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Abstract Decline in regenerative capacity due to deple-
tion or dysfunction of stem cells is a prominent hall-
mark of aging across tissues and organisms. Molecular
damages such as protein, organelle, and DNA damages
are commonly recognized as drivers of age-related stem
cell decline. In this review, we discuss diverse damage
types and respective avoidance strategies used by stem
cells across species with specific focus on avoidance of
genotoxic damage and evasion of DNA-damage induced
death. Within DNA damage management by stem cells,
protective strategies range from asymmetric damage ex-
clusion to downregulation of DNA damage checkpoints
and upregulation of pro-survival factors. We also dis-
cuss systemic impact of stem cell DNA damage from
the angle of its organ-damaging role and from the un-
expected pro-homeostatic angle. We use examples of
progeroid syndromes and acute irradiation exposure to
outline the impact of stem cell DNA damage on the
aging process.

Keywords Stem cells . Genotoxic stress . DNAdamage
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Introduction: Adult Stem Cells as Hubs of Damage
Accumulation During Aging

Aging is commonly regarded as a process of longitudinal
functional decline leading to eventual complete deterioration
of vital body functions. Precise underlying mechanisms of the
deterioration process are still highly controversial. However, it
is well documented that during the lifetime, tissues are
targeted by numerous molecular damages originating from
the outer environment as well as from inside the cells.
Typical examples of intracellular damages are replication-
driven DNA damage, reactive oxygen species (ROS) pro-
duced by dysfunctional mitochondria, and harmful products
of de-regulated metabolism [1]. With age, the stringency of
metabolic regulation progressively declines as does mitochon-
drial integrity and replication fidelity [2, 3]. Thus, the level of
internal molecular damages gradually grows. At the same
time, the efficiency of intracellular quality control and repair
machineries declines leaving cells with progressively increas-
ing damage loads [4]. The exposure to unbearable amount of
molecular damages leads to age-related death of cells across
tissues rendering tissues highly dependent on the replenishing
process orchestrated by respective adult stem cells andmaking
stem cell self-renewal a critical factor for unperturbed organ
homeostasis during aging. While differentiated cells turnover
with high frequencies during lifetime, stem cells reside in their
respective niches for the whole organismal life. This means
adult stem cells are exposed to internal and external damages
for the longest time among all cells. Yet, considering their key
role in organ regeneration, stem cells are expected to with-
stand higher damage loads compared to somatic cells. How
stem cells cope with increasing damage levels during aging
and how particular niches regulate this process will be the
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topic of the current review. We will also discuss how damage-
driven stem cell dysfunction impacts on organ homeostasis
during aging.

Coping with Age-Related Damage of Proteins
and Organelles—The Asymmetric Distribution

Large fraction of molecular damages experienced by stem
cells with time is protein damages [5] leading to protein
misfolding and formation of toxic protein aggregates.
Damages of membrane organelles including mitochondria
are another prominent kind [6]. In budding yeast, a classical
model of replicative aging, it was observed that damaged or-
ganelles and proteins are not distributed equally during cell
division: while one resulting cell regarded as Bmother^ cell
retains all damage, the second Bdaughter^ cell remains dam-
age free. Subsequently, Bmother^ cells demonstrate gradual
decline of cellular functions and Bdaughter^ cells remain func-
tionally young. Asymmetric segregation during yeast mitosis
has been described for oxidized proteins, protein aggregates,
and faulty mitochondria [7–9]. It is indeed an active process
depending on actin cytoskeleton, chaperon abundance, and
activity of anti-aging molecules such as conserved NAD-
dependent histone deacetylase Sirt2 [10]. Few years later,
asymmetric partitioning of damaged proteins during stem cell
division was uncovered in Drosophila. The phenomenon was
observed in the germline and in the intestine of adult flies [11,
12]. It was found that germline stem cells retain damage sim-
ilar to yeast Bmother^ cells while intestinal stem cells re-
distribute altered molecules to differentiating enteroblasts. In
both tissues, signals from respective niches (linked to ele-
ments of extracellular matrix) were thought to determine dam-
age retention or exclusion. The intriguing difference in dam-
age handling between germline and intestinal stem cells is
thought to originate from their distinct physiological func-
tions. Since germline gives rise to new organisms expected
to outlive the parent, germline Bdaughters^ require higher fit-
ness compared to Bmothers^. On the other hand, differentiated
intestinal cells are short lived and rapidly replenished by the
stem cell pool which in turn needs to remain fit to last through-
out the life of an animal. Thus, longevity of germline stem
cells is inferior to the fitness of the progeny (conceptually
similar to fate of Bmother^ cells in yeast), while longevity of
intestinal stem cells (ISCs) is critical for the survival of the fly.
Such distinct fitness requirements determine differential dam-
age retention strategies between the two stem cell types which
are presumably regulated by their respective niche signals.

