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Abstract
Ionizing radiation (IR) therapy is a major cancer treatment modality and an indispensable auxiliary treatment for
primary and metastatic cancers, but invariably results in debilitating organ dysfunctions. IR-induced depletion of neural
stem/progenitor cells in the subgranular zone of the dentate gyrus in the hippocampus where neurogenesis occurs is
considered largely responsible for deficiencies such as learning, memory, and spatial information processing in
patients subjected to cranial irradiation. Similarly, IR therapy-induced intestinal injuries such as diarrhea and
malabsorption are common side effects in patients with gastrointestinal tumors and are believed to be caused by
intestinal stem cell drop out. Hematopoietic stem cell transplantation is currently used to reinstate blood production in
leukemia patients and pre-clinical treatments show promising results in other organs such as the skin and kidney, but
ethical issues and logistic problems make this route difficult to follow. An alternative way to restore the injured tissue is
to preserve the stem cell pool located in that specific tissue/organ niche, but stem cell response to ionizing radiation is
inadequately understood at the molecular mechanistic level. Although embryonic and fetal hypersensity to IR has
been very well known for many decades, research on embryonic stem cell models in culture concerning molecular
mechanisms have been largely inconclusive and often in contradiction of the in vivo observations. This review will
summarize the latest discoveries on stem cell radiosensitivity, highlighting the possible molecular and epigenetic
mechanism(s) involved in DNA damage response and programmed cell death after ionizing radiation therapy specific
to normal stem cells. Finally, we will analyze the possible contribution of stem cell-specific chromatin’s epigenetic
constitution in promoting normal stem cell radiosensitivity.

Facts

● Ionizing radiation is a common cancer treatment,
but it is often accompanied by side effects which
cause normal tissue injuries and a decline in the
quality of life.

● Radioprotective drugs have been proven effective
in vitro but fail to replicate their effect in vivo; the

only FDA-approved drug available, Amifostine, is
currently used to reduce xerostomia but it has
also been proven to offer protection against several
chemotherapeutic agents.

● The loss of the stem cell pool is believed to be the
cause of the normal tissue injuries and stem cells
have been proven to be highly radiosensitive
compared to differentiated cells.

● Stem cell radiosensitivity is regulated by pluralistic
mechanisms that involve both epigenetic and
molecular signaling. Improved understanding of the
regulatory pathways that make stem cells
radiosensitive would lead to innovative
radioprotective drug development and novel
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therapies to eradicate cancer while preserving the
stem/progenitor cells.

Open questions

● Do stem and non-stem cells respond differently to
DNA breaks?

● Are stem cells epigenetically programmed to favor
cell death instead of repair and survival after
radiation exposure?

● What are the molecular mechanisms involved in the
stem cell radiosensitivity?

Introduction
Following induction of DNA damage, cells respond in

different ways and this DNA damage response (DDR)
depends on several variables, such as cell cycle, post-
translational modifications of the signaling cascade, and
chromatin configuational changes1–3. When the DNA
strand break is not severe or irreparable, cells respond by
activating DNA repair pathways. Double-strand break
repair is achieved by two major DNA repair pathways:
homologous recombinational repair pathway (HR) which
operates only in the post-replicative S or G2/M phases of
cell division cycle and requires a homologous sister
chromatid and non-homologous end joining (NHEJ)
which operates mostly in the pre-replicative G1 phase of
the cell cycle and is the most prominent form of DNA
repair mechanism in terminally differentiated cells. When
the damage is irreparable, cells respond with cell cycle
arrest, apoptosis, senescence, or several other cell
mechanisms4,5.
Ionizing radiation (IR) therapy is commonly used to

treat cancers with the aim of inducing DNA double-
strand breaks (DSBs) in cancer cells. The use of radiation
therapy to kill cancer cells also causes DNA damage in the
surrounding normal tissue and patients who undergo IR
exposure experience treatment-related symptoms during
therapy, months or even years after. Early side effects
include erythema, dry desquamation, intestinal malab-
sorption, hyperpigmentation, and hair loss6–8. Late effects
include skin atrophy, dryness, telangiectasia, dyschromia,
dyspigmentation, fibrosis, ulcers, and neurocognitive
decline9–12. Many decades ago it was perceived that a
single stem cell was able to partially replenish the phy-
siology of IR-damaged tissues13,14 and lack of this cell
pool can lead to different side effects, such as accelerated
aging, cognitive impairment, and poor learning and
memory, especially in pediatric brain cancer patients.
Stem cells at the pluripotent stage are capable of self-
renewal and can produce all undifferentiated cell types of
the tissue of origin, serving as an internal repair system by
dividing and replenishing/replacing the dead cell popu-
lations. Because of their ability to restore damaged tissue,

