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Electroacupuncture promotes the recovery of rats with spinal cord
injury by suppressing the Notch signaling pathway via the H19/
EZH2 axis
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Background: Spinal cord injury (SCI) is a life-changing event with an extremely poor prognosis. In our
preliminary studies, electroacupuncture (EA) was found to promote the repair of SCI, which was closely
related to the Notch signaling pathway. Therefore, in the present study, we hypothesized that EA protects
against SCI by inhibiting the Notch signaling pathway and sought to investigate the underlying molecular
mechanisms.

Methods: Rat and cell models of SCI were established. The expression of long non-coding RNA H19 was
measured by real-time quantitative polymerase chain reaction. The expression levels of EZH2, Notchl,
Notch3, Notch4, Hesl, and PSI protein were measured by western blot. Cell apoptosis and viability were
analyzed using flow cytometry and Cell Counting Kit-8 assays, respectively. The expressions of glial fibrillary
acidic protein (GFAP) and nestin were detected by immunofluorescence staining.

Results: The expressions of H19, EZH2, and GFAP were significantly increased after SCI but were
inhibited by EA; in contrast, nestin expression was significantly decreased by SCI but was restored by EA.
Moreover, oxygen-glucose deprivation (OGD) treatment elevated the expression of H19, EZH2, and Notch-
related factors as well as apoptosis in PC-12 cells, while suppressing cell viability. Suppressing H19 alleviated
the effects of OGD on cell viability and apoptosis, and inhibited the expression of EZH2 and Notch-related
factors expression; these effects were reversed by EZH2 overexpression. Finally, EA promoted the recovery
of SCI rats and neural stem cell (NSC) proliferation by inhibiting the Notch signaling pathway, which was
reversed by H19 overexpression.

Conclusions: Our results demonstrated that EA promotes the recovery of SCI rats and increases the
proliferation and differentiation of NSCs by suppressing the Notch signaling pathway via modulating the
H19/EZH2 axis.
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Introduction

With its continuously increasing incidence, spinal cord
injury (SCI) has become a global burden (1). SCI is the most
common condition resulting from damage to the spinal
cord. Patients with SCI experience central neuropathic pain
and skeletal muscle dystrophy, as well as loss of force, fiber
cross-sectional area, and endurance (2-5). In the primary
injury, red blood cells, myelin, subcellular debris, and
necrotic and apoptotic neurons damaged by the traumatic
injury are featured prominently in the lesion epicenter,
leading to secondary injury (6). In clinical practice, surgical
decompression, blood pressure augmentation, and i.v.
methylprednisolone would protect nerve cell apoptosis (7).
Secondary injury mainly includes inflammation,
extravasation of infiltrating leukocytes, and proliferation
and morphological changes in glial cells (6). Confronting
the axon with a combination of chronic astrocytosis and
extracellular matrix-associated inhibitors that collectively
constitute the chronic “scar” (8), suggesting that inhibition
of glial cells would promote the recovery of locomotor in
SCI. Previous studies have shown that electroacupuncture
(EA) is able to inhibit neuronal apoptosis, improve the
spinal cord microenvironment, and accelerate edema
reduction and neural function repair (9-11). In our
preliminary study, we demonstrated that EA promotes
the repair of SCI in rats, improves neural stem cell (NSC)
proliferation, and inhibits the differentiation of NSCs into
astrocytes (12), which suggested that EA may ameliorate the
function of the injured nervous system by stimulating NSC
proliferation (13,14). However, the molecular mechanism
by which EA promotes the repair of SCI has yet to be
illuminated.

