteristically 
normo- or hypercellular, with erythroid hypopla-
sia and numerous hypolobulated megakaryocytes 
(Fig.  5.1 ). The neutrophil counts are generally 
normal. Rapidly decreasing granulocyte or platelet 
counts may re fl ect disease progression and warrant 
a repeated marrow investigation. Marrow  fi brosis 
may develop at later stages of the disease.   

    5.2.2   Cytogenetics 

 Standard karyotyping shows an isolated intersti-
tial del(5q) that should encompass 5q32–33. The 
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deletion can also be detected by  fl uorescent in 
situ hybridization (FISH), which may be of value 
if karyotyping is unsuccessful. However, karyo-
typing remains the gold standard for diagnosis 
and follow-up since it is more sensitive than FISH 
and has the ability to identify additional abnor-
malities which may indicate clonal evolution and 
adverse outcome (Gohring et al.  2011  ) .  

    5.2.3   Diagnostic Criteria 

 The WHO 2008 classi fi cation de fi nes MDS associ-
ated with isolated del(5q) as de novo MDS with less 
than 5 % bone marrow blasts and isolated del(5q) 
including the region 5q32–33. Additional criteria 
are less than 1 % blasts in the peripheral blood and 
absence of Auer rods, while characteristic marrow 
morphology or thrombocytosis is not required.  

    5.2.4   Prognosis 

 The prognosis is favorable, with median survival 
of 6–9 years and cumulative probability of evolu-
tion to acute myeloid leukemia (AML) of 9–17 % 
at 5 years (Giagounidis et al.  2004 ; Giagounidis 
et al.  2006 ; Mallo et al.  2011  ) . This relatively 
favorable outcome is restricted to patients with 
the classical low-risk 5q− syndrome and does not 
include patients with additional risk factors.  

    5.2.5   High-Risk MDS with del(5q) 

 Additional adverse features such as more than 
one additional karyotypic abnormality, blast 
increase  ³ 5 %, or platelet counts below 100 × 10 9 /l 
are associated with inferior outcome (Giagounidis 
et al.  2004 ; Mallo et al.  2011  ) . The presenting 
symptoms and the prognosis vary greatly depend-
ing on the severity of the alterations. Patients 
with one additional karyotypic abnormality or 
blasts elevated to 5–9 % constitute an intermedi-
ate-risk group. In MDS with more than 10 % 
blasts or with therapy-related MDS or AML, 
del(5q) most frequently occurs in conjunction 
with complex karyotype and is tightly linked to 
presence of TP53 mutation (Fidler et al.  2004 ; 
Pedersen-Bjergaard et al.  2008  )  and exceedingly 
poor outcome.   

    5.3   Biology of del(5q) MDS 

    5.3.1   Genes Involved in the 
Pathogenesis 

    5.3.1.1   Commonly Deleted Region on 
Chromosome Arm 5q 

 There are two distinct commonly deleted regions 
on 5q (Fig.  5.2 ). The more distal commonly 
deleted region (CDR) of 5q− syndrome is de fi ned 
by a 1.5-megabase region at 5q32–33, containing 

  Fig. 5.1    Characteristic bone 
marrow morphology of MDS 
with isolated del(5q) 
demonstrating numerous 
hypolobulated 
megakaryocytes       
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around 40 coding genes and four microRNAs 
(Boultwood et al.  2002  ) . No mutations of genes 
located within the CDR have been identi fi ed on 
the retained allele. This suggests that altered gene 
dosage may play a role, and recent evidence sup-
ports the concept of haploinsuf fi ciency. Functional 
studies using an RNA interference screen of all 
genes within the CDR identi fi ed ribosomal pro-
tein S14 (RPS14) as a haploinsuf fi cient gene 
responsible for the erythroid failure (Ebert et al. 
 2008  ) . However, RPS14 haploinsuf fi ciency alone 

does not explain the megakaryocytic dysplasia 
and the tendency to thrombocytosis, nor the 
clonal dominance of del(5q) MDS cells. 
Examination of noncoding genes at 5q31–5q35 
revealed reduced expression of miR-145 and 
miR-146a in marrow cells from patients with 
del(5q) MDS (Starczynowski et al.  2010  ) . 
Depletion of these two microRNAs in mice 
resulted in variable neutropenia, thrombocytosis, 
and hypolobulated megakaryocytes with reduced 
endomitosis in the marrow. These two key 
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  Fig. 5.2    Genes and 
microRNAs within the 
low-risk  commonly deleted 
region  (CDR) at chromo-
some 5q32–33. The 
high-risk CDR is also 
shown; however, only the 
genes directly implicated in 
the pathogenesis are listed. 
Genes potentially disease 
related, located within or 
outside the two CDRs, are 
highlighted in  red        
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 pathogenic mechanisms will be discussed in fur-
ther detail below.  

 In patients with high-risk MDS or AML with 
del(5q), a unique CDR has been delineated at 
5q31, centromeric of the low-risk CDR (Zhao 
et al.  1997 ; Horrigan et al.  2000  ) . This suggests 
that other genes are likely to be involved in high-
risk disease. It is important to point out that both 
CDRs are deleted in the majority of low- and 
high-risk del(5q) MDS patients, indicating that 
other factors or cooperating mutations elsewhere 
may be required for disease development.  

    5.3.1.2   Ribosomal Stress Causes Anemia 
 Although ribosomes are expressed in all cell 
types, the dominating feature of ribosomal gene 
haploinsuf fi ciency is impaired erythropoiesis 
(Narla and Ebert  2010  ) . This is observed in 
Diamond-Blackfan anemia, where germline 
mutations in RPS19 or other ribosomal genes are 
frequent (Draptchinskaia et al.  1999 ; Narla and 
Ebert  2010  ) . In 5q− syndrome, RPS14 is the only 
gene within the low-risk CDR for which 
haploinsuf fi ciency has been shown to impair 
erythropoiesis (Ebert et al.  2008  ) . RPS14 encodes 
a structural protein of the 40S ribosomal subunit, 
and its de fi ciency can cause defects in ribosomal 
biogenesis and activity (Ebert et al.  2008  ) . The 
erythroid defect is rescued in vitro by forced 
expression of RPS14 in hematopoietic stem/pro-
genitor cells from 5q− syndrome patients (Ebert 
et al.  2008  ) . Haploinsuf fi ciency of RPS14 in mice 
results in macrocytic anemia and dyserythropoi-
esis (Barlow et al.  2010  ) . Interestingly, multiple 
ribosomal genes are downregulated in CD34+ 
cells of patients with del(5q) MDS, which is con-
sistent with the impaired erythropoiesis being a 
result of a ribosomal processing defect (Pellagatti 
et al.  2008  ) . Ribosomal stress due to reduced 
expression of RPS14 in hematopoietic stem/pro-
genitor cells activates the p53 pathway, inducing 
the downstream targets p21 and BAX, primarily 
in the erythroid cell compartment. The mecha-
nism of the observed increase in p53 levels is 
thought to be increased expression of another 
ribosomal protein RPL11, which binds the p53 
ubiquitin ligase HDM2, thereby preventing p53 
ubiquitination and degradation. This results in 

increased apoptosis and cell cycle arrest (Dutt 
et al.  2011  ) . Consistent with this  fi nding, crossing 
mice hemizygous for Rps14 with p53-de fi cient 
mice rescues the erythroid progenitor cell defect 
(Barlow et al.  2010  ) .  

    5.3.1.3   Reduced miR-145 and miR-146a 
Expression Induces Innate 
Immune Signaling 

 MicroRNAs are small noncoding RNAs, around 
22 nucleotides in length, that regulate gene 
expression by interacting with the 3 ¢  untranslated 
regions (UTR) of messenger RNAs (mRNAs). 
MicroRNAs target numerous mRNAs and may 
induce mRNA degradation and repress protein 
translation. By interfering with speci fi c cellular 
pathways, several microRNAs have been shown 
to have oncogenic properties (Garzon et al.  2009  ) . 
Knockdown of miR-145 and miR-146a resulted 
in thrombocytosis and hypolobulated megakaryo-
cytes in the marrow, thus mimicking key fea-
tures of the 5q− syndrome (Starczynowski et al. 
 2010  ) . Mice transplanted with marrow depleted 
for miR-145 and miR-146 succumb to a myelo-
proliferative/leukemic disorder (Starczynowski 
et al.  2011  ) . These two microRNAs target genes 
involved in the innate immune response pathway, 
including TIRAP (miR-145) and TRAF6 (miR-
146a). Transplantation of TRAF6-transduced 
bone marrow into wild-type mice recapitulated 
the hematologic phenotype seen with depletion 
of miR-145/miR-146a including progression to 
AML or bone marrow failure, suggesting that 
ectopic activation of innate immune signaling 
in the hematopoietic stem/progenitor popula-
tion is a pathogenic feature of del(5q) MDS 
(Starczynowski et al.  2010  ) . Depletion of miR-
145/miR-146a with activation of innate immune 
signaling results in NF- k B activation and upreg-
ulation of IL-6, which is also seen in patients 
with del(5q) MDS. The platelet and granulo-
cytic defects driven by TRAF6-mediated activa-
tion of innate immune signaling and NF- k B are 
abrogated in mouse marrow cells lacking IL-6, 
but a similar proportion of mice still develop 
myeloid neoplasia (Starczynowski et al.  2010  ) . 
Thus, while the paracrine effects of IL-6 likely 
explain the thrombocytosis and neutropenia, 
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clonal  dominance of the MDS cells in the mar-
row appears to be secondary to cell autonomous 
effects of miR-145/miR-146a haploinsuf fi ciency 
and deregulated immune signaling. 

 Recent data indicates that FLI1, another vali-
dated target repressed by miR-145, may be of 
importance for the characteristic megakaryocyte 
dysplasia and thrombocytosis. FLI1 is an ETS-
family transcription factor involved in mega-
karyocytic differentiation, and its loss results in 
thrombocytopenia. FLI1 has been shown to be 
overexpressed in patients with 5q− syndrome, 
while non-del(5q) MDS patients have levels sim-
ilar to those of healthy controls. Inhibition of 
miR-145 or overexpression of FLI1 improves 
megakaryocyte formation, as seen in patients 
with 5q− syndrome, while overexpression of 
miR-145 or inhibition of FLI1 has the reciprocal 
effect. This suggests that the thrombocytosis 
observed in patients with 5q− syndrome is due to 
both cell extrinsic and intrinsic factors. 
Downregulation of miR-145 or upregulation of 
FLI1 increased the number of human CD34+ 
progenitor cells, and knockdown of miR-145 par-
tially rescued the negative effect of RPS14 silenc-
ing on the proliferation of progenitor cells 
in vitro. This further strengthens the evidence 
that miR-145 is important for clonal dominance 
(Kumar et al.  2011  ) .  

    5.3.1.4   Other Candidate Genes Within 
the CDR 

 The matricellular protein SPARC is encoded 
within the low-risk CDR at 5q32–33. It has 
diverse functions, varying depending on cell type 
and location. In several malignancies, SPARC 
acts as a tumor suppressor gene by inhibit-
ing proliferation, angiogenesis, and adhesion 
to adjacent stroma (Framson and Sage  2004  ) . 
In del(5q) MDS, SPARC has been shown to be 
haploinsuf fi cient due to the 5q deletion (Pellagatti 
et al.  2007  ) , and it is conceivable that this leads 
to stronger adhesion of the del(5q) hematopoi-
etic stem/progenitor cells to the supporting bone 
marrow stroma. When CD34+ hematopoietic 
 progenitors are treated with the clinically active 
drug lenalidomide in vitro, SPARC is upregulated 
to normal or supranormal levels, thus reversing 

its haploinsuf fi ciency (Pellagatti et al.  2007  ) . 
It remains to be demonstrated whether reduced 
expression of the tumor suppressor gene SPARC 
plays a role in the pathogenesis of the disease.  

    5.3.1.5   Genes Implicated in High-Risk 
del(5q) MDS 

 Proposed candidate genes within the high-risk 
CDR at 5q31 include EGR1, HSPA9, and 
CTNNA1. EGR1-de fi cient mice treated with an 
alkylating agent frequently developed myelopro-
liferative neoplasias coupled with ineffective 
erythropoiesis and thrombocytopenia (Joslin 
et al.  2007  ) . Knockdown of HSPA9 in primary 
human hematopoietic cells or in a murine model 
impaired erythroid maturation and suppressed 
hematopoietic cell expansion (Chen et al.  2011  ) . 
Thus, haploinsuf fi ciency of HSPA9 may play a 
role in the ineffective hematopoiesis observed in 
del(5q) MDS but fails to explain the clonal domi-
nance. Forced expression of CTNNA1 in the 
myeloid cell line HL-60 resulted in reduced pro-
liferation and increased apoptosis, suggesting 
that haploinsuf fi ciency of this tumor suppressor 
may provide a growth advantage contributing to 
the clonal advantage of the del(5q) cells CTNNA1 
(Liu et al.  2007  ) . 

 Several genes outside the two CDRs have also 
been implicated in myeloid disorders. The gene 
APC resides more centromeric at 5q21–22 but is 
generally part of the deletion. APC de fi ciency 
leads to ineffective hematopoiesis and loss of HSC 
quiescence, conceivably contributing to the 
observed pathology (Lane et al.  2010 ; Wang et al. 
 2010  ) . NPM1 is located telomeric of the CDR (at 
5q35) and is rarely part of the del(5q) in low-risk 
MDS, while it is deleted in 40 % of high-risk MDS 
with del(5q) (La Starza et al.  2010 ; Pellagatti et al. 
 2011  ) . Haploinsuf fi ciency of NPM1 is tightly 
linked to genomic instability and complex karyo-
type in MDS and AML, likely due to impaired 
centrosome duplication and inhibition of the tumor 
suppressors ARF1 and TP53 (Falini et al.  2007  ) . 
Mice that are heterozygous for Npm1 develop a 
hypercellular marrow with prominent erythroid 
and megakaryocytic dysplasia. Moreover, they 
were prone to develop malignancies, in particular 
myeloid leukemias, that were associated with 
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 centrosome ampli fi cation and chromosomal 
abnormalities (Grisendi et al.  2005 ; Sportoletti 
et al.  2008  ) . In contrast, patients with de novo 
AML and NPM1 mutations are characterized by 
normal karyotype (Falini et al.  2005  ) , likely attrib-
utable to retained ability to duplicate the cen-
trosome by the mutated NPM1 (Falini et al.  2007  ) . 
Recently, a transgenic mouse model overexpress-
ing mutated NPM1 resulted in myeloproliferation, 
suggesting that the NPM1 mutation per se contrib-
utes to clonal advantage (Cheng et al.  2010  ) .   

    5.3.2   Originates in Hematopoietic 
Stem Cells 

 In MDS with del(5q) more than 90 % of the 
CD34+CD38−CD90+ hematopoietic stem cells 
(HSC) carry the deletion (Nilsson et al.  2000  ) . 
Further, del(5q) may appear in B and NK cells 
(Jaju et al.  2000 ; Nilsson et al.  2000 ; Kiladjian 
et al.  2006  ) , and the disease may transform to 
acute lymphoblastic leukemia. Thus, the disease 
is considered to originate at the pluripotent HSC 
level. Despite the fact that the bone marrow is 
normo- or hypercellular and the stem cell com-
partment is dominated by del(5q) cells, the mar-
row fails to release suf fi cient blood cells into 
circulation. One contributing factor may be that 
del(5q) HSCs contain limited long-term culture-
initiating assay activity and fail to reconstitute 
transplanted mice over the long term, re fl ecting 
the observed ineffective hematopoiesis (Nilsson 
et al.  2000  ) . In colony-forming assays in particu-
lar, the erythroid colonies are reduced, potentially 
due to the RPS14 haploinsuf fi ciency (Tehranchi 
et al.  2010  ) . Despite this impaired function, the 
gene expression pro fi le of del(5q) and normal 
HSCs is highly similar. Intriguing exceptions 
include upregulation of the critical stem cell 
renewal factor BMI1 and the Notch-signaling 
inhibitor DLK1 in the HSC fraction and down-
regulation of the myeloid transcription factor 
CEBPA at the progenitor stage. The differentially 
expressed genes differed substantially between 
HSCs (CD34+CD38−CD90+) and progenitor 
cells (CD34+CD38+CD90−), stressing the 
importance of studying homogenous and relevant 

populations when drawing conclusions about the 
mechanisms of the disease (Nilsson et al.  2007  ) .  

    5.3.3   Defects in the Bone Marrow 
Microenvironment 

 Evidence suggests that the bone marrow stroma 
is de fi cient in del(5q) MDS, resulting in impaired 
ability to support growth of normal hematopoi-
etic progenitors. The cytokine pro fi le in low-risk 
MDS marrow plasma is altered, including 
increased level of TNF- a  which is likely to sup-
press hematopoiesis (Gersuk et al.  1998  ) . It is 
possible that these alterations are caused by mac-
rophages or other cells that are part of the del(5q) 
malignant clone and that this may favor the 
expansion of the malignant over normal cells. 
There are contradicting data regarding the pres-
ence of genetic alterations in stromal cells from 
patients with del(5q) MDS. Several groups have 
reported cytogenetic aberrations in mesenchymal 
cells; however, the genetic changes were gener-
ally unrelated to those observed in the MDS cells 
(Blau et al.  2007 ; Lopez-Villar et al.  2009  ) . Other 
groups do not observe genetic alterations in the 
stromal cells (Soenen-Cornu et al.  2005 ; 
Ramakrishnan et al.  2006  ) . Also, allogeneic stem 
cell transplantation may cure del(5q) MDS, argu-
ing against an inherent stromal defect.   

    5.4   Novel Prognostic Markers 

    5.4.1   TP53 Mutation Associated with 
Leukemic Transformation 

 Mutations in the tumor suppressor gene TP53 
occur in 5–10 % of patients with low-risk MDS 
and in 10–15 % with high-risk disease. TP53 
mutations were until recently thought to be rare in 
low-risk del(5q) MDS, which stands in contrast to 
the high frequency observed in MDS patients with 
complex karyotype that includes del(5q), where 
around 80 % are mutated (Fidler et al.  2004 ; 
Pedersen-Bjergaard et al.  2008  ) . A recent study 
using deep sequencing demonstrated that 18 % of 
patients with low-risk del(5q) MDS had TP53 
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mutation (Jadersten et al.  2011  ) . Interestingly, in 
more than half of the mutated patients, the clone 
size was below 20 % and would thus probably not 
have been detected by conventional Sanger 
sequencing. TP53 mutation was signi fi cantly 
associated with increased risk of leukemic trans-
formation, in agreement with results in other types 
of MDS (Padua et al.  1998  ) . When deep sequenc-
ing becomes part of the routine workup in MDS, 
then TP53 mutation is likely to constitute an 
important prognostic factor.   

    5.5   Lenalidomide Treatment 
of del(5q) MDS 

    5.5.1   Potent Clinical Effect 

 Lenalidomide has unparalleled ef fi cacy in trans-
fusion-dependent low-risk MDS with del(5q), 
with 67 % reaching transfusion independence 
and 45 % complete cytogenetic remission (List 
et al.  2006  ) . Important side effects include grade 
III/IV neutropenia and thrombocytopenia. The 
median response duration is around 2 years. 
A recent study demonstrated that del(5q) HSCs 
are relatively insensitive to the effects of lenali-
domide. In patients with karyotypic complete 
cytogenetic remission and no del(5q) detectable 
by FISH in the CD34+CD38+CD90− progenitor 
compartment, del(5q) cells were still detectable 
although at lower levels in all patients studied in 
the CD34+CD38−CD90+ HSCs fraction. This 
relative insensitivity of the del(5q) HSCs to 
lenalidomide suggests that this therapy is unlikely 
to be curative (Tehranchi et al.  2010  ) . However, it 
is important to stress that this does not rule out 
that a large proportion of the patients may have a 
substantial clinical bene fi t of the treatment, with 
durable transfusion independency. Recent safety 
concerns have been raised, since an unexpectedly 
high fraction of patients treated with lenalido-
mide have undergone clonal evolution, with 
acquisition of complex karyotypes or transforma-
tion to AML (Gohring et al.  2010 ; Jadersten et al. 
 2011  ) . Therefore, it is advised that even low-risk 
del(5q) MDS patients treated with lenalido-
mide are followed closely for signs of disease 

 progression, in particular if they are of transplant-
able age (Jadersten and Karsan  2011  ) .  

    5.5.2   Mechanisms of Action 

 Lenalidomide inhibits numerous cytokines, 
including IL-6 and TNF- a , and activates T cells 
and NK cells (Bartlett et al.  2004  ) . After success-
ful treatment with lenalidomide, the stromal 
defect described above is reversed (Ximeri et al. 
 2010  ) . This improved function of the stroma may 
be a direct effect of the treatment or an indirect 
via suppression of the malignant MDS clone. 
Other functions ascribed to lenalidomide include 
inhibition of the cell cycle-regulating phos-
phatases CDC25C and PP2Ac a  (Wei et al.  2009  ) . 
Both these genes are located centromeric to the 
5q32–33 CDR but are deleted in most del(5q) 
MDS patients (Fig.  5.3 ), potentially contributing 
to the increased sensitivity of del(5q) cells to 
lenalidomide. The tumor suppressor gene SPARC 
was one of four genes signi fi cantly upregulated 
by lenalidomide in vitro and the only one located 
within the 5q32–33 CDR (Pellagatti et al.  2007  ) . 
In addition, emerging data indicates that lenali-
domide increases miR-143 and miR-145 expres-
sion in CD34+ del(5q) progenitors, thus 
counteracting the haploinsuf fi ciency. This induc-
tion may be associated with subsequent clinical 
response to treatment (Venner et al.  2010  ) . It 
remains to be resolved which mechanisms are 
most important for the effects observed in patients 
with del(5q) MDS.    

    5.6   Future Directions 

 Important parts of the pathogenesis of del(5q) 
MDS have been unraveled; however, it remains 
to be demonstrated if they are suf fi cient to induce 
the disease or if cooperating genetic events are 
required. Whole genome sequencing is a power-
ful tool that can address this question. 
Development of improved mouse models of the 
disease is also needed to re fi ne our understanding 
of the disease biology. Efforts to develop targeted 
therapy are ongoing, exploring approaches such 
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as inhibition of p53 to improve the expansion of 
del(5q) erythroblasts to alleviate the anemia and 
inhibition of PP2A to inhibit the malignant clone 
itself. Deep sequencing of key prognostic genes 
such as TP53 is likely to improve initial risk 
strati fi cation and will enable genetic monitoring 
of emerging adverse subclones in the marrow 
during the course of the disease. This will be 
important for optimizing the timing of intensi fi ed 
therapy or allogeneic stem cell transplantation.      
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          6.1   Introduction 

 Myelodysplastic syndromes (MDS) are heteroge-
neous clonal neoplasms characterized by progres-
sive morphologic, functional, and proliferative 
defects of hematopoietic precursors and high pro-
pensity for progression to less differentiated 
myeloid leukemias (Galili et al.  2007 ; Mufti et al. 
 2008  ) . It is estimated that MDS incidence is 3.4 
cases per 100,000 annually (Rollison et al.  2008  ) . 
In the United States, more than 10,000 people 
develop MDS annually (Galili et al.  2007  ) . In 
2002, the World Health Organization (WHO) pro-
posed a revised version of the French-American-
British (FAB) system to which cytogenetic 
abnormalities were incorporated; this system was 
further revised in 2008 (Vardiman et al.  2009  ) . 
During 2008, the newly revised WHO classi fi cation 
system included MDS within the chronic myeloid 
malignancies category (Vardiman et al.  2009  ) . In 

contrast to de novo AML, the indolent course 
leading to leukemic progression and evidence of 
signi fi cant dysplasia among differentiating cells 
suggest different pathogenesis. Bone marrows 
from patients with low-risk MDS biology display 
gene expression pro fi les characterized by deregu-
lated pathways involving chemokine, apoptosis, 
and Wnt signaling (Fig.  6.1 ). In higher-risk MDS, 
deregulation of DNA damage response and check-
point pathways is frequently identi fi ed (Theilgaard-
Monch et al.  2011  ) .  

 Most cases of MDS manifest in patients 
older than 60 years (Schanz et al.  2012  ) . 
Microdissecting the contribution of age-associated 
bone marrow composition as predisposing factor 
for MDS will be of paramount importance. 
Decreased lymphogenesis and myeloid-biased lin-
eage commitment which occur during aging (Sudo 
et al.  2000 ; Rossi et al.  2005  )  may present attractive 
pathogenic substrates for the development of MDS 
(Rossi et al.  2005 ; Ergen and Goodell  2010  ) . 

 The presence of recurrent cytogenetic abnor-
malities and mutated cancer genes in MDS has gen-
erated substantial insight into MDS pathogenesis. 
Approximately 50 % of MDS patients have a nor-
mal karyotype using comprehensive metaphase 
cytogenetic analysis. In this normal cytogenetic 
subset, occult chromosomal abnormalities detected 
by more sensitive technologies, such as single-
nucleotide polymorphism arrays, have greatly 
rede fi ned the molecular complexity of this entity 
(Look  2005 ; Bejar et al.  2011a  ) . 

 In recent years, the role of the cancer epige-
nome in the vulnerability for acquisition of 
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malignant phenotype, via inheritable somatically 
acquired alterations, has been recognized (Baylin 
 2008  ) . Collectively, these have contributed to 
better understand the molecular backbone of this 
disease.  TET 2 (Langemeijer et al.  2009a,   b  ) , 
 JAK2  (Gurevich et al.  2011  ) ,  ASXL  (Mittelman 
et al.  2010  ) ,  CBL ,  FLT3 ,  and TP53  mutations, 
along with  RPS14 and SPARC  gene abnormali-
ties, constitute part of the biological pathways 
contributing to the development and maintenance 
of the disease (McDermott et al.  2011  ) . These 
mutations are associated with speci fi c disease 
phenotypes and could assist in tailoring targeted 
therapy (Fig.  6.2 ). In spite of the signi fi cant prog-
ress in the development of targeted therapy in the 
treatment of MDS, the diverse spectrum and het-
erogeneity of the disease warrant deeper under-
standing of the disease pathogenesis. In this 
chapter, we will emphasize and review the bio-
logical and clinical implication of cytogenetic 
and molecular abnormalities in MDS.   

    6.2   Karyotypic Abnormalities 
in MDS 

    6.2.1   Chromosome 5 Deletions 

 Within the vast heterogeneity of clinical manifes-
tations of MDS, the functional consequences of 
chromosome 5q deletion have been the most 
studied phenotypic expressions of the disease. As 
a single chromosomal abnormality, interstitial 
deletion of the long arm of chromosome 5 occurs 
in about 10–15 % of MDS patients representing 
the most common cytogenetic abnormality (Sole 
et al.  2000  ) . The WHO-de fi ned distinctive 5q 
minus syndrome is characterized by macrocytic 
anemia, a normal or increased platelet count, 
erythroid hypoplasia with micromegakaryocytes 
in bone marrow, and low risk of progression to 
AML (Boultwood et al.  2010a ; Van den Berghe 
et al.  1974,   1985 ; Nimer and Golde  1987  ) . 
Prognostically, (del) 5q clusters within the better 
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  Fig. 6.1    MDS pathogenesis. An abnormal cytokine 
milieu with overexpressed INF- , TNF-α   , IL-6, IL-7, and 
CXCL-10, along with immune dysregulation have been 
implicated in the pathogenesis of low-risk MDS 
(Theilgaard-Monch et al.  2011  ) . In high-risk subgroups, 

impaired differentiation results from decreased expression 
of myeloid speci fi cation genes such as  CEBPA . Disease 
evolution is characterized by increased proliferation from 
unrestrained oncogene expression       
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risk cytogenetic group and is associated with 
improved overall survival (OS) and AML-free 
survival of 57.8 and 202 months, respectively 
(Schanz et al.  2012  ) . To date, two common 
deleted regions (CDR) have been described in 
MDS, suggesting the presence of critical genomic 
regions containing important tumor suppressor 
genes (TSG). In advanced MDS and AML, a 
proximal CDR located at 5q31, which includes 
genes such as  CDC25c ,  EGR1 ,  SPARC , and alpha 
catenin ( CTNNA1 ), is commonly deleted (Padron 
et al.  2011a,   b  ) . Boultwood et al. described a dis-
tally deleted CDR, which is associated with the 
5q− syndrome extending between 5q32 and 5q33 
that contains  RPS14  (Boultwood et al.  2010a  ) . 
 RPS14  is an essential 40S ribosomal protein, and 
allelic haploinsuf fi ciency of this gene recapitu-
lates phenotypic expression of 5q− syndrome 
in vitro (Boultwood et al.  2010a ; Barlow et al. 
 2010  ) . In addition to the two CDRs, several genes 
including numerous cytokine genes such as    inter-

leukins 3, 4, 5, 9, 13, and 17  b  and granulocyte-
monocyte colony-stimulating factor are located 
on 5q (Boultwood et al.  2010a ; Ebert  2009  ) . 

 The unique sensitivity of 5q (del) to the thali-
domide analogue lenalidomide (LND) was tested 
in MDS-001, MDS-002, and the pivotal multi-
institutional MDS-003 clinical trials, which led 
to the FDA approval of the medication (Pellagatti 
et al.  2007  ) . In the MDS-003 trial, which enrolled 
low-risk MDS patients with (del) 5q, with or 
without additional cytogenetic abnormalities, 
LND induced transfusion independence and 
cytogenetic responses in 77 and 49 % of patients 
(List et al.  2006 ; Bejar et al.  2011b  ) . 
Mechanistically, in 5q (del), ineffective erythro-
poiesis is associated with haploinsuf fi ciency of 
 RPS14 , an important ribosomal processing gene. 
The functional consequence of deletion or muta-
tions of genes encoding ribosomal proteins (RP) 
results in impairment of ribosomal assembly, 
subsequent nucleolar stress, and sequestration of 
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  Fig. 6.2    Mutations in MDS genome. Increasing number 
of mutations are recognized by technologies such as 
whole-exome and genome sequencing. The repertoire of 
mutations includes genes that (1) modify chromatin 
( ASXL ,  EZH2 ,  DNMT3A ,  TET2 ), (2) affect oncogene 
function ( RUNX ), (3) impair tumor suppressor genes 
( TP53 ), and (4) affect spliceosome machinery. Some 
speci fi c mutations such as  TP53  and  RUNX  have important 

role in prognostication. Spliceosome mutations derived in 
disease-speci fi c phenotype such as RARS. Further studies 
to clarify the role of chromatin modifying mutations after 
MDS-directed therapy are needed. To date, no single 
mutation has been found in all MDS types; however, 
 NR4A  abnormal expression could be seen independently 
of cytogenetic abnormalities       
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the human homolog of the E3 ubiquitin ligase 
mouse double minute 2 protein (MDM2), a criti-
cal inhibitor of p53. This results in p53 stabiliza-
tion, apparently requisite for the disease 
phenotype (Lohrum et al.  2003 ; Fumagalli et al. 
 2009 ; Ebert et al.  2008  ) . LND inhibits the activ-
ity of the PP2Ac a  phosphatase whose gene is 
located on 5q and whose gene dosage is thus 
reduced in patients with (del) 5q. This inhibition 
of the phosphatase leads to increased MDM2 
phosphorylation and stabilization with subse-
quent inhibition of p53, presumably leading to 
phenotype reversal. In addition to LND inhibi-
tion of PP2Ac, this agent inhibits the G2/M 
checkpoint regulator Cdc25C (Komrokji and List 
 2011  )  and upregulates  SPARC .  

    6.2.2   Chromosome 7 Deletions 

 Chromosome 7 aberrations represent about 20 % 
of cytogenetically abnormal MDS (Cordoba et al. 
 2012  ) . Within this context, entire loss (mono-
somy 7), partial deletion of the long arm (7q del), 
and translocations involving chromosome 7 have 
been described (Haase et al.  2007  ) . Less advanced 
disease with lower proportion of blasts may pres-
ent in patients with isolated 7q del (Cordoba et al. 
 2012  ) . Within this subset, isolated deletion of the 
long arm of chromosome 7 has been recently 
linked to MDS with hypoplastic feature (hMDS) 
(Jerez et al.  2012  ) . At the genomic level, inacti-
vating mutations in  EZH2  play an important 
pathogenic mechanism in establishing disease 
phenotype (Ernst et al.  2010  ) . The impact of these 
abnormalities on MDS clinical outcome has 
facilitated implementation of risk-adapted inter-
ventions in high-risk biology group with intrinsic 
propensity for bad outcome. As recently pro-
posed by Schanz et al., double chromosomic 
abnormalities (de fi ned as two distinct clonal 
MDS-related acquired karyotypic abnormalities 
found within one cell) with and without −7/del 
(7q) were associated with OS of 5.8 months vs. 
15.8 months, respectively (Schanz et al.  2012  ) . 
As a sole abnormality, data suggests that 7q− 
could be prognostically better than monosomy 7 
(Cordoba et al.  2012 ; Haase et al.  2007  ) . Critical 

large gene losses may be associated with inferior 
outcome in MDS with monosomy 7; 7q- and der 
(1:7); however, overall and leukemia-free sur-
vival analysis, adjusted for evidence of excess 
blasts or multilineage dysplasia, showed no 
meaningful difference across the three chromo-
somal abnormalities (Hussain et al.  2012  ) .  

    6.2.3   Chromosome 20 

 20q (del) is a recurrent MDS cytogenetic abnor-
mality and occurs in about 1.7 % of patients 
(Schanz et al.  2012  ) . Mild dysplasia and high 
incidence of thrombocytopenia are characteristic 
features of the disease (Mullier et al.  2012 ; Braun 
et al.  2011  ) . Supporting this observation, refrac-
tory cytopenia with multilineage dysplasia has 
been reported in 11.3 % of 62 patients with 20q 
(del) MDS (Braun et al.  2011  ) . Isolated 20 q (del) 
has been associated with low risk of progression 
to AML and better prognosis (Greenberg et al. 
 1997  ) . A large international database analysis 
showed that 20q (del) as a single anomaly clus-
tered with normal cytogenetic del (5q) and del 
(12p) in a good predictive survival subgroup with 
a median OS of 48.6 months (Schanz et al.  2012  ) . 
Prognostically, this has been con fi rmed by 
(Greenberg et al.  2012  )  the new Revised 
International Prognostic Score System (IPSS-R) 
(Greenberg et al.  2012  ) . The predicted survival 
achieved by 20q (del) was only surpassed by a 
very good subgroup with OS of 60.8 months that 
included loss of Y chromosome and del (11q) 
(Schanz et al.  2012 ; Greenberg et al.  2012  ) .  

    6.2.4   Chromosome 17 

 Del (17p) has been primarily observed in thera-
py-related AML and MDS. Particularly in MDS, 
with an overall incidence of this abnormality of 
about 0.2–3.7 % (Schanz et al.  2012 ; Jasek et al. 
 2010  ) , deletions involving the short arm of chro-
mosome 17 may be associated with complex 
karyotype involving −5/5q del and/or −7/7q del 
(Jasek et al.  2010  ) . 17p13.1 contains  TP 53 , 
which is thought to induce disease phenotype 
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characterized by high-risk biology and high pro-
pensity for leukemia transformation (Bejar et al. 
 2011b  ) . In patient with complex karyotype har-
boring 5 q and 7 q cytogenetic abnormalities 
without del (17p), cryptic copy number-loss of 
heterozygosity (CN-LOH) 17p lesions can be 
found by    SNP-A (Jasek et al.  2010  ) .  

    6.2.5   Chromosome 3 Abnormalities 

 Inv 3 (q21q26) and t(3:3)(q21q26) have been 
described in de novo and therapy-associated 
MDS and AML. In MDS, these abnormalities 
represent about 1 % of recurrent cytogenetic 
aberrations (Secker-Walker et al.  1995  ) . Given 
their particular disease phenotype characterized 
by signi fi cant megakaryocytic dysplasia and fre-
quent occurrence of thrombocytosis, these abnor-
malities are clustered as a distinct entity in the 
WHO 2008 classi fi cation (Vardiman et al.  2009 ; 
Tefferi and Vardiman  2008  ) . Most of the patients 
with de novo inv 3(q21q26) and t(3:3)(q21q26) 
MDS present with morphological feature consis-
tent with refractory cytopenia multilineage dys-
plasia (Cui et al.  2011  ) . The Medical Research 
Council of the United Kingdom (MRC) has 
recently described a very discernible unfavorable 
outcome in AML, in which 10-year OS was 3 % 
and relapse rate 89 % (Grimwade et al.  2010  ) . At 
the genomic level, MDS and AML with 3q26 
rearrangement overexpress the proto-oncogene 
 EVI1  (Morishita et al.  1988  ) . Abnormal expres-
sion of  EVI1  in mice recapitulates MDS pheno-
type, and in vitro overexpression has been 
associated with impaired myeloid differentiation 
(Buonamici et al.  2004  ) . Recruitment of tran-
scriptional and epigenetic regulators by EVI1, 
encompassing CTBP, HDAC (histone deacety-
lase), and DNMT (DNA methyltransferase), sug-
gests a functional role in regulation of gene 
expression (Chakraborty et al.  2001 ; Senyuk 
et al.  2011 ; Vinatzer et al.  2001  ) . Of interest, high 
expression of EVI1 has been found to be an 
important pathogenic participant and adversely 
impact outcome in MDS with chromosomal 
abnormalities other than those involving the EVI1 
locus (Russell et al.  1994 ; Groschel et al.  2010  ) .  

    6.2.6   Trisomy 8 

 In MDS, the estimated incidence of trisomy 8 is 
about 4.2 % (Schanz et al.  2012  ) . Most patients 
present with severe pancytopenia associated with 
hypoplastic bone marrow features (Maciejewski 
et al.  2002 ; Sloand et al.  2002  ) . Some investigators 
suggest that this cytogenetically de fi ned subset 
demonstrates particular sensitivity to immunosup-
pressive therapy. In vitro, expanded V 

 b 
  CD8+ cyto-

toxic T cells repress cellular growth of aneuploid 
cells to a greater extent than diploid cells (Sloand 
et al.  2007  ) . Severe cytopenias can result from cel-
lular suppression of normal bystander cells medi-
ated by a deregulated cytokine milieu as a result of 
immune-directed cytotoxicity (Sato et al.  1995 ; 
Selleri et al.  1995  ) . Similar to other recurrent cyto-
genetic abnormalities, the predicted survival of tri-
somy 8 has been recently described by Schanz 
et al., with a reported OS of 23.8 months. Along 
with del (7q), +19, and i(17p), trisomy 8 clustered 
in an intermediate prognostic subgroup with a 
median OS and time to AML transformation of 
26 months and 78 months (Schanz et al.  2012  ) .  

    6.2.7   Trisomy 11 

 The association of trisomy 11 as a sole cytoge-
netic abnormality or in the context of noncomplex 
cytogenetics in MDS is rare (Schanz et al.  2012 ; 
Collado et al.  1999 ; Yamamoto et al.  1997  ) . In a 
large cytogenetic patient cohort including 22,403 
adults older than 18 years, trisomy 11 was found 
in 19 patients representing an incidence of 0.08 %. 
From these 19 patients, 14 and 5 patients were 
AML and MDS, respectively (Caramazza et al. 
 2010  ) . As a sole abnormality, a higher proportion 
of patients with RAEB-2 and RAEB-1 are seen 
(Wang et al.  2010a  ) , supporting the observation 
that this speci fi c abnormality might contribute to 
high-risk biology at disease presentation. Despite 
the low incidence of trisomy 11, there is general 
agreement that this chromosomal abnormality 
confers poor prognosis in MDS (Schanz et al. 
 2012  ) . Within this context, OS and time to AML 
transformation were 11 months for both variables 
(Schanz et al.  2012 ; Wang et al.  2010a  ) .  
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    6.2.8   Complex (Three or More 
Abnormalities) 

 The updated cytogenetic scoring system pro-
posed in the IPSS-R recommends strati fi cation of 
complex karyotype MDS into two groups: three 
abnormalities and greater than three abnormali-
ties (Platzbecker et al.  2012  ) . With an overall 
incidence of MDS with complex karyotype of 
about 10–18 % (Schanz et al.  2012 ; Sole et al. 
 2005  ) , patients with three or more than three 
cytogenetic abnormalities account for 2.1 and 
7 %, respectively (Schanz et al.  2012  ) . The pre-
dictive value of increasing number of chromo-
somal abnormalities has been con fi rmed by 
analysis of large MDS cytogenetic databases 
(Schanz et al.  2012  ) . In this study, OS was 15. 
6 months exactly with three abnormalities vs. 
5.7 months for those patients with more than 
three abnormalities ( P  = <0.01) (Schanz et al. 
 2012  ) . In patients with complex karyotype, the 
presence of aberrations that included chromo-
somes 5 and/or 7 represented a subset with 
adverse prognosis within all cytogenetic 
categories (Schanz et al.  2012 ; Sole et al.  2005  ) . 
Intriguingly, the interaction of different chromo-
somal abnormalities in patients with complex 
karyotype seems nonrandom and in line with a 
multistep sequential process in malignant trans-
formation. This interaction has been recently pro-
posed in patients who sequential acquire  TP53  
mutations and complex cytogenetics with dele-
tion of chromosome 5, 7, and 17 (Jasek et al. 
 2010  ) .  

    6.2.9   Cytogenetic Evolution 

 MDS commonly progresses, especially in 
patients with high-risk biology (Bejar et al. 
 2011b  ) . Cytogenetic evolution (CE), de fi ned 
as the acquisition of new chromosomal abnor-
malities during the clinical course of the dis-
ease, occurs in about 30 % of patients with MDS 
(Malcovati et al.  2007 ; Bernasconi et al.  2010  ) . 
At the time of AML transition, cytogenetic shifts 
could correlate with immunophenotypic varia-
tions and, more importantly, intrinsic biological 

characteristics of the malignancy. Chromosome 
instability (CIN) has been shown to play a role 
in malignant transformation and tumor progres-
sion in animal models (Heilig et al.  2010  ) . Such 
changes frequently signal a change in course of 
the disease towards more aggressive behavior 
(Wang et al.  2010b  ) . Rising numerical chro-
mosome instability (CIN) predicts evolution of 
MDS to AML (Heilig et al.  2010  ) . For example, 
numerical CIN level increased in one patient 
from 13.5 to 51.2 % within 1 month and was 
followed by progression to AML 4 months later 
(Heilig et al.  2010  ) . Bernasconi et al. found that 
in patient with CE, the 2- and 5-year OS were 40 
and 10 % vs. 93 and 70 % in patients without CE 
(Bernasconi et al.  2010  ) . Unraveling the mecha-
nisms responsible for genomic instability, which 
result in propensity for CE, would likely yield 
substantial insight into leukemogenesis-driv-
ing forces in MDS. Aberrant telomere biology 
with altered chromosome protective function 
(Mittelman et al.  2010  )  and unleashed ret-
rotransposons may impact genomic architecture 
in MDS patients (Schneider et al.  2009 ; Estecio 
et al.  2010 ; Boissinot et al.  2004  ) .   

    6.3   Molecular Alterations 
Associated with MDS 

    6.3.1   Ten-Eleven Translocation-2 
(TET2) 

 As many as 30 % of MDS patients display a 
diverse spectrum of abnormalities of  TET2  gene 
involving deletions, insertions, and nonsense or 
missense mutations throughout the nine coding 
exons of the 150 kB gene resulting in truncated 
translation (Langemeijer et al.  2009a,   b  ) . 
Mutations of  TET2  are also seen in myeloprolif-
erative neoplasm (MPN) (10 %), secondary AML 
(25 %), and chronic myelomonocytic leukemia 
(CMML, 40 %) (Langemeijer et al.  2009b ; 
Mullighan  2009 ; Delhommeau et al.  2009 ; 
Bernard et al.  2009  ) .  TET2  has the classical fea-
tures of an  a -ketoglutarate(KG)-Fe (II) dioxyge-
nase and requires  a -KG in order to mediate 
5-methylcytosine hydroxylation (Tahiliani et al. 
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 2009 ; Ito et al.  2010  ) .  TET2  affects epigenetic 
modulation of gene expression by defective con-
version of 5-methylcytosine (5mC) to 5-hydroxym-
ethylcytosine (5hmC), which facilitates passive 
demethylation by excluding maintenance DNA 
methyltransferases (Tahiliani et al.  2009  ) . Passive 
demethylation would result in gene reexpression 
in the functional  TET2  state but would maintain/
increase the methylated state in environments 
with a  TET2  loss of function. Two recent studies 
have investigated the impact of hypomethylating 
dose of azanucleosides in the treatment of high-
risk MDS with con fl icting results regarding pre-
diction of clinical response in  TET2 -mutated 
MDS context (Itzykson et al.  2011 ; Voso et al. 
 2011  ) . Results from both studies are unique with 
intriguing results and several observations requir-
ing future clari fi cation. Although both studies 
evaluated high-risk MDS patients, an important 
distinction from the Italian study was the incorpo-
ration of CMML patients within the analysis and 
shorter MDS duration as compared to French 
study (median, 2 months vs. 13 months, respec-
tively) (Itzykson et al.  2011 ; Voso et al.  2011  ) . It 
has been suggested that superior survival has been 
observed in MDS-derived AML patient with lon-
ger MDS duration (Lubbert et al.  2012  ) .  

    6.3.2   RUNX1 

 The  RUNX1  gene is located at chromosomal band 
21q22; its protein product heterodimerizes with 
core-binding factor- b ; the complex binds to 
speci fi c DNA sequences and serves as a tran-
scription factor (Ito  2004  ) .  RUNX1  can function 
as an activator or repressor of target gene expres-
sion. At the genomic level,  RUNX1  acts as regu-
lator of hematopoiesis by regulating hematopoietic 
growth factor genes such as GM-CSF, MPO, and 
IL3. Additionally,  RUNX1  regulates hematopoi-
etic genes involved in surface receptor ( TCRA , 
 TCRB ,  M - CSF ) and signaling molecules such as 
 CDKN1A ,  BLK ,  and BCL2  (Ito  2004 ; Michaud 
et al.  2003  ) . Recently,  RUNX1  mutations have 
been found to be among the most frequent molec-
ular alterations in MDS (Dicker et al.  2010  ) . 
Overall,  RUNX1  mutations have been reported at 

high frequency of 24 % at MDS stage (Flach 
et al.  2011  ) . Along with  TP53 ,  EZH2 , ETV6, and 
 ASXL1  predicted poor outcome in patients with 
MDS independently from prognostic risk factors 
(Bejar et al.  2011b  ) .  RUNX1  mutations may be 
acquired during leukemia progression from ear-
lier MDS stages (Fig.  6.2 ).  RUNX1  mutations 
have been reported to be signi fi cantly increased 
in secondary leukemia evolving from myelodys-
plasia (Dicker et al.  2010  ) .  

