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Abstract
Introduction ‒ Gap junction protein, alpha 1 (GJA1),
which is correlated with recurrences and unfavorable
prognoses in hepatocellular carcinomas (HCCs), is one
of the specific proteins expressed by activated hepatic
stellate cells (HSCs).
Methods ‒ Expression of GJA1 was compared between
HCCs and nontumor tissues (NTs), between hepatic cirrhosis
and NTs, and between primary and metastatic HCCs using
transcriptomic datasets from the Gene Expression Omnibus
and the Integrative Molecular Database of Hepatocellular
Carcinoma. The in vitro activities of GJA1 were investigated
in cultured HSCs and HCC cells. The underlying mechanism

was characterized using Gene Set Enrichment Analysis and
validated by western blotting.
Results ‒ The expression of GJA1 was significantly
increased in HCCs and hepatic cirrhosis compared to
that in NTs. GJA1 was also overexpressed in pulmonary
metastases from HCCs when compared with HCCs without
metastasis. Overexpression of GJA1 promotedwhile knock-
down of GJA1 inhibited proliferation and transforming
growth factor (TGF)-β-mediated activation and migration
of cultured HSCs. Overexpression of GJA1 by lentivirus
infection promoted proliferation andmigration, while con-
ditioned medium from HSCs overexpressing GJA1 pro-
moted migration but inhibited proliferation of Hep3B
and PLC-PRF-5 cells. Lentivirus infection with shGJA1 or
conditioned medium from shGJA1-infected HSCs inhibited
the proliferation and migration of HCCLM3 cells that had a
high propensity toward lung metastasis. Mechanistically,
GJA1 induced the epithelial–mesenchymal transition (EMT)
in HSCs and HCCLM3 cells.
Conclusion ‒ GJA1 promoted HCC progression by indu-
cing HSC activation and the EMT in HSCs. GJA1 is poten-
tially regulated by TGF-β and thus may be a therapeutic
target to inhibit HCC progression.

Keywords: hepatocellular carcinoma, metastasis, hepatic
stellate cell, TGF-β, epithelial–mesenchymal transition

1 Introduction

Hepatocellular carcinoma (HCC) is one of the most pre-
dominant and fatal malignancies worldwide [1]. Although
immunization with vaccines against the hepatitis B virus
could dramatically decrease the incidence of HCC in high-
risk populations [2], this malignancy remains a huge
health threat due to the high probability of metastasis
[3]. Therefore, it is crucial to characterize the underlying
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mechanisms of HCC metastasis to develop effective thera-
peutic measures and improve patient survival.

Activation of hepatic stellate cells (HSCs) initiates
HCC recurrence and metastasis [4–7]. Stimulated by var-
ious profibrotic factors such as transforming growth factor
(TGF)-β, HSCs are activated and transdifferentiated into
myofibroblasts that secrete extracellular matrix proteins
into the stroma to promote the development of hepatic
fibrosis and cirrhosis, which are predisposed to and often
interact with HCCs [7–10]. Activated HSCs also express a
number of specific genes that facilitate HCC recurrence
[4,5]. By inhibiting HSC activation and minimizing the
adverse effects of profibrotic factors, fibrotic and cirrhotic
liver diseases may be effectively treated [9–11], and HCC
progression may be inhibited.

Gap junction protein, alpha 1 (GJA1), also known as
connexin 43 (Cx43), belongs to the connexin family. It
mediates the intercellular transmission of small molecules
by means of gap junctional intercellular communication
(GJIC) [12]. GJA1 mediates GJIC between neighboring
HSCs and is upregulated in activated HSCs in response
to inflammatory and proliferative stimuli [13]. GJA1 has
been associated with hepatic fibrosis in rats and HCC
progression in patients and cultured cells [5,13–15].
However, there are conflicting reports regarding whether
GJA1 suppresses fibrosis and HCC progression [16–18]. To
eliminate this controversy, it is important to investigate
whether GJA1 is actively involved in HSC activation and
whether this involvement is functionally implicated in
HCC progression.

