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The cell adhesion molecule CD146 is a novel inducer of epithelial–mesenchymal transition
(EMT), which was associated with triple-negative breast cancer (TNBC). To gain insights into
the complex networks that mediate CD146-induced EMT in breast cancers, we conducted a
triple Stable Isotope Labeling with Amino Acids in Cell Culture (SILAC), to analyze whole cell
protein profiles of MCF-7 cells that had undergone gradual EMT upon CD146 expression from
moderate to high levels. In this study, we identified 2293 proteins in total, of which 103
exhibited changes in protein abundance that correlated with CD146 expression levels,
revealing extensive morphological and biochemical changes associated with EMT. Ingenuity
PathwayAnalysis (IPA) showed that estrogen receptor (ER) was themost significantly inhibited
transcription regulator during CD146-induced EMT. Functional assays further revealed that
ER-α expressionwas repressed in cells undergoingCD146-inducedEMT,whereas re-expression
of ER-α abolished their migratory and invasive behavior. Lastly, we found that ER-α mediated
its effects on CD146-induced EMT via repression of the key EMT transcriptional factor Slug. Our
study revealed themolecular details of the complex signaling networks during CD146-induced
EMT, and provided important clues for future exploration of the mechanisms underlying the
association between CD146 and TNBC as observed in the clinic.

Biological significance
This study used a proteomics screen to reveal molecular changes mediated by CD146-
induced epithelial–mesenchymal transition (EMT) in breast cancer cells. Estrogen receptor
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(ER) was found to be the most significantly inhibited transcription regulator, which
mediated its effects on CD146-induced EMT via repression of the transcriptional factor Slug.
Elucidation of protein interaction networks and signal networks generated from 103
significantly changed proteins would facilitate future investigation into the mechanisms
underlying CD146 induced-EMT in breast cancers.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The term epithelial–mesenchymal transition (EMT) describes
the biological process in which a polarized epithelial cell,
distinguished by both cobblestone-like morphology and re-
stricted cellmotility, is converted into an elongated spindle-like
shape mesenchymal cell with increased cell migratory and
invasive capabilities [1]. Molecularly, EMT is characterized by
the loss of the key epithelialmarker E-cadherin and cytokeratin
intermediated filaments, and a gain of N-cadherin-mediated
inter-cell adhesion system and vimentin filaments. Originally
identified as a mechanism essential for morphogenesis during
embryonic development, more recently EMT has been impli-
cated in cancer progression andmetastasis. It is believed that a
subset of primary epithelial tumor cells undergo EMT in the
process of which they acquire enhanced cell motility and
invasiveness, enabling them to initiate local invasion and distal
metastasis [2].

The hallmark event of an EMT is the loss of the epithelial
marker E-cadherin [3], which can be transcriptionally repressed
by a series of transcription factors including Snail, Slug, Zeb, E47
and Twist. A number of signal pathways converge on these key
transcription factors to regulate an EMT, such as TGF-β, Wnt
and Notch signal pathways. Diverse growth factors and their
corresponding tyrosine kinase receptors, including Met, FGF,
IGF, EGF and PDGF familymembers, also play important roles in
inducing EMT-like morphogenetic events [4]. In addition to the
pathways triggered by these well-known membrane receptors,
cell adhesion molecules and intracellular molecules have been
described recently as inducers of EMT. For instance, L1-CAM
induces EMT in epithelial breast cancer cells through disruption
of E-cadherin-mediated adhesion junctions and promotion of
β-catenin nuclear localization [5]. Due to the cooperation of
multiple signaling pathways in an EMT process, the molecular
events and signal networks activated by each individual EMT
inducer are complex and remain poorly understood.

We recently identified another cell adhesion molecule,
namely CD146, as a novel EMT inducer [6]. CD146, also known
asMCAM, M-CAM andMUC18, is amember of the immunoglob-
ulin superfamily. Originally identified as a melanoma-specific
marker [7], CD146 has been found to play an important role in
tumor angiogenesis [8,9] and tumor progression of several
cancers, includingmelanoma [7], prostate cancer [10,11], epithe-
lial ovarian cancer [12,13], lung adenocarcinomas [13,14], gastric
cancer [15], mesothelioma [16,17] and breast cancer [6,18,19]. In
our previous work, we found that overexpression of CD146
allows epithelial breast cancer cells to undergo EMT, which
endows cells with migratory and invasive properties, and also
induces stem cell-like properties. An orthotopic breast cancer
mouse model showed that CD146-induced EMT promotes
tumorigenesis and metastasis. Immunohistochemical analysis
of 505 breast cancer samples further revealed that CD146
expression is significantly associated with high tumor grade,
poor prognosis, ER-negative status and TNBC phenotype [6].
These results provided insights into the underlyingmechanisms
by which the RhoA/Slug axis mediates CD146-induced EMT,
and initiated experimental examination of additional essential
mechanisms and the exact function of CD146 in this process.

