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Abstract

L

Myelodysplastic syndromes (MDS) are a heterogeneous group of clonal hematopoietic stem cell disorders
characterized by ineffective hematopoiesis resulting in cellular dysplasia and peripheral cytopenias. Research into
MDS have found that both hematopoietic stem cells (HSCs) and mesenchymal stem cells (MSCs) in the nurturing
niche of HSCs are genetically altered in MDS. In this review we present the existing views on the origin of
cytogenetic abnormalities in HSC and MSC compartments in MDS. Based on the available data, we speculate that
the origin of the chromosomal aberrations of the hematopoietic compartment occurs at the hematopoietic stem/
progenitor level. The genetic aberrations in MSC compartment appears to initiate independently from their
hematopoietic counterparts. Whether the genetic events in both HSC and MSC compartments which lead to MDS
occur simultaneously or at different time points in the disease development need to be determined in future.
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Introduction

Myelodysplastic Syndromes (MDS) result from malignant
transformation of a HSC, which has growth advantage over normal
HSCs resulting in an abnormal clone of cells [1,2]. Chromosomal
abnormalities are detected in approximately 30% to 70% of MDS
patients and believed to have a strong correlation with the disease
origin and progression [2]. Bone marrow (BM) microenvironment
which is the nurturing niche of HSCs is also known to be altered in
MDS [3,4]. Research has found that mesenchymal stem cells (MSCs),
which give rise to most of the stromal components of the marrow is
altered in MDS [4,5].

The genetic abnormalities present in MDS are thought to initiate at
the level of stem cells in the hematopoietic and mesenchymal
compartments [5,6]. These genetic abnormalities occur due to previous
exposure to mutagens like benzene, alkylating agents, gasoline,
topoisomerase II inhibitors, radiation etc. [7-13]. Due to exposure to
insecticides, pesticides and herbicides agricultural workers are
reported to have higher incidence of developing MDS [7]. Hazardous
heterocyclic aromatic and aliphatic organic chemicals, benzene
derivatives and complex compounds with nitrogen, sulphur and
oxygen present in these insecticides and pesticides are identified as
disease initiating agents [7,8]. Several studies describe alcohol as a
potential risk factor for development of MDS. Although the exact link
between alcohol and MDS is not yet clear, it is reported that alcoholics
induce chromosomal abnormalities in hematopoietic cells with altered
gene expression patterns and adverse effects on the immune system
[9,10,11]. Tobacco products like cigarettes which contain benzene and
other carcinogens also induce chromosomal aberrations in primitive
bone marrow cells leading to development of MDS [9,12,13].

Genetically abnormal HSCs later differentiate into morphologically
and functionally abnormal myeloid lineages [6] while genetically

abnormal MSCs may contribute to propagating the abnormal clones of
HSC:s leading to disease progression [6,14].

The role of bone marrow stroma and mesenchymal
stem cells in MDS

Hematopoietic cell-centered approach of explaining MDS describes
the origin of disease as a neoplastic transformation of hematopoietic
stem/progenitor cells [6]. However difficulties in duplicating the
pathological features of the disease by simple transplantation of
hematopoietic stem cells to immunodefficient mice models have
highlighted  the involvement of the abnormal marrow
microenvironment in the disease origin and progression with pivotal
yet unexplained role for marrow stroma [14,15]. Research data also
supports the view that abnormal microenvironment selectively
supports the expansion of the malignant clone through altered
signaling between diseased HSCs and malfunctioning MSCs [16-21].
Impaired capacity of MSCs to support normal hematopoiesis in MDS
is attributed to abnormal signaling, altered interactions with the
hematopoietic cells, altered proliferative and differentiation potential,
changes in epigenetic regulation and abnormalities in cytokine
secretion [16-21]. Gene expression analyses of MDS derived MSCs
have shown altered RNA levels in both canonical and non-canonical
WNT signaling pathways and is thought to be associated with
impaired proliferative potential of MDS derived MSCs [20]. Geyh et al.
in 2013 showed that MSCs derived from all MDS subtypes exhibit
decreased growth and proliferative capacities with premature
replicative cellular senescence with altered expression in Osteopontin,
Jaggedl, Kit-ligand and Angiopoietin which involve in the interaction
with hematopoietic lineages [21].

