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Demyelination is one of the pathological outcomes that occur im-
mediately following spinal cord injury. Protection of oligodendro-
cytes against death/apoptosis proves to be beneficial for the preser-
vation of neurological functions. Suppressors of cytokine signaling 1
protein inhibit the harmful effects of several inflammatory cytokines
on oligodendrocytes, but its roles in spinal cord injury (SCI) induced
apoptosis of oligodendrocytes remain unclear. We cloned suppres-
sors of cytokine signaling 1 cDNA from Gekko japonicus (Japanese
gecko) and analyzed the protein structure revealing the conserved
domains contained in other vertebrate suppressors of cytokine sig-
naling 1 proteins. The gecko suppressors of cytokine signaling 1 pro-
tein expression were increased in the injured spinal cord following
gecko tail amputation and displayed colocalization with oligoden-
drocytes. The enforced expression of gecko suppressors of cytokine
signaling 1 by adenovirus in the Gsn3 gecko oligodendrocyte cell line
demonstrated that gecko suppressors of cytokine signaling 1 signifi-
cantly suppressed cell apoptosis-induced by glucose deprivation. De-
termination of apoptosis-related proteins revealed that gecko sup-
pressors of cytokine signaling 1 was able to activate extracellular reg-
ulated protein kinases (ERK) and serine/threonine protein kinases
(Akt). The results presented a distinct protective role of gecko sup-
pressors of cytokine signaling 1 in the regenerative model of the
spinal cord, which may provide new cues for central nervous system
repairin mammals.
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1. Introduction

Spinal cord injury often leads to different degrees of paral-
ysis, sensory obstacles and other neurophysiological abnor-
malities [1]. Usually, two consecutive pathological processes
will occur following SCI, known as primary and secondary
tissue damage [2, 3]. The primary injury of the spinal cord
refers to mechanical damage that results in direct cell death
and bleeding, whereas further progressive destruction of tis-
sue surrounding the necrotic core is characteristic of sec-
ondary tissue damage. Several mechanisms contribute to the
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spread of tissue injury including ischemia and edema, oxida-
tive stress, inflammatory reactions, glial scar formation, and
cellular necrosis [4, 5]. Among these pathological reactions,
demyelination induced by oligodendrocyte necrosis is a typi-
cal cell event accompanied by severe axonal degeneration [6].

The integrity of the myelin sheath is very important for
the normal electrophysiological function of the central ner-
vous system and neuronal survival [7]. Studies have shown
that the destruction of myelin leads to abnormal neuroethol-
ogy [8]. In a rat spinal contusion model, acute loss of oligo-
dendrocytes was detected within 15 minutes after injury with
continual loss lasting for 4 h [9, 10]. However, the num-
ber of oligodendrocytes decreased markedly within 24 h and
steadily declined over the subsequent three to seven days in
a mouse SCI model [11]. Apoptotic inhibition of oligoden-
drocytes or preservation of myelin results in an ameliorated
functional outcome after SCI [10, 11]. Multiple inflamma-
tory cytokines such as TNF-q, IL-1/ and interferon (IFN)-
7 have been demonstrated to induce oligodendrocyte apop-
tosis [4]. For example, stimulation with IFN-v induces ei-
ther apoptosis of developing or necrosis of mature oligoden-
drocytes [12], and IFN-v transgenic mice have a phenotype
of hypomyelination and oligodendrocyte cell loss during the
first few weeks of postnatal development [13]. Due to the
global effects of various inflammatory cytokines on oligoden-
drocytes in the central nervous system (CNS), the need to de-
velop an effective strategy for inhibition of oligodendrocyte
apoptosis has become increasingly important.

Suppressors of cytokine signaling (SOCS) proteins are
feedback inhibitors of the JAK/STAT signaling pathway ac-
tivated by cytokines. Most of them regulates cytokine-
mediated homeostasis, thus maintaining a controlled cellular
response [14, 15]. Normally, SOCS proteins are expressed
at low levels but can be highly induced in a tissue-specific
manner in response to various stimuli, including IL-4, IL-
6, IL-10, IFN-3, IFN-v and lipopolysaccharide (LPS) [16-
18]. These cytokines bind to the receptor complexes that ac-
tivate the JAK/STAT pathway. The activation of STAT pro-
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teins, particularly STAT1 and STATS3, induces SOCS1 gene
expression [19]. There are eight mammalian SOCS family
members, SOCS1-7 and cytokine-inducible Src-homology 2-
containing protein (CIS) [16]. Each SOCS protein contains
three distinct domains: an N-terminal region with variable
length and sequence, a central SH2 (Src-homology 2) do-
main, and a conserved C-terminal domain termed the SOCS
box. SOCS proteins can interact with the ubiquitin ligase ma-
chinery components and mediate proteasomal degradation
of target proteins by the SOCS box [19]. The structure of
SOCS1 and SOCS3 exclusively contains a kinase-inhibitory
region (KIR) at the N-terminus, which acts as a pseudosub-
strate for JAKs in association with inhibiting JAK kinase ac-
tivity [20]. By applying such a mechanism, SOCS1 acts to re-
duce the responsiveness of many cell types to IFNs, LPS and
other Toll-like receptor ligands, thereby protecting animals
against systemic inflammation or autoimmune disease of the
CNS [16, 19].

