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Abstract: Hepatocellular carcinoma is the fourth leading cause of cancer-related deaths due to its high rate of
recurrence and metastasis. All-trans-retinoic acid (ATRA) can inhibit the malignant behaviors of hepatocarcinoma
cells. Autophagy is reportedly involved in the migration and metastasis of various cancer cells. This study aimed to
investigate the effect of autophagy on the function of ATRA on hepatocarcinoma cells, and to explore its possible
underlying mechanism. Hepatocarcinoma cell lines, Hepal-6 and HepG2, were treated with ATRA and autophagy in-
hibitors, including 3-methyladenine (3-MA) and Bafilomycin (Baf). Transmission electron microscopy, laser scanning,
western blot, and real-time PCR demonstrated that ATRA induces autophagy in hepatocarcinoma cells. Trypan blue
staining, a wound healing assay, and a transwell assay showed that 3-MA and Baf reverses the inhibitory functions
of ATRA on the proliferation, migration, and invasion of hepatocarcinoma cells. Flow cytometry, Hoechst staining,
periodic acid-Schiff staining, and indocyanine green uptake validated that 3-MA and Baf reverses the function of
ATRA on apoptosis and the differentiation of hepatocarcinoma cells. Real-time PCR, western blot, and an immuno-
fluorescence assay demonstrated that the reversal of the epithelial-mesenchymal transition (EMT) process by ATRA
is weakened when autophagy is inhibited. Additionally, we confirmed that Bcl-2 is associated with the induction of
ATRA-induced autophagy instead of the PI3K/Akt/mTOR pathway. These findings suggest that ATRA induces autoph-
agy and autophagic cell death through the Bcl-2/Beclinl pathway. Furthermore, ATRA-induced autophagy is involved
in the inhibitory effect of ATRA on the malignant behaviors of hepatocarcinoma cells by reversing the EMT process.
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Introduction

Hepatocellular carcinoma (HCC) is the most
common type of liver cancer, accounting for
90% of all primary hepatic malignancies [1, 2].
Additionally, it is the fourth leading cause of
cancer-related deaths, largely due to its high
recurrence and metastasis rates [3, 4]. At pres-
ent, the clinical treatment of hepatocarcinoma
primarily focuses on surgical therapy, supple-
mented with radiotherapy and chemotherapy.
However, the effects of this treatment are not
ideal.

All-trans-retinoic acid (ATRA) is an active metab-
olite of vitamin A, which plays a vital role in cell

growth, differentiation, apoptosis, and other
cell functions. In recent years, ATRA has been
involved in the clinical treatment of various can-
cers due to its role in inhibiting the proliferation
and invasion of cancer cells, including leuke-
mia, osteosarcoma, pancreatic cancer, gastric
cancer, breast cancer, and liver cancer [5-10].
Our previous studies demonstrated that ATRA
can inhibit the malignant behaviors of Hepal-6
cells [11]. The regulation of ATRA activity is
expected to provide a new therapeutic approach
for patients with HCC; however, its potential
pathogenesis and molecular mechanism re-
main poorly understood. Therefore, elucidating
the underlying molecular mechanism of ATRA’s
effect on HCC would be useful for further clini-
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cal applications in the treatment strategy for
liver cancer.

Autophagy is an exceedingly complex process
of degrading modified, superfluous, or dam-
aged cellular macromolecules and whole organ-
elles to recycle and maintain intracellular
homeostasis [12]. Autophagy plays a critical
role in cell development, differentiation, and
cell survival under nutrient deficiency condi-
tions [13]. Previous studies demonstrated that
ATRA can upregulate cell autophagy and pro-
mote the differentiation of leukemia cancer
cells [14-16], but the detailed mechanism has
not been fully investigated in other diseases.

This study aimed to investigate the effect of
autophagy on ATRA-regulated behaviors of
hepatocarcinoma cells and to explore its poten-
tial underlying mechanism. We found that ATRA
increases the autophagy level of Hepal-6 and
HepG2 cells and that the downregulation of
autophagy by 3-methyladenine (3-MA) and
bafilomycin (Baf) reverses the behaviors of
ATRA-treated hepatocarcinoma cells, likely by
mediating the epithelial-mesenchymal transi-
tion (EMT). These findings demonstrated that
ATRA inhibits the proliferation, migration, and
invasion, as well as stimulates the apoptosis
and differentiation, of hepatocarcinoma cells. A
possible mechanism may be that ATRA not only
induces apoptosis but also increases autopha-
gic cell death by regulating Bcl-2 and Beclinl.
Our study provides a novel theoretical basis for
the potential future application of ATRA to treat
patients with liver cancer.

