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Hypoxia and Hyperoxia Differentially Control Proliferation
of Rat Neural Crest Stem Cells via Distinct Regulatory
Pathways of the HIF1a–CXCR4 and TP53–TPM1 Proteins

Chien-Cheng Chen,1 Ching-Wu Hsia,2 Cheng-Wen Ho,1,3 Chang-Min Liang,4 Chieh-Min Chen,5 Kun-Lun Huang,1,6

Bor-Hwang Kang,7,8 and Yi-Hui Chen1*

1Graduate Institute of Aerospace and Undersea Medicine, National Defense Medical Center, Neihu District, Taipei City, Taiwan
2Department of Finance, School of Management, Shih Hsin University, Wenshan District, Taipei City, Taiwan
3Division of Rehabilitation Medicine, Taoyuan Armed Forces General Hospital, Longtan District, Taoyuan City, Taiwan
4Department of Ophthalmology, Tri-Service General Hospital, Neihu District, Taipei City, Taiwan
5Graduate Institute of Microbiology and Immunology, National Defense Medical Center, Neihu District, Taipei City, Taiwan
6Department of Undersea and Hyperbaric Medicine, Tri-Service General Hospital, Neihu District, Taipei City, Taiwan
7Division of Diving Medicine, Zuoying Branch of Kaohsiung Armed Forces General Hospital, Zuoying District, Kaohsiung City, Taiwan
8Department of Otorhinolaryngology – Head and Neck Surgery, Tri-Service General Hospital, Taipei City, Taiwan

Background: Neural crest stem cells (NCSCs) are a population of adult multipotent stem cells. We are interested in study-
ing whether oxygen tensions affect the capability of NCSCs to self-renew and repair damaged tissues. NCSCs extracted
from the hair follicle bulge region of the rat whisker pad were cultured in vitro under different oxygen tensions. Results:
We found significantly increased and decreased rates of cell proliferation in rat NCSCs (rNCSCs) cultured, respectively, at
0.5% and 80% oxygen levels. At 0.5% oxygen, the expression of both hypoxia-inducible factor (HIF) 1a and CXCR4 was
greatly enhanced in the rNCSC nuclei and was suppressed by incubation with the CXCR4-specific antagonist AMD3100. In
addition, the rate of cell apoptosis in the rNCSCs cultured at 80% oxygen was dramatically increased, associated with
increased nuclear expression of TP53, decreased cytoplasmic expression of TPM1 (tropomyosin-1), and increased nuclear-
to-cytoplasmic translocation of S100A2. Incubation of rNCSCs with the antioxidant N-acetylcysteine (NAC) overcame the
inhibitory effect of 80% oxygen on proliferation and survival of rNCSCs. Conclusions: Our results show for the first time
that extreme oxygen tensions directly control NCSC proliferation differentially via distinct regulatory pathways of proteins,
with hypoxia via the HIF1a–CXCR4 pathway and hyperoxia via the TP53–TPM1 pathway. Developmental Dynamics 246:162–
185, 2017. VC 2016 Wiley Periodicals, Inc.
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Introduction

Oxygen tensions have been demonstrated to play a critical role in
regulating stem cell behaviors, including quiescence, self-
renewal, proliferation, differentiation, migration, senescence, and
apoptosis (Kaindl et al., 2006; Zhu et al., 2006; Lu and Finkel,
2008; Forristal et al., 2010; Mohyeldin et al., 2010; Abdollahi
et al., 2011; Raheja et al., 2011; Vieira et al., 2011; Hung et al.,
2012; Bigarella et al., 2014; Hakim et al., 2014; Ludin et al.,
2014; Shi et al., 2014; Zhou et al., 2014). The neural crest has
been called the fourth germ layer and the NCSCs are multipotent
stem cells that are capable of differentiating into ectodermal (e.g.,

neural and glial), mesodermal (mesenchymal), and endodermal
(parafollicular) cell types during embryonic development (Manley
and Capecchi, 1998; Mansouri et al., 1998; Adams and Bronner-
Fraser, 2009; d’Aquino et al., 2011; Baek et al., 2013; Dai et al.,
2013a; Shtukmaster et al., 2013; Isern et al., 2014; Jacob et al.,
2014; Konig et al., 2014; Kunisada et al., 2014; La Noce et al.,
2014; Mishina and Snider, 2014; Schwarz et al., 2014; Shyamala
et al., 2015). In adults, NCSCs mainly reside in the enteric nervous
system, dorsal root ganglia, bone marrow, cornea, heart, carotid
body, skin hair follicle, dental pulp and periodontal ligament, etc.
(Gronthos et al., 2002; Kruger et al., 2002; Sieber-Blum et al.,
2004; Tomita et al., 2005; Yoshida et al., 2006; Li et al., 2007;
Pardal et al., 2007; Yang et al., 2007; Coura et al., 2008; El-Helou
et al., 2008; Nagoshi et al., 2008; Sieber-Blum and Hu, 2008;
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Stevens et al., 2008; Liu et al., 2009; Clewes et al., 2011; Isern
et al., 2014; Mayo et al., 2014).

Previous in vivo studies have shown that hypoxia (10% O2)
increased proliferation and differentiation of mouse and rat
NCSCs in the carotid body indirectly and non–cell-autonomously
via synaptic-like contacts with the peripheral glomus cells (Koko-
vay and Temple, 2007; Pardal et al., 2007; Platero-Luengo et al.,
2014; Lopez-Barneo et al., 2016a,b). Furthermore, a recent in
vivo study published this year demonstrated that hypoxia greatly
increased the number of NCSCs in chick embryos via HIF1a-
mediated epithelial-to-mesenchymal transition (EMT) (Scully
et al., 2016). In addition to in vivo studies, previous in vitro stud-
ies have also reported increased colony-forming capacity and
multilineage differentiation of NCSCs under hypoxia at 3–6%
oxygen levels (Morrison et al., 1999, 2000). On the other hand, an
in vivo study of hyperoxia (40% O2) has reported reduced death
and retarded migration of rat NCSCs in the lateral edges of the
closing cranial neural folds (CNF) in rat embryos with 10–12
somites, leading to a large kite-shaped, broader than normal CNF
(Morriss and New, 1979).

Hypoxia is both a common physiological condition observed
in the niches of most types of adult stem cells and a pathological
situation occurred in damaged tissues in various types of diseases
or traumatic injury (Michiels, 2004; Hu et al., 2009; Hellewell
et al., 2010; Mohyeldin et al., 2010). Therefore, hypoxia may play
an important role in regulating the self-renewal and regenerative
capability of adult stem cells during the process of tissue repair
and wound healing. It has been demonstrated that low oxygen
tensions (hypoxia) ranging from� 0.5% to 8% O2 are able to
maintain the undifferentiated state and regulate proliferation and
cell fate commitment of embryonic, hematopoietic, mesenchy-
mal, and neural stem cells (Mohyeldin et al., 2010). While most
previous studies demonstrated that hypoxia promoted prolifera-
tion of both embryonic and adult stem cells (Grayson et al., 2007;
Lee et al., 2008a; Forristal et al., 2010; Santilli et al., 2010; Hung
et al., 2012; Kakudo et al., 2015), there were only a couple studies
showing inhibition of embryonic and mesenchymal stem cell pro-
liferation under hypoxia (Fernandes et al., 2010; Holzwarth et al.,
2010).

On the other hand, hyperoxia-induced oxidative stress and
oxygen toxicity are major issues of concern in the process of
ventilatory oxygen therapy or diving (Thorsen et al., 2001;
Alcaraz-Garcia et al., 2008; Bitterman, 2010; Martin and Grocott,
2013). Previous studies have demonstrated that an FiO2 at higher
than 90% is lethal and inhibits proliferation and induces apopto-
sis of both endothelial and epithelial cells via TGFb-, NF-kB-, or
TP53-dependent signaling pathways (Horowitz, 1999; O’Reilly,
2001). In contrast, an FiO2 at lower than 90% is sublethal and
generally stimulates rather than inhibits cell proliferation, and
induces apoptosis of endothelial but not epithelial cells (O’Reilly,
2001). In addition, hyperoxia-induced accumulation of reactive
oxygen species (ROS) has been reported to promote differentia-
tion, senescence, and apoptosis of multiple stem cell populations
(Csete et al., 2001; Bigarella et al., 2014; Ludin et al., 2014; Atashi
et al., 2015), suggesting that hyperoxia also plays an important
role in regulating the regenerative capability of adult stem cells.

Because there was no previous study reporting the molecular
effects of sublethal levels of hyperoxia on NCSC survival and
proliferation, and it was not known whether hypoxia could regu-
late NCSC proliferation cell-autonomously, we were interested in
further unraveling the molecular effects of hyperoxia and

hypoxia on the cell viability and proliferation of NCSCs. In this
study, we extracted NCSCs from the hair follicle bulges of rat
whisker pads and cultured rNCSCs at 0.5%, 20%, 40%, and 80%
oxygen levels, respectively. We then analyzed the expression lev-
els and patterns of NCSC markers FOXD3 (Kos et al., 2001; Tho-
mas and Erickson, 2009; Mundell and Labosky, 2011; Nelms
et al., 2011; Wang et al., 2011; Wahlbuhl et al., 2012; Hochgreb-
Hagele and Bronner, 2013), NGFR (also known as p75 neurotro-
phin receptor) (Wong et al., 2006; Lee et al., 2007; d’Aquino
et al., 2011; Sigal et al., 2012; Wen et al., 2012; Dai et al., 2013b),
SNAIL (LaBonne and Bronner-Fraser, 2000; del Barrio and Nieto,
2002; Aybar et al., 2003; Lee et al., 2007), and SOX10 (Paratore
et al., 2001; Kim et al., 2003; Kelsh, 2006; Wong et al., 2006; Lee
et al., 2007; Wahlbuhl et al., 2012), along with markers of prolif-
eration, apoptosis, cell cycle regulation, and cytoskeleton
components.

Our results indicated that hypoxia under 0.5% O2 dramatical-
ly increased nuclear expression of HIF1a and CXCR4 as well as
decreased CDKN1A (p21CIP1/WAF1)-positive nuclei numbers and
proliferation rates in rNCSCs without altering apoptosis rates
and expression levels and patterns of F-actin, cortactin (CTTN),
and TPM1. The enhancing effect of hypoxia on rNCSC prolifer-
ation was inhibited by incubation of rNCSCs with the CXCR4-
specific antagonist AMD3100 or by transfection of rNCSCs with
Hif1a siRNA or Cxcr4. We also found that hyperoxia under
80% O2 promoted cytoplasmic translocation of the calcium-
binding protein S100A2, inhibited TPM1 expression and prolif-
eration, as well as significantly increased both TP53þ and
CDKN1Aþ nuclei numbers and apoptosis rates in rNCSCs. The,
respectively, inhibitory and enhancing effects of hyperoxia on
rNCSC proliferation and apoptosis were both inhibited by N-
acetylcysteine (NAC) treatment or Tp53 siRNA transfection of
rNCSCs but not by S100a2 siRNA transfection of rNCSCs. Tak-
en together, our findings demonstrate that 0.5% and 80% oxy-
gen levels differentially control NCSC proliferation via distinct
regulatory pathways of the HIF1a–CXCR4 and TP53–TPM1
proteins, respectively.

Results

Analyses of Dissolved Oxygen Concentrations and
Neural Crest Marker Expression in the rNCSCs Cultured
Under Various Oxygen Tensions

Before culturing under various oxygen tensions, the dissolved
oxygen concentration in the rNCSC culture medium was
18.6 6 0.5% in all culture plates. During the first 12 hr of cultur-
ing under hypoxia or hyperoxia, the dissolved oxygen concentra-
tion gradually decreased to 1.8 6 0.3% in the incubator set up at
0.5% O2 and to 2.4 6 0.4% in the incubator set up at 1% O2, and
gradually increased to 35.8 6 0.7% in the incubator set up at
40% O2 and to 64.5 6 0.8% in the incubator set up at 80% O2.
Between 18 and 36 hr of culturing, the dissolved oxygen concen-
tration became constant and was 0.3 6 0.1% in the incubator set
up at 0.5% O2 and 0.8 6 0.2% in the incubator set up at 1% O2,
and was 39.3 6 0.3% in the incubator set up at 40% O2 and
78.9 6 0.5% in the incubator set up at 80% O2.

After culturing rNCSCs under various oxygen tensions for
36 hr, we analyzed expression of the neural crest markers
NGFR (p75) and the transcription factors FOXD3, SNAIL, and
SOX10 in rNCSCs. The expression levels and patterns of

D
E

V
E

L
O

P
M

E
N

T
A

L
 D

Y
N

A
M

IC
S

OXYGEN TENSIONS REGULATE RNCSC PROLIFERATION 163



FOXD3, NGFR, SNAIL and SOX10 were all comparable among
rNCSCs cultured at 0.5%, 20%, 40%, and 80% O2 (compare the
panels A–D, E–H, I–L, and M–P in Fig. 1). NGFR showed pre-
dominantly cytoplasmic expression in all rNCSCs, and also
showed strong nuclear expression in 34.2 6 1.4% of the rNCSCs
cultured at 0.5% O2, in 37.5 6 1.8% of the rNCSCs cultured at
20% O2, in 36.3 6 2.2% of the rNCSCs cultured at 40% O2, and
in 31.8 6 1.5% of the rNCSCs cultured at 80% O2 (n¼ 12;
P> 0.05, one-way analysis of variance [ANOVA]) (Fig. 1E–H).
On the other hand, FOXD3, SNAIL, and SOX10 all displayed
predominantly nuclear expression (Fig. 1A–D, I–L, and M–P).
The expression patterns of FOXD3, NGFR, SNAIL, and SOX10
in rNCSCs cultured under various oxygen tensions were all in
agreement with previous studies (Sieber-Blum et al., 2004;
Wong et al., 2006; Lee et al., 2007; Thomas and Erickson,
2009; Mundell and Labosky, 2011; Wen et al., 2012; Kerosuo
et al., 2015). Our results indicate that neither hypoxia nor
hyperoxia affects expression of the neural crest markers
FOXD3, NGFR, SNAIL and SOX10 in rNCSCs.

