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Human embryonic stem cells, which are derived from the inner cell mass of the blastocyst, have become an object of intense study
over the last decade. They possess two unique properties that distinguish them from many other cell types: (i) the ability to selfrenew indefinitely in culture under permissive conditions, and (ii) the pluripotency, defined as the capability of giving rise to all cell
types of embryonic lineage under the guidance of the appropriate developmental cues. The focus of many recent eﬀorts has been
on the elucidating the signaling pathways and molecular networks operating in human embryonic stem cells. These cells hold great
promise in cell-based regenerative therapies, disease modeling, drug screening and testing, assessing genotoxic and mutagenic risks
associated with exposures to a variety of environmental factors, and so forth. Ionizing radiation is ubiquitous in nature, and it is
widely used in diagnostic and therapeutic procedures in medicine. In this paper, our goal is to summarize the recent progress in
understanding how human embryonic stem cells respond to ionizing radiation exposures, using novel methodologies based on
“omics” approaches, and to provide a critical discussion of what remains unknown; thus proposing a roadmap for the future
research in this area.

1. Introduction
Human pluripotent cell lines have been derived from the
inner cell mass of the preimplantation embryos (embryonic stem cell lines, hESC) [1] and from fetal germ cells
(embryonic germ cell lines, hEGC) [2] demonstrating a
stable developmental potential to form advanced derivatives
of all three embryonic germ layers for prolonged periods of
maintenance in the undiﬀerentiated state in culture. Studies
of hESC lines have numerous implications for human developmental biology, drug discovery, drug testing, and cellbased regenerative medicine. Since their initial isolation in
culture in 1998 by Thomson, many aspects of hESC biology
have been already illuminated. At the same time, wide gaps
in our knowledge about the basic hESC biology still remain
to be filled. One of the less-studied areas pertaining to hESC
biology is the response of these pluripotent cells to genotoxic
stress exposures. This has only recently begun to attract due

interest from the stem cell researchers even though its importance is paramount. The maintenance of genome fidelity over
the course of the earliest stages of human development is crucial for the faithful reproduction and, hence, for the survival
of the human as a biological species. Therefore, the mechanisms that serve to protect the developing embryos at one
of the most vulnerable stages of human development from
the genotoxic eﬀects of endogenous and exogenous agents
such as ionizing radiation (IR) and oxidative stress must be
examined and fully understood before the full promise held
by hESCs can be realized in applied medicine.
The objective of this paper is to describe the current state
of knowledge of hESC response to IR exposures and to discuss possible future directions in research. Particular emphasis will be given to summarizing recent experimental studies
that focus on the survival of irradiated hESCs, signaling
networks perturbed by IR exposures, and hESC potential
for multilineage diﬀerentiation in vitro and in vivo following
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irradiation. We will also outline key scientific questions that
remain to be addressed in a future studies in order to foster
the translation of basic discoveries pertaining to hESC into
medicine.
IR represents a type of electromagnetic radiation produced naturally by cosmic rays, radioactive isotopes present
in an Earth’ crust, as a result of human activities associated
with diagnostic and therapeutic procedures in clinic and
medicine (X-rays, computed tomography (CT)-scans, fluoroscopy, positron emission tomography (PET), radiotherapy,
etc.), as well as nuclear power plant environmental catastrophes, such as those occurred in Chernobyl and Fukushima
Daiichi. In addition, concerns are put forth regarding the
probability of so-called “dirty bomb” radiological attacks by
terrorists, which would also result in emission of IR. IR exposures are known to elicit a complex spectrum of biological
responses in humans, including, but not limited to, mutagenesis, carcinogenesis, teratogenesis, and cell killing. Some of
these eﬀects are probabilistic and others are deterministic in
nature [3–5]. Moreover, some biological eﬀects of IR could
manifest rather early after IR exposures; and, on the opposite,
some of these eﬀects may take decades for their full development.
The earliest stages of human development are considered
by many to be among the most sensitive and vulnerable to
damaging eﬀects of IR. However, current consensus is that
exposure to radiation of less than 5 cSv during pregnancy is
not associated with an elevated risk of malformation [6, 7].
But this assumption is based on very limited human data
and/or on animal models, and thus may not accurately reflect
the human embryonic response to IR exposures. Hence,
the potential for damage caused by IR of diﬀerent types
and levels of exposures to the early embryo is still largely
unknown, leading to uncertainties in corresponding risk
estimates.
With the growing number of experimental studies utilizing induced pluripotent stem cell-(iPSc) and hESC-based
approaches to provide treatment of diﬀerent types of diseases, research into hESC responses to IR exposures becomes
a “hot” topic. The necessity to track stem cell- and/or committed progenitor’s fates in cell-based regenerative therapies
in clinical settings may require the use of imaging tests
producing IR exposures, such as CT-scans, and/or PET- or
single-photon emission-computed tomography (SPECT).
For SPECT reporter probes are being developed to monitor
stem cell transplantation; in these cases, irradiation of stem
cells is inevitable [8, 9]. Therefore, studies of hESC responses
to IR exposures could yield novel insights into both basic and
applied biology.

