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SERTA domain-containing protein 1 (Sertad1) is upregulated
in the models of DNA damage and Alzheimer's disease,
contributing to neuronal death. However, the role and
mechanism of Sertad1 in ischemic/hypoxic neurological injury
remain unclear. In the present study, our results showed
that the expression of Sertad1 was upregulated in a mouse
middle cerebral artery occlusion and reperfusion model and
in HT22 cells after oxygen-glucose deprivation/reoxygenation
(OGD/R). Sertad1 knockdown significantly ameliorated
ischemia-induced brain infarct volume, neurological
deficits and neuronal apoptosis. In addition, it significantly
ameliorated the OGD/R-induced inhibition of cell viability
and apoptotic cell death in HT22 cells. Sertad1 knockdown
significantly inhibited the ischemic/hypoxic-induced
expression of p-Rb, B-Myb, and Bim in vivo and in vitro.
However, Sertad1 overexpression significantly exacerbated
the OGD/R-induced inhibition of cell viability and apoptotic
cell death and p-Rb, B-Myb, and Bim expression in HT22 cells.
In further studies, we demonstrated that Sertad1 directly
binds to CDK4 and the CDK4 inhibitor ON123300 restores
the effects of Sertad1 overexpression on OGD/R-induced
apoptotic cell death and p-Rb, B-Myb, and Bim expression in
HT22 cells. These results suggested that Sertad1 contributed
to ischemic/hypoxic neurological injury by activating the
CDK4/p-Rb pathway.
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INTRODUCTION

Cerebral ischemia accounts for 87% of all stroke cases and
is one of the leading causes of death and disability globally
(Kuriakose and Xiao, 2020; Russo et al., 2011). Ischemic
stroke due to lack of oxygen, glucose, and other nutrients al-
ters intracellular metabolism, ultimately resulting in neuronal
death (Auriel and Bornstein, 2010), which is the most prom-
inent pathological change in cerebral ischemia and causes
the irreversible loss of brain function (Wei et al., 2016).
Thus, neuroprotective strategies can be used in maintaining
adequate brain and neuronal functions after ischemia and
reperfusion injury. However, thrombolysis with a tissue plas-
minogen activator is the only U.S. Food and Drug Administra-
tion-approved neuroprotective treatment that has a narrow
therapeutic window (3-4.5 h after symptom onset) (Hacke et
al., 2008). Other ischemic neuroprotective treatments, such
as calcium channel blockers, N-methyl-D-aspartate (NMDA)
receptor antagonists, and antioxidants, cannot reverse neu-
ronal damage following ischemia and reperfusion injury (Ad-
ams, 2001). Therefore, the precise mechanisms underlying
neuronal injury after cerebral ischemia should be investigated
to identify new targets for neuroprotection.

SERTA domain-containing protein 1 (Sertad1), also known
as transcriptional regulator interacting with PHD-bromo-
domain 1 (Trip-Br1) or p34 (SEI-1), is a member of the Sertad
family (Lai et al., 2007) and functions as an oncoprotein
in many tumors (Hu et al., 2019; Li et al., 2016; You et al.,
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2017). For example, Li et al. (2016) showed that Sertad1 in-
hibition accelerates hypoxia-induced cell apoptosis in breast
cancer cell lines. Hu et al. (2019) suggested that Sertad1 pro-
motes the proliferation of prostate cancer cells and thereby
contributes to prostate cancer progression. Sertad1 acts as a
growth factor sensor and facilitates the formation and acti-
vation of cyclin D/CDK4 complexes (Sugimoto et al., 1999).
Cyclin D/CDK4/pRb activation contributes to neuronal death
induced by thrombin, DNA damage, nerve growth factor
(NGF) withdrawal or ischemic insult (lyirhiaro et al., 2017; Liu
and Greene, 2001; Rao et al., 2007; Rashidian et al., 2005).
Moreover, Biswas et al. (2010) found that Sertad1 is essential
to neuronal death induced by NGF withdrawal and g-amyloid
in the cerebral cortex. Therefore, in the present study, we hy-
pothesized that Sertad1 plays an important role in ischemic/
hypoxic neurological injury and investigated its role and mo-
lecular mechanisms in ischemic/hypoxic neurological injury.

MATERIALS AND METHODS

Experimental animals

C57BL/6 male mice aged 6 to 8 weeks were obtained from
Lanzhou University Second Hospital. All the mice were sub-
jected to 12 h light/12 h dark cycle and had free access to
water and food. Animal experiments were conducted in ac-
cordance with the guidelines of the Institutional Animal Care
and Use Committee of the Institute of Nutrition and Health.
All animal procedures were approved by the Ethics Commit-
tee of Lanzhou University Second Hospital (No. D2020-46).