    6.3.3   DNMT3A 

 DNA methyltransferases (DNMTs) promote 
conversion of cytosine to 5-methylcytosine. 
Previously,  DNMT3A  and  DNMT3B  have been 
recognized to incorporate methyl groups to 
unmodi fi ed DNA, whereas  DNMT1  primarily 
functions as DNA methylation maintenance 
enzyme after cell division (Shah and Licht 
 2011  ) . Recently, somatic  DNMT3A  mutations 
have been described in hematopoietic malignan-
cies with an incidence of 22 % in de novo AML 
(Ley et al.  2010  ) .  DNMT3A  mutation was found 
to be especially prevalent in AML patients with 
monocytic features (Yan et al.  2011  ) . In MDS, 
Walter et al. described 13  DNMT3A  somatic 
mutations in 12 patients (8 % of cases). 
Interestingly,  DNMT3A  mutation occurred 
across different risk categories according to 
IPSS and independent of FAB and karyotypic 
subtype (Walter et al.  2011  ) . OS and event-free 
survival (EFS) were inferior in 12 patients with 
 DNMT3A  mutation vs. 138 patients without a 
mutation (long rank  P  = 0.005 for OS and 0.009 
for EFS, respectively) (Walter et al.  2011  ) . In 
the same study, 58 % of patients with and 28 % 
of patients without the mutation progressed to 
AML (Walter et al.  2011  ) . In elderly patients 
with mutated  DNMT3A  AML, decitabine treat-
ment was associated with an OS of 15.2 months 
vs. 11.0 months for patients with  DNMT3A  wild 
type. Despite the lack of statistically signi fi cant 
differences in this small study, further explora-
tion of the relations between DNMT3a muta-
tions and azanucleosides sensitivity seems 
warranted (Metzeler et al.  2012  ) .  
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    6.3.4   ASXL1 

 The human genome contains three ASX homo-
logues. The role of  ASXL1  is not entirely well 
understood; however, there is evidence that it could 
be part of DNA and/or histone-modifying com-
plexes (Boultwood et al.  2010b  ) . In drosophila, 
 ASX  encodes enhancers of trithorax and polycomb 
(ETP) which regulate histone methylation at target 
loci to induce active or repressive chromatin 
con fi gurations (Thol et al.  2011  ) . Recently, muta-
tion of  ASXL1  has been reported in 62/300 patients 
(21 %) with myelodysplastic syndrome (Boultwood 
et al.  2010b  ) . Interestingly, and in accordance with 
the assumption of a continuum from dysplasia to 
AML,  ASX  mutation was found in 6, 31, and 25 % 
of patients with refractory anemia (RA), refractory 
anemia with excess of blast 1 or 2 (RAEB), and 
AML, respectively. Mutations were found, primar-
ily, in patients with normal karyotype and del (7q/
monosomy 7) (Boultwood et al.  2010b  ) . In evalu-
ating the impact of  ASXL1  exon 12 mutation in 
patients with MDS, Thol et al. found that beside 
being a frequent molecular aberration (20.8 % of 
patients),  ASXL1  mutation conferred an inferior 
outcome in term of overall survival (OS) when 
compared to those patients with wild-type  ASXL1  
(HR, 1.74; 95 % CI, 1.08–2.82;  P  = 0.024) (Thol 
et al.  2011  ) . In the same study, patients with frame-
shift mutations had a shorter progression time to 
AML (Thol et al.  2011  ) .  

    6.3.5   EZH2 

    In MDS and AML patients harboring 7q chro-
mosomal abnormalities, SNP-A has allowed iden-
ti  fi cation areas of acquired uniparental disomy 
(aUPD), and somatic frameshift, nonsense and 
missense  EZH2  mutations in patients with MDS, 
MDS/MPN, and MPN (Ernst et al.  2010  ) . Overall, 
mutational frequency of about 6 % has been 
described in MDS, especially in patients with com-
plex karyotypes (Nikoloski et al.  2010,   2012  ) . In 
contrast to this, Bejar et al. found that  EZH2  could 
be also observed in patients with low-risk disease 
biology (Fig  6.2 ) (Bejar et al.  2011b  ) . Along with 
 ASXL1 ,  TET2 , SETD2,  JARID1C , and  UTX ,  EZH2  

represents a novel mutation with chromatin remod-
eling and epigenetic regulatory properties.  EZH2  is 
a catalytic component of PRC2 that trimethylates 
histone H3 at lysine 27(H3K27), leading to tran-
scriptional suppression of its target genes (Tanaka 
et al.  2012  ) . In mice, deletion of  Ezh2  severely 
compromised progression of AML by inducing 
differentiation of AML cells. Collectively, these 
 fi ndings suggest that  Ezh2  can modulate differen-
tiation programs in leukemia stem cells (Tanaka 
et al.  2012  ) .  

    6.3.6   TP53 

 The impact of  TP53  mutations on OS and overall 
risk of progression in MDS has been widely rec-
ognized (Jadersten et al.  2011 ; (Bejar et al.  2011b  ) . 
 TP53  mutations are commonly found in therapy-
related MDS, particularly in cases with chromo-
somal abnormalities involving 17p and complex 
karyotype (Side et al.  2004  ) . In patients with favor-
able cytogenetics, such as those harboring del (5q), 
acquisition of TP53 mutation at early stage of the 
disease is associated with increased propensity for 
leukemia transformation (Fig.  6.2 ) (Bejar et al. 
 2012  ) . In these cases, the 5-year cumulative inci-
dence of leukemia development was 77 % vs. 
24 % for mutated vs. unmutated  TP53  (Jadersten 
et al.  2011  ) . Deregulation of  TP53  in hematologi-
cal malignancies can occur as a result of mutation 
of missense and nonsense mutations in the  TP53  
gene. Recently, Bejar et al. reported that, in MDS, 
8/33  TP53  mutant samples (24.2 %) had abnor-
malities of chromosome 17 and intermediate-2 or 
high risk according to IPSS (Bejar et al.  2011b  ) . In 
regard to response to hypomethylating agents such 
as 5-azacytidine, similar response rates were 
observed within mutated and wild-type  TP53 ; 
however, for those patients with the mutation, 
median duration of response was only 4 months 
(Kulasekararaj et al.  2013  ) .  

    6.3.7   NR4A 

 NR4A subfamily of nuclear receptors such as 
NR4A1 and NR4A3 (also known as Nur77 and 
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Nor1) function as transcription factors for a vari-
ety of cellular processes (Mullican et al.  2007  ) . 
Recently, it has been shown that they coregulate 
myeloid homeostasis. Coneely et al. showed a 
Nur 77 and Nor 1 gene dose-effect correlation in 
the expression of essential myeloid transcription 
factors such as  Egr1 ,  JunB , and  Plk2  (Ramirez-
Herrick et al.  2011  ) . Mice with reduced  NR4A  
gene dosage developed MDS/MPN phenotype, 
while a complete germline abrogation of the 
genes leads to rapid development of AML 
(Ramirez-Herrick et al.  2011 ; Mullican et al. 
 2007  ) . Similarly, in human genome-wide com-
parison studies, downregulation of  NR4A  genes 
occurs in about 40–80 % of MDS CD34+ pro-
genitor cells (Pellagatti et al.  2006  ) .  

    6.3.8   Spliceosome Mutations 

 Increasing evidence documents the involvement of 
mutations of RNA splicing machinery in MDS 
pathogenesis (Visconte et al.  2011  ) . Within these, 
 SF3B1 ,  SRSF2 , and  U2AF1  exhibit somatic and 
recurrent mutational patterns and parallel disease 
phenotype (Yoshida et al.  2011 ; Malcovati et al. 
 2011  ) . Speci fi cally,  SF3B1  has been found by 
high-throughput next-generation sequencing 
(HT-NGS) to be mutated in patients with RARS 
and high platelet count and refractory cytopenia 
with multilineage dysplasia with  ³ 15 % ring sider-
oblast in 19/23 (82.6 %) and 38/50 (76 %) patients, 
respectively (Visconte et al.  2011 ; Yoshida et al. 
 2011  ) . In this speci fi c MDS subset,  SF3B1 -mutated 
patients presented with higher white cell and plate-
let count. Additionally,  SF3B1  mutations in MDS 
with RS are associated with longer OS and leuke-
mia-free survival. An apparent association of 
 SF3B1  mutations with good prognosis has been 
linked to differences in interpretation of WHO 
morphologic risk categorization and morphology 
(Patnaik et al.  2011  )  resulting in loss of prognostic 
signi fi cance when RARS and RCMD were ana-
lyzed separately (Patnaik et al.  2011  ) . While larger 
studies are awaited, it seems interesting that cyto-
genetics allows discrimination of the combined 
RCMD and RCMD-RS (ring sideroblast >15 %) 
into subgroups with inferior clinical outcome 

(multivariate analysis, good vs. intermediate/poor 
karyotypes;  P  = <0.001) (Bacher et al.  2012  ) . Thus, 
some of the survival bene fi t observed in  SF3B1 -
mutated RCMD patients Sf3B1 may derive from a 
decreased incidence of high-risk karyotype in this 
group (Damm et al.  2012  ) . 

 Recurrent  SRSF2  mutations occurred in a fre-
quency of about 14.6 % within 233 studied MDS 
patients. The association with high-grade MDS 
and mutually exclusive patterns from  SF3B1  
mutations, particularly described in low-risk sub-
sets, might suggest late biological sequential 
acquisition resulting in predisposition to AML 
transformation (Mian et al.  2013  ) .     The associa-
tion of SRSF2  mutation with  RUNX1 ,  ASXL1 , 
and  IDH-2  mutations has been previously estab-
lished (Wu et al.  2012  ) . Acquisition of mutations 
in this splicing factor gene has been associated 
with inferior OS (Wu et al.  2012  ) .   

    6.4   Conclusion and Future 
Directions 

 Signi fi cant advances in the diagnosis and man-
agement of MDS have derived from deeper 
understanding of the cytogenetic and molecular 
milieu underpinning the pathogenesis of the dis-
ease. Several genetic alterations are of crucial 
importance for disease risk strati fi cation and 
implementation of MDS-directed therapy. 
Increasing interest in the critical role of muta-
tions in disease phenotype, survival outcome, 
and, possibly, responses to treatment is expected 
to increase as access to these analyses becomes 
generally available. To date, especially in low-
risk MDS, mutations such as  EZH2  have identi fi ed 
biological subgroups with more aggressive 
behavior that could bene fi t from more intensive 
interventions. Promising understanding of MDS 
mechanism of disease initiation and potential 
pattern of treatment response have been achieved 
with new novel diagnostic methodologies such as 
single-nucleotide polymorphism array (SNP-A), 
DNA, and exome sequencing. This will allow a 
better characterization of the links between 
molecular pathogenesis and improved therapeu-
tic strategies in the era of personalized medicine.      
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 Myeloid malignancies exempli fi ed by acute 
myeloid leukemia (AML), myelodysplastic 
syndromes (MDS), and myeloproliferative neo-
plasms (MPNs) are all characterized by abnormal 
proliferation of stem cells. AML is characterized 
by proliferation of myeloid blasts that ultimately 
perturb normal bone marrow (BM) function and 
suppress hematopoiesis. The hallmarks of MDS 
are cytopenias (anemia, leukopenia, or throm-

bocytopenia), impaired differentiation in one 
or more of myeloid cell lines, and ineffective 
hematopoiesis (Tiu et al.  2011a  ) . MPNs manifest 
with proliferation of one or more cell lines in the 
BM with accompanying BM  fi brosis and extra-
medullary hematopoiesis. When features of both 
MDS and MPN coexist in the same patient, the 
disease is called MDS/MPN overlap neoplasms. 
The recognition that some MDS patients have 
overlapping MPN features led to the  coining of 
the term MDS/MPN overlap. This group was  fi rst 
described in 1997 at the clinical advisory meet-
ing of the World Health Organ ization (WHO) 
(Harris et al.  1999  )  and later adapted in the 2001 
WHO classi fi cation (Jaffe et al.  2001  ) . As in the 
case of MDS and MPNs, MDS/MPN patients 
are also at risk for AML  evolution. Within this 
overlapping class, four  different disease entities 
were classi fi ed: Juvenile myelomonocytic leuke-
mia (JMML), chronic myelomonocytic leukemia 
(CMML),  atypical chronic myeloid leukemia 
( BCR-ABL1  negative) (aCML), and MDS/MPN-
unclassi fi able (MDS/MPN-U), which also 
included the provisional disease category, refrac-
tory anemia with ring sideroblast associated with 
marked thrombocytosis (RARS-T). Of note, each 
of these disease entities has a de fi ned natural his-
tory, in fl uenced by a variety of factors such as 
BM blast counts, presence of concomitant dis-
eases (e.g., systemic mastocytosis with associated 
clonal hematologic non-mast cell lineage disease 
[SM-AHNMD]), and different cytogenetic and 
epigenetic/ molecular pro fi le which may explain 
the clinicopathologic diversity of these diseases. 
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    7.1   Juvenile Myelomonocytic 
Leukemia 

 Juvenile myelomonocytic leukemia (JMML) is a 
myeloid malignancy of the pluripotent stem cells 
that primarily occurs in childhood (Busque et al. 
 1995 ; Cooper et al.  2000  ) . It was originally 
described by French researchers in the late 1960s. 
After substantial considerations, the term JMML 
was adopted by the international JMML associa-
tion (Hasle et al.  1999  ) . 

    7.1.1   Epidemiology 

 JMML is an aggressive disease characterized 
by the proliferation of myelomonocytic cells 
and has an incidence of about 1.2 cases per mil-
lion accounting for about 1–2 % of all child-
hood leukemias per year in the United States 
(Chan et al.  2009  ) . Most cases are diagnosed 
between the ages of 1 and 2 months after birth 
till 6 years old with a median age of 2 years 
(Emanuel  2008  ) .  

    7.1.2   Clinical Manifestation 

 JMML is a rare disease with patients typically 
presenting with fevers, hepatosplenomegaly, fail-
ure to thrive, irritability, dry cough, tachypnea, 
lymphadenopathy (LAP), skin rash, pallor, and 
elevated white blood cell counts (WBC) (Loh 
 2010  ) . Leukemic in fi ltration can cause tonsillar 
enlargement, hepatosplenomegaly, diarrhea, skin 
rash, and LAP. Dermatologic  fi ndings like cafe 
au lait spots can be seen in association with 
neuro fi bromatosis type 1 (NF1) disease (Raygada 
et al.  2010  ) . 

 Monocytosis in childhood when accompanied 
by these associated symptoms can be a diagnos-
tic challenge since they are nonspeci fi c and could 
indicate an underlying infectious process like 
those seen in patients infected with Epstein-Barr 
virus, cytomegalovirus, human herpesvirus-6, 
histoplasmosis, and toxoplasmosis (Yoshida 
et al.  2012  ) .  

    7.1.3   Histomorphology, Cytogenetics, 
and Molecular Pro fi le 

 As JMML is the childhood counterpart of chronic 
myelomonocytic leukemia (CMML), monocyto-
sis and even presence of considerable numbers of 
macrophages is a typical feature of the disease. 
Basophilia and eosinophilia are infrequently 
seen. Anemia is common and usually normocytic 
although macrocytic forms (particularly in 
patients with monosomy 7) and microcytic ones 
(as observed in patients with concurrent iron 
de fi ciency anemia and/or hemoglobinopathies) 
may be detected. Throm bocytopenia is also fre-
quent. There is no pathognomonic cytogenetic 
abnormality in JMML, although monosomy 7 
and abnormalities in chromosome 8 have been 
identi fi ed. The diagnostic criteria for JMML 
based on the 2008 WHO classi fi cation include 
persistent peripheral blood (PB) monocytosis in 
the setting of PB and BM blasts not reaching or 
exceeding 20 %, absence of chromosomal 
 fi ndings diagnostic of  BCR - ABL -positive chronic 
myeloid leukemia (CML) in a patient with addi-
tional hematologic and pathogenic features like 
elevated hemoglobin F, PB immature granulo-
cytes, leukocytosis, clonal cytogenetic abnormal-
ity, and increased GM-CSF sensitivity of myeloid 
progenitors in vitro (Table  7.1 ). The hallmark of 
JMML is the hypersensitivity of the myeloid 
cells to granulocyte-macrophage colony-stimu-
lating factor (GM-CSF) with normal response to 
IL-3 and G-CSF. This hypersensitivity leads to 
activation of the RAS-mediated signaling path-
way and eventually MAP kinase (MAPK) 
(Emanuel  2008  ) . Children with certain congeni-
tal disorders are at a higher risk of developing 
JMML, for example, NF1 and Noonan syndrome 
(NS) (Loh  2010  ) . NS is characterized by facial 
dysmorphism, short stature, webbed neck, and 
cardiac abnormalities. Children with this disease 
also have a self-resolving myeloproliferative 
disorder in infancy which is similar to JMML. 
Both NF and NS are diseases that occur due to a 
mutation in a gene, called  neuro fi bromin  or 
 neuro fi bromatosis-related protein  ( NF1)  which 
is involved in the RAS pathway (Emanuel  2008  ) . 
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Fundamentally, occurrence of any mutation in 
this gene perturbs the function of the protein 
leading to increased activity of the RAS pathway. 
About 15 % of patients with JMML have a muta-
tion in  NF1 , and about 30 % of these patients can 
develop leukemia (Loh  2010,   2011 ; Park et al. 
 2012  ) . Of note, 70–85 % of cases of JMML have 
mutation of genes in the RAS pathway.  PTPN11  
is considered the second most important gene 
involving in JMML pathophysiology and mostly 
detected in NS.  PTPN11  encodes a tyrosine phos-
phatase called SHP2 which modulates the RAS/
MAPK pathway (Loh  2010,   2011  ) . Mutations in 

 PTPN11  cause overstimulation of this pathway 
leading to the development of distinct clinico-
pathologic features similar to what is seen in 
patients with MPNs (Sugimoto et al.  2010  ) . 
Overall, 35 % of patients with JMML carry 
 PTPN11  as a somatic mutation.  CBL,  a ubiquitin 
ligase involved in the regulation of phosphoty-
rosine kinase (TRK)-mediated signals, is also 
mutated in JMML leading to an increase activity 
of the RAS pathway (Flotho et al.  1999  ) .  ASXL1 , 
a chromatin binding protein, is another gene 
reported to play a role in the pathophysiology of 
JMML.   

   Table 7.1    Diagnostic features for CMML, JMML, aCML, and MDS/MPN-U   

 Disease group  Criteria 

 CMML  Peripheral blood monocyte counts of >1 × 10 9 /L 
 Absence of the Philadelphia chromosome or  BCR-ABL1  
 Absence of  PDGFRA/PDGFRB  rearrangements 
 <20 % peripheral and bone marrow of blasts or equivalents cells (myeloblasts, monoblasts, and 
promonocytes) 
 Myeloid dysplasia in one or more lineages 

 JMML  Peripheral blood monocyte counts of >1 × 10 9  
 <20 % blasts and/or promonocytes in the peripheral blood and nucleated bone marrow cells 
 Negative for Philadelphia chromosome or  BCR-ABL1  
 In conjunction with two or more of the following criteria: 
  Increased Hemoglobin F levels for age 
  Leukocytosis (>10 × 10 9 /L) 
  Presence of peripheral blood circulating immature granulocytes 
  Presence of chromosomal abnormality (including monosomy 7) 
  In vitro sensitivity of myeloid precursors to GM-CSF 

 aCML  Persistent WBCs >13 × 10 9 /L 
 Negative for Philadelphia chromosome translocation or  BCR-ABL1  
 Absence of  PDGFRA/PDGFRB  rearrangement 
 Hypercellular bone marrow with proliferation in granulocytic precursors and granulocytic dysplasia 
 Monocytes <10 % 
 Peripheral and bone marrow blasts <20 % 
 Basophil counts <2 % of WBCs 

 MDS/MPN-U  Peripheral and bone marrow blasts <20 % 
 Findings consistent with clinical, para-clinical, and morphological features of MDS subtypes 
 Findings consistent with clinical, para-clinical, and morphological features of MPN 
 Negativity for Philadelphia chromosome translocation or  BCR-ABL1  
 Absence of  PDGFRA/PDGFRB  rearrangement 
 Absence of chromosomal abnormalities (del(5q), t(3;3)(q21;q26), inv(3)(q21q26) 
 No previous history of treating with cytotoxic and/or growth factor modalities 

   CMML  chronic myelomonocytic leukemia,  JMML  juvenile myelomonocytic leukemia,  aCML  atypical chronic myeloid 
leukemia,  MDS/MPN-U  myelodysplastic/myeloproliferative neoplasms – unclassi fi able,  WBCs  white blood cells, 
 PDGFRA/PDGFRB  platelet-derived growth factor receptor A and B,  GM-CSF  granulocyte-macrophage colony- 
stimulating factor  
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    7.1.4   Treatment 

    7.1.4.1   Hematopoietic Cell Transplant 
 Similar to other myeloid malignancies, allogeneic 
hematopoietic cell transplant (HCT) is a potential 
curative treatment for patients with JMML. 
However, there is controversy regarding how soon 
patients should be transplanted, and despite best 
efforts, 30–40 % of these patients will continue to 
relapse usually within the  fi rst year after transplan-
tation (Locatelli et al.  2005  ) . Attempts in using 
donor lymphocyte infusions to salvage relapse 
cases after transplant have also not been successful 
(Yoshimi et al.  2005  ) . A large study involving 100 
patients with JMML was conducted by the 
European Working Group on Childhood MDS 
(EWOG/MDS) and European Group for Blood 
and Marrow Transplantation. The patients received 
a combination of busulfan, cyclophosphamide, 
and melphalan as conditioning regimen and pri-
marily received bone marrow as the source of stem 
cells ( N  = 74). The median age of the patients at 
diagnosis is 1.4 years, and the median age at the 
time of transplant is 2.5 years. The vast majority 
have normal karyotype ( N  = 66) while abnormal 
karyotypes were seen in 33 patients (−7 [ N  = 20], 
+8 [ N  = 9], other abnormalities [ N  = 4]). It showed 
that 50 % of patients with JMML treated with allo-
geneic HCT are cured. The 5-year event-free sur-
vival (EFS) rate is 55 % for HLA-identical donors 
and 49 % for matched unrelated donors. Disease 
relapse remains common usually within a median 
of 6 months after transplantation and predicted by 
older age (age >4 years old). Chem otherapeutic 
approaches particularly in those that entail giving 
high doses of chemotherapy pre-HCT to reduce 
relapse rates have not been effective. However, 
second transplantation can be successful in some 
patients (Locatelli et al.  2005  ) . Approaches that 
can help maximize graft versus leukemia (GVL) 
effect to help decrease the incidence of relapse are 
currently being evaluated. Approaches taken 
include immediate reduction in immunosuppres-
sants to maximize GVL effects.  

    7.1.4.2   Chemotherapy/Pharmacotherapy 
 The primary goal of therapy for JMML patients 
especially for those who are symptomatic and 

have high-risk disease features is to undergo 
allogeneic HCT. Asymptomatic patients are 
observed until a suitable donor becomes avail-
able, while those with symptoms and have 
high-risk disease features are generally treated 
with different chemotherapeutic regimens 
including low-dose cytarabine given at 40 mg/
m 2  IV daily for 5 days and a combination of 
6-mercaptopurine with or without cis-retinoic 
acid. Sometimes, high-dose cytarabine with 
 fl udarabine can be considered (Loh  2011  ) . The 
RAS pathway is integral in the pathogenesis of 
JMML. Attempts to target this pathway have 
also been made. This is primarily done through 
the use of farnesyl transferase inhibitors like 
tipifarnib which have resulted in some clinical 
responses primarily in the reduction of WBC 
counts and organomegaly but did no results in 
improvement of event-free survival (EFS) 
(Castleberry et al.  2011  ) .  

    7.1.4.3   Prognostic Parameters 
 Several studies have shown that different factors 
can contribute to the outcome of patients with 
JMML. “Self-resolving” JMML has been des-
cribed as a phenomenon in the literature (Hasle 
et al.  2004  ) . Speci fi cally, Matusda et al .  were able 
to show three children with  N/K RAS  mutations 
which had a mild clinical course with spontane-
ous disease regression (Matsuda et al.  2010  ) . So 
far, there is no correlation between presence of 
 N/K RAS  mutations and longer overall survival 
(OS) in the absence of HSCT. There are speci fi c 
parameters associated with poor prognosis and 
better outcome after HSCT. Such parameters are 
older age at diagnosis (>2 years), increased hemo-
globin F for age, male sex, presence of hepatos-
plenomegaly, and/or platelet count <33 × 10 9 / L at 
presentation (Passmore et al.  1995  ) . Locatelli 
et al .  showed that presence of these factors consis-
tently correlated with lower EFS as well as OS 
after HCT (Locatelli et al.  2005  ) . 

 Moreover, some reports showed that muta-
tions of certain genes may also correlate with OS. 
However, this remains controversial. Initially, 
Locatelli demonstrated that mutational status of 
 NF1 ,  PTPN11 , and/or  RAS  were not statistically 
signi fi cant as independent risk factors for  survival. 
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Nonetheless, Yoshida et al. were able to show 
that mutations in  PTPN11  were associated with 
older age at diagnosis, increased hemoglobin F, 
reduced OS, and tendency to relapse following 
transplantation (Yoshida et al.  2012  ) . 

 Targeted therapy for the downregulation of the 
mutated genes seemed to be an encouraging 
approach for the treatment of this disease. Targeting 
the RAS pathway is being explored. However, 
since the RAS pathway plays a signi fi cant role in 
many diverse physiologic processes, there are 
some concerns regarding the potential conse-
quences of the inhibition of RAS proteins.    

    7.2   Chronic Myelomonocytic 
Leukemia 

 Chronic myelomonocytic leukemia (CMML) is 
the most common disease entity in the MDS/MPN 
category. It is characterized by PB monocytosis 
>1 × 10 9 /L, absence of  BCR-ABL1  fusion gene, 
and morphologic dysplasia. It was  fi rst introduced 
as a disease entity in 1982 by the French-
American-British (FAB) Classi fi cation and subse-
quently included in the MDS/MPD category in 
the 2001 WHO classi fi cation (Bennett et al.  1982  ) . 
In 2008, the WHO revised the criteria for CMML 
(Table  7.1 ). Based upon this classi fi cation, 
CMML-1 has <5% blasts/blast equivalent (pro-
monocytes) in the PB and <10% blasts/blast 
equivalent (promonocytes) in the BM, while 
CMML-2 has blasts/blast equivalent (promono-
cytes) in the range of 5–19% in the PB and >10% 
blasts/blast equivalent (promonocytes) in the BM 
or the presence of Auer rods regardless of the per-
centage of blasts. Similar to what is expected to 
other subtypes of MDS and even MDS/MPN, 
higher levels of BM blasts as observed in CMML-2 
represent a more aggressive subtype and associ-
ated with a shorter OS with higher incidence of 
progression to AML (Germing et al.  1998  ) . 

    7.2.1   Epidemiology 

 CMML is more commonly seen in males compared 
to females (ratio, 1.5:3 and 1:1) with a median age 

of presentation of around 65–75 years. Although 
there is no reliable incidental data for this disease 
based on the fact that it was classi fi ed in some lit-
eratures as CML and in the others as MDS, it is 
estimated that the annual incidence is about 12.8 
new cases per 100,000 individuals annually. 

 The median survival for CMML is about 
3 years. The precise etiology of CMML is not 
known; however, it has been associated with 
chemical and environmental exposures such as 
smoking, solvents, and/or agricultural chemicals 
(Williamson et al.  1994 ; Germing et al.  2000  ) .  

    7.2.2   Clinical Manifestations 

 Patients with CMML can present with various 
clinical features mimicking both MDS and 
MPNs. However, most patients may be asymp-
tomatic at the time of diagnosis. A routine blood 
test can show abnormalities such as anemia; neu-
tropenia; leukocytosis, speci fi cally monocytosis; 
and thrombocytopenia. 

 Of note, since monocytosis can occur in other 
physiologic (after receding of neutropenia, preg-
nancy, and post-splenectomy) or non- hematologic/
pathologic conditions such as infections 
( rickettsial infections, tuberculosis, syphilis) and 
 connective tissue diseases (systemic lupus ery-
thematosus and rheumatoid arthritis), a careful 
history and adequate workup are substantial to 
exclude any other possibility. 

 Furthermore, it can present with nonspeci fi c 
clinical features, such as bruising, headaches, 
infections, night sweating, and pallor. Tissue 
in fi ltration in spleen, skin, liver, or lymph nodes 
by monocytes can also be observed which even-
tually cause lymphadenopathies and hepatosple-
nomegaly. In CMML, splenomegaly is found in 
25–70% of the patients. Rarely, CMML can pres-
ent itself with chronic non-bloody diarrhea due to 
colonic involvement or even cardiac tamponade 
because of leukemic in fi ltration. Reactive mono-
cytosis, chronic myelogenous leukemia (CML), 
and atypical chronic myelogenous leukemia 
(aCML) are important differential diagnoses to 
keep in mind when considering CMML (Bradford 
et al.  1993 ; Onida et al.  2002  ) .  
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    7.2.3   Histomorphology, Cytogenetics, 
and Molecular Pro fi le 

 The diagnosis of a patient with CMML relies 
mostly on morphologic clues found in PB and 
BM. In the PB, presence of monocytosis 
(>1 × 10 9 /L) with anemia is a hallmark of the dis-
ease. Most cases of CMML have normal or low 
WBC counts. However, in the proliferative type, 
WBC can be 80–100 × 10 9 /L due to neutrophilia 
or monocytosis. Basophils and eosinophils may 
be elevated, and if the total is  ³ 1.5 × 10 9 /L, it 
would suggest the possibility of CMML with 
eosinophilia or the presence of abnormal rear-
rangements of  PDGFRA  and  PDGRFB  genes 
(Swerdlow et al.  2008  ) . As noted, blasts and 
promonocytes can be detected in BM or PB. The 
blast composition includes promonocytes, mono-
blasts, and myeloblasts (Table  7.1 ). Generally, 
patients at time of diagnosis have varying degrees 
of thrombocytopenia and anemia. 

 The BM of patients with CMML is typically 
hypercellular with prominent granulocytic hyper-
plasia with or without monocytic proliferation. 
Dysplastic changes can be seen in any of the three 
hematopoietic cell lines (erythroid, granulocytic, 
and megakaryocytic). In addition, reticulin  fi brosis 
can be positive in about 30 % of patients, while 
nodules composed of mature plasmacytoid den-
dritic cells can occur in the core biopsy in about 
20 % of patients (Swerdlow et al.  2008  ) . 

 In MDS, detection of chromosomal abnormali-
ties is important for diagnostic, therapeutic, and 
prognostic reasons. Traditionally, metaphase cyto-
genetics (MC) is typically used to identify underly-
ing chromosomal abnormalities; however, these 
lesions are only present in about 50 % of patients 
(Tiu et al.  2011b  ) . More recently, single nucleotide 
polymorphism array (SNP-A), a high-resolution 
karyotyping method, has been able to detect unbal-
anced DNA defects including somatic uniparental 
disomy (UPD). In CMML, SNP-A can increase the 
detection rate of cytogenetic abnormalities by up to 
60 % (Jankowska et al.  2011  ) . Cytogenetic abnor-
malities seen in CMML are variable; some may 
have monosomy 7, del7q, +8, −X, −Y, and del12p 
or even balanced translocations (Onida et al.  2002 ; 
Jankowska et al.  2011  ) . Rarely, some CMML 

patients may have concomitant eosinophilia and 
ultimately found to have  PDGFRB  rearrangements 
by MC or FISH. The 2008 WHO classi fi cation has 
designated a separate disease category for patients 
with CMML morphology with concomitant 
 PDGFRB  rearrangements called myeloid neo-
plasms associated with eosinophilia and abnormal-
ities of  PDGFRB  (Swerdlow et al.  2008  ) . 

 The exact pathogenesis of CMML is not 
known. Until recently, the most common genetic 
mutations detected in CMML were in  NRAS  
(4 %) and  KRAS  (7 %) genes. Despite the pres-
ence of MPN features in CMML, the  JAK2V617F  
is found in only a low frequency of patients (1 %). 
More recently, speci fi cally  CBL  (14 %),  TET2  
(49 %),  ASXL1  (43 %),  EZH2  (6 %),  DNMT3A  
(10 %),  UTX  (8 %), and  IDH1/2  (4 %) were found 
in varying frequencies in CMML and have been 
linked to disease pathogenesis. Fusion proteins 
involving the tyrosine kinase family can be seen 
in CMML, speci fi cally platelet-derived growth 
factor receptor beta (PDGFRB). The presence of 
 PDGFRB  rearrangements indicates that myelo-
blast/monocyte proliferation is mediated by the 
phosphotyrosine kinase pathway. More recently, 
mutations involving the spliceosomal machinery 
have also been found in patients with CMML, 
speci fi cally  SRSF2  (36 %) (Gelsi-Boyer et al. 
 2008 ; Kuo et al.  2009  ) .  CBL  gene has also been 
found in CMML.  CBL  is an E3 ubiquitin protein 
ligase that is involved in cell signaling and pro-
tein rearrangements by negatively regulating 
tyrosine kinase enzymatic pathway. Mutations of 
 CBL  lead to a prolonged activation of tyrosine 
kinase that causes proliferation in hematopoietic 
progenitor cells. Clinically, patients with a  CBL  
mutation tend to have a monocyte/monoblast 
proliferation and splenomegaly. However, there 
is no difference in OS between mutant and wild-
type patients (Gelsi-Boyer et al.  2008 ; Makishima 
et al.  2011  ) . Ten-Eleven Translocation 2 ( TET2 ) 
is a gene located on chromosome 4 that has a bio-
logical function in converting 5-methylcytosine 
to 5-hydroxymethylcytosine. Methylation of 
cytosine residues controls important epigenetic 
modi fi cation and gene expression. The incidence 
of  TET2  mutations ranges from 10 to 25 % in 
various myeloid diseases (Delhommeau et al. 
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 2009  ) . Mutations of  TET2  cause a loss of func-
tion which eventually leads to hypermethylation 
of upstream promoters of genes operating in cell 
proliferation. Kosmider et al. noted that patients 
who carry  TET2  mutations have better 5 years 
OS and 3 years leukemia event-free survival 
(Kosmider et al.  2009  ) . Of note, these patients 
have been treated with hypomethylating agents 
with 20 % response rate. In contrast, CMML 
patients with  TET2  mutations have an increased 
risk for AML transformation compared to wild-
type cases, albeit there is no difference in OS. 
Overall, monocytosis and higher number of 
immature dysplastic granulocytes were seen in 
patients with CMML who harbor this mutation 
(Makishima et al.  2011 ; Kosmider et al.  2009  ) . 

  ASXL1  and  EZH2  are genes that are associated 
with the class II polycomb gene complex.  ASXL1  
is located in chromosome 20.  ASXL1  mutations 
are seen in about 43 % of patients with CMML. It 
is unknown whether  ASXL1  is associated with an 
early or secondary event since in murine models, a 
mutation in this gene does not lead to a myeloid 
malignancy phenotype. Patients with this mutation 
have a higher WBC, higher PB/BM monocytosis, 
and lower hemoglobin levels.  ASXL1  is a poor 
prognostic factor in patients with CMML.  EZH2  is 

located in chromosome 7 and is important in the 
trimethylation of H3K27 (Makishima et al.  2010  ) . 
This genetic mutation is also found in other myel-
oid malignancies. The presence of this genetic 
mutation confers worse outcomes in patients 
(Jankowska et al.  2011 ; Makishima et al.  2010  ) . 
Multiple other molecular defects can be seen in 
patients with CMML including those involving 
genes like DNA (cytosine-5)-methyltransferase 3 
alpha ( DNMT3A ) and  UTX. DNMT3A  probably 
causes changes in the DNA-binding groove or 
interacts with other essential intranuclear ele-
ments.  UTX  mutations are usually present at the 
C-terminus and N-terminus of the protein. A muta-
tion in this gene causes haploinsuf fi ciency proba-
bly affecting differentiation of progenitor cells 
(Jankowska et al.  2011  ) . A summary of all the 
genes mutated in CMML is provided in Table  7.2 .   

    7.2.4   Treatment 

 There are a number of different therapeutic 
approaches available for patients with CMML. 
However, it is dif fi cult to assess the response to 
treatments and outcomes in these patients based 
on the fact that most of the studies usually 

   Table 7.2    Distribution of molecular mutations based on MDS/MPN subtypes   

 CMML (%)  JMML (%)  aCML (%)  MDS/MPN-U  RARS-T (%) 

  CBL   5–22  7–10  –  –  – 
  RAS   11–27  20  –  –  – 
  RUNX1   9–37  –  –  –  – 
  JAK2(V617F)   2–13  –  ~1–5  –  60 
  TET2   20–51  –  –  –  9–26 
  ASXL1   27–58  4  –  –  10 
  UTX   8–9  –  –  –  – 
  EZH2   5.5–13  –  –  –  – 
  IDH1/2   1–10  –  –  –  – 
  SRSF2   36  –  –  –  – 
  PTPN11   –  30  –  –  – 
  MPL   –  –  –  –  30 
  SF3B1   4.5  –  –  –  72 
  NF-1   –  30  –  –  – 
  DNMT3A   10  –  –  –  17 
  LNK   –  –  –  –  5 

  Muramatsu et al.  (  2012  ) , Perez et al.  (  2010  ) , Szpurka et al.  (  2010  ) , Jankowska et al.  (  2011  ) , Makishima et al.  (  2010  ) , 
Visconte    et al.  (  2012a  ) , Papaemmanuil  (  2011  ) , Yoshida et al.  (  2011  ) , Reiter et al.  (  2009  )   
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 incorporate patients with MDS and other types of 
MDS/MPN overlap neoplasms. In this book chap-
ter, we cited studies that either had a cohort more 
than ten patients or achieved conclusive results. 

    7.2.4.1   Group 1: High-Intensity 
Chemotherapy (HIC) 

 There are several potential agents encompassing 
this category that can be used for treatment such 
as cytarabine + mitoxantrone, topotecan + cytara-
bine, and 9-nitro-camptothecin (9-NC). There 
was a phase II cooperative group study which 
looked at using the combination of intermediate-
dose cytarabine and mitoxantrone with G-CSF in 
patients with MDS and AML, and it also included 
two patients with CMML. Unfortunately, this 
study was terminated prematurely because it did 
not reach the primary objective that was three 
complete remissions and also due to the occur-
rence of unexpected hepatotoxicity (hyperbiliru-
binemia) (Bennett et al.  2001  ) . There are two 
topoisomerase-based regimens that are currently 
used, topotecan and 9-nitro-camptothecin (9-NC). 
Topotecan acts mainly as a topoisomerase I 
inhibitor, and it is an orally bioavailable chemo-
therapeutic agent. MD Anderson Cancer Center 
(MDACC) conducted a study using the combina-
tion of topotecan and high-dose cytarabine both 
given daily for 5 days. This particular study 
enrolled 59 patients with MDS and 27 with 
CMML. In addition, the majority of patients were 
previously untreated (66 %). The median follow-
up time was 7 months. Complete remission was 
observed in 44 % of patients with CMML. The 
median duration of response was 8½ months, and 
OS was 11 months. Mucositis, diarrhea, fever, 
and infections were the toxicities encountered. 
Mortality rate from induction chemotherapy was 
7 % (Beran et al.  1999  ) . 9-NC, a novel topoi-
somerase I inhibitor, has been tested in a cohort 
of 44 patients (MDS,  N  = 12, and CMML,  N  = 32). 
A daily oral dose of 2 mg/m 2  was given for 5 days/
week every 4–6 weeks. The overall response rate 
(ORR) was 41 % (Complete Response = 11 %, 
Partial Response = 16 %, Hematological Improve-
ment = 14 %) which was similar for MDS (41 %) 
and CMML (40 %) patients. The 2-year survival 
rate was 28 % for CMML and 17 % for MDS 
(Quintas-Cardama et al.  2006  ) .  

    7.2.4.2   Group 2: Low-Intensity 
Chemotherapy (LIC) 

      Low-Dose Cytarabine 
 Typically, cytarabine (Ara-C) has been used in 
the treatment of myeloid neoplasms, particularly 
AML. Several studies conducted on a few num-
ber of patients revealed that low-dose Ara-C in 
combination with G-CSF or alone can be used as a 
therapeutic approach in CMML (Economopoulos 
et al.  1992 ; Gerhartz et al.  1994  ) .  

      Hypomethylating Agents 
 Although CMML patients have been enrolled in 
MDS studies where patients were treated with 
hypomethylating agents such as azacitidine or 
decitabine, they usually represent a small num-
ber, and therefore only few studies focused 
speci fi cally on ef fi cacy of these treatment modal-
ities in CMML. 

 Aribi et al. in 2007 used decitabine in 19 
CMML patients. The median age of the patients 
was 66 years (range = 44–82 years). There were 
three different dosing schedules of decitabine, 
including (1) 20 mg/m 2  IV daily for days 1–5, (2) 
20 mg/m 2  SC daily for days 1–5, or (3) 10 mg/m 2  
IV for days 1–10. Each treatment schedule was 
repeated every 28 days. Overall, CR was observed 
in 58 % of patients and HI in 11 %. Reduction in 
size of spleen was reported in 75 % of patients, 
and the median OS of the patients was 19 months 
(Aribi et al.  2007  ) . 

 Patients with CMML treated with decitabine 
in three major trials (one phase III and 2 phase II) 
were included in a pooled analytical report. This 
report included 31 patients with a median age of 
71 years (range = 53–81 years). The treatment 
regimen was decitabine 15 mg/m 2  three times per 
each day for days 1–3, and each cycle was 
repeated every 6 weeks. The ORR was 26 % 
(CR = 10 %; PR = 16 %). HI and stable disease 
(SD) were reported in 19 and 32 % of patients, 
respectively. Cytogenetic improvements were 
noted in 3/8 patients with chromosomal abnor-
malities documented before starting therapy. The 
median number of decitabine cycles received was 
four, and median OS was 15 months. Toxicity 
pro fi les included were nausea/vomiting (42 %), 
pneumonia (21 %), epistaxis (11 %), and diar-
rhea (11 %) which were also  previously reported 
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in other studies using this therapeutic schedule. 
A study conducted in 38 CMML patients treated 
with azacitidine given at a dose of 75 mg/m 2 /day 
for 7 days or 100 mg/m 2 /day for 5 days every 
4 weeks reported 39 % (14/36), of which 11 % 
were CR, 3 % were PR, and 25 % were HI. The 
median age of the cohort was 71 years old and 
included MDS/CMML (30 %) and MPD/CMML 
(70 %). Fifty-six percent of patients were pre-
treated with hydroxyurea (HU), G-CSF, and 
erythropoiesis-stimulating agents. In two patients, 
these regimens resulted in resolution of skin rash 
which developed as a consequence of myeloid 
cell in fi ltration. The median OS was 12 months. 
Responders to azacitidine had longer OS com-
pared to nonresponders (15 vs. 9 months;  p  = .04), 
but no difference in OS was noted between 
CMML-1 and CMML-2 patients (12 vs. 
11 months;  p  = .03). Side effects were comparable 
to what has been previously reported and included 
irritation at injection site, fatigue, anorexia, and 
skin rash (Costa et al.  2011  ) .  

      Histone Deacetylase Inhibitors 
 In addition to high-/low-dose chemotherapy and 
hypomethylating agents, histone deacetylase 
inhibitors, speci fi cally valproic acid, have been 
used for the treatment of CMML. This agent can 
inhibit proliferation of leukemic cells and induce 
cellular differentiation. To enhance the response 
of valproic acid, a study investigated the combi-
nation of valproic acid together with two other 
differentiating agents, 13-cis-retinoic acid and 
1,25-dihydroxyvitamin D3, in 19 patients with 
either CMML ( N  = 4) or MDS ( N  = 15). The 
median age of the cohort was 73 years. All 
patients included in this study received support-
ive therapies. Sixteen percent of patients achieved 
an HI. Based upon these results, it was concluded 
that the combination of these agents had minimal 
activity (Siitonen et al.  2007  ) .   

    7.2.4.3   Group 3: Supportive Therapies 
 In 1996, hydroxyurea (HU) was compared to 
etoposide in 105 patients with advanced CMML 
where the median age was 71 years. Oral doses of 
HU were 1,000 g/day, and etoposide was 150 mg/
week (doubled in cases of visceral involvement 
and escalated in nonresponders). Initial analysis 

demonstrated that HU was superior over  etoposide 
and resulted in early discontinuation of the study. 
After a median follow-up of 11 months, respond-
ers were seen in 60 % of patients treated with HU 
and 36 % in the etoposide group ( p  = .02). 
However, the median time to response was shorter 
in the HU versus etoposide-treated group (2 vs. 
3.5 months;  p  = .003). Median survival was 
20 months in HU versus 9 months in the etopo-
side arm (Wattel et al.  1996  ) .  

    7.2.4.4   Group 4: Tyrosine Kinase 
Inhibitors 

 A rare subtype of CMML is characterized by the 
presence of t(5;12) which is responsive to imatinib 
and other tyrosine kinase inhibitors. This subtype 
is now a separate disease category called myeloid 
and lymphoid neoplasms with eosinophilia and 
abnormalities of  PDGFRA ,  PDGFRB , or  FGFR1  
(Gotlib  2012  ) .  

    7.2.4.5   Group 5: Hematopoietic Cell 
Transplantation (HCT) 

 The largest published data looking at the feasibil-
ity of allogeneic HCT in CMML included 85 
patients with CMML from the Fred Hutchinson 
Cancer Center. The median age of patients was 
52 years (range = 1–69 years). The median 
 follow-up was 19 years. They reported a relapse 
or progression rate of 26 % at 6 months after 
transplantation. Predictors of relapse in multivari-
ate analyses included female patients who received 
stem cells from female donors and poor score with 
the MD Anderson Prognostic Scoring System. 
The non-relapse mortality rate (NRM) was 34 %. 
Predictors of NRM included poor-risk cytogenet-
ics and HSCT comorbidity index >2. The predic-
tors of overall mortality by  multivariable analyses 
were poor-risk cytogenetics HSCT-CI >2 and pre-
transplant hematocrit levels. Relapse-free survival 
(RFS) at 10 years was estimated at 40 %, and pre-
dictors of poor RFS are (1) poor-risk cytogenetics, 
(2) HSCT-CI >2, and (3) age (Eissa et al.  2011  ) . A 
study conducted by the EBMT included 50 
patients with CMML. The median age of the 
patients was 44 years old (range = 19–61). The 
median follow-up was 40 months. The patients 
underwent myeloablative conditioning. The stem 
cell sources were  primarily BM in 40, PBSC in 9, 
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and both in 1 patient. Match related donor was 
available for 43 patients while match unrelated 
donor for the remainder. The 5-year survival out-
come for disease-free survival (DFS) was 18 %, 
OS was 21 %, and relapse rate (RR) was 49 %. 
Factors predictive of better DFS were early trans-
plant, male donor, unmanipulated grafts, and 
occurrence of acute GVHD (Kroger et al.  2002  ) .   

    7.2.5   Prognosis 

 The determinants of prognosis in CMML are 
diverse. The most commonly used prognostic 
scoring system in MDS and MDS-related disor-
der is the International Prognostic Scoring System 
(IPSS). It used the original French-American-
British (FAB) Classi fi cation for MDS which 
included CMML patients. Similarly, earlier forms 
of prognostic scoring systems including the 
modi fi ed Bournemouth (Mufti et al.  1985  ) , 
the Spanish Scoring system (Sanz et al.  1989  ) , the 
Dusseldorf system (Aul et al.  1992  ) , and the Lille 
classi fi cation incorporated a subset of CMML 
patients (Morel et al.  1993  ) . However, it is clear 
that MDS/MPN overlap neoplasms like CMML 
have distinct biologic and clinical differences 
compared to their pure MDS counterpart. 
Therefore, prognostic scoring systems that incor-
porate CMML only as a subset of disease may not 
adequately re fl ect the true outcomes of patients 
with CMML. The only prognostic scoring system 
devised speci fi cally for CMML is the MD 
Anderson Cancer Center (MDACC) prognostic 
scoring system for CMML. The factors that were 
identi fi ed as prognostic included (1) Hgb <12 g/
dl; (2) absolute lymphocyte count >2.5 × 10 9 /L; 
(3) the presence of immature myeloid cells 
(IMCs) which include PB myeloblasts, promy-
elocytes, myelocytes, and metamyelocytes; and 
(4) BM blasts  ³ 10 %. Based on the four factors, 
patients can have low-risk (score = 0–1, median 
OS = 24 months), intermediate-1-risk (score = 2; 
median OS = 15 months), intermediate-2-risk 
(score = 3, OS = 8 months), and high-risk 
(score = 4, OS = 5 months) disease (Onida et al. 
 2002  ) . Cytogenetics is one of the most  powerful 
predictors of outcomes in myeloid malignancies, 

and CMML is not an exception. One of the larg-
est studies investigating the prognostic role of 
cytogenetics in CMML included 414 patients 
from various institutions in Spain. Patients with 
abnormal karyotype by MC had worse OS and 
higher risk of AML progression. The three cyto-
genetic risk groupings were low risk (normal 
 karyotype or sole –Y), intermediate risk (other 
abnormalities that are not in the low- or high-risk 
categories), and high risk (+8, chromosome 7 
abnormalities, complex karyotype). OS at 5 years 
for patients in the low-, intermediate-, and high-
risk cytogenetic categories was 35, 26, and 4 %, 
respectively ( p  < .001) (Such et al.  2011  ) . 