The immune-modulatory properties, cytokine secretion and
cytogenetic profiles of MSCs have shown to be altered in MDS [16-23].
The groups which claim the genetic susceptibility of MSCs argue on
the potential involvement of these cells in the pathogenesis of the
disease [16-22]. In spite of data that show MDS-MSCs are functionally
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normal with respect to the ability of sustaining the growth of CD34"
cells in co-cultures and secretion of normal levels of cytokines and
growth factors (TNF-a, IL-6, stem cell factor, GM-CSE, VEGE, collagen
and fibronectin) [24,25] some other studies show that MDS-MSCs are
unable to support hematopoiesis [16-23]. Further, some studies have
shown that the MSCs of MDS secrete increased levels of certain
cytokines such as TNFa, IL-6, IFN-y and angiogenic cytokines [17,18].

The recently emerged evidence on “oncogenesis in hematopoietic
system” reveals that unfavorable alterations in the BM
microenvironment can initiate malignant transformation of other cells
[26]. With the disease progression, MDS blasts become less apoptotic
with increased proliferative capacity, producing phenotypically
immature clone of cells, whereas the T-cell compartment shows
decreased proliferation and increased apoptosis [27-32]. Kondo et al.
in 2010 showed that the increased production of IFN-y and TNFa
enhances the proliferation of blasts through the expression of B7-H1
on MDS blasts and could be an early event in the disease progression
[33]. Additionally, B7-H1* blasts suppress proliferation of T cells and
induce their apoptosis in in vitro co-cultures [33]. Moreover, studies
on regulatory T cells (Tregs) have shown an altered Treg compartment
in lower risk MDS patients [34]. An increase in the number of
CD4*FoxP3*CD25*CD127'°"CD45RACD27~ Tregs is significantly
associated with anemia, reduced hemoglobin and increased blast
counts [34]. Hence, complex interactions between the abnormal clones
of HSCs and the neighboring cells of the marrow microenvironment
may modulate the disease development.

The occurrence of cytogenetic abnormalities in MDS-
HSCs

MDS derivation may be a multi step process, but believed to be
originated at the hematopoietic stem/progenitor level [6, 19-25]. The
cell type which should be considered as anMDS “stem” cell is yet to be
disclosed. Whether it is a multipotential stem cell or progenitor cell
remains controversial [6,35-39]. The ‘mutator stem cell' theory
describes that acquired mutations at a critical stage in hematopoiesis
act as the basis for additional genetic events during the onset of MDS
[36]. Some studies have shown that the disease originates due to an
abnormality within the hematopoietic progenitor cell [39]. Hence
hematopoietic stem/ progenitor compartment has drawn the central
attention of MDS research. MDS is still considered as a true stem cell
disorder despite both supportive and oppose evidence for the idea that
it may more commonly occur in multipotent myeloid lineages
[6,35-39].

Cytogenetic analyses have identified various clonal chromosomal
abnormalities in the cells of hematopoietic hierarchy including
hematopoietic stem/progenitors as well as in the myeloid and
lymphoid lineages of blood cells [35-41]. The common recurring
cytogenetic abnormalities in MDS include del(5q), -7/del(7q),
-8,-18/del  (18q), del  (20q),-5,-Y,-17/del ~ (17p)  including
isochromosome (17q), -21, inv/t(3q), -13/del (13q), -1/del (1q), -21,
-11, del (12p), t(5q), del (11q), and t(7q) [1,2,35-43]. The initiator
hematopoietic cell with cytogenetic abnormalities in the hierarchy of
hematopoiesis is yet to be identified. Recent studies have shown that
del(5q) is detected in CD34+CD38-CD90+ (Thyl) HSCs
demonstrating that the initiation of deletions in the 5q occurs at early
stage of the hematopoiesis, at a cell with both myeloid and lymphoid
potential [40,31]. Involvement of non-myeloid lineages is controversial
as some research report MDS associated chromosome abnormalities in
T-cell, B-cell, or natural killer-cell populations while some other

reports claim for the absence of such chromosome aberrations in
lymphoid lineages [40,41]. While MDS has very rare chance of
evolving into lymphoid acute leukemia, it is noteworthy to indicate
that as most of the research have proven; the dysplasia and aberrations
are more prominent in cells committed to myeloid lineages [42].
However, some reports argue that only del 5q could be seen at more
primitive HSCs and other aberrations like trisomy 8 might occur at
later stages in the hematopoietic hierarchy [40,43]. While the
controversies still remain the widely accepted hypothesis is that the
disease origin occurs at the early stem cell populations [6].

