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ARTICLE INFO ABSTRACT

Keywords: OCT4 is a key regulator in maintaining the pluripotency and self-renewal of embryonic stem cells (ESCs). Human
OCT4B OCT4 gene has three mRNA isoforms, termed OCT4A, OCT4B and OCT4B1. The 190-amino-acid protein isoform
Cell death (OCT4B-190) is one of the major products of OCT4B mRNA, the biological function of which is still not well
?;tsr;kge[j defined. Recent evidence suggests that OCT4B-190 may function in the cellular stress response. The glycogen

synthase kinase-3f (GSK-3f) and histone deacetylase 6 (HDAC6) are also key stress modulators that play critical
roles in the ischemic cascades of stroke. Hence, we here further investigated the effects of OCT4B-190 in the
experimental stroke, and explored the underlying roles of GSK-3f and HDAC6. We found that OCT4B-190
overexpression enhanced neuronal viability at 24h after oxygen-glucose deprivation (OGD) treatment.
Moreover, in male C57BL/6 mice subjected to transit middle cerebral artery occlusion (MCAO), OCT4B-190
overexpression reduced infarct volume and improved neurological function after stroke. Notably, we found
spatio-temporal alterations of GSK-3f3 and HDACS in the ischemic cortex and striatum, which were affected by
adenovirus-mediated OCT4B-190 overexpression. OCT4B-190 demonstrated similar impacts on neuronal cul-
tures in vitro, downregulating OGD-induced GSK-3p activity and HDAC6 expression. In addition, we found that
GSK-3p and HDAC6 were co-expressed in the cytoplasm of neurons, and OCT4B-190 had an effect on interac-
tions between GSK-3[3 and HDACG6 in neuronal cultures subjected to OGD treatment. These findings suggest that
OCT4B-190 exerts neuroprotection in the experimental stroke potentially by regulating actions of GSK-3f3 and
HDACS6 simultaneously, which may be an attractive therapeutic strategy for ischemic stroke.

Histone deacetylase 6

1. Introduction Human OCT4 gene has three mRNA isoforms, termed OCT4A,

OCT4B, and OCT4B1. OCT4B mRNA has been identified to encode at

Ischemic stroke is one of the major causes of morbidity and mor-
tality worldwide. Contributing factors in ischemic cascades include
glutamate excitotoxicity, oxidative stress and inflammation. At present,
the only globally-validated approaches for stroke are systemic throm-
bolysis and mechanic recanalization, the utility of which are con-
strained by narrow treatment time window and the risk of causing
cerebral hemorrhage. Consequently, limited number of stroke patients
have the chance to receive this effective treatment. It is therefore im-
portant to explore novel therapeutic targets and develop new ap-
proaches aimed at neuroprotection with a broader time window, which
can be used for a much larger fraction of stroke patients (Baxter et al.,
2014; Chen et al., 2014; George and Steinberg, 2015).

least three protein isoforms by alternative translation initiation, in-
cluding the 265-amino-acid protein isoform OCT4B-265, the 190-
amino-acid protein isoform OCT4B-190, and the 164-amino-acid pro-
tein isoform OCT4B-164 (Gao et al., 2012; Wang et al., 2009). Emerging
evidence suggests that OCT4 isoforms have a pivotal regulatory role in
diverse biological activities (Guo et al., 2008; Radzisheuskaya and
Silva, 2014; Villodre et al., 2016). OCT4A has been generally re-
cognized as a key transcription factor in maintaining the pluripotency
and self-renewal of embryonic stem cells (ESCs) (Guo et al., 2008;
Radzisheuskaya and Silva, 2014; Villodre et al., 2016). Recently, more
attentions have been drawn to the biological functions of OCT4B iso-
forms, which are mainly localizing in the cytoplasm. Several studies
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suggest OCT4B proteins are potentially responsible for cellular stress
response (Gao et al., 2012; Wang et al., 2009). For instance, OCT4B-190
has been reported to be upregulated under cell stress conditions. En-
dogenous expression of OCT4B-190 was found after heat shock and
oxidative stress treatments in human ESCs and several tumor cell lines.
Furthermore, overexpression of OCT4B-190 could resist cell apoptosis
induced by heat shock (Wang et al., 2009). Further investigations are
needed to delineate the biological activities of OCT4B isoforms in dif-
ferent cells and disease models.

Glycogen synthase kinase 33 (GSK-3[) is a cytoplasmic serine/
threonine kinase that plays an important role in multiple cellular pro-
cesses including cellular survival and apoptosis signaling. GSK-3p is
broadly distributed in the brain tissue, and can be activated during the
brain ischemia (Rana and Singh, 2018). Accumulating evidence in-
dicates that increased GSK-3p activity results in neuronal loss, and
contributes to pathogenesis of ischemic stroke (Hanumanthappa et al.,
2014). Specific inhibition of GSK-3(3 has shown neuroprotection via
reducing the oxidative stress and inflammation in cerebral ischemia/
reperfusion (Rana and Singh, 2018). Therefore, modulation of GSK-3f3
is a promising strategy for ischemic neuroprotection.

