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Abstract

Aging is associated with loss of functional potential of multiple tissue systems, and there has been
significant interest in understanding how tissue specific cells contribute to this decline. DNA
damage accumulation has been widely associated with aging in differentiated cell types. However,
tissue specific stem cells were once thought to be a geno-protected population, as damage accrued
in a stem cell population has the potential to be inherited by differentiated progeny as well as
propagated within the stem cell compartment through self-renewal divisions. This review will
discuss the evidence for DNA damage accumulation in the aged HSC compartment, potential
drivers, and finally the consequences of the acquired damage.

Theories of aging encompassing damage accumulation

Aging is associated with significant loss in the ability of tissues to maintain homeostatic
conditions, which is manifest by diminished capacity for maintenance and repair, often
resulting in diminished numbers of functional cells. The loss of homeostasis manifests as
deterioration of normal body processes, functional decline of the organism, and is associated
with increased disease incidence. Theories stemming from the mid-1900’s have implicated
DNA damage as playing a role in aging, when researchers correlated radiation exposure with
accelerated aging phenotypes (1). Indeed, it has been shown that aging is associated with
significant increases in DNA damage found in many different tissues of aged flies, mice, and
humans (2-4). Perhaps this is not surprising in post-mitotic cells that compose brain, heart
and skeletal muscle, given the constant barrage of genomic insults, both exogenous and
endogenous, that a cell is exposed to on a daily basis (estimates of 10,000-100,000 lesions
(5)). However, this damage accumulation is also seen in aged cells that are still proliferating
(skin, intestines, liver, kidney, and hematopoietic cells) and capable of performing DNA
damage repair. These proliferating cells have internal mechanisms to cope with the
accumulation of damage, and can be prompted to undergo programmed cell death
(apoptosis) or enter a state of irreversible growth arrest (senescence). These two mechanisms
of handling DNA damage are thought to play a major role in tumor suppression, but may
also contribute to aging phenotypes through cellular attrition due to apoptosis or tissue
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dysregulation caused by factors secreted by senescent cells (senescence-associated secretory
phenotype or SASP)(6-8) with both contributing to loss of tissue homeostasis.

Organisms have mechanisms to manage cellular loss or dysregulation as they age. When
systems are challenged, tissue specific stem cells have the capacity to mobilize and give rise
to mature cells that repair and restore homeostasis. Adult stem cells are imbued with the
capacity for self-renewal and the ability to generate all cells within the system, and thus they
possess the ability to repair and sustain the their systems’ function throughout the life-span
of the organism. However, studies repeatedly have shown that tissue specific stem cells lose
their functional potential with age (9), and this is associated with a decrease in absolute stem
cell numbers in tissues such as muscle(10) brain(11), and melanocytes (12, 13), suggesting
that reductions in the total stem cell number restricts the regenerative potential of that tissue.
Several studies have shown that there is also intrinsic loss of stem cell reconstitution
potential on a per cell basis in aged stem cells, thereby contributing to loss of homeostasis
and regenerative potential (14, 15). Within the hematopoietic stem cell (HSC) compartment,
aging is associated with significant loss of reconstitution potential at an individual cell level
as assessed in transplantation assays, but an expansion in cell number (14, 16-20). This
phenomenon is also seen in aging epidermal stem cells (15). Further alterations of the aged
HSC compartment involve changes in the clonal lineage potential (dominance of myeloid-
biased HSCs)(14, 21-24), loss of cell polarity (25), and alterations in the epigenetic
landscape (19, 20, 26). Given such changes in adult stem cells, there has also been
significant interest in determining the susceptibility of these cells to DNA damage and
whether accumulation of damage could contribute to any of these phenotypes.

