
Down-regulation of CMTM8 Induces Epithelial-to-Mesenchymal
Transition-like Changes via c-MET/Extracellular Signal-regulated
Kinase (ERK) Signaling*□S

Received for publication, May 8, 2011, and in revised form, January 28, 2012 Published, JBC Papers in Press, February 15, 2012, DOI 10.1074/jbc.M111.258236

Wenjuan Zhang‡§, Michelle C. Mendoza¶1, Xiaolei Pei‡1, Didem Ilter¶, Sarah J. Mahoney¶, Yingmei Zhang‡,
Dalong Ma‡, John Blenis¶2, and Ying Wang‡3

From the ‡Department of Immunology, School of Basic Medical Sciences, Key Laboratory of Medical Immunology, Ministry of
Health, Peking University Health Science Center, Beijing 100191, China, the ¶Department of Cell Biology, Harvard Medical School,
Boston, Massachusetts 02115, and the §Cancer Research Laboratory, Beijing Shijitan Hospital (Ninth Hospital of Peking University),
Capital Medical University, Beijing 100038, China

Background: CMTM8 is a chemokine-like factor-like MARVEL transmembrane domain-containing protein with tumor
suppressor-like activities.
Results: CMTM8 down-regulation induces epithelial-to-mesenchymal transition (EMT)-like phenotypes via c-MET/ERK
signaling.
Conclusion: CMTM8 may inhibit EMT-like processes by interfering with c-MET/ERK signaling in some tumor cell types.
Significance: Being a novel EMT regulator, CMTM8 may be used as a therapeutic target of cancer with hyperactivated
c-MET/ERK signaling.

The acquisition of an invasive phenotype is a critical turning
point for malignant tumor cells. CMTM8, a potential tumor
suppressor, is frequently down-regulated in solid tumors, and
its overexpression induces tumor cell apoptosis. Here, we iden-
tify a new role for CMTM8 in regulating tumor cell migration.
Reducing CMTM8 expression in HepG2 hepatocellular carci-
noma cells results in the acquisition of epithelial-to-mesenchy-
mal transition (EMT) features, including a morphological
change from organized epithelial sheets to scattered fibroblast-
like shapes, reduction of the epithelial marker E-cadherin, and
an increased invasive and migratory ability. These phenotypic
changes are mediated in large part by the ERK-MAPK pathway,
as the MEK inhibitor U0126 and shRNA-mediated knockdown
of ERK2 significantly reversed these phenotypes. Hepatocyte
growth factor binding to the c-MET receptor is known to induce
EMT in HepG2 cells. We found that CMTM8 knockdown in
HepG2 cells induced c-MET signaling and ERK activation. Inhi-
bition of c-MET signaling with the small molecule inhibitor
SU11274 or c-METRNAi blocked the EMT-like changes follow-
ing CMTM8 knockdown. CMTM8 overexpression in HepG2

cells inhibited hepatocyte growth factor-induced EMT-like
morphological changes and cell motility. Down-regulation of
CMTM8 also promoted an EMT-like change in MCF-10A cells,
indicating a broader role for CMTM8 in regulating cellular
transformation.

Cancer cell invasion and metastasis are the main causes of
cancer patient mortality (1–3). Epithelial-to-mesenchymal
transition (EMT)4 appears to play a role in the progression of
some in situ carcinomas to aggressive metastatic cancers. Dur-
ing EMT, a transcriptionally induced program causes a reduc-
tion in the differentiated epithelial cell characteristics, includ-
ing cell-cell adhesion and apical-basal polarity. The program
induces mesenchymal cell characteristics, including increased
motility and invasiveness and a heightened resistance to apo-
ptosis (2, 4). Thus, EMT has been found to contribute to inva-
sion, metastatic dissemination, and acquisition of therapeutic
resistance (5).
The Ras-ERK1/2-MAPK pathway plays a critical role in

