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Abstract. Autophagy and the ubiquitin proteasome 
system (UPS) are two major protein degradation pathways 
involved in brain ischemia. Autophagy can compensate for 
UPS impairment‑induced cellular dysfunction. HECT, UBA 
and WWE domain containing E3 ubiquitin protein ligase 1 
(Huwe1), an E3  ubiquitin ligase, serves critical roles in 
nervous system plasticity, regeneration and disease. However, 
the role of Huwe1 in autophagy in brain ischemia/reperfu-
sion (I/R) injury remains unknown. The aim of the present 
study was to investigate the crosstalk between autophagy and 
the UPS in brain ischemia. The present study established an 
oxygen‑glucose deprivation and reperfusion (OGD/R) model 
in rat primary cortex neurons in vitro. Lentiviral interference 
was used to silence the expression of Huwe1. An autophagy 
promoter (rapamycin), an autophagy inhibitor (wortmannin) 
and a JNK pathway inhibitor (SP600125) were also used 
in the current study. Cellular autophagy‑related proteins, 
including Beclin‑1, autophagy related (ATG) 7, ATG5, ATG3 
and microtubule associated protein 1 light chain 3 α, and 
apoptosis‑related proteins, such as P53, cleaved caspase 3, 

Bax and Bcl2, were detected via western blotting and immu-
nocytochemistry. Neuronal apoptosis was evaluated using 
a TUNEL assay. The results demonstrated that silencing 
Huwe1 increased the expression levels of autophagy‑related 
proteins at 24 h after OGD/R. Treatment with a JNK inhibitor 
or cotreatment with Huwe1 shRNA significantly increased 
autophagy. Rapamycin increased apoptosis under OGD/R 
conditions. However, treatment with Huwe1 shRNA decreased 
the number of TUNEL‑positive cells at 24 h after OGD/R. 
Cotreatment with Huwe1 shRNA and wortmannin alleviated 
neuronal apoptosis under OGD/R conditions compared with 
cotreatment with DMSO. Collectively, the present results 
suggested that silencing Huwe1 was accompanied by a 
compensatory induction of autophagy under OGD/R condi-
tions. Furthermore, the JNK pathway may be a key mediator 
of the interaction between Huwe1 and autophagy in response 
to UPS impairment.

Introduction

Eukaryotic cells have two major intracellular degradation 
pathways to maintain cellular homeostasis: The ubiquitin 
proteasome system (UPS) and autophagy (1). The UPS is a 
highly selective pathway for the degradation of misfolded, 
short‑lived and damaged proteins. Moreover, the UPS pathway 
recruits the proteasome to selectively recognize and degrade 
ubiquitinated proteins involved in a variety of cellular func-
tions, including cell survival and death (2,3). In contrast to the 
UPS, autophagy is the preferred process via which long‑lived 
proteins and damaged cytoplasmic constituents are degraded 
via the autophagosome‑lysosome pathway, and it is involved in 
cellular homeostasis and stress responses (4,5). The UPS and 
autophagy were initially considered to function independently 
of one another. However, accumulating evidence has revealed 
crosstalk between the two degradation pathways  (6,7). 
Previous studies investigating this crosstalk have focused on 
the compensatory and complementary relationship between 
autophagy and the UPS (7‑9). It has been shown that UPS 
dysfunction can activate autophagy in vitro in cell culture and 
in vivo in animal models via the direct or indirect modulation 
of proteins associated with cell survival and death (10‑12). The 
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activation of the proteasomal degradation pathway is usually 
inversely correlated with autophagic degradation  (7,13). 
Several mediators, such as P53, p62 and ubiquitin, have been 
predicted to link the UPS and autophagy (7,14). However, the 
key mediators that induce disease mechanisms remain largely 
unknown.

The UPS involves the cooperative action of three enzymes: 
Ubiquitin‑activating enzyme (E1), ubiquitin‑transferring 
enzyme (E2) and ubiquitin ligase (E3) (15). E3 ligases are 
major participants in the UPS system, as they are the final 
executioners of ubiquitin tagging  (13). However, little is 
known regarding the E3 ligases responsible for the ubiquitina-
tion of substrates degraded by selective autophagy. Among 
the various E3 proteins, a major ~500 kDa protein known 
as HECT, UBA and WWE domain containing E3 ubiquitin 
protein ligase 1 (Huwe1), encodes a E5‑APC terminus (HECT) 
domain ubiquitin ligase and has several disparate substrates, 
such as P53, MCL1 apoptosis regulator Bcl2 family member, 
cell division cycle 6, histone deacetylase 2 and N‑myc (11,12). 
Paradoxically, two seemingly divergent effects of Huwe1, 
involving the increased survival and increased apoptosis, have 
been observed in different models, such as neurogenesis and 
brain cancer, depending on the cell type and context (16‑18). 
Furthermore, Huwe1 may serve critical roles in nervous 
system plasticity, regeneration and disease (19). UPS dysfunc-
tion is involved in brain ischemia/reperfusion (I/R), but exerts 
complex and unambiguous direct and indirect effects in the 
context of cerebral I/R due to of its pivotal role in several 
intracellular pathways , such as the NF‑κB, reactive oxygen 
species and JNK signaling pathway (20‑23).

Autophagy is vital to cellular homeostasis in the brain 
and is increased after cerebral ischemia  (24). The role of 
heightened autophagy in ischemic neurons is a double‑edged 
sword (25‑27). Previous reports in experimental models have 
revealed the beneficial effects of promoting autophagy during 
ischemia (24,27,28) Inversely, other studies have shown that 
autophagy has a detrimental role in brain ischemia, and that 
autophagy inhibitors can attenuate neuronal damage under 
cerebral ischemic conditions  (29‑31). Moreover, previous 
studies have suggested that autophagy is beneficial during 
ischemia, but harmful during reperfusion (26,32,33). However, 
the precise biological function and underlying mechanism of 
Huwe1 in autophagy in the context of brain ischemia is yet 
to be elucidated. Thus, the present study aimed to investigate 
the effects and of Huwe1 on autophagy and its molecular 
regulatory properties during oxygen‑glucose deprivation and 
reperfusion (OGD/R). An in vitro rat cortical neuron model of 
OGD/R was established to evaluate the effects of Huwe1 and 
its downstream signaling cascades on autophagy.

