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Abstract
Human embryonic stem cells (hESCs) hold promise for the treatment of many human pathologies.
For example, hESCs and the neuronal stem cells (NSCs) and neurons derived from them have
significant potential as transplantation therapies for a variety of neurodegenerative diseases. Two
concerns about the use of hESCs and their differentiated derivatives are their ability to function
and their ability to resist neoplastic transformation in response to stresses that inevitably arise
during their preparation for transplantation. To begin to understand how these cells handle
genotoxic stress, we examined the responses of hESCs and derived NSCs and neurons to ionizing
radiation (IR). Undifferentiated hESCs were extremely sensitive to IR, with nearly all the cells
undergoing cell death within 5–7 hours. NSCs and neurons were substantially more resistant to IR,
with neurons showing the most resistant. Of interest, NSCs that survived IR underwent cellular
senescence and acquired astrocytic characteristics. Unlike IR-treated astrocytes, however, the
NSC-derived astrocytic cells that survived IR did not display the typical pro-inflammatory, pro-
carcinogenic senescence-associated secretory phenotype. These findings suggest distinct
genotoxic stress-responses of hESCs and derived NSC and neuronal populations, and suggest that
damaged NSCs, while failing to function, may not cause local inflammation.
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INTRODUCTION
Human embryonic stem cells (hESCs) are pluripotent cells derived from the inner cells mass
of blastocysts. Because of their pluripotency and capacity for indefinite self-renewal [1],
hESCs can, in theory and when appropriately differentiated, serve as an unlimited source of
cells for basic research and clinical applications, including treatments for some incurable
diseases in which certain cell types are lost [2]. For instance, neural stem cells (NSCs) and
neurons derived from hESCs have therapeutic potential for the treatment of
neurodegenerative diseases such as the Parkinson’s disease [3]. There are challenges in
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using such cells therapeutically, including the risk of stem cells undergoing neoplastic
transformation. To ensure safety and efficacy, it is critical to maintain hESCs and their
derivatives as pure populations with minimal genetic defects. Therefore, understanding how
hESCs and their differentiated progeny respond to stressors such as DNA damage is
important.

Ionizing radiation (IR) damages DNA and causes well-characterized cellular responses
[4,5,6]: temporary cell cycle arrest, senescence or apoptosis. IR can produce DNA double
stranded breaks (DSBs), one of the most catastrophic types of genomic lesions, but can also
generate reactive oxygen species [6,7,8]. The response of cells to IR differs depending on
the cell type, differentiation stage, radiation dose and other variables.

When IR creates severe or irreparable DNA damage, the DNA damage response (DDR)
triggers the potent tumor suppressor mechanisms of apoptosis or cellular senescence [4,5,6].
Apoptosis, or programmed cell death, eliminates damaged cells in a controlled manner that
minimizes tissue disruption and inflammation [9]. Cellular senescence, by contrast is a
stable permanent cell cycle arrest that occurs not only when cells experience DNA damage,
but also in response to mitogenic stresses such as activated oncogenes [10]. Senescent cells
also secrete many biological active factors, a phenomenon termed the senescence-associated
secretory phenotype (SASP) [11,12]. SASP components include a number of growth factors,
proteases and pro-inflammatory cytokines such as IL-6 and IL-8. In some contexts (e.g.,
tissue repair), the SASP is beneficial, but in others (e.g., tumor progression) the SASP can
be deleterious, largely by virtue of its pro-inflammatory nature [13,14]. High doses of IR
induce human fibroblasts to undergo senescence with secretion of IL-6 and IL-8 as a
consequence of the DNA damage and constitutive DDR signaling [15,16].

Here, we exposed hESCs (the H9 strain) and their derivatives (NSCs and neurons) to high
doses (10 Gy) of IR. Whereas hESCs died within a few hours, as reported [17,18,19,20],
surviving NSCs underwent senescence and displayed features of astrocytes. Interestingly,
these surviving senescent NSCs did not display hallmarks of the SASP otherwise detected in
similarly treated astrocytes.