2. Human Embryonic Stem Cell Fate after
Exposures to Ionizing Radiation
The cellular radioresponses of many diﬀerent types of
diﬀerentiated cells representing many of the tissues constituting humans were examined to date, including fibroblasts,
keratinocytes, and muscle cells [10–15]. The fate of these
irradiated cells varies widely depending on a dose, dose-rate,
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linear energy transfer (LET) of radiation, microenvironment,
and other factors; diﬀerent types of cell death, cell cycle
arrest, senescence, quiescence, genomic, and epigenomic
instabilities may result as a consequence of IR exposures.
Until recently, however, very little was known how hESCs
respond to IR.
An accumulating body of evidence suggests that these
pluripotent cells readily undergo apoptosis beyond the lowdose IR exposures. Indeed, we did not observe an increase
in apoptotic cell incidence after 0.05 Gy and 0.2 Gy of X-ray
exposures (Figure 1(b)). At a higher dose of 1 Gy, a robust
apoptotic response was evident (Figure 1(c)). Other groups
reported massive cell death coinciding with the development
of holes and patchy regions in hESC colonies at 48 hours after
4 Gy of IR exposures [16]; the formation of holes was also
shown in colonies 6 hours following 5 Gy irradiation [17].
Exposures of H1 line of hESCs to 5 Gy of gammaradiation
decreased cell viability by approximately 65% at 7 h after
treatment [18].
Apparently, there is a trend toward increasing apoptosis
and resultant cell killing at the higher radiation doses (2 and
4 Gy) compared with low dose (0.4 Gy) or sham-irradiated
hESCs. It was found that the majority (>70%) of hESCs
undergo cell death after 4 Gy irradiation, although a subfraction of these cells was still viable at 48 hours [16]. However,
we and others showed that the surviving hESCs continued to
express common pluripotency markers, such as TRA-1-81,
SSEA4, and TRA-1-60, and embryonic transcription factors,
such as Oct4, Sox2, and Nanog, which are key regulators of
pluripotency and self-renewal [16, 17, 19].
Interestingly, other types of radiation, such as UV result
in a similar hESC fate. Five hours after UV exposures
(20 J/m2 ) of both H1 and H9 hESCs, the cells began to
undergo apoptosis; after 12 h, 67% of the UV-irradiated cell
were dying by apoptosis or necrosis; after 40 h all of the UVirradiated cells were found to be dead [20]. It was shown
that p53 is rapidly induced by UV; p53 promoted apoptosis
by activating the mitochondrial pathway through caspase 9
(nearly 3-fold induction) [20].
Very recently, the robustness of apoptosis induction
following genotoxic exposures in hESCs has been postulated
to depend on constitutively active Bax sequestered at Golgi.
The active Bax undergoes p53-dependent translocation to
mitochondria to initiate the release of proapoptotic factors
and trigger the suicide program [21]. Therefore, these differences in detail underpinning molecular mechanisms of
apoptosis operating in hESCs and diﬀerentiated human cells
may explain the propensity of hESCs to undergo programmed cell death in response to genotoxic stresses including IR exposures.

3. Effects of Ionizing Radiation
Exposures on the Cell Cycle of Human
Embryonic Stem Cells
One of the most studied consequences of IR exposures is
alteration of the cell cycle of exposed human cells. Recently,
mechanistic insights into the basic characteristics of hESC
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Figure 1: Induction of apoptosis in hESC cultures after IR exposures. Shown are merged images of H9 hESC colonies (blue—Hoechst 33342,
red—propidium iodide). (a) sham-irradiated hESC cultures (0 Gy), (b) 0.2 Gy exposure, (c) 1 Gy IR exposure. Left panel—6 hr post-IR, right
panel—41 hr post-IR.

division have begun to accumulate. Early studies show that
hESCs (H1 and H9 lines) possess a very short cell cycle
(15-16 h) compared with human diﬀerentiated somatic cells,
such as normal diploid IMR-90 fibroblasts [22].
The hESC cell cycle maintains the four known cell cycle
stages, G1, S, G2, and M, but the duration of G1 is substantially attenuated (only about 2.5–3 h). Interestingly, about
65% of asynchronously growing hESCs reside in S phase at
any given moment of time [22]. S phase lasts approximately
8 h, G2 was shown to last approximately 4 h, and M phase,
about 1 h, which is in a good agreement with earlier data
obtained for diﬀerentiated human cells. Detailed molecular
analyses demonstrated that hESCs and diﬀerentiated cells
express similar cell cycle markers. However, higher levels of
expression of G1 phase-related CDK4 and CCND2 genes
were found in hESC [22]. Thus, a molecular signaling network operative in hESCs may expedite the cellular progress

into S phase to start DNA replication and histone protein
biosynthesis in order to form new chromatin. Importantly,
hESCs diﬀer from somatic cells in the expression of the E2F
family members and RB family pocket proteins, such as
p105 (RB1), p107 (RBL1), and p130 (RBL2/RB2) governing
expression of genes encoding enzymes for nucleotide metabolism and DNA synthesis [23]. Following IR exposures,
histone gene expression reduces; for example, IR causes
accumulation of unprocessed histone H4 precursor RNAs
[23].