Materials and methods

Primary cortical neuron culture. Primary cortical neurons 
were obtained from 45 female Sprague‑Dawley rats (weight, 
180‑200 g; Chengdu Dashuo Laboratory Animal Co., Ltd.) 
at embryonic day 17. The rats were raised in quiet animal 
housing for 1 week, without exposure to strong light, at a 
temperature of 23˚C with 55% humidity, 12‑h day/night cycles 
and free access to food and water. Cerebral cortex neurons 
were separated from rat brains using a standardized protocol, 

as described previously  (34,35). The cerebral cortex was 
dissected from the brain and treated with 0.125%  trypsin 
solution (Sigma‑Aldrich; Merck KGaA; cat. no. T4549) and 
0.05% DNase I (Sigma‑Aldrich; Merck KGaA; cat. no. DN25) 
at 37˚C for 20 min.

Neurons were suspended in DMEM (Gibco; Thermo Fisher 
Scientific, Inc.) supplemented with 10%  FBS (Gibco; 
Thermo Fisher Scientific, Inc.; cat. no. 10099‑141) and filtered 
through a cell strainer (70 µm; BD Falcon; BD Biosciences; 
cat. no. 352350). The dissociated cortical cells were then plated 
at a density of 1.5x106 cells/well in 6‑well plates precoated 
with 0.1 mg/ml poly‑D‑lysine (Sigma‑Aldrich; Merck KGaA; 
cat. no. P0899) overnight at 37˚C. The cells were maintained 
in neurobasal medium (Gibco; Thermo  Fisher Scientific, 
Inc.; cat.  no.  12348‑017) supplemented with 2%  B27 
(Gibco; Thermo Fisher Scientific, Inc.; cat. no. 17504‑044), 
100 U /ml penicillin/streptomycin and 25  mM GlutaMax 
(Gibco; Thermo Fisher Scientific, Inc.; cat. no. 35050‑061). 
The neuronal cell cultures were maintained in an incubator 
(5% CO2/95% air) at 37˚C for 7‑12 days in vitro (DIV 7‑12).

All protocols were in accordance with the Care and Use 
of Laboratory Animals and the China Council on Animal 
Care and the National Institutes of Health guide for the Care 
and Use of Laboratory Animals (NIH Publication No. 80‑23, 
revised 1985) (36), and were approved by the Animal Ethics 
Committee of Sichuan University (approval no. 2018013).

OGD/R. OGD/R was induced in primary cortical neurons 
as described previously (37,38). At DIV 7, primary cortical 
neurons were maintained in glucose‑free DMEM (Gibco; 
Thermo  Fisher Scientific, Inc.; cat.  no.  11966‑025) in an 
atmosphere of 5% CO2 and 0.3% O2 at 37˚C for 3 h to mimic 
ischemic insult (OGD). After 3 h, OGD was terminated by 
replacing the glucose‑free DMEM with complete neurobasal 
medium and incubating the cultures under normoxic condi-
tions for 24, 48 or 72 h to mimic reperfusion. Cells in the 
control group were treated identically, except that these cells 
were not exposed to OGD/R. All experiments were repeated 
three times independently.

Lentiviral vector construction and lentiviral infection. A 
lentiviral vector for silencing Huwe1 (pGIPZ system) was 
purchased from Open Biosystems, Inc. A third‑generation 
pseudotype lentivirus encoding green fluorescent protein 
(GFP)‑expressing Huwe1 short hairpin (sh)RNA (GFP‑Huwe1 
lentivirus) was generated as previously described (26,27). The 
probe sequence of the shRNA targeting the coding sequence 
of Huwe1 (GenBank NC_005120.4; 5'‑TCT​AGT​AGC​CAA​
ATT​GGA​G‑3') was produced with a three‑plasmid system 
via the transient transfection of 293FT  cells (Invitrogen; 
Thermo  Fisher Scientific, Inc.). The pCMVdr‑8.91 and 
pMD2G plasmids (Invitrogen; Thermo Fisher Scientific, Inc.) 
were used as package systems. For lentivirus production, 
293FT cells plated at 70% confluency were cotransfected 
with Lipofectamine® 3,000 transfection reagent (Invitrogen; 
Thermo Fisher Scientific, Inc.). The medium was collected 
48 and 72 h after transfection, filtered through a 0.45‑µm 
pore size filter and concentrated using ultracentrifugation at 
12,000 x g for 2.5 h at 4˚C. The resulting pellets were resus-
pended in 150 µl PBS (pH 7.2), pooled and stored at ‑80˚C. The 
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efficiency of infection, as measured by GFP fluorescence, was 
>90% for the GFP‑Huwe1 lentivirus. Expression of knock-
down in infected 293FT cells was measured for all lentiviruses 
via reverse transcription‑quantitative PCR (RT‑qPCR) using 
SYBR Green as described previously (39,40).

The knockdown efficiency of the Huwe1 shRNA lenti-
virus was assessed in primary cortical neurons. Primary 
cell cultures were infected on the indicated DIV  3 by 
adding concentrated lentivirus and 5  µg/ml polybrene 
(cat. no. AL‑118; Sigma‑Aldrich; Merck KGaA,) to the growth 
medium at a multiplicity of infection of 0.5. On DIV 3, 3/4 of 
the culture medium was removed from the culture wells, and 
100 µl Huwe1 shRNA lentivirus, 500 µl fresh normal culture 
medium and 5 µg/ml polybrene were added to each well of 
the 6‑well plates. The cells were incubated for 24 h at 37˚C, 
the medium was changed and then the cells were continuously 
incubated at 37˚C for 4 days before being subjected to OGD/R. 
The transduction efficiency was assessed using RT‑qPCR and 
western blot analysis of Huwe1. The scramble‑GFP lentivirus 
was used as a control in each experiment and compared with 
the GFP‑Huwe1 lentivirus.

