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Abstract

Background: p62 is a multi-domain protein and participates in a variety of cellular biological activities. p62 is also related to tumor
malignancy. However, the underlying molecular mechanism of p62 regulating the progression of hepatocellular carcinoma (HCC) re-
mains unclear. Methods: The expression levels of p62 in HCC tissues and adjacent non-tumor tissues were confirmed using the TCGA
dataset and immunohistochemistry. Stable p62-overexpressing HepG2 cells and p62-knockdownMHCC97H cells were established with
lentiviral vectors. Cell proliferation, migration, and invasion assays were carried out to investigate the role of p62 in HCC cells and HCC-
derived exosomes. The relationship between p62 and β-catenin was investigated by immunofluorescence and co-immunoprecipitation
assays. Male nude mice (BALB/c-nu/nu) were used to establish the xenograft tumors. Results: We found that p62 was significantly
upregulated in HCC, and a high level of p62 indicated the promotion of malignancy including cell proliferation, migration, and invasion.
Exosomes derived from p62-overexpressing HepG2 also demonstrated the ability to promote tumor malignancy. Immunofluorescence
and co-immunoprecipitation assays indicated that p62 interacts with β-catenin and regulates the localization of β-catenin to affect the
intercellular junction. p62 also promotes tumor growth of HCC and down-regulates the expression of β-catenin in vivo. Conclusions:
The results of this study concluded that p62 promotes the malignancy of HCC by regulating the secretion of exosomes and the localization
of β-catenin. These findings may provide new ideas for the diagnosis and treatment of HCC.
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1. Introduction

Hepatocellular carcinoma (HCC) is a neoplastic dis-
ease with high morbidity and mortality all over the world,
especially in Asia and Africa [1]. Although there are many
therapeutic options for HCC, long-term survival prognosis
remains poor [2]. Themetastatic property of tumor is one of
themain causes of death in patients withHCC, so it is neces-
sary to learn more about the mechanism of HCC metastasis
[3].

As a classic autophagy receptor, protein p62 is en-
coded by the gene SQSTM1 [4]. It is also a multi-domain
protein that selectively interacts with different signaling
mediators to regulate selective autophagy, metabolic repro-
gramming, and antioxidant reactions [5]. The function of
p62 in different cancers remains controversial, with evi-
dence suggesting that p62 is promoted in many kinds of
cancer including colorectal cancer, prostate cancer, breast
cancer, and others [6–10]. High p62 expression is relevant
to aggressive clinical features, highlighting the potential of

p62 as an important target for anticancer therapy [11,12].
However, the detailed mechanisms of p62-mediated cancer
invasion and metastasis have not been fully elucidated.

Exosome is a kind of extracellular vesicle with a size
range of 30–150 nm and secreted by most species [13].
It can carry proteins, lipids, and various RNAs for cell-
to-cell transport [14,15]. Tumor cells may cooperate with
other cells by releasing exosomes and transferring onco-
genic molecules to the recipient cells [16]. In recent years,
increasing evidence has indicated that exosome may par-
ticipate in the process of cancer invasion and metastasis,
indicated that it can be used as a biomarker for the diagno-
sis of cancers [17–19]. However, the role of exosome in
the metastasis of cancer and the mechanisms related to the
regulation of selective sorting of exosomal cargos remain
largely unknown.

β-catenin serves as a part of the adherens junction
complex with E-cadherin and acts as a transcription coac-
tivator of Wnt target gene expression [20]. It is abnor-
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mally activated inmany kinds of cancer and involved in reg-
ulating carcinogenesis and epithelial-mesenchymal transi-
tion of cancers [21,22]. Epithelial-mesenchymal transition
(EMT) is considered as an important step in cancer metasta-
sis. Mesenchymal proteins N-cadherin andVimentin are in-
creased while epithelial marker E-cadherin is reduced dur-
ing EMT. Transcription factors including Snail, Twist1, and
ZEB1 control this switch, and the expression of these genes
varies according to the signals mediating EMT [23,24].
Based on the localization of β-catenin, it shows a dual reg-
ulative effect on the process of EMT [25]. However, the
mechanism of delicately controlling the two different roles
of β-catenin is not very clear.

The purpose of this study was to elucidate the molecu-
lar mechanism and function of p62 in HCC, and the results
ultimately showed that p62 was significantly upregulated in
HCC tissues and metastatic HCC cell lines. Overexpress-
ing p62 can significantly promote the oncogenic behavior
including cell growth, mobility, and invasiveness of HCC
by regulating the localization of β-catenin and secretion of
exosomes in vitro. These findings may provide new ideas
for the diagnosis and treatment of HCC.

