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ABSTRACT
The naked mole rat (NMR; Heterocephalus glaber) is a small rodent
species found in regions of Kenya, Ethiopia and Somalia. It has a high
tolerance for hypoxia and is thus considered one of the most
important natural models for studying hypoxia tolerance
mechanisms. The various mechanisms underlying the NMR’s
hypoxia tolerance are beginning to be understood at different levels
of organization, and next-generation sequencing methods promise to
expand this understanding to the level of gene expression. In this
study, we examined the sequence and transcript abundance data of
the muscle transcriptome of NMRs exposed to hypoxia using the
Illumina HiSeq 2500 system to clarify the possible genomic adaptive
responses to the hypoxic underground surroundings. The RNA-seq
rawFastQ dataweremapped against theNMRgenome.We identified
2337 differentially expressed genes (DEGs) by comparison of the
hypoxic and control groups. Functional annotation of the DEGs by
gene ontology (GO) analysis revealed enrichment of hypoxia stress-
related GO categories, including ‘biological regulation’, ‘cellular
process’, ‘ion transport’ and ‘cell-cell signaling’. Enrichment of
DEGs in signaling pathways was analyzed against the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database to identify
possible interactions between DEGs. The results revealed significant
enrichment of DEGs in focal adhesion, the mitogen-activated protein
kinase (MAPK) signaling pathway and the glycine, serine and
threonine metabolism pathway. Furthermore, inhibition of DEGs
(STMN1, MAPK8IP1 and MAPK10) expression induced apoptosis
and arrested cell growth in NMR fibroblasts following hypoxia. Thus,
this global transcriptome analysis of NMRs can provide an important
genetic resource for the study of hypoxia tolerance in mammals.
Furthermore, the identified DEGs may provide important molecular
targets for biomedical research into therapeutic strategies for stroke
and cardiovascular diseases.
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transcriptome analysis, Mitogen-activated protein kinase signaling
pathway

INTRODUCTION
Hypoxia is a serious challenge for aerobic organisms, which depend
on aerobic oxidation of glucose for respiration and energy
production in the mitochondria (Hayashi, 1968; Savin, 1966).
Cerebral ischemia is a common cause of irreparable brain damage
(Zhu et al., 2017) and current data show that the incidence of
ischemic heart disease is increasing worldwide, especially in
middle-income countries (Finegold et al., 2013). Hypoxia plays
critical roles in the pathobiology of many diseases, such as cancer,
heart failure, myocardial ischemia, stroke, and chronic lung
diseases. Humans lose their work capacity at high altitude mainly
because of hypoxia, which inhibits the functions of nerves and
muscles. Therefore, a better understanding of the mechanisms
responsible for hypoxia tolerance in vertebrates is crucial for the
prevention and therapy of ischemic diseases, and for developing
protective measures against hypoxic environments.

A series of changes in cytology, physiology and molecular
biology caused by hypoxic stress leads to disruption of biochemical
processes, increased apoptotic level and impaired cell proliferation
(Sendoel and Hengartner, 2014). In order to survive in hypoxic
environments, cells rapidly sense the hypoxic stress and respond
with a series of complex changes, including changes in messenger
molecule-regulated signaling and regulatory pathways; activation of
some specific transcription factors which are involved in the
hypoxia responses, such as the most important oxygen balance
regulator in mammals cells, hypoxia inducible factor-1; and
regulation of the expression of genes encoding proteins which are
required for maintaining homeostasis, cell protection and/or
acclimation (Berlow et al., 2017; Mira et al., 2017; Pereira et al.,
2014). The changes in many pathways, including hypoxia-inducible
pathways and hypoxia-protective pathways resulting from hypoxic
stress responses in mammalian cells, play an important role in ion
homeostasis, reactive oxygen species scavenging, and cell growth
and apoptosis. Mitogen-activated protein kinases (MAPKs) are a
class of serine/threonine protein kinases which control cell growth,
differentiation, pathological processes, and a variety of important
cellular physiological adaptation to environmental stress (e.g.
hypoxia). However, various adaptive hypoxia tolerance
mechanisms have evolved in different species. Therefore,
comprehensive investigations of the transcriptomes of some
unique hypoxia-tolerant species are necessary to gain a better
understanding of the genetic mechanisms responsible for hypoxia
tolerance.

