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A B S T R A C T

Cadherin switch is an initiating factor of epithelial-mesenchymal transition (EMT) and is intimately correlated
with cancer metastatic potential; however, its underlying mechanisms remain unclear. Here, using a trans-
forming growth factor-β (TGF-β)-induced EMT model, we provide explicit evidence that CD146, with elevated
expression and activity in a variety of cancers, is a key factor involved in the cadherin switch. We show that
CD146 can be induced by TGF-β signaling. Moreover, CD146 expression is positively correlated with the acti-
vation levels of STAT3/Twist and ERK pathways. Transcriptional response of the CD146/STAT3/Twist cascade
inhibits E-cadherin expression, whereas the CD146/ERK cascade enhances N-cadherin expression. CD146
overexpression also significantly promotes EMT in both mouse embryonic fibroblasts (MEFs) and ovarian cancer
cells. Clinically, ovarian cancer patients with detectable CD146 expression had a significantly lower survival rate
than that of patients without CD146 expression. Furthermore, CD146-deficient MEFs exhibited decreased mo-
tility as a result of reversion in this cadherin switch, strongly suggesting that targeting CD146 is a potential
strategy for cancer treatment. Therefore, CD146-mediated regulation of the E-cadherin-to-N-cadherin switch
provides an insight into the general mechanisms of EMT as well as cancer metastasis.

1. Introduction

Loss or reduction of E-cadherin expression and induction of N-
cadherin expression is known as the “E-cadherin-to-N-cadherin switch”
[1]. E− and N-cadherin are members of the classical cadherin family
that play an important role in regulating cellular morphology [2]. E-
cadherin is expressed by most normal epithelial tissues, whereas N-
cadherin is typically expressed by mesenchymal cells [3–5]. Many
cancer cells possess the characteristic of this cadherin switch, which
initiates a process referred to as EMT [6–8]. However, the mechanism
underlying this cadherin switch remains unclear.

EMT is a common feature of both embryonic development and
tumor metastasis [9,10]. It leads to loosening of intercellular junctions,

and consequently allows cells to overcome cell–cell contact inhibition
of migration [11,12]. Thus, tumor cells undergoing EMT transform
from a quiescent to a metastatic phenotype [11,13]. Metastasis is re-
sponsible for around 90% of cancer-associated mortality. Therefore,
elaborating the EMT process will facilitate better understanding of the
mechanism underlying cancer metastasis [14,15], a process which re-
mains one of the most poorly understood components in cancer pa-
thogenesis.

The cadherin switch can be induced by numerous environmental
signals that activate an array of EMT transcriptional factors (EMT-TFs),
including Snail1, Snail2 (Slug), Zeb, and Twist. As transcriptional EMT
inducers, these EMT-TFs directly bind to the promoter regions of a
plethora of epithelial marker genes such as E-cadherin, to repress their
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expression [16–19]. N-cadherin is reported to be upregulated by TGF-β
signaling [20,21].

TGF-β1 has been identified as the most potent factor that can in-
dependently induce EMT and activate EMT-TFs in various types of
cancer cells [22–24]. The TGF-β superfamily comprises TGF-βs, bone
morphogenetic proteins (BMPs), activins, and related proteins [25–27].
In vertebrates, the intracellular effectors of TGF-β signaling are SMAD
proteins. It is now known that co-activation of both SMAD-dependent
canonical and SMAD-independent non-canonical pathways is needed
for the initiation and completion of TGF-β-induced EMT [28,29].

Ovarian cancer has a poor prognosis, and it remains the leading
cause of mortality among gynecological cancers because the majority of
patients have progressed to advanced stages by the time of their first
clinical visit [30–32]. However, a lack of reliable diagnostic markers
and potential therapeutic targets continues to restrict both the suc-
cessful detection of ovarian cancer in early stages and the effective
treatment of this disease at later stages [33].

CD146 is an inducible signaling receptor that can drive various
cancers to progress into malignant metastasis [34–36]. The expression
and activity of CD146 are elevated in a variety of cancers, but its me-
chanisms are not exactly understood [34]. Artificial overexpression of
CD146 alone is sufficient to induce EMT progression in the human
breast cancer cell line, MCF-7, which does not express CD146 en-
dogenously [37]. Given that forced overexpression of CD146 induces
EMT progression in CD146- MCF-7 cells [37], we speculated whether
CD146 is inducible in CD146 positive cells, what factors can induce
CD146 upregulation, and how CD146 drives CD146+ cells progression
into EMT.

Here, using a TGF-β-induced EMT model, we show that CD146 can
be induced by TGF-β signaling, and that CD146 is required for cells to
become fully mesenchymal. An inability to complete the EMT in the
absence of CD146 appears to involve a reversal of the E-to N-cadherin
switch.

2. Materials and methods

2.1. Antibodies

AA1 (1:1000) is a murine anti-CD146 monoclonal antibody gener-
ated in our laboratory; this antibody recognizes the first V domain in
the extracellular region of CD146.Additional information for all com-
mercial antibodies is as follows: The anti-SMAD7 antibody (25840-1-
AP) was purchased from Proteintech (Chicago, USA). The anti-Twist
antibody (sc-81417) was purchased from Santa Cruz Biotechnology
(Dallas,USA). The anti-JNK (1:1000, #9252 S), anti-phospho-JNK
(1:1000, #9251 S), anti-ERK (1:1000, #9107), anti-phospho-ERK
(1:1000, #4370), anti-p38 (1:1000, #9107), anti-phospho-p38 (1:1000,
#4511), anti-Snail1 (1:1000, #3879),anti-Slug (1:1000, #9585), anti-
Zeb1 (1:1000, #3396), anti-phospho-SMAD1/P-SMAD5 (1:1000,
#9516), anti-phospho-SMAD2/P-SMAD3 (1:1000, #8828), anti-NF-ĸB/
p65 (1:1000, #8242), and anti-phospho-NF-ĸB/p65 (1:1000, #3033)
antibodies and Alexa Fluor 488 Phalloidin (1:2000, 8878 S)were from
Cell Signaling Technology (Boston, USA). Anti-STAT3 (1:3000, 10253-
2-AP) was from Proteintech (Chicago, USA). The anti-CD146
(ab75769), anti-phospho-STAT3 (1:3000, phospho Y705, ab76315),
anti-SMAD1 (1:2000, ab33902), anti-SMAD2 (1:2000, ab33875), anti-
SMAD3 (1:2000, ab40854), anti-SMAD4 (1:2000, ab40759), anti-
SMAD5 (1:2000, ab151267), anti-SMAD6 (1:2000, ab13727), anti-N-
cadherin (1:2000, ab18203), and anti-E-cadherin (1:2000, ab76055)
antibodies were from Abcam (Cambridge, USA).