The Notch signaling pathway is an evolutionarily
conserved signaling pathway that participates in
the proliferation and maintenance of NSCs and the
determination of their daughter cells’ fate, as well as cell
migration, differentiation, and apoptosis (15,16). The Notch
signaling pathway is activated in some human diseases,
including atherosclerosis, colorectal cancer, and SCI (17-19).
It has been reported that inhibition of the Notch signaling
pathway may play a role in promoting SCI repair
through inducing NSC differentiation, and decreasing
neuroinflammation and neuronal apoptosis (20,21).
Interestingly, a previous study found that EA inhibits
the expression of proinflammatory cytokines and Notch
signaling pathway-related factors (12), suggesting that
EA-induced suppression of the Notch signaling pathway
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contributes to alleviating SCI. Thus, further research of the
molecular mechanisms underlying the inhibitive effects of
EA on the Notch signaling pathway may provide a basis for
adjunctive EA therapy in SCL

Enhancer of zeste homolog 2 (EZH2), a histone
methyltransferase, plays an important role in cell
differentiation, inflammation, myofibroblast transformation,
and tissue fibrosis (22-24). Notably, Wasson er /.
demonstrated that EZH2 acts as a regulator of the Notch
signaling pathway in human cholangiocarcinoma and
systemic sclerosis, while EZH2 inhibitor (GSK126)
decreases myofibroblast activation and cholangiocarcinoma
cell growth via Notch signaling pathway inhibition (25,26).
Nevertheless, the details of the Notch signaling pathway’s
function in SCI remain elusive.

There is increasing evidence that long non-coding RNAs
(IncRNAs) participate in numerous cellular processes,
including proliferation, differentiation, and apoptosis,
and play an indispensable role in several physiologic and
pathologic processes including the pathogenesis of SCI
(27,28). Several such IncRNAs have been identified and
characterized (29). For instance, IncRNA H19, which has
a molecular weight of 2.3 kb, is highly expressed in SCI,
diabetes mellitus, and rheumatoid arthritis. It contributes
to neuronal cell apoptosis by regulating let-7b, Wnt, and
the Notch signaling pathway (29-33). H19 has also been
found to regulate EZH2 expression in some abnormal cells
and tissues (34,35), suggesting that it may be involved in the
repair of SCI via its association with EZH2 expression.

EA was observed to inhibit the Notch signaling pathway—
related factors in SCI. However, whether H19 is involved in
the aberrant expression of EZH?2 or the activation of Notch
signaling pathway in SCI remains unknown. In this study,
we investigated the expression and function of H19, EZH2,
and Notch signaling pathway-related factors in SCI, and
explored the relationships among EA, H19, EZH2, and the
Notch signaling pathway, in an effort to identify a potential
target for SCI therapy. We present the following article in
accordance with the ARRIVE reporting checklist (available
at http://dx.doi.org/10.21037/atm-21-1526).

Methods
Animals

Adult male Sprague Dawley rats (n=40; 6 to 7 weeks old;
weight, 300-350 g) were supplied by the Experimental
Animal Center of Kunming Medical University (Kunming,
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China). All rats were housed under a 12-hour light/dark
cycle at room temperature with ad libitum access to food and
water. All animal experiments were performed in accordance
with the guidelines for animal care and approved by the

Institutional Animal Care and Use Committee at Kunming
Medical University (No. 2020-158).

SCI rat model establishment and EA treatment

An SCI rat model was established following a method
described in our previous study (12). Briefly, the spinal cords
of rats were exposed and clamped for 60 seconds (36,37). In
the SCI+EA group (n=5), SCI rats were subjected to 2 Hz
stimulation for 30 minutes with the output voltage set at
2 V. EA was administered once a day, as described in previous
study (12). Untreated rats were used as the control group (n=5).

Cell culture and oxygen-glucose deprivation (OGD) model

PC-12 cells were obtained from Beijing Beina Chuanglian
Biotechnology Institute (Beijing, China). The cells were
cultured in Roswell Park Memorial Institute (RPMI)
1640 Medium (Sigma-Aldrich, St. Louis, MO, USA)
containing 10% fetal bovine serum (FBS; HyClone, Logan,
UT, USA), 100 mg/mL streptomycin, and 100 U/mL
penicillin at 37 °C in a humidified incubator set to 5% CO,.
The culture medium was replaced with fresh medium every
other day.