2. Materials and Methods
2.1 The Cancer Genome Atlas (TCGA) Database

The data of gene expression, together with the corre-
sponding clinical data of hepatocellular carcinoma and nor-
mal liver tissue samples, were downloaded from the TCGA
database (http://ualcan.path.uab.edu/analysis.html).

2.2 Cell Lines and Cell Culture
The HepG2 cell line was obtained from the American

Type Culture Collection (ATCC, USA). SNU182, SNU387,
Hep3B, and Li-7 were provided by Stem Cell Bank, Chi-
nese Academy of Sciences (China). Huh7 cell line was
purchased from the Japanese Collection of Research Biore-
sources (Japan). MHCC97H cell line was provided by
CELLCOOK Biological Technology (China). All HCC
cell lines were cultured in Dulbecco’s modified Eagle’s
medium (DMEM,Gibco, USA) supplementedwith 10% fe-
tal bovine serum (FBS, Gibco, USA) at 37 ◦C in a humid-
ified atmosphere containing 5% CO2. The FBS used for
exosome isolation was depleted of extracellular vesicles by
ultracentrifugation for 12 h at 120,000 ×g at 4 ◦C (Optima
L-100XP, Beckman, USA). The co-culture assay refers to
incubate recipient cells with 10 µg indicated exosomes for
24 h.

2.3 Western Blotting Assay
The HCC cells and isolated exosomes were harvested

and lysed in RIPA buffer (Beyotime, China) supplemented
with a protease-inhibitor cocktail (SIGMA, USA). BCA as-
say was used to measure the protein concentration. Equal
amounts of lysates were loaded and separated on 9% SDS-
PAGE gels. Then, the proteins were electrotransferred to

polyvinylidene difluoride membranes (PVDF), blocked in
5% skim milk at 37 ◦C for 60 min, and incubated with
primary antibodies at 4 ◦C overnight. After incubating
with secondary antibodies for 60 min at room tempera-
ture and washing again, the membranes were visualized
by an enhanced chemiluminescence system (Image Quant,
GE, USA). The experiment was repeated three times. An-
tibody information was listed as follows: p62 (Catalog:
#88588), β-catenin (Catalog: #8480), E-cadherin (Cat-
alog: #5296), Vimentin (Catalog: #5741), Snail (Cat-
alog: #3879), Twist 1 (Catalog: #46702), Alix (Cata-
log: #92880), β-actin (Catalog: #4970), GAPDH (Catalog:
#2118), goat anti-mouse IgG (Catalog: #7076), and goat
anti-rabbit IgG (Catalog: #7074) (Cell Signaling Technol-
ogy, USA, 1:1000); Tsg101 (Catalog: A1692), Wnt5a (Cat-
alog: A19133), and Wnt3a (Catalog: A0642), CD63 (Cat-
alog: A5271), and HSP90 (Catalog: A5027) (ABclonal
Technology, China, 1:1000); GSK3β (Catalog: 22104-1-
AP), phospho-GSK3βSer9 (Catalog: 67558-1-Ig), and ac-
tive GSK-3βTry216 (Catalog: 29125-1-AP) (Proteintech,
USA, 1:1000).

2.4 RNA Isolation and Quantitative RT-PCR

TRIZOL Reagent (SIGMA, USA) was used for the
RNA extraction in accordance with the manufacturer’s in-
struction. Reverse transcription was conducted using Prime
Script RT Master Mix (TOYOBO, Japan) in accordance
with the standard protocol. SYBR Premix EX Taq TMII
(TOYOBO, Japan) was used for RT-PCR. The differences
in relative expression levels between groups were analyzed
using the 2−∆∆Ct method. β-actin was used as the inter-
nal control. The primer sequences used for RT-PCR were
shown in Supplementary Table 1.

2.5 Clinical Tissues and Immunohistochemistry (IHC)
Analysis

We analyzed samples from 81 HCC patients who un-
derwent hepatectomy at Sun Yat-sen Memorial Hospital,
Sun Yat-sen University (Guangzhou, China), between Jan-
uary 2018 and November 2019. The ethical approval was
approved by the Ethics Committee of Sun Yat-sen Memo-
rial Hospital [approval number: 2017(107)], and informed
consent was obtained from each patient. Immunohisto-
chemistry analysis was used to detect the expression of p62
in paraffin embedded adjacent non-tumor tissues and HCC
tissues. The protocol was performed according to previ-
ously described [26].