Recently, asymmetric partitioning of damaged proteins and
mitochondria was demonstrated also in mammalian stem
cells. By following fates of differentially labeled Byoung^
and Bold^ organelles during division of human mammary ep-
ithelium stem-like cells (SLCs), researchers observed

asymmetric accumulation of Bold^ membrane material in
one of two daughter cells. High levels of old membranes
(mostly mitochondria) coincided with differentiated pheno-
type of the daughters while damage free daughters maintained
stem cell traits [13•]. Asymmetric distribution of young and
old mitochondria strongly depended on intact mitochondrial
fission and fusion machinery of SLCs. These data suggest that
mammary epithelium, a tissue with high need of stem-cell
driven remodeling, behaves comparable to the intestine of
adult flies in maintaining fitness of stem cells at a cost of
increased damage to differentiated daughters. Evidence of
asymmetric damage distribution was also obtained by in vitro
studies of murine neural stem cells (NSCs). It was found that
during division of embryonic and young adult NSCs altered
proteins are inherited predominantly by the daughter that is
destined to differentiate [14•]. This process is orchestrated by
a lateral diffusion barrier in the membrane of the endoplasmic
reticulum which pre-segregates cellular components prior to
cell division. With age, the barrier function appears to decline
due to nuclear lamin deterioration leading to loss of asymmet-
ric damage distribution that may be one of the driving forces
of brain aging. Different damage evasion strategies of distinct
stem cell types are summarized in Table 1.

Coping with Age-Related DNA Damage—Does
Asymmetric Partitioning Work for DNA?

In addition to protein and organelle damages, another critical
type of damage comes from the very core of stem cell self-
renewal function—the replication of DNA. Faulty DNA repli-
cation is believed to be the key source of genotoxic damage
during aging [17]. Experiencing more cell divisions per cellular
lifetime than the majority of other body cells, stem cells are
expected to have a strategy to fight DNA damage accumula-
tion. Could this strategy rely on asymmetric partitioning of
genotoxic damage similar to damaged organelles and proteins?
This has been an intriguing question for a long time. The exis-
tence of asymmetric partitioning was clearly demonstrated for
damaged mitochondrial DNA: In yeast, mitochondria with
damaged genomes were retained by mother cells along with
other damages [8]. Faulty intra-chromosomal recombination
often leads to generation of extra-chromosomal DNA circles
whose strong contribution to cellular dysfunction during aging
was demonstrated in yeast. It has been found that these aberrant
DNA species are retained by mother cells. During replication
process DNA circles remain attached to old nuclear pores that
are kept in mother cells by a septin-dependent lateral diffusion
barrier formed at the nuclear envelope [18]. The option of
asymmetric distribution of damaged nuclear DNA has been
debated for many years. In the 1960s, a phenomenon of non-
random co-segregation of template DNA strands was described
by using mouse and hamster cells [19]. This observation
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suggests that during asymmetric cell division, one daughter cell
receives complete parental DNA while another daughter re-
ceives complete newly produced DNA (Table 1). This concept
was immediately attractive with regard to stem cell function as
it would indicate stem cells could reduce levels of DNA dam-
age by excluding newly synthesized DNA molecules which
have a higher chance of being altered. It was later suggested
that also telomere length could be maintained by non-random
DNA co-segregation process as telomere shortening occurs on
newly produced chromatids. Asymmetric retention of parental
DNA by stem cell-like daughters was indeed demonstrated for
adult stem cells of skeletal muscle, skin, and intestine [20–23].
Template DNA and newly synthesized DNA receive distinct
epigenetic marks [24]. It has been demonstrated that the partic-
ular epigenetic signatures have differential affinity to the nucle-
ar envelope—previously outlined as an important player in
asymmetric damage segregation [25]. It is thus possible that
template DNA co-segregation during stem cell mitosis is driven
by replication-linked epigenetic marks. In addition, to potential
function in DNA segregation, epigenetic marks are likely to
play an active role in cell fate decisions of daughter cells by
inhibiting expression of self-renewal genes and by inducing
differentiation. Intriguingly, the choice between symmetric
self-renewal and asymmetric division often involves one of
key cellular DNA damage sensors—the p53 molecule: high
levels of p53 activity appear to shift stem cells to asymmetric