2.2. Reagents

All chemicals were purchased from Sigma (Darmstadt, Germany).
All cell culture media were from Gibco (Waltham, USA) and all trans-
fection reagents were from Invitrogen (Carlsbad, USA). Protease

inhibitor and PhosSTOP (phosphatase inhibitor cocktail) were from
Roche (Basel, Switzerland). The Dual-Luciferase System (E1910) was
from Promega (Madison, USA). Recombinant human/rhesus/canine
TGF-β1 (10804-HNAC), rat/mouse TGF-β1 (80116-RNAE), and
human/mouse/rat/rhesus/canine BMP-4 proteins (10426-HNAE), were
from Sino Biological Inc. (Beijing China). The STAT3 inhibitor
(NSC74859) and ERK inhibitor (U0126) were from MCE Biological Inc.
(Monmouth Junction, USA).

2.3. Cell lines with culture conditions and treatments

All cell lines were obtained from ATCC (Manassas, USA) and were
authenticated by single nucleotide polymorphism testing and myco-
plasma contamination testing. The mouse embryonic fibroblast (MEF)
cell line (CRL-2752), CD146 knockout MEFs, and CD146 over-expres-
sing MEFs were maintained in Eagle's minimum essential medium
supplemented with 10% fetal bovine serum (FBS). The human ovarian
cancer cell line SKOV3 (HTB-77) was maintained in McCoy's 5a
medium supplemented with 10% FBS. After overnight depletion of
serum from the culture medium, cells were treated with TGF-β1 or
BMP-4 for the indicated times at 37 °C.

2.4. Establishment of CD146 knockout mouse embryonic fibroblasts

Wild type mouse embryonic fibroblasts (CD146WTMEFs) were ob-
tained from ATCC (CRL-2752), and authenticated by single nucleotide
polymorphism testing and mycoplasma contamination testing. They
were maintained in Dulbecco's modified Eagle's Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS).

The mouse CD146 gene is located on the forward strand of the
9A5.1 region of chromosome 9, spanning approximately 8.14 kb with 5
transcripts. A transcript isoform containing 16 exons and encoding
648 amino acids (AA) (NP_075548.2) was chosen as the ‘canonical’
sequence for targeting (http://www.uniprot.org/uniprot/Q8R2Y2).

CD146 knockout (CD146KO) MEF cell line was generated by
Biocytogen (Beijing China). Briefly, exons 3–16 in the CD146 transcript
isoform were replaced with a puromycin resistant gene cassette, using
single guide CRISPR–Cas9 (Cas9/sgRNA)-mediated insertions or dele-
tions(indels). The 1000bp of coding sequence upstream of CD146 exon
3 and the 1000bp of coding sequence downstream of CD146 exon were
used as the 5′ and 3′homologous regions, respectively. Selection of re-
sistant gene cassettes was determined by antibiotic titration and kar-
yotyping experiments. The targeting vector included the 5′region, a
CRISPR/Cas9-targeting site (a puromycin resistant gene cassette), the
second CRISPR/Cas9-targeting site, and the 3′ region.

The Cas9/sgRNA targeting vector was transfected into the MEFs in
the log-phase of grow that a concentration of 5 μg/106 cells. The
transfectants were cultured at 37 °C in complete DMEM. After 24 h, the
medium was replaced with complete DMEM containing 4 μg/mL pur-
omycin and 400 μg/mL hygromycin B. The cells were cultured in this
selection medium for 20 days, after which single cell colonies were
transferred to a 48-well plate. When the cells reached full confluence,
one half of each individual colony was collected for further identifica-
tion, including PCR screening to confirm homologous recombination,
indels analysis, genotyping, and immunoblotting using a specific anti-
body against CD146.

2.5. Design of single-guide RNAs and construction of sgRNA vector

To verify whether single nucleotide polymorphisms (SNPs) existed
in these two targeting loci, exon 3 and exon 16 were amplified and
sequenced for gRNA-mediated mutant sequence design (MSD) by PCR
using four primers: CD146-N-MSD forward, 5′-CCT GGA CTT TGG AGG
GCA GTA GTT G-3′; CD146-N-MSD reverse, 5′-GGG TTA CTC ACG GTT
CTC CTCCTC T-3′; CD146-C-MSD forward, 5′-AGA GAG CAA AGG TGT
GGT CAT CGT G-3′; CD146-C-MSD reverse, 5′-GAG GAA AAG ACA GAA
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GTC CCC CAG C-3′.
Three sgRNAs targeting sequences on exon 3 were selected as fol-

lows: CD146-sgRNA-1, 5′-GAG CAA GCG ACC ACG GCT CC AGG-3′;
CD146-sgRNA-2, 5′-GGA TCA CTA CGT TGA GCT TCA GG-3′; and
CD146-sgRNA-3, 5′-ACG TAG TGA TCC TGG AGC CGT GG-3′. Three
sgRNAs targeting sequences on exon 16 were selected as follows:
CD146-sgRNA-4, 5′-CAA ATT CAC TCT TAC GAG TCG GG-3′; CD146-
sgRNA-5, 5′-ACA AAT TCA CTC TTA CGA GTC GG-3′; CD146-sgRNA-6,
5′-TGA AGG AGA GCC ATC TCT TCT GG-3′. The sgRNA cloning vector
TV-4G-EB was used for CRISPR/Cas9 construction. After detection of
Cas9/sgRNA activity, sgRNA-3 and sgRNA-5 with relatively high ac-
tivity were chosen for cd146 gene targeting. The two pairs of primers
used for PCR amplification of sgRNA-3 and sgRNA-5 were as follows:
hmCD146-3-up, 5′-CACC GTA GTG ATC CTG GAG CCG-3′; hmCD146-3-
down, 5′-AAAC CGG CTC CAG GAT CAC TAC-3′; hmCD146-5-up, 5′-
CACC GAC AAA TTC ACT CTT ACG AGT-3′; hmCD146-5-down, 5′-
AAAC ACT CGT AAG AGT GAA TTT GTC-3′.