Several regenerative model organisms, including reptiles,
amphibians and fish, can regenerate the spinal cord after in-
jury [21-23]. These models are suitable for examining the
regulatory roles of SOCS1 in the regenerating spinal cord,
suggesting a therapeutic modulator in CNS disease states.
Gekko japonicus was used as an experimental SCI model to in-
vestigate the expression changes of SOCS1, and its involve-
ment in mediating the anti-apoptosis of oligodendrocytes.
Our results demonstrated that the upregulation of SOCS1 in
the injured cord of gecko was beneficial for protecting oligo-
dendrocytes against apoptosis, which might promote sponta-
neous spinal cord regeneration.

2. Materials and methods
2.1 Animals

Adult Gekko japonicus were used as animal models, as
Dong etal. [22]. Geckos were fed with water and mealworms
and housed in the room with saturated humidity and con-
trolled temperature (22-25 °C). Amputation was performed
at the sixth caudal vertebra, which was described previously
[24]. Briefly, it was established by using nylon thread and
pulling gently until the tail was detached.

All experimental protocols were approved by the Ani-
mal Care and Use Committee of Nantong University and the
Jiangsu Province Animal Care Ethics Committee.

2.2 Cloning and analysis of gecko SOCS1

To obtain the full length of gecko SOCS1, both a sense
primer 5- CCT GGG AGC GGA AGG TGT GGA AGT G
-3’ and an anti-sense primer 5- CCG CGT CCC CCT GAA
TCC GGT TTT A -3’ were designed based on the genome
sequences [25]. Both 5- and 3-RACE were performed us-
ing BD SMART RACE ¢DNA Amplification Kit (Clontech,
Mountain View, CA, USA). The obtained protein was com-
pared against the protein database in GenBank using the
Protein-BLAST network server at NCBI [26]. Alignment of
multiple protein sequences was performed by using the Me-
gAlign program with the CLUSTAL method [27]. A phylo-
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genetic tree was constructed using the Maximum-Likelihood
of PHYML, with the GTR (CDS sequences) and JTT (protein
sequences) substitution model [28].

2.3 Production of SOCSI overexpression adenovirus
SOCS1-overexpression adenovirus (GV314-SOCS1) was
produced by Genechem Co. Ltd. (Shanghai, China). The
ORF of SOCS1 was cloned into a GV314 vector via the Agel
and Bam HI sites. The EF-1a promoter drove the expression
of SOCS1, and the eGFP expression was driven by CMV pro-
moter. Both sequences were incorporated into an adenovirus
produced in 293T cells with 2 x 10'® PEU/mL of virus titer.

2.4 Cells culture and treatment

Gsn3, a cell line of gecko oligodendrocytes was cultured in
Dulbecco’s Modified Eagles Medium (DMEM, Gibco BRL)
supplemented with 10% fetal bovine serum in a 30 °C cell
incubator with 5% CO,.

For IFN-v-induced oligodendrocyte apoptosis, Gsn3
was treated with 0-250 ng/mL IFN-y and/or 10-50
ng/mL TNF-« for 24-72 h (R&D Systems). For glucose
deprivation-induced oligodendrocyte apoptosis, GV314-
vector or GV314-SOCS1 adenovirus was transfected in the
Gsn3 cells with 5% fetal bovine serum for 48 h. Cells were
then cultured in the glucose-free DMEM for another 24 h.

2.5 TUNEL assay

For the TUNEL assay, cells were detected by the In
Situ Cell Death Detection Kit (Roche Molecular Biochemi-
cals, Basel, Switzerland). Briefly, cells were fixed with 4%
paraformaldehyde for 1 h at room temperature. Cells were
incubated in a TUNEL reaction mixture at 37 °C for 30 min.
The nuclei were counterstained with Hoechst 33342. At last,
cells were viewed with a Zeiss fluorescence microscope.

2.6 Cell viability assay

In the cell viability assay, cells were determined by the Cell
Counting Kit-8 (CCK-8, Dojindo). The absorbance of cul-
ture plates was measured at 450 nm with a microplate reader.