Materials and methods
Cell culture and treatment

The mouse hepatocarcinoma cell line Hepal-6
and human hepatocarcinoma cell line HepG2
were obtained from the American Type Culture
Collection (Manassas, VA, USA). The cells we-
re cultured in complete Dulbecco’s modified
Eagle’s medium (DMEM, Gibco, Life Techno-
logies, Carlsbad, CA, USA) supplemented with
10% fetal bovine serum (FBS, Gibco), 100 U/
mL penicillin, and 100 pg/mL streptomycin
(Gibco) with 5% CO, at 37°C.

Firstly, Hepal-6 cells were treated with differ-
ent concentrations of ATRA (0.1, 1 and 10
umol/L) to test the autophagy level. Then both
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Hepal-6 and HepG2 cells were divided into 4
groups: control group, ATRA group (10 ymol/L),
3-MA (4 mmol/L) +ATRA group, and Baf (50
nmol/L) +ATRA group. In the last two groups,
cells were treated with 3-MA or Baf for 3 h in
advance, then the medium was changed to
DMEM medium containing 10 umol/L of ATRA.
ATRA and all inhibitors were purchased from
Sigma Aldrich (St. Louis, MO, USA).

Western blot analysis

Cells were lysed with radioimmunoprecipita-
tion (RIPA) lysis buffer containing phenylmeth-
anesulfonyl fluoride (PMSF; Beyotime Biotech-
nology, Shanghai, China) and phosphatase
inhibitor (Beyotime). Equal amounts of protein
of each group were separated by 10% or 15%
sodium dodecyl sulfate-polyacrylamide gel (Be-
yotime), and subsequently transferred to polyvi-
nylidene fluoride (PVDF) membrane (Millipore,
Billerica, MA, USA). After blocking in the Quick-
Block blocking buffer (Beyotime) for 15 min, the
membranes were then incubated overnight at
4°C with different primary antibodies respec-
tively against LC3 (1:1000), Beclin1 (1:1000),
P62 (1:1000), B-actin (1:2000), Snail (1:1000),
Vimentin (1:1000), E-cadherin (1:1000), N-ca-
dherin (1:1000), Twist (1:1000), p-PI3K (includ-
ing p85 and pl110, 1:1000), p-Akt (1:1000),
mTOR (1:1000), p-mTOR (1:1000), Bcl-2
(1:500), p-Bcl-2 (1:1000), JNK (1:1000) and
p-JNK (1:1000). Antibodies were purchased
from Cell Signaling Technology (Danvers, MA,
USA), Sigma Aldrich (St. Louis, MO, USA), Wan-
leibio (Wuhan, China) and Bioss (Beijing, China).
After being washed by Tris-Buffered Saline and
Tween 20 (TBST), the membranes were incu-
bated with appropriate second antibodies
(1:2000, ZSGB-BIO, Beijing, China) for 1 h at
room temperature. Finally, the blots were visu-
alized by using enhanced chemiluminescent
substrate (Bio-Rad, CA, USA) and exposed he
ChemiDoc Touch Imaging System (Bio-Rad).

Transmission electron microscopy detection

Cells were washed by PBS twice and digested
by 0.25% Trypsin. Then the cell suspension was
centrifuged with the rapid of 1000 r/min for 10
min. The cell pellet samples were subsequently
fixed, rinsed, dehydrated, soaked and embed-
ded. The ultrathin sections were observed by
TEM in the electron microscope laboratory of
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Table 1. RT-PCR Primers (5’-3’)

cated time points. Cell mixture (10

Forward Reverse

pL) were counted in the hemocy-

p-actin  AGGGAAATCGTGCGTGAC ~ CGCTCGTTGCCAATAGTGA tometer under the microscope

BECN1 AACCAATGTCTTCAATGCCA  TTTCATTCCACTCCACAGGA

(Nikon), while blue-stained cells
were identified as dead cells.

LC3 CCTTCTTCCTGCTGGTCAAC TAGATGTCAGCGATGGGTGT . .

CK18 CTGGGCTCTGTGCGAACT  ACAGAGCCACCCCAGACA Three independent experiments
were carried out in duplicate.