Drug treatment. The autophagy promoter rapamycin 
(cat.  no.  V900930), the autophagy inhibitor wortmannin 
(cat. no. W1628) and a JNK inhibitor (SP600125; cat. no. S5567) 
were purchased from Sigma‑Aldrich (Merck  KGaA) and 
dissolved in DMSO. Rapamycin (final concentration of 
100 nmol/l) or wortmannin (final concentration of 1 µM) 
was added to the medium at 37˚C for 24 h at the onset of 
reperfusion on DIV 7. On DIV 7, SP600125 (final concentra-
tion of 10 mM) was added to the medium 30 min before and 
throughout OGD/R at 37˚C. The cells were harvested for 
subsequent experiments. All cells were compared with the 
control group (treated with the same amount of DMSO at 37˚C 
for 24 h). The cells were harvested 24 h after reperfusion.

TUNEL assay. Cell apoptosis was assessed using TUNEL 
staining. TUNEL staining was performed using an in situ cell 
death detection kit (Roche Diagnostics; cat. no. 11684817910) 
in accordance with the manufacturer's instructions. Cells fixed 
on coverslips with 4% paraformaldehyde for 30 min at room 
temperature and then were treated with 0.1% Triton X‑100 for 
10 min at room temperature. The cells were washed with PBS 
and incubated with 50 µl TUNEL reaction mixture at 37˚C 
for 1 h. The cells were then counterstained with DAPI (1:100) 
for 10 min at room temperature and were visualized using an 
inverted fluorescence microscope (Nikon Corporation). Cells 
were mounted with ProLong Gold antifade reagent (Invitrogen; 
Thermo Fisher Scientific, Inc.). In total, ten fields at x400 
magnification were randomly selected to count apoptotic cells 
and total cells. The apoptotic index (AI) was calculated as 
follows: AI = (number of apoptotic cells/total number of cells 
counted) x100%.

Western blotting. Extracted total proteins were incu-
bated with cold RIPA lysis buffer (Beyotime Institute of 
Biotechnology). Protein samples (20‑60 µg) were separated 
on 10 or 15%  SDS‑PAGE gels and blotted onto PVDF 
membranes (EMD  Millipore). The membranes were 
blocked with 5%  non‑fat milk at room temperature for 

30 min. Subsequently, the membranes were incubated with 
primary antibodies at 4˚C overnight. The primary antibodies 
were as follows: Rabbit anti‑Huwe1 (1:1,000; Lifespan 
Biosciences, Inc.; cat. no. LS‑B1359), rabbit anti‑ubiquitin 
(1:1,000; Cell Signaling Technology, Inc.; cat.  no.  3933), 
rabbit anti‑Beclin‑1 (1:1,000; Cell Signaling Technology, 
Inc.; cat.  no.  3495), rabbit anti‑autophagy related (ATG)7 
(1:10,000; Abcam; cat.  no.  ab133528), rabbit anti‑ATG3 
(1:10,000; Abcam; cat.  no.  ab108282), rabbit anti‑ATG5 
(1:1,000; Abcam; cat. no. ab109490), rabbit anti‑p62 (1:1,000; 
Cell Signaling Technology, Inc.; cat.  no.  16177), rabbit 
anti‑microtubule associated protein 1 light chain 3 α (LC3; 
1:1,000; Cell Signaling Technology, Inc.; cat. no. 4108), rabbit 
anti‑cleaved caspase 3 (1:1,000; Cell Signaling Technology, 
Inc.; cat.  no. 9664P), rabbit anti‑Bcl2 (1:500; ProteinTech 
Group, Inc.; cat.  no.  12789‑1‑AP), rabbit anti‑Bax (1:500; 
ProteinTech Group, Inc.; cat. no. 50599‑2‑Ig), rabbit anti‑P53 
(1:1,000; Abcam; cat. no. ab183544) and mouse anti‑tubulin 
(1:10,000; Zhengneng Biotechnology; cat.  no.  700608). 
After washing, the membrane was incubated with horse-
radish peroxidase‑conjugated secondary antibody (1:10,000; 
Invitrogen; Thermo Fisher Scientific, Inc.; cat. no. A24494) for 
1 h at room temperature (RT). Immunoreactivity was detected 
with an enhanced chemiluminescence detection reagent 
(EMD Millipore) on film according to the manufacturer's 
instructions. The optical densities of the bands were quantita-
tively analyzed using ImageJ software (version 1.8.0; National 
Institutes of Health). The protein levels were normalized to the 
expression of tubulin.

Immunofluorescence. Cells were seeded (2x104) on coverslips, 
which were placed in 24‑well plates. After OGD/R treatment, 
the cells were fixed in 4% paraformaldehyde for 10 min at room 
temperature, washed three times with PBS (5 min each), treated 
with 0.2% Triton X‑100 for 15 min, blocked with 3% BSA 
(Sigma‑Aldrich; Merck KGaA) at 4˚C for 30 min and then 
incubated with primary antibodies [rabbit anti‑LC3B, 1:50, 
ProteinTech Group, Inc., cat. no. 18725‑1‑AP; rabbit anti‑growth 
associated protein 43 (Gap‑43), 1:200, Cell  Signaling 
Technology, Inc., cat. no. 8945; rabbit anti‑lysosomal associ-
ated membrane protein 2 (LAMP2), 1:50, ProteinTech Group, 
Inc. cat.  no.  10397‑1‑AP; and mouse anti‑neuron‑specific 
class III β‑tubulin (Tuj1), 1:1,250, Chemicon International; 
Thermo Fisher Scientific, Inc., cat.  no. MAB1637] at 4˚C 
overnight. The coverslips were washed and incubated with 
secondary antibodies (1:500) at room temperature for 2 h. 
The secondary antibodies included Alexa 594‑labeled goat 
F(ab')2 anti‑(mouse IgG) and Alexa 488‑labeled goat F(ab')2 
anti‑(rabbit IgG), purchased from Invitrogen (Thermo Fisher 
Scientific, Inc.; cat. nos. A‑21208 and A‑11016). The nuclei were 
stained with DAPI (1:100) at room temperature for 10 min. 
The fluoresce images were captured on a Nikon inverted fluo-
rescence microscope (magnification, x40) and analyzed using 
Image Pro Plus software (version 6.0; Media Cybernetics, Inc.) 
and Adobe Photoshop software (version 16.0; Adobe Systems, 
Inc.).