In the current study, we used public datasets to com-
pare GJA1 expression between HCCs and adjacent non-
tumor tissues (NTs), between hepatic cirrhosis and NTs,
as well as between metastatic HCCs and HCCs without
metastasis. We then examined the in vitro effects of
GJA1 on HSC activation with or without TGF-β stimula-
tion. In addition, we evaluated the direct and indirect
effects of GJA1 on the proliferation and migration of cul-
tured HCC cells. Finally, we characterized the underlying
mechanism of action of GJA1.

2 Materials and methods

2.1 Access to public datasets and the Gene
Set Enrichment Analysis (GSEA)

Thirteen datasets including GSE6764 [19], GSE10143 [20],
GSE14323 [21], GSE14520 [22,23], GSE22058 [24,25], GSE25097
[26–28], GSE36376 [29], GSE46444 [30], GSE54236 [31],

GSE63898 [32], GSE76427 [33], the Liver Hepatocellular Car-
cinoma Project of The Cancer Genome Atlas (TCGA-LIHC),¹
and the Liver Cancer-RIKEN, JP Project from the Interna-
tional Cancer Genome Consortium [34] were retrieved from
the Gene Expression Omnibus [35] and the Integrative Mole-
cular Database of Hepatocellular Carcinoma [36], and ana-
lyzed for GJA1 mRNA expression in cirrhosis, HCC, and
hepatic NTs. These datasets included 1,438 NTs, 2,061
HCCs, and 94 cirrhotic liver tissues. In addition, two datasets
of primary and metastatic HCCs were downloaded from the
Gene Expression Omnibus (GSE40367 [37] and GSE364 [38]).
To explore potential mechanisms of GJA1 in HCC progres-
sion, a GSEA was employed using the TCGA-LIHC dataset.

2.2 Cell culture and lentivirus infection

The HSC-LX2 human hepatic stellate cell line was obtained
from Shanghai Ke Lei Biological Technology (Shanghai,
China). HCCLM3 cells were kind gifts from Dr. Lijie Ma
from the Liver Cancer Institute, Zhongshan Hospital, Fudan
University, Shanghai, China. Hep3B, PLC-PRF-5, and SK-Hep1
cells were provided by Prof. Yongzhong Liu from the
Shanghai Cancer Institute, Shanghai, China. All cell lines
used in this study have been validated by short tandem
repeat profiling methods. Cells were cultured in Dulbecco’s
modified essential medium (DMEM; BBI Life Sciences,
Shanghai, China) supplemented with 10% fetal bovine
serum (FBS), 100 μg/mL penicillin, and 100mg/mL strepto-
mycin at 37°C with 5% CO2 in a humidified incubator
(Thermo Fisher Scientific, Waltham, MA, USA). GFP-expres-
sing lentivirus particles were prepared by Genechem
(Shanghai, China). The vectors used were GV358 (for GJA1
and the vector control) and GV248 (for shGJA1 and the
scrambled control). The target sequence for shGJA1 was
CCAAACTGATGGTGTCAAT. The titration was 2E+ 9 (TU/mL)
for all types of lentiviruses.

2.3 Collection of conditioned medium (CM)

The CM from LX2 cells was collected as previously described
[39]. Briefly, stably transfected cells (1 × 106) were seeded
into 100mm dishes containing 10mL of DMEM with 10%
FBS for 24 h and washed twice with serum-free DMEM. The



1 The results published or shown here are in whole or part based
upon data generated by the TCGA Research Network (http://
cancergenome.nih.gov/).
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cells were cultured in serum-free DMEM for another 24 h,
and the supernatants were collected, centrifuged, filtered,
and stored at −20°C until use.