ALB CCAGACATTCCCCAATGC CAAGTTCCGCCCTGTCAT

Snail AAACCCACTCGGATGTGAAG GAAGGAGTCCTGGCAGTGAG Cell apoptosis assay

Vimentin CAGATGCGTGAGATGGAAGA TCCAGCAGCTTCCTGTAGGT

Twist TTCGCCGACCGCTGTAA
N-cadherin  CCCCAAGTCCAACATTTC

CTGCGTGGGGTTGAGTTG
CGCCGTTTCATCCATACC
E-cadherin  GAGGCCAAGCAGCAATAC ~ CTCCGCAGGCATAAAGAT

Flow cytometry and Hoechst stain-
ing were used to evaluate cell
apoptosis. An Annexin V-FITC apo-

the Institute of Life Sciences, Chongging Me-
dical University.

Laser scanning confocal microscope to mea-
sure the autophagic flux

The dual-fluorescene mMRFP-GFP-LC3 plasmid
(ptfLC3, Addgene, USA) were transfected into
the Hepal-6 cells with Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA). After cells were
treated respectively as described before, the
laser scanning confocal microscope (Nikon,
Tokyo, Japan) was used to dynamically mea-
sure the autophagic flux at indicated times.

Real-time PCR analysis

Real-time PCR assays were performed to
assess the mRNA levels of autophagy and EMT
related genes. Primer sequences designed by
using the Primer3.0 program are listed in Table
1. Total RNA of each group was extracted by
RNA Extraction kit (Bioteke, Beijing, China) and
subsequently reverse transcribed into cDNA by
using Superscript Il reverse transcription kit
(Takara, Dalian, China). The gene expressions
were quantified by using the SYBR Green ass-
ay (Takara). All data were normalized by the
expression of B-actin.

Cell viability assay

Trypan blue staining was performed to mea-
sure cell viability. Cells were first treated with
3-MA and Baf as before and then re-plated in
the 12-well plates with 10 pymol/L ATRA (5 x
104 cells for Hepal-6 cells and 1 x 10° cells for
HepG2 cells per well). The entire cell suspen-
sions were collected and mixed with 0.4% try-
pan blue buffer (Solarbio, Beijing, China) at indi-
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ptosis detection kit (BD, New Jer-
sey, USA) was used in flow cytom-
etry. the apoptosis rates of different groups
were tested following the instructions of the kit
and the samples were subsequently analyzed
by flow cytometry. For Hoechst staining, briefly,
cells were fixed with 4% paraformaldehyde at
room temperature for 30 min, and stained with
Hoechst 33258 (Solarbio) for 10 min and
observed under a fluorescence microscope
(Nikon).

Wound-healing assay

Cells were seeded into 6-well plates and
exposed to the treatment as described above.
After cells reached to 100% confluent mono-
layer, a consistent linear wound was created by
a pipette tip across the cell surface. The same
scratched sections were photographed at O, 1,
2, 3 and 5 days to calculate the wound healing
rate. The assay was independently repeated
three times in triplicate.

Transwell assay for cell migration and invasion

After 3 days of treatment as described before,
cells of each group were resuspended with
serum-free DMEM and then 200 puL cell sus-
pension (5 x 10* per well for migration and 1 x
105 per well for invasion) with 10 umol/L ATRA
was seeded into the upper transwell chambers
(8.0 um, Corning, NY, USA). For the invasion
assay, the chambers were pre-coated with 50
mg/L Matrigel (BD). The DMEM containing 10%
FBS were added into the lower chambers. After
48 h of incubation, cells in the upper chamber
were carefully removed, and the remaining cells
that have migrated and invaded to the lower
surface were fixed in 4% paraformaldehyde at
room temperature for 30 min and stained with
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0.1% crystal violet (Beyotime) for 15 min. Five
independent fields of view were quantified
under a microscope (Nikon). The stain was dis-
solved by absolute ethanol and the absorbance
was detected at 570 nm with a micro plate
reader (Thermo Scientific, MA, USA). The exper-
iments were performed three times with tripli-
cate independently.