numerous cellular processes, including proliferation, differen-
tiation, survival, and motility (6–8). Deregulation of the Ras-
ERK pathway has been implicated in multiple types of human
cancers, including hepatocellular carcinoma (9–12). Previous
studies have established a critical role for receptor tyrosine
kinase signaling and the Ras pathway in EMT (13, 14). ERK
activation is necessary for EMT downstream of Ras (15, 16).
The DEF (docking site for ERK, FXF) motif and D-domain
(docking domain) are found within ERK1/2 interactors and
promote ERK interaction with and phosphorylation of sub-
strates. ERK1/2 interactors containing only DEF motifs, D-do-
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mains, or a combination of the twomotifs have been described,
thus allowing for intricate regulation of downstream biological
processes (17, 18). ERK contains a DEF motif-binding pocket
and a common D-domain that bind DEF motifs and D-do-
mains, respectively. Single point mutations on the ERK2 DEF
motif-binding pocket or the ERK2 common D-domain can
impair the signaling to DEF motif- or D-domain-containing
interactors of ERK2, respectively, without greatly affecting its
overall kinase activity (19). A recent study revealed that ERK2
(but not ERK1) overexpression is sufficient to induce EMT via
its DEF motif signaling in human breast epithelial cells (16).
Hepatocyte growth factor (HGF) is a mesenchymal cell-de-

rived protein that is mitogenic for primary hepatocytes as well
as other cell types (9, 20, 21). HGF binding to the c-MET recep-
tor activates c-MET tyrosine kinase activity and the phosphor-
ylation ofmultiple sites on the receptor. These phosphorylation
events recruit adaptor proteins such as the GRB2/SOS (Son of
Sevenless) complex to the plasma membrane, which promotes
Ras GTP loading and initiates a protein kinase cascade leading
to activation of ERK through Raf and MEK (22–25). HGF
induces EMT in hepatocellular carcinoma cell lines, and recent
studies have begun to elucidate the molecular mechanism
mediating this event (26, 27). In HepG2 andHuh7 hepatocellu-
lar carcinoma cell lines, HGF-induced EMT phenotypes are
significantly inhibited by the Raf inhibitor sorafenib and the
MEK inhibitor U0126, but not the PI3K inhibitor wortmannin
(27). This finding suggests that the Raf-ERK-MAPK pathway
mediates the signal between c-MET activation and EMT induc-
tion in hepatocellular carcinoma cell lines.
CMTM8 (chemokine-like factor-like MARVEL transmem-

brane domain-containing 8) belongs to the CMTM family,
which consists of nine members: chemokine-like factor-1 and
CMTM1–8 (1). TheCMTM8 gene encodes two isoforms. Gen-
erally, the longer isoform is the predominant isoform expressed
in human cell lines (28) and normal human tissue.5 The longer
isoform promotes EGF receptor (EGFR) internalization and
attenuates EGFR-mediated signaling for cell growth (29).
When overexpressed, both isoforms induce apoptosis in multi-
ple tumor cell lines (30, 31). In this work, unless specifically
described, CMTM8 refers to both isoforms.
In this study, we demonstrate that down-regulation of

CMTM8 in HepG2 cells causes EMT-like phenotypic changes
that are blocked by chemical MEK inhibition or ERK2 knock-
down.We found that c-METwas amain contributor to theEMT-
like phenotype, as inhibition of c-MET signaling with the small
molecule inhibitor SU11274 or c-MET RNAi suppressed the
acquisition of an EMT-like phenotype following CMTM8 knock-
down.Moreover,whenCMTM8expressionwas reduced, thepro-
tein levels of c-MET, both on the surface and in cells, were ele-
vated, andHGF-inducedc-MET/ERKsignalingwasenhancedand
sustained. Transient overexpression of the longer CMTM8 iso-
form antagonized HGF-induced cell scattering and decreased the
motilityofHepG2cells towardHGF,accompaniedby inhibitionof
c-MET/ERK signaling. Together, these findings suggest that
CMTM8 functions as a negative regulator of HGF/c-MET signal-

ing to ERK and hencemay be a useful target for treatment of can-
cers with aberrant activation of this pathway.