In more detailed subsequent studies addressing the
molecular mechanisms of histone gene expression in hESCs,
it was reported that HiNF-P/p220 gene regulatory pathway
responsible for histone H4 expression is fully functional in
hESCs. It supports expression of DNA replication-linked
histone genes and chromatin assembly to foster hESC selfrenewal [24]. The temporal characteristics of the formation
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of histone locus bodies imply that the G1 phase of the cell
cycle in hESCs is shortened in part by contraction of late
G1 [25]. It was concluded that cyclin D2 and p220 (NPAT)
are key cell cycle regulators underlying competency for selfrenewal in hESCs [26].
Notably, E2F4, E2F5, and p130 (RBL2/RB2) were shown
to be the major E2F and pocket protein transcripts in
unstressed hESCs. Whereas, the expression levels of E2F5,
E2F6, and p105 (RB1) transcripts were robustly elevated
during cell cycle arrest in hESCs after IR [23]. Such genotoxic
stress response in hESCs may ultimately alter the E2F/RBrelated combinations underpinning E2F-dependent genes
and (i) inhibit histone-specific transcription factors, (ii)
delay processing of histone gene transcripts, and (iii) destabilize histone mRNAs [23].
Therefore, hESCs demonstrate unique G1 cell cycle
parameters and may use distinct cell cycle machinery that by
passes E2F/pRB-dependent growth control to maintain selfrenewal and pluripotency as compared with fully diﬀerentiated human somatic cells [27–30]. This, in turn, underlies
IR-specific responses of hESCs. The integral part of such a
response is a DNA damage response (DDR) coordinating
alterations in cell metabolism, DNA repair, and cell cycle
arrest following IR exposures.
One of the key molecular events responsible for activating DDR in response to DNA double-strand breaks (DSBs)
is the induction of the ataxia telangiectasia mutated (ATM)
signaling pathway. It was reported that in hESCs ATM kinase
is phosphorylated and localized to the sites of DNA DSBs
within 15 minutes of IR exposures [17]. Phosphorylation of
ATM at serine 1981 was detected in hESCs one hour following exposure to two grays of γ-radiation. ATM activation
was steady until four hours following IR exposures, at which
time the levels begin to decline, but remained above control
ATM levels in sham-exposed hESCs for at least 24 hours
[17]. Activation of ATM triggered the phosphorylation of its
downstream targets, such as p53, Chk2, and Nbs1. H2AX has
been shown to be a target for phosphorylation by ATM in
human somatic cells [31], although the relative role of ATM
in H2AX phosphorylation in IR-exposed hESCs is not clear;
some studies suggest the role for ATR in this process [32].
Phosphorylation of Chk2 at threonine 68 peaked at one hour
following IR and eventually declined; so that only a minor
fraction was still phosphorylated at six hours after IR. Nbs1
phosphorylation at serine 343 followed a similar with pChk2
time course [17]. The number of γ-H2AX ionizing radiationinduced foci (IRIF) increased immediately following IR and
returned close to levels seen in unstressed hESCs within 24
hours.
We observed the same trend with 53bp1 IRIF as well [33].
Within one hour of irradiation, phosphorylation of p53 on
serine 15 and serine 20 was detected, reached maximal levels
by two hours, and declined afterwards; but it still remains
elevated above control levels for 24 hours [17]. Importantly,
IR exposures resulted in a temporary cell cycle arrest at
the G(2)/M phase, but not G(1)/S phase, after 2 Gy dose
of gamma-radiation [17]. We also reported that hESCs lack
G(1)/S phase arrest after IR exposures [33]. Notably, hESCs
overcome cell cycle arrest approximately 16 hours after IR,
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having a 4-fold higher incidence of aberrant mitotic figures
representing mitotic spindle defects compared with shamexposed hESC cultures. At 48 hours after IR, the cell cycle
distribution closely resembled that of nonirradiated cells.
ATM was found to play an essential role in establishing
G(2)/M arrest since ATM inhibition resulted in abrogation
of G(2)/M arrest, manifested by a decrease in a number of
arrested cells just 2 hours after IR exposures [17].