Periodic acid-Schiff staining and indocyanine
green uptake

Hepatic functions of cells were assessed by
periodic acid-Schiff staining and indocyanine
uptake and release. For periodic acid-Schiff
staining, cells were treated as described above
for 10 days and fixed in 4% paraformaldehyde
for 30 min, then cells were stained with 0.5%
periodic acid for 5 min and Schiff’s solution for
15 min (Solarbio). The whole procedure was
carried out at room temperature and cells were
washed with PBS gently after each step. More
than 10 non-overlapping fields of view were
captured under a light microscope (Nikon), and
purple stained cells were identified as positive.
For indocyanine uptake and release, cells were
cultured in complete DMEM with 1 mg/mL
freshly prepared indocyanine solution (Sigma)
at 37°C for 1 h. More than 10 non-overlapping
fields of view were captured under a light micro-
scope (Nikon), and green stained cells were
identified as positive. Cells were then incubat-
ed at 37°C for another 6 h to detect the indo-
cyanine release. Both of the procedures were
performed at least three times in duplicate.

Immunofluorescence assay

Cells were fixed in 4% paraformaldehyde for 30
min, followed by permeabilized with 0.3% Triton
X-100 (Solarbio) for 15 min and blocked with
5% albumin from bovine serum (BSA; Solarbio)
for 20 min at room temperature. Then the cells
were incubated with primary antibodies against
Albumin (ALB; 1:200), Alpha fetoprotein (AFP;
1:200), Cytokeratin 18 (CK18; 1:200), Bcl-2
(1:200) and p-Bcl-2 (1:200) at 4°C overnight.
ALB, AFP and CK18 primary antibodies were
purchased from Proteintech (Chicago, lllinois,
USA), Bcl-2 antibody was purchased from
Wanleibio, and p-Bcl-2 was purchased from
Bioss. After gently washing with PBS, cells were
subsequently incubated with appropriate sec-
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ondary fluorescent antibodies (1:200; ZSGB-
Bio) for 1 h at room temperature. The nuclei
were stained with Hoechst 33258. The pres-
ences of the proteins were ascertained under
the fluorescence microscope (Nikon).

Statistical analysis

All data are presented as the means + stan-
dard deviation and were analyzed using SPSS
19.0 software (IBM Corp., Armonk, NY, USA).
The two-tailed Student’s t-test was performed
to evaluate the difference between two groups.
One-way ANOVA and Student-Newman-Keuls
post hoc test were used to measure significant
differences among three or more groups. A p
value less than 0.05 was considered to indi-
cate a statistically significant difference.

Results

ATRA induces autophagy in hepatocarcinoma
cells

Previously, we found that 10 umol/L ATRA
induces autophagy in Hepal-6 cells [17]. In this
study, we further evaluated the function of dif-
ferent concentrations of ATRA on autophagy in
Hepal-6 cells and also validated this assump-
tion in HepG2 cells. The results of transmission
electron microscopy demonstrated that the
groups of varying ATRA concentrations had
more autophagic vacuoles than the control
group. Meanwhile, the 10 pymol/L ATRA group
showed the most autophagosomes and autoph-
agy lysosomes in the cytoplasm (Figure 1A).

Hepal-6 cells were then transfected with
ptfLC3, GFP, and RFP co-expressing particles
that represented LC3-Il formation and autopha-
gosomes. The only RFP expressing particles
represented autophagy lysosomes formation.
As shown in Figure 1B, the basic level of
autophagy in Hepal-6 cells was low, exhibiting
only dispersive co-expression of GFP and RFP.
More co-expressing particles were found in the
ATRA-treated group, and many RFP alone
expressing particles were seen in the 10
pmol/L ATRA group, suggesting that autophagy
increased and autophagic flux was unobstruct-
ed. In addition, western blot analysis verified
that the ratio of LC3-ll/LC3-l increased in a
dose-dependent manner in Hepal-6 cells with
ATRA treatment (Figure 1C). These results indi-
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A Merge Enlarge
Control Control
ATRA 0.1 pmol/L ATRA 0.1 pmol/L
ATRA 1 pmol/L ATRA 1 pmol/L

ATRA 10 pmol/L

C Control ATRA 0.1 umol/L ATRA 1pumol/L  ATRA 10 pmol/L

. . G—- B-actIn

LC3-1
LC3-II

Figure 1. ATRA-induced autophagy in a dose-dependent manner in Hepal-6 cells. A. Cells treated with varying concentrations of ATRA had more autophagic vacu-
oles than the control group using Transmission electron microscopy; B. After ptfLC3 transfection, autophagy of cells treated with varying concentrations of ATRA
increased and autophagic flux was unobstructed using a laser scanning confocal microscope. Scale bar = 20 ym; C. Western blots detecting the autophagy-related
marker protein LC3 in cells treated with varying concentrations of ATRA for 3 days, using -actin as a control.
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Control

3-MA+ATRA

Baf+ATRA

Figure 2. The detection of autophagosomes in different treatment groups. The 3-MA+ATRA group revealed a reduc-
tion of autophagosomes, yet the Baf+ATRA group exhibited more autophagosomes than the ATRA-only treated group

in Hepal1-6 cells under transmission electron microscopy.

cate ATRA induces the autophagy of Hepal-6
cells in a concentration-dependent manner.
Furthermore, similar results were observed in
HepG2 cells (Figure 3D) after treatment with
10 umol/L ATRA and showed an increase in the
expression of autophagy-related protein LC3
and Beclinl. The above results indicate that
ATRA induces autophagy in hepatocarcinoma
cells.