The naked mole rat (NMR; Heterocephalus glaber) inhabits
subterranean burrow systems, indicating a high tolerance to hypoxia
and hypercapnia, thus representing an excellent model for studyingReceived 20 July 2017; Accepted 26 October 2017
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mammalian adaptation to life underground and medical
applications (Lewis et al., 2016). This species has evolved several
physiological characteristics to adapt to hypoxic environment,
including a highly developed respiratory system, low basal
metabolic rate and high affinity of hemoglobin and myoglobin for
oxygen (Gesser et al., 1977; Park et al., 2017). It has been suggested
that the injury or pathological changes caused by hypoxia is either
attenuated or completely abrogated by this extraordinary level of
tolerance to hypoxic environment. However, previous studies have
focused exclusively on the ecological function and biochemistry of
this species, and knowledge of its hypoxia tolerance mechanisms is
limited due to the lack of NMRs genomic data. Next-generation
sequencing technologies provide a robust platform for obtaining
such data and elucidating the genetic mechanisms underlying
hypoxia tolerance in the NMRs (Zhang et al., 2017).
Here, we report the transcriptome of NMR muscle under

continuous hypoxic stress. We mapped the reads against the
NMR genome and annotated the genes that were differentially
expressed in response to hypoxic stress. The results indicated
hypoxia-dependent focal adhesion required for cellular
communication and activation of the MAPK signaling pathway
involved in cell proliferation, apoptosis and metabolism. These
findings suggest that gene expression is highly coordinated in NMR
muscle in response to hypoxic stress. Furthermore, the identified
differentially expressed genes (DEGs) provide an important genetic
resource for further analyses of mammalian tolerance to hypoxia
and molecular targets for the prevention of ischemic diseases.

RESULTS
RNA-seq and differentially expressed genes (DEGs)
To characterize the transcriptomic responses of NMRs to hypoxic
stress, 10 cDNA libraries were constructed from both hypoxia-
stressed muscle tissue (exposed to 5% O2 for 1 h, 4 h, 8 h and 12 h)
and control muscle tissue. Two biological replicates were included
for each treatment. In total,we generated 493.7million 125-bp paired
clean reads (61.6 Gb of sequence data) through Illumina sequencing
after trimming of the adapter sequences and removal of the low-
quality sequences (Table S3). To assess the quality of the sequencing
data, we mapped the reads generated for this study against the NMR
genome using STAR with default options. On average, 93.39% of
reads were mapped to the NMR genome, suggesting complete
transcript representation in our study (Table S4). We calculated the
expression levels of the genes using the DEseq2. DEGs between the
samples (1 h versus 0 h, 4 h versus 0 h, 8 h versus 0 h, 12 h versus
0 h) were identified (Tables S5). A total of 2337 DEGs (upregulated,
downregulated, and total) were identified and are listed in Table 1.
Among the DEGs, a greater number were upregulated at 8 h or 12 h
compared with that at 1 h or 4 h.

Functional categories analysis of DEGs
A heat map was generated for visualization of the expression
patterns of the 2337 identified DEGs (Fig. 1). These DEGs were
divided into six clusters through cluster analysis. The number and
details of the DEGs in each cluster are listed in Table 2 and Table S6,
respectively. In cluster 1, the DEGs were significantly clustered in
the 1 h group, while the DEGs in cluster 2 were significantly
clustered in the 4 h group. The DEGs in cluster 4 and 5 were
significantly clustered in the 8 h group and the DEGs in cluster 3
and cluster 6 were significantly clustered in the 12 h group.

To elucidate the functions of the DEGs in each cluster, an
overview of the results was obtained using Gene Ontology (GO)
Annotation Plot. The GO terms enriched in each cluster are shown
in Table S7. In this study, we focused on the DEGs in the main
group of biological process. GO analysis indicated that DEGs were
enriched in terms related to biological regulation, cell adhesion,
cellular process, cellular component organization or biogenesis,
nervous system development, metabolic process, ion transport, ion
transmembrane transport, cell-cell signaling and synaptic
transmission. Another study on rats has revealed enhanced
expression of cell adhesion molecules, wound healing and repair
bioprocesses in tolerant males exposure to acute hypobaric hypoxia
(Sharma et al., 2015). However, cell adhesion has not been reported
before as being enriched in NMRs under hypoxic conditions.

On the one hand, cell adhesion is the process by which cells
interact and attach to a surface, substrate or another cell, and is
mediated by interactions between molecules of the cell surface. On
the other hand, contact inhibition is a key anticancer mechanism that
arrests cell division at high density. Previous studies have shown
that, in cell culture, NMR fibroblast growth is arrested at a much
lower density than mouse fibroblasts, demonstrating that NMR
fibroblasts display hypersensitivity to contact inhibition, a
phenomenon termed ‘early contact inhibition’. In this study, we
identified DEGS enriched in cell adhesion and biological adhesion
in NMRs after exposure to hypoxia for 1 h. This indicates that NMR
cells activate an early contact inhibition mechanism to arrest cell
division at an early stage during hypoxia.