The potential for stem cells to pass their genetic information to all their progeny during the
process of differentiation, as well as their capacity to propagate damage within the stem cell
compartment during self-renewal divisions, suggests that preserving genomic integrity of
these cells would be critical for an organism’s survival. Indeed stem cells, including HSCs,
exhibit many properties that suggest they have an enhanced capability to protect their
genomes including high levels of expression of ABC transporters (27-30). Though
expression of ABC transporters is not exclusive to stem cells (31), combinatorial expression
of such transporters provides efflux potential conferring protection from exogenous insults.
Moreover, HSCs are predominantly quiescent, and it is estimated that murine HSCs only
undergo 5-20 cells divisions during a two-year lifespan (32—34), minimizing the
introduction of replication-based errors. Furthermore, this reduced cycling minimizes the
uncapping of telomeres during replication (35-37) and telomeres are further protected in
stem cells by the expression of telomerase (36, 38, 39). HSCs also maintain low levels of
reactive oxygen species (ROS) due to the combined effects of their low metabolic activity,
their reliance on glycolytic metabolism, and their inherent hypoxic nature while within their
specialized niche (40-45). However, substantial evidence suggests that even though HSCs
have many protective features to minimize accumulation of DNA damage, they accrue
damage as they age. In this review | will discuss various forms of damage in HSCs, potential
drivers of damage, how such damage is accrued, and ultimately the functional consequences
of accumulated DNA damage.
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DNA Damage in HSCs

Telomere attrition

Telomeres reside at the end of chromosomes and are made up of a serially repeated sequence
of DNA (TTAGGG). These sequences are compacted and together with shelterin, prevent
the ends of chromosomes from being recognized as damaged DNA and triggering a DNA
damage response (46). Cell division in somatic cells can lead to telomere shortening due to
the inability of DNA-polymerase to replicate telomere ends (47, 48). Critical shortening of
telomeres due to proliferation can lead to a permanent cell cycle arrest, or senescence. These
metabolically actively senescent cells have been shown to accrue during aging and have
been implicated in aging phenotypes in many tissues (49). In cells required for life-long
function, such as stem cells, telomere maintenance is critical. One potential mechanism that
protects against telomere attrition in stem cells is their residence in Gg and limited numbers
of cell division. Additionally, tissue specific stem cells maintain expression of telomerase, a
reverse transcriptase that elongates telomeres after embryonic development. The importance
of telomerase was demonstrated during stem cell challenges such as competitive or serial
HSC transplants, as lack of telomerase expression leads to significant defects in functional
potential (37, 50, 51). However, late generation telomerase deficient (G3) HSCs do not
appear to be functionally impaired in young mice at steady state (50), but by one year of age,
these HSCs lose serial reconstitution potential (18). The exhaustion of G3 mTerc™/~ serial
transplantation potential suggests that loss of telomere length may underlie this loss of
function. However, maintenance of telomere length does not rescue the HSC potential in
TERT overexpressing cells (52) suggesting that, at least in the murine system, telomere
attrition is not the primary driving influence on age-associated loss of functional potential.
Furthermore, during physiologic aging, telomere shortening does not appear to play a robust
role in murine HSC aging phenotypes as there are nearly undetectable levels of shortening in
the HSC compartment (19, 53). This may be attributed to the substantially long length of
murine telomeres (5-10 times longer than human); however, studies in aged human
hematopoietic stem and progenitor cells (HSPCs) also do not exhibit significant telomere
loss during aging, thereby confirming this observation (54). It remains possible that even
minor telomere loss may contribute to the altered potential of aging stem cells, as telomeres
have been shown to also affect gene expression by modifying chromatin conformation (55).
Comparatively, adult HSPCs contain shorter telomeres than those from highly cycling fetal
liver and cord blood derived HSPCs (56). Studies of granulocytes, lymphocytes, and other
bone marrow cells in aging individuals showed a robust decline in telomere length during
adolescence (compared to length at birth). In these differentiated cell types this shortening
also continues during physiologic aging, but is much less pronounced. This suggests that
telomere attrition may occur in human hematopoietic progenitor cells, given the shortening
was seen in all cells examined in the bone marrow (57). Recently, non-critical shortening of
telomeres has been shown to affect the expression of genes several Mb away through a
process of chromosomal looping (58). Thus, it is possible that even the moderate reduction
in telomere length seen during aging may contribute to the altered function of aged HSCs.
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DNA Strand Breaks

