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Abstract
Increasing studies have indicated that hypoxia serves as a pivotal microenvironmental factor that facilitates activation of 
hepatic stellate cells (HSCs). However, the mechanism by which hypoxia activates HSCs is not clear. Here, we demonstrated 
that plasmacytoma variant translocation 1 (PVT1) and autophagy were overexpressed in liver fibrotic specimens. In primary 
mouse HSCs, both PVT1 and autophagy were induced by hypoxia. Further study showed that hypoxia-induced autophagy 
depended on expression of PVT1 and miR-152 in HSCs. Luciferase reporter assay indicated that autophagy-related gene 
14 (ATG14) was a direct target of miR-152. In addition, inhibition of autophagy by 3‐methyladenine and Beclin-1 siRNA 
impeded activation of HSCs cultured in 1% O2. Taken together, autophagy induction via the PVT1-miR-152-ATG14 signal-
ing pathway contributes to activation of HSCs under hypoxia condition.
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Introduction

Liver fibrosis is the common outcome of all chronic liver dis-
eases, eventually leading to liver cirrhosis and liver cancer. It 
is featured with excessive deposition of extracellular matrix 
(ECM) in the liver. The activation of hepatic stellate cells 
(HSCs) is the crucial step in the development of liver fibrosis 
[1]. During chronic liver injury, HSCs trans-differentiate into 

myofibroblast-like cells, which express plenty of α-SMA 
and synthesize abundant ECM [2]. Therefore, to clarify the 
detailed mechanism of HSC activation will contribute to 
develop a therapeutic target for liver fibrosis.

Hypoxia is a common phenomenon implicated in many 
pathophysiological conditions. Increasing studies have 
provided an important role for hypoxia in the progress of 
liver fibrosis [3, 4]. Hypoxia contributes to activation of 
HSCs, thereby resulting in ECM deposition [5]. However, 
the underlying mechanism of HSC activation induced by 
hypoxia is not completely elucidated.

Accumulating studies have suggested that hypoxia 
induces not only expression of protein-coding genes but also 
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expression of noncoding RNAs [6]. Hypoxia is characteristic 
of tumor microenvironment. Plasmacytoma variant translo-
cation 1 (PVT1) is overexpressed in renal carcinoma, uveal 
melanoma, colorectal cancer, glioma, gallbladder cancer, 
hepatocellular carcinoma [7–12]. Up-regulation of PVT1 
predicts clinical progression, lymph node metastasis and 
unfavorable prognosis in cancers [13, 14]. PVT1 is closely 
correlated with cisplatin resistance in lung cancer, ovar-
ian cancer cells, gastric and colorectal cancer [15–18]. In 
addition, PVT1 knockdown enhances radio-sensitivity via 
inducing miR-195 expression in lung cancer patients [19]. 
Our previous study indicated that PVT1 can promote activa-
tion of HSCs through competitively binding miR-152 [20]. 
However, little is known about the role of PVT1 in hypoxia-
induced HSC activation.

Increasing studies have revealed that autophagy plays a 
pivotal role in liver fibrosis by modulating the activation of 
HSCs [21, 22]. In addition, hypoxia can activate autophagy 
via inducing the expression of autophagy-related gene 5 
(ATG5), Beclin-1 and the conversion of LC3-I to LC3-II 
[23]. However, the molecular mechanisms underlying the 
induction of autophagy in response to hypoxia in HSCs 
remain incompletely understood.

In this study, we demonstrated that the PVT1-miR-152-
ATG14 signaling pathway plays a key role in hypoxic-acti-
vated autophagy in HSCs. Our study sheds new light on the 
mechanisms of how hypoxia activates HSCs and proposes 
that PVT1 is a crucial player during the progression of liver 
fibrosis.

Materials and methods

Animals

All animal experiments were conducted in accordance with 
the Guide for the Care and Use of Laboratory Animals pub-
lished by the US National Institutes of Health (NIH Pub-
lication, eighth Edition, 2011) and were approved by the 
Animal Ethics Committee of Wenzhou Medical University. 
Eight-week-old C57BL/6 J mice were bred in a clean room 
at a room temperature of 23 °C ± 2 °C (humidity: 50 ± 5%). 
They were given free access to food and water. For liver 
fibrosis model, mice received CCl4 (10% in olive oil) at 7 
µL/g body weight two times weekly for 6 week. At the end 
of treatment, all mice were killed under anesthesia and the 
livers were collected for further examination.

