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Abstract
One of the key consequences of exposure of human cells to genotoxic agents is the activation of
DNA damage responses (DDR). While the mechanisms underpinning DDR in fully differentiated
somatic human cells have been studied extensively, molecular signaling events and pathways
involved in DDR in pluripotent human embryonic stem cells (hESC) remain largely unexplored.
We studied changes in the human genome-wide transcriptome of H9 hESC line following
exposures to 1 Gy of gamma-radiation at 2 hrs and 16 hrs post-irradiation. Quantitative real-time
PCR was performed to verify the expression data for a subset of genes. In parallel, the cell growth,
DDR kinetics, and expression of pluripotency markers in irradiated hESC were monitored. The
changes in gene expression in hESC after exposure to ionizing radiation (IR) are substantially
different from those observed in somatic human cell lines. Gene expression patterns at 2 hr post-
IR showed almost an exclusively p53-dependent, predominantly pro-apoptotic, signature with a
total of only 30 up-regulated genes. In contrast, the gene expression patterns at 16 hr post-IR
showed 354 differentially expressed genes, mostly involved in pro-survival pathways, such as
increased expression of metallothioneins, ubiquitin cycle, and general metabolism signaling. Cell
growth data paralleled trends in gene expression changes. DDR in hESC followed the kinetics
reported for human somatic differentiated cells. The expression of pluripotency markers
characteristic of undifferentiated hESC was not affected by exposure to IR during the time course
of our analysis. Our data on dynamics of transcriptome response of irradiated hESCs may provide
a valuable tool to screen for markers of IR exposure of human cells in their most naive state; thus
unmasking the key elements of DDR; at the same time, avoiding the complexity of interpreting
distinct cell type-dependent genotoxic stress responses of terminally differentiated cells.
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1. Introduction
The genetic material of every living being is constantly challenged by environmental agents
such as background IR and endogenous threats arising as a by-product of normal
metabolism. For example, every cell in the human organism on average receives tens of
thousands of DNA lesions per day [1]. To counter these deleterious effects produced by
genotoxic agents, several cellular mechanisms have evolved to detect the various types of
DNA lesions, to signal their presence, and to mediate their repair and removal; all
collectively known as DDR. The biological significance of these mechanisms can hardly be
overestimated since the accumulation of DNA damage has been thought to play a critical
role in the cancerogenesis and the aging processes [2]. Therefore, a great deal of effort has
been invested in elucidating the details of molecular signaling and cellular events associated
with DDR.

Early work based on using conventional biochemical and genetics techniques identified
many components of DDR in human cells [3, 4]. One of the key aspects of DDR is the
widespread changes in the level of expression of many genes involved in various pathways
of cellular metabolism. With the development of newer, high-throughput technology it
became possible to interrogate the expression of thousands of genes simultaneously
following specific treatment conditions [5], including genotoxic agent exposures [6]. These
functional genomics experiments vastly extended our knowledge how human cells of
different origins respond to IR [7–11]. DNA microarray profiling enabled identification of
novel radiation-responsive signaling pathways, further advancing our understanding of IR
effects on humans [12]. However, practically all these experiments were performed on
terminally differentiated cells either grown in tissue culture or derived from tissue biopsy
specimens. Little is known about how genotoxic stress, particularly IR exposure, affects the
global signaling events in pluripotent hESC. The available data primarily focus only on
specific genes and distinct pathways involved in IR response of hESC [13–15]. It is known
that the human fetus is very susceptible to genotoxic insults [16, 17]; but the underlying
molecular mechanisms are not fully understood. In addition, hESC are currently under
intense research in a context of toxicological studies in which hESC are being employed as a
model for therapeutic drug screening [18]. Therefore, identification of novel molecular
targets in genotoxic agent screening in pluripotent human cells could significantly contribute
to their future use not only in regenerative-based cell replacement clinical strategies, but also
for establishing optimized treatment schemes in a personalized medicine [19]. Only one
report [20] aimed to define the effects of IR on global changes in gene expression in hESC.
However, this study interrogated hESC response only at a single, late timepoint after IR
exposures. In the present study, we set out to characterize the dynamics of the transcriptional
response of cultured irradiated hESC, to determine the key components of DDR in hESC,
and to identify signaling pathways possibly responsible for the sensitivity of early human
developmental stage cells to genotoxic IR exposures. To this end, we used a whole human
genome-wide functional genomics approach. We show that following 1 Gy of gamma-
radiation exposure of H9 hESC “early” DDR is almost exclusively p53-dependent. In
contrast, the “late” gene expression signature of irradiated hESC is characterized by robust
involvement of a wide range of signaling pathways, many of which seem to be responsible
for the survival of hESC.
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2. Materials and methods
2.1. Cell Culture

Cultured hESCs (H9 cell line, WiCell, Madison, WI, passage 35 – 40) were routinely grown
in mTeSR-1 medium (Stemcell Technologies, Vancouver, Canada) on a BD Matrigel hESC-
qualified matrix (BD Biosciences, San Jose, CA) at 37°C and 5% CO2. Cell cultures were
maintained and expanded following supplier’s protocol. Cells were passaged every 5–7 days
using collagenase IV (Invitrogen, Carlsbad, CA). The medium was changed every day.