Intriguingly, several recent studies demonstrated synergistic neu-
roprotective effects of GSK-3@ inhibition and histone deacetylases
(HDACsS) inhibitors (Chen et al., 2010; Leng et al., 2008). HDACs are
enzymes that deacetylate lysine residues from histones as well as from
other non-histone proteins. Accumulating evidence has shown that
multiple inhibitors of HDACs exert neuroprotection in the stroke
models (Baltan et al., 2011; Langley et al., 2009; Lin et al., 2017;
Patnala et al., 2017). HDACS is the best-characterized class IIb HDACs
that can be regulated by GSK-3[3 phosphorylation (Chen et al., 2010).
HDAC6 may serve as a critical stress and redox regulator (Parmigiani
et al.,, 2008; Ryu et al., 2017). In addition, it has been demonstrated
that HDAC6 might be implicated in many critical biological events of
the ischemic cascades (Liesz et al., 2013). Selective HDAC6 inhibitors
are an emerging class of pharmaceuticals due to the involvement of
HDACS6 in a broad spectrum of diseases (Ganai, 2017; Rivieccio et al.,
2009; Wang et al., 2018). Our previous study has demonstrated that
HDAC6 expression was induced in the ischemic brain (Chen et al.,
2012). Selective inhibition of HDAC6 could alleviate stroke-induced
neuronal death, brain infarction and functional deficits in vitro and in
vivo (Chen et al., 2012; Wang et al., 2016).

On the basis of these observations, we attempted to investigate the
biological functions of OCT4B-190 in the stroke setting in vitro and in
vivo. Furthermore, tentative studies were aimed to reveal the effects of
OCT4B-190 on the GSK-3B and HDAC6, which might be promising
molecular targets for the synergistic neuroprotection strategy.

2. Materials and methods

2.1. Adenovirus-mediated OCT4B-190 injection and the mouse stroke
model

Adenovirus containing the coding sequence of OCT4B-190 (the start
codons of OCT4B-265 and OCT4B-164 were mutated) was kindly pro-
vided by Professor Jianwu Dai at Chinese Academy of Sciences (Beijing,
China). The animal study was conducted in accordance with National
Regulations of Experimental Animal Administration and all the ex-
perimental protocols performed on animals were approved by the
Committee of Experimental Animal Administration of Nanjing
University. Male C57BL/6 male mice (body weight 25-30g) were
provided by the Animal Center of Nanjing Drum Tower Hospital.

Mice were anesthetized with sodium pentobarbital (1%) in-
traperitoneally at a dose of 45 mg/kg, and 3 pl control adenovirus or
Ad-OCT4B-190 suspension (1.5 x 1010 plaque forming units/ml) was
injected into the lateral ventricle (0.3 mm posterior from the bregma,
1.0 mm lateral and 3.0 mm in depth). Mice were randomly assigned to
each treatment group during the injection process.
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The mouse transient middle cerebral artery occlusion (MCAO)
procedures were performed as previously described (Chang et al.,
2011). In brief, a midline cervical incision was made under a dissecting
microscope; the right common carotid artery and external carotid ar-
tery (ECA) were isolated. A 6-0 monofilament nylon suture with heat-
rounded tip was introduced into a wedge-shaped incision on the ECA
and advanced to obstruct the origin of the middle cerebral artery. After
90 min of occlusion, reperfusion was initiated by filament withdrawal.
Sham-treated mice were subjected to the same procedure without
MCAO. During the procedure, rectal temperature was maintained at
37 £ 0.5°C.

2.2. Behavior test

Neurological deficit after MCAO was evaluated by modified
Neurological Severity Scores (mNSS) as described previously (Chang
et al.,, 2011) at 24 h and 72 h after MCAO. The inspectors were masked
to grouping of the experimental mice. According to the mNSS, neuro-
logical function was graded on a scale of 0 to 18 points. One point was
awarded for the inability to perform the tasks or for the lack of a tested
reflex.

2.3. Measurement of infarct size

The brain tissues were harvested after 24 h and 72 h of reperfusion.
Five 2mm-thick coronal sections in each brain were prepared for
staining using 2,3,5-triphenyltetrazolium chloride (TTC) (Sigma, Saint
Louis, MO, USA) in saline (Chang et al., 2011). Slices were photo-
graphed with a computer-controlled digital camera (Olympus, Japan)
and infarct size was calculated by the image analysis software (Image
Pro Plus 6.0; Media Cybernetics, Silver Spring, MD, USA). To rule out
the effect of brain edema, the value of infarct volume was provided as a
percentage of the contralateral hemisphere.

2.4. Real- time polymerase chain reaction (PCR)

Total RNA was prepared from mouse brain tissue using Trizol re-
agent (Invitrogen, Camarillo, CA). The cDNA was synthesized using a
Prime Script RT reagent kit (Takara, Clontech, USA). Real- time PCR
was performed using SYBR Green (Takara, Clontech, USA) with the ABI
7500 PCR instrument (Applied Biosystems, Foster City, CA, USA) as
previously described (Chen et al., 2017). The primer sequences used in
this study were as follows:

GAPDH forward primer, 5-GCCAAGGCTGTGGGCAAGGT-3’;
GAPDH reverse primer, 5’-TCTCCAGGCGGCACGTCAGA-3’
OCT4B forward primer, 5- GCAGGCCCGGAAGAGA-3’;
OCT4B reverse primer, 5- GGGCTTCGGGCACTTC-3".