2.7 Western blot

Protein samples were lysed from 0.5 cm cord segments (six
in each sample) at lesion sites or from cells with RIPA lysis
buffer (Beyotime). The concentration of each protein sam-
ple was detected by the BCA kit (Beyotime). The extracts
were denatured and boiled at 95 °C for 5 min, resolved by
10% SDS-PAGE, and transferred to PVDF membranes. The
membranes were blocked with 5% nonfat milk in TBS and
then incubated with primary antibodies buffer at 4 °C for 18
h, followed with secondary antibody at room temperature for
2 h. The signal of HRP activity was detected using an en-
hanced chemiluminescence kit (Beyotime). Antibodies used
in Western blot were: [3-actin (1 : 5000, Proteintech, 66009-
1-Ig), SOCS1 (1: 1000, polyclonal rabbit anti-gecko antibody
prepared from polypeptides), STAT1 (1 : 1000, Cell Signal-
ing Technology, 14994), pSTAT1 (Tyr701) (1 : 1000, abcam,
ab29045), cleaved caspase3 (1: 1000, Cell Signaling Technol-
ogy, 9661S), caspase3 (1 : 1000, Cell Signaling Technology,
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Fig. 1. Multiple alignment of amino acid sequences of gSOCS1 with those of representative vertebrates. Gaps introduced into sequences to

optimize alignment are represented by dashes. KIR, SH2, ESS and SOCS box domain are indicated. Sequences of SOCS1 obtained from GenBank:
gecko (XP_015265413), human (NP_003736), mouse (NP_001258532), rat (NP_665886), chicken (NP_001131120), crocodile (XP_019395658), lizard
(XP_028562651), frog (NP_001011327), zebrafish SOCS1a (NP_001003467), and zebrafish SOCS1b (NP_001239559).

9665), Bel-xL (1 : 1000, Cell Signaling Technology, 2764),
Akt (1 : 1000, Cell Signaling Technology, 4685S), p-Akt (1
: 1000, Cell Signaling Technology, 4060S), p-ERK (1 : 1000,
Cell Signaling Technology, 4370S), ERK (1 : 1000, Cell Sig-
naling Technology, 9102S), and goat anti-rabbit or goat anti-
mouse HRP (1 : 1000, Proteintech, SA0O0001-2, SAO0001-1).

2.7 Tissue immunohistochemistry

Spinal cord segments were sectioned and incubated with
SOCST1 antibody (1 : 500 dilution), GALC antibody (1 : 200
dilution, sigma, SAB1402780), p-STAT1 antibody (1 : 200
dilution, abcam), or NeuN antibody (1 : 200 dilution, abcam,
ab104224) at 4 °C for 36 h. Then, the sections were further
incubated with Cy3-labeled goat anti-rabbit or anti-mouse
IgG (1 : 400 dilution, Thermo Scientific, A16101, A16071),
or FITC-labeled donkey anti-mouse or anti-rabbit IgG (1 :
400 dilution, Thermo Scientific, A24507, A16030) at 4 °C for
18 h. The images were obtained by a confocal laser scanning
microscope (Leica, Heidelberg, Germany).

2.8 Statistical analysis

Differences between groups were analyzed by one-way
analysis of variance (ANOVA) with SPSS 23 software (SPSS,
Chicago, IL, USA). Normality and homoscedasticity of the
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Fig. 2. Phylogenetic analysis of SOCS1 proteins. Unrooted phylogenetic
tree of SOCS1 proteins from the gecko and other representative species con-
structed by the neighbor-joining method within the package PHYLIP 3.5c.
Bootstrap majority consensus values on 1000 replicates are indicated at each

branch point as a percentage.
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Fig. 3. Determination of gSOCS3 and STAT1 protein levels in the injured spinal cord of gecko. Western blot analysis of gSOCS1 and phosphorylated

STAT1 (A) in the 0.5 cm segments of the injured cord following gecko tail amputation (n = 6) at 0d, 1 d, 3 d, 7 d and 2 w, respectively; (B) and (C) are

statistical analysis of (A), respectively. The asterisks represent a significant difference between each time point and the control. Experiments were performed

in triplicate. Data are expressed as mean &+ SEM; *p < 0.05, **p < 0.01, ***p < 0.001.

data were verified using Levene’s test before statistical analy-
sis. p < 0.05 was considered statistically significant.

3. Result
3.1 Cloning and dharacteristic analysis of gecko SOCS1 (gSOCS1)

To understand the structural characteristics of gSOCS1,
the ¢cDNA of gSOCS1 (GenBank accession number:
XP_015265413) was first cloned by 5- and 3-RACE. The
full length of the amplified product is 1372 bp, encoding a
protein of 200 amino acid residues (Fig. 1). The gSOCS1
protein contains an N-terminal variable region, a KIR
domain, a SH2 domain, a 12-aa ESS domain and a SOCS box
conserved in other vertebrates homologs (Fig. 1). Alignment
with other vertebrates has shown that gSOCS1 shares
37.3-70.1% identity with human, mouse, chicken, lizard,
frog and zebrafish SOCS1, respectively (Fig. 1), indicating
differential conservation of the protein in the phylogeny.