2.4 Treatment of HSCs with recombinant
human TGF-β1

HSCs were seeded in 100mm dishes and 96-, 12-, and 6-
well plates at the indicated concentrations with 10% FBS
in the medium. After 24 h, the cells were serum-starved
for 24 h and treated with recombinant hTGF-β1 (Univ-Bio,
Shanghai, China) at a final concentration of 5 ng/mL, or
with an equal volume of phosphate-buffered saline (PBS)
as control and incubated for 24, 48, 72, or 96 h.

2.5 RNA extraction and quantitative
polymerase chain reaction (qPCR)

Total RNA was isolated from cell cultures using RNAiso
Plus (Takara Bio, Kusatsu, Japan) according to the manu-
facturer’s instructions, and reverse-transcribed and sub-
jected to real-time reverse transcription-PCR using the
2−ΔΔCT method. The sequences for RT-PCR primers were
the following: GJA1 forward primer, 5′-CAATCTCTCATGTG
CGCTTCT-3′; and GJA1 reverse primer, 5′-GGCAACCTTGAG
TTCTTCCTCT-3′. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) served as an internal control. Experiments were
repeated three times, in duplicate.

2.6 Western blotting

Total protein was extracted from cell cultures at the indi-
cated time points using radioimmunoprecipitation assay
lysis buffer (Beyotime Biotechnology, Shanghai, China)
containing phenylmethylsulfonyl fluoride (Beyotime
Biotechnology) and proteinase inhibitor cocktail solution
(Roche, Basel, Switzerland), and quantitated using the
bicinchoninic acid protein assay (Beyotime Biotechnology)
as recommended by the manufacturers. Western blotting
was performed as previously described [40] using rabbit
anti-GJA1 polyclonal antibody (1:1,000 dilution; Univ-Bio)
or a mouse anti-α-smooth muscle actin (SMA) monoclonal
antibody (1:1,000 dilution; Univ-Bio). Other antibodies used
in this study are listed in Supplementary Table A1. GAPDH
(1:2,000 dilution, rabbit anti-human; Beyotime Biotech-
nology) was detected as a loading control. The grayscale

values of protein bands were analyzed using ImageJ soft-
ware (National Institutes of Health, Bethesda, MD, USA).

2.7 Proliferation assay

Stably transfected LX2, Hep3B, PLC-PRF-5, or HCCLM3
cells (2 × 103 cells/well) were seeded in 96-well plates
with 10% FBS in the medium and cultivated for 24 h
and then serum-starved for another 24 h. TGF-β1 or an
equal volume of PBS was added and the cells were culti-
vated for 24, 48, 72, or 96 h. Then, 10 μL of cholecysto-
kinin octapeptide-8 reagent [10% (v/v) in serum-free
DMEM; Beyotime Biotechnology] was added to each well
and incubated at 37°C for 1 h. The absorbance at 450 nm
was measured using a microplate reader (BioTek Synergy
2; BioTek, Winooski, VT, USA).

2.8 Migration assay

Stably transfected LX2, Hep3B, PLC-PRF-5, or HCCLM3
cells (4 × 105 cells/mL) were seeded in serum-free DMEM
with or without TGF-β1 in the top chamber of a Transwell
insert. The medium containing 20% FBS in the lower
chamber served as a chemoattractant. After incubation
for 24 h at 37°C, the cells on the top side of the membrane
were removedwith a cotton swab, and those on the bottom
side were fixed with methanol for 20min and stained with
crystal violet (0.1% in PBS) for 15min. Six randomly
selected fields per well were photographed, and the num-
bers of migrated cells were counted.

2.9 Scratch wound healing assay

A monolayer scratch wound assay was conducted as pre-
viously described [41]. Briefly, stably transfected LX2 cells
(4 × 105 cells/well) were seeded in 12-well plates with 10%
FBS in the medium and grown to nearly 100% confluence.
After 24 h of serum starvation, a scratch wound was gen-
eratedwith a 200 μL pipette tip. Wound closure was photo-
graphed at 0, 24, and 48 h.