These reports and our own results indicate that hESCs
activate DDR [17, 29, 33], resulting in an ATM-dependent
G(2)/M arrest. However, hESCs reenter the cell cycle with
many cells bearing mitotic spindle defects [17]. Importantly,
some data suggest that mitotic spindle checkpoint functions
in hESCs, but is uncoupled from apoptosis [34]. These
abnormal hESCs could potentially be eliminated during further checkpoint, or could undergo apoptosis when bearing
these mitotic spindle defects. Interestingly, UVC exposures
of hESCs in G1 phase led to cell cycle arrest before DNA
synthesis and to a decreased CDK2 activity [35]. However,
p21, the main constituent of G(1)/S checkpoint induction
in fully diﬀerentiated human cells, was found not to be
responsible for the cell cycle progression pause in UVCexposed hESCs. In marked contrast, upon CDK2 downregulation with siRNA p21 was shown to be increased as a late
event (day 4) associated with DDR and G(1)/S checkpoint
activation [36]. Therefore, DDR appears to be highly context-dependent in hESCs. Importantly, some data suggest
that p21 was robustly activated by genotoxic stresses such
as IR exposures at the transcript level in hESCs (about 15fold 2 hr after 5 Gy of irradiation) [18]. Intriguingly, amount
of p21 protein in hESCs was barely elevated after IR [18]; it
implies that p21 gene is robustly expressed but the protein
is only weakly translated in IR-exposed hESCs. It is possible
that the levels of p21 in irradiated hESCs are not enough
to inhibit cyclin-dependent kinases, such as CDK2, to elicit
G(1)/S checkpoint. In marked contrast, hESCs treatment
with agents promoting diﬀerentiation, such as nutlin and
sodium butyrate, rapidly induces p21 both at transcript and
protein levels [37]. Hence, by escaping G(1)/S checkpoint
following DNA damage, hESCs might be minimizing the risk
of spontaneous diﬀerentiation. Another interesting aspect of
IR exposures of hESCs could be the cell cycle-dependent
induction of apoptosis, which may predominantly occur in
S phase in these cells [21]. The lack of G(1)/S arrest in irradiated hESCs may promote the apoptotic clearance of cells
bearing DNA damage inflicted during G1 phase of cell cycle,
since the error-free DNA repair by homologous recombination is not operative at this point. Therefore, it seems
that pluripotent hESCs are capable of activating the G(1)/S
checkpoint upon DDR induction, at least under specific
genotoxic stress exposures, although the molecular mechanisms of such arrest may diﬀer between hESCs and adult
somatic human cells.

4. DNA Repair in Human Embryonic Stem Cells
after Exposures to Ionizing Radiation
DNA repair mechanisms are known to be responsible
for preserving genomic integrity in all human cell types.
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The major DNA repair pathways operating in human cells
include base excision repair (BER) [38, 39], nucleotide
excision repair (NER) [40, 41], mismatch repair [42], homologous recombination repair (HRR) [43, 44], and nonhomologous end-joining (NHEJ) [45, 46]. BER is involved
in correction of small DNA alterations, such as oxidized
bases, or alkylating agent damage. In contrast, NER is shown
to remove mainly bulky lesions, such as cyclobutane pyrimidine dimers by excision of oligodeoxyribonucleotides. HRR,
and NHEJ are diﬀerent pathways that repair DNA DSBs [47].
Error-free HRR requires a homologous DNA template; in
marked contrast, a homology is not a prerequisite for NHEJ,
which makes this pathway more error-prone. Mismatch
repair is known to guard the genome against mismatched
bases or single-strand loops. Although some repair pathways
are inherently error-prone, for all of these mechanisms, lowfidelity DNA repair can result in genomic alterations such
as mutations and/or translocations, thereby increasing the
chances for cell transformation, and other deleterious consequences such as accelerated onset of age-related diseases
at the organism level [48]. Hence, the functional characterization of DNA repair pathways in hESCs is a necessary
prerequisite for prospective cell-based regenerative therapies,
as well as for understanding how pluripotent human stem
cells protect their genomes from such damage.
Recently, a number of publications focused on examining
DNA repair pathways in hESCs highlighted the overall
increased eﬃcacy of removing the molecular damage from
genomic blueprint in these pluripotent human stem cells
compared to fully diﬀerentiated human cells [32, 49–52].
DNA DSB repair at a targeted break site is highly precise
in hESCs, compared to somatic human cells [51]. Directed
diﬀerentiation of hESCs into astrocytes reduces both the
eﬃciency and fidelity of repair. Interestingly, it was demonstrated that the frequency of HRR event at a single DNA DSB
diﬀers up to 20-fold between otherwise isogenic hESCs based
on the site of the DSB within the genome [51]. Thus, DNA
DSB repair outcomes can diﬀer based on both the location of
the site of damage within the genome and/or the stage of cell
diﬀerentiation.
Studies done by another group showed that DNA DSB
repair in hESCs is more complex than repair both in neural
progenitors (NPs) and astrocytes. The resolution of gammaH2AX foci that served as a surrogate marker for DNA DSBs
occurred at a slower rate in hESCs compared to NPs and
astrocytes [32]. In addition, the dynamics of RAD51 foci,
reflective of active HRR, indicates that hESCs as well as
NPs have high capacity for HRR. Interestingly, ATM kinase
was shown not to be critical for foci formation in hESCs,
suggesting that the DNA damage response (DDR) is diﬀerent
in hESCs and diﬀerentiated human somatic cells [32]. The
ability of hESCs to form IRIF was abrogated with caﬀeine
and siRNAs targeted against ATR, suggesting that hESCs rely
more on ATR, rather than ATM for executing DNA DSB
repair. This relationship reverted to the opposite pattern as
cells diﬀerentiated. Therefore, hESCs were found to have
eﬃcient DNA DSB repair, that is, largely ATR-dependent
HRR [32].