2.5. Western blotting

To analyze protein levels of HDAC6, GSK-3f3 and a-tubulin, mice in
each group were sacrificed, and then cortical and striatum tissue were
dissected from ipsilateral hemispheres of the mice subjected to 90 min
MCAO followed by 3h and 24h of reperfusion. The procedure was
described previously (Chen et al., 2012). Equal amounts of protein
samples were separated by SDS-PAGE and blotted onto polyvinylidene
fluoride (PVDF) membranes. The membranes were probed with pri-
mary antibodies against HDAC6 (1:500, BioWorld), p-HDAC6 (1:500,
Affinity Biosciences), GSK-3f (1:1000, Cell Signaling), p-GSK-3(
(1:1000, Cell Signaling), a-tubulin (1:2000, Cell Signaling), Aceylated
a-tubulin (1:2000, Abcam), GAPDH (1:5000, BioWorld). The a-tubulin
and GAPDH were used as the loading control. The proteins were de-
tected using horseradish peroxidase-conjugated anti-rabbit or anti-
mouse secondary antibodies and visualized using chemiluminescence
reagents provided with the ECL kit (Bio-Rad, Hercules, CA, USA). All
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samples were normalized to the a-tubulin and then normalized to the
sham control for all semi-quantitative comparisons.

2.6. Co-immunoprecipitation assay

Proteins of primary neurons were used for co-immunoprecipitation
assay (Zhu et al., 2013). The lysate was preincubated for 1 h at 4 °C with
25pl of protein G-sepharose beads (Sigma-Aldrich) and then cen-
trifuged to remove proteins that adhered nonspecifically to the beads
and obtained the target supernatant for following IP experiment. The
supernatant was rotated overnight at 4 °C with anti-HDAC6 antibody
(2 ug/500 pug protein, Santa Cruz, CA, USA) and protein G-sepharose
beads were added the following morning. The immune complexes were
isolated by centrifugation, and were washed and boiled for 5min in
loading buffer. Proteins were analyzed by western blotting as described
above.

2.7. Immunostaining

Details of immunostaining protocols could be found in our previous
publications (Chen et al., 2015; Zhu et al., 2014). Primary neuronal
cultures were fixed in 4% formaldehyde and incubated overnight with
primary antibodies HDAC6 (1:500, Abcam) and GSK-3f (1:1000, Cell
Signaling). Antibody binding was visualized with fluorescently-tagged
secondary antibodies (1:500, Invitrogen) and fluorescent images were
taken using a confocal laser-scanning microscope (Olympus, Japan).

2.8. Primary cortical neuronal culture

Primary cortical neurons were cultured from E16-17 mouse embryo
as described previously (Chen et al., 2012). Briefly, cortexes of the fetus
were dissected and treated with trypsin to prepare cell suspension. Cells
were plated at 5 X 105 cells/ml on 12 well or 96 well poly-p-lysine-
coated plates. Cells were grown in Neurobasal media supplemented
with B27 (Invitrogen, Carlsbad, California, USA) and 25 nM glutamine
at 37 °C in a humidified 5% CO, incubator.

2.9. Oxygen-glucose deprivation (OGD)

Cortical cultures were subjected to OGD to simulate ischemia in vitro
(Chen et al., 2012). Briefly, cultures were switched from the normal
culture medium to the oxygen-depleted, glucose-free medium. Cells
were incubated in a hypoxia chamber previously flushed for 15min
with 5%C02/95%N2 at 2 psi (1 psi = 6.89 kPA). Valves were closed
and chambers were incubated at 37 °C for 1 h. Then, cells were returned
to normal culture condition for later treatment.

2.10. MTT assay

The neuronal viability was determined by 3-(4,5-dimethylthiazol-2-
yD)-2,5-diphenyl-tetrazolium bromide (MTT) assay (Chen et al., 2012).
In brief, cell culture medium in 96-well plates was aspirated and re-
placed with fresh neuron feeding medium containing 0.5 mg/ml MTT
(Sigma, Saint Louis, MO, USA) for 4h at 37 °C. The formazan crystals
were dissolved in 100 pul of DMSO and the absorbance was measured
using an ELISA plate reader (TECAN, Switzerland). Cell survival rates
were expressed in percentage of the value of control adenovirus treat-
ment group (normal controls).

2.11. Statistical analysis

Comparisons between groups were carried out by one-way analysis
of variance (ANOVA) followed by Bonferroni-corrected post-hoc tests.
Comparative differences were considered significant at P < .05. The
statistical software package SigmaStat 11.5 (SPSS) was used to perform
all analysis. Data are presented as means = SEM.
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Supplementary Fig. 1. The diagram of OCT4B-190 administration in vitro and
in vivo. A. Primary neurons were cultured for 7 days and treated with OCT4B-
190-GFP adenovirus. After 3days of infection, the neuronal cultures were
subjected to OGD treatment. The effects of OCT4B-190 were examined 1 h and
3h after OGD. B. Ad-OCT4B-190 was administrated 72h before MCAO and
effects of OCT4B-190 overexpression on ischemic brain damage were in-
vestigated by evaluating neurologic deficit and infarct volume at 24 h and 72 h
after stroke.