A PC-12 OGD model was established as previously
described (38). Briefly, the cell medium was replaced by
glucose-free medium, which was pretreated with 95%
N, in an incubator with 5% CO, at 37 °C for 30 minutes.
Next, the PC-12 cells were immediately placed in a sealed
chamber containing 95% N, with 5% CO, for 12 hours at
37 °C. Afterward, the cells were taken out and cultured in
normal medium for 24 hours at 37 °C in an incubator with
5% CQO,. Cells cultured in the same medium without OGD
treatment were used as negative controls (NCs).

Real-time quantitative polymerase chain reaction

Total RNA was isolated from spinal cord tissues and
PC-12 cells using TRIzol (Takara, Biotechnology Co.,
Ltd., Dalian, Liaoning Province, China). Real-time
quantitative polymerase chain reaction (RT-qPCR) was
performed using SYBR Green qPCR Master Mix (Takara,
Biotechnology Co., Ltd., Dalian, China). Measurement
of the expression levels of H19 was carried out with the
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ABI Prism 7300 Sequence Detection System (Applied
Biosystems, USA). Special primers were designed and
synthesized by Sangon Biotech (Shanghai, China). For
each sample, at least 3 parallel reactions were carried out.
The primer sequences were as follows: H19 forward,
5'-TACAACCACTGCACTACCTG-3" and reverse,
S'"-TGGAATGCTTGAAGGCTGCT-3"; and B-Actin
forward, 5'-GGCGACGAGGCCCAGA-3" and reverse,
5'-CGATTTCCCGCTCGGC-3'. The 27**“" method was
employed for data analysis (39), and B-Actin was chosen as
an internal control.

Western blot assay

Proteins were extracted from rat spinal cords and PC-
12 cells with RIPA buffer (Beyotime Biotechnology,
Shanghai, China). The protein concentration was
determined according to the standard protocols of BCA
protein assay kits (Sangon Biotech, Shanghai, China).
Protein samples (40 pg) were separated by 10% sodium
dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) and then transferred to polyvinylidene
difluoride (PVDF) membranes. After being blocked
in 5% skim milk for 1 hour at room temperature, the
membranes were incubated with primary antibodies
against EZH2 (1:1,000; Abcam, Cambridge, MA, USA),
Notchl (1:1,000; Abcam, Cambridge, MA, USA), Notch3
(1:1,000; Abcam, Cambridge, MA, USA), Notch4
(1:1,000; Abcam, Cambridge, MA, USA), PS-1 (1:2,000;
Abcam, Cambridge, MA, USA), Hesl (1:1,000; Abcam,
Cambridge, MA, USA), or B-Actin (1:2,000; Abcam,
Cambridge, MA, USA). After incubation at 4 °C overnight,
The membranes were incubated with horseradish
peroxidase-conjugated secondary antibodies for 2 hours
at room temperature. The immunoreactive bands were
visualized using an enhanced chemiluminescence reagent
(Beyotime, Beijing, China). Each band was semi-quantified
using Image] (version 1.47; National Institutes of Health,
Bethesda, MD, USA).

Cell viability analysis

Cell viability was detected using a Cell Counting Kit-8 assay
(CCK-8; Sigma, MO, USA) according to the manufacturer’s
instructions. PC-12 cells were seeded into 96-well plates at
a density of 1x10’ cells/mL (100 pL) and cultured 24 hours
after. After treatment, 10 pL. CCK-8 solution was added to
each well, and the cells were incubated at 37 °C for 4 hours.
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The optical density (OD) was measured at 450 nm with a
micrometer reader (BioTek Instruments Inc).

Apoptosis assay

PC-12 cells were detached with trypsin/EDTA
(ethylenediaminetetraacetic acid), collected, and centrifuged
at 178 xg at 4 °C for 5 minutes, and the supernatant was
removed. The cells were washed with cool phosphate buffer
solution and then centrifuged at 178 xg for 5 minutes, after
which the supernatant was discarded. PC-12 cell apoptosis
was detected using an Annexin-V-fluorescein isothiocyanate/
propidium iodide (FITC/PI) kit (CA1020; Solarbio, Beijing,
China). The rates of PC-12 cell apoptosis were measured
with a flow cytometer (BD Biosciences, Franklin Lakes, NJ,
USA) and analyzed with FlowJo version 10 (FlowJo LLC).

