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ER-036 knockdown is associated with lysosomal dysfunction
and proliferation inhibition in liver cancer cells
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Abstract. Estrogen receptor (ER)-036 and autophagy have
each independently been reported to promote the proliferation
of liver cancer cells; however, the association between them has
not been explored. Therefore, the present study aimed to inves-
tigate the role and the underlying mechanism of ER-036 in the
regulation of autophagy in liver cancer cells. The proliferation
of liver cancer cell variants was examined by colony forma-
tion assay. A xenograft tumor model in nude mice was used to
examine the role of ER-a36 in malignant proliferation of liver
cancer cells in vivo. Autophagic flux and lysosomal localization
were assessed with immunofluorescence and confocal micros-
copy. The levels of ER-a36, LAMPI1, AKT, p62 and LC3-II/1
in liver cancer cell variants, and tumors formed by HepG2 cell
variants in the nude mice were examined using Western blot
and immunohistochemistry. The results revealed that ER-a36
knockdown impaired autophagic flux by increasing lysosomal
membrane permeabilization (LMP) and blocking lysosomal
degradation. ER-036 knockdown also significantly inhibited
the proliferation of liver cancer cells and orthotopic liver xeno-
graft tumors. In addition, decreased AKT phosphorylation
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and the juxtanuclear clustering of lysosomes were observed
in the liver cancer cells with ER-a36 knockdown. In vitro
experiments using the AKT inhibitor MK-2206 indicated that
AKT is involved in the ER-a36 knockdown-induced changes
in LMP and lysosomal localization in liver cancer cells.
In summary, the present study revealed that ER-a36 plays
a role in regulating the autophagy and proliferation of liver
cancer cells, which is associated with the modulation of AKT
signaling, LMP and lysosome localization. These findings
highlight an important role of ER-a36 in liver tumorigenesis.

Introduction

Liver cancer is one of the most prevalent and life-threatening
cancer types worldwide. Due to its high incidence and global
mortality rates, as well as the limited therapeutic options
at advanced stages, liver cancer remains a major clinical
challenge (1-3).

Estrogen receptor (ER)-mediated signaling is known to
contribute to the pathogenesis of liver cancer (4,5). ER-036,
an isoform of ER-a, has been reported to play a critical role
in the development of numerous tumors, including liver
cancer (6,7). ER-a36 is transcribed from a promoter located in
the first intron of the classic ER-a gene. Unlike classical ER-a,
ER-036 is mainly localized on the plasma membrane, where
it mediates rapid estrogen signaling (8). ER-a36 expression
in primary liver cancer is upregulated compared with that in
adjacent non-tumor tissues, contrasting with the expression
pattern of classical ER-a (7,9). In addition, ER-a36-mediated
rapid estrogen signaling has been shown to promote the
growth of PLC/PRF/5 and HepG2 liver cancer cells, in culture
and in tumorspheres, through the epidermal growth factor
receptor/Src/extracellular signal-regulated kinase axis (10).
Tamoxifen, an ER-a antagonist, has not provided survival
benefits in patients with breast cancer (11), and ER-a36 has
been indicated to contribute to tamoxifen resistance in breast
cancer and glioblastoma cells (11,12). These findings suggest
that ER-a36, rather than classical ER-a, is the key ER isoform
involved in the development and progression of liver cancer.
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However, the mechanism underlying the potential contribution
of ER-a36 to liver tumorigenesis remains unclear.

Autophagy is a catabolic pathway that maintains cellular
homeostasis and supports organelle renewal by removing
misfolded proteins, cytotoxic aggregates and damaged organ-
elles (13). During this process, cytoplasmic components are
sequestered into autophagosomes, which subsequently fuse
with lysosomes to form autolysosomes. Within autolysosomes,
cellular contents, including protein substrates, receptors and
other autophagosome-associated proteins, are degraded by
lysosomal acidic hydrolases (14). Thus, lysosomes function
as the terminal degradation component of the autophagic
process. Studies have shown that lysosomal dysfunction,
including lysosomal membrane permeabilization (LMP), loss
of acidity, changes in lysosome localization and defects in
lysosome-associated signaling molecules (15-18), can impair
the degradative capacity of the lysosomal-autophagy pathway.
These dysfunctions have profound implications for the devel-
opment and progression of numerous diseases, including
cancer (19). Tumor cells rely heavily on increased lysosomal
function to meet their proliferation and metabolism require-
ments, which renders them particularly sensitive to lysosomal
dysregulation (20,21). For example, it has been found that
the re-localization of lysosomes to the tumor cell periphery
facilitates the exocytosis of cathepsins, neuraminidase-1 and
heparinase, thereby promoting tumor cell invasion, metastasis
and angiogenesis (20,22). In addition, lysosomal acidity has
been shown to influence cell growth through the maintenance
of iron homeostasis (23). Thus, the lysosome is an important
regulatory hub for multiple pathways involved in cell prolifera-
tion (21). However, the exact mechanism by which lysosomal
function contributes to the proliferation of liver cancer cells
remains unclear.

