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The CKLF-like MARVEL transmembrane domain-containing 3 (CMTM3), a member of the CMTM family,
was found in several human tumors and plays an important role in the development and progression of tumors.
However, the role of CMTM3 in hepatocellular carcinoma (HCC) remains largely unknown. Thus, in the pres-
ent study, we explored its expression pattern in human HCC cell lines, as well as its functions in HCC cells. Our
results demonstrated that the expression of CMTM3 is lowly expressed in HCC cell lines. In vitro, we found
that overexpression of CMTM3 obviously inhibited the proliferation, invasion, and EMT process in HCC cells.
Furthermore, overexpression of CMTM3 significantly downregulated the expression levels of phosphorylation
of JAK2 and STAT?3 in HepG2 cells. In vivo, overexpression of CMTM3 attenuated the tumor growth in Balb/c
nude mice. In conclusion, we demonstrated that CMTM3 could play an important role in HCC metastasis by
EMT induction via, at least partially, suppressing the JAK2/STAT3 signaling pathway. Therefore, CMTM3
may serve as a potential molecular target in the prevention and/or treatment of HCC invasion and metastasis.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is one of the most
common malignancies in the world and accounts for 90%
of cases of primary liver cancer'. There are about 600,000
new-onset patients with this disease every year’. In spite
of improvements in clinical therapeutic strategy, the clin-
ical outcome of patients with HCC remains unsatisfac-
tory because of tumor recurrence and metastasis of the
primary tumor’ . Therefore, it is critical to discover the
mechanisms underlying HCC metastasis.

CKLF-like MARVEL transmembrane domain-contain-
ing family (CMTM) consists of nine genes, CKLF and
CMTMI1 to CMTMS. Previous studies have demonstrated
that CMTMs play a major role in immune and inflamma-
tory responses as well as tumorigenesis®®. CMTM3 is a
member of the CMTM family that is located at 16q22.1.
Downregulation of CMTM3 has been found in several
human tumors and plays an important role in the devel-
opment and progression of tumors’"'. For example, one
study showed that the expression of CMTM3 was signifi-
cantly reduced in oral squamous cell carcinoma (OSCC)

cell lines and primary tumor specimens, and overexpres-
sion of CMTM3 inhibited the growth and migration of
OSCC cells, as well as attenuated the growth of OSCC
xenografts in nude mice'>. However, the role of CMTM3
in HCC remains largely unknown. Thus, in the present
study, we explored its expression pattern in human HCC
cell lines as well as its functions in HCC cells. We found
that CMTM3 is lowly expressed in HCC cell lines, and
it promoted proliferation, invasion, and in vivo tumori-
genesis, suggesting that CMTM3 may play an important
role in HCC.

MATERIALS AND METHODS
Cell Culture

Four human HCC cell lines (HepG2, 97H, Hep3B, and
HCCLM3) and a hepatocyte cell line (HL-7702) were
obtained from the American Type Culture Collection
(ATCC; Manassas, VA, USA). Cells were cultured in
Dulbecco’s modified Eagle’s medium (Gibco, Grand
Island, NY, USA) supplemented with 10% fetal bovine
serum (Abcam, Cambridge, UK), penicillin (100 U/ml),
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streptomycin (100 pg/ml), L-glutamine (2 mM), and sodium
pyruvate (1 mM) in 5% CO, at 37°C.

Quantitative Real-Time Polymerase Chain
Reaction (qRT-PCR)

Total RNA was isolated from HCC cells using
TRIzol reagent according to the manufacturer’s proto-
col (Invitrogen, Carlsbad, CA, USA) and reverse tran-
scribed into cDNA using a PrimeScript™ 1st Strand
cDNA Synthesis Kit (Takara, Dalian, P.R. China). The
RT-PCRs were performed on the basis of the thermal
cycler dice real-time system. The primer sequences used
for PCR amplification were as follows: CMTM3, 5-TT
TTATCTGCTATGTGGCGTCC-3’ (forward) and 5'-TG
TCTTGTGGGCTGTGGTCTC-3’ (reverse); GAPDH, 5’-
GCACCGTCAGGCTGAGAAC-3’ (forward) and 5'-AT
GGTGGTGAAGACGCCAGT-3" (reverse). The PCR
procedure was as follows: 94°C for 3 min; 94°C for 20 s,
59°C for 30 s, and 72°C for 20 s; 2 s for plate reading for
40 cycles; and melt curve from 65°C to 95°C. Quantitative
measurements were determined using the comparative
ACt method.

