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Abstract

Hypoxic-ischemic encephalopathy (HIE) is a main cause of mortality and severe neurologic impairment in the perinatal and
neonatal period. However, few satisfactory therapeutic strategies are available. Here, we reported that a rapid nuclear
translocation of phosphatase and tensin homolog deleted on chromosome TEN (PTEN) is an essential step in hypoxic-
ischemic brain damage (HIBD)- and oxygen-glucose deprivation (OGD)-induced neuronal injures both in vivo and in vitro.
In addition, we found that OGD-induced nuclear translocation of PTEN is dependent on PTEN mono-ubiquitination at the
lysine 13 residue (K13) that is mediated by neural precursor cell expressed developmentally downregulated protein 4-1
(NEDD4-1). Importantly, we for the first time identified a- and y-adaptin binding protein (Aagab) as a novel NEDD4-1
regulator to regulate the level of NEDD4-1, subsequently mediating Pten nuclear translocation. Finally, we demonstrated
that genetic upregulation of Aagab or application of Tat-K13 peptide (a short interference peptide that flanks K13 residue of
PTEN) not only reduced Pten nuclear translocation, but also significantly alleviated the deficits of myodynamia, motor and
spatial learning and memory in HIBD model rats. These results suggest that Aagab may serve as a regulator of NEDD4-1-
mediated Pten nuclear translocation to promote functional recovery following HIBD in neonatal rats, and provide a new

potential therapeutic target to guide the clinical treatment for HIE.
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Introduction

Neonatal hypoxic-ischemic encephalopathy (HIE) caused
by perinatal asphyxia, is one of the leading causes of
mortality and neurological disability in infants. The inci-
dence of HIE is about 1 to 3 per 1,000 term births [1, 2], and
the survivor exhibits motor disability or a variety of serious
neurological sequela, including cerebral palsy, severe
learning impairment or intellectual deficiency [3, 4]. A large
number of studies have demonstrated that the death of
neurons following hypoxia-ischemia (HI) is caused, at least
in part, by over-activation of N-methyl-D-aspartate recep-
tors (NMDARs) [5-10]. However, the antagonists of
NMDAR for clinical trials have thus far been unsuccessful
after hypoxic-ischemic brain damage (HIBD), because these
antagonists have the short therapeutic time-window and are
able to block the normal functions of brain such as neuronal
survival and learning and memory [11-13], when they exert
neuroprotective roles after HIBD. Therefore, the research
for a new potential therapeutic approach to guide the clin-
ical treatment for HIE is particularly important.
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Phosphatase and tensin homolog deleted on chromosome
TEN (PTEN), the first discovered dual lipid/protein phos-
phatase, was previously identified as a candidate tumor
suppressor gene [14—17], which plays a crucial role in cell
growth, proliferation, survival, and death [18-20], by
directly regulating phosphatidylinositol 3-kinase (PI3K)
[21, 22]. More recent studies have suggested that PTEN is
implicated in neuronal damage after HI [23-25]. Further
studies from cancer have shown that point mutant of PTEN
such as KI13E and K289E, results in failure of PTEN
nuclear translocation [26-28], thereby reducing the function
of PTEN’s tumor suppression and cell apoptosis, suggesting
that nuclear translocation of PTEN may be a crucial step for
PTEN-mediated cell death during HI. Consistently, our
recent study has found that increased Pten nuclear accu-
mulation results in neuronal death in in vitro and in vivo
models of excitotoxic/ischemic neuronal injuries, and pre-
vention of Pten nuclear translocation by mutation of K13 or
a short interfering peptide (Tat-K13) reduced the neuronal
death induced by excitotoxicity/ischemia [29]. However,
most of these researches have focused on mature brain
injury, and much less is known about the effects of PTEN
on the developing brain although two recent studies report
that inhibition of PTEN is able to attenuate neuronal injury
after HI [30, 31]. Moreover, the underlying mechanisms
remain poorly characterized.

A growing body of evidence has shown that the
enhanced nuclear PTEN accumulation is associated with
increased PTEN mono-ubiquitination, particularly at K13
and K289 residues [26, 32-34]. Mono-ubiquitination
enhances PTEN protein stability, whereas poly-
ubiquitination results in PTEN degradation by proteasome
pathway [35, 36]. Further studies have shown that neural
precursor cell expressed developmentally downregulated
protein 4 (NEDD4) family E3 ligases, NEDD4-1 and
NEDDA4-2 play critical roles in mediating PTEN nuclear
translocation by PTEN mono-ubiquitination, and in med-
iating PTEN degradation by PTEN poly-ubiquitination
[26, 33, 37]. However, whether NEDD4 is involved in and
what mechanism mediates PTEN mono-ubiquitination and
increases PTEN nuclear import in developing brain after
HIBD remains poorly understood. Recent reports have
revealed that Rab5 GTPase, which plays an important role
in the endosomal trafficking pathways and the transport of
proteins to subcellular locations [38—41], is able to mediate
the ubiquitination of PTEN and the nuclear efficient trans-
location of ubiquitinated PTEN [42]. Since a- and y-adaptin
binding protein (Aagab), a cytosolic protein with a Rab-like
GTPase domain, has also been shown to display a role in
membrane traffic [43], it is reasoned that Aagab may reg-
ulate nuclear translocation of Pten, and regulating Aagab or
inhibiting Pten nuclear translocation may alleviate neuronal
damage after HIBD. Here, we tested this speculation using
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several well characterized in vitro and in vivo models of
hypoxic-ischemic neuronal injuries.

Results
HI increases Pten nuclear translocation

To determine whether HI results in an increase in Pten nuclear
translocation, the brain tissues from rats subjected to HIBD
were collected for preparation of cytoplasm/nuclei fractiona-
tions. The results showed that the nuclear Pten was increased
in a time-dependent manner, peaking at 6 h after HI, and
returning to control level within 24 h following HIBD (n =5;
Fig. 1A, C). Notably, there was no significant difference in the
total level of Pten among these groups (n =5; Fig. 1A, B). To
determine the nuclear translocation of Pten directly in a cel-
lular context, we next introduced primarily cultured neurons
treated with OGD. The results from immunofluorescence
assay showed that Pten was predominantly observed in the
cytoplasm of neurons under normal circumstance, whereas the
subcellular localization of Pten was increased in a time-
dependent manner from the cytoplasm to the nucleus after
OGD (Fig. 1D). Further western blot assay confirmed that
nuclear Pten displayed an inverted-U curve and peaked at 6-9
h after OGD, and returned to control (CTR) levels within 24 h
(n=1>5; Fig. 1E, G). While no significant difference of total
Pten levels was observed among these groups (n = 5; Fig. 1E,
F). These results indicate that Pten nuclear translocation dis-
plays a time-dependent enhancement in HIBD rats and cul-
tured neurons subjected to OGD treatment.

