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Purpose: Ornithine decarboxylase 1 (ODC1)-an oncogene involved in the biosynthesis of
polyamines—is commonly upregulated and associated with poor prognosis in numerous
cancers. However, the role and mechanism of ODC1 in hepatocellular carcinoma (HCC)
remains unclear. The aim of the present study was to investigate the role of ODCI1 in HCC
and clarify the latent molecular mechanisms.

Material and methods: We used samples obtained from The Cancer Genome Atlas. The
expression of ODC1 was also assessed in our additional HCC samples and HCC cell lines.
The roles of ODCI1 in HCC cell proliferation, migration and invasion in vitro were inves-
tigated using the cell-counting kit-8 assay, 5-ethynyl-2’-deoxyuridine assay, colony forma-
tion assay, flow cytometry, wound healing assay and transwell assay, respectively. The effect
of ODCI

a xenotransplanted tumor model in nude mice. Quantitative real-time polymerase chain

on HCC cell proliferation in vivo was investigated by constructing
and western blotting were used to detect the expression levels of ODC1 in mimetic hypoxia,
nutrient depleted, and acidotic microenvironment. The relationships between ODCI, the
AKT/GSK3p/B-catenin pathway, and acidotic microenvironment were further investigated
through western blotting, immunohistochemical staining, and immunofluorescence.
Results: ODC1 was upregulated in HCC tissues and cell lines, and co-expressed with K167
and PCNA (P<0.05). A decrease in the expression of ODC1 inhibits proliferation, migration,
invasion, and induces cell cycle arrest in HCC cell lines in vitro, while suppressing HCC cell
proliferation in vivo (P<0.05). Furthermore, the expression of ODC1 was increased in the
mimetic acidotic microenvironment, while the interference with the expression of ODCI
reversed the effect of the acidotic microenvironment through regulation of AKT/GSK3p/B-
catenin and related downstream proteins.

Conclusion: ODCI1 is an unfavorable gene in HCC patients,promoting HCC cell prolifera-
tion, migration and invasion via the AKT/GSK3p/B-catenin pathway and modulation of the
acidotic microenvironment.
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Introduction

Primary liver cancer is a common and lethal type of cancer worldwide. It is an
aggressive tumor frequently complicated with chronic liver disease and cirrhosis.
Primary liver cancer, mostly hepatocellular carcinnoma(HCC), ranks second among
cancers with the highest mortality rate in male patients."* The treatment of HCC
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has clearly improved in the previous decades. However,
the overall survival of patients with HCC remains unsa-
tisfactory. Occurrence of invasion in the early stage of
disease is the main barrier to improving patient survival
in the clinical setting. However, the mechanism of HCC
progression has not been fully elucidated.

An emerging concept is that the maintenance and expan-
sion of tumors also strongly depend on external signals from
their microenvironment. In most solid tumors, the vascula-
ture of the tumor is always inadequate to meet the demands
of the growing mass, leading to hypoxic, nutrient-depleted
and acidotic regions in the tumor.” The effects of the micro-
environment on the reprogramming of cancer cell metabo-
lism, migration and metastasis have been widely studied. Jin
et al* found that hypoxia promotes the progression of color-
ectal cancer by inducing the up-regulation of hypoxia-
inducible factor 1-alpha and glucose metabolism reprogram-
ming. Golias T> demonstrated that hypoxia promotes cancer
progression through the control of glucose metabolism via
the regulation of pyruvate dehydrogenase. Zhao et al® found
that nutrient-depleted microenvironment caused by radiation
plays a significant role in enhancing the ability of the glioma
cell line U251 to metastasize via regulation of the Spl
transcription factor. In addition, Sauvant et al’ found that
the acidotic microenvironment induces multidrug resistance
in rat prostate AT1 cancer cells in vitro and in vivo by
increasing the activity of p-glycoprotein via activation of
p38.7