2.6. Immunoblotting

Total cell lysates were collected using cell lysis buffer (Cell
Signaling Technology, Boston, USA), supplemented with 1mM PMSF
and a protease inhibitor cocktail. The lysates were centrifuged and the
supernatant was collected. Protein concentration was measured using a
BCA protein Assay Kit (Pierce, Rockford, USA). Approximately 50 μg of
cell lysate was subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to polyvinylidene di-
fluoride (PVDF) membranes (Bio-Rad, Hercules, USA). Membranes
were then blocked with 5% milk (in TBST) or 5% BSA (in TBST) for
30min, incubated overnight at 4°C with the primary antibody, washed
three times with TBST (5min each), and incubated with the appropriate
secondary antibody (5% milk in TBST) for 1 h. The signal was detected
with an ECL reagent (Amersham, Little Chalfont, UK) following the
manufacturer's instructions. Densitometry was performed using ImageJ
software.

2.7. Establishment of CD146 overexpressing mouse embryonic fibroblasts

CD146 overexpressing (CD146OE) MEFs were generated by
SyngenTech (Beijing, China). CD146-expressing plasmids in a pHS-
AVC-LW227 lentiviral vector were constructed using the following
primers: HS-AVC-CD146 forward, 5′-GGA GCT GCT GGT GAA CTA TG-
3′; and HS-AVC-CD146 reverse, 5′-TGC CAT GCA GAG ATA CCG TC-3′.
This vector was packaged together with lentiviral particles in human
embryonic kidney 293 T (HEK 293 T) cells. Stable transfectants were
identified by both quantitative-PCR and immunoblotting.

2.8. Immunofluorescence staining and confocal microscopy

Cells were washed and fixed with 4% paraformaldehyde in PBS for
25min, permeabilized with PBS/0.1% Triton X-100 for 5min, and
blocked with 3% BSA in PBS for 1 h. The permeabilized cells were then
incubated overnight at 4 °C with the primary antibody against CD146
(1:100) and with Alexa Fluor 488 Phalloidin (1:2000) in PBS containing
3% BSA. Cells were washed three times with PBS/0.1% Tween 20, and
then incubated for 1 h with a fluorescence-conjugated secondary anti-
body at a dilution of 1:300 at 37 °C. After 45min, the cells were washed
with PBS/0.1% Tween 20, and counterstained with 4′,6-diamidino-2-
phenylindole (DAPI) to detect DNA. A confocal laser scanning micro-
scope (Olympus FLUOVIEW FV1000, Tokyo, Japan) mounted with an
Olympus IX81 digital camera was used for image acquisition.

2.9. Migration assay

Cell migration was analyzed using a Boyden chamber assay. Cells
(1× 105) were resuspended in DMEM and added to the upper

chambers of 24-well Transwell plates (Costar, 8-μm pore size; Corning,
USA). Complete medium (200 μL) was then added to the lower chamber
as an attractant. After incubation for 7 h at 37 °C, cells remaining on the
upper surface of the membrane were removed by swabbing with Q-tips.
Cells that had migrated to the lower membrane surface are re-
presentative of migratory cells. After fixation with 20% methanol the
cells were stained with crystal violet for visualization. These cells were
counted at 20×magnification and plotted as the number of migratory
cells.

2.10. Wound healing assay

Cell monolayers, grown to confluence in a 6-well plate, were
scratched using a 200 μl sterile pipette tip. Images of wounded mono-
layers were photographed under an inverted microscope at the time of
wounding (0 h), at 6 h, and at 18 h.

2.11. Clinical sample collection

Ovarian cancer tissue specimens were obtained from patients at the
Beijing Anzhen Hospital. Written informed consent was obtained from
each patient, and prior to sample collection, ethical approval was ob-
tained from the Ethics Committee of Anzhen Hospital and the Institute
of Biophysics, Chinese Academy of Sciences. Samples were fixed in
neutral buffered formalin, and then embedded in paraffin for im-
munohistochemistry. Detailed clinico-pathological information of these
patient cohorts is provided in Tables S1–S2.

2.12. Immunohistochemistry

For DAB staining, a commercial human tissue array was depar-
affinized and stained for both CD146 (1:100) and E-cadherin (1:100),
and then incubated with a biotin-conjugated anti-mouse secondary
antibody (ZSGB-BIO, Beijing, China) and horseradish peroxidase-con-
jugated streptavidin (Thermo Fisher, Waltham, USA). Binding was de-
tected using a DAB solution (ZSGB-BIO). The tissues were then counter-
stained using hematoxylin (ZSGB-BIO). Images of the stained tissue
samples were obtained using an OLYMPUS BX51 microscope equipped
with an UPlan FL N digital camera (Tokyo, Japan).

2.13. Luciferase reporter assay

Cells (1× 104) were transfected with 0.2 μg of a reporter construct
and 4 ng of pRL-TK (Promega, Madison, USA) using Lipofectamine™
2000 reagent (Invitrogen, Carlsbad, USA). After 24 hof transfection, the
cells were treated with or without TGF-β1as indicated in the respective
figures. Both firefly and Renillaluciferase activities were measured using
a dual luciferase reporter assay system in a Glomax multi-detection
system luminometer (Promega, Madison, USA). Firefly luciferase ac-
tivity was normalized against Renillaluciferase activity, which was de-
tected by co-transfection with pRL-TK in all reporter experiments.
Luciferase activity in transfected cells was normalized against that of
cells transfected with the pGL3-E control vector. Relative luciferase
activities were expressed as fold increase over the paired control cells.
The pGL3-E-Twist-wild type (WT) plasmid was constructed by PCR
amplification and insertion of the mouse Twist promoter region (ap-
proximately −500 base pair from ATG). The primers used for PCR
amplification were as follows: forward, 5′-TCC CCC ACC TTA AAT GTA
TG-3′; reverse, 5′-GCG CCC CGT TCC GGC CTGG-3′. The plasmids
pGL3-E-Twist-mutant-1 (MT-1), mutant-2 (MT-2), and mutant-2 (MT-3)
were constructed by deletion of the STAT3 transcription factor binding
site 1, binding site 2, and binding sites 1/2, respectively.