Middle cerebral artery occlusion and reperfusion (MCAO/
R) model

Mouse focal brain ischemia was induced by MCAO/R in male
C57BL/6J mice with the intraluminal filament method as de-
scribed previously (Kuo et al., 2016; Liu et al., 2012). Briefly,
the mice were anesthetized with ketamine (12 mg/kg) and
xylazine (10 mg/kg), fixed on an operating table in the su-
pine position, and maintained at 37.0°C + 0.5°C during sur-
gery. The right carotid bifurcation was next exposed through
a midline neck incision. A silicone-coated 8-0 filament was
inserted through the common carotid artery and advanced
(9.0-10.0 mm) gently for the occlusion of the middle cere-
bral artery. The regional cerebral blood flow during surgery
was detected to confirm the successful occlusion by laser
Doppler flowmetry (PerifluxSystem 5000; Perimed, Sweden).
After 1 h of occlusion, the nylon suture was removed for the
restoration of cerebral blood flow. In the sham group, the
common carotid arteries were surgically exposed without
subsequent MCAQ.

Neurobehavioral evaluation

Neurobehavioral evaluation was performed 48 h after reper-
fusion in accordance with a previously described method
(Longa et al., 1989; Zhang et al., 2018). Briefly, neurobe-
havioral evaluation was scored using a five-point scale: 0, no
neurological deficit; 1, failure to extend left forepaw fully; 2,
circling to the left; 3, inability to bear weight on the left; 4, no
spontaneous walking with depressed level of consciousness.
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Infarct volume assessment

Infarct volume assessment was performed 48 h after reper-
fusion and determined by 2,3,5-triphenyltetrazolium chlo-
ride (TTC) staining. Briefly, the mice were euthanized under
anesthesia, and their brains were rapidly removed and cut
into 2-mm-thick slices. TTC solution (2%, Solarbio, China)
was used to stain the slices at 37°C for 30 min. The infarction
volume was measured using Image J software (National Insti-
tutes of Health, USA).

Immunofluorescence staining

Mice were anesthetized 48 h after reperfusion, transcar-
dially perfused with phosphate-buffered saline (PBS), and
fixed with 4% paraformaldehyde. Their brains were rapidly
removed and postfixed with 4% paraformaldehyde. Brains
were then immersed in 20% and 30% sucrose overnight at
4°C, embedded in Tissue-Tek OCT compound (Sakura, Ja-
pan), and subjected to section on a freezing microtome.
The sections (10 um) were washed with PBS and blocked in
QuickBlock™ immunostaining blocking solution (Beyotime,
China) for 1 h at room temperature and incubated over-
night at 4°C with the following primary antibodies: rabbit
anti-Sertad1 (1:200, ARP34309_T100; AVIVA, USA), mouse
anti-NeuN (1:100, 66836-1-lg; Proteintech, China), mouse
anti-GFAP (1:200, ab279290; Abcam, USA), mouse anti-lba‘
(1:500, GT10312; GeneTex, USA). After washing, the sec-
tions were incubated with Alexa Fluor Plus 488 goat anti-rab-
bit secondary antibody (1:200, A32731; Thermo Fisher Scien-
tific, USA) or Alexa Fluor Plus 555 goat anti-mouse secondary
antibody (1:200, A32727; Thermo Fisher Scientific) at 37°C
for 1 h. DAPI (Beyotime) was used to stain cellular nuclei at
37°C for 10 min. Finally, the sections were photographed us-
ing a microscope with a digital camera (Olympus, Japan).

Stereotactic surgery

Adeno-associated virus (AAV) 9-Syn-GFP-U6-shSertad1
(AAV-shSertad1) and AAV9-Syn-GFP-U6-negative control
(AAV-shCon) were obtained from Sunbio Medical Biotech-
nology (China). The sequences of shSertad1 and shCon used
in this study were as follows: shSertad1: 5'- CCGGGAATT-
GACTTGGATCTGAGTTCTCGAGTTCTCAGATCCAAGTCAAT-
TC-3"; shCon: CCGGTTCTCCGAACGTGTCACGTCTCGAGAC-
GTGACACGTTCGGAGAA-3’. A total of 5 x 10° genome
copies of AAV-shSertad1 or AAV-shCon virus in 3 ul were ste-
reotactically injected into the right lateral ventricle (bregma:
—2.2 mm, dorsoventral: 3 mm, lateral: 1 mm) at a rate of 200
nl/min (Jin et al., 2019; Wu et al., 2017). After injection, the
needle was maintained for 10 min prior to withdrawal.

Cell culture and oxygen-glucose deprivation/re-oxygen-
ation (OGD/R) model

The HT22 cells were obtained from Procell Life Science &
Technology (China; CL-0595) and cultured in DMEM with
10% FBS at 37°C. To induce OGD, the neurons were cultured
in glucose-free DMEM solution and maintained in a hypoxic
chamber (Thermo Fisher Scientific) at 94% N,, 1% O,, 5%
CO, and 37°C for 2, 4, 8, or 12 h, as previously described
(Chen et al.,, 2011; Xu et al., 2018). The HT22 cells in the
normal group were subjected to OGD for 0 h. After OGD,
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the neurons were cultured in a normal DMEM solution with
10% FBS for 24 h or 48 h. After 24 h or 48 h of re-oxygen-
ation, neurons were subjected to later assay.