Significant Changes in the Total Cell Numbers and
Viability of the rNCSCs Cultured Under Hypoxia or
Hyperoxia

Interestingly, we found that 0.5% and 80% oxygen tensions,
respectively, increased and decreased the total cell numbers and via-
bility of rNCSCs significantly, and the effects persisted for at least
36hr after culturing (Fig. 2). While the doubling time of the rNCSCs
cultured at 20% and 40% O2 was 20.74 6 4.12 hr, the doubling time
of the rNCSCs cultured at 0.5% O2 was only 14.46 6 2.25 hr (n¼ 12,
P< 0.05, one-way ANOVA), indicating significantly increased divi-
sion rates of rNCSCs under hypoxia. On the other hand, for the
rNCSCs cultured at 80% O2, the total cell number kept decreasing
rather than increasing between 12 and 36 hr of culturing (n¼ 12,
P< 0.05 after 12 hr, P< 0.01 after 24 and 36 hr, one-way ANOVA),
and was decreased to averagely only 37% of the starting cell num-
ber (which was 6� 104 cells/ml) after 36 hr of culturing (Fig. 2A).

The dramatically reduced total number of the rNCSCs cultured at
80% O2 may result from high rates of cell death under hyperoxia. In
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Fig. 1. A–P: Normal expression of neural crest markers in rNCSCs cultured under various oxygen tensions. Immunostaining against neural crest
markers NGFR, FOXD3, SNAIL and SOX10 (green) revealed that the nuclei of all rNCSCs cultured at 0.5% (A, E, I, and M), 20% (B, F, J, and N),
40% (C, G, K, and O), and 80% (D, H, L, and P) oxygen tensions for 36 hr expressed all of the three neural crest markers. In all rNCSCs cultured
under various oxygen tensions, NGFR was predominantly expressed in the cytoplasm (A–D), and FOXD3, SNAIL and SOX10 were all predominant-
ly expressed in the nuclei (E–H, I–L, and M–P), in agreement with the previously reported expression patterns of these markers (Sieber-Blum et al.,
2004; Wong et al., 2006; Lee et al., 2007; Thomas and Erickson, 2009; Mundell and Labosky, 2011; Wen et al., 2012; Kerosuo et al., 2015). The
scale bars in panels A, E, I, and M apply to panels A–D, E–H, I–L, and M–P, respectively. All four scale bars in panels A, E, I, and M¼ 50 mm.
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consistency with the significantly decreased total numbers of
rNCSCs under hyperoxia, the viability of the rNCSCs cultured at
80% O2 also dramatically decreased from 87.37 6 13.24% after
12hr of culturing to 21.81 6 17.25% after 36 hr of culturing
(n¼ 12, P< 0.05 after 12 hr, P< 0.01 after 24 and 36 hr, one-way
ANOVA), with a totally 25% decrease of viability (Fig. 2B). In con-
trast, the average viability of the rNCSCs cultured at 0.5%, 1%, 20%,
or 40% O2 displayed a less than 3% variation between 12 and 36hr
of culturing (n¼ 12, P> 0.05, one-way ANOVA) (Fig. 2B). It is note-
worthy that the total cell numbers and viability of the rNCSCs cul-
tured at 1% O2 and 40% O2 were comparable to the total number
and viability of the rNCSCs cultured at 20% O2 (Fig. 2A,B).

To elucidate whether the, respectively, enhancing and inhibitory
effects of 0.5% O2 and 80% O2 on cell viability was specific to
rNCSCs or a general trend to any type of cells, we also analyzed the
total cell numbers and viability of rat bone marrow mesenchymal
stem cells (rMSCs) under various oxygen tensions. Of interest, the
rMSCs cultured at 0.5% O2 showed significantly and gradually

decreased total numbers and viability after 12, 24, and 36hr of cul-
turing (n¼ 12, P< 0.01, one-way ANOVA), whereas the rMSCs cul-
tured at 1%, 20%, and 80% O2 displayed no significant difference in
total cell numbers and viability after culturing for 12, 24, and 36 hr
(n¼ 12, P> 0.05, one-way ANOVA) (Fig. 2A,B). Therefore, 0.5% O2

exerts an enhancing effect on the viability and division rate of
rNCSCs and an inhibitory effect on the viability of rMSCs, while
80% O2 exerts an inhibitory effect on the viability of rNCSCs but not
that of rMSCs. Hence the, respectively, enhancing and inhibitory
effects of 0.5% and 80% O2 on cell viability are rNCSC-specific.

Significantly Increased and Decreased Total Numbers
and Proliferation of rNCSCs in the Whisker Hair Follicle
Tissues Respectively Exposed to Hypoxia and
Hyperoxia In Vivo

We were interested in analyzing whether the, respectively,
enhancing and inhibitory effects of 0.5% and 80% O2 on the total
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Fig. 2. A,B: Significantly increased and decreased total cell numbers and viability of the rNCSCs cultured, respectively, at 0.5% and 80% O2 for
12, 24, and 36 hr. A: rNCSCs and rMSCs were separately cultured at the same density of 6� 104 (i.e., 0.6� 105) cells/ml under various oxygen
tensions, and the total cell numbers in units of 105 cells/ml after 12, 24, and 36 hr of culturing are shown in the statistical histogram. It is notewor-
thy that the rNCSCs cultured at 1%, 20%, and 40% O2 showed comparable total cell numbers at all time points, whereas the rNCSCs cultured at
0.5% O2 showed significantly increased total cell numbers after 24 and 36 hr compared with the other groups of rNCSCs (n¼ 12, P< 0.01, one-
way ANOVA). On the other hand, the rNCSCs cultured at 80% O2 displayed the lowest total cell numbers at all time points among all groups of
rNCSCs (n¼ 12, P< 0.05 after 12 hr, P< 0.01 after 24 and 36 hr, one-way ANOVA). The rMSCs cultured at 0.5% O2 showed the lowest total cell
numbers at all time points among all groups of rMSCs (n¼ 12, P< 0.01, one-way ANOVA), whereas there was no statistically significant difference
in total cell numbers among the rMSCs cultured at 1%, 20%, and 80% O2 at all time points (n¼ 12, P> 0.05, one-way ANOVA). B: In agreement
with the changes in total cell numbers, the highest cell viabilities (119.57 6 12.37%, 119.00 6 14.64%, and 118.25 6 16.38%) after 12, 24, and
36 hr of culturing were observed in the rNCSCs cultured at 0.5% O2 (n¼ 12, P< 0.05 after 12 hr, P< 0.01 after 24 and 36 hr, one-way ANOVA),
whereas the lowest cell viabilities among all groups of rNCSCs and rMSCs at each time point were detected, respectively, in the rNCSCs cultured
at 80% O2 (87.37 6 13.24% after 12 hr, 57.94 6 15.38% after 24 hr, and 21.81 6 17.25% after 36 hr) (n¼ 12, P< 0.05 after 12 hr, P< 0.01 after 24
and 36 hr, one-way ANOVA) and in the rMSCs cultured at 0.5% O2 (66.90 6 16.33% after 12 hr, 51.87 6 15.29% after 24 hr, and 43.90 6 13.87%
after 36 hr) (n¼ 12, P< 0.01, one-way ANOVA). The viability of the rNCSCs cultured at 20% O2 after 12 hr was set up as the control value (i.e.,
100% viability). The asterisks (*) indicate P< 0.05, and the hashtags (#) indicate P< 0.01.
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numbers and viability of rNCSCs in vitro recapitulate the effects
of hypoxia and hyperoxia on the numbers and proliferation/sur-
vival of rNCSCs in the hair follicles in vivo. While the rat whisker
hair follicle tissues that had been exposed to normoxia
(21.0 6 0.5% O2) for 36 hr showed no positive signal for
hypoxyprobe-1 immunostaining (Fig. 3A) and barely detectable
CellROXVR Green-positive staining signals (Fig. 3B), the hair fol-
licles exposed to hypoxia (7.0 6 0.5% O2) and hyperoxia
(89.0 6 0.5% O2) for 36 hr, respectively, displayed extensive
staining signals of hypoxyprobe-1 (green in Fig. 3A) and
CellROXVR Green (green in Fig. 3B) spanning the sebaceous
glands, bulge region, and dermal papilla. The increases of the per-
centages of hypoxyprobe-1þ and CellROXVR Greenþ nuclei under
hypoxia and hyperoxia, respectively, were both statistically sig-
nificant (n¼ 6, P< 0.05, Mann-Whitney U-test) (Fig. 3D,E).

In addition, in comparison with the whisker hair follicles
exposed to normoxia, the hair follicles exposed to hypoxia and
hyperoxia displayed, respectively, increased and decreased per-
centages of SOX10þ and BrdUþ nuclei (n¼ 6, P< 0.05, one-way
ANOVA) (Fig. 3A–C,F), and the hair follicles exposed to hyper-
oxia also exhibited significantly increased percentages of
TUNELþ nuclei (n¼ 6, P< 0.05, one-way ANOVA) (Fig. 3C,F).
The immunostaining results indicated increased proliferation and
total numbers of SOX10þ rNCSCs in the whisker hair follicles in
association with hypoxia, as well as increased apoptosis and
decreased proliferation and total numbers of SOX10þ rNCSCs in
the hair follicles in association with hyperoxia.

Significantly Increased Proliferation and Nuclear
Expression of HIF1a and CXCR4 in the rNCSCs
Cultured at 0.5% O2 In Vitro

Double immunostaining against EdU and the cyclin-dependent
kinase inhibitor CDKN1A (p21CIP1/WAF1), which is a well-
documented suppressor of cell proliferation (Chew et al., 2011;
Lin et al., 2013; Wang et al., 2014), revealed a significantly
increased percentage of EdUþ nuclei and decreased percentage of
CDKN1Aþ nuclei in the rNCSCs cultured at 0.5% O2 (n¼ 12,
P< 0.01, one-way ANOVA) (Fig. 4A,G), and a greatly decreased
proliferation rate and increased percentage of CDKN1Aþ nuclei
in the rNCSCs cultured at 80% O2 (n¼ 12, P< 0.01, one-way
ANOVA) (Fig. 4D,G). It is noteworthy that CDKN1Aþ nuclei were
stained with a low level of EdU (indicated by arrows in Fig. 4) or
no EdU at all, consistent with the role of CDKN1A in suppressing
cell proliferation (Chew et al., 2011; Lin et al., 2013; Wang et al.,
2014).

While the proliferation rate of the rNCSCs cultured at 0.5% O2

was increased to approximately 1.2-fold of the rates of the
rNCSCs at 20% and 40% O2, the proliferation rate of the rNCSCs
cultured at 80% O2 was decreased to less than 20% of the rates of
the rNCSCs at 20% and 40% O2 (Fig. 4G; n¼ 12, P< 0.01, one-
way ANOVA). On the other hand, the average percentage of
CDKN1Aþ nuclei in the rNCSCs cultured at 0.5% O2 was
decreased to approximately 30% of the percentages in the rNCSCs
at 20% and 40% O2, whereas the average percentage of
CDKN1Aþ nuclei in the rNCSCs cultured at 80% O2 was increased
to more than two-fold of the percentages in the rNCSCs at 20%
and 40% O2 (Fig. 4; n¼ 12, P< 0.01, one-way ANOVA).