Ornithine decarboxylase 1 (ODCl1) is the first rate-
limiting enzyme in the polyamine metabolism pathway,
which catalyzes the decarboxylation and conversion of
ornithine to putrescine.® High expression of ODCI is sig-
nificantly correlated with poor survival in a series of
cancers, such as breast,’ prostat,10 colorectal,'! and
endometrial.'> ODC1 contributes to the risk of gastric
cancer through modulation of the biosynthesis of polya-
mine or interaction between isoflavones and NAD(P)H
quinone dehydrogenase 1, ornithine decarboxylase anti-
zyme 2, and adenosylmethionine decarboxylase 1.'° In
addition,it is a critical determinant of MYCN oncogenesis
and a therapeutic target in neuroblastoma.'* Moreover,it
has been widely reported that aberrant polyamine metabo-
lism is associated with the incidence of cancer via regula-
tion of signaling pathways, such as the PTEN-PI3K-
mTOR complex 1, Wnt-B-catenin signaling and RAS
pathways.'> However, information regarding the role and
molecular mechanism of ODC1 in HCC is currently
limited.

The objective of the present study was to investigate
the role of ODC1 in HCC and clarify the latent molecular
mechanisms. We showed this study is useful for HCC
diagnosis and treatment in future.

Materials and methods
Analysis of the cancer genome atlas

(TCGA) data of HCC

Published mRNA expression data for 50 normal liver
tissues and 377 HCC specimens were downloaded from
the TCGA (http://cancergenome.nih.gov).The expression
of ODC1 was shown in the boxplots. Theco-expression
of two genes was determined using the Pearson correlation
analysis. Kaplan—Meier survival curves were generated for
HCC patients (aged<80 years) entered in the TCGA data-
base. HCC patients were classified into two groups (e,
low and high expression) using the cutoff value as the
median expression of ODCI.

Clinical specimens

Twenty-seven paired HCC tissues and corresponding adjacent
healthy tissues were obtained from Wuhan University
Renmin Hospital, Wuhan, China. The specimens were
reviewed by a pathologist and histologically confirmed to be
HCC through histopathological evaluation. The study was
approved by the Ethics Committee of Wuhan University
Renmin Hospital and performed in accordance with the tenets
of the Declaration of Helsinki. All patients, whose tissues
were used in this research, provided written informed consent.

Cell culture

Human HCC cell line HepG2 was purchased from the
American Type Culture Collection. Human HCC cell line
SMMC-7721 and normal liver cell line LO2 were purchased
from the Shanghai Institute of Cell Biology of Chinese
Academy of Sciences, Shanghai, China. Cells were cultured
in Dulbecco’s Modified Eagle’s Medium (DMEM,; Invitrogen,
Carlsbad, CA, USA) supplemented with 100 U/mL penicillin
and 100 pg/mL streptomycin (Invitrogen, Carlsbad, CA,
USA) and 10% fetal bovine serum (FBS; Gibco, Carlsbad,
CA, USA) at 37°C with 5% CO,.

Transfection

Lipofectamine 2,000 (Invitrogen, Carlsbad, CA, USA) was
used according to the protocol provided by the manufac-
turer. Small interfering RNA (siRNA) for ODCI was
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purchased from GeneCopoeia, Inc. (Wuhan, China).The
sequences are shown below:

Negative control sense: UUCUCCGAACGUGUCACGUTT
Antisense: ACGUGACACGUUCGGAGAATT

ODCI siRNA sense: GGUUGGUUUCAGCAUGUAUTT
Antisense: AUACAUGCUGAAACCAACCTT

Cell counting kit-8 (CCK-8) assay

Cells were plated onto 96-well plates (1,000 cells per
well) and cultured for 24, 48 and 72 h. Subsequently,
10 pul CCKS8 solution (BosterBiological Technology,
Ltd., Wuhan, China) were added to each well and incu-
bation continued at 37°C for 2 h. The optical density
value of each well was detected at a wavelength of
450 nm.

5-ethynyl-2’-deoxyuridine (EdU)
incorporation assay

Cell proliferation was detected using a Cell-Light EAU
Apollo 555 In Vitro Kit (Beyotime Biotechnology,
Shanghai, China) according to the protocol provided
by the manufacturer. In brief, HCC cell lines were
plated in six-well plates. After transfection, EAU was
added into each well and incubated for 2 h. After
washing twice with phosphate-buffered saline(PBS),
the cells were fixed with 4% paraformaldehyde for
30 min at room temperature. Subsequently, cells were
incubated with Apollo staining reaction liquid for
30 min to detect the positive cells. The cells were
with
(DAPI) and immunofluorescence was observed using

stained  again 4',6-diamidino-2-phenylindole

a fluorescence microscope.