Cell transfection

To knockdown Sertad1 expression in the HT22 cells, the
scramble control siRNA (siCon) and Sertad1 siRNA (siSertad1)
were designed and synthesized by GenePharma (China). The
SiRNA sequences were as follows: siSertad1: 5" -GAAUUGAC-
UUGGAUCUGAGUUTT-3’; siCon: 5'-UUCUCCGAACGU-
GUCACGUTT-3". To upregulate Sertad1 expression in HT22
cells, the pcDNA3.1 negative control plasmid (pcDNA3.1)
and the Sertad1-3flag expression plasmid (Sertad1 ov) were
purchased from Sunbio Medical Biotechnology. Two days
before OGD/R, a total of 5 x 10° HT22 cells were plated in
six-well plates and transfected using Lipofectamine® 2000
Reagent (Thermo Fisher Scientific) in accordance with the
manufacturer’s instructions.

Cell viability assay

For the cell viability assay, HT22 cells were transfected for
48 h, seeded at a density of 1 x 10* cells/well on 96-well
plates for 24 h, and then subjected to OGD/R. The medium
was then removed and 10 pl of Cell Counting Kit-8 (CCK-8)
solution (Beyotime) was added to each well. After incuba-
tion for 1 h at 37°C, the absorbance was measured using an
automatic microplate reader (Bio-Tek M200; Tecan, Austria)
at 450 nm. Cell viability was assessed as the percentage of
viable cells relative to the vehicle groups.

TUNEL assay

Cell apoptosis in the ischemic penumbra was detected using
TUNEL assay (Roche Diagnostics, USA) in accordance with the
manufacturer’s instructions. Briefly, dead cells were stained
with TUNEL solution (red), and the neurons were stained
with NeuN antibody (blue). The collocation of red (TUNEL)
and blue (NeuN) indicated the dead neurons. The percent-
ages of TUNEL-positive neurons relative to the NeuN-positive
cells were regarded as the death index. The sections were
photographed using a microscope with a digital camera
(Olympus). Five different fields (x200 magnification) per
section were selected, and the number of TUNEL positive
neurons and the number of neurons were then counted (Liu
et al.,, 2020). The percentage of TUNEL positive neurons per
mouse was obtained from three sections. Six mice per group
were analyzed. The image analysis was performed blindly.

To determine the cell death after OGD/R, a TUNEL assay
was performed in accordance with the manufacturer’s pro-
tocol. Briefly, HT22 cells were transfected for 48 h, seeded
at a density of 1 x 10° cells/well on 24-well plates on glass
coverslips for 24 h, and subjected to OGD/R. After OGD/R,
the medium was removed. Next, the cells were fixed in 4%
paraformaldehyde for 30 min and incubated in 0.3% Triton
X-100 for 5 min. TUNEL solution (50 pl) was added to each
well for 1 h at 37°C. After washing with PBS, cell nuclei were
stained with DAPI. TUNEL-positive cells were counted from
three fields under a fluorescence microscope at 200x magni-
fication. The percentages of apoptotic cells were assessed by
averaging the TUNEL-positive cells relative to the DAPI-posi-
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tive cells across the three fields (Wang et al., 2013).

Real-time quantitative polymerase chain reaction (RT-qP-
CR)

After treatment, brain tissues and HT22 cells were collect-
ed. Total RNA was isolated using TRIzol reagent (Invitro-
gen, USA), and cDNA was synthesized using M-MLV RTase
(Promega, USA). Next, mRNA expression was analyzed using
SYBR Master Mixture (TAKARA, China) on an ABI Prism
7500 Real-Time System (Applied Biosystems, USA). p-Actin
was used as an internal control. The relative expression of
the target gene was normalized to B-actin expression using
the 2°%2< analysis method. The primer sequences were as
follows: Sertad1 (5"-GCTGAGCAAAGGTCTGAAGC-3" and
5'-GTGTTCACCACAAGCACCAG-3") and p-actin (5'-AGC-
CATGTACGTAGCCATCC-3" and 5'- CTCTCAGCTGTGGTGGT-
GAA-3’).

Western blot

After treatment, brain tissues and HT22 cells were collected
and lysed using RIPA lysis buffer (Beyotime). The protein con-
centrations were then determined by the BCA protein assay
kit (Beyotime). The proteins were separated by 10% SDS-
PAGE and transferred onto PVDF membranes. The PVDF
membranes were blocked using 5% bovine serum albumin
(BSA) for 1 h at room temperature and incubated with the
following primary antibodies: rabbit anti-Sertad1 (1:1,000,
ab154066; Abcam), rabbit anti-CDK4 (1:2,000, 11026-1-
AP; Proteintech), rabbit anti-p-Rb (S795) (1:500, ab131347;
Abcam), rabbit anti-Rb (1:2,000, ab181616; Abcam), rabbit
anti-B-Myb (1:500, 18896-1-AP; Proteintech), rabbit anti-Bim
(1:500, 22037-1-AP; Proteintech), rabbit anti-Caspase3
(1:1,000, 19677-1-AP; Proteintech), and rabbit anti-g-actin
(1:2,000, 20536-1-AP; Proteintech). The PVDF membranes
were incubated overnight at 4°C and washed three times
with TBST and incubated with a horseradish peroxidase con-
jugated goat anti-rabbit secondary antibody for 45 min at
room temperature. Finally, the corresponding band was re-
vealed using enhanced chemiluminescence reagents (Pierce
Biotechnology).