Mouse genetic models provided initial evidence suggesting that DNA repair is fundamental
to adult HSC potential. Mice lacking key components required for nucleotide excision repair
(NER), non-homologous end-joining (NHEJ), mismatch repair (MMR), and damage
response all showed impairment in long-term reconstitution potential after transplant (18,
59-61). Without properly functioning DNA damage response and repair pathways,
proliferation stresses (such as injury or transplant) could lead to increased levels of
unrepaired DNA damage and loss of HSC function. Loss of reconstitution potential is a
phenotype associated with HSC aging, but decreased DNA damage response and repair in
mutant models may not completely represent what occurs during aging. To determine if
changes in mutant DNA repair pathways contribute to physiologic aging, several groups
have investigated if DNA damage accrues in HSCs with aging. Indeed, using multiple
experimental paradigms, it is now well established that during physiologic aging, HSCs
accumulate DNA damage (18, 62—65). In the murine system, purified HSCs
(LSKCD347Flk2™ and LSKCD150*CD48") from aged animals show elevated levels of
gH2AX staining and increased alkaline comet tail moments (direct measurement of single
and double strand breaks)(18, 62, 63, 65). Though gH2AX foci are not a direct measurement
of DNA damage, the presence of phosphorylated gH2AX indicates a damage response (66).
Similar to the elevated levels of DNA strand breaks seen in aged murine HSCs, there is also
evidence of increased damage in human HSCs, as measured by increased gH2AX foci in
aged human and transplanted CD34*CD38" cells (64, 67, 68).

Point mutations

Many adult tissue stem cells, including HSCs, largely reside in Gg. Residence in a quiescent
state is thought to minimize the introduction of replication-induced errors; however,
increasing evidence indicates that point mutations accumulate in the primitive hematopoietic
compartment during aging. While blasts from acute myeloid leukemia (AML) patients
contain hundreds of somatic mutations (69, 70), these mutations could be traced back to
mutations acquired in HSPCs (71-74). Mutations in epigenetic regulators were consistently
over-represented in these studies, with several groups reporting the same mutational “hot
spots” in genes such as DNMT3A, TETZ, and /DHI1/2. Interesting, these same mutations
were found in the blood of aged, healthy individuals with non-malignant clonal
hematopoiesis, implicating these mutations as drivers of clonal expansion (73, 75-77). Thus,
it has been hypothesized that during normal aging, mutations in HSCs imbue them with a
selective advantage leading to clonal hematopoiesis. This interpretation is supported by
publications in murine models in which loss of Dnmt3aor Tet2 confers enhanced self-
renewal potential to HSCs (77-81). These clones can then become pools for the stochastic
acquisition of additional mutations that drive malignancy. With the ever-improving
sequencing and analysis platforms, it is now established that these mutations driving clonal
hematopoiesis, are present even in younger individuals (82) and are nearly ubiquitous in
middle-aged healthy individuals (50-60 years old) who do not develop malignancies even
over a follow-up period of 10 years (83). These middle-aged individuals have also acquired
substantial numbers of other exonic, single nucleotide variants not previously annotated due
to thresholds in detection levels in epigenetic regulators leading to accumulation of non-

Semin Hematol. Author manuscript; available in PMC 2018 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Beerman

Page 5

malignant clonal hematopoiesis (83). These data all support a model of increased point
mutation burden in primitive HSCs, with aging. Notably, this increased mutation rate is not
restricted to HSCs, as significant numbers of point mutations accrue in all organs with age,
with similar mutation rates found in several different adult tissue specific stem cells (84).

Insertion / Deletions / Chromosomal abnormalities

Though fewer studies have addressed copy number variations, several groups have addressed
structural variations that occur in human HSPCs during aging. Consistent with other forms
of DNA damage, chromosomal anomalies such as insertions, deletions, duplications, and
transpositions also increase with age. When these types of chromosomal lesions were
assayed, they were present only at low frequencies from youth to middle-age (<50 years) but
mosaicism was shown to rise significantly with age (68, 85-87).