2.10 Statistical analysis

Analyses were performed using Microsoft Excel 2010
(Microsoft, Redmond, WA, USA) or GraphPad Prism7
(GraphPad, San Diego, CA, USA). Student’s t-test or
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one-way analysis of variance was performed for contin-
uous variables. Statistical significance was defined as a
value of p < 0.05. All statistical tests were two-sided.

3 Results

3.1 GJA1 is upregulated in HCCs and hepatic
cirrhosis

Because the functional relevance of GJA1 in HCCs and
hepatic cirrhosis remains unknown, we analyzed GJA1

mRNA expression with 13 public datasets. Figure 1a
shows that in HCCs compared with adjacent NTs, GJA1
was significantly upregulated in 11 datasets, significantly
downregulated in one dataset, and was similar in one
dataset. In three of the datasets with cirrhosis samples,
GJA1 expression was significantly increased in hepatic
cirrhosis compared with that in NTs (Figure 1b). Surpris-
ingly, by analyzing one dataset consisting of 5 NTs, 10 pri-
mary HCCs without metastasis (p-HCC), and 12 pulmonary
metastases from HCCs (m-HCC), we found that GJA1 expres-
sion was significantly increased in pulmonary metastases
from HCCs compared to that in NTs or primary HCCs
without metastasis (Figure 1c). By contrast, in another

Figure 1: GJA1 is upregulated in HCCs and hepatic cirrhosis. The expression of GJA1 was compared between HCCs and adjacent NTs (a),
between hepatic cirrhosis and NTs (b), between pulmonary metastases from HCCs (m-HCC) and primary HCCs without metastasis (p-HCC)
(c), and between HCCs with intrahepatic metastasis (M1) or with portal vein tumor thrombus metastases (M2) and their corresponding
primary HCCs (P1 or P2) or primary HCCs without metastasis (P0) (d). GJA1, gap junction protein, alpha 1; HCC, hepatocellular carcinoma;
NS, not significant; NT, nontumor tissue; *p < 0.05; **p < 0.01; ***p < 0.001 vs the control group.
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dataset that contained 22 primary HCCs without metastasis
(P0), 17 primary lesions (P1) and 12 metastases (M1) from
HCCs with intrahepatic spread metastasis, and 9 primary
lesions (P2) and 7 metastases (M2) from HCCs with portal
vein tumor thrombus metastasis, the expression of GJA1
was significantly decreased in P2 and M2 samples while
decreased with no significance in P1 and M1 samples, com-
pared to that in P0 samples (Figure 1d). Besides, GJA1 expres-
sion was quite similar between primary tumor lesions and
their matched distant metastases (Figure 1d). Taken together,
these results indicated that GJA1 transcription was enhanced
in HCCs, hepatic cirrhosis, and pulmonary metastases from
HCCs, but diminished in portal vein tumor thrombus metas-
tasis from HCCs, compared to their relative controls.

3.2 TGF-β-mediated HSC activation and
migration are dependent on GJA1

HSC activation is the key contributing factor of hepatic
cirrhosis and HCC progression, characterized by enhanced
HSC proliferation, migration, contraction, and expression
of specific markers such as alpha smooth muscle actin
(α-SMA) [7,42]. TGF-β, the most potent fibrogenic cytokine,
promotes HSC activation and HCC progression [42,43]. We
therefore investigated whether TGF-β-mediated HSC acti-
vation was dependent on GJA1. Figure 2a shows that HSCs
became activated 48 h after resuscitation, which was
accelerated by TGF-β1 stimulation and coincided with ele-
vated GJA1 expression. Ectopic expression of GJA1 upregu-
lated while knockdown of GJA1 downregulated α-SMA
expression in HSCs (Figure 2b). In addition, knockdown
of GJA1 significantly abrogated TGF-β1-induced α-SMA
overexpression at 72 and 96 h (Figure 2c). We further eval-
uated whether GJA1 influenced HSC proliferation and
migration. Figure 2d shows that overexpression of GJA1
significantly promoted HSC proliferation, which was
most apparent at 72 and 96 h, while knockdown of GJA1
remarkably suppressed HSC proliferation at 72 and 96 h.
Concurrent TGF-β1 treatment with GJA1 overexpression
had no effects on HSC proliferation at 72 and 96 h, whereas
concurrent TGF-β1 treatment with GJA1 knockdown further
inhibited HSC proliferation at these time points. By con-
trast, overexpression of GJA1 accelerated and knockdown
of GJA1 inhibited HSC migration, while concurrent TGF-β1
treatment increased the effects of GJA1 overexpression
and neutralized the effects of GJA1 knockdown on
HSC migration, as suggested by the Transwell migration
assay (Figure 2e and f). Similarly, the wound healing assay
also confirmed that GJA1 promoted the migration of
HSCs (Figure 2g and h). Taken together, these results