Colony formation assay

SMMC-7721 and HepG2 cells were seeded at a density of
3.0x10° cells/well in a normal six-well plate for transfec-
tion with negative control cells. After 7 days, the colonies
were fixed with paraformaldehyde and stained using crys-
tal violet. The number of grown colonies was counted and
inspected under an optical microscope.

Wound-healing assay

Cells were seeded insix-well plates and incubated for 24 h.
Subsequently,the cell monolayer was scraped using a 200-uL.
sterile pipette tip to create a central linear wound. The migra-
tion of cells into the denuded areas in the scraped region was
recorded and photographed 72 h after the creation of the

wound using an optical microscope. The wound at 0 h was
considered 100% of the average gap.

Transwell miagration and invasion assay

A total of 2x10* SMMC-7721 and 5x10* HepG2 cells
were resuspended in serum-free DMEM after transfection
with siRNA and placed in the top portion of a transwell
chamber with 8-um pores with or without Matrigel
(Becton-Dickinson Labware, Bedford, MA, USA). The
lower portion of the chamber contained 10% FBS as
a chemoattractant. The chambers were cultured at 37°C
in 5% CO, for 24 h. After removing the non-migrating
cells on the top of the membrane using cotton swabs, cells
that migrated to the bottom of the insert were fixed with
paraformaldehyde, stained with 0.2% crystal violet, and
counted and photographed under magnification (x100)
using an optical microscope equipped with a digital cam-
era. Five random fields were analyzed in each chamber.

Apoptosis assay

Cell apoptosis was assessed using an Annexin V/PI apop-
tosis kit (BD Biosciences, San Jose, CA, USA), according
tothe protocol provided by the manufacturer. Trypsinized
cells were centrifuged at 500x g at 4°C for 5 min, and the
supernatant was discarded. The pelleted cells were resus-
pended in 100 pL binding buffer and incubated with 5 pL
fluorochrome-conjugated Annexin-V and 5 pL propidium
iodide (PI) in the dark at room temperature for 15 min.
The cells were washed again and resuspended in binding
buffer to remove unbound moieties and analyzed through
flow cytometry.

Flow cytometry

SMMC-7721 and HepG2 cells were seeded in six-well
plates after transfection. Cells were harvested using
DMEM without FBS for cell cycle synchronization.
After harvested for 24 h, culture medium was changed
and cells were treatment with DMEM contain 10%FBS
to proliferate 48 h.The cells were washed with PBS
twice and suspended in —20°CPBS containing 70%
ethyl alcohol for 24 h. Subsequently, the cells were
stained with PI/RNase staining solution in the dark for
30 min at 37° C, and analyzed using flow cytometry.

Animal experiments

All animal procedures were approved by the Animal
Research Ethics Committee of People’s Hospital affiliated
to Wuhan University. Six-week-old female BLBA/c nude

OncoTargets and Therapy 2019:12

submit your manuscript

4083

Dove


http://www.dovepress.com
http://www.dovepress.com

Ye et al

Dove

mice were purchased from Beijing Huafukang
Biotechnology, Beijing, China. Briefly, 2x10’ si-ODC
1 HepG2 cells or negative control HepG2 cells were sub-
cutaneously injected into the flanks of nude mice. Each
group contained five mice. The tumor volume was mon-
itored for 21 days with 3-day intervals by measuring the
width and length of each tumor. The mice were sacrificed
on day 21 and the size of each tumor was determined.