Western Blot Analysis

Total protein was extracted from HCC cells using RIPA
lysis buffer (Beyotime, Nantong, PR. China) according to
the operating instructions. A total of 30 ug of protein was
separated by 10% SDS-PAGE electrophoresis and trans-
ferred to nitrocellulose membranes (Amersham, Little
Chalfont, UK). After being blocked in Tris-buffered saline
containing 5% nonfat milk powder, the membranes were
incubated with primary antibodies: anti-CMTM3, anti-
E-cadherin, anti-N-cadherin, anti-vimentin, anti-p-JAK2,
anti-JAK?2, anti-p-STAT3, anti-STAT3, and anti-GAPDH
(1:200 dilution; Santa Cruz Biotechnology, Santa Cruz,
TX, USA). Subsequently, the membranes were incubated
with horseradish peroxidase-conjugated anti-rabbit or
anti-mouse secondary antibody (1:2,000 dilution; Santa
Cruz Biotechnology, Dallas, TX, USA) for 1 h at room
temperature. Signals were detected on x-ray film using
an electrochemiluminescence detection system (Pierce,
Rockford, IL, USA).

Construction of the pcDNA3.1-CMTM3
and Cell Transfection

The plasmid pcDNA3.1-CMTM3 and control vector
pcDNA3.1 were purchased from GenePharma (Shanghai,
P.R. China). Cells grew to 70% to 90% confluence before
transfection. The pcDNA3.1-CMTM3 and empty vector
were transfected using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions. Stable cell
lines were selected in complete medium containing 1 ug/
ml G418 (Sigma-Aldrich, St. Louis, MO, USA) for 48 h
after transfection.
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Cell Proliferation Assay

Cell proliferation was evaluated using the cell count-
ing kit-8 (CCK-8; Sigma-Aldrich) assay according to
the manufacturer’s instructions. Briefly, infected cells
(3x10° cells/ml) were cultured in DMEM containing
10% FBS and cultured for 24, 48, 72, or 96 h. Then 10 ul
of CCK-8 was added to each well. After incubating for
2 h, the absorbance of each well was measured at 450 nm
using a microplate spectrophotometer (BioTek Instrument
Inc., Winooski, VT, USA).

Cell Migration and Invasion Assays

Cell migration and invasion were assayed using Trans-
well chambers (8 pum, 24-well format; Corning Co.,
Corning, NY, USA). Briefly, infected cells (3x 10° cells/
ml) were added to the bottom part of the chamber, whereas
600 pl of DMEM containing 10% FBS was added to the
upper well of the chamber. The cells were incubated for
24 h at 37°C in a 5% CO, humidified atmosphere. After
incubation, nonmigrating cells in the upper chamber were
scraped off, and the migrated cells on the bottom part of
the filter were washed, fixed, stained with crystal violet,
and quantified by counting six high-powered fields in the
center of each well. The invasion assay was performed
using the same procedure, except that the membrane was
coated with Matrigel to form a matrix barrier.

In Vivo Xenograft Tumor Assay

Balb/c nude mice (female, 5 weeks old) were purchased
from the Laboratory for Animals of The First Affiliated
Hospital of Xi’an Medical University (P.R. China), and this
study was performed with approval from the Animal Ethics
Committee of The First Affiliated Hospital of Xi’an Medical
University (PR. China). For the in vivo assay, Balb/c nude
mice were inoculated subcutaneously with 3x10° HepG2-
CMTM3 cells (n=5) or HepG2-vector cells (n=5), used as
a negative control. Tumor size was measured every 5 days
using a caliper and calculated using the formula: volume=
lengthx width*x7/6. About 25 days after inoculation, mice
were euthanized and the tumors were weighed.

Statistical Analysis
Data are expressed as the mean®SD. Statistical analy-

sis was carried out with Student’s #-test. A value of p<0.05
was considered as a statistically significant difference.

RESULTS
CMTM3 Is Lowly Expressed in Human HCC Cells
First, we performed a qRT-PCR assay to examine the
mRNA expression of CMTM3 in human HCC cell lines.
We found that the mRNA expression levels of CMTM3
were significantly decreased in human HCC cell lines,
compared with the control group (Fig. 1A). Similarly,
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the results of the Western blot analysis demonstrated
that a significant decrease in CMTM3 protein level was
observed in human HCC cell lines compared with the
HL-7702 cell line (Fig. 1B).