In the present study, the role of ER-a36 in regulating
the malignant proliferation of liver cancer cells was investi-
gated in vivo and in vitro. In addition, the role of ER-a36 in
autophagy and lysosomal distribution was examined.

Materials and methods

Chemicals and antibodies. 17p-estradiol (E2) was purchased
from Sigma-Aldrich; Merck KGaA. The ER-a36 anti-
body was kindly provided by Dr Zhaoyi Wang (Shenogen
Pharma Group). Antibodies against p62 (also known as
sequestosome 1; cat. no. 18420-1-AP), galectin-3 (Gal-3; cat.
no. 60207-1-1g), lysosome-associated membrane protein 1
(LAMPI; cat. no. 21997-1-AP), AKT (cat. no. 10176-2-AP),
phosphorylated-(p-)AKT (cat. no. 66444-1-Ig) and p-actin
(cat. no. 60008-1-IG) were purchased from Proteintech
Group, Inc. The microtubule-associated protein 1 light chain
3b (LC3B) antibody (cat. no. A19665) was purchased from
ABclonal Biotech Co., Ltd. Antibodies for ubiquitin (Ub;
cat. no. AF0306) were purchased from Beyotime Biotech
Inc. The Ki67 antibody (cat. no. bs-2130R) was purchased
from Biosynthesis Biotechnology Co., Ltd. Chloroquine
(CQ; cat. no. HY-17589A) and the AKT inhibitor MK-2206
(cat. no. HY-108232) were obtained from MedChemExpress.

Cell culture, stably transfected cell line preparation and
cell treatment. The HepG2 (cat. no. STCC10114) and Huh7

(cat. no. STCC10102) human liver cancer cell lines, which
endogenously express ER-a36, were obtained from Shenogen
Pharma Group (7). The authenticity of both cell lines was
confirmed by STR analysis. The cells were maintained in
DMEM (Thermo Fisher Scientific, Inc.) with 10% FBS;
Zhejiang Tianhang Biotechnology Co., Ltd.) at 37°C in a
humidified incubator with 5% CO,.

Stable ER-036 knockdown cell lines and control cell lines
were established as previously described (10,24). In brief,
short hairpin RNA (shRNA) targeting human ER-036 was
constructed using the pRNAT-U6.1/Neo vector (provided by
Dr Zhaoyi Wang) (25,26). The construct was validated by DNA
sequencing. The target sequence was as follows: shER-a36:
5-GTTCAGTACCTATTGGCA-3' (nucleotides 4,261-4,278,;
sequence ID: BX640939.1). The empty vector and ER-036
shRNA expression vector (2 ug/ml) were transfected into the
liver cancer cells for 6 h at 37°C, using Lipofectamine® 2000
(Invitrogen; Thermo Fisher Scientific, Inc.) as the transfection
reagent. The transfected cells were selected with 600 ug/ml
G418 (Beyotime Institute of Biotechnology) for 3 weeks. After
this, cells from =25 clones were pooled. The empty vector
transfected cells were named HepG2/Vector and Huh7/Vector,
and those transfected with ER-a36 shRNA were named
HepG2/Sh36 and Huh7/Sh36.

For treatment, the cells were maintained in phenol red-free
DMEM with 1% charcoal-stripped fetal calf serum (FCS;
Zhejiang Tianhang Biotechnology Co., Ltd.) for 48 h, and then
treated with MK-2206 (100 nM) for 6 h, followed by E2 (1 nM)
for either 30 min (detection of the phosphorylation levels of
AKT) or 24 h (detection of LAMP1 expression) at 37°C in
an atmosphere containing 5% CO, (10). An equal volume of
alcohol was used as the vehicle control. The cells were treated
with CQ (20 uM) for 24 h at 37°C; the same volume of DMSO
was used as the vehicle control.

Western blot analysis. Cells and liver tissues were lysed with
RIPA lysis buffer (Beyotime Institute of Biotechnology).
Protein concentrations were measured using a BCA Protein
Assay Kit. The proteins (20 ug/lane) were separated by
10% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis, transferred to polyvinylidene fluoride membranes.
The membranes were blocked with 5% skim milk powder
in Tris-buffered saline containing 0.1% Tween-20 (TBST)
for 1 h at room temperature. After blocking, membranes
were incubated overnight at 4°C with primary antibodies:
anti-ER-a36 (1:1,000), anti-LC3B (1:1,000), anti-p62 (1:1,000),
anti-Ub (1:1,000), anti-LAMP1 (1:1,000), anti-p-AKT
(1:1,000), anti-AKT (1:1,000) and anti-B-actin (1:2,000).
After washing with TBST, the membranes were incubated
with HRP Conjugated AffiniPure Goat Anti-rabbit/mouse
IgG (H + L) secondary antibodies (cat. no. BA1055/BA1051,
1:5,000, Wuhan Boster Biological Technology CO., LTD.) at
room temperature for 1 h. Following incubation, membranes
were washed in TBST. The target proteins were detected
using enhanced chemiluminescence (ECL) detection reagent
(BeyoECL Moon kit; Beyotime Institute of Biotech Inc.).
Signal intensities were captured using ECL western-blotting
analysis system (GE Healthcare). And quantitative analysis
was performed using ImagelJ version 1.53t software (National
Institutes of Health).
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Colony formation assay. After seeding (2x10% cells/well),
cells were treated with MK-2206 (100 nM) for 6 h alone or in
combination with E2 (1 nM) for 24 h and cultured for 2 weeks
at 37°C. The cell colonies were washed with PBS and fixed
with 4% paraformaldehyde for 15 min at 37°C. After washing
with PBS, cells were stained with 1% crystal violet for 30 min
at 37°C. Colonies containing >50 cells were counted. Colonies
count was performed using ImageJ v 2.14.0 (F1JI) software
(National Institutes of Health).