Co-immunoprecipitation (Co-IP)

Co-IP was performed as described previously (Ding et al.,
2018; Nguyen and Irby, 2017). Briefly, HT22 cells were trans-
fected with pcDNA3.1 or Sertad1 ov plasmid for 48 h, and
collected and lysed using cold RIPA lysis buffer (Beyotime) at
4°C for 30 min. The lysates were centrifuged at 14,000 x g
for 15 min, and pre-cleared using protein A agarose at 4°C
for 30 min. The protein A agarose was discarded by centrif-
ugation at 1,000 x g for 5 min. Protein concentrations were
then determined using the BCA protein assay kit (Beyotime).
Specifically, the protein (50 ug) was incubated with an-
ti-flag tag antibody or anti-CDK4 antibody at 4°C overnight.
Next, protein A agarose was added to the antigen-antibody
complex and incubated at 4°C for 2 h. The samples were
washed five times using PBS and centrifuged at 1,000 x g
for 5 min. The supernatant was discarded after each wash.
Finally, the samples were resuspended by adding 25 pl of 1 x
SDS-PAGE loading buffer, boiled for 5 min, and centrifuged



14,000 x g for 5 s. The supernatant (20 ul per lane) was
examined by 10% SDS-PAGE and transferred onto PVDF
membranes, which were blocked using 5% BSA for 1 h at
room temperature and incubated with the following primary
antibodies: rabbit anti-Sertad1 (1:1,000, ab154066; Abcam),
rabbit anti-CDK4 (1:2,000, 11026-1-AP; Proteintech), rabbit
anti-g-actin (1: 2,000, 20536-1-AP; Proteintech), and rabbit
anti-flag tag (1:1,000, 80010-1-RR; Proteintech). The PVDF
membranes were incubated overnight at 4°C and washed
three times with TBST and incubated with the horseradish
peroxidase conjugated goat anti-rabbit secondary antibody
for 45 min at room temperature. Finally, the corresponding
band was revealed using enhanced chemiluminescence re-
agents (Pierce Biotechnology).

Statistical analysis

Statistical analysis was performed using IBM SPSS Statistics
(ver. 19; IBM, USA). The data are shown as the means +
SD. An unpaired Student’s t-test was used for comparisons
between two groups, and the differences among multiple
groups were determined by ANOVA with Tukey’s post-test. P
< 0.05 was considered statistically significant.

RESULTS

Sertad1 expression was elevated in the MCAO model

To determine the role of Sertad1 during ischemic stroke, we
first established the MCAO/R model in mice and examined
the Sertad1 expression using RT-gPCR and Western blot. As
shown in Figs. 1A and 1B, the Sertad1 mRNA and protein lev-
els were significantly higher in the MCAO group than those
in the sham group and peaked at 48 h after MCAO/R. We
then determined the type of cell responsible for the increased
Sertad1 after ischemic stroke. Forty-eight hours after MCAO/
R, double-label immunohistochemistry was performed to an-
alyze the localization of the immunofluorescence signals for
Sertad1 with the neuronal marker NeuN, astrocytic marker
GFAP and microglial marker Iba1 in the peri-infarct region of
cortex and hippocampus. Our results showed that Sertad1
was mainly localized in neurons and upregulated only in neu-
rons, not in astrocytes and microglia (Fig. 1C, Supplementary
Fig. S1). These data suggested that Sertad1 may play a critical
role in neurons during ischemic injury.

Downregulation of MCAO/R-induced Sertad1 by AAV-
shSertad1

To determine the gene transduction efficiency of AAV, the
EGFP signal of AAV was observed at 20 days and 40 days
after AAV injection (AAV9-Syn-GFP-U6-negative control). As
shown in Supplementary Fig. S2, the EGFP signal at 40 days
after AAV infection was higher than that at 20 days after
AAV infection. Thus, we established the MCAO/R model at
40 days after AAV infection. Forty-eight hours after MCAO/
R, double-label immunohistochemistry was performed to
analyze the localization of the immunofluorescence signals
for Sertad1 (red) with the neuronal marker NeuN (blue). As
shown in Fig. 2A, AAV-shSertad1 significantly inhibited the
expression of Sertad1 in the peri-infarct region of the cortex
and hippocampus compared with the AAV-shCon group.
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RT-gPCR and Western blot were used to confirm the in vivo
knockdown efficiency of AAV infection. As shown in Figs. 2B
and 2C, the mRNA and protein expression levels of Sertad1
in the peri-infarct region of cortex and hippocampus were
significantly elevated than those in the sham group, whereas
the expression of Sertad1 was significantly inhibited in the
AAV-shSertad1 group than that in the AAV-shCon group.