research has been driven towards the pathway of stem cell
transplantation: although the only approved stem cell
transplant in clinical practice is the bone marrow trans-
plant used for cancers affecting the blood or immune
system such as leukemia, lymphoma, or multiple mye-
loma, many other fields have been explored and recent
findings suggest stem cell transplantation may provide a
useful intervention strategy for minimizing the adverse
effects of several pathologies such as Parkinson’s disease,
amyotrophic later sclerosis, diabetes mellitus, heart dis-
ease, and much more15–20. However, application of stem
cell transplant therapy to alleviate cognitive deficits in
CNS malignancy treatment regimen has enormous prac-
tical limitations. Therefore, in loco stem cells could
restore the normal physiology for tissues that have been
injured by IR, given that the radiation did not cause any
DNA damage in those cells21,22. Current studies in the
literature are, however, inconclusive regarding the cap-
ability of DNA repair in stem cells after IR exposure, with
several studies suggesting stem cells are more prone to
activate apoptotic response pathway instead of DDR23–30.
This review will give an overview of normal tissue injury

after radiation exposure and normal stem cell radio-
sensitivity to elucidate the developments in known
mechanisms underlying radiation response in order to
find a suitable pharmacological approach to protect stem
cells from radiation-induced cell death.

Tissue injury after irradiation and known
mitigation/radioprotection agents
The response of normal tissues to radiotherapy differs

from one another after a chemical, thermal, or mechanical
stress: radiation therapy damages DNA, proteins, and
lipids in the cell through direct ionization or by produc-
tion of free radicals, such as reactive oxygen species31. It
also increases apoptosis, chromosomal aberrations, and
mutation frequency in cells32. Fluorescence in situ
hybridization probes show significant increases in chro-
mosomal aberrations in murine splenocytes after total
body irradiation, with a high number of translocations33,
while in human lymphocytes a radiation dose-dependent
increase of micronuclei formation has been observed, with
multi-chromosome material detected above 2 Gy34.
These injuries can initiate several signaling pathways,

including the inflammatory response, eventually leading
to cell death, senescence, or disruption of tissue physio-
logical functions35,36. Radiation injury-directed therapies
can be divided into three groups: prevention of radiation
damage by intervention before treatment, injection of a
radioprotective agent during or immediately after radia-
tion therapy in order to minimize the development of
clinical injury, and treatment of radiation injury after
therapy to prevent the progression to clinical impact37.
Some commonly available treatments have shown
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promise in prevention or mitigation of normal tissue
injury after irradiation, making drug-based approaches
important for normal tissue radioprotection. Sulfhydryl
(SH) compounds are known for their ability to act as
radioprotectors; both cysteine and cysteamine have been
proven to protect animals from the effects of total body
radiation if they are injected or ingested before the
radiation exposure. Sh-mediated cytoprotection has
mainly two components: these radioprotectors are free-
radical scavenging which are able to withdraw oxygen-
based free-radical generation; moreover, their ability to
donate hydrogen atoms has the potential of improving
DNA repair. The only radioprotective drug approved by
the U.S. Food and Drug Administration for use in radia-
tion therapy is amifostine, a non-reactive phosphor-
othioate which is converted to its active form by the
enzyme alkaline phosphatase. This drug has been proven
to reduce side effects such as dry mouth and difficulties in
eating or speaking in patients with head and neck cancer
treated with radiotherapy, but it also showed significant
protection against several chemotherapeutic agents.
Amifostine, in pratice, is used only for the reduction of
xerostomia38.
Another treatment of radiation injury after therapy to