Cell cultures were divided into two groups, and were either exposed to 1 Gy of X-ray
irradiation using X-RAD 320 Biological Irradiator unit (Precision X-Ray, Inc., North
Branford, CT; dose rate about 1 Gy/min; 320 kV, 12.5 mA); or, alternatively, were mock-
irradiated. Cells then were allowed to recover in CO2 incubator and collected at 2 h and 16 h
post-irradiation for analysis.

2.2. Cell proliferation assay
The cells were seeded on Matrigel in equal aliquots before the start of experiment. After IR
exposures (0.2 Gy or 1 Gy) and time of incubation post-IR (17 hrs, 41 hrs and 65 hrs), cell
cultures were rinsed with phosphate buffer saline (PBS; Invitrogen) to remove detached
cells. These floating cells were collected by gentle centrifugation for subsequent cell
counting. The attached cells, that are presumably alive, were collected by treatment with
Trypsin-EDTA (Invitrogen) for 3 min at 37°C, and washed with PBS buffer supplemented
with 0.5% BSA. Cell count was performed using Z1 Coulter Cell Counter system (Beckman
Coulter, Inc., Brea, CA) at least in triplicate for each experimental data point.

2.3. Immunocytochemistry
The cell cultures were grown on glass-bottom LabTek Chamber Slide (BD Biosciences) as
described above. Cells were fixed with 4% paraformaldehyde for 10 minutes, and then
permeabilized with 0.1% Triton-X-100 for 5 minutes. Primary antibodies dissolved in
blocking solution containing 3% bovine serum albumin (BSA; Sigma, St. Louis, MO) were
added for 1 hr, and then appropriately coupled Alexa Fluor secondary antibodies
(Invitrogen) were used for indirect immunofluorescent detection of primary antigens, as
desribed in [21]. All secondary antibodies were tested for nonspecific immunoreactivity.
The following primary antibodies were chosen: Oct-4, SSEA4, TRA-1-81 and 53BP1 (Santa
Cruz Biotechnology, Santa Cruz, CA). DAPI stain was used to identify the nuclei. The
antifade media (VectaShield, Vector Laboratories, Inc., Burlingame, CA) was used to mount
the coverslips; the samples were examined by Axioplan Zeiss epifluorescent microscope
(Carl Zeiss, Thornwood, NY). The microscope and CCD camera image acquisition settings
were the same for all corresponding samples. 53BP1 foci assay was performed as described
in [22], and at least 200 cells were examined per each datapoint. Foci scoring by eye were
typically performed in a blinded manner.

2.4. Cell cycle analysis
Cell cycle analysis was performed using propidium iodide (PI) / Triton-X-100 staining
solution (0.1 mg/ml PI; 0.1 mg/ml RNAse A; 0.1 % (v/v) Triton-X-100, Sigma). Human
ESCs were harvested by collagenase IV treatment and counted with hemocytometer. In
total, 500,000 cells were fixed after incubation with 70% ethanol at 4°C for 2 h and stained
in PI / Triton-X-100 staining solution for 30 min at room temperature in dark. The samples
were analyzed by flow cytometry (FACS Calibur, BD Biosciences) measuring FL2 area
versus total counts and with ModFit 3.0 (Verity Software House) to generate percentages of
cells in G1, S and G2/M phases

Sokolov et al. Page 3

Mutat Res. Author manuscript; available in PMC 2012 May 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2.5. RNA sample preparation, probe labeling and DNA microarray procedure
The extraction of total RNA was performed using Trizol (Invitrogen), and then RNA
preparations were purified with RNeasy kit (Qiagen, Valencia, CA) and TURBO DNA-free
kit (Ambion, Inc., Austin, TX) per manufacturers’ instructions. The amount and quality of
RNA samples were assessed on the Agilent 2100 Bioanalyzer with RNA 6000 Nano
Reagents and Supplies (Agilent, Santa Clara, CA) [23]. Agilent RNA Spike-In Mix was
added to the RNA samples prior to the labeling reactions following the RNA Spike-In Kit
protocol. Subsequently, cRNA targets were synthesized from 1 μg of total RNA in each
reaction and fluorescently labeled with Cy5-CTP (PerkinElmer, Waltham, MA) in separate
labeling reactions using the Agilent Quick-Amp Labeling kit. The Universal Reference
RNA (Stratagene, La Jolla, CA) was used to synthesize Cy-3-CTP (PerkinElmer, Waltham,
MA) labeled cRNA sample to include as a common reference target throughout all
experiments. The dual-labeled cRNA targets corresponding both to experimental and
reference samples were combined and hybridized to 4x44k Agilent Human Whole Genome
oligo microarrays using Agilent SureHyb hybridization chambers. Protocols for microarray
hybridization and washing were as suggested by manufacturer. Hybridized DNA
microarrays were scanned with a resolution of 5 μm on an Agilent DNA microarray scanner
enabled by SureScan High-Resolution Technology (Agilent), and TIFF images were
subsequently processed by Feature Extraction 10.5 software (Agilent). All samples had four
independent biological replicates, and each replicate was run on a separate array.

