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Abstract

Myelodysplastic syndrome (MDS) is considered a hematopoietic stem cell (HSC) disease,
characterized by abnormal hematopoietic differentiation and a high propensity to develop acute
myeloid leukemia (AML). It is mostly associated with advanced age, but also with prior anti-
cancer therapy and inherited syndromes related to abnormalities in DNA repair. Recent
technological advances have led to the identification of a myriad of frequently occurring genomic
perturbations associated with MDS. These observations suggest that MDS and its progression to
AML is a genomic instability disorder, resulting from a step-wise accumulation of genetic
abnormalities. The notion is now emerging that the underlying mechanism of this disease may be
a defect in one or more pathways that are involved in responding to or repairing damaged DNA. In
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this review, we will discuss these pathways in relationship to a large number of studies performed
with MDS patient samples and MDS mouse models. Moreover, in view of our current
understanding of how DNA damage response/repair pathways are affected by age in HSCs, we
will also explore how this might relate to MDS development.
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Introduction

Myelodysplastic syndrome (MDS) represents a group of hematopoietic stem cell (HSC)-
based disorders [1, 2] that are characterized by ineffective differentiation, resulting in
peripheral blood cytopenias of one or more myeloid lineages, bone marrow hypercellularity,
myelodysplasia, and a high propensity to develop acute myeloid leukemia (AML) [3].
Depending on the particular subtype [4], the median survival of MDS patients ranges from
~0.5to 6 years [3, 5].

MDS occurs most frequently in the elderly population, with a median age at diagnosis of
65-70 years [3, 5]. Two other populations have an increased risk of developing MDS:
cancer patients, particularly if they were treated with DNA damaging agents, such as type Il
topoisomerase inhibitors, alkylating agents or radiation [6-9], as well as children with
hereditary diseases bearing mutations in DNA repair genes (Table 1) [10-19]. Based on the
distribution of MDS patients within the population, the notion is emerging that defects in the
ability to respond to DNA damage — whether ineffective detection and/or repair — plays a
role in the etiology and progression of MDS. In this review, we will discuss this concept in
light of recent findings in MDS patients and mouse models of MDS, and will furthermore
discuss how a disease model of defective DNA damage response/repair fits with our current
understanding of MDS as an HSC- and age-related disease.

MDS: a disease of genomic instability

Over the past decade, it has become increasingly apparent that genomic instability, defined
here as a condition in which cells are prone to acquire and accumulate genomic alterations,
is an important feature of MDS; cytogenetic abnormalities are found in approximately half
of the MDS patients at the time of diagnosis [20]. For details on the type of cytogenetic
abnormalities associated with MDS, we point to several excellent recent reviews written on
this topic [21-24]. The model depicted in Figure 1 proposes that at least two types of genetic
mutations are required for both the initiation of MDS and its leukemic transformation [25,
26]. In this model, normal HSCs become MDS-initiating cells (MDS-ICs) through the
acquisition of one or multiple, cooperating gene mutation(s), resulting in abnormal
differentiation. Additional gene mutation(s), acquired in either the same HSC or its progeny,
provide(s) a significant proliferative advantage to the mutant population over wild-type,
which leads to leukemia. Although this model has not been demonstrated in humans, it fits
with the fact that MDS is an age-related disease and the observation that within the same
patient, the number of abnormalities often increases as the disease progresses [20]. It might
also explain the variability in disease duration before progression to AML, if this occurs at
all [27].

A growing number of animal studies are consistent with the driving principles of this model.
For example, NUP98/HOXD13transgenic mice [28] show all the essential characteristics of
human MDS, with 50% of mice spontaneously developing acute leukemia 4-14 months
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after the initial presentation of MDS. The variable latency time before the onset of leukemia
suggests that additional mutagenic events are required to induce leukemic transformation
and is also seen in other MDS mouse models [29-32]. More direct evidence in support of
the model outlined in Figure 1 has been provided by a retroviral insertion mutagenesis
screen that identified a set of genes that, when mutated, synergize with NUP98/HOXD13to
significantly shorten the time between MDS and leukemia development.[33] Progression
from MDS to AML in naive NUP98/HOXD13 mice can also be accompanied by
spontaneously occurring Nras, Kras or Cb/ mutations [34]. Collectively, these mouse studies
strongly suggest that MDS progression to AML is caused by a stepwise accumulation of
gene mutations.