A phylogenetic tree demonstrated that gecko SOCS1 clus-
tered with lizard and zebrafish, suggesting a closer evolution-
ary relationship. It also suggests that the gecko SOCSI is
more similar to mice and other mammals than lizards and ze-
brafish in an evolutionary relationship (Fig. 2).

3.2 Expression changes of gSOCSI in the injured spinal cord of
gecko

To elucidate the potential roles of gSOCST1 in the injured
spinal cord, the amputation of the gecko tail was performed
and 0.5-cm cord segments were collected at0d,1d,3d,7d
and 2 w. The protein level of gSOCS1 detected by western
blot analysis increased from 1 d onwards, with a peak at 7 d,
followed by a return to the control level at 2 w (Fig. 3A,B).
As activation of the STAT1 transcription factor is associated
with the inducible expression of SOCS1, the phosphoryla-
tion of STAT1 was also determined. Results showed that
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Fig. 4. Tissue distribution of gSOCSI in the injured spinal cord fol-
lowing gecko tail amputation at 0 d and 1d (n = 5). (A,B) Immunohis-
tochemistry shows the colocalization of gSOCS1 (red) with NeuN-positive
neurons (green), GALC-positive oligodendrocytes (green). (C) Colocaliza-
tion of gSOCS1 (green) with pSTAT1 (red). Scale bar, 100 um. The rect-
angle indicates the region magnified. Arrowheads indicate the colocalized

signals.
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Fig. 5. Effects of IFN-vy, TNF-« or glucose deprivation on the apoptosis of gecko Gsn3 cells. CCK-8 assay determined the cell viability following
treatment with 0-250 ng/mL IFN-v (A), or combinations of TNF-c (0-50 ng/mL) and IFN-v (250 ng/mL) for 24, 48 and 72 h (B); (C) TUNEL detection of

glucose deprivation-induced apoptosis of Gsn3 cells; (D) Assay of cell viability under glucose deprivation stress for 2, 4, 6 and 8 h, respectively; (E) Statistical

analysis of (C) in 20 visual fields. Experiments were performed in triplicates. Data are expressed as mean &= SEM; *p < 0.01. Scale bar, 50 um.

phosphorylated STAT1 was significantly increased follow-
ing gecko SCI (Fig. 3A,C). The data indicate that spinal cord
injury induces the expression of gSOCS1 and its activator
STAT1 protein.

To reveal the potential target cells within which gSOCS1
mediates its physiological functions, immunofluorescence
staining was performed to detect colocalization of gSOCS1
with neurons and oligodendrocytes. The results showed
that gSOCS1 was found to be distributed in NeuN-positive
neurons and GALC-positive oligodendrocytes in the severed
gecko cord (Fig. 4A,B). Meanwhile, gSOCS1 and its activator
p-STAT1 were well colocalized (Fig. 4C), indicating that acti-
vation of STAT1 protein is possibly involved in inducing the
expression of gSOCS1 in the neurons and oligodendrocytes
in the injured spinal cord of gecko.
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3.3 Enforced expression of gSOCSI protected oligodendrocytes
against glucose deprivation-induced apoptosis

Injury of the mammalian spinal cord often leads to apop-
tosis of oligodendrocytes due to insults of various inflamma-
tory cytokines. SOCS1 has been shown to have the capability
to inhibit such deleterious effects [29]. To examine the pro-
tective roles of gSOCS1 on the oligodendrocytes in the re-
generative spinal cord, an apoptotic model of the Gsn3 gecko
oligodendrocyte cell line was established. As IFN-+ is shown
to efficiently induce apoptosis of mammalian oligodendro-
cytes [29, 30], Gsn3 cells were stimulated with 0-250 ng/mL
recombinant IFN-+y for 24, 48 and 72 h, respectively. How-
ever, the CCK-8 kit assay demonstrated that different con-
centrations of recombinant IFN-vy were insufficient to pro-
mote Gsn3 apoptosis (Fig. 5A). TNF-« can potentiate IFN-
~ in inducing the cell death of oligodendrocytes [31]. Thus
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a combined treatment with TNF-« (0-50 ng/mL) and IFN-
~ (250 ng/mL) was subsequently performed on Gsn3 cells.
Consequently, neither TNF-« nor IFN-v was able to induce
cell apoptosis (Fig. 5B).

We then turned to a GD-induced cell apoptosis model,
which has been successfully established to potentiate the
apoptosis of gecko astrocytes [32]. Following the culture of
Gsn3 in a glucose-free medium for 24 h, the apoptotic cell
number increased significantly, as evidenced by the TUNEL
method (Fig. 5C,E). The CCK8 assay also confirmed cell via-
bility decreased following cell culture in glucose-free medium
for 2-8 h (Fig. 5D). The data indicate that glucose depriva-
tion, rather than stimulation with IFN-v, effectively induces
the apoptosis of Gsn3 cells.