Kyoto encyclopedia of genes and genomes (KEGG) signaling
pathway analysis of DEGs
To further elucidate the interaction between the DEGs in each
cluster, KEGG signaling pathway analysis was performed. The
threshold for significance of each pathway was set at P<0.05. The
KEGG signaling pathways enriched in each cluster are shown in
Table S8. Our analysis indicated that DEGs were enriched in
signaling pathways related to focal adhesion, MAPK signaling
pathway, dilated cardiomyopathy, circadian rhythm-mammal, cell
cycle, and glycine, serine and threonine metabolism and metabolic
pathways, which is consistent with the results of the GO analysis.

Validation of DEGs in muscle tissue
To validate the Illumina-Solexa sequencing results, three candidate
DEGs in cluster 6 that were associated with the hypoxia response
were selected for analysis of expression in muscle tissue by real-
time PCR and western blot. These candidates comprised one
encoding a microtubule-regulating protein (STMN1), one encoding
an enzyme [MAPK8IP1(JIP1)] and one encoding a MAPK protein
[MAPK10 (JNK3)]. Although the fold change in their expression
detected by sequencing, real-time PCR and western blot did
not match exactly, the expression patterns determined for all three
genes were consistent, confirming the reliability of the RNA-seq
results (Fig. 2).

Table 1. Number of genes differentially expressed in NMRs exposed to
hypoxia

Condition

Number of genes
upregulated in
hypoxia

Number of genes
downregulated in
hypoxia

1 h_versus_control 243 344
4 h_versus_control 304 332
8 h_versus_control 717 487
12 h_versus_control 527 250
1/4/8/12 h_versus_control
(unique, delete replicates)

1450 971

Differentially expressed
gene number

2337
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Hypoxia induces upregulation of STMN1, MAPK8IP1 and
MAPK10 in NMR muscle fibroblasts
STMN1, MAPK8IP1 and MAPK10 expression levels in
fibroblasts exposed to hypoxia (5% O2) for 12 h and 24 h were
detected by real-time PCR and western blot. Compared with the
control group (normoxia group), fibroblast expression of STMN1,
MAPK8IP1 and MAPK10 was significantly upregulated
following exposure to hypoxia (Fig. 3). This suggested that
hypoxia induced the expression of STMN1, MAPK8IP1 and
MAPK10 in fibroblasts.

siRNA-mediated inhibition of STMN1, MAPK8IP1 and
MAPK10 expression
Expression of STMN1, MAPK8IP1 and MAPK10 mRNA and
protein was analyzed by real-time PCR and western blotting to
evaluate the efficiency of siRNA-mediated silencing of these
genes in transfected fibroblasts. Compared with the control group
(NC-siRNA), STMN1, MAPK8IP1 and MAPK10 mRNA levels
decreased 75%, 77%, and 84%, respectively, after transfection with
siRNA sequences for 24 h (P<0.05). These effects were confirmed
at the protein level by the western blot after transfection for 48 h
(Fig. 4).

Effect of inhibition of STMN1, MAPK8IP1 and MAPK10
expression on fibroblast proliferation, apoptosis and cell
cycle
To determine the effect of STMN1, MAPK8IP1 and MAPK10
inhibition on fibroblast proliferation, a cell proliferation was
performed. There were significantly fewer cells following in
siRNA-mediated silencing of gene expression (STMN1-siRNA,
MAPK8IP1-siRNA and MAPK10-siRNA) compared with those in
the control group (Fig. 4C). Annexin-V-FITC staining showed a
significant increase in the frequency of apoptotic fibroblasts
following siRNA transfection compared with the basal levels
detected in the control group (Fig. 4D,E). These results
demonstrated that siRNA-mediated silencing of STMN1,
MAPK8IP1 and MAPK10 disrupted the cellular mechanisms that
regulate apoptosis process. Cell cycle distribution analysis shown in
Fig. 4F,G showed that NMR fibroblasts treated with STMN1-
siRNA exhibited a significantly greater proportion of cells reaching
the GO/G1 and S stages compared with those in the NC-siRNA
group (P<0.05), while both MAPK8IP1-siRNA and MAPK10-
siRNA induced a significantly greater proportion of cells reaching
the S stages. These observations confirmed that cell growth was
arrested by siRNA.

Fig. 1. Hierarchical cluster analysis of
DEGs under hypoxic treatment in NMRs.