Western blotting
Samples RIPA Dbuffer
Ltd., Wuhan,

China) containing phenylmethylsulfonyl fluoride for the

were homogenized in a

(Servicebio, Biological Technology,
total protein extraction assay according to the instruc-
tions provided by the manufacturer. An equal amount of
protein (25 pg) was loaded in each lane and separated
using 10% sodium dodecyl sulfate polyacrylamide gel
electrophoresis. After transfer to polyvinylidene difluor-
ide membranes (Merck Millipore, Billerica, MA, USA),
the membranes were blocked with 5% non-fat milk
(Bio-Rad,Laboratories Inc., Hercules, CA, USA) at
room temperature for 2 h and incubated overnight at 4°
C with primary antibodies. The following primary anti-
bodies were purchased from Proteintech (Wuhan,
China):B-actin (60008-1-Ig), P-catenin (17565—1-AP),
AKT (10176-2-AP), p-AKT(S473) (66444-1-Ig),
E-cadherin (20874—1-AP), Vimentin (10366-1-AP),
P21 (10355-1-AP), and CCNB2 (21644-1-AP) Of
note, p-GSK3B (Ser9) (D85E12) was purchased from
CST (USA). The membranes were washed and incu-
bated in horseradish peroxidase-conjugated goat anti-
mouse or goat anti-mouse or anti-rabbit immunoglobulin
G secondary antibody. Protein bands were visualized
using an ChemiDoc™ XRS + with image Lab'™
Software (BIORAD, USA).

Real-time polymerase chain reaction
(PCR)

Total RNA was extracted from cells using TRIzol (Yeasen,
Shanghai, China) and transcript levels were detected via
SYBR Green-based real-time PCR performed using the
CFX Connect Real-Time System(Bio-rad, USA). Each
sample was evaluated in triplicate and the control group
was set as 1. The primer sequences used in this experiment
were as follows:

ODClforward primer: TTTACTGCCAAGGACATTCTGG
Reverse primer: GGAGAGCTTTTAACCACCTCAG

B-actin forward primer: CATGTACGTTGCTATCCAGGC
Reverse primer: CTCCTTAATGTCACGCACGAT.

Immunohistochemistry assay

Tumor tissues and adjacent healthy tissues were fixed
with 4% paraformaldehyde, dehydrated, embedded in
paraffin, and cut into 4-pm sections. The specimens
were deparaffinized in xylene and rehydrated using
a series of graded alcohols. After restoration using
sodium citrate and blocking using H,O, and bovine
serum albumin, the tissue sections were immunohisto-
chemically stained with the primary antibody overnight
at 4°C.Subsequently, the sections were incubated with
horseradish peroxidase-conjugated secondary antibody
for 1 h at room temperature, followed by incubation
with the Cell and Tissue Staining HRP-DAB Kit
(Boster Biological Technology, Ltd., Wuhan, China)
instructions

according to the provided by the

manufacturer.

Immunofluorescence staining

Cells cultured on coverslips were fixed with 4% paraformal-
dehyde at 4° C for 30 min. After fixation, cells were washed
with PBS, permeabilized in 0.2% Triton X-100, and blocked
with 5% bovine serum albumin. Cells were subsequently
incubated with primary antibodies, followed by incubation
with CY3 488-conjugated secondary antibodies. Slides were
mounted in a medium containing 4',6-diamidino-2-phenylin-
dole, and images were acquired using a microscope (Corning,
New York, USA).

Statistical analysis

Data are representative of at least three independent
experiments. The Student’s #-test was used for statistical
analyses. A P<0.05 denoted statistical significance.

Results
ODCI is highly expressed in HCC and

correlated with poor prognosis

The mRNA expression of ODC1, KI67, and PCNA, and
clinical information were extracted from the publicly available
TCGA database to analyze the role of ODC1 in HCC. As
shown in Figure 1A, we found that the expression of ODC1
was significantly elevated in HCC tissues compared with that
observed in normal liver tissues (P<0.05). The HCC samples
(ie, patients aged <80 years) were assigned in the high (n=176)
or low (n=177) expression group based on the expression level
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of ODCI. The reuslts showed that the high expression group
was associated with a lower 5 year survival rate (Figure 1B),
demonstrating that high expression of ODC1 may be related to
poor outcome. Furthermore, the Pearson correlation analysis
(Figure 1C-D) showed that ODC1 was co-expressed with
K167 (R=0.40, P<0.01) and PCNA (R=0.34, P<0.01).