Immunofluorescence (IF) staining. After seeding
(5x10° cells/well), the cells were fixed in 4% paraformaldehyde
for 15 min at room temperature. The tumor tissue was fixed
in 4% paraformaldehyde for 24 h at room temperature, dehy-
drated in graded ethanol, embedded in paraffin, and sectioned
into 4 um slices. After paraffin was removed with xylene
at room temperature, the slides were gradually hydrated
using ethanol. The slides were incubated in 3% hydrogen
peroxide/methanol buffer to quench endogenous peroxidase
activity. Antigen retrieval was performed by immersing the
slides in ethylenediamine tetra acetic acid buffer (pH 8.0)
and boiling for 5 min. Then, the samples were blocked with
5% BSA (BioFroxx) for 1 h at room temperature, incubated
with primary antibodies: anti-LC3B (1:500), anti-p62 (1:500),
anti-LAMP1 (1:500) and anti-Gal-3 (1:500) overnight at 4°C,
followed by incubation with secondary antibodies conjugated
to fluorescein: ABflo® 488-conjugated Goat anti-mouse/rabbit
IgG (H+L) (cat. no. AS076/AS053, 1:200, ABclonal Biotech
Co.) or ABflo® 594-conjugated Goat anti-mouse/rabbit IgG
(H+L) (cat. no. AS054/AS039, 1:200, ABclonal Biotech Co.)
for 1 h at room temperature. The nuclei were stained with
Hoechst 33342 for 10 min at room temperature. Images were
captured using a Leica TCS SP8 confocal microscope (Leica
Microsystems. Inc.), and image analysis was performed using
Imagel v 2.14.0 (FIJT) software (National Institutes of Health).

pmCherry-enhanced green fluorescence protein (EGFP)-LC3
puncta assay. After seeding (1x10* cells/well), cells were
infected with the pmCherry-EGFP-LC3b adenovirus (MOI:
20; Beyotime Biotech Inc.) for 12 h at 37 °C. Then, the infec-
tion medium was replaced with fresh complete medium and
cells were cultured for 24 h at 37 °C. The nuclei were stained
with Hoechst 33342 for 10 min at room temperature. Images
were captured using a Leica TCS SP8 confocal microscope
(Leica Microsystems. Inc.), and image analysis was performed
using ImageJ v 2.14.0 (FIJI) software (National Institutes of
Health).

Lyso-Tracker Red staining. After seeding (5x10° cells/well),
cells were incubated in Lyso-Tracker Red (50 nM, Beyotime
Institute of Biotech Inc.) for 15 min at 37 °C. The nuclei were
stained with Hoechst 33342 for 10 min at room tempera-
ture, and images were captured using an Olympus BX53
fluorescence microscope (Olympus Co., Ltd).

Animal experiments. All experimental procedures were
performed in compliance with the National Institutes of
Health guidelines for the Care and Use of Laboratory
Animals and approved by the Ethics Committee of Jianghan
University (Wuhan, China; approval no. JHDXL.L.2024-086).
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A total of 10 male BALB/c-nu mice (5 weeks old, 16-18 g)
were purchased from Sipeifu (Beijing) Animal Technology
Co., Ltd., and housed in specific pathogen-free conditions at
a temperature of 24+2°C and relative humidity of 60%. The
mice were exposed to a 12-h light/dark cycle, and were given
free access to mouse feed sterilized and water sterilized by
autoclaving. The HepG2/Sh36 and HepG2/Vector cells (5x10°
cells/mouse) were injected into the livers of BALB/c-nu mice
(n=4/group) to establish 28-day orthotopic liver xenograft
tumor models. The mice were monitored daily for food and
water intake, weight, body posture, behavior, distress and
response to external stimuli. Several humane endpoints were
established, including a >20% loss of body weight, severe dehy-
dration, refusal of food, severe pain or distress, or a moribund
state. However, no mice were humanely sacrificed or found
dead prior to the designated end of the study. After 28 days,
the mice were anesthetized with an intraperitoneal injection of
pentobarbital sodium at a dose of 50 mg/kg body weight and
sacrificed by cervical dislocation. Death was confirmed when
no breathing or heartbeat was detected for >5 min. The livers
were then harvested from the mice for further investigation.