3-MA and Baf inhibit ATRA-induced autophagy

Thus, we found that ATRA-induced autophagy
in hepatocarcinoma cells and that a 10 ymol/L
concentration of ATRA exhibits the strongest
effect. To inhibit the level of autophagy, 3-MA
and Baf were first used to treat hepatocar-
cinoma cells together with 10 ymol/L ATRA.
Transmission electron microscopy and laser
scanning confocal microscopy, confirmed that
the autophagy level induced by ATRA was
reversed by 3-MA and Baf, respectively, in
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Hepal-6 cells. The 3-MA+ATRA group revealed
a reduction of autophagosomes, yet the Baf+
ATRA group exhibited more autophagosomes
than the ATRA-only treated group (Figure 2). As
shown in Figure 3A, the 3-MA+ATRA group had
fewer co-expressing particles or RFP alone
expressing particles. In this same figure, the
Baf+ATRA group had more GFP expressing par-
ticles and fewer RFP expressing particles. In
addition, the mRNA expression of the autopha-
gy-related gene, BECN1, was upregulated by
ATRA and decreased in the presence of 3-MA
and Baf (P<0.05), whereas LC3 showed no sig-
nificant change among these groups (Figure
3B). These results were further verified by west-
ern blot (Figure 3C and 3D). In Hepal-6 and
HepG2 cells, the protein expression of Beclinl
was downregulated by 3-MA and Baf compared
with the ATRA-treated group.

A marker of downstream autophagic flow is P62
(also known as SQSTM1). Compared with the
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Figure 3. Autophagy was successfully inhibited by 3-MA and Baf. Hepal-6 and HepG2 cells were pretreated with 3-MA and Baf for 3 h before exposure to 10 umol/L
of ATRA. (A) After ptfLC3 transfection, the autophagic flux of Hepal-6 cells was dynamically observed using a laser scanning confocal microscope after 48 h and
72 h of ATRA treatment. Scale bar = 20 um; (B) After ATRA treatment, the mRNA expression of the BECN1 was upregulated and decreased in the presence of 3-MA
and Baf, whereas LC3 showed no significant change among these groups in Hepal-6 cells using real-time PCR. All results were obtained from three independent
experiments. *P<0.05 vs. control group; #P<0.05 vs. ATRA group; (C, D) After ATRA treatment, the autophagy-related marker proteins LC3, Beclinl, and P62 were
detected using western blot with B-actin normalization in Hepa1-6 cells (C) and HepG2 cells (D).
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ATRA group, the expression of LC3-Il/LC3-I and
P62 was decreased after 3-MA treatment but
increased after Baf treatment. These findings
indicate that 3-MA and Baf inhibit autophagy in
a variety of ways: 3-MA inhibited the formation
of autophagosome, whereas Baf blocked the
process of autophagosome and lysosome
fusion.

Autophagy is involved in the function of ATRA
on cell proliferation and apoptosis of hepato-
carcinoma cells

As presented in the cell growth curve from
Figure 4A and 4B, ATRA obviously inhibited the
proliferation of cells, and this inhibition was
attenuated after the cells were exposed to
autophagy inhibitors 3-MA and Baf (P<0.05).
Consistent with the proliferation, ATRA induced
the apoptosis rate of both Hepal-6 and HepG2
cells, whereas the 3-MA+ATRA and Baf+ATRA
groups had significantly lower apoptotic rates
than the ATRA-only treated group (Figure 4C-F;
P<0.05). These results suggest that autophagy
plays a role in inhibiting the proliferation and
apoptosis of ATRA-treated hepatocarcinoma
cells.