Table 2. Number of DEGs in cluster

Cluster name Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 Cluster 6 Sum

Gene number 566 566 227 674 108 196 2337
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DISCUSSION
The brain utilizes more than 20% of the consumed oxygen to
generate adenosine triphosphate (ATP) to facilitate the membrane
potentials required for synaptic activity, energy utilization and
supply (Herculano-Houzel, 2011; Nagase et al., 2014). Neuronal
death is thought to be caused by metabolic derangements, including
the disruption in oxygen demand and supply, along with the
resulting energy deficit through pathogenesis of hypoxic neuronal
injury. The premise that suitable hypoxia-tolerant animal model
brains can offer vital strategies for developing new applicable
therapies to prevent or treat tissue hypoxia injury because of their
neurons mounting a wide range of resistance to tissue hypoxia is
supported by some evidence. In this study, we report the
transcriptome of NMR muscle under continuous hypoxic stress to
elucidate the genetic mechanisms underlying hypoxia tolerance in
the NMR. A total of 2337 DEGs (upregulated, downregulated, and
total) were identified. Among the DEGs, a greater number were
upregulated at 8 h or 12 h compared with that at 1 h or 4 h,
suggesting differences in the expression patterns at these points
during the hypoxic treatment. It can, therefore, be speculated that
NMRexperienced hypoxic shock (1 h and 4 h) followed by hypoxic
stress (8 h and 12 h). Hypoxic shock caused by exposure to 5% O2

may result in a shortage of oxygen, leading to strong and rapid
changes in the expression of genes involved in sensing oxygen
tension and slight and earlier changes in expression of hypoxic-
response genes. In contrast, more long-term hypoxic stress causes
relatively steady changes in the expression of genes related to
metabolism and dramatic changes in the expression of genes
involved in cell survival. Hence, in the next studies we focused on

the DEGs that were significantly upregulated at 12 h to investigate
the exact mechanism underlying the response to hypoxia in NMRs.

We used the Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) databases to perform the functional
annotation. The annotation of individual genes was performed using
GO terms and genes that can be grouped into networks were
analyzed using the KEGG pathways database to provide a
functional understanding of genes that work together in a
pathway. The biological pathways of model and non-model
organisms can be showed through plotting KEGG pathway maps.
Only pathways having relevant biological implications being used
in the evaluation of transcriptome data are ensured by the
identification of significantly enriched pathways through statistical
analyses. Thus, we can use genes that rank highly in a pathway
identified as being significantly enriched as potential candidates to
test the validity of the pathway in functional studies using relevant
systems such as knock-out models. In this study, GO analysis
indicated that DEGs were enriched in terms related to biological
regulation, cell adhesion, cellular process, cellular component
organization or biogenesis, nervous system development, metabolic
process, ion transport, ion transmembrane transport, cell-cell
signaling and synaptic transmission. Cell adhesion has not been
reported before as being enriched in NMRs under hypoxic
conditions. Most of these GO terms are likely to be associated
with hypoxia tolerance. For instance, since the growth of the
organism and maintaining homeostasis are controlled through
biological regulation including nervous regulation, humoral
regulation and nerve-humoral regulation, we assume that the
upregulated genes involved in biological regulation maintain

Fig. 2. qRT-PCR and western blot verification of three selected DEGs. (A) qRT-PCR analysis of STMN1, JIP1 and JNK3 mRNA expression in muscle from
NMRs under normoxic or hypoxic (5%O2) condition. GAPDH was used as an internal reference. (B) STMN1, JIP1 and JNK3 protein expression was detected by
western blot. β-Actin was used as an internal loading control. (C) Band density analysis of STMN1, JIP1 and JNK3 protein expression. The data represent means
±s.e.m. of triplicate measurements. ★P<0.05, ★★P<0.01 (t-test).
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homeostasis to avoid disturbances in the acid-base and electrolyte
balance under hypoxic conditions. At the same time, other enriched
GO terms were ion transport and ion transmembrane transport,
suggesting the involvement of activated transmembrane ion
transport in maintaining homeostasis. The KEGG pathway
analysis showed significant enrichment of MAPK signaling
pathway in NMRs exposed to 5% O2 for 12 h. Further analysis
was then conducted to decipher the pathway network of genes
involved inMAPK signaling expressed in response to acute hypoxic
stimulation in NMRs. Detection of increased levels of the STMN1,
MAPK8IP1 and MAPK10 protein in NMR fibroblasts 12 h and
24 h post-exposure to hypoxic stress consolidates the view that
differential expression of MAPK signaling genes identified in
NMRs in this study was induced by hypoxia. Hence, our pathway
analysis suggests the involvement of MAPK signaling in cell
survival under prolonged conditions of acute hypoxic stimulation in
NMRs. Overall this study highlights the power of pathway-based
analyses for the identification of the most important genes expressed
in a transcriptome in response to stimuli. Furthermore, in contrast to
time-consuming and laborious non-systematic approaches, our
study also shows that pathway-based analyses for the identification

of molecular networks of genes expressed in a transcriptome
provides a contextual understanding of biological processes induced
by hypoxic exposure.