H&E Staining. The tumor tissue was fixed in 4% paraformal-
dehyde for 24 h at room temperature, dehydrated in graded
ethanol, embedded in paraffin, and sectioned into 4 ym slices.
After paraffin was removed with xylene at room temperature,
the slides were gradually hydrated using ethanol. The slides
were dyed with hematoxylin for 30 sec at room temperature
and eosin for 1 min at room temperature. Images were captured
using a light microscope.

Immunohistochemistry (IHC) assay. The tumor tissue was
fixed in 4% paraformaldehyde for 24 h at room tempera-
ture, dehydrated in graded ethanol, embedded in paraffin,
and sectioned into 4 ym slices. After paraffin was removed
with xylene at room temperature, the slides were gradually
hydrated using ethanol. The slides were incubated in 3%
hydrogen peroxide/methanol buffer to quench endogenous
peroxidase activity. Antigen retrieval was performed by
immersing the slides in ethylenediamine tetra acetic acid
buffer (pH 8.0) and boiling for 5 min. The slides were blocked
with 5% BSA (BioFroxx) for 1 h at room temperature, incu-
bated with primary antibodies: anti-LC3B (1:200), anti-p62
(1:200), anti-LAMP1 (1:200) and anti-Ki67 (1:200) overnight
at 4°C, followed by incubation with secondary antibodies (goat
anti-rabbit/mouse HRP-labeled polymer; cat. no. PV-9000,
Beijing Zhong Shan-Golden Bridge Biological Technology
CO., Ltd.) for 1 h at 37°C. The slides were stained with
3,3'-Diaminobenzidine tetrahydrochloride (Beijing Zhong
Shan -Golden Bridge Biological Technology CO., Ltd.) and
counterstained with hematoxylin for 30 s at room temperature
to visualize the cell nuclei. Then, the slides were photographed
by a light microscope. Quantification of the positive staining
was performed by measuring the integral optical density using
Image] v 2.14.0 (F1JT) software (National Institutes of Health),
with normalization to the stained area.

Statistical analysis. Data are presented as the mean + stan-
dard error of mean of at least three independent experiments.
The data were analyzed using GraphPad Prism 8.0 software
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(Dotmatics) with one-way analysis of variance (ANOVA)
followed by Bonferroni's post hoc tests. P<0.05 was considered
to indicate a statistically significant difference.

Results

ER-a36 knockdown attenuates the proliferation of liver cancer
cells and promotes the accumulation of autophagosomes. To
test the role of ER-a36 in the proliferation and autophagy of
liver cancer cells, HepG2/Sh36 and Huh7/Sh36 cells were
prepared by transfection with an ER-a36 specific sSiIRNA
expression vector, and HepG2/Vector and Huh7/Vector control
cells were prepared by transfection with an empty expression
vector. The successful knockdown of ER-a36 expression was
verified by western blotting (Fig. 1A and B). The results of
the colony formation assay revealed that ER-a36 knockdown
attenuated the colony-forming ability of the liver cancer cells
(Fig. 1C and D). The knockdown of ER-036 expression also
increased the LC3-II/LC3-I ratio as revealed by western blot
analysis (Fig. 1E and F), and increased the number of LC3-II
puncta as shown by IF staining (Fig. 1G). These findings
suggest that ER-a36 knockdown promoted autophagosome
formation in the liver cancer cells.

ER-a36 knockdown blocks autophagic flux and autophagic
degradation. The effect of ER-a36 knockdown on autoph-
agic flux was assessed. Western blotting revealed that the
expression of p62, a marker of autophagic flux, was increased
in the HepG2/Sh36 and Huh7/Sh36 cells compared with that
in the respective empty vector-transfected cells, suggesting
that ER-a36 downregulation impaired autophagic flux
(Fig.2A and B). The transfected liver cancer cells were co-trans-
fected with pmCherry-EGFP-LC3b to monitor autophagy.
In this system, autophagosomes appear as yellow puncta, due
to a combination of GFP and mCherry fluorescence, whereas
autolysosomes, formed by autophagosome-lysosomal fusion,
are identified by mCherry red fluorescence only. This occurs
because when autophagosomes fuse with lysosomes, GFP is
quenched by the acidic environment, whereas mCherry remains
fluorescent. The liver cancer cells with ER-a36 knockdown
exhibited significantly increased numbers of yellow puncta,
indicative of autophagosomes, with occasional red dots repre-
senting autolysosomes, suggesting that ER-a36 knockdown
blocked autophagic flux, thereby resulting in the accumulation
of autophagosomes (Fig. 2C and D). Additionally, when the
autophagosome-lysosome fusion inhibitor CQ was used to treat
the cells, western blotting revealed that ER-036 knockdown
increased the LC3-II/LC3-I ratio in the absence of CQ, but
caused no further increase in the presence of CQ. This suggests
that ER-a36 knockdown increased the LC3-II/LC3-I ratio
due to impaired autophagosome degradation (Fig. 2E and F).
Furthermore, ER-a36 downregulation led to the accumulation
of ubiquitinated proteins, suggesting that substrate degradation
was inhibited (Fig. 2G and H). Taken together, these findings
indicate that ER-036 knockdown impaired autophagic flux by
inhibiting the degradation of autophagosomes.