Mitochondrial DNA Damage

Loss of mitochondrial function is widely associated with aging processes, and there is
evidence that the small mitochondrial genome (~16.2 kb in mouse and ~16.6 kb human) also
accumulates various forms of DNA damage (point mutations and rearrangements) during
aging (88). Several murine studies have used a mutator model expressing a proof-reading
deficient variant of the mtDNA polymerase, POLG, and find that these mice exhibit
premature aging phenotypes (89-91). However, Norddahl et a/. have shown that in the
hematopoietic system, mitochondrial mutations acquired by the mutator mice do not
faithfully reproduce physiologic aging phenotypes in the bone marrow. Though the mutator
mice have lineage skewing, anemia and loss of lymphoid cells, the HSC pool is not impacted
and the lineage skewing is driven by loss of function in downstream progenitor cells (91). In
human studies, primitive bone marrow cells (CD34+) from young and aged subjects showed
no significant differences in the mtDNA mutational burden; however, both young and aged
CD34+ had high levels of mtDNA damage (92). Similarly, in murine liver, high-density
sequencing showed a lack of age-associated mtDNA mutations (90). This suggests that
accumulation of mutations in the mitochondrial genome is not driven by aging, but rather
that mtDNA mutations are driven by replications errors during early development when
mtDNA is rapidly amplifying.

Drivers of DNA Damage

Cell Cycle

Quiescence—Since HSCs reside largely in a quiescent state, they have been thought to be
protected from replication induced errors, but it has become clear recently that while in Gg,
HSCs also show attenuated DNA damage repair and response pathways (63). Thus, given
that HSCs divide infrequently over the life span of an organism (33, 34, 93) but are
subjected to daily genotoxic stress, it has been proposed that HSC quiescence may
paradoxically promote age-associated DNA damage accumulation with aging. In fact, during
quiescence, DNA damage repair is attenuated, but not absent, and HSCs preferentially
utilize the NHEJ DNA repair mechanism (94). This error-prone pathway is available to cells
in quiescence, but utilization of NHEJ is another mechanism by which HSCs can accrue
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DNA damage. Once the HSCs enter cycle, regardless of age, the cells robustly induce DNA
damage response and repair of DNA strand breaks (62, 63). However, entry into the cell
cycle that allows for the repair of structural damage, such as strand breaks, comes with the
cost of potential loss of fidelity during DNA repair and introduction of new errors introduced
during replication.

Replication: Introduction of Errors and Stalled Forks—The cell possesses many
fail-safes to maintain DNA replication fidelity, however this process is not perfect.
Replications errors, due to mismatches in the DNA, strand slippage, and template looping,
can all introduce genomic mutations every time the cell undergoes division. Additionally,
DNA lesions present before replication begins can lead to replication stress, including the
stalling of replication forks. The stalling of replication forks can be resolved in several ways,
including activation of the ATR pathway, firing of backup origins, lesion bypass, and fork
collapse(95-98). MCM proteins form an important complex at origins of replication, and
they also act to initiate backup origins in cells as a potential resolution of DNA replication
stress. Reduction in the expression of these proteins causes cells to undergo division, but the
progeny of these cell divisions progressively accumulate DNA lesions and chromosomal
fragility (99). In aged HSCs, two MCM family members exhibit decreased protein
expression, and the decrease in this complex may further contribute to the accumulation of
DNA damage in aged HSCs in the murine system (100).

HSCs also robustly express Rad18, which allows redistribution of stalled DNA replication
forks and promotes replicative bypass of DNA lesions, thereby leading to DNA damage
tolerance. The high levels of Rad18 expression could also contribute to age-associated DNA
damage in HSCs (101). The types of damage caused by lesion bypass or damage tolerance
would largely lead to small deletions in the genome, but accumulation of small insertions or
deletions in the aged HSC DNA has not yet been well characterized.

Reactive oxygen species (ROS) are known drivers of structural modifications of DNA. To
mitigate ROS induced damage, HSCs reside in hypoxic niches (1-9% O5) (102) which act in
concert with the overall low metabolic activity of HSCs, which largely use anaerobic
glycolysis (40-45). HSCs also have low mitochondrial mass, which increases upon
differentiation concomitant with an elevation in ROS levels (103). To further mitigate
intracellular ROS levels, HSCs express FoxO family transcripts, indicating that HSCs
possess several mechanisms to minimize ROS induced damage. Studies have shown that loss
of FoxO family protein expression leads to significant functional defects associated with
elevated ROS in the HSC compartment (104). Though expression of FoxO transcript levels
do not significantly drop in aged HSCs, ROS levels are increased and increase even more
after serial transplantation. These changes are also associated with loss of functional
potential (105). This is similar to what is seen when HSCs are chronically stimulated, which
results in proliferating HSCs exhibiting elevated levels of ROS damage, as measured by 8-
0x0-2’-deoxyguanosine levels (65). Together, these data point to increased ROS levels
contributing to age-associated DNA damage.
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Epigenetic drivers