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In addition to predominant HRR operating in hESC to
perform DNA DSB repair, hESCs, as other types of human
cells, also use NHEJ. But, major diﬀerences were revealed
between isogenic hESCs and more committed cells undergoing directed diﬀerentiation. Indeed, NHEJ kinetics was
shown to be several-fold slower in hESCs and NPs than in
astrocytes derived from hESCs [50]. ATM and DNA-PKcs
inhibitors were ineﬀective or only partially eﬀective, respectively, at inhibiting NHEJ in hESCs. DNA-PKcs knockdown in hESCs did not result in any major alterations in
NHEJ in hESCs [50]. Poly(ADP-ribose) polymerase (PARP)
was dispensable for NHEJ suggesting that DNA repair is
largely independent of backup NHEJ. Importantly, as hESCs
progressively diﬀerentiated a proportional decrease in the
accuracy of NHEJ occurred [50]. Therefore, NHEJ in hESCs
is largely independent of ATM, DNA-PKcs, and PARP; interestingly, NHEJ appears to be dependent on XRCC4 with
repair fidelity several-fold greater in hESCs than in human
diﬀerentiated cells such as astrocytes.
Diﬀerent types of DNA damage induced by H2 O2 , UVC, IR exposures, or psoralen undergo more eﬃcient repair in
hESC (lines BG01 and I6) compared with human primary
fibroblasts (lines WI-38, HS27) and, with the exception
of UV-C damage, HeLa cells [49]. DNA microarray gene
expression studies showed that transcript levels of several
DNA repair genes are increased in hESCs compared with
their diﬀerentiated forms such as embryoid bodies [49].
Importantly, DNA repair capacities of hESCs (H9, BG01,
and BG01V lines) and induced pluripotent cell lines were
found to be more heterogeneous than those of diﬀerentiated
cell lines (IMR-90, HF01, HF02, and HF51) examined in
a study by Luo et al. [52]. Although pluripotent cells were
shown to possess high DNA repair capacities for NER, low
level UV exposures induced an apoptotic response in hESCs.
On the contrary, under these same conditions somatic differentiated cells failed to mount a similar response, proving
to be less vulnerable to genotoxic stresses in terms of cell survival [52]. Interestingly, human pluripotent cells including
hESCs were found to undergo a similar apoptotic res-ponse
to alkylating agent DNA damage. Notably, human pluripotent cells that survived UV exposures exhibited less DNA
damage compared with diﬀerentiated cells that received the
same UV flux. Together, these data suggest that genomic
maintenance pathways are in general enhanced in hESCs, relative to diﬀerentiated human cells. In addition, these results
underscore the importance for investigators to evaluate DNA
repair capacities in hESCs, and to characterize their genomic
stability, prior to any possible application in clinical trials.

5. Transcriptional Responses of Human
Embryonic Stem Cells to Ionizing Radiation
One of the key consequences of exposures of human cells
to genotoxic agents, including IR, is the change in the
expression level of multiple genes [13, 53, 54]. While the
mechanisms underpinning radiation-induced gene expression alterations in fully diﬀerentiated somatic human cells
have been studied extensively, molecular signaling events
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and pathways involved in global transcriptional responses
of pluripotent hESCs until recently remain unexplored. At
present, only two published papers addressed this lack of
knowledge.
DNA microarray technique was used to analyze the
global gene expression changes in H9 cell line of hESCs 24
hours after 0.4 Gy, 2 Gy, and 4 Gy of gamma-radiation [16].
The Gene Ontology analysis at each radiation dose identified
biological processes and pathways that are involved in cell
death, cell cycling, p53 signaling, cancer, embryonic and
organ development, and others. It was shown that the expression of a set of core transcription factors defining pluripotency in hESCs is not altered by radiation at any dose up
to 4 Gy [16]. Interestingly, obvious coclustering of the control
and relatively low dose IR cultures of hESCs was observed (0
and 0.4 Gy), which was distinct from the co-clustering of the
higher doses hESCs samples (2 and 4 Gy) [16].
Relatively low dose (0.4 Gy) of gamma-radiation was
shown to aﬀect cellular functions such as cell death, cancer,
and p53 signaling pathways; however, some important p53
downstream target genes such as CDKN1A and HDM2
were identified as being nonresponsive to 0.4 Gy. Apparently,
these findings contradict the findings made previously with
fully diﬀerentiated human cells [55], and underscores the
diﬀerences in radioresponses between hESCs and adult
somatic cells. Relatively low dose 0.4 Gy was found not to
reduce hESCs proliferation to an extent comparable to higher
dose exposures. Since CDKN1A is widely regarded as an
important negative regulator of cell cycle progression arresting cells at G(1)/S [56], the lack of upregulation of CDKN1A
with 0.4 Gy IR exposures could potentially explain this observation, at least partly.