2.14. Statistical analysis

Statistical tests used to analyze data included the Fisher's exact
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test,Log-rank test, Chi-square (χ2) test, and Student's t-test. Multivariate
statistical analysis was performed using a Cox regression model.
Statistical analysis was performed using SPSS for Windows (16.0; SPSS,
Inc. Armonk, USA) and GraphPad Prism (Prism 5.0; GraphPad Software
Inc., La Jolla, USA) packages. A p value < 0.05 was considered sta-
tistically significant.

3. Results

3.1. CD146 expression is responsive to TGF-β signaling

Although CD146 is an inducible protein, and is upregulated in di-
verse malignant cancers [34–36], the tumor micro-environmental fac-
tors that can induce its expression are unclear. Our previous reports
have shown that CD146 is functionally related and exhibits functions
similar to an array of well-known EMT inducers including fibroblast
growth factor (FGF) [38], vascular endothelial growth factor (VEGF)-A
[39], platelet-derived growth factor (PDGF) [40], and Wnt [41]. We
therefore selected these, along with other significant inducers of EMT,
namely TGF-β1 and BMP, to simulate tumor microenvironmental sig-
nals. Among these factors, TGF-β1, BMP, and VEGF-A were found to
induce CD146 upregulation in MEFs. In these MEFs, CD146 induction
by VEGF-A was modest, whereas there was a robust increase in CD146
expression in response to BMP4 and TGF-β1 (Fig. 1A).

In vertebrates, the downstream intracellular effectors of TGF-β
signaling include eight SMADs, i.e., SMAD1 to SMAD8. Among these,
SMAD4 is a common SMAD, whereas SMAD6 and SMAD7 are inhibitory
SMADs; and the remaining members are receptor-activated SMADs (R-
SMADs). R-SMADs 2 and 3 are activated by TGF-β ligands, whereas R-
SMADs 1, 5, and 8 are activated by BMP [42,43]. To assess the re-
quirement for CD146 in TGF-β-induced EMT, we specifically knocked
out CD146 in MEFs using the CRISPR/Cas9 technology, and established
a CD146 knockout (CD146KO) MEF cell line (Fig. 1B, Fig. S1). The lack
of CD146 expression in CD146KO MEFs was confirmed by im-
munoblotting (Fig. S2).

Following this, we examined the induction of CD146 in response to
different doses of TGF-β or BMP. In CD146WT MEFs, 3 ng/mL TGF-β or
BMP induced a robust increase in CD146 expression (approximately 10
fold), but no dose response was observed (Fig. 1C and D). We also noted
that there were no significant differences in the activation of SMAD2/3
by TGF-β1 or the activation of SMAD1/5 by BMP4, between CD146WT

MEFs and CD146KO MEFs. The phosphorylation levels of R-SMADs were
also not affected by CD146 induction (Fig. 1C and D). These data in-
dicate that CD146 is an inducible protein responsive to TGF-β signaling,
and further suggest that CD146 upregulation in cancers may be caused
by TGF-β presence in the tumor microenvironment.

3.2. CD146 induction by TGF-β does not affect the expression of SMADs

To further explore CD146 upregulation by TGF-β signaling, the
time-course of CD146 induction in response to TGF-β1 or BMP4 was
analyzed. In both cases, CD146 was upregulated in CD146WT MEFs in a
time-dependent manner (Fig. 2A and B).

Consistent with the lack of difference in TGF-β1-induced R-SMAD
activation between CD146WT and CD146KO MEFs shown in Fig. 1, there
were no differences observed in the time course of R-SMADs activation
by TGF-β1 between these two cell lines. In addition, there were no
differences in the expression levels of SMAD1, 2, 3, 5, or 8 be-
tweenCD146WT and CD146KO MEFs (Fig. 2C and D).

SMAD4 is a common SMAD that facilitates translocation of R-
SMADs into the nucleus to initiate transcription of hundreds of genes
[43,44]. We examined the expression of SMAD4 inCD146WT and
CD146KO cells in the presence or absence of TGF-β or BMP stimulation.
The data showed that there were no differences in the expression of
SMAD4 between the two cell lines; furthermore, stimulation with TGF-β
or BMP did not affect SMAD4 levels in either of these two cell lines

(Fig. 2E and F).
SMAD6 and SMAD7 are known to be highly regulated by extra-

cellular signals. They act as respective ‘inhibitory’ SMADs for BMP and
TGF-β signaling branches [43]. Consistent with the lack of difference in
phospho-SMAD2/3 and phospho-SMAD1/5 levels between CD146WT

and CD146KO cells, there was no obvious expression change in SMAD6
or SMAD7 between these two different cell lines. In addition, treatment
with BMP and TGF-β did not affect the levels of SMAD6 or SMAD7 in
these two cell lines (Fig. 2E and F). These data indicate that CD146 is
not involved in the SMAD-dependent canonical TGF-β signaling
pathway.

3.3. CD146 mediates an E-cadherin to N-cadherin switch following TGF-β
signaling

Based on our previous report that the overexpression of exogenous
CD146 in CD146- MCF7 cells can induce EMT [45], and the fact that
TGF-β is a potent EMT inducer that controls the E-to N-cadherin switch
[20,21,28], we next investigated the role of CD146 in TGF-β-induced
EMT. To induce a transient EMT, CD146WT or CD146KO MEFs were
treated with 10 ng/mL of TGF-β1 or BMP4 for 12 h and 24 h. SMAD2/3
and SMAD1/5 were activated in response to TGF-β1 and BMP4 as ex-
pected (Fig. 3A). Interestingly, compared with CD146WT cells, CD146
deficiency led to inversion of the E-cadherin and N-cadherin expression
patterns. In CD146KO cells, E-cadherin expression was upregulated in
the absence of TGF-β1 or BMP4 compared to CD146WT cells, and was
further induced following TGF-β1 or BMP4 treatment. In contrast,
CD146KO cells showed reduced N-cadherin expression compared to that
in CD146WT cells, and a lack of N-cadherin induction following treat-
ment with TGF-β1 or BMP4 (Fig. 3A).

