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Abstract. Despite the well-demonstrated efficacy of stem cell
(SC) therapy, this approach has a number of key drawbacks.
One important concern is the response of pluripotent SCs to
treatment with ionizing radiation (IR), given that SCs used in
regenerative medicine will eventually be exposed to IR for
diagnostic or treatment-associated purposes. Therefore, the
aim of the present study was to examine and compare early
IR-induced responses of pluripotent SCs to assess their radio-
resistance and radiosensitivity. In the present study, 3 cell lines;
human embryonic SCs (hESCs), human induced pluripotent
SCs (hiPSCs) and primary human dermal fibroblasts (PHDFs);
were exposed to IR at doses ranging from O to 15 gray (Gy).
Double strand breaks (DSBs), and the gene expression of the
following DNA repair genes were analyzed: P53; RADSI,
BRCA2; PRKDC; and XRCC4. hiPSCs demonstrated greater
radioresistance, as fewer DSBs were identified, compared
with hESCs. Both pluripotent SC lines exhibited distinct gene
expression profiles in the most common DNA repair genes that
are involved in homologous recombination, non-homologous
end-joining and enhanced DNA damage response following
IR exposure. Although hESCs and hiPSCs are equivalent in
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terms of capacity for pluripotency and differentiation into 3
germ layers, the results of the present study indicate that these
2 types of SCs differ in gene expression following exposure
to IR. Consequently, further research is required to determine
whether hiPSCs and hESCs are equally safe for application
in clinical practice. The present study contributes to a greater
understanding of DNA damage response (DDR) mechanisms
activated in pluripotent SCs and may aid in the future develop-
ment of safe SC-based clinical protocols.

Introduction

Stem cells (SCs) offer a promising approach to regenerative
medicine due to an unlimited capacity for self-renewal and
differentiation into derivatives of 3 germ layers. For this
reason, SCs may be useful as a cell replacement therapy in
numerous diseases (1). However, questions have been raised
concerning the consequences of SC therapy given that avail-
able evidence indicates that certain pluripotent SC lines are
genetically unstable, a trait that may lead to ineffective differ-
entiation and, more importantly, uncontrolled proliferation (2).
The genomic integrity of SCs is, therefore, an important issue,
particularly considering that such cells are expected to be
applied in clinical practice in the near future (3,4). Concerns
also exist about the response of SCs to treatment with ionizing
radiation (IR).

SCs used in regenerative medicine will, inevitably, be
exposed to IR (5,6) administered for diagnosis and treat-
ment (7). This is important because undifferentiated cells
differ greatly from differentiated cells in numerous aspects,
including the course of the cell cycle, metabolic profile, initial
level of reactive oxygen species, capacity for DNA repair,
apoptosis and the frequency of de novo mutations (8). In
addition, hESCs and hiPSCs differ in terms of genotypes and
phenotypes (9). All of these factors affect the radiosensitivity
of SCs and differentiated cells. SCs possess a unique, short
cell cycle, which has an effect on the DNA damage response
(DDR) and the DNA repair mechanisms in pluripotent SCs
are more efficient compared with those in differentiated
cells. Homologous recombination (HR) is the primary repair
mechanism for DNA double strand breaks (DSBs). Unrepaired
DNA damage in pluripotent SCs directs cells to programmed
cell death or differentiation, a response that prevents the
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accumulation of mutations and contributes to the genetic insta-
bility of SC populations (10). Despite the intensive research
into SCs in recent years, an understanding of the response of
these cells to IR remains limited (11). Furthermore, Long et al
demonstrated the importance of early inducible expression of
specific genes on the sensitivity of cancer and normal cells to
IR (12).

The present study had the following aims: i) To determine
the early IR-induced response of hESCs and hiPSCs by
measuring phosphorylated H2A histone family member X
(yH2AX) and the expression of DNA repair genes; and ii) to
compare the early DDR mechanisms in hESCs and hiPSCs.
The current study demonstrated that hiPSCs, during the
primary response, are more resistant to IR exposure compared
with hESCs, exhibiting a response that is similar to that
observed in primary human dermal fibroblasts (PHDFs).
This indicates that although PHDFs were successfully
reprogrammed to hiPSCs, the hiPSCs retain features that are
characteristic of the parental differentiated cells. Furthermore,
hiPSCs and hESCs promote high activation of different repair
genes; breast cancer 2 (BRCA2), X-ray repair complementing
defective repair in Chinese hamster cells 4 (XRCC4) and
DNA-dependent protein kinase catalytic subunit (PRKCD)
in hiPSCs, and rumor suppressor protein P53 (P53), RADS5I
recombinase (RAD51) and PRKDC in hESCs. The results of
the present study contribute to an improved understanding of
the changes in the early IR-induced response of pluripotent
SCs and consequently provide important information for the
safe application of pluripotent SCs in regenerative medicine.