2.6. Data analysis
Raw data derived from processing TIFF image files were analyzed using BRB-Array Tools
Version 3.8.0 software developed by Dr. Richard Simon and Amy Peng Lam (Biometric
Research Branch, National Cancer Institute, NIH). Time-matched irradiated versus mock-
irradiated samples were used for analysis to determine the radiation-responsive genes from
quadruplicate independent experiments per each data point. Differentially expressed genes
were identified using a Significance Analysis of Microarrays (SAM) method [24]. We
identified genes that were differentially expressed among the two classes (irradiated hESC
versus mock-irradiated hESC cultures) by using a multivariate permutation test [25]. We
used the multivariate permutation test to provide a median false discovery rate (FDR) of
10%. The FDR is the proportion of the list of genes claimed to be differentially expressed
that are false positives. The test statistics used are random variance t-statistics for each gene
[26]. The sets of differentially expressed genes were tested for functional significance using
the DAVID Bioinformatics Resources 2008 [27]. This tool obtains the Gene Ontology (GO)
annotations from a database and generates a statistical analysis of the functional annotations
that are overrepresented in the selected set of genes. A Bonferroni correction for multiple
comparisons was included in the analysis [28]. GO biological processes with EASE scores
less than 0.05 were considered to be statistically significant [29]. Minimum Information
About a Microarray Experiment (MIAME)-compliant raw data for our experiments have
been uploaded onto the ArrayExpress database maintained by the European Bioinformatics
Institute (accession no. E-MEXP-2596).

2.7. Quantitative real-time PCR
The quantitative RT-PCR was done on RNA samples from three independent cell culture
experiments. The complementary DNA was synthesized from total RNA using One-Step
RNA-to-Ct kit (Applied Biosystems) according to the manufacturer’s protocol. For each
gene, PCR reactions were run in triplicate on one sample. RT-PCR was performed on
iCycler iQ (Bio-Rad, Inc.) in 20-μl reactions by using TaqMan Assay-on-Demand primers/
probe sets (Applied Biosystems) for the following genes: CDKN1A, GADD45A, DHFR,
CCDC88A and MT1F. Quantitative RT-PCR data were analyzed as in [30].
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3. Results and discussion
3.1. Assessment of growth of cultured hESC population in response to IR exposure

To determine how growth of hESC in culture is affected by IR exposures, we studied the
kinetics of changes in cell numbers following IR exposures (Additional Fig. 1). We found
that after 0.2 Gy exposures cell count reaches a plateau between 17 – 41 hrs post-IR,
presumably due to ongoing cell cycle arrest and/or death of a subpopulation of cells. Some
cell death at 17 hrs after 0.2 Gy irradiation of hESC is substantiated by the increase in the
fraction of floating, presumably dead, cells. By 65 hr post 0.2 Gy exposures, the cell
numbers are comparable to those in sham-irradiated hESC cultures (Additional Fig. 1). In
contrast, irradiation of hESC with 1 Gy dose leads to a dramatic decrease in cell numbers
following this exposure. This drop in cell population was apparent already at 17 hrs post-IR,
peaked at 41 hrs, and then, by 65 hrs, gradually returned to values observed after 17 hrs
post-IR exposures. However, even at 65 hrs post 1 Gy irradiation the cell numbers were
twice as low as those in sham-irradiated hESC and cells post 0.2 Gy exposures. At 17 hrs
post 1 Gy irradiation, about one third of the cell population is apparently dead. Presumably,
the drop in cell number of hESC population after 1 Gy irradiation is also dependent on cell
cycle arrest, since the level of cell death is decreased by 41 hrs post-IR compared to 17 hrs;
however, the cell count was still declining at 41 hrs compared to 17 hrs (Additional Fig. 1).
The cell survival data are in general agreement with our previous data on hESC apoptosis
after exposure to IR [31]. There we found that after 6 hrs post 1 Gy IR exposure
approximately 30% of hESC stained positively for cleaved caspase 3, an apoptotic marker.

