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Downregulation of amine oxidase copper containing 1
inhibits tumor progression by suppressing IL-6/JAK/STAT3
pathway activation in hepatocellular carcinoma
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Abstract. Amine oxidase copper containing 1 (AOC1) is a
copper-containing amine oxidase that catalyzes the deamina-
tion of polyamines. AOCI functions as an oncogene in human
gastric cancer. There is little information available regarding
the function of AOCI in hepatocellular carcinoma (HCC). In
the present study, reverse transcription-quantitative PCR was
used to detect the expression levels of AOCI in HCC tissues,
and the role of AOC1 in HCC progression was determined
using western blot, Cell Counting Kit 8, clone formation,
wound-healing and Transwell assays. An AOCI survival curve
was generated with data downloaded from The Cancer Genome
Atlas, and Gene Set Enrichment Analysis was performed to
investigate the potential biological mechanisms of AOCI in
HCC. AOCI1 was found to be upregulated in HCC tissues,
which was associated with a poor prognosis. Furthermore,
AOCI1-knockdown inhibited HCC cell proliferation, migra-
tion and invasiveness, suppressed IL-6 expression, as well as
decreasing JAK2 and STAT3 phosphorylation. Ultimately,
the results of the present study illustrate that AOC1 promoted
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the proliferation, migration and invasiveness of HCC cells by
regulating the IL-6/JAK/STAT3 pathway.

Introduction

Liver cancer is the fourth leading cause of cancer-related
mortality worldwide, accounting for 782,000 deaths in
2018 (1). Hepatocellular carcinoma (HCC) accounts for
~75-85% of all primary liver cancers (2). Various risk factors
are associated with HCC, including hepatitis virus infec-
tion, excessive consumption of alcohol, and consumption of
food stuffs contaminated with aflatoxin Bl (3). Treatment
options for patients with HCC include surgical resection, liver
transplantation, locally destructive therapies and systemic
chemotherapy (4). However, HCC is often diagnosed at a later
stage when surgery is no longer on option (5), and patients
may experience recurrent pain following liver resection (6).
Therefore, it is essential to investigate the pathogenesis of
HCC to facilitate further informed therapeutic interventions.

Since the oxidation products of biogenic amines are
believed to be carcinogenic, amine oxidases have been
suggested to participate in cancer progression (7). The
copper/TPQ-containing amine oxidases include amine oxidase
copper-containing 1 (AOC1), retina-specific amine oxidase
(AOC2), vascular adhesion protein-1 (AOC3) and serum
amine oxidase (AOC4) (8). AOC3 expression is upregulated
in patients with breast cancer (luminal B and HER-2), where
it is associated with lymph node metastasis (9). Furthermore,
AOC3-targeted inhibitors have been developed to treat inflam-
matory diseases and cancer (10), and AOCI1 promotes gastric
cancer progression in humans (11). However, the role of AOC1
in HCC progression remains unclear.

In the present study, gene set enrichment analysis (GSEA)
and functional enrichment analysis were performed.
Mitochondrial reactive oxygen species (ROS) production,
which inhibits the JAK2/STATS3 signaling pathway, serves
a role in the anticancer effect of drugs (12,13). Monoamine
oxidase A (MAO-A) activates the IL-6/STAT3 pathway, which
promotes the proliferation of tumor cells (14). Lee et al (15)



2 DING et al: EFFECTS OF AOC1 ON HCC PROGRESSION

reported that MAO-A was downregulated in nasopharyngeal
carcinoma tissues and EBV-infected nasopharyngeal carci-
noma cells through the IL-6/IL-6R/STAT3 pathway, and that
this may be attributed to EBV infection in these cells. As such,
the IL-6/JAK/STAT3 pathway, which is downstream of AOCI,
was selected for investigation.

The aim of the present study was to investigate the effects
of AOCI1 on HCC cell proliferation, migration and invasive-
ness. Reverse transcription-quantitative (RT-q) PCR was used
to detect the expression levels of AOCI in HCC tissues, and
the role of AOC1 in HCC progression was determined using
western blotting, Cell Counting Kit 8 (CCK-8), clone forma-
tion, wound-healing and Transwell assays. An AOCI overall
survival (OS) curve was generated with data downloaded
from The Cancer Genome Atlas (TCGA), and GSEA was
performed to investigate the potential biological mechanisms
of AOC1 in HCC.