RT‑qPCR. SYBR Green‑based RT‑qPCR was performed 
to examine changes in the mRNA expression of Huwe1. 
RNA was prepared from primary rat cortical neurons 
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treated as aforementioned. Total RNA was isolated using 
TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, Inc.). 
Subsequently, total RNA was reverse transcribed into cDNA 
using a reverse transcription kit (Takara Biotechnology Co., 
Ltd.). The temperature protocol used for reverse transcrip-
tion was as follows: 25˚C for 10 min, 42˚C for 60 min and 
95˚C for 5 min. Subsequently, qPCR was performed using the 
ABI Prism 7500 Sequence Detection system (Thermo Fisher 
Scientific, Inc.). For RT‑qPCR analysis, the reaction contained 
cDNA template (500  ng), 1  µl forward and 1  µl reverse 
primers and 5 µl SYBR Green I  Master mix (Invitrogen; 
Thermo Fisher Scientific, Inc.). The following thermocycling 
conditions were used for qPCR: 95˚C for 60 sec; followed by 
45 cycles of 95˚C for 15 sec and 60˚C for 60 sec. GAPDH was 
used as an internal control. The following primers were used 
for PCR: Huwe1 forward, 5'‑CAA​GTA​GCC​ATC​AGC​AAG​
A‑3' and reverse, 5'‑GTC​CTC​CAG​TTC​ATT​CTC​AA‑3'; and 
GAPDH forward, 5'‑GCC​AAA​AGG​GTC​ATC​ATC​TC‑3' and 
reverse, 5'‑GTA​GAG​GCA​GGG​ATG​ATG​TTC‑3'. The mRNA 
levels were quantified using the 2‑∆∆Cq method and normalized 
to the internal reference gene GAPDH (9).

Statistical analysis. Data are presented as the mean ± SEM. 
Statistical analyses were performed using SPSS software 
(version 17.0; SPSS, Inc.). Data from different time points 
were compared between groups using unpaired Student's t‑test 
(for comparisons between two groups) or one‑way ANOVA 
followed by the Tukey's test (for comparisons of ≥3 groups). 
P<0.05 was considered to indicate a statistically significant 
difference. Experiments were performed at least three times.

Results

Silencing Huwe1 increases the expression of autophagy‑related 
proteins under OGD/R conditions. OGD/R‑induced neuronal 
injury mimics cerebral I/R injury in  vitro and results in 
neuronal insult (41). In our previous study, it was found that 
primary cortical neuron autophagy increased at 24 h after 3 h 
of OGD (42). To observe the effect of the administration of 
treatments to interfere with autophagy, reperfusion for 24 h 
was selected for further study. Cortical neurons were treated 
with the Huwe1 shRNA lentivirus on DIV 3 and then subjected 
to OGD for 3 h and reperfusion for 24 h on DIV 7.

Huwe1 is a large (482 kDa) HECT ubiquitin ligase (43). 
It was identified that the mRNA and protein expression of 
Huwe1 was significantly increased at 24 h reperfusion after 
OGD 3  h compared with the control group (Fig.  1A‑C). 
Compared with infection with the GFP‑scramble lentivirus, 
infection with the Huwe1 shRNA lentivirus significantly 
decreased the protein and mRNA expression levels of Huwe1 
at 24 h reperfusion after 3 h of OGD (Fig. 1A‑C). Moreover, we 
used Huwe1 shRNA‑treated cortex neuronal cells, and found 
that shRNA‑Huwe1also decreased the mRNA expression of 
Huwe1 24 h post-transfection (Fig. S1).

Ubiquitin, an 8.5‑kDa protein, is activated by E1 and then 
transferred to E2 before conjugation to its substrate proteins by 
E3 ligase (10). The results demonstrated that the expression of 
ubiquitin was significantly increased at 24 h reperfusion after 
3 h of OGD compared with the control group (Fig. 1B and C). 
Moreover, compared with treatment with the GFP‑scramble 

lentivirus, infection with the Huwe1 shRNA lentivirus signifi-
cantly decreased the protein expression of ubiquitin at 24 h 
reperfusion after 3 h OGD.

The influence of Huwe1 on autophagy under OGD/R 
conditions was investigated by measuring the expression levels 
of autophagy‑related proteins during OGD/R. A number of 
autophagy‑related proteins have been reported to be involved 
in autophagy (44), such as ATG5 and LC3, which exists in 
two forms, LC3 I  and its proteolytic derivative LC3 II . 
Furthermore, the conversion of LC3 I  (16 kDa) to LC3 II  
(14 kDa) indicates ‘LC3 puncta processing’, and the genera-
tion of LC3 II is used to detect autophagic activity (45). The 
expression of autophagy‑related proteins (Beclin‑1, ATG7, 
ATG3, ATG5 and LC3‑II/LC3‑I) was significantly increased 
at 24 h reperfusion after 3 h of OGD compared with the control 
group. Compared with treatment with the GFP‑scramble 
control lentivirus, infection with Huwe1 shRNA significantly 
decreased the expression of p62, but significantly increased 
the expression of ATG5 and the rate of LC3‑II/LC3‑I at 
24 h after reperfusion (Fig. 1B and D). In addition, other 
autophagy‑related proteins, such as Beclin‑1, ATG7 and 
ATG3, were examined. Significantly increased expression 
levels of Beclin‑1, ATG7 and ATG3 were identified at 24 h 
after reperfusion in cortical neurons treated with Huwe1 
shRNA compared with those infected with the GFP‑scramble 
control lentivirus (Fig. 1B and D). These findings indicated 
an enhancement of neuronal autophagy after Huwe1 silencing 
under OGD/R injury.