HSC isolation and cell culture

The primary HSCs were obtained from male C57BL/6 J 
mice as previously detailed [24]. In brief, after the liver was 
in situ perfused with 2-step pronase–collagenase digestion, 

HSCs were isolated by density-gradient centrifugation using 
11.5% OptiPrep (Axis-Shield, Oslo, Norway). HSCs were 
cultured in Dulbecco’s modified Eagle’s medium containing 
10% fetal bovine serum and 1% penicillin/streptomycin at 
37 °C with 5% CO2. Cell purity was evaluated by immu-
nocytochemical staining for a‐SMA and was greater than 
95%. To induce hypoxia, HSCs were incubated in a humidi-
fied modular incubator chamber (Thermo FisherScientific, 
Rochester, NY, USA) with a atmosphere of 1% O2 for 12 h 
at 37 °C. Control cells were incubated in a chamber with a 
humidified atmosphere of 21% O2 for equivalent periods.

Cell transfection

HSCs were plated in 6-well plates at a density of 2 × 105 
cells per well. After cells reached approximately 70% conflu-
ency, they were transduced with adenoviral vector express-
ing PVT1 for 10 h and harvested 48 h following transduc-
tion. All small interfering RNAs (siRNAs) were synthesized 
by GenePharma Corporation (Shanghai, China). Cells were 
transfected with PVT1 siRNA, Beclin-1 siRNA or control 
siRNA using Lipofectamine 2000 reagent (Life Technolo-
gies, Carlsbad, CA, USA) at a final concentration of 100 nM 
for 5 h. Then, the medium was changed and the cells were 
cultured for another 48 h.

Immunofluorescence

Immunofluorescence staining was performed as we previ-
ously described [25]. After the nuclei were stained with 
4′,6-diamidino-2-phenylindole in treated HSCs, all slides 
were examined by a Carl Zeiss LSM710 confocal micro-
scope (Carl Zeiss AG, Jena, Germany) and representative 
images were presented.

Transmission electron microscopy (TEM)

Liver tissues were cut into tiny fragments and fixed with 
2.5% glutaraldehyde. Then tissues were embedded in Epon, 
cut into thin sections and stained with toluidine blue. The 
cells were visualized by TEM (Hitachi, Japan).

Quantitative real time PCR (qRT‑PCR)

After RNA was isolated from liver specimens and cells and 
reverse transcribed, qRT-PCR was performed using gene-
specific primer sequences listed in Supplementary Table 1.

Luciferase reporter gene assay

The luciferase reporter assay was performed as previously 
detailed [26]. Briefly, cells were transfected with miR-152 
or control miRNA plus pMIR-report luciferase plasmids 
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containing wild-type or mutated miR-152 binding sites of 
the ATG14 3′UTR by Lipofectamine 2000. Twenty-four 
hours later, luciferase activity was analyzed by the dual-
luciferase assay (Promega, Madison, WI, USA).

Cell proliferation assay

Cell viability was determined using 3‐(4,5‐cimethylthia-
zol‐2‐yl)‐2,5‐diphenyltetrazolium bromide (MTT) (Sigma, 
St Louis, MO) assay. HSCs plated in 96-well plates at a 
density of 1 × 104 cells per well under hypoxia were treated 
with 3‐methyladenosine (3-MA) or Beclin-1 siRNA for the 
indicated time. Then cell medium was replaced with fresh 
medium including 0.5 mg/mL of MTT and cultured for 5 h. 
Then the supernatant was removed and dimethyl sulfox-
ide (Sigma, St Louis, MO) was used to dissolve formazan. 
The absorbance at 570 nm was examined with a microplate 
reader (Bio-Rad, Hercules, CA, USA).

Western blot

The total protein was lysed in RIPA buffer and subjected 
to SDS-PAGE. After blocked with 5% non-fat dry milk for 
1 h, the membranes were incubated with the primary anti-
bodies against Beclin-1, LC3 I/II and P62 (Cell Signaling 
Technology, Boston, MA, USA), β‐actin, type I collagen, 
and α‐SMA (Abcam, Cambridge, MA, USA) overnight at 
4 °C and then with the secondary antibodies for 1 h. Signals 
were analyzed using an Odyssey two-color infrared laser 
imaging system (LI-COR, Lincoln, NE, USA).