EXPERIMENTAL PROCEDURES

Cell Culture, siRNA, andTransfection—HepG2humanhepato-
cyte carcinoma cells were cultured at 37 °C and 5%CO2 in Eagle’s
minimal essential medium (American Type Culture Collection,
Manassas,VA) supplementedwith10%FBS (Biochrom)and2mM

L-glutamine (Sigma). MCF-10A immortalized human breast epi-
thelial cells were cultured as described previously (32). HEK293T
cells andHEK293GPG packaging cells were cultured at 37 °C and
5%CO2 inDMEMsupplementedwith 10%FBS (Biochrom) and 2
mM L-glutamine (Sigma). The siRNAs for CMTM8 and c-MET
knockdownwere both purchased fromQiagen. The siRNA target
sequences were as follows: CMTM8 siRNA1, CAGCAG-
CAGCTTCGCCTACGA; and CMTM8 siRNA2, GTGC-
CTTCGTCTTGTACCT. They target the sequences transcribed
from exons 1 and 3, respectively. The two siRNAs targeting
c-MET were functionally validated siRNAs (catalog nos.
SI00300860 and SI00300897). The transfection of the siRNAswas
performedwithLipofectamine2000 (Invitrogen)using20nMmix-
tures of duplexes.
Antibodies, Inhibitors, Growth Factors, and Other Reagents—

The antibodies used in immunoblotting were obtained from
the indicated commercial sources: anti-ZEB1 and anti-c-MET
(Santa Cruz Biotechnology); anti-GAPDH (Ambion); anti-E-
cadherin (BD Biosciences); anti-�-smooth muscle actin (Dako,
Carpintaria, CA); HA.11 (Covance); anti-phospho-ERK
(pTEpY), and anti-tubulin (Sigma); and anti-ERK, anti-phos-
pho-c-MET (Tyr1234/Tyr1235), and anti-H-Ras (Cell Signaling
Technology). The antibodies used in immunofluorescence
include anti-E-cadherin and anti-�-catenin (BD Biosciences),
and those used in FACS include anti-c-MET (R&DBiosystems)
and anti-EGFR (Calbiochem). Secondary antibodies used for
immunoblotting and immunofluorescence were from LI-COR
Biosciences and Invitrogen, respectively. Rabbit anti-CMTM8
antibody was prepared and purified in our laboratory. U0126
and LY294002 were from BIOMOL, and AG1478, SU11274,
and SB431542were purchased fromCalbiochem. EGFwas pur-
chased fromPeproTech. HumanHGF and humanTGF�1were
purchased from R&D Systems.
Plasmids and Adenovirus—The lentiviral shRNA constructs

for generating ERK2 stable knockdown cell lines were kindly
provided by Dr. William C. Hahn (Dana-Farber Institute). The
pBabe-H-RasV12 constructs and the pBabe-HA-ERK2 con-
structs (ERK2-WT, ERK2-D319N, and ERK2-Y261A) were
described previously (16). Adenovirus for CMTM8 (longer iso-
form) overexpression was purchased from Vector Gene Tech-
nology Co. Ltd. (Beijing, China).
RT-PCR Analysis—Total RNA was purified from cultured

cells using the RNeasyminikit (Qiagen) following themanufac-
turer’s protocol. After a 50 °C/50-min reverse transcription step,
nest PCR with 28 cycles for each round was performed for
CMTM8 amplification. PCR products were analyzed on 1% aga-
rose gels. The sequences of primers for amplification were as fol-
lows: CMTM8 external primers, 5�-GGAGGAGCCGCAGC-
GCG-3� (forward) and 5�-CTGTATGGTCCTGGATCTCC-3�
(reverse); CMTM8 internal primers, 5�-GCAGAGAACTTCTC-5 W. Zhang, H. Qi, and Y. Wang, unpublished data.
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CAC-3� (forward) and 5�-TAGCAGATGGTGACCAG-3�
(reverse); GAPDH, 5�-ACCACAGTCCATGCCATCAC-3� (for-
ward) and 5�-TCCACCACCCTGTTGCTGTA-3� (reverse).
Western Blotting—Cell lysates were extracted with lysis

buffer (1% Triton X-100, 20 mM Tris-HCl (pH 7.4), 150 mM

NaCl, 2 mMMgCl2, 1 mM EGTA (pH 8.0), 2 mMNa3VO4, 2 mM

NaF, and protease inhibitor mixture tablets (Roche Applied
Bioscience)) and cleared by centrifugation at 16,000 � g for 15
min at 4 °C. The total protein concentration of the cell lysate
was measured using a BCA protein assay kit (Pierce) with
bovine serum albumin as the standard. Proteins were resolved
by SDS-PAGE and transferred to nitrocellulose membranes
(HybondTM ECLTM, Amersham Biosciences). For detecting
CMTM8 expression, the cell lysates were not boiled before
loading. After blocking in ODYSSEY blocking buffer (927-
40003, LI-CORBiosciences) at room temperature for 1 h,mem-
branes were incubated with primary antibodies at 4 °C over-
night and then with IRDye 680/800-labeled IgG secondary
antibody at room temperature for 1 h. The IR fluorophores on
the membranes were detected with the LI-COR infrared imag-
ing system and analyzed with ODYSSEY software.
TranswellMigration and InvasionAssays—HepG2 cells were