Materials and methods

Culture of hiPSCs. The PHDFs were obtained by full thick-
ness punch biopsy of patients' skin, diagnosed in Greater
Poland Cancer Centre (Poznan, Poland), following signing of
informed consent. PHDFs were reprogrammed as previously
described (13). The pluripotent nature of hiPSCs obtained
following reprogramming of PHDFs was confirmed and is
presented in Fig. 1. hiPSCs obtained following reprogramming
from PHDFs were seeded onto 10 cm Petri dishes in Matrigel
(BD Biosciences, Franklin Lakes,NJ,USA) that had been previ-
ously coated with inactivated murine embryonic fibroblasts
(MEFs) as a feeder layer (1x10°). Following 24 h preparation
of the feeder layer, hiPSCs were seeded at 2x10° in standard
hiPSC growth medium containing the following: Dulbecco's
modified Eagle's medium (DMEM) F12 with L-glutamine
(Merck KGaA, Darmstadt, Germany); 20% KnockOut Serum
Replacement (Thermo Fisher Scientific, Inc., Waltham, MA,
USA); 1% non-essential amino acid solution (Sigma-Aldrich;
Merck KGaA); 0.1 mM [-mercaptoethanol (Merck KGaA);
and 0.5% penicillin-streptomycin (Merck KGaA). Prior to use,
the medium was supplemented with fibroblast growth factor 2
(10 ng/ml; Thermo Fisher Scientific, Inc.) (13). The culture
medium was changed daily. Cells were cultured in a humidi-
fied atmosphere of 5% CO, at 37°C.

Culture of hESCs. The culturing process for hESCs (BGVOI;
American Type Culture Collection, Manassas, VA, USA) was
almost identical to that described for hiPSCs, except that the
standard hESC growth medium consisted of 5% KSR and
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15% FBS (Biowest USA, Riverside, MO, USA) instead of
20% KSR (12). The culture medium was changed daily. Cells
were cultured at 37°C, in a humidified atmosphere containing
5% CO,.

Culture of PHDFs. Isolated PHDFs were seeded on 10 cm
Petri dishes at 2.5x10° in human fibroblast growth medium
that contained the following: DMEM-High Glucose (Biowest
USA); 10% FBS (Biowest USA) and 1% penicillin-strep-
tomycin (Merck KGaA). The medium was changed every
2-3 days. Cells were cultured at 37°C, in a humidified atmo-
sphere containing 5% CO,.

Embryoid body (EB) formation and immunofluorescence
staining. To verify the ability of the hiPSCs to differentiate
into three primary germ layers, EB formation and immunoflu-
orescence staining (NANOG, OCT3/4, TRA-1-60 and SOX17,
FOXA2, TUJI) was performed (Fig. 1) ().

Irradiation. Confluent hiPSCS, hESCs and PHDFs were
irradiated at room temperature in the aforementioned growth
medium, using a Clinac 2300C/D linear accelerator (Varian
Medical Systems, Inc., Palo Alto, CA, USA) at the following
dose levels: Low dose (0, 0.25, 0.5 and 1 Gy); and high dose
(2,5, 10 and 15 Gy). Immediately following irradiation, cells
were incubated for 1 h in a humidified atmosphere of 5% CO,
at 37°C. The selection of 1 h as the first time-point following
treatment with a DNA-damaging agent, to ensure the most
visible changes, was selected based on data from the existing
literature (14-17) (Fig. 2).

Flow cytometry analysis of yH2AX. Cells (hESCs,
hiPSCs and PHDFs) were stained for yH2AX with the
Alexa Fluor® 647 Mouse H2AX (pS139) antibody (catalog
no. 560447, BD Biosciences) according to the manu-
facturer's instructions. Briefly, ~5x10° IR-treated and
untreated cells were collected. Fixation and permeabiliza-
tion were performed simultaneously for all cells using BD
Cytofix/Cytoperm™ Fixation/Permeabilization solution for
20 min (BD Biosciences) at room temperature. Fixed cells
were rinsed and subsequently stained with H2AX antibody
(5 p1/ test) in 20 u1 BD Perm/Wash™ buffer for 20 min at room
temperature. Cells were resuspended in 1 ml staining buffer
and analyzed with a flow cytometer (BD Accuri™ C6) using
a 675/25 FLA4 filter within 1 h. For isotype control, the Alexa
Fluor® 647 Mouse IgGl « Isotype Control (catalog no. 557714;
5 ul/ test; BD Biosciences) was used. Fluorescence intensity
in arbitrary units was plotted in histograms and contour plots,
and the mean fluorescence intensity was calculated. Data were
analyzed using FlowJo software (FlowJo v10; LLC, Ashland,
OR, USA).