In the presence of a fully operational machinery responding to and repairing DNA damage,
chances are low that the two types of mutations, one resulting in abnormal differentiation
and one leading to increased proliferation will occur within the same cell. However, this
probability, and thus the risk for developing MDS or AML, may dramatically increase when
the DNA damage response/repair machinery is deficient as illustrated by those individuals
with inherited mutations in essential DNA damage response/repair genes (Table 1).
Alternatively, the improper use of a low-fidelity DNA repair mechanism may also increase
the risk of accruing multiple DNA mutations in the same cell. Studies investigating the
various paths to increased accrual of DNA damage and/or mutations are discussed below.

Sensing DNA damage and cell cycle arrest

Under normal conditions, the transition between stages of the cell cycle is controlled by
periodic activation and deactivation of complexes consisting of cyclins and cyclin-
dependent kinases (CDKSs) [35]. DNA damage, replication and spindle checkpoints [36, 37]
operate to ensure that each stage of the cell cycle has been completed faithfully before
proceeding to the next. In response to DNA damage, these checkpoints are activated to slow
down or even halt cell cycle progression, allowing cells to repair and prevent the
transmission of damaged or mutated DNA. If DNA damage is beyond repair, these
checkpoint machineries may trigger apoptosis or senescence. The failure to properly detect
DNA damage and to execute cell cycle arrest when needed, can result in the propagation of
cells containing genomic abnormalities, and has been linked to the development of MDS.
Genetic or epigenetic alterations of genes involved in cell cycle regulation, including 7P53,
RAS, CDKNZB (p15INK4B), CDKNZA (p16INK4A), CHEKZ, CDC25C and PPP2R4 have
been identified in patients with MDS (reviewed in [22, 26]). Hypermethylation of the
CDKNZB gene promoter is particularly common, and associated with advanced stages of
MDS [38, 39]. Interestingly, a particular polymorphism of the A7M gene was found to be
associated with MDS [40], however, this polymorphism has not been linked yet to an
aberrant function of ATM.

DNA repair

Base excision repair (BER) is mainly responsible for the correction of small base changes
that do not cause substantial distortion in the double-stranded structure of DNA. Such
damage may be induced by reactive oxygen species (ROS), irradiation, alkylating
chemicals, spontaneous deamination, incorporation of inappropriate bases, such as uracil, or
from naturally occurring abasic sites [41-43]. Increased oxidative DNA damage is
commonly seen in cells of MDS patients [44-46]. One study evaluated key proteins in the
BER pathway in patients with MDS [44], and interestingly 20% of patients were found to
have decreased levels of DNA polymerase-p. In addition, 8-oxoguanine DNA N-glycosylase
1 (OGG1) mRNA levels and lyase activity in CD34" marrow cells from MDS patients was
significantly less than that of healthy volunteers. Importantly, the lowest lyase activity was
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detected in patients with advanced forms of MDS [44]. Individuals carrying a naturally
occurring polymorphism in this gene (OGG1-Cys326) also had an increased risk of
developing MDS. Homozygosity of this allele was associated with an increased frequency of
chromosomal abnormalities and more advanced forms of MDS. A potential deficit in BER
has also recently been reported in the Crebbp+/— mouse model of MDS [32]. However,
additional studies are required to measure the actual BER activity in blood or marrow
samples before the accumulation of unrepaired oxidative DNA damage present within MDS
blood cells can be attributed, at least in part, to BER dysfunction.

Double strand break (DSB) repair

DSBs can be created by exogenous agents such as irradiation and certain types of
chemotherapy, as well as by the endogenous production of ROS. In mammals, two major
pathways are responsible for repairing DSBs: homologous recombination (HR) and non-
homologous end joining (NHEJ) [47]. HR requires a homologous chromosome or sister
chromatid to serve as the repair template. As a result, this mechanism mainly operates in the
late S- or G2-phases of the cell cycle, when repair templates are available. In contrast, NHEJ
is capable of mediating direct ligation of broken DNA ends without utilizing a homologous
chromatid, and therefore also functions in non-cycling cells, such as quiescent HSCs [47].
Depending on whether the single-strand overhangs on the DSB ends are compatible,
minimal to extensive processing of the damaged ends is performed prior to ligation,
determining the accuracy of the repair [48, 49]. Excessive or corrupted processing may
generate cells with permanent, and potentially harmful, DNA mutations.

Indirect evidence linking deficient or aberrant DSB repair to MDS in humans comes from
the observations that chromosomal deletions and translocations, which are the typical
outcomes of aberrantly repaired DSBs, frequently occur in MDS. Moreover, patients with
genetic disorders resulting from perturbations in DSB damage response/repair genes have an
increased incidence of MDS development (Table 1).