3. Results

3.1. OCT4B-190 overexpression protects against ischemic brain injury in
vitro and in vivo

Given that OCT4B-190 has been identified to participate in cellular
stress as mentioned above (Wang et al., 2009), we were interested in
exploring whether OCT4B-190 could have effects on neuronal cell
death in the in vitro stroke model. We first examine the transfection
efficiency of OCT4B-190 containing adenovirus in primary neurons.
Primary neurons were cultured for 7 days and treated with OCT4B-190-
GFP adenovirus (Supplementary Fig. 1A). As shown in Fig. 1A, an in-
tense green GFP signal at 3 days after infection was found in neuronal
cultures, indicating an efficient OCT4B-190 overexpression in primary
neurons via this adenovirus vector. Following MTT assay demonstrated
a substantial decline of neuronal viability at 3h after OGD treatment,
and OCT4B-190 overexpression could promote neuronal survival in a
concentration-dependent manner (P < .01) (Fig. 1B and
Supplementary Fig. 2).

Using real- time PCR assay, we detected OCT4B expression in the
mouse ischemic cortex within 7 days after MCAO. A minor increase of
OCT4B mRNA expression was induced at 1day after MCAO, which
peaked at 3days and was persistent within 7 days after MCAO
(Supplementary Fig. 3). These results indicated that an endogenous
OCT4B could be induced in the ischemic brain tissue after stroke. To
further verify neuroprotective effects of OCT4B-190 in vivo, we first
evaluated the efficiency of gene expression of adenoviral administration
through the ventricular route in this study. Ad-OCT4B-190 containing
GFP gene was infused into the right lateral ventricle of normal mice,
and Ad-OCT4B-190 expression was confirmed by detecting GFP fluor-
escence 72h after Ad-OCT4B-190 administration. Using this method,
we have shown highly localized and robust GFP expression in the cells
surrounding the right ventricular region in the brain slices as early as
72h post-injection (Fig. 2A). Thus, intraventricular infusion of re-
combinant adenovirus was efficacious in overexpression of OCT4B-190.
For the following studies, Ad-OCT4B-190 or Ad-LacZ (control adeno-
virus) was administrated 72 h before MCAO and effects of OCT4B-190
overexpression on ischemic brain damage were investigated by evalu-
ating neurologic deficit and infarct volume at 24 h and 72 h after stroke
(Supplementary Fig. 1B). We found that compared to MCAO mice with
Ad-LacZ pretreatment, MCAO mice with OCT4B-190 overexpression
had improved neurological function at 72h after stroke (72h:
9.6 = 0.9vs. 6.0 = 0.8, P < .05) (Fig. 2B). Consistently, OCT4B-190
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Fig. 1. Protective effects of OCT4B-190 on OGD-induced neuronal death. A.
Primary cortical neurons showed an intense GFP signal (green) at 3 days after
infection with adenovirus containing OCT4B-190-GFP. Scale bar represents
20 um. B) OCT4B-190 overexpression enhanced neuronal viability after OGD
treatment. Primary cortical neurons were infected with adenovirus expressing
OCT4B-190 or control adenovirus for 3 days, then neurons were subjected to
30 min of OGD treatment, 3 h after which cell viability was examined by MTT
assay. Data are presented as means = SEM. (n = 6), ##p < .01 vs. control
group, **P < .05 vs. OGD + Ad-LacZ. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)
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Supplementary Fig. 2. Adenovirus containing OCT4B-190 protected against
OGD-induced neuronal death. Preliminary study of OCT4B-190 on neuronal
viability after OGD treatment. MTT assay showed a concentration-dependent
effects of OCT4B-190 adenovirus on neuronal viability at different multiplicity
of infection (MOI). A concentration of 11 MOI was used for the following in vitro
studies. (n = 6), *#P < 0.01 vs. control group, *P < 0.05 and **P < 0.01 vs.
OGD + Ad-LacZ.

overexpression apparently reduced the infarct volume of MCAO mice at
24 h post stroke, and also moderately mitigated the infarct size at 72 h
after ischemia (24h: 37.6 £ 2.9% vs.17.0 £ 2.3%, P < .01; 72h:
42.7 = 3.3% vs. 34.9 = 2.5%, P < .05) (Fig. 2C, D).
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Supplementary Fig. 3. Time course expression of OCT4B mRNA after ischemic
stroke. Male C57BL/6 mice were subjected to transient MCAO. Using RT-PCR
asssay, the mRNA expression of OCT4B was determined at different time points
within 7 days after MCAO treatment. Data are presented as means = SEM,
(n = 3-6), *P < 0.05 vs. MCAO + Ad-LacZ, **P < 0.01 vs. MCAO + Ad-LacZ.

3.2. OCT4B-190 overexpression attenuates stroke-induced GSK-3f8
activation

Based on the neuroprotective effects of OCT4B-190 in stroke models
and potential roles of OCT4B-190 in cell stress, we hypothesized that
OCT4B-190 might regulate key mediators associated with neuronal
death and pathogenesis of ischemic brain damage. GSK-3 has been
well recognized to play key roles in cellular processes and associated
with the ischemic cascades (Hanumanthappa et al., 2014). To in-
vestigate whether GSK-3p was involved in the beneficial effects of
OCT4B-190 in the mouse experimental stroke, GSK-3f activity was
evaluated by western blotting at 3h and 24 h after MCAO treatment in
either Ad-OCT4B-190 or Ad-LacZ pretreated group. As shown in
Fig. 3A, both cortical p-GSK-33 and GSK-3p were elevated in MCAO
mice at 3 h after reperfusion, with no evident alteration of GSK-3f ac-
tivity (indicated by p-GSK-33/GSK-3f ratio). GSK-3[3 activity in the
ischemic cortex was downregulated at 24 h of reperfusion (P < .01),
with a higher ratio of p-GSK-33/GSK-33. OCT4B-190 overexpression
could inhibit GSK-3p activity in the mouse ischemic cortex at both 3h
and 24 h after MCAO treatment (P < .01). However, a distinct change
pattern of GSK-3f activity was observed in the ischemic striatum. A
pronounced GSK-3( activity was induced in the ischemic striatum at
both 3h and 24 h after stroke, which could be effectively reversed by
OCT4B-190 overexpression (P < .01) (Fig. 3).