Though the amount of literature is modest, there is growing evidence supporting an interplay
between epigenetic regulation and DNA damage. For DNA methylation, a deamination
event can lead to the direct conversion of a mC to T. Given that CpG’s are highly methylated
throughout the genome, it is perhaps not surprising that the most common mutation found in
human DNA is the transition of C-T at CpG dinucleotides (106). Similarly, this is the most
common single nucleotide change found in human blood during aging (69, 74) supporting
an interplay between loss of epigenetic regulation and hematopoietic DNA damage accrual.
Furthermore, alterations in epigenetic methylation landscapes are a hallmark of blood
cancers and can effect initiation, development, and maintenance of disease. Though cancers
are largely associated with global hypomethylation, critical tumor suppressor genes are often
hypermethylated. These data support a complex relationship between DNA methylation,
mutation acquisition, and gene regulation in which changes in DNA methylation can lead to
point mutations (de-amination) as well as dysregulation of normally orchestrated
transcription.

Histone madifications have also been shown to be critical for maintaining genomic stability,
and loss of this regulation may also lead to genomic damage. During aging, there is a
significant loss of histone methyltransferase SUV39H1 in HSCs leading to an overall
decrease in H3K9me3 levels. H3K9me3 is a histone modification critical for
heterochromatin maintenance and has been shown to protect DNA from double strand
breaks (107). Thus, the age-associated decline of this histone methyltransferase could also
contribute to the accrual of DNA damage due to genome instability (108). It is likely that as
more information about epigenetic regulation in HSCs is revealed, more connections
between histone modifications and age-associated DNA damage accrual will also be
established.

Consequences of DNA Damage

Loss / aberrant potential

While most age-associated DNA damage accrual in HSCs is in the form of strand breaks, the
functional ramifications of this damage have yet to be fully characterized. In differentiation
promoting media ex vivo, young and old HSCs are able to recognize damage and repair it to
a state in which cell division can occur (63, 100). However, the fidelity of the repair of
strand breaks or stalled forks is not known, and it appears that the progeny of some of these
aged HSCs have functional defects such as clone collapse (63) or increased numbers of
chromosomal abnormalities (100). Additionally, when aged HSCs are transplanted, they can
reconstitute lethally irradiated recipient animals, suggesting that they can cycle and repair
DNA. Another interpretation for these studies is that since in vivo only a single HSC would
be required to reconstitute a lethally irradiated host animal, as few as one undamaged HSC
could drive the reconstitution while the other damaged HSCs could undergo apoptosis.
However, ex vivo very few aged HSCs underwent apoptosis to remove acquired DNA
damage in differentiation-promoting culture conditions (63, 100), though ex vivo assays may
not reflect HSC behavior in vivo. Indeed, other studies suggest that accumulated DNA
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damage leads to preferential differentiation of HSCs (109) or apoptosis due to the inability
of HSCs to arrest in G1-S in vivo (62).

ROS appears to play a direct role in the functional decline in aging HSCs. Evidence
supporting this model includes the strong correlation between increased ROS levels in
human CD34+ bone marrow cells and decreased function of these cells in transplant
experiments (110). ROS levels also are increased in HSCs from aged mice that diminished
long-term reconstitution potential, and genomic rearrangements are more frequent in
primitive cells with high levels of ROS (111). Additionally, the ability of HSCs to serially
transplant was significantly improved in ATM deficient mice when they were treated with
the ROS scavenging antioxidant NAC (112). The correlation between mitigating ROS and
improved HSC function was further demonstrated when HSCs cultured under hypoxic
conditions maintained more robust colony forming and reconstitution potential compared to
those that cultured at ambient air oxygen levels (~21%) (113-115). More recently
experiments by the Broxmeyer group have demonstrated that collection and ex vivo
handling of HSCs under hypoxic conditions reduces the levels of ROS and significantly
improves the functional potential of isolated bone marrow HSCs. By minimizing the
mitochondrial activity of purified stem and progenitor cells, the progenitor compartment
showed decreased differentiation potential in colony forming assays as well as increased
long-term reconstitution potential upon transplantation as measured by donor chimerism in
both primary and secondary transplants (115). The HSCs remaining under hypoxic
conditions also showed reduced cycling compared to those exposed to higher oxygen levels,
thereby suggesting that a hypoxic niche supports HSC function by minimizing levels of
ROS, and increases in ROS levels leads to loss of reconstitution potential.