The most direct evidence that DSB misrepair plays a role in MDS is provided by transgenic
MDS mouse models [28, 50-52]. Using an in vitro LacZ plasmid end-joining assay, which
measures the fidelity of NHEJ by determining the ratio between correctly repaired colonies
(which appear white) and incorrectly repaired colonies (blue), it was demonstrated that bone
marrow cells from transgenic NRAS or BCLZ mice had increased misrepair frequencies
compared to wild-type controls (NRAS versus wild-type: 7.6% and 3.9%, respectively;
BCL2 versus wild-type: 6.5% and 3.9%) [51]. These cells also showed a marked increase in
constitutive DNA damage (28% compared to 8% in controls), as measured indirectly by
bromo-deoxyuridine incorporation and H2AX staining, and carried large chromosomal
deletions. Interestingly, compound NRAS+BCL 2transgenic mice, which develop leukemia
in early adulthood, showed an even higher proportion of cells with DNA damage (62%),
suggesting that with increasing severity of disease state (from wild-type, via an MDS-like
disease, to overt leukemia) the percentage of cells carrying DSBs dramatically increases
[51]. Aberrant NHEJ may also be a contributing factor to MDS development in NUP98/
HOXD13transgenic mice; expression levels of important NHEJ genes (including DNA-
PKcs, Lig4and Xrcc4) were reduced in B cells of these mice [52] and this was accompanied
by impaired class switch recombination [53], a process that depends on proper NHEJ.

Mismatch repair (MM R) helps to maintain genomic integrity mainly by recognizing and
correcting errors that occur during DNA replication or recombination, including base-base
mismatches and insertion/deletion loops [54]. A characteristic feature of MMR deficiency is
microsatellite instability (MSI). Microsatellites are short tandem repeats of DNA sequence
(1- 7 base pairs). These regions are prone to replication errors, and are normally repaired by
MMR. Once MMR activity is compromised, microsatellites become unstable, displaying
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variable numbers of repeats for the same locus in different cells. In protein-coding regions,
defective MMR accounts for frameshifts and/or premature stop codons often leading to
truncated, inactive proteins [55].

MSI has been demonstrated in 14-64% of therapy-related MDS (t-MDS) patients, while it
occurs in less than 4% of de novo MDS patients [56-58]. The reason why MMR is more
commonly implicated in t-MDS may be partially attributable to the survival advantage of
MMR-deficient cells upon chemotherapy treatment, as demonstrated for temozolomide.
Temozolomide, among others, methylates the O-6 position of guanine and produces O-6
methylguanine (O6mG). The latter is misread by polymerases, resulting in the creation of an
O6mMG:T base-base mispair. MMR removes the T, however, polymerases continue to
misread and put the T back. This cycle can repeat itself many times, eventually leading to
apoptosis. MMR-deficient cells do not display this phenomenon and thus have a survival
advantage over wild-type cells. The latter was elegantly demonstrated in a comparative
study with temozolomide-treated wild-type and MSH2~/~ mice [59].

Nucleotide excision repair (NER)

The NER pathway removes a range of bulky DNA lesions, which typically distort the DNA
double helix [60]. In mammalian cells, there are two major NER subtypes: global genomic
repair and transcription-coupled repair. The former repairs DNA lesions that are identified at
random by whole genome scanning, whereas the latter removes lesions that block the
progression of RNA polymerase Il in the transcriptional template of actively expressed
genes [60]. Indirect evidence connects deficiencies in NER with MDS development and
disease progression. Expression levels of ERCC3, ERCC5 and XPC, three essential genes of
the NER pathway, were decreased in 10% of patients at a low risk for leukemic
transformation, and in 40% of patients at a high risk for leukemic transformation [61].
Moreover, treatment with fludarabine, a chemotherapeutic drug that inhibits NER activity, is
associated with an increased occurrence of t-MDS [62, 63].