3.3. OCT4B-190 overexpression inhibits HDAC6 expression after stroke

Accumulating evidence suggests HDAC6 exerts diverse activities
including regulation of cellular stress (Matthias et al., 2008), and acts as
a promising target for neuroprotective therapeutics in ischemic stroke.
Therefore, the concurrent influence of OCT4B-190 in the alteration of
HDACS6 after cerebral ischemia was likewise verified. It was interesting
to note that ischemic stroke induced a region-specific alteration of
HDACS6. In the ischemic cortex, HDAC6 expression was significantly
increased as early as 3 h after reperfusion (P < .01). On the contrary,
no induction of HDAC6 expression after stroke was detected in the
striatum (Fig. 4A), whereas ischemic stroke resulted in a substantial
reduction of striatal HDAC6 at 24 h time point (P < .05) (Fig. 4B).
Notably, OCT4B-190 treatment could robustly suppress HDAC6 levels
in the ischemic cortex and striatum by simultaneously (P < .01)
(Fig. 4). To confirm whether HDAC6 activity was involved in the
OCT4B-190 actions in the ischemic stroke, the protein levels of a-tu-
bulin, a classical protein substrate of HDAC6, was determined to reflect
HDACS6 activity. There was no dominant alteration of HDAC6 activity
detected in the ischemic brain tissue. In addition, OCT4B-190 had no
effects on HDACG6 activity after stroke (Supplementary Fig. 4).
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Fig. 2. Neuroprotection of OCT4B-190 in the mouse experimental stroke. Male C57BL/6 mice were subjected to transient MCAO after adenovirus Ad-LacZ or Ad-
OCT4B-190-GFP pretreatment. A. Schematic of ventricle-targeted delivery of an adenovirus encoding OCT4B-190-GFP and representative image of OCT4B-190
distribution in the mouse brain. Adenovirus containing OCT4B-190-GFP was injected into the right ventricle. Immunofluorescence indicated a robust OCT4B-190
expression (green) surrounding the ventricle. Scale bar represents 50 um. B. OCT4B-190 overexpression alleviated neurological deficits of MCAO mice. (n = 6-10),
*P < 0.05 vs. MCAO +Ad-LacZ. C. Representative images of TTC staining showing OCT4B-190 overexpression reduced infarct volume of MCAO mice. D.
Quantification of infarct volume. Data are presented as means + SEM. (n = 4-6), *P < 0.05 and **P < 0.01 vs. MCAO + Ad-LacZ. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of this article.)

3.4. OCT4B-190 overexpression modulates the neuronal interaction of
GSK-3p with HDAC6

To determine whether OCT4B-190 overexpression could affect
neuronal GSK-3f activity and HDAC6 after stroke in vitro, im-
munoblotting was also used to detect the GSK-33 and HDAC6 levels in
primary neurons after OGD treatment. As shown in Fig. 5A, GSK-3[3 was
significantly activated at both 1h and 3 h after OGD treatment, with a
reduced p-GSK-3p/GSK-3p ratio (P < .01). OCT4B-190 overexpression
demonstrated a prominent inhibitory effect on GSK-3f activity in OGD-
treated neuronal cultures at 3 h after reperfusion (P < .01), consistent
with the findings in the MCAO mice. In addition, neuronal HDAC6 was
elevated immediately at 1 h after OGD treatment, which was effectively
downregulated by OCT4B-190 overexpression (P < .01) (Fig. 5B).
Consistently, no evident change of HDAC6 activity was found in the
neuronal cultures after OGD treatment, and OCT4B-190 did not affect
neuronal HDAC6 activity (Supplementary Fig. 5). Sequent immuno-
fluoresence assay revealed co-expression of GSK-3B and HDAC6 in
neuronal cytoplasm in vitro (Fig. 6A and Supplementary Fig. 6). Using
Co-Immunoprecipitation, we found that GSK-3} interacted with HDAC6
to a lesser extent in the normal neuron cultures. Whereas, a more in-
timate interaction of activated GSK-3 with HDAC6 was found in OGD
neuronal cultures, and OCT4B-190 overexpression tended to dis-
associate this molecular interaction (P < .01) (Fig. 6B). Furthermore,
normal neurons were treated with AKT inhibitor VII to induce the ac-
tivation of GSK-3f (Chen et al., 2010). It was found that AKT inhibitor
treatment robustly suppressed the phosphorylation of GSK-3f in the
neuronal cultures, indicating the activation of GSK-33. However, AKT
inhibitor treatment decreased the level of p-HDAC6 in neuronal cul-
tures (Supplementary Fig. 7A). In addition, the level of p-HDAC6 was
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not affected by OCT4B-190 overexpression either in the normal neu-
ronal cultures or AKT inhibitor-treated neuronal cultures (Supplemen-
tary Fig. 7B).

