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Tumor metastasis involves circulating and tumor-initiating capacities of metastatic cancer
cells. Epithelial-mesenchymal transition (EMT) is related to self-renewal capacity and circu-
lating tumor cell (CTC) characteristics for tumor metastasis. Although tumor metastasis is
a life-threatening, complicated process that occurs through circulation of tumor cells,
mechanistic aspects of self-renewal and circulating capacities have been largely unknown.
Hepatic transmembrane 4 L six family member 5 (TM4SF5) promotes EMT for malignant
growth and migration, so it was rationalized that TM4SF5, as a hepatocellular carcinoma
(HCC) biomarker, might be important for metastatic potential. Here, self-renewal capacity
by TM4SF5 was mechanistically explored using hepatocarcinoma cells with or without
TM4SF5 expression, and we explored whether they became CTCs using mouse liver-
orthotopic model systems. We found that TM4SF5-dependent sphere growth correlated
with CD242, aldehyde dehydrogenase (ALDH) activity, as well as a physical association
between CD44 and TM4SF5. Interaction between TM4SF5 and CD44 was through their
extracellular domains with N-glycosylation modifications. TM4SF5/CD44 interaction acti-
vated proto-oncogene tyrosine-protein kinase Src (c-Src)/signal transducer and activator of
transcription 3 (STAT3)/Twist-related protein 1 (Twist1)/B-cell-specific Moloney murine
leukemia virus integration site 1 (Bmi1) signaling for spheroid formation, whereas disturb-
ing the interaction, expression, or activity of any component in this signaling pathway
inhibited spheroid formation. In serial xenografts using 200�5,000 cells per injection,
TM4SF5-positive tumors exhibited subpopulations with locally increased CD44 expres-
sions, supporting for tumor cell differentiation. TM4SF5-positive, but not TM4SF5- or
CD44-knocked-down, cells were identified circulating in blood 4-6 weeks after orthotopic
liver injection using in vivo laser scanning endomicroscopy. Anti-TM4SF5 reagent blocked
their metastasis to distal intestinal organs. Conclusion: TM4SF5 promotes self-renewal and
CTC properties supported by TM4SF51/CD441(TM4SF5-bound)/ALDH1/CD242 markers
during HCC metastasis. (HEPATOLOGY 2015;61:1978-1997)

H
epatocellular carcinoma (HCC) is the third-
most common cause of mortality resulting
from cancer.1 Although hepatic resection and

liver transplantation represent first-line treatments for

HCC,2 the second-line treatment for HCC patients in
advanced stages has shown limited efficacy.3 Moreover,
metastatic recurrence renders this carcinoma resistant
to any significant chemopreventive effects.

Abbreviations: Ab, antibody; ALDH, aldehyde dehydrogenase; Bmi1, B-cell-specific Moloney murine leukemia virus integration site 1; CSCs, cancer stem cells; c-
Src, proto-oncogene tyrosine-protein kinase Src; CTC, circulating tumor cell; DAPI, 4’,6-diamidino-2-phenylindole; DMSO, dimethyl sulfoxide; EGF, epidermal
growth factor; EMT, epithelial-mesenchymal transition; FACS, fluorescence-activated cell sorting; FAK, focal adhesion kinase; FBS, fetal bovine serum; FCM, flow
cytometry; HCC, hepatocellular carcinoma; IHC, immunohistochemistry; mRNA, messenger RNA; PBS, phosphate-buffered saline; RT-PCR, reverse-transcription
polymerase chain reaction; shRNA, short hairpin RNA; Smad, small mothers against decapentaplegic; STAT3, signal transducer and activator of transcription 3;
TEMs, tetraspan(in)-enriched microdomains; TGF-b1, transforming growth factor beta 1; tGFP, turbo green fluorescent protein; TM4SF5, transmembrane 4 L six
family member 5; TSAHC, 4’-(p-toluenesulfonylamido)–4-hydroxychalcone; Twist-1, Twist-related protein 1; WT, wild type.
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Epithelial-mesenchymal transition (EMT), the pro-
cess by which epithelial cells lose their polarity and
gain mesenchymal traits,4 was shown to generate stem
cells in mammary epithelial models.5 EMT has been
suggested to play roles in formation of circulating
tumor cells (CTCs), which can eventually form meta-
static tumors.6 Metastatic cells that have undergone
EMT are thought to resemble cancer stem cells
(CSCs)7 because they can initiate tumor growth after
colonization at a distant region and are enriched for
genes associated with stemness as well as drug resist-
ance.8 Although previous reports suggested that CSCs
may arise from transformation of normal cells, more
recent reports have suggested that these cells are
derived from fully differentiated cells through adaptive
transdifferentiation mechanisms, such as EMT.5 There-
fore, CTCs may acquire self-renewal capacity during
cancer metastasis.9 However, the molecules responsible
for acquisitions of these CTC characteristics are not
fully known.