indicated that GJA1 was a potential downstream target
of TGF-β that was necessary for TGF-β-induced HSC acti-
vation and migration but not proliferation.

3.3 GJA1 differentially affects the proliferation
and migration of cultured HCC cells

To further characterize the role of GJA1 in HCC progres-
sion, we evaluated the effects of GJA1 on the proliferation
and migration of cultured HCC cells. We first assessed the
abundance of GJA1 in four HCC cell lines with different
malignant potencies and LX2. Figure 3a shows that GJA1
was significantly downregulated in Hep3B, PLC-PRF-5,
and SK-Hep1 cells that had low to moderate malignant
potencies, compared to that in LX2 cells and HCCLM3
cells that were derived from MHCC97-H cells and had
a high tendency for pulmonary metastasis. We then
overexpressed GJA1 in Hep3B and PLC-PRF-5 cells and
knocked down GJA1 in HCCLM3 cells (Figure 3b). GJA1
overexpression significantly increased the proliferation
of HEP3B and PLC-PRF-5 cells, while GJA1 knockdown
significantly decreased the proliferation of HCCLM3 cells,
from48 to 96 h (Figure 3c). Culturingwith the corresponding
CM from HSCs yielded similar results in HCCLM3 cells
but opposite results in HEP3B and PLC-PRF-5 cells,
compared to that in lentivirus-transduced cells (Figure 3d).
GJA1 overexpression significantly accelerated the migra-
tion of HEP3B and PLC-PRF-5 cells, and GJA1 knock-
down significantly impeded the migration of HCCLM3
cells, while cultivation with the corresponding CM from
HSCs yielded similar results in these cells compared with
that in lentivirus-transduced cells (Figure 3e and f). Collec-
tively, these results suggested that the activity of GJA1 was
cell type-dependent.

3.4 GJA1 induces the epithelial–
mesenchymal transition (EMT)

To characterize the potential underlying mechanism
of GJA1 activity, we first performed a GSEA using the
TCGA-LIHC dataset. We found that high GJA1 expression
was positively correlated with the hallmark gene sets EPI-
THELIAL_MESENCHYMAL_TRANSITION and TGF_BETA_
SIGNALING (Figure 4a) as well as several other gene sets
that were closely associated with tumor progression (data
not shown). To verify these observations, we tested the
effects of GJA1 on several EMT markers and EMT-related
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Figure 2: TGF-β-mediated HSC activation and migration are dependent on GJA1. LX2 cells were stimulated with or without TGF-β for 24, 48, 72, and
96 h, and cell lysates were collected and analyzed using western blotting with the indicated antibodies (a). Cell lysates were collected from LX2
stable infectants expressing GJA1, vector control, shGJA1, or scrambled control, followed by western blotting using the indicated antibodies (b). LX2
stable infectants expressing shGJA1 or scrambled control were stimulated with TGF-β for 24, 48, 72, and 96 h, and cell lysates were collected and
analyzed by western blotting with the indicated antibodies (c). LX2 stable infectants expressing GJA1, vector control, shGJA1, or scrambled control
were seeded into 96-well plates and stimulated with or without TGF-β for 24, 48, 72, and 96 h, followed by cholecystokinin octapeptide-8 assays
(d). LX2 stable infectants expressing GJA1, vector control, shGJA1, or scrambled control were stimulated with or without TGF-β for 24 h and analyzed
using the Transwell migration assay (e and f). LX2 stable infectants expressing GJA1, vector control, shGJA1, or scrambled control were seeded into
12-well plates and analyzed using the scratch wound-healing assay. Wound closure was photographed at 0, 24, and 48h and quantitated (g and h).
α-SMA, alpha smooth muscle actin; TGF-β, transforming growth factor-β; HSC, hepatic stellate cell; GJA1, gap junction protein, alpha 1.