Autophagy plays a role in ATRA-inhibited cell
migration and in the invasion of hepatocarci-
noma cells

The wound healing, transwell migration, and
invasion assays were performed to detect the
parallel and vertical migration, in addition to
the invasion capacity of the cells. As shown in
Figure 5, we found that ATRA significantly inhib-
its the migration and invasion of Hepal-6 and
HepG2 cells. However, after autophagy was
inhibited by 3-MA and Baf, the hepatocarcino-
ma cells healed faster and the number of
migrating and invasive cells in transwell were
markedly increased. This indicates that autoph-
agy is involved in the process of ATRA-inhibited
cell migration and invasion.

Autophagy plays a role in the ATRA-induced
cell differentiation of hepatocarcinoma cells

To investigate the effect of autophagy on the
differentiation induced by ATRA, Hepal-6 and
HepG2 cells were treated with ATRA in the pres-
ence and absence of 3-MA and Baf. Cells treat-
ed with ATRA exhibited more periodic acid-
Schiff and indocyanine green positive cells
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than the control group. In contrast, the
3-MA+ATRA and Baf+ATRA groups had less
positive-stained cells (Figure 6A and 6B;
P<0.05).

ALB and CK18 are two markers of the mature
hepatocyte. Alpha fetoprotein (AFP) is the spe-
cific marker of hepatoma carcinoma cells. As
shown in Figure 6C and 6D, the 3-MA+ATRA
and Baf+ATRA groups exhibited lower expres-
sion of ALB and CK18 than the ATRA group in
Hepal-6 cells (P<0.05). Otherwise, the expres-
sion of AFP was inhibited by ATRA and reversed
by 3-MA and Baf (Figure 6C). These findings
suggest that ATRA-induced cell differentiation
in hepatocarcinoma cells occurs by upregulat-
ing autophagy.

ATRA-induced autophagy plays a role in medi-
ating EMT in hepatocarcinoma cells

To further investigate the underlying mecha-
nisms of ATRA-induced autophagy on hepato-
carcinoma cells, we investigated the expres-
sion of EMT-related markers. The mesenchymal
markers including Snail, Vimentin, Twist, and
N-cadherin were all expressed at lower levels in
the ATRA-only treated group than in the control
group. Nevertheless, the expression levels of
the aforementioned markers increased after
autophagy was inhibited in the 3-MA+ATRA and
Baf+ATRA groups (Figure 7A-C; P<0.05). In con-
trast, the expression of epithelial markers,
such as CK18, was upregulated after ATRA
treatment and downregulated after cotreat-
ment with autophagy inhibitors (Figure 6D;
P<0.05). The expression of E-cadherin was
increased after ATRA treatment but no statisti-
cal difference was found among the ATRA,
3-MA+ATRA, and Baf+ATRA groups (P<0.05).
Therefore, we postulate that the inhibition of
autophagy regulates the EMT reversed by ATRA
in hepatocarcinoma cells.

ATRA-induced autophagy may occur by regulat-
ing Bcl-2 but not PI3K/Akt/mTOR signaling

The PI3K/Akt/mTOR pathway is an important
signal to negatively regulate autophagy. The
phosphorylation of PI3K, Akt, and mTOR yields
their active forms to exert a biological function.
However, no significant change of the protein
expression of p-PI3K (including p85 and p110),
p-Akt, and p-mTOR was found among the differ-
ent treatment groups (Figure 7D and 7G). We
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| -- | --

Control ATRA Control ATRA
3-MA+ATRA Baf+ATRA 3-MA+ATRA Baf+ATRA

Figure 4. ATRA-induced autophagy regulated cell proliferation apoptosis of hepatocarcinoma cells. Cell proliferation of Hepal-6 cells (A) and HepG2 cells (B) were
inhibited after ATRA treatment and attenuated by 3-MA and Baf from the results of trypan blue staining. Cell apoptosis of Hepal1-6 cells (C, E) and HepG2 cells (D,
F) were induced after ATRA treatment and reversed by 3-MA and Baf from the results of flow cytometry and Hoechst staining. *P<0.05 vs. control group; #P<0.05
vs. ATRA group. Scale bar = 200 pm.
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Figure 5. ATRA-induced autophagy regulated cell migration and invasion in hepatocarcinoma cells. The migration and invasion of Hepal-6 cells (A, C, E) and HepG2
cells (B, D, F) were inhibited after ATRA treatment and markedly increased in the presence of 3-MA and Baf from the results of wound healing assay and crystal violet
staining. The absorbance was measured using a microplate reader at 570 nm. *P<0.05 vs. control group; #P<0.05 vs. ATRA group. Scale bar = 200 ym.
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Figure 6. ATRA-induced autophagy regulated cell differentiation of hepatocarcinoma cells. The differentiation of
Hepal-6 cells (A) and HepG2 cells (B) were induced after ATRA treatment and significantly reversed by 3-MA and Baf
from the results of wound periodic acid-Schiff staining and indocyanine green uptake assay; The 3-MA+ATRA and
Baf+ATRA groups exhibited lower protein expression (C) and mRNA expression (D) of ALB and CK18 than the ATRA
group in Hepal-6 cells while the expression of AFP was inhibited by ATRA and reversed by 3-MA and Baf using immu-
nofluorescence assay and real-time PCR. *P<0.05 vs. control group; #P<0.05 vs. ATRA group. Scale bar = 200 pym.