 Using SNP-A karyotyping, previously cryptic 
chromosomal defects speci fi cally microdeletions, 
microduplications, and acquired UPD are 
detected in myeloid malignancies including 
CMML (Gondek et al.  2008  ) . SNP-A lesions can 
lead to worse OS (16 vs. 21 months;  p  = .04) 
(Jankowska et al.  2011  ) . The presence of certain 
molecular mutations, speci fi cally  DNMT3A  and 
 CBL  mutations, can also lead to poor OS 
(Jankowska et al.  2011  ) .   

    7.3   Atypical Chronic Myeloid 
Leukemia 

    7.3.1   Epidemiology 

 Atypical chronic myeloid leukemia (aCML) is 
a rare subtype of MDS/MPN overlap neo-
plasms. The exact incidence and prevalence of 
the disease is actually unknown and further 
complicated by dif fi culty in distinguishing this 
disease from CMML. Males and females in 
some series are equally affected. In one study, 
a slight female predominance was found 
(females, 57 % > males, 43 %) (Breccia et al. 
 2006  ) . The cause is not known.  

    7.3.2   Clinical Manifestations 

 Clinically, patients with aCML may present with 
pancytopenia, isolated anemia, or thrombocytope-
nia with or without leukocytosis. Organomegaly, 
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speci fi cally hepatosplenomegaly, may be seen 
(Swerdlow et al.  2008  ) .  

    7.3.3   Histomorphology, Cytogenetics, 
and Molecular Pro fi le 

 Granulocyte dysplasia is a prominent feature seen 
in patients with aCML. The diagnosis of aCML 
is based on PB leukocytosis, absence of 
Philadelphia chromosome or the  BCL-ABL  gene, 
absence of the PDGFRA/ PDGFRB gene rear-
rangement, <20 % blasts in the PB or BM, baso-
philia of <2 % of WBC, neutrophil precursors 
 ³ 10 % of leukocytes, minimal absolute monocy-
tosis (<10 % of leukocytes), and hypercellular 
BM with granulocytic proliferation and dysplasia 
(Table  7.1 ) (Swerdlow et al.  2008  ) . In the PB, 
leukocytosis is common, and neutrophilic precur-
sors include 10–20 % of the total WBC count. 
Neutrophil changes can also be seen in the PB 
smear with clumped chromatin, nuclear segmen-
tation, cytoplasmic granularity, and acquired 
Pelger-Huet abnormality. PB blasts may be pres-
ent in <5 % of leukocytes. Moderate anemia and 
thrombocytopenia may be present with or with-
out accompanying dysplasia. Dysgranulopoiesis 
is a distinctive morphologic feature that can be 
seen. BM is usually hypercellular and often pres-
ents with an increase in neutrophils and neutro-
philic precursors. The increased percentage of 
neutrophils and their precursors can exhibit exag-
gerated clumping of nuclear chromatin in aCML 
and can lead to a condition called “syndrome of 
abnormal chromatin clumping.” Dysplasia is seen 
in megakaryocytes and erythrocytes (50 %). 
Megakaryocytes can be small mega-, micro-, 
hypo-/non-lobulated. Increased reticulin  fi brosis 
may be seen in some cases. Cytochemical stain-
ing has limited utility in the diagnosis of aCML 
since there are no speci fi c stains for diagnosing 
this disease. However, certain cytochemical stains 
are useful in assessing monocyte percentage and 
discriminating the disease from CMML 
(Swerdlow et al.  2008  ) . Cytogenetic defects, tri-
somy 8 and del20q, are seen in patients with 
aCML. Lesions involving chromosomes 5, 11, 
12, 13, 14, 17, 19, and 21 have also been identi fi ed 

in aCML (Hernandez et al.  2000 ; Kurzrock et al. 
 2001  ) . The exact molecular pathogenesis is not 
known in aCML. In order to elucidate this, sev-
eral investigators screened genetic mutations 
identi fi ed in other myeloid malignancies.  TET2 , 
 ASXL1 ,  EZH2 ,  IDH1/2 ,  DNMT3A ,  SF3B1 , and 
 SRSF2  were unreported. However,  NRAS  and 
 KRAS  mutations are commonly found in 30 % of 
cases (Swerdlow et al.  2008  ) .  JAK2V617F  muta-
tions are also sporadically seen in aCML. 
Recently, one patient with aCML was recently 
identi fi ed to be mutated for  U2AF1.  However, 
this needs to be further evaluated (Makishima 
et al.  2012  ) . So far, no other recurrent mutations 
have been consistently identi fi ed in aCML. 
Immunophenotyping and IHC stains are mainly 
useful for the exclusion of other diseases. 
However, there are no speci fi c immunopheno-
typic features for the diagnosis of aCML, and 
IHC stains have limited utility in the diagnosis of 
aCML.  

    7.3.4   Treatment 

 Several treatment modalities are available for 
aCML, such as hydroxyurea, immunotherapy 
(interferon), and HCT. Each of the treatment 
modalities has different impact on the disease. 
Hydroxyurea, also used in CMML, has been used 
successfully in aCML. There is a high response 
rate (80 %); however, the response rates are usu-
ally short-lived (median duration of 2–4 months) 
(Kurzrock et al.  2001  ) . In addition, immunother-
apy such as interferon- a  (IFN- a ) has also been 
used in the treatment of aCML. Responses with 
this agent vary depending on whether it was given 
as PEG-IFN or IFN- a . When IFN- a  was given at 
a dose range of 3 × 10 6  to 6 × 10 6  units/day, there 
was only a single responder out of seven patients 
(14 %). However, this patient did have a durable 
long-term response lasting 100+ months (Kurzrock 
et al.  2001  ) . Moreover, PEG-IFN- a 2b has also 
been tested in a phase II setting in aCML. Patients 
were given PEG-IFN- a 2b at a starting dose of 
3  m g/kg/week and were adjusted accordingly 
based on tolerability. In  fi ve aCML patients, CR 
was achieved in 40 % (2/5) 3 months after  initiating 
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therapy. However, only two patients were able to 
continue therapy for a median of 37 months 
because of toxicities from the therapy (Jabbour 
et al.  2007  ) . Similar to other overlap syndromes, 
HSCT is the only curative option in patients with 
aCML. In a retrospective study involving nine 
aCML patients, there were various donor stem cell 
sources, including four from HLA-identical sib-
lings, four from HLA-compatible unrelated 
donors, and one from a twin brother. Various treat-
ments were used prior to transplant, including 
TBI + cyclophosphamide (Cy) ( N  = 5), busulfan 
(Bu) + Cy ( N  = 2), TBI + Cy + alemtuzumab ( N  = 1), 
and Bu +  fl udarabine (Flu) + ATG ( n  = 1). A median 
follow-up of 55 months post transplant indicated 
that the patient who obtained his stem cell source 
from his twin brother relapsed 19 months from his 
original transplant. However, he was successfully 
salvaged using stem cells from the original donor. 
There was one patient who died of complications 
related to cerebral toxoplasmosis 9 months from 
the transplant. However, the remaining patients 
were in CR at last follow-up. Excluding the patient 
who died, acute GVHD (grades II–IV) occurred in 
63 % of patients, while chronic GVHD occurred 
in all patients (Koldehoff et al.  2004  ) .  

    7.3.5   Prognosis 

 Several factors are involved in determining the 
prognosis for patients with aCML. The median 
OS for aCML patients is between 11 and 
26 months (Onida et al.  2002 ; Breccia et al.  2006 ; 
Kurzrock et al.  2001 ; Galton  1992 ; Bennett et al. 
 1994  ) . Factors in fl uencing morbidity and mortal-
ity in aCML patients include anemia, thrombocy-
topenia, infections, refractory leukocytosis, and 
hepatosplenomegaly (Kurzrock et al.  2001  ) . 
Similar to other myeloid malignancies, aCML 
can also transform to AML in 40 % of cases 
(Breccia et al.  2006  ) . A prognostic scoring sys-
tem devised speci fi cally for aCML patients was 
devised and included 76 patients. Poor predictors 
of OS included age >65 years, Hgb <10 g/dl, and 
leukocytosis of >50 × 10 9 /L. A score is generated 
based on the presence or absence of any one of 
the three factors and patients may be assigned to 

any one of the two risk groups, low-risk (score of 
0–1; median OS = 38 months) and high-risk dis-
ease (score of 2–3; median OS = 9 months) (Onida 
et al.  2002  ) . Breccia et al. also investigated the 
prognostic variables that impact survival in 
aCML and found that age >65 years, high WBC 
count (>50 × 10 9 /L), and the presence of imma-
ture circulating precursors are poor predictors of 
OS, while the presence of monocytosis (<3 >8 % 
with monocytes <1 × 10 9 /L), organomegaly (liver/
spleen), increased BM blasts (>5 %), presence of 
marked dyserythropoiesis, and need for transfu-
sions are predictors of leukemic transformation 
in aCML by multivariate analyses (Breccia et al. 
 2006  ) .   

    7.4   Myelodysplastic/
Myeloproliferative Neoplasms: 
Unclassi fi able (MDS/MPN-U) 

    7.4.1   Epidemiology 

 MDS/MPN-U is de fi ned as an entity which 
encompasses diseases characteristics of both 
myelodysplastic (MDS) and myeloproliferative 
syndromes (MPN) but do not meet the criteria for 
CMML, JMML, or aCML. MDS/ MPN-U is 
characterized by anomalies in myeloid cells, 
speci fi cally dysplasia or increased proliferation. 
Moreover, laboratory evaluation often shows 
anemia, dimorphic red cells, leukocytosis, and 
thrombocytosis. Genetically, MDS/MPN-U does 
not have any speci fi c cytogenetic or molecular 
 fi ndings even though  JAK2V617F  mutation has 
been associated.  

    7.4.2   Clinical Manifestations 

 Clinically, the primary manifestation of the MDS/
MPN-U is anemia. Anemia can be normocytic or 
macrocytic and is almost always present. WBC 
count can be either low or mildly elevated with 
variable heterogeneity in the differential. Usually, 
abnormalities in WBC or platelet counts and mor-
phology can occur. PB blasts may be present but 
are usually <20 %. The BM aspirate can show 
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dyserythropoiesis, dysgranulopoiesis, or dys-
megakaryopoiesis. Neutropenia and thrombocy-
topenia can occur. Hepatosplenomegaly can occur 
due to secondary erythropoiesis. Cytogenetic 
abnormalities can be present but are nonspeci fi c.  

    7.4.3   Histomorphology, Cytogenetics, 
and Molecular Pro fi le 

 According to the 2008 WHO, refractory anemia 
with ring sideroblast associated with thrombocy-
tosis (RARS-T) is a provisional entity under the 
MDS/MPN-U category. The exact incidence of 
RARS-T is not known. Patients with RARS-T 
usually have de novo disease with hybrid features 
of RARS (MDS subtype) and essential thrombo-
cythemia (ET) (MPN subtype) (Swerdlow et al. 
 2008  ) . The clinical outcome has been investi-
gated in a retrospective study where patients with 
RARS-T showed an OS of 71 months similar to 
the ones of RARS but lower than patients with 
ET. Criteria to classify RARS-T include the pres-
ence of the following features: refractory anemia 
associated with erythroid lineage, ringed sidero-
blast  ³ 15 %, <5 % blasts in the BM, platelet count 
 ³ 450 × 10 9 /L or PB leukocytosis with/without 
splenomegaly, and presence of large atypical 
megakaryocytes similar to those observed in 
 BCR/ABL1 -negative MPNs. Cytogenetic analysis 
can be helpful in excluding others .  From the 
molecular point of view, until a year ago, the two 
most frequently mutated genes in RARS-T were 
 JAK2 V617F (60 %) and  MPL  (23 %) frequently 
found in MPN. Advancements in molecular tech-
nologies like SNP-A and whole exome/genome 
ampli fi cation have led to better understanding of 
the molecular pathogenesis of this disorder. We 
now know that a novel class of mutations involv-
ing genes of the spliceosomal machinery, 
speci fi cally  SF3B1 , has been discovered.  SF3B1  
is mutated in approximately 72 % of patients with 
RARS-T (Visconte et al.  2012a ; Papaemmanuil 
et al.  2011 ; Yoshida et al.  2011  ) . Functional data 
suggests that  SF3B1  haploinsuf fi ciency can lead 
to ring sideroblast formation in RARS and 
RARS-T. Clinical data also suggest that patients 
with RARS-T and concomitant  SF3B1  mutations 

have better OS compared to patients who do not 
have the mutations (Visconte et al.  2012b  ) .  

    7.4.4   Treatment/Prognosis 

 In regard to the treatment, none is speci fi c for 
MDS/MPN-U. Usually, treatment strategies are 
based on the ones used for patients with MDS or 
CMML. Supportive care (erythropoietin and G/
GM-CSF) can help in the improvement of ane-
mia and neutropenia. Allogeneic HCT remains 
the only possible curative option. In the future, it 
might be possible that targeted therapies possibly 
against the recently discovered  SF3B1  mutations 
may be developed. Moreover, given the good 
prognostic effects of the presence of  SF3B1  
mutations on OS, it may be useful in re fi ning 
future prognostic scoring schemes. Currently, no 
speci fi c prognostic scoring system is available 
for patients with MDS-unclassi fi ed or MDS/
MPN-U.       
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    8.1   Introduction 

 Myelodysplastic syndromes (MDS) comprise a het-
erogeneous group of clonal hematologic disorders 
that are usually diagnosed based on  fi ndings in 
peripheral blood and especially the bone marrow. 
MDS is characterized by ineffective hematopoiesis, 
showing dysplastic features in at least one hematopoi-
etic lineage in the bone marrow. Considering the 
introduction of more differentiated therapeutic 
options, e.g., due to demethylating agents, lenalido-
mide, or allogeneic stem cell transplantation for 
high-risk cases, valid and easily reproducible 
classi fi cation systems became of major importance 
in the care of patients with MDS. With the use of 
standard classi fi cation systems, e.g., formerly the 
French-American-British (FAB) classi fi cation 
(Bennett et al.  1982  ) , the International Prognostic 
Scoring System (IPSS) (Greenberg et al.  1997 ) or 
the Revised IPSS (IPSS-R) (Greenberg et al.  2012  ) , 
the WPSS (Malcovati et al.  2007  ) , or the new World 

Health Organization (WHO) proposal (Brunning 
et al.  2008  ) , staging and classi fi cation of MDS are 
readily achieved.  The IPSS and IPSS-R are often 
combined with FAB or WHO morphological crite-
ria to provide the most complete clinical picture and 
the most accurate prognostic assessment possible 
(Bennett  2005  ) . However, various problems remain 
critical in daily routine:

   How to diagnose early stages of MDS and dis-• 
criminate these from other nonmalignant 
disorders  
  How to measure and reproducibly assess dys-• 
plasia, the hallmark of MDS staging and 
classi fi cation  
  How to reproducibly determine the proportion • 
of blasts, an essential parameter for MDS 
diagnosis and classi fi cation as well as treat-
ment decisions  
  How to include multiparameter  fl ow cytome-• 
try in diagnosis and follow-up in MDS  
  How to incorporate biological markers, e.g., • 
new aspects of cytogenetics (Haase et al.  2007 ; 
Haase  2008  )  or, very recently, molecular 
mutations (Papaemmanuil et al.  2011 ; Yoshida 
et al.  2011  ) , into prognostic staging and scor-
ing systems  
  Determining how different MDS is from AML • 
and if current classi fi cation systems propagate 
arti fi cial distinctions by adhering to rigid 
de fi nitions    
 Clearly, even 30 years after the development 

of the FAB classi fi cation of MDS, many ques-
tions on classi fi cation and staging remain and 
still have to be addressed in the future.  
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    8.2   Diagnostic Procedures Needed 
for Staging and Classi fi cation 

 During the past 30 years, the diagnosis, 
classi fi cation, and staging of MDS have evolved 
from relying on cytomorphology alone to a com-
prehensive setting of different methods that have 
improved our ability to establish the diagnosis 
and to arrive at treatment decisions. State-of-the-
art staging and classi fi cation should be based on 
a stepwise algorithm that  fi rst combines cytomor-
phology and cytochemistry accompanied by 
cytogenetics and later may be completed by 
immunophenotyping and now also molecular 
genetic methods in a laboratory setting. 

 Generally, we start with peripheral blood 
smears and bone marrow cytomorphology, 
cytochemistry, and iron stains. Metaphase cyto-
genetics should be obtained in every case in 
which MDS is suspected. Where needed, the lat-
ter should be accompanied by interphase 
 fl uorescence in situ hybridization (FISH) or 
other FISH techniques, e.g., 24-color FISH, to 
con fi rm aberrant  fi ndings observed in metaphase 
karyotyping. As the karyotype plays an impor-
tant role in MDS classi fi cation according to 
IPSS (Greenberg et al.  1997 ) or IPSS-R 
(Greenberg et al.  2012  ) , WPSS (Malcovati et al. 
 2007  ) , and WHO (Brunning et al.  2008  ) , cyto-
genetic results are mandatory for prognostica-
tion and may, in case of missing metaphases, 
also be addressed using FISH on interphase 
cells. 

    8.2.1   Sample Collection and 
Preanalytic Procedures 

 Several prerequisites must be ful fi lled for repro-
ducible results at diagnosis of MDS:

   Different methods rely on different sources of • 
biologic materials. For example, cytomorphol-
ogy is impaired by heparin, and good meta-
phase spreads cannot be expected if EDTA 
was added to the syringe.  
  In all cases with cytopenia or suspected MDS, • 
blood and bone marrow samples should be 
obtained in parallel.  

  A trephine biopsy is recommended, especially • 
in cases with very hypocellular or inaspirable 
bone marrow (“punctio sicca”) and peripheral 
cytopenia. In these circumstances, peripheral 
blood should be analyzed (including FISH 
panel), but smears for cytomorphology can 
also be produced from trephine cylinders.  
  Similarly, for cytogenetics (in case of a “punctio • 
sicca” or a dry tap, respectively), a metaphase 
analysis can be done after culturing the trephine 
biopsy in appropriate medium (i.e., NaCl 0.9 % 
with heparin) and processing the medium (plus 
trephine cylinder) for karyotyping.    
 A comprehensive investigation at diagnosis 

requires 3–5 mL EDTA-anticoagulated bone 
marrow for morphology, 10 mL peripheral blood 
in EDTA, 5–10 mL heparinized bone marrow for 
cytogenetics, and 10–20 mL heparinized periph-
eral blood. Investigations can be performed with 
fewer cells; however, one should not jeopardize a 
comprehensive diagnostic workup by too limited 
biologic specimen. The material should reach the 
laboratory within 24 h. It should be shipped at 
room temperature without adding cool packs or 
dry ice. With these precautions, a successful 
investigation is possible in more than 90 % 
of cases, including metaphase cytogenetics. 
Multiparameter  fl ow cytometry and molecular 
investigation, by different PCR assays or next-
generation sequencing (NGS), can be performed 
either on heparinized or on EDTA-anticoagulated 
sample material. Expression of genes (e.g.,  WT1 ) 
may be investigated by real-time PCR or microar-
rays. This means that a central reference labora-
tory has to be available on a daily basis for 
optimal service.  

    8.2.2   Cytomorphology 
and Cytochemistry 

 For cytomorphology and cytochemistry, at least 
 fi ve peripheral blood smears and  fi ve bone 
 marrow smears should be available. After they 
have been air-dried without any further  fi xation 
for at least 45 min, Pappenheim or May-
Grünwald-Giemsa (MGG) staining (Figs.  8.1  
and  8.2 ) should be performed and accompanied 
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by myeloperoxidase (MPO, Fig.  8.3 ) and 
nonspeci fi c esterase (NSE, Fig.  8.4 ) stainings 
(Löf fl er et al.  2010  ) . These stains are necessary 
to satisfy the cytomorphological needs: deter-
mination of percentage of blasts, degree of dys-
plasia in all three cell lineages, and 
myeloperoxidase de fi ciency in the MPO-
negative and MPO-positive cell compartments. 
The detection or exclusion of monocytes or 
monoblasts leading to the diagnosis of CMML 
is possible by NSE. In addition, an iron stain is 

mandatory for staging and classi fi cation in MDS 
(Fig.  8.5 ). Stainings such as periodic acid-Schiff 
(PAS) reaction, acid phosphatase, or chloroace-
tate esterase (CE) stains do not add important 
information today. Exceptions may be special 
cases, for instance, the demonstration of glyco-
gen in the erythroid lineage (PAS) as a sign of 
dyserythropoiesis or the use of CE in histologi-
cal sections where this stain represents the best 
method for the demonstration of neutrophilic/
granulocytic lineage.       

  Fig. 8.1    Pappenheim 
staining (×630) of a bone 
marrow smear. In some cases, 
the morphology is dif fi cult 
and can lead to the diagnosis 
of MDS RAEB-2, CMML, 
or even AML FAB M4. This 
dif fi culty underscores the 
need for clear de fi nitions in 
classi fi cation and staging in 
MDS       

  Fig. 8.2    Pappenheim 
staining (×630) of a bone 
marrow smear. Typical 
aspects of MDS with isolated 
5q-deletion (or “5q− syn-
drome,” respectively) with 
megakaryocytes with round, 
non-segmented nuclei and 
relatively mature cytoplasm. 
No blasts are present       
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    8.2.3   Cytogenetics 

 A chromosome banding analysis is absolutely man-
datory in the diagnostic approach to suspected or 
proven MDS. The importance of cytogenetics is 
addressed in detail in Chap.   6    . For  fl uorescence in 
situ hybridization (FISH), metaphases as well as 
interphase nuclei from cytomorphological smears 
of bone marrow or peripheral blood can be used. 

Probes for interphase FISH (IP-FISH), whole chro-
mosome painting (WCP-) FISH, 24-color FISH, or 
comparative genomic hybridization (CGH) are usu-
ally hybridized in an overnight procedure and are 
available for analysis 24 h after the sample had 
reached the laboratory. Thus, a suspected MDS 
with isolated 5q-deletion (previously called 
“5q− syndrome”) can generally be proven in 24 h 
after bone marrow biopsy using interphase FISH.   

  Fig. 8.3    Myeloperoxidase 
reaction (MPO, ×630) on a 
bone marrow smear from a 
patient with RAEB-2. Most 
polymorphonuclear neutro-
phils (PMNs) stain negative, 
demonstrating MPO 
de fi ciency as a dysplastic 
feature in granulopoiesis       

  Fig. 8.4    Nonspeci fi c 
esterase (NSE, ×630) on a 
bone marrow smear from a 
patient with CMML. The 
number of abnormal 
monocytes is high and would 
be underestimated if only 
Pappenheim or May-
Grünwald-Giemsa (MGG) 
stains were used       

 

 

http://dx.doi.org/10.1007/978-3-642-36229-3_6
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    8.3   Diagnostic Criteria 

 The classi fi cation of MDS should follow the 
WHO proposal (2008) (Brunning et al.  2008  )  and 
the IPSS-R (Greenberg et al.  2012  ) . 

    8.3.1   Cytomorphology 
and Cytochemistry 

 The  fi rst step for the diagnosis of MDS is cyto-
morphology and cytochemistry plus iron stain. It 
is quick and cheap, and the results allow drawing 
up an optimal work fl ow for other much more 
labor-intensive and expensive techniques. Cyto-
morphology also needs to discriminate MDS 
from AML or other diseases. At least 500 nucle-
ated cells in the bone marrow aspirate and 200 
cells in the peripheral blood should be analyzed 
according to WHO standards (2008). Histo-
pathology may contribute additional aspects, e.g., 
with regard to cellularity or the degree of 
myelo fi brosis, and should be performed at diag-
nosis of MDS as well. Some aspects of cytomor-
phology deserve to be detailed here. 

    8.3.1.1   Dysplasia in MDS: The WHO 
Criteria (2008) 

 According to the WHO, the threshold for MDS 
is 10 % or more of cells of a given hematopoietic 
lineage (Brunning et al.  2008  )  demonstrating 

one or more dysplastic features as outlined 
below. In contrast, to de fi ne dysplasia in AML, 
a threshold of 50 % of cells has been chosen 
(Goasguen et al.  1992  ) .  

    8.3.1.2   Criteria for Dysgranulopoiesis 
 Ten percent or more of polymorphonuclear neu-
trophils (PMNs) show one or more of the follow-
ing abnormalities:

   Hypo- or agranulation  • 
  Nuclear hyposegmentation (pseudo-Pelger-• 
Huët anomaly) or hypersegmentation  
  Myeloperoxidase de fi ciency     • 

    8.3.1.3   Criteria for Dyserythropoiesis 
 Ten percent or more of erythroid precursors 
investigated show one of the following abnor-
malities:

   Karyorrhexis, budding, and internuclear • 
bridging  
  Megaloblastoid aspects  • 
  Multinuclearity  • 
  Nuclear fragments  • 
  Ring sideroblasts  • 
  Vacuolization and PAS positivity     • 

    8.3.1.4   Criteria for Dysmegakaryopoiesis 
 Of at least 30 megakaryocytes investigated, 
10 % or more show one of the following 
abnormalities:

   Micromegakaryocytes with hypolobulated • 
nuclei  
  Multiple, widely separated nuclei  • 
  Large mononuclear forms     • 

    8.3.1.5   Ring Sideroblasts 
 As the presence of ring sideroblasts de fi nes 
speci fi c subgroups of MDS according to both 
FAB (Bennett et al.  1982  )  and WHO (2008) 
(Brunning et al.  2008  ) , speci fi c criteria for ring 
sideroblasts have been established as follows:

   In refractory anemia with ring sideroblasts • 
(RARS), “ring sideroblasts account for 15 % 
or more of red cell precursors in the bone 
marrow.”  
  Ring sideroblasts have  fi ve or more iron gran-• 
ules encircling one third or more of the nucleus 
(Mufti et al.  2011  ) .      

  Fig. 8.5    Iron staining (×630) in a case of RARS       
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    8.3.2   Cytogenetics and FISH 
(See Chap.   6    ) 

 Considering the cytogenetic heterogeneity of MDS 
and considering that the karyotype is one of the 
strongest prognostic parameters in this entity, chro-
mosome banding analysis and FISH both play a 
central role for diagnosis and therapeutic decisions 
in these patients. The results of chromosome band-
ing analysis and FISH should be given according 
to the ISCN nomenclature (Shaffer et al.  2013  ) . 

 According to European LeukemiaNet (ELN) 
guidelines, at least two cultures should be per-
formed for metaphase cultivation, one for 24 h 
and one for 48 h. Bone marrow should be used for 
cytogenetics because the cells belonging to the 
MDS clone are usually not dividing in peripheral 
blood. Before harvesting, colcemid exposure for 
0.5–2 h is recommended. In MDS cases with low 
cell count, prolonged colcemid exposure increases 
the success rate. In case of insuf fi cient metaphase 
harvest, FISH assays including probes for the 
detection of deletions of 5q or 7q, loss of chromo-
some 7, trisomy 8,  TP53  deletions, and loss of the 
Y chromosome (in male patients) should be 
 performed as these abnormalities constitute the 
most frequent abnormalities in MDS (Haferlach 
et al.  2007  ) . According to International Working 
Group (IWG) criteria, 20 analyzable metaphases 
are required to diagnose or exclude the presence 
of a cytogenetic abnormality. For the detection of 
a normal karyotype, 20 metaphases provide optimal 
diagnostic safety (Cheson et al.  2006  ) . To de fi ne 
the degree of cytogenetic response, 20 metaphases 
are recommended by the International Working 
Group (Cheson et al.  2006  ) . 

 Following the WHO, the detection of the recip-
rocal translocations such as the t(15;17)/ PML -
 RARA , inv(16)/t(16;16)/ CBFB - MYH11 , or 
t(8;21)/ RUNX1 - RUNX1T1  by cytogenetics or 
molecular genetics classi fi es a case as AML 
independently of the percentage of bone marrow 
myeloblasts (Arber et al.  2008  ) . This is a very 
important step for a genetically based approach in 
classi fi cation and clearly separates these subenti-
ties from MDS. The same is true when discrimi-
nating MDS associated with isolated 5q-deletion 
(formerly called “5q− syndrome”) from all other 
MDS subtypes. MDS associated with isolated 

5q-deletion, which is caused by a defect in ribo-
somal protein function (Ebert et al.  2008  ) , shows, 
by de fi nition, less than 5 % blasts and has been 
recognized as a unique entity for several reasons: 
age  ³ 60 years, preponderance of female sex, high 
platelet counts, and a favorable prognosis (Van 
den Berghe and Michaux  1997  ) . Other cytogenetic 
 fi ndings confer a signi fi cant prognostic impact 
and, thus, are needed to allow a risk-adapted treat-
ment selection, although they are not yet included 
in diagnostic classi fi cation systems in MDS.  

    8.3.3   Molecular Methods 

 Each method revealing new insights into the bio-
logic background of MDS may generate disease-
speci fi c markers important for the management of 
the disease: Several new aspects have been added 
to the characterization of MDS by way of molec-
ular biology. Known mutations in MDS include 
 RUNX1  (=  AML1 ; in 10–15 % of all cases),  NRAS  
(around 10 %), and, in lower frequencies,  MLL -
PTD,  FLT3 -ITD,  FLT3 -TKD,  NPM1 , or  CEBPA . 
These markers have been shown to increase in 
frequency with the progression of MDS stages 
and the transformation to s-AML. In recent years, 
other mutations were identi fi ed to be frequent in 
MDS, e.g. of the  TET2  gene. Moreover, mutations 
in genes with a function for the spliceosome, e.g. 
affecting the  SF3B1  or  U2AF1  genes, were found 
to show frequent occurrence in MDS 
(Papaemmanuil et al.  2011 ; Yoshida et al.  2011 ). 
Thereby, mutations of  SF3B1  show a close asso-
ciation to MDS subtypes with an increase of ring 
sideroblasts. Bejar et al. demonstrated that the 
occurrence of point mutations in one or more of 
the genes  TP53 ,  EZH2 ,  ETV6 ,  RUNX1 , and 
 ASXL1  was predictive of poor overall survival in 
patients with MDS, independently of established 
risk factors such as IPSS (Bejar et al.  2011  ) . The 
introduction of next-generation sequencing (NGS) 
presently allows a rapid expansion of the molecu-
lar marker panel in MDS. Measurement of  WT1  
gene expression by real-time PCR can be used for 
follow-up studies. The analysis of gene expres-
sion pro fi les using microarrays showed interest-
ing correlations with MDS stages and allowed a 
discrimination of MDS cases from AML.   

http://dx.doi.org/10.1007/978-3-642-36229-3_6
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    8.4   Overview of Classi fi cation 
and Staging Systems 

    8.4.1   The FAB Classi fi cation 

 The French-American-British (FAB) classi fi cation 
of MDS (1982) (Bennett et al.  1982  )  has 
in fl uenced the classi fi cation of MDS (Table  8.1 ) 
up to today as this classi fi cation system repre-
sents one cornerstone of the WHO proposal.   

    8.4.2   The Revised International 
Prognostic Scoring System 
(IPSS-R) 

 The  fi rst version of the International Prognostic 
Scoring System (IPSS) was published in 1997 by 
Greenberg et al.  (  1997  ) . This scoring system 
already allowed clinicians to perform risk 
strati fi cation for patients with MDS based on the 
number of peripheral blood cytopenias, the blast 
count, and the cytogenetic risk group. The IPSS 
separated patients into four risk groups. Recently, 
the International Working Group for Prognosis in 
MDS (IWG-PM) published a revision of the 

IPSS, the “Revised International Prognostic 
Scoring System” (IPSS-R) (   Greenberg et al. 
 2012 ). Based on the evaluation of a large data set 
of 7,012 patients with different MDS subtypes, 
the Working Group succeeded to create a novel 
and more differentiated prognostic scoring sys-
tem. This novel system  fi nally was discriminat-
ing  fi ve risk groups. The following parameters 
were used:

    Karyotypes : Patients are separated into  fi ve dif-
ferent prognostic categories (“very good”; 
“good”; “intermediate”; “poor”; “very poor”) 
following the proposal of Schanz    et al.  (  2012  ) .  
   Bone marrow blast percentages : <=2; >2–<5; 
5–10; >10 %.  
   Peripheral blood values : More differentiated 
thresholds for peripheral blood values were 
introduced.  
   Hemoglobin : >=10; 8–<10; <8 g/dL.  
   Platelets : >=100; 50–<100; <50 × 10 9 /L.  
   Neutrophils : >=0.8; <0.8 × 10 9 /L.    
 The sum of the scoring points (Table  8.2 ) 

results in the following prognostic risk catego-
ries: “very low risk”: <=1.5; “low risk”: >1.5–3; 
“intermediate risk”: >3–4.5; “high risk”: >4.5–6; 
“very high risk”: >6 scoring points.   

   Table 8.1    The FAB classi fi cation of myelodysplastic syndromes (Bennett et al.  1982  )    

 Subtype  Blasts in PB (%)  Blasts in BM (%)  Ring sideroblasts (BM) (%)  Monocytes in PB  Auer rods 

 Refractory 
anemia (RA) 

 <1  <5  <15  <1.0 × 10 9 /L  No 

 Refractory 
anemia with 
ring sidero-
blasts (RARS) 

 <1  <5  >=15  <1.0 × 10 9 /L  No 

 Refractory 
anemia with 
excess of blasts 
(RAEB) 

 <5  5–20  <15/>=15  <1.0 × 10 9 /L  No 

 Refractory 
anemia with 
excess of blasts 
in transforma-
tion (RAEB-t) 

  ³ 5  21–30  <15/>=15  <1.0 × 10 9 /L  Possible 

 Chronic 
myelomono-
cytic leukemia 
(CMML) 

 <5  Up to 20  <15  >=1.0 × 10 9 /L  No 

   PB  peripheral blood,  BM  bone marrow  
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    8.4.3   The WHO Classi fi cation (2008) 

 The classi fi cation proposed by the WHO was 
published in 2001 (Jaffe et al.  2001  )  and revised 
in 2008 (Swerdlow et al.  2008  ) . Details are shown 
in Table  8.3 . This classi fi cation system should be 
used in the staging and classi fi cation of MDS. It 
also can be applied in daily routine but should be 
accompanied by the IPSS or IPSS-R, respec-
tively, for clinical decision-making and prognos-
tication. This is particularly important since the 
WHO system considers cytogenetics only for one 
category, MDS associated with isolated 5q-dele-
tion (“5q− syndrome”). As cytogenetics are very 
informative for prognostication in MDS (see 
IPSS and IPSS-R scores), it is mandatory to 
include the results in staging and classi fi cation.  

 As in the FAB classi fi cation, the WHO 
classi fi cation is mostly based on the percentage 
of myeloblasts in the bone marrow and peripheral 
blood, the type and degree of dysplasia, and the 
presence of ring sideroblasts. Some new catego-
ries were introduced, which must be validated with 
regard to their unique biologic and clinical pattern 
in future studies. Refractory cytopenia with unilin-
eage dysplasia (RCUD) comprises the new sub-
categories (1) refractory thrombocytopenia (RT) 
and (2) refractory neutropenia (RN) in addition to 
the previously established (3) refractory anemia 
(RA), which had already been part of the FAB 
classi fi cation. Refractory cytopenia with multilin-
eage dysplasia (RCMD) has been created for cases 
with dysplastic cells in  ³ 10 % of cells in two or 
three lineages. Refractory anemia with ring sidero-
blasts (RARS) was maintained from the previous 
FAB classi fi cation. According to WHO 2008, cases 
with multilineage dysplasia and an increase of ring 

sideroblasts to 15 % or more of erythroid precur-
sors (the previous “RCMD-RS” in WHO, 2001) 
are also classi fi ed as RCMD due to the overlap-
ping clinical outcomes of both entities (Germing 
et al.  2000  ) . Refractory anemia with excess of 
blasts (RAEB) was subdivided by blast percent-
ages in the RAEB-1 (5–9 % bone marrow and 
2–4 % peripheral blasts) and RAEB-2 (10–19 % 
bone marrow and 5–19 % peripheral blasts) sub-
categories. Cases with Auer rods categorize a case 
as RAEB-2 irrespective of a blast threshold below 
this cytomorphological category. Myelodysplastic 
syndrome, unclassi fi able (MDS-U) lacks  fi ndings 
appropriate for any other MDS category. 

 An important and major change in comparison 
to the FAB classi fi cation has been the elimination 
of the former FAB category RAEB in transforma-
tion (RAEB-t), as all patients with 20 % myelo-
blasts or more are to be classi fi ed as AML in the 
WHO system. This step was based on the clinical 
similarities of RAEB-t and AML cases, although 
this has not been without controversy. 

 Furthermore, the WHO classi fi cation 2008 
incorporated therapy-related myelodysplastic 
syndrome (t-MDS) together with t-AML into the 
category of “therapy-related myeloid neoplasms” 
due to the uniqueness of the clinical syndrome. 

 Chronic myelomonocytic leukemia (CMML) 
was excluded from the MDS category by the 
WHO and was transferred to the category of 
overlapping myelodysplastic/myeloproliferative 
neoplasms (see below). 

    8.4.3.1   Validation of the WHO 
Classi fi cation of MDS 

 The use of the WHO system in MDS in com-
parison to FAB and IPSS has been addressed 

   Table 8.2    The Revised International Prognostic Scoring System (IPSS-R) for Myelodysplastic Syndromes 
(Greenberg et al. 2012)   

 Prognostic variable 

 Scoring points 

 0  0.5  1  1.5  2  3  4 

 Cytogenetic category  Very good  Good  Intermediate  Poor  Very poor 

 Bone marrow blasts (%)   ≤ 2  –  >2–<5  –  5–10  >10  – 
 Hemoglobin (g/dL)   ≥ 10  –  8–<10  <8  –  –  – 
 Platelets (×10 9 /L)   ≥ 100  50–<100  <50  –  –  –  – 
 Neutrophils (×10 9 /L)   ≥ 0.8  <0.8  –  –  –  –  – 
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in several reports. In particular, in MDS cases 
with less than 5 % bone marrow blasts, i.e., 
RA, RCMD, and MDS with isolated 5q-dele-
tion (“5q− syndrome”), the WHO classi fi cation 
has been shown to provide signi fi cant prog-
nostic information. In a series of 103 patients, 
the median survival for RCMD cases was 27 
months compared with 53 months and more 
than 102 months in cases with a 5q− syndrome 
and RA, respectively (Cermak et al.  2003  ) . 
Importantly, RA and RCMD comprise simi-
larly sized subgroups, making these differences 
in outcome clinically relevant. Furthermore, it 
has been reported that, within the subgroups of 
patients with less than 5 % bone marrow blasts, 
the number of cell lineages involved has a prog-
nostic impact. In a series of 64 patients, those 
with unilineage dysplasia had a signi fi cantly 
better survival than patients with multilineage 
dysplasia (median not reached vs. 29 months) 
(Howe et al.  2004  ) . In a large series of 1,243 
patients with MDS, similar differences were 
found between RA and RCMD with regard to 
median survival (69 vs. 33 months) (Germing 
et al.  2000  ) . While in MDS subgroups with 
higher blast counts the similarities of the dis-
ease to AML may determine the clinical course, 
these data clearly suggest that in cases with 
low blast counts, the WHO classi fi cation is an 
improvement over the former classi fi cations 
and their clinical utility.   

    8.4.4   Diagnosis of MDS Cases 
with Less than 5 % of Bone 
Marrow Blasts 

 The classi fi cation of MDS, especially with less 
than 5 % bone marrow blasts, is the most dif fi cult 
task for cytomorphologists in hematology today. 
Furthermore, the threshold for the de fi nition of 
dysplasia (only 10 %) is very different from that 
used in AML (50 %). Thus, the categories “MDS 
with isolated 5q-deletion” (“5q− syndrome”), 
RA, RCMD, and RARS are very dif fi cult to diag-
nose unequivocally according to the WHO 
classi fi cation. In these cases, it is recommended 
that the diagnosis will be con fi rmed in a refer-
ence laboratory. In many cases with borderline 
features, a repeated bone marrow examination 
should be performed after an interval of 2–3 
months before the  fi nal diagnosis of MDS is 
made. In all cases, additional methods such as 
cytogenetics, FISH, molecular mutation screen-
ing, or even multiparametric  fl ow cytometry may 
support these subcategories if they detect speci fi c 
and unquestionable markers or signs for MDS or 
can exclude this diagnosis. 

 Several differential diagnoses have to be con-
sidered in cases suspected for MDS: nutritional 
or toxic factors such as alcohol; drugs, including 
chemotherapy; arsenic intoxication; exposure to 
heavy metals; treatment of HIV; or virus infec-
tions. Other factors that may mimic MDS can be 

   Table 8.3    The WHO classi fi cation of myelodysplastic syndromes, 2008 (Brunning et al.  2008  )    

 Entity  Dysplasia  Blasts PB (%)  Blasts BM (%) 
 Ring sideroblasts 
(%)  Cytogenetics 

 MDS with isolated 
5q-deletion 

 Mostly DysE  <1  <5  <15  Sole 5q-deletion 

 RA, RN, RT, RCUD  DysE, DysG, DysM  <1  <5  <15  Various 
 RARS  Mostly DysE  0  <5 %   ³ 15  Various 

 RCMD  2–3 lineages  <1  <5  <15/ ³ 15  Various 

 RAEB-1  1–3 lineages  <5  5–9  <15/ ³ 15  Various 

 RAEB-2  1–3 lineages  5–19  10–19  <15/ ³ 15  Various 
 Auer rods +/−  Auer rods +/− 

 MDS-U  1–3 lineages   £ 1  <5  <15  Various 

   PB  peripheral blood,  BM  bone marrow,  RA  refractory anemia,  RN  refractory neutropenia,  RT  refractory thrombocytope-
nia,  RCUD  refractory cytopenia with unilineage dysplasia,  DysE  dysplastic erythropoiesis,  DysG  dysplastic granulopoi-
esis,  DysM  dysplastic megakaryopoiesis,  RARS  refractory anemia with ring sideroblasts,  RCMD  refractory cytopenia 
with multilineage dysplasia,  RAEB  refractory anemia with excess of blasts,  MDS-U  MDS, unclassi fi able  
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the administration of cytokines, parvovirus B19 
infection, and especially de fi ciency in vitamin E, 
B12, or folic acid. Even congenital dyserythro-
poietic anemia, hairy cell leukemia, or paroxys-
mal nocturnal hemoglobinuria (PNH) has been 
misdiagnosed as MDS. This must lead to the con-
clusion that the classi fi cation of MDS is still 
dif fi cult, needs highly experienced cytomorphol-
ogists and cytogeneticists, and should rely on the 
combination of several comprehensive tech-
niques. In equivocal cases, at least two different 
examinations at different time points and by dif-
ferent observers should be performed including a 
close follow-up of the patient’s history. 

 Recently, two premalignant myeloid condi-
tions, “idiopathic cytopenia of undetermined 
signi fi cance” (ICUS) and “idiopathic bone mar-
row dysplasia of uncertain signi fi cance” (IDUS), 
were described. ICUS refers to cases with mild 
dysplasia which do not ful fi ll the WHO criteria 
for MDS but in which cytopenias can be severe. 
In IDUS, the dysplasia is prominent, but cytope-
nias, if detectable, are mild. Both conditions may 
progress to an overt MDS but may also progress 
to another myeloid neoplasm such as AML, 
a myeloproliferative neoplasm (MPN), or even 
mastocytosis. In both conditions, a neoplastic 
clone may already have replaced most or all of 
normal bone marrow cells when ICUS or IDUS 
is detected, but evidence to support this possibil-
ity is not necessarily available. Thorough hema-
tologic follow-up is recommended for both 
groups of patients (Valent et al.  2012  ) .  

    8.4.5   Myelodysplastic/
Myeloproliferative Neoplasms 

 The WHO introduced a separate category for dis-
orders with overlapping myelodysplastic and 
myeloproliferative features. This category com-
prises the entities unclassi fi able myelodysplastic/
myeloproliferative neoplasm (MDS/MPN, U), 
CMML, juvenile myelomonocytic leukemia 
(JMML), and atypical  BCR - ABL1 -negative 
CML. 

 Cases which show at initial presentation clini-
cal, laboratory, and morphological features that 
overlap both MDS and MPN and cannot be 
clearly assigned to any of the other entities are 
called “MDS/MPN, U.” Refractory anemia with 
marked thrombocytosis (RARS-T) is part of 
the MDS/MPN, U category and is de fi ned by the 
presence of ring sideroblasts in  ³ 15 % of the 
erythroid precursors, a thrombocyte count 
 ³ 450 × 10 9 /L, and the proliferation of large atypi-
cal megakaryocytes. Prognosis is favorable. There 
is a high rate of  JAK2 V617F and  SF3B1  muta-
tions, less common are  MPL W515 mutations. 

 CMML is de fi ned by persistent monocytosis 
>=1.0 × 10 9 /L in the peripheral blood and fewer 
than 20 % blasts (promonocytes are considered 
blast equivalents) in the peripheral blood and 
bone marrow. CMML is further subdivided into 
the CMML-1 and CMML-2 subcategories 
according to the numbers of blasts plus promono-
cytes in the peripheral blood or bone marrow. 
Cytogenetic abnormalities are detectable in only 
20 % of CMML cases. In recent years, an increas-
ing panel of molecular markers has been detected 
in patients with CMML (Kohlmann et al.  2010  ) , 
including mutations of the  TET2 ,  CBL , or  EZH2  
genes (Grossmann et al.  2011  ) . Furthermore, 
mutations of the  SRSF2  gene were identi fi ed to 
be highly frequent in patients with CMML 
(Meggendorfer et al., Blood,  2012 )  

    8.4.6   Response Criteria in MDS 

 According to the revised criteria of the International 
Working Group (IWG), the criteria for complete 
remission (CR) and partial remission (PR) involve 
speci fi c improvements in marrow and peripheral 
blood measurements obtained on two or more 
successive assessments, and the response param-
eters in peripheral blood must be maintained for at 
least 8 weeks. Complete remission requires less 
than 5 % marrow blasts without evidence of dys-
plasia and normalization of peripheral blood 
counts ( Hb  >=11.0 g/L, neutrophil count 
 ³ 1.5 × 10 9 /L, platelet count  ³ 100 × 10 9 /L). A major 
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cytogenetic response refers to the disappearance 
of a cytogenetic abnormality; a minor cytogenetic 
response is 50 % or more reduction of abnormal 
metaphases. Other than that, the criteria for partial 
remission, for hematologic improvement, and for 
treatment failure and relapse were de fi ned (Cheson 
et al.  2006  ) .   