Materials and methods

Bioinformatic analysis. An AOCI survival curve was gener-
ated with the R package ‘survival’ using data downloaded
from TCGA database (16). Tumor tissues sample data (n=374)
were downloaded from LIHC-TCGA database (https://portal.
gdc.cancer.gov/). A total of 140 samples with OS <30 days
were excluded, as these patients may succumb to nonneo-
plastic factors. As such, 234 samples were divided into
two groups AOCI high expression (n=117) and AOCI1 low
expression (n=117) groups; cut-off, 5.16). To investigate the
potential biological mechanisms of AOCI1 in HCC, GSEA was
performed using the R package ‘clusterProfiler’; data form
50 normal and 374 tumor patients were downloaded from
LIHC-TCGA (https://portal.gdc.cancer.gov/). The annotated
gene set file (h.all.v7.0.entrez.gmt, http:/www.gsea-msigdb.
org/gsea/downloads.jsp) was used as the reference for analysis.

Tissue samples. Tumor tissues and adjacent-normal tissues
were collected from 85 patients who underwent surgery at
Qingdao No. 6 People's Hospital (Qingdao, China) between
December 2016 and December 2018. The inclusion criteria for
patients stipulated that examination results meet the diagnostic
criteria for HCC. Patients must have been initially diagnosed
with HCC, and not received any treatment before surgery.
Patients who had received allogeneic blood transfusion or
cellular immunotherapy within 1 year of study commence-
ment were excluded. Adjacent-normal tissues were collected
=2 cm from the tumor lesions. The clinical characteristics
of the patients were reviewed by two independent patholo-
gists according to the World Health Organization grading
system (17). All tissues were fragmented into 0.1 cm? pieces
and stored at -80°C for long-term preservation. The present
study was approved by the Human Research Ethics Committee
of Qingdao No. 6 People's Hospital (approval no. 201863), and
written informed consent was obtained from all patients.

Cell culture. Human HCC cells (Huh-7 and Hep3B2.1-7)
were selected as previously described (18), and obtained from
the Chinese Academy of Sciences (Shanghai, China). The
cells were maintained in RPMI 1640 (Gibco; Thermo Fisher
Scientific, Inc.) containing 10% fetal bovine serum

(FBS), 100 U/ml penicillin and 100 mg/ml streptomycin
(all sourced from Hyclone; Cytiva), at 37°C in an atmosphere
with 5% CO,. Cells were pretreated with 100 ng/ml human
IL-6 (Sigma-Aldrich; Merck KGaA) for 48 h prior to subse-
quent experimentation.

Transfection. Huh-7 and Hep3B2.1-7 cells were transfected
with 20 nM small interfering (si)RNAs targeting AOCI, the
corresponding negative control (siNC), pcDNA3.1-AOC1 or
the empty pcDNA3.1 vector (Guangzhou RiboBio Co., Ltd.),
using Lipofectamine® 2000 (Invitrogen; Thermo Fisher
Scientific, Inc.) at 37°C for 6 h. Huh-7 and Hep3B2.1-7 cells
were harvested 48 h after transfection. The siRNA sequences
are listed in Table I.

RT-q PCR. Total RNA was extracted from HCC tissue samples
and cells using TRIzol® reagent (Invitrogen; Thermo Fisher
Scientific, Inc.). Then, 1 ug RNA was reverse-transcribed
using the iScript cDNA Synthesis kit (Bio-Rad Laboratories,
Inc.). Gene expression level was determined using the SYBR
Premix Ex Taq kit (Takara Bio, Inc.) with an ABI 7500 instru-
ment (Applied Biosystems; Thermo Fisher Scientific, Inc.).
The qPCR thermocycling conditions were as follows: 95°C for
10 min; 40 cycles of 95°C for 10 sec, 60°C for 30 sec, and
75°C for 30 sec. Relative gene expression was calculated using
the 2-44°4 method (19), and the qPCR primer sequences are
listed in Table II.