PTEN mono-ubiquitination at K13 residue enhances
PTEN nuclear translocation

Previous findings from cancer research have indicated that
the enhanced nuclear PTEN accumulation is associated with
increased PTEN mono-ubiquitination [32], particularly at
K13 and K289 residues [26, 33]. Here we wanted to eval-
uate whether Pten mono-ubiquitination contributed to Pten
nuclear translocation after OGD in neurons. The results
showed that mono-ubiquitinated PTEN increased in
HEK?293T cells and cultured neurons that were subjected to
OGD, compared with CTR (Fig. 2A-C). Since our recent
study has shown that only the K13 residue, but not the
K289 residue, appears critically important for Pten nuclear
accumulation in excitotoxic and ischemic neuronal injuries
[16], we next examined whether the increase of Pten nuclear
translocation induced by OGD was attributed to Pten mono-
ubiquitination at K13 site. We transfected HEK293T cells
with wild-type (PTEN"T) or point mutant PTEN plasmid
(PTENK13R or PTENKzng). As shown in Fig. 2D, nuclear
PTEN significantly was decreased after OGD treatment in
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Fig. 1 Hypoxia-ischemia stimulation increases Pten nuclear
translocation in neonatal HIBD rats and primarily cultured neu-
rons. A—C The protein levels of cytoplasmic and nuclear Pten assessed
by western blot in the brain tissues from HIBD rats. A The nuclear
Pten protein levels increased in a time-dependent manner, but the total
Pten protein levels among these groups were not changed in HIBD
rats. B, C Bar graphs summarized the relative levels of total and
nuclear Pten. D Immunofluorescence figure of Pten nuclear

cells transfected with PTENXR but not PTENKZR
compared with PTENWT (n=175; Fig. 2D). To further con-
firm this finding in neurons, we infected cultured neurons
with lentivirus carrying wide-type (LVpren™") or mutant
PTEN (LVpren<"*R or LVpren<2®R). Consistent with the

OGD

OGD

translocation induced by OGD at different time point in primarily
cultured neurons. E-G The protein levels of cytoplasmic and nuclear
Pten assessed by western blot in primarily cultured neurons after OGD.
E The nuclear Pten levels increased in a time-dependent manner,
but the global Pten protein levels were not changed in primarily cul-
tured neurons after OGD. F, G Bar graphs summarized the relative
levels of total and nuclear Pten. Data were expressed as mean + SEM,
**p <0.01.

findings in HEK293T cells, the level of nuclear Pten was
also significantly decreased in neurons infected with
LVPTENK13R, compared with that in LVpTENWT—infected cells
(n=15; Fig. 2E). Notably, the decrease of nuclear PTEN in
HEK293T cells transfected with PTENX!*R or neurons
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Fig. 2 PTEN mono-ubiquitination at K13 residue enhances PTEN
nuclear translocation. PTEN mono-ubiquitination occurred in both
HEK 293T cells (A) and primarily cultured neurons (B, C) after OGD
treatment. D HEK293T cells transfected with wild-type (WT), K13R
mutation or K289R mutation plasmid of PTEN for 24 h, were sub-
jected to OGD for 1.5 h and harvested 6 h after hypoxia onset. PTEN
was localized to the nucleus in WT or K289R plasmid transfection,
while treatment with K13R plasmid inhibited the PTEN nuclear entry.
E Primarily cultured neurons infected with lentivirus carrying WT,

infected with LVpren<""R was not attributed to different

transfection rate or protein loading amount since the total
PTEN displayed no difference among these groups (Fig.
S1A, B). Furthermore, mono-ubiquitinated PTEN was
reduced after OGD treatment in the case of K13R mutation,
but not the case of K289R mutation (Fig. 2F-H). Thus,
these results further confirm that OGD-induced Pten mono-
ubiquitination leads to Pten nuclear import, and the K13

SPRINGER NATURE

K13R or K289R of PTEN gene for 4 days, were subjected to OGD for
1.5h and collected at 6h after hypoxia onset. Nuclear Pten was
decreased in K13R group, but not K289R group, compared with WT
group. F PTEN mono-ubiquitination was decreased in K13R, but not
K289R plasmid-transfected HEK293T cells, compared with WT
transfection. G, H Pten mono-ubiquitination was decreased in pri-
marily cultured neurons infected with lentivirus carrying K13R, but
not K289R compared with WT. Data were expressed as mean + SEM,
**p <0.01.

residue (but not the K289 residue) is critically important for
OGD-induced Pten nuclear translocation.

Over-expression of NEDD4-1 suppresses OGD-
induced Pten nuclear translocation

Given previous reports that the NEDD4-family E3 ubiquitin
ligases NEDD4-1 and NEDD4-2 may ubiquitinate PTEN and
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thereby regulate PTEN trafficking [26, 33, 37, 44], we next
examined whether NEDD4-1 or NEDD4-2 had an effect on
HIBD-induced Pten nuclear translocation. The results showed
that NEDD4-1 expression was significantly decreased at
6-12h (n=35; Fig. 3A, B), while NEDD4-2 expression was
significantly increased at 3—12 h (n = 6; Fig. 3A, C), and both
of them returned to control levels within 24 h in rats subjected

to HIBD. Similar to the findings in vivo, the protein level of
NEDD4-1 was significantly decreased at 3-9h (n=35;
Fig. 3D, E), but NEDD4-2 was significantly increased at
6-9 h (n = 4; Fig. 3D, F), and both of them returned to control
levels within 12 h in primarily cultured neurons after OGD.
To determine the role of NEDD4-1 and NEDD4-2 in
HIBD-induced Pten nuclear localization, we infected cultured

SPRINGER NATURE



2372

C. Dai et al.

Fig. 3 NEDD4-1 suppresses OGD-induced Pten nuclear translo-
cation. A—C Total protein levels of NEDD4-1 and NEDD4-2 assessed
by western blot in the brain tissues from HIBD rats. A, B The
expression of NEDD4-1 protein was decreased at 6—12 h, and returned
to sham levels within 24 h after HIBD. A, C While NEDD4-2 protein
expression was increased at 3—12 h, and returned to sham levels within
24 h after HIBD. D-F Total protein levels of NEDD4-1 and NEDD4-2
assessed by western blot in primarily cultured neurons subjected to
OGD. D, E NEDD4-1 protein expression was decreased 3-9 h, and
returned to control levels within 12 h after OGD. D, F While NEDD4-
2 protein expression was increased at 6-9 h, and returned to control
levels within 12 h after OGD. G-I The protein level of nuclear Pten
assessed by western blot in primarily cultured neurons over-expres-
sed or downregulated NEDD4-1 before OGD. G, H LVngpp4.; suc-
ceeded in rescuing the decrease of OGD-induced NEDD4-1
expression. G, I NEDD4-1 over-expression before OGD blocked Pten
nuclear import induced by OGD. J-L The protein level of nuclear Pten
assessed by western blot in primarily cultured neurons over-expressed
or downregulated NEDD4-2 before OGD. J, K LV Ngpp4.2 succeeded
in preventing the increase of OGD-induced NEDD4-2 expression. J, L
Either knockdown or over-expression of NEDD4-2 before OGD failed
to block Pten nuclear import induced by OGD. M—O The protein level
of nuclear Pten assessed by western blot in primarily cultured neurons
over-expressed or downregulated NEDD4-1. M, N LV ngpps-1 Suc-
ceeded in downregulating NEDD4-1 expression in primarily cultured
neurons. M, O Downregulation of NEDD4-1 expression failed to
induce Pten nuclear translocation. P-R The protein level of nuclear
Pten assessed by western blot in primarily cultured neurons over-
expressed or downregulated NEDD4-2. P, Q LVngpps.» succeeded in
over-expressing NEDD4-2 in primarily cultured neurons. P, R Over-
expression of NEDD4-2 failed to induce Pten nuclear translocation.
Data were expressed as mean + SEM, *p <0.05, **p <0.01.