To evaluate the protective role of gSOCS1 in apoptotic
oligodendrocytes, gSOCS1 adenovirus expression vectors
were constructed that exhibited a transfection rate of over
80% (Fig. 6A,B). Gsn3 cells were transfected with GV314-
gSOCS1 or GV314-vector adenovirus for 48 h, followed by
incubation in a glucose-free culture for 24 h. Overexpression
of gSOCS1 significantly reduced the apoptotic cell number of
oligodendrocytes (Fig. 6C~E). The data indicate that gSOCS1
protects Gsn3 from glucose deprivation-induced apoptosis.

Gekko japonicus has a remarkable regenerative ability to
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regenerate the injured tail comprised of muscles, cartilage,
and spinal cord. The cells of regenerating ependymal tube
begin to proliferate and penetrate into the blastema at 8-
15 d after tail amputation [24]. Accompanied by this pro-
cess, the number of either surviving or newly generated neu-
rons increases from 7 d onwards (Supplementary Fig. 1).
To clarify the potential effects of gSOCS1 on tail regenera-
tion, a total of 9 L GV314-gSOCS1 or GV314-vector ade-
novirus was injected into the amputated caudal vertebrae in
three equal parts 2-3 mm from the plane. The GFP fluores-
cence intensity was used to detect the transfection efficiency
in the sections of the gecko spinal cord (Supplementary
Fig. 2A). Histopathology with LFB (Luxol fast blue) stain-
ing revealed that the GV314-vector group showed vacuolar
changes and microtubule loss from the myelin sheath rel-
ative to the GV314-SOCS1 group at 7 d (Supplementary
Fig. 2B). The data indicate that the overexpression of SOCS1
reduced the degree of myelin sheath destruction. However,
the enforced expression of gSOCS1 did not promote regen-
eration of the tail following amputation at 7 d and 2 w
(Supplementary Fig. 2C).

591



3.4 gSOCS1 promoted the activation of intracellular survival
pathways

To unveil the mechanism of gSOCS1-mediated resistance
to cell apoptosis, we determined apoptosis-related signaling
after Gsn3 transfection with GV314-gSOCS1. Western blot
analysis demonstrated that the activity of Caspase3 was sig-
nificantly attenuated. At the same time, the protein level of
Bcl-xL, a death-inhibitory member of the Bcl-2 family, was
markedly increased following GV314-gSOCS1 transfection
for 48 h before glucose deprivation for 24 h (Fig. 7A-C). The
MEK/ERK and PI3K/Akt pathways promote the survival of
cells by mediating the upregulation of Bcl-xL [33]. There-
fore, the levels of both phosphorylated Erk1/2 and Akt in
gSOCS1-mediated Gsn3 were determined. As expected, the
phosphorylation levels of both Erk1/2 and Akt were signif-
icantly increased in comparison with control (Fig. 7A,D,E).
The data indicate that gSOCS1-mediated resistance to oligo-
dendrocyte apoptosis is involved in activating of MEK/ERK
and PI3K/Akt pathways.

4. Discussion

Apoptotic loss of oligodendrocytes is sustained for several
weeks to months following mammalian SCI [34]. To date,
mechanisms that result in the apoptosis/necrosis of oligoden-
drocytes have not been fully elucidated. However, some of
them have been attributed to inflammatory cytokine insults
in the injured cord [35]. Many therapeutic measures, includ-
ing corticosteroid, leukemia inhibitory factor (LIF), caspase
inhibitors, neurotrophins and biomaterial-based approaches,
have been used to reduce oligodendrocyte death and/or pro-
mote remyelination [36]. However, the protective thera-
pies of exogenous drugs on oligodendrocytes/myelin have
not achieved satisfactory outcomes [36]. For this reason,
it is thought that endogenous interference of apoptosis-
related factors in oligodendrocytes might be an alternative
and promising strategy to protect cells against demyelinating
insults. SOCS1 represents one of the powerful attenuators
of the inflammatory cytokine- and TLR-mediated apoptotic
responses of oligodendrocytes [19]. Comparatively, SOCS3
has been shown to promote apoptosis of oligodendrocytes by
limiting leukemia inhibitory factor receptors [37]. SOCS3
is absent from oligodendrocytes for regenerating the spinal
cord [38]. Therefore, SOCS1 may represent a potential ther-
apeutic target for demyelinating neuropathology.

IFN-+ is a pleiotropic cytokine produced by NK cells and
T cells [39]. The stimulation of IFN-v within the CNS in-
duces the apoptosis of oligodendrocytes and the pathogenesis
of demyelinating disorders of the CNS [40]. Overexpression
of SOCS1 in both oligodendrocytes and immunocytes in-
hibits IFN-v-induced expression of MHC class I and II, which
are associated with the occurrence of apoptosis [19]. Unex-
pectedly, IFN-~ was unable to facilitate the apoptosis of gecko
oligodendrocytes, suggesting the unique properties of oligo-
dendrocytes in regenerative vertebrates in response to in-
flammatory cytokine insults. A similar phenomenon occurs
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in the astrocytes of gecko, which results in less reactive glio-
sis following spinal cord injury [41]. However, gSOCST still
shows a protective role against glucose deprivation-induced
apoptosis of Gsn3, validating that SOCS1 has universal sig-
nificance in suppressing cell apoptosis mediated by multiple
factors.