1464  Gengming Niu et al.



transcription factors in LX2, HCCLM3, PLC-PRF-5, and
HEP3B cells transduced with the indicated lentiviruses.
As the ERK1/2 pathway and MMPs are critically involved
in TGF-β-mediated EMT [44,45], we also tested the effects
of GJA1 on key molecules in these pathways. Western blot
analysis showed that GJA1 overexpression in HSCs decreased

the epithelialmarker E-cadherin, increased themesenchymal
markers N-cadherin, vimentin, and Zeb1, activated the ERK1/
2-MAPK signaling pathway, and increased MMP-3 and MMP-9
compared to control cells. GJA1 knockdown in HSCs and
HCCLM3 cells increased E-cadherin, decreased N-cadherin,
vimentin, and Zeb1, inhibited the ERK1/2-MAPK signaling

Figure 3: GJA1 differentially affects the proliferation and migration of cultured HCC cells. The intrinsic expression of GJA1 in cultured HCC
cells and HSCs was analyzed by western blotting (a). HEP3B and PLC-PRF-5 cells with low to moderate malignant potencies were transduced
with lentiviruses carrying GJA1 or vector control, while HCCLM3 cells with a high tendency for pulmonary metastasis were transduced with
shGJA1 or scrambled control. Cell lysates were analyzed by western blotting (b). HCC cells transduced with lentiviruses expressing GJA1,
vector control, shGJA1, or scramble control were seeded into 96-well plates and analyzed using the cholecystokinin octapeptide-8 assay (c).
HCC cells stimulated with conditioned medium from HSCs transduced with the indicated lentiviruses were seeded into 96-well plates and
analyzed using the cholecystokinin octapeptide-8 assay (d). HCC cells transduced with the indicated lentiviruses or stimulated with CM
from HSCs transduced with indicated lentiviruses were analyzed using the Transwell migration assay (e and f). CM, conditioned medium;
GJA1, gap junction protein, alpha 1; HCC, hepatocellular carcinoma; HSC, hepatic stellate cell; Lv, lentiviruses.

GJA1 promotes HCC progression  1465



pathway, and decreased MMP-3 and MMP-9 compared to
control cells. By contrast, GJA1 overexpression in PLC-PRF-
5 and HEP3B cells had no consistent effects on these

markers (Figure 4b). Overall, these results suggested that
GJA1 promoted HCC progression by inducing the EMT in
both HSCs and highly aggressive HCC cells.

Figure 4: GJA1 induces the EMT. A GSEA indicated that GJA1 expression was positively correlated with the hallmark gene sets EPITHELIAL_MES-
ENCHYMAL_TRANSITION (a, left) and TGF_BETA_SIGNALING (a, right). Cell lysates were collected from LX2 stable infectants expressing GJA1, vector
control, shGJA1, or scrambled control cells, followed by western blot analyses with the indicated antibodies (b, left panel). HEP3B and PLC-PRF-5
cells were transduced with lentiviruses carrying GJA1 or vector control, while HCCLM3 cells were transduced with shGJA1 or the scrambled control.
Cell lysates were collected and were analyzed using western blotting with the indicated antibodies (b, right panel). EMT, epithelial–mesenchymal
transition; ERK, extracellular regulated protein kinases; FDR, false discovery rate; GJA1, gap junction protein, alpha 1; GSEA, Gene Set Enrichment
Analysis; MMP, matrix metalloproteinase; NES, normalized enrichment score; ZEB1, zinc finger E-box-binding homeobox 1.