neurons with lentivirus to overexpress (LVygpps.; and
LVnNepp42) or knockdown (LVginepps1 and LVgNepps-2)
NEDD4-1 and NEDD4-2. LVNEDD4—1 and LVNEDD4—2
infection succeeded in expressing exogenous NEDD4-1
and NEDD4-2 in cultured neurons (Fig. S2A, B), while
LVgnepps-1 and LV gneppa-o infection effectively knocked
down endogenous NEDD4-1 and NEDD4-2 (Fig. S2C, D).
Importantly, NEDD4-1 over-expression rather than knock-
down (n=06; Fig. 3G, H) before OGD treatment, sig-
nificantly blocked OGD-induced Pten nuclear import in
cultured neurons (n = 6; Fig. 3G, I). However, neither over-
expression nor knockdown of NEDD4-2 (n = 4; Fig. 3J, K)
affected OGD-induced Pten nuclear import (n = 4; Fig. 3],
L). To further clarify the different roles of NEDD4-1 and
NEDD4-2 in OGD-induced Pten nuclear translocation, we
directly examined the interaction between PTEN and
NEDDA4-1 or NEDD4-2. Results from co-IP assays showed
that both NEDD4-1 and PTEN can pull down each other in
HEK293T cells and primarily cultured neurons, while
NEDD4-2 and PTEN cannot mutually co-precipitate
(Fig. S3A-D). These data may explain why NEDD4-2 has
no appreciate effect on PTEN nuclear import after OGD
treatment.

Next, to determine whether NEDD4-1 or NEDDA4-2
enabled to regulate Pten nuclear translocation without OGD
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treatment, we assayed the level of nuclear Pten in cultured
neurons infected with lentivirus. We found that either over-
expression or downregulation of NEDD4-1 (n = 5; Fig. 3M,
N), did not affect Pten nuclear translocation (n=135;
Fig. 3M, O). Similarly, regulation of NEDD4-2 expression
(n = 3; Fig. 3P, Q) had no effect on Pten nuclear translo-
cation (n =4; Fig. 3P, R). Together, these results demon-
strate that over-expression of NEDD4-1 is able to suppress
OGD-induced Pten nuclear translocation, but NEDD4-1
knockdown is insufficient to induce Pten nuclear import in
primarily cultured neurons.

Aagab regulates NEDD4-1-mediated Pten nuclear
translocation

Since Rab5 GTPase plays an important role in ubiquitinated
PTEN nuclear translocation and Aagab holds on a Rab-like
GTPase domain to mediate membrane traffic [38, 42, 43],
we next wanted to determine whether Aagab was involved
in NEDD4-1-mediated Pten nuclear translocation in HIBD
model. We found that the protein level of Aagab was
decreased in a time-dependent manner in the brain tissues of
HIBD rats (n=4; Fig. 4A) and in cultured neurons sub-
jected to OGD (n =4; Fig. 4B). To determine the role of
Aagab in OGD-induced Pten nuclear translocation, lenti-
virus carrying Aagab gene (LV au0q0) Or Aagab small hairpin
RNA (LVhaagan) Was used to treat primarily cultured neu-
LVaqaear infection efficiently reduced Aagab
expression, whereas LV go0,p infection successfully expres-
sed exogenously Aagab (Fig. S4A, B). Interestingly,
infection with LV pgga0, but not LV yneonGreen, before OGD
treatment significantly blocked Pten nuclear import in pri-
marily cultured neurons (n=135; Fig. 4C-E). To further
determine whether Aagab was sufficient to regulate Pten
nuclear translocation, we assayed the level of nuclear Pten
in cultured neurons infected with lentivirus, and found that
Pten nuclear translocation displayed a significant increase in
cultured neurons infected with LV gpagap, but not LV pae4p,
compared with control lentivirus infection (n=4;
Fig. 4F-H).

We next determined whether Aagab-regulated Pten
nuclear localization was dependent on NEDD4-1. The
results showed that knockdown (LVyNgpps.;) Or over-
expression (LVngpps.;) of NEDD4-1 had no effects on
Aagab expression (Fig. S5). However, infection with
LVhaagan leaded to a significant decrease in NEDD4-1 (n =
5; Fig. 41, J). More importantly, the increase of Pten nuclear
translocation induced by Aagab knockdown can be partially
suppressed by NEDD4-1 over-expression (n =5; Fig. 4K).
To further clarify the role of Aagab in NEDD4-1-mediated
Pten nuclear translocation, we examined the interaction
between Aagab and NEDD4-1. Results from co-IP assays
showed that both Aagab and NEDD4-1 can pull down each

rons.
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other in primarily cultured neurons (Fig. 5A). We further
found that the poly-ubiquitination of Aagab (Fig. 5B, C)
and NEDD4-1 (Fig. 5D, E) were increased in primarily
cultured neurons subjected to OGD. Taken together, these
results indicate that OGD induces Aagab downregulation,
and subsequently increases NEDD4-1-mediated Pten
nuclear translocation.

N-Pten level

Upregulation of Aagab ameliorates behavioral
defects in HIBD model rats

Since our recent study has found that inhibition of Pten
nuclear translocation could promote behavioral recovery in
rat stroke model [29], and our aforementioned results
(Fig. 4) showed that over-expression of Aagab before OGD
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Fig. 4 Aagab regulates NEDD4-1-mediated Pten nuclear translo-
cation. A Aagab expression was decreased at 3—6 h, and returned to
sham levels within 12 h in the brain tissues from HIBD rats. B Aagab
expression was decreased at 3-9h, and returned to control levels
within 12 h after OGD. C-E The protein level of nuclear Pten assessed
by western blot in primarily cultured neurons over-expressed Aagab
before OGD. C, D LV, succeeded in rescuing the decrease of
OGD-induced Aagab expression. C, E Aagab over-expression before
OGD blocked Pten nuclear import induced by OGD. F-H The protein
level of nuclear Pten assessed by western blot in primarily cultured
neurons downregulated Aagab. F, G LV, succeeded in down-
regulating Aagab expression in primarily cultured neurons. F, H
Downregulation of Aagab expression enabled to induce Pten nuclear
translocation. I Neither over-expression nor knockdown NEDD4-1
affected Aagab expression in primarily cultured neurons. J Down-
regulation of Aagab reduced NEDD4-1 expression in primarily cul-
tured neurons. K Over-expression of NEDD4-1 partially rescued
Aagab knockdown-induced Pten nuclear translocation in primarily
cultured neurons. Data were expressed as mean + SEM, *p <0.05,
*#p <0.01.

treatment significantly blocked Pten nuclear import in pri-
marily cultured neurons, we next wanted to determine
whether upregulation of Aagab can reverse HIBD-induced
behavioral defects. Newborn rats were infected with
LV pggab OF LV paqean, and grip strength and Morris water
maze tests were introduced to evaluate myodynamia and
cognitive functions in HIBD model rats (Fig. 6A).