detached with 5 mM EDTA, washed three times with pre-
warmed assay medium (minimal essential medium containing
0.2% BSA), and resuspended in the same wash medium at a
density of 5� 105 cells/ml. Formigration assays, assaymedium
supplemented with growth factors (1 ng/ml HGF or 5 ng/ml
EGF) was added to the bottom chamber of Transwell chambers
(8-�m pore size; BD Biosciences) in a 24-well plate. 100-�l cell
suspensions were then added to the top chamber. After 5 h of

incubation, the cells that had migrated to the lower surface of
the membrane were fixed with methanol and stained with 0.2%
crystal violet in 2% ethanol. The number of migrated cells was
quantified by counting five random distinct fields under a
microscope at �40 magnification. For invasion assays, BD Bio-
Coat invasion chambers coated with Matrigel were used. Inva-
sion chambers were prepared according to the manufacturer’s
specifications, and assays were performed as described for
migration assays, except the incubation time was increased to
�15 h, and NIH3T3 culture medium rather than diluted
growth factors was added to the bottom chamber.
Immunofluorescence—Immunofluorescence for �-catenin

imaging was carried out as described previously (8). The
method for E-cadherin staining was the same, except fixation
was done in a 1:1 mixture of methanol and acetone. Images
within each experiment were taken with a Nikon Ti spinning
disc confocal microscope using identical exposure times and
were scaled equivalently.
Generation of Stable Cell Lines—Cell lines stably expressing

H-RasV12, wild-type ERK2, and mutant ERK2 and the ERK2
stable knockdown cell lines were generated as described previ-
ously (16).
Flow Cytometric Analysis—Analysis was completed with a

FACSCalibur (BD Biosciences) as described previously (33).
Briefly, cells were detached with 5mM EDTA and washed twice
with ice-cold FACS buffer (PBS containing 0.2%BSA). Aliquots
of cells were incubatedwith either primary antibody or isotype-
matched control IgG. The cells were washed three times with
ice-cold FACSbuffer and then incubatedwith secondary antibod-
ies (Invitrogen) for 1 h at 4 °C. After three washes, the cells were

FIGURE 1. Down-regulation of CMTM8 in HepG2 cells induces EMT-like phenotype. A, RT-PCR analysis of the mRNA level of CMTM8 72 h post-siRNA
transfection. B, analysis of the protein level of CMTM8 96 h post-siRNA transfection by Western blotting. For both experiments, GAPDH was used as an internal
control. C, upper panels, differential interference contrast (DIC) images showing the morphology of HepG2 cells transfected with non-silencing RNA (control) or
siRNAs for CMTM8 knockdown (scale bars � 30 �m); middle and lower panels, confocal microscopy images of indirect immunofluorescence of HepG2 cells
stained with anti-E-cadherin (scale bars � 20 �m) and anti-�-catenin (scale bars � 30 �m) antibodies, respectively. D, immunoblot of E-cadherin, ZEB1, and
fibronectin. GAPDH was used as an internal control. Relative quantities were calculated by normalizing to the internal control. E, Transwell migration and
invasion assays. Error bars indicate S.E. (n � 3). ***, p � 0.001; **, p � 0.01; *, p � 0.05 (using a two-tailed unpaired t test). 5HP indicates five high-powered fields
of view.
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resuspended in FACS buffer and analyzed using a FACSCalibur
flow cytometer.
Statistical Analysis—For the migration and invasion assays,

two-tailed unpaired t tests were used to calculate significance
between experimental and control groups with GraphPad
Prism 5 software.