The origin of cytogenetic abnormalities in MDS-MSCs

The existence of cytogenetic abnormalities in MSCs from patients
with MDS is still in debate. Some studies indicate that MSCs derived
from MDS are cytogenetically normal [25] while others in their studies
have shown that MDS-MSCs show chromosomal abnormalities
[24,44-46]. The percentage of presence of structural chromosomal
aberrations in MDS derived MSCs is found to be low in some studies
[44,45] while there are other reports that claim for higher rates of
having abnormal MSCs in MDS [22,46].

Co-existence of genetic aberrations in both hematopoietic and
mesenchymal stem cell compartments has been reported by many
groups [22, 44-47]. Blau et al. reported that abnormal karyotypes in
MSCs can be frequently observed in patients with cytogenetically
abnormal HSCs [44]. In such cases with chromosomal abnormalities in
MSCs, the reported karyotypes were more complex. However, other
groups have observed chromosomal alterations in MSCs of MDS
patients with cytogenetically normal HSCs [44-48]. These groups
declare that the clonal cytogenetic abnormalities found in MSC
populations are mostly numerical and are different from that of their
hematopoietic counterparts with no overlap between clonal
chromosomal abnormalities of the MSCs from those observed in their
HSC counterparts [22,44,48]. It is important to highlight that most of
the reported cytogenetic abnormalities in MDS-MSCs are not
commonly-reported abnormalities of MDS or unique to MDS [49] but
may have adverse prognostic impact [23]. Interestingly, no cytogenetic
abnormalities have been reported in MSCs from healthy individuals
[44-47].

In spite of the existing controversies whether the MDS derived
MSCs are cytogenetically abnormal or not, there are many other
important questions to be answered. First, it is not yet clear whether
the abnormal MSC clones in MDS marrow are derived from the same
neoplastic clone. The possible question that needs an answer is
whether the same factor (mutagen) that initiate the malignant
transformation in HSCs also induce molecular and cytogenetic
abnormalities in MSCs. If so, does the mutagen induce same or
different genetic alterations in both HSC and MSC compartments? If
the origin of genetic alterations in MSCs is independent from HSCs, at
what stage of the disease these cells undergo the genetic damage?
Answering these questions with existing literature is challenging.

Most of the research up to date support the idea that occurrence of
genetic aberrations in MSCs is an independent event, blunting the
theory of “neoplastic clonal origin” of genetic aberrations. Many
researchers demonstrate that the aberrant MSC clones are present in
those with normal HSC karyotypes and when the aberrations co-exist
in both HSC and MSC compartments, MDS-MSCs possess distinct
chromosomal aberrations than their corresponding hematopoietic
counterparts. Yet, the origin or the initial causative of the genetic
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damage may be same but the two cell types develop different
chromosomal aberrations after the exposure to the mutagen [22,44].
Two hypothetic models for the origin of cytogenetic aberrations in
hematopoietic and mesenchymal stem cell compartments could be put
forward as shown in Figure 1.
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Figure 1: Model for the origin of cytogenetic abnormalities in HSCs
and MSCs. Hypothesis 1 (H1): Simultaneous occurrence of genetic
abnormalities in both HSC and MSC compartments in MDS. The
mutagen (radiation, carcinogenic chemicals, viruses, etc) that
initiate the same or different genetic aberrations in both HSC and
MSC compartments lead to MDS. Subsequently, the expansion of
abnormal HSC clones is supported by the abnormal cytokines and
the aberrant cell signaling by abnormal MSC populations.
Hypothesis 2 (H2): The aberrations in HSCs or MSCs caused by an
initial mutagen may disrupt the integrity of marrow stroma
inducing genetic alterations in normal MSCs or normal HSCs
respectively leading to development of MDS.