Grip strength test revealed that grip strength of the right
forelimb was significantly decreased compared to that of the
left in HIBD rats (sham: n = 14; HIBD: n = 10; Fig. 6B),
indicating a significant impairment of myodynamia. As
expected, rats infected with LV p400, (HIBD + LV py000: =
12), but not its control virus LV NeonGreen (HIBD +
LViNeonGreen: 7= 16; Fig. 6B), exhibited significant
recovery in grip strength of the right forelimb. In addition,
downregulation of Aagab by LVa.ep infection dramati-
cally decreased the grip strength of the right forelimb
compared with control virus LVgrna infection in sham rats
(sham + LVggrna: n=16; sham+LVgaaen: 7=15;
Fig. 6B).

Since the impairment of learning and memory is a major
sequelae of HIBD both in human and in a variety of animal
models [45, 46], we next evaluated the influence of Aagab
upregulation on spatial learning and memory in HIBD rats.
The results showed that the escape latency for searching for
the hidden platform in rats subjected to HIBD was much
longer than that in the sham group during spatial training
period (sham: n = 15; HIBD: n = 9; Fig. 6C). While upre-
gulation of Aagab significantly ameliorated the spatial
learning impairment, as reflected by a decrease in the escape
latency (HIBD + LV gaqp: 7 =9; Fig. 6C). Similar to the
findings in grip strength test, rats subjected t0 LV gaaga0
(sham + LVga00a0: 7 =12), but not LVgrna infection
(sham 4 LVrna: 7 = 12; Fig. 6C), dramatically increased
the escape latency, compared with sham rats. Furthermore,
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the probe test data also showed that upregulation of Aagab
obviously prevented HIBD-induced the impairment of
spatial memory retrieval, as the LV ,4qp-treated rats had a
shorter escape latency to cross the location of hidden plat-
form (Fig. 6E), although the number of entries into the
platform zone (Fig. 6D) and time spent in the quadrant
where the hidden platform was previously located (Fig. 6F)
remained unchanged. In contrast, downregulation of Aagab
by LVgaaga infection in sham rats induced significant
impairment of spatial memory retrieval, as reflected by a
decrease in the number of entries into the platform zone
(Fig. 6D) and an increase in the escape latency to cross the
location of hidden platform (Fig. 6E), although the time
spent in the target quadrant remained unchanged (Fig. 6F).

Inhibition of Pten nuclear translocation ameliorates
behavioral defects in HIBD model rats

Although over-expression of Aagab before OGD treatment
significantly blocked Pten nuclear import, thereby ameli-
orating HIBD-induced myodynamic and cognitive impair-
ments, genetic upregulation of Aagab is difficult to be used
in the clinical treatment. We next wanted to determine
whether inhibition of PTEN nuclear translocation directly
by Tat-K13 peptide is able to reverse HIBD-induced
behavior defects. We first confirmed that Tat-K13 peptide
effectively blocked Pten nuclear translocation both in vitro
(Fig. S6A-C) and in vivo (Fig. S7A, B), and exerted neu-
roprotective effect against OGD damage (Fig. S6D-F). The
results from grip strength test revealed that grip strength of
the right forelimb (sham: n = 14, HIBD + saline: n = 14;
Fig. 7B) was significantly decreased compared to that of the
left in HIBD rats. Importantly, rats treated with Tat-K13
(HIBD + Tat-K13: n = 16), but not its control peptide Tat-
K13R (HIBD + Tat-K13R: n = 12; Fig. 7B), exhibited an
obvious recovery in grip strength of the right forelimb.
Since HIE survivor exhibits motor disability, rotarod test
was sued to evaluate the motor function of HIBD rats.
Results showed that the rats in HIBD group spent much less
time on the rod compared with those in sham group (sham:
n=19; HIBD + saline: n = 13; Fig. 7C), indicating a sig-
nificant impairment of motor balance and coordination. Tat-
K13 peptide treatment (HIBD + Tat-K13: n = 18), but not
Tat-K13R (HIBD + Tat-K13R: n = 15; Fig. 7C), dramati-
cally increased the time spent on the rod during test. These
results indicate that treatment with Tat-K13 rather than Tat-
K13R ameliorates the deficits of myodynamia and motor
function in the neonatal rats after HIBD.

We next examined the effects of Tat-K13 on spatial
learning and memory deficits in HIBD rats in the Morris
water maze paradigm. The results showed that the escape
latency for searching for the hidden platform in HIBD rats
was much longer than that in the sham group during spatial
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training period (sham: n=16; HIBD + saline: n=14;
Fig. 7D), indicating an impairment of learning after HIBD.
As expected, treatment with Tat-K13 significantly amelio-
rated the impairment compared with saline group, as
reflected by a dramatic decrease in the escape latency,
although the escape latency was still longer than sham
group (HIBD + Tat-K13: n=16; Fig. 7D). However,
treatment with Tat-K13R exhibited no protective effect on

-55kd

IlgG CTR OGD

Mg132 + 4

IP:NEDD4-1
IB:Ub
-55kd
Input: —
NEDD-1 (S ] 100k

the impairment of spatial learning (HIBD + Tat-K13R: n =
15; Fig. 7D). Furthermore, the probe test data also showed
that spatial memory retrieval was obviously impaired in
HIBD rats, as reflected by a reduced number of entries into
the platform zone (Fig. 7E), a longer escape latency to the
first entry into the platform zone (Fig. 7F), and much less
time spent in the quadrant where the hidden platform was
previously located (Fig. 7G). Administration of Tat-K13,

SPRINGER NATURE



2376

C. Dai et al.

A

ym! o7 1 'boal
| P1 [ | i7l IP:BI
LV injection HIBD Grip strength
test
B I Left
140, B Right
§1zo L -
°\<>100
= 80
H
8. 60
@ 40
5 20
o
= 0

O
m

P35-42

A
Morris water
maze test

C 4 sham

¥ HIBD
60 - L ] Sham+LvshRNA HIBD+LvaennGreen
desham+LV,, .~ P-HIBD+LV,
0
>
o
[=
2 40;
L
2
2 30,
(&
it
20

~
o

w A OO
o © O o

Number of crossing
platform zone
N
=)

Escape latency (s)

-
o

Fig. 6 Upregulation of Aagab ameliorates behavioral defects in
HIBD model rats. A Diagram illustrating the experimental protocols
for HIBD model establishment and lentivirus injection as well as
behavioral tests. B The left and right forelimb myodynamia during the
grip strength test. C—F Upregulation of Aagab ameliorates the deficit
of spatial learning and memory in HIBD model rats in the Morris

but not Tat-K13R, significantly increased the number of
entries into the platform zone (Fig. 7E), shortened the
escape latency to the first entry into the platform zone
(Fig. 7F), and increased the time spent in the target quadrant
(Fig. 7G). These results suggest that the inhibition of Pten
nuclear translocation by systemic administration of Tat-K13
immediately after HIBD is able to prevent the HIBD-
induced impairment of spatial learning and memory.