RESULTS

Down-regulation of CMTM8 Induces an EMT-like Phenotype
in HepG2 Cells—We tested the knockdown efficiency of two
CMTM8 siRNAs by RT-PCR (Fig. 1A) and Western blotting

(Fig. 1B). Both siRNAs blocked CMTM8 expression at the
mRNA and protein levels (assayed at 72 and 96 h, respectively).
Notably, the efficiency of the first siRNA (siRNA1) was better
than that of the second one (siRNA2).
Interestingly, when the expression of CMTM8 was reduced

via siRNA, the morphology of HepG2 cells dramatically
changed from round organized epithelial sheets to a spindle-
shaped scattered pattern (Fig. 1C). This morphology change
began to appear 60 h post-transfection, became pronounced
after 72 h, and lasted longer than 120 h. As this change in mor-
phology was reminiscent of cells undergoing an EMT transi-

FIGURE 2. ERK-MAPK pathway is primary contributor to EMT-like phenotype induced by CMTM8 knockdown in HepG2 cells. A, immunoblot of cell
lysates showing the levels of phosphorylated ERK. B, DIC images showing the morphology of HepG2 cells transfected with control or CMTM8 siRNAs and
treated with Me2SO, U0126 (10 �M), or LY294002 (50 �M). Scale bars � 50 �m. C, immunoblot of cell lysates from HepG2 cells transfected with control or CMTM8
siRNAs and treated with Me2SO or U0126 (10 �M). The quantification of E-cadherin normalized to GAPDH is indicated. D, immunoblot of ERK1/2 showing the
knockdown efficiency of the shRNA targeting ERK2 expression in HepG2 cells. E, DIC images showing the morphology of HepG2 cells stably expressing the
vector control (shGFP) or shRNA for ERK2 knockdown (ShERK2) and transfected with control or CMTM8 siRNAs. Scale bar � 30 �m.
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tion, we investigated this possibility.We first tested the expres-
sion of EMT markers by indirect immunofluorescence and
Western blotting. E-cadherin is an epithelial marker that func-
tions in epithelial cell-cell adhesion and is down-regulated or
mislocalized both in EMT cell models and at the invasive edge
of somehuman tumor biopsies (2, 15, 16, 34, 35). InHepG2 cells
with CMTM8 knockdown, E-cadherin was indeed down-regu-
lated, whichwas verified by both immunofluorescence (Fig. 1C)
and Western blot assays (Fig. 1D). Additionally, CMTM8
knockdown induced �-catenin translocation from the plasma
membrane into the nucleus (Fig. 1C). Nuclear �-catenin can
serve as a subunit of a transcriptional complex that helps to
induce the expression of many genes, including the EMT-in-
ducing transcription factors (36). CMTM8 knockdown also
increased ZEB1 and fibronectin protein levels. ZEB1 is an EMT
transcriptional regulator known to repress E-cadherin expres-
sion. Fibronectin is another EMTmarker (Fig. 1D) (37). Finally,
Transwell assays revealed that CMTM8 knockdown increased
HepG2 cell invasion and migration (Fig. 1E). CMTM8 down-
regulation also resulted in a fibroblast-like morphological
change and reduction of E-cadherin inMCF-10A cells (supple-
mental Fig. S1).
ERK-MAPK Pathway Is Required for the EMT-like Phenotype

Induced by CMTM8 Knockdown in HepG2 Cells—We sought
to investigate the cause of the EMT-like phenotype upon reduc-
tion of CMTM8 expression in HepG2 cells. We noted that
ERK1/2 was activated when CMTM8 was knocked down (Fig.
2A), so we determined if ERK activity is required for the EMT-
like phenotype induced by CMTM8 knockdown. We used the
small molecule inhibitor U0126 to block MEK-mediated ERK

activation. Indeed, the morphological change induced by
CMTM8 knockdown was almost completely abrogated by
U0126 (Fig. 2B), as was the reduction of E-cadherin expression
(Fig. 2C). The PI3K inhibitor LY294002 failed to reverse the
morphology change caused byCMTM8knockdown, indicating
that the PI3K-AKT pathway is not involved in this process in
HepG2 cells (Fig. 2B).
ERK2 (but not ERK1) induces EMT via DEF motif signaling

in several mammalian breast epithelial cell types (16). To con-
firm the role of the ERK2 isoform in causing the EMT-like phe-
notype in HepG2 cells, we stably knocked down endogenous
ERK2 using lentiviral shRNA constructs (Fig. 2D) and then
knocked down CMTM8 expression with siRNAs. Consistent
with our inhibitor data, partial knockdown of endogenous
ERK2 largely impaired the induction of fibroblast-like mor-
phology following knockdown of CMTM8 (Fig. 2E).
Activation of the Ras-ERK-MAPK Pathway Induces EMT in