Statistical analysis

All the statistical analyses were performed using SPSS 
13.0 (IBM, Armonk, NY, USA). The experimental data are 
expressed as the mean ± SD. The results were considered to 
be statistically significant at P < 0.05.

Results

Expression of PVT1 and LC3 in liver fibrosis

To explore whether PVT1 and autophagy are involved in 
liver fibrosis, we detected their expression in liver fibrotic 
specimens. Liver fibrosis stage was assessed by staining 
with Hematoxylin–Eosin and Sirius Red (Fig. 1a, b). qRT-
PCR and western blot results showed that the expression of 
type I collagen and α-SMA in CCl4-treated mice was up-
regulated compared with those in control mice (Fig. 1c–h). 
Consistently, we observed that PVT1 expression was higher 
in CCl4-treated mice than that in control mice (Fig. 1I). 
Then, western blot experiments were employed to examine 

the expression of autophagy marker LC3. As indicated in 
Fig. 1j, k, our results demonstrated that the up-regulation 
of LC3‐II protein was present in CCl4-treated mice rela-
tive to control mice. TEM is the gold standard method of 
autophagy monitoring. TEM results showed that there were 
more autophagosomes formation in CCl4-treated mice than 
those in control mice (Fig. 1l). To summarize, our data 
suggested that PVT1 and autophagy may participate in the 
pathological process of liver fibrosis.

Hypoxia increases expression of PVT1 and induces 
activation of autophagy in HSCs

We firstly examined the expression of PVT1 in HSCs under 
hypoxia. As indicated in Fig. 2A, compared with HSCs cul-
tured at room air, the increased expression of PVT1 was 
observed in HSCs cultured under 1% O2.

To further investigate whether hypoxia could induce 
autophagy in HSCs, we detected the expression of Beclin-1 
and LC3‐II, the reliable autophagy-associated markers. As 
indicated in Fig. 2b–e, there was increased expression of 
Beclin-1 and LC3‐II protein in HSCs under hypoxia com-
pared with normoxia. Conversely, there was the decreased 
expression of P62 protein. Then, we further confirmed 
whether the up-regulation of LC3-II came from autophagy 
induction or reduced autophagy flux. As shown in Fig. 2f, g, 
when compared with normoxia, chloroquine increased the 
expression of LC3-II, whereas chloroquine in combination 
with hypoxia resulted in higher expression of LC3-II than 
chloroquine, suggesting that the up-regulation of LC3-II is 
caused by autophagy induction.

We lastly examined the expression of vimentin and 
α-SMA in HSCs under hypoxia. The increased expression 
of vimentin was observed in hypoxic HSCs compared with 
normoxia (Fig. 2h). The expression of α-SMA was also more 
increased in HSCs under hypoxia, when compared with cells 
under normoxia (Fig. 2i). These results showed that HSCs 
are activated by hypoxia stress.

PVT1 modulates hypoxia‑induced autophagy 
via miR‑152 in HSCs

To explore the biological role of PVT1 in hypoxia-induced 
autophagy in HSCs, we successfully constructed a PVT1 
siRNA. Our results demonstrated that the PVT1 siRNA effi-
ciently decreased the expression of PVT1 compared with the 
control siRNA (Fig. 3a). Then we detected the changes of 
autophagy in the presence of hypoxia with or without PVT1 
siRNA. We found that silencing of PVT1 markedly down-
regulated the protein expression of Beclin-1 when compared 
with the control siRNA, suggesting that PVT1 contributes to 
hypoxia‐induced autophagy activation in HSCs (Fig. 3b, c).
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Our previous study indicated that PVT1 can act as a 
sponge by binding miR-152, thereby contributing to activa-
tion of HSCs. Herein, we detected whether miR-152 was 
involved in the activation of autophagy induced by PVT1. 
Our results indicated that the increased expression of Bec-
lin-1 by PVT1 overexpression was reversed in the presence 
of miR-152 (Fig. 3d, e), indicating that PVT1 activates 
autophagy via miR-152 in HSCs.