Sertad1 inhibition ameliorated brain injury after MCAO/R
To determine the role of Sertad1 during the progression of
ischemic stroke, a TTC analysis of brain sections was per-
formed. Our results showed that the infarct volume at 48
h after MCAQ/R was significantly increased, whereas the
infarct volume in the AAV-shSertad1 group was significantly
decreased compared with that in the AAV-shCon group (Fig.
3A). The neurological deficit score was used to evaluate neu-
rological function after MCAQO/R. As shown in Fig. 3B, MCAO
markedly reduced neurological function, and neurological
function in the AAV-shSertad1 group was significantly ame-
liorated compared with that in the AAV-shCon group. In ad-
dition, TUNEL staining was performed to detect the effect of
Sertad1 on MCAO/R-induced neuronal death. As shown in
Figs. 3C and 3D, neuronal death in the peri-infarct region of
cortex and hippocampus at 48 h after MCAO/R was signifi-
cantly elevated compared with that in the sham group, and
Sertad1 inhibition by AAV-shSertad1 significantly decreased
MCAO/R-induced neuronal death. In addition, Western blot
was used to further confirm the role of Sertad1 in MCAO/
R-induced neuronal apoptosis. As shown in Fig. 3E, the pro-
tein expression levels of Cleaved-caspase3 (a major factor
in cell apoptosis) in the peri-infarct region of the cortex and
hippocampus were significantly elevated than those in the
sham group, and Cleaved-caspase3 protein expression was
significantly inhibited in the AAV-shSertad1 group than that
in the AAV-shCon group.

OGD/R induced neuronal injury and Sertad1 expression in
HT22 cells

To determine the effects of OGD/R on neuronal injury, we
established an OGD/R model in HT22 cells. As shown in Fig.
4A, cell viability was decreased in a time-dependent man-
ner during OGD/R. Then, we verified the effects of OGD/
R on Sertad1 expression. As shown in Figs. 4B and 4C, cells
exposed to OGD/R exhibited increased Sertad1 mRNA and
protein levels. The Sertad1 mRNA and protein levels peaked
after 8 h of OGD and 24 h of reperfusion. On the basis of
these results, we selected OGD for 8 h and reperfusion for 24
h in the subsequent cell experiments. HIF proteins are usually
upregulated after cerebral ischemia and used to demon-
strate OGD condition (Chavez and LaManna, 2002; Zhang
et al., 2014). Thus, we detected HIF-1¢ protein expression
in the HT22 cells after OGD for 8 h and reperfusion for 24
h. As shown in Supplementary Fig. S3, OGD/R significantly
induced HIF-1a protein expression in HT22 cells. These re-
sults suggested the OGD model was successfully established.
Additionally, TUNEL assay was used to confirm the effects of
OGD/R on HT22 cells death. The results showed that OGD/
R significantly induced cell death in the HT22 cells (Fig. 4D).
Cleaved-caspase3 protein in the HT22 cells after OGD/R was
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Fig. 1. Sertad1 is upregulated and mainly localized in neurons after MCAO/R. (A) The expression levels of Sertad1 mRNA were analyzed
by RT-gPCR (n = 6). (B) The expression levels of Sertad1 protein were analyzed by Western blot (n = 6). (C) The immunofluorescence
signal of Sertad1 (green) was colocalized with NeuN (neurons marker, red) in the peri-infarct region of the cortex and hippocampus after
MCAO/R. Scale bars =30 um and 100 um. **P < 0.01 compared with the sham group.
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Fig. 2. Downregulation of MCAO/R-induced Sertad1 by AAV-shSertad1. (A) Immunofluorescence analysis was used to determine
the silencing efficiency of AAV-shSertad1 in the peri-infarct region of the cortex and hippocampus 2 days after MCAO/R. Sections were
stained for Sertad1 (red), NeuN (blue), and EGFP (green). Scale bars = 30 um and 100 um. (B and C) The silencing efficiency of AAV-
shSertad1 2 days after MCAO/R was confirmed by RT-gPCR and Western blot (n =6). **P < 0.01.
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Fig. 3. Sertad1 inhibition ameliorated stroke outcomes. (A) TTC staining was used to determine the infarct volume in the mice that
underwent the indicated treatment at 48 h after MCAO/R (n = 6). (B) Neurological function in the mice that underwent the indicated
treatment was measured using the neurological deficit score at 48 h after MCAO/R (n = 18). (C and D) TUNEL assay was used to
determine the dead neurons in the peri-infarct region of the cortex and hippocampus of mice at 48 h after MCAO/R. Sections were
stained for TUNEL (red), NeuN (blue), and EGFP (green) (n = 6). Scale bars = 30 um and 100 um. (E) The expression levels of Cleaved-
caspase3 protein in the peri-infarct region of the cortex and hippocampus of mice at 48 h after MCAOQO/R were analyzed using Western
blot (n=6). **P<0.01.
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Fig. 4. Effect of OGD/R on cell viability, Sertad1 expression and apoptosis in HT22 cells. (A) HT22 cells were cultured in a glucose-free
DMEM solution and maintained in a hypoxic chamber with 94% N,, 1% O,, and 5% CO, at 37°C for 2, 4, 8, or 12 h. Then, they were
reoxygenated for 24 or 48 h in a complete medium. The HT22 cells in the normal group were subjected to OGD for 0 h and reoxygenated
for 24 h or 48 h in a complete medium. Cell viability was determined using CCK-8. (B and C) The expression levels of Sertad1 mRNA and
protein were analyzed using RT-gPCR and Western blot. (D) After OGD for 8 h and reperfusion for 24 h, the cell death of HT22 cells was
measured by TUNEL. Scale bar = 50 um. (E) The expression levels of Cleaved-caspase3 protein in HT22 cells after OGD/R were analyzed
using Western blot. Data were presented as the mean + SD obtained from three independent experiments for three well replicates. **P <
0.01 compared with the normal group. *P < 0.01 compared with the normal group.

significantly increased compared with that in the normal
group (Fig. 4E).