As a tetraspan(in), transmembrane 4 L six family
member 5 (TM4SF5) is highly expressed in diverse
cancers, such as HCC, induces EMT, and collaborates
with integrins,10 resulting in morphological elongation
through actin reorganization.11 Moreover, gefitinib
resistance in non-small-cell lung cancer depends on
TM4SF5-mediated EMT.12

Because TM4SF5 induces EMT, we hypothesized
that TM4SF5 may be involved in generating CTC
phenotypes in HCC. Here, using in vitro cells and an
in vivo animal system, we observed an interaction
between TM4SF5 and CD44 that conferred
self-renewal properties through the signaling pathway

involving proto-oncogene tyrosine-protein kinase Src
(c-Src), signal transducer and activator of transcription
3 (STAT3), Twist-related protein 1 (Twist1), and B-
cell-specific Moloney murine leukemia virus integra-
tion site 1 (Bmi1), leading to the presence of
TM4SF5-dependent metastatic CTCs in the blood.

Materials and Methods

Cells. HCC cells, including SNU449 cells express-
ing WT TM4SF5 (SNU449Tp pooled clone, T3, T7,
T10, and T16 single-cell-derived clones), N-glycosyla-
tion mutants of TM4SF5 (N138A, N155Q, or
N138A/N155Q [NANQ]), or no TM4SF5 (SNU449
parental [P] or the Cp negative pooled clone), were
previously described.11 Huh7 cells endogenously or
SNU449T7 clone exogenously expressing TM4SF5
were stably transfected with a scrambled control short
hairpin RNA (shRNA; turbo green fluorescent protein
[tGFP)-shScram in pGFP-V-RS plasmid; OriGene,
Rockville, MD) or shRNA against TM4SF513 (tGFP-
shTM4SF5 in pGFP-V-RS plasmid, catalog no.:
TG308787; OriGene). SNU449 and SNU761 cells
did not express detectable levels of TM4SF5, whereas
Huh7 and HepG2 cells express TM4SF5.14

SNU449T7 cells were also stably transfected with
shRNA against CD44 (Addgene, Cambridge, MA).
Cells were maintained in RPMI-1640 medium (Wel-
Gene, Daegu, Korea) containing 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin (GenDE-
POT Inc., Barker, TX).

Spheroid Formation Assay. Cells were collected,
washed twice with phosphate-buffered saline (PBS) to
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Fig. 1. TM4SF5 expression promoted spheroid formation in HCC. (A-C) Spheroid formation assays showed that TM4SF5-expressing cells
(Huh7, HepG2 [A], SNU449Tp, SNU449T3, SNU449T7, SNU449T10, and SNU449T16 clones [B]) exhibited enhanced sphere-forming capacities,
compared to cells lacking TM4SF5 (SNU449 parental, P, and SNU449Cp stable clone) or expressing the N-glycosylation TM4SF5 mutant (N138A,
N155Q, and NANQ [N138A/N115Q]). Images were saved 10 days after seeding cells into six-well ultralow attachment plates. Scale bars repre-
sent 70 mm (B). Spheroids larger than 70 lm were selected by sieving and counting (C). (D) ALDEFLUOR assays were performed using sphe-
roids larger than 70 lm. (E and F) Stable knockdown of endogenous TM4SF5 in Huh7 cells was done before analyses of spheroid formation (E)
and TM4SF5-mediated downstream signaling activities (F). *P< 0.05 for a statistical significance. Graphs show the spheroid numbers (C and F)
or ALDH activity (D) at the mean 6 standard deviation. All data are representative of three independent experiments.
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remove serum, and then suspended in serum-free Dul-
becco’s modified eagle’s medium/F12 media supple-
mented with 1% penicillin/streptomycin (GenDEPOT
Inc.) and 2% B27 supplement (Invitrogen, Grand
Island, NY). Human epidermal growth factor (EGF)
and basic fibroblast growth factor (25 ng/mL; Pepro-
Tech, Rocky Hill, NJ) were added to culture every other
day. Cells were subsequently cultured in ultralow attach-
ment six-well plates (Corning Inc., Corning, NY) at a
density of no more than 5 3 103 cells/well with or with-
out specific inhibitors against TM4SF5 (20 mM of
TSAHC15), c-Src (20 mM of PP2; LC Labs, Woburn,
MA), or STAT3 (1�4 mM of STATtics). Representative
spheroid images were photographed using a microscope
(CKX41; Olympus, Tokyo, Japan) or a time-lapse
IX81-ZDC microscope (Olympus).

Western Blottings. Spheroids or subconfluent cells
in media containing 10% FBS were harvested as
whole-cell lysates using a modified radioimmunopreci-
pitation assay lysis buffer containing 0.1% sodium
dodecyl sulfate, 0.5% deoxycholate, 1% nonyl phenox-
ypolyethoxylethanol, and proteinase inhibitors.11 Tis-
sue extracts from human or mouse livers were also
prepared, as previously described.11

Flow Cytometry. Stable SNU449 cell clones with or
without 4’-(p-toluenesulfonylamido)-4-hydroxychalcone
(TSAHC) treatment, cells prepared from primary or sec-
ondary xenograft tumors, and cells sorted from blood
samples were processed for fluorescence-activated cell sort-
ing (FACS) analysis, as previously described.16

Analyses of Mouse or Human Tissues. All proce-
dures using animal and human tissues were performed
in accordance with the procedures of the Seoul
National University Institutional Review Board (Seoul,
Korea) agreement.