     Conclusion 

 So far established diagnostic staging and 
classi fi cation systems for myelodysplastic 
syndromes as the WHO classi fi cation (2008) 
(Brunning et al.  2008  )  and the IPSS or IPSS-R 
(Greenberg et al.  1997   ; Greenberg et al.  2012 ) 
result from a sophisticated combination of 
cytomorphology and cytogenetics (Fig.  8.6 ) in 

combination with peripheral blood parame-
ters. With the detection of an increasing panel 
of molecular markers (Bejar et al.  2011  )  which 
has been shown to correlate with the stages of 
MDS (Dicker et al.  2010  )  and distinct mor-
phological aspects (Papaemmanuil et al.  2011 ; 
Yoshida et al.  2011  ) , it has to be anticipated 
that future classi fi cation and risk strati fi cation 
systems for MDS patients will increasingly 
include these new markers. Further on, the 
revision of the IPSS attributes more weight to 
cytogenetic parameters. Therefore, the diag-
nosis and classi fi cation of myelodysplastic 
syndromes may undergo important changes 
already in the near future based mainly on 
cytogenetics and molecular genetic 
discoveries.       

RARS:
ring sideroblasts ≥15%;
blasts PB <1%, BM
<5%

RCUD (RA/RN/RT):
dysplasia in 1 lineage;
blasts PB <1%, BM
<5%

Laboratory parameters
Peripheral blood counts,
Erythrocyte parameters,
differential count, RPI,
iron metabolism, vitamin
B12, folic acid, and
others

Cytomorphology PB
Erythrocytes:
macrocytosis, poikilo-
cytosis, polychromasia,
anisocytosis
Granulopoiesis:
hypogranulation,
Pseudo-Pelger cells,
blast increase
Thrombocytes:
anisocytosis

RARS-T:
ringsideroblasts ≥15%
thrombocytes ≥450x109/L

CMML-1/-2:
persist. monocytosis
≥1x109/; blasts<20%

MDS with isolated 5q-
deletion:
blasts PB <1%, BM <5%
Cytogenetics: sole
del(5q)

RAEB-1: blasts
PB <5%, BM 5-9%
RAEB-2:
PB 5-19%, BM 10-19%

Multiparameter
flow cytometry

Bone marrow
analysis

WHO
Classification

RCMD:
Dysplasia: 2-3 lineages;
blasts PB <1%, BM <5%

Cytology/
Cytochemistry:
MPO, NSE, iron

Histo-
pathology Cytogenetics

Cytopenia:
1-3 hematopoietic lineages

• “very good”: 
del(11q),-Y

• “good”: e.g.
normal
karyotype

• “intermediate”: 
e.g.+8

• “poor”: e.g. -7 
• “very poor“:

complex
karyotypes (>3
aberrations)

Molecular
genetics

Revised International
Prognostic Scoring

System (IPSS-R)

PCR assays/
Sequencing:
TET2, NRAS,
ASXL1,
SF3B1, and
others

Flowcytometricscore:
Granulocytes (maturing
myeloid cells)/mono-
cytes with aberrant
antigen expression (e.g.
CD64), lineage infidelity
(e.g. CD2, CD7)
Erythroid compartment:
abnormal antigen
expression (e.g. CD45,
CD71)

PB:
%blasts
cytopenia
(number of
lineages and
degree)

BM:
%blasts
number of
lineages with
dysplasia ≥10%
MPO deficiency

  Fig. 8.6    Algorithm of diagnostic procedures and 
classi fi cation systems in myelodysplastic syndromes ( RPI  
reticulocyte production index,  PB  peripheral blood,  BM  
bone marrow,  MPO  myeloperoxidase,  NSE  nonspeci fi c 
esterase,  KT  karyotype,  del  deletion,  RCUD  refractory 
cytopenia with unilineage dysplasia,  RA  refractory ane-
mia,  RN  refractory neutropenia,  RT  refractory thrombocy-

topenia,  RCMD  refractory cytopenia with multilineage 
dysplasia,  RARS  refractory anemia with ring sideroblasts, 
 RAEB  refractory anemia with excess of blasts,  RARS-T  
refractory anemia with ring sideroblasts and marked 
thrombocytosis,  CMML  chronic myelomonocytic 
leukemia)       
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  9

          9.1   Introduction 

 Myelodysplastic syndromes (MDS) comprise a 
heterogeneous group of clonal hematological dis-
orders that is diagnosed cytomorphologically. 
They are characterized by ineffective hematopoi-
esis resulting in peripheral blood cytopenias and 
showing by de fi nition in all cases dysplastic fea-
tures in at least one lineage in the bone marrow, 
an increased myeloid blast count in the bone mar-
row or typical chromosomal aberrations. They all 
share a variable risk for transformation into an 
acute myeloid leukemia. 

 MDS have been diagnosed by cytomorphol-
ogy and cytochemistry according to the FAB 
classi fi cation (Bennett et al.  1982  )  as well as by 
the WHO classi fi cations in 2001 and 2008 (Jaffe 
 2001 ; Swerdlow et al.  2008  ) . In addition, MDS is 
classi fi ed with regard to prognosis and risk of 
progression to AML by several scoring systems 
such as the International Prognostic Scoring 
System (IPSS) (Greenberg et al.  1997  )  and its 
revision (Greenberg et al.  2011  ) , the Bournemouth 
score (Mufti et al.  1985  ) , and the WHO-based 

Prognostic Scoring System (WPSS) and its revi-
sion (Jaffe  2001 ; Brunning et al.  2008  ) . 

 While these diagnostic and prognostic 
classi fi cations have been proven clinically highly 
relevant, there still is a need for further optimiz-
ing both of them given the large number of cases 
with borderline  fi ndings and inconclusive results. 
To this end, cytogenetic aberrations have already 
been introduced into the routine diagnostic work-
up of patients with proven or suspected MDS, 
and the increasing number of molecular genetic 
mutations is anticipated to even strengthen the 
diagnostic and prognostic power of genetic anal-
yses in MDS. Being a method more related to 
cytomorphology by describing the phenotype of 
different cell populations, immunophenotyping 
by use of multiparameter  fl ow cytometry has 
been shown to provide speci fi c data on aberrantly 
expressed antigens on several hematopoietic cells 
related to both the presence of MDS and the 
prognosis of patients with proven MDS (Stetler-
Stevenson et al.  2001 ; Wells et al.  2003 ; Ogata 
et al.  2002 ; van de Loosdrecht et al.  2008 ; Kern 
et al.  2010 ; Westers et al.  2012  ) . It is anticipated 
that immunophenotyping will be added to the 
diagnostic work-up of patients with suspected 
MDS and will thus form a multimodal approach 
in combination with cytomorphology, cytogenet-
ics, and molecular genetics (van de Loosdrecht 
and Westers  2011 ; Ossenkoppele et al.  2011 ; 
Ogata  2011  ) . 

 The current WHO 2008 classi fi cation 
 recommendations recognize multiple immuno-
phenotype aberrancies (>3) in maturation  patterns 
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as indicative for MDS; moreover, the signi fi cance 
of increased percentages of progenitor cells and 
aberrant expression of CD34 and/or CD117 on 
these cells are acknowledged. However, in order 
to be included as a diagnostic tool for MDS in the 
next WHO classi fi cation, immunophenotypic cri-
teria have to be signi fi cantly broadened, stan-
dardized, and validated. This chapter provides an 
overview on available data supporting the diag-
nostic and prognostic role of immunophenotyp-
ing in MDS.  

    9.2   Application of 
Immunophenotyping in MDS 

 Immunophenotyping by multiparameter  fl ow 
cytometry can identify abnormal progenitor cells 
and distinguish them from normal ones, enumer-
ate them, as well as detect abnormalities in the 
maturing neutrophil and monocytic and eryth-
roid subpopulations, respectively. In order to get 
conclusive results, diagnostic procedures have 
to be standardized including sample processing, 
data acquisition, analysis of data, and interpreta-
tion of  fi ndings (van de Loosdrecht et al.  2009 ; 
Westers et al.  2012  ) . Furthermore, it is essential 
to compare  fl ow cytometric  fi ndings in cases with 
suspected MDS to normal bone marrow controls 
as well as to nonmalignant diagnoses sharing 
single clinical  fi ndings of MDS, i.e., isolated 
cytopenias. 

    9.2.1   Sample Processing 

    9.2.1.1   Type of Samples 
 The preferred cell source is bone marrow 
although the detection of myeloid blasts in 
peripheral blood may be suggestive of MDS, 
particularly if an aberrant antigen expression is 
present. Heparin as an anticoagulant has the 
advantage over EDTA of a prolonged cell viabil-
ity and of less alterations in antigen expression. 
In order to prevent loss of viability and also 
change in antigen expression, sample processing 
should be performed within 24 h (van de 
Loosdrecht et al.  2009  ) .  

    9.2.1.2   Red Blood Cell Lysis 
 Samples should be prepared by an ammonium 
chloride-based erythrocyte lysis to eliminate the 
nonnucleated red blood cells. The use of mono-
nuclear cells obtained by density separation in 
general is not recommended due to potential 
selective loss of cells.  

    9.2.1.3   Antibody Staining 
 Staining of samples by different antibody com-
binations follows standardized procedures. 
Antibodies at well-titrated concentrations are 
added to the cell suspension and incubated 
at room temperature in the dark. Special care 
should be taken if tandem- fl uorochromes are 
used, since these  fl uorochromes may be highly 
sensitive to light exposure (particularly PE-Cy5 
conjugates), and compensation settings fre-
quently vary from batch to batch. Given the 
importance of the strength of an antigen expres-
sion as a diagnostic co-criterion in the evaluation 
of MDS, careful and precise sample preparation 
is essential in this context.  

    9.2.1.4   Instrument Setup 
and Data Acquisition 

 Given the magnitude of qualitative analysis and 
interpretation of acquired data, it is essential to 
assure a standardized setup of the  fl ow cytometer 
which is quality checked daily per working day. 
Standard procedures as recommended by manu-
facturers and cytometry organizations should be 
followed.   

    9.2.2   Design of Antibody Panels 
and Analysis of Different Cell 
Populations 

 Immunophenotyping is capable of digitally sepa-
rating different cell populations from each other 
by use of CD45-side scatter (SSC)-gating 
(Borowitz et al.  1993  )  (Fig.  9.1 ) and providing 
antigen expression data for each cell population 
separately. The design of different antibody com-
binations which are added to an antibody panel 
therefore should be based on known aberrancies 
in antigen expression occurring simultaneously 
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in distinct cell populations. A minimal marker set 
for immunophenotyping analysis of MDS should 
enable the analysis of abnormal expression of 
speci fi ed antigens and the relation between anti-
gens of relevance in the respective cell popula-
tions. Tables  9.1  and  9.2  summarize core markers 
and minimal requirements, respectively, as rec-
ommended by the ELN working group (Westers 
et al.  2012  ) . In the following sections, relevant 
antigen expression is described for the respective 
cell populations.    

    9.2.2.1   Analysis of the Immature 
Myeloid and Lymphoid 
Progenitor Compartments 

      De fi nition and Enumeration 
of Myeloid Progenitor Cells 
 The basis for the identi fi cation of myeloid pro-
genitor cells is the CD45-SSC plot (Fig.  9.1 ) 
which is augmented by additional markers help-
ing to differentiate them from B cell precursors, 
monoblasts, basophils, erythroblasts, and plas-
macytoid dendritic cell precursors. Besides the 
CD45dimSSClow/int  fi ndings, negativity for 
lymphoid markers and expression of HLA-DR, 
CD117, and CD34 are used in this regard. 

However, it is important to recognize that even 
these markers may be expressed aberrantly. For 
quanti fi cation of myeloid progenitor cells, the 
most commonly used denominator is the total 
number of nucleated cells (i.e., amongst others, 
erythroid precursors, progenitor cells, neutro-
phils, and monocytes). While there in general is a 
good accordance between the results of this pro-
cedure and the cytomorphologically quanti fi ed 
myeloid blasts, differences may arise from dif-
ferent sample specimen, different degree of 
sample dilution by peripheral blood, and, most 
importantly, inherent non-congruence of both 
methods, i.e., in cell populations morphologi-
cally classi fi ed as blasts but lacking the charac-
teristics of myeloid progenitor cells as described 
above. Quanti fi cation of myeloid progenitor cells 
in peripheral blood is prognostically relevant and 
increasingly used clinically; however, standard 
immunophenotyping on peripheral blood alone 
is not recommended in MDS in general.  

      De fi nition and Enumeration 
of Lymphoid Progenitor Cells 
 Progenitor B cells can be identi fi ed in the 
CD45dim/lowSSClow region by their CD34+ 
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  Fig. 9.1    CD45-SSC-gating. Normal BM sample: con-
ventional forward-scatter (FSC)-SSC plot ( left panel ) and 
CD45-SSC plot ( right panel ). The respective cell popula-
tions are identi fi ed as follows: granulocytes ( Gra ,  pink ), 

SSC + CD45(+); monocytes ( Mo ,  orange ), SSC(+)CD45+; 
lymphocytes ( Ly ,  dark green ), SSC-CD45+; myeloid pro-
genitor cells ( Bla ,  blue ), SSC(+)CD45(+); and B cell pro-
genitors ( B cell Prog ,  light green ) SSC-CD45(+)       
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CD19+ or CD19+ CD10+ phenotype with lack 
of myeloid antigens and are frequently found 
decreased in MDS, although the relevance of 
this  fi nding is not yet known. To circumvent 
problems regarding hemodilution in the 

   Table 9.2    Recommended minimal requirements to 
assess dysplasia by  fl ow cytometry by the ELNet working 
group on  fl ow cytometry and MDS   

 Bone marrow 
subset  Recommended analyses 

 Erythroid 
compartment a  

 % of nucleated erythroid cells 
 Relation CD71 and CD235a 
 Expression of CD71 
 Expression of CD36 
 Percentage of CD117+ precursors 

 Immature 
myeloid and 
monocytic 
progenitors 

 % of cells in nucleated cell fraction b  
 Expression of CD45 
 Expression of CD34 
 Expression of CD117 
 Expression of HLA-DR 
 Expression of CD13 and CD33 
 Asynchronous expression of CD11b, 
CD15 
 Expression of CD5, CD7, CD19, 
CD56 c  

 Maturing 
neutrophils 

 % of cells as ratio to lymphocytes 
 SSC as ratio vs. SSC of lymphocytes 
 Relation of CD13 and CD11b 
 Relation of CD13 and CD16 
 Relation CD15 and CD10 

Table 9.2 (continued)

 Monocytes  % of cells as ratio to lymphocytes 
 Distribution of maturation stages 
 Relation of HLA-DR and CD11b 
 Relation of CD36 and CD14 
 Expression of CD13 and CD33 
 Expression of CD56 c  

 Progenitor B 
cells 

 Enumeration as fraction of total 
CD34+ 
 Based on CD45/CD34/SSC in 
combination with CD10 or CD19 

  Adapted from Westers et al.  (  2012  ) , used with 
permission 
  a Under evaluation 
  b Discrepancies in counts between several de fi nitions indi-
cate aberrancies 
  c Do not overcall, be aware of normal cutoff values (also in 
stressed marrow)  

 General core 
markers  Erythroid  Progenitors 

 Maturing 
neutrophils  Monocytes 

 CD45  CD45  CD45  CD45  CD45 
 CD71 
 CD235a 

 CD34  CD34  CD34  CD34 
 CD117  CD117  CD117  CD117  CD117 
 HLA-DR  HLA-DR  HLA-DR  HLA-DR 
 CD11b  CD11b  CD11b  CD11b 
 CD13  CD13  CD13  CD13 
 CD16  CD16  CD16 
 CD33  CD33  CD33 
 CD14  CD14  CD14 

 CD36  CD36 
 CD64  CD64 

 CD7  CD7 
 CD56  CD56  CD56  CD56 
 CD19  CD19 

 CD5 
 CD2 

 CD15  CD15 
 CD10 

  Adapted from Westers et al.  (  2012  ) , used with permission  

   Table 9.1    Proposed core 
markers in the analysis of 
dysplasia by  fl ow cytometry 
by the ELNet working group 
on  fl ow cytometry in MDS   
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 enumeration of progenitor B cells, it is recom-
mended to report on these cells as a fraction of 
all CD34-positive progenitor cells. Interestingly, 
a decreased relative amount of progenitor B 
cells (<5 % of CD34+ cells) was recently intro-
duced as one of the cardinal parameters in a 
model to distinguish low-risk MDS from non-
clonal cytopenias (Ogata et al.  2009  ) , which 
has been prospectively validated in a multi-
center study within the ELN (Della Porta et al. 
 2012  ) .  

      Identi fi cation of Immunophenotypic 
Aberrancies in Myeloid Progenitor Cells 
 In addition to quantitative aberrancies, dysplas-
tic immature myeloid progenitors in MDS may 
have an aberrant phenotype that distinguishes 
them from normal progenitors (van de 
Loosdrecht et al.  2009  ) . The most widely recog-
nized aberrancies in the immature myeloid com-
partment in MDS are an abnormal intensity or 
lack of expression of CD34, CD45, CD13, 
CD33, CD117, or HLA-DR; abnormal granular-
ity as identi fi ed by SSC signal intensity; asyn-
chronous presence of CD11b or CD15; and/or 
the expression of lineage in fi delity markers such 

as CD5, CD7, CD19, or CD56 (see also Fig.  9.2 ). 
Furthermore, a decrease in CD38 expression on 
CD34-positive myeloid progenitor cells has 
been reported as a rather typical  fi nding in MDS 
(Goardon et al.  2009  ) .    

    9.2.2.2   De fi nition and Analysis 
of the Maturing Neutrophil 
Compartment 

 The combination of CD45 and SSC is regularly 
applied to identify maturing neutrophils 
(CD45intSSCint-bright, Fig.  9.1 ). In addition, 
CD33 and CD64 are useful in distinguishing 
monocytes and hypogranular neutrophils with 
the former featuring higher expression levels of 
both markers as compared to the latter. 

 One of the most frequently reported aberran-
cies in the maturing neutrophil compartment is 
an abnormally decreased SSC signal re fl ecting 
hypogranularity, a well-known phenomenon in 
MDS (Fig.  9.3 ) (Stetler-Stevenson et al.  2001  ) . 
The SSC of maturing neutrophils is recom-
mended to be expressed as a ratio relative to that 
obtained for lymphocytes (as an internal refer-
ence). Furthermore, dysplastic features in neutro-
phils include an aberrantly increased or decreased 
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  Fig. 9.2    Aberrant antigen expression in myeloid precur-
sor cells. Myeloid progenitors are identi fi ed based on dim 
expression of CD45, a low SSC signal and expression of 
CD34. While CD7 is not expressed in normal myeloid 

precursor cells ( left panel ), CD7 expression can be 
observed in myelodysplastic myeloid precursor cells 
( right panel )       
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expression of antigens or an aberrant relationship 
in the expression of two or more antigens. Most 
frequently reported are the aberrant relationships 
between CD13 and CD16 and/or CD13 and 
CD11b; altered expression of CD45 and CD33; 

presence of CD34; expression of lineage in fi delity 
markers such as CD2, CD5, CD7, CD19, and 
CD56; and a decrease in amount of maturing 
neutrophils as compared to lymphocytes 
(Fig.  9.4a–d ).    
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  Fig. 9.3    SSC    signal in granulocytes (Gra). In MDS ( right panel ), the SSC signal is signi fi cantly reduced (median SSC 
signal, 529.0) as compared to normal bone marrow (median SSC signal, 779.7;  left panel )       

  Fig. 9.4    Aberrant antigen expression in granulocytes. 
Antigen expression in normal bone marrow is shown in 
the  left panels , aberrant antigen expression in MDS in the 
 right panels , respectively. ( a ) The normal maturation pat-
tern from CD16-CD11b- via CD16-CD11b + to CD16 + 
CD11b+ (pattern resembling a giraffe) is not followed in 
MDS: the slight increase in CD16 expression during the 
 fi rst increase in CD11b expression (body of the giraffe) is 

lacking in MDS; the slight increase in CD11b expression 
during the steep increase in CD16 expression (neck of the 
giraffe) is lacking in MDS. ( b ) The normal C-type matu-
ration pattern from CD16-CD13+ via CD16-CD13- via 
CD16(+)CD13- to CD16+ CD13+ is not followed in 
MDS. ( c ) In MDS CD56 is aberrantly expressed as 
 compared to no expression in normal bone marrow       

103

102

101

100

103

102

101

100

100 101

CD11b FITC

C
D

16
 P

C
5

C
D

16
 P

C
5

CD11b FITC

102 103 100 101 102 103

a

 

 



1479 Immunophenotyping in Myelodysplastic Syndromes

    9.2.2.3   De fi nition of Monocytes 
and Aberrancies in the 
Monocytic Compartment 

 Morphological assessment of dysmonocytopoie-
sis in MDS is dif fi cult unless there is marked 
monocytosis. In contrast, immunophenotyping 
allows the speci fi c analysis of monocytes as 
identi fi ed in the CD45-SSC plot and useful addi-
tional markers (CD14, CD64, CD36, and CD33) 
for aberrantly expressed antigens. 

 In MDS the proportion of monocytes may 
be found abnormally decreased or increased. 
Furthermore, abnormal CD11b/HLA-DR, CD36/
CD14, or CD36/CD33 patterns;  abnormal inten-

sity of the more speci fi c markers CD14, CD36, 
or CD64; and abnormal intensity of the more 
broadly expressed markers CD13 or CD33 can 
be found. Other aberrancies are the presence of 
CD34 or lineage in fi delity markers and overex-
pression of CD56. The aberrant expression of 
CD56 and CD2 is a characteristic  fi nding par-
ticularly in chronic myelomonocytic leukemia 
(CMML; Fig.  9.5a–d ).   

    9.2.2.4   De fi nition of and Aberrancies 
in the Erythroid Compartment 

 The erythroid population can be de fi ned by its 
lack of CD45 expression and low FCS and SSC 

Fig 9.4 (continued)
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properties. Based on the knowledge of normal 
patterns, a decreased reactivity for CD36 and 
asynchronous expression of CD71 vs. CD235a 
have been reported in MDS bone marrows 
(Fig.  9.6 ). Furthermore, an increased number of 
erythroid progenitors associated with a larger 
proportion of immature erythroid cells has been 
observed. In contrast, a decrease in erythroblasts 
due to apoptosis can also be observed.     

    9.3   Clinical Application of 
Immunophenotyping in MDS 

 Since MDS is a heterogeneous disease, it is obvi-
ous that no single, speci fi c marker can indicate 
MDS. The presence of multiple aberrancies has 
been shown to be of higher predictive value for 
MDS than single aberrancies (Wells et al.  2003 ; 
van de Loosdrecht et al.  2008 ; Kern et al.  2010 ; 

  Fig. 9.5    Aberrant antigen expression in monocytes. 
Antigen expression in normal bone marrow is shown in 
the  left panels , aberrant antigen expression in MDS in the 
 right panels , respectively. ( a ) Aberrant expression of CD2 

in MDS. ( b ) Aberrant expression of CD56 in MDS. 
( c ) Decreased expression of CD13 and CD11b in MDS. 
( d ) Decreased expression of HLA-DR in MDS         
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Scott et al.  2008 ; Malcovati et al.  2005  ) . Thus, 
multiparametric assessment of an accumulation 
of aberrancies might strongly support the diagno-
sis of MDS by immunophenotyping when apply-
ing a panel capable of identifying the most 
relevant MDS-associated aberrations (Westers 
et al.  2012  )  (Table  9.2 ). While multiple reports 
are available on the diagnostic use of immuno-
phenotyping in MDS, it is desirable to have vali-
dation studies performed supporting this method 
based on prede fi ned and standardized criteria as 

de fi ned by the ELN (Westers et al.  2012  ) . As a 
consequence, immunophenotyping is anticipated 
to be included in the routine integrated diagnostic 
work-up of patients with suspected MDS in com-
bination with cytomorphology, cytogenetics, and 
molecular genetics. 

 Besides the diagnostic value data gener-
ated by immunophenotyping have been shown 
to correlate with the prognosis of the patients. 
Thus, a higher number of antigens found aber-
rantly expressed correlated with a higher risk 
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as  indicated by scoring systems like the IPSS 
as well as with a decreased overall survival 
(Fig.  9.7 ) (Wells et al.  2003 ; van de Loosdrecht 
et al.  2008 ; Kern et al.  2010  ) . Furthermore, this 

impact on the clinical outcome has repeatedly 
shown to be  independent of other prognostic 
parameters. It is important, therefore, to prove 
by large  prospective studies the prognostic 
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  Fig. 9.7    Impact of aberrant 
antigen expression on overall 
survival. Patients with MDS 
proven by cytomorphology are 
separated according to the 
numbers of aberrantly 
expressed antigens in the total 
of myeloid progenitor cells, 
granulocytes, monocytes, and 
erythroid cells. Cases with no 
or only one aberrantly 
expressed antigen have a 
superior survival (97 % at 5 
years) as compared to those 
with two to four aberrantly 
expressed antigens (survival at 
5 years, 73 %) and those with 
more than four aberrantly 
expressed antigen (survival at 5 
years, 40 %) (Kern et al.  2011  )        
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signi fi cance of  immunophenotyping  fi ndings in 
order to allow their adequate integration not only 
in the diagnostic process but also in the prognos-
tication in individual patients and thereby also 
in treatment strati fi cation. Finally,  fl ow cytomet-
ric aberrancies on immature myeloid cells have 
shown to predict response on standard treatment 
with erythropoietin in lower-risk patients with 
MDS (Westers et al.  2010  )  as well as response on 
azacitidine in higher-risk patient citation (Alhan 
et al.  2011  ) .  

 In conclusion, multiparameter  fl ow cytometry 
is a promising diagnostic tool in the evaluation of 
patients with suspected MDS and in anticipated 
to become an integrated part of the comprehen-
sive diagnostic work-up in combination with 
cytomorphology, cytogenetics, and molecular 
genetics. The correlation of  fl ow cytometric 
 fi ndings of myelodysplasia with the prognosis of 
the patients provides the opportunity to improve 
current prognostic scoring systems.      
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          10.1   Introduction 

 The myelodysplastic syndromes are a very 
 heterogeneous group of myeloid malignancies 
characterized by bone marrow failure and 
increased risk of transformation to acute myel-
ogenous leukemia (AML) (Tefferi and Vardiman 
 2009  ) . This heterogeneity makes the clinical 
management of patients with MDS very com-
plex particularly when making decisions in 
terms of when to treat and with what type of 
therapy. This is particularly important when 
making decisions such as initial therapy or 
selecting candidates for stem cell transplanta-
tion. Therefore, the need for (1) prognostic 
models that could aid clinicians in predicting 
survival without therapy and (2) models to pre-
dict outcomes after speci fi c forms of therapy. 
Since its development, patients with MDS have 

been evaluated using the IPSS score (Greenberg 
et al.  1997  ) . This score, in place since 1997, has 
been fundamental for our understanding and 
treatment of patients with MDS. Using this 
model, patients are divided in four subgroups 
(low, intermediate-1, intermediate-2, and high 
risk). For practical purposes, patients are divided 
into lower-risk category (including low and int-
1) and higher (including int-2 and high). Based 
on this concept, and for instance, the NCCN has 
developed widely accepted treatment guidelines 
that are considered to represent the standard of 
care (Greenberg et al.  2011  ) . Despite its impor-
tance, the IPSS has several limitations that have 
prompted the development of new more 
advanced prognostic models. This has also been 
promoted by interest in MDS by multiple groups 
that has resulted in a better understanding of 
both the clinical characteristics and the molecu-
lar bases of MDS. It should be noted that recently 
the results of a new revised version of the IPSS 
has been published (IPSS-R) (Greenberg et al. 
 2012  ) . This, together with the recent description 
of new multiple molecular lesions in MDS 
(Bejar et al.  2011a ; Shen et al.  2010  ) , results in 
the fact that this  fi eld is in a state of evolution 
and it is likely that the incorporation of new 
molecular information is going to have a 
signi fi cant impact in the design of new prognos-
tic models. In this chapter, I provide an update 
and summary to prognostic models in MDS.  
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    10.2   The Standard: The 
International Prognostic 
Score System of MDS (IPSS) 

 For more than one decade, IPSS has been the 
standard prognostic score utilized by most 
research centers and clinicians around the world 
(Greenberg et al.  1997  ) . The importance of this 
score is derived also from the fact that most of the 
approved drugs (Kantarjian et al.  2006 ; Fenaux 
et al.  2009 ; List et al.  2006  )  for patients with MDS 
have been investigated in the context of the IPSS. 
Therefore, until we understand the effect of ther-
apy on newer prognostic models, IPSS is still 
going to remain an important tool for our daily 
clinical practice. Table  10.1  summarizes the IPSS 
model and Table  10.2  the impact of age on both 
the overall survival and transformation to acute 

myelogenous leukemia (AML) (Greenberg et al. 
 1997  ) . In summary, IPSS utilizes three character-
istics to calculate the outcome: percentage of 
blasts, cytogenetics, and the number of cytope-
nias. Details are shown in Table  10.1 . Although 
IPSS is a fundamental tool, it is obvious that this 
score has several limitations some of which are 
intuitive and were probably not relevant in 1997 
but that are now becoming a major issue regard-
ing our clinical approach to patients with MDS. 
The  fi rst one is that IPSS is a poor model to pre-
dict survival of patients with lower-risk disease. A 
classic example is patients with isolated cytope-
nia that may not have excess blasts or poor-risk 
cytogenetics. An example could be a patient with 
severe thrombocytopenia and no excess blasts or 
cytogenetic alterations. That patient could have 
an IPSS of 0 point regardless of whether the 

 Score value 

 Prognostic variable  0  0.5  1.0  1.5  2.0 
 BM blasts (%)  <5  5–10  –  11–20  21–30 
 Karyotype a   Good  Intermediate  Poor 
 Cytopenias  0/1  2/3 

   a Karyotype is classi fi ed as follows: good [normal, –Y, del(5q), and del(20q)], poor 
(complex ( ³ 3 abnormalities) or chromosome 7 anomalies), and intermediate (other 
abnormalities)  

   Table 10.1    The IPSS 
classi fi cation for MDS   

 No. of patients  Low  Int-1  Int-2  High 

 A. Median survival (years) 
   Total no. of 

patients (%) 
 816  267 (33)  314 (38)  176 (22)  59 (7) 

   Median 
(years) 

 5.7  3.5  1.2  0.4 

  Age (years) 

    £ 60  205 (25)  11.8  5.2  1.8  0.3 

   >60  611  4.8  2.7  1.1  0.5 

    £ 70  445 (54)  9.0  4.4  1.3  0.4 

   >70  371  3.9  2.4  1.2  0.4 
 B. 25 % AML evolution (years) 
   Total no. of 

patients (%) 
 759  235 (31)  295 (39)  171 (22)  58 (8) 

   Median 
(years) 

 9.4  3.3  1.1  0.2 

  Age (years) 

    £ 60  187 (25)  >9.4 (NR)  6.9  0.7  0.2 

   >60  572  9.4  2.7  1.3  0.2 

    £ 70  414 (55)  >9.4 (NR)  5.5  1.0  0.2 

   >70  345  >5.8 (NR)  2.2  1.4  0.4 

   Abbreviation :  NR  not reached  

   Table 10.2    Age-related 
survival and AML evolution 
of MDS patients based on 
IPSS   
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 platelet count requires transfusion replacement or 
not. It is obvious that the prognosis of these two 
situations is quite distinct. Indeed, severe throm-
bocytopenia has been shown to be a predictor of 
poor survival (Kantarjian et al.  2007  ) . The other 
signi fi cant issue was that the IPSS provided more 
weight to percentage of blasts relative to cytoge-
netic alterations. Schanz et al. have clearly shown 
the fact that speci fi c cytogenetic alterations are 
associated with distinct prognosis (Schanz et al. 
 2011  ) . Finally, IPSS was designed to include a 
very speci fi c group of patients: those with previ-
ously untreated disease. It excluded patients with 
chronic myelomonocytic leukemia (CMML) with 
elevated white blood cell counts. Finally, IPSS 
was designed to be used at initial presentation and 
in principle could not be calculated sequentially. 
Therefore, IPSS was not designed to assess risk in 
patients receiving active therapy or in subsequent 
follow-up evaluations. IPSS was not formally 
studied in patients with hypoplastic MDS and did 
not include several other prognostic characteris-
tics that have a signi fi cant impact on the natural 
history of MDS. Therefore, the need for additional 
models that could account for these limitations.    

    10.3   The Pavia Model: WPSS 

 The group at the University of Pavia has been at the 
forefront in the development of new prognostic 
models in MDS. The WPSS (Malcovati et al.  2007  )  
was one of the  fi rst signi fi cant efforts to improve on 
IPSS. This classi fi cation combined IPSS with mor-
phological assessment of the disease MDS using 
WHO criteria (Vardiman et al.  2009  ) . The proposed 
model (Table  10.3 ) was developed using a cohort of 
426 patients and was validated in a second cohort of 
739 patients. WPSS includes WHO morphologic 
criteria (Vardiman et al.  2009  )  together with 

 IPSS-de fi ned cytogenetics (Greenberg et al.  1997  )  
and transfusion dependency. This was de fi ned as 
red blood cell transfusion in need of at least one 
transfusion every 8 weeks over a period of 4 months. 
One potential theoretic limitation of the IPSS was 
that it was calculated at the time of initial presenta-
tion and was never formally tested at sequential 
later time points. The WPSS was designed as a 
time-dependent tool that allows calculating progno-
sis at multiple time points during the natural history 
of an individual patient. Despite these advantages, 
WPSS has two major limitations. One is that instead 
of providing speci fi c hemoglobin thresholds, prog-
nosis was initially based on transfusion dependency, 
a characteristic that is not always known. This was 
eventually improved when recently a modi fi ed 
model replaced transfusion needs for speci fi c 
hemoglobin levels (Malcovati et al.  2011  ) . The sec-
ond, and major, limitation of WPSS is that it requires 
WHO morphological assessment of the disease. 
This is a problem due to the reproducibility of 
WHO diagnosis in the community (Naqvi et al. 
 2011a  ) . Although this should not be a problem in 
most research centers, it is an issue in centers with-
out access to expert hematopathologist. This is 
important as we have described a signi fi cant dis-
crepancy in the diagnosis between centers in the 
USA (Naqvi et al.  2011a  ) . In summary, WPSS is an 
excellent model that allows evaluation at multiple 
time points but is signi fi cantly limited by the need 
of expert morphological assessment of MDS.   

    10.4   The Global MD Anderson 
Cancer Center Model 

 The MDS program at MD Anderson Cancer 
Center (MDACC) receives close to 300 new 
patients with MDS annually and has maintained a 
clinical database that goes back to 1975. This has 

   Table 10.3    WPSS classi fi cation for MDS   

   Score       

 Variable  0  1  2  3 
 WHO category  RA, RARS, 5q−  RCMD, RCMD-RS  RAEB-1  RAEB-2 
 Karyotype (per IPSS)  Good  Intermediate  Poor  – 
 Transfusion requirement     No  Regular  –  – 

  Risk groups are very low (score = 0), low (score = 1), intermediate (score = 2), high (score = 3–4), and very high 
(score = 5–6)  
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allowed investigators at the center to analyze 
clinical outcomes of patients with MDS in a 
systematic fashion. Because most patients with 
MDS referred to MDACC come for a second 
opinion or have received prior therapy, a popu-
lation of patients distinct than that of the origi-
nal IPSS, we developed a new prognostic model 
using variables not included in IPSS (Kantarjian 
et al.  2008  ) . The characteristics of this model are 
shown in Table  10.4  and the relation between sur-
vival and different score in Table  10.5 . The study 
included a total population of 1,915 patients and 
a study group of 958 patients. These patients 
had been evaluated at MDACC from 1993 to 
2005. Patients with CMML or that had received 
prior therapy were also included in the model. 
Survival was calculated from the time of  referral. 

Of  particular interest was the observation that 
the Global MDACC model was able to predict 
different prognostic subgroups in each IPSS 
subcategory (Fig.  10.1 ). This model also allows 
calculation of survival at different time points 
during the life of the patient, similar to the time-
dependent characteristic of WPSS. The Global 
MDACC model includes characteristics such as 
age and performance status that are not included 
in either WPSS or IPSS. Finally, another major 
advantage of the model is the fact that it does 
not require WHO assessment of the disease. The 
global MDACC model has now been validated 
by a number of other groups con fi rming its value 
outside the context of a major referral center such 
as MDACC (Komrokji et al.  2012  ) .     

    10.5   Characteristics Associated 
with Prognosis Not Included 
in Most Models 

 Over the last few years, a number of individual 
characteristics have been proposed to have prog-
nostic value in MDS. Not all of them have been 
incorporated in current clinical models but are 
of interest. Examples include  b 2-microglobin, 
ferritin levels, presence of marrow  fi brosis, or 
presence of CD34+ cells.  b 2-Microglobin is a 
component of class I MHC molecule. It has been 
shown to be associated with prognosis in a num-
ber of human leukemias. In MDS (Kantarjian 
et al.  2008  )  and in CMML (Beran et al.  2007  ) , 
 b 2-microglobin has been shown to be associated 
with worse prognosis. The same was observed in 
the lower-risk MDACC model discussed below 
(Garcia-Manero et al.  2008  ) . It has been pro-
posed that patients with evidence of iron accu-
mulation due to red cell transfusions have worse 
prognosis (Cazzola and Malcovati  2008  ) . At this 
point, it is not clear whether the impact of this 
phenomenon is related to end-organ damage or 
to other pathophysiologic mechanisms. That said, 
and based on these concepts, a number of groups 
have evaluated the impact of the number of red 
cell transfusions or surrogate markers in the 
prognosis of patients with MDS (Malcovati et al. 
 2007 ; Cazzola and Malcovati  2008  ) . Ferritin is 

   Table 10.4    Global MDACC model   

 Prognostic factor  Coef fi cient  Points 

 Performance status 

   ³ 2  0.267  2 

 Age, years 
  60–64  0.179  1 

   ³ 65  0.336  2 

 Platelets, ×10 9 /L 
  <30  0.418  3 
  30–49  0.270  2 
  50–199  0.184  1 
 Hemoglobin < 12 g/dL  0.274  2 
 Bone marrow blasts, % 
  5–10  0.222  1 
  11–29  0.260  2 
 WBC > 20 × 10 9 /L  0.258  2 
 Karyotype: chromosome 
7 abnormality or com-
plex  ³  3 abnormalities 

 0.479  3 

 Prior transfusion, yes  0.107  1 

   Table 10.5    Estimated overall survival by four levels of 
prognostic score points   

 Survival 

 Score 
 No. of 
patients (%) 

 Median 
(months) 

 % at 3 
years 

 % at 6 
years 

 0–4  157 (16)  54  63  38 
 5–6  227 (24)  25  34  13 
 7–8  233 (24)  14  16  6 

  ³ 9  341 (36)  6  4  0.4 



15710 Prognostic Models for Patients with Myelodysplastic Syndromes

a  surrogate marker of iron stores and several 
groups have proposed that ferritin levels are also 
associated with poorer prognosis (Garcia-Manero 
et al.  2008  ) . For instance, in the lower-risk model, 
although not incorporated in the  fi nal multivariate 
analysis due to the fact that it was not analyzed 
in enough patients, it was shown that patients 
with higher ferritin levels had a worse progno-
sis (Fig.  10.2 ). It will be of interest to study the 
impact of better indicators or iron accumulation, 
such as hepcidin, in MDS. Finally, the group from 
Pavia has reported on the potential value of incor-
porating the analysis of marrow  fi brosis or num-
ber of CD34+ cells in MDS (Della Porta et al. 
 2009  ) . In this study, moderate-to-severe bone 
marrow  fi brosis was detected in 17 % of cases 
and was associated with multilineage dysplasia, 
higher transfusion needs, and poor-risk cyto-
genetics. CD34+ cell clusters were detected in 
23 % of patients and were associated with excess 
of blasts and poor-risk cytogenetics. Both had 
independent negative impact on overall  survival 

and  leukemia-free  survival. Incorporation of 
marrow  fi brosis into IPSS resulted in a shift to a 
one-step more advanced risk group. The analysis 
of the implications of marrow  fi brosis is becom-
ing more complex as it is evident that there is 
a signi fi cant fraction of patients with overlap 
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  Fig. 10.1    Survival discrepancy between IPSS and the 
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 myeloproliferative features that have distinct nat-
ural histories (Vardiman et al.  2009  ) .   

    10.6   Incorporating Molecular 
Information in MDS 

 A number of groups are performing very signi fi cant 
efforts in the discovery of genetic lesions in MDS. 
This has been recently reviewed by several groups 
(Bejar et al.  2011b  ) . At this time, the most compre-
hensive analysis has been reported by Bejar et al. 
 (  2011a  )  but several groups are performing large-
scale whole-genome studies of MDS. The question 
is whether speci fi c genes or pathways are associ-
ated with poorer prognosis independent of other 
variables. For instance, in the study of Bejar et al. 
 (  2011a  ) , an analysis was performed calculating the 
impact on prognosis of speci fi c genes and their 
relation to IPSS. The effect of speci fi c mutations 
on survival is shown in Fig.  10.3 . Patients with 
mutations had worse survival than those without 
mutations. One important aspect of this study is the 
con fi rmation of mutations in p53 as a very poor 
prognosis identi fi ed in 8 % of patients but also the 
identi fi cation of EZH2 as a very poor feature in 
MDS and speci fi cally also in lower-risk disease 
(see below). EZH2 is a histone methyltransferase 
and is a member of the Polycomb-group family 
(Xu and Li  2012  ) . PcG family members form mul-
timeric protein complexes and are involved in 
maintaining the transcriptional repressive gene 
expression state. EZH2 is involved in the addition 
of three methyl groups to lysine 27 of histone 3. Of 
importance, EZH2 is located in chromosome 7, a 
fact that could explain the poor prognosis associ-
ated with the deletion of chromosome 7 in MDS. 
Both activation and inactivation mutations have 
been described, although in MDS inactivating 
mutations are more common (Morin et al.  2010  ) .  

 It is obvious that the next generation of MDS 
classi fi cations will need to include gene mutational 
analysis and that we are entering a new phase in 
the incorporation of molecular data in such mod-
els. Already the IPSS-R group (described below) 
is working on the incorporation of such data.  

    10.7   Predicting Prognosis of 
Patients with Lower-Risk MDS 

 By IPSS, patients with lower-risk MDS are those 
with low or int-1 disease. Traditionally, a large 
majority of these patients are observed and most 
clinical interventions have been targeted towards 
improving transfusion needs. That said, patients 
in the lower-risk subgroup constitute a very het-
erogeneous group including patients with mini-
mal cytopenias and patients heavily transfusion 
dependent but with low percentage of blasts and 
normal or intermediate cytogenetic alterations. 
Based on this, we decided to develop a prognos-
tic model speci fi c for patients with lower-risk 
MDS (Garcia-Manero et al.  2008  ) . The charac-
teristics of this model are shown in Table  10.6  
and the impact on survival on Table  10.7 . This 
model incorporated simple variables such as age, 
cytogenetics, hemoglobin, platelet count, and 
percentage of marrow blasts. The model was able 
to separate patients with low or int-1 disease by 
IPSS into three distinct survival groups (Fig.  10.4 ). 
The lower-risk model allows the calculation of 
survival based on a score of 0–7 points. As with 
all models from MDACC (due to the speci fi c type 
of patients evaluated at the center), it required 
con fi rmation by other groups. The most impor-
tant con fi rmatory effort has been recently reported 
indicating that not only the model can be repli-
cated in other patient populations but that patients 
with poorer prognosis lower-risk disease have 
distinct gene mutational patterns (Bejar et al. 
 2012  ) . In this study, it was shown that the fre-
quency of mutational events was lower in patients 
in the better prognosis subset (Fig.  10.5 ). Different 
genes had also distinct prognostic weight (Bejar 
et al.  2012  ) . For instance, the presence of muta-
tions on EZH2 was associated with very poor 
prognosis in this subset of patients with lower-
risk disease. The results of incorporating molecu-
lar data to patients with a priori low-risk disease 
(based on the percentage of blasts or cytogenet-
ics) have signi fi cant importance as it is going to 
allow the development of early intervention strat-
egies for patients with MDS.      
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  Fig. 10.3    Effect of survival of speci fi c genetic events in patients with MDS (Adapted from Bejar et al.  (  2011a  ) )       

   Table 10.6    MDACC MDS lower-risk prognostic model   

 Characteristics  Points 

 Unfavorable cytogenetics  1 

 Age  ³  60 years  2 

 Hemoglobin < 10 (g/dL)  1 
 Platelets 
   < 50 × 10 9 /L  2 
  50–200 × 10 9 /L  1 

 Bone marrow blasts  ³  4 %  1 

   Table 10.7    Survival per risk score in the lower-risk 
MDS MDACC model   

 Score  Median survival  4-year OS (%) 

 0  NR  78 
 1  83  82 
 2  51  51 
 3  36  40 
 4  22  27 
 5  14  9 
 6  16  7 
 7  9  N/A 
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    10.8   The Impact of Comorbidities 

 Patients with MDS tend to be older and obviously 
are at higher risk to have additional concomitant 
comorbidities. It is known that the presence of 
other active comorbidities is associated with worse 
prognosis. It is not clear whether comorbidities 
have a negative additive effect on survival or 
whether it has a direct effect on the natural  history 
of the disease. Several groups have performed 

analysis of the impact of comorbidities in the sur-
vival of MDS. A number of studies have addressed 
this issue using different systems. Wang et al. con-
ducted a population-based study of older persons 
with MDS that suggested lower survival in those 
with comorbid ailments, particularly those with 
congestive heart failure (CHF) and chronic 
obstructive pulmonary disease (Wang et al.  2009  ) . 
Moreover, previous studies have shown CHF, pul-
monary and liver failure, infections, hemorrhage, 
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and solid tumors as the main causes of non-leuke-
mic death in MDS (Malcovati et al.  2005 ; Della 
Porta and Malcovati  2009 ; Dayyani et al.  2010  ) . 
At MDACC, we used the ACE-27 comorbidity 
score to address this issue (Naqvi et al.  2011b  ) . 

 The ACE-27 was developed by Piccirillo et al. 
and was derived from adult cancer patients 
(Piccirillo et al.  2003  ) . Six hundred patients with 
MDS were included in this analysis. Approximately 
half of the patients had a baseline IPSS 
classi fi cation of low or intermediate-1. Baseline 
ACE-27 comorbidity scores were as follows: 
none, 137 patients (23 %); mild, 254 (42 %); 
moderate, 127 (21 %); and severe, 82 (14 %). 
Approximately 55 % of the patients were diag-
nosed with disorder of the cardiovascular system, 
with hypertension being the most common comor-
bidity (37 %), followed by coronary artery bypass 
graft (14.3 %). History of prior malignancy was 
reported in 168 (28 %) patients. Ninety-seven 
(16 %) patients had diabetes mellitus. Median 
survival according to the ACE-27 scores was 32 
months for no comorbidity, 17 months for mild 
comorbidity, 15 months for moderate comorbid-
ity, and 9.7 months for severe comorbidity 
( p  < 0.0001). A prior history of malignancy and 
cardiovascular disease was associated with the 
worst survival. Older age, advanced IPSS, and 
leukemic transformation were associated with 
greater risk of death, while having undergone 
stem cell transplantation was associated with lon-
ger survival. Comorbidity did not have a signi fi cant 
effect on survival for patients in the low-risk cat-
egory, whereas patients in the intermediate-1 and 
intermediate-2 groups ( p  = 0.001) and high-risk 
category ( p  = 0.04) had signi fi cant worse survival 
with increasing ACE-27 scores. Comorbidities 
signi fi cantly decreased survival in those younger 
than 65 years ( p  < 0.0001) but had no signi fi cant 
effect in those older than 65. Included in the  fi nal 
model were age, IPSS, and ACE-27 comorbidity 
scores. The  fi nal prognostic model for the overall 
survival was developed as low (score 0–1), inter-
mediate (score 2–4), and high (score 5–8). Patients 
in the low-risk category had a median survival of 
43.0 months versus 23.0 months and 9.0 months 
for those in the intermediate-risk and high-risk 
groups, respectively (Naqvi et al.  2011b  ) .  