CCK-8 assay. The CCK-8 kit (Dojindo Molecular
Technologies, Inc.) was used to evaluate cell viability.
Transfected Huh-7 and Hep3B2.1-7 cells (2x10*/ml) were
added to 96-well plates. Then, 10 ul of CCK-8 solution was
added into each well, followed by incubation for 2 h at 37°C.
Absorbance was recorded at 450 nm using a microplate reader
(Molecular Devices, LLC).

Colony formation assay. Transfected Huh-7 and Hep3B2.1-7
cells (200 cells/well) were seeded into 12-well plates. After
2 weeks at 37°C, colonies were fixed with 4% paraformalde-
hyde at 25°C for 15 min, and then stained with 0.1% crystal
violet (at 25°C for 15 min. Finally, the number of colonies
(cell clusters containing =5 cells) were counted manually
using a microscope (DMI3000 B; Leica Microsystems, Inc.;
magnification, x100).

Wound-healing analysis. Transfected Huh-7 and
Hep3B2.1-7 cells (1x10°) were seeded into a 6-well plate,
cultured for 24 h, and then treated with 10 zg/ml Mitomycin C
(Thermo Fisher Scientific, Inc.) for 2 h to halt prolifera-
tion. A wound was created through the monolayer using a
100-u1 pipette tip, and the cells were cultured in serum-free
medium. Wound-closure images were captured under a
microscope (DMI3000 B; Leica Microsystems, Inc.; magni-
fication, x100) at 0 and 24 h. The wound healing rate was
calculated as follows: (0 h width of scratch—24 h width of
scratch)/0 h width of scratch x100%.

Transwell assays. Transwell chambers (Corning, Inc.) were
precoated with Matrigel at 37°C for 60 min. Transfected
Huh-7 and Hep3B2.1-7 cells (4x10*/ml) were added to the
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Table I. SiRNA sequences.

Name Sequence

siAOCI1-1 5'-GAATGGTATAAGCAAGGAGTA-3'
siAOC1-2 5'-GGTTGAGAAGTAGGTCATTGA-3'
siAOC1-3 5'-GACTACATGGCAGGCAATATA-3'

siNC 5'-GAATAACATGGATGGGATAGA-3'

Table II. Quantitative PCR primer sequences.

Primer names Sequence

AOCI forward
AOCI1 reverse

5'-TGTCCACGCAACCTTCTACA-3'
5'-ACTGGGTCTGCTCAAGTGTG-3'

GAPDH forward 5'-TTTGGTCGTATTGGGCGCCTGG
TCA-3'

GAPDH reverse 5'-TTGTGCTCTTGCTGGGGCTGGT
GGT-3'

AOC1, amine oxidase copper containing 1.

upper chamber and incubated with serum-free medium, while
medium containing 10% FBS was added to the lower chamber.
After 24 h of incubation at 37°C, the invaded cells were stained
using 0.1% crystal violet at 25°C for 15 min, and counted
using a microscope (DMI3000 B; Leica Microsystems, Inc.;
magnification, x100).

Western blotting. The total protein was extracted from
tissues and cells using RIPA buffer (Beyotime Institute of
Biotechnology). Protein concentration was determined using
a BCA kit (Beyotime Institute of Biotechnology) Then,
total protein (50 pg) was separated using 10% SDS-PAGE
and transferred to polyvinylidene difluoride membranes
(MilliporeSigma). The membranes were blocked with
5% fat-free milk at 25°C for 1 h, and then incubated with
primary antibodies overnight at 4°C, including AOC1 (cat.
no. ab231558; Abcam), E-cadherin [cat. no. #3195; Cell
Signaling Technology (CST)], N-cadherin (cat. no. #13116;
CST), vimentin (cat. no. #5741; CST), JAK2 (cat. no. #3230;
CST), p-JAK2 (Tyr1007/1008; cat. no. #3776; CST), STAT3
(cat. no. #12640; CST) and p-STAT3 (Tyr705; cat. no. #9145;
CST) (all 1:1,000). The membranes were then incubated
with an HRP-conjugated secondary antibody (1:1,000; cat.
no. ZB-5301, Zhongshan Goldenbridge Biotechnology,
Inc.) for 1 h at room temperature. Finally, the blots were
visualized using an enhanced chemiluminescence reagent
(Sigma-Aldrich; Merck KGaA) and a chemiluminescence
system (Bio-Rad Laboratories, Inc.). Protein expression
was quantified using Image-Pro® Plus software (version 6.0;
Media Cybernetics, Inc.).