CMTM3 Inhibits the Proliferation of HCC Cells

To clarify the effect of CMTM3 on cell proliferation,
we established which HepG2 cells were stably trans-
fected with pcDNA3.1-CMTM3 in the HepG2-CMTM3
cell line. The gene (Fig. 2A) and protein expression levels
(Fig. 2B) of CMTM3 in the HepG2-CMTM3 cell line
were confirmed by qRT-PCR and Western blot assays.
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We then used the CCK-8 assay to measure the effect
of CMTM3 on HCC cell proliferation. At the indicated
time points, HepG2 cells that were overexpressing
CMTM3 exhibited reduced incorporation compared with
vector controls (Fig. 2C).

CMTM3 Inhibits the Invasion and Migration
of HCC Cells

We examined the effect of CMTM3 on the migration
of HepG2 cells using the Transwell migration assay. As
shown in Figure 3A, the migration of CMTM3-transfected
HepG?2 cells was remarkably reduced compared with that of
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Figure 1. CMTM3 is lowly expressed in human HCC cells. (A) The mRNA expression of CMTM3 in human HCC cell lines was
determined by the qRT-PCR assay. (B) The protein expression of CMTM3 in human HCC cell lines was determined by the Western
blot assay. These data are from three independent experiments and presented as the mean+SD. *p<0.05.
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Figure 2. CMTM3 inhibits the proliferation of HCC cells. HepG2 cells were transfected with pcDNA3.1-CMTM3 or empty vector
for 48 h. The gene (A) and protein expression levels (B) of CMTM3 in the HepG2-CMTM3 cell line were confirmed by qRT-PCR and
Western blot assays. (C) Cell proliferation was evaluated using the cell counting kit-8 assay. These data are from three independent
experiments and presented as the mean+SD. *p<0.05.
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vector-transfected cells. Moreover, the effect of CMTM3
on HCC cell invasion was assessed by Matrigel invasion
assay. The Matrigel invasion assay showed that the number
of invading cells was significantly decreased in CMTM3-
transfected cells than that in the vector-transfected cells
(Fig. 3B). In addition, we investigated the effect of CMTM3
on the expression of EMT-related markers. As shown in Fig-
ure 3C, the expression of the epithelial marker E-cadherin
was increased at the protein level, while protein expression
of the mesenchymal markers N-cadherin and vimentin was
decreased in CMTM3-transfected HepG2 cells.
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CMTM3 Inhibits the Activation of JAK2/STAT3
Signaling in HCC Cells

To further investigate the underlying mechanism of
how CMTM3 inhibited the proliferation and invasion
of HCC cells, we examined the effect of CMTM3 on
the activity of the JAK2/STAT3 signaling pathway. The
results of the Western blot analysis indicated that over-
expression of CMTM3 significantly downregulated the
expression levels of the phosphorylation of JAK2 and the
downstream JAK substrate STAT3 in HepG?2 cells, com-
pared with the vector group (Fig. 4).
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Figure 3. CMTM3 inhibits the migration and invasion of HCC cells. HepG2 cells were transfected with pcDNA3.1-CMTM3 or empty
vector for 48 h. (A) Cell migration was evaluated using the Transwell migration assay. (B) Cell invasion was assessed by the Matrigel
invasion assay. (C) E-cadherin, N-cadherin, and vimentin protein levels were determined by Western blot analysis. Quantification
analysis of E-cadherin, N-cadherin, and vimentin was performed using the Gel-Pro Analyzer version 4.0 software. GAPDH was used
as loading control. These data are from three independent experiments and presented as the mean®SD. *p <0.05.
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Figure 4. CMTM3 inhibits the activation of JAK2/STAT3 signaling in HCC cells. HepG2 cells were transfected with pcDNA3.1-
CMTM3 or empty vector for 48 h. (A) p-JAK2, JAK2, p-STAT3, and STAT3 protein levels were determined by Western blot
analysis. GAPDH was used as loading control. (B, C) Quantification analysis of p-JAK2/JAK2 and p-STAT3/STAT3 was per-
formed using the Gel-Pro Analyzer version 4.0 software. These data are from three independent experiments and presented as the

mean*SD. *p<0.05.
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CMTM3 Inhibits Tumorigenicity In Vivo

Next, to evaluate the effect of CMTM3 on tumori-
genesis in vivo, HepG2-CMTM3 cells or HepG2-vector
cells were introduced subcutaneously to Balb/c nude
mice. As shown in Figure 5A, the average tumor volumes
of HepG2-CMTM3 cell-grafted mice were obviously
decreased, compared with the vector group. Moreover,
overexpression of CMTM3 sharply reduced the weight
of tumors 25 days after inoculation (Fig. 5B).