Lentiviral construction and transduction for transgene
expression

Lentiviral injection was performed as described by Ji
et al. (40). Briefly, we used reverse transcription (RT) PCR
to amplify the coding sequence of H19, which was ligated
into the pGV208 plasmid (Shanghai Gene Chem) to express
H19. At 3 days after surgery, lentiviral vectors, lenti-H19
and lenti-control, were injected into the epicenter of rats’
injured spinal cords with a 5-mL Hamilton syringe at a
depth of 0.5 and 1 mm (I mL at each depth) and a rate of
200 nL/minute. After the injection, the pipettes were left
in place for 1 minute and then slowly withdrawn. The rats
were sacrificed at 14 days after SCL.

Immunofluorescence staining

For immunofluorescence staining, 10-pm-thick sections
of spinal cord tissue were fixed in 4% paraformaldehyde at
4 °C. The spinal cord tissues were incubated with blocking
solution (0.2% Triton X-100 (v/v) and 5% bovine serum
albumin (v/v) at room temperature for 1 hour, and then
incubated at 4°C overnight with the respective specific
antibodies against glial fibrillary acidic protein (GFAP;
1:1,000; Abcam, Cambridge, MA, USA) and nestin (1:200;
Abcam, Cambridge, MA, USA). After rinsing, the sections
were incubated with Alexa Fluor 555 (1:500; Abcam,
Cambridge, MA, USA) anti-rabbit IgG for 1 hour. Nuclei
were counterstained with 4’,6-diamidino-2-phenylindole
(DAPI). A Nikon Eclipse 80i microscope (Nikon, Tokyo,

Japan) was used to capture fluorescence images.
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Statistical analysis

All experimental data were expressed as mean * standard
deviation (SD). Comparisons between 2 groups were
performed using two-tailed Student’s 7-tests, and multigroup
comparisons were performed using one-way analysis of
variance (ANOVA) with Tukey’s post-hoc test. P<0.05 was
considered to be statistically significant. All analyses were

performed in SPSS 19.0(SPSS Inc., Chicago, IL, USA).

Results
EA inbibits the expression of H19 and EZH?2 in SCI rats

EA was previously reported to repair SCI and promote the
proliferation of endogenous NSCs, which play critical roles in
SCI (12). Therefore, we explored whether EA could alleviate
SCI in a rat model. Immunofluorescence staining results
confirmed that EA significantly increased the levels of nestin
protein while decreasing those of GFAP protein (Figure 1A),
indicating that EA significantly increases NSC proliferation
and inhibits NSC differentiation into astrocytes. Interestingly, a
recent study reported the upregulation of H19 in SCI rats (29),
and H19 has also been shown to regulate EZH?2 expression in
some abnormal cells and tissues (34,35). Therefore, we assessed
H19 mRNA and EZH2 protein expression in the spinal
cord tissues of SCI rats at 14 days after EA by performing
RT-qPCR and western blot, respectively. As shown in
Figure 1B,C, compared to those in the sham group, the levels
of H19 mRNA and EZH2 protein expression were remarkably
upregulated in the SCI rats; however, they were significantly
downregulated by EA treatment. These results suggested that
EA inhibited the expression of H19 and EZH? in SCI rats.

Suppression of H19 inbibits the Notch signaling pathway
and OGD-induced injury in PC-12 cells

PC-12 cells were exposed to OGD for 24 hours. Compared
to the NC group, OGD-treated cells exhibited significantly
increased H19 expression (Figure 24). OGD also markedly
increased the proportion of apoptotic cells (Figure 2B) and
inhibited cell viability (Figure 2C). Moreover, the protein
expression levels of Notch-related factors (Notchl, Notch3,
Notch4, Hesl, and PS1) were significantly increased in the
OGD group (Figure 2D). Subsequently, to further study the
effects of H19, we knocked down H19 expression through
transfection with H19 small interfering RNA (si-H19). The
suppression of H19 significantly attenuated OGD-induced
apoptosis of PC-12 cells compared with the OGD and OGD
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Figure 1 EA inhibits the expression of H19 and EZH?2 in the injured spinal cords of rats. (A) The expression of GFAP and nestin protein