Compared to 0.4 Gy irradiation, 2 Gy irradiation aﬀects
canonical TFG-β and Wnt/β-catenin signaling, including
WNT10A (up 2.1-fold), WNT9A (up 1.8-fold), and TGFBR2
(up 1.4-fold). The diﬀerential modulation of Wnt gene
expression following IR exposures could potentially result in
profound alterations in hESC biology, since these genes are
known to be implicated in key signaling pathways in hESCs.
The higher dose of radiation (2 Gy) also induced CDKN1A
overexpression by 2.3-fold, but not HDM2. Notably, many
genes involved in general metabolism functions such as
amino acid metabolism, molecular transport, such as
SLC6A13 (up 2-fold) and SLC25A13 (down 2.2-fold), and
cell morphology, in addition to cancer and cell death, were
shown to be significantly deregulated in hESCs by 2 Gy of
radiation.
Finally, in the 2 Gy versus 4 Gy group, the overall gene
changes were not observed to be diﬀerent to a large extent,
but a small group of genes related to organ and tissue
development was found to have an altered expression, such
as TNFSF11 (up 1.6-fold), OTX1 (down 1.6-fold), B4GALT1
(down 1.4-fold), and MEF2C (up 1.9-fold). After 4 Gy irradiation, biological processes/pathways such as p53 signaling,
VDR/RXR activation, aryl hydrocarbon signaling, and functions such as cancer, cell death, cell cycle, proliferation, and
embryonic development were identified as being significantly
aﬀected in hESCs. Several p53 associated and regulated genes
such as TP53INP1 (up 2.6-fold), CDKN1A (up 2-fold), and
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HDM2 (up 1.7-fold), as well as several tumor necrosis factor
(TNF) receptor superfamily members, were shown to be
induced after IR. A small group of genes implicated in
development processes also exhibited diﬀerential expression,
including RUNX1 (up 1.5-fold), HES1 (down 1.8-fold), and
PBX1 (down 1.8-fold). Perhaps some minute changes in the
development and diﬀerentiation processes occurred with
4 Gy irradiation in hESCs, but these alterations were not
strong enough to cause loss of pluripotency, as was evidenced by (i) maintenance of expression level of the core
transcriptional factors, and (ii) successful formation of teratomas from 4 Gy-irradiated hESCs. Clearly, gene expression
changes in hESCs are dose-dependent at 24 hr after IR, but
the dynamics of transcriptional responses of hESCs to IR
exposures was not clarified, since only one timepoint after
IR was analyzed.
To fill this gap in knowledge, we aimed to study changes
in the human genome-wide transcriptome of H9 hESC line
following exposures to 1 Gy of gamma-radiation at 2 h and
16 h after irradiation, thus elucidating the “early” and “late”
hESC radioresponses, respectively [33]. We found that the
changes in gene expression in hESCs after IR exposures
are substantially diﬀerent from those observed in somatic
human cell lines. Gene expression patterns at 2 h postIR were characterized bearing almost an exclusively p53dependent, predominantly proapoptotic, signature with a
total of only 30 upregulated genes. Many of induced “early”response genes were already shown to participate in radioresponse in human adult diﬀerentiated cells, such as fibroblasts
and peripheral blood cells [13, 54, 57]. Indeed, BTG2 (up
6.6-fold), CDKN1A (up 5.8-fold), SESN1 (up 3.5-fold), IER5
(up 3-fold), and GADD45A (up 2.8-fold) are found among
the best studied and thoroughly characterized markers of IR
exposures of human cells; and the induction of these genes
is usually considered to be associated with temporal cell
cycle arrest. For example, GADD45A is implicated in G(2)/M
arrest and PLK2 (up 4.3-fold) and PLK3 (up 4.3-fold) are
involved in G(2)/M transition of the cell cycle.
Importantly, several of “early” response genes in irradiated hESCs are known to participate in apoptosis, such
as GDF15 (up 5.2-fold), BBC3 (up 3.5-fold), HTATIP2 (up
3.5-fold), CARD8 (up 2.9-fold), FAS (up 2.8-fold), and
TP53INP1 (up 2.7-fold) [33]. A few up-regulated gene products in hESCs at 2 h after 1 Gy IR exposures belong to zinc
finger protein superfamily, such as ZNF79 (up 6.9-fold),
ZNF761 (up 3-fold), ZSCAN20 (up 2.5-fold), and ZNF135
(up 2.5-fold); they may function as transcription factors.
In marked contrast, the gene expression patterns at
16 h after IR showed 354 diﬀerentially expressed genes in
hESCs, with many genes involved in prosurvival pathways,
such as increased expression of metallothioneins, ubiquitin
cycle, and general metabolism signaling. Interestingly, all of
them were found to be up-regulated, with the magnitude
of expression varying in range from about 1.5-fold till
25-fold over time-matched mock-treated cell cultures. The
open hESC chromatin structure, enriched in noncompact
euchromatin, may allow easy access for transcription factors
and the transcriptional machinery, and may explain observed
lack of downregulation in gene expression after IR exposures.