Apoptosis in cells from patients with MDS

Increased apoptosis is a striking characteristic of early stage MDS, indicating that initially
the body is doing exactly what it should do: the elimination of defective cells. At later
stages, impaired apoptosis presumably results in the persistence of defective cells that can
contribute eventually to leukemogenesis [26]. A study by Parker and colleagues [64]
provides support for this notion. In their study, CD34* cells were isolated from individuals
at different stages of MDS: early stages, including refractory anemia with or without ringed
sideroblast (RARS and RA, respectively); advanced stages, including refractory anemia with
excessive blast (RAEB) and RAEB in transformation (RAEB-T); and AML secondary to
MDS (SAML). The levels of Annexin-V and Ki67 were assessed as measures of apoptosis
and proliferation, respectively. In cells from RA and RARS patients, apoptosis exceeded
proliferation and was accompanied by an increased ratio of pro-apoptotic proteins to anti-
apoptotic proteins relative to normal control cells. In cells of RAEB patients, the level of
apoptosis was slightly reduced compared to that of RA and RARS patients (40% versus 57%
and 51%, respectively) while proliferation was increased and nearly balanced apoptosis.
Interestingly, in RAEB-T and SAML, the rate of apoptosis was significantly decreased
compared to early-stage MDS (22% versus 57% (RA) and 51% (RARS)) but the level of
proliferation was also decreased (17%). Thus reduced apoptosis, rather than increased
proliferation, was the predominant feature of the transformed state.

Several studies have examined the mechanisms underlying deregulation of apoptosis at
different stages of MDS. One reported that, unlike normal progenitors, 50% of erythroid
cells generated from liquid cultures of CD34" progenitors obtained from low-risk MDS
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patients exhibited constitutive mitochondrial release of cytochrome-C with subsequent
activation of caspase-9 [65]. In a later study, the same group also found increased levels of
mRNA encoding cytochrome-C, as well as the pro-apoptotic proteins BID and BAX [66].
Independently, another study showed that levels of Fas and FasL are both overexpressed at
the surface of such cells [67]. Thus, in MDS erythroblasts, pro-apoptotic effectors are
upregulated. In addition, deregulated expression of /ER3and BCL-2, two anti-apoptotic
genes, has been associated with MDS progression [64, 68, 69].

In addition to apoptosis, cellular senescence and differentiation can serve to eliminate cells
carrying DNA damage from the proliferating population. Using senescence-associated
markers p16INK4a and B-galactosidase, one study reported accelerated senescence in MDS
but compromised senescence in AML [70]. Another demonstrated the existence of a
differentiation checkpoint that, upon detection of DNA lesions, can drive HSCs to
differentiate rather than self-renew thus preventing the accumulation of damage [71].

Maintaining genomic integrity in normal HSCs

Since MDS is a HSC disease, what is known about detecting and repairing damaged DNA in
normal HSCs that may help us understand MDS development? In an elegant mouse study,
Mohrin et al. [72] compared the response of Lin~c-Kit*Sca-1*Flk-2~ HSCs and early
myeloid progenitor cells to low dose -y-radiation (2Gy); HSCs tended to repair damaged
DNA, whereas progenitors were more likely to undergo apoptosis. This was reflected in
comparative gene expression profiling that showed a predominant pro-survival signature for
HSCs and a pro-apoptotic signature for myeloid progenitors. It was also noted that,
compared to progenitors, HSCs express significantly higher levels of Ku80, a gene involved
in the NEHJ pathway and significantly lower levels of multiple HR-related genes,
suggesting that murine HSCs and progenitors utilize different pathways to repair DSBs.
Differences in expression levels of NHEJ genes and NHEJ activity in response to -y-
irradiation between HSCs and myeloid progenitors were independently confirmed by Shao
et al. [73]. These studies are consistent with the concept that HSCs are mostly quiescent and
are therefore less likely to utilize HR which requires cells to be actively cycling.
Interestingly, it was found that formation of RAD51 foci, which signals HR initiation, was
significantly delayed in HSCs after exposure to 2Gy -y-irradiation [72]. It is therefore
possible that HR-related DNA repair may be initiated in quiescent HSCs, but only
completed when HSCs re-enter the cell cycle. Indeed, it was also found that HR genes are
significantly overexpressed in cycling HSCs relative to quiescent HSCs, while NHEJ genes
and activity are down-regulated [72, 73].