Previous studies have shown that HIF1a and its downstream
effector CXCR4 both up-regulate proliferation of various tumor

and progenitor cells (Carmeliet et al., 1998; Goda et al., 2003;
Kahn et al., 2004; Nombela-Arrieta et al., 2013; Park et al., 2013;
Xia et al., 2014; Guimaraes-Camboa et al., 2015), and also up-
regulate chemotaxis, migration, and EMT of neural crest stem/
progenitor cells in zebrafish, Xenopus and chick embryos as well
as mouse hair follicles (Belmadani et al., 2009; Rezzoug et al.,
2011; Barriga et al., 2013; Singleton Escofet, 2013; Scully et al.,
2016). Hence, we were interested in analyzing HIF1a and CXCR4
expression in rNCSCs under various oxygen tensions. Double
immunostaining revealed low intensities of HIF1a and CXCR4
signals in the cytoplasm of the rNCSCs cultured at 20%, 40%,
and 80% O2, with CXCR4 mainly expressed in the perinuclear
regions (Fig. 5B–D). Interestingly, both HIF1a and CXCR4 signals
showed dramatically increased intensities and colocalization in
the nuclei of the rNCSCs cultured at 0.5% O2 (Fig. 5A). The aver-
age percentages of both HIF1aþ and CXCR4þ nuclei in the
rNCSCs cultured at 0.5% O2 were increased to more than 30-fold
of the percentages in the rNCSCs at 20%, 40%, and 80% O2 (Fig.
5E; n¼ 12, P< 0.01, one-way ANOVA). In addition, it is note-
worthy that plasma membrane expression of CXCR4 was detected
only in the rNCSCs cultured at 0.5% O2 (indicated by arrows in
Fig. 5A) but not in the rNCSCs cultured at 20%, 40%, or 80% O2

(Fig. 5B–D).
To evaluate the association between increased nuclear expres-

sion of HIF1a and CXCR4 and increased proliferation of rNCSCs
during culturing under hypoxia, we incubated rNCSCs with the
CXCR4-specific antagonist AMD3100, which has been reported
to induce both the internalization of cell surface CXCR4 and
down-regulation of CXCR4 protein expression (Kim et al., 2010;
Spinello et al., 2011). Of interest, incubation of rNCSCs with
10 mM AMD3100 in the medium during culturing at 0.5% O2 for
36 hr significantly decreased nuclear expression of CXCR4 with-
out affecting nuclear expression of HIF1a (Fig. 5E,F). We also
found that AMD3100 treatment significantly increased the total
cell numbers and percentage of CDKN1Aþ nuclei as well as
decreased the cell viability and percentage of EdUþ nuclei in the
rNCSCs cultured at 0.5% O2 to the levels comparable to those in
the rNCSCs cultured at 20% O2 (Figs. 4G, 5G,H). It is also note-
worthy that the cytoplasmic expression level of CXCR4 in the
AMD3100-treated rNCSCs cultured at 0.5% O2 (indicated by
arrows in Fig. 5F) was higher than the levels in the rNCSCs cul-
tured at 20%, 40%, or 80% O2 (compare Fig. 5F with Fig. 5B–D).

Similar to the effects of AMD3100 treatment, transfection of
the rNCSCs cultured at 0.5% O2 with either Cxcr4 or Hif1a siRNA
also significantly decreased the total cell numbers and viability
after 12, 24, and 36 hr as well as nuclear expression of CXCR4 to
the levels comparable to those in the rNCSCs cultured at 20% O2

(Figs. 5G,H, 6). Western blot analyses revealed dramatically
reduced CXCR4 expression in the nuclei of the rNCSCs cultured
at 0.5% O2 after incubation with AMD3100 or transfection with
Hif1a or Cxcr4 siRNA (Fig. 6). In rNCSC nuclei, the protein levels
of CXCR4 and HIF1a at 0.5% O2 were, respectively, more than
11- and 6-fold of the levels at 20%, 40%, and 80% O2 (Fig. 6;
n¼ 12, P< 0.01, one-way ANOVA). In the rNCSCs cultured at
0.5% O2, AMD3100 treatment and Hif1a siRNA transfection,
respectively, decreased the nuclear expression levels of CXCR4 to
averagely 1.38- and 1.15-fold of the level in the rNCSCs cultured
at 20% O2 (Fig. 6; n¼ 12, P> 0.05 in comparison with the
expression level at 20% O2, one-way ANOVA). It is noteworthy
that, after Cxcr4 siRNA transfection, the CXCR4 protein level was
significantly decreased to averagely 48% of the level in the
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rNCSCs cultured at 20% O2 (Fig. 6; n¼ 12, P< 0.05, one-way
ANOVA). Of interest, neither AMD3100 treatment nor Cxcr4
siRNA transfection significantly affected the expression levels of

HIF1a in the rNCSC nuclei at 0.5% O2, which were still signifi-
cantly increased to more than five-fold of the level in the rNCSCs
cultured at 20% O2 (Fig. 6; n¼ 12, P< 0.01, one-way ANOVA).
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Fig. 3. A–F: Significantly increased and decreased total numbers and proliferation of rNCSCs in the whisker hair follicle tissues of the Sprague-
Dawley rats, respectively, exposed to hypoxia and hyperoxia. Immunostaining analyses of the whisker hair follicle tissues of the Sprague-Dawley
rats exposed to various oxygen tensions for 36 hr showed extensive staining signals of hypoxyprobe-1 (green in A) under hypoxia (A) and of
CellROXVR Green (green in B) under hyperoxia (B), which spanned the sebaceous glands, bulge region, and dermal papilla, whereas there was no
positive signal of hypoxyprobe-1 staining (A) and barely detectable CellROXVR Greenþ signals (B) in the whisker hair follicles under normoxia.
Immunostaining analyses also revealed significantly increased and decreased percentages of SOX10þ and BrdUþ nuclei in the whisker hair fol-
licles under hypoxia and hyperoxia, respectively, in comparison with the percentages in the hair follicles under normoxia (red signals in A–C). The
results indicated significantly increased and decreased total numbers and proliferation of rNCSCs in the whisker hair follicles under hypoxia and
hyperoxia, respectively. In addition, the percentages of TUNELþ nuclei in the whisker hair follicles under hyperoxia were significantly increased
compared with the percentages under normoxia (green signals in C), indicating significantly increased cell apoptosis in the hair follicles under
hyperoxia. The statistical histograms in D–F summarize the percentages of hypoxyprobe-1þ, CellROXVR Greenþ, SOX10þ, BrdUþ, and TUNELþ

nuclei in the hair follicle regions of the whisker pad tissue sections obtained from the Sprague-Dawley rats exposed to normoxia, hypoxia, and
hyperoxia. Mann-Whitney U-test with n¼ 6 was applied for hypoxyprobe-1 and CellROXVR Green staining, and one-way ANOVA with n¼ 6 was
applied for SOX10, BrdU, and TUNEL staining, and the asterisks (*) indicate P< 0.05. Abreviations: B, bulge region; DP, dermal papilla; SG, seba-
ceous gland. The scale bars in A, B and C all¼ 25 mm.
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Significantly Decreased Proliferation and TPM1
Expression and Increased Apoptosis and TP53
Expression as Well as Nuclear-to-Cytoplasmic
Translocation of S100A2 in the rNCSCs at 80%
O2 In Vitro

In the rNCSCs cultured at 80% O2, in addition to the greatly
decreased proliferation rate (Fig. 4D,G), we also observed dra-
matically increased percentages of TP53þ and TUNELþ nuclei
in comparison to the rNCSCs cultured at 0.5%, 20%, and 40%
O2 (compare among panels A–D in Fig. 7, and see also Fig. 7F).
Double immunostaining against TUNEL and the tumor suppres-
sor TP53, which is a critical inducer of cell apoptosis (Chipuk
et al., 2004; Timofeev et al., 2013), revealed nuclear colocaliza-
tion of TUNELþ and TP53þ staining signals (indicated by
arrows in Fig. 7), and that the average percentages of both
TP53þ and TUNELþ nuclei in the rNCSCs cultured at 80% O2

were increased to more than 60-fold of the percentages in the
rNCSCs cultured at 20% O2 (Fig. 7F; n¼ 12, P< 0.01, one-way
ANOVA).

It has been reported that in keratinocytes, which are colocal-
ized with NCSCs in the epidermal niche in adult hair follicle bulge
regions (Sieber-Blum and Grim, 2004; Cichorek et al., 2013), oxi-
dative stress induces nuclear-to-cytoplasmic translocation of the
calcium-binding protein S100A2 (Zhang et al., 2002), which has
been shown to interact with both TP53 and tropomyosin and
modulate their respective activity or conformation (Gimona et al.,
1997; Mueller et al., 2005). As dramatically increased nuclear
expression of TP53 was observed in the rNCSCs cultured at 80%
O2 (Fig. 7), we were interested in analyzing whether hyperoxia

also affected expression and intracellular localization of S100A2
in rNCSCs.

Of interest, similar to the effect of oxidative stress on human
keratinocytes, we observed dramatically increased nuclear-to-
cytoplasmic translocation of S100A2 in all of the rNCSCs cul-
tured at 80% O2 (indicated by arrows in Fig. 8D) and in only a
few rNCSCs cultured under lower oxygen tensions (Fig. 8B,C).
Double immunostaining revealed that the rNCSCs expressing
S100A2 in the cytoplasm instead of the nucleus showed strong
nuclear expression of TP53 (indicated by arrows in Fig. 8B–D).
Consistent with the double immunostaining results, our Western
blot analyses indicated that the protein levels of S100A2 and
TP53 in the nuclei of the rNCSCs cultured at 80% O2, respectively,
decreased to only 16.6% and increased to more than nine-fold of
the levels in the rNCSCs cultured at 20% O2 (n¼ 12, P< 0.01,
one-way ANOVA) (Fig. 9A,B).

We found that incubation of the rNCSCs with 1 mM of the
antioxidant NAC in the medium during culturing at 80% O2 for
36 hr was sufficient to inhibit nuclear-to-cytoplasmic transloca-
tion of S100A2 and decrease TP53 expression to the levels com-
parable with those in the rNCSCs cultured at 20% O2 (n¼ 12,
P> 0.05, one-way ANOVA) (Figs. 8E,F, 9A,B). Interestingly, over-
expression of Tp53 by transfection of the CMV-containing Tp53
expression vector (Tp53 CMV) into the rNCSCs cultured at 20%
O2 did not increase nuclear-to-cytoplasmic translocation of
S100A2 (Figs. 8I, 9A,B), and knockdown of Tp53 by transfection
of Tp53 siRNA into the rNCSCs cultured at 80% O2 did not inhibit
nuclear-to-cytoplasmic translocation of S100A2 (Figs. 8J, 9A,B),
either. These results demonstrated that the dramatically increased
nuclear-to-cytoplasmic translocation of S100A2 in the rNCSCs
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S Fig. 4. A–G: Significantly decreased and increased percentages of CDKN1A(p21CIP1/WAF1)þ nuclei were, respectively, associated with significantly

increased and decreased proliferation of the rNCSCs cultured, respectively, at 0.5% and 80% O2 for 36 hr. Double immunostaining revealed a sig-
nificantly decreased percentage of CDKN1Aþ nuclei (green) and a greatly increased percentage of EdUþ nuclei (red) in the rNCSCs cultured at
0.5% O2 for 36 hr (n¼ 12, P< 0.01, one-way ANOVA) (A,G), as well as a greatly increased percentage of CDKN1Aþ nuclei (green) and a dramati-
cally decreased percentage of EdUþ nuclei (red) in the rNCSCs cultured at 80% O2 for 36 hr (n¼ 12, P< 0.01, one-way ANOVA) (E,G), indicating
significantly increased and decreased proliferation of the rNCSCs cultured, respectively, under hypoxia and hyperoxia. Incubation with AMD3100
at 0.5% O2 and with NAC at 80% O2, respectively, decreased and increased proliferation of the rNCSCs to the levels comparable to that in the
rNCSCs cultured at 20% or 40% O2 (n¼ 12, P> 0.05, one-way ANOVA) (compare panels E and F with B and C). CDKN1Aþ nuclei were stained
with a low level of EdU (indicated by arrows) or no EdU at all. The scale bar in A represents 50 mm and applies to panels A–F. The statistical histo-
gram in (G) summarizes the percentages of EdUþ and CDKN1Aþ nuclei in the rNCSCs cultured under various oxygen tensions and with different
drug treatments. One-way ANOVA with n¼ 12 was applied, and the hashtags (#) indicate P< 0.01.
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cultured at 80% O2 was TP53-independent. It is noteworthy that
TP53 knockdown in the rNCSCs cultured at 80% O2 did not affect
nuclear-to-cytoplasmic translocation of S100A2 whereas greatly
increased the cell viability and total numbers of the rNCSCs to
the levels comparable with those in the rNCSCs cultured at 20%
O2 (n¼ 12, P> 0.05, one-way ANOVA) (Fig. 8G,L).

On the other hand, both the Tp53 CMV-transfected rNCSCs
cultured at 20% O2 and the S100a2 siRNA-transfected rNCSCs
cultured at 80% O2 showed significantly decreased cell viability
and total cell numbers in comparison with those in the untreated
rNCSCs cultured at 20% O2 (n¼ 12, P< 0.01, one-way ANOVA)
(Fig. 8G,L). These results indicated that the level of TP53 expres-
sion rather than S100A2 expression or oxygen tensions was the
decisive factor for down-regulating cell viability and total num-
bers of rNCSCs.

Concomitant with the greatly increased nuclear-to-
cytoplasmic translocation of S100A2, we also found that the
cytoplasmic expression level of TPM1 in the rNCSCs cultured at
80% O2 was dramatically reduced (indicated by arrows in Fig.
10D) to only averagely 22% of the expression levels in the
rNCSCs cultured at 0.5%, 20%, and 40% O2 (n¼ 12, P< 0.01,
one-way ANOVA) (Figs. 9C,D, 10A–D). Incubation of the rNCSCs
cultured at 80% O2 with 1 mM of NAC for 36 hr was able to
increase cytoplasmic TPM1 expression to the level comparable

with that in the untreated rNCSCs cultured at 20% O2 (n¼ 12,
P> 0.05, one-way ANOVA) (Figs. 9C,D, 10E). Of interest, Tp53
overexpression in the Tp53 CMV-transfected rNCSCs cultured at
20% O2 resulted in a TPM1 expression level that was significantly
decreased compared with the level in the untreated rNCSCs cul-
tured at 20% O2 (n¼ 12, P< 0.05, one-way ANOVA), whereas sig-
nificantly increased compared with the level in the untreated
rNCSCs cultured at 80% O2 (n¼ 12, P< 0.05, one-way ANOVA)
(Figs. 9C,D, 10B,D,G). On the other hand, TP53 knockdown in the
Tp53 siRNA-transfected rNCSCs cultured at 80% O2 greatly
increased cytoplasmic TPM1 expression to the level comparable
with that in the untreated rNCSCs cultured at 20% O2 (n¼ 12,
P> 0.05, one-way ANOVA) (Figs. 9C,D, 10B,H). It is noteworthy
that S100a2 siRNA transfection failed to increase TPM1 expres-
sion in the rNCSCs cultured at 80% O2 (n¼ 12, P< 0.01 compared
with the level in the rNCSCs cultured at 20% O2, one-way ANOVA)
(Figs. 9C,D, 10D,I). Therefore, cytoplasmic TPM1 expression was
mainly regulated by TP53 rather than by S100A2 expression.

