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Liver cancer has a high prevalence, with majority of the
cases presenting as hepatocellular carcinoma (HCC). The
prognosis of metastatic HCC has hardly improved over
the past decade, highlighting the necessity for liver cancer
research. Studies have reported the ability of the KiSS1
gene to inhibit the growth or metastasis of liver cancer,
but contradictory research results are also emerging. We,
therefore, sought to investigate the effects of KiSS1 on
growth and migration in human HCC cells. HepG2 human
HCC cells were infected with lentivirus particles containing
KiSS1. The overexpression of KiSS1 resulted in an increased
proliferation rate of HCC cells. Quantitative polymerase chain
reaction and immunoblotting revealed increased Akt activity,
and downregulation of the G1/S phase cell cycle inhibitors.
A significant increase in tumor spheroid formation with
upregulation of g-catenin and CD133 was also observed.
KiSS1 overexpression promoted the migratory, invasive
ability, and metastatic capacity of the hepatocarcinoma cell
line, and these effects were associated with changes in the
expressions of epithelial mesenchymal transition (EMT)-
related genes such as E-cadherin, N-cadherin, and slug. KiSS1
overexpression also resulted in dramatically increased tumor
growth in the xenograft mouse model, and upregulation of
proliferating cell nuclear antigen (PCNA) and Ki-67 in the

HCC tumors. Furthermore, KiSS1 increased the angiogenic
capacity by upregulation of the vascular endothelial growth
factor A (VEGF-A) and CD31. Based on these observations,
we infer that KiSS1 not only induces HCC proliferation, but
also increases the metastatic potential by increasing the
migratory ability and angiogenic capacity.
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INTRODUCTION

Liver cancer is highly prevalent among the malignancies,
the most common being hepatocellular carcinoma (HCC),
which accounts for more than 90% of all liver cancer cases
(Global Burden of Disease Liver Cancer Collaboration et al.,
2017; Llovet et al., 2021). Little improvement in the prog-
nosis of liver cancer patients over the past decade highlights
the necessity for liver cancer research (Dhanasekaran et al.,
2016). HCC mainly metastasizes to the lungs, lymph nodes,
adrenal glands, and bones, and metastatic HCC usually has
a poor prognosis (Colecchia et al., 2014; Kummar and Sha-
fi, 2003). In general, HCC metastasis begins with epithelial
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mesenchymal transition (EMT) (Ogunwobi et al., 2019). He-
patic epithelial cells, which were adherent to the basement
membrane, lose their cell adhesion capability and migrate
to remote locations (Brabletz et al., 2018; Lamouille et al.,
2014). These morphological changes enable the successful
migration of HCC cells, promoting dissemination and spread
throughout the body (Ogunwobi et al., 2019). Transcription
factors that promote EMT, including N-cadherin, Snail, and
Slug, are also upregulated during HCC progression (Puisieux
et al., 2014; Tiwari et al., 2012). Between hepatic tumor
cells and non-tumor stroma, there exists a tumor microenvi-
ronment called the extracellular matrix (ECM) (Delire et al.,
2018). HCC undergoes intravasation, a process that invades
the ECM or vascular endothelial cells, and penetrates blood
vessels or lymphatic vessels to spread to other tissues (Kim
et al., 2016b; Yang et al., 2011). After extravasation (the
process of escaping from within the blood vessels), HCC
initiates colonization for tumor growth at a new metastatic
site (Rathod et al., 2000). Blood supply to HCC tumors is pro-
vided through angiogenesis, which further enhances growth
formation and metastasis (Lu et al., 2015). Even after surgical
removal at an early stage to prevent HCC metastasis, HCCs
have a high recurrence rate due to micrometastasis. Hence,
controlling the metastasis of HCC is considered one of the
main treatment targets (Imamura et al., 2003).

The KiSS1 gene encodes the kisspeptin protein (also
known as metastin), a biologically active peptide (Clarke et
al., 2015). Kisspeptin is a peptide ligand of the G-protein
coupled receptor (GPR54), which is a carboxy-terminal ami-
dated peptide with 54 amino acid residues (Ohtaki et al.,
2001). In studies using melanoma or breast cancer models,
this gene was first described as inhibiting metastasis without
affecting tumorigenesis (Lee and Welch, 1997a; 1997b; Lee
etal., 1996). Since then, various roles of KiSST have been elu-
cidated, including regulation of reproductive hormones and
kidney function (Clarke et al., 2015; Kauffman, 2009; Oakley
etal., 2009; Terasawa et al., 2013).

Although numerous studies reported that KiSS1 inhibits
cancer progression and metastasis, it was also shown that
this gene may play a dual role as a tumor suppressor or onco-
gene in the progression of liver cancer. It was further reported
that KiSS7 reduces the cell motility and invasiveness and in-
hibits metastasis by downregulating the expression of MMP-
9 (matrix metalloproteinase-9) in HCC (Shengbing et al.,
2009), thereby suggesting a tumor suppressor role against
HCC. In contrast, emerging studies indicate that KiSS7 may
play a role as a promoter in liver cancer. lkeguchi et al. (2003)
first reported about 2-fold upregulation in the mRNA level
of KiSS1 in HCC tissues derived from liver cancer patients, as
compared to non-cancerous liver. This overexpression of the
KiSS1 gene had a statistically significant and positive correla-
tion with the HCC progression and poor prognosis (Ikeguchi
et al.,, 2003). In the same study, it was suggested that KiSS1
expression promotes the acquisition of a more aggressive
tumor phenotype of HCC (lkeguchi et al., 2003). Consistent
with these findings, other researchers observed high KiSS1
expression levels in liver cancer patients who had undergone
liver transplantation (Schmid et al., 2007). They suggested
that these high levels of KiSS7 expression could be repre-
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sented as an independent prognostic marker of disease-free
(Schmid et al., 2007).