Statistical Analyses. Student t tests were performed
for statistical comparisons of mean values. A P value less
than 0.05 was considered statistically significance.

Supporting Information. Supporting figures and
Supporting Information on cell culture, drug sensitiv-
ity, reverse-transcription polymerase chain reaction
(RT-PCR), western blottings, coimmunoprecipitations,
ALDERFLUOR assay, flow cytometry (FCM), serial
mouse xenografts, immunohistochemistry (IHC) of
mouse or human tissues, and orthotopic tumor cell
injection and blood collection for CTC identification
can be found at the journal website.

Results

Ectopic TM4SF5 expression in SNU449 HCC cells
was associated with loss of cell-cell adhesion molecule

expression, as well as concomitant induction of mesen-
chymal markers (Supporting Fig. 1A). Furthermore,
knockdown of endogenous TM4SF5 in Huh7 cells
increased the expression of cell-cell adhesion molecules,
but decreased mesenchymal markers (Supporting Fig.
1B). Moreover, TM4SF5 expression correlated with
the resistance of cells to the anticancer agent, paclitaxel
(Supporting Fig. 1C). Because EMT and drug resist-
ance characteristics were associated with TM4SF5,
TM4SF5-mediated self-renewal properties were further
explored.

TM4SF5 Expression Promoted Spheroid Forma-
tion in HCC. We first tested whether TM4SF5
could form spheroids in a low-adhesive environment.
Unlike the TM4SF5-null SNU449 and SNU761
HCC cell lines, Huh7 and HepG2 HCC cells with
endogenous TN4SF514 formed spheroids (Fig. 1A).
TM4SF5-expressing SNU449 transfectants
(SNU449Tp, pooled clone; T3, T7, T10, and T16

single-cell-derived clones) readily formed spheroids,
whereas the TM4SF5-negative pooled clone
(SNU449Cp) and the N-glycosylation mutant
(N138A, N115Q, or N138A/N155Q) cells did not
(Fig. 1B). The number of spheroids larger than 70 mm
correlated with wild type (WT) TM4SF5 expression
(Fig. 1C). Aldehyde dehydrogenase (ALDH) enzyme
activities were higher in WT TM4SF5-expressing cells
than in TM4SF5-null- or -mutant-expressing cells
(Fig. 1D and Supporting Fig. 1D). TM4SF5 knock-
down in Huh7 cells exhibited decreased phospho-FAK,
p27Kip1 expression, and phospho-Ser10 p27Kip1 levels
(Fig. 1E), as expected based on a previous study,11 and
formed fewer spheroids (Fig. 1F). TM4SF5 knock-
down in stable SNU449T7 cells also abolished sphe-
roid formation (Supporting Fig. 2). Taken together,
the results demonstrated that TM4SF5 was thus
involved in spheroid formation.

TM4SF5 Interacted With CD44 for Spheroid
Formation. We next examined expression levels of
molecules that might be associated with self-renewal.
CD24 messenger RNA (mRNA) expression was lower
in TM4SF5-postive cells than in TM4SF5-negative
cells, whereas CD44 mRNA expression was similar in
both TM4SF5-negative and -positive cells (Fig. 2A).
Protein levels showed similar patterns by western blot-
tings and FACS analysis (Fig. 2B-D). The anti-CD44
clone, IM7 (BioLegend, San Diego, CA), revealed sim-
ilar CD44 expression levels on TM4SF5-negative or -
mutant cells and WT TM4SF5-expressing cells (Fig.
2D, upper), whereas the anti-CD44 clone, DF1485
(Santa Cruz Biotechnology, Santa Cruz, CA), showed
a positive signal only in TM4SF5-negative or mutant
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Fig. 2. TM4SF5 and CD44 appeared important for spheroid formation. (A) mRNA levels were determined by RT-PCR from stable SNU449 cell
clones. b-actin was used as a control. (B) Whole-cell lysates from cells were immunoblotted for the indicated molecules. (C and D) FCM analy-
sis was performed for CD24 (B) and CD44 (C; upper panel using the anti-CD44 Ab IM7 clone and lower panel using the DF1485 clone) expres-
sion in stable SNU449 cell clones. Black histograms indicate no secondary Ab controls. (E) FCM analysis was performed using the anti-CD44
DF1485 clone for CD44 expression in SNU449 stable cell clones after 24-hour DMSO or TSAHC (20 mM) treatment. TSAHC- (red) and DMSO-
treated cells (green) were compared with no secondary Ab controls (black field). (F) Stable SNU449 clones treated with DMSO or TSAHC (20
mM) for 24 hours were processed for RT-PCR to analyze CD44 and b-actin mRNA levels. Data represent three independent experiments.
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cells (Fig. 2D, lower). This difference may have been
owing to differential epitope availability in CD44,
which presumably resulted from a different conforma-
tional context owing to TM4SF5 expression and/or
interaction. Treatment with the anti-TM4SF5 reagent,
TSAHC, which disrupts the N-glycosylation pattern of
TM4SF5,15 did not change CD44 levels on TM4SF5-
negative or -mutant cells, but slightly increased CD44
levels on WT TM4SF5-expressing cells (Fig. 2E),
although TSAHC did not cause additional CD44
mRNA transcription (Fig. 2F). Furthermore, the WT
TM4SF5, but not the N-glycosylation mutant, did not
coimmunoprecipitate with endogenous CD44 (Fig.
3A). This TM4SF5-CD44 interaction occurred
through extracellular domains; the CD44-DICD (dele-
tion mutant without the intracellular domain) was
pulled down by STrEP-tagged WT TM4SF5 (Fig.
3B), again depending on TSAHC treatment (Fig. 3C).
Knockdown of TM4SF5 also increased the level of
CD44 recognized by anti-CD44 DF1485 antibody
(Ab; Fig. 3D). Consistently, WT TM4SF5-dependent
spheroid formation was abolished by TSAHC treat-
ment (Fig. 3E), as well as by CD44 knockdown (Fig.
3F). Therefore, the physical association between CD44
and TM4SF5 appeared critical for TM4SF5-mediated
spheroid formation.