To further illuminate the regulatory relationship among TP53,
TPM1, and S100A2 at the transcriptional level, real-time quanti-
tative reverse transcription polymerase chain reaction (RT-PCR)
was performed to analyze the levels of Tpm1, S100a2, and Tp53
mRNA in relation to the Tbp mRNA level, which served as an
internal normalization control (Fig. 11). Our RT-PCR results
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Fig. 5. A–H: Dramatically increased nuclear expression of CXCR4 and HIF1a and plasma membrane expression of CXCR4 in the rNCSCs cul-
tured at 0.5% O2 for 36 hr. Double immunostaining revealed strong expression of both CXCR4 (green) and HIF1a (red) in the nuclei and also
apparent expression of CXCR4 on the plasma membrane (indicated by arrows in A) of the rNCSCs cultured at 0.5% O2 for 36 hr (A), in contrast
with the low expression level of CXCR4 and only background level of HIF1a in the cytoplasm of the rNCSCs cultured at 20%, 40%, and 80% O2

(B–D). Incubation of the rNCSCs cultured at 0.5% O2 with the CXCR4-specific antagonist AMD3100 did not affect nuclear expression of HIF1a,
but dramatically decreased CXCR4 expression in the nuclei and on the plasma membrane whereas significantly increased CXCR4 expression in
the cytoplasm (indicated by arrows in F). The scale bar in A represents 50 mm and applies to panels A–D and F. The statistical histogram in (E)
summarizes the percentages of CXCR4þ and HIF1aþ nuclei in the rNCSCs cultured under various oxygen tensions and with different drug treat-
ments (i.e., incubation with AMD3100 or NAC). One-way ANOVA with n¼ 12 was applied, and the hashtags (#) indicate P< 0.01. The statistical
histograms in (G) and (H) demonstrate that treatment with AMD3100 or transfection with Cxcr4 or Hif1a siRNA significantly decreased the total cell
numbers and viability of the rNCSCs cultured at 0.5% O2 to the levels comparable to those in the rNCSCs cultured at 20% O2. One-way ANOVA
with n¼ 12 in each experimental group was applied, and the asterisk (*) indicates P< 0.05, while the hashtags (#) indicate P< 0.01.
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Fig. 6. A,B: Significantly decreased nuclear expression of CXCR4 by treatment with AMD3100 or transfection with Cxcr4 or Hif1a siRNA in the
rNCSCs cultured at 0.5% O2 for 36 hr. A: Western blot analyses of nuclear proteins indicated that the expression levels of CXCR4 and HIF1a in
the rNCSCs cultured at 0.5% O2 for 36 hr were, respectively, 11.18 6 2.34 and 6.33 6 1.78-fold relative to the levels in the rNCSCs cultured at
20% O2, which were presumptively set up as 1.0 (n¼ 12, P< 0.01, one-way ANOVA). B: On the other hand, the nuclear expression levels of
CXCR4 and HIF1a in the rNCSCs cultured at 40% and 80% O2 for 36 hr (A) were comparable to the levels in the rNCSCs cultured at 20% O2

(n¼ 12, P> 0.05, one-way ANOVA) (B). AMD3100 treatment, Hif1a siRNA transfection, and Cxcr4 siRNA transfection of the rNCSCs cultured at
0.5% O2, respectively, decreased the nuclear expression levels of CXCR4 to 1.38 6 0.87, 1.15 6 0.55, and 0.48 6 0.36-fold of the level in the
rNCSCs cultured at 20% O2 (n¼ 12, P> 0.05 for the levels with AMD3100 treatment and Hif1a siRNA transfection and P< 0.05 for the level with
Cxcr4 siRNA transfection in comparison with the level at 20% O2, one-way ANOVA). On the other hand, neither AMD3100 treatment nor Cxcr4
siRNA transfection significantly decreased the nuclear expression levels of HIF1a in the rNCSCs cultured at 0.5% O2 for 36 hr (A), which were,
respectively, 6.45 6 1.49 and 5.44 6 1.26-fold of the level in the rNCSCs cultured at 20% O2 (n¼ 12, P< 0.01, one-way ANOVA) (B). The statistical
histogram in (B) represents the quantified relative intensities of the immunoblots shown in (A).

Fig. 7. A–F: Significantly increased percentage of TP53þ nuclei was associated with significantly increased apoptosis of the rNCSCs cultured at
80% O2 for 36 hr. Double immunostaining revealed greatly increased percentages of TP53þ (red) and TUNELþ (green) nuclei in the rNCSCs cul-
tured at 80% O2 for 36 hr (D), in comparison with the percentages in the rNCSCs cultured at 0.5%, 20%, and 40% O2 (A–C) (n¼ 12, P< 0.01,
one-way ANOVA). Incubation with NAC at 80% O2 significantly decreased apoptosis of the rNCSCs to the level comparable to that in the rNCSCs
cultured at 20% or 40% O2 (n¼ 12, P> 0.05, one-way ANOVA) (compare panel E with panels B and C). The scale bar in A represents 50 mm and
applies to panels A–E. F: The statistical histogram summarizes the percentages of TUNELþ and TP53þ nuclei in the rNCSCs cultured under vari-
ous oxygen tensions and with different drug treatments. One-way ANOVA with n¼ 12 was applied, and the hashtags (#) indicate P< 0.01.
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showed relatively constant expression levels of S100a2 mRNA in
rNCSCs cultured under different oxygen tensions (Fig. 11A,B),
indicating that S100A2 translocation rather than transcription
was subject to regulation by the increased oxygen tension. On
the other hand, Tpm1 expression was significantly decreased
when Tp53 expression was significantly increased, and vice
versa, no matter under normoxia (i.e., decreased Tpm1 expression
in the Tp53-overexpressing rNCSCs) or hyperoxia (i.e., increased
Tpm1 expression in the Tp53-knockdown rNCSCs), indicating
that the Tpm1 mRNA level was down-regulated by TP53, either
directly or indirectly.

Of interest, however, the level of Tpm1 mRNA in the Tp53-
overexpressing rNCSCs cultured at 20% O2 was significantly
higher than the levels in the untreated and S100a2 siRNA-
transfected rNCSCs cultured at 80% O2, which expressed lower

levels of Tp53 mRNA (Fig. 11A,B). This result indicated that the
inhibitory effect of TP53 on Tpm1 expression in the rNCSCs was
weaker under normoxia and stronger under hyperoxia, and it is
likely that other protein(s) or factor(s) may participate in regulat-
ing the inhibitory capability of TP53 under different oxygen
tensions.

Previous studies have demonstrated that S100A2 may compete
with F-actin for binding to tropomyosins in microvilli in the
cytoplasm of LLC PK1 cells (Gimona et al., 1997), and cell
stretching/extension was significantly reduced by treatment with
HIF1a-stabilizing chemical compounds (Scully et al., 2016).
Because we observed significantly increased HIF1a expression in
the rNCSCs cultured at 0.5% O2 (Figs. (5 and 6)) as well as
increased nuclear-to-cytoplasmic translocation of S100A2 and
significantly decreased TPM1 expression in the rNCSCs cultured
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Fig. 8. A–L: Dramatically increased nuclear-to-cytoplasmic translocation of S100A2 in the rNCSCs cultured at 80% O2 was independent of TP53
expression. Double immunostaining revealed dramatically increased expression levels of cytoplasmic S100A2 (red) and nuclear TP53 (green) in the
rNCSCs cultured at 80% O2 for 36 hr (D), in comparison with the levels in the rNCSCs cultured at 0.5%, 20%, and 40% O2 (A–C) (see also Fig. 9).
While cultured without any drug treatment or gene transfection at 20%, 40%, and 80% O2, the rNCSCs that showed strong cytoplasmic and
weak nuclear expression of S100A2 always displayed strong nuclear expression of TP53 (indicated by arrows in panels B–D). Incubation with NAC
at 80% O2 dramatically suppressed nuclear-to-cytoplasmic translocation of S100A2 and decreased nuclear expression of TP53 to the levels com-
parable to those in the rNCSCs cultured at 0.5%, 20%, and 40% O2 (compare panel E with panels A–C). The scale bar in A represents 50 mm and
applies to panels A–E. The statistical histogram in (F) demonstrates a dramatically reduced percentage of S100A2þ nuclei in the rNCSCs cultured
at 80% O2 in comparison with the high percentages (>90%) in the rNCSCs cultured at 0.5%, 20% and 40% O2 as well as the NAC-treated
rNCSCs cultured at 80% O2 (n¼ 12, P< 0.01, one-way ANOVA). Of interest, after transfection with a rat Tp53-expressing vector (Tp53 CMV), the
rNCSCs cultured at 20% O2 showed dramatically increased nuclear expression of TP53 and colocalization of TP53 and S100A2 in the nuclei, with-
out increased nuclear-to-cytoplasmic translocation of S100A2 (indicated by arrows in panel I). On the other hand, inhibition of TP53 expression in
the rNCSCs cultured at 80% O2 by Tp53 siRNA transfection did not influence the dramatically increased nuclear-to-cytoplasmic translocation of
S100A2 (J). And vice versa, inhibition of S100A2 expression in the rNCSCs cultured at 80% O2 by S100a2 siRNA transfection did not influence the
dramatically increased nuclear expression of TP53 (K). The scale bar in H represents 50 mm and applies to panels H–K. The statistical histograms
in (G) and (L) demonstrate that treatment with NAC or transfection with Tp53 siRNA significantly increased the cell viability and total numbers of
the rNCSCs cultured at 80% O2 to the levels comparable to those in the rNCSCs cultured at 20% O2 (n¼ 12, P> 0.05, one-way ANOVA). On the
other hand, transfection with S100a2 siRNA did not increase the cell viability and total numbers of the rNCSCs cultured at 80% O2 (n¼ 12,
P< 0.05 after 12 hr of culturing and P< 0.01 after 24 and 36 hr of culturing in comparison with the levels in the rNCSCs cultured at 20% O2, one-
way ANOVA), while transfection with the Tp53 CMV vector significantly decreased the cell viability and total numbers of the rNCSCs cultured at
20% O2 to the levels comparable with those in the rNCSCs cultured at 80% O2 (n¼ 12, P< 0.05 after 12 hr of culturing and P< 0.01 after 24 and
36 hr of culturing in comparison with the levels in the rNCSCs cultured at 20% O2, one-way ANOVA). One-way ANOVA with n¼ 12 in each experi-
mental group was applied, and the asterisks (*) indicate P< 0.05, while the hashtags (#) indicate P< 0.01.
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at 80% O2 (Figs. 9–11), it was of interest to analyze whether F-
actin expression and organization as well as the cell stretch
length were affected in the rNCSCs cultured under hypoxia or
hyperoxia. Double staining with phalloidin and anti-cortactin
(CTTN) antibody revealed that, among the rNCSCs cultured at
0.5%, 20%, 40%, and 80% O2, both F-actin and cortactin showed
comparable expression levels and patterns (Fig. 12A–D), and the
cell stretch length did not show significant differences among
distinct oxygen tensions, despite slightly increased average
stretch lengths at 40% and 80% O2 (n¼ 600, P> 0.05, one-way
ANOVA) (Fig. 12E). Our results demonstrate that neither polymer-
ization of actin nor extension/elongation of rNCSCs was signifi-
cantly influenced by extreme oxygen tensions.

Discussion

The results of our study demonstrate that two extreme oxygen
tensions, 0.5% and 80% O2, differentially up-regulate and
down-regulate rNCSC proliferation and viability via regulatory
pathways consisting respectively of the HIF1a–CXCR4 and
TP53–TPM1 proteins (summarized in Fig. 13). Our results demon-
strate that 0.5% O2 increases proliferation of rNCSCs but not
rMSCs, which even showed significantly decreased cell viability
and total cell numbers at 0.5% O2 (Fig. 2), indicating that
hypoxia-induced proliferation is cell type-specific. On the other

hand, our results demonstrate that 80% O2 decreases cell viability
and proliferation of rNCSCs but not rMSCs, which showed barely
changed cell viability and total cell numbers at 80% O2 (Fig. 2),
indicating that the inhibitory effect of hyperoxia on cell viability
and proliferation is also cell type-specific. In fact, previous stud-
ies have shown that hypoxia exposure decreases proliferation
and viability of both human and rat MSCs (Holzwarth et al.,
2010; Saini et al., 2013), and hyperoxia (100% O2) precondition-
ing before hypoxia exposure significantly increases the prolifera-
tion and survival rates of the rMSCs (Saini et al., 2013).