Immunofluorescence results for LAMP2. Autophagy can be 
divided into three types: Chaperone‑mediated autophagy 
(CMA), microautophagy and macroautophagy. Previous 
studies have focused on macroautophagy under ischemic 
conditions, but there is evidence for the activation of CMA 
after ischemia and hypoxia  (46‑48). LAMP2 is involved 
in CMA (48,49). Therefore, the present study examined the 
expression of LAMP2 in cortical neurons using immu-
nofluorescence, and LAMP2 was only faintly detected in 
the cytosolic fraction of healthy control cortical neurons 
(Fig. 2A). OGD/R‑treated cortical neurons exhibited a signifi-
cantly increased average optical value of LAMP2 at 24 h 
after reperfusion (Fig. 2B and E) compared with the control 
cortical neurons. In addition, compared with treatment of 
GFP‑scramble control lentivirus (Fig. 2C), infection with the 
Huwe1 shRNA lentivirus significantly increased the average 
optical value of LAMP2 at 24 h after OGD (Fig. 2D and E). 
These results suggested that silencing Huwe1 also increased 
the expression of LAMP2 under OGD/R injury, as this protein 
is involved in CMA.

Silencing Huwe1 and inhibiting the JNK pathway affects 
autophagy under OGD/R conditions. The potential mecha-
nisms underlying the regulation of Huwe1 in autophagy under 
OGD/R conditions were examined.

Healthy neurons in the control group developed normal 
polarity, exhibiting a single axon and multiple dendrites, 
and LC3B was at a basal level in normal neurons (Fig. 3A). 
Compared with these normal cortical neurons, OGD/R‑treated 
cortical neurons exhibited a significantly increased average 
optical value of LC3B at 24 h after reperfusion (Fig. 3B and M). 
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Silencing Huwe1 significantly increased the expression of 
LC3B at 24 h after OGD/R, compared with the scramble 
control (Fig. 3C, D and M). The cell body and proximal end of 
neurites became shortened and degraded at 24 h after OGD in 
the OGD/R + shRNA‑Huwe1 group (Fig. 3D).

The effects of the administration of treatments to interfere 
with autophagy on the potential mechanisms underlying 

the regulation of Huwe1 in autophagy were also evaluated. 
Compared with DMSO (Fig.  3E), SP600125 significantly 
increased the expression of LC3B under OGD/R conditions 
at 24 h after reperfusion (Fig. 3F and M). Compared with 
cotreatment with DMSO and the scramble control lentivirus 
(Fig. 3I), cotreatment with SP600125 and Huwe1 shRNA also 
significantly increased the level of LC3B at 24 h and caused 

Figure 1. Silencing Huwe1 induces the expression of autophagy‑related proteins under OGD/R conditions. Huwe1 shRNA lentivirus was infected into cortical 
neuronal cells on DIV 3, and then the cells were subjected to OGD for 3 h and reperfusion for 24 h on DIV 7. (A) Huwe1 shRNA lentivirus decreased 
the mRNA expression of Huwe1 at 24 h after reperfusion, as measuring via reverse transcription‑quantitative PCR, with GAPDH as an internal control. 
(B) Huwe1 shRNA decreased the protein expression levels of (C) Huwe1 and ubiquitin at 24 h after reperfusion, but significantly increased the expression of 
(D) autophagy‑related proteins (Beclin‑1, ATG7, ATG5, ATG3 , LC3 and p62) compared with the V‑ctrl group, as detected using western blotting. Tubulin 
was used as an internal control for western blotting. All experiments were repeated three times independently. #P<0.05 vs. the control group; ∆P<0.05 vs. the 
V‑ctrl group. DIV, days in vitro; V‑ctrl, green fluorescent protein‑scramble control lentivirus‑treated group; R, reperfusion; OGD, Oxygen‑glucose deprivation; 
sh, short hairpin RNA; Huwe1, HECT, UBA and WWE domain containing E3 ubiquitin protein ligase 1; ATG, autophagy related; LC3, microtubule associated 
protein 1 light chain 3 α.
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neuronal cells to lose polarity (Fig. 3J and M). Rapamycin 
significantly enhanced the expression of LC3B at 24 h after 
reperfusion compared with DMSO (Fig. 3H and M). It was 
also found that, compared with cotreatment with DMSO and 
the scramble control lentivirus, cotreatment with rapamycin 
and Huwe1 shRNA significantly enhanced the expression of 
LC3B at 24 h (Fig. 3L and M), as well as caused neuronal 
cells to lose polarity. The autophagy inhibitor wortmannin 
decreased the average optical value of LC3B at 24 h after 
3  h of OGD compared with DMSO treatment (Fig.  3G). 
Moreover, compared with cotreatment with DMSO and the 

scramble control lentivirus, cotreatment with wortmannin and 
Huwe1 shRNA inhibited the expression of LC3B at 24 h, and 
maintained the relatively intact structure and polarity of some 
neurons after OGD (Fig. 3K). Thus, a decrease in activated 
JNK may be involved in the effect of Huwe1 on autophagy 
under OGD/R injury.

Autophagy modulates hypoxia‑induced apoptosis under 
OGD/R conditions. Autophagy triggers either apoptosis or 
necrotic cell death (50), and LC3, as a key molecule involved 
in autophagy, is required for autophagic cell death  (4,24). 
The present study administered the autophagy promoter, 
rapamycin, and the autophagy inhibitor, wortmannin, under 
OGD/R conditions. It was demonstrated that rapamycin 
significantly increased the ratio of LC3‑II/LC3‑I at 24  h 
after reperfusion (Fig.  4A  and C ). However, wortmannin 
significantly decreased the ratio of LC3‑II/LC3‑I at 24 h after 
reperfusion (Fig. 4A and D).

Apoptosis is involved in DNA damage and involves 
various regulators of the cell cycle, including P53, Bcl2 and 
Bax, and the protein downstream cleaved caspase 3. Bcl2 
is an anti‑apoptotic protein, while Bax is a pro‑apoptotic 
protein that belongs to the Bcl2 family of evolutionarily 
related proteins (51‑54). The results suggested that rapamycin 
significantly increased the expression levels of P53, Bcl2 and 
cleaved caspase 3, but significantly decreased the expression 
of Bax at 24 h after reperfusion (Fig. 4B and E) compared 
with treatment with DMSO. Moreover, wortmannin signifi-
cantly reduced the expression levels of P53, Bcl2 and cleaved 
caspase 3, but increased the expression of Bax at 24 h after 
reperfusion (Fig. 4B and E) compared with treatment with 
DMSO.