2.6 Establishment of Stable Cell Lines

The EGFP:T2A:Puro-U6>hSQSTM1 knockdown
lentiviral vector for SQSTM1/p62, the mCherry:T2A:Puro-
EF1A>hSQSTM1 overexpressing lentiviral vector for
SQSTM1/p62, and the control lentiviral vector were
provided by Vector Builder (Guangzhou, China). The
shRNAs targeting p62 were designated as described
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in Supplementary Table 2. Lentivirus infection and
puromycin selection were used to establish the stable
p62-overexpressing HepG2 cells and p62-knockdown
MHCC97H cells.

2.7 Cell Proliferation Assay
CCK-8 assay was used to detect the cell proliferation.

Cells were seeded in 96-well plates at a density of 5 × 103
cells in 100 µL of culture medium. After 24, 48, 72, and 96
h, 100 µL of CCK-8 reagent (MCE, USA) was added into
each well following by 60 min incubation at 37 ◦C. OD
value of each well was detected using a microplate reader
(Thermo, USA) at a wavelength of 450 nm. The experiment
was repeated three times.

2.8 Wound Healing Assay
A scratch wound was created using a 1 mm wide ster-

ile pipette tip after cells reached 80–90% confluence in 6-
well plate. The detached cells were removed by washing
with PBS three times, and then serum-free culture medium
was added into each well. A microscope was used to cap-
ture the images at 0, 24 and 48 h at 100 × magnification
and the wound edge was detected.

2.9 Migration and Invasion Assays
A Transwell Chamber (Corning, USA) was used for

cell migration and invasion assays. For the migration assay,
700 µL of culture medium containing 20% FBS was added
to the lower chamber. After that, 1× 105 cells were seeded
into the upper chamber in 200 µL of serum-free medium
and incubated for 48 h. Similar procedure was repeated
for the invasion assay. 50 µL of a mixture of serum-free
DMEM and Matrigel (1:10, BD Biosciences, USA) was
added to the upper chambers before the cells were seeded.
Then, the cells remaining on the upper surface of the mem-
brane were removed, and the cells that crossed through the
8 µm sized pores were fixed with 4% paraformaldehyde
and stained with 0.5% crystal violet. Finally, calculated the
number of migrated/invaded cells with a microscope in five
random fields of view at 200 × magnification.

2.10 Immunofluorescence
Cells were grown on glass dishes for 24 h, and then

treated with 0.3% Triton X-100 for 15 min after being fixed
in 4% paraformaldehyde for 15 min at room temperature.
After that, 10% goat serum in PBS was used to block the
cells for 60 min at room temperature. After the incubation
with primary antibodies and Alexa-conjugated secondary
antibody (Cell Signaling Technology, USA), the cells were
stained with DAPI for 5 min and visualized on a confocal
microscope (Olympus LV3000, Japan).

2.11 Exosome Isolation and Identification
Cells were seeded in 15ml vesicle-depleted medium

on 10 cm dishes for 2–3 days. The culture media were

harvested and centrifuged at 300 g for 10 min and then
2000 g for 20 min. After centrifugation at 10,000 g
for 30 min at 4 ◦C, the supernatant was further filtered
through a 0.22 µm filter (Pall Corporation, USA) to remove
large vesicles. Next, appropriate volume of ExoQuick-
TC Exosome Precipitation Solution (System Biosciences,
USA) was added to the filtered culture medium and in-
cubated at 4 ◦C overnight. After centrifugation at 1500
g for 30 min, exosome pellets were resuspended in PBS
for further analysis or stored at –80 ◦C. Nanoparticle
Tracking Analysis Instrument (Particle Metrix, Germany)
and Transmission Electron Microscopy (JEM-1400, JEOL,
Japan) were used to identify the morphology and con-
centration of the exosomes. 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine-N-(lissamine rhodamine B sulfonyl)
(N-Rh-PE) was used to deal with the parent cells in accor-
dance with the manufacturer’s instruction, and then the ex-
osomes derived from these cells were labeled with red flu-
orescence.

2.12 Animal Experiments
The animal experiments were carried out with ap-

proval by the Ethics Committee of Sun Yat-sen Univer-
sity. Male athymic nude mice (BALB/c-nu/nu, 6 weeks
old) were obtained from the Animal Center of Sun Yat-sen
University. HepG2-Control and HepG2-p62-OE xenograft
tumors were established by subcutaneous injection of cells
(5 × 106 cells in 100 µL of PBS) into the right armpit in
each group of five nude mice. Tumor volume was quanti-
fied using a caliper and calculated as 0.5×width2 × length
and were recorded every three days until the tumor volume
reached 1000 mm3. After 24 days, the mice were sacrified
and their tumors were excised, imaged, and weighed.