further found that the expression of Bcl-2 was
downregulated after ATRA treatment, and that
the expression of phosphorylated Bcl-2, JNK,
and phosphorylated JNK were increased
(Figure 7E-I). This finding indicates that ATRA-
induced autophagy in hepatocarcinoma cells
occurs by regulating Bcl-2 expression and its
phosphorylation but not the PI3K/Akt/mTOR
signaling.

Discussion

The metastasis and recurrence of hepatocellu-
lar carcinoma cells is known to restrict the
effect of clinical treatments in patients with
HCC [18-20]. Recent studies have shown the
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therapeutic potential of ATRA in several can-
cers [21-24]. Additionally, it has been used as a
clinical therapy to treat acute promyelocytic
leukemia [25, 26]. Our previous study revealed
that ATRA inhibits the malignant behaviors of
Hepal-6 cells [11]. A deeper understanding of
the underlying detailed mechanisms of ATRA is
necessary to improve its future application as a
treatment strategy for hepatocarcinoma.

Autophagy is a highly conserved cellular self-
digestion progress that maintains homeostasis
and survival. A wealth of evidence has shown
that autophagy is involved in the occurrence
and development of many types of tumors [27-
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Figure 7. ATRA-induced autophagy regulated EMT markers in hepatocarcinoma cells and ATRA-induced autophagy
via the Bcl-2/Beclinl pathway independent of mTOR. A. ATRA suppressed the mRNA expression of the mesenchymal
markers including Snail, Vimentin, Twist, and N-cadherin and were reversed by 3-MA and Baf. The expression of E-
cadherin was increased after ATRA treatment but no statistical difference was found among the ATRA, 3-MA+ATRA,
and Baf+ATRA groups in Hepal1-6 cells. The results were confirmed in at least three batches of independent experi-
ments, and representative results are shown. *P<0.05 vs. control group; #P<0.05 vs. ATRA group; B, C. The protein
expression of EMT-related proteins were measured by western blot analysis with B-actin normalization in Hepal-6
and HepG2 cells; D, G. The results of western blot assay showed that the protein expression of PI3K/Akt/mTOR
pathway-related markers have no significant variation after ATRA treatment in Hepal-6 cells and HepG2 cells; E,
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H. The protein levels of Bcl-2/Beclinl pathway-related markers were determined using western blot with B-actin
normalization in Hepal1-6 cells and HepG2 cells; F, I. An immunofluorescence assay was performed to analyze the
protein levels of Bcl-2 and p-Bcl-2 in Hepal-6 cells and HepG2 cells. Scale bar = 200 pm.

29]. However, current views on the role of
autophagy in cancer are inconsistent. Some
studies have demonstrated that autophagy
activation suppresses tumor progression and
enhances chemotherapy in some cancer cells
[30-32]. Conversely, some researchers consid-
ered autophagy as a protective mechanism for
cancer cells [33-35]. This paradoxical phenom-
enon indicates that autophagy may be a dou-
ble-edged sword. The protective or damaging
function of autophagy may depend on its stimu-
lating factors, or in the balance of the intracel-
lular environment in health and disease.