Despite these efforts to study the effect of KiSST on the
development of liver cancer, its role remains unclear. This is
because most studies on the role of KiSS7 in liver cancer are
still at the initial stage of analyzing the correlation between
the gene expression and prognosis, in samples derived from
liver cancer patients. It is yet to be ascertained whether KiSS1
induces functional changes by mediating the expression of
certain genes in liver cancer. To clarify this point, it is neces-
sary to observe functional traits (such as altered phenotypes)
by regulating the expression of KiSS7 in HCC, and to investi-
gate the molecular mechanisms involved. This report focuses
on and investigates the effects of KiSST overexpression on
HCC cell proliferation and liver tumor growth, and its effects
on migration and angiogenesis in relation to metastasis.

MATERIALS AND METHODS

Cell lines and culture

HepG2 human liver HCC cell line was purchased from Korean
Cell Line Bank (KCLB; Korea). 293T cells line was purchased
from American Type Culture Collection (ATCC; USA). These
cells were cultured in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% heat inactivated fetal
bovine serum (FBS; Biowest, France), 1% antibiotic-anti-
mycotic solution (Welgene, Korea) in high relative humidity
(95%), and controlled CO, level (5%). Human umbilical vein
endothelial cells (HUVECs) were purchased from PromoCell
(Germany) and cultured in endothelial cell growth medium
(PromoCell). When the cells reached about 70%-80% of cell
density, the cell were suspended with 0.1% Trypsin-EDTA
(Invitrogen Life Technologies, USA) for 3 min at 37°C, then
plated on cell culture dish (SPL Life Sciences, Korea).

Establishment of stable cell line overexpressing KiSS1
gene

Transfection of the KiSST gene into 293T cells was conduct-
ed according to the manufacturer's manual (Origene, USA).
Briefly, for transformation, 293T cells were stably packaged
with lentviral vector pLenti-C-mGFP-P2A-Puro (Origene)
containing KiSST DNA (Origene). The lentivirus-containing
medium was collected from 293T packaging cell line, the
medium was filtrated with 0.22 pm low protein binding filter
(Millipore, Germany). At the half-confluent of HepG2 cells
then, the lentivirus-containing medium transferred to HepG2
cells (50%-60% confluency) with 10 ug/ml hexadimethrine
bromide (Sigma-Aldrich, USA). After infection for 18 h, the
lentivirus-containing medium was replaced with fresh cell
culture medium and further incubated for 48 h. Transfectants
were selected with antibiotics free-medium containing 10
pg/ml puromycin (Sigma-Aldrich) for 48 h, and was repeated
3 times. In this study, the KiSS7-overexpressing HepG2 cell
line gene was named HepG2-KiSS1 cells. For vector control
group, mock transfection was performed without adding
only KiSS7 cDNA clone.

Cell counting
The cells were seeded at a cell density of 1 x 10° cells/well in



6-well plates (SPL Life Sciences) and incubated at 37°C in a
humidified atmosphere of 5% CO, containing air. After 96
h, the number of cells was measured using EVE™ Automatic
Cell Counter (NanoEntek, Korea).

Tumor spheroid formation

The cells were seeded at a cell density of 2 x 10° cells/well
with 200 pl of cell culture medium in ultra-low attachment
plate (96-well type, round bottom clear; Corning, USA). After
24,74, and 168 h, the tumor spheroids were photographed
using a phase-contrast microscope (Olympus, Japan). The
area of tumor spheroids was quantified using cellSens Di-
mension software (ver. 1.18; Olympus) by drawing the edge
of the tumor spheroid and calculating the area.

Transwell migration assay

Transwell migration assay was used as described in a previous
studies with slight modifications in order to investigate the
migratory ability of the cells (Kim et al., 2017a; 2017b). To
avoid changes in the cell number, the cells were treated with
12.5 pg/ml of Mitomycin C (MMCQ) for 2 h. After incubating
with 10 pg/ml of Hoechst 33342 solution for nuclei staining
of living cells, the cells were seeded at a density of 2 x 10*
cells/well in the upper chamber of a transwell insert (BD Bio-
sciences, USA) in a total of 200 pl of cell culture media. The
lower chamber was added with 500 pl of cell culture media.
The cells were then incubated in 37°C and humidified CO,
incubator for 72 h. The cells that migrated from the upper
chamber to the bottom chamber were photographed using a
fluorescence microscope (Olympus). The migrated cell num-
bers were quantified by cellSens Dimension software.