divisions while p53 inhibition supports symmetric self-renewal
[26]. These data suggest that p53 may act upon DNA damage
to drive stem cells into protective damage segregation mode.
Indeed, high p53 activity is associated with increased co-
segregation of template DNA in some cellular systems [27].
Additionally, it has been found that DNA damage in hemato-
poietic and mammary stem cells leads to reduction of p53 ac-
tivity below basal levels keeping cells in a self-renewal state
[28•]. Lowering p53 activity may be important for rapid
replenishing of damaged tissues which depends on fast expan-
sion of the stem cell pool by self-renewal. It is thus possible that
the choice between asymmetric and symmetric division upon
genotoxic insult depends on the exact level of damage experi-
enced by the tissue: in case of strong damage, stem cell self-
renewal is favored while limited damages stimulate asymmetric
damage exclusion. Importantly, asymmetric cell divisions and
non-random DNA segregation appear to be regulated by pat-
terns of extracellular matrix components produced by the niche
[29•]. This is comparable to the regulatory background of
asymmetric segregation of protein damage described in
Drosophila. It is important to remember that non-random tem-
plate DNA co-segregation in stem cells remains a highly con-
troversial phenomenon despite being uncovered many years
ago. The controversy is driven by incomplete reproducibility
of data among comparable stem cell types which may arise
from insufficiently uniform cell isolation methods. However,

Table 1 Damage avoidance strategies of stem cells

Type of Damage Avoidance strategy Protected cell populations Stem cell type

Stem cell Progeny

Damaged organelles Asymmetric exclusion ✓ Mammary epithelial stem cells

Asymmetric retention ✓ Yeast (mother cell)

Oxidized and aggregated proteins Asymmetric retention ✓ Yeast (mother cell)
Germline (fly)

Asymmetric exclusion ✓ Intestinal stem cells (fly)
Neuronal stem cells

Damaged mitochondrial DNA Asymmetric retention ✓ Yeast (mother cell)

Extra-chromosomal DNA fragments Asymmetric retention ✓ Yeast (mother cell)

Damaged genomic DNA Asymmetric exclusion
(template DNA co-segregation)

✓ Muscle satellite cells
Intestine
Mammary gland
Cancer stem cells

Coping strategy Suggested mechanisms Outcome

Attenuation of DNA damage response
pathways (in quiescence)

<p53 activity
>Bcl-2 pro-survival proteins
<ROS levels
<DDR gene expression [15]

• Protection from cell death
• Avoidance of SC pool depletion
• Accumulation of damage with age

Enhanced repair
(entry in cell cycle)

• Bypass G1/S checkpoint [16••]
• Error-free repair by HR

• Efficient repair of damages
• Cell death if damage is unrepaired

Diverse damages experienced by stem cells during aging are summarized along with respective avoidance or coping strategies. Damage protected cell
populations are indicated in each case highlighting important differences in processing comparable damage between distinct stem cell types. Model
systems which gave rise to respective data are indicated. Additional references are included for pathways underrepresented in the main text of the article
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putative non-random DNA segregation shares conceptual and
mechanistic features with well-known asymmetric processes in
stem cells and thus remains a highly interesting hypothesis to be
tested further. Moreover, stem cell DNA damage may influence
asymmetric retention or exclusion of damaged organelles and
proteins: high genotoxic burden leads to strong engagement of
Poly (ADP-ribose) polymerase (PARP), a critical factor of
DNA repair [30]. The activity of PARP critically depends on
NAD+ consumption and leads to depletion of cellular NAD+
storages. This means other proteins depending on NAD+ can-
not function in their full capacity. One of such proteins is Sirt2,
a master regulator of protein damage proportioning found in
yeast. It is thus feasible that high DNA damage loads negatively
impact on all asymmetric processes in stem cells not only via
p53 activity but also via NAD+ depletion [31].