To further confirm that CD146 is necessary and sufficient for the E-
to N-cadherin switch, we reconstituted CD146 expression in CD146KO

cells by transfecting GFP-tagged CD146 into this cell line. The expres-
sion of GFP or RFP did not change the expression patterns in CD146WT

or CD146KO MEFs. The E-cadherin and N-cadherin expression levels in
CD146KO cells with CD146 overexpression were restored to those in
CD146WT cells (Fig. 3B), i.e., the E-cadherin levels were reduced and in
parallel, the N-cadherin levels were increased. Taken together, these
data suggest that CD146 is required for the TGF-β-induced E-to N-
cadherin switch.

Next, we observed the effect of CD146 knockout on the morphology
of CD146KO MEFs. Compared to CD146WT MEFs, loss of CD146 trig-
gered a change in cell morphology from an elongated shape to a cobble
stone-like morphology, and also caused a decrease in the number of
fibroblast-like stress fibers (Fig. 3C). In addition, the CD146KO MEFs
showed reduction in the morphological changes when the cells were
treated with TGF-β (Fig. S3). This association of CD146 with cytoske-
letal remodeling suggests that CD146 induces EMT.

Therefore, we further examined the correlation between
CD146expression levels and the E-to N-cadherin switch by CD146
overexpression (CD146OE) in CD146WT MEFs. Elevated levels of CD146
in CD146OE MEFs compared with those in CD146WT MEFs were con-
firmed by western blotting. Next, the expression of E-cadherin and N-
cadherin in CD146OE, CD146WT, and CD146KO MEFs was examined.
There was a negative correlation between CD146 levels and E-cadherin
levels, and a positive correlation between CD146 levels and N-cadherin
levels in these three cell lines that expressed different levels of CD146
(Fig. 3D). A transwell assay revealed that increased cell motility showed
a significant positive correlation with CD146 expression levels (Fig. 3E
and F). In summary, these data show that CD146 is required for the
TGF-β-induced switch from E-cadherin to N-cadherin, suggesting that
CD146 may play a critical role in the EMT process.
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3.4. CD146 induces the E-cadherin to N-cadherin switch in human ovarian
cancer cells

Our previous study has shown that CD146 expression is positively
and significantly correlated with malignancy in cervical and en-
dometrial cancers [33]. We wondered whether such a correlation also
existed in another type of gynecological cancer, i.e., ovarian cancer, and

whether CD146 could induce EMT in ovarian cancer cells. To in-
vestigate CD146 expression in ovarian cancer, we conducted an im-
munohistochemical study using the AA1 anti-CD146 antibody on
samples collected from 124 normal and cancerous tissues. As sum-
marized in Tables S1 and S2, CD146 was detected in a large number of
ovarian cancer samples, especially in those with FIGO Stages III-IV,
suggesting that CD146 is positively associated with the malignant

Fig. 1. Induction of CD146 expression upon stimulation of TGF signaling. (A) Induction of CD146 expression after treatment of MEFs with the indicated EMT-
inducing factors (FGF4, 10 ng/mL; Netrin-1, 250 ng/mL; PDGF-C, 100 ng/mL; VEGF-A, 10 ng/mL; BMP2, 25 ng/mL; and TGF-β1, 10 ng/mL) was examined by
immunoblotting using an anti-CD146 antibody. Equal protein loading was estimated by assessing the levels of β-actin expression under each condition. (B) Schematic
of the mouse cd146 gene showing the CRISPR/Cas9-target sites. Individual exons are shown as boxes. The arrow indicates the direction of transcription. Exons 3–16
were replaced with a puromycin (Puro) resistance cassette. (C and D) CD146 protein expression in wild-type (CD146WT) and CD146 knockout (CD146KO) MEFs after
6 h stimulation with different doses of TGF-β1 (3–25 ng/mL, in C) or BMP4 (3–25 ng/mL, in D) was examined by immunoblotting. The band densities (mean ±
s.e.m.) for CD146 were measured in at least three independent immunoblots, and were normalized to those of β-actin (loading control). The signal from untreated
cells was set as one.
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phenotype in ovarian cancers, further strengthening the connection
between CD146 and EMT and metastasis.

We then selected the CD146+ SKOV3 ovarian cancer cell line to

examine the CD146 response to TGF-β signaling. As shown in Fig. 4A
and B, CD146 was up-regulated in SKOV3 cells following stimulation
with TGF-β1 or BMP4. These data suggest that TGF-β- mediated

Fig. 2. Time-dependent induction of CD146 by TGF signaling. (A and B) Expression of CD146 in CD146WTor CD146KO MEFs was examined by immunoblotting after
stimulation with TGF-β1 (10 ng/mL, in A) or BMP4 (10 ng/mL, in B) for the indicated times. Band densities (mean ± s.e.m.) for CD146 were measured in at least
three independent immunoblots and normalized to those of β-actin (loading control). The signal from untreated cells was set as one. (C and D) CD146WTor CD146KO