Of interest, it was reported that cleavage of the intracellular
domain of NGFR (p75) under hypoxia was required for HIF1a

stabilization in mouse fibroblasts and cerebellar granule neurons
(Le Moan et al., 2011). However, despite the significantly
increased nuclear expression of HIF1a proteins in the rNCSCs
cultured at 0.5% O2, we did not observe an increased expression
level of NGFR in the cytoplasm or nuclei of the rNCSCs cultured
at 0.5% O2 compared with the level in the rNCSCs cultured at
20% O2 (Fig. 1A–D). The percentages of the rNCSCs showing
strong nuclear expression of NGFR were also comparable among
the rNCSCs cultured under various oxygen tensions (see also the
Results section). Previous studies also demonstrated a predomi-
nantly cytoplasmic and partially nuclear expression pattern of
NGFR in NCSCs (Wong et al., 2006; Lee et al., 2007; Kerosuo
et al., 2015). It is likely that the HIF1a protein level in rNCSCs is
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Fig. 9. A–D: Subcellular expression analyses demonstrated hyperoxia-dependent and TP53-independent nuclear-to-cytoplasmic translocation of
S100A2 as well as TP53 dose-dependent regulation of cytoplasmic TPM1 expression in rNCSCs. A,B: Western blot analyses indicated that the
nuclear expression levels of S100A2 in both the untreated and Tp53 siRNA-transfected rNCSCs cultured at 80% O2 were significantly decreased
to less than 20% of the levels in the rNCSCs cultured at 20% O2, which were presumptively set up as 1.0 (n¼ 12, P< 0.01, one-way ANOVA),
while the nuclear expression level of S100A2 in the Tp53 CMV-transfected rNCSCs cultured at 20% O2 was comparable with the level in the
rNCSCs cultured at 20% O2 (n¼ 12, P> 0.05, one-way ANOVA). C,D: Similarly, the cytoplasmic expression levels of S100A2 in the rNCSCs cul-
tured at 80% and 20% O2 were unaffected by transfection with Tp53 siRNA and Tp53 CMV, respectively (n¼ 12, P< 0.01 for the Tp53 siRNA-
transfected rNCSCs cultured at 80% O2 and P> 0.05 for the Tp53 CMV-transfected rNCSCs cultured at 20% O2, in comparison with the expres-
sion levels in the rNCSCs cultured at 20% O2, one-way ANOVA). It is noteworthy that the S100a2 siRNA-transfected rNCSCs cultured at 80% O2

also expressed nuclear TP53 at a level comparable to that in the untreated rNCSCs cultured at 80% O2 (n¼ 12, P< 0.01 compared with the level
in the rNCSCs cultured at 20% O2, one-way ANOVA) (A,B). Therefore, the expression levels of S100A2 and TP53 are independent of each other.
On the other hand, the cytoplasmic expression level of TPM1 in the Tp53 siRNA-transfected rNCSCs cultured at 80% O2 was significantly higher
than the level in the untreated rNCSCs cultured at 80% O2 and comparable with the level in the rNCSCs cultured at 20% O2 (n¼ 12, P> 0.05,
one-way ANOVA) (C,D). In addition, the expression level of TPM1 in the Tp53 CMV-transfected rNCSCs cultured at 20% O2 was higher than the
level in the untreated rNCSCs cultured at 80% O2 whereas significantly lower than the level in the rNCSCs cultured at 20% O2 (n¼ 12, P< 0.01,
one-way ANOVA) (C,D). Of interest, the S100a2 siRNA-transfected rNCSCs cultured at 80% O2 expressed cytoplasmic TPM1 at a level compara-
ble to that in the untreated rNCSCs cultured at 80% O2 (n¼ 12, P< 0.01 compared with the level in the rNCSCs cultured at 20% O2, one-way
ANOVA) (C,D). Therefore, the expression level of TPM1 is dependent on the nuclear level of TP53 but independent of the expression level of
S100A2. In contrast to the limited effects of gene knockdown on merely one or two specific genes, NAC treatment was able to simultaneously
down-regulate S100A2 translocation and TP53 expression as well as up-regulate TPM1 expression (n¼ 12, P> 0.05 compared with the level in
the rNCSCs cultured at 20% O2, one-way ANOVA) (A–D). The statistical histograms in (B) and (D) represent the quantified relative intensities of the
immunoblots shown in (A) and (C), respectively.
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mainly regulated by protein factors other than NGFR and Siah2,
so that the increased HIF1a level is not correlated with an
increased intracellular level of NGFR in the rNCSCs cultured at
0.5% O2. It remains to be studied whether there are other protein
factors in rNCSCs that down-regulate prolyl hydroxylase or
asparagine hydroxylase and up-regulate HIF1a stabilization in
response to hypoxia exposure.

Another neural crest marker, SNAIL, has been shown to be a
direct target of HIF1a in mediating EMT in various types of can-
cer cells. However, in rNCSCs cultured at 0.5% O2, we failed to
detect significant changes of SNAIL expression in the presence of
dramatically increased nuclear expression of HIF1a (Figs. 1I,
5A,E, 6). Of interest, previous studies have demonstrated that the
regulatory relationship between HIF1a and SNAIL may be depen-
dent on species and cell types (Barriga et al., 2013; Scully et al.,
2016), as inhibition of HIF1a expression by morpholino injection
did not affect Snail1 and Snail2 expression in neural crest cells
of the Xenopus laevis embryos (Barriga et al., 2013), whereas
HIF1a stabilization increased SNAIL2 expression in cranial neu-
ral crest cells of the chick embryos (Scully et al., 2016).

It has also been demonstrated that Cxcr4 and Twist instead of
Snail1 and Snail2 are the major Hif1a target genes regulating
EMT of Xenopus neural crest (Barriga et al., 2013). In agreement
with the previous study (Barriga et al., 2013), in rat neural crest
cells we also found that CXCR4 instead of SNAIL was a major

HIF1a target gene (Figs. 1I, 5A,E, 6). It is likely that, while the
HIF1a-SNAIL is a major regulatory pathway promoting EMT of
cancer cells in the pathological environment, the HIF1a-CXCR4
or HIF1a-TWIST pathways are predominant in regulating EMT of
Xenopus and rat neural crest cells in the native environment
(Barriga et al., 2013).

It was previously reported that, under normoxia, hair follicles
in the normal rat skin were not labeled with hypoxyprobe-1,
whereas plenty of hypoxyprobe-1þ signals were present in the
hair follicles and newly formed epidermis in the incisionally
wounded rat skin for 3 weeks after wounding (Lokmic et al.,
2006). In agreement with the previous study, we demonstrated no
hypoxyprobe-1 staining signal in the whisker hair follicles of the
Sprague-Dawley rats exposed to normoxia (Fig. 3A), while there
were dramatically increased hypoxyprobe-1þ signals in associa-
tion with significantly increased percentages of SOX10þ and
BrdUþ cells in the rat hair follicles exposed to hypoxia (Fig. 3A–
C). It was also shown in the previous study that cell proliferation
rates were significantly increased in the wounded skin tissue
compared with normal skin during the wound healing process
(Lokmic et al., 2006). Our results further associate increased pro-
liferation and total numbers of SOX10þ rNCSCs with the hypoxic
hair follicles in vivo, and may provide explanation for the molec-
ular mechanisms underlying hair follicle regeneration in the
wounded skin.
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Fig. 10. A–I: Dramatically decreased cytoplasmic expression of TPM1 in the rNCSCs cultured at 80% O2 was independent of S100A2 expression
but dependent on TP53 expression levels. Double immunostaining revealed significantly increased cytoplasmic expression of S100A2 (red) where-
as dramatically decreased cytoplasmic expression of TPM1 (green) in the rNCSCs cultured at 80% O2 for 36 hr (indicated by arrows in D), in com-
parison with the expression levels in the rNCSCs cultured at 0.5%, 20%, and 40% O2 (A–C). TPM1 showed predominantly perinuclear expression
in the cytoplasm of the rNCSCs cultured at 0.5%, 20%, and 40% O2 (A–C), whereas displayed only a background immunostaining level through-
out the whole cell in the rNCSCs cultured at 80% O2 (D). Incubation with NAC at 80% O2 dramatically suppressed nuclear-to-cytoplasmic translo-
cation of S100A2 and increased cytoplasmic expression of TPM1 to the levels comparable to those in the rNCSCs cultured at 0.5%, 20%, and
40% O2 (compare panel E with panels A–C). The scale bar in A represents 50 mm and applies to panels A–E. Of interest, the cytoplasmic TPM1
expression level in the Tp53 CMV-transfected rNCSCs cultured at 20% O2, which expressed S100A2 predominantly in the nuclei, was significantly
decreased in comparison with the TPM1 level in the untreated rNCSCs cultured at 20% O2 (indicated by arrows in G, and compare between pan-
els B and G). Therefore, increased TP53 expression was sufficient to significantly decrease TPM1 expression in rNCSCs under normoxia. On the
other hand, the Tp53 siRNA-transfected rNCSCs cultured at 80% O2, which showed predominantly cytoplasmic expression of S100A2, expressed
cytoplasmic TPM1 at a level comparable to those in the rNCSCs cultured at 0.5%, 20%, and 40% O2 (compare panel H with panels A–C). It is
noteworthy that the cytoplasmic TPM1 expression level in the S100a2 siRNA-transfected rNCSCs cultured at 80% O2 was as low as the level in
the untreated rNCSCs cultured at 80% O2, indicating that TPM1 expression was not subject to regulation by S100A2. The scale bar in F repre-
sents 50 mm and applies to panels F–I.
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Previous studies have demonstrated that, in addition to regu-
lating neural crest cell migration, the endogenous chemokine
SDF-1/CXCL12 and its receptor CXCR4 are also implicated in
promoting proliferation of neural crest stem/progenitor cells in
both mouse hair follicles and chick embryos (Belmadani et al.,
2009; Rezzoug et al., 2011). In addition, both HIF1a and
CXCR4 have been shown to up-regulate proliferation of various
types of stem/progenitor cells and carcinoma cells (Carmeliet
et al., 1998; Goda et al., 2003; Kahn et al., 2004; do Carmo
et al., 2010; Heckmann et al., 2013; Nombela-Arrieta et al.,
2013; Park et al., 2013; Shen et al., 2013; Guo et al., 2014; Xia
et al., 2014; Guan et al., 2015; Guimaraes-Camboa et al., 2015;
Liu et al., 2015; Zhang et al., 2015). Nuclear expression of
HIF1a or CXCR4 has been frequently detected in carcinoma
cells and associated with metastasis and poor prognosis of can-
cers (Moroz et al., 2009; Speetjens et al., 2009; Wang et al.,

2009; Darekar et al., 2012; Don-Salu-Hewage et al., 2013; Deb
et al., 2014).

Interestingly, the roles of HIF1a and CXCR4 in regulating cell
proliferation were contradictory among distinct types of stem/
progenitor cells. It has been demonstrated that HIF1a induced
apoptosis and suppressed proliferation of embryonic stem cells
but reduced apoptosis and enhanced proliferation of mesenchy-
mal stem cells and hypoxic fetal cardiomyocytes (Carmeliet et al.,
1998; Li and Zhang, 2010; Guimaraes-Camboa et al., 2015;
Kakudo et al., 2015). CXCR4 has been shown to inhibit prolifera-
tion of hematopoietic stem cells whereas promote proliferation of
fetal pancreatic endocrine progenitor cells, endothelial cells, tra-
cheal epithelial cells, and normal pituitary cells (Lee et al., 2008b;
Nie et al., 2008; Kayali et al., 2012; Liu et al., 2013; Noels et al.,
2014). Nuclear localization of HIF1a has been reported in embry-
onic and hematopoietic stem cells to regulate respectively their
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Fig. 11. Unchanged S100a2 mRNA levels in rNCSCs cultured under various oxygen tensions, and dramatically increased Tp53 and decreased
Tpm1 mRNA levels in the rNCSCs cultured at 80% O2. A: Real-time quantitative RT-PCR indicated comparable levels of S100a2 mRNA among
the rNCSCs cultured at 0.5%, 20%, 40%, and 80% O2 (n¼ 12, P> 0.05, one-way ANOVA), whereas dramatically decreased Tpm1 and increased
Tp53 mRNA levels in the rNCSCs cultured at 80% O2 compared with the levels in the rNCSCs cultured at 0.5%, 20%, and 40% O2 (n¼ 12,
P< 0.01, one-way ANOVA). NAC treatment of the rNCSCs cultured at 80% O2 significantly increased Tpm1 and decreased Tp53 mRNA expres-
sion to the levels comparable with those in the rNCSCs cultured at 20% O2 (n¼ 12, P> 0.05, one-way ANOVA). Of interest, while Tp53 siRNA
transfection significantly increased Tpm1 mRNA expression to the level comparable with that in the rNCSCs cultured under normoxia (n¼ 12,
P> 0.05, one-way ANOVA), S100a2 siRNA transfection failed to increase Tpm1 and decrease Tp53 mRNA levels in the rNCSCs cultured at 80%
O2 (n¼ 12, P< 0.01 in comparison with the levels in the rNCSCs cultured at 20% O2, one-way ANOVA). It is noteworthy that Tp53 CMV transfec-
tion in the rNCSCs cultured at 20% O2 dramatically increased Tp53 mRNA level to be more than two folds of the level in the rNCSCs cultured at
80% O2 (see also panel B) (n¼ 12, P< 0.01, one-way ANOVA), whereas the Tpm1 mRNA level in the rNCSCs with Tp53 overexpression was still
significantly lower than the level in the rNCSCs without Tp53 overexpression under normoxia (see also panel B) (n¼ 12, P< 0.05, one-way
ANOVA). B: The relative mRNA levels of Tpm1, Tbp, S100a2, and Tp53 were quantitated and are shown in the histogram, with the Tbp mRNA lev-
el in the rNCSCs cultured at 20% O2 presumptively set up as 1.0. One-way ANOVA with n¼ 12 in each experimental group was applied, and the
asterisks (*) indicate P< 0.05, while the hashtags (#) indicate P< 0.01.
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pluripotency and cell cycle quiescence (Forristal et al., 2010;
Takubo et al., 2010). Nuclear localization of CXCR4 has also been
reported in fetal mesenchymal stem cells and is regulated by
intracellular trafficking (Pelekanos et al., 2014).