prevent the progression to clinical impact is stem cell
transplantation. It is known that the stem cell pool has the
ability to restore normal tissue structure/function: in fact,
in 1967 an experiment by Withers elegantly showed that
even one stem cell was sufficient to regrow nodules on a
confined annulus of irradiated mouse skin39. Later on, the
technique was perfected to obtain the survival char-
acteristics of crypt cells of the mouse jejunum40, testicular
stem cells41, and kidney tubules42. It has also been shown
that stem cells are able to produce colonies when trans-
planted from a donor animal to a different site in a reci-
pient mouse43,44. Due to their ability to repopulate an
injured tissue, adult stem cells have been proposed for use
in the treatment of radiation-induced tissue damage.
Hematopoietic stem cell transplantation is currently used
to reinstate blood production in leukemia patients, but
several pre-clinical treatments with stem cells have shown
promising results in different organs (i.e. skin, eye, lung,
kidney) and might potentially translate into tissue radio-
protection strategies45. However, there are many issues
regarding use of stem cell therapy, including the lack of
definitive markers for stem cells in different tissues, the
rarity of the population for a successful transplant, toge-
ther with major ethical and expense concerns covering the
conventional radiotherapy. Therefore, a possible way to
avoid complications related to transplant is to find new
ways to protect the stem cell pool residing in the irra-
diated tissue. It is in fact suggested that stem cells are
highly sensitive to IR; thus their ability to repopulate an
injured tissue could be compromised after radiotheraphy.

The mechanisms responsible for stem cell radiosensitivity
have not been completely elucidated yet.

Embryonic and fetal DDR and sensitivity to IR
Radiation exposure of embryos and fetuses is of great

concern for radiological diagnostics, radioprotection, and
human health. Typical fetal doses from diagnostic radi-
ology are usually low but some radio-diagnostic-specific
treatments like cancer radiotherapy can expose the fetus
to higher and potentially unsafe radiation doses46. The
deleterious effect of IR to the embryo or fetus is strongly
dependent on the stage of development, the absorbed
dose, and fractionation47–49. According to extensive stu-
dies performed on animal models, a dose of 0.05–0.5Gy at
the first and second week of pregnancy will slightly
increase the incidence of implantation failure, but sur-
viving embryos will probably have no significant health
effects. During early organogenesis (third to sixth week
postconception) the embryo is very vulnerable to growth
retardation, teratogenic, and lethal effects of high-dose
irradiation, while during early fetal stage the fetus devel-
ops a higher tolerance to radiation exposure, although the
central nervous system can be seriously affected by high
levels of IR exposure. At the end of pregnancy, the fetuses
generally do not show any malformation after exposure to
low amounts of radiation50. Moreover, some effects of
radiation can only be observed many years post-exposure,
such as behavioral disorders, infertility, neoplasia, and
shorter life span51. Therefore, a definitive trend of
hypersensitivity of embryonic cells has been observed
in vivo over the past many decades in clinics and in
experimental models as well.
However, research on embryonic stem cell in “culture”