Lastly, we explored the mechanism underlying the 
down‐regulation of Beclin-1 induced by miR-152 in 

HSCs. Among the putative miR‐152 targets, we selected 
ATG14 because it can activate autophagy via deacetylat-
ing Beclin-1. Our data showed that ATG14 3′UTR has a 
target site of miR-152 according to TargetScan software 
(Fig. 3f). As shown in Fig. 3g, miR-152 decreased the 
luciferase activity of the pmirGLO‐ATG14‐wt reporter 
compared with the control miRNA. However, the lucif-
erase activity of the pmirGLO‐ATG14‐mut was not 
changed by miR-152, confirming that ATG14 is a target 
of miR‐152.

Fig. 1   PVT1 and LC3-II are up-regulated in liver fibrotic specimens. 
a CCl4-treated liver fibrosis model was evaluated by Hematoxy-
lin–Eosin staining. Scale bars, 100 μm. b CCl4-treated liver fibrosis 
model was evaluated by Sirius Red staining. Scale bars, 100  μm. c 
The mRNA expression of Col1A1 was analyzed in livers of mice 
treated with CCl4. d, e The protein expression of type I collagen was 
analyzed in livers of mice treated with CCl4. f The mRNA expression 

of α-SMA was analyzed in livers of mice treated with CCl4. g, h The 
protein expression of α-SMA was analyzed in livers of mice treated 
with CCl4. i Expression of PVT1 was analyzed in livers of mice 
treated with CCl4. j, k The protein expression of LC3-II was analyzed 
in livers of mice treated with CCl4. l The number of autophagosomes 
was analyzed by TEM in livers of mice treated with CCl4. Results are 
expressed as mean ± SD, **P < 0.01
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Autophagy inhibition prevents activation of HSCs 
under hypoxia stress

Next, we explored whether autophagy induction can activate 
HSCs under hypoxia stress. MTT assay showed that 3‐MA 
and Beclin‐1 siRNA, autophagy inhibitors, decreased the cell 
viability of HSCs under hypoxia (Fig. 4a). Consistently, west-
ern blot data indicated that the protein expression of type 1 
collagen and α-SMA was markedly decreased in HSCs under 
hypoxia with 3‐MA or Beclin-1 siRNA, when compared with 
hypoxia (Fig. 4b–d). These results suggested that autophagy is 
involved in the activation of HSCs under hypoxia conditions.

Discussion

In the present study, we showed that the expression of PVT1 
and the autophagy marker LC3‐II was markedly increased 
in liver fibrotic samples. Furthermore, hypoxia dramatically 

increased the expression of PVT1, which induced autophagy 
via the miR-152/ATG14 signaling pathway, thus leading to 
activation of HSCs.

During the progression of liver fibrosis, hypoxia exists 
in the liver because of microvasculature distortion, normal 
hepatic blood flow reduction, and excess deposition of ECM 
in the sinusoidal space [27]. Many studies have indicated 
that hypoxia plays a pivotal role in the pathogenesis of liver 
fibrosis [28, 29]. However, the mechanism of hypoxia acti-
vating HSCs has not been fully understood. Hypoxia has 
been reported to regulate the expression of abundant protein-
coding genes. Increasing evidence showed that many non-
coding RNAs are also modulated by hypoxia [30, 31]. PVT1 
is a highly overexpressed lncRNA in many cancers, relat-
ing with proliferation, metastasis, and prognosis [32, 33]. 
Here we showed that the level of PVT1 was markedly up-
regulated in liver fibrotic samples and HSCs under hypoxia, 
compared with the control group. These data suggest that 
PVT1 is involved in the process of liver fibrosis.