Transwell invasion assay

Transwell invasion assay was used as described in a previous
studies with slight modifications in order to determine the
invasive ability of the cells (Kim et al., 2017a; 2017b). After
the cells were treated with 12.5 ug/ml MMC, then stained
with 10 pug/ml of Hoechst 33342 for 10 min. After 50 pl of
250 pg/ml fibronectin coating of the bottom of a transwell,
the cells were seeded at a density of 2 x 10* cells/well in the
upper chamber of a transwell insert in a total of 200 ul of
cell culture media. The cells that migrated from the upper
chamber to the bottom chamber were photographed using
a fluorescence microscope. The invaded cell numbers were
quantified by cellSens Dimension software.

Collagen invasion assay

In order to investigate the ability of cancer cells to invade the
ECM, a collagen invasion assay was conducted with slight
modifications based on a previous study (Miyazaki et al.,
2019). MMC-treated cells were seeded at a cell density of 5 x
10° cells/well in ultra-low attachment plate and tumor spher-
oids were formed for 72 h. For preparation of collagen-coat-
ed plate, collagen derived from bovine dermis (KOKEN,
Japan) was mixed with cell culture media at a ratio of 2:1,
and 50 pl of collagen mixture placed in a round bottom 96-
well plate (SPL Life Sciences) was solidified in 37°C incubator
for 2 h. One spheroid per well was transferred to 96-well
plate coated with collagen, and 200 pl of cell culture medium
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was added. Tumor spheroids, including cells invading the
surrounding collagen, were observed under a phase-contrast
microscope every 24 h and for up to 96 h. Area of tumor
spheroids was quantified by cellSens Dimension software,
and calculated the area minus the area of the initial tumor
spheroid.

In vitro metastasis assay

To evaluate the metastatic colonization of the cells, we used
the in vitro metastasis assay we developed. After coating
the outer bottom surface of the 96-well type transwell insert
with 12.5 ug/50 pl of fibronectin, the transwell inserts were
combined on ultra-low attachment plate. MMC-treated cells
were seeded in the upper chamber of the transwell at a den-
sity of 2 x 10* cells/well, and culture medium was added to
the bottom chamber. To evaluate the ability of cancer cells
to form colonies in the bottom chamber after invasion, the
spheroids formed in the bottom chamber were observed un-
der a phase-contrast microscope every 24 h and for up to 96
h. The metastasized area was quantified by cellSens Dimen-
sion software.

Tube formation assay

In order to investigate the angiogenic capacity of the cells,
tube formation assay was used using immortalized HUVECs.
Based on our previous study (Kim et al., 2016a; 2017a), pri-
mary HUVECs were immortalized by simian virus 40 (SV40)
large T antigen in the second passage, and an SV40-HUVEC
line was established. MMC-treated HepG2 cells (vector con-
trol) or HepG2-KiSS1 cells were seeded in 6-well plate (SPL
Life Sciences) at a cell density of 5 x 10° cells/well, and the cell
culture medium was replaced with an endothelial cell growth
medium after 24 h of cell adhesion. After 24 h of incubation
with the medium, the conditioning medium was harvested.
After fluorescent staining SV40-HUVECs with 2 ug/ml Calce-
in-AM (Invitrogen Life Technologies), the cells were seeded
at a density of 7.5 x 10 cells/100 pl/well with the cancer cell
culture medium in the Matrigel (Corning) coated 24-well
plates (Corning). After 3 h, SV40-HUVECs formed tubes, and
we observed it under a fluorescence microscope.

Establishment of xenograft mouse model

Five-week-old athymic nude mice were purchased from
KOATECH (Korea), and maintained at the Laboratory Ani-
mal Research Center of Chungbuk National University under
specific pathogen-free conditions. The mice were housed
in a temperature- and humidity-controlled environment
under a 12-h light-dark cycle, and all animal experiments
were performed during the light cycle. All animal experi-
ments were approved by Institutional Animal Care and Use
Committee (IACUCQ) at Chungbuk National University (CB-
NUA-1565-21-01). After a one-week acclimatization, HepG2
cells (vector control) or HepG2-KiSS1 cells were inoculated
subcutaneously in right upper flank of mice (3 x 10° cells/
mouse; n = 5 per group). Tumor volume was measured using
a digital caliper (CD-15APX; Mitutoyo Korea, Korea) every
2-3 days from 3 days after the inoculation, and calculated by
shortest diameter? x longest diameter x 0.5236 (mm?). Body
weight of mice was also measured on the same day. On day
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26 post-inoculation, all mice were sacrificed, and tumor were
isolated and weighed. Lung, liver, spleen, and kidney of all
mice were weighed.