models have been inconclusive and often contradict the
in vivo observations most likely due to late-passage
spontaneous transformation effects in culture. It has
been reported that DSBs caused by IR exposure in human
embryonic stem cells (hESC) lead to the activation of the
ataxia telangiectasia mutated (ATM) signaling path-
way52,53, activating several proteins such as p53, Chk2,
and Nbs1. Additionally, the number of γ-H2AX IR-
induced foci (IRIF) increases dramatically within minutes
following IR and returns almost to control levels in
unexposed hESCs cultures within 24 h54. Besides the role
of ATM in H2AX phosphorylation, Rad3-related (ATR)
kinase was also proposed to play a role in the process53,55.
However, our studies on multiple stem cell tissue niches
in vivo and early-passage primary stem and isogenic dif-
ferentiated non-stem cells have shown that murine
embryonic stem cells are unable to activate ATM after IR-
induced DNA DSB24,30 and that the γ-H2AX IRIF are
significantly reduced compared to differentiated coun-
terparts23. Similar results were observed by Suchorska and
colleagues comparing human embryonic SCs, human
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induced pluripotent SCs, and primary human dermal
fibroblasts56. Human embryonic stem cells show a robust
apoptotic response after low IR exposure25,57 and a dra-
matic decrease in cell viability26,56 in a cell-cycle-
dependent fashion58,59. Interestingly, the surviving
hESCs continued to express common pluripotency mar-
kers and embryonic transcription factors, such as Oct4,
Sox2, and Nanog25,52,53,56,60. The protection of hESCs
from apoptosis following different exposures has been
investigated and many biological pathways are shown to
be involved61–67, but there are insufficient details
regarding the response of hESCs after IR exposure.
DNA synthesis and cell proliferation were partially
inhibited68–71 but high expressions of anti-apoptotic
protein Bcl-2 were found after irradiation together with
low levels of pro-apoptotic proteins, indicating that the
apoptotic response was not induced after IR expo-
sure68,72–75. In contrast, early-passage primary murine
embryonic stem cells showed high apoptotic response
after 6 Gy exposure compared to their differentiated iso-
genic progeny23,24 together with high levels of pro-
apoptotic factor Bax and low levels of anti-apoptotic
protein Bcl-2 (ref. 30). hESCs show a higher number of
aberrant mitotics after 2 Gy dose of irradiation compared
with negative control and an arrest of the cell cycle in G
(2)/M52. The influence of IR exposure on hESCs tran-
scriptional response has been analyzed by Sokolov and
colleagues: they found that hESCs have a clear pro-
apoptotic transcriptional response 2 h after IR exposure,
with upregulation of several genes such as BTG2,
CDKN1A, SESN1, IER5, GADD45A which are genes
often associated with temporal cell cycle arrest. At 16 h
post IR the transcription patterns change, showing a
strong expression of genes involved in pro-survival
pathways and general metabolic signaling54. We
observed IR-induced changes in the murine embryonic
stem cell transcriptome which were associated with
affecting biosynthesis, such as ribosome expression, while
the non-stem cell transcriptome promoted activation of
survival signaling pathways as well as protein digestion
and absorption30. This aspect of the IR influence on
hESCs has not been scrutinized deeply yet; thus, further
studies are required. We therefore believe there is a need
of serious evaluation of appropriate stem cell radio-
sensitivity and DDR research models to establish a com-
mon platform for inferring and proposing mitigating and/
or preventive measures for radioprotection.

Adult stem cells sensitivity to IR
Adult stem cells have the tendency to respond differ-

ently from embryonic stem cells after IR-induced DNA
damage. While hESC preferentially undergo apoptosis
after IR treatment, adult stem cells exhibit a broad variety
of responses and studies of stem cell radiosensitivity/

radioresistance in literature are generally inconclusive
(reviewed in refs. 76,77). A possible explanation is that stem
cells in different tissues reside in niches that have tissue-
specific environmental factors needed for stemness
maintenance; moreover, the cell cycle status seems likely
to play a role. Most importantly, the stem cell models
used for studying the phenomenon or the mechanism is
crucial in drawing inferences. It is in fact known that
some adult stem cells are in the G0 phase of the cell cycle
and are therefore quiescent. Many factors intervene in the
maintenance of this status, which is believed to be
important to preserve long-term proliferative potential
and genomic integrity78,79. However, as quiescent cells,
adult stem cells lack DNA damage checkpoints and are
unable to activate cell cycle-dependent repair pathways,
thus genomic integrity is not maintained80–83.

DDR activation
Human mesenchymal stem cells (hMSCs) are believed

to be relatively resistant to IR exposure84–87. The pro-
posed explanation for hMSCs is that their niche in vivo is
hypoxic, so hMSCs may already be able to hinder the IR
effects by having signaling machinery capable of
responding to several insults at normoxic conditions88.
DDR, like ATM protein phosphorylation, cell-cycle
checkpoint activation, and DSB repair are some of the
cellular mechanisms proposed to explain hMSCs radio-
resistance72,85,89,90. Some studies observed high levels of
phosphorylated histone H2AX in MSC after IR exposure
as a marker of DNA DSB repair process74,85–87,91,92, while
other studies found overexpression 3 days post IR indi-
cating a possible execution of cell senescence program68.
Recently, it has been proposed that human MSCs exposed
to prolonged X-irradiation accumulated γ-H2AX and
53BP1 foci differently compared to acute X-irradiation93;
a careful distinction between the roles of apoptosis-
related pan-nuclear γ-H2AX versus DDR-related γ-H2AX
IRIF specific to the DSBs is required23.
After 4 Gy of IR treatment, human hematopoietic stem