MATERIAL AND METHODS
Cell culture

H9 hESCs were cultured in Knockout DMEF/F12 with Knockout Serum Replacement
(Invitrogen) and basic fibroblast growth factor (bFGF) on irradiated (60 Gy) mouse
embryonic fibroblasts (MEFs) feeder cells. hESCs were passaged using collagenase IV, as
described [21], and used at passage ~30. For feeder-free cultures, hESCs were cultured on
growth factor-reduced Geltrex (Invitrogen) in MEF conditioned media. To derive NSCs,
hESC colonies were harvested after collagenase treatment, cultured in suspension as
embryoid bodies (EBs) for 8 d in DMEM with 20% fetal bovine serum, and in neural
induction medium (DMEM/F12, N2 supplement (Invitrogen), 25 ng/ml bFGF) for 7 d on
plates coated with Geltrex. Rosettes were manually isolated using stretched glass pipettes,
dissociated into single cells and expanded in neural expansion medium [3]. To differentiate
NSCs into neurons, bFGF was replaced with 20 ng/ml brain-derived neurotrophic factor and
10 µM Rock inhibitor Y27632 for 6 d, then cells were cultured with 5 µM all-trans retinoic
acid, 0.5 mM dibutyryl cAMP and 0.5 µM valpromide for 3 d. HCA2 cells have been
described [11,15,16]. Human astrocytes were obtained from GlobalStem.

Immunostaining
Cells were seeded in multi-well chamber slides, fixed in 4% paraformaldehyde for 10 min at
room temperature (RT), permeabilized with 0.5% Triton-X 100, washed, incubated in 10%
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goat serum for 1 hr at RT or overnight at 4° C, washed, and incubated for 1 hr at RT or
overnight at 4° C with primary antibodies: goat anti-Oct4 (Santa Cruz), rabbit anti-nestin
(BD Biosciences), rabbit anti-Sox1 (Abcam) or mouse anti-MAP2 (Sigma). After washing,
slides were incubated with Alexa conjugated secondary antibodies for 30–45 min at RT.
Nuclear DNA was stained with DAPI in mounting media (Vectasheild). CellProfiler image
analysis software was used to score cells.

Ionizing radiation
Cells were seeded in 4-well chambers, 96-well plates or 6-cm dishes and irradiated at 320 kv
and 10 mA to achieve a dose of 10 Gy. Mock-irradiated cells were placed in the irradiator
without power for an equivalent interval. After IR, fresh media were added.

MultiTox-Fluor Multiplex Cytotoxicity Assay (MCA)
The multiplex cytotoxicity system MCA (Promega) was used to simultaneously determine
cell viability and cytotoxicity [22]. Cells seeded in 96-well plates were cultured for 2–4 d
depending upon the cell type. After IR, reagent was added to cells for 30 min. Data were
collected as relative fluorescence units (RFU) using a fluorescent plate reader.

SA-β-Gal assay
Senescence Detection Kit (Biovision) was used to measure senescence of cells seeded at
1×105 in 6-well plates, essentially as instructed by the manufacturer.

BrdU incorporation
Cells were seeded in 4-well chamber slides and incubated with BrdU for 1 hr using a kit
(Promega). Cells were washed and fixed with 4% paraformaldehyde, permeabilized with
0.5% Triton X-100, incubated for 30 min to 1 hr with BrdU enzyme mix, and stained
according to the manufacturer’s instructions.

ELISA
Conditioned medium (CM) was prepared by washing cells 3 times in PBS followed by
incubation in serum-free DMEM for 24 h. CM was filtered and stored at −80° C. Cell
numbers were determined in every experiment. ELISAs were performed using AlphaLISA
IL-6 Immunoassay Research (PerkinElmer). Data were normalized to cell number and
expressed in pg/1000 cells.

Western blotting
Cells were washed with PBS, scraped in 200 µl of 5% sodium dodecyl sulfate, passed
through a needle and centrifuged at 2000 rpm for 5 min. Supernatants were assayed for
protein concentration using the BCA protein assay kit (Pierce). Proteins were separated on
4–12% polyacrylamide gels (Biorad) and transferred to a PVDF membrane (Millipore).
Membranes were blocked in 5% milk powder and incubated with primary antibody for 2 h at
room temperature or overnight at 4° C. Membranes were washed with 1X tris buffered
saline tween-20 (TBS-T), incubated with HRP conjugated secondary antibodies
(Invitrogen), washed with TBS-T, and detected using an Enhanced
Electrochemoluminescence kit (GE Healthcare). Primary antibodies were mouse anti-tubulin
(Sigma) and rabbit anti-nestin (Abcam).