Coping with Age-Related DNA Damage—Do DNA
Damage Responses Work Differently in Stem Cells?

In general, cells with accumulated unrepaired DNA lesions are
expected to be cleared by apoptotic death. Cell fate decision de-
pendsonactivityofconservedcell-intrinsiccheckpointsactivated
by DNA damage which drive irreversibly damaged cells into
apoptosis or permanent cell cycle arrest through senescence
[32].However, in contrast to short-liveddifferentiated cells, adult
stem cells are needed throughout organismal life to ensure tissue
maintenance, a process critically dependent on the unique self-
renewal capacity of stem cells. Considering this demand of func-
tionality over longer periods of time, it is reasonable to expect a
distinct, perhaps less stringent link between DNA damage and
cell death or cell senescence in stem cells (Table 1). In support of
this hypothesis, attenuated DNA damage responses in quiescent
stem cells have been observed. Analysis of hematopoietic stem
cells frommice deficient in different repair pathways like nucle-
otide excision repair (XPDTTD mice), telomere maintenance
(mTR−/− mice), and non-homologous end joining (Lig4Y288C

and Ku80−/− mice) revealed resilience of quiescent stem cells
towards damage [33, 34]. Deficiency in any of the repair path-
waysanalyzeddidnot leadtodepletionofstemcellpoolswithage
while their downstream cycling progenitor populations were di-
minished. Because in these systems, all cells lack efficient repair
of DNA damage, the fact that quiescent stem cell pools are not
faster depleted with age suggests a reduced DNA damage re-
sponse in rarely cycling stem cells granting protection from cell
death despite the presence of damages. The prospective attenua-
tion of DNA damage responses also results in attenuated DNA
repair thus avoidance of stem cell pool depletion comes at an
expenseofgradualDNAdamageaccumulationinquiescentcells.
In addition, non-dividing cells cannot rely on non-error prone
homologous recombination repair but on non-homologous end
joining which repairs with low precision. Thus, DNA repair op-
tions available for the maintenance of quiescent stem cell pools