Discussion
Although PTEN is a well-established tumor suppressor,
accumulating evidence implicates that PTEN is important

for multiple aspects of neuronal function and development
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Time spent in
target quadrant (s)

water maze paradigm. C The escape latency to the hidden platform
during spatial learning period. The number of entries into the platform
zone (D), the escape latency of the first entry into the platform zone
(E), and time spent in the hidden platform-located quadrant (F) during
the probe test with absence of the hidden platform. Data were
expressed as mean + SEM, *p <0.05, **p <0.01.

in the brain, containing cell proliferation, neuronal growth
and synaptic plasticity [47]. For example, loss of PTEN
function is sufficient to disrupt programmed interneuron cell
death, which may in turn alter the cellular balance of
excitation and inhibition in the cerebral cortex [48]. Dele-
tion of PTEN in limited differentiated neuronal populations
results in macrocephaly and neuron hypertrophy, subse-
quently contributing to human autism spectrum disorders
(ASD) [49, 50]. Inhibition of PTEN is able to rescue normal
synaptic function and cognition in cellular and animal
models of Alzheimer’s disease (AD), whereas over-
expression of PTEN leads to synaptic depression that can
mimic and occlude Af-induced depression [51]. Our recent
study has indicated that Pten nuclear accumulation induced
by excitotoxia/ischemia resulted in increased neuronal
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Fig. 7 Inhibition of Pten nuclear translocation ameliorates beha-
vioral defects in HIBD rats. A Diagram illustrating the experimental
protocols for HIBD model establishment and peptide treatment as well
as behavioral tests. B The left and right forelimb myodynamia during
the grip strength test. C The latency to fall off the rod during the
rotarod test. D—G Inhibition of Pten nuclear translocation by Tat-K13
peptide ameliorates the deficit of spatial learning and memory in HIBD

death, and the mutation at K13 residue of Pten significantly
inhibited Pten nuclear import and significantly reduced
neuronal damage induced by excitotoxia/ischemia, thereby
improved behavioral function in mature brain [29]. Here,
we found that Pten nuclear translocation was obviously
increased both in neonatal rats after HIBD and in primarily
cultured neurons after OGD (Fig. 1). We further demon-
strated that the mutation at K13 residue of Pten significantly
inhibited Pten nuclear import (Fig. 2) and reduced neuronal
damage (Fig. S6), and thereby ameliorated behavioral
defects induced by HIBD in neonatal rats (Fig. 7). These
findings are fully in agreement with recent reports that
reduction in nuclear PTEN promotes axonal regeneration
and neuronal survival [52, 53]. Thus, Pten nuclear

model rats in the Morris water maze paradigm. D The escape latency
to the hidden platform during spatial learning. The number of entries
into the platform zone (E), the escape latency of the first entry into the
platform zone (F), and time spent in the hidden platform-located
quadrant (G) during the probe test with absence of the hidden plat-
form. Data were expressed as mean = SEM, *p <0.05, **p <0.01.

translocation plays a critical role in excitotoxic and
ischemic neuronal injuries, and subsequent motor and
cognitive deficits in both mature and developing animals.
Previous reports have shown that NEDD4-1 mediated
PTEN nuclear translocation [26, 33, 37]. However, the
potential molecular mechanism remains poorly under-
stood. Here, we reported that HIBD and OGD induced a
significant decrease in NEDD4-1 expression in vivo and
in vitro, respectively. Over-expression of NEDD4-1 dra-
matically inhibited OGD-induced Pten nuclear import,
while downregulation of NEDD4-1 alone exhibited no
effect on Pten nuclear import in cultured neurons (Fig. 3).
We further found that Pten nuclear translocation medicated
by NEDD4-1 was dependent on mono-ubiquitination of
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PTEN at K13 residue (Fig. 2). Notably, previous studies
have revealed that nuclear PTEN accumulation are asso-
ciated with increased PTEN mono-ubiquitination at lysine
residues K13 and K289 [26, 32, 33]. However, the muta-
tion at K289 residue of PTEN had no effect on the PTEN
nuclear import induced by OGD in HEK 293T cells and in
primarily cultured neurons in the present study (Fig. 2).
One possible explanation is due to different residues of
PTEN mono-ubiquitination observed in different cells or
different diseases. Although the detailed mechanisms by
which PTEN nuclear translocation increases neuronal
vulnerability remain largely unclear, recent studies have
pointed out that nuclear PTEN may antagonize nuclear
PIP3/Akt survival signaling pathways [54-58], thereby
mediates excitotoxic neuronal death. Alternatively, nuclear
PTEN can form a physical complex with p53 in the
nucleus [59, 60], thereby protecting p53 from
ubiquitination-mediated degradation and facilitating p53-
dependent apoptosis. In addition, recent study from cancer
cells has revealed that nuclear PTEN accumulation acti-
vates autophagy by activating p-JUN-SESN2/AMPK
pathway, leading to DNA damage and cell death [61].
Thus, further study to detect the effect of PTEN nuclear
translocation on autophagy in neurons is necessary.
Recent developments of cancer research have indicated
that P34SEI-1 (CDK4-binding protein p345F) controls
switching between NEDD4-1-mediated PTEN mono- and
poly-ubiquitination via regulating the auto-ubiquitination of
NEDDA4-1, thereby regulates nuclear import and degrada-
tion of PTEN [36]. However, in the present study, we did
not observe any difference of the expression of P34SEI-1 in
the brain tissues of rats subjected to HIBD and in the pri-
marily cultured neurons subjected to OGD (Fig. S8). Dis-
crepancies between the previous study and the present work
still need to be resolved, but may be at least in part
accounted for by differences in cell types and experimental
conditions. According to recent reports that nuclear trans-
location of ubiquitinated PTEN can be mediated by Rab5
GTPase, which plays an important role in the endosomal
trafficking pathways and the transport of proteins to sub-
cellular locations [38, 42], and cytosolic protein Aagab,
containing a Rab-like GTPase domain, is shown to bind
both clathrin adapter protein complexes and participate in
membrane traffic [43]. Consistently, we here found that
downregulation of Aagab reduced NEDD4-1 expression,
and subsequently induced Pten nuclear translocation
(Fig. 4). In contrast, over-expression of Aagab is able to
prevent OGD-induced Pten nuclear translocation (Fig. 4),
thereby reducing HIBD-induced myodynamic and cognitive
deficits (Fig. 6). Notably, we here found that the poly-
ubiquitination of Aagab and NEDD4-1 were increased and
the corresponding protein levels were decreased in pri-
marily cultured neurons subjected to OGD (Fig. 5). One
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possible explanation is that the reduced expression of
NEDD4-1 is not a downregulation event, but due to
NEDD4-1 activation in response to HI/OGD or down-
regulated Aagab, which is accompanied with increased
ubiquitination and degradation of NEDD4-1 itself. There-
fore, future work should be necessary to determine the exact
molecular mechanism underlying the downregulation of
Aagab and NEDD4-1 following OGD.