cells (hHSCs) did not show any activation of the cell cycle
checkpoints29, but high levels of γ-H2AX have been
reported in hHSC subpopulations when compared to
more mature progenitors at 12 h post 3 Gy of IR, indica-
tive of persistent DNA DSBs in these cells94. These results
are in contrast to those presented after non-IR-related
oxidative stress induction in hHSCs. It has been shown
that hHSCs respond to oxidative damage with a strong
activation of ATM, p53, 53BP1, CHK2, and FOXO3a and
a senescence-like cell cycle arrest95,96. Recently, Bie-
chonski and colleagues97 found that hematopoietic stem
and early progenitor cells exhibit reduced NHEJ
activities in comparison to non-lineage committed pro-
genitors, along with more persistent 53BP1 foci. More-
over, the DNA repair process in hHSCs needs the
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presence of thrombopoietin, which supports important
microenvironmental factors in the regulation of hHSCs IR
exposure response98. Keratinocyte and melanocyte stem
cells have reportedly shown high levels of γ-H2AX IRIF
after 5 Gy irradiation with reduced colony-forming
activity in culture and delayed hair cycle in vivo99 while
lower dose of IR did not exert any effect on cell
survival100.
Limited studies on DNA DSB repair in human neural

stem cell (hNSC) cultures have reported the presence of γ-
H2AX foci after irradiation, which reaches the IRIF level of
non-IR treated cells 3 h after IR exposure27. However,
careful in vivo experimentations by our group that has
been published in recent years are in contrast with these
findings where we demonstrate that instead of foci for-
mation, pan-nuclear H2AX-S139 phosphorylation is
observed and that murine neural stem cells selectively
undergo IR-induced apoptosis compared to the non-stem
differentiated cells in the hippocampal tissue niche
(Fig. 1a). Stem cells in intestine (Fig. 1b) and testis (Fig. 1c)
showed the same response, with superficial tissues like
testis showing massive depletion of spermatogenesis in

response to irradiation (Fig. 1d). As mentioned before,
careful observation of DSB IRIFs versus pan-nuclear
apoptotic γ-H2AX in multiple tissue niches and primary
culture models, noγ-H2AX IRIFs were detected in stem
cells (Fig. 2), indicating that stem cells are deficient in
enabling DDR activation and DNA repair after radiation
exposure23.
More detailed studies are required to determine whether

the varying DDRs observed in several stem cell populations
is due to dissimilar cell cycle status, since stem cells from
diverse niches proliferate at different rates or may be in a
quiescent or proliferative stage.

Apoptotic response activation
hHSCs respond with massive apoptotic activation fol-

lowing low dose IR, showing both dose and time depen-
dency28,29,101,102 and an implication of Bcl-2, p53, and
ASPP1 in the process94. The same response has been
observed in murine HSCs after 2 Gy treatment30. The
clonogenic potential in 2 Gy-irradiated hHSCs decreased
to ∼50–60% compared with the non-irradiated control103

while Wang et al.104,105 found that 6.5 Gy total body

Fig. 1 Stem cells are more radiosensitive than their differentiated progeny. a TUNEL staining (yellow-green signals) was performed in
the dentate gyrus of the hippocampus obtained from brains of C57BL/6 mice after 6 Gy whole-body IR. b TUNEL staining was performed in
tissue sections of adult murine intestine after 6 Gy IR. c TUNEL staining was performed in tissue sections of adult murine testis after 6 Gy IR. d TUNEL
staining was performed in tissue sections of adult murine testis after 12 Gy IR. Scale bar= 10 µm. Original picture included for illustrative purposes,
referring to ref. 23

Fabbrizi et al. Cell Death Discovery           (2018) 4:117 Page 5 of 13

Official journal of the Cell Death Differentiation Association



irradiation drove HSC to senescence. On the contrary,
Chang and collaborators106 found that in vivo 1 Gy
exposure was sufficient to drive HSC to quiescence,
without any apoptotic effect observed in stem cells. No
significant alterations in cellular senescence and apoptosis
were detected in HSCs after exposure to low dose of
radiation107.
hNSCs were previously shown to undergo programmed

cell death after low, modest, and high doses of IR24,27,57,108

in a dose-dependent way27, with the surviving populations
mostly starting a senescence process109, although hNSC
radiosensitivity seems to be subpopulation-dependent110.
Additionally, it has been recently observed that 10 Gy
treatment affected both the cell survival and degree of
differentiation in NSC through a bystander effect and
activation of pro-apoptotic factors111. The apoptosis-
susceptible nature of the irradiated hNSCs has been
associated with a TRAIL-R2-mediated signaling cascade
with activation of caspase-3 (ref. 112) and with prolonged
upregulation of phosphorylated p53 (ref. 113). Activation
of caspase-3 was found in murine spermatogonial stem
cells after 6 Gy IR exposure (Fig. 3) and has been pub-
lished before23,24,30.