MAPKs are conserved across species from yeast to humans,
control cell growth, differentiation, and a variety of important
cellular physiological adaptations to environmental stress,
inflammatory response and pathological processes. In the present
study, STMN1, MAPK8IP1 and MAPK10 were upregulated,
suggesting that NMRs respond to prolonged hypoxic stress by
activating the MAPK signaling pathway. STMN1 is a microtubule-
destabilizing phosphoprotein that is considered to play a crucial role
in regulating cellular microtubule dynamics and controlling mitosis
(Rubin and Atweh, 2004). Previous studies have showed that
STMN1 is highly expressed in many human malignancies and is
related to development, invasion and metastasis of tumors as well as
being upregulated in normally proliferating cell lines (Rana et al.,
2008). In this study, we found that STMN1 was significantly
elevated in NMR fibroblasts after exposure to hypoxia for 12 h or
24 h. Furthermore, siRNA-mediated knockdown of STMN1
inhibited cell proliferation and induced apoptosis. This is
consistent with the observations reported by Yoshie et al. (2009)

Fig. 3. Expression of STMN1, JIP1 and JNK3 in muscle
fibroblasts from NMRs before and after exposure to
hypoxia. (A) Real-time PCR analysis of STMN1, JIP1 and
JNK3 mRNA expression in muscle fibroblasts before and
after exposure to hypoxia (5% O2) for 12 h or 24 h. (B)
Western blot detection of STMN1, JIP1 and JNK3 protein
expression in fibroblasts before and after exposure to
hypoxia (5% O2) for 12 h or 24 h. β-actin was used as an
internal loading control. (C,D) Band density analysis of
STMN1, JIP1 and JNK3 protein expression in fibroblasts
before and after exposure to hypoxia (5% O2) for (C) 12 h or
(D) 24 h. Data represent the mean±s.e.m. of five
independent experiments. ★P<0.05, ★★P<0.01 (t-test).
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Fig. 4. SiRNA-mediated inhibition of STMN1, JIP1 and JNK3 expression and its effects on cell proliferation, apoptosis and cell cycle progression in
NMR muscle fibroblasts. (A) Real-time PCR analysis of STMN1, JIP1 and JNK3 mRNA levels in fibroblasts transfected with siRNA for 24 h under hypoxic
conditions. GAPDH was used as an internal reference. (B) Detection of STMN1, JIP1 and JNK3 protein in fibroblasts after transfection with siRNA for 48 h under
hypoxic conditions. (C) Effects of inhibition of STMN1, JIP1 and JNK3 for 24 h, 48 h, or 72 h on the growth of NMR fibroblasts. (D) Effect of inhibition of STMN1,
JIP1 and JNK3 for 48 h on cell apoptosis. (E) Statistical analysis of NMR fibroblast apoptosis after transfection with siRNA for 48 h. (F) Flow cytometric (FCM)
analysis of the cell cycle distribution of NMR fibroblasts after transfection with siRNA for 48 h. (G) Quantification of FCM results in the different groups. ★P<0.05,
★★P<0.01 (t-test). Data in A, C E and G are represented as mean±s.e.m.
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who showed that endometrial stathmin is linked to HIF-1 protein
accumulation and upregulated VEGF expression via the PI3K/Akt
signaling pathway, and may be involved in regeneration of the
endometrium during the menstrual cycle in human uterine cells. In
addition, inhibition of stathmin expression leads to accumulation of
cells in the GO/G1 and S phases of the cell cycle, and is associated
with severe mitotic spindle abnormalities and difficulty in the exit
from mitosis in NMRs fibroblasts under hypoxic environment. In
contrast, interference with stathmin function by forced expression or
inhibition of expression in other mammals results in reduced
cellular proliferation and accumulation of cells in the G2/M phases
(Rubin and Atweh, 2004). Thus, stathmin is critically important not
only for the regulation of the function of the mitotic spindle in the
later stages of mitosis and for the timely exit from mitosis, but also
for the formation of a normal mitotic spindle on entry into mitosis.
In combination, these observations indicate that cell proliferation in
NMRs is regulated through upregulated STMN1 expression under
hypoxic conditions. However, detailed studies using knock-in
systems are required to elucidate the mechanisms that control the
expression of the individual genes in the MAPK signaling pathway
that was identified in this study.
Apart from the significance of upregulation of STMN1