Immunohistochemistry (IHC) and H&E stain

IHC and was performed based on our previous studies, with
some modifications (Go et al., 2017, Lee et al., 2021). After
the formalin-fixed tumor tissues were embedded in paraffin
and cut into 4 mm sections, the tissue sections were deparaf-
finized in xylene (OCl, Korea) and rehydrated according to the
ethanol (OCl) concentration gradient. Antigen retrieval was
conducted by rehydrating the slides, followed by incubation
with 10 mM sodium citrate buffer (pH 6.0; Sigma-Aldrich) at
121°C and 15 psi (100 kPa) for 5 min. After incubating the
slides with 3% hydrogen peroxide (Sigma-Aldrich), blocking
was performed with 5% bovine serum albumin (BSA; RM-
BIO, USA). The tissue sections were incubated overnight with
primary antibodies against proliferating cell nuclear antigen
(PCNA) (Biolegend, USA), Ki-67 (Biolegend), vascular endo-
thelial growth factor-A (VEGF-A) (Bioss, USA) or cluster of
differentiation 31 (CD31; Santa Cruz Biotechnology, USA) at
1:50. The tissue sections were subsequently incubated with
biotinylated goat anti-mouse or anti rabbit IgG antibody (H +
L) at 1:100 for 30 min at 37°C incubator. The tissue sections
were then reacted with Avidin-biotin peroxidase complexes
(Vector Labs, USA), followed by incubation with 3,30-diam-
inobenzidine (DAB) kit (Vector Labs). A counterstain was
performed with hematoxylin (Sigma-Aldrich) and observed
under a bright microscope (Olympus). DAB positive area was
semi-quantified using ImageJ 1.53c¢ software (National Insti-
tutes of Health, USA). H&E stain was performed for histolog-
ical analysis of tumor tissue. The tumor tissue sections that
had undergone the above-mentioned rehydrating process
were stained with hematoxylin and eosin (Sigma-Aldrich).
The slides were observed under a bright microscope.

Total RNA extraction and quantitative polymerase chain
reaction (qPCR)

Total RNA of the cells was isolated from cells using TRIzol
reagent (Invitrogen Life Technologies), and RNA concentra-
tion was measured with a microreader (BioTek Instruments).
cDNA synthesis was performed using an PrimeScript RT Mas-
ter Mix (Takara Bio, Japan), following the manufacturer’s in-
structions. For quantitative analysis on the mRNA expression,
the cDNA was amplified with 10 pmole/ul of each forward
and reverse primer using TB Green Premix Ex Taq Il (Takara
Bio). gPCR was carried out for 40 cycles of 95°C for 15 s,
58°C for 60 s using QuantStudio 3 Real-Time PCR System
(Applied Biosystems, USA). Table 1 shows the sequence of
primers used in this study. GAPDH was used as an internal
control. To visualize the amplified KiSS7 genes, qPCR prod-
ucts were separated in a 1.5% agarose gel and the gel was
scanned using Lumino Graph 2 (ATTO Corporation, Japan).

Automated capillary-based western immunoblot

Total proteins of the cells were isolated by using radio immu-
noprecipitation assay (RIPA) buffer (ATTO Corporation), and
the protein concentration was measured using bicinchoninic
acid (Sigma-Aldrich) assay. Immunoblotting was conducted
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on a JESS™ Simple Western automated nano-immunoassay
system (ProteinSimple, USA). A mixture of proteins, fluores-
cent 5x master mix, 400 mM dithiothreitol (ProteinSimple)
and biotinylated molecular weight markers was prepared,
and then denatured at 95°C for 5 min. Primary antibodies
were diluted with antibody diluent. Table 2 shows the in-
formation of the primary antibodies used in this study. The
working solutions of HRP-conjugated anti-mouse or rabbit
secondary antibodies included in this kit were used. For
chemiluminescence detection, luminol-peroxide mix was
prepared. Assay protocol was as follows: 25 min for separa-
tion time, 20 min for blocking, 45 min for primary antibody

Table 1. Primer sequences for gPCR

Gene Primer sequences (5'—3")

GAPDH

Forward: GGTTTCCATAGGACCTGCTG
Reverse: TCTTGGGTGTCTCGTCTTCT

KiSS1 Forward: AGCAGCTAGAATCCCTGGG
Reverse: GTTCCAGTTGTAGTTCGGCA

CCNET Forward: GCACTTTCTTGAGCAACACC
Reverse: TCCTCAAGTTTGGCTGCAAT
CDKNTA Forward: CTGAAGTGAGCACAGCCTAG
Reverse: AGGGAAAAGGCTCAACACTG
CDKN1B Forward: TCGTCTTTTCGGGGTGTTTT
Reverse: TGATCAAATGGACTGGCGAG
CDKN2A Forward: CCCCACTACCGTAAATGTCC
Reverse: CAAGAGAAGCCAGTAACCCC
CCNB1 Forward: CATGGTGCACTTTCCTCCTT
Reverse: GCTGTGGTAGAGTGCTGATC
MKI67 Forward: TTCGGGCCCCTAAAGTAGAA

Reverse: GGTTCGGATGATTTGCCTCT
PTEN Forward: AGATGGCACTTTCCCGTTTT
Reverse: TCGGAAACCTCTCTTAGCCA

PIK3R1 Forward: ATGGTTGTTGTTCCCTGTCC
Reverse: AGGCAGGAATTTGTGAAGCA
Akt2 Forward: TAAGAAGGACCCCAAGCAGA
Reverse: GGACTGGGCGGTAAATTCAT
Akt3 Forward: TAGATGGGTAGGATGGCTGG
Reverse: CTCAAATTTGGCCGTGTGAC
CD133 Forward: TGAGACCCAACATCATCCCT
Reverse: GCACAGAGGGTCATTGAGAG
CD146 Forward: GGATGGCATTCAAGGAGAGG
Reverse: GCATTCAACACCTGTCTCCA
CTNNB1 Forward: TGCAGTTATGGTCCATCAGC