P53-dependent apoptosis has also been observed in
Lgr5+ intestinal stem cells after irradiation in culture and
mice114. In vivo experiments on mice show that 10% of

Fig. 2 Stem cells (marked with red signals) fail to form γ-H2AX foci (green signals) after ionizing radiation treatment. γ-H2AX was detected
in adult murine testis stem cells by immunostaining after 0Gy (A) and 6 Gy IR (B). Scale bar= 10 µm. Original picture included for illustrative purposes,
referring to ref. 23

Fig. 3 Stem cells undergo apoptosis after ionizing radiation
treatment. Cleaved caspase-3 (CC-3) was detected in adult murine
testis stem cells by immunostaining after 6 Gy IR. Scale bar= 10 µm.
Original picture included for illustrative purposes, referring to ref. 23
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intestinal stem cells initiate apoptosis after low doses,
although cell death had no appreciable effect on tissue
architecture115,116, while 15 Gy treatment caused more
widespread apoptosis of Lgr5+ intestinal stem cells,
resulting in a failure to restore viability of the small intes-
tines117. We found Lgr5+ intestinal stem cells in ex vivo
organoid cultures undergo massive apoptosis after 6 Gy
irradiation while proliferative cells marked with Ki67 posi-
tivity largely comprised of SSEA1-negative non-stem cells
in the same organoids showed greater radioresistance30.
The effect of IR on mesenchymal stem cells has been

widely scrutinized in the past: minimal induction of cel-
lular apoptosis was observed after treatment up to 20 Gy,
with MSCs showing high expression levels of anti-
apoptotic proteins BCL-2 and BCL-XL and low levels of
pro-apoptotic proteins such as Puma (reviewed in ref. 73).
Although different stem cell populations respond with a

diverse degree of programmed cell death, the dose utilized
seems to play a fundamental role in the process.

Cell cycle arrest
hMSCs show a high and constant level of p53 after high

doses of gamma-irradiation68, with ATM implicated in
the post -translational modifications of p53 on ser 15,
Chk1 on ser 345, and Chk2 on thr 68 (ref. 118). On the
contrary, Kurpinski et al.119 found a modest gene
expression change 5 h post 1 Gy of IR in hMSCs, although
the downregulation of cyclin E2 (CCNE2) caused cell
cycle arrest at this time point, while Jin et al.120 observed a
complex response in the transcriptomic analysis of
hMSCs after IR exposures, with early-response genes
expressed at low doses and late-response gene at the
highest doses. These conflicting results can be explained
in the elegant work of Wu and colleagues: using early-
and late-passage mesenchymal stem cells, they found IR
exposure resulted in a decreasing trend in arresting both
early- and late-passage MSCs in the G0/G1 phase up to
72 h post IR, and a substantial accumulation of early-
passage MSCs in the G2/M phase. These results indicate
that early-passage MSCs possess more effective cell cycle
checkpoints in G2/M following IR exposure. It is likely
that DNA damage is repaired through error-free HR in
early-passage MSCs. Given that more late-passage MSCs
were in the G0/G1 phase, the error-prone NHEJ can be
the major DNA repair mechanism for late-passage MSCs,
which may result in more genomic alterations87.
Intestinal stem cells undergo massive apoptosis after 20

Gy irradiation and show G2/M arrest induced by radiation
to prevent mitotic catastrophe in a p53-independent
manner121. In contrast, lower doses induced p53-
mediated cell cycle arrest and protect the stem cell niche
after DNA damage122. Lgr5+ intestinal stem cell radio-
sensitivity has been suggested to be CDK 4/6-dependent123,
although a more recent study suggested that their

radiosensitivity is related to DNA damage-dependent
activation of Wnt signaling124. Moreover, although small
and large intestines possess seemingly similar Lgr5+ stem
cells, colonic epithelial stem cells (CESC) have been shown
to be markedly more radioresistant in vivo than small
intestinal crypt base columnar stem cells. Lgr5+ CESCs
displayed delayed checkpoint recovery at 48 h post-19 Gy,
which correlated with complete DSB repair and regenera-
tion of colonic mucosa125.
It seems therefore that the cell cycle status might play

an important role in stem cell radiosensitivity, dictating
the activation of error-prone or error-free DNA repair
mechanism after IR.