    10.9   A New Cytogenetic 
Classi fi cation of MDS 

 Metaphase analysis of karyotypic abnormalities 
continues to be one of the more powerful prog-
nostic tools for patients with human leukemia. 
The original IPSS score already introduced cyto-
genetics as one of its prognostic characteristics. 
In that model, patients were divided in three cat-
egories. Schanz et al. have performed a system-
atic analysis of cytogenetic alterations in MDS 
(Schanz et al.  2011  ) . First, they demonstrated 
that prognosis was strongly associated with 
speci fi c very poor prognostic features, such as 
deletion of chromosome 7, independent of other 
characteristics such as blast percent or degree 
cytopenia (Schanz et al.  2011  ) . This is an impor-
tant concept: as shown in the lower-risk model 
described above, there was a subset of patients 
with very poor prognosis that could be potentially 
transfusion independent, many of which could 
have cytogenetic alterations. These authors and 
in collaboration with the subcommittee on cyto-
genetics of the IPSS-R reanalyzed the impact of 
cytogenetics in MDS and developed the new 
5-subset cytogenetic classi fi cation that forms the 
bases of the new IPSS-R (Fig.  10.6 ). This study 
de fi ned 19 cytogenetic categories. The abnormal-
ities were classi fi ed into  fi ve prognostic sub-
groups: very good (median OS, 61 months;  hazard 
ratio [HR], 0.5;  n  = 81), good (49 months; HR, 
1.0;  n  = 1,809), intermediate (26 months; HR, 
1.6;  n  = 529), poor (16 months; HR, 2.6;  n  = 148), 
and very poor (6 months; HR, 4.2;  n  = 187). 
Patients were from an international group of US 
and European centers. This is a very important 
effort as it forms the bases of the new IPSS-R 
(Greenberg et al.  2012  )  system described below, 
and it allows a more precise description of cyto-
genetic alterations in MDS.   

    10.10   The New Standard: IPSS-R 

 The development of the new cytogenetic 
classi fi cation described above and the limitations 
observed after more than two decades of use 
prompted the development of a new international 
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classi fi cation for patients with MDS. This effort 
was led by Peter Greenberg and involved investi-
gators from multiple continents that agreed on 
sharing data towards the development of a uni fi ed 
classi fi cation. The results of this effort were 
recently published and included data from over 
7,000 patients all over the world (Greenberg et al. 
 2012  ) . The characteristics of this model are 

shown in Tables  10.8  and  10.9 . This model is 
signi fi cantly more complex and predictive than 
the original IPSS. The major differences include 
a more complex cytogenetic classi fi cation but 
also different thresholds of blasts percentage and 
cytopenias. For instance, patients are now divided 
into those with less than 2 % blasts, 2–5 %, 
5–10 %, and more than 10 % (in the initial IPSS 
the threshold was 10 %). Cytopenias are also 
more precisely de fi ned. Now a threshold of 
50 × 10 3  k/uL platelets is incorporated; signi fi cant 
neutropenia is computed as an absolute neutro-
phil count of 800 k/uL, and for hemoglobin, a 
level of less than 8 g/dL is also incorporated. This 
translates in  fi ve different risk subgroups: very 
low, low, intermediate, high, and very high. The 

Median O S Median O S Median O S Median O S Median O S
60.8 months 48.5 months 15.0 months 5.7 months
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  Fig. 10.6    New cytogenetic classi fi cation of MDS (Adapted from Greenberg et al.  (  2012  )  and Schanz et al.  (  2011  ) )       

   Table 10.8    The revised new IPSS score (IPSS-R)   

 Prognostic variable  0  0.5  1  1.5  2  3  4 

 Cytogenetics  Very good  –  Good  –  Intermediate  Poor  Very poor 
 BM blast (%)   £ 2  –  >2–<5  –  5–10  >10  – 

 Hemoglobin   ³ 10  –  8–<10  <8  –  –  – 

 Platelets   ³ 100  50–<100  <50  –  –  –  – 

 ANC   ³ 0.8  <0.8  –  –  –  –  – 

   Table 10.9    IPSS-R prognostic risk categories/scores   

 Risk category  Risk score 

 Very low   £ 1.5 
 Low  >1.5–3 
 Intermediate  >3–4.5 
 High  >4.5–6 
 Very high  >6 
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survival of each patient is shown in Fig.  10.7 . 
Two major questions were addressed by the 
model. The  fi rst one was whether the new IPSS-R 
offered any major advantage compared to IPSS. 
As shown in Fig.  10.8 , IPSS-R was able to fur-
ther separate subsets of patients in each IPSS 
subcategory. Finally, there was signi fi cant discus-
sion in terms of whether age should be incorpo-
rated in the model. At the end, a decision was 
made not to include age in the model but to offer 
a nomogram to calculate the impact of age on 
each subcategory. Until new molecular data is 
incorporated into these clinical models, the 
IPSS-R is going to be the standard prognostic 
model used by most investigators for patients 
with MDS.      

    10.11   Speci fi c Subtypes of MDS: 
Hypoplastic, Overlap 
Syndromes, and Therapy-
Related Disease 

 There are several subsets of MDS with very 
speci fi c natural histories. These include patients 
with hypoplastic MDS, those with features both 
of MDS and a myeloproliferative disorder 

 (so-called overlap syndromes that include 
CMML), and those patients treated with prior 
chemo and/or radiation therapy (therapy-related 
MDS). 

 The natural history of patients with hypoplas-
tic MDS is not well understood. Patients with 
hypoplastic MDS are often dif fi cult to distin-
guish from those with aplastic anemia, a diag-
nosis that is commonly excluded based on the 
presence of clonal abnormal cytogenetic altera-
tions. Hypoplastic MDS is considered when mar-
row cellularity is less than 30 or 20 %, depending 
on the age of the patient. There are few retrospec-
tive analysis of hypoplastic MDS. Tong et al. 
performed an analysis of 253 patients with hypo-
cellular MDS (de fi ned as a bone marrow cellular-
ity of less than 20 % regardless of age) (Tong et al. 
 2012  ) . After analyzing clinical characteristics of 
this group of patients, the investigators were able 
to construct a prognostic model. The survival 
outcomes for patients with each score point are 
listed in Table  10.9 . For clinical practice purposes, 
patients were divided into three risk groups based 
on their total risk scores (Table  10.9 ). Patients 
with low risk ( n  = 66; scores 0–1) had a median 
survival of 30 months and 2-year/3-year survival 
of 62 %/44 %. Patients with intermediate risk 
( n  = 44; score 2) had a median survival of 19.4 
months and 2-year/3-year survival of 43 %/20 %. 
Patients with high-risk disease ( n  = 59; scores 
3–5) had a median survival of 7.3 months and 
2-year/3-year survival of 12 %/6 %. 

 There are no recent systematic prognostic 
models for patients with overlap syndrome or 
those with t-MDS. These models are needed 
because of the clear distinct natural histories of 
these patients. For instance, patients with refrac-
tory anemia with ring sideroblasts with thrombo-
cytosis appear to have a more benign natural 
history (Atallah et al.  2008  ) . Patients with CMML 
are known to have a poorer survival and disease 
characterized by tissue in fi ltration, systemic 
symptoms, and higher frequency of mutations of 
the Ras family. In 2002, Onida and Beran pre-
sented a prognostic model for patients with 
CMML (Onida et al.  2002  ) . The study group 
comprised 213 patients. Splenomegaly was 
observed in 61 patients (29 %). Using different 
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  Fig. 10.7    Survival    based on IPSS-R prognostic risk-
based categories. Survival related to MDS patients’ prog-
nostic risk categories (Kaplan-Meier curves,  n  = 7012; 
Dxy 0.43,  p  < 0.001). The number of patients in each cat-
egory and their proportional representation are shown in 
Table  10.1  (Adapted from Greenberg et al.  (  2012  ) )       
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methods, the following characteristics were found 
to be of prognostic signi fi cance: hemoglobin less 
than 12 g/dL, lymphocyte count greater than 
2.5 × 10 9 /L, peripheral blood immature monocyte 
forms 0 %, and bone marrow blasts no more than 
10 %. This could then be used to divide the 
patients into four different categories with distinct 
survival. It is not clear at this time whether the 
identi fi cation of known genetic events, such as 
mutations in Ras, adds to this prognostic system. 

 Finally, patients with secondary or therapy-
related disease are known to have poor progno-
sis due to the very high incidence of cytogenetic 
alterations as well as their prior history of 
other malignancies. None of the models dis-
cussed above, except for the global MDACC 
model (Kantarjian et al.  2008  ) , have included 

 therapy-related MDS patients. At MDACC, we 
evaluated the characteristics of patients with 
t-MDS. We studied 281 patients with MDS 
that had received prior chemotherapy and/or 
radiotherapy for prior malignancy. Multivariate 
Cox regression analysis identi fi ed seven fac-
tors that independently predicted short survival 
in t-MDS: age  ³ 65 years (HR = 1.63), ECOG 
performance status 2–4 (HR = 1.86), poor 
cytogenetics (−7 and/or complex; HR = 2.47), 
WHO MDS subtype (RARS or RAEB-1/2; 
HR = 1.92), hemoglobin (<11 g/dL; HR = 2.24), 
platelets (<50 × 10 9 /dL; HR = 2.01), and transfu-
sion dependency (HR = 1.59). These risk factors 
were used to create a prognostic model that seg-
regated patients into three groups with distinct 
median overall survival: good (0–2 risk factors; 
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  Fig. 10.8    Comparison of IPSS-R and IPSS subgroups 
within the IWG-PM database patient cohort. Vertical axis 
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categories. The proportion of patients in each category is 
shown in Table  10.9 . Kendall   t   = 0.73 (Adapted from 
Greenberg et al.  2012  ) )       
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34 months), intermediate (3–4 risk factors; 12 
months), and poor (5–7 risk factors; 5 months) 
( p  < 0.001), and 1-year leukemia-free survival 
(96, 84, and 72 %, respectively,  p  = 0.003). This 
model also identi fi ed distinct survival groups 
according to t-MDS therapy.  

    10.12   Models for Response 
to Therapy, Including Stem 
Cell Transplant 

 None of the models that we have discussed above 
are speci fi cally design to calculate outcomes of 
patients treated with speci fi c forms of therapy. 
Over the last few years, we have witnessed a 
signi fi cant improvement in our capacity to treat 
patients with MDS. A number of clinical char-
acteristics are associated with increased response 
to lenalidomide therapy for patients with lower-
risk MDS (List et al.  2006  ) . These include the 
presence of an alteration of chromosome 5 in the 
context of anemia and no signi fi cant thrombocy-
topenia (List et al.  2006  ) . Marrow hypocellularity 
has been proposed to be a marker of response to 
ATG-based therapy (Lim et al.  2007  ) . The group 
at the NIH has developed an algorithm to predict 
response to immunosuppressive therapy in MDS 
that includes age, HLA-DR15 positivity, and min-
imal history of transfusion needs (Saunthararajah 
et al.  2003  ) . Cytogenetics are known to predict 
for poor response to standard form of AML-
like chemotherapy and more recently stem cell 
transplantation. That said, we are in need of bio-
markers of response to hypomethylating agents. 
At the present time, no such biomarker exists. 
Mutations on TET2 have been associated with 
increased response rates to azacitidine (Itzykson 
et al.  2010  )  and miR29b (Blum et al.  2010 ; Yang 
et al.  2011  )  to decitabine. None of these two 
assays have been validated by other studies. More 
recently, the French group presented a model of 
response to azacitidine (Itzykson et al.  2011  ) . 
Two hundred eighty-two consecutive high or 
intermediate-2 risk patients with MDS received 
azacitidine. Diagnosis was RA/RARS/RCMD in 
4 %, RAEB-1 in 20 %, RAEB-2 in 54 %, and 
RAEB-t in 22 %. Cytogenetic risk was good in 

31 %, intermediate in 17 %, and poor in 47 %. 
Patients received azacitidine for a median of 6 
cycles. Previous low-dose cytosine arabinoside 
treatment ( P     = 0.009), bone marrow blasts > 15 % 
( P  = 0.004), and abnormal karyotype ( P  = 0.03) 
independently predicted lower response rates. 
Complex karyotype predicted shorter responses 
( P  = 0.0003). Performance status  ³  2, intermedi-
ate- and poor-risk cytogenetics, presence of cir-
culating blasts, and red blood cell transfusion 
dependency  ³  4 units/8 weeks (all  P  < 10 −4 ) inde-
pendently predicted poorer overall survival. A 
prognostic score based on those factors discrimi-
nated 3 risk groups with median overall survival 
not reached, 15.0 and 6.1 months, respectively 
( P  < 10 −4 ). This prognostic score was validated 
in an independent set of patients ( P  = 0.003). 
Achievement of hematological improvement in 
patients who did not obtain complete or partial 
remission was associated with improved survival 
( P  < 10 −4 ). 

 Finally, a number of characteristics have 
been described to predict for outcomes after 
transplantation. These include a  fl ow cytometry 
assays and the presence of speci fi c cytogenetic 
alterations. Deeg et al. studied the impact of 
the 5-group cytogenetic classi fi cation of MDS 
on outcome after stem cell transplantation. 
Results were compared with the impact of the 
original three cytogenetic classi fi cation of the 
IPSS. The effect of monosomal karyotype was 
also investigated. The study included data on 
1,007 patients, median 45 years, transplanted 
with both related and unrelated donors using 
diverse conditioning regimens. Both IPSS and 
5-group cytogenetic risk classi fi cations were 
signi fi cantly associated with posttransplant 
relapse and mortality. The 5-group classi fi cation 
discriminated more clearly among the lowest- 
and highest-risk patients. The presence of a 
monosomal karyotype also further increased 
the rates of relapse and mortality, even after 
considering the IPSS or 5-group classi fi cations. 
The pathologic disease category correlated 
with both relapse and mortality. Mortality was 
also in fl uenced by patient age, donor type, con-
ditioning regimen, platelet count, and etiology 
of MDS.  
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      Conclusion 

 A number of prognostic scores are currently 
available for patients with MDS. Right now 
the standard should be considered, the IPSS-R. 
It is likely that these models are going to be 
rapidly replaced by other systems incorporat-
ing molecular information in the near future. 
We should expect them shortly once molecu-
lar analysis becomes standard for patients with 
MDS. Although these models are powerful 
tools to predict survival in untreated patients, 
we are in need of models to predict response 
to speci fi c forms of therapy or outcome once 
therapy is started including stem cell 
transplantation.      
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  11

    11.1   Introduction    

 Transformation to acute myeloid leukemia 
(AML) and overall survival are the endpoints 
most widely reported for large cohort studies of 
unselected MDS patients. In the high-risk MDS 
subtypes (RAEB II, IPSS score INT-2/High), 
transformation to AML exceeds non-leukemic 
mortality at all time points from diagnosis (Della 
Porta and Malcovati  2009  ) . However, the cause 
of death for those patients who do not transform 
to AML may be directly related to their MDS, 
including iatrogenic complications such as iron 
overload, or alternatively due to comorbid condi-
tions (Della Porta and Malcovati  2009  ) . Thus, the 
management of low-risk MDS is focussed more 
on improving quality of life and overall survival 
and less on an anti-leukemic approach that domi-
nates the management of higher-risk MDS.  

    11.2   Mechanism of Anemia in MDS 

 As predicted from the clinical presentation, in vitro 
studies of clonogenic growth have con fi rmed eryth-
ropoiesis as the hematopoietic lineage expressing 
the most prominent defect in patients with  low-risk 
MDS (Backx et al.  1993 ; Sawada et al.  1995  ) . 

While the anemia of MDS can often be multifac-
torial, the most prominent pathological processes 
are ineffective erythropoiesis and hypoprolifera-
tive erythropoiesis. Ineffective erythropoiesis is 
more commonly seen in refractory anemia (RA), 
refractory anemia with ring sideroblasts (RARS), 
and refractory anemia with excess blasts (RAEB) 
(usually <10 % blasts), while patients with >10 % 
blasts have more hypoproliferative erythropoiesis 
(Cazzola et al.  1982  ) .  

 Ineffective erythropoiesis is likely to be 
affected by both intrinsic and extrinsic fac-
tors. Extrinsic factors include erythropoietic 
suppression by cytokines or suppressor T-cells 
(Kochenderfer et al.  2002  ) . Gene expression 
pro fi ling implicates pathways of interferon sig-
naling also (Pellagatti et al.  2006  ) . A previously 
unrecognized role for the microenvironment may 
also be relevant for subsets of patients such as 
del(5q) MDS (SPARC gene) (Pellagatti et al. 
 2007  ) . Intrinsic abnormalities include haploin-
suf fi ciency for the ribosomal protein RPS14 
(Ebert et al.  2008  )  and miR-145 and miR-146a 
(Starczynowski et al.  2010  )  in del(5q) MDS or 
mutation in the splice factor SF3B1 in MDS with 
ring sideroblasts (Papaemmanuil et al.  2011  ) . 

    11.2.1   Additional Contributors 
to Anemia in MDS 

 Peripheral red cell destruction/loss may also 
 produce anemia in MDS. Red cell loss may result 
from bleeding associated with thrombocytopenia 
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and/or platelet functional defects. Red cell life-
span is shortened in some MDS patients, and this 
may be due to hemolysis (often with a positive 
direct antiglobulin test) (Sokol et al.  1989  )  or 
hypersplenism.   

    11.3   Allogeneic Stem Cell 
Transplantation: Curative 
Intent 

 Although the median age of 74 years precludes 
consideration of allogeneic stem cell transplanta-
tion for the majority of patients with low-risk 
MDS, there is an increasing recognition that 
selected younger adult patients should be consid-
ered for therapy with curative intent. This is con-
sidered in more detail in Chapter   13    , but such 
patients may include:

   Patients <50 years  • 
  Patients <70 years with IPSS Low/INT-1 and • 
a high red cell transfusion burden  
  Patients <70 years with IPSS Low/INT-1 and • 
symptomatic thrombocytopenia requiring reg-
ular platelet transfusion  
  Patients <70 years with IPSS Low/INT-1 with • 
evidence of disease progression (e.g., progres-
sive and symptomatic cytopenias, increasing 
bone marrow blast count, clonal evolution, or 
increasing bone marrow  fi brosis)    

 As the molecular landscape of MDS is revealed 
and the prognostic signi fi cance of new molecular 
abnormalities emerges, transplantation of patients 
not currently considered for allograft may be 
explored in clinical trials.  

    11.4   Management of Anemia 

 An algorithm for the management of symptom-
atic anemia is outlined in (Fig.  11.1 ). 

    11.4.1   Supportive Care 

 Although active therapeutic intervention is avail-
able for selected patients with MDS, the majority 
of patients will receive supportive care, either as 
their only treatment or before and after a therapeu-
tic trial of active intervention. This is a consequence 
of both a lack of effective and/or durable therapeu-
tic strategies and the relatively high comorbidity 
incidence (54 %) in this predominantly older 
patient cohort (Della Porta et al.  2011  ) . The major-
ity of MDS patients are not red cell transfusion 
dependent at diagnosis, but transfusion dependence 
is now a well-established poor prognostic factor 
for overall survival (Malcovati et al.  2007  ) . 

 Supportive care usually refers to the replace-
ment of de fi cient blood components (red cells 
and platelets) in symptomatic patients, treatment 
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  Fig. 11.1    Algorithm for the initial management of patients with low-risk MDS and symptomatic anemia       
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of infection, and iron chelation therapy for trans-
fusional iron overload. These interventions are 
not intended to alter the natural history of the 
 disease, though there is some evidence that iron 
chelation therapy may have a disease-modifying 
effect. High-quality evidence for the effective-
ness of supportive care in terms of outcome mea-
sures such as quality of life and survival is lacking 
and has not been systematically studied. It 
remains paradoxical that supportive care, which 
is dif fi cult to standardize, is therefore the  standard 
of care against which new therapeutic interven-
tions are compared. Nevertheless, the goal of 
supportive care is to improve quality of life and, 
where possible, prolong survival.  

    11.4.2   Quality of Life at Baseline 

 Physical quality of life parameters are impaired 
in MDS patients compared with healthy age-sex-
matched subjects. These physical parameters 
include physical functioning and vitality (Short 
Form-36 tool) and the physical component of 
fatigue (EuroQol-5D Visual Analogue Scale 
instrument). Each of these physical parameters 
was correlated to hemoglobin concentration in 
a cohort of regularly transfused MDS patients 
(Jansen et al.  2003  )  and at registration in a large 
low-risk MDS Registry program (EQ-5D only) 
(Stauder et al.  2010  ) . Mental components of the 
QOL instruments were not in fl uenced by hemo-
globin concentration in either study.  

    11.4.3   Red Cell Transfusion 

 Red cell transfusion dependence and also trans-
fusion burden are now established risk factors for 
poorer outcome compared to non- transfusion-
dependent patients (Malcovati et al.  2006 ; 
Goldberg et al.  2010  ) . Chronic anemia, though 
seldom directly life threatening, can nevertheless 
also produce signi fi cant morbidity and is there-
fore important in relation to quality of life and to 
comorbid disease. The in fl uence of chronic ane-
mia on cardiac complications in MDS patients 
remains unknown. Chronic anemia of MDS 
increases cardiac preload, which leads to left 
ventricular (LV) hypertrophy and an increased 
cardiac output (Oliva et al.  2005  ) . In well-

 chelated patients with  b -thalassemia, asymptom-
atic  abnormalities of cardiac function have been 
 documented, including both an increase in left 
ventricular mass and a reduced contractility (Bosi 
et al.  2003  ) . LV ejection fraction was reduced in 
the more iron-loaded patients but was also abnor-
mal in some patients who were well chelated. 

 Red cell transfusion should be considered in 
any patient symptomatic of anemia, irrespective of 
hemoglobin concentration and after exclusion of 
other causes. Patients with MDS may however 
compensate well for their anemia, and the hemo-
globin trigger for the introduction of red cell trans-
fusion will vary between individuals and also 
between institutions and indeed countries. The 
frequency of red cell transfusion is variable, and 
some evidence suggests that this frequency 
increases with time (Durairaj et al.  2011  ) , at least 
in some patients. For patients with short transfu-
sion intervals, bleeding and hemolysis should be 
considered, but this high transfusion requirement 
usually simply re fl ects profound erythroid failure 
(severe reticulocytopenia) with/without peripheral 
consumptive processes such as hypersplenism. 

 Increased amplitude of variation in  hemoglobin 
concentration also correlates with a poorer QOL 
(Caocci et al.  2007  ) . Maintenance of a consistent 
hemoglobin concentration >12 g/dl for at least 8 
weeks, whether by transfusion or ESA, has also 
been associated with improved QOL in a further 
small study (Nilsson-Ehle et al.  2011  ) . In separate 
cohorts of patients with cancer-related anemia 
treated with recombinant erythropoietin, a simi-
lar improvement in physical QOL parameters has 
been observed (Fallow fi eld et al.  2002 ; Boogaerts 
et al.  2003  ) . Although most physicians and 
patients accept the “up-down” cyclical symptoms 
of a conventional transfusion program, evidence 
from cancer patients treated with recombinant 
erythropoietin would indicate the greatest incre-
mental bene fi t in QOL to occur at a hemoglobin 
concentration >12 g/dl (Cella  1997 ; Demetri et al. 
 1998  ) . Most regularly transfused MDS patients 
rarely achieve this, even transiently. 

 The risks associated with red cell transfu-
sion are considerable, and many remain as yet 
unknown. Some such as transfusion-associated 
circulatory overload remain unquanti fi ed in MDS 
patient cohorts. Increasing recognition of trans-
fusion-transmitted infection drives the search for 
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alternative strategies for the management of ane-
mia. Although those transmitted infections with 
long incubation times appear of little relevance to 
the majority of MDS patients whose life expec-
tancy is <6 years, there are a group of long-term 
transfused patients for whom this is a major 
issue. Red cell alloimmunization is common and 
increases with increasing numbers of units trans-
fused. Despite this, reactions to red cell transfu-
sion are equally frequent in patients without red 
cell alloantibodies (Fluit et al.  1990  ) .  

    11.4.4   Iron Chelation Therapy 

 There are no convincing data on which to base 
recommendations for iron chelation therapy in 
MDS patients. A raised serum ferritin is an estab-
lished independent risk factor for overall survival 
in patients with low-risk MDS (Sperr et al.  2010 ; 
Malcovati et al.  2005  ) , but as yet there is no evi-
dence that improving iron overload with iron 
chelation therapy can impact positively on sur-
vival. Retrospective, uncontrolled cohort studies 
suggest a bene fi t from iron chelation therapy, but 
these are hampered by methodological limitations 
(Rose et al.  2010  ) . Anecdotally, all hematologists 
can recall patients with transfusional iron over-
load who have died of cardiac failure. For most 
of these patients, it is dif fi cult to exclude at least 
a contribution from coexistent cardiac disease 
or the cardiac effects of chronic anemia (Oliva 
et al.  2005  ) . For practical purposes, most guide-
lines have recommended instituting iron chelation 
therapy for those transfusion-dependent patients 
with a good prognosis (e.g., 5q− syndrome, WHO 
RARS), commencing after approximately 25 
units transfused (Bowen et al.  2003  ) . Although 
not licensed for MDS, this author considers that 
desferrioxamine remains the iron chelator of 
choice, primarily because of its established safety 
pro fi le. Desferrioxamine is usually administered 
 subcutaneously by infusion or rarely by twice-
daily bolus. The support of an active multidisci-
plinary team is essential to maximize compliance 
with this cumbersome and invasive therapy. 
Desferrioxamine, given as a regular subcutane-
ous infusion, can reduce serum ferritin and liver 
iron concentration in MDS patients (Jensen et al. 
 1995  ) . The addition of vitamin C 100–200 mg 

daily taken about 1 h prior to desferrioxamine 
infusion increases the proportional iron excretion 
but should not be started until approximately 4 
weeks after  desferrioxamine therapy is initiated. 
The use of  twice-daily subcutaneous bolus injec-
tions of desferrioxamine (Franchini et al.  2000  )  
may be considered where infusions are not toler-
ated, but there is even less information about their 
potential value in myelodysplasia than for the sub-
cutaneous infusions. Observational studies have 
also suggested that desferrioxamine therapy may 
be associated with improved marrow function and 
reduced transfusion requirements (Haines and 
Wainscoat  1991 ; Jensen et al.  1996  ) . 

 The new oral iron chelator deferasirox is now 
licensed for the treatment of iron overload in MDS 
patients. The ef fi cacy and clinical bene fi t of defera-
sirox are clearly established for iron-overloaded 
patients with  b -thalassemia major (Cappellini et al. 
 2011  ) . Large phase 2 studies in patients with low-
risk MDS have con fi rmed a reduction in serum fer-
ritin and in labile plasma iron (Gattermann et al. 
 2010  ) , and a large phase 3 study is ongoing to 
assess clinical bene fi t. Safety and tolerability of 
long-term administration is also to be established. 

 The oral iron chelator deferiprone is occasion-
ally used but is not licensed for use in MDS and 
is contraindicated in neutropenic patients due to 
the rare side effect of agranulocytosis. Large 
studies demonstrating the ef fi cacy and safety of 
deferiprone in MDS patients are lacking. 

 The main challenges are to clearly link trans-
fusional iron overload in MDS to life-threatening 
complications, such as cardiac failure, and to 
develop reliable and reproducible methods for 
monitoring iron status in relevant end organs, 
such as the liver and heart (Pennell et al.  2011  ) . If 
this can be achieved, then if iron chelation ther-
apy improves clinical outcome in MDS, the 
mechanism may also be elucidated.  

    11.4.5   Hematopoietic Growth Factors 

    11.4.5.1   Introduction 
 Although red cell transfusion remains the most 
appropriate intervention for most patients, an 
improved understanding of the optimal use of 
interventional agents, coupled with the availability 
of new drugs, will lead to an increasing proportion 
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of patients treated actively with the intention of 
eliminating transfusion need. The most widely 
used pharmacological stimulants of erythropoiesis 
in anemic MDS patients are the recombinant 
erythropoietins (alpha and beta) and the longer-
acting derivative erythropoietin compounds (e.g., 
darbepoetin alfa), collectively now referred to as 
erythropoiesis-stimulating agents (ESA). 

 The aim of interventional therapy for anemia 
is to improve quality of life, benchmarked either 
against the baseline untreated state or against best 
supportive care in the form of red cell transfu-
sions. These interventional therapies have the 
potential to produce  sustained  increases in hemo-
globin concentration and to thus avoid the up-
and-down lifestyle accepted by so many regularly 
transfused patients and their physicians who set 
relatively low thresholds for transfusion trigger. 
A small study suggests that quality of life can be 
improved if a high hemoglobin concentration 
(>12 g/dl) is maintained by either red cell trans-
fusion or ESA (Nilsson-Ehle et al.  2011  ) . 

 An International Working Group has de fi ned 
clinically relevant criteria for erythroid response 
evaluation in MDS clinical trials (Cheson et al. 
 2006  ) . Erythroid response mandates a baseline 
hemoglobin concentration <9 g/dl for red cell trans-
fusion-dependent patients (<11 g/dl for non-transfu-
sion dependent) and a reduction in red cell transfusion 
by at least 4 units in an 8-week period compared 
with the 8 weeks prior to initiating therapy.  

    11.4.5.2   Erythropoiesis-Stimulating 
Agents (ESA) 

 The therapeutic ef fi cacy of the erythropoiesis-
 stimulating agents including recombinant 
erythropoietin (EPO), alone or combined with 
granulocyte colony-stimulating factor (G-CSF), 
in the treatment of anemia is now well established 
for selected patients with MDS. Despite the vast 
literature and multitude of clinical studies, the 
precise role of hematopoietic growth factors in 
the management of MDS patients remains to be 
clearly de fi ned. De fi nitive clinical trials, pow-
ered to demonstrate improved quality of life and 
improved survival, are still required but are now 
ongoing. Cohort studies have clearly demonstrated 
responses to ESA, and two small randomized 
studies have indicated superior erythroid response 
rates compared with either best supportive care 

plus placebo (vs. EPO alone) (Italian Cooperative 
Study Group  1998  )  or best supportive care alone 
(vs. EPO + G-CSF) (Casadevall et al.  2004 a). In a 
recent cross-sectional survey of the management 
of MDS from 74 French centers, 40 % of low-risk 
patients had received an ESA within the preced-
ing 6 months (Kelaidi et al.  2010  ) . 

 ESA therapy is generally well tolerated with 
the most common side effects of  fl u-like symp-
toms and occasional splenic pain and enlarge-
ment. Thrombocytopenia can be accentuated in 
nonresponders to EPO, but rarely with adverse 
clinical consequences (Gabrilove et al.  2008  ) . 

 However, several key questions remain (par-
tially) unanswered: 

      Which Patients Will Respond? 
 Early indications of response predictors to ESA 
therapy as a single agent were identi fi ed in a meta-
analysis covering trials of EPO for MDS patients 
up to 1994 and including 205 patients from 17 tri-
als (Hellstrom-Lindberg et al.  1998  ) . The overall 
response rate was 16 %, using 100 % reduction of 
transfusion need as a minimal response criterion. 
Factors predictive of response were non-RARS 
FAB subtype, pretreatment serum erythropoietin 
(sEPO) concentration of less than 200 u/l, and 
absent need for red cell transfusion. Earlier studies 
suggested that patients with sideroblastic erythro-
poiesis (WHO subtypes RARS and RCMD-RS) 
responded less well to ESA therapy alone, but more 
recent large studies indicate comparable responses 
across all low-risk WHO subgroups (Park et al. 
 2008  )  with no apparent difference between patients 
with predominant erythroid dysplasia compared 
with those with multilineage dysplasia. The largest 
cohort study of ESA-treated MDS patients has 
identi fi ed the following independent predictors of 
response in multivariate analysis: <10 % bone mar-
row blasts, IPSS category Low/INT-1, red cell 
transfusion independence, sEPO <200 IU/l, and 
shorter time from diagnosis (Park et al.  2008  ) . A 
large phase 2 study also indicates that response 
rates may be higher in red cell transfusion-inde-
pendent patients (Gabrilove et al.  2008  ) . 

 The synergistic therapeutic effect of G-CSF 
added to EPO has been clearly demonstrated 
(Hellstrom-Lindberg et al.  1998 ; Remacha et al. 
 1999 ; Negrin et al.  1996  ) . This effect was most 
pronounced in patients with RARS, who have 
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shown the best response rate to the combination 
(~50 %). The combination therapy was well toler-
ated. Using pretreatment erythropoietin as a ter-
nary variable (<100, 100–500, or >500 u/l) and 
RBC transfusion requirement (<2 or  ³ 2 units per 
month) as a binary variable, a predictive model for 
response was developed from the data of 98 
patients treated in two multicenter studies. Three 
groups were identi fi ed with predicted response 
rates of 74, 23, and 7 % (Hellstrom-Lindberg et al. 
 1997a  ) . The model remained predictive of response 
in a prospective validation of the model, although 
response rates were predictably lower at 61 and 
14 % in the “good” and “intermediate” predictive 
groups, respectively (Hellstrom-Lindberg et al. 
 2003  ) . It is important to emphasize that this pre-
dictive model was derived for patients treated with 
a therapeutic trial of 12-week duration only. 

 Despite the availability of a validated predic-
tive model for response prediction, 39 % patients 
with a high predictive score still fail to respond. 
Improved predictors of response or earlier indica-
tors of therapeutic response are clearly required. 
A small study suggests that reticulocyte response 
at 1 week post-initial ESA dose strongly predicts 
response (Bowen et al.  2006  ) . Preliminary data 
indicate that absent/minimal aberrant myeloid 
antigen expression by  fl ow cytometry is a strong 
predictor of response to ESA in low-risk MDS 
(Westers et al.  2010  ) . This is now under study in 
a prospective randomized trial.  

      When Should Therapy Be Initiated? 
 A shorter interval from diagnosis to ESA initia-
tion (<6 months vs. > 6 months) is associated 
both with an improved response rate to ESA and 
also with a longer duration of response (Park 
et al.  2010  ) . In addition there is some evidence 
that earlier ESA therapy is associated with 
delayed onset of transfusion dependence and 
median interval from diagnosis to transfusion 
dependency of 80 months versus 35 months, 
respectively, in patients with onset of ESA <6 
months and >6 months from diagnosis (Park 
et al.  2010  ) . These data are perhaps supported by 
the high response rate to ESA in non-transfused 
or minimally transfused patients (Gabrilove 
et al.  2008  ) .  

      Optimal Dosing Schedule? 
 The majority of published studies have used dosing 
schedules for erythropoietin alpha/beta of approxi-
mately 50,000–70,000 units/week in 3–5 divided 
doses for a minimum of 6 weeks. Small studies 
have indicated equivalent ef fi cacy of once-weekly 
dosing of EPO alpha/beta for MDS patients, usu-
ally at a total dose of approximately 40,000 U/
week (Garypidou et al.  2003  ) , but larger studies are 
required to con fi rm this. Darbepoetin alfa doses are 
typically equivalent to 150 mcg/week, usually ini-
tiating at 300 mcg every 2 weeks or 450 mcg every 
3 weeks and reducing the dose and/or increasing 
the interval to the optimal schedule for mainte-
nance of response. Given the potentially higher or 
at least faster response rate of RARS patients to 
combination therapy, it is reasonable to initiate 
treatment with ESA plus G-CSF for this group. 
G-CSF should be added at a dose to normalize (and 
at least double) the neutrophil count if it is less than 
1.5 × 10 9 /l or double the neutrophil count if it is 
more than 1.5 × 10 9 /l. As for all other patients on 
ESA treatment, functional iron de fi ciency has to be 
considered in nonresponders, though this has not 
been systematically studied as a cause of ESA 
treatment failure in MDS.  

      How Prolonged a Therapeutic Trial? 
 Two studies with less stringent response criteria 
than the Scandinavian trials have demonstrated 
an increased response rate with prolonged 
growth factor treatment. Responses to therapy 
with EPO + G-CSF increased from 61 % at 12 
weeks to 80 % at 36 weeks (Mantovani et al. 
 2000  ) , while responses to EPO therapy alone 
increased from 18 % at 12 weeks to 45 % at 26 
weeks in another cohort (Terpos et al.  2002  ) . 
Both studies indicate that RARS (FAB 
classi fi cation) patients bene fi t most from these 
prolonged therapeutic trials, but the quality of 
response is not described. The extensive French 
experience calls these observations into ques-
tion (Park et al.  2008  ) . 

 For practical purposes a therapeutic trial of ESA 
alone for 12 weeks in red cell transfusion-depen-
dent patients and 8 weeks in non-transfusion-
dependent patients is recommended. Nonresponse 
to ESA alone should invoke addition of G-CSF in 
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patients with RARS for a further 12-week trial of 
therapy. A smaller proportion of patient with non-
RARS low-risk MDS will respond to the addition 
of G-CSF.  

      How Durable Is Erythroid Response 
to Growth Factors? 
 The response criteria used for different stud-
ies have varied in their stringency, and those 
using the most stringent criteria (complete 
response = achievement of Hb >11.5 g/dl and 
transfusion independence, partial response => 
2 g/dl increment in Hb concentration and inde-
pendence from transfusion) (Hellstrom-Lindberg 
et al.  2003 ; Casadevall et al.  2004b  )  will be most 
likely to identify durable responses. 

 Quality of response determines durability with 
median response duration for complete respond-
ers (achievement of Hb >11.5 g/dl and transfusion 
independence) of 29 months versus 5.5 months 
for partial responders (>2 g/dl increment in Hb 
concentration and independence from transfu-
sion) (Hellstrom-Lindberg et al.  2003  ) . Prolonged 
responses are reported with similar durability in 
some cohorts (Mantovani et al.  2000 ; Hast et al. 
 2001  ) , but not others (Casadevall et al.  2004 a).  

      Is There a Quality of Life Improvement? 
 No randomized studies have been conducted 
with suf fi cient statistical power to demonstrate 
 differences in quality of life (QOL). Small 
cohort studies have identi fi ed an increase in 
global QOL (EORTC QLQ-C30 instrument) in 
responding patients (Nilsson-Ehle et al.  2011 ; 
Hellstrom-Lindberg et al.  2003  ) , while a small 
randomized study failed to show any differ-
ence in QOL (Functional Assessment of Cancer 
Therapy-Anemia tool) between cohorts treated 
with ESA + G-CSF versus best supportive care 
(Casadevall et al.  2004 a).  

      Can ESA Therapy Impact 
on Overall Survival? 
 Two comparative cohort studies suggest an 
improved overall survival in patients treated with 
ESA with no difference in transformation to acute 
myeloid leukemia (Park et al.  2008 ; Jadersten 
et al.  2008  ) . In the French study 5-year OS was 

64 % for ESA-treated patients versus 39 % for 
historical controls, but OS bene fi t was restricted 
to ESA responders (Park et al.  2008  ) . In the 
Nordic study the hazard ratio for overall survival 
for ESA-treated patients compared with untreated 
matched controls was 0.66, with the survival 
bene fi t most evident in patients with lower trans-
fusion burden (<2 units/month) (Jadersten et al. 
 2008  ) . These studies both compared a historical 
cohort of patients treated with ESA with a matched 
historical cohort treated with supportive care only. 
Such studies are subject to methodological limita-
tions, and given the widespread use of ESA as the 
accepted standard of care in suitable low-risk 
MDS patients, there will never be a prospective 
randomized controlled trial to de fi nitively con fi rm 
or refute this survival advantage. Given the con-
troversy surrounding the possible decrement in 
overall survival for ESA-treated patients with 
solid tumors (Rizzo et al.  2010  ) , it is reassuring to 
know that this seems highly unlikely in MDS and 
indeed the converse appears more likely.  

      Safety Monitoring 
 The risk of thrombosis with ESA therapy in MDS 
appears relatively low, 2 % in a recent study 
(Gabrilove et al.  2008  ) . Nevertheless, it seems pru-
dent to interrupt therapy if the hemoglobin con-
centration or hematocrit rises rapidly or if 
hemoglobin concentration exceeds 12 g/dl (Rizzo 
et al.  2010  ) .  

      Mechanism of Action? 
 A response to ESA + G-CSF therapy is morpho-
logically associated with a reduction of bone 
marrow apoptosis, reduced (but more effective) 
bone marrow erythropoiesis, and, in RARS, a 
reduced number of ring sideroblasts (Hellstrom-
Lindberg et al.  1997b  ) . In vitro, EPO + G-CSF 
reduces mitochondria-mediated proapoptotic 
pathway activation in erythroid culture systems 
from both RARS and RA patients (Tehranchi 
et al.  2003  ) . A preferential stimulation of non-
clonal hematopoietic cells in patients responding 
to ESA alone has also recently been reported 
(Fig.  11.2a, b ) (Rigolin et al.  2002  ) . Apparently 
off-target immunological mechanisms may also 
be relevant (Lifshitz et al.  2010  ) .     
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  Fig. 11.2    Simpli fi ed mechanisms of action of selected agents in low-risk MDS. ( a ) ESA for non-sideroblastic low-risk 
MDS. ( b ) ESA for sideroblastic low-risk MDS. ( c ) Immunosuppressive therapy. ( d ) Lenalidomide             
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    11.4.6   Erythroid Response to 
Combination Therapy with 
Erythropoiesis-Stimulating 
Agents 

 Several smaller cohort studies have indicated that 
response rates to the combination of erythropoie-
tin + granulocyte-macrophage colony-stimulating 
factor (GM-CSF) are comparable to those with 
erythropoietin + G-CSF (Stasi et al.  1999  ) . However, 
the only randomized study of GM-CSF + placebo 
versus GM-CSF + erythropoietin showed low 
response rates (<10 % in each arm) and little differ-
ence between both arms (Thompson et al.  2000  ) . 
GM-CSF has more side effects than G-CSF, and 
there is little evidence to recommend GM-CSF 
therapy in combination with erythropoietin. 

 No combination studies of ESA plus other 
cytokines or differentiating agents have demon-
strated evidence of potential superiority to ESA 
therapy alone. ESA plus ATRA may induce 
responses in patients previously failing ESA or 
with other factors predictive of nonresponse to 
frontline ESA (high transfusion burden and/or 
serum EPO) (Itzykson et al.  2009  ) .  

    11.4.7   Immunosuppressive Therapy 

 Several biological observations indicate a compo-
nent of immunological dysregulation in at least 
some patients with low-risk MDS. These include a 
greater than expected incidence of autoimmune 
abnormalities (clinical and serological) (Hamblin 
 1996  ) , augmented cytotoxic T-cell activity 
(Kochenderfer et al.  2002  ) , and dysregulation of 
regulatory T-cells (Kordasti et al.  2007  ) . Finally 
there is an overlap between low-risk MDS and 
bone marrow failure syndromes such as aplastic 
anemia and paroxysmal nocturnal hemoglobinuria. 
These provide the rationale for immunosuppres-
sive therapeutics, which are now an established and 
effective treatment in a small subgroup of patients: 

    11.4.7.1   Antilymphocyte/Antithymocyte 
Globulin (ALG/ATG) 

 The response rate to ATG in unselected low-risk 
MDS patients is approximately 30 % (Molldrem 

et al.  2002 ; Lim et al.  2007  ) , recognizing that all 
patient series reported thus far have a consider-
ably lower median age than for population-based 
MDS patient series. ATG is associated with a 
considerably higher morbidity/mortality in older 
patients with aplastic anemia (Tichelli et al. 
 1999  ) , and its use in MDS should be restricted to 
relatively younger patients (typically < 65 years). 
In contrast to aplastic anemia, modeling data sug-
gest a lower response rate to ATG with increasing 
age in MDS patients (Sloand et al.  2008  ) , although 
patient numbers are small. Table  11.1  indicates 
optimal patient selection criteria to maximize 
response rate. The initial assumption that this 
therapy would be effective only in patients with 
hypocellular bone marrow is incorrect, and 
responses in patients with normocellular and 
even hypercellular marrows have been reported. 
ATG must be administered as an inpatient in units 
experienced with such therapy. The preferred 
source of ATG is horse derived which now has 
more limited availability in Europe. In aplastic 
anemia there is emerging evidence for a lower 
ef fi cacy and higher morbidity/mortality in 
patients treated with rabbit ATG compared with 
horse ATG (Scheinberg et al.  2011  ) . The evi-
dence for this differential ef fi cacy and toxicity in 
MDS is lacking, and indeed one small MDS study 
showed no signi fi cant difference between the two 
(Aivado et al.  2002  ) . Biologically, response is 
associated with a derepression of oligoclonal 
T-cells on hematopoietic production with restora-
tion of polyclonal T-cells in responders 
(Fig.  11.2c ) (Kochenderfer et al.  2002  ) . The 
mechanism of action of ATG is however multi-
factorial and may include direct hematopoietic 
stimulation. A signi fi cant advantage of ATG ther-
apy is that it is a “one-hit” option. Ciclosporin 
should be introduced following ATG (Sloand 
et al.  2008  )  and continued for 6 months, but fol-
lowing withdrawal of ciclosporin, the median 
duration of response is 2 years. Most responders 
have a trilineage response, although red cell 
transfusion independence is usually the most 
clinically signi fi cant. Retrospective cohort com-
parator population analysis suggests a survival 
advantage for responders to ATG (Sloand et al. 
 2008  ) , but such analyses have many statistical 
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 fl aws. Finally whether ATG therapy impacts on 
subsequent outcome following allogeneic stem 
cell transplantation remains unknown. This is an 
important question as the increasing recognition 
of the prognostic signi fi cance of transfusion 
dependence creates a dilemma for the manage-
ment of such relatively young low-risk MDS 
patients (e.g., <65 years, transfusion dependent 
with a normal karyotype).   

    11.4.7.2   Ciclosporin 
 Ciclosporin monotherapy may have a niche role 
for older patients with associated evidence of 
autoimmune phenomena or hypocellular bone 
marrow. Response is lower than for ATG, and 
earlier studies indicating a high response rate 
(Okamoto et al.  2000  )  have not been easily 
reproduced.  

    11.4.7.3   CAMPATH 
 Following the ef fi cacy of anti-CD52 monoclonal 
antibody therapy in aplastic anemia, early indica-
tions are for high ef fi cacy in low-risk MDS 
(Sloand et al.  2010  ) .   

    11.4.8   Management of Del(5q) 
MDS: A Special Case 

 The classical MDS patient with del(5q) is an older 
female with a macrocytic anemia and thrombo-
cytosis. Erythroid hypoplasia is common (46 % 
patients) (Giagounidis et al.  2004  ) . Biological 
data implicate haploinsuf fi ciency of RPS14 (per-
haps via p53 activation) in the erythroid defect 
(Ebert et al.  2008  ) , haploinsuf fi ciency of miR-
145 and miR-146a (Starczynowski et al.  2010  )  
in the thrombocytosis, and haploinsuf fi ciency 
of SPARC in the clonal dominance (Pellagatti 
et al.  2007  ) . Del(5q) as an isolated abnormality is 
associated with a good prognosis with an overall 
survival of approximately 12 years (Giagounidis 
et al.  2004  ) . 