Reverse: CCTCACGATGATGGGAAAGG

SNAIZ Forward: GCGATGCCCAGTCTAGAAAA
Reverse: CATGCAAATCCAACAGCCAG

PRELID1 Forward: TCGCCAACTACATCGACAAG
Reverse: CTCCTCCTGCAATTTCTCCC
CDH1 Forward: TGACAACAAGCCCGAATTCA
Reverse: TGACCACACTGATGACTCCT
CDH2 Forward: TGGATGAAGATGGCATGGTG
Reverse: TCTGCTGACTCCTTCACTGA
CXCR4 Forward: CCTGCCTGGTATTGTCATCC

Reverse: CTCAAACTCACACCCTTGCT
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Table 2. List of primary antibodies used in immunoblotting

Antigen Type Dilution Manufacturer Catalog No. MW (kDa)
GAPDH MM 1:100 Abcam ab8245 35
KiSS1R RM 1:20 Cell Signaling Technology 13776 15
Cyclin E1 MM 1:100 Abcam ab3927 47
PCNA MM 1:100 Biolegend 307901 36
p85a MM 1:20 Santa Cruz Biotechnology sc-1637 85
p-Akt*e’? RM 1:100 Cell Signaling Technology 4060T 60
Akt 1/2/3 RM 1:100 Abcam ab179463 60
p-catenin MM 1:100 Biolegend 862602 86
CD133 MM 1:100 Biolegend 372802 120
E-cadherin RP 1:20 Abcam ab15148 120
N-cadherin MM 1:100 Biolegend 844702 130
Slug MM 1:100 Santa Cruz Biotechnology sc-166476 30
VEGF-A RP 1:100 Bioss bs-0279R 23,46
CD31 MM 1:100 Santa Cruz Biotechnology sc-376764 130

MM, mouse monoclonal; RM, rabbit monoclonal; RP, rabbit polyclonal; MW, molecular weight.
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Fig. 1. KiSS1 overexpression and characterization. HepG2 (vector control) cells or HepG2-KiSS1 cells overexpressing KiSS1 were
prepared using 293T cells transfected with a lentiviral vector designed to express the KiSS7 gene. (A) Comparison of the morphology
of both cell lines. Scale bars = 100 um. (B) Comparison of relative expression levels of the KiSST gene in the two cell lines. Gene levels
were quantified by applying gPCR, and the genes amplified through gPCR were visualized through electrophoresis. The bar graph is
expressed logarithmically (log10). (C) Comparison of relative expression levels of kisspeptin protein in the two cell lines. Protein levels
were measured using automated capillary-based Western immunoblot. Data in the bar graph were obtained from at least three repeated
experiments. gPCR and immunoblotting data were statistically analyzed by Student’s t-test, and are presented as the mean £ SEM.
Significance is presented at ***P < 0.001.
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reaction, 45 min for secondary antibody reaction. The Com-
pass Simple Western software (ver. 6.0.0; ProteinSimple) was
used to obtain the chemiluminescent band images. The band
intensities were quantified with CSAnalyzer4 software (ATTO
Corporation). GAPDH and its corresponding target proteins
were analyzed from the same protein lysate. All protein ex-
pression levels were normalized to the GAPDH expression in
each band.

Statistical analysis

All experiments were conducted at least three times, and all
data presented as mean + SEM. Data were statistically ana-
lyzed by Student’s t-test or multiple t-test using the Prism 7.0
software (GraphPad Software, USA). Significance was pre-
sented at *P < 0.05, **P < 0.01, or ***P <0.001.

RESULTS

KiSS1 overexpression in HCC cells and characterization
The HepG2-KiSS1 cell line overexpressing KiSS1 was estab-
lished to investigate the effects of KiSST on tumor growth
and migration in HCC cells. We observed that KiSS1 over-
expression induces an alteration in cells to a mesenchymal
morphology (Fig. 1A). Moreover, the KiSST gene expression
was 2,986 times higher in the HepG2-KiSS1 cells than the
control vector-inserted cells (Fig. 1B), and expression of the
kisspeptin protein was 1.64 times higher than the control
vector-inserted cells (Fig. 1C). Based on these morphological
and genetic changes, we investigated the effects of KiSS1
overexpression on functional changes in HCC cells in subse-
guent experiments.

KiSS1 overexpression increases the proliferation of HCC
cells

To determine the effect of KiSS71 overexpression on the pro-
liferation of HCC, we first measured for alterations in cell
growth rate by achieving cell counting (Fig. 2A). Contrary to
our expectations, the cell growth rate of KiSS7-overexpress-
ing cells was about 8.5 times greater than the vector control
cells, indicating that KiSS7 dramatically increased the prolif-
eration of HCC cells (Fig. 2A). To investigate the mechanism
of cell proliferation, changes in the expressions of cell prolif-
eration-related genes and cell cycle genes were examined.
We observed upregulated expressions of CCNET and CCNB1
(which promote the G1/S phase), and downregulated ex-
pressions of CDKN1A and CDKN1B (G1/S phase inhibitors),
resulting in increased accumulation of cells in the S phase
(Fig. 2B). Thus, changes in the transcriptional levels of CCNB1
imply the possibility of regulating the G2/M phase by KiSS1
overexpression (Fig. 2B). KiSS1 overexpression also resulted
in increased expression of the MKI67 gene, a cell prolif-
eration marker (Fig. 2B). Moreover, KiSS1 overexpression
increased the gene expressions of Akt2 and Akt3, which are
key modules of PI3K/Akt signaling (Fig. 2C). Similar to these
gene expression changes, an increase in PCNA was observed
in the KiSS1-overexpressing cells (Fig. 2D). Interestingly, we
observed not only increased Akt protein level, but also an in-
crease in serine phosphorylation (Figs. 2C and 2E). However,
no significant changes were detected in both the gene and
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protein levels of the phosphoinositide 3-kinase (PI3K) regula-
tory subunit p85a, by KiSS1 overexpression (Figs. 2C and 2E).
These results indicate that KiSS7 overexpression induces the
proliferation of HCC cells through Akt activation, and subse-
guent modulation of the G1/S phase-related cell cycle genes.