ER-036 knockdown induces lysosomal damage and LMP.
To determine whether the autophagic degradation defect
induced by ER-a36 knockdown was due to impaired

autophagosome-lysosome fusion or defective lysosomal
degradation, IF staining of LC3 (green) and LAMPI1 (red)
was performed to assess their co-localization (yellow) in liver
cancer cells with different levels of ER-a36 expression. Fewer
red LAMPI puncta and yellow co-localization signals were
observed in the HepG2/Sh36 and Huh7/Sh36 cells compared
with those in the corresponding vector control cells (Fig. 3A),
suggesting that ER-a36 knockdown blocked autophago-
some-lysosome fusion, thereby contributing to the impairment
of autophagic flux in liver cancer cells.

Since lysosomal dysfunction can lead to autophagic flux
blockage and the accumulation of lysosomal substrates (27),
lysosomal integrity was examined. A significant reduction in
the Lyso-Tracker-staining of lysosomes was observed in the
HepG2/Sh36 and Huh7/Sh36 cells compared with those in
the respective vector control cells (Fig. 3B), suggesting that
ER-a36 downregulation compromised the acidic environment
within lysosomes. An increase in the pH of the lysosomal
lumen is a known indicator of LMP (28). As shown in
Fig. 3C, IF staining revealed prominent Gal-3 puncta in the
HepG2/Sh36 and Huh7/Sh36 cells, whereas they were only
faintly visible in the vector control cells. In addition, western
blotting revealed that LAMPI1 expression in the HepG2/Sh36
and Huh7/Sh36 cells was decreased compared with that in the
vector control cells (Fig. 3D and E). These data indicate that
ER-a36 knockdown disrupted lysosomal integrity.

ER-a36 knockdown suppresses the malignant proliferation
of liver cancer cells and induces LMP. To investigate the
function of ER-a36 in the malignant proliferation of liver
cancer cells in vivo, nude mice were intrahepatically injected
with HepG2/Vector cells or HepG2/Sh36 cells to establish an
orthotopic liver xenograft tumor model for 28 days. While
tumors were formed in the livers of all mice, the tumor
volumes formed by the HepG2/Sh36 cells were significantly
smaller than those formed by the HepG2/Vector cells. The liver
weight, body weight and ratio of liver weight to body weight
exhibited no significant differences between the two groups
(Fig. 4A and B). Furthermore, a reduced number of patho-
logical karyomitoses and Ki67-positive cells were detected in
the tumors formed from the HepG2/Sh36 cells by H&E and
IHC, suggesting that ER-036 is involved in the malignant
proliferation of HepG2 cells (Fig. 4C and D). Western blot
analysis and THC also revealed an increased LC3-II/I ratio
and p62 expression level, and decreased LAMP1 expression in
the tumor tissues formed by the HepG2/Sh36 cells compared
with those in the tumors formed by the HepG2/Vector cells
(Fig. 4D, F and G). In addition, IF staining demonstrated an
increase in the number of Gal-3 puncta in the tumors formed
by the HepG2/Sh36 cells compared with those formed by
the HepG2/Vector cells (Fig. 4E). These results indicate that
ER-036 knockdown suppressed the tumor proliferation of
HepG2 cells and induced LMP in vivo.

ER-036 knockdown decreases AKT phosphorylation and
influences lysosomal localization in liver cancer cells. AKT
signaling, a typical event in ER-a36-mediated rapid estro-
genic signaling, has been reported to influence lysosomal
localization (10,29). To determine whether ER-a.36 mediated
AKT activation is involved in the regulation of lysosomal
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knockdown infected with pmCherry-enhanced GFP-LC3b adenovirus (scale bar, 10 xm) and (D) quantification of yellow and red puncta. (E) Levels of LC3-II
and LC3-I assessed by western blotting in transfected liver cancer cells treated with or without CQ (20 M) for 24 h, and (F) quantitative analysis of the
LC3-II/LC3-I ratio. (G) Western blots of ubiquitinated proteins in the transfected liver cancer cells and (H) quantitative analysis of Ub levels. “P<0.01. ER,
estrogen receptor; GFP, green fluorescence protein; LC3, microtubule-associated protein 1 light chain 3; CQ, chloroquine; Ub, ubiquitin; Sh36, transfected
with ER-a36 specific short hairpin RNA expression vector; Vector, transfected with empty vector.
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Figure 3. ER-a36 knockdown induces lysosomal damage and membrane permeabilization. (A) Co-localization of LC3 (green) and LAMPI1 (red) in stably
transfected liver cancer cells with different levels of ER-a36 expression. Scale bar, 10 ym. (B) Fluorescence images of the transfected liver cancer cells
following staining with Lyso-Tracker Red. Scale bar, 20 #m. (C) Co-localization of Gal-3 and LAMPI in the transfected liver cancer cells. Scale bar, 10 ym.
(D) Expression levels of LAMP1 in the liver cancer cells evaluated by western blotting and (E) quantitative analysis. Data are presented as the mean + SEM.
“P<0.01. ER, estrogen receptor; LC3, microtubule-associated protein 1 light chain 3; LAMPI, lysosome-associated membrane protein 1; Gal-3, galectin-3;
Sh36, transfected with ER-a36 specific short hairpin RNA expression vector; Vector, transfected with empty vector.