in the spinal cord tissues of SCI or EA-treated rats was detected by immunofluorescence staining. Red represents GFAP positivity, green

represents nestin positivity, and blue (DAPI) represents nuclei. (B) The expression levels of H19 in rat spinal cord tissues were measured

by RT-gPCR. (C) The expression levels of EZH2 protein in rat spinal cord tissues were detected by western blot. **P<0.01 compared with

sham group; "P<0.01 compared with SCI group. SCI, spinal cord injury; EA, electroacupuncture; GFAP, glial fibrillary acidic protein;

DAPI, 4,6-diamidino-2-phenylindole; RT-qPCR, real-time quantitative polymerase chain reaction.

+ si-NC groups (Figure 2B), and alleviated OGD-induced
inhibition of cell viability (Figure 2C). Moreover, the protein
expression levels of Notch-related factors were significantly
decreased in the OGD + si-H19 group (Figure 2D). The above
results evidenced that suppression of H19 inhibited the Notch
signaling pathway and OGD-induced injury in PC-12 cells.

Suppression H19 decreased OGD-induced cell injury by
downregulating EZH?2

To further explore the role of H19 in SCI, we examined
its relationship with EZH2 expression. As shown in
Figure 3A4,B, the expression levels of H19 and EZH2 were
significantly increased by OGD treatment; these effects
were reversed by knockdown of H19, but EZH2 expression
was ultimately restored by EZH2 overexpression/.

© Annals of Translational Medicine. All rights reserved.

These observations indicated that EZH2 was positively
regulated by H19. Moreover, the viability of PC-12 cells
was decreased after OGD treatment but increased after
interference of H19, and cell viability was terminally
repressed by EZH2 overexpression (Figure 3C). OGD
treatment also elevated cell apoptosis, and this effect was
reversed by H19 suppression but was finally boosted by
overexpressing EZH2 (Figure 3D). These results showed
that suppression of H19 could alleviate OGD-induced
injury in PC-12 cells via the downregulation of EZH?2.

Suppression of EZH2 alleviated OGD-induced cell injury
by inbibiting the Notch signaling pathway

To determine whether suppression of EZH2 alleviates
OGD-induced cell injury, we suppressed EZH?2 activation

Ann Transl Med 2021;9(10):844 | http://dx.doi.org/10.21037/atm-21-1526
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Figure 2 Suppression of H19 inhibits the Notch signaling pathway and OGD-treated PC-12 cell injury. (A) H19 expression was measured
by RT-qPCR. (B) Cell apoptosis was evaluated by flow cytometry. (C) Cell viability was measured by Cell Counting Kit-8 assay. (D) The
protein expression levels of Notch-related factors were measured by western blot. **P<0.01 compared with NCs; "P<0.05 compared with
OGD group; "P<0.01 compared with OGD group. NC, negative control; OGD, oxygen-glucose deprivation; PI, propidium iodide; FITC,
fluorescein isothiocyanate; RT-qPCR, real-time quantitative polymerase chain reaction.

using the EZH2 inhibitor GSK126 (24,41). As Figure 44,B
show, GSK126 markedly alleviated OGD-induced cell
apoptosis and elevated cell viability. Next, we investigated
whether EZH?2 is a regulator of the Notch signaling
pathway. We found that OGD treatment upregulated the
expression of Notch-related factors, but the Notch signaling
pathway was inhibited by GSK126 (Figure 4C). Our results
indicated that EZH?2 regulates PC-12 cell viability and
apoptosis by inhibiting the Notch signaling pathway.

Suppression of H19 alleviated OGD-induced cell injury
through inbibition of the EZH2/Notch axis

Next, the effects of the H19/EZH2/Notch signaling
pathway on OGD-induced cell injury were investigated.

© Annals of Translational Medicine. All rights reserved.