4. Discussion

This work gives an insight into the novel biological effects of
OCT4B-190 in the transient ischemic stroke disease models. It is worthy
to note that overexpression of OCT4B-190 protects against neuronal
death and ischemic brain damage. In addition, cellular stress associated
GSK-3p and HDAC6 were identified as key mediators involved in the
neuroprotection of OCT4B-190 in the ischemic stroke.

The OCT4 gene with diverse transcription and translation products
has possessed multiple biological functions. OCT4B proteins have been
shown to play a crucial role in cell stress and apoptosis (Gao et al.,
2012; Wang et al., 2009). A putative internal ribosome entry site (IRES)
has been identified to be existing in the OCT4B mRNA, which might
account for synthesis of OCT4B proteins under stress conditions
(Rajanahalli et al., 2015; Wang et al., 2009). Several recent studies
indicated OCT4B was reactivated in cancer cells, and could contribute
to regulation of apoptosis and cell death, mediating oncogenesis in
cancer dissemination (Lin et al., 2019; Meng et al., 2018). OCT4B-265
was demonstrated to be upregulated under genotoxic stress in stem
cells, and functioned in stress response via p53 signaling pathway (Gao
et al., 2012). OCT4B-190, another major OCT4B isoform, was also
verified to be induced in stress conditions and might protect cellular
apoptosis under stress (Wang et al., 2009).

After the onset of cerebral ischemia, series of complex pathological
processes are initiated to result in cell death and ischemic brain damage
(Baxter et al., 2014; Eltzschig and Eckle, 2011; Jung et al., 2010). Given
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Fig. 3. Inhibitory effects of OCT4B-190 on GSK-3 activity after stroke. Male C57BL/6 mice were subjected to transient MCAO after Ad-LacZ or Ad-OCT4B-190-GFP
pretreatment. GSK-3 activity was evaluated by western blotting 3 h and 24 h after MCAO treatment. A, B. Representative immunoblot of GSK-3f and p-GSK-3f from
cortex or striatum. C, D. Statistics results showed that OCT4B-190 overexpression enhanced the ratio of p-GSK-33/GSK-3p in both cortex and striatum after MCAO.
Data are presented as means = SEM. (n = 4-6), ##p < .01 vs. sham + Ad-LacZ, *P < .05 and **P < 0.01 vs. MCAO + Ad-LacZ.
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Fig. 4. Suppression of HDAC6 expression by OCT4B-190 after stroke. Male C57BL/6 mice were subjected to transient MCAO after Ad-LacZ or Ad-OCT4B-190-GFP
pretreatment. HDAC6 expression was evaluated by western blotting 3h and 24 h after MCAO treatment. A, B. Representative immunoblotting of HDAC6 and a-
tubulin from cortex or striatum. C, D. Statistics results showed that OCT4B-190 overexpression suppressed HDAC6 expression in either cortex or striatum of MCAO
mice. Data are presented as means + SEM. (n = 4-6), ##p < .01 vs. sham + Ad-LacZ, **P < 0.01 vs. MCAO + Ad-LacZ.
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Supplementary Fig. 4. No alteration of a-tubulin acetylation after stroke in vivo. Male C57BL/6 mice were subjected to MCAO after adenovirus Ad-LacZ or Ad-
OCT4B-190-GFP pretreatment. The expression of a-tubulin and acetylated a-tubulin were evaluated by western blotting 3h and 24 h after MCAO treatment. A.
Statistics results showed that acetylation of a-tubulin was not affected by OCT4B-190 in the cortex of MCAO mice. B. Statistics results showed that acetylation of a-
tubulin was not affected by OCT4B-190 in the striatum of MCAO mice. Each protein expression level determined by western blotting was shown relative to that of

sham-operated mice. Data are presented as means = SEM, (n = 4-6).

that potential anti-apoptosis properties of OCT4B-190 isoform, we
further explore the biological functions of OCT4B-190 in the cellular
and disease models of ischemic stroke. We found that OCT4B-190
overexpression could prominently protect against neuronal damage
subject to OGD treatment, a cellular stroke model in vitro (Fig. 1). In
addition, contralateral delivery of OCT4B-190 apparently alleviated
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ischemic brain damage of the MCAO mice (Fig. 2). These findings re-
vealed that OCT4B-190 had neuroprotective effects in the experimental
stroke.