1466  Gengming Niu et al.



4 Discussion

GJA1 is one of the specific proteins expressed by activated
HSCs and is positively associated with HCC recurrence
and unfavorable prognoses [5]. GJA1 also mediates hepatic
cirrhosis and metastasis of several malignancies [15,46].
Consistentwith these observations, the present study showed
that GJA1 was almost always overexpressed in HCCs and
hepatic cirrhosis, compared to corresponding NTs. In addi-
tion, GJA1 expression was significantly increased in lung
metastases from HCCs and HCCLM3 cells that had a high
propensity for lung metastasis, compared to HCCs without
metastasis and HCC cells with less malignant potentials,
which is highly consistent with observations made by Ogawa
et al. using a rat model of HCC [47]. Furthermore, the over-
expression of GJA1 promoted, while knockdown of GJA1
inhibited, the proliferation and migration of cultured HCC
cells. Unexpectedly, we found that GJA1 expression was
decreased significantly in portal vein tumor thrombusmetas-
tases, while it was decreased with no significance in intrahe-
patic metastases compared to that in corresponding primary
HCCs. As primary tumor lesions and their matched distant
metastases share large similarities at the genomic and tran-
scriptomic levels, the metastatic propensity of the primary
tumor has been suggested as “inherent” [37]; thus, the
enhanced GJA1 expression in primary tumors could indicate
a high propensity of pulmonary metastasis. To our surprise,
CM from HSCs overexpressing GJA1 differentially influenced
the proliferation and migration of HCC cells with relatively
lower malignant potency. Although CM from activated HSCs
generally promotes HCC progression [48–50], conflicting
results were occasionally reported in the literature [51,52].
Besides, Coulouar et al. identified the bidirectional crosstalk
between HSCs and HCC cells, which induced HCC cell migra-
tion rather than proliferation, and generation of the proan-
giogenic microenvironment in HSC-LX2 cells [8]. Thus the
inconsistency observed in Hep3B and PLC-PRF-5 cells may
be ascribed to different pathwaysmediating proliferation and
migration of HCC cells that are targeted by proteins secreted
by GJA1-overexpressing HSCs. Together, these results sug-
gested that the roles of GJA1 were tumor-type and cell
type-dependent, and could partly explain the discrepancy
in previous reports that GJA1 had contrasting effects on tumor
progression.

Among various profibrotic factors, TGF-β is generally
considered the most potent. Binding of TGF-β to the type I
receptor induces phosphorylation of the receptor, subse-
quently resulting in phosphorylation and activation of
the factor, and small molecules targeted against decapen-
taplegic-3, followed by enhanced transcription of type I
and type III collagen [42]. TGF-β also promotes HSC

activation by activating the MAPK signaling pathway,
including extracellular signal-regulated kinase, p38, and
c-jun N-terminal kinase [42]. In the present study, we
found that GJA1 was upregulated by TGF-β1 in cultured
and activated human HSCs, and its presence was neces-
sary for TGF-β1-induced HSC activation and migration, but
not for TGF-β1-mediated proliferation inhibition. However,
conflicting reports from previous studies have suggested
that the regulation of GJA1 by TGF-β is highly diversified.
For example, TGF-β upregulated GJA1 expression in human
granulosa cells and ovarian cancer cells [53,54] but down-
regulated GJA1 expression in rat HSCs [55]. This may partly
be explained by the observation that GJA1-mediated GJIC
was organ-specific and only existed between neighboring
HSCs but not between HSCs and other cell types in the liver
[13], and that the plasma membrane localization of GJA1
was functional, promoting disease metastases, while the
cytoplasmic localization was not functional, accompanied
by reduced cell proliferation, adhesion, and invasion [46].
Besides, the identification of N-terminally truncated GJA1
isoforms may further complicate this case, as the most pre-
dominant one GJA1 20k regulates GJA1 gap junction forma-
tion and inhibition of this isoform leads to redistribution
and malfunction of GJA1 [56]. In addition, being one of
the specific genes expressed by activated HSCs [5], GJA1
promoted HSC activation in return, which suggests positive
feedback between HSC activation and GJA1 overexpression
that leads to augmented GJIC between HSCs. These obser-
vations underline the complicacy and importance of GJA1 in
mediating tumor progression and need to be addressed in
future studies.