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Irradiated hESCs robustly overexpressed many genes belonging to metallothionein gene superfamily, such as MT1M (up
5.1-fold), MT1L (up 3.1-fold), MT1H, and MT1G, which is
also observed in many types of diﬀerentiated human cells
after IR [13, 54, 57]. The metallothioneins are known to
be implicated in the protection of cell populations from the
oxidative stress. A few members of histone gene superfamily
were shown to be strongly modulated at 16 hr timepoint
after IR exposures, such as HIST1H4I (up 22.9-fold), and
HIST1H4E. However, the relevance of overexpression of
these specific histone species in irradiated H9 cells remains
to be studied. Many transcription factors were identified as
being radioresponsive at 16 hr after IR; among them ZNF302
(up 6.6-fold), SP5 (up 5-fold), ZNF33A (up 3.8-fold),
ZNF697 (up 3.4-fold), ZFYVE16 (up 3-fold), and others.
Our DNA microarray analysis of IR-exposed H9 hESCs
revealed that the gene expression signatures characterizing
“early” (2 h) and “late” (16 h) radioresponse to 1 Gy are fundamentally distinct. We found that only six genes were overexpressed at both timepoints examined; they were CDKN1A,
BTG2, GDF15, SESN1, PLK3, and ANKRA2. Sustained
expression of these genes in irradiated hESC may constitute
the specific “gene expression signature” which could potentially serve as a marker of IR exposure of hESCs, although
further experiments including dose-response and additional
time-course studies are definitely warranted for a proper
validation of this finding.

6. Epigenetic Regulation of Responses of
Human Embryonic Stem Cells to Ionizing
Radiation Exposures
Epigenetics embraces studies of heritable changes in gene
expression or alterations in phenotype caused by mechanisms other than changes in the nucleotide sequences of
the genome. Known examples of such investigative eﬀorts is
research into DNA methylations and histone modifications,
both of which regulate gene expression without altering the
underlying DNA sequence. Almost nothing is known how
hESCs responses to IR are aﬀected by epigenetic landscape
of these cells which is quite unique in terms of chromatin
“openness” and much less prevalence of heterochromatin
compared to diﬀerentiated cells [58–60]. It remains to be
seen in the future if patterns of DNA methylations are altered
in irradiated hESC compared to sham-exposed cultures; and,
as a result, how DNA methylation alterations would influence gene expression changes. It is known that DNA methylation patterns in hESCs are distinct from those in fully differentiated somatic human cells in several respects. First, socalled histone bivalent marks are associated with promoters
of many developmentally regulated genes. Second, a much
higher abundance of non-CG DNA methylation observed in
hESCs [61–64].
Another important mode of epigenetic control of hESC
responses to IR exposures is mediated by changes in the
global microRNAome in these cells. MicroRNAs (miRNA)
comprise a group of short ribonucleic acid molecules implicated in regulation of key biological processes and functions
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at the posttranscriptional level. Previous research indicates
that many miRNA species are expressed predominantly in
pluripotent hESCs, and as such represent hESC-specific
miRNAome signature [65, 66]. Recent evidence using UVradiation of hESCs showed that expression of p21 protein
is directly regulated by the miRNA pathways under both
regular cell culture conditions and following irradiation.
Tens of miRNA species were upregulated after UV-exposures,
including hESC-specific miRNAs such as those of the miR302 cluster and miR-371-372 family. Members of miR-302
family, enriched in hESCs, such as miR-302a, miR-302b,
miR-302c, and miR-302d, have been shown to be directly
involved in regulation of p21 expression in hESCs, demonstrating a novel function for miR-302 s in hESCs [67].
Importantly, miR-372 negatively regulates the expression of
p21 in unstressed hESC which is necessary for unperturbed
hESC division to proceed [68].
The role of miRNAs in IR-induced responses in hESCs
has only recently begun to be addressed. By using system
biology approaches, we showed for the first time, that the
miRNAome undergoes global alterations in hESCs of two
distinct lines (H1 and H9) after IR. Genome-wide analysis
of expression levels of 1,090 miRNA species in irradiated
hESCs showed statistically significant changes in 54 genes
following 1 Gy of X-ray exposures [69]. We found that global
miRNAome alterations are highly temporally and cell linedependent in hESCs. Research into the dynamics of transcriptional response of miRNAome to IR revealed that the
16 hr after IR radiation response of hESCs is much more
robust compared to 2 hr-response signature in terms of the
magnitude and the level of induction of IR-responsive
miRNA species in hESCs. MiRNAome alterations are predicted to support the pluripotent state of irradiated hESCs,
and mainly aﬀect the cell cycle-, and alternative splicingrelated processes. Thus, the fundamental role of the miRNAome in modulating the radiation response of hESCs is
becoming increasingly appreciated by a scientific community, paving the way in identification of novel molecular
targets of radiation in hESCs. The described mechanism
elucidates the role of miRNAs in regulation of important
molecular pathway governing the G(1)/S transition checkpoint before as well as after DNA damage.