Clonal Hematopoiesis and Cancer

The increasing wealth of genome-wide sequencing data has demonstrated that point
mutations accumulate in human hematopoietic cells with age. A subset of these mutations
appears to confer a selective advantage to HSCs, allowing these cells to clonally expand (Fig
1). The clonal expansion of an HSC can be read out in the peripheral blood of aged
individuals, as there is increased prevalence of mature hematopoietic cells carrying the same
somatic mutations. Clonal hematopoiesis occurs in healthy individuals, and has been
recently termed clonal hematopoiesis of indeterminate potential (CHIP)(116). While initial
expansion of clones does not appear to be associated with significant disadvantages or
effects on normal hematopoiesis (75, 83, 116), these driver mutations can predispose HSCs
toward malignancies such as MDS, AML and aplastic anemia. While point mutations are
acquired in HSCs during aging, it is not clear whether or not this is due to alterations in the
fidelity of DNA damage repair in HSCs. The inappropriate repair of strand breaks, together
with ROS-driven chromosomal rearrangements and altered epigenetic regulation of
structure, can potentially contribute to age-associated changes in HSCs that can drive clonal
hematopoiesis and can promote the development of cancer.
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Directions

While increasing lines of evidence support that DNA damage accumulates in the aged HSC
compartment, many questions remain regarding the consequences of these genomic changes.
As genomic sequencing technologies become more widespread, and methods to analyze
these dense, high coverage datasets are constantly improving, we are beginning to
understand the magnitude of point mutations that accrue during aging. While initial reports
suggested a low frequency of clonal hematopoiesis in patients late in life, improvement in
analysis and detection levels have demonstrated that clonal hematopoiesis is common, and
many more mutations that have the potential to drive CHIP have been described than
originally reported just a few years ago (83). Additionally, mutations driving clonal
hematopoiesis have been identified in younger individuals than previously reported.

To begin to address how mutations drive clonal hematopoiesis and the development of
hematologic malignancies, researchers can now employ site specific genome editing using
CRISPR/Cas9 to recapitulate common mutations that are associated with CHIP as well as
MDS and AML. These studies are just the initial steps to understand the contribution of
DNA damage to HSC aging phenotypes as the field is still lacking experimentally tractable
ways to assay HSCs ex vivo. Without the ability to maintain “stem-ness”, ex vivo analysis
will continue to be limited and may not faithfully recapitulate HSC function in vivo. This
limitation in understanding HSC function during aging is further exacerbated by our lack of
knowledge regarding age-associated alterations in the HSC niche, which is still being
characterized. In order to understand the consequences of DNA damage accrual (as well as
other cell autonomous phenotypes) the field will also need to expand research beyond the
mostly cell-intrinsic based assays using aged HSCs. This is especially critical for HSC
biology since senescence and circulating factors appear to be major drivers of the loss in
stem cell functional potential in other tissues; however, studies involving clearance of
senescent cells (117) or restoration of circulating factors (118) do not appear to have
significant effects on the hematopoietic system. Thus, it is clear that our understanding of
how cells behave in the aged environment will be necessary to completely understand HSC
aging. Ultimately, aging is a complex phenomenon, and the accumulation of DNA damage is
one of many potential contributors to the loss of functional potential of HSCs.
Characterizing the interplay among these diverse regulators of HSC function will
undoubtedly be the continued focus of many investigators and will hopefully lead to
discoveries that allow us to improve the function of tissue stem cells during aging.
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Figure 1.
Accumulation of various forms of DNA damage in the aged HSC compartment is present

throughout aging of the HSC compartment, with certain combinations driving clonal
expansion. The selection advantage conferred by mutations in these clones may also
contribute to the progression towards hematopoietic malignancies.
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