The peptide (Tat-K13) used in the current study do not
affect the global protein level of Pten, but it obviously
prevents Pten nuclear translocation, a delayed step in
ischemia-induced cell death signaling cascade. Tat-K13
significantly inhibits OGD-mediated excitotoxic damage in
the cultured neurons, and significantly alleviates the deficits
of myodynamia, motor functions and spatial learning and
memory in a rat model of HIBD (Fig. 7), suggesting that
inhibition of Pten nuclear translocation plays a neuropro-
tective role in ischemic brain damage. Nonetheless, con-
tradictory results challenge these findings. Two studies
using Ndfip 1 (NEDD4 family-interacting protein 1) defi-
cient mice have reported that without Ndfip 1 in vivo,
PTEN fails to translocate to nuclei, resulting in an increase
in neuronal vulnerability following ischemic insults
[62, 63]. One possible explanation for these discrepancies is
that Ndfip 1, as an adapter and activator of protein ubi-
quitination by Nedd4 E3 ligases, whose deficiency would
affect not only PTEN but also numerous substrates of the
E3-ligase NEDD4. Thereby, it is most likely that the
increased neuronal vulnerability induced by ischemia in
Ndfipl-deficient mice is due to its impact on one or more
cell survival signaling pathways.

Overall, our present data provide the first evidence that
Aagab, as a novel regulator for NEDD4-1, regulates the
expression of NEDD4-1, and subsequently mediates Pten
nuclear translocation. And we also demonstrate that systemic
application of Tat-K13 peptide promotes behavioral recovery
in neonatal HIBD rats. Thus, these findings provide scientific
basis for the development of PTEN nuclear translocation
blockers, such as Tat-K13, as potential therapeutics for treating
the motor and cognitive deficits associated with patients with
acute brain insults, such as HIE and brain trauma.

Materials and methods
Animals

Unsexed 7-day-old SD rats were used to establish the HIBD
model as described previously with modification [64, 65].
Briefly, the 7-day-old SD rats were randomly divided into
two groups, sham group and HIBD group, and then the
HIBD rats were randomly divided into subgroups for dif-
ferent treatment. The left common carotid artery of the rats
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in HIBD group was isolated and ligated. Two hours after
surgery, the pups were exposed to hypoxic conditions (8%
0, +92% N,) for 2.5h at 37 °C. The sham animals were
only separated out the left common carotid artery without
ligation and no exposure to hypoxic conditions. Pups were
returned to their nest with their dam until weaning on P21.
All procedures involving animals were housed in plastic
cages with unlimited access to food and water and main-
tained in a temperature-controlled colony room (21 °C)
under a cycle of 12-h light/12-h dark (8:00 am—8:00 pm).
All procedures were performed in accordance with
Chongqing Science and Technology Commission guide-
lines for animal research and approved by the Chongqing
Medical University Animal Care Committee, and every
effort was made to minimize both the animal suffering and
the number of animals used. The mortality of rats was about
3% during and after HIBD, and around another 3-5%
animals were excluded due to underweight after surgery.
All experiments were performed double-blind.

Antibodies and reagents

Rabbit anti-lamin B1 (#ab133741), rabbit anti-HA tag
(#ab9110) and rabbit anti-PTEN (#ab267787) for western
blot were obtained from Abcam Inc (Cambridge, MA), and
mouse anti-PTEN (#sc-7974) for immunocytochemistry
was purchased from Santa Cruz Biotechnology (Santa Cruz,
CA). Rabbit anti-Aagab (#NBP1-87905) for western blot
and rabbit anti-Aagab (#NBP2-59084) for co-
immunoprecipitation were supplied by Novus (Novus
Biologicals, USA). Rabbit anti-Ubiquitin (#10201-2-AP),
rabbit anti-Histone-H3 (#17168-1-AP), rabbit anti-Tubulin
(#11224-1-AP) and rabbit anti-NEDD4L (#13690-1-AP)
were obtained from Proteintech (Rosemont, USA). Rabbit
anti-NEDD4-1 (#MABO07-049) and rabbit anti-p34-Arc/
ARPC2 (#07-227) were purchased from Millipore Cor-
poration (Billerica, MA). Mouse anti-p-actin
(#026M4780V) was obtained from Sigma-Aldrich (St.
Louis, MO). Rabbit anti-GFP (#AG279) was obtained from
Beyotime Biotechnology (Shanghai, China). Anti-Mouse
IgG (Goat) HRP-Labeled (#NEF822001EA) was purchased
from PerkinElmer (PerkinElmer, USA).

Minute™ Cytoplasmic and Nuclear Extraction kit (#SC-
003) was purchased from Invent Biotechnologies, Inc.
(Beijing, China). Complete Protease Inhibitor Cocktail
Tablets (#04693116001) was obtained from Roche Applied
Science. Pierce™ BCA Protein Assay Kit (#23225) was
purchased from Thermoscientific. Protein A/G Magnetic
Beads (#B23202) was obtained from Bimake (Hoston, TX).
NeuroCult™ SMI Neuronal Supplement (#05711) was
obtained from STEMCELL (STEMCELL technologies,
Canada). MG132 was purchased from MedChem Express
(Monmouth Junction, NJ, USA). Tat-fused peptides (Tat-

K13 and Tat-K13R) were synthesized by GL Biochem Ltd
(Shanghai, China).

Buffers

All buffers were sterilized by autoclaving or vacuum fil-
tration (Corning, Polyethersulfone with 0.22 pm pore size).
Phosphate Buffered Saline (PBS) contains 137 mM NaCl,
8.1 mM Na2HPO4, 1.76 mM KH2PO4, 2.7 mM KCl, pH
7.4. Four times (4x) sample buffer contains 50% Glycerol,
125 mM Tris-HCI (pH 6.8), 4% SDS and 0.08% Bromo-
phenol Blue. Running buffer contains 25 mM Tris-HCL,
0.25 mM glycine and 0.1% SDS. Transfer buffer contains
48 mM Tris-HCL, 39 mM glycine, 0.037% SDS and 20%
methanol. Poly-D-Lysine coating solution contains 0.01%
poly-D-lysine. Tris-buffered saline (TBS) contains 150 mM
NaCl, 50 mM Tris-HCL, pH 7.6.

Primary culture of cortical/hippocampal neurons

Pregnant SD rats (E19) were used to culture cortical/hip-
pocampal neurons as described previously with modifica-
tion [29]. Briefly, rats were anaesthetized deeply with
Urethane solution (1.5 g/kg, i.p.). The cortex or hippocampi
were isolated in HBSS dissection buffer (HyClone, USA),
then digested with 2mL of pre-warmed 0.25% Trypsin-
EDTA for 10 min at 37 °C. Then, the dissociated cells were
washed with DMEM (with 10% FBS) for three times and
pipetted gently to ensure a single cell suspension. Next, the
cells were centrifuged at 600 rpm for 3 min, re-suspended in
DMEM (with 10% FBS) media, counted using a hemo-
cytometer, and plated onto poly-D-lysine-coated culture
dishes at a density of 1.0 x 107 per 10 cm dish, 6.0 x 10° per
6cm dish and 2.0 x 10° per 6 well plate. The cells were
cultured in an incubator (Thermo Forma 3111, Thermo
Scientific) containing 5% CO, at 37 °C. Four hours later,
the original media was replaced by Neurobasal Feeding
Media (NF media, containing 500 mL of Neurobasal Media,
2% SM1 supplement and 0.5 mM GlutaMAX™-1 Supple-
ment). Half of NF media was replaced every 3 days until
cells were used for experiments.