Liver normal cell line LO2, HCC cell lines HepG2 and
SMMC-7721, and 27 clinical samples were employed to
determine the protein level of ODCI. Using western blot-
ting, we found that the expression of ODC1 in HepG2 and
SMMC-7721 cells was higher than that detected in LO2
cells (Figure 1E). Furthermore, we performed immunohis-
tochemical analyses on the 27 pairs of human HCC speci-
mens and their matched adjacent normal liver tissues.
Increased levels of ODCI protein were detected in 18 of
the 27 (66.7%) HCC clinical samples.Moreover, ODCI1
was co-expressed with KI67 and PCNA in these samples.
Representative cases were shown in Figure 1F.

Inhibition of ODCI suppressed HCC cell
proliferation and colony formation, and
induced cell cycle arrest

CCKS8, EdU, and colony formation assays were per-
formed to investigate the effects of ODC1 on HCC cell
proliferation in vitro. We revealed that ODC1 markedly
suppressed cell proliferation and colony formation in both
SMMC-7721 and HepG2 cells (Figure 2A—C). The effect
of ODC1 on cell apoptosis and cell cycle arrest was
further studied. We found that inhibition of ODCI
slightly increased the number of Annexin V-positive
cells in both types of cells (Figure 2D). In addition, we
measured the cell cycle distribution. In SMMC-7721
cells, inhibition of ODCI1 significantly increased the num-
ber of cells in the S phase, whereas it reduced the
number of cells in the G1 phase. However, in HepG2
cells, suppression of ODCI significantly increased the
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Figure | ODCI is highly expressed in HCC and correlated with poor prognosis. (A) The expression levels of ODCI were analyzed in HCC samples and normal liver
samples obtained from the TCGA database. (B) HCC cases were classified into the high or low expression group according to their levels of ODCI expression. Kaplan—
Meier survival analysis was performed to determine the relationship between the expression of ODCI and clinical outcome. (C-D) Pearson correlation analysis was used to
analyze the co-expression of ODCI with KI67 or PCNA. (E) The expression levels of ODCI in LO2, HepG2, and SMMC-7721 cells were determined through western
blotting. (F) Three typical immunohistochemical results for ODCI, K167, and PCNA are shown. *P<0.05.

Abbreviations: ODCI, ornithine decarboxylase |; HCC, hepatocellular carcinoma; TCGA, The Cancer Genome Atlas.
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Figure 2 Inhibition of ODCI suppressed the proliferation and colony formation, and induced cell cycle arrest, but not apoptosis in HCC cells. (A) CCK-8 assays were
performed to evaluate the cell viability of negative control and cells expressing low levels of ODCI. (B) EdU assays were used to determine the effect of ODCI on the
proliferation of HepG2 and SMMC-7721 cells. (C) Colony formation assays were performed to investigate the effect of ODCI on the colony formation ability of HepG2 and
SMMC-7721 cells. (D) The effect of ODCI on apoptosis was analyzed through flow cytometry. (E) Cell cycle distributions after inhibition of ODCI were detected through
flow cytometry. (F) The effect of ODCI on cell proliferation in vivo was evaluated using a nude mice model. **P<0.01.

Abbreviations: ODCI, ornithine decarboxylase |; HCC, hepatocellular carcinoma; CCK-8, Cell Counting Kit-8; EdU, 5-ethynyl-2’-deoxyuridine.

number of cells in the G2/M phase and decreased the
number of cells in the G1 (Figure 2E). Furthermore, we
found that inhibition of ODC1 significantly decreased the
size of the tumor in vivo (Figure 2F). These results
indicated that inhibition of ODCI decreases the prolifera-
tion of HCC cells in vitro and in vivo.

Suppression of ODCI decreased the
migration, invasion, and
epithelial-mesenchymal transition (EMT)
phenotype in HCC cells

In addition, we performed wound-healing and transwell
invasion assays to investigate the effects of ODC1 on the
migration and invasion of HCC cells in vitro. The results of
both assays indicated that the mobility capability of ODCI1-
silenced cells was weaker than that observed in the corre-
sponding normal control (NC) cells (Figure 3A-B).

Accumulating evidence has demonstrated that the EMT
endows epithelial cells with their migratory and invasive
abilities and functions in the metastatic process of numerous
types of cancer, including HCC.Western blotting and immu-
nofluorescence staining were performed to analyze the
influence of ODC1 on EMT-related molecules(eg, including
E-cadherin and vimentin), aiming to reveal the relationship
between ODCI1 and the cell EMT phenotype.We found that
suppression of ODCI1 resulted in higher levels of the epithe-
lial marker E-cadherin and lower levels of the mesenchymal
marker vimentin (Figure 3C-D). Collectively,these results
indicated that suppression of ODC1 decreased the migra-
tion, invasion and EMT phenotype of HCC cells.