Here, we have carried out an in-depth triple-SILAC-labeling
comparative proteomic analysis of the breast cancer cell line
MCF-7 that underwent gradual CD146-mediated EMT, whereby
CD146 was expressed at moderate to high levels. Analysis of
whole cell protein expressionprofiles usingMaxQuant identified
novel proteins with altered abundances that correlated with
differences in CD146 expression. The identified proteins provid-
ed clues to generate complex interaction and signaling net-
works, and possible transcriptional regulators that mediate
CD146-induced EMT. For all proteins exhibiting altered abun-
dances, gene expression levels were examined via microarray
mRNA expression analysis. Furthermore, an in vitro system
was employed to confirm the functional outcomes of the key
transcription regulator during the CD146-induced EMT process.
Taken together, our study revealed that breast cancer cells with
CD146 overexpression underwent extensive morphological and
biochemical changes associated with EMT, and provided evi-
dences for further exploration of the mechanisms underlying
the association between CD146 and clinical TNBC.
2. Experimental procedure

2.1. Cell culture and SILAC labeling

MCF-7 (American Type Culture Collection, USA) derived cell
lines, including vector control MCF-7-Mock (Mock cells) as well
as CD146-overexpressing clones MCF-7-B10 (B10 cells) and
MCF-7-A5 (A5 cells) were maintained in Minimum Essential
Media (MEM, Invitrogen) supplemented with 10% fetal bovine
serum (Invitrogen). To generate triple encoding SILAC condi-
tions, normal MEM medium deficient in arginine and lysine
(Invitrogen) was supplemented with stable isotope-encoded
arginine and lysine (Cambridge Isotope Laboratories, Inc.). For
Mock cells with “Light” labeling, L-[12C6,14N4] arginine (Arg0) and
L-[12C6,14N2] lysine (Lys0) were used; for B10 cells with “Medium”
labeling, L-[13C6] arginine (Arg6) and L-[2H4] lysine (Lys4) were
used; for A5 cells with “Heavy” labeling, L-[13C6,15N4] arginine
(Arg10) and L-[13C6,15N2] lysine (Lys8) were used.
Final concentrations of arginine and lysine were 84 mg/ml
and 146 mg/ml in MEM medium, respectively. Each cell line
was grown in all of the appropriate media over the period of
6 generations. For each SILAC condition, MEM medium
was supplemented with 10% dialyzed fetal bovine serum
using 10-kDa cutoff tubing (Invitrogen), and 1% streptomycin
(10 mg/ml)/penicillin (10,000 units/ml).
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2.2. Immunofluorescence microscopy

Cells were cultured on round coverslips in 6-well plates until
they reached 80% confluence. Then cells were washed twice
with PBS buffer, fixed with 4% paraformaldehyde for 15 min,
permeabilized with 0.1% Triton/PBS for 3 min at room temper-
ature, and blocked for 30 min using 5% normal goat serum.
Coverslips were subsequently incubated with anti-CD146
(AA1 ascites, generated by our lab), anti-E-cadherin (Abcam),
anti-vimentin (Sigma) or anti-ER-α (Santa Cruz) antibodies for
1 h at 37 °C, followed by incubationwith anAlex Fluor 488 (Fab)2
fragment of goat anti-mouse or rabbit IgG (H + L) (Invitrogen) for
45 min at 37 °C. Finally, cells were analyzed by confocal laser
scanning microscopy (FV-1000, Olympus, Japan).

2.3. Western blot

Cells were lysed in RIPA lysis buffer (150 mMNaCl, 1 mMEDTA,
50 mM Tris, pH 8.0, 10% glycerol, 1% Triton X-100, 1 mM
phenylmethylsulfonyl fluoride (PMSF), and 25 μg/ml aprotinin)
andwere transferred onto nitrocellulosemembranes (Millipore)
following separation by 10% SDS-PAGE. Membranes were
blocked with 5% nonfat dry milk in PBS for 1 h, followed by
incubation with the appropriate primary antibodies for 1 h,
and HRP-conjugated anti-mouse or anti-rabbit antibodies (GE
Healthcare) incubation for 45 min at room temperature. En-
hanced chemiluminescence (Pierce) was used to detect the
presence of specific immunoreactive proteins.