the corresponding vector controls (Figs. 4F and G, 5A and B).
In addition, when compared with the HepG2/Vector and
Huh7/Vector cells, an accumulation of LAMP1 was observed
at the juxtanuclear region in the HepG2/Sh36 and Huh7/Sh36
cells (Fig. 5C and D), consistent with earlier reports that the
AKT inhibitor MK-2206 promotes the juxtanuclear clustering
of lysosomes (29). However, in the present study, MK-2206
did not further reduce AKT phosphorylation or influence
lysosome localization in HepG2/Sh36 and Huh7/Sih6 cells
(Fig. 5C and D). These results indicate that ER-a36 expression
knockdown attenuated AKT phosphorylation, which then led
to the juxtanuclear clustering of lysosomes.

AKT is involved in the ER-a36 knockdown-induced changes
in lysosomal localization and LMP in liver cancer cells. To

examine the effect of AKT on ER-a36 regulated LMP and
lysosomal localization, which influence the proliferation
of liver cancer cells, the transfected liver cancer cells were
treated with E2 and/or MK-2206. It was observed that treat-
ment of the HepG2/Vector and Huh7/Vector cells with E2
upregulated AKT phosphorylation at Ser 473 and increased
the colony-forming ability of the cells, and these effects were
abrogated by MK-2206 (Fig. 6A, B, E and F). This is consistent
with the previous finding that AKT signaling is involved in
ER-a36-mediated rapid estrogenic signaling and stimulation
of cell proliferation (10). The E2 treatment also upregulated
LAMP1 expression (Fig. 6C,D and H), increased Lyso-Tracker
fluorescence intensity (Fig. 6G) and re-localized lysosomes to
the cell periphery in the HepG2/Vector and Huh7/Vector cells
(Fig. 6G), while MK-2206 abrogated all these E2-induced
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Figure 4. ER-a.36 knockdown suppresses the malignant proliferation of liver cancer cells and induces lysosomal membrane permeabilization. (A) Representative
images of liver tumors from nude mice intrahepatically injected with HepG2 cells expressing different ER-a36 levels, harvested at 28 days post-injection.
(B) Quantitative analysis of liver tumor volume, liver weight, body weight and the ratio of liver weight to body weight. (C) Representative H&E staining images
showing pathological karyomitosis changes. Scale bar, 50 ym. (D) Immunohistochemical staining of LC3, p62, LAMP1 and Ki67 with corresponding IOD
values. Scale bar, 50 ym. (E) Immunofluorescence staining of Gal-3 in the tumors formed from the transfected HepG2 cells. Scale bar, 10 ym. (F) Western
blotting results showing the levels of LC3-II and LC3-II, p62, LAMPI1, p-AKT and t-AKT in the tumors, and (G) quantitative analyses of the LC3-II/LC3-I
and p-AKT/t-AKT ratios, and p62 and LAMP1 expression levels. $-actin was used as the internal loading control. Data are presented as the mean + SEM.
“P<0.01. ER, estrogen receptor; H&E, hematoxylin and eosin; LC3, microtubule-associated protein 1 light chain 3; LAMPI, lysosome-associated membrane
protein 1; Gal-3, galectin-3; IOD, integrated optical density; p-, phosphorylated; t-, total; Sh36, transfected with ER-a36 specific short hairpin RNA expression
vector; Vector, transfected with empty vector.
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Figure 5. ER-036 knockdown decreases AKT phosphorylation and influences lysosomal localization in liver cancer cells. Stably transfected liver cancer cells
with different levels of ER-036 expression were treated with or without MK-2206 (100 nM) for 6 h. (A) Representative western blots of p-AKT and t-AKT,
and (B) quantitative analysis. (C) Immunofluorescence analysis of LAMPI. Cell peripheries and the juxtanuclear region are indicated with dashed lines and
solid lines, respectively. Scale bar, 10 zm. (D) Quantification of the juxtanuclear percentage of LAMPI. ““P<0.01. ER, estrogen receptor; p-, phosphorylated;
t-, total; LAMPI, lysosome-associated membrane protein 1; Sh36, transfected with ER-a36 specific short hairpin RNA expression vector; Vector, transfected

with empty vector.

effects. In addition, a diffuse distribution of Gal-3 in the cyto-
plasm and nucleus was observed in E2-treated HepG2/Vector
and Huh7/Vector cells, while a punctate pattern was observed
in the HepG2/Vector and Huh7/Vector cells treated with the
combination of E2 and MK-2206 (Fig. 6H). By contrast, these
phenomena were almost undetectable in the HepG2/Sh36 and
Huh7/Sh36 cells. These findings strongly suggest that AKT
is involved in the lysosomal localization and LMP changes
associated with ER-a36 knockdown.