 Prior to the mid-2000s, the management of the 
anemia associated with del(5q) was similar to 
other low-risk MDS. However, it had long been 
recognized that this subtype of MDS had a higher 
response rate to the (rarely used) low-dose 
 cytarabine than others (Juneja et al.  1994  ) . The 
Groupe Francophone des Myélodysplasies 

   Table 11.1    Response predictors for interventional therapy in low-risk MDS (IPSS Low/INT-1) identi fi ed as 
 independent variables in multivariate analyses   

 ESA ± G-CSF  ATG  Lenalidomide 

 sEPO  <500 IU/l a   No  No 
 Transfusion 
dependence 

  £ 2 units per 4 weeks (Hellstrom-
Lindberg et al.  1997a  )  

 Shorter duration
(Saunthararajah et al.  2003  )  

 N/A b  

 No transfusions (Park et al.  2008  )  
 Time from 
diagnosis 

 <6 months (Park et al.  2010  )   No c   >2 years from diagnosis 

 Flow 
cytometry 

 Number of myeloid aberrancies 
(Westers et al.  2010  )  

 No  No 

 Bone marrow 
karyotype 

 No  Normal  Del(5q) as sole abnormality 
or with additional 
abnormality 

 WHO 
classi fi cation 

 No  No  MDS with del(5q) 

 Platelet count  No  Lower count (Molldrem et al. 
 2002  )  

 Platelets > 150 × 10 9 /l 

 Age  No   £ 60 years (Sloand et al.  2008  )   No 

 No (Lim et al.  2007  )  
 HLA subtype  No  DR15 yes (Sloand et al.  2008  )   No 

 DR15 no (Lim et al.  2007  )  

   a <100 IU/l predicts for highest response rate 
  b No trials have recruited transfusion-independent patients 
  c Time from diagnosis not signi fi cant but duration of red cell transfusion dependent inversely correlated with response  
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(GFM) retrospectively reviewed the response 
rates for del(5q) MDS treated with ESA or thali-
domide. Response rates to ESA were lower 
(39 %) than for non-del(5q) MDS (52 %) and of 
shorter duration (13 vs. 27 months) but were 
comparable for thalidomide therapy, although 
again of relatively short duration (9 months). 

 A serendipitous observation in an early-phase 
clinical trial of lenalidomide for low-risk MDS 
has changed the management of anemia in del(5q) 
low-risk MDS. In this phase 2 study, 83 % patients 
with del(5q) MDS had an erythroid response to 
lenalidomide (List et al.  2005  ) . A subsequent 
expanded phase 2 study showed a 67 % rate of 
red cell transfusion independence, with 38/62 
patients having a complete cytogenetic response 
(List et al.  2006  ) . A recently completed phase 3 
trial has con fi rmed the superior erythroid response 
rate of lenalidomide compared with placebo and 
that 10 mg daily (compared with 5 mg daily) for 
21 of 28 days is the optimal dose (Fenaux et al. 
 2011  ) . Medium-/long-term safety and overall 
survival advantage have yet to be con fi rmed.  

    11.4.9   Other Therapies 

    11.4.9.1   Immunomodulatory Therapy 
for Non-del(5q) MDS 

 Initial studies with thalidomide demonstrated 
clear biological activity in low-risk MDS, but tol-
erance is poor in this older patient population 
(Raza et al.  2001  ) . Lenalidomide monotherapy 
for low-risk MDS patients lacking the del(5q) 
karyotypic abnormality has signi fi cant activity 
and is currently in phase 3 study. In a large phase 
2 trial of transfusion-dependent patients, 26 % 
achieved transfusion independence with a median 
duration of response of 10 months and with lim-
ited toxicity (predominantly manageable myelo-
suppression) (Raza et al.  2008  ) . Factors associated 
with an increased likelihood of achievement of 
transfusion independence included lower transfu-
sion burden, shorter duration of MDS, and higher 
baseline platelet count (Table  11.1 ).  

    11.4.9.2   Hypomethylating Agents 
 The US Federal Drugs Administration has licensed 
two hypomethylating agents, azacitidine and 

decitabine, for the treatment of patients with low-
risk MDS, although neither is licensed for this 
indication in Europe. Subcutaneous azacitidine 
has clear activity in low-risk MDS, producing 
transfusion independence in a similar proportion 
of patients as in high-risk MDS in one large 
US-based randomized trial (Silverman et al.  2002  ) . 
Recent retrospective studies have con fi rmed these 
early data (Musto et al.  2010  ) . Oral azacitidine is 
promising in low-risk MDS with response rates in 
early-phase study that are at least comparable to 
the subcutaneous formulation and acceptable tol-
erability (Garcia-Manero et al.  2011  ) .  

    11.4.9.3   Sodium Valproate 
 The oral histone deacetylase inhibitors sodium 
valproate and sodium phenylbutyrate have some 
clinical activity in low-risk MDS. Responses are 
short lived and toxicity is signi fi cant, principally 
fatigue (Kuendgen et al.  2004  ) . More selective 
HDACIs with more potent HDAC inhibition are 
now in clinical trial and perhaps promise more 
than the  fi rst-generation inhibitors. In vitro studies 
indicate at least additive effects when combined 
with hypomethylating agents, and combination 
clinical trials are ongoing.   

    11.4.10   New Agents 

 Several novel agents are in early-phase clinical 
trial including neddylation inhibitors (MLN4924) 
for lenalidomide failure in del(5q) MDS, interleu-
kin-6 inhibitors (siltuximab) for ESA failure, 
GST-P1-1 inhibitor (TLK199), p38 MAP kinase 
inhibitors (SCIO-469), and indoleamine 2,3-diox-
ygenase inhibitors to inhibit myeloid-derived sup-
pressor cells. As yet, ef fi cacy remains unclear.   

    11.5   Supportive Management 
of Thrombocytopenia 
and Neutropenia 

    11.5.1   Thrombocytopenia 
and Bleeding 

 Bleeding is usually coincident with severe throm-
bocytopenia due to bone marrow failure, but may 
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rarely also be a manifestation of MDS-associated 
platelet functional defects. In a large single insti-
tutional study, thrombocytopenia was more com-
mon in high-risk MDS patients and, in all MDS 
patients, was considered directly causative of 
death (hemorrhage) in 10 % of patients (Kantarjian 
et al.  2007  ) . Prophylactic platelet transfusion is 
not indicated in asymptomatic thrombocytopenic 
patients and should be reserved to cover symp-
tomatic bleeding or planned interventional proce-
dures such as surgery or dental extraction. The 
ef fi cacy of danazol in transiently improving 
platelet counts in MDS patients is controversial 
(Chan et al.  2002 ; Chabannon et al.  1994  ) . Recent 
optimism that single-agent thrombomimetics 
used successfully in immune-mediated thrombo-
cytopenia would safely increase platelet counts 
in patients with MDS has now been dampened by 
safety concerns. Romiplostim demonstrated 
impressive short-term ef fi cacy in the dose- fi nding 
study, but transient blast proliferation was noted 
at higher doses (Kantarjian et al.  2010  ) . The fol-
low-on phase 3 study was stopped prematurely 
following concerns that transient blast prolifera-
tions were relatively frequent and the rate of 
AML transformation was greater in the romi-
plostim arm compared to placebo. Ef fi cacy was 
clear, as assessed by platelet counts, reduced 
platelet transfusions, and a reduction in thrombo-
cytopenic (bleeding) events.  

    11.5.2   Neutropenia and Infection 

 Neutropenia is common in MDS patients, and 
infection is one of the major causes of death 
(Table  11.1 ). Most MDS patients treated with 
granulocyte colony-stimulating factor (G-CSF) 
increase their blood neutrophil counts, indicating 
reasonable marrow reserve. No randomized stud-
ies have yet demonstrated a clear bene fi t for rou-
tine use of G-CSF, although in one cohort study, 
patients with neutrophil counts maintained at 
>1.5 × 10 9 /l had fewer infections than those with 
lower values (Negrin et al.  1990  ) . Prophylactic 
G-CSF therapy may have some role in patients 
with severe chronic neutropenia and recurrent 
infections. There is no evidence for prophylactic 
antibiotic therapy in this context.       
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    12.1   Overview of Management 
of High-Risk Myelodysplastic 
Syndrome 

 Myelodysplastic syndromes (MDS) comprise a 
group of heterogeneous clonal hematopoietic stem 
cell disorders characterized by dysplastic changes 
and ineffective hematopoiesis leading to periph-
eral cytopenias in one or more blood cell lines 
combined with a variable risk of leukemic progres-
sion. For prognostic and therapeutic purposes, 
MDS has been generally divided into two major 
risk categories, low- and high-risk groups, accord-
ing to the International Prognostic Scoring System 
(IPSS) depending on the percentage of blasts in the 
bone marrow (BM), the karyotype, and the num-
ber of cell lines affected by cytopenias (Greenberg 
et al.  1997  ) . High-risk myelodysplastic syndrome 
(HR-MDS) is usually de fi ned by the IPSS risk 

 categories of intermediate-2 (INT-2) and high 
(Greenberg et al.  1997  ) , by the French-American-
British (FAB) categories of refractory anemia with 
excess blasts (RAEB) and refractory anemia with 
excess blasts in  transformation (RAEB-T) (Bennett 
et al.  1982  ) , or by the World Health Organization 
(WHO) classi fi cation categories of refractory 
cytopenia with multilineage dysplasia (RCMD) 
and refractory anemia with excess blasts 1 and 2 
(RAEB-1 and RAEB-2) (Malcovati et al.  2005, 
  2007  ) . The FAB category of RAEB-T (with BM 
blasts of 20–30 %) was reclassi fi ed in the new 
WHO classi fi cation into AML with myelodysplas-
tic features or trilineage dysplasia, but many stud-
ies of HR-MDS, especially older studies of that 
predated the WHO classi fi cation, have included 
patients with RAEB-T. The prognosis of patients 
with HR-MDS is generally poor with high risk of 
progression to acute myeloid leukemia (AML) and 
limited survival in absence of active therapy 
(Greenberg et al.  1997 ; Germing et al.  2000  ) . 

 The goal of therapy for HR-MDS is to alter the 
natural history of the disease and prolong survival. 
The use of traditional chemotherapeutic agents for 
HR-MDS has been largely disappointing. Aside 
from enrollment into clinical trials and  supportive 
care, the 3 standard therapeutic options for 
HR-MDS include allogeneic hematopoietic stem 
cell transplantation (alloHSCT), intensive AML-
type chemotherapy, and DNA methyltransferase 
inhibitor (DNMTi) therapy. Although alloHSCT 
is the only known curative therapy for HR-MDS, 
only a minority of patients are considered eligible 
for the procedure given the high transplant-related 
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mortality (TRM) and morbidity and the fact that 
most patients with HR-MDS are elderly and/or 
medically in fi rm. Despite recent advances in the 
 fi eld of alloHSCT, such as improvements in 
 supportive care, introduction of reduced-intensity 
conditioning (RIC) and nonmyeloablative regi-
mens, and increased alternative donor options that 
have expanded the applicability of alloHSCT to 
patients with HR-MDS, the majority of patients 
still do not proceed to alloHSCT. In addition, the 
use of alloHSCT for HR-MDS therapy is associ-
ated with limited ef fi cacy, and many such trans-
planted patients  suffer from high rates of disease 
relapse and/or signi fi cant transplant-related mor-
bidity and mortality. Until the recent approval of 
DNMTi therapy, treatment for patients with 
HR-MDS who were ineligible for HSCT was 
largely supportive, including transfusions, hemato-
poietic growth factors, and antibiotics as needed. 
In this chapter, we will discuss the current thera-
peutic options for HR-MDS with a focus on 
DNMTi therapy and provide an overview of the 
main investigational agents that are in advanced 
stages of evaluation in HR-MDS. The role of 
alloHSCT in the management of HR-MDS and 
the management of low-risk MDS (LR-MDS) 
including supportive care, growth factor, and iron 
chelation use is discussed elsewhere in this book.  

    12.2   DNA Methyltransferase 
Inhibitor (DNMTi) Therapy 
in HR-MDS 

    12.2.1   Mechanisms of Action of DNMTi 

 To date, two DNMTi have been approved by 
the Food and Drug Administration (FDA) for 
the management of HR-MDS: 5-azacytidine 
(AZA, Vidaza ® , Celgene) and decitabine (DAC, 
Dacogen ® , Eisai). The two drugs are chemically 
closely related, naturally occurring analogs of the 
pyrimidine nucleoside cytidine. The mechanism 
of action of AZA and DAC is not fully under-
stood; at high concentrations, they act as classic 
cytotoxic chemotherapeutic agents, especially 
active against myeloid tumors, while at lower 
doses, they reverse cytosine methylation, poten-
tially causing reactivation of previously silenced 

genes (Grif fi ths and Gore  2008a,   b  ) . DNMTi 
therapy with AZA has also been shown to cause 
immunomodulation by affecting different sub-
types of T cells, including the regulatory T cells, 
and by causing re-expression of tumor-associ-
ated antigens on leukemic cells (Sanchez-Abarca 
et al.  2010 ; Goodyear et al.  2010  ) . The relative 
contribution of these mechanisms to the observed 
clinical bene fi t observed in HR-MDS is currently 
unknown (Steensma and Stone  2010  ) . 

 Both AZA and DAC are potent inhibitors of 
DNA methyltransferases (DNMTs), a group of 
enzymes responsible for cytosine methylation and 
maintenance of such methylation in cellular prog-
eny. Methylation of cytosine in CpG-rich islands 
within the promoter regions of certain genes, 
including tumor suppressor genes, leads to their 
transcriptional silencing (Grif fi ths and Gore  2008a, 
  b  ) . Aberrant DNA methylation has been shown to 
confer an adverse prognosis in patients with MDS 
independent of age, sex, and IPSS group (Shen 
et al.  2010  ) . As MDS progresses, the malignant 
clone acquires an increasing number of methylated 
tumor suppressor genes, which may result in pro-
gressive downregulation of expression of tumor 
suppressor genes and possibly resistance to clas-
sic cytotoxic chemotherapy (Ye et al.  2009  ) . The 
clinical activity of DNMTi suggests that reversal 
of DNA methylation may potentially restore aber-
rant cellular processes resulting in dysregulated 
cell growth, differentiation, and death (Grif fi ths 
and Gore  2008b ; Boultwood and Wainscoat  2001 ; 
Kuendgen and Lubbert  2008  ) . Despite this attrac-
tive biological hypothesis, several studies have 
failed to successfully correlate reversal of pro-
moter methylation and clinical outcomes (Fandy 
et al.  2009 ; Garcia-Manero  2011  ) .  

    12.2.2   Randomized Trials of DNMTi 
Therapy in HR-MDS 

    12.2.2.1   Randomized Trials of AZA 
in HR-MDS 

 AZA has been shown in randomized phase 3 trials 
to prolong overall survival (OS) and reduce the 
risk of leukemic progression in patients with 
HR-MDS (Silverman et al.  2002 ; Kantarjian et al. 
 2006 ; Fenaux et al.  2009  ) . In the Cancer and 
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Leukemia Group B (CALGB) 9221 study, 
Silverman et al.  (  2002  )  randomized 191 patients 
with MDS to receive AZA at 75 mg/m 2  subcutane-
ously (SQ) daily for 7 days in 28-day cycles or best 
supportive care (BSC). The median age of patients 
was 68 years, and crossover from BSC arm to the 
AZA arm was allowed for disease progression. 
The overall response rate (ORR) was 60 % in the 
AZA arm compared to 5 % in the BSC group 
( P  < 0.001). In the AZA arm, 7 % achieved com-
plete response (CR), 16 % partial response (PR), 
and 37 % hematological improvement (HI), com-
pared to 5 % HI and no CR or PR in the BSC arm. 
Median time to leukemic progression or death was 
21 months for the AZA arm compared to 13 
months for BSC ( P  = 0.007). Progression to AML 
occurred as the  fi rst event in 15 % of patients in the 
AZA arm compared to 38 % in the BSC arm 
( P  = 0.001). There was no statistically signi fi cant 
OS difference noted in the trial. Nonetheless, a 
landmark analysis that accounted for the early 
crossover to the AZA arm showed median survival 
of an additional 18 months for the AZA arm com-
pared to 11 months for BSC ( P  = 0.03). 

 The landmark study AZA001 con fi rmed the 
role of AZA as an important therapeutic inter-
vention for patients with HR-MDS (Fenaux et al. 
 2009  ) . In this trial, HR-MDS patients were ran-
domly assigned in a 1:1 fashion to receive AZA 
at a similar schedule to CALGB 9221 or conven-
tional care (BSC, low-dose cytarabine, or AML-
type induction chemotherapy as selected by 
investigators before randomization). Median age 
of patients was 69 years. Patients were strati fi ed by 
the FAB and IPSS classi fi cations, and the results 
were analyzed by intention-to- treat methodology. 
A total of 358 patients were randomized (179 to 
AZA arm and 179 to conventional care regi-
mens). After a median follow-up of 21.1 months, 
the median OS was 24.5 months for the AZA 
group versus 15 months for the conventional care 
group (hazard ratio (HR), 0.58; 95 % con fi dence 
interval (95%CI), 0.43–0.77; strati fi ed log rank 
 P  = 0.0001). At 2 years, using Kaplan-Meier esti-
mates, 50.8 % (95%CI 42.1–58.8) of patients in 
the AZA arm were alive compared with 26.2 % 
(95%CI 18.7–34.3) in the conventional care arm 
( P  < 0.0001). The survival advantage with AZA 
held up irrespective of age or cytogenetics. Other 

bene fi ts seen in the AZA-treated group included 
improvements in transfusion requirements and 
infection rates and a signi fi cant delay in leukemic 
transformation (Fenaux et al.  2009  ) . 

 While the AZA001 was not designed to assess 
survival differences between the AZA arm and the 
individual conventional care regimens, a post hoc 
analysis was performed to compare patients who 
received AZA to those who were preselected by 
their physicians to receive low-dose cytarabine 
(Fenaux et al.  2010b  ) . Similar to the overall study 
results, the patients who received AZA had twice 
the 2-year survival of the low-dose cytarabine-
treated patients. At 2 years of follow-up, 54 and 
27 % of patients who received AZA and low-dose 
cytarabine, respectively, were still alive. Compared 
to low-dose cytarabine, AZA especially prolonged 
OS in patients with poor cytogenetic risk, pres-
ence of chromosome 7 deletions, and patients 
with excess blasts. AZA-treated patients had 
signi fi cantly more and longer hematological 
responses and increased transfusion indepen-
dence. In addition, AZA-treated patients had 
fewer grade 3–4 cytopenias and shorter hospital-
izations. Another post hoc analysis from the study 
showed that clinical bene fi ts extended to the AZA-
treated older patients with RAEB-T (patients with 
20–30 % BM blasts, now considered to have AML 
with myelodysplastic features under current WHO 
classi fi cation) (Fenaux et al.  2010c  ) . At a median 
follow-up of 20.1 months, median OS for those 
AZA-treated patients was 24.5 months compared 
with 16.0 months for similar patients in the con-
ventional care arm (HR, 0.47; 95%CI, 0.28–0.79; 
 P  = 0.005), and 2-year OS rates were 50 and 16 %, 
respectively ( P  = 0.001). The 2-year OS rates were 
also higher for AZA versus conventional care in 
patients considered un fi t for intensive chemother-
apy ( P  = 0.0003). AZA was associated with fewer 
total days in hospital ( P  < 0.0001) compared to 
conventional care for this group as well.  

    12.2.2.2   Randomized Trials of DAC 
in HR-MDS 

 In contrast to AZA, two large randomized stud-
ies failed to show an OS bene fi t with DAC in 
HR-MDS. Kantarjian et al.  (  2006  )  randomized 
170 patients with MDS to receive either DAC 
(15 mg/m 2  given intravenously (IV) over 3 h every 
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8 h for 3 days for a total dose of 135 mg/m 2  per 
course and repeated every 6 weeks) or BSC. The 
patients who received DAC achieved a 17 % ORR 
(including 9 % CR), compared with 0 % for the 
BSC group ( P  < 0.001). An additional 13 % of 
patients treated with DAC achieved HI. Responses 
had a median duration of 10.3 months and were 
associated with transfusion independence. Time to 
AML progression or death was not signi fi cantly 
different between the two groups (DAC vs. sup-
portive care 12.1 vs. 7.8 months, respectively; 
 P  = 0.16). In unplanned post hoc analyses, the 
trend was statistically signi fi cant for patients with 
INT-2 and high IPSS risk categories, treatment-
naïve patients, and patients with de novo MDS. 
In another trial, Lubbert    et al.  (  2011  )  randomized 
233 patients with HR-MDS who were 60 years or 
older and considered ineligible for intensive che-
motherapy to receive a similar regimen of DAC or 
BSC. The median age of the patients was 70 years, 
and 53 % of patients had poor-risk cytogenetics. 
There was no statistically signi fi cant prolonga-
tion in OS with DAC compared to BSC (median 
OS, 10.1 vs. 8.5 months, respectively; HR, 0.88; 
95%CI, 0.66–1.17;  P  = 0.38). The progression-
free survival (PFS) was signi fi cantly prolonged 
with DAC compared to BSC (median PFS, 6.6 
vs. 3.0 months, respectively; HR, 0.68; 95%CI, 
0.52–0.88;  P  = 0.004), and AML progression was 
signi fi cantly reduced at 1 year (from 33 % with 
BSC to 22 % with DAC,  P  = 0.036). Short MDS 
duration was found to be an independent adverse 
prognosticator, and more patients in the DAC arm 
achieved CR (13 % vs. 0 %), PR (6 % vs. 0 %), 
and HI (15 % vs. 2 %) compared to the BSC arm.  

    12.2.2.3   Summary of Results 
of Randomized Trials 
of DNMTi Therapy in HR-MDS 

 In summary, both AZA and DAC were associated 
with improved patient outcomes in HR-MDS, 
including higher hematologic response rates, 
increased transfusion independence, decreased 
risk of leukemic progression, and improvements 
in patient-reported quality-of-life measures, but 
only AZA has been shown to date to prolong OS 
in a randomized fashion (Kantarjian et al.  2006 ; 
Fenaux et al.  2009 ; Silverman et al.  2002 ; Lubbert 

et al.  2011  ) . No published study to date has com-
pared AZA directly to DAC in HR-MDS. Some 
of the discrepancy between the OS results of 
AZA and DAC could partly be the result of lower 
median number of cycles of DAC administered 
and higher prevalence of patients with poor-risk 
karyotypes in the EORTC randomized DAC trial 
compared to the AZA001 trial (Fenaux et al. 
 2009 ; Lubbert et al.  2011 ; Itzykson and Fenaux 
 2012  ) . At the present time, although AZA and 
DAC are felt to be mechanistically similar, AZA 
is considered the preferred agent for HR-MDS 
given that randomized data to date demonstrated 
survival advantage only with AZA and not with 
DAC (Greenberg et al.  2011  ) .   

    12.2.3   Duration of DNMTi Therapy 
in HR-MDS 

 In contrast to conventional intensive chemother-
apy kinetics, a long time lag exists between the 
start of DNMTi therapy and the  fi rst observation 
of a clinical response (Gore  2011 ;    Silverman 
et al.  2011 ). In a combined analysis of 3 CALGB 
trials, the median number of cycles to  fi rst hema-
tologic response was 3, with 90 % of responses 
seen by cycle 6 (Silverman et al.  2006  ) . A sec-
ondary analysis of the AZA001 study showed 
that the median number of AZA cycles was 9, 
while the AZA-responding patients received a 
median of 14 treatment cycles (range, 2–30) 
(Silverman et al.  2011  ) . Although the median 
time to  fi rst response was two cycles (range, 
1–16), 91 % of  fi rst responses occurred by six 
cycles. In addition, continued AZA beyond  fi rst 
response improved response category in 48 % of 
patients, and the best response was achieved by 
92 % of responders by 12 cycles. Median time 
from  fi rst response to best response was 3.5 
cycles (95%CI, 3.0–6.0) in 30 patients who ulti-
mately achieved a CR and 3.0 cycles (95%CI, 
1.0–3.0) in 21 patients who achieved a PR. The 
authors concluded that continued AZA therapy 
may enhance clinical bene fi t in patients with 
HR-MDS (Silverman et al.  2011  ) . 

 Clinical observations indicate that the survival 
bene fi t associated with AZA therapy appears to 
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extend beyond patients who achieve CR and PR 
to those who achieve HI as well. Comparison 
between AZA-treated patients who achieved HI 
in the AZA001 versus those who received con-
ventional care and achieved HI as well showed 
an improved survival for the AZA-treated group    
(Gore et al.  2010 ; Itzykson et al.  2011b  ) . Whether 
patients whose best response is stable disease at 
6 months of treatment or greater have improved 
survival is unclear (Gore  2011 ; Greenberg et al. 
 2011 ; Garcia-Manero and Fenaux  2011  ) . When 
AZA-treated patients whose best response 
was stable disease were compared to patients 
in the conventional care arm who had a simi-
lar best response, no survival difference could 
be detected. When interpreting these results, it 
should be taken into consideration that AZA-
treated patients whose best response was stable 
disease had higher prevalence of poor-risk cyto-
genetics and severe thrombocytopenia compared 
to patients in the conventional care arm who also 
achieved stable disease as best response (Gore 
 2011 ; Gore et al.  2010  ) . Similar treatment prin-
ciples may also apply to DAC therapy (Garcia-
Manero and Fenaux  2011  ) . 

 Therefore, therapy with AZA or DAC for 
HR-MDS is recommended to continue for at least 
four to six cycles before failure of therapy is con-
sidered if there is no evidence of CR, PR, or HI, 
unless frank progression to AML or excessive 
toxicity occurs (Steensma and Stone  2010 ; 
Greenberg et al.  2011  ) . There is no data to sup-
port stopping AZA therapy in responding patients 
before progression of their disease (Itzykson and 
Fenaux  2012  ) . Therapy can be extended as much 
as possible if CR, PR, or HI has been achieved, 
probably until disease progression (Steensma and 
Stone  2010 ; Garcia-Manero and Fenaux  2011  ) , 
while continuation beyond six cycles in case of 
stable disease still warrants further investigation.  

    12.2.4   Schedules and Routes 
of Administration of DNMTi 
Therapy 

 The standard of care FDA-approved schedule of 
AZA (75 mg/m 2 /day for 7 days every 28 days) 

poses logistic problems as it requires weekend 
administration, but it is the only schedule that has 
been shown to date to result in a survival advan-
tage in HR-MDS. In an effort to develop a regi-
men that is easier to administer, a multicenter, 
community-based study was initiated to evaluate 
3 alternative AZA dosing schedules without 
weekend dosing (Lyons et al.  2009  ) . One hundred 
 fi fty-one patients with MDS were randomly 
assigned to one of three regimens every 4 weeks 
for six cycles: AZA 5-2-2 (75 mg/m 2 /day SQ for 
5 days, followed by 2 days no treatment, then 
75 mg/m 2 /day for 2 more days,  n  = 50), AZA 5-2-5 
(50 mg/m 2 /day SQ for 5 days, followed by 2 days 
no treatment, then 50 mg/m 2 /day for 5 more days, 
 n  = 51), or AZA 5 (75 mg/m 2 /day SQ for 5 days, 
 n  = 50). The majority of the randomized patients 
(66 %) had LR-MDS by FAB criteria. HI was 
achieved by 44, 45, and 56 %, and transfusion 
independence was achieved in 50, 55, and 64 % of 
AZA 5-2-2, AZA 5-2-5, and AZA 5 arms, respec-
tively. Grade 3 or 4 toxicity was experienced in 
84, 77, and 58 % in the AZA 5-2-2, AZA 5-2-5, 
and AZA 5. The authors concluded that all three 
alternative dosing regimens produced HI, transfu-
sion independence, and safety pro fi les similar to 
the currently FDA-approved AZA regimen (Lyons 
et al.  2009  ) . However, patients with baseline 
thrombocytopenia were more likely to achieve 
transfusion independence if treated with the 5-2-5 
schedule. The effects on BM responses, survival, 
and progression to AML were not studied. These 
regimens have not been directly compared with 
the FDA-approved AZA regimen and need further 
testing in patients with HR-MDS. The 5-2-5 
schedule was adopted after phase I study that 
selected 50 mg/m 2 /day for 10 days as a clinically 
tolerable schedule particularly effective in revers-
ing promoter methylation (Gore et al.  2006  ) . It 
has been suggested that prolonged therapy with 
low doses of DNMTi may cause less inhibition of 
the cell cycle and therefore increase incorporation 
of the nucleoside into the DNA, with subsequent 
increased cell replication necessary for effective 
methylation reversal and potentially enhancing 
the activity of DNMTi therapy (Gore  2011  ) . 

 The pharmacokinetics of IV AZA is almost 
identical to those of SQ AZA, and despite limited 
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published response data with IV AZA, it is rea-
sonable to administer IV AZA for patients who 
suffer signi fi cant injection site reactions with SQ 
AZA or who are cachectic with limited SQ tis-
sue reserve    (Steensma and Stone  2010 ; Fenaux 
et al.  2010a  ) . A recently reported phase 1 study 
evaluated the use of an oral formulation of AZA 
in patients with MDS, CMML, or AML (Garcia-
Manero et al.  2011  ) . Patients received 1 cycle of 
SQ AZA (75 mg/m 2 ) on the  fi rst 7 days of cycle 
1, followed by oral AZA daily (120–600 mg) on 
the  fi rst 7 days of each additional 28-day cycle. 
A total of 41 patients received SQ and oral AZA 
(MDS,  n  = 29; CMML,  n  = 4; AML,  n  = 8). Dose-
limiting toxicity (grade 3/4 diarrhea) occurred at 
the 600-mg dose, and the maximally tolerated 
dose (MTD) was 480 mg. Most common grade 
3/4 adverse events were diarrhea, nausea, vomit-
ing, febrile neutropenia, and fatigue. AZA expo-
sure increased with escalating oral doses, and the 
mean relative oral bioavailability ranged from 
6.3 to 20 %. At the MTD, oral bioavailability 
was approximately 13 % that of parenteral AZA. 
Nonetheless, methylation reversal was similar to 
that seen with SQ AZA, with maximum effect 
at day 15 of each cycle, although fewer loci 
were signi fi cantly demethylated. Hematologic 
responses occurred in patients with MDS and 
CMML with an ORR of 35 % in previously 
treated patients and 73 % in previously untreated 
patients. This oral preparation is being studied in 
daily schedules for 14 or 21 days, further evalu-
ating the concept of prolonged administration of 
lower doses of DNMTi (Gore  2011  ) . 

 The two previously mentioned randomized tri-
als of DAC used a 3-day infusional regimen that 
requires hospitalization. Researchers from MD 
Anderson reported a randomized phase 2 trial in 
which adults with advanced MDS or CMML were 
randomly assigned to 1 of 3 DAC schedules: (1) 
20 mg/m 2  IV daily for 5 days, (2) 20 mg/m 2  SQ 
daily for 5 days, and (3) 10 mg/m 2  IV daily for 10 
days (Kantarjian et al.  2007  ) . A total of 95 patients 
were treated (77 MDS and 18 CMML). The over-
all CR rate was 34 %, with a total of 73 % achieved 
objective responses. The 5-day IV regimen was 
considered the optimal as the CR rate in this arm 
was 39 %, compared with 21 % in the 5-day SQ 

arm and 24 % in the 10-day IV arm ( P  < 0.05). 
The 5-day IV arm was also superior at inducing 
hypomethylation at day 5 and at activating P15 
expression at days 12 or 28 after therapy. The 
safety of this 5-day IV regimen was con fi rmed in 
another phase 2 study, but it showed signi fi cantly 
lower response rates than the MD Anderson study, 
with a CR rate of 17 % (Steensma et al.  2009  ) . To 
date, no survival studies have performed using 
this 5-day outpatient regimen of DAC in HR-MDS. 
Similar to AZA, SQ administration of DAC has 
been reported with other hematological disorders, 
and an oral formulation of DAC has been devel-
oped, but neither has been systematically tested in 
MDS to date (Saunthararajah et al.  2003 ; Lavelle 
et al.  2007  ) . 

 To date, no dose or time threshold for DNMTi 
therapy in HR-MDS has been established, so the 
importance of following a strict dosing schedule 
is not clear at this point (Steensma and Stone 
 2010  ) . Since the 7-day schedule of 75 mg/m 2  
daily was the only schedule associated with sur-
vival advantage in randomized trials, many 
experts suggest it should be the recommended 
schedule, especially for HR-MDS. Nonetheless, 
the manufacturers recommend dose delays and/
or reductions for the commonly observed thera-
py-related cytopenias based on expert opinion, 
but many other experts do not agree with such 
delays or reductions for the mere development of 
severe cytopenias in the absence of life-threaten-
ing toxicities (Fenaux et al.  2010a ; Steensma and 
Stone  2010  ) . Many questions remain to be 
answered about the optimal dosing, scheduling, 
and management of treatment-associated cytope-
nias with DNMTi therapy.  

    12.2.5   Response Prediction 
for DNMTi Therapy in HR-MDS 

 Although DNMTi therapy leads results in clini-
cally meaningful hematologic responses in 
40–60 % (Silverman et al.  2002 ; Kantarjian et al. 
 2006 ; Fenaux et al.  2009 ; Lubbert et al.  2011  ) , 
predicting the individual patients who would 
respond a priori has proved a challenging task 
(Moon et al.  2010  ) . The ability to predict who is 
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likely to respond to DNMTi therapy is important 
especially due to the long time lag and the need 
to administer four to six cycles before failure of 
therapy is declared. To date, no reliable biomark-
ers have been identi fi ed that predict response to 
DNMTi therapy in HR-MDS. Multiple biomark-
ers have been suggested to predict response to 
DNMTi in individual studies, but none have been 
validated on a wider scale or gained wide accep-
tance yet. Although the main mechanism of action 
of DNMTi is believed to be induction of hypom-
ethylation of promoters of genes, there has been 
no clear association between clinical responses 
and reversal of methylation at the cellular level 
(Fandy et al.  2009 ; Garcia-Manero  2011  ) . The 
ten-eleven-translocation 2 (TET2) mutations 
have been reported to be possible genetic predic-
tors of response to AZA in HR-MDS and AML 
with low blast counts, independent of the karyo-
type (Itzykson et al.  2011a  ) . Blum et al. showed 
that higher levels of miR-29b were associated 
with clinical response to a 10-day schedule of 
DAC in a poor-risk cohort of older AML patients, 
but these  fi ndings need validation in HR-MDS 
(Blum et al.  2010  ) . A recent 10-gene methylation 
signature has been reported to predict outcomes 
in MDS to DAC therapy independent of the IPSS 
score, but it needs further validation and techni-
cal standardization to be useful clinically (Shen 
et al.  2010  ) . 

 The prognostic and predictive factors associ-
ated with the probability of response and OS in 
patients with HR-MDS who receive AZA have 
not been clearly de fi ned. Recently, a French prog-
nostic scoring system to predict response to AZA 
in HR-MDS patients has been developed from a 
cohort of patients who received AZA on compas-
sionate-use program and was subsequently vali-
dated in a cohort of patients in the AZA001 study 
and in another cohort of patients from a single 
institution in Italy (Itzykson et al.  2011b ; Breccia 
et al.  2012  ) . The French group performed an anal-
ysis of 282 patients with HR-MDS who received 
AZA in a compassionate, patient-named program 
for a median of 6-cycle evaluated prognostic fac-
tors of response and survival (Itzykson et al. 
 2011b  ) . In this analysis, previous low-dose cytar-
abine, BM blasts > 15 %, and abnormal karyotype 

independently predicted lower response rates, 
while complex karyotype predicted shorter 
responses. Performance status (PS)  ³ 2, interme-
diate- and poor-risk cytogenetics, presence of cir-
culating blasts, and transfusion dependency  ³ 4 
units/8 weeks independently predicted worse OS, 
and the authors developed a prognostic score 
based on these four factors that separated the 
patients into three risk categories with median OS 
of not reached, 15.0 and 6.1 months, respectively. 
This prognostic score was subsequently validated 
in an independent set of patients receiving AZA 
in the AZA001 trial. This analysis also veri fi ed 
the observation that achievement of HI in patients 
who did not obtain CR or PR was also associated 
with improved OS (Itzykson et al.  2011b  ) . 

 This French prognostic score was subsequently 
validated externally in an independent cohort of 
60 patients with HR-MDS who were treated with 
AZA in a single institution in Italy (Breccia et al. 
 2012  ) . Using this scoring system, 12, 38, and 10 
patients were identi fi ed as having low, intermedi-
ate, and high risk, respectively. A statistically 
signi fi cant difference in median OS was found in 
these three subgroups of patients with an OS of 21 
months for low-risk, 15 months for intermediate-
risk, and 11 months for high-risk patients 
( P  = 0.001). In addition, this score was identi fi ed 
in patients who achieved CR with AZA after four 
cycles. CR was achieved in 6/12 low-risk patients 
(50 %), in 9/38 intermediate-risk patients (23.6 %), 
and in none of the high-risk patients ( P  = 0.0001). 
The median OS was 23 months for patients who 
reached a CR and 11 months for patients who did 
not achieve a response. Lastly, the French score 
identi fi ed patients at risk of progression to AML. 
Leukemic transformation developed during AZA 
therapy in 2/12 low-risk patients (16 %), in 9/38 
intermediate-risk patients (23.6 %), and in 4/10 
high-risk patients (40 %) ( P  = 0.003).  

    12.2.6   Adverse Events of DNMTi 
Therapy in HR-MDS 

 The main side effects of DNMTi therapy are 
hematologic in nature in the form of development 
of new or worsening cytopenias. Grade 3 or 4 
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neutropenia and thrombocytopenia are seen in the 
vast majority of AZA- and DAC-treated patients 
(Kantarjian et al.  2006,   2007 ; Fenaux et al.  2009  ) . 
The hematologic adverse events are most fre-
quently seen during the  fi rst few cycles of therapy 
with AZA and generally decreased during subse-
quent cycles and were usually managed with dos-
ing delays (23–29 %) (Santini et al.  2010  ) . 
Although the manufacturer recommends dose 
delay and/or reduction for persistent and signi fi cant 
neutropenia or thrombocytopenia, some research-
ers recommend staying on schedule and keeping 
the same dose regardless of cytopenias for at least 
the  fi rst few cycles, except in the presence of life-
threatening complications such as major infec-
tions (Steensma and Stone  2010 ; Fenaux et al. 
 2010a  ) . If it is decided to modify the AZA regi-
men due to severe toxicity, some investigators 
recommend increasing the interval between cycles 
rather than decreasing daily doses (Itzykson and 
Fenaux  2012 ; Santini et al.  2010  ) . In one view, 
since cytopenias could be re fl ective of response to 
therapy at the level of malignant clones, dose 
delays or reductions are probably not warranted 
and could result in emergence of resistant clones 
(Steensma and Stone  2010 ; Fenaux et al.  2010a  ) . 
On the other hand, opting for dose reductions or 
delays for therapy-associated cytopenias can be 
supported by the lack of evidence for a threshold 
dose or time interval for DNMTi therapy given 
that gene expression modulation can occur at very 
low doses of DNMTi (Garcia-Manero et al.  2011 ; 
Saunthararajah et al.  2003  ) . Although some pro-
viders use prophylactic antibiotics and growth 
factors to manage the cytopenias that commonly 
emerge during DNMTi therapy, there are no estab-
lished evidence-based guidelines for the use of 
prophylactic antibiotics or antifungals or for the 
use of granulocyte colony-stimulating factor 
(G-CSF) in this setting (Fenaux et al.  2010a ; Lee 
et al.  2011  ) . 

 Aside from cytopenias and related complica-
tions such as infections, DNMTi is generally well 
tolerated. The most common nonhematologic 
side effects of DNMTi therapy include injection 
site local reactions, fatigue, and gastrointestinal 
adverse events such as nausea, vomiting, and diar-
rhea, but they are typically not severe (Steensma 

and Stone  2010  ) . Symptomatic management for 
gastrointestinal side effects is usually suf fi cient, 
while the drugs can be administered IV instead of 
SQ if the injection site local reactions cannot be 
managed with supportive measures (Fenaux et al. 
 2010a  ) . Most adverse events noted with AZA 
therapy in the AZA001 and CALGB 9221 were 
transient and resolved during ongoing therapy 
(>83 %) (Santini et al.  2010  ) .  

    12.2.7   Other Uses of DNMTi 
Therapy in HR-MDS 

    12.2.7.1   DNMTi as Maintenance Therapy 
After Intensive Chemotherapy 
Induction for HR-MDS 

 Gene promoter methylation status was shown to 
have a signi fi cant effect on the outcome of inten-
sive chemotherapy in HR-MDS and AML arising 
following MDS (Grovdal et al.  2007  ) . To assess 
the therapeutic implications of this observation, a 
phase 2 study was conducted to assess the feasi-
bility and ef fi cacy of maintenance AZA for older 
patients with HR-MDS, CMML, and MDS-AML 
syndromes in CR after induction intensive che-
motherapy (Grovdal et al.  2010  ) . From the 60 
patients enrolled, 24 (40 %) achieved CR after 
induction chemotherapy, and 23 started mainte-
nance treatment with AZA on a modi fi ed 5/28 
schedule until relapse. The median CR duration 
was 13.5 months, >24 months in 17 % of the 
patients, and 18–30.5 months in the four patients 
with trisomy 8. The CR duration was not associ-
ated with CDKN2B methylation status or karyo-
type. The median OS was 20 months. 
Hypermethylation of CDH1 was signi fi cantly 
associated with low CR rate, early relapse, and 
short OS ( P  = 0.003). AZA therapy, at a dose of 
60 mg/m 2 , was well tolerated. Grade 3–4 throm-
bocytopenia and neutropenia occurred after 9.5 
and 30 % of the cycles, respectively, but hemo-
globin levels increased during treatment. The 
authors concluded that AZA therapy was safe 
and feasible and may be of bene fi t in a subset of 
patients, but it is not clear that the outcome of 
AZA-treated patients in this study was superior 
to historical experience.  
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    12.2.7.2   DNMTi Therapy in Transplant 
Setting in HR-MDS 

 As started earlier, alloHSCT is the only known 
curative therapy for HR-MDS to date, but only a 
minority of patients with HR-MDS are trans-
planted, largely due to the older age, limited donor 
availability, and higher prevalence of comorbidi-
ties in this patient population (Lim et al.  2010  ) . 
The issue of timing of alloHSCT in eligible 
patients with HR-MDS is discussed in detail else-
where in this book. A commonly referenced 
Markov decision analysis from the International 
Bone Marrow Transplantation Registry concluded 
that earlier alloHSCT in HR-MDS is associated 
with longer life expectancy (Cutler et al.  2004  ) . 
Nonetheless, this analysis was conducted before 
the widespread use of DNMTi and was not vali-
dated in a prospective fashion. In the setting of 
alloHSCT, DNMTi therapy has been used to 
induce a hematologic response prior to proceed-
ing to the transplant, to maintain response after 
alloHSCT, and as salvage therapy for relapse after 
alloHSCT. In addition, DNMTi therapy has been 
evaluated as part of the conditioning regimen of 
alloHSCT in some studies of HR-MDS. 

      Should DNMTi Therapy Be Used 
as a Bridge Prior to AlloHSCT? 
 Several studies evaluated this question, but no 
randomized studies were performed to date. Kim 
et al. analyzed 19 patients who received DNMTi 
therapy followed by alloHSCT (Kim et al.  2011  ) . 
Twelve patients were classi fi ed as HR-MDS 
according to the WHO classi fi cation at the time 
of DNMTi therapy. AZA was administered to 10 
patients, while DAC was given to the other 9. 
After DNMTi therapy, 2 patients achieved CR, 6 
had marrow CR, 3 had HI, and 6 achieved SD as 
best response. DNMTi therapy did not change the 
WHO classi fi cation in 15 patients (79 %), whereas 
1 patient (5 %) improved and 3 (16 %) progressed 
to AML. Most patients (95 %) received a nonmy-
eloablative conditioning regimen based on 
 fl udarabine, busulfan, and anti-thymocyte globu-
lin, followed by PB-mobilized stem cells. 
Neutrophil and platelet engraftments were 
achieved in 95 and 79 % of patients, respectively. 
The incidences of acute and chronic GVHD were 

42 and 26 %, respectively. The 2-year OS rate 
was 68 %, and those patients who achieved CR or 
marrow CR with DNMTi therapy tended to fare 
better than those who did not. The authors con-
cluded that DNMTi followed by alloHSCT was a 
feasible and effective treatment strategy for 
patients with HR-MDS. Similar conclusions of 
feasibility of DNMTi therapy for HR-MDS prior 
to alloHSCT were reached in another retrospec-
tive analysis (Cogle et al.  2010  ) . 

 Field et al.  (  2010  )  retrospectively evaluated 54 
consecutive patients with MDS or CMML who 
received alloHSCT from HLA-compatible donors 
who were analyzed according to pre-transplant 
AZA exposure. Thirty patients received a median 
of 4 (1–7) cycles of AZA, while the other 24 
patients did not receive AZA prior to the trans-
plant. The 1-year OS, relapse-free survival, and 
cumulative incidence of relapse rates were 47, 
41, and 20 % for the AZA-treated patients com-
pared to 60, 51, and 32 %, respectively, for the 
patients who did not receive AZA prior to 
alloHSCT. There was no difference in GVHD 
occurrence between the two groups. These 
 fi ndings suggested similar outcomes in both 
groups with a trend toward decreased early 
relapse in patients who received AZA (Field et al. 
 2010  ) . In addition to its use prior to alloHSCT, 
DNMTi therapy has been incorporated as part of 
the conditioning regimens, and this subject is dis-
cussed in detail elsewhere in this book.  

      Is DNMTi Maintenance Therapy 
After AlloHSCT Bene fi cial? 
 In an effort to reduce relapse rates after alloHSCT 
for AML and HR-MDS, a study looked at using 
low-dose AZA as maintenance therapy after 
alloHSCT for high-risk patients (de Lima et al. 
 2010  ) . The study enrolled 45 such patients, of 
whom 67 % were not in remission. The median 
age was 60 years. Escalating doses of AZA were 
used in four different schedules, each with 5 days 
of drug and 25 days of rest. Cycle 1 started on day 
+40. Reversible thrombocytopenia was the DLT. 
No dose signi fi cantly affected DNA global meth-
ylation. The optimal schedule was determined to 
be 32 mg/m 2  given for four cycles. The 1-year 
event-free survival (EFS) and OS rates were 58 
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and 77 %, respectively, therefore providing basis 
for more studies to estimate long-term responses. 
Factors associated with improved OS and EFS 
included greater number of cycles of AZA admin-
istered, although the dose of AZA received was 
not associated with survival. AZA administration 
was not associated with increased incidence of 
GVHD or other toxicities (de Lima et al.  2010  ) .  