2.13 Statistical Analysis
All statistical analyses were performed using SPSS

version 20.0 (IBM, Chicago, Illinois, USA) and GraphPad
Prism 7 (GraphPad Software, San Diego, California, USA).
Statistical differences were evaluated using a student’s t-
test and the data were presented as the mean ± SD. The
results represent a total of three independent experiments.
The value of p less than 0.05 was considered as statistically
significant.

3. Results
3.1 p62 is Highly Expressed in HCC Tissues and Indicates
Poor Prognosis in Human HCC

The TCGA dataset showed that the level of p62 in
HCC tissues (n = 371) was much higher than that in normal
liver tissues (n = 50) (Fig. 1A). The analysis of the survival
curve of the TCGA dataset showed that the survival time of
HCC patients with high expression of p62 (n = 91) was sig-
nificantly shorter than that of patients with low expression
of p62 (n = 274), suggesting that the level of p62 was a risk
factor for poor prognosis of patients with HCC (Fig. 1B).
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Moreover, the expression of p62 was upregulated with the
decrease of tumor differentiation of HCC according to the
TCGA dataset (Fig. 1C). Similar results were obtained in
the clinical tissue samples collected specifically for this
study. IHC analysis showed that the expression of p62 in
HCC tissues was higher than that in adjacent non-tumor tis-
sues (Fig. 1D,E). To screen suitable HCC cell lines for the
follow-up experiments, the expression of p62 was explored
in 7 HCC cell lines, including HepG2, SNU182, SNU387,
Huh7, MHCC97H, Hep3B, and Li-7. p62 was upregulated
in Huh7, MHCC97H, and Li-7, while it was silenced in
HepG2, SNU182, SNU387, and Hep3B, according to the
results of western blotting and RT-PCR (Fig. 1F,G).

3.2 p62 Promotes Cell Proliferation, Migration, and
Invasion Abilities in HCC Cells

The high expression of p62 in clinical HCC tissues
indicated that p62 may plays a potential tumor-promoting
role in the occurrence and development of HCC. To further
evaluate the role of p62 in HCC, stable p62-overexpressing
HepG2 and p62-knockdown MHCC97H cell lines were
established (Fig. 2A,C). The plasmids used for knock-
down experiment have been verified by western blotting
(Supplementary Fig. 1). The overexpression of p62 in
HepG2 cells significantly promoted cell proliferation com-
pared with control HepG2 cells as determined by CCK-8
assays, while knockdown of p62 inhibited cell prolifera-
tion of MHCC97H cells (Fig. 2B,D). Then, the abilities
of migration and invasion in p62-overexpressing HepG2
cells and p62-knockdown MHCC97H cells were further
evaluated. Wound healing assays showed that migration
ability was significantly enhanced in p62-overexpressing
HepG2 cells and weakened in p62-knockdown MHCC97H
cells (Fig. 2E,F). In addition, transwell assays showed
that the migration and invasion abilities were significantly
promoted after overexpressing p62 in HepG2 cells, while
knockdown of p62 inhibited the migration and invasion
abilities of MHCC97H cells (Fig. 2G,H).

3.3 p62 Increases the Exosome Secretion but does not
Affect the Size of Exosomes

As amulti-domain protein, p62 is widely involved in a
variety of cellular life activities [5]. In our previous related
studies, mass spectrometry was used to find the Vps4A-
related protein [27]. Surprisingly, the mass spectrometry
showed that p62 interacted with Vps4A (Supplementary
Table 3). So, this study explored whether p62 affected the
exosome pathway. Exosomes were isolated from culture
medium of both control and p62-overexpressing HepG2
cells by precipitation reagent. The markers of exosomes
including HSP90, Alix, Tsg101, and CD63 were examined
by western blotting (Fig. 3A). Then, Nanoparticle Track-
ing Analysis (NTA) and Transmission ElectronMicroscopy
(TEM) were used to identify the morphology and concen-
tration of the exosomes (Fig. 3B,C). The results showed

that overexpression of p62 had no effect on the size but in-
creased the number of the exosomes released into the cul-
ture medium, according to the concentration of NTA.