The pluralistic regulatory mechanisms of stem cell
sensitivity to IR
Stem cell radiosensitivity is due to several signaling

pathways that are activated/deactivated in response to
irradiation. We believe that pluralistic interaction of
molecular and epigenetic mechanisms collectively regulate
and impart IR hypersensitive phenotype to the normal
stem cells. Recently, we have found that stem cells con-
stitutively express PP2A, which antagonizes and impairs
DDR activation and promotes apoptosis at 0 Gy (Fig 4a, b)
and after 6 Gy treatment (Fig. 4c), as has been published
before30, confirming the hypothesis of Chowdhury et al.126.
The method by which gene expression is regulated

without altering the genomic sequence, known as epige-
netics, is another key factor involved in this multifaceted
mechanism. Epigenetic changes include DNA methyla-
tion, histone acetylation, and miRNA-regulated gene
expression127,128. Epigenetic alterations have been found
to contribute to the pathogenesis of radiation-induced
carcinogenesis129 by the reactivation of oncogenes and the
silencing of tumor suppressor genes130. These events can
result in genomic instability and consequent carcinogen-
esis in many models131–134.
Many epigenetic studies on ESC and induced plur-

ipotent SC maintenance and differentiation have been
extensively reviewed135–140, while little is known about
epigenetic modifications after IR exposure.
Recently, the relationship between histone modifica-

tions and stem cell radiation responses has led to new
insights: acetylation and methylation on different residues
of H3 histone has been shown to play an important role in
the radiosensitivity of stem cells. H3K9 modifications
have been previously analyzed in ES cells141–143. Local
downregulation of H3K9ac has been reported in ES cells,
accompanying recruitment of the transcription factor
OCT4 to DNA lesions144. In contrast, we found that ES
cells are unable to deacetylate H3K9 at the DNA damage
site compared to differentiated cells (Fig 5a, b), thereby
limiting trimethylation on the same amino acid residue
and consequent DNA damage repair as has been
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published before24 (Fig. 5c, d). In fact, H3K9 trimethyla-
tion is fundamental in the regulation of ATM activation
after DNA DSB145,146. Deacetylation of H3K9 and con-
sequent trimethylation has been proven to increase stem

cells radioresistance, decrease IR-induced apoptotic
response, and induce DDR activation24. Moreover, con-
stitutively elevated histone-3 lysine-56 acetylation
(H3K56ac) in stem cells results in a repressive chromatin

Fig. 5 Stem cells fail to deacetylate H3K9 after ionizing radiation treatment and trimethylate the same residue. a H3K9 acetylation was
detected in hippocampal stem cells obtained from brains of WT C57BL/6 mice by immunostaining after 6 Gy IR. b H3K9 acetylation was detected in
adult murine testis stem cells by immunostaining after 6 Gy IR. c H3K9 trimethylation was detected in hippocampal stem cells obtained from brains of
WT C57BL/6 mice by immunostaining after 6 Gy IR. d H3K9 trimethylation was detected in adult murine testis stem cells by immunostaining after 6
Gy IR. Scale bar= 10 µm. Original picture included for illustrative purposes, referring to ref. 24

Fig. 4 Stem cells display constitutively elevated IR-induced PP2A levels. a PP2A detected in adult murine intestine by immunostaining at 0 Gy.
b PP2A detected in adult murine testis by immunostaining at 0 Gy. c PP2A detected in adult murine testis by immunostaining at 30 min after 6 Gy.
Scale bar= 10 µm. Original picture included for illustrative purposes, referring to ref. 30
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environment that interferes with DDR activation and
promotes radiosensitivity. Recruitment of histone deace-
tylases and deacetylation of H3K56ac is required at DSB
for adequate DDR activation in non-stem cells147,148. We
have observed higher H3K56 acetylation levels exclusively
in neural stem cells of the dentate gyrus displaying ele-
vated H3K56ac23 (Fig 6a, b). Knockdown of H3K56
acetyltransferase p300 reduced H3K56ac and significantly
decreased radiosensitivity, restored DDR function, and
increased stem cell survival23.
A constitutively elevated level of H2AX-Y142 phosphor-