Subsequently, neurons were prepared to detect apoptosis 
using TUNEL staining at 24 h after OGD, and the results 
were quantified (Fig. 5J). An increased level of autophagy 
is harmful to neuronal cells in the context of OGD/R (54). 
OGD induced neuron cell apoptosis at 24 h compared with 
the control group (Fig. 5A). Compared with the scramble 
control lentivirus (Fig. 5B; AI, 41.29±1.82%), Huwe1 shRNA 
significantly decreased the number of TUNEL‑positive cells 
(Fig. 5C; AI, 23.01±2.03%). Compared with treatment with 
DMSO (Fig.  5D; AI, 40.66±4.17%), treatment with wort-
mannin significantly decreased neuronal apoptosis at 24 h after 
OGD/R (Fig. 5E; AI, 21.45±8.97%). Moreover, compared with 
cotreatment with DMSO and the scramble control lentivirus, 
infection with Huwe1 shRNA and treated with wortmannin 
significantly decreased the number of TUNEL‑positive cells 
(Fig. 5H; AI, 23.20±2.96%). Compared with treatment with 
DMSO (AI, 40.66±4.17%), treatment with SP600125 (Fig. 5F; 
AI, 21.34±8.05) also significantly decreased the number of 
TUNEL‑positive cells at 24 h after OGD. The results demon-
strate that, compared with cotreatment with DMSO and the 
scramble control lentivirus (Fig.  5G; AI, 42.05±10.07%), 
cotreatment with Huwe1 shRNA and SP600125 (Fig.  5I; 
AI, 17.15±8.25%) significantly decreased the number of 
TUNEL‑positive cells.

Immunofluorescence results for Gap‑43. Gap‑43 is abun-
dantly synthesized, especially in growth cones that are 
associated with axonal growth, and serves a critical role in 

Figure 2. Silencing Huwe1 affects the expression of LAMP2, as determined 
via immunofluorescence. Primary cortical neurons cultured on coverslips 
were infected with the Huwe1 shRNA lentivirus and then exposed to OGD for 
3 h and reperfusion for 24 h. Neuronal cells were stained with LAMP2 (green) 
and Tuj1 (red) for a double label immunofluorescence assay. DAPI (blue) 
was used to stain cell nuclei. LAMP2 immunofluorescence was observed 
mainly around the cell cytoplasm in cortical neuronal cells under (B) OGD/R 
conditions (indicated by white arrowheads), compared with (A) normal 
control cells. Compared with cells (C)  treated with the GFP scramble 
lentivirus control, (D) infection with Huwe1 shRNA markedly increased 
the expression of LAMP2 at 24 h. Scale bar, 10 µm. (E) Quantification of 
immunofluorescence results. All experiments were repeated three times 
independently. #P<0.05 vs. control group; ∆P<0.05 vs. V‑ctrl group. V‑ctrl, 
green f luorescent protein‑scramble control lentivirus‑treated group; 
R, reperfusion; OGD, Oxygen‑glucose deprivation; sh, short hairpin RNA; 
Huwe1, HECT, UBA and WWE domain containing E3 ubiquitin protein 
ligase 1; LAMP, lysosomal associated membrane protein 2.
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neuronal differentiation, plasticity and regeneration  (55). 
It was identified that OGD/R increased the average optical 
value of Gap‑43 at 24  h reperfusion after 3  h of OGD 
compared with normal cortical neurons (Fig. 6B). Huwe1 

silencing (Fig. 6D) and the autophagy inhibitor wortmannin 
(Fig. 6F) also increased the average optical value of Gap‑43 at 
24 h reperfusion after 3 h of OGD. However, compared with 
cotreatment with DMSO and the scramble control lentivirus 

Figure 3. Immunofluorescence staining results for Tuj1 and LC3B. Cultured cortical neurons were infected with Huwe1 shRNA with or without an autophagy 
inhibitor, an autophagy inducer or a JNK pathway inhibitor, and then subjected to OGD/R for 24 h. Neuronal cells were stained with LC3B (green) and Tuj1 
(red) for a double label immunofluorescence assay. DAPI (blue) was used to stain the cell nuclei. (A) Healthy, control neurons had normal polarity, with most 
of the cells having a single axon and multiple dendrites. LC3B was mainly localized to the cell nucleus in (B) cortical neuronal cells under OGD/R conditions 
compared with healthy control neurons. The cell bodies and proximal end of neurites became shortened and degraded at 24 h after OGD. (C) Compared 
with the control lentivirus, (D) treatment with Huwe1 shRNA increased the expression of LC3B. (E) Compared with DMSO, (F) the JNK inhibitor or (H) an 
autophagy inducer increased the expression of LC3B, as well as shortened neuronal axons at 24 h after OGD. (I) Compared with cotreatment with the control 
lentivirus and DMSO, (J) cotreatment with Huwe1 shRNA and a JNK inhibitor also increased the level of LC3B at 24 h. Compared with (E) DMSO, (G) Wort 
decreased the expression of LC3B and slightly reduced neurite degradation at 24 h after OGD. Relatively intact structure and polarity of some neurons 
was observed at 24 h upon (K) cotreatment with Huwe1 shRNA and Wort. (L) Cotreatment with Huwe1 shRNA and autophagy inducer also increased the 
level of LC3B at 24 h. Scale bar, 10 µm (magnification, x60). (M) Quantitation of the staining results. #P<0.05 vs. control group; $P<0.05 vs. V‑ctrl group; 
&P<0.05 vs. DMSO group; *P<0.05 vs. the DMS + V‑ctrl group. Wort, wortmannin; V‑ctrl, green fluorescent protein‑scramble control lentivirus‑treated group; 
R, reperfusion; OGD, Oxygen‑glucose deprivation; sh, short hairpin RNA; Huwe1, HECT, UBA and WWE domain containing E3 ubiquitin protein ligase 1; 
LC3, microtubule associated protein 1 light chain 3 α; Tuj1, neuron‑specific class III β‑tubulin; SP, SP600125; Rap, Rapamycin.
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(Fig. 6G), cotreatment with wortmannin and Huwe1 shRNA 
did not increase the expression of Gap‑43 at 24 h after OGD 
(Fig. 6H).