The utilization of NHEJ, a potentially error-prone DNA repair pathway, by murine HSCs, is
also consistent with the notion that MDS originates from a HSC, as opposed to a myeloid
progenitor cell which uses predominantly high-fidelity HR. In human HSCs however, this
picture is not as clear: it was found that Lin~ CD34*CD38~CD90*CD45RA™ HSCs were
more sensitive to radiation than their committed myeloid progeny, and that they resorted to
apoptosis rather than repair in response [74]. HSC apoptosis in this case could be abrogated
at least in part by inactivating 7P53 or over-expressing BCLZ2. Interestingly, an increase in
the number of yH2AX foci per nucleus and a significant decrease in reconstituting ability
were observed in the 7P5%inactivated HSCs after radiation exposure. This could not be
demonstrated for BCLZ2 over-expressing HSCs, suggesting that maintaining genomic
integrity in human cells is regulated by balancing two antagonistic processes: apoptosis
(7P53/BCL2-mediated) and self-renewal ( 7P53-mediated). When 7P53is inactivated, the
net result is diminished HSC self-renewal and thus a contraction of the HSC pool. A recent
publication by Ceccaldi ef a/ [75] showed that over-expression of 7P53also resulted in a
reduced HSC pool; by initiating a CDKNZ1A (p21)-dependent permanent cell cycle arrest.
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This mechanism was observed in both mouse and human HSCs obtained from patients with
Fanconi anemia.

These studies are only the first steps in elucidating the complex mechanisms that control
genomic integrity in HSCs. The apparent discrepancies between human and mouse HSCs
remains an open question in the field that would benefit from further experimentation.

Hematopoiesis in mice defective in detecting/repairing damaged DNA

An important complementary source of knowledge about HSC-specific mechanisms of
detecting and repairing damaged DNA comes from studying hematopoiesis in mice
genetically engineered to carry perturbations in genes thought to be important for
maintaining genomic integrity (Table 2). First, these mouse models indicate that the absence
of a fully functional mechanism for detecting DNA damage compromises normal HSCs
function [76-80]. While deleting one or both alleles of the 77p53 gene results in increased
HSC numbers and functionality (i.e., differentiating and reconstituting ability) [77, 80], the
presence of one hypermorphic 7rp53allele (77053 mice) progressively reduced the
number and functionality of HSCs as animals aged [77]. Progressive bone marrow failure
syndromes were also observed in mice lacking A#m[78] and in mice homozygous for a
hypomorphic allele of Rad50 (Rad50°) [76, 79]. ATM is especially important for controlling
ROS-related DNA damage in HSCs [78], an activity mediated through phosphorylation of
the pro-apoptotic protein BID [81]. Interestingly, ablation of Bid'in mice resulted in a
myelodysplastic/myeloproliferative neoplasm [81].

Second, these mouse models further demonstrate that proper HSC function also requires an
extensive repertoire of DNA repair pathways (Table 2) [59, 82-92]. With the exception of
BER, all major DNA repair pathways tested seem to be required for maintaining HSC
function. It is hard to imagine, however, that BER, which is essential to repair ROS-induced
single nucleotide aberrations and thought to repair 10% to 10° nucleotides per cell per day
[93], does not play an important role in maintaining the HSC pool, especially since the
connection between increased ROS and abnormal HSC functions has been well documented
[94, 95]. One simple explanation for this apparent discrepancy can be that knock-outs of
essential BER genes are embryonic lethal and, to our knowledge, hypomorphic alleles of
these genes have not yet been described. Mice heterozygous for BER genes may provide
insights into the role of BER in maintaining HSCs.

Thus, maintaining genomic integrity in HSCs is likely a complex interplay of multiple DNA
repair pathways, not only HR or NHEJ. This is perhaps best illustrated by the DNA-
PKcs*A3A and Ercc1™!~ mice [89, 92]. DNA-PKcs*3A mice show a dramatic fetal liver/
bone marrow hematopoietic failure syndrome, characterized by multi-lineage proliferation
defects and loss of HSCs, leading to death within the first month after birth for the majority
of animals. DNA-PKcs*3Acells were found to be hypersensitive to the cross-linking agent
mitomycin-C (MMC) and showed a delayed induction of Rad51 and FancdZin response to
y-radiation [92], strongly suggesting that this protein is important not only for NHEJ [96],
but also for the HR/FA DNA repair pathway [92]. Deletion of Ercci, a gene essential for
NER [97] resulted in death within 6 weeks after birth. Similar to the DNA-PKcs%A/5A
mouse, £rcc™~ mice presented with an extremely severe progressive bone marrow failure
syndrome and hypersensitivity to MMC[89], suggesting that ERCCL1 has also a dual role: in
NER, as well as in the HR/FA pathway. Compared to the mouse models defective in FA
[82-84, 86, 91] the hematopoietic phenotype of the DNA-PKcs*3A and Erccl™~ mouse
models is much worse and is likely to contribute to their very short lifespan. This
observation suggests that while impaired HR/FA DNA repair affects the quality of HSCs,
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especially when the system is challenged, additional defects in other DNA repair pathways
is simply not compatible with life.