ODCI was upregulated in the mimetic

acidotic microenvironment
Pervious studies have shown that the expression of metabo-
lism-related enzymes is closely related to the tumor
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Abbreviations: ODCI, ornithine decarboxylase |; HCC, hepatocellular carcinoma; EMT, epithelial-mesenchymal transition.

microenvironment. The expression levels of ODC1 mRNA
and protein were measured in mimetic hypoxia, nutrient-
depleted, and acidotic microenvironments using reverse-
transcription PCR (RT-PCR) and western blotting to identify
changes induced under these conditions. Initially, we cultured
HCC cells in a 1%0, microenvironment to simulate hypoxia
and showed that this condition did not significantly influence
the expression levels of ODCl1 mRNA and protein
(Figure 4A-B). Similarly, we cultured HCC cells in culture
medium contain 1% FBS to simulate nutrient depletion and
found that this condition did not significantly influence the
expression levels of ODC1 mRNA and protein (Figure 4C—
D). Furthermore, a previous study showed that the average
concentration of extracellular lactic acid in most tumor cells
was 10 mM.'® Therefore, we treated HCC cells with 10mM
lactate to simulate the acidotic microenvironment and found

Interference with the expression of
ODCI reversed the effect of the
acidotic microenvironment on the
proliferation and migration of HCC

cells

CCKS8 and EdU assays were performed to identify the role
of ODCI in the proliferation of HCC cells under the
mimetic acidotic microenvironment. We found that this
condition stimulated the proliferation of HCC cells, and
interference with the expression of ODCI reversed this
effect (Figure SA-B). Similarly, using the wound-healing
assay, we found that the acidotic microenvironment stimu-
lated the migration of HCC cells,and inhibition of ODCl1
decreased this effect(Figure 5C). Collectively, these results
revealed that ODC1 promotes the proliferation and migra-

that both the transcriptional and protein expression levels of tion of HCC cells under the mimetic acidotic
ODC1 was upregulated (Figure 4E-F). microenvironment.
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1% FBS environments. The mRNA and protein expression levels of ODCI were detected through qRT-PCR and western blotting. (E~F) HepG2 and SMMC-7721 cells were
cultured in environments with or without 10 mM lactate. The mRNA and protein expression levels of ODCI were detected through qRT-PCR and western blotting.

*P<0.05; **P<0.01.

Abbreviations: ODCI, ornithine decarboxylase |; HCC, hepatocellular carcinoma; qRT-PCR, quantitativereverse-transcription PCR; FBS, fetal bovine serum.

ODCI linked to the acidotic
microenvironment and the AKT/GSK3[/
B-catenin pathway

Considering the role of ODCI1 as the first rate-limiting
enzyme in the metabolism pathway of polyamines, numer-
ous studies have investigated the effect of its inhibition on
the levels of polyamines in the cells. AKT has been impli-
cated in a series of cellular processes, such as cell survival,
growth, and migration. It has been reported that a high level
of polyamines activates AKT,'”'® whereas inhibition of
polyamine metabolism using a polyamine derivative may
decrease the activity of the AKT pathway.'® Therefore, we
initially examined whether inhibition of ODCI affects AKT
in HCC cells under normal culture conditions. The results
showed that the level of total AKT did not change, whereas
that of p-AKT(S473) was decreased in both SMMC-7721
and HepG2 cells. These results indicated that inhibition of
ODCI1 decreased the activity of the AKT pathway. GSK33
is one of the downstream targets of AKT, which may be

directly phosphorylated at Ser9 and inactivated by p-AKT,

potentially leading to Wnt-independent [-catenin
stabilization.?® Therefore, we measured the expression
levels of p-GSK3p (Ser9) and B-catenin, and found that
they were decreased following the inhibition of ODClI
(Figure 6A). These results indicated that ODC1 may reg-
ulate the AKT/GSK3[/B-catenin pathway via the metabo-
lism of polyamines. Furthermore,immunofluorescence
staining was used to determine the expression and nuclear
localization of B-catenin.The findings of this analysis indi-
cated that inhibition of ODC1 decreased the expression and
nuclear location of B-catenin (Figure 6B). In addition, we
also found that ODC1 was co-expressed with B-catenin in
HCC tissues (Figure 6C).