7. Non-Targeted Effects of Ionizing Radiation
Exposures in Human Embryonic Stem Cells
Until recently, a key paradigm that was dominating the
radiation biology field for many decades held that the
direct interaction of radiation, and/or radiation-induced free
radicals, with unique cellular targets such as DNA molecules
is a necessary and suﬃcient prerequisite for full realization
of biological eﬀects of IR exposures [3, 70]. More recently,
however, a growing body of experimental evidence began to
challenge this assumption by showing that IR could trigger
secondary eﬀects in nonirradiated cells [71–74]. These
eﬀects, termed radiation-induced bystander eﬀects (RIBE),
result from an intercellular communication between the
irradiated cells and bystanders [72, 75]. It was shown that
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at least two mechanisms of intercellular communication
are involved in RIBE, namely gap junction-mediated and
secreted soluble factor-dependent signaling [76]. RIBE was
found to occur in a number of experimental systems both in
vitro and in vivo as a result of exposure to IR. RIBE may cause
DNA damage and eventual death in these bystander cells.
However, very little is known about RIBE in hESCs. Our
study was the first to mechanistically interrogate RIBE in
hESCs [77]. We irradiated hESCs (H9 line) with doses 0.2 Gy,
2 Gy, and 10 Gy of X-rays. Then using a medium-transfer
protocol, we examined secreted soluble factor-dependent
signaling between directly IR-exposed and bystander hESC
cultures. The conditioned bystander medium transfer results
showed no evidence for RIBE in hESCs by the criteria of
induction of DNA damage and for apoptotic cell death as
compared to nonirradiated cells [77]. These data indicate
that hESCs might be less susceptible to damaging eﬀects of
RIBE signaling compared to fully diﬀerentiated adult human
somatic cells [72, 77].

8. Future Perspectives
The data published in the literature regarding hESC responses to IR exposures, and summarized in this paper, show
that many important aspects of such responses are still
unknown, warranting additional eﬀorts of researchers in the
field. The results suggest that despite generally higher capacity of hESCs to repair DNA damage compared with diﬀerentiated human cells, pluripotent hESCs are prone to undergo
massive apoptosis following relatively moderate doses of IR
exposures. Many unknowns remain to be addressed and
solved before a comprehensive understanding of hESC responses to IR begin to emerge. First, published data were
obtained utilizing a rather limited repertoire of hESC lines
out from dozens of available hESCs thus far [78, 79]. For
example, only one hESC line was used in studies such as
[16, 18, 26, 30, 50]; others used two hESC lines [17, 22, 32];
only rarely three [52, 69]. Almost all studies into biological
eﬀects of IR on hESCs were done with H1, H7, H9, and
BG01V lines. Therefore, it is unclear if the findings obtained
with these lines can be easily generalized into other much less
researched hESC lines too. It seems imperative for scientists
to go beyond those few hESC lines and explore other genetically distinct hESCs as well. Second, many hESC lines were
shown to acquire genetic defects (copy-number changes, loss
of heterozygosity, etc.) in vitro at high passage numbers [80–
85], that could potentially influence their response to DNA
damage and their checkpoint activation. Third, the eﬀects
of radiation were examined on bulk hESC populations,
although the level of heterogeneity in hESC cultures might be
quite high [86]. In addition, heterogeneity of cell cycle distribution within asynchronous hESC cultures may result in
diﬀerences in a repertoire of gene expression amongst cells.
This raises the necessity to apply novel methodological
approaches to study IR responses in hESCs at a single-cell
level. The importance of such research may stem from the
fact that distinct hESC subpopulations may possess unique
biological characteristics still not uncovered with traditional
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experimental techniques. Fourth, the radiosensitivity of
human cells is routinely assessed with the clonogenic assay in
radiobiology [87, 88]; however, there are numerous technical
challenges in adoption of this assay to study the radioresponses of hESCs. These pluripotent cells grow in colonies,
and attempts to obtain viable single-cell suspensions of
hESCs required for clonogenic assay witnessed only very
limited success, unless the inhibitors of specific pathways are
used [89–91]. Hence, there is a need to develop novel techniques to examine hESC radiosensitivity beyond clonogenic
assay. Fifth, to date, only limited data are available how
hESCs respond to IR at a system biology level [16, 33, 49,
69]. Nothing is known about changes in proteome, metabolome, DNA methylome, histone modifications, and induction of genetic alterations in surviving hESCs genome-wide
following IR exposures. It will be interesting to determine
if radiation-induced genetic/epigenetic changes in hESCs, if
any, confer the growth advantage to such cells using not only
in vitro, but also in vivo models. This knowledge, especially
integrated with results gathered using other “omics” highthroughput approaches, and put into the context of multiple
hESC lines may ultimately provide researchers with a longsought roadmap to address key fundamental issues in radiation biomedical science, and to pave the way for future
more focused and detailed
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