Detection of reactive oxygen species (ROS). Transfected
Huh-7 and Hep3B2.1-7 cells (1x10%) cultured in 6-well plates
were incubated with 10 M 2',7'-dichlorofluorescein diacetate

(Beyotime Institute of Biotechnology) for 30 min at room
temperature in the dark. After washing, the cells were analyzed
using a flow cytometer (BD Accuri C6 Plus; BD Biosciences).
The FlowlJo software (version 10.7.1; FlowJo, LLC) was used
for data analysis.

ELISA. Concentrations of IL-6 in the cell supernatants were
detected using an IL-6 ELISA kit (cat. no. PI330, Beyotime
Institute of Biotechnology) per the manufacturer's protocol.
Absorbance was measured at 450 nm using a microplate
reader (Molecular Devices, LLC).

Statistical analysis. All experiments were conducted at least
three times, and the data are presented as the mean + standard
error of the mean. Statistical analysis was conducted using
GraphPad Prism 7 (GraphPad Software, Inc.). The association
between clinical characteristics and AOC1 expression was
evaluated using Fisher's exact test, and survival analysis was
performed using the Kaplan-Meier method; the log-rank
test was used to determine statistical significance between
two groups. Two-tailed paired Student's t-test was used to
determine the statistical differences in AOCI expression
between HCC and adjacent-normal tissues. One-way variance
analysis and Tukey's post hoc test were used to compare the
differences among multiple groups. P<0.05 was considered to
indicate a statistically significant difference.

Results

AOCI is upregulated in HCC tissues. To examine the role
of AOCI in HCC, SNHG4 expression was measured in
HCC tissues. AOCI expression was upregulated in HCC tissue
samples compared with adjacent-normal tissues (Fig. 1A).
According to TCGA data, the results of Kaplan-Meier curve
analysis indicated that patients with high AOCI1 expression
levels had a poorer overall survival rate than those with low
expression (Fig. 1B). Furthermore, the expression of AOC1 was
associated with poor tumor differentiation, advanced clinical
stage and lymph node metastasis, while no notable difference
was found in relation to sex, age, hepatitis B virus infection,
liver cirrhosis and tumor size (Table IIT). Therefore, the data
suggested that AOC1 may promote HCC development.

AOCI-knockdown inhibits HCC cell proliferation. To
understand the effect of AOCI1 in HCC, cell viability and
colony formation were evaluated when AOCI1 expression was
downregulated or upregulated in Huh-7 and Hep3B2.1-7 cells.
Knockdown and overexpression of AOCI1 in Huh-7 and
Hep3B2.1-7 cells was confirmed using RT-qPCR and western
blotting (Fig. 2A and B). Huh-7 and Hep3B2.1-7 cell prolifera-
tion decreased in response to transfection with si-AOCI, but
increased in response to transfection with pcDNA3.1-AOC1
(Fig. 2C). The colony formation assay revealed suppressed
proliferative ability in the Huh-7 and Hep3B2.1-7 cells treated
with si-AOCI1-1 and si-AOCI1-2, and increased ability following
treatment with pcDNA3.1-AOC1 (Fig. 2D). Therefore,
downregulation of AOCI inhibited HCC cell proliferation.

AOCI-knockdown inhibits HCC cell migration and invasiveness.
The migration and invasiveness of Huh-7 and Hep3B2.1-7 cells
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Table III. Association between AOC1 expression and clinical characteristics of patients with hepatocellular carcinoma.