3.2. DNA damage response, cell cycle profile and maintenance of pluripotency in irradiated
hESC

One of the key aspects of cellular DDR is activation of DNA double strand breaks (DSB)
repair mechanisms [32]. 53BP1 is known to be one of the key components of DDR, is
crucially involved in DNA DSB repair, and in the maintenance of genomic stability [33].
We investigated the DNA DSB repair in hESC by studying the kinetics of so-called ionizing
radiation-induced foci (IRIF), specifically, the timing of appearance and turnover of 53BP1
nuclear foci [34]. As can be seen from Fig. 1, the constitutive level of 53BP1-foci in sham-
irradiated hESC (referring to “background” foci level between 30 min till 24 hrs post-sham
exposures) varied within the range of 3 – 5 foci per cell, on average. However, at 30 min
after 1 Gy IR exposure, the number of foci per cell increased dramatically (32.2 ± 4.3),
reflecting the formation of DNA double strand breaks (DSB). At 6 hrs post 1 Gy exposures,
the level of IRIF decreased significantly (7.5 ± 1.5) reflecting intensive DNA repair, but was
still considerably higher than in the sham-irradiated hESC cultures (3.1 ± 1.0). However, at
24 hrs following irradiation, the level of DNA DSB returned to the background level (Fig. 1)
reflecting the completion of repair of DNA DSBs. Therefore, the results of our study suggest
that DNA DSB repair in hESC exposed to IR generally follows the same kinetics as in
human differentiated cells [35]. Cell cycle profile of non-irradiated hESC is characteristic
for this type of cells and shows that the majority of the cells are in S phase (Fig. 2). Four
hours after 1 Gy of IR all cells that were in G1 phase entered S-phase, while none of the
cells underwent cell division and entered G1 phase. However, after 24 hours post IR cells
cycle profile returned to almost normal. These data demonstrate that hESC were arrested at
G2/M phase following 1 Gy of IR exposures, but they recovered by 24 hrs post-IR (Fig. 2).
At the same time there were no G1/S phase arrest in hESC, consistent with report published
by others [14]. However, a major difference between fully differentiated cells and hESC is
the ability of the latter to give rise to virtually all cells of a human body (pluripotency),
whereas the former are restricted to their specific lineage. We examined if hESC in our
experiments maintain the pluripotency following IR exposure. To this end, we performed
immunocytochemical analysis of cultured hESC at selected time points after 1 Gy
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irradiation (6 hrs, 24 hrs and 48 hrs) as shown on Additional Fig.2. As a negative control, we
included human BJ fibroblasts, human adult bone-marrow mesenchymal stromal cells
(hMSC), and immunostaining of hESC with secondary fluorescent label-coupled antibodies
(Additional Fig.3). Based on results of in situ immunostaining of hESC with the established
markers of pluripotency such as Oct-4, SSEA4 and TRA-1-81, we found no observable
difference between irradiated and sham-irradiated hESC cultures (Additional Fig. 2). These
data are in accordance with our previous observations on continuous expression of markers
of pluripotency in irradiated hESC [31], and on ability of hESC exposed to IR to form
teratoma in mice [20].

3.3. The dynamics of hESC response to IR exposures at the level of global transcriptome
In order to gain insight into the changes in gene expression elicited by exposure of hESC to
IR, the whole-genome wide DNA microarray technique was used. We studied changes in the
level of messenger RNA across virtually all known genes/transcripts in human genome
(more than 40,000). We analyzed transcriptome of hESC at two time points after exposure
to ionizing radiation; 2 hrs to assess an immediate or early response and 16 hrs to assess the
later response.

The results of our transcriptome screening showed that at 2 hr post 1 Gy exposure of
cultured H9 cells there were only 30 statistically significant differentially expressed genes
(Table 1). Interestingly, all of these genes were up-regulated by more than two-fold
compared to sham-irradiated control cell cultures handled in parallel with the irradiated
ones. Many of induced genes have been already shown to participate in DDR in somatic
adult differentiated cells, such as fibroblasts and peripheral blood cells [9, 36, 37]. Indeed,
CDKN1A, BTG2, SESN1, IER5 and GADD45A are among the best studied and extensively
characterized markers of IR exposure of human cells, and their induction is usually
associated with temporary cell cycle arrest. CDKN1A is known to act as the cyclin-
dependent kinase inhibitor [38]; BTG2 exerts its anti-proliferative functions mainly via
degradation of messenger RNA [39]. SESN1 provides a mechanistic link between genotoxic
p53-mediated stress signaling and metabolic mTOR checkpoint [40], also being one of five
genes constituting gene expression signature of IR exposure [37]. IER5 affects
radiosensitivity via disturbing radiation-induced cell cycle checkpoints [41]. GADD45A has
been shown to be implicated in G2/M arrest of the cell cycle. This finding is in agreement
with our results on the accumulation of hESC in G2/M phase at the early timepoint after IR
exposure (Fig. 2). The activation of G2/M checkpoint in irradiated hESC was also observed
by others [14], although the specific involvement of GADD45A was not elucidated. At the
same time, several genes induced by IR exposure in hESC are known to dampen cell cycle
checkpoints. For example, PPM1D serves to reverse the p53 and Chk1-induced cell cycle
arrest and return the cell to a homeostatic state following completion of DNA repair [42]. In
addition, we found up-regulation of some other key genes involved in G2/M cell cycle
transition (PLK2, PLK3). It was shown that p53-dependent activation of PLK2 prevents
mitotic catastrophe following spindle damage [43]. Over-expression of PLK2 is thought to
increase cell survival upon stress conditions [44]. In contrast, PLK3 has been demonstrated
to be a multifunctional gene rapidly activating by reactive oxygen species (ROS) and
functioning in proapoptotic pathways [45, 46].