The results showed that OGD treatment elevated H19
expression, which was reversed by interference of H19,
while H19 expression was not altered by overexpression of
EZH?2 or GSK126 (Figure 5A). The expression of EZH2
was inhibited by interference of H19, which was reversed
by EZH2 overexpression, while GSK126 did not alter
H19 expression (Figure 5B). OGD treatment induced
the activation of the Notch signaling pathway; this effect
was reversed by suppressing GSK126 or H19, but the
Notch signaling pathway was finally activated by EZH?2
overexpression (Figure 5C). These results indicated that
H19 regulates the Notch signaling pathway through EZH2.
Next, we investigated whether the H19/EZH2/Notch axis
regulates the apoptosis and viability of OGD-treated PC-
12 cells. We found that PC-12 cell apoptosis was promoted
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Figure 3 Suppression of H19 decreases OGD-induced cell injury by downregulating EZH2. (A) Expression levels of H19 were measured
by RT-qPCR. (B) EZH2 protein levels were measured by western blot. (C) Cell viability was measured by Cell Counting Kit-8 assay. (D)

Cell apoptosis was evaluated by flow cytometry. **P<0.01 compared

with NCs; *P<0.05 compared with OGD group; "P<0.01 compared

with OGD group; ““P<0.01 compared with OGD + si-H19 group. NC, negative control; OGD, oxygen-glucose deprivation; PI, propidium
iodide; FITC, fluorescein isothiocyanate; RT-qPCR, real-time quantitative polymerase chain reaction.

by OGD treatment but was inhibited by GSK126 or H19
interference, and cell apoptosis was ultimately boosted
by EZH2 overexpression (Figure 64). Cell viability was
inhibited by OGD treatment but was enhanced by the
downregulation of H19 or GSK126, and cell viability was
terminally repressed by EZH2 upregulation (Figure 6B).
These results indicated that inhibition of H19 alleviated
OGD-induced cell injury through suppression of the
EZH2/Notch signaling pathway.

EA promoted the recovery of rats with SCI by suppressing
the Notch signaling pathway via the H19/EZH?2 axis

Next, we validated the influence of EA on the expression
of H19/EZH?2 and Notch-related factors in vivo. We found

© Annals of Translational Medicine. All rights reserved.

that SCI elevated H19 expression, and EA reversed this
effect; however, H19 expression was ultimately boosted by
overexpression of H19 (Figure 7A4). SCI upregulated EZH2
expression; this effect was reversed with EA, but EZH?2
expression was finally boosted by H19 overexpression
(Figure 7B). Our previous study found that EA inhibits the
Notch signaling pathway (12); therefore, we next explored
the effects of EA on this pathway in SCI rats. The results
indicated that EA inhibited the Notch signaling pathway,
which was reversed by overexpression of H19 (Figure 7C).
These results suggested that EA inhibits the Notch
signaling pathway in SCI rats by downregulating the H19/
EZH?2 axis.

In our previous study, EA was observed to improve SCI
in rats (12). Therefore, in the present research, we further
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explored whether EA alleviates SCI in rats by modulating
H19/EZH?2. As shown in Figure 84, the survival rates in
the SCI, SCI + EA, SCI + EA + Lenti-H19, and SCI + EA
+ Lenti-NC groups were significantly lower than that in
the control group. Furthermore, the SCI + EA and SCI +
EA + Lenti-NC groups showed superior survival to both
the SCI and SCI + EA + Lenti-H19 groups. The body
weight and Basso-Beattie-Bresnahan (BBB) score in the
SCI, SCI + EA, SCI + EA + Lenti-H19, and SCI + EA +
Lenti-NC groups were significantly lower than that in the
control group. Furthermore, the SCI + EA and SCI + EA
+ Lenti-NC groups showed superior body weight and BBB
score to both the SCI and SCI + EA + Lenti-H19 groups
(Figure 8B,C). In our experiment, the levels of GFAP
protein were significantly elevated after SCI but were
reduced by EA; however, they were ultimately boosted
by overexpression of H19 (Figure 8D). In contrast, the
levels of nestin protein were reduced by SCI; this effect
was reversed after EA, but the levels of nestin protein
were terminally repressed by H19 overexpression. These
data indicated that EA promotes the recovery of SCI rats,
and increases NSC proliferation and differentiation by
suppressing the H19/EZH2/Notch axis.