MAPK/ERK and PI3K/Akt signaling cascades are essen-
tial for inter and intracellular communication and the reg-
ulation of fundamental cell functions such as growth, sur-
vival, and proliferation [42, 43]. Both ERK and Akt signaling
inhibit apoptosis in various ways, including the expression
of caspase inhibitors, neutralization of Bcl-2 family proteins,
and activation of NF-xB [44-46]. Our results demonstrated
that enforced expression of gSOCS1 in Gsn3 gecko cells was
sufficient to enhance the phosphorylation of Erk1/2 and Akt,
indicating the involvement of the anti-apoptotic pathway of
gSOCS1. Whether the JAK/STAT signal pathway is blocked
or intersected remains to be further studied.

In conclusion, as illustrated in Fig. 8, the expression of
SOCS1 protein is increased in the injured spinal cord of the
gecko. It is associated with anti-apoptosis of oligodendro-
cytes through regulation of the ERK and Akt signal pathways.

Author contributions

Yjun W and Yjie W designed this work. Yjie W wrote
the paper. BH, WW, CS, TY, Hui L, and Hao L performed
the experiments. Yjun W, Yjie W, XC, Hui L, Hao L, and
HS analyzed the data. All authors have approved the present
version of the manuscript.

Ethics approval and consent to participate

All animal experiments were approved by the An-
imal Care and Use Committee of Nantong University
and the Jiangsu Province Animal Care Ethics Committee
(S20190420-405).

Acknowledgment

We thank two anonymous reviewers for excellent criti-
cism of the article.

Funding

This study was supported by the National Key Research
and Development Program of China (2018YFC1105603),
the National Natural Science Foundation of China (No.
31702022; 31871211), and the Priority Academic Pro-
gram Development of Jiangsu Higher Education Institutions
(PAPD).

Conflict of interest

The authors declare no conflict of interest.

Availability of data and materials

The datasets used and/or analyzed during the current re-
search are available from the corresponding author on rea-
sonable request.

Volume 20, Number 3, 2021



Supplementary material

Supplementary material associated with this article can be
found, in the online version, at https://jin.imrpress.com/E
N/10.31083/.jin2003062.

References

(1]

(2]

[14]

[15]

[17]

[19]

Wang HF, Liu XK, Li R, Zhang P, Chu Z, Wang CL, et al. Effect
of glial cells on remyelination after spinal cord injury. Neural Re-
generation Research. 2017; 12: 1724-1732.

Shi Y, Kim S, Huff TB, Borgens RB, Park K, Shi R, et al. Effec-
tive repair of traumatically injured spinal cord by nanoscale block
copolymer micelles. Nature Nanotechnology. 2010; 5: 80-87.
Silver J, Schwab ME, Popovich PG. Central nervous system regen-
erative failure: role of oligodendrocytes, astrocytes, and microglia.
Cold Spring Harbor Perspectives in Biology. 2014; 7: a020602.
Ahuja CS, Nori S, Tetreault L, Wilson ], Kwon B, Harrop J, et al.
Traumatic Spinal Cord Injury-Repair and Regeneration. Neuro-
surgery. 2017; 80: S9-S22.

Kwo S, Young W, Decrescito V. Spinal cord sodium, potassium,
calcium, and water concentration changes in rats after graded con-
tusion injury. Journal of Neurotrauma. 1989; 6: 13-24.
Worathall JR, Teng YD, Choiniere D. Amelioration of functional
deficits from spinal cord trauma with systemically administered
NBQX, an antagonist of non-N-methyl-D-aspartate receptors.
Experimental Neurology. 1996; 137: 119-126.

Azbill RD, Mu X, Bruce-Keller AJ, Mattson MP, Springer JE. Im-
paired mitochondrial function, oxidative stress and altered an-
tioxidant enzyme activities following traumatic spinal cord injury.
Brain Research. 1997; 765: 283-290.

Ray SK, Samntaray S, Banik NL. Future directions for using estro-
gen receptor agonists in the treatment of acute and chronic spinal
cord injury. Neural Regeneration Research. 2016; 11: 1418-1419.
Grossman SD, Rosenberg L], Wrathall JR. Temporal-spatial pat-
tern of acute neuronal and glial loss after spinal cord contusion.
Experimental Neurology. 2001; 168: 273-282.