MEFs were stimulated with either TGF-β1 (10 ng/mL, in C) or BMP4 (10 ng/mL, in D) for the indicated times, and the expression and activation levels of SMAD2 and
SMAD3 (C) or SMAD1 and SMAD5, as well as the expression of SMAD8 (D) were examined by immunoblotting. (E and F) CD146WTor CD146KO MEFs were stimulated
with either TGF-β1 (10 ng/mL, in E) or BMP4 (10 ng/mL in F) for the indicated times and the expression levels of SMAD4 and SMAD7 in E or SMAD4 and SMAD6 in F
were assessed by immunoblotting.
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Fig. 3. CD146 mediates the E-cadherin-to-N-cadherin switch during TGF-β signaling-induced EMT in MEFs. (A) Expression levels of CD146 and the EMT markers, E-
cadherin and N-cadherin, were analyzed by immunoblotting following treatment of CD146WT or CD146KO MEFs with 10 ng/mL TGF-β1 or BMP4 for the indicated
times. Activation of SMAD2/3 by TGF-β1 and SMAD1/5 by BMP2 was also examined. (B) Immunoblotting analysis of CD146, E-cadherin, and N-cadherin in
CD146WT, CD146KO, or CD146KO MEFs transfected with pEGFP-N1, pRGFP-N1, or pEGFP-N1-CD146. (C) Immunofluorescence images of the F-actin cytoskeletal
organization in CD146WT (upper panel) and CD146KO (lower panel) MEFs. Nuclei are stained with DAPI (blue). Scale bar= 50 μm. (D) Immunoblotting analysis
showing the correlation between CD146 expression and the expression of E-cadherin and N-cadherin in CD146overexpressing (CD146OE), CD146WT, and CD146KO

MEFs. (E and F) Migration assays using CD146OE, CD146WT, and CD146KOMEFs. Representative images of the migrated or invaded cells are shown in E. Scale
bar= 200 μm.Data were collected from three independent experiments, **P < 0.01, compared with CD146KOMEFs in F. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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induction of CD146 expression might be a common feature in mam-
malian cells.

To simulate CD146 induction by TGF-β signaling, SKOV3 cells were
transfected with the pERFP-N1-CD146 vector (Fig. 4C), which encodes
CD146 tagged at its amino terminus with RFP. Compared to SKOV3
cells transfected with RFP alone, E-cadherin expression levels were

reduced and those of N-cadherin were significantly increased along
with the expected increase in CD146 expression in SKOV3-CD146-RFP
cells, demonstrating that CD146 also mediates the E-to N-cadherin
switch in ovarian cancer cells.

Furthermore, SKOV3-CD146-RFP cells had a dramatically different
morphology compared with the wild-type SKOV-RFP cells. CD146

(caption on next page)
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overexpression in SKOV3 cells triggered the transition from a cobble
stone-like morphology to an elongated shape associated with increased
cell scattering. In addition, the number of fibroblast-like stress fibers
were increased (Fig. 4D). Both a transwell assay and a wound healing
assay showed that there was an increase in cell motility that was po-
sitively and significantly correlated with CD146 protein levels (Fig. 4E
and I). In summary, these data clearly show that CD146 is required for
the TGF-β-induced cadherin switch and EMT in ovarian cancer cells.

3.5. CD146 expression is positively associated with a higher metastatic
potential

In ovarian cancers, CD146 expression was enhanced in the clinical
samples of cancerous gynecological tissues compared with their normal
counterparts (Fig. 5A). Fluorescent immunohistochemistical assays
showed that CD146 was detected mainly in the membranes and cyto-
plasm (Fig. 5B). The 106 patients representing all four stages of ovarian
cancer were divided in two groups based on the presence or absence of
CD146 by immunohistochemistry (IHC). Kaplan–Meier survival curves
showed that CD146 expression was clearly correlated with patient
survival rate. The CD146+ group was associated with a statistically
significant (P=0.017) decrease in overall survival time, with a 2.3-fold
higher risk of death (Fig. 5C).

Loss of E-cadherin has frequently been associated with poor prog-
nosis and survival in patients with various cancers [46]. Thus, we next
asked if the negative prognostic correlation corresponded with the loss
of E-cadherin in the CD146+ group. To perform this analysis, we ana-
lyzed 29 tissue samples taken from human ovarian cancers with a his-
tological grade of 3. Among these samples, only six of 29 specimens
were CD146− and E-cadherin−. The remaining 23 CD146+ specimens
were E-cadherin− (Fig. 5D and E and S4). These results further
strengthened the connection between CD146 and EMT and metastasis.

3.6. CD146 is associated with ERK- and STAT3-activation and twist
upregulation

TGF-β triggers canonical SMAD-dependent signaling as well as non-
canonical SMAD-independent pathways, such as those involving mi-
togen activated protein kinases (MAPKs) [47–50]. To explore how
CD146 regulates the E-to N-cadherin switch, the major non-canonical
pathways were examined in CD146WT and CD146KO MEFs following
treatment with either TGF-β1 or BMP4. We first investigated whether
activation of different MAPKs was affected by TGF-β-induced CD146
expression by measuring the phosphorylation (reflective of activation)
of ERK, p38, and JNK in CD146WT and CD146KO MEFs with or without
TGF-β1 or BMP4 stimulation. As shown in Fig. 6A, following either
TGF-β1 or BMP4 stimulation, the levels ofp38 and JNK phosphorylation
were similar between CD146WT and CD146KO MEFs, and did not appear
to be activated by either TGF-β1 or BMP4. In contrast, the basal levels
of ERK phosphorylation were higher in CD146WT MEFs compared to
CD146KO MEFs, and were increased by either TGF-β1 or BMP4 treat-
ment at the time points examined. Thus, deficiency of CD146 appears
specifically to contribute to decreased ERK activation in CD146KO cells.

Therefore, it is possible that CD146 contributes to the E-to N-cadherin
switch through ERK activation.

Because both CD146 and TGF-β signaling are implicated in im-
munity [34,43], we examined whether activation of NF-κB and STAT3,
two key transcriptional factors important in the immune response, was
affected by CD146 induction. As shown in Fig. 6B, the phosphorylation
levels of p65, a subunit of NF-κB, were comparable in CD146WT and
CD146KO MEFs both before and after stimulation with TGF-β1 or BMP4.
In contrast, STAT3 phosphorylation was significantly increased by TGF-
β1 or BMP4 treatment of CD146WT MEFs and was sustained up to 24 h
post-stimulation. In contrast, there was modest increase in STAT3
phosphorylation following stimulation with TGF-β1 or BMP4 in
CD146KO MEFs. Thus, CD146 specifically appears to contribute to the
prolonged activation of STAT3.