KiSS1 overexpression increases the tumorigenesis of HCC
cells

Considering that increased proliferation of HCC cells can
result in increased tumorigenesis, we investigated the effect
of KiSS1 overexpression on tumorigenesis of HCC cells. We
found that KiSS1 overexpression dramatically increases the
ability of HCC cells to form tumor spheroids in a time-depen-
dent manner (Fig. 2F). KiSS1-overexpressing cells showed
upregulation of the CD133, CD146, and CTNNB1 genes
(Fig. 2G), with significant upregulation of the CD133 protein
(Fig. 2H). Taken together, these results indicate that KiSS7
increases the tumor spheroid formation of hepatocarcinoma
cells by upregulating the expression of CD133, and may thus
increase the tumorigenic capacity.

KiSS1 overexpression increases the metastatic capacity by
increasing the migratory and invasive ability of HCC cells
Based on our results that KiSS1 overexpression induces al-
terations in the mesenchymal morphology of HCC cells (Fig.
1A), we next investigated whether KiSS1 overexpression in-
creases the mobility and invasiveness of HCC cells (Fig. 3). We
observed that HepG2-KiSS1 cells migrated faster than vector
control cells, and had increased cell invasiveness (Figs. 3A-
30). In the collagen invasion assay, the KiSS1-overexpressing
tumor spheroids cultured on collagen penetrated faster and
more widely into the collagen, suggesting an increased ability
of hepatocarcinoma tumors to invade the ECM (Figs. 3D and
3E). Moreover, we observed that the KiSS7-overexpressing
spheroids started to invade more rapidly from 24 h, whereas
vector control spheroids started to invade slowly from 48
h (Figs. 3D and 3E). Tumor metastasis generally entails the
spread of cancer cells, and results in the formation of meta-
static colonies. Thus, the ability to form spheroids at the me-
tastasis site can be evaluated to predict the metastatic ability
of cancer cells. This was demonstrated by the observation
that after invading from the upper chamber, the KiSS1-over-
expressing cells in the bottom chamber (metastatic sites)
formed tumor spheroids significantly faster, as compared to
the vector control group (Figs. 3F and 3G).

Given that tumor metastasis is initiated after cells undergo
a conversion process (EMT) to a mesenchymal phenotype, we
sought to investigate whether KiSS7 overexpression regulates
the expressions of EMT markers (Fig. 4). We found that the
expression of the epithelial marker E-cadherin was downreg-
ulated at both the mRNA and protein levels (Figs. 4A and 4B),
and the expressions of N-cadherin and slug (mesenchymal
markers) were upregulated at both the mRNA and protein
levels (Figs. 4A, 4C, and 4D). Increased gene levels of PRELID1
and CXCR4 indicated that KiSST overexpression probably
promotes EMT in HCC cells. These results indicate that KiSS17
overexpression increases the migratory and invasive ability of
liver cancer cells by modulating the expression of EMT genes,
and consequently increases the metastatic capacity.
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KiSS1 overexpression increases liver tumor growth