Moreover, we examined whether ODC1 may affect the
AKT/GSK3p/B-catenin pathway in HCC cells under the
mimetic acidotic microenvironment. We found that the acido-
tic microenvironment increased the levels of p-AKT(S473),
p-GSK3B(Ser9), B-catenin, vimentin and cyclin B2 (CCNB2),

and decreased those of E-cadherin and P21. In SMMC-7721
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Figure 5 Interference with the expression of ODCI reversed the effect of the acidotic microenvironment on the proliferation and migration of HCC cells. (A) CCK-8 assay
was performed to detect the viability of NC and si-ODCI cells after treatment with or without 10 mM lactate for 48 h. (B) EJU assay was used to detect rapid proliferation
in NC and si-ODCI cells after treatment with or without 10 mM lactate. (C) Wound-healing assay was performed to detect the migration of NC and si-ODCI cells after

treatment with or without 10 mM lactate for 72 h. *P<0.05; **P<0.01.

Abbreviations: ODCI, ornithine decarboxylase |; CCK-8, Cell Counting Kit-8; NC, normal control group; Si-ODCI, ODCI siRNA treatment group; EdU, 5-ethynyl-2"-

deoxyuridine.

cells, inhibition of ODC1 reduced the effect of the acidotic
microenvironment on the expression of p-AKT(S473),
p-GSK3B(Ser9), B-catenin, E-cadherin, vimentin, CCNB2,
and P21. These results were consistent with those observed
in HepG2 cells, except for the expression of CCNB2
(Figure 6D). Collectively, these findings indicated that ODCI
is closely related to the acidotic microenvironment and the
activity of the AKT/GSK3p/B-catenin pathway. Furthermore,
SC-79 (an AKT activator) was used to verify whether the
AKT/GSK3p/B-catenin pathway plays a role in ODCI-
induced migration under the mimetic acidotic microenviron-
ment. We found that inhibition of ODC1 decreased cell migra-
tion and SC-79 blocked this effect in both SMMC-7721 and
HepG?2 cells under this condition (Figure 6E).

Discussion
HCC is one of the deadliest malignant tumors of the
digestive system worldwide. Although the treatment of

HCC(ie, chemotherapy and radiotherapy) has advanced
in the previous decades, metastasis and disease recurrence
continue to pose challenges to treating physicians and
patients. However, the latent mechanism involved in the
migration and invasion of HCC has not been clarified.
Hence, identification of novel key targets and potential
mechanisms involved in the invasion of cancer cells and
metastasis is warranted.

Previous studies have shown that ODC1 is an oncopro-
tein involved in numerous types of cancer. ODC1 is highly
expressed in endometrial cancer and associated with poor
overall survival and an increased rate of disease recurrence.
Notably, ODC1 modulated by MCYN promotes cell prolif-
eration in neuroblastoma.'* Choi et al*! previously demon-
strated that targeting ODC1 inhibits tumor growth through
a reduction of lipid metabolism in human HCC. However,
the role of ODC1 in the mobility of HCC and its relation to
the tumor microenvironment have not been clarified.
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Figure 6 ODC/ is linked to the acidosis microenvironment and the AKT/GSK3p/B-catenin pathway. (A) The expression of AKT/GSK3p/B-catenin pathway-related proteins
was investigated using western blotting following the inhibition of ODCI. (B) Immunofluorescence staining was performed to evaluate the effect of ODCI on the
expression and nuclear localization of B-catenin. (C) The co-expression of ODCI and B-catenin was determined through immunohistochemical staining in tissues obtained
from patients with HCC. (D) The expression of AKT/GSK3p/B-catenin pathway-related proteins (ie, p-AKT, p-GSK3p, and B-catenin) and downstream proteins (ie,
E-cadherin, vimentin, p21, and CCNB2) were determined through western blotting, following treatment with lactate or inhibition. (E) The role of the AKT/GSK3/f-catenin
pathway in ODCI-induced migration under the lactate microenvironment was assessed using a migration transwell assay. NC and Si-ODCI group cells were treated with or

without SC79 (5 pg/ml; an AKT activator) under the lactate microenvironment. *P<0.05; **P<0.01.