Reverse transcription-quantitative polymerase chain reac-
tion (RT-qgPCR). Total RNA was extracted with TRI Reagent®
(Sigma-Aldrich; Merck KGaA) according to the manufac-
turer's protocol. Total RNA (1 ug per 20 ul reaction volume)
was reverse-transcribed using iScript™ cDNA Synthesis kit
(Bio-Rad Laboratories, Inc., Hercules, CA, USA) according to
the manufacturer's protocol (25°C for 5 min, 42°C for 30 min,
85°C for 5 min). Amplification products of individual gene
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transcripts were detected via fluorescent probes (Universal
Probe Library; Roche Diagnostics, Basel, Switzerland)
and Probe Master (LightCycler 480 Probes Master; Roche
Diagnostics). The appropriate primers (Sigma-Aldrich; Merck
KGaA) were designed with Universal Probe Library software
(Roche Diagnostics), with sequences presented in Table I.

The reaction conditions for all amplicons were as follows:
initially 95°C for 10 min, followed by 45 cycles at 94°C for
10 sec, 60°C for 15 sec and 72°C for 1 sec. All reactions were
performed in the presence of 3.2 mM MgCl2. cDNA samples
(2.5 ul for total volume of 10 ul) were analyzed for genes of
interest and for the reference gene GAPDH. The average cycle
threshold (Cq) value was used to calculate the mRNA expres-
sion levels of genes of interest, relative to the expression level
of the reference gene-GAPDH. This was conducted via use
of the comparative cycle time (ACq) method. Furthermore,
the Cq method was applied to calculate the relative amount of
target gene expression and the expression level of each target
gene was normalized to GAPDH (05-190-541-001; Roche
Diagnostics) expression using-242¢4 (18). The reaction was
carried out in triplicate for the gene of interest.

Statistical analysis. All experiments were performed at least
3 times. Results are presented as the mean + standard devia-
tion. Comparisons between the study groups and controls were
performed using one-way analysis of variance followed by
post-hoc analysis using Tukey's multiple comparison test with
a single pooled variance. Comparisons between the study
groups and controls were performed with GraphPad Prism
(version 5.0; GraphPad Software, Inc., La Jolla, CA, USA).
P<0.05 was considered to indicate a statistically significant
difference.

Results

Obtaining hiPSCs from PHDFs. The microscopic evalua-
tion of hiPSCs indicated that hiPSC colonies composed of
homogenous cells with a high nucleus to cytoplasm ratio,
demonstrated characteristics of pluripotent SCs. The expres-
sion of pluripotency markers (NANOG, OCT3/4, TRA-1-60)
in hiPSCs was confirmed by immunofluorescence analysis. To
prove the ability of hiPSCs to differentiate into three primary
germ layers (meso-, endo- and ectoderm), spontaneous differ-
entiation via EB formation was performed. In the two-week
EB formation, the presence of specific markers: SOX17,
FOXA2 and TUJ1 was assessed by immunofluorescence
staining (Fig. 1).

The irradiation of cells. In order to investigate and compare the
early responses of pluripotent SCs, the analyzed cells (feeder-
dependent hESCs and hiPSCs; PHDFs) were irradiated at the
following range of doses: 0, 0.25, 0.5, 1, 2, 5, 10 and 15 Gy
(Fig. 2).

Analysis of DSBs in irradiated cells. DSBs, as a percentage of
yH2AX, were more common in SCs compared with PHDFs.
The number of DSBs observed in hESCs that were irradiated at
2 and 5 Gy was significantly higher compared with the number
of DSBs in PHDFs (P<0.01; Fig. 3). Both SC cell lines exhib-
ited, statistically significant in the case of hESCs particularly
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Table I. Forward and reverse primer sequences.

Gene Primer sequence Probe

P53 Forward: ctttccacgacggtgaca 71
Reverse: tectccatggeagtgace

RADSI1 Forward: atcactaatcaggtggtagctcaa 58
Reverse: cccctcttectttectcaga

BRCA2 Forward: cctgatgcctgtacacctett 45
Reverse: gcaggccgagtactgttage

XRCC4 Forward: tggtgaactgagaaaagcattg 68
Reverse: tgaaggaaccaagtctgaatga

PRKDC Forward: agaggctgggagcatcact 31

P53, tumor suppressor protein P53; RADS1, RADS1 recombinase;
BRCAZ2, breast cancer 2; XRCC4, X-ray repair complementing
defective repair in Chinese hamster cells 4; PRKDC, DNA-dependent
protein kinase catalytic subunit.

above 2 Gy (P<0.0001), increases in DSBs at high doses of
y-radiation compared with the control at 0 GylIrradiated PHDFs
exhibited a noticeable but not statistically significant increase
in DSBs (Fig. 3). Representative histograms and contour plots
for each cell line are presented in Fig. 4.

P53 expression. Based on relative abundance and normal-
ized fold expression (Fig. 5A), P53 expression was highest
in hESCs. However, P53 expression was only significantly
different compared with 0 Gy at 10 Gy in hESCs (P<0.05).

