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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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