Hypothesis 1

This hypothesis suggests the origin of genetic aberrations in MSC
compartment is initiated independently as an autonomous event
(Hypothesis 1 in Figure 1). Whether the genetic events in both HSC
and MSC compartments that lead to MDS occur simultaneously or at
different time points in the disease development pathway has no clear
answer. However, most research leave the possibility of sharing a
common genetic modifications by both hematopoietic and
mesenchymal compartments which can go undetected by conventional
cytogenetic analyses [25,49]. It is also possible that both cell types
initiate aberrations independently at the same time period, but the
cellular DNA repair systems and other mechanisms of MSCs may
prevent occurrence of karyotypic abnormalities in them leading to
cytogenetically normal stromal compartment in MDS as shown in
some research. It is also possible that both cell types are damaged by

the same mutagen but cells can progress chromosomal aberrations
independently as it divides leading to additional chromosomal
aberrations finally developing a distinct malignant clone with retarded
DNA repair systems and genetic instability [50]. Additionally, the
higher proliferation rates of HSCs may be a reason for the high
incidence of genetic abnormalities in HSC compartment compared to
the stromal compartment.

Hypothesis 2

The cytogenetic aberrations caused by the initial mutagen may
occur in one of the compartments (either in HSC or MSC) and the
resulting abnormal HSC or MSC clones may induce genetic alterations
in the other compartment leading to development of MDS. If MSCs
are not altered at the stage of aberrant HSCs development, at what
stage of the disease the genetic alterations observed in MSC
populations occur, is still inconclusive. Some argue that the genetically
altered HSC clones induce the genetic abnormalities in the MSC
compartment which develop aberrant MSC clones in marrow stroma
(Hypothesis 2 in Figure 1) [14,15]. The defective marrow stroma then
secretes the abnormal and altered levels of cytokines leading to the
expansion of the abnormal HSC clones resulting progression of MDS
[17-18,33]. It is also possible that aberrant MSCs that are exposed to a
mutagen may induce abnormalities in HSC compartment by aberrant
cell to cell signaling and secretion of abnormal factors (Hypothesis 2 in
Figure 1).

Therefore, it is worthwhile to consider the evaluation of the genetic
integrity of MSCs at different stages of the disease in order to identify
the exact point of origin of aberrations in mesenchymal cells. Further,
the MDS-derived MSC populations with aberrant clones do not show
abnormal phenotypic and growth retardation in in vitro cultures
[22,43-46]. Some have reported the functional deficiencies in MDS-
derived MSCs while others argue that the MDS-MSCs can support
normal hematopoiesis [24,25]. It is worth to note that the reported
cytogenetic profiles of MSC populations derived from MDS patients
consist of normal clones (with normal karyotypes) of MSCs in addition
to the genetically aberrant MSC clones. Therefore, one can presume
that these normal clones take the growth advantage over the abnormal
clones in in vitro cultures or may be in their marrow niche displaying
no functional impairment. Hence, analysis of abnormal clones of
MDS-MSCs in separation is required to answer the question; whether
the abnormal MSCs derived from MDS are functionally normal or not
[24]. Further, analyzing genetically aberrant clones in isolation will
also allow understanding the contribution and the mechanisms of the
genetic abnormalities in relation to the function of MSCs in marrow
stroma although the aberrations seem to have no growth advantage
over the normal clones of MDS-MSCs [23,24].

Conclusion

Based on the available data, we believe that the origin of the
chromosomal aberrations in MDS occur at the hematopoietic stem/
progenitor level. Further, the origin of genetic aberrations in MSC
compartment seems to initiate independently as an autonomous event.
Whether the genetic events in both HSC and MSC compartments that
lead to MDS occur simultaneously or at different time points in the
disease development pathway has no clear answer. Hence, future
studies need to be directed towards identifying the stage of origin of
genetic events in MSCs and the exact role of genetically aberrant MSC
clones in origin/pathogenesis of MDS. Furthermore, whether it is the
malignant HSCs reprogram the normal MSCs to an abnormal clone of
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cells which in turn enhances the disease progression or whether the
abnormalities in the marrow environment drives the initiating step of
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