      Can DNMTi Therapy Be Used for Salvage 
After Relapse Following AlloHSCT 
for HR-MDS? 
 Relapse following alloHSCT for HR-MDS is 
associated with very poor outcomes. Bolanos-
Meade et al. on behalf of the Hopkins group 
reported outcomes of 10 patients with myeloid 
malignancies that received AZA after a failed 
alloHSCT (Bolanos-Meade et al.  2011  ) . Of the 
10 patients, 6 achieved CR, 1 had stable disease, 
and 3 progressed after a median of 6 cycles of 
AZA. Only 1 patient has died (of disease pro-
gression), and no  fl ares of GVHD were observed 
with administration of AZA. At the last fol-
low-up, the median OS for the group was about 
14 months. Of the 6 patients who achieved CR, 4 
also achieved restoration of complete donor chi-
merism, and 5 of the 6 remained alive and dis-
ease-free at a median follow-up of 624 days. 
Three of these patients received donor lympho-
cyte infusions (DLI) following AZA. Two 
German groups also reported encouraging results 
in a 22- and 26-patient series in which AZA was 
used for relapse after alloHSCT for AML, 
CMML, and MDS (Czibere et al.  2010 ; Lubbert 
et al.  2010  ) . It can be concluded from these 
reports that a non-intensive outpatient regimen of 
AZA followed by DLI is feasible with an accept-
able acute GVHD rate and is associated with 
meaningful clinical responses, including continu-
ous complete donor chimerism, even in some 
patients with poor-risk cytogenetics (Lubbert 
et al.  2010  ) . A recent early-phase study reported 
encouraging results using preemptive AZA ther-
apy for molecular relapse after alloHSCT for 
MDS or AML where AZA use was associated 
with an acceptable safety pro fi le and prevented or 
delayed hematologic relapse in some patients 
(Platzbecker et al.  2012  ) .    

    12.2.8   Failure of DNMTi Therapy 
in HR-MDS 

 While AZA and, to a lesser extent, DAC have 
become widely accepted  fi rst-line therapies for 
HR-MDS, the current outcomes using conven-
tional dosing regimens of these agents leave room 
for signi fi cant improvement (Gore  2011  ) . The 
currently FDA-approved regimens of HMAs in 
HD-MDS patients as a single agent result in ORR 
in the range of 40–60 %; the CR rates are much 
lower (in the range of 10–20 %), with a limited 
median duration of the achieved CR in the range 
of 10–14 months (Silverman et al.  2002 ; 
Kantarjian et al.  2006 ; Fenaux et al.  2009 ; Lubbert 
et al.  2011  ) . In addition, without alloHSCT, cure 
is not possible, and almost all patients will prog-
ress and/or succumb to the complications of the 
disease. The outcomes of patients with HR-MDS 
whose disease fails to respond to AZA or DAC 
therapy or lose their initial responses are very 
dismal. It has been suggested that the typical fail-
ures to DNMTi therapy can be divided generally 
into approximately three-thirds: one-third prog-
ress to AML, another third develop to progres-
sive disease with worsening cytopenias, and the 
last third include patients who refuse further ther-
apy or die from complications (Kadia et al.  2011  ) . 
A retrospective analysis showed that prior ther-
apy with DNMTi was an independent negative 
predictive factor for response and OS after induc-
tion intensive chemotherapy in patients with sec-
ondary AML arising from prior MDS (Bello et al. 
 2011  ) . The median OS for patients with HR-MDS 
after primary or secondary failure of AZA or 
DAC therapy were 5.6 and 4.3 months, respec-
tively, with an estimated 1-year survival proba-
bility of 28 % in both groups and 21- to 24-month 
survival probability of 15 % in both groups 
(Prebet et al.  2011 ; Jabbour et al.  2010  ) . 

 It has been suggested that those patients who 
develop resistance to one DNMTi are usually 
resistant to the other DNMTi and to cytarabine-
based chemotherapy, although a small percent-
age of patients may respond to switching from 
AZA to DAC (Garcia-Manero  2011 ; Kadia et al. 
 2011  ) . In a small prospective study, 14 patients 
with MDS who received AZA but had primary 
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or  secondary failure or intolerance to the drug 
received DAC (Borthakur et al.  2008  ) . The ORR 
was 28 % (3 patients had CR, and 1 had HI). Of 
the responders, one had stopped prior AZA due 
to disease progression, 2 for no response, and 1 
for severe skin toxicity. DAC was well tolerated 
with minimal side effects, and global methylation 
studies from patient samples showed decrease of 
methylation after treatment with DAC. However, 
these results should be taken with caution given 
that several of these patients were intolerant 
rather than resistant to AZA. 

 The mechanisms of resistance to DNMTi ther-
apy are poorly understood, and theories have 
ranged from variable pharmacokinetics of the 
approved drug doses between individual patients, 
to changes in proteins involved in transport, phos-
phorylation, and catabolism of AZA and DAC, to 
alternations of the target enzyme DNMT (Kadia 
et al.  2011  ) . In vitro studies in malignant cell 
lines suggested preexisting and DAC-induced 
genetic instability may lead to mutations in key 
proteins involved in drug metabolism or trans-
port, resulting in insuf fi cient incorporation into 
DNA and therefore conferring resistance to these 
clones, which subsequently expand under selec-
tion pressure (Qin et al.  2009  ) . Obviously, more 
work is needed to study the exact mechanisms of 
resistance of DNMTi in HR-MDS, and combina-
tion therapies can be rationally designed or cho-
sen to prevent or overcome such resistance. Until 
the mechanisms of resistance to DNMTi therapy 
are better deciphered, the choice of subsequent 
therapy will continue to be largely empirical, and 
enrollment in clinical trials should be strongly 
considered for such patients. 

 It follows that there is a clear need for effec-
tive and novel therapeutic options for this patient 
population with HR-MDS who are ineligible 
or have relapsed after alloHSCT and those who 
have failed or relapsed after the use of DNMTi 
therapy. Examples of the agents that have been 
or currently are undergoing evaluations for this 
indication in clinical studies include the novel 
oral deoxycytidine nucleoside sapacitabine 
(Kantarjian et al.  2010  ) , the new agent ON 01910.
Na (Seetharam et al.  2012 ; Reddy et al.  2011  ) , 
oral and IV formulations of clofarabine (Faderl 

et al.  2012,   2010  ) , arsenic trioxide (Schiller et al. 
 2006 ; Vey et al.  2006  ) , different farnesyltrans-
ferase inhibitors (Fenaux et al.  2007 ; Itzykson and 
Fenaux  2009 ; Jabbour et al.  2011  ) , lenalidomide 
(Ades et al.  2009  ) , various histone deacetylase 
inhibitors (Grif fi ths and Gore  2008b  ) , the oral 
novel drug glutathione S-transferase P1-1 inhibi-
tor ezatiostat (TLK199) (Raza et al.  2009  ) , and 
the humanized anti-CD52 monoclonal antibody 
alemtuzumab (Sloand et al.  2010  ) . In addition, 
different combinations between these agents and 
with DNMTi have been also evaluated in clinical 
trials. We will discuss these agents further later 
in this chapter, except for ezatiostat and alemtu-
zumab who have been studied mainly for MDS 
patients with lower IPSS risk categories.   

    12.3   Intensive AML-Type 
Chemotherapy for HR-MDS 

 The use of cytarabine-based intensive chemo-
therapy regimens in HR-MDS similar to those 
used for AML therapy has generally yielded dis-
appointing results with lower rates of CR 
(41–58 %), higher failure rates, shorter CR dura-
tions (mean duration of 10–12 months), and more 
prolonged aplasia and higher induction mortality 
rates (16–21 %) compared to their use in de novo 
AML (Wattel et al.  1997 ; Beran et al.  2001 ; 
Garcia-Manero  2011  ) . The use of intensive che-
motherapy in HR-MDS has been limited by the 
older age and higher prevalence of comorbidities 
in this patient population. A retrospective study 
of patients with HR-MDS who received  fi ve dif-
ferent regimens of intensive chemotherapy found 
that achievement of CR was signi fi cantly associ-
ated with karyotype, PS, treatment in the laminar 
air fl ow room, duration of antecedent hematologic 
disorder, and age, but not with the FAB, IPSS risk 
categories, or with the particular regimen (Beran 
et al.  2001  ) . A multivariate of time to death 
identi fi ed cytogenetic status (deletions of chro-
mosome 5 and/or 7), increasing age, and PS > 2 
as signi fi cant independent unfavorable prognos-
tic factors. The authors concluded that innovative 
post-remission therapeutic options are needed 
because improvement in outcome is not likely to 
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come from intensi fi ed therapy (Beran et al.  2001  ) . 
Although other studies noted higher CR rates 
with intensive chemotherapy in HR-MDS and 
AML (70 %), the response duration was still 
short, especially in patients with poor-risk karyo-
type (Knipp et al.  2007  ) . 

 To date, intensive AML-type chemotherapy 
has not been compared directly with DNMTi 
therapy in a randomized fashion. The small num-
ber of patients who received intensive chemo-
therapy in AZA001 trial prevented a meaningful 
comparison with the AZA-treated group. Given 
that unfavorable karyotype (complex or chromo-
some 7 deletions) in HR-MDS patients tends to 
be associated with lower CR rates and short 
response duration with intensive chemotherapy 
(Knipp et al.  2007  )  and given the therapeutic 
advantage of AZA and DAC in patients with 
HR-MDS and chromosome 7 deletions (Fenaux 
et al.  2009 ; Blum et al.  2010  ) , it seems that such 
patients, especially older ones, may bene fi t more 
from AZA therapy. In general, intensive chemo-
therapy in HR-MDS tends to be reserved for 
young,  fi t patients, especially those with normal 
or favorable cytogenetics, especially for debulk-
ing in those patients with HR-MDS with excess 
BM blasts (>10 %) who are planned to proceed to 
alloHSCT (Garcia-Manero and Fenaux  2011  ) . 
Whether debulking intensive chemotherapy 
should be administered to patients with HR-MDS 
prior to alloHSCT, especially for those without 
excess BM blasts, is not clear at this point.  

    12.4   Other Single-Agent 
Therapies in HR-MDS 

    12.4.1   Histone Deacetylase Inhibitor 
(HDACi) Therapy in HR-MDS 

 HDACi modulate gene expression, induce apop-
tosis and cell-cycle arrest, and appear to also 
cause differentiation in neoplastic cells (Grif fi ths 
and Gore  2008b  ) . The John Hopkins group 
reported clinical activity for the HDACi phenyl-
butyrate in MDS and AML, mainly in the form of 
HI, but further development of this agent was 
limited by the need for prolonged infusion and 
central nervous system toxicity (Gore et al.  2002  ) . 

While these agents do not exhibit prominent 
activity in HR-MDS as monotherapy, several of 
these agents, such as panobinostat, vorinostat, 
and entinostat, have been studied in combination 
regimens with DNMTi (see below for details). As 
a class, these agents cause predominately gastro-
intestinal and constitutional side effects.  

    12.4.2   Lenalidomide in HR-MDS 

 Low-dose lenalidomide has been shown in the 
MDS 003 trial to reduce the need for transfusions 
and lead to transfusion independence in 76 and 
67 %, respectively, of 148 patients with transfu-
sion-dependent LR-MDS and chromosome 5q31 
deletion regardless of the karyotype complexity, 
with a median duration of longer than 104 weeks 
(List et al.  2006  ) . In addition, 73 % of the evalu-
able patients had partial or complete cytogenetic 
responses consistent with selective cytotoxicity 
of the 5q deletion clone. Only 8 patients (5 %) 
in this trial had HR-MDS by IPSS criteria, and 3 
of them achieved transfusion independence. This 
trial led to the approval of lenalidomide by the 
FDA for use in LR-MDS with 5q deletion and 
transfusion- dependent anemia. The randomized 
placebo-controlled MDS 004 trial con fi rmed the 
clinical bene fi ts in transfusion-dependent patients 
with LR-MDS and 5q deletion, although the rates 
of erythroid and cytogenetic responses were some-
what lower than the MDS 003 trial, and the trial 
failed to show a survival bene fi t (Fenaux et al. 
 2011  ) . In contrast, only 26 % of patients with 
LR-MDS who lacked the 5q deletion achieved 
transfusion independence in the MDS 002 trial, 
and the median duration of response was lower 
at 41 weeks (Raza et al.  2008  ) . In addition, the 
occurrence of lenalidomide-induced thrombocy-
topenia and neutropenia was associated with sub-
sequent achievement of transfusion independence 
in patients with LR-MDS with 5q deletion but not 
in those without it (Sekeres et al.  2008  ) . These 
 fi ndings were suggestive of a direct cytotoxic 
effect of lenalidomide speci fi c to the 5q deletion 
clone. The exact mechanism of action of lenali-
domide in this setting is still a subject of debate. 
A plethora of pleiotropic mechanism may play 
a role, including stimulation of erythropoiesis, 
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 immunomodulation, anti-in fl ammatory effects, 
BM microenvironment changes, and angiogenesis 
inhibition (Heise et al.  2010  ) . New evidence has 
emerged supporting a direct suppression of the 
5q deletion clone by inhibition of haplode fi cient 
cell-cycle regulatory and ribosomal proteins coded 
within the commonly deleted region in chromo-
some 5q (Oliva et al.  2010  ) . 

 To examine whether a similar therapeutic 
effect of lenalidomide extends to patients with 
HR-MDS and 5q deletion, Ades et al.  (  2009  )  
enrolled 47 such patients in a phase 2 trial that 
used a 10-mg daily dose of lenalidomide. The 
deletion 5q    was isolated, with 1 additional and >1 
additional abnormality in 19, 23, and 58 % 
patients, respectively. In contrast to the MDS 003 
trial, hematologic responses were seen only in 
27 % of patients and in 41 % if analysis was 
restricted to WHO-de fi ned MDS patients (exclud-
ing RAEB-T). The responses included 7 CR (4 of 
whom had complete and 3 had partial cytogenetic 
response), 2 marrow CR, and 4 HI. Twelve 
patients achieved transfusion independence for a 
median duration of 6.5 months compared to 26 
months in the MDS003 trial. Median CR dura-
tion was 11.5 months. Six of 9 (67 %) patients 
with isolated 5q deletion achieved CR, versus 1 
of 11 and none of 27 patients with 1 or >1 addi-
tional abnormality, respectively ( P  < 0.001). 
Notably, 35 % of patients with initial platelets 
counts >100,000/ m L obtained CR, while none of 
the 27 patients with platelet counts <100,000/ m L 
achieved CR ( P  = 0.001). In contrast to the MDS 
003 trial, the authors could not  fi nd a relation 
between lenalidomide-induced cytopenias and 
subsequent response, but this  fi nding could have 
been confounded by the high rates of baseline 
cytopenias. The authors concluded that their 
 fi ndings suggest a direct cytotoxicity of lenalido-
mide to the dysplastic clone in patients with iso-
lated 5q deletion and excess blasts and that the 
drug may play a therapeutic rule in this setting. 

 It has been postulated that using higher doses 
of lenalidomide may lead to better responses in 
patients HR-MDS with excess blasts and 5q 
deletion. A recent phase 2 study suggested tol-
erability and activity of high-dose lenalidomide 
(50 mg daily) in previously untreated older AML 
patients with 5q deletion who declined standard 

 chemotherapy (Sekeres et al.  2011b  ) . In this 
study, patients were treated with lenalidomide 
50 mg daily for 28 days as induction therapy and 
10 mg daily for 21 days of a 28-day cycle as main-
tenance until disease progression or unacceptable 
toxicity. The median age of 37 evaluable patients 
was 74 years, and 19 patients (51 %) had prior 
MDS. Of 30 patients (81 %) for whom central 
con fi rmation of pretreatment cytogenetic studies 
was obtained, 6 had isolated 5q deletion, 1 had 
5q and +8 deletions, and 23 had complex cyto-
genetics. The other 7 patients had 5q deletion 
identi fi ed locally. Fourteen patients (38 %) com-
pleted induction therapy, 7 patients died during 
induction therapy, 8 had disease progression, 7 
had nonfatal adverse events, and 1 entered hos-
pice. Eight patients started maintenance therapy. 
Five patients (14 %) achieved PR or CR, 2 with 
isolated 5q deletion, and 3 with complex cyto-
genetics, and median relapse-free survival was 5 
months, but the median OS for the entire cohort 
was 2 months for the entire population. The 
authors concluded that lenalidomide as a single 
agent has modest activity in older AML patients 
with 5q deletion. Another phase 2 study showed 
that high-dose lenalidomide (50 mg) was rela-
tively well tolerated and exhibited clinical activity 
as initial therapy for older AML patients, espe-
cially those with lower WBC count and lower PB 
and BM blast percentages (Fehniger et al.  2011  ) . 
Both of these studies suggested that further evalu-
ation of high-dose lenalidomide in HR-MDS with 
excess blasts is warranted, and there are ongoing 
studies evaluating this question.  

    12.4.3   Clofarabine in HR-MDS 

 Clofarabine (CLO) is a second-generation nucle-
oside analog that exerts an antileukemic cytotoxic 
effect by inhibiting DNA synthesis and repair and 
by disrupting mitochondrial membrane with sub-
sequent release of pro-apoptotic proteins 
(Ghanem et al.  2010  ) . A single arm, phase 2 study 
evaluated the feasibility and ef fi cacy of orally 
administered CLO in 32 patients with HR-MDS 
(Faderl et al.  2010  ) . Median age of patients was 
70 years. Three doses of CLO were evaluated, 
20, 30, or 40 mg/m 2  daily for 5 days, and the 
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courses were repeated every 4–8 weeks. The 
ORR was 43 %, with 25 % CR, 9 % HI, and 9 % 
had “clinical bene fi t.” In the 20 patients who had 
failed prior DNMTi therapy, responses included 
CR in 10 %, HI in 10 %, and “clinical bene fi t” in 
10 %. No patients died within 6 weeks of induc-
tion, but 4 patients developed renal failure in the 
context of aplasia-associated infections. The 
most common side effects were gastrointestinal 
and hepatic, but prolonged myelosuppression 
(>42 days) was rare. The toxicity pro fi le was bet-
ter with lower doses of CLO, while response rates 
did not differ signi fi cantly. These results indicate 
that oral CLO in HR-MDS is well tolerated with 
meaningful clinical activity, but the optimal dos-
ing and scheduling and target patient population 
will need further studies (Faderl et al.  2010  ) . 

 A recently published trial evaluated the IV 
formulation of CLO in HR-MDS (Faderl et al. 
 2012  ) . A total of 58 patients with HR-MDS 
were randomized adaptively to receive two 
doses of IV CLO: 15 or 30 mg/m 2  administered 
daily for 5 days. The median age of the group 
was 68 years, and 60 % of the patients had 
received prior DNMTi therapy. The ORR was 
36 % (including 26 % CR). At the 15 mg/m 2  
dose, the ORR was 41 % versus 29 % for the 
30 mg/m 2  dose. Responses were lower in 
patients who failed DNMTi therapy (ORR, 
17 %; CR rate, 14 %). The median survival was 
7.4 months for all patients (13.4 months for 
responders vs. 21.7 months for those CR). The 
8-week mortality rate was 19 %. More severe 
hepatic and renal adverse effects were noted at 
the 30 mg/m 2  dose, and myelosuppression and 
infections were frequent in both groups. These 
results suggest that the 15 mg/m 2  dose has com-
parable clinical activity but seems less toxic 
than the higher dose and can be evaluated fur-
ther, possibly in alternative schedules (Faderl 
et al.  2012  ) .  

    12.4.4   ON 01910.Na in HR-MDS 

 ON 01910.Na. is a multi-tyrosine-kinase inhibi-
tor that exerts anticancer activity by multi-
ple mechanisms including alterations in the 

 PI3K-Akt-mTOR pathway (Reddy et al.  2011  ) . 
In a phase 1/2 study, 13 patients with transfusion-
 dependent HR-MDS that experienced failure of 
response to DNMTi therapy received ON 01910.
Na. In this study, responses included 4 patients 
with marrow CR among 8 with stable disease. 
These responses occurred in all morphologic, 
prognostic, and cytogenetic risk subgroups. The 
drug was well tolerated. These results suggest 
meaningful clinical activity and drug tolerance 
for ON 01910.Na in patients with HR-MDS who 
failed DNMTi therapy. ON 01910.Na is cur-
rently in phase 3 trials for HR-MDS associated 
with aberrant expression of cyclin D proteins who 
failed DNMTi therapy (Reddy et al.  2011  ) .  

    12.4.5   Sapacitabine in HR-MDS 

 Sapacitabine is an oral deoxycytidine nucleoside 
analog that is chemically close to cytarabine but 
with a different mechanism of action. Sapacitabine 
contains a cyano group within its ring that results 
in rearrangement of the nucleotide while it is 
incorporated in the DNA, creating single-strand 
DNA breaks (Kadia et al.  2011  ) . A dose-escalation 
phase 1 study with a classical 3 + 3 design enrolled 
47 patients with refractory-relapsed AML and 
MDS (Kantarjian et al.  2010  ) . Sapacitabine was 
given orally twice daily for 7 days every 3–4 weeks 
or twice daily for 3 days for 2 weeks every 3–4 
weeks + 3 design. The ORR was 28 % (9 % CR, 
4 % CRp, CRi 15 %). The drug was generally well 
tolerated with a 4 % estimated 4-week mortality. 
The DLT was gastrointestinal. Ongoing phase 2 
and 3 studies are evaluating the optimal dose 
schedules of 325 mg twice daily for 7 days and 
425 mg twice daily for 3 days on days 1–3 and 
days 8–10.  

    12.4.6   Farnesyltransferase Inhibitor 
Therapy in HR-MDS 

 Farnesylation is a posttranslational modi fi cation 
required for many proteins to anchor to cell 
membranes, and one of these proteins is the 
oncoprotein Ras which is mutated in 10–40 % of 
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MDS (Itzykson and Fenaux  2009  ) . A multicenter 
phase 2 trial evaluated the farnesyltransferase 
inhibitor tipifarnib in 82 patients with HR-MDS 
(Fenaux et al.  2007  ) . Tipifarnib was given orally 
at 300 mg twice daily for the  fi rst 21 days of each 
28-day cycle. The ORR was 32 % (15 % CR, 
17 % HI), and 45 % of patients had stable dis-
ease. For the complete responders, the median 
response duration was 11.5 months, and 7 were 
still alive at time of analysis (all > 3 years). The 
median OS was 11.7 months (95%CI, 9.4–15.0). 
The most common side effects were neutropenia 
and thrombocytopenia, while severe nonhema-
tologic adverse events were rarely reported. It 
was concluded that tipifarnib resulted in durable 
responses and acceptable toxicity in patients 
with HR-MDS. Similarly, encouraging  fi ndings 
were demonstrated in another early-phase 
study in HR-MDS and CMML that used lona-
farnib, another oral farnesyltransferase inhibitor 
(Feldman et al.  2008  ) . Tipifarnib was also stud-
ied in an early-phase trial in combination with 
cytarabine-based intensive chemotherapy for 
AML and HR-MDS with encouraging results 
(Jabbour et al.  2011  ) .  

    12.4.7   Arsenic Trioxide in HR-MDS 

 Two phase 2 studies reported clinical activity for 
arsenic trioxide monotherapy in patients with 
HR-MDS (Schiller et al.  2006 ; Vey et al.  2006  ) . 
In the  fi rst study (Schiller et al.  2006  ) , patients 
received arsenic trioxide (0.25 mg/kg/day) on 5 
consecutive days per week for 2 weeks, followed 
by rest for 2 weeks (= 1 cycle). The study enrolled 
both LR-MDS and HR-MDS patients. Among 
patients who completed  ³ 2 cycles ( n  = 51), the HI 
rates were 9 % in HR-MDS, and 1 patient (3 %) 
with HR-MDS achieved a CR. Two patients died 
during the study due to treatment-related toxici-
ties. In the second study, 115 patients with MDS 
(including 64 patients with HR-MDS) received a 
loading dose of 0.3 mg/kg/day of arsenic trioxide 
for 5 days followed by a maintenance dose of 
0.25 mg/kg twice weekly for 15 weeks (Schiller 
et al.  2006 ; Vey et al.  2006  ) . The ORR in the 
study was 19 %, including 1 CR and 1 PR in the 

HR-MDS cohort. The hematologic response rate 
was 17 % for patients with HR-MDS. In both 
studies, responses were seen in all 3 hematologic 
lineages, and therapy was well tolerated. These 
results indicate a modest activity of arsenic triox-
ide, mainly in the form of HI, in HR-MDS, with 
a manageable toxicity pro fi le.   

    12.5   Combination Therapies 
in HR-MDS 

 Given the limited responses seen with DNMTi 
therapy in HR-MDS, there has been a growing 
interest in combining AZA or DAC with other 
drugs with the goal of increasing response rate, 
duration, depth, and, ultimately, survival. 

    12.5.1   DNMTi and HDACi Combination 
in HR-MDS 

 Studies showed that densely methylated DNA 
associates with transcriptionally repressive chro-
matin characterized by the presence of under-
acetylated histones in a dynamic fashion 
(Cameron et al.  1999  ) . Findings from epigenetic 
studies demonstrated that in vitro re-expression 
by reversing promoter methylation of silenced 
genes was achieved optimally by applying a 
DNMTi and sequentially following it by an 
HDACi (Cameron et al.  1999  ) . Therefore, 
HDACi therapy was a logical choice for a com-
bination strategy with DNMTi therapy in 
HR-MDS (Gore et al.  2006  ) . Synergistic antileu-
kemic effect was demonstrated in vitro by com-
bining the HDACi valproic acid with AZA or 
DAC (Yang et al.  2005  ) . The safety and clinical 
activity of valproic acid combinations with AZA 
and DAC and the combination of the HDACi 
sodium phenylbutyrate with AZA were con fi rmed 
in early-phase clinical studies (Gore et al.  2006 ; 
Garcia-Manero et al.  2006 ; Soriano et al.  2007  ) . 
Valproic acid requires millimolar concentra-
tions, which can be only transiently achieved 
in vivo, to demonstrate HDAC inhibitory activ-
ity (Gore  2011  ) . Based on the encouraging 
results of early-phase trials, several randomized 
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trials are examining this combination (Garcia-
Manero and Fenaux  2011  ) . Several trials are 
evaluating combinations of DNMTi with other 
HDACi such as entinostat, vorinostat, panobin-
ostat, and belinostat. Preliminary results of some 
of these trials reported in abstract forms in which 
valproic acid or entinostat was added to AZA or 
DAC have not shown increased response rates, 
but preliminary results from an AZA combina-
tion with vorinostat seem encouraging (Itzykson 
and Fenaux  2012  ) . So far, early epigenetic 
changes and DNA damage have not been shown 
to predict clinical responses with these combina-
tions (Fandy et al.  2009  ) .  

    12.5.2   DNMTi and Lenalidomide 
Combination in HR-MDS 

 Due to their activity in HR-MDS that is medi-
ated by different mechanisms of action target-
ing both the BM microenvironment and 
epigenetic changes of the dysplastic clone, the 
combination of lenalidomide and DNMTi for 
HR-MDS is an appealing one (Garcia-Manero 
and Fenaux  2011  ) . A multicenter single arm 
phase 1 study was conducted to assess the feasi-
bility of this combination in patients with 
HR-MDS (Sekeres et al.  2010  ) . Patients were 
enrolled on a traditional “3 + 3” schema, with 
cycles lasting 28 days, and patients received a 
maximum of 7 cycles. The median age of 18 
enrolled patients was 68 years, and follow-up 
was for 7 months (range, 1–26 months). No 
DLT occurred, and an MTD was not reached. 
Grade 3–4 nonhematologic toxicities included 
febrile neutropenia ( n  = 5), cardiac ( n  = 2), and 
CNS hemorrhage ( n  = 2). The ORR was 67 % 
(44 % CR, 17 % HI, and 6 % marrow CR). 
Patients achieving CR were more likely to have 
normal cytogenetics and lower methylation lev-
els. The authors concluded that this combina-
tion in HR-MDS is well tolerated with 
encouraging clinical activity. Further studies 
are evaluating the go-forward regimen from this 
study (AZA 75 mg/m 2 /day on days 1–5 and 
lenalidomide 10 mg on days 1–21) (Sekeres 
et al.  2010 ; Sekeres et al.  2011a  ) .  

    12.5.3   DNMTi and Intensive 
Chemotherapy Combination 
in HR-MDS 

 Relapsed and refractory AML are frequently 
characterized by cytarabine resistance. A phase 
1/2 study evaluated restoration of cytarabine sen-
sitivity in this setting by reversing acquired 
hypermethylation of gene promoters and subse-
quent silencing of gene expression which has 
been implicated in chemoresistance (Borthakur 
et al.  2010  ) . A total of 34 patients with relapsed 
and refractory AML and HR-MDS received a 
combination of AZA and cytarabine in a con-
comitant fashion. The combination was safe at 
full doses of AZA and cytarabine, without unex-
pected toxicities, but it was dif fi cult to deliver 
more than one cycle of therapy. Minimal antileu-
kemia activity was seen in relapsed/refractory 
AML, but CR was achieved in two of six mini-
mally pretreated patients. The authors concluded 
that this combination of AZA and cytarabine was 
feasible but has limited activity in relapsed/
refractory AML.  

    12.5.4   Other DNMTi Therapy-Based 
Combinations in HR-MDS 

 Two published reports described promising 
responses with a combination of AZA and the 
CD33-immunoconjugate gemtuzumab ozogami-
cin in elderly patients with HR-MDS or AML 
(Bayraktar et al.  2011 ; Nand et al.  2008  ) , but the 
withdrawal of gemtuzumab ozogamicin from the 
US market will complicate con fi rming these 
results. In a retrospective analysis of 282 patients 
with HR-MDS treated with AZA, a subgroup of 
32 patients who concomitantly received an eryth-
ropoiesis-stimulating agent (ESA) for a median of 
5.8 months after AZA onset achieved a signi fi cantly 
higher rate of HI of erythroid lineage, transfusion 
independence, and median OS than the patients 
who did not receive an ESA (44 % vs. 29 %, 48 % 
vs. 20 %, and 19.6 months vs. 11.9 months, 
respectively) (Itzykson et al.  2012  ) . In this study, 
the addition of an ESA signi fi cantly improved OS 
independently of AZA schedule and duration, 
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which provides basis for a prospective study eval-
uating this question (Itzykson et al.  2012  ) . Another 
recent study reported an impressive 72 % ORR to 
a combination of AZA with the tumor necrosis 
factor inhibitor etanercept in patients with inter-
mediate- and high-risk MDS and CMML, with 
the median response duration not reached at 2 
years (Scott et al.  2010  ) .   

      Conclusions 

 The  fi rst decade of the twenty- fi rst century 
witnessed major advances in the management 
of HR-MDS. Since the majority of patients 
with HR-MDS are not candidates for 
alloHSCT, many such patients were treated 
only with supportive care prior to the wide use 
of DNMTi therapy. The  fi rst decade of the 
twenty- fi rst century saw the incorporation of 
DNMTi therapy, especially with AZA, as a 
 fi rst-line standard of care for patients with 
HR-MDS. While DNMTi therapy is not cura-
tive, it resulted in improvements in blood 
counts with reduced transfusion needs, delayed 
leukemic progression, and extended survival 
in many of these patients. Our understanding 
of DNMTi and their ideal use for HR-MDS 
continues to be a process in evolution with 
many questions still waiting to be answered. 
More data is needed about the best schedules, 
doses, possible combinations and sequencing 
with other drugs, biomarkers to predict 
response, and duration of therapy with 
DNMTi. Although recent data showed that 
several cycles of DNMTi therapy are needed 
before responses are typically seen, the opti-
mal number of cycles and the role of mainte-
nance therapy after achieving best response 
need further exploration. It has been shown 
that improved survival with AZA in HR-MDS 
extends to any hematological response, but it 
is not clear yet if such bene fi t exists for patients 
whose best response to AZA is stable disease. 
As more data emerges on the mechanism of 
action of DNMTi and their effects on methyla-
tion, immune system, hematopoietic stem 
cells, and synergism with other agents, the 
deployment of these agents will likely result 
in better outcomes in HR-MDS. 

 Patients with HR-MDS who lose response 
or are refractory to DNMTi therapy have dis-
mal prognosis and very limited therapeutic 
options. The development of novel agents or 
ways to restore or prevent emergence of resis-
tance is a high-priority research area in 
HR-MDS. Achieving a breakthrough in the 
management of DNMTi-refractory HR-MDS 
will likely require a better understanding of 
the molecular mechanisms and signaling path-
way alterations that contribute to the emer-
gence of these resistant clones. Understanding 
the mechanisms of resistance to DNMTi ther-
apy may allow for the rational design of drugs 
that would prevent development of such resis-
tance or restore sensitivity to DNMTi 
therapy.      
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       13.1   Introduction 

 The availability of drugs such as azacitidine, 
decitabine, and lenalidomide offers treatment 
options for patients with MDS that can alter the 
disease course. Randomized trials have shown 
that azacitidine, for example, extends the life 
expectancy by about 9 months, but eventually the 
disease will progress. Aside from rare patients 
with MDS who may have been cured by intensive 
chemotherapy, the only currently available treat-
ment that offers the potential of cure is hematopoi-
etic cell transplantation (HCT). However, HCT is 
associated with certain risks, related primarily to 
the “conditioning” regimen administered in prep-
aration for HCT, and the immunologic reaction 
of donor cells against the patient, known as graft-
versus-host disease (GVHD). Furthermore, as the 
average age of patients with MDS is in the 70s, 
comorbid conditions are common and may 
increase the risk of complications of HCT. 
Finally, HCT does not guarantee eradication of 
the disease; the probability of relapse correlates 
with the disease stage at the time of HCT and the 
disease risk re fl ected in the patient’s karyotype. 

Thus, consultations with patients regarding HCT 
involve a comprehensive discussion of timing of 
HCT, alternative therapy before or instead of 
HCT, donor availability, and quality of life (QOL) 
issues, among others. 

 The pathology of MDS, classic and molecular 
cytogenetics, pathophysiology, and classi fi cation 
schemes of the disease are discussed in other chap-
ters. We will use that information here as needed to 
discuss the impact of those parameters on HCT.  

    13.2   General Considerations 
for HCT 

    13.2.1   Why Conditioning? 

 MDS is a clonal disorder of hematopoietic stem/
precursor cells and as such, disregarding contri-
butions of the marrow microenvironment, should 
be curable by replacing the diseased cells with 
cells from a healthy donor (see also autologous 
transplantation, below). 

 Successful allogeneic HCT requires that the 
infused cells from the healthy donor establish 
themselves (engraft) and that the clonal (malig-
nant) cells of the patient’s disease are eliminated 
or inactivated. All patients are prepared with a 
“conditioning” regimen, consisting of chemo-
therapy with or without total body irradiation 
(TBI), antibodies, and possibly radioimmuno-
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therapy. The objective is to overcome the immu-
nological barrier, which protects the body against 
intrusion by foreign cells (Welniak et al.  2007  )  
and to kill the patient’s MDS cells . However, 
many questions arise as to the best strategy: How 
intensive must the regimen be in order to allow 
for engraftment and prevent relapse? What inten-
sity will the patient tolerate? Should the condi-
tioning intensity be adjusted to the disease stage 
(the risk of relapse)? Would it be bene fi cial to 
give pre-HCT “debulking” therapy? Is there a 
place for post-HCT adjuvant or preemptive 
therapy?  

    13.2.2   Why Are Not All Patients Being 
Transplanted? 

 If treatment-related toxicity and mortality (TRM) 
were eliminated and GVHD was completely pre-
vented, one could argue that all patients should 
be offered the option of HCT, and even if post-
HCT relapse occurred, the patient might simply 
be back to the pre-HCT condition, i.e., patients 
would have nothing to lose. We have so far not 
arrived at that point, and disease characteristics, 
prognosis with non-transplant management, and 
patient age and medical condition remain major 
factors in the decision making process for HCT. 
Even in the most favorable risk category, i.e., a 
young patient with very low marrow blast count 
without high-risk cytogenetics will have a prob-
ability of long-term relapse-free survival (RFS) 
of maybe 75 %, while 25 % of patients will suc-
cumb to various complications. 

 At the same time, patients in IPSS risk groups 
low or intermediate-1 or in the revised IPSS 
(IPSS-R) categories very good or good may have 
life expectancies in the range of 5–10 years or 
longer with supportive care or conservative ther-
apy alone (Greenberg et al.  1997,   2012  ) . Weighing 
the pros and cons of HCT in those patients may 
lead to the decision to delay HCT until there is 
evidence of disease progression. Of course, HCT 
at a more advanced stage of MDS is associated 
with inferior outcome, primarily due to a higher 
relapse incidence. This aspect has gained in 
importance in recent years as growing numbers 
of patients have come to HCT when no longer 

responding to hypomethylating therapy, and pre-
liminary analyses indicate that these patients 
have a lower chance of being transplanted suc-
cessfully than otherwise expected for a compa-
rable disease stage (Prébet et al.  2011  ) . 

 The decision for HCT is generally easier for 
patients with more advanced/higher-risk disease 
whose life expectancy without HCT may be only 
a year or less. However, in patients with advanced 
MDS, pre-HCT debulking therapy may be desir-
able in an effort to reduce the probability of post-
HCT relapse. Such a strategy appears to be 
bene fi cial in patients with a large disease burden 
(high myeloblast count), but may not have a 
signi fi cant impact in patients with high-risk 
cytogenetics.  

    13.2.3   What Limits the Success of HCT 
in Older Patients and Those with 
Comorbid Conditions? 

 In addition to the disease stage, major hurdles to 
success of HCT have been patient age and, more 
directly, often age-related, comorbid conditions 
(Sorror et al.  2006,   2011  ) . The development of 
reduced-intensity conditioning (RIC) regimens 
along with modern supportive care and complica-
tion management has allowed to raise the accept-
able patient age into the eighth decade of life. 
The HCT-speci fi c comorbidity index (HCT-CI) 
developed by Sorror et al.  (  2008  )  (Table  13.1    ) 
and the primarily pulmonary function-based risk 
score generated by Parimon et al.  (  2006  )  allow 
for pre-HCT risk assessment. The current con-
sensus is that these risk scores predict toxicities, 
non-relapse mortality (NRM), and overall sur-
vival after HCT better than does the Karnofsky 
Performance Score (KPS) (Farina et al.  2009 ; 
Kataoka et al.  2010  ) .   

    13.2.4   Who Should Be the Donor? 

 About 25 % of patients will have HLA-identical 
sibling donors (or matched related donors other 
than a sibling). However, more than 15 million 
 volunteer donors are now registered in donor 
banks, and an HLA-matched unrelated donor can 
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be identi fi ed for about 50–60 % of Caucasians; the 
proportion is lower for African Americans and 
may be as low as 10 % in some ethnic minorities 
(Rocha and Locatelli  2008 ; Petersdorf  2009  ) . 
Importantly, transplant results with unrelated 
donors who are HLA matched with patients by 
high-resolution typing are comparable to those 
with HLA genotypically identical siblings, 
although the incidence of GVHD tends to be 

higher. For patients without HLA-matched related 
or unrelated donors, cord blood cells or cells from 
HLA-haploidentical related donors may offer alter-
natives (Brunstein et al.  2011 ; Luznik et al.  2008  )  
and should make the option of HCT available to 
almost every patient (Aversa  2008 ; Luznik et al. 
 2008 ; Brunstein et al.  2010  ) . Cord blood has the 
advantage of immunological “immaturity,” allow-
ing to transplant HLA-mismatched cells without a 
signi fi cant increase in GVHD incidence. The draw-
back of limited numbers of cells is at least in part 
overcome by the use of two units of cord blood or 
in vitro “expansion” of one cord blood unit before 
infusion, which provides a bridge and protection of 
the patient until full engraftment and hematopoi-
etic function are derived from the non-expanded 
unit (Dahlberg et al.  2011 ; Avery et al.  2011 ; 
Delaney et al.  2010 ; Kelly et al.  2009  ) . 

 Over the past decade the approach to treating 
MDS in general and with HCT in particular has 
undergone major changes. The emphasis with 
HCT has shifted from high-dose therapy, aimed 
at maximum tumor cell kill by the conditioning 
regimen, to low-intensity or RIC regimens, rely-
ing more on donor cell-mediated graft versus 
tumor (GVT) effects to eradicate the disease 
(Deeg et al.  2006 ; Welniak et al.  2007 ; Laport 
et al.  2008  ) . However, as illustrated in Fig.  13.1 , 
even a cursory review of the literature shows that 
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  Fig. 13.1    Transplant 
conditioning regimens       

   Table 13.1    Parameters considered in the HCT-CI   

 Parameter  Score 

 Arrhythmia  1 
 Cardiovascular comorbidity  1 
 In fl ammatory bowel disease  1 
 Diabetes  1 
 Cerebro-vascular disease  1 
 Psychiatric disturbance  1 
 Hepatic comorbidity  1–3 
 Obesity  1 
 Infection  1 
 Rheumatologic comorbidity  2 
 Peptic ulcer  2 
 Renal comorbidity  2 
 Pulmonary comorbidity  2–3 
 Prior solid tumor  3 
 Heart valve disease  3 

   HCT - CI  hematopoietic cell transplantation co-morbidity 
index (parameters are scored, ranging from 1 to 3). A 
detailed description and a calculator to determine the total 
score is available at   www.hctci.org      
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there is a continuum of regimens, spanning the 
range from low-dose TBI (2 Gy) only to regi-
mens that combine one or two chemotherapy 
agents with high-dose TBI (e.g., 12 Gy), and any 
categorization of regimen intensity must remain 
arti fi cial (Deeg et al.  2006 ; Deeg and Sandmaier 
 2010  ) . It appears most appropriate to refer to 
regimens by their components and dose intensity. 
The composition of particular regimens may 
prove to be relevant for subgroups of patients 
(unpublished data). A major advantage of RIC is 
the possibility of applying those regimens to 
patients with comorbid conditions and older 
patients, and, indeed, patients in the eighth 
decade of life have been transplanted success-
fully (Samuelson et al.  2011 ; Baron and 
Sandmaier  2005 ; Valcarcel and Martino  2007  ) . 
There is evidence, however, that the probability 
of relapse is higher with RIC (Baron and 
Sandmaier  2005  ) . Nevertheless, the broad menu 
of regimens allows to offer “custom-tailored” 
HCT to subgroups of patients, and transplant-
related mortality has steadily declined (Gooley 
et al.  2010 ; de Witte et al.  2009  ) .   

    13.2.5   Pre-HCT Therapy and Relapse 

 Despite considerable progress, however, post-
HCT relapse remains a problem, especially in 
patients with advanced and high-risk MDS 
(Warlick et al.  2009 ; Ramakrishnan and Deeg 

 2008  ) . This observation has led to efforts at pre-
HCT debulking in an attempt to apply HCT to 
patients with a lower disease burden, thereby 
increasing the chances of post-HCT RFS. 
However, no prospective controlled trial has 
been conducted to document the actual bene fi t 
of pre-HCT debulking. Very likely retrospective 
data re fl ect a selection bias in so far as patients 
who did not respond were less likely to come to 
HCT, either because of the refractoriness of their 
disease or because of complications they suf-
fered related to pre-HCT therapy. Importantly, a 
risk factor even more powerful than the myelo-
blast count is the patient’s karyotype due to the 
profound impact on relapse (Oliansky et al. 
 2009 ; Alessandrino et al.  2008  ) . An analysis by 
Armand et al. suggests that MDS patients can be 
separated into two groups, good/intermediate 
versus poor-risk cytogenetics, with signi fi cantly 
differing impacts on post-HCT course (Armand 
et al.  2010  ) , although a recent study suggests 
that a new 5-group classi fi cation (Schanz et al. 
 2012  )  further distinguishes patients with the 
highest and lowest relapse risk (Deeg et al. 
 2012  )  (Fig.  13.2 ). This is important to remem-
ber as the karyotype may also determine the 
response to chemotherapy, and as a result, pre-
HCT therapy would select for “sensitive” 
patients.  

 Other strategies aimed at reducing the fre-
quency of post-HCT relapse include  post -HCT 
preemptive therapy with hypomethylating agents 
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(de Lima et al.  2010  )  and vaccination efforts (Ma 
et al.  2010  ) .   

    13.3   Timing of HCT 

 Determining the optimal timing of HCT for MDS 
has proven dif fi cult, although all available data 
indicate that patients transplanted at an early stage 
of their disease have superior outcomes. The prob-
ability of relapse increases progressively with 
increasing IPSS or WPSS scores (Deeg et al. 
 2002 ; Alessandrino et al.  2008  ) . An earlier Markov 
analysis by Cutler et al. (in patients with HLA-
identical related donors) showed that patients with 
high or intermediate-2 risk by IPSS did bene fi t 
from early HCT, while patients with low or inter-
mediate-1 risk may have a longer life expectancy 
if HCT is delayed until evidence of disease 
 progression (Cutler et al.  2004  ) . A recent study by 
Koreth et al.  (  2011  )  in patients older than 60 years 
and prepared with RIC regimens shows, similarly, 
that those with low-risk MDS are unlikely to gain 
extended survival by HCT, whereas high-risk 
patients may gain life years, although the bene fi t 
became apparent only with several years of fol-
low-up after HCT. Nevertheless, it is wise to 
advise patients in the lower-risk categories indi-
vidually. For example, a patient may be catego-
rized as low risk by established criteria but may be 
at considerable risk, e.g., of bleeding or infection, 
on the basis of thrombocytopenia and severe neu-
tropenia, respectively. Also, a patient may not 
meet any of the hematologic risk parameters, but 
may have a higher-risk karyotype predisposing 
the patient to the risk of relapse while still being 
categorized as intermediate-1 risk by IPSS. Those 
parameters weigh more heavily in the revised 
IPSS (IPSS-R) (Greenberg et al.  2012  ) .  

    13.4   Pretransplant Therapy 

    13.4.1   Who Should Receive 
Which Therapy? 

 To improve chances for post-HCT success, 
patients with marrow myeloblast counts of greater 

than 5 or 10 % often will receive pre-HCT ther-
apy with a hypomethylating agent or with more 
classical induction-type chemotherapy (Warlick 
et al.  2009 ; Oliansky et al.  2009 ; Kindwall-Keller 
and Isola  2009 ; Yakoub-Agha et al.  2000 ; Nakai 
et al.  2005 ; de Lima et al.  2004  ) . The choice of 
therapy typically depends upon the tumor burden, 
patient age, and overall health status. Currently, 
no results from randomized prospective trials are 
available. Retrospective data indicate that patients 
whose disease has  responded to pre - HCT therapy  
have superior post-HCT survival (Yakoub-Agha 
et al.  2000 ; Scott et al.  2005 ; de Lima et al.  2004  ) . 
However, the clinical impression is that pre-HCT 
therapy may select for chemosensitive patients, 
and, in fact, the cohorts of patients who did not 
respond had a poorer outcome than patients who 
were untreated at the time of HCT. The impact of 
the depth of response on post-HCT outcome is 
illustrated in Fig.  13.3  (de Lima et al.  2004  ) . 
Whether pre-HCT therapy improves the post-
HCT prognosis in patients with high-risk cytoge-
netics (independent from the disease burden) is 
doubtful, at least with currently used modalities.   

    13.4.2   Hypomethylating Agents 
and HCT 

 As discussed in the respective chapters, hypom-
ethylating agents are now considered standard of 
care for many patients with MDS, not necessarily 
dependent upon the myeloblast count. Several 
trials have shown that patients gain, on average, 
9–10 months in life expectancy. Should HCT be 
carried out  after  patients have failed hypomethy-
lating therapy or, rather,  while still responding  to 
that treatment? No controlled trials are available, 
but a recent meta-analysis by Prébet et al.  (  2011  )  
showed the following: patients in whom treat-
ment with 5-azacitidine was discontinued for 
various reasons had a median life expectancy of 
5–6 months. If HCT was carried out after treat-
ment was stopped because of intolerance of the 
drug or because no response was achieved, about 
40 % of patients survived in remission. In con-
trast, among patients who had progressed on 
5-azacitidine, the median survival was 14 months, 
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and no plateau was reached. There may be vari-
ous reasons for such a pattern. It is not unlikely 
that evolution of the disease under therapy, pos-
sibly with new clones arising, accounts for the 
difference. Patients must be informed about these 
considerations; some might choose to “buy the 
maximum time with good quality of life” before 
being exposed to the potential risks of HCT; oth-
ers might decide to “go for the cure.” The latter 
are more likely to be younger and in good clinical 
condition, the former more likely to be older or 
suffer from other medical ailments. 