expression, MAPK8IP1 (JIP1) and MAPK10 (JNK3) were
identified as other key genes that were upregulated significantly in
NMRs subjected to hypoxic stress for 12 h. JNK is a major signal
transducer driving the physiological responses to cellular stressors,
including ultraviolet (UV)-radiation, genotoxic damage, oxidative
stress, endoplasmic reticulum stress, long-chain saturated fatty
acids, inflammatory cytokines, and microbial by-products. The
outcomes of these responses range from cell death to cell
proliferation and survival, depending on the specific context,
magnitude, and duration of its activation (Derijard et al., 1994;
Kyriakis et al., 1994). JIP-1 has been identified as a cytoplasmic
inhibitor of JNK that retains JNK in the cytoplasm, thereby
inhibiting JNK-regulated gene expression. Indeed, JNK was
identified as a UV-responsive protein kinase mediating the
phosphorylation and activation of the cJun transcription factor in
response to a variety of stressors (Hibi et al., 1993). The AP-1
transcription factors, which are regulated by JNK, have been linked
to cell survival and cell cycle progression, but also to programmed
cell death, although evidence indicates that cJun functions mainly a
positive regulator of cell proliferation (Shaulian and Karin, 2001,
2002; Thevananther et al., 2004). Indeed, the JNK-cJun pathway
was shown to be an early event driving proliferation during liver
regeneration by a mechanism involving increased cyclin D1
expression (Alcorn et al., 1990; Schwabe et al., 2003; Stepniak
et al., 2006). JNK isoforms (JNK1 and JNK2) are reported to be
expressed ubiquitously, while JNK3 expression is restricted to the
brain, testis, and pancreatic β-cells (Solinas and Karin, 2010);
however, our study showed that JNK3 expression was induced in
NMR muscle by hypoxia. Given that transient moderate JNK
activation may promote stress tolerance, whereas for sustained JNK
activation the expected outcome is cell death (Chen et al., 1996;
Solinas and Becattini, 2017), it is likely that the upregulation of JIP1
in response to hypoxia observed in our study could lead to moderate
JNK activation, which promotes cell survival, and therefore could
account for the expression of JNK3 and JIP1 detected in this study.
Furthermore, inhibition of JIP1 expression led to a significant
increase in NMR fibroblast apoptosis. This is consistent with the
report that maximal JNK activation is observed during the initiation
of apoptosis when JIP1 is intact, whereas cleavage of JIP1 correlates
with JNK inactivation and progression of apoptosis in HeLa cells

(Vaishnav et al., 2011). Overall, the repertoire of genes clustered in
the MAPK signaling pathway identified in this study is consistent
with the genes induced by hypoxic stress in higher vertebrate cells,
suggesting that the mechanisms that promote fibroblast survival in
response to hypoxia in NMRs are similar to those of other vertebrates.

Conclusions
In the present study, we explored the transcriptomic changes of NMRs
muscle in response to hypoxic stress over time and identified numerous
DEGs with primary involvement in cell adhesion, cell-cell signaling,
and metabolism. Furthermore, we found that the temporal expression
pattern of the DEGs varied greatly according to the length of time that
NMRs were exposed to hypoxic stress. We also identified a greater
number of upregulated DEGs at 8 h or 12 h compared with those at 1 h
or 4 h. These findings suggest that gene expression in NMR muscle is
highly coordinated in response to hypoxic shock at 1 h or 4 h and
hypoxic stress at 8 h or 12 h. Furthermore, a contextual understanding
of the biological relevance of DEGs expressed in a transcriptome can be
obtained through pathway-based analysis. It can be predicted that data
presented here will expand our understanding of the cellular
mechanisms underlying the response of NMRmuscle to hypoxic stress.