BRCA?2 expression. Of the 3 cell lines, the present study
demonstrated that the relative abundance of BRCA2 gene
expression was highest in hiPSCs. However, an increase in the
relative abundance of BRCA?2 transcript was also observed in
hESCs. Normalized fold expression of the BRCA2 gene was
statistically significant at certain radiation doses in hESCs
and hiPSCs; at 10 (P<0.01) and 15 Gy (P<0.05) in hESCs
the expression was double that observed in cells at 0 Gy, and
significant differences were observed in hiPSCs at 5 and 15 Gy
(P<0.01; Fig. 5B).

RADSI expression. The relative abundance of RAD5] mRNA
differed among cell lines; the highest level was observed in
hESCs, followed by hiPSCs and PHDFs. Although PHDFs
exhibited the lowest level of relative abundance of the RAD5]
transcript, they also demonstrated the largest increase in
RADS5I normalized fold expression, significantly higher
compared with SC lines, reaching a two-fold increase at 2 Gy
compared with 0 Gy (P<0.0001; Fig. 5C).

XRCC4 expression. hiPSCs had the highest relative abundance
of XRCC4 mRNA. By contrast, lower levels were observed
in hESCs and PHDFs. However, based on normalized fold
expression, XRCC4 expression was highest in PHDFs; 5 times
higher at 1 Gy compared with 0 Gy (P<0.01). XRCC4 expres-
sion was also high in hiPSCs, with significantly higher levels
compared with controls at certain doses (P<0.01; Fig. 5D).
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Figure 1. The pluripotent nature of pluripotent SCs. (A) hiPSCs obtained by the reprogramming process and hESCs indicated the presence of markers associ-
ated with pluripotency; NANOG, OCT3/4 and TRA-1-60. (B) Cells demonstrated the ability to form EBs with 3 primary germ layers. SCs, stem cells; hiPSCs,
human induced pluripotent SCs; hESCs, human embryonic SCs; OCT3/4, octamer binding transcription factor 3/4; TRA-1-60, T cell receptor alpha locus-1-60;
EB, embryoid body; SOX17, sex determining region Y-box 17; FOXA2, forkhead box A2.

PRKDC expression. Both SC lines exhibited similar relative
abundance of PRKDC gene expression, which was signifi-
cantly higher compared with differentiated cells (P<0.05).
Compared with cells at 0 Gy in each cell line, the relative
PRKDC expression was highest in PHDFs, with statistically
significant increases between 2 and 15 Gy doses (P<0.01;
Fig. 5E).

Gene expression profile of individual cell lines. Due to the
relative abundance of the aforementioned gene transcripts, the
gene expression profiles for each cell line was distinct. hESCs
had the highest expression of the PRKCD gene, exhibiting
the highest initial and final relative abundance. RADS5I and
BRCA?2 expression were also visible in this cell line. In hESCs,
the expression of XRCC4 and P53 was notably lower compared
with RADS5I, BRCA2 and particularly PRKCD expression
(Fig. 6). In hiPSCs, the most prominent gene was PRKDC.
Expression of the BRCA2 gene in this cell line was lower but
observable. The lowest level of gene expression was observed
for RADS1, P53 and XRCC4 genes (Fig 6). In PHDFs, the rela-
tive abundance of the PRKDC transcript was high compared
with BRCA2, RADS51, P53 and XRCC4 genes (Fig. 6).

Discussion
Human pluripotent stem cells present a promising approach

for numerous disorders. However, pluripotent SCs used in
regenerative medicine will inevitably be exposed to IR for

diagnostic purposes and/or radiotherapy treatment. For this
reason, it is important to broaden our understanding of the
radioresistance properties in these cells. Firstly, hiPSCs were
generated from PHDFs, with pluripotent nature and capacity
to differentiate into three primary germ layers, verified. The
present study evaluated and compared the early response of
hESCs and hiPSCs to IR administered at doses ranging from
low to high (0-15 Gy). The primary aim of this study was to
determine DSB formation and the activation of the principal
DNA repair genes following IR treatment. Notably, the results
of the current study demonstrated that hiPSCs, in the initial
response, are less sensitive to IR compared with hESCs.
Furthermore, hiPSCs have a different expression profile of
DNA damage response associated genes following IR, which
has an impact on radioresistance and makes them less resistant
to radiation compared with hESCs.