While the HIF1a-CXCR4 regulatory pathway has been shown
to play a major role in regulating EMT of neural crest cells in
vivo (Staller et al., 2003; Rezzoug et al., 2011; Barriga et al.,
2013; Escot et al., 2013), our results further identified an indis-
pensible role of the HIF1a-CXCR4 regulatory pathway in promot-
ing rNCSC proliferation under hypoxia (0.5% O2) in vitro (Figs.

4–6). Of interest, while increased HIF1a stabilization was shown
to decrease in vitro proliferation and elongation/extension of the
cranial neural crest cells extracted from chick embryos (Scully
et al., 2016), in the NCSCs extracted from adult rat whisker hair
follicles we observed significantly increased proliferation in asso-
ciation with increased nuclear HIF1a expression, as well as unaf-
fected cell elongation/extension under hypoxia (Figs. 4–6 and
12). In addition, neural crest cells in the adult rat whisker hair
follicles exposed to hypoxia also demonstrated significantly
increased proliferation and total cell numbers (Fig. 3). Therefore,

D
E

V
E

L
O

P
M

E
N

T
A

L
 D

Y
N

A
M

IC
S

Fig. 12. A–E: Normal expression and organization of F-actin and cortactin as well as unaffected cell stretch lengths in rNCSCs cultured under
various oxygen tensions. Double staining with phalloidin and anti-cortactin (CTTN) antibody revealed comparable expression levels and patterns of
F-actin (green) and cortactin (red) in the cytoplasm among the rNCSCs cultured at 0.5% (A), 20% (B), 40% (C), and 80% O2 (D) for 36 hr. While F-
actin was detected in microfilaments spanning throughout the whole cells, cortactin was expressed more strongly in the cytoplasm compared
with the nuclei. The scale bar in A represents 50 mm and applies to panels A–D. The statistical histogram in (E) shows the average lengths of the
longest axes of individual rNCSCs cultured under various oxygen tensions, with totally 600 cells from 6 independent experiments were measured
for each oxygen level (P> 0.05 by one-way ANOVA).
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hypoxia-dependent or HIF1a-dependent regulation of neural
crest cell proliferation and extension may be species-specific, and
may be different between embryonic and adult tissues.

It is noteworthy that inhibition of nuclear translocation and/or
expression of CXCR4 by AMD3100 treatment or Cxcr4 siRNA
transfection did not alter nuclear expression of HIF1a but was
sufficient to decrease proliferation of the rNCSCs cultured at
0.5% O2 to the level comparable to that in the rNCSCs cultured at
20% O2 (Figs. 4–6). On the other hand, Hif1a siRNA transfection
caused not only dramatically reduced HIF1a expression but also
significantly decreased CXCR4 expression in the nuclei of the
rNCSCs cultured at 0.5% O2 (Fig. 6). These results indicated that
CXCR4 was downstream of HIF1a in up-regulating rNCSC prolif-
eration. In fact, previous studies have demonstrated that HIF1a

binds directly to the hypoxia response element on the CXCR4
promoter and thereby up-regulates CXCR4 expression in endo-
thelial cells and various carcinoma cells (Schioppa et al., 2003;
Staller et al., 2003; Liu et al., 2006; Ishikawa et al., 2009; Mel-
chionna et al., 2010; Luczak et al., 2012; Guo et al., 2014; Suzuki
et al., 2014; Guan et al., 2015). In addition, a recent study showed
that HIF1a up-regulated proliferation of neuroblastoma cells,
which were derived from neural crest progenitor cells, via the
sonic hedgehog (SHH) signaling pathway (Chen et al., 2015). Here
our study demonstrates for the first time that CXCR4 plays an
indispensible role in the HIF1a-induced up-regulation of NCSC
proliferation under hypoxia.

In contrast to the HIF1a-dependent stimulatory effect of hyp-
oxia (0.5% O2) on rNCSCs, our findings identified TP53 as the
critical transcription factor mediating the inhibitory effect of a

sublethal level of hyperoxia as high as 80% O2 on rNCSCs (Fig.
13). Although 80% O2 up-regulated both the nuclear expression
of TP53 and nuclear-to-cytoplasmic translocation of S100A2 in
rNCSCs, the inhibitory effect of hyperoxia on rNCSC proliferation
was prevented by transfection with Tp53 siRNA rather than
S100a2 siRNA (Fig. 8G,L), and overexpression of Tp53 alone in
the rNCSCs cultured at 20% O2 was sufficient to recapitulate the
inhibitory effect of 80% O2 on rNCSC viability (Fig. 8G,L), indi-
cating that TP53 instead of S100A2 was the key mediator of
hyperoxia-induced inhibition of rNCSC proliferation. Of interest,
a previous study reported that, in human osteogenic sarcoma cell
lines, S100A2 was transcriptionally activated by TP53, which
bound directly to the S100a2 promoter (Tan et al., 1999). None-
theless, our results demonstrate unchanged levels of S100a2
mRNA in rNCSCs cultured under different oxygen tensions, even
in the presence of a dramatically increased Tp53 mRNA level at
80% O2 (Fig. 11). Our findings indicate that, in rNCSCs, TP53
rather than S100A2 is transcriptionally up-regulated by hyper-
oxia (80% O2) (Fig. 11), and hyperoxia regulates S100A2 post-
translationally by altering its subcellular localization, namely,
promoting its nuclear-to-cytoplasmic translocation (Figs. 8–10).

While a previous study demonstrated that S100A2 might mod-
ulate the organization of the actin cytoskeleton via forming 1:1
crosslinking complexes with tropomyosin chains and preventing
tropomyosin from binding to F-actin bundles in the cytoplasmic
microvilli of the LLC PK1 cells (Gimona et al., 1997), in rNCSCs
cultured at 80% O2,we observed normal actin organization (Fig.
12) and a dramatically reduced mRNA level of Tpm1 due to
increased TP53 expression instead of altered S100A2 expression
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Fig. 13. A,B: Schematic illustration of the two distinct regulatory pathways that differentially control rNCSC proliferation and viability under hyp-
oxia (at 0.5% O2) and hyperoxia (at 80% O2). Our findings demonstrate that, under hypoxia (at 0.5% O2) (A), increased nuclear expression of
HIF1a is associated with increased expression and/or translocation of CXCR4 to the nuclei and plasma membranes of the rNCSCs. The increased
expression level of CXCR4 in the nuclei is concomitant with decreased nuclear expression of the cyclin-dependent kinase inhibitor CDKN1A
(p21CIP1/WAF1) and increased proliferation of the rNCSCs. Incubation of the rNCSCs cultured under hypoxia with the CXCR4-specific antagonist
AMD3100 suppresses translocation of CXCR4 to the plasma membranes and nuclei as well as inhibits CXCR4 expression in the nuclei, leading to
decreased proliferation of the rNCSCs. On the other hand, hyperoxia at 80% O2 (B) increases nuclear-to-cytoplasmic translocation of S100A2 and
nuclear expression of TP53, which decreases the mRNA level of Tpm1 in rNCSCs. The increased expression level of TP53 in the nuclei is con-
comitant with increased nuclear expression of CDKN1A, increased apoptosis and decreased proliferation of the rNCSCs. Incubation of the
rNCSCs cultured at 80% O2 with the antioxidant N-acetylcysteine (NAC) suppresses nuclear-to-cytoplasmic translocation of S100A2, increases
cytoplasmic expression of TPM1, and decreases nuclear expression of TP53 and CDKN1A, leading to decreased apoptosis and increased prolifer-
ation of the rNCSCs.
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(Fig. 11). Our results indicate that TPM1 is down-regulated by
TP53 at the mRNA level; hence, the expression levels of both
Tp53 and Tpm1 are hyperoxia-dependent in rNCSCs, while nei-
ther S100a2 expression nor actin organization in rNCSCs is
dependent on oxygen tensions.

Of interest, in the Tp53-overexpressing rNCSCs cultured at
20% O2, the expression level of Tpm1 mRNA was even higher
than the level in the rNCSCs cultured at 80% O2 (Fig. 11), indicat-
ing that the reduction of the Tpm1 mRNA level is not simply pro-
portional to the increase of the Tp53 mRNA level. It is likely that
the gene-regulatory activity of TP53 is further regulated by
S100A2, as both TP53 and S100A2 were colocalized in the nuclei
of the Tp53-overexpressing rNCSCs cultured at 20% O2, and
S100A2 has been reported to modulate both the DNA-binding
and transcriptional activities of TP53 in a Ca2þ-dependent man-
ner (Mueller et al., 2005). Further studies will be required to illu-
minate the role of S100A2 in modulating the transcriptional or
posttranscriptional regulation of TPM1 by TP53.

Interestingly, previous studies have reported that TPM1 is sub-
ject to phosphorylation and plays a key role in cytoskeleton
remodeling and stress fiber formation in response to oxidative
stress (Houle et al., 2003, 2007), and the oxidative stress-
promoted formation of disulfide cross-bridges in TPM1 is associ-
ated with an increased TNF-a expression level and impaired
myocardial contractile function (Canton et al., 2006). On the oth-
er hand, there have been recent studies showing that TPM1 func-
tions as a tumor-suppressor gene in various solid tumor cell lines
(Wang et al., 2015), and silencing of the TPM1 gene confers the
glioma U251 cells with radioresistance (Du et al., 2015). As our
findings indicate a positive correlation between reduced TPM1
expression and decreased proliferation or increased apoptosis of
rNCSCs without alteration of the actin cytoskeleton under hyper-
oxia, further studies will be required to unravel which down-
stream effectors of TPM1 link reduced TPM1 expression with the
regulatory machinery of cell cycle and apoptosis without affect-
ing stress fiber formation.

It is noteworthy that, under oxidative stress, nuclear-to-
cytoplasmic translocation of S100A2 occurred in normal and
immortalized but not malignant human keratinocytes, although
both immortalized and malignant keratinocytes lacked normal
TP53 proteins (Zhang et al., 2002). In this study, we found that
incubation with 1 mM of the antioxidant NAC was sufficient to
inhibit nuclear-to-cytoplasmic translocation of S100A2 in the
rNCSCs cultured at 80% O2 without affecting cell viability (Figs.
(2 and 8)E, 10), in agreement with an oxidative stress-induced
translocation of S100A2 (Zhang et al., 2002). It has been pro-
posed that nuclear-to-cytoplasmic translocation of S100A2 in
human keratinocytes may result from oxidative stress-induced
conformational change of S100A2 proteins (Zhang et al., 2002),
which may also be plausible in the rNCSCs cultured at 80% O2, as
we failed to detect altered expression levels of S100a2 mRNA in
rNCSCs under different oxygen tensions. Of interest, previous
experiments of knocking down or knocking out the NADPH oxi-
dase 4 (Nox4) have reported that an appropriate level of oxidative
stress or ROS is required for proper differentiation and survival of
both mouse and rat NCSCs (Lee et al., 2014). It remains to be
studied whether S100A2 is a downstream effector of Nox4 or
other Nox isozymes in NCSCs in response to hyperoxia, and
whether S100A2 plays a role in regulating fate determination
and/or differentiation of NCSCs.

Taken together, our study demonstrates for the first time that
two extreme oxygen tensions, 0.5% and 80% O2, differentially
regulate NCSC viability and proliferation via two distinct signal-
ing pathways, with hypoxia activating the HIF1a–CXCR4 path-
way to enhance proliferation, and hyperoxia up-regulating TP53
and CDKN1A and down-regulating TPM1 to suppress prolifera-
tion and induce apoptosis. Understanding the molecular mecha-
nisms underlying the respectively positive and negative effects of
hypoxia and hyperoxia on NCSC proliferation is beneficial for
finding appropriate ways to increase the regenerative capability
and therapeutic potential of adult NCSCs.

Experimental Procedures

Isolation and Culture of rNCSCs

Animals used in this study were purchased from the National
Laboratory Animal Center of National Applied Research Labora-
tories (Taipei, Taiwan), and approval was received from the Insti-
tutional Animal Care and Utilization Committee in the
Laboratory Animal Center of National Defense Medical Center.
The procedures of isolating, culturing and expanding rat NCSCs
in vitro have been described previously (Lin et al., 2016). A total
of six male and six female Sprague-Dawley rats at 6- to 8-
weeks-old were killed by carbon dioxide euthanasia, followed by
whole-body immersion in a 1:1 mixture of betadine and hydro-
gen peroxide for approximately 3 min for disinfection. After
squirting the facial region with 75% ethanol, the rats were placed
on a dissection microscope in a laminar flow hood and the whis-
ker pads dissected and pooled in HBSS (Hank’s balanced salt
solution, Thermo Fisher Scientific Co., Waltham, MA). The whis-
ker follicles were then cut with straight scissors without injuring
hair bulbs, and loose adipose and dermal tissues were flushed out
with HBSS buffer. The clean hair follicles were pinned onto
Sylgard-coated glass petri dish and cut longitudinally with a
microblade till the appearance of blood, which was then flushed
out with HBSS. After making a transverse cut above the level of
the cavernous sinus and another cut at the level within the ring
sinus, the hair bulges were readily rolled out of the collagen cap-
sule with a bent tungsten needle and subsequently washed in a
new culture plate in HBSS.