Discussion

The present study provides evidence that the knockdown of
ER-036 impaired autophagic flux and inhibited the malignant
proliferation of HepG2 and Huh7 human liver cancer cells in vivo
and in vitro. ER-a36 knockdown also induced LMP as well as
lysosomal dysfunction, including pH elevation, impaired protein
degradation and the juxtanuclear clustering of lysosomes. These

findings suggest that the maintenance of normal lysosomal func-
tion is one of the key roles of ER-036 in liver cancer cells.

Previous studies have suggested that ER-036 is involved in
liver tumorigenesis (10), that ER-a36 mRNA levels gradually
increase from normal liver tissue to cirrhotic liver and liver
carcinoma tissues (7), and that upregulated ER-a36 expression
is associated with primary liver cancer (9). In addition, the
knockdown of ER-a36 expression has been shown to attenuate
the metastasis of HepG2 and Huh7 cells by downregulating
epithelial-mesenchymal transition and the Src signaling
pathway (24). Furthermore, ER-a36 has been demonstrated
to be a prognostic factor in breast cancer (30). However, the
molecular mechanism by which ER-a36 promotes cancer cell
proliferation is unclear.

Impaired autophagy has been linked to various patho-
logical conditions in humans, including liver dysfunction and
carcinogenesis (31). In glioblastoma cells, ER-a36 has been
reported to counteract tamoxifen-mediated cell apoptosis by
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Figure 6. Continued.

promoting autophagy via inactivation of the AKT/mamma-  expression level has been shown to correlate with that of p62
lian target of rapamycin (mTOR) signaling pathway (12). in a three-dimensional culture model (12).

Furthermore, ER-a36 promotes autophagy during the devel- The present study also demonstrated that ER-a36 knock-
opment of acquired tamoxifen resistance (12,32), and its down attenuated the malignant proliferation of liver cancer
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Figure 6. AKT is involved in the lysosomal localization and LMP induced by ER-a36 knockdown. Transfected liver cancer cells with different levels of
ER-a36 expression were treated with MK-2206 (100 nM) for 6 h, followed by E2 (1 nM) for 30 min, and the same volume of alcohol was used as a vehicle
control. (A) Representative western blots of ER-a36, p-AKT and AKT, and (B) quantitative analysis of ER-a36 expression and the p-AKT/t-AKT ratio. In
subsequent assays, the transfected liver cancer cells were treated with MK-2206 (100 nM) for 6 h, followed by E2 (1 nM) for 24 h. (C) Representative western
blots of LAMP1 and (D) quantitative analysis of LAMP1 expression. (E) Representative images of colony formation by the liver cancer cells and (F) quantita-
tive analysis of colony forming ability. Data are presented as the mean + SEM. “P<0.01. (G) Fluorescence microscopy images of the cells following staining
with Lyso-Tracker Red. Scale bar, 20 ym. (H) Co-localization of Gal-3 (green) and LAMPI (red) in the cells as revealed by immunofluorescence staining.
Scale bar, 10 gm. ER, estrogen receptor; E2, 17f3-estradiol; Gal-3, galectin-3; p-, phosphorylated; t-, total; LAMP1, lysosome-associated membrane protein 1;
Sh36, transfected with ER-a36 specific short hairpin RNA expression vector; Vector, transfected with empty vector.

cells and impaired autophagic flux. Specifically, ER-a36
knockdown increased the LC3-II/LC3-I ratio and p62
expression levels in HepG2 and Huh7 cells, as well as in the
tumor tissues formed by these cells in mice, compared with
those in the corresponding controls. Furthermore, the use

of a double-tagged LC3 construct (pmCherry-EGFP-LC3b)
revealed that autophagic flux in ER-a36-knockdown cells
was impaired compared with that in the control cells. To
further elucidate the dynamics of autophagy, CQ was used as
a late-stage autophagy inhibitor to determine whether ER-a36
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knockdown promotes or inhibits autophagy. CQ inhibits
autophagosome degradation; therefore, when CQ treatment is
administered, any observed changes in the LC3-1I/LC3-I ratio
represent autophagosome synthesis, whereas in the absence of
CQ, they represent the combined effects of both autophago-
some synthesis and degradation (33-36). In the present study,
ER-a36 knockdown increased the LC3-II/LC3-I ratio in the
absence of CQ, but not its presence. This suggests that ER-a36
knockdown induces the aggregation of autophagosomes due to
impaired autophagosome degradation, indicating a blockade
of autophagic flux.