ylation has been found in stem cells compared to differ-
entiated counterparts23. The relationship between γ-H2AX
IRIF, pan-γ-H2AX, and H2AX-pY142 has been previously
elucidated149, suggesting that the close proximity of per-
sistent H2AX-pY142 sterically hinders access to the
S139 site in stem cells, thereby inhibiting DDR signaling
and promoting IR-induced apoptosis.
Alterations in methylation levels after 3 Gy of IR have

been reported in vivo150–152 and a correlation between
global DNA hypomethylation and increased radio-
sensitivity has been observed in somatic cell lines127,153–155.
On the contrary, exposure to 3 Gy X-irradiation does not
lead to changes in DNAmethylation in murine ES cells and
radiosensitivity is independent of DNA methylation levels.
However, de novo methyltransferases DNMT3A and
DNMT3B may play a role in modulating sensitivity to X-
rays in mESCs as their absence seems to have a modest
radioprotective effect156. Moreover, DNA methylation
status of 50 Long Interspersed Nuclear Element 1 (LINE-1)
did not differ significantly in HSCs, hematopoietic pro-
genitor cells, and mononuclear cells in C57BL/6J
compared to radiosensitive CBA/J mice immediately after
IR. In contrast, a significant decrease in LINE-1 DNA
methylation in HSCs was observed in CBA/J 2 months

post-treatment, suggesting that epigenetic alterations may
potentially serve as driving forces of radiation-induced
carcinogenesis157.

Fig. 6 Stem cells display higher levels of H3K56ac (red signals) and pan-nuclear apoptotic H2AX-S139 phosphorylation 6 h after
irradiation. H3K56 acetylation and H2AX phosphorylation was detected in hippocampal stem cells obtained from brains of C57BL/6 mice by
immunostaining a 3 h and b 6 h after 6 Gy IR. Scale bar= 10 µm. Original picture included for illustrative purposes, referring to ref. 23

Fig. 7 Graphical abstract summarizing the concept of this review.
Stem cells reside inside tissue niches together with differentiated non-
stem cells. After radiation therapy, non-stem cells respond with
chromatin modifications which allows the damage site to become
accessible to DDR and repairosome complex to repair the DNA
damage. On the contrary, stem cells chromatin configuration remains
non-permissive and DNA repair factors are not recruited on damage
site. This attenuated DDR, impaired signaling, and induction of
apoptosis leads to radiation hypersensitivity of stem cells
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5-Hydroxylmethylcytosine (5hmC) is a potential indi-
cator of active DNA demethylation and its distribution
patterns provide a global view of gene activation. Murine
pluripotent cells have been reported to have constitutively
high levels of 5hmC158,159 together with elevated γ-H2AX
foci160 while only a minor subset of γ-H2AX foci colo-
calized with 5hmC in human embryonic stem cells161,162.
There is no correlation between 5hmC and radiation
response in stem cells. While the role of epigenetics in
stem cell pluripotency maintenance and self-renewal as
well as differentiation has been largely investigated163,
further investigations are needed to elucidate its role in
stem-cell-specific IR response (Fig. 7).

Conclusions
Radiation therapy treats many types of cancer effec-

tively, but like other treatments, it can cause complica-
tions. Tissue injuries are observed in many cancer patients
undergoing IR treatment and the preservation of healthy
cells has become an important medical concern, especially
in pediatric oncology. Stem cell transplants, although
effective in hematopoietic cancer patients, have enormous
practical limitations and therefore the protection of in
loco radiosensitive stem cells seems to be a more feasible
strategy. Our present knowledge on mechanisms of nor-
mal stem cell radiosensitivity is still evolving in a piece-
meal manner, but clearly the stem cell-specific responses
to IR exposure involve molecular genetic, signaling, and
epigenetic regulations. Discovering the pluralistically
interacting mechanisms and regulatory molecular targets
involved in normal stem cell radiosensitivity could lead to
innovative therapies that can eradicate cancer while pre-
serving the stem/progenitor cells.
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