GSK-3p is critical in regulating multiple biological events including
neuronal viability. Emerging evidence suggests that GSK-3f3 could be
activated and contribute to neuronal death and pathologenesis of
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Fig. 5. Regulation of OCT4B-190 in GSK-33 and HDAC6 after stroke in vitro. Primary cortical neurons were infected with adenovirus expressing OCT4B-190 or
control adenovirus for 3 days, then neurons were subjected to 30 min of OGD treatment, 1 h and 3 h after which the expression of GSK-33 and HDAC6 was examined
by western blotting. A, B. Representative immunoblot of GSK-3f and HDAC6 from primary neuronal cultures. C, D. Statistics results showed that OCT4B-190
overexpression inhibited OGD-induced GSK-3p activity and HDAGC6 expression. Data are presented as means = SEM. (n = 3), *#P < .01 vs. control neuronal

cultures, **P < .01 vs. OGD + Ad-LacZ.
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Supplementary Fig. 5. No alteration of a-tubulin acetylation after stroke in
vitro. Primary cortical neurons were infected with adenovirus expressing
OCT4B-190 or control adenovirus for 3 days, then neurons were subjected to
30 min of OGD treatment, 1 h and 3h after which the expression of a-tubulin
and acetylated a-tubulin were examined by western blotting. Statistics results
showed that acetylation of a-tubulin was not affected by OCT4B-190 in the
OGD-treated neurons. Data are presented as means + SEM, (n = 3).

ischemic stroke (Rana and Singh, 2018). Many efforts were devoted to
explore novel GSK-3f inhibitors with potent activities and excellent
brain permeability, which might serve as new promising drugs for
neuroprotective treatment in stroke (Khanfar et al., 2010). Consistent
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with previous observations, we found a remarkable alteration of GSK-
3B activity in the ischemic brain tissue and OGD-treated neurons (Fig. 3
and Fig. 6A). Moreover, it was worthy to note that stroke induced a
spatio-temporal discrepancy of GSK-3[ activity in the ischemic cortex
and striatum (Fig. 3). A dominant deactivation of GSK-33 was found in
the peri-infarct cortex, whereas early significant activation of GSK-3f3
was induced in the striatal ischemic core (Fig. 3). Thus, we speculated
that GSK-3f3 might have subtle functions in the pathological processes
of cerebral ischemia. The cortical deactivation of GSK-3f3 could be a
self-protective molecular mechanism under ischemic stress condition.
However, the striking activation of GSK-3p in the striatum might result
from more severe ischemic tissue damage and the compromise of this
endogenous neuroprotection. Notably, OCT4B-190 could effectively
inhibit GSK-3p activity of ischemic brain tissue and neuronal cultures
(Fig. 3 and Fig. 6A). Therefore, we supposed that the inhibition of GSK-
3P might to some extent contribute to the neuroprotective actions of
OCT4B-190.

HDACS6 plays an important role in stress responses and regulates
sensitivity to cell death during oxidative stress and post-stress recovery
(Ryu et al., 2017). Inhibition of HDAC6 could increase cellular anti-
oxidant activity and protect against oxidative insults by acetylating
peroxiredoxins (Parmigiani et al., 2008). HDAC6 has been defined as a
potential nontoxic therapeutic target for ameliorating oxidative stress-
induced neurodegeneration and insufficient axonal regeneration
(Rivieccio et al., 2009). Previous studies showed an early increase of
HDAC6 expression in OGD-treated neurons and ischemic cortex of
MCAO mice (Chen et al., 2010; Liesz et al., 2013). Our previous in vitro
study demonstrated that specifically inhibiting HDAC6 could enhance
neuronal viability after OGD treatment (Chen et al., 2010). A recent
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Fig. 6. Modulation of OCT4B-190 in HDAC6 and GSK-3f interactions after stroke in vitro. A. Representative immunofluorescence images demonstrated the co-
localization of OCT4B-190 (green), GSK-3f (blue) and HDAC6 (red) in primary neuronal cultures. Scale bar represents 5um. B. Primary cortical neurons were
infected with adenovirus expressing OCT4B-190 or control adenovirus for 3 days, then neurons were subjected to 30 min of OGD treatment, 1 h after which the
binding of GSK-3p and HDAC6 was examined. Co-IP assay suggested a direct interaction between GSK-3f with HDAC6 that was affected by OCT4B-190. Data are
presented as means = SEM. (n = 3), ##p < .01 vs. control neuronal cultures, **P < .01 vs. OGD + Ad-LacZ. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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Merge

Supplementary Fig. 6. Representative immunofluorescence images demonstrated the co-expression of GSK-3f (blue) and HDAC6 (red) in either control neuronal
cultures and OGD neuronal cultures. The naive neurons pretreated with Ad-LacZ was used as control. Scale bar represents 5 pm.

study showed that post-ischemic treatment of tubastatin A, a novel
specific HDAC6 inhibitor, robustly improved functional outcomes, re-
duced brain infarction, and ameliorated neuronal cell death in MCAO
rats (Wang et al., 2016). HDAC6 might be involved in a switch from
UPS to autophagy, and connected with the function of regulatory T cells
following ischemic brain injury (Liu et al., 2018). Based on these
findings, we hypothesized HDAC6 might have a sophisticated role in
regulating post-stroke pathological events mediating neuronal death
and ischemic brain damage. In this study, we consistently confirmed an
early upregulation of HDAC6 expression in the OGD-treated neurons
and the ischemic cortex, but a downward shift was observed at later
time point after reperfusion (Fig. 4A and Fig. 5B). On the contrary, no
increase of HDAC6 expression was found in the ischemic striatal core
(Fig. 4B). Although the enzymatic activity of HDAC6 seemed to be re-
sponsible for many of its biological functions, the role of HDAC6 in our
stroke models was likely independent of its tubulin deacetylase activity
(Fig. 4 and Supplementary Fig. 4-5). Therefore, HDAC6 turns out to
response immediately after ischemic insult, and an early elevation of
HDAC6 expression may correlate with mild ischemic damage in the
peri-infarct region. OCT4B-190 overexpression could similarly inhibit
HDACS in the ischemic neurons and brain tissue, resulting in reduced
neuronal damage and brain infarct volume, together with improved
neurological function (Fig. 1-5). This finding supported that HDAC6
might be an intriguing candidate target for stroke treatment.