Upregulated Sertad1 was involved in neuronal injury in-
duced by OGD/R in the HT22 cells

To verify the role of Sertad1 in OGD/R-induced neuronal in-
jury, we synthesized Sertad1 siRNA and constructed Sertad1
overexpression plasmids. Western blot analysis showed that
Sertad1 siRNA significantly decreased Sertad1 protein levels
induced by OGD/R, whereas HT22 cells transfected with the
Sertad1 overexpression plasmids exhibited higher Sertad1

protein levels than the pcDNA3.1 group (Fig. 5A). As shown
in Fig. 5B, cell viability in the OGD/R group and OGD/R+si-
Con groups was significantly lower than that in the normal
group. Cell viability in the OGD/R+siSertad1 group was sig-
nificantly higher than that in the OGD/R+siCon group (Fig.
5B). However, cell viability in the OGD/R+Sertad1 ov group
was significantly lower than that in the OGD/R+pcDNA3.1
group (Fig. 5B). As shown in Figs. 5C and 5D, the OGD/
R group and OGD/R+siCon groups had significantly higher
percentages of TUNEL-positive cells than that in the normal
group. The percentage of TUNEL-positive cells in the OGD/
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Fig. 5. OGD/R-induced Sertad1 upregulation was involved in neurological injury in HT22 cells. (A) HT22 cells were transfected with the
scramble control siRNA (siCon), Sertad1 siRNA (siSertad1), pcDNA3.1 negative control plasmid (pcDNA3.1), or Sertad1-3flag expression
plasmid (Sertad1 ov) for 48 h and then subjected to OGD for 8 h and reperfusion for 24 h. The expression levels of Sertad1 protein were
analyzed by Western blot. (B) Cell viability was analyzed using CCK-8 assay. (C and D) Cell death was analyzed using TUNEL assay. (E) The
expression levels of Cleaved-caspase3 protein were analyzed using Western blot. Data were presented as the mean + SD obtained from
three independent experiments. Scale bar = 50 um. **P < 0.01.
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R+siSertad1 group was significantly lower than that in the
OGD/R+siCon group (Figs. 5C and 5D). However, the per-
centage of TUNEL-positive cells in the OGD/R+Sertad1 ov
group was significantly higher than that in the OGD/R+pcD-
NA3.1 group (Figs. 5C and 5D). Cleaved-caspase3 protein
expression in the OGD/R group and OGD/R+siCon groups
were significantly higher than that in the normal group (Fig.
5E), whereas Sertad1 inhibition significantly repressed OGD/
R-induced Cleaved-caspase3 (Fig. 5E). In addition, Cleaved-
caspase3 protein expression in the OGD/R+Sertad1 ov group
was significantly higher than that in the OGD/R+pcDNA3.1
group (Fig. 5E).

Sertad1 regulated the CDK4/p-Rb pathway by directly
binding CDK4 in HT22 cells during OGD/R

Sertad1 regulates the formation and activation of cyclin D/
CDK4 complexes (Sugimoto et al., 1999). In addition, the
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activation of cyclin D/CDK4/pRb plays an important role in
neuronal death induced by thrombin, DNA damage, NGF
withdrawal or ischemic insult (lyirhiaro et al., 2017; Liu and
Greene, 2001; Rao et al., 2007; Rashidian et al., 2005). Thus,
we aimed to determine whether Sertad1 can regulate the
CDK4/p-Rb pathway in the HT22 cells during OGD/R. We
performed Western blot to determine the effects of Sertad1
on the CDK4/p-Rb pathway. As shown in Fig. 6A, the expres-
sion levels of CDK4, p-Rb, B-Myb, and Bim proteins in the
OGD/R group and OGD/R+siCon groups were significantly
higher than those in the normal group. The expression levels
of p-Rb, B-Myb, and Bim proteins in the OGD/R+siSertad1
group were significantly lower than those in the OGD/R+si-
Con group (Fig. 6A). However, the expression levels of p-Rb,
B-Myb, and Bim proteins in the OGD/R+Sertad1 ov group
were higher than those in the OGD/R+pcDNA3.1 group (Fig.
6A). Meanwhile, Sertad1 knockdown or overexpression did
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Fig. 6. Sertad1 promoted the CDK4/p-Rb pathway by directly binding CDK4 in HT22 cells during OGD/R. (A) HT22 cells were
transfected with the scramble control siRNA (siCon), Sertad1 siRNA (siSertad1), pcDNA3.1 negative control plasmid (pcDNA3.1), or
Sertad1-3flag expression plasmid (Sertad1 ov) for 48 h and then subjected to OGD for 8 h and reperfusion for 24 h. Western blot was
used to determine the expression levels of CDK4, p-Rb, Rb, B-Myb, and Bim proteins. (B) HT22 cells were transfected with pcDNA3.1
negative control plasmid (pcDNA3.1) or Sertad1-3flag expression plasmid (Sertad1 ov). Whole cell lysates were precipitated with the
indicated antibody. Whole cell lysates and precipitated proteins were analyzed by Western blot (WB) with the indicated antibodies. Data
were presented as the mean + SD obtained from three independent experiments. **P <0.01.
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Fig. 7. Sertad1 contributed to OGD/R-induced neurological injury in the HT22 cells by regulating the CDK4/p-Rb pathway. (A) HT22
cells were transfected with the pcDNA3.1 negative control plasmid (pcDNA3.1) or Sertad1-3flag expression plasmid (Sertad1 ov). After
8 h, the medium was changed to fresh medium with DMSO, 20 nM ON123300, or 50 nM ON123300, and HT22 cells were further
incubated for 48 h. HT22 cells were then subjected to OGD for 8 h and reperfusion for 24 h. Western blot was used to determine the
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not affect the CDK4 protein levels induced by OGD/R in the
HT22 cells (Fig. 6A). To further determine whether Sertad1
can activate the CDK4/p-Rb pathway, Co-IP was performed
using the anti-flag antibody and co-precipitated CDK4 was
detected by an anti-CDK4 antibody. As shown in Fig. 6B, Ser-
tad1 was found to be involved in the interaction with CDK4.
Reciprocally, Co-IP was performed using the anti-CDK4 an-
tibody and co-precipitated flag was detected by an anti-flag
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antibody or anti-Sertad1 antibody. The results showed that
Sertad1 was involved in interactions with CDK4.