MATERIALS AND METHODS
Animals and hypoxic conditions
Adult NMRs were purchased from the Department of Zoology at the
University of Cape Town and housed at the Laboratory Animal Center of the
Second Military Medical University. The NMRs were kept under normoxia
for 14 days prior to hypoxic exposure. To test for acute hypoxic stress,
animals with a similar weight (40–60 g) were placed in a chamber
(dimensions 81×58×121 cm) divided into three compartments. Adult
NMRs (aged 8 months) were subjected to acute hypoxic conditions (5%
O2) by keeping them in the chamber for 1 h, 4 h, 8 h and 12 h; control
groups were subjected to normoxic conditions (21% O2). Two biological
replicates (from two animals) were analyzed for each treatment. All animal
protocols were approved by the Institutional Ethics Committee and were
consistent with current regulations [GB14925-2001: Laboratory Animal
Requirements of Environment and Housing Facilities (Chinese version)].

Sample collection
After hypoxic exposure for 1 h, 4 h, 8 h, and 12 h, animals were euthanized
by intraperitoneally injecting a lethal dose (150 mg/kg) of pentobarbital
sodium obtained from Sigma–Aldrich Co. (St Louis, MO, USA). The
normoxic group also received intraperitoneal injection of an overdose of
pentobarbital. Muscle tissues were immediately removed and frozen in
liquid nitrogen until further use.

Extraction of total RNA and sequencing
For transcriptome sequencing, total RNA was extracted from muscle tissue
samples obtained from animals exposed to hypoxia (5% O2) for 1 h, 4 h, 8 h
and 12 h and corresponding controls (two biological replicates per
treatment) using TRIzol reagent (Invitrogen, Life Technologies Corp.,
Carlsbad, CA, USA) according to the instructions. The purity and quality of
total RNA was then evaluated spectrophotometrically (A260/A280). Ten
cDNA libraries were constructed and sequenced by WuXi Genome Center
(Shanghai, China). Using standardized procedures and monitoring with a
standard Quality Control System, RNAs with poly(A) tails were purified
from total RNA using oligonucleotide (dT) magnetic beads and then
fragmented into short sequences that were used for cDNA synthesis. For
each sample, an RNA sequencing library was constructed using the Illumina
mRNA-Seq Prep Kit (Illumina Inc., San Diego, CA, USA). Paired-end
RNA-seq libraries were prepared following Illumina’s protocols and
sequenced on the Illumina HiSeq 2500 sequencing platform with a 125-
bp read length following end repair, adapter ligation and PCR amplification.
Image output data from the sequencer were transformed into raw sequence
data by base calling and stored in FastQ format.

1910

RESEARCH ARTICLE Biology Open (2017) 6, 1904-1912 doi:10.1242/bio.028548

B
io
lo
g
y
O
p
en



Gene expression and functional analysis of DEGs
We downloaded the genome file and gene annotation of NMRs from UCSC
(https://genome.ucsc.edu). The RNA-seq raw FastQ data was mapped
against the NMR genome using STARwith default options (STAR: ultrafast
universal RNA-seq aligner). We detected DEGs between the hypoxia-
stressed and control groups by DEseq2 (moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2), and also checked
for their biological function in DAVID (https://david.ncifcrf.gov).

Validation of expression of genes involved in MAPK signaling
pathway by real-time PCR
To validate the reliability of the RNA-seq results, the expression of three
candidate DEGs in response to hypoxic stress was measured by real-time
PCR. A total of 500 ng total RNAwas converted into single-stranded cDNA
using TIANScript cDNAFirst-StrandKit (Tiangen Biochemical Technology
Co., Ltd., Beijing, China). The cDNA templates were then diluted fivefold
prior to use. Gene expression (mRNA levels) was measured using the
StepOnePlus Real-time PCR Detection System (Applied Biosystems,
Warrington, UK) with SYBR® Green Master Mix (Applied Biosystems)
and the following conditions: 30 s at 95°C; followed by 40 cycles of 95°C for
5 s, 60°C for 34 s and 72°C for 30 s; melting curve stage: 95°C for 15 s, 60°C
for 1 min and 95°C for 15 s. Specific primers were designed using Primers
5.0 software and the sequences are listed in Table S1. The specificity of each
PCR product was confirmed by melting curve analysis and agarose gel
analysis. The expression of each gene was analyzed using three biological
replicates. Relative gene expression levels were normalized against
expression of the internal reference gene glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and were calculated using the ΔΔCt method.