Self-Renewal Properties Were Controlled by
TM4SF5 Expression. When fewer than 5,000
SNU449Cp (or TM4SF5N138A/N155Q) or WT
TM4SF5-positive SNU449T7 cells were subcutane-
ously injected into left or right flanks of mice,

SNU449T7 cells clearly formed tumors, whereas con-
trol or mutant cells did not (Fig. 4A). Cells purified
from the primary xenografts (i.e., ExpT7 cells of mouse 2,
ExpT7-2) showed similar or greater TM4SF5 expression
and TM4SF5 downstream-signaling activities, compared
to those in original SNU449T7 cells (Fig. 4A, middle
immunoblotting panel). ExpT7-2 cells formed more-
aggressive spheroids than SNU449T7 cells (Fig. 4A, bot-
tom spheroid image). ExpT7-2 or ExpT7-3 cells formed
tumors more aggressively and at cell numbers as low as
200 cells per injection in secondary xenografts (Fig. 4B
and Supporting Fig. 3A). Consistently, cells purified from
secondary xenografts (i.e., 2ndExpT7-2) exhibited a further
increase in phospho-c-Src levels, compared with the
SNU449Cp, SNU449T7, or ExpT7-2 cells (Fig. 4B,
bottom).

Using WT TM4SF5-dependent xenograft tissues,
double IHC for TM4SF5 and CD44 showed distinct
cell populations with either higher CD44 level (red-
dish) or both TM4SF5 and CD44 (yellowish) expres-
sion levels (Fig. 4C). Thus, SNU449T7 cells could
have differentiated into heterogeneous cell types with
varied TM4SF5 and/or CD44 expression levels during
xenograft formation. When analyzed by FACS, CD44
(as measured by the IM7 Ab clone) and TM4SF5
were more highly expressed in ExpT7-2, ExpT7-3, and
2ndExpT7-2 cells, compared to original SNU449T7

cells (Fig. 4D and Supporting Fig. 3B). However, sur-
face levels of CD24, CD90, and CD133 were
unchanged, suggesting that these markers might not be
involved in TM4SF5-mediated effects. Dual labeling

Fig. 2. (Continued)
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of ExpT7-2 or ExpT7-3 produced histograms
showing populations with either increased expression
of CD44 or TM4SF5, or an increase in both markers
(Fig. 4E).

TM4SF5 Regulates c-Src, STAT3, Twist1, and
Bmi1 for Self-Renewal Properties. Phospho-Tyr416
c-Src, phospho-Tyr705 STAT3, Twist1 mRNA, and

Bmi1 mRNA levels correlated with TM4SF5-
mediated spheroid formation (Fig. 5A). Knockdown
of either TM4SF5 or CD44 in SNU449T7 cells
reduced their levels and negatively affected phospho-
rylation of focal adhesion kinase (FAK) and p27Kip1

downstream of TM4SF5.11 However, CD44 knock-
down did not reduce phospho-Ser10 p27Kip1 (Fig.