In concert with our previously obtained data [31] that showed presence of ca. 30% apoptotic
cells in hESC population after 1 Gy IR exposure, several of early-induced differentially
expressed genes in irradiated hESC are known to participate in apoptosis (GDF15, CARD8,
HTATIP2, TP53INP1, others). Some of them are among the most characterized cell death-
promoting factors, such as FAS and BBC3 also known as PUMA. Specifically, HTATIP2
was shown to be involved in cellular oxidative stress surveillance and a potent inductor of
apoptosis through stabilization of p53 mRNA [47]. BBC3 is a crucial mediator of p53-
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dependent as well as p53-independent apoptosis induced by a wide variety of stimuli. BBC3
directly binds and antagonizes all known pro-survival Bcl-2 family members to induce
mitochondrial dysfunction and downstream caspase activation [48]. FAS has been shown to
play a central role in the physiological regulation of programmed cell death as well [49]. It is
noteworthy that several induced IRresponsive genes are known to participate in some
aspects peculiar to stem-cell-unique homeostasis. Specifically, PINX1 positively regulates
telomerase activity [50] which is apparently abundant in hESC. Probably, stressed hESC
temporarily modulate the activity of telomerase shortly after IR exposures in a way to
preserve the genome stability. Another interesting target of IR exposure in hESC is LIF,
which is a pleiotropic cytokine best known for its key role in maintenance of pluripotency
and self-renewal of mouse embryonic stem cells [51]; although the importance of LIF
expression in irradiated hESC is not obvious. A few up-regulated genes in hESC at 2 hr
post-IR are presumably acting as transcription factors (ZNF79, ZSCAN20, ZNF135, and
ZNF761), the other few genes are still uncharacterized.

In order to examine the transcriptome of hESC underpinning the “late” response of these
cells to IR exposure, we undertook genomic profiling of irradiated H9 cells at 16 hr post IR
exposure. At this time point most apoptotic cells were cleared from hESC colonies (data not
shown). About 354 differentially expressed genes were identified; all of them showed up-
regulation, varying in range from about 1.5-fold till 25-fold over time-matched sham-
irradiated cell cultures (Additional Table 1). The list of genes most highly overexpressed
(more than 3-fold) are presented in Table 2. Interestingly, we found that irradiated hESC
robustly overexpress many genes belonging to metallothionein gene superfamily (MT1M,
MT1L, MT1H, MT1G), which is observed also in many types of somatic human cells after
IR as well [9, 36]. Metallothionein expression was shown to be induced by cytokines,
growth factors, and oxidative stress conditions [52]. One of the primary functions of
metallothioneins is thought to involve the protection of stressed cell populations from the
deleterious effects of ROS, including ROS detoxification. However, the most highly
overexpressed characterized gene at 16 hr post-1 Gy exposure was HIST1H4I. The
regulation of histone H4 subfamily gene expression in hESC under normal cell culture
conditions was interrogated before [53]. HIST1H4I was found to be moderately expressed
compared to other genes in H4 subfamily under nonstressed conditions, but the relevance of
more than 22-fold overexpression of this specific histone species in irradiated H9 cells is
presently unknown. Another histone gene HIST1H4E belonging to the same gene cluster
was also identified as being IR-induced genes, albeit to a much lesser degree compared to
HIST1H4I. We observed up-regulation of many transcription factors at 16 hr post 1 Gy
exposure, such as ZNF302, ZNF33A, ZNF697, SP5, ZFYVE16 and others. Our DNA
microarray analysis of irradiated H9 cells revealed that the gene expression signatures
characterizing “early” (2 hr) and “late” (16 hr) response to 1 Gy are profoundly distinct (Fig.
3). Only 6 genes were differentially expressed at both timepoints examined; they were:
CDKN1A, BTG2, GDF15, SESN1, PLK3 and ANKRA2. Sustained expression of these genes
in irradiated hESC over prolonged time periods may constitute the specific “gene expression
signature” which can serve as a marker of IR exposure of hESC, although further
experiments are needed for a proper validation.

3.4. Classification of differentially expressed genes in functional groups
To comprehensively identify the biological pathways involved in IR response of H9 cells,
the Gene Ontology analysis was done (Table 3). P53 signaling pathway critically
predominates in “early” 2 hr post-IR exposure response. Out of total 30 genes that were
differentially expressed at this timepoint about 24 genes are known or predicted to be direct
transcriptional targets of p53 [54]. Although many of these genes are responsible for
apoptosis induction/execution, some of induced genes are thought to act in pro-survival
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pathways. Therefore, it is conceivable to suggest that the subpopulation of hESCs
committed to cell death within the bulk cell population overexpressed the positive regulation
of apoptosis genes, whereas the surviving cell subpopulation induced the negative regulators
of cell death; however, further studies need to be done to address this issue in more detail.
Negative regulation of progression through the cell cycle also scored very high in pathway
analysis at the 2 hr timepoint following IR exposure of hESC. Gene Ontology analysis
revealed that at 16 hr post-IR exposure among the mostly affected pathways were metabolic
processes, such as the ubiquitin cycle involved in protein turnover, intracellular transport,
transferase and carbohydrate metabolic pathways, and cell division processes, especially
associated with G2/M phase events. Interestingly, ubiquitin-dependent signaling recently
sparked a lot of attention owing to its crucial involvement in DNA damage signaling [55].
Negative regulation of transcription was also identified as one of the top events
characterizing “late” response of hESC to IR exposures.

The predominant p53-elicited transcriptional response of hESC to IR exposures at early
timepoint such as 2 hr resembles that observed in adult differentiated human somatic cells
[11]. However, induction of p53 in pluripotent cells was shown to have some stem cell-
specific consequences. For example, p53 was reported to downregulate Nanog in mouse
embryonic stem cells resulting in differentiation of these cells [56]. In hESC, p53 was
shown to be required for apoptosis induction both under suboptimal cell culture conditions
and after genotoxic stress [15].