The present study identified that DSB formation in hiPSCs
is similar to PHDFs, but differs compared with hESCs.
Mouse and human pluripotent SCs exhibit important differ-
ences that should be considered in any analysis. The majority
of previous studies have been conducted with mouse ESCs
(mESCs) (19-21). However, these results cannot be directly
applied to human cells. Although mESCs and hESCs are
well-understood, little is known about miPSCs, and infor-
mation about hiPSCs is limited. mESCs have increased
genetic stability compared with differentiated cells because,
in response to DSBs, the recruitment of the stemness factor
spalt like transcription factor 4 is required to activate the
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Irradiation of hESCs, hiPSCs and PHDFs:

0; 0.25; 0.5; 1; 2; 5; 10; 15 Gy

Figure 2. Culturing pluripotent SCs and PHDFs. (A) hESCs and (B) hiPSCs form colonies in co-culture with murine embryonic fibroblasts. (C) PHDFs
grow in a traditional monolayer culture. SCs, stem cells; PHDFs, primary human dermal fibroblasts; hESCs, human embryonic SCs; hiPSCs, human induced

pluripotent SCs; Gy, gray.
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Figure 3. Amount of DNA DSBs in irradiated cells. Compared with hESCs,
hiPSCs demonstrated high radioresistance that was similar to that exhibited by
PHDFs, which resulted in a low level of DSBs. "P<0.05; “P<0.01; “"P<0.001;
and ""P<0.0001 vs. cells at 0 Gy. Significant differences between different
cell lines at the same radiation doses are indicated by brackets. DSBs, double
strand breaks; SCs, stem cells; hESCs, human embryonic SCs; hiPSCs, human
induced pluripotent SCs; PHDFs, primary human dermal fibroblasts; YH2AX,
phosphorylated H2A histone family member X; Gy, gray.

critical ataxia telaniectasia mutated (ATM)-dependent cellular
pathway (19). In somatic cells, cyclin-dependent kinase 2
(CDK2), the major regulator of the G,/S transition, is impaired

by cell division cycle 25A (CDC25A) phosphatase, which
initiates G, checkpoint. In mESCs, CDK?2 is protected from
regulation by nuclear CDC25A, indicating that high CDK2
activity may be responsible for the instant escape of mESCs
from the G, phase and the following G, checkpoint following
DNA damage (20). Compared with hESCs, mESCs have a
higher level of strand breaks and endogenous repair foci,
potentially due to global chromatin decondensation rather than
pre-existing DNA damage, indicating differences in chromatin
organization between mESCs and hESCs. The differentiation
process leads to a reduction in histone acetylation, yH2AX foci
formation and sensitivity of replicating cell chromatin (21).
Sokolov er al (22) provided evidence that doses of up to
1 Gy of IR did not influence the pluripotency of hESCs. They
demonstrated that the surviving hESCs maintained a high
expression of genes responsible for pluripotency, including
octamer binding transcription factor 4 (OCT4), NANOG, sex
determining region Y-box 2, stage-specific embryonic antigen
4, telomerase reverse transcriptase and T cell receptor alpha
locus (TRA-1-60 and TRAI-81). Momcilovic et al (23) first
reported that, following 2 Gy of y-radiation, hESCs tempo-
rarily arrested the cell cycle in the G, stage, however, not
in the G, stage. For complete induction of G, arrest, ATM
phosphorylation and localization at the sites of DNA DSBs is
required. It was also observed that, ~16 h following irradiation,
hESCs restarted the cell cycle with a high proportion of aber-
rant mitotic figures. Filion ef al (24) also demonstrated that
hESCs, in contrast with somatic cells, lack a G, checkpoint.
In response to IR, hESCs rapidly induced phosphorylation of
H2AX and P53, and stopped dividing in the G, phase. This
phenomenon is enhanced by the activation of ATM, check-
point kinase 2 (CHK?2) and survivin pathways without cyclin
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Figure 4. Visualization of DNA DSBs as YH2AX in irradiated cells. Representative contour plots and histograms for (A) hESCs, (B) PHDFs and (C) hiPSCs
demonstrate the changes in the level of DSBs following ionizing radiation for each of the 3 cell lines. DSBs, double strand breaks; YH2AX, phosphorylated
H2A histone family member X; SCs, stem cells; hESCs, human embryonic SCs; PHDFs, primary human dermal fibroblasts; hiPSCs, human induced pluripo-

tent SCs; Gy, gray; APC, allophycocyanin.

dependent kinase inhibitor 1A (P21) recruitment. However,
strong activation of survivin does not guarantee increased cell
survival; the opposite occurs and the hESCs undergo apop-
tosis, thus, ensuring the genomic integrity of the surviving
hESCs. Neganova et al (25) reported that downregulation of
CDK?2 in hESCs leads to G,/S checkpoint activation via the
ATM-CHK2-P53-P21 pathway. Decreased production of
CDK?2 also triggers DSBs and high levels of apoptosis.
miPSCs are less sensitive to low and high dose IR
compared with mouse hematopoietic stem/progenitor cells.
Hayashi er al (26) reported that irradiated miPSCs retained
the ability to form embryoid bodies (EBs) with 3 germ
layers. The diameter of formed EBs decreased in a radiation
dose-dependent manner. However, the further/more compre-
hensive response of iPSCs to IR was not evaluated. However,
the results of that study indicated that different types of human
pluripotent SCs cannot be treated equally, a result that was
confirmed in the present study; hESCs exhibited the highest
radiosensitivity to all IR doses. This indicates that hESCs
possess a high DNA repair capacity, however also undergo
mass cell death when damaged, thus avoiding genetic insta-
bility in irradiated cell populations. Consistent with previous
studies (27), the present study demonstrated that hiPSCs
exhibit a level of radioresistance, which results in the low