3.4 Exosomes Derived from p62-Overexpressing HepG2
Cells Promote the Proliferation, Migration, and Invasion
of Recipient Cells

To investigate the bioactive effect of the exosomes de-
rived from p62-overexpressing HepG2 cells, cell growth,
wound healing, as well as transwell assays were performed.
The recipient HepG2 cells were incubated with N-Rh-PE
labeled exosomes for 24 h and observed under a confo-
cal microscope to confirm that the recipient cells could ab-
sorb exosomes (Fig. 4A). HepG2 cells were incubated with
different groups of exosomes, and it was found that exo-
somes from both control (CTexo) and p62-overexpressing
HepG2 cells (p62exo) could promote the proliferation of
the recipient cells. The promoting effect of exosomes in
the p62-overexpressing group was stronger than that in the
control group (Fig. 4B). Similar results were also obtained
in wound healing and transwell assays. Exosomes derived
from p62-overexpressing HepG2 cells could significantly
promote the migration and invasion of the recipient cells
(Fig. 4C,D). These results indicated that overexpression of
p62 can promote the oncogenic behavior of HCC cells in
vitro via exosomes.

3.5 p62 Interacts with β-Catenin and Down-Regulates the
Expression of β-Catenin in HCC Cells

In previous studies, we found that Vps4A functions
as a tumor suppressor to inhibit EMT by regulating the lo-
calization and exosome release of β-catenin in HCC [27].
We also found that p62 and Vps4A have interaction, ac-
cording to mass spectrometry (Supplementary Table 3).
Thus, the current study questioned whether p62 would also
regulate the expression and localization of β-catenin. The
interaction between p62 and β-catenin was confirmed by
co-immunoprecipitation assay, and the results showed that
p62 bound to endogenous β-catenin in Huh7 cells (Fig. 5A).
After being stained with anti-p62 antibody and anti-β-
catenin antibody, the Huh7 cells were visualized by con-
focal microscopy to confirm that p62 colocalizes with β-
catenin (Fig. 5B). Western blotting showed that the expres-
sion of β-catenin was down-regulated after overexpressing
p62 in HepG2 cells (Fig. 5C). Immunofluorescence showed
that the fluorescence value and nuclear localization of β-
catenin were decreased significantly after overexpressing
p62, and the connection between the cells becomes less
tight (Fig. 5D).

3.6 p62 Regulates the Expression and Localization of
β-Catenin in the Cells and Exosomes

To confirm that p62 can regulate the localization of
β-catenin, immunofluorescence tests of β-catenin were
conducted in the control group and p62-overexpressing
group respectively. Surprisingly, p62-overexpression re-
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Fig. 1. p62 is highly expressed in HCC tissues and indicates poor prognosis in human HCC. (A) The expression of p62 in HCC
based on sample types from TCGA dataset (p < 0.001). (B) The effect of p62 expression level on HCC patient survival (p < 0.0001).
(C) The expression of p62 in HCC based on tumor grade from TCGA dataset (Grade 1, Well differentiated, n = 54, p < 0.001; Grade
2, Moderately differentiated, n = 173, p < 0.001; Grade 3, Poorly differentiated, n = 118, p < 0.001; Grade 4, Undifferentiated, n = 12,
p = 0.051). (D) Representative images of IHC staining of p62 in 81 HCC tissues and adjacent non-tumor tissues. The high (down) and
low (up) expression levels of p62 were evaluated semi-quantitatively by the staining intensity. Scale bars, 20 µm (high score: 7–12; low
score: 0–6). (E) Chi-square analysis of the p62 levels in 81 HCC tissues and adjacent non-tumor tissues (p< 0.01). (F) Relative mRNA
level of p62 in 7 human HCC cell lines. (G) The expression of p62 in 7 human HCC cell lines based on western blotting.

duced both nuclear and plasma membrane localization of
β-catenin (Fig. 6A). Previous related studies, as well as
other researchers, have proven that β-catenin can be pack-
aged into exosomes [27,28]. The content of β-catenin in
the exosomes of the p62-overexpressing group was higher
than both that of the wild type group (WT) and the con-
trol group, suggesting that p62 can promote the entry of β-
catenin into exosomes and release out of cells (Fig. 6B).
Several key proteins of Wnt/β-catenin pathway including
phosphorylated GSK3βSer9, active GSK3βTyr216, and to-