Western blot analysis
Total proteins were extracted from muscle tissue using RIPA lysis buffer
containing 1 mM phenylmethylsulfonyl fluoride (PMSF) (Wuhan Boster
Biotech, Wuhan, China). Proteins were then separated by polyacrylamide
gel electrophoresis (90 V for 30 min then 120 V for 60 min), and transferred
to a Polyvinylidene Fluoride (PVDF) membrane (Bio-Rad Mini Protean 3
gel system, Millipore Immobilon PSQ) (300 mA, 90 min). Membranes were
then blocked by incubation with 5% skimmed milk overnight at 4°C,
followed by incubation at 4°C for 2 h with primary antibodies for the
detection of STMN1 (Proteintech, Chicago, USA), MAPK8IP1 (Cell
Signaling Technology, Boston, USA) and MAPK10 (Abcam, Cambridge,
UK) at a dilution of 1:1000. Subsequently, the membranes were washed
three times with Tris-buffered saline with Tween 20 (TBST) (5 min per
wash) and incubated with a goat anti-rabbit IgG antibodies diluted 1:4000 in
blotting buffer (5% skimned milk). Blots were stripped with stripping buffer
and reprobed with anti-β-actin antibody (Wuhan Boster Biotech, Wuhan,
China) at a dilution of 1:2000 to confirm equal protein loading among the
samples. Finally, immunoreactive bands were visualized using the Kodak
Gel Logic 4000 R Imaging System (Carestream, USA).

Cell culture and hypoxic stress
Fibroblasts were isolated from NMR muscle tissue according to previously
reported methods (Goetsch et al., 2015). Primary fibroblasts were cultured at
37°C under 5% CO2 and 21% O2 in complete Dulbecco’s Modified Eagle’s
medium (DMEM; supplemented with 15% fetal bovine serum, 100 units/ml
penicillin and streptomycin). Fibroblasts were subjected to hypoxic stress by
exposure to 5%O2, 5%CO2 and 90%N2. All cell lines were used at an early
passage (5–15 population doublings).

Small interfering RNA-mediated inhibition of gene expression
Small interfering RNA (siRNA) was synthesized by Biomics
Biotechnology Co., Ltd. (Nantong, China). The siRNA sequences are
listed in Table S2. Fibroblasts in complete DMEM were seeded in six-well
plates (2×105cells) and cultured at 37°C under 5%O2, 5%CO2 and 90%N2.
At 70–80% confluence, cells were incubated for 6 h in complete medium
free of penicillin and streptomycin before transfection for a further 6 h with
50 nM siRNA using lipofectamine 2000 (lipo2000, Invitrogen, Carlsbad,
CA, USA) according to the manufacturer’s instructions. Subsequently, the
fibroblasts were cultured in complete DMEM. The efficiency of siRNA-

mediated silencing was confirmed by real-time PCR analysis of mRNA
expression levels of target genes (STMN1, JIP1, and JNK3) after transfection
for 24 h and western blot analysis of protein expression levels after 48 h.

Cell proliferation assay
Cell proliferation was measured using Cell Proliferation and Cytotoxicity
Assay Kits (Signalway Antibody, USA) according to the manufacturer’s
instructions. Fibroblasts were seeded in a 96-well flat-bottomed plate (1×104

cells/well) and incubated for up to three days after transfection with siRNA.
Three replicates were assessed for each treatment. Viable cells were counted
at 24, 48, and 72 h after treatment by the addition of 10 μl of the Cell
Proliferation and Cytotoxicity Assay Kit solution to each well and
incubation for 2 h in a humidified incubator at 37°C under 5% CO2.
Absorbancewas measured using a microplate reader (Synergy HT, Bio-Tek)
at 450 nm. Proliferation was calculated as the percentage of surviving cells
in each treated group relative to control group. Data analysis was based on
the average of three independent experiments.

Analysis of apoptotic level
Fibroblasts (1×105 cells/ml) were cultured in six-well plates to 50%–60%
confluence 5% O2, 5% CO2 and 90% before transfection with siRNA for
48 h. Subsequently, cells were released by trysinization, washed twice with
ice-cold PBS and resuspended with 300 μl buffer containing 5 μl annexin V-
fluorescein isothiocyanate and 5 μl propidium iodide (PI; Nanjing KGI
biotechnology, China). Cells were incubated in the dark at 37°C for 30 min
before apoptotic rates were analyzed by flow cytometry (Becton Dickinson,
USA) and ModFit LT software.

Cell cycle analysis
For cell cycle analysis, fibroblasts were harvested and fixed with ice-cold
75% ethanol at 4°C for at least 6 h. Fixed fibroblasts were then resuspended
in PBS buffer containing PI and RNaseA at room temperature for 30 min in
the dark. The nuclear DNA content and the percentage of cells in the S+G2
phase were analyzed by flow cytometry.

Statistical analysis
Data were presented as mean±s.d. We used SPSS17.0 statistical software for
statistical analysis of the data. We assessed the statistical significance of the
differences between the means using t-tests. P-values of <0.05 were
considered to indicate statistical significance.
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