Lastly, most of the mouse models described in Table 2 demonstrate an exacerbation with
age of the hematopoietic phenotype: a progressive bone marrow failure including all
hematopoietic lineages or a skewing towards the myeloid lineage (indicated as “accelerated
ageing” in Table 2). Unfortunately, none of these studies commented on the presence of
clinical signs of MDS in these mouse models. Nevertheless, these models suggest that with
age the robustness of detecting DNA damage and DNA repair in the hematopoietic system
decreases, which if true, is compatible with MDS being a largely age-related disease.

MDS: the extreme (ageing) end of the hematopoietic spectrum?

Investigating the hematopoietic system of healthy individuals (more than 65 years old)
revealed that >10% show signs of anemia and modest leukopenia, a frequency which
increases with age [98]. Moreover, the presence of hypersegmented neutrophils, a
histological hallmark of MDS, is also considered a sign of cellular ageing [99]. Thus MDS
(at any age) and ageing of the hematopoietic system have some important features in
common. Similar observations have been made in mice where the commonalities include a
decreased repopulating capacity and increased myeloid differentiation [100-105]. These
facts and the strong association of MDS with the elderly begs the question: is MDS a natural
stage of ageing in the hematopoietic system due to a natural decline in detecting/repairing
damaged DNA?

There are several lines of evidence suggesting that the DNA repair capacity in the
hematopoietic system declines with age. First, as discussed previously, humans and mice
with inherited mutations in DNA repair genes often exhibit features of premature ageing,
including in the hematopoietic tissue (Table 1 and Table 2). Second, using various assays, it
has been demonstrated that blood cells accumulate DNA damage with age. Compared to the
young, both mouse [90] and human blood cells [106] of aged individuals show significantly
increased numbers of yH2AX foci, which are a (indirect) measure of DNA damage (Figure
2). Interestingly, in both species, the progeny of HSCs show less damage than the HSC
itself. Third, a comparative microarray study of old versus young murine HSCs [107] shows
(mostly) down-regulated expression of key components of the DNA repair machinery in
aged HSCs. Collectively, these studies seem to link DNA repair defects and ageing of the
hematopoietic system, although actual DNA repair has yet to be measured in blood (stem)
cells of different ages. Nevertheless, it is tempting to speculate that one of the reasons for
which MDS is so clearly associated with old age is a suboptimal DNA repair system in cells
of an aged individual.

Concluding remarks

Over the years a large number of studies have been presented that point to a causal link
between MDS development and defects in detecting or repairing damaged DNA. However,
no studies have been performed to date that directly measure repair of damaged DNA in
MDS-HSCs relative to normal HSCs. The many difficulties associated with working with
rare cell populations are in part to blame for this but recent technological advances promise
to bring new insights into the mechanisms that control the genomic integrity of HSCs. In
this aspect, the apparent differences between murine and human HSCs, which may represent
true species differences or may reflect variations in experimental parameters, make the
identification of biomarkers for MDS-HSCs, needed to prospectively isolate MDS-HSCs
from human bone marrow, all the more pressing.
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Understanding the nature of DNA damage response/repair defects in MDS is critical as this
may have important consequences for future treatment of MDS patients and cancer patients,
or other groups of people who may be at risk for developing MDS [108]. A better
understanding of the underlying mechanisms may also lead to developing combination
therapies with drugs that are already in use for treating other diseases with similar basic
deficiencies and/or personalized treatment strategies for high-risk cancer patients.
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Figure 1. A working model of the generation of MDS-initiating cells (MDS-1Cs) and AML -
initiating cells (AML-ICs)

First, normal HSCs become MDS-ICs through the acquisition of gene mutations that result
in abnormal differentiation. Next, additional gene mutations, subsequently acquired in the
same MDS-IC or its progeny, confer a significant proliferative advantage of the dysplastic
cells, which can then transform into AML-ICs.
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Figure 2. Ageing-related accumulation of DSBsin mouse (A) and human (B) stem/progenitor
populations

The figure is drawn with data adapted from previous publications [90, 106]. DSBs were
visualized by immunostaining of -y-H2AX. (A) Percentage of y-H2AX-positive cells in the
indicated cell populations isolated from 10-week-old (black circles) and 122-week-old mice
(open circles). (B) The number of -y-H2AX-foci per cell was counted in the indicated cell
populations isolated from cord blood (black circles) and 70-year-old healthy elderly (open
circles).
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