tal GSK3β were detected, and it appeared that the expres-
sion of total GSK3β was significantly upregulated after
overexpressing p62 in HepG2 cells, in which the expres-
sion of active GSK3βTyr216 increased mainly (Fig. 6C). A
highly selective GSK3 inhibitor LY2090314 was then used
to inhibit the activity of GSK3β. The results showed that 20
nM LY2090314 could significantly downregulate both total
GSK3β and active GSK3βTyr216, while the expression of
phosphorylated GSK3βSer9 did not change significantly,
and the expression of β-catenin was subsequently upregu-
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Fig. 2. p62 promotes cell proliferation, migration, and invasion abilities in HCC cells. (A) HepG2 was stably transduced with a
p62-overexpression lentiviral vector (p62-OE), and the control group was transduced with the corresponding lentiviral carrying an empty
vector (Control). (B) Overexpression of p62 significantly promoted cell proliferation in HepG2, according to CCK-8 assays, compared
to that of the control groups (***p < 0.001). (C) MHCC97H was stably transduced with a p62-knockdown lentiviral vector (p62-KD),
and the control group was transduced with the corresponding lentiviral carrying an empty vector (Control). (D) Knockdown of p62
significantly inhibited cell proliferation in MHCC97H, according to CCK-8 assays, compared to that of the control groups (**p< 0.01).
(E) Overexpression of p62 promoted migration ability in HepG2 cells according to wound healing studies (**p< 0.01). (F) Knockdown
of p62 inhibited migration ability in MHCC97H cells according to wound healing studies (*p < 0.05). (G and H) Transwell assays
were used to evaluate the migration and invasion of the indicated cells. Bars represent the standard error of the mean ± SD from three
independent experiments (**p < 0.01).

lated after using LY2090314 in p62-overexpressing HepG2
cells (Fig. 6D). To further confirm that β-catenin can be
excreted through exosomes, 10 µM GW4869 was used to
inhibit the formation of external vesicles. Although us-
ing GW4869 alone could not significantly increase the ex-
pression of β-catenin in p62-overexpressing HepG2 cells,
the combination of GW4869 and LY2090314 could sig-
nificantly increase the protein level of β-catenin in p62-
overexpressing HepG2 cells (Fig. 6D).

3.7 p62 Promotes Tumor Growth of HCC and
Down-Regulates the Expression of β-Catenin In Vivo

The experiments of subcutaneous exnograft tumor for-
mation in nude mice were carried out to explore the func-
tion of p62 in HCC in vivo. The tumor volumes of nude
mice were significantly increased in the mice injected with
p62-overexpressing HepG2 cells compared with those in-
jected with control HepG2 cells (Fig. 7A,B), concomitant
with significantly greater tumor weights at the end of the
animal experiments (Fig. 7C). Western blotting and IHC
assays were used to detect the expression level of rele-
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Fig. 3. p62 increases exosome secretion but does not affect the size of exosomes. (A) Immunoblotting showed the typical exosomal
markers (HSP90, Alix, Tsg101, and CD63) in isolated exosomes. (B) Exosomes isolated from the culture medium of HepG2 control cells
and p62-overexpressing cells by precipitation reagent were identified by Transmission Electron Microscopy. (C) Nanoparticle Tracking
Analysis showed that the majority of isolated exosomes were about 130 nm, and the exosome concentration in the p62-overexpressing
HepG2 group (5.07 × 109/mL) was higher than that in the control group (1.65 × 109/mL).

vant proteins in exnograft tumor tissues. The results of
western blotting and IHC showed that the expression level
of p62 was higher in exnograft tumors injected with p62-
overexpressing HepG2 cells than those injected with con-
trol HepG2 cells while the expression level ofβ-cateninwas
lower in exnograft tumors injectedwith p62-overexpressing
HepG2 cells than those injected with control HepG2 cells
(Fig. 7D,E). These results indicated that p62 promotes tu-
mor growth of HCC and down-regulates the expression of
β-catenin in vivo.

4. Discussion
As a key protein of autophagy, p62 is indispensable

in the growth and development of organisms [4]. More-
over, because p62 hasmultiple domains, it can participate in
many signal pathways, affecting not only cell selective au-
tophagy, but also metabolic reprogramming, antioxidation
and so on [5]. In recent years, SQSTM1/p62 has been re-
ported in many kinds of tumors as an oncogene, and its im-
portance has been given increasing attention [6–10]. How-
ever, the mechanism of p62 in promoting cancer invasion
and metastasis remains unclear.