Sertad1 regulated OGD/R-induced neuronal injury in
HT22 cells via the CDK4/p-Rb pathway

To determine whether Sertad1 can regulate OGD/R-induced
neuronal injury via the CDK4/p-Rb pathway, we reversed
the activation of the CDK4/p-Rb pathway in the HT22 cells
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Fig. 8. Sertad1 regulated the CDK4/p-Rb pathway during stroke. (A) Western blot was used to determine the effects of Sertad1 on the
expression levels of p-Rb, Rb, B-Myb, and Bim proteins in brain tissues from the peri-infarct region of the cortex and hippocampus 48
h after MCAO/R. (B) Schematic of the mechanism of Sertad1 in neuronal injury during stroke. Data were presented as the mean + SD
obtained from three independent experiments. **P < 0.01.
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using ON123300, which is a strong inhibitor of CDK4. Our
results showed that the inhibition of the CDK4/p-Rb pathway
reversed the increases in p-Rb, B-Myb, and Bim protein levels
induced by Sertad1 overexpression during OGD/R (Fig. 7A).
As shown in Fig. 7B, the cell viability in the Sertad1 ov+DM-
SO group was significantly lower than that in the pcD-
NA3.1+DMSO group, which was improved by ON123300
treatment at doses of 20 nM and 50 nM. The percentage
of TUNEL-positive cells in the Sertad1 ov+DMSO group was
significantly higher than that in the pcDNA3.1+DMSO group,
in which the percentage decreased after ON123300 treat-
ment with doses of 20 nM and 50 nM (Fig. 7C). In addition,
Cleaved-caspase3 protein expression in the Sertad1 ov+DM-
SO group was significantly higher than that in the pcD-
NA3.1+DMSO group, which was decreased by ON123300
treatment at doses of 20 nM and 50 nM (Fig. 7D).

Sertad1 regulated the CDK4/p-Rb pathway during stroke
To confirm whether Sertad1 can regulate the CDK4/p-Rb
pathway in vivo, Western blot was used to determine the
effects of Sertad1 on the CDK4/p-Rb pathway. As shown in
Fig. 8A, p-Rb, B-Myb, and Bim protein levels in the MCAO/R
and MCAO/R+AAV-shCon groups were significantly higher
than those in the sham group, whereas the expression levels
of the same proteins in the MCAO/R+AAV-shSertad1 group
were significantly lower than those in the MCAO/R+AAV-
shCon group. Sertad1 may control neuronal injury by regulat-
ing the CDK4/p-Rb pathway during stroke (Fig. 8B).

DISCUSSION

In the present study, we first provided evidence that Ser-
tad1 was significantly upregulated in the mouse brain after
MCAQ/R, and elevated Sertad1 was mainly occurred in
neurons (Fig. 1C, Supplementary Fig. S1). In addition, Ser-
tad1 expression was increased in HT22 cells after OGD/R
(Figs. 4B and 4C). Consistent with our findings, Biswas et al.
(2010) found that Sertad1 is induced by NGF withdrawal and
B-amyloid in neurons. Moreover, Sertad1 knockdown pro-
tects cortical neurons from NGF withdrawal and p-amyloid-
evoked cell death and degeneration (Biswas et al., 2010).
Thus, Sertad1 may be involved in neuronal injury after isch-
emic stroke. However, the role and mechanism of Sertad1 in
ischemic/hypoxic neurological injury remain unclear.