 In a retrospective analysis, overall survival, 
RFS, and cumulative incidence of relapse at 1 
year were 47, 41, and 20 % , respectively, for 
patients with MDS (and CML) receiving 5-azac-
itidine, compared to 60, 51, and 32 % for patients 
who were not treated (Pidala et al.  2009b  ) . In a 
small study including 17 patients with MDS, 
treatment with decitabine did not negatively 
affect toxicity after HCT, and disease downstag-
ing improved HCT outcome (De Padua et al. 
 2009  ) . Clearly, however, the available data are 
not conclusive. 

 To what extent other therapies given before 
HCT, such as lenalidomide and agents discussed 

in Chap. 12   , impact transplant outcome is cur-
rently not known.   

    13.5   Conditioning Regimens 

 Basically two strategies have been pursued to 
minimize toxicity and optimize ef fi cacy: (1) a 
drastic reduction of cytotoxic intensity with a 
shift to rely heavily on the immunological GVT 
effect of donor cells and (2) a stepwise remodel-
ing of more conventional regimens. There is no 
one-size- fi ts-all conditioning regimen (Oliansky 
et al.  2009  ) . Instead, conditioning should be tai-
lored to diagnosis, disease stage, patient age, 
prior therapy, comorbidities, and other parame-
ters of HCT, such as donor and stem cell source 
(Ramakrishnan and Deeg  2008 ; Scott and Deeg 
 2006 ; Deeg et al.  2006  ) . Some regimens used 
widely for transplant conditioning of patients 
with MDS are summarized in Fig.  13.1 . 

 High-dose conditioning tends to be associated 
with a lower relapse risk than RIC regimens 
(Warlick et al.  2009  ) , but toxicity may render 
those regimens unsuitable for older patients and 
those with comorbidities (Scott and Deeg  2006  ) . 

1.0

0.8

0.6

0.4

0.2

0.0

0 20 40 60 80
Time (weeks)

E
ve

nt
-f

re
e 

P
ro

ba
bi

lit
y

P < .0001

In remission, PB.blast=0
Active Disease, PB.blast=0

Active Disease, PB.blast>0

100 120

  Fig. 13.3    Relapse   -free 
survival by disease status and 
circulating blasts. HCT results 
in 74 patients with AML and 
22 patients with MDS. 
Patients had high-risk disease 
or were given pre-HCT 
chemotherapy or both. At 
HCT, patients were either in 
complete remission without 
blasts in peripheral blood 
( PB ) or had active disease in 
the marrow without or with 
circulating blasts (This 
research was originally 
published in  Blood . © the 
American Society of 
Hematology. Reused with 
permission from de Lima 
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Currently, patients age 60 or 65 years and older, 
and patients of younger age with comorbidities 
that result in a score of 3 and higher on the HCT-CI 
scale, are typically offered HCT using RIC regi-
mens. The higher risk of relapse is offset by lower 
TRM (Alyea et al.  2006 ; Martino et al.  2006 ; 
Oliansky et al.  2009 ; Warlick et al.  2009 ; Scott 
et al.  2006  ) . However, retrospective data must be 
interpreted with caution, because of selection bias 
(Martino et al.  2006 ; Sorror et al.  2004,   2005  ) . 
A prospective randomized phase III trial compar-
ing conditioning regimens of different intensities 
in patients with MDS or AML is currently under-
way in the USA (CTN # 0901). Results are 
expected to provide some answers, but it is clear 
that further re fi nements and steps of “individual-
ization” for a given target group of patients will 
be necessary in order to optimize results.  

    13.6   Selection of Donor 
and Stem Cell Source 

    13.6.1   Donor Options 

 The standard approach at most centers is to search 
for HLA-identical siblings and try to identify HLA-
matched (by high-resolution typing) unrelated 
donors if no suitably matched siblings are avail-
able. Some recent investigations have compared 
results with cord blood as a source of stem cells to 
those with unrelated donors, reporting similar out-
comes for certain diagnoses, but only limited data 
in patients with MDS are available (Harrison et al. 
 2006 ; Ooi et al.  2003 ; Sato et al.  2011  ) . Finally, 
based on results reported initially from the Perugia 
and the Johns Hopkins teams, HLA-haploidentical 
transplants from related donors represent an area 
of intensive research with promising early results, 
particularly in patients with lymphoid malignan-
cies (Chen et al.  2010 ; Luznik et al.  2008 ; Aversa 
 2008 ; O’Donnell et al.  2010  ) .  

    13.6.2   Sources of Stem Cells 

 Hematopoietic stem cells can be aspirated 
directly from the marrow, can be mobilized into 

peripheral blood by granulocyte colony-stimu-
lating factor (G-CSF) or the CXCR4 blocking 
molecule plerixafor, and can be harvested by 
leukapheresis (PBPC) or, as indicated already, 
can be collected from umbilical cord blood. 
These cell populations express different char-
acteristics, in regard to kinetics of engraft-
ment, GvHD, and GVT effects (Welniak et al. 
 2007  ) . PBPC allow for more rapid engraftment 
than seen with marrow but are also associated 
with a higher incidence of chronic GVHD 
(Anasetti et al.  2012  ) , an observation that may 
lead to more frequent use of bone marrow, par-
ticularly in patients with good-risk disease. 
The use of cord blood is typically associated 
with more delayed engraftment, but the inci-
dence of GVHD may be low, despite HLA 
mismatching.  

    13.6.3   Donor and Patient 
Characteristics Affecting 
the Selection of Stem 
Cell Source 

 Several factors in addition to HLA matching 
determine the choice of stem cells. One is the 
size of the donor: leukapheresis is dif fi cult to 
carry out in children. Another is the ratio of 
patient to donor size: for a large patient it may 
simply not be possible to identify cord blood 
units of suf fi cient size to assure prompt engraft-
ment. The use of PBPC may convey a more 
potent GVT effect than marrow and, therefore, 
may be preferred for patients with high-risk dis-
ease. Several studies showed that transplantation 
of PBPC from related donors in patients with 
MDS was associated with lower relapse rates 
than the use of marrow (Guardiola et al.  2002 ; 
Deeg et al.  2002  ) . More recent data from a 
Markov decision analysis of results in 1,111 
patients transplanted from HLA-identical sib-
lings (Pidala et al.  2009a  )  and conditioned with 
high-dose regimens showed signi fi cantly higher 
survival and better quality of life with PBPC than 
with marrow, despite a higher incidence of 
GvHD, primarily due to lower relapse 
incidence. 
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 With the use of cord blood (Brunstein and 
Weisdorf  2009 ; Rocha and Gluckman  2009 ; Ooi 
 2006  ) , the degree of HLA match combined with 
cell numbers determines the success of HCT 
(Barker et al.  2010  ) . As stated above, the use of 
two cord blood units (Rocha and Gluckman  2009 ; 
Avery et al.  2011 ; Delaney et al.  2010  )  and in vitro 
expansion of cord blood have improved results 
(Dahlberg et al.  2011 ; Rocha and Gluckman 
 2009 ; Avery et al.  2011 ; Delaney et al.  2010  ).    

    13.7   Results of Allogeneic HCT 

 Several recent reviews have summarized currently 
achievable results (Harrison et al.  2006 ; Oliansky 
et al.  2009 ; Bartenstein and Deeg  2010  ) . 

    13.7.1   “Conventional” Regimens 

 Traditionally, high-dose chemotherapy has been 
used to eradicate clonal stem cells. The FHCRC 
team reported results for 109 patients with MDS 
conditioned with oral BU (16 mg/kg), with dose 
adjustments to maintain plasma concentrations at 
steady state (Css) of 800–900 ng/mL (targeted BU 
[tBU]), and cyclophosphamide (CY) (120 mg/kg) 
(oral tBU/CY). Patients were 6–66 (median 46) 
years old. The BU Css levels reached were 635–
1,140 (median, 883) ng/mL. Pre-HCT marrow 
myeloblast percentage and IPSS score were the 
most signi fi cant predictors of RFS. NRM at 100 
days and 3 years was 16 and 31 %, respectively. 
The 3-year RFS was 56 % with related and 59 % 
with unrelated donors. The cumulative incidence 
of acute GVHD was 64 % with HLA-matched 
related and 68 % for HLA-matched unrelated 
donors. The regimen was most effective in patients 
with early stage disease. In a subsequent trial, CY 
was replaced by  fl udarabine (Flu) (120 mg/m 2 ) 
followed by oral BU (16 mg/kg) targeted to Css 
levels of 900 ± 100 ng/mL (Flu/oral tBU). Forty-
two patients, including 38 with high-risk MDS, 
were enrolled. Engraftment was achieved in all 
patients, and the day-100 NRM was 7 %. Overall 
survival, NRM, and RFS at 18 months were 42, 
24, and 35 %, respectively. The use of Flu instead 
of CY appeared to permit higher average BU 

exposure without increasing the toxicity. It is of 
note, however, that a recent analysis indicates that 
Flu administration concurrently with BU results 
in decreased BU clearance (Yeh et al.  2012  ) . Also, 
in the FHCRC experience, long-term observation 
failed to show an advantage of the Flu/Bu regimen 
(Deeg et al.  2012  ) . 

 The MD Anderson Cancer Center team used a 
slightly different Flu/BU regimen consisting of 
Flu, 40 mg/m 2 /day, and IV BU, 130 mg/m 2 /day, 
on days −6 to −3 (total doses Flu 160 mg/m 2 , BU 
520 mg/m 2 ) in 96 patients with MDS or AML, 
19–66 (median 45) years of age. One-year overall 
survival was 65 %, NRM 3 %, and RFS 52 %. 
Thus, NRM was lower than observed with the 
Flu/ oral  tBU (3 % vs.15 %, respectively). The Bu 
Css was 836.6 ng/mL, only slightly lower than 
the 908 ng/mL in the Flu/oral tBU regimen. It is 
likely, therefore, that BU given IV offers an 
advantage. The same investigators reported 
results with an RIC regimen consisting of Flu and 
melphalan (Mel). One hundred twelve patients 
with AML or MDS, 22–74 (median 55) years of 
age, were conditioned with Flu 100–150 mg/m 2  
and Mel 100–180 mg/m 2 . With a median fol-
low-up of 2.5 years, there were no differences in 
survival or risk of progression between patients 
given Mel 140 mg/m 2  vs. Mel 180 mg/m 2 . The 
cumulative incidence of day-100 and 2-year 
NRM was 0 and 20 %, respectively. The esti-
mated 2-year survival was 66 % for patients in 
remission at HCT and 40 % for patients with 
active disease but without circulating blasts.  

    13.7.2   Low Intensity/RIC Regimens 

 A RIC regimen consisting of Flu + low-dose BU 
was  fi rst reported by Slavin et al. Twenty-six 
patients with various disorders were conditioned 
with Flu, 180 mg/m 2 , and oral BU, 8 mg/kg. 
Overall survival at 8 months was 85 %, and 81 % 
of patients were disease-free. A regimen of Flu 
(150 mg/m 2 ), oral BU (8 mg/kg), and anti-CD52 
antibody alemtuzumab (100 mg) was used in 62 
patients, 22–70 (median 53) years of age, with 
MDS (all WHO categories), chronic myelomono-
cytic leukemia, or AML developing from MDS. 
The 1-year overall survival was 74 %, NRM 
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15 %, and RFS 62 %. Importantly, however, many 
of these patients required donor lymphocyte infu-
sion (DLI) to achieve complete chimerism and 
remissions post-HCT (Ho et al.  2004  ) . 

 In a study of 84 patients conditioned with high-
dose or RIC regimens, respectively, and trans-
planted with marrow from HLA-related or 
unrelated donors or cord blood (Warlick et al. 
 2009  ) , 1 (5)-year overall survival was 48 % (31 %), 
relapse incidence 23 % (25 %), and RFS 38 % 
(29 %). Transplant-related mortality at 1 year was 
39 %. The incidence of acute GvHD grades II–IV 
was 43 % and of chronic GvHD 15 %. RFS did 
not differ signi fi cantly by graft source or condi-
tioning intensity. The incidence of relapse was 
18 % for patients with  £ 5 % myeloblasts and 35 % 
for patients with  ³ 5 % blasts. While, among 
patients with less than 5 % blasts, high-dose con-
ditioning was associated with a relapse incidence 
of 9 %, compared to 31 % in patients with RIC, no 
signi fi cant difference was observed among patients 
with higher myeloblast counts. The reason is not 
immediately apparent, but may lie in treatments 
given pre-HCT to patients with higher blast counts 
(see also discussion about selection of treatment-
sensitive patients). 

 In an EBMT registry study of 374 patients 
with refractory anemia (RA) or RA with ringed 
sideroblasts (RARS) receiving HLA-matched 
HCT after various conditioning regimens (de 
Witte et al.  2009  ) , the 4-year overall survival was 
52 %, RFS 48 %, relapse 15 %, and NRM 37 %. 

The risk of relapse was higher after RIC com-
pared to high-dose conditioning (hazard ratio 
[HR] 2.8) (Lim et al.  2010  ) . However, overall 
survival and RFS did not differ signi fi cantly as 
NRM was signi fi cantly lower after RIC (HR 0.8). 
The relapse incidence was lower with unrelated 
than with related donors (HR 0.6), presumably 
due to a greater GVT effect, but NRM was higher 
(HR 1.4), and overall survival was comparable to 
that with related donors. T-cell depletion was 
associated with increased NRM. Older patient 
age and delay of HCT by more than 12 months 
after diagnosis adversely affected outcome. 

 Martino et al.  (  2006  )  analyzed HCT results in 
836 patients with MDS transplanted from HLA-
identical siblings following RIC ( n  = 215) or high-
dose conditioning ( n  = 621) and found no signi fi cant 
difference for overall survival (45 % vs. 41 %, 
respectively). Lack of remission or  progression to 
AML before HCT, poor-risk karyotype , and age 
older than 50 years negatively impacted RFS. 

 In agreement with other reports (Casper et al. 
 2010 ; Kroger et al.  2006b ; Cutting et al.  2008 ; 
Beelen et al.  2005  ) , we showed that a condition-
ing regimen composed of Flu and treosulfan was 
associated with an NRM of less than 10 % 
(Nemecek et al.  2011  ) , and among patients with 
AML or MDS without high-risk cytogenetics, the 
2-year RFS was 80 % (Fig.  13.4 ). This regimen 
may be considered to be of intermediate intensity 
and may point to new strategies for successful 
HCT in patients with MDS.  
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  Fig. 13.4    Relapse-free 
survival in patients with MDS 
or AML conditioned with 
 fl udarabine plus treosulfan 
and transplanted from 
HLA-matched related or 
unrelated donors. Shown are 
the results based on 
cytogenetic risk (per IPSS 
criteria for MDS and per 
cooperative group criteria for 
AML) (Reprinted from 
Nemecek et al.  (  2011  ) . With 
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 Very encouraging results were also achieved 
with regimens that combine Flu and low-dose 
TBI (2 Gy) (Laport et al.  2008  )  with radioimmu-
notherapy (Pagel et al.  2009  ) . 

 These latter regimens do not easily  fi t into 
what has been contrasted as “myeloablative” and 
“non-myeloablative” HCT – the  objective of all 
regimens  is to ablate the patient’s disease, but to 
do so with the least toxicity possible.  

    13.7.3   Transplantation 
for Secondary MDS 

 The central importance of cytogenetics was 
underscored in an analysis of results in 257 
patients with  secondary  MDS (including patients 
who had progressed to AML). The 5-year inci-

dence of relapse was 33 % for tAML, 36 % for 
RAEB, and 12 % for RA/RARS. The 5-year 
RFS was 29 % overall, 19 % for tAML, 25 % for 
RAEB, and 41 % for RA/RARS. Outcomes were 
compared to results in 339 patients with de novo 
MDS/tAML. After adjusting for cytogenetic 
risk, there were no signi fi cant differences 
between the two cohorts (Fig.     13.5 ). Relapse 
probability and RFS signi fi cantly correlated with 
disease stage ( p  < .001) and karyotype ( p  < .001). 
Patients receiving unrelated donor transplants 
( n  = 122) had a lower risk of relapse ( p  = .003) 
and higher RFS ( p  = .02) compared to those 
receiving grafts from related donors. Conditioning 
with tBU plus CY ( n  = 93) was associated with 
the highest RFS (43 %) and lowest NRM (28 %). 
In principle these results were con fi rmed in a 
more recent analysis of CIBMTR data by Litzow 
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et al.  (  2010  )  and by an update of the FHCRC 
data (Deeg et al.  2012  ) .    

    13.8   Managing Relapse After HCT 

 While considerable progress has been made in 
regard to transplant-related toxicity and mortality, 
post-HCT relapse, particularly in patients with 
high-risk MDS (by IPSS, WHO, or WPSS crite-
ria), has remained a major challenge in all studies, 
particularly after RIC. Marrow cyto- and histomor-
phology, cytogenetic monitoring, PCR assessment 
of molecular markers, assessment of donor-host 
chimerism, and immunophenotyping have all been 
applied (Bacher et al.  2008  )  in attempts to detect 
persistent or recurrent MDS early and thereby 
improve the chances of eradicating the disease. 
Post-HCT decline in donor CD34+ cell chimerism 
is a harbinger of relapse, and close monitoring and 
early intervention with 5-azacitidine appears to 
restore complete chimerism and prevent relapse at 
least in a proportion of patients (Platzbecker et al. 
 2012  ) . Data supportive of such a strategy have also 
been presented by de Lima et al.  (  2010  ) . 

 Further, minimal residual disease, as deter-
mined by multiparameter  fl ow cytometric analy-
sis, signi fi cantly impacts outcome after HCT 
(Scott et al.  2008 ; Walter et al.  2011 ; Diez-
Campelo et al.  2009  ) . Patients with low or no  fl ow 
cytometric aberrancy had lower relapse rates and 
superior survival than patients with more severely 
aberrant  fl ow parameters. However, since most 
patients with MDS have aberrant marrow cell 
phenotypes by  fl ow cytometry and may not be in 
remission as classically de fi ned for patients with 
AML, the de fi nition of minimal residual disease 
at the time of HCT is a matter of debate. 

 DLI in patients with hematologic relapse has 
shown only limited ef fi cacy, as has withdrawal of 
immunosuppressive therapy (Warlick et al.  2008 ; 
Campregher et al.  2007 ; Rizzieri et al.  2007 ; 
Kang et al.  2008 ; Lim et al.  2007 ; Mielcarek et al. 
 2007  ) . Intensive chemotherapy has generally 
been disappointing, and second HCT in adults 
have yielded low success rates (Shaw et al.  2008  ) . 
Results may be superior with the use of RIC regi-
mens for second HCT.  

    13.9   Autologous HCT 

 The role of autologous HCT has been investi-
gated mostly in Europe. Among 100 out of 184 
MDS patients who achieved complete remissions 
with induction chemotherapy, based on donor 
availability (de Witte et al.  2001  ) , 28 received 
allogeneic and 36 autologous HCT while in  fi rst 
remission; 4-year RFS was 31 and 27 %, respec-
tively (de Witte et al.  2001  ) . Another report 
showed a relapse incidence of 58 % and TRM of 
2 % among 65 autologous HCT recipients 
(Kroger et al.  2006a  ) . De Witte et al.  (  2010  )  stud-
ied 264 patients with MDS and 77 with second-
ary AML and observed signi fi cantly superior 
RFS among intermediate- and poor-risk patients 
who had an allogeneic donor. 

 An analysis of results in 593 patients showed 
3-year overall survival rates of 50 % among those 
transplanted from unrelated donors while in  fi rst 
remission, 42 % with autologous HCT in  fi rst 
remission, and 40 % among patients not in remis-
sion and transplanted from unrelated donors 
( p  = 0.01). The relapse rates were 62 % after 
autologous HCT, 24 % with HCT from HLA-
matched unrelated donors while in remission, 
and 30 % among those who had not received 
prior chemotherapy (Al Ali et al.  2007  ) . 

 Thus, the data indicate that autologous HCT 
is feasible in a small proportion of patients with 
MDS, but with the expansion of HCT to cord 
blood and HLA-haploidentical donors, autolo-
gous HCT for MDS currently plays no signi fi cant 
role.  

    13.10   MDS in Children 

 See Chap.   14    .  

    13.11   Additional Risk Factors 

 In addition to the widely accepted risk factors rec-
ognized in formal classi fi cation systems, some other 
parameters may also impact outcome of HCT:
    1.     Immunophenotypic aberrancy . Myeloblast 

aberrancies as determined by  fl ow cytometry 

http://dx.doi.org/10.1007/978-3-642-36229-3_14
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affect HCT outcome, speci fi cally relapse. 
Even among patients with less than 5 % 
myeloblasts in the marrow, the presence of 
severe  fl ow aberrancies is a associated with a 
threefold higher relapse rate than seen in 
patients with no or minimal aberrancies (Scott 
et al.  2008  ) . Westers et al. recently provided a 
standardization of  fl ow cytometric criteria for 
MDS (Westers et al.  2012  ) , and Cutler et al. 
described a correlation of a  fl ow cytometric 
severity score with cytogenetic abnormalities 
(Cutler et al.  2011  ) .  

    2.     Marrow  fi brosis . Marrow  fi brosis is associ-
ated with faster disease progression and 
shorter survival, and  fi brosis is listed in a 
footnote to the IPSS-R (Greenberg et al.  2012  )  
Therefore, one may want to consider earlier 
HCT in these patients, particularly since HCT 
studies show that results with HCT in patients 
with MDS and marrow  fi brosis was inferior 
when HCT was carried out for advanced dis-
ease by established criteria (Scott et al.  2007 ; 
Kröger et al.  2011  ) .  

    3.     Transfusion dependency . Transfusion depen-
dence has been recognized as a prognostic risk 
factor (Malcovati et al.  2007  ) , and the severity 
of anemia is considered in the IPSS-R. It has 
been less clear whether the negative impact on 
transplant outcome is related primarily to the 
underlying biology that results in transfusion 
dependence or the transfusion-related effects 
such as allosensitization and iron overload 
(Platzbecker et al.  2008 ; Armand et al.  2007  ) . 
Whether chelation therapy pre-HCT will have 
a positive impact on HCT outcome has not 
been determined.  

    4.     Patient age . Patient age has long been a major 
limitation for the application of HCT. Again, 
this is acknowledged in the IPSS-R. Our cur-
rent understanding is that biologic rather than 
chronologic age is the more relevant factor, 
and, indeed, patients in their 70s have been 
transplanted successfully; it is primarily the 
presence of comorbidities that negatively 
impact HCT outcome. As discussed elsewhere 
(Deeg and Sandmaier  2010 ; Sorror et al. 
 2011  ) , age by itself should not be the only fac-

tor when arguing for or against HCT; however, 
consideration must be given to the patient’s 
outlook based on other parameters, to the mor-
bidity that may occur following HCT, and to 
the quality of life in general. Not everybody 
may be  fi t for transplantation.  

    5.     Molecular defects . A wealth of data on DNA 
mutations and other molecular markers in 
patients with MDS has been generated in 
recent years (Li et al.  2010 ; Bejar et al.  2011a  ) . 
The life expectancy is shortened in the pres-
ence of most of the identi fi ed mutations even 
if classic cytogenetics are normal (Bejar et al. 
 2011b  ) . Conversely, It has been suggested 
that, for example, the  absence  of a mutation 
of  TET 2  was associated with inferior out-
come (Mittelman et al.  2010  ) . The relevance 
for the success of HCT remains to be 
investigated.      

    13.12   Summary and Conclusions 

 HCT is currently the only treatment with proven 
curative potential in patients with MDS. With 
careful selection, patients in the seventh and 
even eighth decades of life can be transplanted 
successfully. Results of transplants from unre-
lated donors, selected on the basis of HLA iden-
tity at the DNA level, are comparable to those 
with HLA-identical siblings. The availability of 
cord blood as a source of stem cells and prog-
ress made with transplantation from HLA-
haploidentical donors allow to offer HCT to 
almost any patient. With progressive modi fi cation 
of conditioning regimens, the day-100 NRM has 
been reduced to less than 10 % or even less than 
5 %. Dependent upon disease stage and charac-
teristics, some 25–75 % of patients with MDS 
undergoing HCT will be cured, with follow-up 
now extending to more than 25 years. However, 
as many as 60 % of patients may experience 
chronic GVHD, and 20–25 % may suffer from 
chronic medical problems often related to 
GVHD. While more than 70 % report their qual-
ity of life as being “good to excellent” by 2 years 
after HCT, disease relapse and GVHD remain 
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major hurdles. Great hopes are placed on immu-
notherapy with restricted activity against the 
 disease and avoidance of the undesired manifes-
tations of GVHD. With the availability of 
approved drugs for the non-HCT treatment of 
MDS, ongoing studies are exploring the incorpo-
ration of those agents into the overall transplant 
approach with the goal of further improving 
long-term RFS.      
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          14.1   Introduction 

 Myelodysplastic Syndrome (MDS) is much rarer 
in children than in adults, accounting for less than 
5 % of hematopoietic neoplasia in childhood. 
Population-based data suggest an annual inci-
dence of 1–2/million (Hasle et al.  1995,   1999b ; 
Passmore et al.  2003  ) . There are signi fi cant dif-
ferences in presentation, underlying molecular 
and cytogenetic abnormalities and classi fi cation 
between MDS in children and adults. The thera-
peutic aim in children with MDS is primarily a 
cure, and therapeutic efforts concentrate on 
hematopoietic stem cell transplantation (HSCT).  

    14.2   Classi fi cation 
of Childhood MDS 

 MDS in childhood is a very heterogeneous group 
of disorders associated with a variety of different 
clinical conditions. This diversity hampered a 
generally accepted classi fi cation in the past. 
Following an International consensus myelodys-
plastic and myelodysplastic/myeloproliferative 
disorders in children are separated into three 
main groups: juvenile myelomonocytic leukemia 

(JMML), MDS, and myeloid proliferations 
related to Down syndrome (Table  14.1 ) (Hasle 
et al.  2003  ) . JMML is a unique disorder of infancy 
characterized by a hyperactive RAS signalling 
pathway due to molecular aberrations in the 
genes encoding for SHP-2, NRAS, KRAS, CBL, 
or neuro fi bromatosis type 1. MDS in Down syn-
drome in the  fi rst 5 years in life is not biologically 
different from AML in these patients. The unify-
ing term “myeloid leukemia associated with 
Down syndrome” encompasses both MDS and 
AML (Baumann et al.  2008a  ) , and patients are no 
longer included in MDS series.  

 MDS in childhood displays many of the mor-
phologic and genetic features observed in 
 adulthood forms. There are, however, signi fi cant 
differences reported. For instance, in childhood 
MDS, refractory cytopenia with ringed 
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   Table 14.1    Classi fi cation of MDS and myelodysplastic/
myeloproliferative disorders of childhood   

 I. Myelodysplastic/myeloproliferative disease 
  Juvenile myelomonocytic leukemia (JMML) 
   Chronic myelomonocytic leukemia (CMML) 

(secondary only) 
 II. Down syndrome disease 
  Transient abnormal myelopoiesis (TAM) 
  Myeloid leukemia of Down syndrome 
 III. Myelodysplastic Syndrome (MDS) 
   Refractory cytopenia of childhood (RCC) (PB blasts 

<2 % and BM blasts <5 %) 
   Refractory anemia with excess blasts (RAEB) (PB 

blasts 2–19 % or BM blasts 5–19 %) 
   RAEB in transformation (RAEB-T) (PB or BM 

blasts 20–29 %) 
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 sideroblasts is infrequently found, the unique 5q− 
syndrome has not been described, and the impor-
tance of multilineage dysplasia in refractory 
cytopenia is unknown. To account for these dif-
ferences, the most recent WHO classi fi cation on 
hematopoietic and lymphoid neoplasia incorpo-
rated a chapter on MDS in children (Baumann 
et al.  2008b  ) . 

 For children with MDS and 2–19 % blasts in the 
peripheral blood (PB) or 5–19 % blasts in the bone 
marrow (BM), the same criteria utilized for adults 
with refractory anemia with excess blasts (RAEB) 
are applied. Children diagnosed of RAEB generally 
have stable disease for weeks or months. A similar 
clinical course with lack of features of acute leuke-
mia can be observed in some cases with 20–30 % 
blasts in PB or BM who are considered as RAEB in 
transformation (RAEB-T) in the French-American 
British cooperative classi fi cation (Baumann et al. 
 2008b ; Hasle et al.  2003  ) . It should be emphasized, 
however, that the blast count is insuf fi cient to dif-
ferentiate MDS from de novo AML. Disease with 
rapid increase in marrow blasts, organ in fi ltration, 
or cytogenetic abnormalities like t(8;21)(q22;q22), 
inv(16)(p13;1q22), t(16;16)(p13.1;q22), or t(15;17)
(q22;q12) should be considered AML which is by 
far the more common disorder. 

 Childhood MDS characterized by persistent 
cytopenia with <5 % blasts in the BM and <2 % 
blasts in the PB is classi fi ed as refractory cytope-
nia of childhood (RCC), a provisional entity of 
the current WHO classi fi cation (Groupe Francais 
de Cytogenetique Hematologique  1997 ; Kardos 
et al.  2003  ) . Because many patients with RCC 
have a hypocellular BM, a trephine biopsy is 
indispensable (Baumann et al.  2012  ) . Increased 
and left-shifted erythropoiesis with sparse matu-
ration and normocellular or decreased granulopoi-
esis is considered characteristic for RCC. The 
presence of micro-megakaryocytes is a strong 
indicator of RCC but megakaryocytes can be low 
in number or absent (Baumann et al.  2012  ) . 

 MDS after prior chemo- or radiation therapy, 
prior acquired aplastic anemia, and in inherited 
bone marrow failure disorders are classi fi ed as 
secondary MDS (Hasle et al.  2003  ) . All other 
cases are named primary MDS, although it is rea-
sonable to assume that most if not all of these dis-
orders are secondary to some genetic  predisposition. 

These underlying genetic changes can also give 
rise to subtle phenotypic abnormalities observed 
in many children with primary MDS.  

    14.3   Cytogenetic 

 The frequency of an abnormal karyotype in 
hematopoietic cells varies among subtypes of 
MDS in childhood (Table  14.2 ). In advanced pri-
mary MDS, about 60 % of children have a chro-
mosomal aberration. In contrast to AML, numerical 
abnormalities dominate; structural abnormalities 
are frequently part of a complex karyotype with 
numeric abnormalities. Monosomy 7 is the most 
common cytogenetic abnormality being identi fi ed 
in approximately 25 % of cases of advanced MDS 
(Gohring et al.  2010 ; Groupe Francais de 
Cytogenetique Hematologique  1997 ; Luna-
Fineman et al.  1999 ; Sasaki et al.  2001  ) . In the 
absence of standard banding cytogenetics, in situ 
hybridization (FISH) for identi fi cation in mono-
somy 7 is helpful (Ketterling et al.  2002  ) , although 
the importance of small clones of monosomy 7 
cells remains unknown. In most instances, mono-
somy 7 is a sole aberration; outcome of children 
with monosomy 7 and clonal evolution or mono-
somy 7 and other aberrations (excluding those 
with structurally complex karyotypes) is similar to 
those with sole monosomy 7 (Gohring et al.  2010  ) . 
Acquired trisomy 8 and trisomy 21 are the most 
common numerical abnormalities after monosomy 
7 in advanced primary MDS. Constitutional tri-
somy 8 mosaicism may remain unrecognized and 
should be tested for when trisomy 8 is found in the 
BM (Hasle et al.  1995  ) . In MDS following chemo- 
or radiation therapy, structurally complex karyo-
types de fi ned as more than or equal to 3 
chromosomal aberrations, including at least one 
structural aberration, are common (Table  14.2 ).  

 Monosomy 7 is associated with a shorter time 
to progression in RCC (Kardos et al.  2003  ) . In 
advanced MDS, monosomy 7 as the sole cytoge-
netic aberration has not been an unfavorable feature 
in most studies (Hasle et al.  1999a ; Strahm et al. 
 2011 ; Woods et al.  2002  ) . In contrast, the presence 
of a structurally complex karyotype is the stron-
gest prognostic factor in advanced  primary and 
secondary childhood MDS (Gohring et al.  2010  ) . 
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Favorable cytogenetic aberrations, −Y, 20q−, and 
5q−, have been reported in adults, but these aber-
rations are so infrequent in children that they are 
of no practical importance.  

    14.4   Molecular Aberrations 

 In line with a multi-hit model, the development of 
myeloid malignancies may require mutations 
leading to increased proliferation (type I) and 
impaired differentiation (type II) of leukemic 
cells. A recent study of 107 children with primary 
or secondary MDS screened for a broad spectrum 
of type 1 and 2 gene aberrations indicated that 
these aberrations occur less frequently in pediat-
ric compared to adult MDS (de Vries et al.  2012  ) . 
 RUNX1  and  CEBPA  mutations were the most fre-
quent changes observed in this pediatric study, 
while mutations in the TET2, ASXL1, IDH1, 
IDH2, and DNMT3A genes were absent. 
Similarly, spliceosome mutations are exceedingly 
rare in children with MDS (Hirabayashi et al. 
 2012  ) . Taken together, these differences in fre-
quency of common molecular aberrations between 
childhood and adult MDS suggest different patho-
genetic mechanisms. One might speculate that 
the pathogenesis in children is related to genetic 
determinants acquired prenatally and less to accu-
mulation of somatic events during life.  

    14.5   Primary MDS 

 In primary MDS the main diagnostic challenges 
are to differentiate low-grade MDS from aplastic 
anemia or inherited bone marrow failure syn-
drome and high-grade MDS from AML. 

    14.5.1   Refractory Cytopenia 
of Childhood 

 MDS with less than 5 % blasts in the bone mar-
row is particularly dif fi cult to diagnose, because 
dysplasia of hematopoietic cells is frequently 
observed in children with a variety of disease 
states. RCC is the most common subtype of child-
hood MDS accounting for about half of the cases 
(Passmore et al.  2003  ) . The majority of patients 
with RCC have a decreased marrow cell content 
(Kardos et al.  2003  )  (Fig.  14.1 ), down to 5–10 % 
of the normal age-matched value. The morpho-
logical picture of RCC with hypocellular bone 
marrow is similar to that observed in cases with 
normo- or hypercellular bone marrow and char-
acterized by island of immature erythroid precur-
sors. Two biopsies are recommended to facilitate 
the detection of representative bone marrow 
spaces containing diagnostic foci of erythropoie-
sis. In contrast to RCC, acquired severe aplastic 
anemia reveals aplasia of all 3 hematological cell 
lineages. Following immunosuppressive therapy, 
the histological pattern can, however, no longer 
be separated from that observed in RCC.  

 Inherited bone marrow failure disorders such 
as Fanconi anemia, dyskeratosis congenita, 
Shwachman-Diamond syndrome, amegakaryo-
cytic thrombocytopenia, or pancytopenia with 
radioulnar synostosis disorders show overlapping 
morphological features with RCC and cannot be 
separated from RCC by histomorphology only. 
They have to be excluded by medical and family 
history, careful physical examination, and the 
appropriate laboratory/molecular studies before a 
de fi nite diagnosis of RCC can be made. In a 
recent study Fanconi anemia is found in about 
15 % of patients with a morphological picture 

   Table 14.2    Cytogenetic subgroups in primary MDS and MDS secondary to chemo- or radiation therapy   

 Karyotype  Primary MDS (%) 
 MDS secondary to chemo- 
or radiation therapy (%) 

 All ( N  = 492)  RCC ( N  = 311)  RAEB/RAEB-T ( N  = 181)  ( N  = 110) 
 Normal  62  77  38  20 
 −7 (± other 
aberrations) 

 21  13  33  35 

 Structurally complex  2  1  4  14 
 Other aberrations  15  9  25  31 

  Results of Study EWOG-MDS 98 and interim analysis of EWOG-MDS 2006  
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consistent with RCC; thus, Fanconi anemia needs 
to be excluded by a chromosomal breakage assay 
or other methods before a  fi nal diagnosis of RCC 
can be made (Yoshimi et al.  2013  ) . In addition, 
dyskeratosis congenita (DC) can present with 
cytopenia preceding the appearance of the char-
acteristic mucocutaneous triad of nail dystrophy, 
mucosal leukoplakia, and abnormal skin pigmen-
tation or pulmonary symptoms. In different series 
of patients diagnosed of RCC or SAA, about 
5–10 % of patients were found to have speci fi c 
mutations in components of telomerase or the 
shelterin complex (Ortmann et al.  2006 ; Walne 
et al.  2008 ; Yamaguchi et al.  2005  ) . Screening for 
telomere length of mononuclear cells is generally 
recommended to select patients for molecular 
analysis of the involved genes (Du et al.  2008  ) . 

 Karyotype is the most important factor for the 
progression of RCC to advanced MDS (Kardos 
et al.  2003  )  (Fig.  14.2 ). The median time to pro-
gression for children with RCC and monosomy 7 
is less than 2 years. In contrast to monosomy 7, 
patients with trisomy 8 and other karyotypes may 
experience a long stable course of their disease. 
Spontaneous disappearance of RCC with mono-
somy 7 has been reported in some infants but 
remains a rare event (Mantadakis et al.  1999 ; 
Parker et al.  2008  ) .  

 HSCT from an HLA-compatible related or 
unrelated donor is the treatment of choice for 
patients with RCC and monosomy 7 early in the 
course of their disease (Anderson et al.  1996 ; 
Kardos et al.  2003  ) . For children with a normal 
karyotype or chromosomal abnormalities other 
than monosomy 7 and absence of transfusion 
dependency or neutropenia, a watch-and-wait 
strategy can be appropriate. If cytopenia necessi-
tates treatment, current therapy options include 
HSCT with either myeloablative or reduced 
intensity preparative therapies. The use of a 
reduced intensity conditioning regimen (RIC) 
represents an effective strategy to reduce the tox-
icity of transplantation (Strahm et al.  2007  ) . In 
children with hypocellular RCC, normal karyo-
type, and a sibling or unrelated 9/10 or 10/10 
HLA loci-matched donor, the overall survival 
following RIC transplantation is greater than 
80 % (Strahm et al.  2007  ) . Infections were the 
predominant complications. 

 Because early BM failure can at least in part 
be mediated by T-cell immunosuppression of 
hematopoiesis (de Vries et al.  2008  ) , immuno-
suppressive therapy has been effectively applied 
in children with RCC and reduced cellularity 
(Hasegawa et al.  2009 ; Yoshimi et al.  2007  ) . 
Response rates are, however, less favorable than 

16%
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  Fig. 14.1    Cellularity and karyotype in 355 children with refractory cytopenia of childhood. Results of study EWOG-
MDS 98 and interim EWOG-MDS 2006 (date May 2011)       
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those observed in SAA (Yoshimi et al.  2007  ) . 
Overall and failure-free survival rates at 5 years 
are in the order of 90 and 40 %, respectively 
(Yoshimi-Nöllke et al.  2011  ) . Therapies like 
hematopoietic growth factors, differentiating 
agents, or hypomethylating agents are generally 
felt not to be indicated in children and adoles-
cents with RCC, because none of these approaches 
has been shown to prolong survival.  

    14.5.2   Primary MDS with Increased 
Blasts (RAEB and RAEB-T) 

 There is consensus that the relationship between 
MDS and de novo AML is better de fi ned by 
 biological and clinical behavior than by blast 
count. Consequently, myeloid disease with low 
blast count and cytogenetic abnormalities typi-
cally associated with de novo AML is classi fi ed 
as AML. To allow for the interface between MDS 
and de novo AML, RAEB-T was retained in the 
pediatric classi fi cation (Baumann et al.  2008b ; 
Hasle et al.  2003  ) . 

 The therapy of patient with primary RAEB, 
RAEB-T, and AML evolving from MDS 
 (MDR-AML) remains a major challenge. 
Therapy of these disorders has been associ-
ated with intensive therapy-related toxicities 

and a high risk of relapse. Conventional AML-
type chemotherapy without HSCT resulted in 
survival rates below 30 % (Sasaki et al.  2001 ; 
Woods et al.  2002  )  and is inferior to outcome 
following HSCT (Kikuchi et al.  2012 ; Munoz 
et al.  2009 ; Strahm et al.  2011 ; Woodard et al. 
 2011  ) . The European Working Group of MDS 
in Childhood (EWOG-MDS) recently reported 
on a cohort of 97 children with advanced MDS 
transplanted following a preparative regimen 
with busulfan, cyclophosphamide, and mel-
phalan (Strahm et al.  2011  ) . With a median 
follow-up of 3.9 years, the 5-year probability 
of overall survival was 63 %, while the 5-year 
cumulative incidence of transplantation-related 
mortality (TRM) and relapse was 21 % each. 
Outcomes are comparable for children with 
RAEB and RAEB-T, whereas patients with 
MDR-AML have an increased risk of relapse 
(Kikuchi et al.  2012 ; Strahm et al.  2011  ) . While 
recent studies indicate a similar outcome fol-
lowing sibling or matched unrelated donor 
HSCT, transplantation from insuf fi ciently 
matched unrelated donors are associated with 
a lower probability of survival (Strahm et al. 
 2011 ; Woodard et al.  2011  ) . In the absence 
of a matched unrelated donor, umbilical cord 
blood (UCB) transplantation is an appropriate 
alternative and may result in outcomes similar 
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to that observed for matched BM allografts if 
offered in centers experienced in this procedure 
(Madureira et al.  2011 ; Parikh et al.  2009  ) . 

 In contrast to what has been reported in adult 
MDS (Deeg et al.  2012  ) , monosomy 7 is not a 
high-risk feature in childhood MDS. The pres-
ence of a structurally complex karyotype is, how-
ever, the strongest predictor of a very unfavorable 
outcome (Gohring et al.  2010 ; Kikuchi et al. 
 2012 ; Strahm et al.  2011  ) . The role of intensive 
chemotherapy prior to HSCT remains a matter of 
debate. While some investigators reported that 
AML-type induction therapy did not improve 
survival for patients with RAEB or RAEB-T 
(Strahm et al.  2011  ) , others generally applied it 
prior to HSCT (Kikuchi et al.  2012  ) . Like in adult 
MDS, novel antileukemic strategies including 
epigenetically active substances will have to be 
evaluated in well-controlled pediatric series prior 
to HSCT (Fig.  14.3 ).    

    14.6   Secondary MDS 

    14.6.1   MDS in Inherited Bone 
Marrow Failure Disorders 

 Inherited bone marrow failure disorders cannot 
be separated from RCC by histomorphology only. 
Consequently, progression to MDS in inherited 
bone marrow failure can be diagnosed only in the 

presence of increased marrow cellularity despite 
continuing cytopenia, evolving chromosomal 
abnormalities or increased blast percentage. 
Because abnormal clones can potentially regress, 
careful follow-up of children with inherited bone 
marrow failure and suspected MDS is recom-
mended. Management of MDS in these children 
is largely dependent on the nature of the underly-
ing genetic condition. 

 Fanconi anemia is the inherited bone marrow 
failure disorder most frequently followed by 
hematopoietic neoplasia. The cumulative prob-
ability of a Fanconi Anemia patient to develop 
MDS or AML is 30–40 % by the age of 40 years 
(Kutler et al.  2003  ) . MDS in Fanconi anemia 
displays a speci fi c pattern of chromosomal/
molecular aberrations which includes 1q+, 3q+, 
−7/7q, 11q−, and  RUNX1  lesions (Quentin et al. 
 2011  ) . Gain of chromosomal segment 3q26 is an 
adverse risk factor for leukemic progression 
(Tonnies et al.  2003  ) , whereas a sole gain of 
chromosome 1q may persist for years without 
development of MDS or AML (Quentin et al. 
 2011  ) . Changes to the approach to HSCT in 
Fanconi anemia have recently resulted in reduced 
regimen-related toxicity and improved survival. 
In the aplastic state or low-grade MDS, proba-
bility for survival following sibling or matched 
unrelated donor transplants is in the order of 75 
and 30–70 %, respectively. For advanced MDS 
and AML, data are more spaced but indicate that 
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long-term survival is possible and patients 
should be candidates of HSCT (MacMillan and 
Wagner  2010  ) . 

 About one-third of patients with Shwachman-
Diamond syndrome (Alter et al.  2009  )  may even-
tually develop MDS by the age of 39 years. 
Patients with isochromosome 7q [i(7q)] or 
del(20q) can experience a long stable clinical 
course. The i(7q) may be related to the SDS gene 
located on the centromeric region of chromo-
some 7, because there is a strikingly increased 
incidence of i(7q) in this disorder. 

 For patients with severe congenital neutrope-
nia, Rosenberg et al.  (  2010  )  reported a cumulative 
incidence of MDS/AML of 22 % in patients 
enrolled in the Severe Chronic Neutropenia 
International Registry (Rosenberg et al.  2010  ) . 
In a population-based study, the cumulative inci-
dence of myeloid neoplasia was 31 % (Carlsson 
et al.  2012  ) . Concerns that G-CSF may promote 
malignant clones had been raised; however, it later 
appeared that the rate of MDS/AML in severe 
congenital neutropenia is qualitatively similar to 
that in Fanconi anemia and dyskeratosis congenita 
(Rosenberg et al.  2010  ) . In contrast, myeloid neo-
plasia in Diamond-Blackfan anemia is consider-
ably less common (Vlachos et al.  2012  ) .  

    14.6.2   MDS After Acquired Aplastic 
Anemia 

 MDS develops in 10–15 % of those children with 
aplastic anemia not treated with HSCT (Kojima 
et al.  2002 ; Locasciulli et al.  2001 ; Tichelli et al. 
 1988  ) . Most cases of MDS in children have been 
diagnosed within the  fi rst 3 years from presentation 
with aplastic anemia. The fast progression to MDS 
raises the question whether at least some of the 
patients had MDS from the beginning. One might 
also speculate that there is a biological overlap 
between aplastic anemia and hypoplastic RCC.  

    14.6.3   Familial MDS 

 Rare cases of familial occurrence of MDS, 
 especially with −7/7q−, had been reported in a 

number of previous case series (Hasle and Olsen 
 1997 ; Shannon et al.  1989  ) . Most recently 
heterozygous germ line mutations in RUNX1 
(Song et al.  1999  ) , CEBPA (Smith et al.  2004  ) , 
and GATA-2 (Hahn et al.  2011  )  have been found 
in these cases of familial MDS. It is currently 
unknown how many cases of primary non- familial 
MDS in children and adolescents are due to these 
germ line mutations.  

    14.6.4   Therapy-Related MDS 

 New intensive treatment protocols may lead to an 
increased risk of therapy-related diseases 
(Aguilera et al.  2009 ; Barnard et al.  2002 ; Barnard 
and Woods  2005  ) . Children with MDS secondary 
to chemo- or radiation therapy generally have a 
poor survival (Sasaki et al.  2000  ) . Even if remis-
sion can be achieved with AML-type therapy, 
only very few patients remain disease-free and 
only HSCT offer cure in about a third of the 
patients (Woodard et al.  2006  ) .   

    14.7   Summary 

 The WHO classi fi cation of MDS in children and 
adolescents facilitates studies on the underlying 
biological processes. In patients with refractory 
cytopenia of childhood, a watch-and-wait strat-
egy or immunosuppressive therapy can be appro-
priate in the absence of monosomy 7. In all other 
cases, HSCT is the treatment of choice. With the 
possibility to cure at least half of the children 
with MDS, there is very little room for palliative 
therapy approaches.      
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