Based on the TCGA dataset and clinical samples ob-
tained from the center, the data confirmed that p62 was
highly expressed in HCC tissues and highlymetastatic HCC
cell lines. Further experiments showed that by overex-
pressing p62 in HepG2 cells, the abilities of cell growth,
mobility, and invasiveness were promoted, while the op-
posite results we got in p62-knockdown MHCC97H cells.
This effect of regulating cancer biological behaviors was
supported by previous reports [29,30]. In a previous re-
lated study on Vps4A, a key protein of endosomal sort-
ing complex required for transport (ESCRT), an interaction
was observed between Vps4A and p62 in mass spectrom-
etry (Supplementary Table 3). Thus, the current study
boldly speculated that p62 may affect the exosome path-
way to regulate the secretion of cytoplasmic materials [27].
The overexpression of p62 can increase the concentration
but not change the size of exosomes in HepG2 cells accord-
ing to the results of NTA and TEM. The recipient HepG2
cells incubated with exosomes derived from both control
and p62-overexpressing HepG2 cells showed enhanced cell
proliferation, migration, and invasion abilities. Previous re-
lated studies also supported these results [26]. In the cur-
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Fig. 4. Exosomes derived from p62-overexpressing HepG2 cells promote the proliferation, migration, and invasion of recipient
cells. (A) The recipient HepG2 cells were incubated with N-Rh-PE labeled exosomes for 24 h and observed under a confocal microscope
(Red, N-Rh-PE, Exosomes; Blue, DAPI, Nucleus). (B) Cell proliferation (CCK-8) assays were performed using HepG2 cells cocultured
with exosomes derived fromHepG2 control cells and p62-overexpressing cells (*p< 0.05, **p< 0.01). (C,D)Wound healing assays and
transwell assays were used to evaluate the migration and invasion of the indicated cells cocultured with exosomes derived from HepG2
control cells and p62-overexpressing cells. Bars represent the standard error of the mean ± SD from three independent experiments
(Represents Student’s t-test, *p < 0.05, **p < 0.01).

rent study, the exosomes derived from p62-overexpressing
HepG2 cells had a stronger promoting effect than in the con-
trol group, suggesting that p62 could strengthen the onco-
genic behavior of HCC cells via exosomes. However, the
mechanism of how p62 finely regulates the exosomes path-
way needs further research.

In previous related studies, β-catenin was found to
regulate the process of cancer invasion and metastasis de-
pend on its localization [27]. We confirmed the interaction

and colocalization between p62 and β-catenin, according
to the results of co-immunoprecipitation and immunoflu-
orescence assays. These results have not been mentioned
in previous studies on the cascade of autophagy and the
Wnt pathway [31,32]. Further experiments showed that
the expression of β-catenin was down-regulated after over-
expressing p62 in HepG2 cells. Moreover, the overex-
pression of p62 changed the intercellular morphology from
tight to loose. The decrease in stickiness between tumor
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Fig. 5. p62 interacts with β-catenin and down-regulates the expression of β-catenin in HCC cells. (A) p62 interacts with endoge-
nous β-catenin. Immunoprecipitation assays using a monoclonal anti-p62 antibody were performed in Huh7 cells, and immunoblotting
analyses were carried out using the indicated antibodies. (B) p62 colocalizes with β-catenin. Huh7 cells stained with anti-β-catenin
antibody and anti-p62 antibody were analyzed by confocal microscopy. (C) Western blotting showed that the expression of β-catenin
was down-regulated after overexpressing p62 in HepG2 cells. (D) Immunofluorescence assays were used to observe the expression
and localization of β-catenin. Under the same conditions, the fluorescence quantification of β-catenin of HepG2 control cells and p62-
overexpressing cells were observed by confocal microscopy. Bars represent the standard error of the mean± SD from three independent
experiments (**p < 0.01).

cells contributes to invasion and metastasis [25,33]. Sub-
sequently, immunofluorescence assays were used to con-
firm that p62 can regulate the intracellular localization of
β-catenin. Overexpression of p62 reduced the protein level
of β-catenin in both the nucleus and membrane.

The expression of exosomal β-catenin were upregu-
lated after overexpressing p62 in HepG2 cells according
to the results of western blotting. It has been shown that
p62 mediates the exosome pathway to increase the secre-
tion of β-catenin. Although many factors can affect the
degradation of β-catenin, the protein GSK3β is consid-
ered as an important regulator in this process [34,35]. The
overexpression of p62 upregulates the total GSK3β and ac-
tive GSK3βTyr216, resulting in increased degradation of β-
catenin, while there is no significant change in the expres-
sion of phosphorylated GSK3βSer9. To confirm this effect,
LY2090314, a specific inhibitor of GSK3, was used to in-
hibit the activity of GSK3β [36]. The results showed that
reducing the active form of GSK3β (GSK3βTyr216) could
indeed antagonize the effect of p62 on β-catenin. More-
over, the combined application of LY2090314 and exter-
nal vesicle formation inhibitor GW4869 significantly in-
creased the content of β-catenin in HepG2 cells, which fur-