HepG2 Cells—We have reported previously that the Ras-ERK-
MAPK pathway induces EMT in mammalian breast epithelial
cells (16). Because the ERK-MAPK pathway was required for
the EMT-like phenotypic change caused by CMTM8 knock-
down, we asked if activation of the Ras-ERK-MAPK pathway
alone could induce EMT in HepG2 cells. We first generated
stable cell lines expressing the vector or RasV12 andmonitored
changes in morphology and EMTmakers by Western blotting.
We found that cells expressing RasV12 displayed dramatic
alterations, including fibroblast-like morphological changes
(Fig. 3A), increased expression of the mesenchymal marker
�-smooth muscle actin, a reduction in E-cadherin, and an
increase in ZEB1 expression (Fig. 3B and supplemental Fig. S3).

FIGURE 3. Activation of Ras-ERK-MAPK pathway induces EMT in HepG2 cells. A, DIC images showing the morphology of HepG2 cells expressing the empty
vector or RasV12. Scale bars � 30 �m. B, immunoblot of cell lysates from HepG2 cells expressing the empty vector or RasV12. C, DIC images showing the
morphology of HepG2 cells expressing the empty vector, ERK2-WT, ERK2-D319N, or ERK2-Y261A. Scale bars � 30 �m. D, immunoblot of cell lysates from HepG2
cells expressing the empty vector, ERK2-WT, ERK2-D319N, or ERK2-Y261A.
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To determine whether ERK2 signaling is sufficient to induce
EMT-like features in HepG2 cells, we then ectopically overex-
pressed ERK2-WT, ERK2-D319N (commonD-domainmutant
ERK2 allele), and ERK2-Y261A (DEF motif-binding pocket
mutant ERK2 allele). Only ERK2-D319N induced EMT-like
phenotypic changes, although not to the extent of RasV12 (Fig.
3, C and D). Although expressed at lower levels, ERK2-D319N
also induced expression of �-smoothmuscle actin and reduced
the expression of E-cadherin (Fig. 3D). However, we were
unable to detect changes in ZEB1 (data not shown). It is not
clear why ERK2-D319N, which signals to DEF motif-contain-

ing substrates, could not be expressed at levels equivalent to
ERK2-WTandERK2-Y261A,which, despite higher expression,
induced no EMT-like changes. These results reveal that activa-
tion of the Ras-ERK-MAPK pathway is required for EMT
induction in HepG2 cells and that ERK DEF motif signaling
contributes significantly but alone is not sufficient to induce the
full RasV12 phenotype.
HGF/c-MET Signaling Is an Important Contributor to the

EMT-like Phenotype Induced by CMTM8 Knockdown in HepG2
Cells—Our previous studies showed CMTM8 can accelerate
the internalization of EGFR and hence attenuate its down-