Fig. 3. Spheroid formation depending on the extracellular interaction between TM4SF5 and CD44. (A-C) SNU449 parental cells were trans-
fected with the indicated expression vectors for 48 hours (A and B). DMSO (2) or 20 mM of TSAHC (1) was treated for an additional 24 hours
(C). Whole-cell lysates were prepared and pulled down using streptavidin beads before standard western blotting. (D) FCM analysis using the
DF1485 Ab was performed for CD44 expression in Huh7 cells stably expressing shScramble (upper panels) or shTM4SF5 (lower panels). (E) Sta-
ble SNU449 clones (normal) or cells treated with DMSO or TSAHC (20 mM) were analyzed for spheroid formation. (F) Stable TM4SF5-expressing
SNU449T7 cells were stably transfected with shRNA against a scramble sequence (shScram) or CD44 (shCD44) before spheroid formation analy-
sis for 10 days. The numbers of spheroids (�70 mm) are graphed at the mean 6 standard deviation. Data represent three independent experi-
ments. Abbreviations: IP:Streptavidin, immunoprecipitated with streptavidin; WCL, whole cell lysate.
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5B,C). Furthermore, xenografts formed from
SNU449T7 cells (mice 2 and 3) exhibited coexpres-
sion of CD44 and Bmi1 within TM4SF5-positive
areas (Fig. 5D).

Treatment of TM4SF5-expressing cell clones with
TSAHC decreased levels of phosho-Tyr416 c-Src,
phospho-Tyr705 STAT3, Twist1, and Bmi1 mRNA
(Fig. 5E). As TSAHC treatment of Huh7 cells

Fig. 3. (Continued)
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Fig. 4. Self-renewal properties were controlled by TM4SF5 expression (A; top graph and images). Representative images (inserts) showing
tumors formed by subcutaneous injection of stable SNU449 cell clones (TM4SF5-null SNU449Cp; Cp [n 5 5], TM4SF5 N138A/N155Q mutant-
expressing SNU449 clone; NANQ [n 5 5], T7; and TM4SF5-expressing SNU449T7 cells [n 5 10]) using less than 5,000 cells per injection site.
Tumors were formed only in SNU449T7 cell-injected flanks, as shown in graphs of different cell numbers per injection site. TM4SF5-null or -
mutant cells are not shown owing to no tumor formation. Tumor volumes are reported as mean 6 standard deviation values for each number of
SNU449T7 cells injected. (A; middle immunoblots) SNU449Cp (Cp), SNU449T7, or ExpT7 cells (prepared from xenograft tissues [mice 2 and 3])
were harvested for standard western blotting (middle). (A, bottom spheroid images) Spheroid formation was compared for SNU449T7 and ExpT7-

2 for 10 days (bottom). (B, top graph) Tumor volumes (n 5 7) resulting from the subcutaneous injection of ExpT7-2 (i.e., cells prepared from xen-
ograft tumors after SNU449T7 cell injection), as shown in graphs at different cell numbers per injection site. TM4SF5-null or -mutant cells are
not shown owing to no tumor formation. Tumor volumes are reported as mean 6 standard deviation values. (B, bottom immunoblots) SNU449Cp

(Cp), SNU449T7 (T7), ExpT7-2, and secondary explants (2ndExpT7-2, cells prepared from xenograft tumors after ExpT7-2 cell injection) were har-
vested for standard western blotting. (C) Primary xenograft tumor sections after injection of SNU449T7 were stained with DAPI (blue) and immu-
nostained for CD44 (red) and TM4SF5 (green). Regions from 3 different mice are shown with enlargement at right. (D) FACS analysis using
SNU449T7, ExpT7-2, and ExpT7-3 cells was performed for CD44 (using clone IM7 Ab), TM4SF5, CD24, CD90, and CD133. (E) FACS analysis with
double staining (with anti-CD44 clone IM7 and anti-TM4SF542 Ab) was performed for indicated cells. Data shown represent three independent
experiments.



abolished spheroid formation (Fig. 5F, top), TSAHC
decreased TM4SF5-mediated signaling levels and
Bmi1 mRNA levels, compared with dimethyl sulfoxide
(DMSO) treatment (Fig. 5F, bottom). Treatment of
WT TM4SF5-expressing SNU449T7 cells with PP2
(but not the control PP3) blocked TM4SF5-
dependent spheroid formation (Fig. 6A). Treatment of
SNU449T7 cells with a STST3 inhibitor (STATtic)

abolished spheroid formation (Fig. 6B). After c-Src or
STAT3 inhibition, phospho-Tyr705 STAT3 and
Twist1 expression decreased, although caspase-3 activa-
tion was not observed (Supporting Fig. 4), suggesting
that c-Src acted upstream of STAT3, which again acted
upstream of Twist1.