Based on our findings that KiSS7 overexpression increases the
proliferation rate of HCC cells and promotes tumorigenicity,
we investigated the effect of KiSS7 on in vivo tumor growth
using a xenograft mouse model (Fig. 5). As expected, KiSS1
overexpression induced a significant difference in the tumor
growth rate (Figs. 5A and 5B); 19 days after inoculation of
cancer cells, we observed an 88-fold tumor volume increase,
as compared to the vector control group (Figs. 5A and 5B).
In addition, KiSS7 overexpression dramatically increased the
tumor weight (Fig. 5C), with marked differences as seen
macroscopically (Fig. 5D). Although KiSST overexpression
did not significantly affect mouse body weight during the
experimental period (Figs. 5E and 5F), significant increases
were obtained in the liver and spleen weights (Fig. 5G), indi-
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cating increased side effects associated with increased tumor
growth. Although it was observed in Fig. 5D that the absolute
size of the vector control tumor was small, this was because
the growth of the vector control tumor was low compared to
the excessive growth of the KiSS1-overexpressing tumor. This
is explained by the relatively low proliferation of the vector
control cells shown in Fig. 2A and the relatively small tumor
spheroids of the vector control cells shown in Fig. 2F. No tu-
mor metastasis to other organs (including liver and spleen)
was found at necropsy of the mice (data not shown). Consis-
tent with the experimental results of increased tumor growth,
histological analysis determined the increased expressions of
Ki-67 and PCNA in the KiSST overexpression group (Fig. 6).
These results indicate that KiSST overexpression increases the
liver tumor growth by upregulating Ki-67 and PCNA.
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KiSS1 overexpression increases angiogenesis in HCC cells
All the results presented above indicate that KiSS7T overex-
pression increases not only the growth of hepatocarcinoma
cells, but also the metastatic potential. Considering that an-
giogenesis is essential for cancer cells to grow continuously
and secure a metastasis pathway (Kim and Choi, 2021), we
sought to investigate whether KiSS71 overexpression affects
the angiogenic ability of metastatic HCC cells (Fig. 7). We
observed that the culture medium of KiSS7-overexpressing
cells increased the tube formation of SV40-HUVECs (Fig. 7A),
which is associated with significant upregulation of VEFG-A
and CD31 proteins (Figs. 7B and 7C). It is noteworthy that
relatively much more blood vessels were found in KiSS7-over-
expressing liver tumor sections, in contrast to the absence
of evident blood vessels in the tumor sections of the vector
control group (Fig. 7D). The significant difference in vascular
evidence from macroscopy of the two tumor groups validates
these results convincingly (Fig. 7D). Moreover, increased ex-
pressions of VEGF-A and CD31 were observed by KiSS1 over-
expression in the liver tumor tissue (Fig. 7E). These results
indicate that overexpression of KiSS17 in liver tumors increases
the angiogenesis by upregulating the expressions of VEGF-A
and CD31.

DISCUSSION

This study investigates the effects of KiSS1 gene on the
proliferation and migration of liver tumors. We found that
KiSS1 overexpression increased the proliferation rate of HCC
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cells, which was related to the expression of cell cycle genes
involved in the G1/S phase progression, and this cell cycle
upregulation was promoted by Akt activity. KiSS1 overexpres-
sion increased the liver tumorigenicity in both the cellular and
animal models. In addition, KiSS1 overexpression increased
the EMT, mobility, invasiveness, and metastatic colonization
of HCC cells. The growth and metastasis of these liver tumors
may be exacerbated by VEGF- and CD31-mediated angio-
genesis. Based on our findings, Fig. 8 summarizes the effects
of KiSS1 on HCC progression.

As demonstrated in studies conducted in several can-
cer models, both cancer proliferation and progression are
accompanied by cell cycle alterations induced by cell cycle
regulators (Leal-Esteban and Fajas, 2020; Rivadeneira et
al., 2010). Liver cancer is characterized by alterations in cell
cycle regulation through numerous molecular mechanisms
(Bisteau et al., 2014). In HCC cells overexpressing KiSS1, we
observed altered expressions of cell cycle genes regulating
the G1/S phase. Significant changes in the cyclin-dependent
kinase (CDK) inhibitor (such as CDKNTA and CDKN1B) were
particularly noticeable. It is well known that p21 is transcrip-
tionally regulated by the p53 gene, and it has been reported
that the expressions of p21 and p27 are suppressed in liver
tumors, preventing apoptosis through cell cycle regulation
(Adimoolam et al., 2001; Bhardwaj et al., 1999; Eferl et al.,
2003). Moreover, it has been reported that the induction
of CDK inhibitors requires the PI3K/Akt pathway, and Akt
phosphorylation interferes with the nuclear translocation of
p27 and induces G1 arrest (Chang et al., 2003; Liang et al.,
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Fig. 8. Schematic diagram presenting the effects of KiSS1 gene on tumor growth and migration of HCC. Transcription and subsequent
translation of KiSS7 into kisspeptin induces cell proliferation and tumorigenesis of HCC, with subsequent promotion of migration
and angiogenesis, resulting in metastasis. Increased kisspeptin expression by KiSS1 overexpression increases Akt phosphorylation and
upregulates protein levels, which upregulate the expressions of proliferation-inducing proteins such as Ki-67 and PCNA, thereby induce the
growth of HCC. Tumorigenesis in liver cancer can be accelerated by kisspeptin-induced CD133. Upregulation of N-cadherin and slug, and
downregulation of E-cadherin by kisspeptin, induce EMT and increase cell migration in liver cancer. Kisspeptin may therefore contribute to

the angiogenesis of liver cancer by upregulating CD31 and VEGF-A.
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2002). The PI3K/Akt pathway is associated with tumorigen-
esis and is upregulated in several types of liver cancers, and
there are considerable accumulated evidence of cell cycle
regulation by the PI3K/Akt pathway in liver cancer (Fan et al.,
2015; Liu et al., 2015; Wang et al., 2021). Considering these
previous studies, we propose that KiSS7 induces the prolifer-
ation of liver cancer by inhibiting the expression of cell cycle
inhibitors via PI3K/Akt signaling and regulating genes related
to the G1/S phase.