Discussion

The UPS and autophagy were previously suggested to be 
networks with separate components, mechanisms and substrate 
selectivity (13). Recently, however, studies have reported that 
crosstalk between autophagy and the UPS occurs at several 
molecular and functional sites shared between these pathway, 
as either regulators or substrates (7,12,56). In the present study, 
it was demonstrated that: i) Silencing Huwe1 induced neuronal 
autophagy at 24 h after OGD/R; ii) silencing Huwe1 increased 
neuronal autophagy via the JNK pathway under OGD/R 
conditions; and iii) silencing Huwe1 and inhibiting autophagy 
affected apoptosis at 24 h after OGD/R. Based on these find-
ings, the present study proposed a model that involves a role 

for JNK in the regulation of autophagy when there is dysfunc-
tion in Huwe1 (Fig. 7).

The UPS regulates numerous cellular processes and 
serves a key role in various stress conditions, such as isch-
emia (17). Autophagy can act as a compensatory mechanism 
upon the impairment of proteasomal degradation (7,57,58). 
The UPS comprises the E1, E2 and E3 enzyme cascades. 
A previous study revealed that E3  ligases, including the 
EI24‑mediated degradation of RING‑domain E3  ligases, 
serves a critical role at the interface between the UPS and 
autophagy by mediating the proteasomal degradation of a 
subset of substrates (13). Another study observed that Huwe1 
encodes a HECT domain ubiquitin ligase and is important 
for neurogenesis in the cerebral cortex  (19). The present 
results suggested that silencing Huwe1 increased autophagy 
under OGD/R conditions.

Autophagy, closely resembling the UPS, is achieved 
via the combined action of several ATGs (59). Moreover, 

Figure 4. Treatment with an autophagy inducer or autophagy inhibitor modulates key apoptotic proteins under OGD/R conditions. Neuronal cells were treated 
with the autophagy inducer Rap or the autophagy inhibitor Wort at the onset of reperfusion. (A) Cells were harvested for western blot analysis of LC3 at 24 h after 
OGD/R. (B) Rap increased the ratio of LC3‑II/LC3‑I under OGD/R conditions. (C) Wort decreased the ratio of LC3‑II/LC3‑I. (D and E) Western blotting results 
of apoptosis‑related proteins, P53, Bax, Bcl2 and cleaved caspase 3. Tubulin was used as an internal control. Rap increased the expression of apoptosis‑related 
proteins. Wort decreased the protein level of apoptosis‑related proteins. All experiments were repeated three times independently. &P<0.05 vs. DMSO group. Rap, 
Rapamycin; R, reperfusion; OGD, Oxygen‑glucose deprivation; LC3, microtubule associated protein 1 light chain 3 α; Wort, wortmannin.
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Guo et al (59) demonstrated that when the UPS is impaired, 
autophagy is activated. In the current study, treatment with 
Huwe1 shRNA increased ATG7, ATG5 and ATG3 expres-
sion levels after reperfusion for 24 h. LC3‑II is the cleaved 
form of LC3‑I, and an increased LC3‑II/LC3‑I ratio reflects 
active autophagy (24,60). The ratio of LC3‑II/LC3‑I was also 
increased by treatment with shRNA‑Huwe1 under OGD/R 
conditions in the present study, and thus the results suggested 
that silencing the expression of Huwe1 induced autophagy 
under OGD/R conditions. It was also identified that silencing 
Huwe1 increased the expression of LAMP2 under OGD/R 
conditions. Therefore, the current findings indicated that 
autophagy can act as a compensatory mechanism upon 
the impairment of the E3 ligase Huwe1. However, there is 

Figure 5. Apoptosis of neurons, as determined via TUNEL assay. Primary 
cortex neuronal cells were exposed to OGD for 3 h and reperfusion for 
24 h. Neuronal cells were treated with the autophagy inhibitor Wort at 
the onset of reperfusion or a JNK inhibitor (SP). Apoptotic neurons were 
stained with TUNEL (green) for the fluorescence assay. DAPI (blue) was 
used to stain cell nuclei. Compared with (A) healthy control cortical neurons, 
TUNEL‑positive cells (indicated by white arrowheads) were detected in 
(B) cortical neurons at 24 h after OGD. (C) Treatment with Huwe1 shRNA 
decreased neuronal apoptosis at 24 h after OGD. Compared with (D) DMSO 
treated cells, (E) Wort and a (F) JNK inhibitor reduced cellular apoptosis at 
24 h after OGD. (G) Compared with the DMSO + V‑ctrl group, (H) cotreat-
ment with Huwe1 shRNA and Wortmannin also reduced cellular apoptosis 
at 24 h. (I) Cotreatment with Huwe1 shRNA and JNK inhibitor decreased 
neuronal apoptosis at 24 h. Scale bar, 10 µm. (J) Quantification of TUNEL 
assay results. All experiments were repeated three times independently. 
#P<0.05 vs. control group; $P<0.05 vs. V‑ctrl group; &P<0.05 vs. DMSO group; 
*P<0.05 vs. DMSO + V‑ctrl group. R, reperfusion; OGD, Oxygen‑glucose 
deprivation; Wort, wortmannin; SP, SP600125; V‑ctrl, green fluorescent 
protein‑scramble control lentivirus‑treated group; sh, short hairpin RNA; 
Huwe1, HECT, UBA and WWE domain containing E3 ubiquitin protein 
ligase 1.

Figure 6. Immunofluorescence staining results for Gap‑43. Neuronal cells 
were treated with Huwe1 shRNA with or without the autophagy inhibitor 
Wort. Neuronal cells were stained with Gap‑43 (green), and DAPI (blue) was 
used to stain cell nuclei. (A) Compared with normal control cells, (B) the 
expression of Gap‑43 at 24 h after OGD was increased. (C) Compared with 
the control lentivirus, (D)  treatment with Huwe1 shRNA also increased 
the level of Gap‑43 at 24 h. (E) Compared with DMSO, (F) an autophagy 
inhibitor (Wort) increased the expression of Gap‑43 at 24 h. (G) Compared 
with cotreatment with DMSO and the green fluorescent protein scramble 
lentivirus, (H) cotreatment with Huwe1 shRNA and wortmannin induced the 
relative expression of Gap‑43 at 24 h. Scale bar, 10 µm. (I) Quantitation of the 
staining results. All experiments were repeated three times independently. 
#P<0.05 vs. control group; $P<0.05 vs. V‑ctrl group; &P<0.05 vs. DMSO group. 
R, reperfusion; OGD, Oxygen‑glucose deprivation; Wort, wortmannin; 
V‑ctrl, green fluorescent protein‑scramble control lentivirus‑treated group; 
sh, short hairpin RNA; Huwe1, HECT, UBA and WWE domain containing 
E3 ubiquitin protein ligase 1; Gap‑43, growth associated protein 43.