Reverse transcription quantitative PCR (RT-qPCR)
Total RNA was isolated using the RNeasy Mini kit (Qiagen), and 1 µg was used to prepare
cDNA using cDNA Reverse Transcription kit (Applied Biosystems). qPCR was performed
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using universal probe library dyes (Roche). Primers for IL-6 were: forward
(GCCCAGCTATGAACTCCTTCT) and reverse (GAAGGCAGCAGGCAACAC); primers
for IL-8 were: forward (AGACAGCAGAGCACACAAGC) and reverse (ATGGTT
CCTTCCGGTGGT); primers for IL-1α were: forward (GGTTGAGTTTAAGCCAATCCA)
and reverse (TGCTGACCTAGGCTTGATGA); primers for IL-5 were: forward (GGTTTG
TGCAGCCAAAGAT) and reverse (TCTTGGCCCTCATTCTCACT). For quantification,
the 2−ΔΔCp method was used to determine relative expression level normalized against β-
actin.

TRAP (Telomeric Repeat Amplification Protocol) assay
We used the TRAPEZE Telomerase Detection kit (Intergen) to measure telomerase activity.
2 × 106 cells were lysed in 1X CHAPS lysis buffer. PCR was performed using the
GeneAmp PCR System 9700 (Applied Biosystems) and following conditions: 30° C for 30
min, 94° C for 30 sec, 59° C for 30 sec and 33 cycles. PCR reaction products were separated
on PAGE gels for 1.5 hrs at 400 volts. Gels were stained with SYBR green and scanned
using a variable mode imager Typhoon 8610 (Molecular Dynamics) to detect the intensity of
the TRAP products.

RESULTS
Characterization of ESCs, NSCs and neurons

To confirm the homogeneity of the H9 hESC population, we immunostained the cells for
Oct4 and Sox2, two markers of pluripotent stem cells (Sup. Fig. 1A panels a–c). The ratios
of Oct4-and Sox2-positive to DAPI (nuclear stain)-positive cells was 96%. To confirm the
differentiation to NSCs, we stained for the NSC markers nestin (Sup. Fig. 1A panels d–f)
and Sox1 (Sup. Fig. 1A panels g–i). More than 98% of the cells expressed both markers. To
confirm the differentiation to neurons, we stained for the neuronal marker MAP2 (Sup. Fig.
1A panels j–l). Approximately 87% of cells expressed this marker. We also tested the cells
for telomerase activity and confirmed that hESCs, but not the differentiated NSCs,
expressed high telomerase activity, as expected [20] (Sup. Fig. 1B). These results confirmed
the lineage of the cells used in subsequent experiments.

ESCs, NSCs and neurons show different susceptibility to IR
We exposed hESCs, NSCs and neurons to 10 Gy IR, and quantified survival by both cell
count and the MCA viability assay (see Material and Methods). When irradiated, >99% of
hESCs died within 5–7 h (Fig. 1A and B; Sup. Fig. 2A). NSCs survived longer (>50%
survival after 24 h), with ~20% of the cells viable 7 d after IR exposure (Fig. 1A and B; Sup.
Fig. 2B). Neurons were the most resistant to IR, with ~50% survival 7 d after IR exposure
(Fig. 1A and B; Sup. Fig. 2B). Cell counting and the MCA assay gave similar assessments
of viability (compare A and B in Fig. 1). Thus, ESCs were exquisitely sensitivity to high
dose IR, as expected [18,19,20,23], with NSCs showing less sensitivity and neurons
showing the least sensitivity.

NSCs show features of cell senescence after IR
Because many cell types, including fibroblasts, undergo senescence in response to IR [10],
we asked whether NSCs or neurons that survived IR expressed hallmarks of senescence (and
we used human foreskin fibroblasts (HCA2) as a positive control). Cell proliferation, as
determined by BrdU incorporation, rapidly declined in response to IR in both HCA2 cells
and NSCs (Fig. 1C), as expected of senescent cells. As expected of post-mitotic cells,
neurons did not incorporate BrdU before or after IR (data not shown). In addition, HCA2
cells and NSCs expressed senescence-associated beta-galactosidase (SA-Bgal), an
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established senescence marker [24]. The percentage of SA-Bgal-positive NSCs increased
from <0.1% in mock-irradiated cells to ~90% of the surviving cells 7 d after IR, a level
comparable to HCA2 cells (2.5% in mock-irradiated cells; 87% 7 d after IR) (Figs. 2A and
B). Interestingly, neurons did not express this senescence marker, whether before or after IR
(data not shown).