formation of YH2AX (Figs. 3 and 4). This is notable given that
hiPSCs are difficult to maintain in culture and readily undergo
apoptosis. Spontaneous SC differentiation or dedifferentiation
were ruled out as pluripotency of these cells was maintained at
a high and stable level throughout the experiment. The results
indicate that hiPSCs may partially preserve a transcriptional
memory of their parent somatic cells (PHDFs).

The current study demonstrated that, following IR, P53
was more highly expressed by hESCs compared with hiPSCs
and PHDFs. Depending on stress severity, nuclear P53 trans-
activates proapoptotic or antioxidant genes, while cytoplasmic
P53 has an important role in inducing mitochondrial-depen-
dent apoptosis (28). In mESCs, P53 is scarcely phosphorylated
in response to IR, as evidenced by the low expression of the
P53-target P21 gene. However, despite a dysfunctional P2/
pathway, mESCs are capable of inducing ATM and YH2AX
foci, which is indispensable for the activation of DDR (29).
P53 regulates pro- and anti-differentiation pathways in
mESCs (30), and in mESCs P53 has an anti-differentiation
role through direct regulation of the Wnt signaling pathway.
In mESCs, anti-proliferative P53 is localized primarily in the
cytoplasm, thus, preventing the cell from activating its target
genes. In response to IR, P53 accumulates in the cell nucleus,
where induction of P53 target genes subsequently occurs.
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Figure 5. Expression of activated genes involved in DNA repair in irradiated cells. Expression of (A) P53 (B) BRCA2 and (C) RADS5I genes involved in
homologous recombination method of DNA repair. Expression of (D) XRCC4 and (E) PRKDC genes involved in the non-homologous end joining method of
DNA repair. "'P<0.05; “P<0.01; ““P<0.001; and “""P<0.0001 vs. cells at 0 Gy. Significant differences between different cell lines at the same radiation doses
are indicated by brackets. P53, tumor suppressor protein P53; BRCA2, breast cancer 2; RADS51, RAD51 recombinase; XRCC4, X-ray repair complementing
defective repair in Chinese hamster cells 4; PRKDC, DNA-dependent protein kinase catalytic subunit; SCs, stem cells; hESCs, human embryonic SCs; PHDFs,
primary human dermal fibroblasts; hiPSCs, human induced pluripotent SCs; Gy, gray.

Target genes that are induced include mouse double minute
2 homolog, P21, phorbol-12-myristate-13-acetate-induced
protein 1, and P53 upregulated modulator of apoptosis; inhi-
bition of NANOG is also important (31,32). Previous studies
have demonstrated that mESCs and hESCs possess a nonfunc-
tional P53-P21 axis of the G,/S checkpoint pathway, which is
regulated by specific DDR mechanisms. Dolezalova et al (33)
demonstrated that, although hESCs have the ability to stabilize
and activate the P53 protein, these cells do not produce the P21
protein even in the presence of P2/ mRNA. This mechanism
is regulated by the miRNA family, specifically miR-302,
which post-transcriptionally regulates the expression of the

P21 protein. Solozoba and Blattner (34) demonstrated that
P53 is more abundant in mESCs compared with somatic
cells, primarily due to the enhanced stability of P53 RNA and
protein de novo synthesis. During the differentiation process,
the level of P53 mRNA decreases and, consequently, so does
P53 protein synthesis. Furthermore, in differentiated ESCs,
miR-125a and miR-125b expression, well established repres-
sors of p53, was increased.

Unlike mESCs, hESCs are difficult to maintain in culture
as they readily undergo spontaneous differentiation and apop-
tosis. In apoptotic hESCs, P53 accumulates and is subsequently
followed by initiation of the apoptotic mitochondrial pathway.


https://www.spandidos-publications.com/10.3892/mmr.2017.6270

SUCHORSKA et al: COMPARISON OF THE EARLY RESPONSE OF hESCs AND hiPSCs TO IONIZING RADIATION

1959

o 06 hESCs
o )
g 012 O S
5 o0 P "*-cr/
ﬁ 0.08 —O/
@ 0.06
Z o0o0s W
% e ” M’m
& o000 2 - - - - - - -

0Gy 025Gy  0.5Gy 16y 26y 5Gy 106Gy 15 Gy

Radiation dose (Gy)
—0=BRCA2 ={J=RAD51 =f=P53 =X¥=XRCC4 =O=PRKDC

e PHDFs
o
c
@
°
c
3
o
©
(4]
=
o
I
[7]
o

oGy 0.25 Gy 0.5 Gy 1Gy 2Gy 5Gy 10 Gy 15 Gy

Radiation dose (Gy)
—O0—BRCA2 ={J=RAD51 =—f=P53 =X=XRCCA =O=PRKDC
hiPSCs
3 0.16
O\,
c 014
@
T o012 N e
= / i
S 010 +—0O O
S oo O L
e 006 N
5 004 +—2 1‘,/
T 002 P ——— —————
(14
0.00 : : . . .