The colocalization of LC3 with LAMPI in the HepG2
and Huh7 cells was observed to decrease following ER-036
knockdown in the present study, suggesting that ER-a36
downregulation disrupts autophagosome-lysosome fusion.
Intact lysosomes are highly acidic, and this acidic environment
is maintained by the integrity of the lysosomal membrane (37).
Loss of lysosomal integrity results in elevated lysosomal pH,
which can impair autophagic degradation and block autoph-
agic flux (13,38-40). In the present study, decreased LAMP1
expression was observed following ER-036 knockdown,
suggesting a potential loss of lysosomal membrane integrity
that may affect lysosomal function.

Gal-3 staining, a well-established indicator of lysosomal
injury, is commonly used to assess lysosomal integrity (41). In
the present study, the accumulation of Gal-3-positive puncta
was observed in the liver cancer cells with ER-a36 knock-
down in vivo and in vitro, further supporting a role of ER-a36
in the regulation of LMP. Together, these findings suggest that
ER-a36 downregulation impairs autophagic flux and inhibits
liver cancer cell proliferation.

The positioning of lysosomes within the cytoplasm has
been shown to influence the rate of autophagosome-lysosome
fusion, and thus regulate autophagic flux (42). For example,
the knockout of biogenesis of lysosome-related organelles
complex-1, which facilitates the kinesin-dependent move-
ment of lysosomes toward the cell periphery, results in the
juxtanuclear clustering of lysosomes and impairs both their
encounter and fusion with autophagosomes (43). The reduction
in encounters occurs due to the inability of lysosomes to move
toward the peripheral cytoplasm, where autophagosomes are
predominantly formed (44). Notably, the peripheral localization
of lysosomes has been associated with pathological processes,
including cancer cell growth, invasion and metastasis (45),
whereas the accumulation of lysosomes at the juxtanuclear
region is associated with reduced proteinase secretion and a
reduction in the invasiveness of tumor cells (46). In the present
study, ER-036 knockdown led to the juxtanuclear clustering of
lysosomes, which may impair the fusion of autophagosomes
and lysosomes, thereby inhibiting autophagic flux.

The lysosome functions as a central hub for signaling
networks (45). AKT signaling has been shown to regulate
lysosomal positioning (29,47). Juxtanuclear clustering of
lysosomes has been shown to delay the activation of mTOR
complex 1 (mTORCI1), mTORC2 and AKT following serum
replenishment (48). By contrast, the peripheral clustering of
lysosomal mTORCI brings it closer to activated AKT, which
predominantly localizes near to the plasma membrane during
the recovery phase following serum starvation (42). Notably,
ER-a36-mediated rapid estrogen signaling involves the AKT

signaling pathway, which has been implicated in liver tumori-
genesis (10). In the present study, it was found that ER-a36
downregulation induced a reduction in AKT phosphorylation
and the accumulation of LAMP1 in the juxtanuclear region.
In addition, the inhibition of AKT phosphorylation was found
to block ER-a36-mediated effects, including its promotion of
cell proliferation and induction of lysosomal dispersal to the
cell periphery. A previous study reported that decreased AKT
expression is associated with elevated cytosolic Ca?* levels,
which induce LMP and lysosomal damage (49). In the present
study, the role of ER-a36-mediated rapid estrogen signaling in
LMP was investigated, and the results revealed that ER-a36
downregulation reduced AKT phosphorylation and LMP
in vivo and in vitro. Treatment with E2 upregulated ER-036
and LAMP1 expression, activated AKT and increased the
Lyso-Tracker staining of lysosomes in empty vector-transfected
HepG2 and Huh?7 cells; all these effects were attenuated by
MK-2206. However, these phenomena were almost undetect-
able in the HepG2 and Huh7 cells with ER-a36 knockdown,
suggesting AKT is involved in the lysosomal localization and
LMP changes associated with ER-a36 knockdown.

However, some important issues remain to be explored.
LMP often results in the translocation of lysosomal cathepsins
from the lysosomal lumen to the cytoplasm, a process impli-
cated in the regulation of various cell death pathways (16). In
the present study, Lyso-Tracker Red staining and the assess-
ment of lysosomal integrity via LAMP1 and Gal-3 puncta
assays provided evidence of LMP. However, additional assays
such as cathepsin release or dextran leakage assays are neces-
sary for further confirmation. Whether all these mechanisms
are involved in the ER-a36-induced proliferation of liver
cancer cells remains to be established.

In conclusion, the present study revealed that ER-a36
knockdown induced LMP, disrupted lysosomal membrane
integrity, altered lysosomal localization and impeded autoph-
agic activity via the inactivation of AKT. These effects may
all contribute to the inhibition of liver cancer cell prolifera-
tion in vivo and in vitro. Thus, lysosomal dysfunction may be
an underlying mechanism by which ER-a36 promotes liver
cancer development.
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