To determine the role of Sertad1 in neuronal injury induced
by ischemic stroke, we constructed shSertad1 AAV and in-
hibited Sertad1 expression by injecting it into the mice before
MCAO/R. We found that Sertad1 inhibition significantly
reduced infarct volume and significantly ameliorated neuro-
logical function (Figs. 3A and 3B). Increasing evidence sup-
ports that the neuronal death in cerebral ischemia causes the
irreversible loss of brain function (Wei et al., 2016). There-
fore, we speculated that Sertad1 upregulation in neurons
may induce neuronal injury, which causes irreversible loss of
brain function. As expected, our results showed that Sertad1
repression significantly ameliorated MCAQO/R-induced neu-
ronal apoptosis in vivo (Figs. 3C-3E). To confirm the role of
Sertad1 in neurological injury in vitro, we inhibited Sertad1
expression by siRNA and upregulated Sertad1 expression
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by the overexpression plasmids in HT22 cells before OGD/
R. As expected, our results showed that Sertad1 knockdown
significantly ameliorated OGD/R-induced inhibition of cell
viability and apoptotic cell death in the HT22 cells, whereas
Sertad1 overexpression significantly exacerbated the OGD/
R-induced inhibition of cell viability and apoptotic cell death
in the HT22 cells (Fig. 5). However, in breast cancer cell lines,
hypoxia induces Sertad1 and tSertad1 inhibition accelerated
cell apoptosis (Li et al., 2016). In addition, Sertad1 induces
the proliferation of prostate cancer cells, thereby promoting
prostate cancer progression (Hu et al., 2019). These results
suggested that Sertad1 functions as an oncoprotein in tu-
mors. Therefore, Sertad1 may have diverse functions under
different pathological conditions.

Evidence has shown that Sertad1 directly binds and acti-
vates CDK4 and regulates the formation of cyclin D/CDK4
complexes (Sugimoto et al., 1999). The activation of cell cycle
proteins, particularly CDK4, regulates neuronal death under
pathological conditions. For example, one study found that
CDK4 expression was increased in CA1 neurons following
status epilepticus (SE) and that flavopiridol, a CDK4 inhibi-
tor, attenuated SE-induced neuronal death (Kim and Kang,
2018). In the ischemic-reperfused rat retina, CDK4 inhibitor
significantly ameliorated neuronal cell death (Sakamoto et
al.,, 2011). Interestingly, CDK4 mediates neuronal death in
stroke by phosphorylating Rb (lyirhiaro et al., 2017; Rashidian
et al.,, 2005). Thus, we hypothesized that Sertad1 regulates
neuronal injury by activating CDK4 in HT22 cells during OGD/
R. Our results showed that neither Sertad1 knockdown nor
overexpression affected CDK4 protein levels induced by
OGD/R in HT22 cells (Fig. 6A). Similar to our results, Hu et
al. (2019) showed that Sertad1 knockdown did not affect
androgen receptor (AR) mRNA expression and protein levels,
but it could regulate prostate cancer progression by binding
AR. In addition, Sertad1 has been shown to promote cell
growth by antagonizing the function of the CDK inhibitor
p16™“ thereby affecting the kinase activity of CDK4 (Li et
al., 2005; Sugimoto et al., 1999). In the present study, Co-
IP assay showed that Sertad1 is involved in interactions with
CDK4 (Fig. 6B). Activated CDK4 induces the hyper-phosphor-
ylation of Rb, which in turn causes it and its bound chromatin
modifiers to dissociate from members of the E2F transcrip-
tion factor family, thereby resulting in B- and C-Myb expres-
sion de-repression and elevation of their levels (Greene et al.,
2007; Liu and Greene, 2001). Mybs induce Bim expression by
binding to its promoter, which results in caspases activation
and apoptosis (Greene et al., 2007; Putcha et al., 2001). In
addition, Sertad1 knockdown significantly reversed the in-
crease of p-Rb, B-Myb, and Bim protein levels, while Sertad1
overexpression led to higher expression levels of these pro-
teins (Fig. 6A). Thus, Sertad1 was involved in regulating the
activation of the CDK4/p-Rb pathway and was not depen-
dent on the regulation of CDK4 expression. Moreover, our
results showed that the inhibition of the CDK4/p-Rb pathway
by ON123300 reversed the increases in p-Rb, B-Myb, and
Bim protein levels, decrease in cell viability and increase in
cell apoptosis induced by Sertad1 overexpression during
OGD/R (Fig. 7). To determine whether Sertad1 can regulate
the CDK4/p-Rb pathway in vivo, we determined the effects



of Sertad1 on the CDK4/p-Rb pathway during stroke. Our
results showed that the p-Rb, B-Myb, and Bim protein levels
were significantly increased after MCAOQO/R, but the MCAO/
R-induced expression of the proteins were suppressed by
Sertad1 inhibition (Fig. 8A). These results suggested that Ser-
tad1 regulates neuronal injury by activating the CDK4/p-Rb
pathway during ischemic stroke (Fig. 8B).

In conclusion, our results demonstrated that Sertad1 was
increased during ischemic stroke. Upregulated Sertad1 was
mainly observed in the neurons and contributed to neuronal
injury by activating the CDK4/p-Rb pathway. Sertad1 may
be a novel therapeutic target for treating neuronal injury in
stroke.

Note: Supplementary information is available on the Mole-
cules and Cells website (www.molcells.org).
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