0Gy 0.25 Gy 0.5 Gy 1Gy

2Gy 5Gy 10 Gy 15 Gy

Radiation dose (Gy)

={—BRCA2 ={}=~RAD51 =#A—P53 =X¥—XRCC4 =O—PRKDC

Figure 6. Gene expression profile of activated genes in cell lines following ionizing radiation treatment. hESCs, PHDFs and hiPSCs were characterized by
distinct DNA repair gene expression profiles, indicating the existence of cell line-dependent DNA damage response mechanisms. SCs, stem cells; hESCs,
human embryonic SCs; PHDFs, primary human dermal fibroblasts; hiPSCs, human induced pluripotent SCs; Gy, gray; BRCA2, breast cancer 2; RADS5I,
RADSI recombinase; P53, tumor suppressor protein P53; XRCC4, X-ray repair complementing defective repair in Chinese hamster cells 4; PRKDC,

DNA-dependent protein kinase catalytic subunit.

Although P53 accumulation in mESCs and hESCs was demon-
strated by Qin er al (35), activation of the transcription of P53
target genes was significantly lower in hESCs compared with
mESCs. Lower P53 levels are associated with the promotion
of cell survival and reduced spontaneous differentiation.
The first investigation of hESC genome-wide transcriptional
changes following IR was performed by Wilson er al (36),
which demonstrated that although some genes involved in
developmental pathways were altered with doses up to 4 Gy
of IR, expression of pluripotency genes remained unchanged.
Furthermore, surviving cells retained the capacity to recover
and form teratomas, the definitive test of pluripotency. In
hESCs, the majority of P53-binding sites are unique to each
pluripotency- and differentiation-dependent state and define
stimulus-specific P53 responses. During early differentiation,
activated P53 targets influence core pluripotency factors,
including OCT4 and NANOG in chromatin enriched with

H3K27me3 and H3K4me3. When DNA damage occurs,
P53 specifically binds to genes that are associated with cell
migration and motility (37). Sokolov and Neumann (38) and
Sokolov et al (39) investigated the effects of low doses (up to
0.1 Gy) of IR exposure on stress-responsive gene expression in
hESCs. The results indicated that this type of gene expression
in hESCs is temporal and cell line dependent, however, there
was no linear dose-dependent association within the lowest
doses of IR (38,39).

Knockout of P53 in reprogrammed human cells leads to
genomic instability. Transient suppression of P53 facilitates
reprogramming due to an increased number of iPSC colonies
with high expression of pluripotency genes, however, apoptotic
and DNA damage mechanisms are not affected, thus, resulting
in the generation of a stable iPSC cell line (40). Notably, in
hiPSCs, genome surveillance is achieved via hypersensitivity
to apoptosis and a low accumulation of DNA lesions (21), this
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was also confirmed in the present study. In hiPSCs, apoptosis
is mediated by constitutive P53 expression and upregulation of
pro-apoptotic P53 target genes belonging to the BCL-2 family.
Although apoptosis sensitivity in hiPSCs is elevated, DNA
lesions following genotoxic treatment have been demonstrated
to be less common in hiPSCs compared with PHDFs, partially
due to increased expression of genes that code for antioxidant
proteins (41). Momcilovic et al (42) performed a comprehen-
sive investigation to assess the radiosensitivity of hESCs and
hiPSCs, which confirmed that both irradiated pluripotent SC
lines exhibited robust expression of pluripotency markers.
Subsequently, it was demonstrated that the activation level of
ATM and its target proteins in hiPSCs are similar to results
obtained in hESCs. Similar to hESCs, hiPSC differentiation
was arrested in the G, phase, confirming that the reprogram-
ming process leads to loss of G,/S arrest, thus, preserving
cells from differentiation. Finally, it was demonstrated that
hESCs and hiPSCs repair DNA lesions predominantly via HR.
However, in addition to elevated expression of genes engaged
in HR, hESCs and hiPSCs also exhibited increased expression
of genes involved in non-homologous end joining (NHEJ),
which is the opposite to what occurs in mESCs. The present
study partially expands and updates the results reported by
Momcilovic et al (42) as a wider range of IR doses (0-15 Gy)
were employed. The present study demonstrated that, although
P53 was highly expressed by hESCs, its expression was
significantly lower in hiPSCs and PHDFs. These results are
consistent with data from hESCs, which exhibited the largest
number of DSBs (Fig. 5A). This is consistent with previously
published data, indicating that P53 is highly activated in
response to DNA damage. This phenomenon may also reflect
a more effective pluripotency state of hESCs compared with
hiPSCs, demonstrating the important role of P53 in main-
taining pluripotency.