OGD treatment

Primary culture of cortical/hippocampal neurons (7 DIV)
and HEK293T cells were used in this study. The cell con-
ditioned medium (taken out and saved for further use) was
replaced by Earle’s balanced salt solution (EBSS) (Hyclone,
USA). Followed up, the cells were transferred to an incu-
bator (Thermo Scientific) with 5% O, and 95% N, at 37 °C.
Ninety minutes later, the cells were returned to the pre-
viously saved conditional medium. Neurons were allowed
to recover for different periods of time, ranging from 0 h to
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24h until further experiments and HEK293T cells were
allowed to recover for 6 h.

Peptide administration

To examine the effects of Tat-K13 against Pten nuclear
translocation induced by OGD, cultured neurons received
pretreatment of Tat-K13 peptide (50 uM) as previously
described [29], with modifications. To illustrate the effects
of Tat-K13 against HIBD, experimental pups were sub-
divided into four groups (sham, HIBD + saline, HIBD +
Tat-K13, HIBD + Tat-K13R), and received different treat-
ments of interfering peptides (10 mg/kg, i.p.) or saline at O h
and 3 h after hypoxia onset. To achieve the optimal out-
come, another two doses of peptide were conducted on the
second and third days, respectively.

Lentivirus

To regulate the expression of genes in cultured neurons and
in vivo, lentivirus (LV) carrying corresponding genes or their
siRNAs was constructed. LVprey (PTENWT, PTENKIPR of
PTENK?¥R PTEN expressed in LVprey is EGFP-fusion
protein), LVNEpp4-1» LVYNEDD4-2, LV Augab a0d LV yaqg00 Were
constructed by OBiO Technology (Shanghai, China).
LVgnepps1 Was constructed by Genechem Technology
(Shanghai, China). LVgNgpps, Was constructed by Gene-
Pharma Technology (Shanghai, China). The sequences of all
plasmids were confirmed by DNA sequencing. LV grna Oli-
gonucleotides were as follows: LV nepps-1-1, 3’ -AGCCACA
AATCAAGAGTTAAA—3’, LVshNEDD4—1-2> 5’- TTGGAAG
GACCTACTACGTAA -3’; LVgnNeppa-13, 3'- CTGGATT
GAGTTTGATGGTGA -3’; LVyNepp42-1, 3 -GCTCGCCA
ACAGTAACCTTAT-3’; LVyNepp4a22, 3 -GGGAAGATC
CACGGCTGAAAT-3’; LVgnNepD423, 3 -GCAGAAATAC
GACTACTTTAG-3’; LVgaagb-1, 3-GCTGTTGTGGAA
GCGACTT-3’; LVgaagab2, 5 -GGACGATGACTTCCCT
GAA-3’; LVgaagab3, 5S-GGATTGTACAAGCATTGAA-3;
LVgrna, 5-TTCTCCGAACGTGTCACGT-3’. Titers were
3.0E + 8-2.5E 4 9 TU/ml. Through preliminary experiments,
we screened LV gNeppa-1-1> LVgingpD4-2-1 and LV gy aqap-2 With
the best knockdown effects for subsequent experiments.

Stereotaxic viral injection

P1 rat pups were received microinjection of lentivirus
(LVshRNA, LVshAagab, LVmNeonGreen or LVAagab) into left
hippocampus (2.6 mm lateral to midline, 2.6 mm anterior to
bregma, 1.2 mm below skull) and motor cortex (1.0 mm
lateral to midline, 1.9 mm posterior to bregma, 1.2 mm
below skull), using a 30-gauge needle on a Hamilton syr-
inge. The syringe was attached to a nanoliter infusion pump
(Legato130, KD Scientific, USA) and a volume of 2 pl of
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lentivirus was infused at a rate of 0.5 pl/min for each brain
region. Following injection, the pups were returned to
homecage with their dam until P7 to establish HIBD model.

Nuclei fractionation

Minute™ cytoplasmic and nuclear extraction kits were used
to fractionate cytoplasm/nuclei. Briefly, cultured cortical/
hippocampal neurons or brain tissues of hippocampus were
homogenized with cytoplasmic extraction buffer on ice, and
then centrifuged at 14,000 rpm for 5Smin at 4 °C. The
supernatant (cytoplasmic fraction) was transferred to a new
tube. The cell deposit was re-suspended in nuclear extrac-
tion buffer by vortex and then rested on the ice for 1 min,
and this operation was repeated for 4 times. Followed by,
the sample was pipetted into filter cartridge and centrifuged
at 16,000 rpm for 30 s at 4 °C. Both cytoplasmic and nuclei
fractions were saved at —80 °C for further use.

Western blotting

Total protein was extracted using ice-cold whole cell lysis
buffer. Approximately 30pug of total protein or 15pg
nuclear protein was boiled with 4x sample buffer at 96 °C
for 5 min. Followed by, the samples were separated on 10%
(total protein) or 15% (nuclear protein) SDS-PAGE gels and
transferred onto Immobilon-PTM polyvinylidene fluoride
(PVDF) membranes (Bio-Rad, Hercules, CA, USA). Then,
the membranes were incubated with 5% fat-free milk in
TBS contains 0.1% Tween-20 for 90 min at room tem-
perature to block non-specific binding site. The target pro-
teins were immunoblotted with primary antibody overnight
at 4 °C.

After incubation with corresponding horseradish perox-
idase (HRP)-conjugated secondary antibody (1: 5000, Per-
kin Elmer) at room temperature for 90 min, the protein
was visualized in the Bio-Rad Imager using ECL western
blotting substrate (Pierce). The band intensity of each
protein was quantified by the Bio-Rad Quantity One soft-
ware as described previously [66]. The relative level of
target protein was expressed as the percentage between
intensity of target protein and that of marker protein on the
same blot, such as cytoplasmic marker p-actin, and nuclear
marker H3.

Immunocytochemistry

Primary culture of hippocampal neurons (7-8 DIV) were
fixed with 4% paraformaldehyde in 100 mM PBS for 20
min, and then permeabilized by 1% Triton X-100 in PBS
for 20 min at room temperature. To block non-specific
background, the neurons were incubated with 2% Bovine
Serum Albumin (BSA) in PBS for 90min at room
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temperature. Thereafter, the neurons were incubated with
mouse anti-PTEN (1:50) for overnight at 4 °C. On the next
day, the neurons were incubated with fluorophore-
conjugated secondary antibodies (1:200) for 90 min at
room temperature, and then nuclei were stained with
fluorescent dye Hoechst 33342 (1 ug/ml) for 20 min at room
temperature, avoiding bright light. After sealing, images of
Pten and nuclei were taken with a Nikon Eclipse Ti inverted
fluorescence microscope.