Overexpression of Bmi1 into TM4SF5-null or -
mutant (NANQ) cell clones was sufficient to promote

Fig. 4. (Continued)
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spheroid formation (Fig. 6C). Meanwhile, knockdown
of Bmi1 in SNU449T7 cells blocked spheroid forma-
tion (Fig. 6D). Thus, TM4SF5 required Bmi1 expres-

sion for spheroid formation. Immunostaining of HCC
tumor tissue revealed colocalization of TM4SF5 and
Bmi1 with local CD44 expression (Fig. 6E), similar to

Fig. 5. TM4SF5 regulated c-Src, STAT3, Twist1, and Bmi1 for the self-renewal property. (A) Stable cells were harvested for standard western
blotting or processed for RT-PCR. (B and C) SNU449T7 cells stably transfected with shScram, shTM4SF5, or shCD44 were harvested as whole-
cells lysates before standard western blotting. (D) Serial sections (6 mm) from xenograft tissues injected with SNU449T7 (mice 2 and 3) were
immunostained for the molecules. Magnifications, 3100 and 3400. (E) Stable cells expressing TM4SF5 were treated with DMSO or TSAHC (20
mM) for 24 hours, then harvested as whole-cell extracts before standard western blotting or RT-PCR analysis. (F) Huh7 cells (normal) or cells
treated with DMSO or TSAHC (20 mM) were examined for spheroid formation (top), then harvested for standard western blotting or RT-PCR (bot-
tom). Data represent three different experiments. Abbreviations: IgG, immunoglobulin G; WB, western blotting.
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the results obtained for mouse xenografts (Figs. 4C
and 5D). In addition, the Oncomine database revealed
that TM4SF5 expression in liver cancer tissues signifi-
cantly correlates with Bmi1 expression (Supporting
Fig. 5).

Identification of TM4SF5-Dependent CTCs and
Their Metastasis. SNU449T7 cells stably transfected
with tGFP-tagged shRNA constructs against a
scrambled sequence (tGFP-shScram) or TM4SF5
(tGFP-shTM4SF5) or the PBS vehicle alone were
injected orthotopically into mouse livers. Four or 6
weeks later, blood samples were collected and assayed
by anti-tGFP and 4’,6-diamidino-2-phenylindole
(DAPI) staining. No cells were found in blood samples

of mice injected with PBS or SNU449T7-(tGFP)-
shTM4SF5 cells, whereas TM4SF5-positive cells were
found in mice injected with SNU449T7-(tGFP)-
shScram cells (Fig. 7A,B). The tGFP signal was also
examined in live mice using confocal laser endomicro-
scopy. When 0.453-mm3 sections of blood vessels were
analyzed for 20 minutes, 2 of 3 SNU449T7-(tGFP)-
shScram mice exhibited streaming tGFP-positive cells
(Fig. 7C), whereas none of the SNU449T7-(tGFP)-
shTM4SF5 mice showed positive cells (data not
shown). After endomicroscopic imaging, blood samples
from mice injected with SNU449T7-(tGFP)-shScram
cells contained green fluorescent cells (Supporting Fig.
6). Furthermore, SNU449T7-shControl cells that were

Fig. 5. (Continued)
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Fig. 6. TM4SF5-dependent c-Src, STAT3, and Bmi1 signaling was required for the self-renewal property. (A and B) Spheroid formation was
evaluated in stable SNU449 clones treated with either DMSO, specific c-Src inhibitor PP2, or negative control compound PP3 (A) or treated with
either DMSO or STAT3 inhibitor (STATtic) at various concentrations (B). (C and D) Cells were transiently transfected with Bmi1 expression vector
(C) or shRNA against Bmi1 (shBmi1; D) for 48 hours and enriched under a selective pressure using G418 (250 mg/mL) for 1 week before west-
ern blotting or spheroid forming assays. (E) Serial sections of tumor tissues from clinical HCC patients were processed for IHC using normal
mouse or rabbit IgG, TM4SF5, CD44, or Bmi1 Ab. Black boxes indicate the enlarged areas that are shown directly below. Magnifications, 3100
and 3400. Data represent three different experiments. Abbreviation: IgG, immunoglobulin G.
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orthotopically injected into livers were recovered as
DAPI-positive cells in blood samples, whereas no such
positive cells were observed in blood from mice
injected with PBS or SNU449T7-shCD44 cells (Fig.
7D). SNU449T7-shScramble cell-injected mice exhib-
ited shorter lifespans, whereas PBS-injected or

SNU449T7-shCD44 cell-injected mice survived (Fig.
7D).

Orthotopic liver injection of SNU449T7-shControl
cells after incision was followed by treatment with
either DMSO or TSAHC. Whereas DMSO-treated
mice showed metastatic cell settlements distal from

Fig. 6. (Continued)
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Fig. 7. Identification of TM4SF5-dependent CTCs and their metastasis. SNU449T7 cells stably transfected with tGFP-shScram or tGFP-
shTM4SF5 were orthotopically injected into livers (500,000 cells/mouse for 4 weeks or 200,000 cells/mouse for 6 weeks); separate injections
of PBS alone were also performed as controls. (A) Four weeks later, blood samples collected from each mouse (middle images) were processed
for FACS sorting (left histograms) and then seeded onto fibronectin-coated (10 mg/mL) coverslips before visualizing for tGFP (green) and staining
with anti-tGFP Ab (red) or DAPI (blue). (B) Numbers of CTC-like cells sorted from blood samples of mice injected with PBS (n 5 5) were graphed
at the mean 6 standard deviation, using SNU449T7-tGFP-shScram cells (n 5 10) or SNU449T7-tGFP-shTM4SF5 cells (n 5 5). (C) Mice orthotopi-
cally injected with SNU449T7-tGFP-shScram (n 5 3) or SNU449T7-tGFP-shTM4SF5 (n 5 3) were processed for CTC imaging using confocal laser
endomicroscopy 6 weeks after injection. Sections of blood vessels (0.453 mm2) from each mouse were imaged for 20 minutes. (D) Mice ortho-
topically injected with vehicle (PBS; n 5 2), SNU449T7-shScram cells (n 5 7), or SNU449T7-shCD44 cells (n 5 7) for 6 weeks were processed
for collection of blood samples and analysis of survival, then blood samples were processed and visualized using a fluorescent microscope after
DAPI staining. Data represent three independent experiments.