Homology-dependent and independent DNA repair path-
ways are involved in the protection of cells against IR-induced
DNA damage and consequent chromosomal changes (43). For
mESCs, the homology-dependent mechanism is particularly
important. Unlike MEFs, ESCs have the capacity to repair
endogenous DNA damage without the activation of NHEJ.
Tichy et al (44) demonstrated that mESCs translate RADS5]
mRNA, a major component of HR, with higher efficacy
compared with MEFs. Excessive RADSI expression is likely
to be a major mechanism by which cells respond to DSBs or
delay the replication fork without affecting cell proliferation
rate. Sioftanos et al (45) demonstrated that, in mESCs, BRCA
and BRCA?2 heterozygosity is associated with the formation of
low numbers of RADS5I foci per nucleus, however, the general
radiosensitivity of these cells was not altered. However, the
authors, do not rule out the potential emergence of late effects
such as enhanced mutagenesis.

Notably, expression levels of genes involved in the NHEJ
mechanism vary substantially between mESCs and hESCs.
Ku70/80 is expressed at higher levels in mESCs compared
with hESCs and somatic cells. However, mESCs are also
characterized by a deficiency in PRKDC. Therefore, following
IR, mESCs and hESCs differ in the extent of DNA damage
response; hESCs rejoin breaks rapidly, via the NHEJ mecha-
nism, thus, expressing a high level of PRKDC, whereas mESCs
favor HR for DSB repair (46). The pathways that maintain
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genetic stability exhibit enhanced activity in hESCs compared
with PHDFs and formed EBs. In response to DNA-damaging
agents, which includes IR (47), the mRNA levels of certain
DNA repair genes are elevated, including BRCAI, xeroderma
pigmentosum type B, XRCC4 and Ku80. However, the mRNA
levels of xeroderma pigmentosum type A, xeroderma pigmen-
tosum type C and xeroderma pigmentosum type G are notably
decreased. Felgentreff er al (48) reported that the NHEJ
pathway has a critical role in somatic cell reprogramming and
in maintaining the genomic stability of hiPSCs. Particularly, it
was demonstrated that DNA ligase 4 and PRKDC are required
for the correct functioning of the NHEJ mechanism and high
reprogramming efficiency (48). The results of the present study
confirm previous reports that indicated that pluripotent SCs
more effectively activate certain DNA repair genes (RAD5],
BRCA2, XRCC4 and PRKDC) following IR compared with
PHDFs. hiPSCs are characterized by high BRCA2, XRCC4
and PRKCD gene expression, whereas hESCs exhibit higher
expression of RAD51 and PRKDC (Fig. 5). Although HR
is characteristic for pluripotent SCs as a major DSB repair
mechanism, SCs exhibit a capacity to induce components of
NHE]. Differences between cell lines in terms of expression
of DNA repair genes also resulted in a distinct gene expres-
sion profile for each line (Fig 6). The initial response of cells
changed in a dose-dependent manner, however, in the majority
of cases, significant changes were not observed until 2 Gy,
indicating that this dose may be the threshold dose for initi-
ating DDR. The results presented in this study indicate that,
although pluripotent SCs possess similar features, including
self-renewal and a capacity to differentiate into derivatives of
3 germ layers, they also possess highly dissimilar radiosensi-
tivity and, consequently, genome integrity machinery.

In conclusion, the present study has described the early
IR-induced response of hESCs, hiPSCs and PHDFs. Pluripotent
SCs form an increased number of DSBs following IR treat-
ment compared with PHDFs. Notably, hESCs are extremely
sensitive to IR, which was indicated by a high number of
DSBs. The level of DSB formation in hiPSCs in response to
IR resembles that observed in PHDFs rather than in hESCs.
The accumulation of DSBs results in a distinct gene expres-
sion profile of activated DNA repair genes in each cell line.
Irradiated pluripotent SCs readily activate genes belonging
to HR and NHEJ, indicating that they possess effective DNA
repair mechanisms, in contrast to the genes that are activated
by fully differentiated cells. The present study contributes to
an improved understanding of the induction of DNA damage
repair mechanisms in human pluripotent SCs in response to IR.
The results of the current study may contribute to safer clinical
application of pluripotent SCs in patients with a high risk of
developing cancer. In addition, the present study emphasizes
the questions surrounding the reprogramming process in the
evaluation of activated DDR mechanisms. However, given
the preliminary nature of the current study, more research is
required to reach definitive conclusions.
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