Surviving NSCs do not express lineage specific markers
To determine whether the neurons and NSCs that survived IR retained their differentiation
or stem cell identities, we immunostained the surviving cells for lineage specific markers.
We used MAP2 to identify neurons, nestin to identify NSCs, S100β to identify astrocytes
and O4 to identify oligodendrocytes [25,26,27]. Irradiated neurons maintained their
differentiation marker, i.e., expression of MAP2 (Fig. 3A). By contrast, the surviving NSCs
progressively lost nestin expression (<20% nestin-positive cells 7 d after irradiation) (Fig.
3A). This decrease in nestin expression was confirmed by western blotting (Fig. 3B).
Conversely, >80% of surviving NSCs expressed the astrocytic marker S100β (Fig. 3C and
D). None of the irradiated NSCs expressed markers of oligodendrocytes (O4) or neurons
(MAP2) (Fig. 3D).

Surviving NSCs do not exhibit a secretory phenotype
Our results suggest that NSCs that survive irradiation differentiate into astrocytes and
undergo senescence. However, despite staining positive for SA-Bgal, the surviving cells did
not secrete IL-6, a prominent component of the SASP [28,29]. We determined IL-6
expression and secretion in these cells using immunostaining, ELISA and quantitative PCR,
all with consistently negative results (Fig. 4A–D). This lack of IL-6 expression contrasted
sharply with the robust IL-6 expression and secretion shown by irradiated HCA2 cells and
homogeneous human astrocyte cultures (Fig. 4A–D). We also examined the expression of
two other SASP factors, IL-8 and IL-1α [11,30]. Like IL-6, only fibroblasts and astrocytes
expressed these factors to a substantial extent (Sup. Fig. 3A–E), although IL-8 was more
robustly expressed by fibroblasts. Neither fibroblasts nor astrocytes expressed substantial
levels of IL-5, which is not a SASP factor [11]. Irradiated neurons, which did not express
SA-β-Gal (data not shown), also did not express substantial levels of IL-6, IL-8 or IL-1α
(Fig. 4B–D; Sup. Fig. 3B–E). Interestingly, among the four cell types, only neurons
expressed substantial levels of IL-5, and this expression increased >5-fold after irradiation
(Sup. Fig. 3E). These results suggest that surviving NSCs, which acquired some astrocytic
characteristics after IR, do not display the full phenotype of astrocytes, i.e., the ability to
secrete SASP factors upon senescence.

DISCUSSION
Embryonic stem cells have the potential to provide novel therapies and treatments for a wide
variety of diseases and disorders [2,31]. However, their safety and efficacy will require the
maintenance of pure and functional populations of stem cells and their progeny [31]. Here,
we investigated the responses of hESCs and NSCs and neurons derived from them to a
major stressor, i.e., DNA damage caused by ionizing radiation (IR).

hESCs require an undamaged genome in order to function properly during embryonic
development [32,33]. In response to a mild genotoxic stress such as low dose IR, hESCs
repair DNA damage with efficiencies that are similar to those of somatic cells. However, in
response to high dose IR, hESC cells undergo apoptosis [23]. Our data indicate that >90% of
hESCs die 5–7 h following exposure 10 Gy IR. These results suggest that high dose IR
saturates the DNA repair capacities of hESCs.
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After hESCs differentiate, DNA repair capacity and stress defense mechanisms appear to
decline [34]. For example, hESC-derived NSCs undergo cell death and display elevated
levels of reactive oxygen species following exposure to 5 Gy irradiation [35]. We likewise
found that a large proportion of NSCs undergo cell death after exposure to 10 Gy IR, but a
sizeable fraction survived. An even greater fraction of neurons survived 10 Gy IR. Thus,
although hESC have a robust capacity to repair DNA damage and tolerate stress [34], they
appear to be more sensitive to IR than NSCs and neurons.