2.4. Sample preparation

Cells were washed three times with PBS buffer and then lysed
by sonication in lysis buffer (7 M urea, 2 M thiourea, 1 mM
CompleteMini EDTA-free Cocktail (Roche)). The lysatewas then
centrifuged for 15 min at 20,000 g and the supernatant was
transferred into a new tube. Protein concentration was deter-
mined by Bradford assay (Pierce). Proteinswere reduced (10 mM
dithiothreitol, 45 min) and alkylated (30 mM iodoacetamide,
45 min at room temperature in the dark). Excess iodoacetamide
was removed by 40 mM DTT at room temperature. Lys-C was
added in a 1:75 (w/w) ratio and incubated for 4 h at 37 °C.
Samples were diluted four times with 50 mM ammonium
bicarbonate buffer. Sequencing-grade trypsin (Promega) was
added in a 1:100 (w/w) ratio and the incubation was carried out
overnight at 37 °C.

2.5. LC–MS analysis

LC–MS was performed as reported by John Yates using LTQ
orbitrap MS (Thermo Fisher Scientific, Waltham, USA) [20,21].
100 μg digested peptideswere injected into a self-made biphasic
capillary column 200 μm i.d. packed with 3 cm of a C18 resin
(Sunchrom 5 μm, Germany) and 3 cm of a strong cation
exchange resin (Luna 5 μm SCX 100A, Phenomenex). The used
bufferswere 0.1% FA (buffer A), 100%ACN/0.1% FA (buffer B), and
800 mM ammonium acetate 5% ACN/0.1% FA (buffer C). The
peptide effluents of the biphasic column in each step were
directed onto a 15 cm C 18 analytical column (75 μm i.d.) with
500 nl flow rate. The biphasic column was firstly desalted with
buffer A and then eluted using an 11-step salt gradient ranging
from 0 to 800 mM ammonium acetate. The specific steps were
as follows: step 1 involved 0–80% mobile phase B for 100 min.
Steps 2 to 10 have the following profile, and in this order: 100%
mobile phase A for 3 min, X% mobile phase C for 10 min, 0–10%
mobile phase B in gradient for 5 min, 10%–35%mobile phase B in
gradient for 77 min, 35%–100% mobile phase B for 10 min, and
80% mobile phase B of the balanced column for 10 min. X%
mobile phase C represents the concentration of ammonium
acetate of 5%, 10%, 15%, 20%, 30%, 40%, 50%, 60%, 80% and 100%.
Nano-ESI was accomplishedwith a spray voltage of 2.0 kV and a
heated capillary temperature of 200 °C. Mass spectra were
acquired in a data-dependent manner. One full MS scan
(300–1800) in the orbitrap was followed by five MS/MS scans on
the fivemost intense ions selected from theMSspectrum in LTQ.
The orbitrap analyzer resolutionwas set at 60,000 (atm/z = 400).
Charge state screening was enabled for +2, +3, +4 and above. All
MS/MS spectra were acquired using the following parameters:
normalized collision energy, 35%; ion selection threshold
maximum injection time, 150 ms; dynamic exclusion time,
120 s; exclusion list size, 300.

2.6. Data analysis

Raw mass spectrometric data were analyzed using MaxQuant
software (version 1.2.2.5) [22,23]. A false discovery rate (FDR) of
0.01 for proteins and peptides, and aminimumpeptide length of
5 amino acids were required. MS/MS spectra were searched by
Andromeda against the IPI human database (version 3.85)
(containing 84,808 entries) combinedwith 262 common contam-
inants (http://www.maxquant.org/downloads.htm) and con-
catenated with the reversed versions of all sequences. The
minimum number of peptides or MS/MS required to positively
identify a proteinwas one; theminimumnumber of quantitative
values fromMSpairs required to provide a statistically valid ratio
of a proteinwas two. For theAndromeda search trypsin allowing
for cleavage N-terminal to proline was chosen as enzyme
specificity. Cysteine carbamidomethylation was selected as a
fixed modification, while protein N-terminal acetylation and
methionine oxidation were selected to serve as variable modi-
fications. MaxQuant determined the SILAC state of peptides by
the mass differences between SILAC peptide pairs. This infor-
mation was used to perform searches with Arg6 and Lys4 or
Arg10 and Lys8 as variable modifications. At maximum, two
missed cleavages and three labeled amino acids were allowed.
Initial mass deviation of precursor ion was up to 7 ppm, and
mass deviation for fragment ions was 0.5 units on them/z scale.
Quantification in MaxQuant was performed as described previ-
ously [23]. The “Requantify” option was enabled, which in elect
integrates noise levels for undetected SILAC partners, in order to
estimate a lower limit on the SILAC ratio.