In the current study, the GSEA results showed that
high GJA1 expression was positively correlated with the
hallmark gene sets EPITHELIAL_MESENCHYMAL_ TRA-
NSITION and TGF_BETA_SIGNALING as well as several
other tumor-related gene sets, providing further evidence
that GJA1 is closely associated with tumor progression in
HCCs. The EMT is one of the key processes mediating
cirrhosis and tumor metastasis and has been classified
into three different biological subtypes based on its
biological context. Type 1 EMTs generate primary mesench-
ymal cells and are related to implantation, embryo forma-
tion, and organ development. Type 2 EMTs are involved in
wound healing, tissue regeneration, and organ fibrosis.
Type 3 EMTs occur in neoplastic cells and induce cancer
invasion and metastasis [45]. TGF-β induces the EMT in
both fibrosis and cancer and has been suggested as a target
to reverse the EMT [44]. Our results showed that GJA1
induced the EMT in LX2 and HCCLM3 cells but not in
PLC-PRF-5 or HEP3B cells, whichmay contribute to its func-
tional complexity in HCC progression. Stimulated by TGF-β,
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normal mouse mammary gland epithelial cells undergo
EMT with increased expression of full-length GJA1 but
reduced expression of GJA1 20k and gap junction formation
[56]. However, as enhanced gap junction formation may be
associated with increased HSC activation, these observa-
tions once again demonstrate the tumor-type and cell
type-dependent roles of GJA1.

The current study presents some findings that are
clinically and scientifically meaningful, which may help
better understand the critical involvement of GJA1 in
hepatic fibrosis and HCC metastasis; however, there are
some inherent limitations, including but not limited to
the following. First, the pooled analyses of different data-
sets would bring great heterogeneity because of the largely
variable background, which should be taken into consid-
eration before any conclusions can be drawn. Second, we
did not confirm the in vivo tumor-promoting activity of
GJA1 using metastatic xenograft models since the cell lines
we used failed to derive lung metastasis, maybe due to the
short observation period. Third, although we uncovered
the potential regulation of GJA1 on EMT of HSCs and
HCC cells, we did not further elaborate on the underlying
mechanism in the current study. Last, the transcriptional
changes of GJA1 observed in different metastases from
HCCs were only based on limited sample numbers, which
should be validated in larger patient cohorts. These limita-
tions should be addressed in future studies.

5 Conclusion

In summary, we have identified GJA1 as a potential down-
stream target of TGF-β that may promote HCC progression
by mediating TGF-β-induced activation and the EMT
of HSCs.
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Appendix

Table A1: Antibody information datasheet*

Protein ID Species Purification Cat. no. Producer

Vimentin Rabbit mAb abs130228 Absin Biotechnology, Shanghai, China
MMP3 Rabbit mAb 14351S Cell Signaling Technology, Danvers, MA, USA
MMP9 Rabbit mAb 13667 Cell Signaling Technology, Danvers, MA, USA
ERK1/2 Rabbit mAb 4695 Cell Signaling Technology, Danvers, MA, USA
p-ERK1/2 Rabbit mAb 4376 Cell Signaling Technology, Danvers, MA, USA
E-cadherin Rabbit mAb 3195 Cell Signaling Technology, Danvers, MA, USA
N-cadherin Rabbit mAb 13116 Cell Signaling Technology, Danvers, MA, USA
Zeb1 Rabbit mAb 3396 Cell Signaling Technology, Danvers, MA, USA

*All antibodies were diluted at 1:1,000.
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