Co-immunoprecipitation

Cortical/hippocampal neurons and HEK293T cells were
lysed with ice-cold cell lysis buffer for immunoprecipitation
(IP) with protease inhibitors. The lysates were pre-cleared
with protein A/G Magnetic Beads. Followed by, the pre-
cleared lysates were incubated with anti-PTEN, anti-
NEDDA4-1, anti-Aagab or anti-NEDD4-2 antibodies for 2 h
at 4 °C with continuous agitation, and then protein A/G
magnetic beads was added. On the next day, the lysate-
antibody-magnetic beads complex was collected with
magnetic frame for 2 min on the ice, and then washed three
times with PBS. Finally, proteins were eluted from the
beads by boiling with 1 X sample buffer, and western blot
was used to analyze the corresponding proteins.

Ubiquitination assay

EGFP-PTENY', EGFP-PTEN*"® or EGFP-PTENK*}
plasmids were transiently transfected into HEK293T cells for
24 h by using Lipofectamine 2000 (Invitrogen, Carlsbad, CA,
USA), according to the manufacturer’s recommendation
protocol. Primary culture of cortical/hippocampal neurons
were infected with LVprey (LVpmrn" s LVpmEn<R or
LVpren<22°R) and returned to incubator for another 4 days.
For PTEN mono-ubiquitination assay, cultured neurons or
HEK293T cells were lysed with IP buffer with protease
inhibitors for 30 min on the ice, and then centrifuged at 16000
rpm for 30 min at 4 °C to obtain cytosolic protein. The extract
was subjected to IP with anti-ubiquitin, anti-PTEN or anti-
EGFP primary antibody, followed by immunobloting with
anti-PTEN, anti-EGFP or anti-ubiquitin primary antibody. For
Aagab and NEDD4-1 poly-ubiquitination assay, the protocol
is similar to PTEN mono-ubiquitination assay. The only dif-
ference is that primarily cultured neurons (7 DIV) were treated
with MG132 (15uM for 6 h) when they were subjected to
OGD, as previously described with modifications [67].

Grip strength test
Grip strength test was used to evaluate myodynamia as

described previously [65]. Briefly, 3 weeks after HIBD
model established, the left and right forelimbs of each rat

were placed on the grasping force sensor, respectively. The
animals grasped a horizontal bar of the Grip Strength Meter
(Chatillon, USA), and then they were gently pulled away by
an experienced handler until their grasp was broken. Each
rat was given 5 trials at 10-min intervals, and the mean
value was calculated to illustrate the grip strength. The Grip
Strength Meter was cleaned with 70% ethanol and water
between tests.

Rotarod test

Rotarod test was used to evaluate motor performance as
described previously with modifications [65]. In brief, one
day after grasping test, rats received 2 rounds of pre-training
on the rotarod (Stoelting Co.). During pre-training, the
rotarod was maintained at constant speed of 10 rpm and 20
rpm for 3 min, respectively. Twenty-four hours after the
pre-training, rats received formal rotarod testing in 11
consecutive trails (20-min intervals) with the continuous
increasing rotation from 10 rpm to 60 rpm (increasing by 5
rpm each time). During each test, the time that the animals
remained on the rotarod was monitored. Maximum test time
(cut-off limit) was 180 s. The motor performance of the rat
was expressed as the latency to fall off the rotarod. The
rotarod was cleaned with 70% ethanol and water
between tests.

Morris water maze test

Four weeks after HIBD, rats were subjected to the Morris
water maze test to measure their spatial learning and memory
functions as previously described [66, 68]. In brief, on the
first day of adaptation, the rats were allowed to adapt to the
water maze for a 60-s free swim, which consists of a circular
pool (180-cm diameter) filled with water (25°C+1 °C)
made opaque with nontoxic black paint. On the following
5 days, the rats were continuously trained in the pool over
four trails per day to find an invisible platform (1-cm below
the surface of the water). During each trial, the rats were
guided to the hidden platform to remain 30s when they
failed to find the platform within 60s. Twenty-four hours
after the final training trial, a 60-s probe test was performed
without an escape platform to assess the memory retrieval.
All trials were recorded by using Any-maze tracking system
(Stoelting, USA).

Lactate dehydrogenase assay

Lactate dehydrogenase (LDH) is released from cells into
medium when the plasma membrane integrity is compro-
mised. The released LDH can convert oxidized nicotina-
mide adenine dinucleotide (NAD+) into NADH
(the reduced form). Therefore, the amount of release
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represents the degree of cell death. In the present study,
LDH cytotoxicity assay kit (Beyotime Biotechnology,
Shanghai, China) was used to measure the extracellular
LDH level. Briefly, hippocampal neurons were plated onto
poly-D-lysine-coated culture 96-well plate at a density of
1.0 x 10° per well. Seven day later, the cell conditioned
medium was replaced with 200 uL new medium and con-
tinue cultured for 24 h. Then, the cells were centrifuged at
400 rpm for 5 min. Followed by, 120 ul supernatant of each
well was transferred into a new 96-well plate, added 60 pL
LDH working solution, then mixed gently and incubated at
room temperature for 30 min, avoiding bright light. The
absorbance was determined at 490 nm by microplate reader
(Bio Tek Insruments). Finally, the cell death rate was
expressed as a ratio (%) between the absorbance of the
treated group and that of the control group.

MTT assay

The 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium
bromide (MTT) assay was performed to test cell viability.
MTT cell proliferation and cytotoxicity assay kit (Beyotime
Biotechnology, Shanghai, China) was used in the present
study. In brief, hippocampal neurons (7 DIV) in 96-well
were incubated with 100 ul MTT (0.5 mg/ml, dissolved in
NF media) for 4h, and added 100pl dimethyl sulfoxide
(DMSO) to dissolve the dark blue formazan crystals. The
absorbance was determined at 570 nm by microplate reader.
Finally, the cell viability rate was expressed as a ratio (%)
between the absorbance of the treated group and that of the
control group.

CCK-8 assay

Cell counting kit-8 (CCK-8, DOJINDO, Japan) was used to
further test cell viability in the present study. Briefly, hip-
pocampal neurons (7 DIV) in 96-well were washed with
PBS, then added 10% CCK-8 solution (dissolved in NF
media) and cultured in an incubator containing 5% CO, at
37 °C for 1-4h. Then, the absorbance was determined at
450 nm by microplate reader. Finally, the cell viability rate
was expressed as a ratio (%) between the absorbance of the
treated group and that of the control group.

Statistical analysis

All data were expressed as means + standard error (mean +
SEM). The differences of rotarod test and spatial learning in
water maze test among different groups were analyzed by
two-way AVOVA with treatment (group) as the between-
subjects factor and trials as the within- subjects factor. The
data of all other experiments were analyzed by one-way
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ANOVA followed by Tukey’s post hoc test. Statistical sig-
nificance was set as at *p <0.05, **p <0.01, ***p <0.001.
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