indirectly contribute to damage accumulation.Howdoquiescent
cells cope with progressive age-related accumulation of
genotoxic damage without losing functionality? One key factor
in cellular responses to DNA damage is p53 protein, which was
previously discussed in connection to symmetric versus asym-
metric division of stem cells. In response to DNA damage, p53
protein is stabilized and activated leading to expression of genes
that temporarily halt cell cycle to give time for DNA repair (such
as p21) [35].At high levels of genotoxic damage, a distinct phos-
phorylation pattern instructs p53 to induce cell death via expres-
sionofitspro-apoptotic targets (Bax,Noxa,andPuma).Thus,p53
role in cell fate decisions is normally regulated by exact damage
levelsexperiencedbythecell.Thesituationappears tobedifferent
in stem cells. In hematopoietic,mammary, and hair follicle bulge
stemcells,p53activitywas found todecrease in response toDNA
damage [28•, 36] suggesting active downregulation of DNA
damage responses by genotoxic stress in adult stem cells. Such
downregulationmay serve as a protectivemechanismwhich pre-
vents cell death and senescence under high genotoxic pressure
experienced by stem cells during aging. Intriguingly, cell death
protection occurs also in stem cells that express high p53 levels.
Mohrin et al. described increased levels and stabilization of p53
protein in hematopoietic stem cells upon ionizing radiation treat-
ment without prominent detection of cell death in contrast to
results obtained for myeloid progenitor cells. The authors postu-
late that protection from cell death in stem cells may arise from
highbasal levels of pro-surviving factors alongwithmaintenance
of low levels of ROS in the stem cell niche [37•]. Accordingly, a
significant increase of >1.5-fold in the basal expression of p53
protein was detected when expression profiles of old versus
young mice were compared. However, this increase of p53 was
notcorrelatedwithdifferences in the rateofcelldeathbetween the
twoageconditions[15]. Ithasbeenfoundthatblockingthedown-
stream targets of p53 (e.g., p21) is protective in stemcells harbor-
ing high DNA damage levels due to telomere dysfunction [38].
Interestingly, the strength of DNA damage response and subse-
quent sensitivity to DNA damage strongly depends on the phys-
ical position of stem and progenitor cells within their respective
niches [39]. Thus, niche-specific signals are likely to play a sig-
nificant role in stem cell survival uponDNAdamage. In addition
to loweringDNAdamage responses, theattenuationofgenotoxic
death in stem cells can be in part attributed to the enhanced ex-
pression of pro-survival factors. Multipotent hair follicle bulge
stem cells studied in their native niche are profoundly resistant
to irradiation-induced apoptosis due to their increased expression
of Bcl-2 [36]. Hematopoietic stem cells show enhanced survival
upon DNA damage compared to their short-lived myeloid pro-
genitors due to increased expression of the Bcl-2 family of pro-
survival genes: Bcl-2, Bcl-xL,Mcl-1, andA1 [37•]. In a separate
study, increased expressionofMcl-1wasdetermined tobeessen-
tial for regenerative and self-renewal functions of hematopoietic
cells [40]. The Bcl-2 family pro-survival proteins function by
blocking Bax- and Bak-dependent mitochondrial outer
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membrane permeabilization, cytochrome-c release, and subse-
quent activation of the caspase cascade. As a result, cell death is
inhibited andmitochondrial integrity is maintained. Importantly,
nuclear localization of Bcl-2, Bcl-xL, and Mcl-1 has been sug-
gested tohavearole inDNAdamageresponse regulationat siteof
damage in other cellular contexts [41–43]. Exposure to ionizing
radiation in human lung cancer cells enhances nuclear Bcl-2 ex-
pression where it directly disrupts the Ku/DNA-PKcs complex,
thereby inhibiting error-prone non-homologous end joining re-
pair [41]. Homologous recombination repair pathway was also
foundtobeinfluencedinDNAdamage-treatedmouseandhuman
cell lines by Bcl-2, Mcl-1, and Bcl-xL proteins via alterations in
post-translational modification of Rad51 [44], interaction with
NBS1 [43], and by stabilizing G2/M checkpoint arrest through
direct binding with Cdk1(cdc2) [45], respectively. In summary,
quiescent stem cells appear to possess regulatory mechanisms
which allow them to tolerate sub-lethal amounts of genotoxic
damage.

But how is the damage dealt with when stem cells exit
quiescence? Recent advances in stem cell analysis revealed
some potential hints. The study by Walter et al. demonstrated
increased DNA damage-induced death in hematopoietic stem
cells exposed to repeated rounds of DNA replication. These
data implicate exit from quiescence (and accompanying
replication-linked genotoxicity) as the main source of physio-
logical DNA damage in stem cells and suggests that a similar
mechanism may underlay stem cell loss during natural aging
[46••]. In contrast, two other groups [15, 16••] obtained data
indicating rapid repair of DNA damage immediately after cell
cycle re-entry in hematopoietic cells. The rapid repair concept
goes in line with the option of relying on highly efficient and
rapid homologous recombination-based DNA repair pathway
which is only active in dividing cells. It needs to be mentioned
that all three publications link eventual cell survival to the
levels of damage that had accumulated in quiescent cells prior
to cell cycle re-entry. Interestingly, no difference in DNA dam-
age response activity was observed when stem cells from old
and young mice were compared. Thus, age-related deteriora-
tion of stem cells is likely driven by the actual accumulated
DNA damage rather than DNA damage response de-
regulation.

Global Impact: Systemic Effects of Stem Cell DNA
Damage

Stem cells play key roles in organ homeostasis and organismal
fitness, thus DNA damage in these cells is likely to have a
significant systemic impact by causing stem cell dysfunction.
Notably, congenital defects in pathways responsible for the
maintenance of genome stability often lead to premature aging
disorders characterized by a multitude of symptoms including
lack of appropriate regeneration—a feature directly dependent