EMT-TFs are engaged in the suppression of E-cadherin expression in
various EMT processes and malignancies [51]. Because E-cadherin ex-
pression was increased in CD146KO MEFs, we wondered which EMT-TFs
are affected by CD146 and contribute to such a change. Immunoblot-
ting showed that the expression of Twist, but not Snail1, Snail2 (Slug),
or Zeb1, was positively correlated with CD146 expression (Fig. 6C).
This correlation was further confirmed in the three MEF cell lines with
different levels of CD146 expression, namely CD146OE, CD146WT, and
CD146KO MEFs (Fig. 6D).

To further confirm the requirement for CD146 in sustaining STAT3
activation and in upregulating the expression levels of Twist, GFP-
tagged CD146 was overexpressed in CD146KO MEFs to reconstitute
CD146 expression. The data showed a positive association between
CD146 expression and TGF-β1-induced activation of STAT3 and ERK,
and restoration of Twist upregulation (Fig. 6E), indicating that CD146
presence and its induction are required for STAT3 activation and Twist
upregulation.

3.7. CD146 mediates the E-cadherin to N-cadherin switch through STAT3/
Twist and ERK pathways

Although STAT3 is reported as a potent EMT inducer that inhibits E-
cadherin expression, the EMT-TF that is the transcriptional target of
STAT3 remains controversial [52]. We therefore analyzed the core
promoter regions of four EMT-TFs, encompassing a 2000 base pair se-
quence upstream of the transcriptional start site (+1) in each gene.
Bioinformatics analysis using the TFSEARCH program (version 1.3)
revealed that only the mouse Twist promoter region contained two
consensus binding sites for STAT3, i.e., A (−117/-109) and B (−131/-
121). We thus generated four constructs of the mouse Twist promoter
linked to a luciferase reporter, namely the wild type (pGL3-E-Twist-WT)
reporter and three mutant reporters with the STAT3-binding sites spe-
cifically deleted, i.e., deletion of the A site (pGL3-E-Twist-ΔSTAT3-A),
the B site (pGL3-E-Twist-ΔSTAT3-A), and both A/B sites together
(pGL3-E-Twist-ΔSTAT3-A/B) (Fig. 7A).

Next, we examined whether TGF-β induces Twist expression
through trans-activation of the Twist gene promoter. Strikingly, TGF-β1
significantly activated the WT Twist promoter with an induction level
similar to that seen for Twist protein in CD146WT and CD146KO cells.

Fig. 4. CD146 induces EMT in human ovarian cancer cells. (A and B) Induction of CD146 expression following 10 ng/mL TGF-β1 or BMP4 treatment in SKOV3 cells
was assessed by immunoblotting. Activation of SMAD2/3 by TGF-β1 and SMAD1/5 by BMP4was also examined. (C) Immunoblotting analysis showing the correlation
between CD146 expression levels and E-cadherin and N-cadherin expression levels in SKOV3 cells. Cells were transfected with empty vector pERFP-N1 or pERFP-N1-
CD146. (D) Immunofluorescence images of the F-actin cytoskeletal organization in SKOV3-RFP cells (upper panel) and SKOV3 cells overexpressing CD146 (SKOV3-
CD146, lower panel). Nuclei are stained with DAPI (blue). Scale bar= 50 μm. (E and F) Migration assay using SKOV3-RFP and SKOV3-CD146 cells. Representative
images of migrated or invaded cells are shown in E. Scale bar= 200 μm. Quantification of cell migration or invasion data, collected from three independent
experiments, **P < 0.01, compared with SKOV3 cells in F. (G) Schematic of the overall procedure used to assess wound healing. (H) Phase contrast photographs of
SKOV3-RFP (left) and SKOV3-CD146 (right) cells taken at 0 h (immediately after scratching), and at the indicated times showing wound closure. Scale bar= 200 μm.
(I) Quantification of cell invasion into the wounded area at different time points in SKOV3-RFP and SKOV3-CD146 cells represented as percentage of the wounded
area at time 0. Results represent the mean of three measures for each wounded area, and were obtained using duplicate biological samples. Error bars indicate SEM
(n=8). **P < 0.01, compared with SKOV cells. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this
article.)
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However, in these cell lines, Twist promoter activity was significantly
reduced in the absence of the STAT3-binding site A, B, or A/B (Fig. 7B),
indicating that STAT3 is required for the TGF-β-induced upregulation of
Twist.

E-cadherin expression is negatively correlated with STAT3 and
Twist. To examine whether STAT3/Twist is involved in the CD146-
mediated E-to N-cadherin switch, we treated CD146WT and CD146KO

cells with the selective STAT3 inhibitor NSC74859, either alone or in
combination with TGF-β1. As a result, the STAT3 inhibitor dramatically
blocked the upregulation of STAT3 and Twist, and in addition, reversed
the suppression of E-cadherin expression. In contrast, the STAT3 in-
hibitor had little effect on N-cadherin expression. These data indicate
that the STAT3/Twist pathway is involved in CD146-mediated inhibi-
tion of E-cadherin expression (Fig. 7C).

ERK activation is reportedly associated with the upregulation of N-
cadherin [53] and downregulation of E-cadherin [54]. We found that
the ERK inhibitor U0126 blocked N-cadherin expression, whereas it had

little effect on E-cadherin expression. Taken together, these data in-
dicate that the ERK pathway is involved in the upregulation of N-cad-
herin in MEFs (Fig. 7D). Furthermore, these data also indicate that
CD146 sufficiency is required for the TGF-β1-induced inhibition of E-
cadherin expression and N-cadherin upregulation.

4. Discussion

A thorough understanding of the EMT process will facilitate a better
understanding of cancer metastasis, which is the major barrier to cancer
patient survival. Here, we reveal how CD146 mediates the E-cadherin
to N-cadherin switch during TGF-β-induced EMT. This study suggests
that a functional reversion of this cadherin switch may reduce the ef-
fects of TGF-β on the induction of the EMT itself, on malignancy, as well
as on cancer metastasis.