ther confirmed the conclusion that β-catenin could be se-
creted via exosomes [28]. As a multifunctional protein, p62
still has many uncertainties in its molecular mechanism.
Some scholars have pointed out that p62 can increase the
degradation of GSK3β in glioblastoma cells [37], which
seems to be contrary to our experimental results. Some
scholars have found that GSK3β can enhance the radiosen-
sitivity by inhibiting autophagy in non-small cell lung can-
cer [38]. The relationship between p62 andGSK3βmay not
be a simple linear relationship, and more in-depth mecha-
nisms need to be investigated in further research.

We also established the HCC xenograft tumors in nude
mice by using the p62-overexpressing HepG2 cells and the
control HepG2 cells. The tumor growth curve and the his-
togram of tumor weight showed that overexpression of p62
in HepG2 aggravates xenograft tumor growth. Meanwhile,
the expression level of p62 and β-catenin in xenograft tu-
mors were detected by western blotting and IHC, the re-
sults showed that p62 down-regulates the expression of β-
catenin in vivo, which further confirm the findings in our
previous in vitro experiments.

At the same time, the level of EMT-related markers
including Vimentin, Twist1, and Snail were increased af-

9

https://www.imrpress.com


Fig. 6. p62 regulates the expression and localization of β-catenin in the cells and exosomes. (A) Control HepG2 group (Control) and
p62-overexpressing group (p62-OE) were immunostained with anti-β-catenin antibody and analyzed by confocal microscopy. (B) The
exosomes derived from the cell supernatant of the HepG2 wild type group (WT), the control group (Control) and the p62-overexpressing
group (p62-OE), respectively. Western blotting showed that overexpression of p62 increased the expression of β-catenin in exosomes.
(C) Detection of related proteins in the Wnt/β-catenin pathway by western blotting. (D) GW4869 and LY2090314 were used to inhibit
the secretion of exosomes and activity of GSK3β, respectively, and western blotting was used to detect the changes of β-catenin in
p62-overexpressing HepG2 cells. Bars represent the standard error of the mean ± SD from three independent experiments (ns = not
significant, **p < 0.01, ***p < 0.001).

ter overexpressing p62, while the expression of E-cadherin
was down-regulated (Supplementary Fig. 2). As we know
that, β-catenin can regulate EMT by changing its localiza-

tion [25,39]. When the nuclear localization of β-catenin is
increased, it can promote EMT of cancer cells. On the con-
trary, when the membrane accumulation of β-catenin is in-
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Fig. 7. p62 promotes tumor growth of HCC and down-regulates the expression of β-catenin in vivo. (A) Images of HepG2 xenograft
tumors showed that the overexpression of p62 promotes the tumor growth in nude mice (n = 5) compared to that of the control group (n =
5). (B) The xenograft tumor growth curve of p62-overexpressing HepG2 and control HepG2 (***p< 0.001). (C) The histogram of tumor
weight showed that the overexpression of p62 in HepG2 cells formed larger xenografts compared with those of the control group (***p<
0.001). (D) Expression of β-catenin and p62 in HepG2 xenograft tumors were detected by western blotting. (E) IHC demomstrated that
the expression level of β-catenin in p62-overexpressing HepG2 xenograft tumors (n = 5) was lower than that in control HepG2 xenograft
tumors (n = 5). Scale bar = 100 µm. (***p < 0.001).

creased, it can inhibit the abilities of invasion andmetastasis
by promoting the adhesion between cancers cells [23,24].
Surprisingly, after overexpressing p62 in HepG2 cells, al-
though the level of EMT was enhanced, β-catenin did not
accumulate in the nucleus but down-regulated, whether in
the nucleus or in the cytoplasm. The results suggested that
p62 can promote the level of EMT in HCC but not by

activating the Wnt/β-catenin pathway, and more in-depth
mechanisms need further research.

5. Conclusions
Taken together, this study demonstrated that p62 func-

tions as an oncogene to promote cell proliferation, migra-
tion, and invasion abilities in HCC cell lines by regulating
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the cell structure and secretion of exosomes. p62 down-
regulate the expression of β-catenin to weaken the intercel-
lular junction. Moreover, the results of in vivo experiments
also corroborate our findings. In addition, detection of the
intact composition of exosomes will also need to be investi-
gated in further research. These results reveal an important
role of p62 in the regulation of β-catenin, which may pro-
vide new aspects for the diagnosis and treatment of HCC.
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