on stem cell functionality. Thus, it is feasible that during nor-
mal aging, accumulation of DNA damage in stem cells con-
tributes to, or even orchestrates systemic organismal decline.
The classical example linking genome instability to prominent
stem cell dysfunction is Fanconi anemia (FA) [47]. FA is an
autosomal recessive syndrome characterized by bone marrow
failure caused by enhanced DNA damage in hematopoietic
stem cells driven by lack of DNA inter-strand cross link repair.
FA patients succumb to early mortality due to inability to cope
with infections and impaired wound healing. Mice suffering
from progressive telomere dysfunction due to lack of telome-
rase develop premature aging symptoms driven by stem cell
decline in multiple tissues [48, 49]. Notably telomerase is not
expressed in adult somatic cells, thus progeroid features of
telomerase deficient mice are solely caused by DNA
damage-inflicted stem cell intrinsic failure. Exposure to high
doses of ionizing radiation—a so called acute radiation syn-
drome, manifests features similar to FA and telomerase defi-
ciency—namely failure of the hematopoietic system which is
accompanied by strong gastrointestinal dysfunction [50, 51].
Importantly, hematopoiesis and intestinal homeostasis both
critically depend on rapid stem cell activity—a process likely
hampered by irradiation-driven high levels of DNA damage.
Ionizing radiation delivers comparable amounts of DNA dam-
age to all body tissues.While intestine and blood are first to be
affected in acute radiation syndrome, other stem cell-
dependent systems such as skin and hair also fail at a later
time point [52]. Thus, the timeline of DNA-damage driven
organ decline is likely linked to normal homeostatic frequency
of stem cell cycling in a given tissue. The effect of irradiation
likely mimics stem cell dysfunction and organ failure in aging
just on a faster scale. In contrast to multi-organ effects of
irradiation or telomerase deficiency, congenital DNA repair
defects linked to premature aging typically manifest in some
tissues and not others. While Cockayne syndrome (block of
nucleotide excision repair) strongly manifests in the central
nervous system [53], Bloom and Werner syndromes (muta-
tions in RecQ family of genes impairing restart of stalled rep-
lication forks) appear to be linked to dysfunction of mesen-
chymal stem cells [54]. The same is true for Hutchinson
Gilford progeria—a very severe premature aging syndrome
driven by defects in nuclear lamina [55]. It is feasible that
tissue-specific disease manifestations in these cases arise from
differential dependence of distinct stem cell types on distinct
DNA repair pathways. For example, quiescent hair follicle
stem cells rely mostly on non-homologous end joining for
repair of double-strand breaks, while actively proliferating
intestinal stem cells rely on the homologous recombination
pathway. From the studies of premature aging syndromes, it
is however clear that DNA damage in stem cells is a strong
driver of systemic body decline during diseases and aging
(Fig. 1, left panel). Intriguingly, recent data suggests that stem
cell DNA damage may not always be harmful. It has been
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demonstrated that limited DNA damage in stem cell-like
germline of C. elegans induces a systemic pro-homeostatic
response protecting the whole animal from infections and
proteotoxicity [56••]. The protective response involves DNA
damage-driven activation of conserved ERK MAP kinase
pathway in the germline and induction of the Ubiquitin
Proteasome System (UPS) in somatic cells. The UPS activa-
tion is triggered by a systemic immune response induced by
ERK in the germline and amplified by p38/PMK-1 signaling
in the soma. Thus, germline DNA damage orchestrates en-
hanced systemic fitness of the nematode by boosting protein
quality control machinery and improving systemic
proteostasis [57, 58]. Interestingly a comparable effect was
also observed in a mouse model of sepsis where treatment
with anthracyclines—chemotherapy drugs which induce
DNA damage, protected animals from lethal septic damage
of the lung [59]. Damage protection was dependent on en-
hanced protein quality control (in this case autophagy) similar
to what happens in the nematode upon germline DNA dam-
age. When the germline of C. elegans is damaged, progeny
production is temporarily halted letting time for stem cells to
repair damage [56••]. Thus, systemic signals which enhance
fitness of the whole animal are likely to keep soma alive until
reproductionmay resume. Given existence of comparable sys-
temic DNA damage response in mammals, it is feasible that
limited genotoxic stress in stem cells of at least some tissues
instigates systemic protective signals which are meant to