FIGURE 4. HGF/c-MET signaling is activated and required for EMT-like phenotypic alterations in HepG2 cells with CMTM8 knockdown. A, flow cyto-
metric analysis of c-MET on the surface of HepG2 cells transfected with non-silencing RNA or siRNAs for CMTM8 knockdown. B, immunoblot of cell lysates from
HepG2 cells transfected with control or CMTM8 siRNAs. C, phase-contrast images showing the morphology of HepG2 cells transfected with non-silencing
siRNA or siRNAs for CMTM8 knockdown and treated with Me2SO or SU11274 (5 �M). Scale bar � 100 �m. D, confocal images of indirect immunofluorescence
of HepG2 cells cotransfected with control or CMTM8 siRNAs (SiCMTM8) and control or c-MET siRNAs (SiMET) and stained with anti-E-cadherin antibody. Scale
bars � 50 �m. The immunoblot of c-MET shows the knockdown efficiency of c-MET siRNAs in HepG2 cells. E, immunoblot of cell lysates from HepG2 cells
transfected with control or CMTM8 siRNAs, serum-starved, and stimulated with 10 ng/ml HGF for the indicated times. F, migration assay. 1 ng/ml HGF was used
as the chemoattractant for HepG2 cells transfected with control or CMTM8 siRNAs and pretreated with Me2SO or U0126 (10 �M) for 2 h. Error bars indicate S.E.
(n � 3). **, p � 0.01; *, p � 0.05 (two-tailed unpaired t test). 5HP indicates five high-powered fields of view.
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stream signaling to ERK1/2 (29). Therefore, we first determined
whether EGFR signaling to ERK is responsible for the EMT-like
phenotypic change induced by CMTM8 knockdown in HepG2
cells. We found that EGFR surface levels were elevated in the
cells with CMTM8 knockdown (supplemental Fig. S2A), and
those cells exhibited greater migration toward EGF (5 ng/ml)
(supplemental Fig. S2B). However, pharmacologically blocking
EGFR activity by the small molecule inhibitor AG1478 did not
noticeably reverse the morphological change observed in
HepG2 cells with CMTM8 knockdown (supplemental Fig.
S2C), indicating the EGFRmight not be themain contributor of
the EMT-like phenotype in the HepG2 system.
ERK is the downstream effector ofmultiple receptor tyrosine

kinases. We asked if other receptor tyrosine kinases regulated
by CMTM8 play a critical role in the induction of the EMT-like
phenotype inHepG2 cells uponCMTM8down-regulation.We
focused on c-MET, which is abundantly expressed in HepG2
cells (Fig. 4A). It has been reported that c-MET is frequently
overexpressed and hyperactivated in hepatocellular carcinoma
(38, 39). HGF, the natural ligand of c-MET, was also reported to
induce EMT in hepatocellular carcinoma cell lines (26, 27). In
our studies, we found increased expression of c-MET both on
the surface of HepG2 cells and in the whole cell lysates when
CMTM8 expression was reduced (Fig. 4, A and B). Pharmaco-
logically blocking c-MET activity with the small molecule
inhibitor SU11274 (5�M) almost completely reversed the fibro-

blast-like morphological change (Fig. 4C). To confirm this, we
also performed experiments utilizing siRNAs to knock down
endogenous c-MET. As shown by confocal image analysis, in
cells cotransfectedwith siRNAs toCMTM8and c-MET, E-cad-
herin expression were not altered (Fig. 4D). Furthermore,
cells with greater CMTM8 knockdown (siRNA1) exhibited
enhanced and slightly more sustained levels of phosphorylated
c-MET and ERKwhen stimulated with HGF (Fig. 4E, see quan-
titation). These same cells exhibited increased migration
towardHGF,whichwas blocked by pretreatmentwithU0126 at
10 �M for 2 h (Fig. 4F). Together, these data suggest that
CMTM8 inhibition promotes increased c-MET/ERK signaling,
which correlates with the observed EMT-like changes and cell
motility.
CMTM8 Overexpression Suppresses Fibroblast-like Morpho-

logical Change and Cell Motility of HepG2 Cells Induced by
HGF/c-MET/ERK Signaling—The administration of HGF
induces EMT inHepG2 cells, which is ERK-dependent (27). To
further investigate the relationship between CMTM8 and
c-MET signaling, we overexpressed CMTM8 in HepG2 cells
and found that this resulted in partial reversion of the fibro-
blast-likemorphological change induced by HGF addition (Fig.
5A) and dramatically inhibited cell motility using HGF (1
ng/ml) as the chemoattractant (Fig. 5B). CMTM8 overexpres-
sion suppressed the sustained ERK phosphorylation normally
observed after stimulation of HepG2 cells with HGF (Fig. 5C),