3.5. Transcriptional response to IR in hESC is different from somatic cells
In comparison with the whole-genome-wide gene expression changes observed after 1 Gy
exposure of human IMR-90 fibroblasts, H9 hESC show much more robust and focused
response in terms of the magnitude of the induction of a small subset of IRresponsive genes.
IR-induced transcriptome alterations in IMR-90 cells, on the other hand, involve a relatively
modest modulation of more than a thousand of genes belonging to a wide range of metabolic
pathways [57]. We found only 2 genes that were induced by IR exposures both in hESC and
IMR-90 fibroblasts, namely, CDKN1A and BTG2. The lack of similarity in responses to IR
exposures between pluripotent and fully differentiated human cells may reflect the distinct
stress-defense mechanisms operating within human cells possessing so different epigenetic
landscapes [58]. It was shown that the genetic material of embryonic stem cells is composed
primarily of euchromatin, in contrast to a more compacted chromatin state of differentiated
cells [59].

Cellular response to IR is known to be multifaceted involving, but not limited to, cell-cycle
arrest, induction of DDR, and the changes in global gene expression. Today, still relatively
little is known about even the key aspects of hESC biology, including cell cycle governing
mechanisms, although it has been shown that the relevant processes might be distinct from
that observed in fully differentiated somatic human cells [53, 60]. One of the reasons that no
coherent picture emerged yet is due to a lack of high-throughput studies addressing the
radioresponse of hESC at the systems biology level. One of the earliest observations made
by researchers studying hESC biology was that p21 (CDKN1A) is rapidly upregulated
following genotoxic stress exposures (up to 200-fold after 5 Gy IR) [53]. However, in our
studies CDKN1A was overexpressed less than 6-fold at 2 hr post IR exposure, and less than
2-fold compared to sham-irradiated cell cultures at a later timepoint (16 hr). These
discrepancies could be attributed to a much lower dose of IR exposure we used in our
studies (1 Gy versus 5 Gy), the differences in cell culture protocol (feeder-free versus mouse
cell feeder-based cultures), and other variables. It was shown recently that messenger RNA
levels of several DNA repair genes are elevated in human embryonic stem cells compared
with their differentiated forms; although no studies were undertaken to assess the expression
of DNA repair genes in hESC after genotoxic stress exposure such as IR treatment [61]. In
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our experiments we have observed a lack of substantial changes in expression of DNA
repair genes in H9 cells following 1 Gy of gamma-ray exposures. This is in concert with
what was reported for irradiated human adult somatic cells as well [57] and with the fact that
DDR mostly manifests on post-translational level [32]. Therefore, hESC and human
differentiated somatic cells, quite interestingly, in many ways behave similarly upon
exposure to IR.

3.6. Chromosomal distribution of IR-modulated genes in hESC
Previously, we reported that there is a non-random chromosomal distribution of
IRresponsive genes in human primary somatic cells following DNA-targeted 125I-based
irradiation [30]. Here, we show that such non-randomness is characteristic of hESC exposed
to external irradiation as well (Additional Fig. 4). IR-induced genes (1 Gy, 2 hr) are enriched
on chromosomes 1, 5, 6 and 19, whereas “late” response genes are on chromosomes 5, 7 and
13. It is worth mentioning that in human primary differentiated somatic cells IR-responsive
genes were also disproportionately over-represented on chromosomes 5, 7 and 19 [30]. The
mechanisms underlying this phenomenon are currently unknown and need to be examined in
the future.

3.7. Real-time PCR validation of DNA microarray results
To verify the gene expression changes observed with DNA microarray technique with an
independent method, we analyzed the relative abundance of transcripts of five genes
showing different patterns of expression in our studies (Table 4). In general, a good
concordance between DNA microarray results and RT-PCR data was observed; the trends of
expression alterations were preserved in all cases, however, for some datapoints the
magnitude of gene expression changes varied to some extent. This is in accordance with
reports published elsewhere [30, 57, 62]. Therefore, we partially verified our functional
genomics studies with an assay complementary to DNA microarray technique to strengthen
the validity of our main conclusions.