© Annals of Translational Medicine. All rights reserved.

Discussion

SCI is an irremediable condition following which the
potential for structural repair and functional recovery is
poor. There is evidence suggesting that EA can protect or
prevent the death of functional neurons during the early and
middle stages of SCI, inhibit the Notch signaling pathway,
and promote NSC proliferation (12,42). SCI is followed
by an acute but long-lasting inflammatory response, and
marked by increase in reactive oxygen species production
(43,44). Previous studies found that apolipoprotein E (ApoE)
has anti-inflammatory, antioxidant and anti-apoptotic
properties in SCI (45). Dai et al. found that EA reduces SCI
inflammation and oxi-dative stress reactions by increasing
ApoE expression (46). Additionally, EA stimulation
induces neuroprotective effects after SCI correlated
with the up-regulation of brain-derived neurotrophic
factor and neurotrophin-3 (47). Notably, a recent study
reported that EA + Schwann cell transplantation can
improve the locomotor function in SCI rats, which may
be related to its effects in reducing the immune rejecting
reaction (48). Emerging studies have shown that EA can
inhibit the induction and transmission of pain signals

Ann Transl Med 2021;9(10):844 | http://dx.doi.org/10.21037/atm-21-1526
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and, consequently, mediate anti-nociceptive and anti-
inflammatory effects by rebalancing the neural-immune-
endocrine interactions (49). The above research shows
that EA can promote the recovery of locomotor in SCI.
Therefore, illuminating and understanding the regulatory
mechanism of EA in promoting the repair of SCI is vital to
the discovery of novel and effective strategies for clinical
intervention.

LncRNAs function in a wide range of biological
processes including the regulation of nervous system
diseases. Previous research has shown IncRINAs may play an

© Annals of Translational Medicine. All rights reserved.

important role in the early immuno-inflammatory response
after SCI (29). H19 expression has been well established
to be upregulated in SCI (29,33). In the current research,
we also found that H19 expression was upregulated in
both SCI rats (Figure 1B) and OGD-treated PC-12 cells
(Figure 2A4). The overexpression of H19 might accelerate
cerebral ischemia and reperfusion injury as well as induce
the apoptosis of hippocampal neuronal and PC-12 cells
(32,50,51). Interestingly, we found that EA suppressed H19
expression and promoted the repair of SCI (Figure 1B), and
silencing of H19 significantly attenuated OGD-induced

Ann Transl Med 2021;9(10):844 | http://dx.doi.org/10.21037/atm-21-1526
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injury in PC-12 cells (Figure 2B). These observations
suggest that downregulation of H19 by EA may be
associated with the repair of SCI (51). The results of this
study emphasize the function of H19 as a participant in SCI
and its progression, thus evidencing the potential of H19 as
a novel target for SCI treatment.

Our study further showed that EZH2 expression
was upregulated in SCI rats (Figure 1C) and OGD-
treated PC-12 cells (Figure 3B), and that EZH2 inhibitor
significantly attenuated OGD-induced injury in PC-12
cells (Figure 44,B). Notably, EZH?2 plays a critical role
in cell proliferation and apoptosis. In hair follicle stem
cells, for instance, EZH2 promotes cell proliferation
and differentiation by repressing miR-22 (23), which
increases apoptosis and proinflammatory cytokine release
by activating STAT3 (22). A recent study reported that
H19 regulates EZH2 expression through its interaction
with miR-138 (52). Also, Hong ez a/. found that H19
interacts with EZH?2 to regulate gene expression (22,35).
Therefore, it was hypothesized that H19 may serve as a
factor to regulate or recruit EZH2. However, we confirmed
that EA and silencing of H19 also significantly decreased
EZH2 expression (Figure 1C,3B). Taken together, these

© Annals of Translational Medicine. All rights reserved.

data strongly suggest that H19 is a functional molecule that
regulates EZH2 expression in SCIL.