Interestingly, most of the surviving NSCs displayed features of cellular senescence, which
was not the case for surviving neurons. Following IR, few NSCs incorporated BrdU, and the
percentage of cells positive for SA-Bgal, a senescence marker [24], increased to levels
comparable those detected in senescent HCA2 fibroblasts [15]. Although surviving neurons
expressed the neuronal marker MAP2 after IR, only a small percentage of surviving NSCs
expressed the NSC marker nestin.

NSCs give rise to neurons, astrocytes and oligodendrocytes, three major cell types in the
mammalian central nervous system [25,26,27]. We therefore tested the possibility that
exposure of NSCs to IR triggered differentiation toward one of these cell types. A
significant portion of surviving NSCs expressed the astrocytic marker S100β 5–7 d after IR.
None of the surviving NSCs expressed markers of oligodendrocytes or neurons. These data
suggest severe genotoxic stress can promote astrocytic differentiation in NSCs. In central
nervous system, glial scars that appear after injuries contain a heterogeneous population of
cells that includes astrocytes [36]. Our results suggest that a severe stress such as IR may
promote NSCs to differentiate into astrocytes that function in the injury response.

As previously described [11,28,29], cells induced to senescence by genotoxic stress secrete
pro-inflammatory factors, a phenomenon known as the senescence-associated secretory
phenotype (SASP). We found that the SASP factors IL-6, IL-8 and IL-1α were secreted by
IR-induced senescent human fibroblasts and, interestingly, astrocytes. However, these
factors were not secreted by the surviving senescent NSCs, despite expression of the
astrocyte marker. Thus, these astrocyte-like NSCs may correspond to an intermediate
phenotype, but one that may not cause inflammation. Further studies will be necessary to
better define this cell population.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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• hESCs and their progeny, NSCs and neurons, were exposed to ionizing
radiation.

• Upon irradiation, most hESCs died within 5–7 hours.

• Surviving NSCs underwent senescence and displayed features of astrocytes.

• Surviving NSCs did not display the secretory phenotype expressed by pure
astrocytes.

• This study is to better understand the stress-responses of hESCs and their
progeny.
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Figure 1. Survival of human ESCs, NSCs and neurons after exposure to IR
(A) Human ESCs, NSCs and neurons were X-irradiated (10 Gy). At the indicated intervals
after IR, surviving cells were quantified using a Coulter counter. Mock = cells placed in the
irradiator for the interval needed to deliver 10 Gy, but without power.
(B) Survival of the cell populations in A was assessed using the MultiTox-fluor Multiplex
Cytotoxicity Assay (MCA).
(C) BrdU incorporation was determined by immunostaining 3 d after HCA2 fibroblasts and
NSCs were mock-irradiated or exposed to 10 Gy IR. The percentage of BrdU positive cells
was determined by counting and using the CellProfiler.
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Figure 2. Expression of the senescence marker SA-BGal in surviving NSCs
(A) SA-BGal expression was detected in HCA2 cells and NSCs at the indicated intervals
after exposure to 10 Gy IR by histochemical staining.
(B) The fraction of SA-BGal-positive HCA2 cells and NSCs in A was determined by
counting and using the CellProfiler.
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Figure 3. Loss of nestin and acquisition of S100β expression in surviving NSCs after IR
(A) NSCs (blue) and neurons (red) were immunostained for nestin and MAP2 respectively
at the indicated intervals after exposure to 10 Gy IR.
(B) Western blots analysis confirming the decrease in nestin expression after NSCs were
exposed to IR. Tubulin served as a loading control.
(C) NSCs were immunostained for S100β at the indicated intervals after IR.
(D) Quantification of the percentage of NSCs that express S100β, O4 and MAP2 at the
indicated intervals after IR.
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Figure 4. Measurement of IL-6 expression and secretion in surviving NSCs
(A) Expression of IL-6 in HCA2 cells and NSCs was determined by immunostaining at the
indicated intervals after exposure to IR.
(B) The percentage of HCA2 cells, NSCs, neurons and astrocytes with positive
immunostaining for IL-6 was determined by counting and using the CellProfiler at the
indicated intervals after IR.
(C) IL-6 secretion by HCA2 cells, NSCs, neurons and astrocytes at the indicated intervals
after IR was determined by ELISA.
(D) IL-6 mRNA levels in HCA2 cells, NSCs, neurons and astrocytes at the indicated
intervals after IR were determined by quantitative PCR.
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