Although numerous studies have focused on the mechanism un-
derlying TGF-β signaling in EMT, the precise contributions of TGF-β

Fig. 5. CD146 is associated with ovarian cancer. (A) Expression of CD146 in the clinical samples of normal and cancerous gynecological tissues. Representative
immunohistochemical staining of CD146 in the clinical samples. (B) Immunofluorescence images of CD146 in ovarian cancer samples. Nuclei are stained with DAPI
(blue). (C) Kaplan–Meier progression-free survival curves showing the difference between CD146-and CD146+ groups. (D) Representative immunohistochemical
staining of CD146 and E-cadherin in samples of epithelial ovarian cancer. (E) Statistical correlation between CD146 expression and E-cadherin expression in
epithelial ovarian cancers. A Pearson's χ2 test was used to determine the correlation. P < 0.05 was considered significant. Scale bar= 200 μm. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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signaling in EMT have not been fully clarified [28]. Our results showing
cooperation between CD146 and TGF-β in EMT suggest that CD146-
controlled signaling is a critical non-canonical pathway in TGF-β

signaling. For this reason, simultaneously targeting of both CD146 and
TGF-β signaling could have better efficacy with respect to cancer
therapy compared to targeting either pathway alone.

Fig. 6. CD146 is correlated with upregulation of ERK, STAT3, and Twist. (A–C) CD146WT and CD146KO MEFs were stimulated with either TGF-β1 (10 ng/mL) or
BMP4 (10 ng/mL) for the indicated times. Expression of CD146 as well as the expression and activation of p38MAPK, JNK, or ERK, was examined by immunoblotting
in A. The expression and activation of p65 and STAT3 was examined by immunoblotting in B. The expression of the EMT-TFs Twist, Snail1, Slug (Snail2), and Zeb1
were examined by immunoblotting in C. (D) CD146OE, CD146WT, andCD146KO MEFswere immunoblotted to assess the basal levels of phospho-ERK, -STAT3, and
Twist expression. (E) CD146WT transfected with pEGFP-N1, or CD146KO transfected with pEGFP-N1 or pEGFP-N1-CD146 were stimulated with either TGF-β1 (10 ng/
mL) or BMP4 (10 ng/mL). The expression of CD146 and Twist, and the activation of STAT3 and ERK was assessed by immunoblotting.
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Accumulating evidence has shown that upregulation of N-cadherin
is more important in cancer metastasis than the loss of E-cadherin
[55,56]. Our previous study suggested that CD146-mediated inhibition
of E-cadherin expression by enhancing Snail2 (Slug) expression might
be a general feature common to all breast cancer cells [45]. Functional
restoration of E-cadherin or depletion of N-cadherin has been show to
inhibit tumor cell motility and invasion in some tumors [57,58]. Thus,

our present findings that CD146 can simultaneously inhibit E-cadherin
and upregulate N-cadherin strongly imply that CD146 is a crucial
player in EMT progression.

EMT-TF-mediated suppression of E-cadherin expression is involved
in various malignancies [28]. Our previous study revealed that in
CD146- MCF-7 cells, forced overexpression of CD146 can upregulate
Snail2 (Slug) expression [45]. The present study showed that CD146

Fig. 7. CD146 mediates the E-cadherintoN-cadherin switch in TGF-β-induced EMT. (A) Diagrammatic representation of the mouse Twist luciferase reporters. The
wild-type reporter of pGL3-E-Twist-WT is shown in the upper panel. Mutants with deletions of one of each or both STAT3-binding sites (pGL3-E-Twist-ΔSTAT3-A,
pGL3-E-Twist-ΔSTAT3-Bor pGL3-E-Twist-ΔSTAT3-A/B) are shown in the lower panels. (B) CD146WT or CD146KOMEFs were transfected with pGL3-E-Twist-WT,
pGL3-E-Twist-ΔSTAT3-A, pGL3-E-Twist-ΔSTAT3-B, or pGL3-E-Twist-ΔSTAT3-A/B together with pRL-TK and stimulated with 10 ng/mL of TGF-β1. Luciferase activity
was determined at 24 h after treatment. (C) Inhibition of STAT3 relieved the suppression of E-cadherin expression. CD146WT or CD146KO MEFs were stimulated with
or without TGF-β1 (10 ng/mL) for 24 h in the presence or absence of the STAT3 inhibitor NSC74859 (200 μM). The expression of CD146, the expression and
activation of STAT3, and the expression levels of E-cadherin, N-cadherin, and Twist were assessed by immunoblotting. (D) Inhibition of ERK suppresses N-cadherin
expression. CD146WT or CD146KO MEFs were stimulated with or without TGF-β1 (10 ng/mL) for 24 h in the presence or absence of the ERK inhibitor U0126 (2 μM).
The expression and activation of ERK and the expression of E-cadherin and N-cadherin was assessed by immunoblotting.
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expression is positively correlated with the expression of Twist, but not
other EMT-TFs, reinforcing the notion that TGF-β can activate different
EMT-TFs in different cellular contexts [28].

Our study implies that the CD146-STAT3-Twist axis represents a
crucial cascade downstream of TGF-β signaling for inhibition of E-
cadherin expression as well as EMT. STAT3 is known to be an essential
non-canonical pathway in TGF-β-induced EMT [59–61]. In this regard,
based on the fact that CD146 induction by TGF-β treatment occurred
concurrently with the enhanced STAT3 activation and Twist upregu-
lation, we speculate that the inhibition of E-cadherin expression by
Twist relies at least partially on CD146-mediated STAT3 activation.

ERK signaling has been shown to modulate the expression of both
E− and N-cadherin in a cell context dependent manner [53,62,63]. We
found that the presence of CD146 is linked with sufficient ERK acti-
vation, as well as N-cadherin upregulation, suggesting that the CD146/
ERK cascade is required for the increase in N-cadherin expression ob-
served during the cadherin switch.

Taken together, our findings provide explicit evidence on how
CD146 concurrently inhibits E-cadherin expression and upregulates N-
cadherin expression in response to TGF-β, and will facilitate a better
understanding of the key non-canonical pathways in TGF-β signaling
involved in EMT as well as in cancer metastasis. Therefore, this study is
expected to elucidate the general mechanism by which cells substitute
E-cadherin with N-cadherin in order to initiate EMT and provides in-
sights for targeting CD146 as an effective strategy in the treatment of
cancer, especially in ovarian cancer.
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