After washing, the isolated hair follicles were individually cul-
tured in the RPMI 1640 medium supplemented with L-glutamine
(Thermo Fisher Scientific Co.), 15% fetal bovine serum (HyClone,
Thermo Fisher Scientific), and 4% AmnioMAXTM-II complete
medium (Thermo Fisher Scientific Co.) in new 10-cm petri dishes
at 37 degC with 5% CO2 and air balance. The dermal papilla
explants of hair follicles will outgrow and adhere to the petri
dishes. Half of the old culture medium was replaced with new
freshly made medium every day. After 4 to 5 days, it was detected
under the microscope that highly migratory cells emigrated out
of the dermal papilla explants and showed stellate morphology
and absence of cell–cell contacts. These cells are rat neural crest
stem cells (rNCSCs). The emigrated rNCSCs were then digested
with 0.0.5% trypsin-EDTA (Thermo Fisher Scientific) for 2 min at
37 degC, centrifuged for 5 min at 300 g, and then passaged to be
seeded in new petri dishes at a density of 1� 106/ml. Subse-
quently, rNCSCs were passaged every 3–4 days to avoid a high
cell density stimulating rNCSC differentiation. The rNCSCs after
4�8 passages were used for the following experiments.
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Isolation and Culture of rMSCs

rMSCs were isolated from the bone marrow of the tibia and
femur of the same Sprague-Dawley rats used to extract
rNCSCs, following the procedure described previously (Saini
et al., 2013; Lotfy et al., 2014). Briefly, the bone marrow was
flushed from the ends of the sterilized and cut tibia and femur
using Dulbecco’s modified Eagle’s medium (DMEM) (Thermo
Fisher Scientific) by 27-gauge needles, and subsequently fil-
tered through 70-mm CorningVR cell strainers (Sigma-Aldrich,
St. Louis, MO).

The bone marrow cells were then cultured in low glucose
DMEM/GlutaMAX supplemented with 10% fetal bovine serum
(HyClone, Thermo Fisher Scientific), 30 U/ml penicillin, and
30 mg/ml streptomycin (Thermo Fisher Scientific) at 37 degC
under 5% CO2 and 21% O2. After three passages, the rMSC line-
age was confirmed by fluorescence-assisted cell sorting (FACS),
which detected positive staining signals with the anti-CD90 anti-
body (mouse monoclonal with the clone number MRC OX-7;
1:1,000 dilution; Abcam, Cambridge, MA) and negative staining
signal with the anti-CD45 antibody (rabbit polyclonal; 1:100
dilution; Abcam). The rMSCs after three passages were used for
the following experiments.

Culture of rNCSCs and rMSCs Under Various Oxygen
Tensions

rNCSCs after the 4th–8th passages and rMSCs after the 3rd pas-
sage were seeded at a density of 6� 104 cells/ml in several 12-
well culture plates (Nunc, Thermo Fisher Scientific) and placed
in three separate tri-gas SMA-165DS incubators (ASTEC Co.,
Ltd., Japan). One of the tri-gas incubators was set up with
5%CO2/balance air (normoxia), one set up with 1% O2/5% CO2/
balance N2 (hypoxia), and another set up with 40% or 80% O2/
5% CO2/balance N2 (hyperoxia). Because the smallest value of
the oxygen tension setting for the SMA-165DS incubator is
1%, a C-Chamber hypoxia chamber connected to a ProOx P110
controller (BioSpherix Co., Ltd., Parish, NY) was applied in the
incubator to achieve a hypoxic environment with 0.5% O2

inside the chamber. The actual concentration of dissolved oxy-
gen in the cell culture medium was detected by an 8403 D.O.
meter (AZ Instrument Corp., Taichung City, Taiwan). According
to the manufacturer’s instructions, the D.O. meter was calibrat-
ed to 21% O2 in the air-saturated water and to 0% O2 in the
oxygen-free water containing 10 g/L of sodium sulfite and
50 mg/L of cobalt nitrate.

Before culturing under various oxygen tensions, one group of
rNCSCs was transfected with either Cxcr4 or Hif1a siRNA to
inhibit Cxcr4 or Hif1a expression (as described below). To inhibit
CXCR4 signaling, the CXCR4-specific antagonist AMD3100 (Sig-
ma-Aldrich, St. Louis, MO) was added to the final concentration
of 10 mM in the medium, as described previously (Kim et al.,
2010; Spinello et al., 2011), and rNCSCs were cultured in the
AMD3100-containing medium under hypoxia (0.5% O2) for
36 hr. To inhibit cytoplasmic translocation of S100A2, the anti-
oxidant NAC (Sigma-Aldrich) was added to the final concentra-
tion of 1 mM in the medium, as described previously (Lu et al.,
2010; Berniakovich et al., 2012), and rNCSCs were cultured in the
NAC-containing medium under hyperoxia (40% or 80% O2) for
36 hr. For decreased or increased oxygen cultures, the culturing
plates containing rNCSCs were not placed into each incubator

until the respective hypoxia or hyperoxia environment had been
set up for at least 24 hr. The 12-well plates containing rNCSCs
were cultured separately at 0.5%, 1%, 20%, and 40% and/or 80%
oxygen levels for 36 hr and then removed for total cell number
counting and immunostaining with various antibodies (as
described below).

Cell Counting

Total numbers of rNCSCs were counted by both the hemocy-
tometer and ADAM-MC automatic cell counter by NanoEnTek
Inc. (Pleasanton, CA). Both methods obtained identical results.
For counting by the hemocytometer, we diluted the culture
medium containing rNCSCs for 10-fold and extracted 10 ml of
it to mix with an equal volume (10 ml) of trypan blue. As apo-
ptotic and necrotic cells had damaged plasma membranes per-
meable to trypan blue staining and hence were deep blue-
colored, only the semitransparent and round cells were live and
counted.

Cell Viability Analyses

The cell viability was analyzed by the VybrantVR MTT (3-(4,5-
dimethylthiazol-2-yl)- 2,5-diphenyltetrazolium bromide) cell via-
bility assay kit (Thermo Fisher Scientific). Briefly, 10 ml of 12 mM
MTT stock solution was added per 100 ml of freshly replaced
medium containing rNCSCs, followed by incubation at 37 degC
for 2 hr, and the reaction was terminated by adding 100 ml of the
sodium dodecyl sulfate (SDS)-HCl solution and incubating at
37 degC for 4 hr. The relative concentration of the solubilized for-
mazan was then determined by reading the optical absorbance at
570 nm. The viability of rNCSCs cultured at 20% O2 for 12 hr
without any treatment was set up as the control value (i.e., 100%
viability).

Normobaric Hypoxia and Hyperoxia Exposure Systems

The Sprague-Dawley rats were divided into three groups and
exposed to various oxygen tensions for 36 hr: one group was
maintained at 89.0 6 0.5% O2 (for hyperoxic exposure), one
group was maintained in room air, i.e., at 21% O2 (for normoxic
exposure), and another group was maintained at 7.0 6 0.5% O2

(for hypoxic exposure). Each group contains a total of six rats,
with three male or three female rats placed together in a 33-L
Plexiglas glove chamber (Terra Universal, Inc., Fullerton, CA),
which was connected to either an N2 (for hypoxia) or O2 (for
hyperoxia) reservoir cylinder, and had a double-doored entry
port that would allow entry and exit of animals without measur-
ably altering the oxygen concentration inside the chamber. The
gas outflow rate was controlled by a solenoid valve automatically
adjusted by an S-3A oxygen analyzer (AEI Technologies, Inc.,
Pittsburgh, PA). The CO2 concentration inside the chambers was
maintained at �0.2% by a baralym scrubber and continuously
monitored by a capnograph. The relative humidity inside the
chambers was kept at �70% using anhydrous calcium sulfate. To
minimize emission of urinary ammonia, boric acid was also
added inside the chambers. All protocols for animal experiments
had been approved by the Institutional Animal Care and Utiliza-
tion Committee in the Laboratory Animal Center of National
Defense Medical Center.
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Whisker Hair Follicle Tissue Preparation and Analyses
of Proliferation, Hypoxia, Oxidative Stress, and
Apoptosis

Two hours before the end of the hypoxic or hyperoxic exposure,
all Sprague-Dawley rats were injected via the tail vein with
200 mg/g of body weight of 5-bromo-2-deoxyuridine (BrdU) (Sig-
ma-Aldrich), and the hypoxia- and normoxia-exposed rats were
also injected with 100 mg/g of body weight of hypoxyprobe-1
(HypoxyprobeTM, Natural Pharmacia Intl. Inc., Belmont, MA).
The whisker pads containing hair follicles were harvested from
the animals that had exposed to various oxygen tensions for
36 hr, and half of the normoxia- and hyperoxia-exposed whisker
pads were incubated in HBSS containing 5 mM of CellROXVR

Green staining reagent at 37 degC for 1 hr before fixation. All of
the whisker pads were then fixed with 4% paraformaldehyde
(PFA) (Sigma-Aldrich) in 1� phosphate buffered saline (PBS) for
12 hr at 4 degC, followed by cryopreservation in sucrose solutions
with increasing concentrations and freezing in the Tissue-TekVR

O.C.T. compound (Sakura Finetek Co., Ltd., Japan).
Cryostat sections were cut at 10-mm thickness, and half of the

hypoxia- or normoxia-exposed tissue sections were then double
immunostained with the anti-SOX10 antibody (rabbit polyclonal;
1:1,000 dilution; Abcam) and anti-hypoxyprobe-1 antibody
(mouse monoclonal; 1:200 dilution; Natural Pharmacia Intl. Inc.),
while half of the hyperoxia-exposed tissue sections were double
stained with the CellROXVR Green oxidative stress reagent
(Thermo Fisher Scientific) and the anti-SOX10 antibody. The oth-
er half of hair follicle tissue sections in all groups were double
stained with the anti-BrdU antibody (mouse monoclonal; 1:500
dilution; Sigma-Aldrich) and the Click-iTVR TUNEL Alexa FluorVR
488 Imaging Kit (Thermo Fisher Scientific). The Vectashield Anti-
fade Mounting Medium (Vector Laboratories, Burlingame, CA)
was applied to mount coverslips onto the immunostained tissue
sections.

siRNA Transfection

The oligonucleotides of Cxcr4 siRNA, Hif1a siRNA, Tp53 siRNA,
S100a2 siRNA, negative control siRNA and positive control (Tbp:
TATA box-binding protein) siRNA were all obtained from Thermo
Fisher Scientific Co., Waltham, MA. The sequence of the 22-mer
antisense Cxcr4 siRNA was 50-CUGUCAUGCUCCUCAGCUUCd
TdT-30, corresponding to nucleotides 267�286 of the NCBI refer-
ence sequence NM_022205. The sequence of the 22-mer anti-
sense Hif1a siRNA was 50-GUGAGCCUCAUAACAGAAGCdTdT-
30, corresponding to nucleotides 195�214 of the NCBI reference
sequence NM_024359. The sequence of the 22-mer antisense
Tp53 siRNA was 50-GAGGAAGAAGUUUCCAUAAGdTdT-30, cor-
responding to nucleotides 86�105 of the NCBI reference
sequence X13058. The sequence of the 22-mer antisense S100a2
siRNA was 50-CAUCUGACUUAAAUUGAAGGdTdT-30, corre-
sponding to nucleotides 572�591 of the NCBI gene ID
LOC100910139.

We used the SilencerVR Tbp siRNA (Thermo Fisher Scientific)
for rat as a positive control and the SilencerVR Negative Control
siRNA (Thermo Fisher Scientific) as a negative control. Among
the house keeping genes, the Tbp instead of Gapdh siRNA was
chosen as a positive control because previous studies have dem-
onstrated that Gapdh gene expression is subject to regulation by
hypoxia (Zhong and Simons, 1999; Yamaji et al., 2003; Foldager

et al., 2009; Higashimura et al., 2011), whereas Tbp expression is
relatively unaffected by changes of oxygen tensions (Foldager
et al., 2009; Caradec et al., 2010). 3� 105 cells/ml of rNCSCs
seeded in six-well culture plates (Nunc, Thermo Scientific Co.,
Waltham, MA) were grown to be 70�90% confluent, washed and
transferred to serum-free medium, followed by transfection with
2.5 mg of siRNA per well using the LipofectamineVR 2000 Reagent
kit (Invitrogen, Thermo Fisher Scientific) in accordance with the
manufacturer’s instructions. After 24 hr, the siRNA-transfected
rNCSCs were washed and transferred to complete maintenance
medium, and then cultured at 0.5% O2 at a density of 6� 104

cells/ml in 12-well plates.