Fig. 2   Hypoxia increases expression of PVT1 and induces activa-
tion of autophagy in HSCs. a Expression of PVT1 was analyzed in 
HSCs under 21% O2 or 1% O2. b–e HSCs were cultured under 21% 
O2 or 1% O2 for 12 h; and proteins were analyzed for western blotting 
of LC3, Beclin-1, and P62, with β-actin as the internal control. f, g 
Cells were cultured under 21% O2, chloroquine, or chloroquine with 
1% O2 for 12 h; and the protein expression of LC3 was analyzed by 

western blotting. h The protein expression of vimentin was analyzed 
using an immunofluorescence staining method in HSCs under 21% 
O2 or 1% O2. Scale bars, 50 μm. i The protein expression of α-SMA 
was analyzed using an immunofluorescence staining method in HSCs 
under 21% O2 or 1% O2. Scale bars, 50 μm. Results are expressed as 
mean ± SD, **P < 0.01. CQ chloroquine



120	 Molecular and Cellular Biochemistry (2020) 465:115–123

1 3

Autophagy is a key catalytic process indispensable for 
cellular homoeostasis [34]. Many studies have indicated 
that hypoxia can activate autophagy in many cancers [35, 
36]. Some studies have showed that autophagy can activate 
HSCs via degrading intracellular lipid droplets [37, 38]. 
When primary HSCs was exposed to 1% O2, we observed 
the increased expression of LC3-II, Beclin-1, α-SMA and 
vimentin as well as the decreased expression of P62. In 
addition, we found that the protein expression of α-SMA 
and type I collagen was down-regulated in HSCs under 
hypoxia as pretreated with autophagic inhibitors, which 
suggested that autophagy participates in activation of 
HSCs upon hypoxic exposure.

As we described above, hypoxia can induce the expres-
sion of PVT1 and autophagy. However, the relationship 
between PVT1 and autophagy in HSCs under hypoxia 
is still unknown. We showed that knockdown of PVT1 
decreased the level of Beclin-1, indicating that PVT1 
is involved in the induction of autophagy. It has been 
reported that lncRNA can act as competing endogenous 
RNA via miRNAs sponge [39]. Increasing studies have 
clarified the inter-play between PVT1 and autophagy [40, 
41]. Yang et al. [12] showed that PVT1 induces autophagy 
as a decoy for miR-365 to target ATG3 in hepatocellular 
carcinoma. Additionally, PVT1 also activates autophagy 
by increasing the expression of Atg7 and Beclin-1 in 

Fig. 3   PVT1 modulates hypoxia-induced autophagy via miR-152 
in HSCs. a The silencing effect of PVT1 siRNA was analyzed by 
qRT-PCR. b, c The protein expression of Beclin-1 was analyzed by 
western blotting in HSCs under 1% O2, 1% O2 + si-Ctrl or 1% O2 + si-
PVT1. d, e The protein expression of Beclin-1 was analyzed by west-
ern blotting in HSCs treated with Ctrl, PVT1 or PVT1 + miR-152. f 

A schematic representation of the putative miR-152 binding site in 
the 3′UTR of ATG14 mRNA. g The relative luciferase activities of 
luciferase reporters including the wild-type or mutant ATG14 were 
analyzed 48 h after transfection with miR-152 or miR-NC. Results are 
expressed as mean ± SD, **P < 0.01
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glioma [42]. These results implied that PVT1 could also 
modulate autophagy in HSCs under 1% O2 in a similar 
way. Our previous data demonstrate that PVT1 can sup-
press PTCH1 via competitively binding miR-152, result-
ing in activation of Hh pathway and EMT process in liver 
fibrosis [20]. In the present study, we observed that the 
increased expression of Beclin-1 by PVT1 overexpression 
was rescued upon miR-152 treatment, which implies that 
miR-152 might target some ATGs to regulate autophagic 
activity. Among the putative miR-152 targets, we selected 
ATG14 due to its association with autophagy. Luciferase 
reporter assay confirmed that ATG14 is a target of miR-
152, which enlarges the repertoire of miR-152 targets. 
These results suggest that targeting the PVT1-miR-152-
ATG14 signaling pathway may become a new therapeutic 
application in liver fibrosis.

There are some limitations in the present study. PVT1 
may sponge many miRNAs that have many targets. There-
fore, “multiple-to-multiple” RNA interaction occurs in the 
real cellular context. Moreover, the biological function of 
PVT1 in vivo has not been studied.

Collectively, our results indicated that autophagy induc-
tion via the PVT1-miR-152-ATG14 signaling pathway 
contributes to activation of HSCs under hypoxia condition. 
Because HSCs play a key role in the development of liver 
fibrosis, it is reasonable to deduce that hypoxia-induced 
autophagy in vivo might lead to the progress of liver fibrosis, 
which will be studied in our future research.
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