Liu XZ, Xu XM, Hu R, Du C, Zhang SX, McDonald JW, et al. Neu-
ronal and glial apoptosis after traumatic spinal cord injury. Journal
of Neuroscience. 1997; 17: 5395-5406.

Lytle JM, Wrathall JR. Glial cell loss, proliferation and replace-
ment in the contused murine spinal cord. European Journal of
Neuroscience. 2007; 25: 1711-1724.

Baerwald KD, Popko B. Developing and mature oligodendrocytes
respond differently to the immune cytokine interferon-gamma.
Journal of Neuroscience Research. 1998; 52: 230-239.

Lin W, Harding HP, Ron D, Popko B. Endoplasmic reticulum
stress modulates the response of myelinating oligodendrocytes to
the immune cytokine interferon-gamma. Journal of Cell Biology.
2005; 169: 603-612.

Carow B, Rottenberg ME. SOCS3, a Major Regulator of Infection
and Inflammation. Frontiers in Immunology. 2014; 5: 58.

Liau NPD, Laktyushin A, Lucet IS, Murphy JM, Yao S, Whitlock
E, et al. The molecular basis of JAK/STAT inhibition by SOCSI.
Nature Communications. 2018; 9: 1558.

Galic S, Sachithanandan N, Kay TW, Steinberg GR. Suppressor
of cytokine signalling (SOCS) proteins as guardians of inflamma-
tory responses critical for regulating insulin sensitivity. Biochem-
ical Journal. 2014; 461: 177-188.

Fenner JE, Starr R, Cornish AL, Zhang ], Metcalf D, Schreiber RD,
et al. Suppressor of cytokine signaling 1 regulates the immune re-
sponse to infection by a unique inhibition of type I interferon ac-
tivity. Nature Immunology. 2006; 7: 33-39.

Qing Y, Costa-Pereira AP, Watling D, Stark GR. Role of tyrosine
441 of interferon-gamma receptor subunit 1 in SOCS-1-mediated
attenuation of STAT1 activation. Journal of Biological Chemistry.
2005; 280: 1849-1853.

Baker BJ, Akhtar LN, Benveniste EN. SOCS1 and SOCS3 in the

Volume 20, Number 3, 2021

(22]

(31]

(32]

(33]

[38]

control of CNS immunity. Trends in Immunology. 2009; 30: 392—
400.

Durham GA, Williams JJL, Nasim MT, Palmer TM. Target-
ing SOCS Proteins to Control JAK-STAT Signalling in Disease.
Trends in Pharmacological Sciences. 2019; 40: 298-308.

Diaz Quiroz JF, Echeverri K. Spinal cord regeneration: where fish,
frogs and salamanders lead the way, can we follow? Biochemical
Journal. 2013; 451: 353-364.

DongY,GuY,Huan Y, Wang Y, Liu Y, Liu M, et al. HMGBI1 pro-
tein does not mediate the inflammatory response in spontaneous
spinal cord regeneration: a hint for CNS regeneration. Journal of
Biological Chemistry. 2013; 288: 18204-18218.

Lee-Liu D, Edwards-Faret G, Tapia VS, Larrain J. Spinal cord
regeneration: lessons for mammals from non-mammalian verte-
brates. Genesis. 2013; 51: 529-544.

McLean KE, Vickaryous MK. A novel amniote model of epimor-
phic regeneration: the leopard gecko, Eublepharis macularius.
BMC Developmental Biology. 2011; 11: 50.

LiuY,ZhouQ, Wang Y,Luo L, YangJ, Yang L, et al. Gekko japon-
icus genome reveals evolution of adhesive toe pads and tail regen-
eration. Nature Communications. 2015; 6: 10033.

Altschul SF, Madden TL, Schiffer AA, Zhang ], Zhang Z, Miller
W, et al. Gapped BLAST and PSI-BLAST: a new generation of
protein database search programs. Nucleic Acids Research. 1997;
25: 3389-3402.

Burland TG. DNASTAR'’s Lasergene sequence analysis software.
Methods in Molecular Biology. 2000; 132: 71-91.

Guindon S, Dufayard J, Lefort V, Anisimova M, Hordijk W,
Gascuel O. New algorithms and methods to estimate maximum-
likelihood phylogenies: assessing the performance of PhyML 3.0.
Systematic Biology. 2010; 59: 307-321.

Balabanov R, Strand K, Kemper A, Lee JY, Popko B. Suppres-
sor of cytokine signaling 1 expression protects oligodendrocytes
from the deleterious effects of interferon-gamma. Journal of Neu-
roscience. 2006; 26: 5143-5152.

Pouly S, Becher B, Blain M, Antel JP. Interferon-gamma modu-
lates human oligodendrocyte susceptibility to Fas-mediated apop-
tosis. Journal of Neuropathology and Experimental Neurology.
2000; 59: 280-286.