AOCI expression

Clinical characteristic Patients (n=85) High (n=42) Low (n=43) P-value

Sex 0.6610
Male 51 24 27
Female 34 18 16

Age (years) >0.9999
=50 49 24 25
<50 36 18 18

Hepatitis B virus infection 0.3600
Positive 80 41 39
Negative 5 1 4

Liver cirrhosis 0.2652
Present 78 37 41
Absent 7 5 2

a-fetoprotein 0.4904
220 ng/ml 57 30 27
<20 ng/ml 28 12 16

Tumor size 0.6665
=3cm 42 22 20
<3cm 43 20 23

Degree of tumor differentiation 0.0030
Poorly + moderately 62 37 25
Well 23 5 18

TNM staging 0.0259
I-1I 53 21 32
aI-1v 32 21 11

Lymph node metastasis 0.0217
Yes 28 19 9
No 57 23 34

AOCI, amine oxidase copper containing 1.
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Figure 1. AOC1 expression levels in HCC tissues. (A) AOC1 mRNA expression in 85 HCC and adjacent-normal liver tissues. (B) Overall survival of 234 patients
with HCC based on data from The Cancer Genome Atlas. ““P<0.001. AOC1, amine oxidase copper containing 1; HCC, hepatocellular carcinoma.

were investigated, and the results revealed that knockdown of  abilities of Huh-7 and Hep3B2.1-7 cells, while AOC1 overexpres-
AOCT significantly suppressed the migration and invasion  sion significantly promoted these characteristics (Fig. 3A and B).
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Figure 2. AOCI-knockdown suppresses HCC cell proliferation. (A and B) AOCI-knockdown and overexpression efficiencies were validated by reverse
transcription-quantitative PCR and western blotting in Huh-7 and Hep3B2.1-7 cells. (C) Following transfection, cell viability was determined by Cell Counting
Kit 8 analysis, and (D) cellular proliferation was measured using a colony formation assay. “P<0.05 vs. the siNC or Vector group. AOCI1, amine oxidase copper
containing 1; HCC, hepatocellular carcinoma; si, small interfering (RNA); NC, negative control.

As shown in Fig. 3C, E-cadherin expression was increased in
Huh-7 and Hep3B2.1-7 cells following AOC1 downregulation,
while N-cadherin and vimentin expression was decreased. By
contrast, E-cadherin expression was decreased in Huh-7 and
Hep3B2.1-7 cells when AOC1 was upregulated, and N-cadherin
and vimentin expression were increased. The data indicated that

downregulation of AOCI expression may decrease the migration
and invasiveness of HCC cells.

AOCI-knockdown inhibits IL-6/JAK/STAT3 pathway activa-
tion in HCC cells. The mechanism of AOCI in HCC was
then explored. ROS generation in Huh-7 and Hep3B2.1-7 cells
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Figure 3. AOCIl-knockdown suppresses HCC cell migration and invasiveness. Cellular migration and invasion ability were analyzed using (A) wound-healing
and (B) Transwell assays, respectively. (C) Effect of AOC1 on HCC epithelial-mesenchymal transition-related protein levels was determined by western blotting.
“P<0.05 vs. the siNC or Vector group. AOC1, amine oxidase copper containing 1; HCC, hepatocellular carcinoma; si, small interfering (RNA); NC, negative control.

was significantly decreased following treatment with both  in AOCl-associated HCC (Fig. 4B). Supplementary ELISA
si-AOC1-1 and si-AOCI-2 (Fig. 4A). Furthermore, the GSEA  results indicated that the amount of IL-6 present in the culture
results revealed that the IL-6/JAK/STAT3 pathway was enriched ~ supernatants of HCC cells was reduced by AOC1-knockdown
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Figure 4. AOC1-knockdown inhibits IL-6/JAK/STAT3 pathway activation in HCC cells. (A) Effect of AOC1-knockdown on HCC cell reactive oxygen species
generation. (B) Gene set enrichment analysis results revealed that the IL-6/JAK/STAT3 pathway was enriched in AOC1-related HCC. (C) IL-6 levels in HCC
cell lines were analyzed by ELISA. (D) Phosphorylation levels of JAK2 and STAT3 were analyzed by western blotting. "P<0.05 vs. siNC group. AOC1, amine
oxidase copper containing 1; HCC, hepatocellular carcinoma; si, small interfering (RNA); NC, negative control.

(Fig. 4C), which also inhibited the phosphorylation of JAK?2 and
STAT3 (Fig. 4D). The data suggested that AOC1 upregulated
the IL-6/JAK/STAT3 pathway in HCC cells.