FIGURE 5. CMTM8 overexpression suppresses fibroblast-like morphological change and cell motility of HepG2 cells induced by HGF/c-MET/ERK
signaling. A, phase-contrast images showing the morphology of HepG2 cells infected with the control adenovirus (Null) or the adenovirus carrying CMTM8
(Ad5-CMTM8) and then treated 24 h later with a vehicle control or HGF (10 ng/ml) for 48 h. B, migration assay. HGF (1 ng/ml) was used as the chemoattractant
for HepG2 cells infected with the control adenovirus or Ad5-CMTM8. Error bars indicate S.E. (n � 3). *, p � 0.05 (two-tailed unpaired t test). 5HP indicates five
high-powered fields of view. C, immunoblot of cell lysates from HepG2 cells infected with the control adenovirus or Ad5-CMTM8, serum-starved, and stimu-
lated with HGF (10 ng/ml) for the indicated times. D, immunoblot of cell lysates from HepG2 cells infected with the control adenovirus or Ad5-CMTM8 and
treated with or without HGF (10 ng/ml) for 12 h. The quantification of c-MET normalized to GAPDH is indicated. Each experiment was done at least three times
with similar results.
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further supporting its role in inhibiting HGF/c-MET/ERK sig-
naling. Furthermore, CMTM8 overexpression promoted the
decrease in c-MET protein levels 12 h post-HGF stimulation
(Fig. 5D, fourth lane), indicating that the inhibitory function of
CMTM8 in HGF/c-MET/ERK signaling may due in part to its
regulation of c-MET protein levels. These data further support
that CMTM8 can function as an antagonistic force of EMT-like
changes induced by HGF/c-MET/ERK signaling.

DISCUSSION

Our studies show that down-regulation ofCMTM8 results in
morphological and molecular changes that resemble EMT.
These changes require enhanced c-MET and ERK signaling.
Unlike the results obtained with expression of activated

RasV12, CMTM8 knockdown did not elevate the expression of
�-smoothmuscle actin (data not shown), which is a mesenchy-
mal marker reported for EMT in hepatocyte-originated cell
models (35). This difference may be due to incomplete knock-
down with the available CMTM8 siRNAs, which are not capa-
ble of maintaining full knockdown during the course of
extended EMT experiments. Because we could not determine
whether the partial EMT phenotype (increased cell motility
with a change in some EMTmarkers) that we observed is due to
partial CMTM8knockdown or if complete CMTM8 loss would
generate the same phenotype, we describe the morphological
and biochemical changes as EMT-like.
We have shown that the EMT-like phenotype induced by

CMTM8knockdown ismediatedmainly by ERK (but notAKT)
signaling. Although ERK and AKT are both downstream effec-
tors of Ras, it has been demonstrated that the ERK (but not
PI3K-AKT) pathway mediates the induction of EMT by onco-
genic Ras (15, 16), which is consistent with our results. How-
ever, it is important to note that although knockdown of ERK2
indicates an important requirement of ERK2 signaling, ERK2
overexpression, specifically ERK2-D319N overexpression, gen-
erated a less pronounced EMT phenotype than RasV12. We
have observed similar results inMCF-10Abreast epithelial cells
for ERK2 signaling via DEF motifs (16).
Signaling by receptor tyrosine kinases to Ras-ERK-MAPK

has been shown to participate in EMT (40). Among them, EGFR
was shown previously to be regulated by CMTM8 (29). How-
ever, in this study, we found that CMTM8 regulation of c-MET
(not EGFR) was the main contributor to the EMT-like pheno-
typic alterations observed after CMTM8 knockdown inHepG2
cells. Similarly, inMCF-10A cells, an EGFR-dependent cell line,
EGF stimulation did not induce visible morphological changes
consistent with EMT, andAG1478 failed to block the EMT-like
morphological change induced by CMTM8 knockdown (data
not shown). Thus, althoughCMTM8 regulation of EGFR inter-
nalization may control cell survival (29), its regulation of
c-MET is likely to contribute to the control of cell motility and
invasion.
c-MET signaling promotes invasive growth and can drive

cancer malignancy (41). In vitro studies have revealed that
c-MET positively regulates invasion and migration of hepato-
cellular carcinoma cells, as well as other types of cancer cell
lines (28, 42). Dysregulation of c-MET is associated with vari-
ous molecular-genetic factors, and overexpression has been

linked with increased tumor grade and poor prognosis (38, 39,
43–45). This study suggests that in addition to c-MET amplifi-
cation and activating mutations, CMTM8 down-regulation is
an additional mechanism by which tumors can induce c-MET
signaling. Future studies on the inverse correlation between
CMTM8 and c-MET expression in different tumor types will
determine whether CMTM8 expression can be used as a bio-
marker to classify tumorsmost likely to respond to anti-c-MET
therapeutics. CMTM8 could also be used as a potential thera-
peutic target of tumorswith hyperactive c-MET/ERK signaling.
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