Abbreviations: ODCI, ornithine decarboxylase |; HCC, hepatocellular carcinoma.

In our study, we provided evidence that ODC1 may serve
as a potential prognostic biomarker or therapeutic target for
HCC. Through an analysis of samples obtained from the
TCGA database, we found that ODC1 was highly expressed
in HCC tissues versus normal tissues and correlated with
poor prognosis. In addition, the high expression of ODC1
was confirmed in our HCC samples and HCC cell lines.
Subsequently, we evaluated the biological roles of ODC1 in
HCC cells. Our results revealed that inhibition of endogen-
ous ODC1 expression suppressed cell growth, migration,
invasion, and the EMT phenotype in vitro. However, in
contrast with the research performed by Choi Y on Huh7
and Huh1, we found that ODC1 induced cell cycle arrest, but
did not affect the rate of apoptosis in HCC SMMC-7721 and
HepG2 cells. Hence,we speculate that this observation may

be attributed to the difference degree of dependence of HCC
cell lines on polyamines.

A recently emerging concept states that cancer cells may
reprogram their metabolism to meet their demands for pro-
liferation and metastasis under the stimulation of the micro-
environment. Owing to the abnormal vascular growth and
the Warburg effect in carcinoma tissue, the external envir-
onment of cancer cells is hypoxic, nutrient-depleted, and
acidotic.Notably, substantial research has been conducted
to discover the relationship between the tumor microenvir-
onment, metabolism reprogramming, and biological
behavior.”*?* In the present study, we revealed that the
mRNA and protein expression levels of ODC1 were upre-
gulated only in the mimetic acidotic microenvironment.

Furthermore, we found that the acidotic microenvironment
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stimulated the proliferation and migration of HCC cells and
inhibition of ODC1 decreased this effect.

The activity of the AKT/GSK3p/B-catenin pathway has
emerged as a key event for the proliferation and metastasis
of certain types of cancer cells.”>*® The relationship
between the metabolism of polyaminesand AKT/GSK3f/
B-catenin-related pathway has been widely investigated.
Blocking the metabolism of polyamine throughtreatment
with a polyamine conjugate inhibits the activity of AKT/
GSK3p/B-catenin, and the levels of apoptosis-related pro-
tein(ie, caspase3, caspase8 and p53)."? Inhibition of ODC]1
using difluoromethylornithine has been shown to decrease
the nuclear localization of B-catenin during intestinal
epithelial cell migration.”” Therefore, we hypothesized
that ODC1 may regulate the activity of the AKT/GSK3p/
B-catenin pathway under normal culture and acidotic
microenvironments in HCC. In the present study, we
found that inhibition of ODC1 blocked the activity of the
AKT/GSK3p/B-catenin pathway. Additionally, the expres-
sion and nuclear localization of B-catenin were decreased
after inhibition of ODC1. Moreover, ODC1 was also co-
expressed with B-catenin in HCC tissues. Furthermore, we
indicated that the acidotic microenvironment activated the
AKT/GSK3p/B-catenin pathway, and this effect can be
reversed through inhibition of ODC1. Of note, the restored
activity of the AKT/GSK3p/B-catenin pathway can block
the effect induced by the inhibition of ODCI. Collectively,
these results suggest a link between ODCl,the acidotic
microenvironment, AKT/GSK3p/B-catenin pathway, and
HCC proliferation and mobility.

Conclusion

In summary, ODCI is highly expressed in HCC tissues and
associated with poor patient outcome. A reduction in the
expression of ODC1 inhibited the proliferation, migration,
and invasion of HCC cell lines. ODC1 was upregulated in
the acidotic microenvironment.Interference with the expres-
sion of ODCI reversed the pro-proliferation and pro-migration
effects of the acidotic microenvironment via the AKT/GSK3p/
B-catenin pathway. Therefore, ODC1 may be a promising
target in the clinical treatment of HCC.
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