AOCI-knockdown blocks the IL-6-induced proliferation,
migration and invasion abilities of HCC cells. Furthermore,
it was investigated whether AOCI facilitated HCC cell devel-
opment via the IL-6/JAK/STAT3 pathway. IL-6 treatment
promoted the proliferation (Fig. SA and B), migration (Fig. 5C)
and invasion abilities (Fig. 5D) of HCC cells. It was noted that
AOCI-knockdown reversed the IL-6-induced proliferation
(Fig. 5A and B), migration (Fig. 5C) and invasiveness (Fig. 5D)
of HCC Huh-7 and Hep3B2.1-7 cells. The data suggested that
AOCI1 upregulated the IL-6/JAK/STAT3 pathway to promote
HCC cell progression.

Discussion
AOCI expression has been reported to be higher in gastric

cancer tissues than in normal, noncancer tissues (11). In
the present study, AOCI1 expression was also found to be

upregulated in HCC tissue samples, and associated with poor
clinical outcome in patients with HCC, as well as with tumor
differentiation, clinical stage and lymph node metastasis.

There is accumulating evidence to suggest that epithe-
lial-mesenchymal transition (EMT) is involved in HCC
metastasis (20). EMT is characterized by the loss of epithelial
markers, such as E-cadherin, and the gain of mesenchymal
markers, such as vimentin and N-cadherin (21). Previous studies
have reported that polyamines are involved in EMT, and in the
differentiation of liver epithelial cells (22). Lysyl oxidase-like 2
(LOXL2) is a copper and lysine tyrosyl-quinone-dependent
amine oxidase of the LOX family (23), that contributes to the
EMT and invasiveness of breast cancer cells (24). Furthermore,
AOCI1-knockdown was revealed to inhibit EMT in gastric
cancer cells (11). The results of the present study also indicated
that AOCI inhibited HCC cell EMT, suggesting that AOC1
promotes the invasiveness of HCC cells.

ROS can function as a double-edged sword in determining
the fate of tumor cells, exhibiting both pro-and anti-tumor-
igenic effects (25). In the current study, ROS production
in HCC cells was reduced by AOC1 downregulation, thus
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Figure 5. AOC1-knockdown blocks the IL-6-induced proliferation, migration and invasiveness in HCC cell lines. HCC cell (A) viability, (B) proliferation,
(C) migration and (D) invasiveness were analyzed following IL-6 treatment using Cell Counting Kit 8, colony formation, wound-healing and Transwell assays,
respectively. "P<0.05 vs. siNC group; “P <0.05 vs. siNC + IL-6 group. AOCI, amine oxidase copper containing 1; HCC, hepatocellular carcinoma; si, small

interfering (RNA); NC, negative control.

inhibiting IL-6 expression. Consistent with these results,
the disintegrin MMP9 and NADPH oxidase coordinate to
induce ROS generation and promote IL-6-induced EMT by
activating the JNK signaling pathway (26). Furthermore,
TGF-B1 enhanced pancreatic cancer cell invasiveness by
generating ROS through NADPH oxidase, resulting in NF-kB
activation, IL-6 generation and an increase in the expression
of MMP2 (27).

IL-6alsoinduces cellular oxidative stress, promoting cancer
progression (28). IL-6 is a key immunoregulatory cytokine
in the tumor microenvironment, and has been regarded as a
trigger of EMT, stimulating tumor growth and metastasis (29).
IL-6-induced activation of the JAK/STAT pathway, particu-
larly STATS3, plays a vital role in tumorigenic processes (30).
As such, IL-6-induced EMT, cellular migration and invasive-
ness were inhibited by the inactivation of the JAK2/STAT3
pathway in HCC and pancreatic cancer (31,32)The results of
the present study indicated that decreased AOCI1 expression
inactivated the JAK/STAT signaling pathway. Moreover,
AOCI1-knockdown reversed the HCC cell proliferation, inva-
sion and migration properties induced by IL-6, suggesting that
AOQOCI plays a role in HCC progression and prognosis.

In conclusion, the results of the current study demonstrate
that AOC1 promoted the proliferation, migration and inva-
siveness of HCC cells by regulating the IL-6/JAK/STAT3
pathway. Limitations of the present study included the sole use
of in vitro cell experiments. Therefore, in vivo experiments are
required to assess the role of the AOCI in tumor progression,
as well as the underlying mechanism. AOC1 may be a poten-
tial therapeutic and prognostic target for HCC, and its clinical
value should be further investigated.
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