4. Conclusions
In this study, we report the first comprehensive data on the dynamics of the whole-genome-
wide transcriptional changes in hESC subjected to IR exposures. We have shown that
“early” (2 hr) gene expression alterations of hESC following 1 Gy of IR exposure feature
almost exclusively a p53-dependent, apparently pro-apoptotic, pattern of response. The
“late” (16 hr) gene expression signature of irradiated hESC is characterized by predominant
expression of pro-survival pathways. None of the statistically significant, IR responsive,
differentially expressed genes in hESC are down-regulated. We found a unique subset of 6
genes that were consistently up-regulated after IR at both timepoints examined. This gene
expression signature may serve as a marker of IR exposure of hESC. Additionally, the
importance of our work lies in a fact that we identified novel markers of IR exposure of
human cells in their most pluripotent state; thus, unmasking the key genes of DDR, which
may not be otherwise revealed in case of studying DDR in settings of fully established
epigenetic landscape of terminally differentiated cells.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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DDR DNA damage response
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Figure 1. Immunocytochemical analysis of DNA damage response in cultured H9 cells after 1 Gy
irradiation
The experimental procedure was performed as indicated in the Materials and methods
section. 53BP1 immunostaining is shown in green; cell nuclei were stained with DAPI
(blue). Upper rows: merged images, lower rows – 53 BP1 imaging only. Results on 53BP1
foci counts are presented as means and the standard error of the means. Panel A: shown is
53BP1 foci kinetics in sham-irradiated cells (0 Gy), panel B: irradiated cells (1 Gy).
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Figure 2. Cell cycle distribution of cultured H9 cells after 1 Gy irradiation
Percentages of cells in G1 (black bars), S (white bars) and G2/M phases (gray bars) are
shown for non-irradiated cells (0Gy) and for cells 4 and 24 hrs after 1Gy irradiation.
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Figure 3. Venn diagram presenting the number of differentially expressed genes in H9 cells after
1 Gy of IR exposures
The transcriptional profiling assays were conducted as indicated in Materials and methods
section. The SAM analysis was done with BRB ArrayTools (FDR less than 10%). The
number of genes in an intersection corresponds to transcripts upregulated both at 2 hr and 16
hr timepoints following IR exposures.
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Table 1

Comprehensive list of differentially expressed genes in irradiated H9 cells (1 Gy, 2 hr)

Gene symbol GeneBank accession Gene description Fold-change

SPAG9 NM_001130528 Homo sapiens sperm associated antigen 9 (SPAG9), transcript variant 1, mRNA 26.40

DHFR NM_000791 Homo sapiens dihydrofolate reductase (DHFR), mRNA 15.89

ZNF79 NM_007135 Homo sapiens zinc finger protein 79 (ZNF79), mRNA 6.91

BTG2 NM_006763 Homo sapiens BTG family, member 2 (BTG2), mRNA 6.58

CDKN1A NM_000389 Homo sapiens cyclin-dependent kinase inhibitor 1A (p21, Cip1) (CDKN1A),
transcript variant 1, mRNA

5.81

PSMF1 NM_006814 Homo sapiens proteasome (prosome, macropain) inhibitor subunit 1 (PI31)
(PSMF1), transcript variant 1, mRNA

5.30

GDF15 NM_004864 Homo sapiens growth differentiation factor 15 (GDF15), mRNA 5.17

MGC5370 BC006795 Homo sapiens hypothetical protein MGC5370, mRNA (cDNA clone IMAGE:
3049213), partial cds.

4.61

ADRBK1 NM_001619 Homo sapiens adrenergic, beta, receptor kinase 1 (ADRBK1), mRNA 4.45

PLK3 NM_004073 Homo sapiens polo-like kinase 3 (Drosophila) (PLK3), mRNA 4.33

PLK2 NM_006622 Homo sapiens polo-like kinase 2 (Drosophila) (PLK2), mRNA 4.28

SESN1 NM_014454 Homo sapiens sestrin 1 (SESN1), mRNA 3.54

BBC3 NM_014417 Homo sapiens BCL2 binding component 3 (BBC3), transcript variant 4, mRNA 3.49

MTFMT NM_139242 Homo sapiens mitochondrial methionyl-tRNA formyltransferase (MTFMT), nuclear
gene encoding mitochondrial protein, mRNA

3.48

HTATIP2 NM_001098523 Homo sapiens HIV-1 Tat interactive protein 2, 30kDa (HTATIP2), transcript
variant 5, mRNA

3.45

LIF NM_002309 Homo sapiens leukemia inhibitory factor (cholinergic differentiation factor) (LIF),
mRNA

3.37

PAPD5 NM_001040285 Homo sapiens PAP associated domain containing 5 (PAPD5), transcript variant 2,
mRNA

3.26

PPM1D NM_003620 Homo sapiens protein phosphatase 1D magnesium-dependent, delta isoform
(PPM1D), mRNA

3.24

THC2502237 THC2502237 Q69QZ1_ORYSA (Q69QZ1) F-box protein-like, partial 3.16

ZNF761 NM_001008401 Homo sapiens zinc finger protein 761 (ZNF761), mRNA 3.03

THC2545454 THC2545454 Unknown 3.02

IER5 NM_016545 Homo sapiens immediate early response 5 (IER5), mRNA 2.96

PINX1 ENST00000314787 Pin2-interacting protein X1 (TRF1-interacting protein 1)(Liver- related putative
tumor suppressor)(Protein 67-11-3) [Source:UniProtKB/Swiss-Prot;Acc:Q96BK5]

2.93

CARD8 NM_014959 Homo sapiens caspase recruitment domain family, member 8 (CARD8), mRNA 2.92

FAS NM_000043 Homo sapiens Fas (TNF receptor superfamily, member 6) (FAS), transcript variant
1, mRNA

2.80

GADD45A NM_001924 Homo sapiens growth arrest and DNA-damage-inducible, alpha (GADD45A),
mRNA

2.76

TP53INP1 NM_033285 Homo sapiens tumor protein p53 inducible nuclear protein 1 (TP53INP1), transcript
variant 1, mRNA