reduce organ susceptibility to stress during the time needed
for repair processes in stem cells (Fig. 1, right panel). As
previously mentioned replacement of dead cells during
stress-induced organ damage strongly depends on self-
renewal capacity of stem cells. Upon DNA damage, stem cells
shift from self-renewal to cell cycle arrest or to p53-driven
asymmetric divisions [see chapters 2 and 3] strongly hamper-
ing regenerative capacity of the tissue. Thus, systemic protec-
tive signals from damaged stem cells may be critical for tem-
porary organ maintenance under stress. Importantly, signaling
intermediates found to link stem cell DNA damage to system-
ic stress tolerance in the nematode are highly conserved in
evolution. Induction of innate immune response by DNA
damage (UV irradiation) has been demonstrated in the epider-
mis ofDrosophila and mammals [60, 61]. In both cases, MAP
kinase signaling was critical for the immune response induc-
tion [58]. In the fly DNA damage-inflicted immune activation
had strong systemic consequences for the whole body leading
to inhibition of insulin signaling and subsequent delay in
growth. Such delay could be interpreted as a systemic protec-
tive response which reduces homeostatic pressure during time
needed for stem cell DNA repair. Systemic consequences of
UV exposure-driven immune response in mammals are less
understood due to higher complexity of the mammalian sys-
tem. However, the role of innate immunity in regeneration and
homeostasis is well documented in mouse—immune signal-
ing deficient animals show strong impairments in intestinal

Fig. 1 Systemic impact of DNA damage in stem cells. The systemic
impact of stem cell genotoxic damage is defined by damage strength
and load. Strong damages driven by acute genotoxic insults (such as
high dose radiation), congenital defects in DNA repair pathways, or
accumulation of mild damages with age override protective capacities
of stem cells and lead to cell death. Damage-driven stem cell depletion
in turn leads to block of regeneration and to functional organ decline.

Conversely, mild stem cell DNA damage evokes a systemic immune
response leading to systemic induction of protein quality control and
elevated fitness. Cells which undergo genotoxic damage-induced
senescence are re-programmed to secret pro-inflammatory molecules.
These molecules may on the one hand contribute to enhanced fitness
via improved protein quality control but on the other hand they promote
tumorigenesis
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regeneration upon damage [62–64]. The same is true for repair
of skin lesions [65]. Interestingly, both epidermis and intestine
not only display links between damage, immunity, and repair
but also are highly dependent on stem cells for organ
replenishing. Another condition where genome instability is
tightly linked to innate immune response is cellular senes-
cence—a terminal outcome of stem cell aging. DNA damage
accumulation is the most common driver of cellular senes-
cence. Senescent cells lose the capacity to proliferate and
self-renew and switch to secreting a multitude of molecules,
mostly pro-inflammatory cytokines [66]. This phenomenon
was discovered more than a decade ago and is named senes-
cence associated secretory phenotype (SASP). It is feasible
that senescent cells which can no longer contribute to regen-
eration support organ maintenance by supplying systemic pro-
tective signals. The stress protective function of SASP has not
so far been confirmed in healthy tissues; however, SASP is a
well-known unfortunate helper of tumor growth [67]. Along
these lines, it is notable that not only tumor stroma is support-
ed by SASP-generated signals but also cancer stem cells dis-
play higher than average incidence of symmetric divisions
which strongly contributes to tumor growth [68]. Thus, mech-
anisms directed at organ protection may once again be
highjacked by cancer. It appears feasible that systemic out-
comes of stem cell DNA damage are tightly linked to the
actual damage load: while high levels of DNA damage caused
by acute exposure or lifetime accumulation destroy stem cells
and respective organs, limited stem cell DNA damage exerts
pro-homeostatic effects (Fig. 1).

Conclusion

In this review, we discussed differences between adult stem
cells of distinct organs in terms of speed of age-related DNA
damage accumulation and diverse strategies stem cells use to
avoid dying from unbearable damage. The central place of
stem cell depletion in organ decline during aging is very clear.
In turn, molecular damages play a key role in age-related
dysfunction of stem cells. The intriguing concept of damaged
stem cells sending pro-homeostatic signals to surrounding tis-
sue(s) still requires extensive investigation. Understanding
molecular pathways that underlie enhanced stem cell and tis-
sue functionality in aging will bring us closer to devising pro-
homeostatic interventions that delay aging.
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