Figure 7. A compensatory mechanism of Huwe1 and autophagy exist in 
cortical neuron ischemia and reperfusion injury. When Huwe1 is impaired, 
autophagy is activated. In this process, the key modulator is p‑JNK, which 
negatively regulates autophagy. Huwe1, HECT, UBA and WWE domain 
containing E3 ubiquitin protein ligase 1; p, phosphorylated.
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limited evidence regarding the precise mechanism(s) of this 
crosstalk.

JNK is an important component of mitogen‑activated 
protein kinase (MAPK) cascades, which serves an important 
role in transducing signals involved in autophagy (46,49,61-63). 
Our previous study also revealed that OGD/R‑treated 
neurons exhibit decreased phosphorylation of JNK at 24 h 
compared with normal neuronal cells (42). Treatment with 
the Huwe1 shRNA lentivirus also decreases the ratio of 
phosphorylated‑JNK/JNK upon reperfusion for 24 h after 3 h 
of OGD, while total JNK content is unchanged (50). Tuj1 is a 
somatodendritic marker of dendrites and axons, while LC3B 
has been used to monitor autophagy via measuring increases 
in punctate LC3 (61).

For example, previous studies of non‑neuronal cells have 
implicated JNK in the induction of autophagy (64‑66). In 
contrast to the pro‑autophagic role of JNK in non‑neuronal 
cells, neuronal JNK suppresses autophagy  (67). In the 
current study, it was identified that the loss of neuronal JNK 
function caused the activation of autophagy. Moreover, the 
present results suggested that silencing Huwe1 decreased 
the phosphorylation of JNK under OGD/R conditions. It was 
also demonstrated that cotreatment with a JNK inhibitor 
and Huwe1 shRNA significantly increased the expression 
levels of autophagy‑related proteins. Collectively, these find-
ings indicated that increased autophagy in Huwe1‑deficient 
neurons may be mediated via the JNK pathway under 
OGD/R conditions.

The current results demonstrated that the induction of 
autophagy was accompanied by the compensatory silencing 
of Huwe1 under OGD/R conditions. Whether increased 
autophagic activity serves a protective or harmful role 
is controversial. Autophagy is a double‑edged sword in 
ischemia (24,25,68‑70). Previous studies have reported that 
excessive autophagy in cerebral ischemia contributes to 
neuronal death, including autophagic cell death. Furthermore, 
the inhibition of excessive autophagy can attenuate 
cerebral ischemia‑associated neuronal damage  (71‑73). 
Sciarretta et al (27) revealed that autophagy was beneficial 
during ischemia but harmful during reperfusion. In addition, 
a number of studies have reported that autophagy can serve as 
a trigger of apoptosis or necrosis, as well as act as an indepen-
dent mechanism of cell death (24,53,54,74).

Silencing Huwe1 or inhibiting autophagy favors cell 
survival under OGD/R conditions. However, silencing 
Huwe1 also induces autophagy. Under OGD/R conditions, 
neuronal recruitment in autophagy is accompanied by 
Huwe1 degradation in response to I/R injury (17,42,71,75). 
Delgado et al (52) showed that a three‑part signaling system 
involving autophagy, the UPS and apoptosis balances cell 
death  vs.  survival decisions. There are three main axes 
of the three‑part signaling system (autophagy‑apoptosis, 
UPS‑apoptosis and autophagy‑UPS), and crosstalk in the 
system is bidirectional  (52). However, whether there is a 
three‑part signaling system or feedback mechanism between 
Huwe1, autophagy and apoptosis under OGD/R conditions 
requires further investigation. Autophagy and apoptosis 
share several common modulators and signaling pathways, 
and may antagonize or promote one another in certain cases, 
such as brain injury and ischemia (73). Previous studies have 

suggested that JNK inhibitors effectively reduce I/R‑induced 
cell death  (76). In a previous study, it was identified that 
silencing Huwe1 decreased the level of p‑JNK under OGD/R 
conditions (50). A JNK inhibitor increased the expression 
of autophagy‑related proteins but decreased the expression 
levels of apoptosis‑related proteins. p‑JNK may be a key 
mediator of the antagonistic interaction between apoptosis 
and autophagy in response to UPS impairment in primary 
cortical neuronal cells (61). However, the role of p‑JNK in the 
three‑part signaling system of autophagy, the UPS and apop-
tosis to balance cell death vs. survival decisions in response to 
Huwe1 impairment under OGD/R conditions requires further 
investigation.

Huwe1 is involved in the ubiquitination and degradation of 
multiple proteins, including P53 (19). Proteasome inhibition in 
neurons has been shown to induce autophagy via the metabolic 
stabilization of the transcription factor P53 (9,61,74). Recently, 
it has been revealed that apoptosis signaling exhibits substan-
tial molecular crosstalk with the UPS, as well as autophagy. 
Whether there is a compensatory role for autophagy following 
the impairment of Huwe1 via the polyubiquitination of P53, 
and if P53 is involved in the three‑part signaling system of 
Huwe1, autophagy and apoptosis under OGD/R conditions is 
yet to be elucidated. Based on these aforementioned findings, 
further studies will examine the levels of the autophagy‑related 
proteins upon the co‑administration of small interfering RNA 
of P53 and Huwe1.

In conclusion, the present results suggested that Huwe1 
silencing was accompanied by a compensatory induction of 
autophagy under OGD/R conditions. The JNK pathway may 
be a key mediator of the interaction between Huwe1 and 
autophagy in response to UPS impairment. However, in the 
context of brain ischemia, the precise mechanisms under-
lying the interaction between autophagy and Huwe1 require 
further clarification, and an additional comprehensive study 
is necessary.
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