Transfection With CMV-containing Expression Vectors

Both of the empty pCMV6-Kan/Neo Rat TrueClone and pCMV6-
Tp53 Rat cDNA TrueClone vectors were obtained from OriGene
Technologies, Inc. (Rockville, MD). A total of 3� 105 cells/ml of
rNCSCs seeded in 6-well culture plates (Nunc, Thermo Scientific
Co., Waltham, MA) were grown to be 70�90% confluent, washed
and transferred to serum-free medium, followed by transfection
with 3mg of siRNA per well using the LipofectamineVR 2000
Reagent kit (Invitrogen, Thermo Fisher Scientific) in accordance
with the manufacturer’s instructions. After 24 hr, the siRNA-
transfected rNCSCs were washed and transferred to complete
maintenance medium, and then cultured at 0.5% O2 at a density
of 6� 104 cells/ml in 12-well plates.

Immunofluorescence Staining

After culturing at 0.5%, 20%, 40%, or 80% oxygen levels for
36 hr, the culture medium in the 12-well plates containing
rNCSCs was aspirated carefully without touching the cells, which
were adhered to the bottom of the plates. rNCSCs were then
washed three times in 1� PBS at pH 7.4, for 5 min each time, fol-
lowed by fixation in 1 ml of 4% PFA (Sigma-Aldrich) in PBS for
20 min. After washing with 1�PBS three times again, the fixed
cells were permeabilized with 0.5% Triton X-100 for 10 min, then
blocked with 10% bovine serum albumin (BSA, Sigma-Aldrich)
in 1�PBS for 1 hr, to prevent high background signals of immu-
nostaining from nonspecific binding of primary and secondary
antibodies.

Following blocking, rNCSCs were incubated with the following
primary antibodies or conjugates diluted in 1� PBS at 4 degC
overnight: anti-CDKN1A (p21CIP1/WAF1) (mouse monoclonal with
the clone number F-5; 1:100 dilution; Sigma-Aldrich), anti-
cortactin (rabbit monoclonal; 1:250 dilution; Abcam), anti-
CXCR4 (rabbit polyclonal; 1:100 dilution; Abcam), anti-FOXD3
(rabbit polyclonal; 1:100 dilution; Santa Cruz Biotechnology),
anti-HIF1a (mouse monoclonal with the clone number H1alpha
67; 1:100 dilution; Santa Cruz Biotechnology), anti-NGFR (rabbit
polyclonal; 1:400 dilution; Abcam), anti-S100A2 (mouse mono-
clonal with the clone number SH-L1; 1:1,000 dilution; Thermo
Fisher Scientific), anti-SNAIL (mouse monoclonal with the clone
number G-7; 1:100 dilution; Santa Cruz Biotechnology), anti-
SOX10 (rabbit polyclonal; 1:1,000 dilution; Abcam), anti-TP53
(rabbit polyclonal; 1:200 dilution; Abcam), anti-TPM1 (rabbit
polyclonal; 1:250 dilution; Abcam), bovine pancreatic deoxyribo-
nuclease I conjugated to Alexa FluorVR 594 (1:100 dilution;
Thermo Fisher Scientific), and phalloidin conjugated to Alexa
FluorVR 488 (1:40 dilution; Thermo Fisher Scientific). For isotype
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negative controls, mouse monoclonal IgG1 (with the clone num-
ber NCG01) and rabbit polyclonal IgG from Abcam were applied
at the same concentration as the respective primary antibodies.

On the second day, the cells were washed three times in
1� PBS and blocked for 20 min with 10% BSA in 1� PBS, fol-
lowed by incubation at room temperature for 1 hr with the fol-
lowing secondary antibodies conjugated with fluorophores:
donkey anti-mouse Alexa FluorVR 488, donkey anti-mouse Alexa
FluorVR 555, donkey anti-rabbit Alexa FluorVR 488, and donkey
anti-rabbit Alexa FluorVR 555 (Molecular Probes, Thermo Fisher
Scientific). After 1 hr, the cells were washed in 1� PBS again, fol-
lowed by counter-staining with 10 mg/ml of DAPI (1:1,000 dilu-
tion; Molecular Probes, Thermo Fisher Scientific) in 1� PBS for
10 min. Subsequently, the cells were washed and stored in
1� PBS, followed by photographing under the AXIO observer
inverted fluorescence microscope (Zeiss). In line with the fluores-
cence intensities of different fluorochromes, the exposure time of
the AxioCam HRc color CCD camera was set as 350 msec for
DAPI, 400 msec for Alexa FluorVR 488, and 450 msec for Alexa
FluorVR 555. Both isotype-negative controls and no-primary-
antibody controls showed no specific staining with only very few
background signals (data not shown).

For analysis of cell proliferation, the Click-iTTM EdU Alexa Flu-
orVR 555 Imaging Kit (Thermo Fisher Scientific) was used. Briefly,
6� 104 cells/ml of rNCSCs were cultured in the 1:1 volume-to-
volume mixture of the maintenance medium and 20 mM solution
of EdU for 12 hr in 12-well plates, followed by fixation in 4% PFA
and permeabilization with 0.5% Triton X-100, same as described
above in the immunostaining procedure. After washing with
1� PBS containing 3% BSA, 0.5 ml of Click-iTTM reaction cocktail
was added to each well and incubated for 30min with protection
from light. After EdU labeling, the rNCSCs were washed three times
in 1� PBS and blocked for 20 min with 10% BSA in 1� PBS, and
then immunostained with primary antibodies.

For analysis of cell apoptosis, the Click-iTVR TUNEL Alexa Flu-
orVR 488 Imaging Kit (Thermo Fisher Scientific) was used. Briefly,
rNCSCs cultured in 12-well plates were fixed and permeabilized
as described above in the immunostaining procedure, followed by
washing with deionized and distilled water twice and incubation
with TdT reaction buffer for 10 min at room temperature. After
removing the TdT reaction buffer, the TdT reaction cocktail was
added to each well and incubated for 1 hr at 37 degC, followed by
washing twice with 1� PBS containing 3% BSA. The rNCSCs
were then incubated with the Click-iTVR reaction cocktail for
30 min at room temperature with protection from light, washed
in 1� PBS three times and blocked with 10% BSA in 1� PBS for
20 min, and then immunostained with primary antibodies.

Quantitative Analyses of Immunostaining

The image files obtained from Zeiss fluorescence microscope
were input into the Count Nuclei/Cell Sorting Application Module
for MetaMorph (MetaMorph Offline vers. 7.0; Universal Imaging
CorporationTM, Buckinghamshire, UK) for quantitative analyses
and comparison among different groups of rNCSCs in vitro and
among different tissue sections of rat whisker hair follicles in
vivo. Briefly, for cell counting, the numbers of rNCSC or hair fol-
licle cells/nuclei stained with different colors of fluorescence (red
or green) and the total numbers of DAPI-stained nuclei were,
respectively, counted on the image files of each experimental
group. The average percentages of positive rNCSC or hair follicle

cells/nuclei in each experimental group were calculated as: (the
summary of numbers of cells or nuclei stained with red or green
fluorescence on all images)/(the summary of total numbers of
DAPIþ nuclei on all images)� 100%.

For comparison of fluorescent intensities, a specified unit of
area (e.g., a defined range of the cytoplasm or nucleus) in the
untreated rNCSCs cultured at 20% O2 was set up to quantify the
fluorescent intensity within the area, which was recorded as a
standard value. The same unit of area was picked up from rNCSCs
in the other experimental groups (i.e., cultured under hypoxia or
hyperoxia, and/or siRNA-transfected or AMD3100- or NAC-incu-
bated), followed by quantification of fluorescent intensity within
the area and comparison with the standard value. The relative
intensity of a specific marker within an experimental group was
calculated by the summation of relative values obtained from all
units of areas on all image files within that group, and was quan-
tified as a fold-change of the standard value.

Western Blot Analyses of Cytoplasmic and Nuclear
Protein Extracts

The cytoplasmic and nuclear protein fractions of rNCSCs were
sequentially extracted using the NE-PERTM Nuclear and Cytoplas-
mic Extraction Reagents (Thermo Fisher Scientific Co.) according
to the manufacturer’s instructions. Briefly, 1� 106 rNCSCs were
trypsinized and centrifuged in a 1.5-ml microcentrifuge tube,
lysed with the ice-cold CER I and CER II reagents sequentially,
followed by the second centrifugation to obtain supernatants
containing the cytoplasmic extracts. The pellet deposition after
the second centrifugation was further lysed by the ice-cold NER
reagent and centrifuged again to obtain supernatants containing
the nuclear extracts.

Equal amounts of cytoplasmic or nuclear protein extracts from
each group of rNCSCs were separated using SDS-10% polyacryl-
amide gel electrophoresis and transblotted onto polyvinylidene
difluoride (PVDF) membranes (Millipore, Bedford, MA). Protein
concentration was quantified using the PierceTM BCA Protein
Assay Kit (Thermo Fisher Scientific). Immunoblotting was per-
formed with the same primary antibodies applied for immunoflu-
orescence staining (described above). b-Actin and TBP served,
respectively, as the cytoplasmic and nuclear extract markers and
loading controls, and were immunoblotted with the anti-b-actin
(rabbit polyclonal; 1:100 dilution; Santa Cruz Biotechnology) and
anti-TBP (mouse monoclonal with the clone number mAbcam
51841; 1:1,000 dilution; Abcam) antibodies. Glyceraldehyde 3-
phosphate dehydrogenase is not an appropriate loading control
for our study, as its gene expression has been reported to be sub-
ject to regulation by hypoxia (Zhong and Simons, 1999; Yamaji
et al., 2003; Foldager et al., 2009; Higashimura et al., 2011). For
negative controls, the PVDF membranes carrying the cytoplasmic
or nuclear protein extracts from different groups of rNCSCs were
immunoblotted with either mouse monoclonal IgG1 or rabbit
polyclonal IgG from Abcam. The signals of immunoblots were
visualized with the Amersham ECL Western Blotting Detection
Kit (GE Healthcare Life Sciences, Chicago, IL) followed by expo-
sure to X-ray films.

Real-time Quantitative RT-PCR

Immediately after culturing for 36 hr under various oxygen ten-
sions, total RNA was extracted from the untreated, NAC-
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incubated, and siRNA or CMV vector transfected rNCSCs using
the RNAqueousVR -Micro total RNA isolation kit (Ambion, Thermo
Fisher Scientific) followed by reverse transcription with Super-
ScriptVR III First-Strand Synthesis System (Invitrogen, Thermo
Fisher Scientific). The primer sequences for each different cDNA
for analyses are: forward primer 50-GCTGGTTGAGGAGGAGTT-30

and reverse primer 50-CATCTTTTTGGGCTCGGCTT-30 for Tpm1,
forward primer 50-ACCGTGAATCTTGGCTGTAAAC-30 and reverse
primer 50-CGCAGTTGTTCGTGGCTCTC-30 for Tbp, forward primer
50-CATGGATACGTGAGGGGTGC-30 and reverse primer 50-CCTC
GTGACTTTCCTGTCTCA-30 for S100a2, and forward primer 50-
CATCGAGCTCCCTCTGAGTC-30 and reverse primer 50-CTGTGG
TGGGCAGAATATCA-30 for Tp53.

The total cDNA templates synthesized from the extracted total
mRNA were then mixed with the aforementioned multiplex prim-
er sets and the PlatinumVR SYBRVR Green qPCR SuperMix-UDG
(Invitrogen, Thermo Fisher Scientific), followed by real-time
quantitative PCR reactions using the Applied BiosystemsVR 7500
Fast Real-time PCR System (Applied Biosystems Group, Thermo
Fisher Scientific) located in the Instrument Center of National
Defense Medical Center. Because it has been demonstrated that
18S rRNA and b-Actin are the two least stable reference genes
for quantitative PCR studies in rat carotid bodies under hyperoxia
and/or hypoxia conditions (Kim et al., 2011), we selected Tbp
mRNA, which was shown to be one of the best reference gene
under various oxygen tensions (Kim et al., 2011), as a normaliza-
tion control for the mRNA expression analyses in this study. The
cycling program was set up as 2 min hold at 50 degC for UDG
incubation followed by 5 min of denaturation at 95 degC and 50
cycles of denaturation at 95 degC for 15 sec, annealing at
60 degC for 45 sec, and elongation at 95 degC for 1 min. The
expected sizes of the RT-PCR products for Tpm1, Tbp, S100a2,
and Tp53 mRNA are, respectively, 134, 123, 108, and 80 base
pairs. The results of real-time PCR were analyzed by the DDCt
method based on the cycle threshold (Ct) values. The mean Ct val-
ues for Tpm1, S100a2, and Tp53 mRNA were normalized against
the mean Ct values for TBP mRNA from the same samples, and the
quantitative expression of each mRNA was calculated using 2-DDCt,
where DDCt¼DCtmRNA � DCtTbp mRNA. The relative levels of
Tpm1, S100a2, and Tp53 expression in different samples were cal-
culated in comparison with the level of TBP expression in the
rNCSCs cultured at 20% O2, which was presumptively set up as 1.0.

Statistical Analyses

For statistical analyses, we performed one-way ANOVA with
post-hoc tests of Duncan’s multiple range test and Scheff�e’s
method, which analyzed both the within-group variation and
between-group variation and calculated the relative ratios by use
of the SPSS 20.2 software (International Business Machines Cor-
poration). The data of total cell numbers after 36-hr culture, posi-
tive cell percentages for different markers, and relative
expression levels of various cytoplasmic and nuclear proteins
were all analyzed and compared within and between distinct
groups of rNCSCs (n¼ 12 in each group) by one-way ANOVA.
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