DISCUSSION

In the present study, our results demonstrated that the
expression of CMTM3 is lowly expressed in HCC cell
lines. In vitro, we found that overexpression of CMTM3
obviously inhibited the proliferation, invasion, and EMT
process in HCC cells. Furthermore, overexpression of
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CMTMS3 significantly downregulated the expression levels
of the phosphorylation of JAK2 and STAT3 in HepG2
cells. In vivo, overexpression of CMTM3 attenuated the
tumor growth in Balb/c nude mice.

Previous studies demonstrated that CMTM3 plays
a critical role in tumorigenesis. Li et al. confirmed that
CMTM3 was frequently downregulated or silenced in
testicular cancer cell lines and tumor tissues, and the
reexpression of CMTM3 sharply suppressed the colony
formation, proliferation, and migration capacity of tes-
ticular cancer cells". Xie et al. reported that CMTM3
was downregulated in clear cell renal cell carcinoma
tissues, and its overexpression significantly suppressed
the anchorage-independent growth and proliferation of
786-0 cells'®. In accordance with previous studies, we
found that the expression of CMTM3 is lowly expressed
in HCC cell lines. Overexpression of CMTM3 obviously
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Figure 5. CMTM3 inhibits the tumorigenicity in vivo. HepG2-CMTM3 cells or HepG2-vector cells were introduced subcutaneously
to Balb/c nude mice. (A) The tumor volumes were calculated in each group every 5 days. (B) The tumors were weighed at 25 days after
inoculation. These data are from three independent experiments and presented as the mean+SD. *p <0.05.
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inhibited the proliferation and the tumor growth in Balb/c
nude mice. These data suggest that CMTM3 may act as
a putative tumor suppressor in the development and pro-
gression of HCC.

High invasion and metastasis are the major factors
causing poor prognosis of patients with HCC'. EMT is
believed to be a major mechanism by which cancer cells
become migratory and invasive. It is characterized by a
loss of E-cadherin and enhanced cell motility as well as
the acquisition of N-cadherin and vimentin'®. In this study,
we found that overexpression of CMTM3 obviously inhib-
ited the migration and invasion of HCC cells. Moreover,
we observed that overexpression of CMTM3 increased
the expression of the epithelial marker E-cadherin, while
it decreased the expression of the mesenchymal marker
N-cadherin in HepG2 cells. These results suggest that
CMTM3 inhibits the migration and invasion of HCC
cells by repressing the EMT phenotype.

The JAK2/STAT3 signaling pathway plays an impor-
tant role in the development of HCC'*" JAK?2, a mem-
ber of the Janus (JAK) family, regulates signaling via
multiple cytokine receptors'’. STAT3 is constitutively
activated in human HCC tissues and controls cancer cell
proliferation, invasion, and angiogenesis’*'". Recently,
the activation of STAT3 has been linked to the EMT
program in HCC™. It was reported that STAT3 knock-
down significantly increased E-cadherin and B-cadherin,
and it decreased N-cadherin and vimentin expression
in human HCC cells. STAT3 may cooperate with Twist
to mediate EMT and induce HCC invasion and metas-
tasis™. Thus, inactivation of the JAK2/STAT3 signaling
pathway may be a good way to inhibit HCC metastasis.
For example, Kang et al. confirmed that B7 homolog 3
promotes the invasion of HCC by targeting EMT via the
JAK2/STAT3/Slug signaling pathway>'. Most recently, a
study by Yuan et al. revealed that CMTM3 dramatically
suppresses the phosphorylation of STAT3 in gastric can-
cer cells™. Similarly, we observed that overexpression
of CMTM3 significantly downregulated the expression
levels of phosphorylation of JAK2 and STAT3 in HepG2
cells. These data suggest that CMTM3 inhibits prolifera-
tion and tumorigenesis by suppressing the JAK2/STAT3
signaling pathway in HCC cells.

In summary, we demonstrated that CMTM3 could
play an important role in HCC metastasis by EMT induc-
tion via, at least partially, suppressing the JAK2/STAT3
signaling pathway. Therefore, CMTM3 may serve as a
potential molecular target in the prevention and/or treat-
ment of HCC invasion and metastasis.
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