Fig. 8. Anti-TM4SF5 reagent blocked metastasis of orthotopically liver-injected cells to intestines. (A-E) Mice orthotopically liver injected with
SNU449T7-pMSCV-Luc2 cells were treated with either DMSO or TSAHC, as explained in Materials and Methods. (A) Up to 2 weeks after cell
injection and treatment, bioluminescence images were saved. Mice marked with red rectangles depict mice with metastasized tumors. Total biolu-
minescence flux after 3-week treatment were measured and shown as the mean 6 stamdard deviation. (C) Representative images of tumors in
mouse treated with DMSO or TSAHC for 3 weeks. (D) Total flux (left) or number of metastatic tumors (right) was measured and presented as the
mean 6 standard deviation. P� 0.05 or P< 0.05 depicts statistical insignificance or significance, respectively. (E) Orthotopic tumors or meta-
static tumors at the intestine or peritoneal membrane (Mem) were counted after abdominal surgery from each mouse treated with DMSO (n 5 8)
or TSAHC (n 5 8) and graphed as the mean 6 standard deviation. Data represent three independent experiments. (F) Schematic model for
TM4SF5-induced self-renewal capacity leading to CTC and liver-to-intestine metastases.
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cell-injected livers (8 of 8 mice; 100%) after a 2-week
treatment, TSAHC treatment obviously inhibited met-
astatic cell populations (3 of 8 mice; 37.5%; Fig. 8A).
Total signal flux from injected and metastatic cell pop-
ulations were significantly reduced after 3 weeks of
TSAHC treatment (Fig. 8B). We further evaluated
metastasis after abdominal surgery (Fig. 8C). Quantita-
tion after abdominal surgery showed a lower level of
total flux in TSAHC-treated animals (P 5 0.18; n 5 8)
and a significantly lower (P 5 0.0287; n 5 8) number

of the metastatic cell populations in TSAHC-treated
animals, compared to DMSO-treated control mice
(Fig. 8D). Metastatic populations were related mostly
with the intestinal area and blocked by TSAHC treat-
ments (Fig. 8E).

Discussion

This study revealed that TM4SF5 bound CD44,
and the interaction regulated levels or activities of c-

Fig. 8. (Continued)
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Src/STAT3/Twist1/Bmi1 to control the self-renewal
properties of HCCs, subsequently promoting CTC
capacity for metastasis (Fig. 8F). Furthermore,
TM4SF5-dependent self-renewal and CTC properties
were characterized by the molecular status of
TM4SF51/CD242/CD44(TM4SF5-bound)/ALDH, lead-
ing to the c-Src/STAT3/Twist1/Bmi1 pathway. Knock-
down or inhibition of any of these molecules inhibited
self-renewal capacity. Whereas TM4SF5-expressing
cells orthotopically injected into mouse livers were
observed in blood and intestine of mice, knockdown
of TM4SF5 or CD44, or inhibition of their interac-
tion, abolished the detection of CTCs in the blood-
stream and their colonization to distal organs such as
intestine.

TM4SF5 is expressed in fibrotic livers after CCl4
administration and its antagonist blocks chemically
mediated liver fibrosis.17 Mice administered chronic
ethyl alcohol feeding for 4 weeks increased TM4SF5
expression in livers, and TM4SF5 transgenic mice
showed fatty livers 12 months after birth (unpublished
data). Transforming growth factor beta 1 (TGF-b1) or
the conditioned media containing EGF from activated
hepatic stellate cells causes small mothers against
decapentaplegic (Smad)4 activation that leads to EGF
receptor/extracellular-signal-regulated kinase (ERKs)
signaling for TM4SF5 expression.18 TGFb1, phospho-
Smads, alpha-smooth muscle actin, collagen I, and
TM4SF5 are costained along the fibrotic septa that
run between the areas of the centrilobular bridging
fibrosis in fibrotic livers, but not in control livers.17

Furthermore, TM4SF5 is highly expressed in liver can-
cer tissues, compared to normal liver tissues.11 There-
fore, TM4SF5 appears to be expressed in pathological
livers after chronic injuries, leading to gradual develop-
ment of malignant fibrosis and tumorigenesis.