Wnt/p-catenin signaling promotes the progression of most
malignant tumors including liver cancer, and mutations of
genes involved in this pathway are characteristic of hepatobi-
liary tumors, with the p-catenin mutation found most often in
hepatoblastoma (Perugorria et al., 2019; Wen et al., 2020). It
was recently identified that hepatic tumorigenesis has similar
characteristics to cancer stem cells (CSCs), and that B-catenin
mediated cell dedifferentiation into CSCs, which could con-
tribute to liver tumor growth (Pandit et al., 2018). Other
studies also reported that this signaling pathway encoded by
CTNNBT1 plays a major role in HCC and cholangiocarcinoma
tumorigenesis (He and Tang, 2020; McGrath et al., 2020).
CD133 regulates the self-renewal and proliferation of CSCs
more directly than p-catenin, and is one of the best character-
ized biomarkers (Barzegar Behrooz et al., 2019; Liou, 2019).
Since CD133 not only regulates tumorigenesis but is also im-
plicated in cancer metastasis, the KiSS7-induced increase in
CD133 in HCC cells observed in this study may provide clues
to understanding the mechanism of liver tumor metastasis
(Glumac and LeBeau, 2018; Liou, 2019). Thus, we report for
the first time, that upregulation of p-catenin and CD133 by
KiSS1 overexpression has the potential to induce tumorige-
nicity and progression of liver cancers.

Tumor metastasis can be initiated from morphological
changes in cancer cells, i.e., induction of the EMT program
(Mittal, 2018). EMT is one of the highly evolutionarily con-
served developmental programs involved in mesenchymal
acquisition, which increases tumor mobility (Wu and Zhou,
2008; Yoon et al., 2021). EMT induces loss of epithelial
markers such as E-cadherin and ZO-1, and upregulation of
mesenchymal markers such as N-cadherin, snail, slug and
vimentin, eventually easing the process of migration for cells
(Kalluri and Weinberg, 2009; Loh et al., 2019). In addition,
cells must undergo EMT in order for tumor cells to penetrate
into adjacent cell layers or to intravasate into blood vessels
and lymphatic vessels (Yang and Weinberg, 2008). Therefore,
based on our observation in the upregulation of E-cadher-
in, N-cadherin, and slug by KiSS7 overexpression, it can be
explained that KiSS7 increases the migratory and invasive
ability of HCC by controlling the expressions of EMT regu-
lators, thereby achieving liver tumor metastasis. Moreover,
it has recently been reported that HCC metastasis can be
promoted by induction of EMT via B-catenin, suggesting that
the upregulation of B-catenin by KiSS7 overexpression found
in our study may induce metastasis through EMT (Yuan et
al., 2020). Interestingly, given that B-catenin is an epithelial
marker, the KiSS7-induced tumor metastasis is likely to be
induced by collective cell migration (Aman and Piotrowski,
2008; Carvalho et al., 2019; Zhu et al., 2018).

Tumors are supplied with nutrients through the recruit-
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ment of new blood vessels via a process called angiogenesis,
and can grow and metastasize to other tissues (Bielenberg
and Zetter, 2015; Takeda et al., 2002). Of note, all systemic
anticancer therapies approved for HCC in the US, EU, and
China are molecular targeted therapies with antiangiogenic
effects that target VEGF and its receptors (Morse et al., 2019;
Zhu et al., 2020). Moreover, according to previous studies,
the upregulation of VEGF-A expression induces angiogenesis
in HCC (Lu et al., 2015). These data provide a basis for our
hypothesis and findings that upregulated VEFG expression
in liver tumors overexpressing KiSS1 results in increased an-
giogenesis in liver tumors. Similar to VEGF, CD31 is highly
expressed in liver cancer patients with poor prognosis, and
has therefore been used as a diagnostic marker (Qian et al.,
2018; Zhang et al., 2021). CD31 is associated with increased
microvessel density in HCC, as well as being used as a marker
of increased angiogenesis in liver cancer (Bosmuller et al.,
2018; Ghanekar et al., 2013). Moreover, it has been reported
that CD31 influences the development of CSCs by regulating
its expression through CD133 and/or VEGF, and promotes
HCC metastasis by inducing EMT (Behrooz and Syahir, 2021;
Zhang et al., 2018). Therefore, we report that KiSST pro-
motes the formation of new blood vessels in HCC by regulat-
ing the expressions of VEGF and CD31, and may serve as a
bridge in liver tumor metastasis.

Our study further determined that KiSS71 overexpression
resulted in increased cell proliferation and migration ability of
HCC. However, in order to understand the exact role of the
KiSS1 gene in liver tumor, it was necessary to confirm wheth-
er the gene expression is inhibited or knocked out using the
RNAI system, which is contrary to our approaches. Moreover,
based on the upregulation of metastatic colonization by
KiSS1 shown in the in vitro metastasis assay, it is necessary
to systematically investigate the effects of the KiSS7 gene on
liver cancer metastasis using an orthotropic xenograft model
or a metastatic model artificially established by injecting liver
cancer cells into the tail vein of mice. Experimental strategies
using agonists or antagonists for kisspeptin could be an ex-
perimental approach helpful in evaluating the potential of
KiSS1 for diagnostic and therapeutic purposes (Stathaki et al.,
2019). Taken together, we conclude that in liver cancer, the
KiSS1 gene not only increases tumor growth, but also stim-
ulates migration and angiogenesis for metastasis. To date,
the role of KiSS17 in liver cancer progression remains unclear.
We believe that the findings of this study could contribute
to clarifying the mechanism. Continued efforts to elucidate
the role of KiSS7 will spur the development of gene therapy
or diagnosis using this gene, and development of anticancer
drugs that involve the regulation of this gene.
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