Previous research has shown that SCI activates the
Notch signaling pathway whereas EA suppresses the Notch
signaling pathway (12). Studies have also put H19 forward as
an important functional factor involved in the maintenance
of the Notch signaling pathway in the cell proliferation
and apoptosis processes (30). Our results suggest that H19
plays a role in elevating the gene expression of factors
by activating the Notch signaling pathway (Figure 2D).
Wasson et al. revealed a critical role of EZH? in the Notch
signaling pathway (25), and Zheng et a/. showed that EZH2
directly binds to the Notchl promoter to regulate Notchl
expression (53). Here, we found that EZH2 inhibitor
suppressed the Notch signaling pathway (Figure 4C), and
we dissected this phenomenon further, demonstrating that
EZH?2 expression is driven by H19 and is linked to the
activation of the Notch signaling pathway. Interestingly,
Wasson et al. reported that EZH2 regulates the Notch
signaling pathway via miR-34a; however, Zheng et 4/. found
that EZH?2 regulates Notch signaling by promoting the
transcription of this pathway (25,53). Nevertheless, how
EZH2 regulates the Notch signaling pathway is still unclear

Ann Transl Med 2021;9(10):844 | http://dx.doi.org/10.21037/atm-21-1526
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and requires further study.

Our results further demonstrated that the H19/EZH2/
Notch axis might be a novel target for clinical intervention in
SCI. A recent study showed that H19 knockdown effectively
relieved Ischemia-reperfusion—or OGD/R-induced neuronal
cell oxidative stress and apoptosis (54). In our study, we showed
that H19 suppression alleviated OGD-induced PC-12 cell
injury (Figures 5 and 6), while overexpression of H19 reversed
the effects of EA in improving SCI in rats by upregulating the
EZH2/Notch signaling pathway (Figures 7 and §). In addition,
it has been reported that lipopolysaccharide treatment could
significantly increase GFAP expression, while H19 knockdown
decreased the protein content of GFAP (55). Our results
showed that overexpression of H19 increased the expression
of GFAP while decreasing that of nestin (Figure 8D). These
observations demonstrate that H19 is a novel target for
protecting against SCI. Thus, targeting the H19/EZH2/Notch
axis could serve as a novel strategy for clinical intervention
for patients with SCI. We previous research shown that
EA inhibits neuronal apoptosis, astrocytes differentiation,

© Annals of Translational Medicine. All rights reserved.

and Notch signaling activation, and accelerate edema and
inflammation reduction and neural function repair (12). In
this study, we found that EA inhibited neuronal apoptosis,
astrocytes differentiation and Notch signaling activation, and
accelerate neural function repair by inhibiting H19/EZH? axis.
These results provide an important experimental reference for
EA in the repair of SCL

It has been shown that EA stimulation at 2 and 50 Hz
showed continuous and significant enhancement in their
motor performance, but 100 Hz exhibited a notice-able
but not significant improvement in locomotor activity (56).
Our studies found EA stimulation at 2 Hz promoted NSC
proliferation (Figure 14) (12). Zhu et al. found EA (60 Hz
for 1.05 s and 2 Hz for 2.85 s alternately) stimulation also
promotes NSC proliferation (57), suggestion different
waveform electric acupuncture has the similar effect.
Our studies found EA promoted NSC proliferation by
inhibiting Notch signaling pathway (Figures 7 and §),
suggesting inhibition of Notch signaling pathway would as
a target to protect NSC apoptosis of SCI. Accoumulating

Ann Transl Med 2021;9(10):844 | http://dx.doi.org/10.21037/atm-21-1526
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evidence shows that inhibition of Notch signaling pathway pathway activation in SCI.
can improve SCI, including y-secretase blocker (58), In conclusion, we have demonstrated that EA suppresses
resveratrol (59), and sodium tanshinone IIA silate (60). Our H19 expression in SCI rats and H19 plays an important

data support the idea that EA-mediated Notch signaling role in the repair of SCI via the EZH2/Notch signaling
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Annals of Translational Medicine, Vol 9, No 10 May 2021

pathway. Our findings reveal that H19 is involved in the
pathophysiology of SCI, which may shed light on the design
of therapeutic strategies for SCIL.
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