2.73

ZSCAN20 NM_145238 Homo sapiens zinc finger and SCAN domain containing 20 (ZSCAN20), mRNA 2.50

ZNF135 NM_003436 Homo sapiens zinc finger protein 135 (ZNF135), mRNA 2.50

ANKRA2 NM_023039 Homo sapiens ankyrin repeat, family A (RFXANK-like), 2 (ANKRA2), mRNA 2.32
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Table 2

IR-induced genes showing more than 3-fold changes in irradiated H9 cells (1 Gy, 16 hr)

Gene symbol GeneBank accession Gene description Fold-change

A_24_P755169 A_24_P755169 Unknown 25.86

HIST1H4I NM_003495 Homo sapiens histone cluster 1, H4i (HIST1H4I), mRNA 22.87

CCDC88A NM_018084 Homo sapiens coiled-coil domain containing 88A (CCDC88A), transcript variant
2, mRNA

13.80

CCDC144A NM_014695 Homo sapiens coiled-coil domain containing 144A (CCDC144A), mRNA 10.03

KIAA0564 NM_001009814 Homo sapiens KIAA0564 (KIAA0564), transcript variant 2, mRNA 9.70

ZNF302 NM_018443 Homo sapiens zinc finger protein 302 (ZNF302), transcript variant 1, mRNA 6.56

MT1M NM_176870 Homo sapiens metallothionein 1M (MT1M), mRNA 5.07

BGLAP NM_199173 Homo sapiens bone gamma-carboxyglutamate (gla) protein (BGLAP), mRNA 4.95

SP5 NM_001003845 Homo sapiens Sp5 transcription factor (SP5), mRNA 4.95

TMCO3 NM_017905 Homo sapiens transmembrane and coiled-coil domains 3 (TMCO3), mRNA 4.42

PIGQ NM_004204 Homo sapiens phosphatidylinositol glycan anchor biosynthesis, class Q (PIGQ),
transcript variant 2, mRNA

4.37

FAM71F1 NM_032599 Homo sapiens family with sequence similarity 71, member F1 (FAM71F1),
mRNA

4.09

SAPS3 NM_018312 Homo sapiens SAPS domain family, member 3 (SAPS3), mRNA 3.99

DDX46 NM_014829 Homo sapiens DEAD (Asp-Glu-Ala-Asp) box polypeptide 46 (DDX46), mRNA 3.84

ZNF33A NM_006954 Homo sapiens zinc finger protein 33A (ZNF33A), transcript variant 1, mRNA 3.82

HNRNPU NM_004501 Homo sapiens heterogeneous nuclear ribonucleoprotein U (scaffold attachment
factor A) (HNRNPU), transcript variant 2, mRNA

3.58

LOC391777 CR609307 Full-length cDNA clone CS0DH003YG13 of T cells (Jurkat cell line) of Homo
sapiens (human).

3.55

WDR90 NM_145294 Homo sapiens WD repeat domain 90 (WDR90), mRNA 3.54

FAM36A NM_198076 Homo sapiens family with sequence similarity 36, member A (FAM36A), mRNA 3.43

ZNF697 NM_001080470 Homo sapiens zinc finger protein 697 (ZNF697), mRNA 3.41

MDP-1 NM_138476 Homo sapiens magnesium-dependent phosphatase 1 (MDP-1), mRNA 3.34

THC2648397 THC2648397 ALU1_HUMAN (P39188) Alu subfamily J sequence contamination warning
entry, partial (8%)

3.29

IL27RA NM_004843 Homo sapiens interleukin 27 receptor, alpha (IL27RA), mRNA 3.25

SKP1 NM_170679 Homo sapiens S-phase kinase-associated protein 1 (SKP1), transcript variant 2,
mRNA

3.10

MT1L NR_001447 Homo sapiens metallothionein 1L (gene/pseudogene) (MT1L), non-coding RNA 3.10

PPIL5 NM_152329 Homo sapiens peptidylprolyl isomerase (cyclophilin)-like 5 (PPIL5), transcript
variant 1, mRNA

3.07

BX101252 BX101252 BX101252 NCI_CGAP_Lu24 Homo sapiens cDNA clone IMAGp998I115625,
mRNA sequence

3.04

ZFYVE16 NM_001105251 Homo sapiens zinc finger, FYVE domain containing 16 (ZFYVE16), transcript
variant 2, mRNA

3.03
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Table 3

Gene Ontology analysis of overrepresented biological processes/pathways in H9 cells after IR exposures

Exposures Overrepresented categories EASE score

1Gy, 2 hrs P53 signaling pathway 5.1E-8

Regulation of progression through cell cycle 0.00012

Apoptosis 0.00014

Negative regulation of progression through cell cycle 0.00029

Positive regulation of apoptosis 0.0006

Response to DNA damage stimulus 0.0015

Negative regulation of apoptosis 0.0053

Response to stress 0.024

1Gy, 16 hrs Ubiquitin cycle 3.1E-5

Transferase activity, transferring glycosyl groups 0.0006

Metallothionein superfamily 0.00077

Negative regulation of transcription, DNA-dependent 0.0017

Intracellular transport 0.0019

Carbohydrate metabolic process 0.004

Cell division and chromosome partitioning 0.01
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