Several studies have demonstrated a potential phosphorylation site
of GSK-3f in HDAC6 (Borgas et al., 2016; Chen et al., 2010). An in-
teresting relationship between HDAC6 and GSK-3 has been established
in the mitochondrial transport of hippocampal neurons (Chen et al.,
2010). Activated GSK-3[3 may activate HDAC6 via phosphorylation of
serine-22, leading to a-tubulin deacetylation and microtubule dis-
assembly (Borgas et al., 2016). The inhibition of GSK-33 decreased
HDAC6-mediated microtubules acetylation and improved mitochon-
drial transport (Chen et al., 2010). On the contrary, we found that the
activation of GSK-3p induced by AKT inhibitor resulted in decreased
level of p-HDACS6 in neuronal cultures (Supplementary Fig. 7), which
implied that GSK-3 might not be the main phosphorylation kinase of
HDACS6. This result was in consistent with the finding of a previous
study, which demonstrated that the phosphorylation of HDAC6 was
modulated by p38MAPK/AKT (Wu et al., 2016). In addition, in a rat
model of transient MCAO and an in vitro model of excitotoxicity,
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specific inhibition of HDAC6 conferred neuroprotection and mitigated
impaired FGF-21 signaling in the ischemic hemisphere, including up-
regulating [3-Klotho, and activating ERK and Akt/GSK-3[3 signaling
pathways (Wang et al., 2016). In this study, we found significant al-
terations of GSK-3[ activity in line with the pace of HDAC6 changes
following ischemic stroke, which could be simultaneously affected by
OCT4B-190 overexpression (Fig. 3-5). Possible correspondences be-
tween GSK-3B and HDAC6 after stroke insult were found (Fig. 6).
OCT4B-190 might modulate the stroke-induced molecular interactions
of GSK-3f and HDAC6, which might be independent of the direct
phosphorylation of HDAC6 by GSK-3f (Supplementary Fig. 7).

Given that OCT4B-190 was probably an active player in the cellular
stress responses and protected against ischemic brain injury. We con-
sidered that other stress modulators such as poly (ADP-ribose) poly-
merase (PARP)-1, sirtuin 3 (SIRT3) and stress-inducible phosphoprotein
1 (STI1) might be implicated in the actions of OCT4B-190. PARP-1
catalyzes the transfer of ADP-ribose units from NAD* to target proteins
including histones and transcriptional factors. Accumulating evidence
suggests that PARP-1 functions in converging stress signaling pathways.
PARP-1 plays crucial roles in modulating genotoxic, oxidative, meta-
bolic and inflammatory stress responses (Luo and Kraus, 2012). In-
hibiting PARP-1 could improve neuronal survival and alleviate is-
chemic brain injury after stroke (Chen et al., 2014). SIRT3 is an NAD ™"
dependent deacetylase that mainly locates at mitochondria. SIRT3 acts
to maintain mitochondrial homeostasis under a number of different
stresses including cellular stress (Marcus and Andrabi, 2018). STI1 is a
stress responsive factor that is involved in multiple intracellular and
extracellular events for cellular protection against stress. STI1 could
exert neuroprotection against ischemic insult by a mechanism involving
increased secretion from astrocytes (Beraldo et al., 2013).

In this study, adenoviral vector was used to obtain higher trans-
fection efficiency of OCT4B-190 in vitro and in vivo. Generally, adeno-
viral vectors are easy to be manipulated for genetic modification and
have the capability to yield high titers. In addition, these vectors have a
broad cell tropism and are rarely pathogenic to humans (Vujadinovic
and Vellinga, 2018; Zhang and Zhou, 2016). With these advantages, the
adenovirus- based delivery system has shown great prospects for clin-
ical applications, especially in the exploring of recombinant vaccines
and cancer therapeutics (Sayedahmed et al., 2019). However, adeno-
viral vectors have some limitations, such as the transient nature of
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transgene expression and the host immune response against viral an-
tigens (Muruve, 2004; Sayedahmed et al., 2019). During the last
decade, recombinant therapeutic proteins, an alternative delivery
strategy for virus- based gene therapy, occupy a major portion of the
approved drugs globally (Domanskyi et al., 2015; Goswami et al., 2018;
Leader et al., 2008). However, there are still several challenges when
using recombinant proteins as therapeutic drugs. Proteins do not always
pass the blood brain barrier (BBB) and therefore should be delivered
directly into the brain parenchyma. For the protein-based therapeutics,
proper protein concentrations and delivery site should be carefully
considered (Domanskyi et al., 2015).

5. Conclusions

This study for the first time revealed novel biological functions of
OCT4B-190 in the experimental stroke, with implications for targeting
GSK-3p and HDAC6 simultaneously as a possible neuroprotective
strategy. Future efforts are needed to better explore more diverse effects
of OCT4B isoforms, and to define the complicated actions and inter-
relations of HDAC6 and GSK-3[3, which should provide the basis for the
discovery of novel effective treatments for stroke.
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