In our study, we first investigated the relation-
ship between autophagy and ATRA, followed by
demonstrating that ATRA induces cell autopha-
gy in a concentration-dependent manner in
hepatocarcinoma cells. Additionally, our results
substantiated that ATRA-induced autophagy
affects the characteristics and behaviors of
hepatocarcinoma cells. Blocking autophagy by
specific inhibitors, 3-MA and Baf [36, 37], sig-
nificantly reversed the effects of ATRA on the
proliferation, apoptosis, migration, invasion,
and differentiation of Hepal-6 and HepG2
cells. The EMT process is complex and associ-
ated with tumor progression. It is well estab-
lished that EMT contributes to cancer metasta-
sis and invasion [38-41]. During this process,
epithelial cells lose their original polarized orga-
nization and specific intercellular junctions, by
instead adopting characteristics of a mesen-
chymal cell [42, 43]. Our previous studies
revealed that the EMT process in Hepal-6 can
be reversed after ATRA treatment; however, the
expression of specific epithelial proteins, such
as CK18, decreased. Simultaneously, the mes-
enchymal-specific markers, such as N-cadherin,
Vimentin, Snail and Twist, increased when
ATRA-induced autophagy was inhibited by 3-MA
or Baf. Although ATRA could also upregulate the
expression of E-cadherin, no significant change
was found after autophagy was inhibited.
Therefore, these results indicate that auto-
phagy meditates the effects of ATRA on hepato-
carcinoma cells by regulating EMT, particu-
larly with respect to the mesenchymal cell
characteristics.
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In addition, we explored the possible pathway
responsible for ATRA-induced autophagy. Mul-
tiple signaling pathways have been reported to
regulate autophagy [44-47], and the PI3K/Akt/
mTOR pathway is an established autophagic
pathway. Unexpectedly, ATRA treatment and
treatment with autophagic inhibitors, showed
no significant effect on the PI3K/Akt/mTOR
pathway, indicating that ATRA induces autopha-
gy independent of mTOR.

ATRA treatment increased the apoptosis of
hepatocarcinoma cells. As an anti-apoptotic
gene, Bcl-2 plays an important role in promot-
ing cellular survival and inhibits the function of
pro-apoptotic proteins [48, 49]. Additionally,
present studies demonstrated that the interac-
tion between the Bcl-2 and Beclinl proteins
plays a critical role in the initiation stage of
autophagosome formation [44, 50, 51]. The
phosphorylation of Bcl-2 can disrupt the bind-
ing of the Bcl-2-Beclinl complex and release
Beclini; the dissociated Beclinl subsequently
integrates with Vps34 (Class lll PI3K) and initi-
ates the autophagic progress [44, 52-55].
Similarly, our results showed that the expres-
sion of Bcl-2 is downregulated by ATRA, and
that the phosphorylation level of Bcl-2 is
increased by ATRA. In addition, phosphoryla-
tion sites of Bcl-2 may be targets of a JNK1-
related pathway given that both the JNK and
phosphorylated JNK were upregulated after
ATRA treatment. These data suggest that Bcl-2
may be associated with the induction of auto-
phagy by ATRA in hepatocarcinoma cells.
Autophagy and apoptosis are two major corre-
lated mechanisms of cell death, and the
enhancement of lysosome activity can lead to
autophagic cell death [56-58]. ATRA promotes
apoptosis and autophagy in both Hepal-6 and
HepG2 cells, therefore we believe that ATRA
also promoted autophagy-dependent cell death
by regulating Bcl-2 and its phosphorylated
form.

Notably, although autophagic flux was unob-
structed, the expression of P62 increased. P62
is a multifunctional protein of downstream
autophagic flux that binds to LC3-Il for auto-
phagic degradation of polyubiquitinated sub-
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strates, and is degraded when autophago-
somes are fused with lysosomes [59-61]. It is
commonly believed that the expression of P62
should decrease in the status of autophagy
activation; however, some studies determined
that the intracellular level of P62 does not
always inversely correlate with autophagy activ-
ity. This likely depends on the balance of tran-
scriptional regulation and post-translational
autophagic degradation [59, 61]. Sahani et al
found that P62 returns to basal levels due to
transcription upregulation under prolonged
amino acid starvation, thus reducing P62 levels
via autophagic degradation [59]. Additionally,
Chu et al demonstrated that both the level of
autophagy and P62, increased during 24~72 h
following acute spinal cord injury complicated
with lung injury [62]. Consistent with the afore-
mentioned results, excessive accumulation of
the autophagy substrate, P62, can lead to
excessive lysosomal digestion and result in
autophagic death.

Conclusion

Our study demonstrated that ATRA induces
autophagy and autophagic cell death via the
Bcl-2/Beclinl pathway in hepatocarcinoma
cells. ATRA-induced autophagy induces the
inhibitory effect of ATRA on the malignant
behaviors of hepatocarcinoma cells by revers-
ing the EMT process. These results may provide
a novel theoretical basis for the potential appli-
cation of ATRA to treat patients with liver
cancer.
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