TM4SF5-dependent self-renewal properties could be
related to TM4SF5-mediated EMT11 and drug resist-
ance.12 The self-renewal property of metastatic cancer
cells is important for tumor expansion after coloniza-
tion at distal sites. Assuming that CTCs may be clini-
cally important targets for drug development, the
ability of TM4SF5 to mediate EMT, self-renewal, and
CTC properties makes it a promising drug target.
TM4SF5 may localize to tetraspan(in)-enriched micro-
domains (TEMs), where it can form massive protein
complexes with integrins and growth factor recep-
tors.10 Protein complexes at TEMs may transduce sig-
nals that regulate diverse cellular functions.19 In this
current study, we showed that TM4SF5 interacted
with CD44 through its extracellular domain, depend-
ing on the N-glycosylation status of TM4SF5. CD44

has been identified as a lymphocyte homing receptor20

and also a proteoglycan that is also commonly
expressed in epithelial and cancer cells.21 CD44 is
overexpressed in HCC for a poor prognosis,22,23 and
IHC of a limited number of clinical samples in our
current study showed a regionally increased CD44
expression in liver cancer tissues, compared to
matched-pair normal liver tissues. Diverse HCC cell
lines differentially expressed CD44.24 Although CD44
expression is also required for maintenance of stem
cell phenotypes in breast cancer cells,25 it has been
suggested that CD44 can be more useful when com-
bined with other markers to support for stemness in
HCC.26 Furthermore, the isoform conversion between
standard CD44 (CD44s) and variant CD44 (CD44v)
may be important for tumor initiation and mainte-
nance.27 Indeed, in our current study, we found that
hepatic epithelial cells showed a comparable CD44
expression independent of TM4SF5 expression, and
the open database of Oncomine also showed no signif-
icant difference in CD44 expression between normal
and cancer liver samples, whereas TM4SF5 and Bmi1
were highly enhanced in cancer liver samples (Support-
ing Fig. 6). Although the relationship between
TM4SF5 and CD44 protein levels in more clinical
HCC tissues should be confirmed in future studies, it
is likely that interaction between CD44 and TM4SF5
resulted in tumor-initiating and -circulating properties
through the interaction-mediated signaling and the
EMT phenotype.

TM4SF5 was previously shown to promote FAK28

and c-Src activation,13 and expression of the TM4SF5
N-glycosylation mutant or treatment with TSAHC
abolished TM4SF5-mediated FAK/c-Src signaling and
EMT.11 Moreover, knockdown of either TM4SF5 or
CD44 in SNU449T7 cells decreased both c-Src and
STAT3 phosphorylations, thereby inhibiting sphere
growth. In the present study, c-Src acted upstream of
STAT3 phosphorylation, as shown in a previous
study.29 STAT3 is activated in 50% of HCCs,30 where
STAT3 Tyr705 is phosphorylated in an interleukin-6-
independent manner.31 STAT3 signaling in HCCs can
not only regulate genes involved in cell growth, sur-
vival, immune suppression, and angiogenesis, but also
promote metastasis.32 Highly activated STAT3 in
HCCs binds to the promoter of the Twist1 gene to
increase Twist1 mRNA expression.33 Bmi1 is directly
up-regulated by Twist1 and essential for Twist1-
induced EMT,34 and Bmi1 is also associated with
stemness, leading to cancer recurrence and chemore-
sistance.35 Moreover, Bmi1, which is up-regulated in
many cancer types, is highly expressed in CD1331
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murine liver CSCs36 and enriched in CSCs with other
stemness markers, including CD44,37 being consistent
with this current study. TM4SF5-mediated spheroid
formation may not need CD90 or CD133, given that
their expressions were not dependent on TM4SF5,
although CD133 appears to act upstream of TM4SF5
(unpublished observations). Being consistent, CD133
and CD44 are considered markers for cancer stem cells
in HCC.38,39

TSAHC has been shown not to cause any cytostatic
effects in normal TM4SF5-negative hepatocytes.15,40

Intraperitoneal TSAHC treatment given alone to mice
(50 mg/kg21) in 40% DMSO or orally (250 mg/
kg21) in 5% carboxymethyl cellulose for 4 weeks
shows the anatomical appearance of livers comparable
to control livers and does not cause any mortality,
although TSAHC treatment together with CCl4
administration decreases CCl4-mediated fibrotic phe-
notypes.17 In the present study, TM4SF5-positive cells
orthotopically injected into mice livers efficiently meta-
stasized to intestine and peritoneal membrane, in addi-
tion to tail-vein–injected cells,41 which were inhibited
by the anti-TM4SF5 reagent, TSAHC. TM4SF5-
mediated metastasis might have occurred through
TM4SF5-dependent CTC properties supported by the
TM4SF5/CD44/c-Src/STAT3/Twist1/Bmi1 pathway.
Thus, it is likely that TM4SF5-positive cancer cells
can circulate throughout blood and lymph nodes for
eventual metastasis, and targeting TM4SF5 or interac-
tion between TM4SF5 and CD44 may lead to effi-
cient inhibition of TM4SF5-mediated metastasis.
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