Andrews T, Zhang P, Bhat NR. TNFalpha potentiates IFNgamma-
induced cell death in oligodendrocyte progenitors. Journal of Neu-
roscience Research. 1998; 54: 574-583.

Shen T, Wang Y, Zhang Q, Bai X, Wei S, Zhang X, et al. Poten-
tial Involvement of Snail Members in Neuronal Survival and As-
trocytic Migration during the Gecko Spinal Cord Regeneration.
Frontiers in Cellular Neuroscience. 2017; 11: 113.

Ramljak D, Coticchia CM, Nishanian TG, Saji M, Ringel MD,
Conzen SD, et al. Epidermal growth factor inhibition of c-Myc-
mediated apoptosis through Akt and Erk involves Bcl-xL upreg-
ulation in mammary epithelial cells. Experimental Cell Research.
2003; 287: 397-410.

Crowe M]J, Bresnahan JC, Shuman SL, Masters JN, Beattie MS.
Apoptosis and delayed degeneration after spinal cord injury in rats
and monkeys. Nature Medicine. 1997; 3: 73-76.

Blight AR. Delayed demyelination and macrophage invasion: a
candidate for secondary cell damage in spinal cord injury. Central
Nervous System Trauma. 1985; 2: 299-315.

Mekhail M, Almazan G, Tabrizian M. Oligodendrocyte-
protection and remyelination post-spinal cord injuries: a review.
Progress in Neurobiology. 2012; 96: 322-339.

Emery B, Cate HS, Marriott M, Merson T, Binder MD, Snell C, et
al. Suppressor of cytokine signaling 3 limits protection of leukemia
inhibitory factor receptor signaling against central demyelination.
Proceedings of the National Academy of Sciences of the United
States of America. 2006; 103: 7859-7864.

Zhang X, He B, Li H, Wang Y, Zhou Y, Wang W, et al. SOCS3
Attenuates GM-CSF/IFN-gamma-Mediated Inflammation Dur-
ing Spontaneous Spinal Cord Regeneration. Neuroscience Bul-
letin. 2020; 36: 778-792.

593


https://jin.imrpress.com/EN/10.31083/j.jin2003062
https://jin.imrpress.com/EN/10.31083/j.jin2003062

(39]

[40]

594

Billiau A. Interferon-gamma: biology and role in pathogenesis.
Advances in Immunology. 1996; 62: 61-130.

Skurkovich S, Boiko A, Beliaeva I, Buglak A, Alekseeva T,
Smirnova N, et al. Randomized study of antibodies to IFN-gamma
and TNF-alpha in secondary progressive multiple sclerosis. Mul-
tiple Sclerosis. 2001; 7: 277-284.

Gu Y, Yang J, Chen H, Li J, Xu M, Hua J, et al. Different Astro-
cytic Activation between Adult Gekko japonicus and Rats during
Wound Healing in Vitro. PLoS ONE. 2015; 10: e0127663.
Fruman DA, Chiu H, Hopkins BD, Bagrodia S, Cantley LC, Abra-
ham RT. The PI3K Pathway in Human Disease. Cell. 2017; 170:
605-635.

[43]

[46]

Degirmenci U, Wang M, Hu J. Targeting Aberrant
RAS/RAF/MEK/ERK Signaling for Cancer Therapy. Cells.
2020; 9: 198.

‘Wang HG, Rapp UR, Reed JC. Bcl-2 targets the protein kinase
Raf-1 to mitochondria. Cell. 1996; 87: 629-638.

Baumann B, Weber CK, Troppmair J, Whiteside S, Israel A, Rapp
UR, et al. Raf induces NF-kappaB by membrane shuttle kinase
MEKK1, a signaling pathway critical for transformation. Proceed-
ings of the National Academy of Sciences of the United States of
America. 2000; 97: 4615-4620.

Duronio V. The life of a cell: apoptosis regulation by the
PI3K/PKB pathway. Biochemical Journal. 2008; 415: 333-344.

Volume 20, Number 3, 2021



	1. Introduction
	2. Materials and methods
	2.1 Animals
	2.2 Cloning and analysis of gecko SOCS1
	2.3 Production of SOCS1 overexpression adenovirus 
	2.4 Cells culture and treatment
	2.5 TUNEL assay
	2.6 Cell viability assay
	2.7 Western blot
	2.7 Tissue immunohistochemistry
	2.8 Statistical analysis

	3. Result
	3.1 Cloning and characteristic analysis of gecko SOCS1 (gSOCS1)
	3.2 Expression changes of gSOCS1 in the injured spinal cord of gecko 
	3.3 Enforced expression of gSOCS1 protected oligodendrocytes against glucose deprivation-induced apoptosis 
	3.4 gSOCS1 promoted the activation of intracellular survival pathways

	4. Discussion
	Author contributions
	Ethics approval and consent to participate
	Acknowledgment
	Funding
	Conflict of interest
	Availability of data and materials
	Supplementary material
	References