2.7. GeneChip expression analysis

Total RNA was extracted from 5 × 106 MCF-7 cells using TRIZOL
reagent (Invitrogen) following the instructions of the manufac-
turer, and checked RIN numbers as a measure of RNA integrity
using the Agilent Bioanalyzer 2100 system (Agilent, Santa Clara,
CA, USA). High-quality total RNA was further purified using the
RNeasy micro kit (Cat #74004, QIAGEN, GmBH, Germany) and
RNase-Free DNase Set (Cat #79254, QIAGEN, GmBH, Germany).

http://www.maxquant.org/downloads.htm
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RNA was labeled and hybridized to the Affymetrix GeneChip®
Human Genome U133 Plus 2.0 Arrays (Affymetrix/Millenium,
SantaClara, CA,USA). Toobtainbiotinylated cRNA, total RNAwas
amplified, labeled and purified using GeneChip 3′IVT Express Kit
(Cat #901229, Affymetrix, Santa Clara, CA, USA) following the
manufacturer's instructions. Array hybridization and washes
were performedusingGeneChip®Hybridization,Wash and Stain
Kit (Cat #900720, Affymetrix, Santa Clara, CA, USA) in Hybridiza-
tion Oven 645 (Cat #00-0331-220 V, Affymetrix, Santa Clara, CA,
USA) and Fluidics Station 450 (Cat #00-0079, Affymetrix, Santa
Clara, CA, USA) following the manufacturer's instructions. Slides
were scanned by GeneChip® Scanner 3000 (Cat #00-00212,
Affymetrix, Santa Clara, CA, USA) and Command Console
Software 3.1 (Affymetrix, Santa Clara, CA, USA) with default
settings. Raw datawere normalized using theMAS 5.0 algorithm,
Gene Spring Software 11.0 (Agilent, Santa Clara, CA, USA).

2.8. RNA isolation and reverse transcription-PCR (RT-PCR)

TRIZOL reagentwas used to isolate total RNA fromcultured cells.
2 μg of RNA was subjected to cDNA synthesis by Superscript III
reverse transcriptase (Invitrogen). The PCR reaction was then
performedusing 1 μl cDNAand a pair of primers specific for each
gene. PCR products were visualized on a 1% agarose gel by
staining with EB and photographed with a gel imaging system
(Bio-Rad Laboratories). The sequences of the PCR primers are as
Fig. 1 – Strategy to explore the cellular signaling networks involv
Mock cells, light-labeling (Arg0, Lys0); B10 cells, medium-labelin
major response patterns associated with CD146 expression leve
includes proteins significantly up-regulated in A5 cells alone an
includes proteins significantly down-regulated in A5 cells alone
(intensity-dependent P value) calculated by MaxQuant ≤ 0.01, as
follows: CD146, Forward 5′-GCT GCC CAG TGG GAA CCA CA-3′;
Reverse 5′-ATCATGGTGTCCAAGTTCCAGGC-3′. ER-α, Forward
5′-CAC TCAACAGCG TGT CTC CGA-3′; Reverse 5′-CCA ATC TTT
CTC TGC CAC CCT G-3′. GAPDH, Forward 5′-AGG TCG GAG TCA
ACG GAT TTG-3′; Reverse 5′-GTG ATG GCA TGG ACT GTG GT-3′.

2.9. Plasmid construction and transfection

The coding sequence of human ER-αwas cloned in-frame into
the EcoRI and BamH I sites of the plasmid p3 × FLAG-cmv-14.
Vectors were transfected into MCF-7 A5 cells using Fugen HD
reagent according to the manufacturer's instructions (Roche).

2.10. Transwell invasion assay

Cell migration was assayed using Transwell (8 μm pore size;
Corning Costar) pre-coated with Matrigel (2.5 mg/ml, BD Biosci-
ences). 5000 cells were resuspended in serum free medium and
transferred into upper chamber of each well. Lower chambers
contained fresh medium containing 10% fetal bovine serum
as chemoattraction. After incubation at 37 °C overnight, cells
remaining at the upper surface of themembrane were removed
using a swab,whereas cells that invaded to the lowermembrane
surface were fixed with 4% paraformaldehyde and stained with
Crystal violet solution. Thenumber of cells invading through the
filter was photographed and counted.
ed in CD146-induced EMT. (A) Three SILAC-labeled condition.
g (Arg6, Lys4); A5 cells, heavy-labeling (Arg10, Lys8). (B) Four
ls as reflected in SILAC spectra. The “up-regulated trend”
d in both B10 and A5 cells; the “down-regulated trend”
and in both B10 and A5 cells. *, significance B value
compared with Mock cells.
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3. Results

3.1. CD146 overexpression induces EMT in breast cancer cells

Our previous study showed that MCF-7 cells that were stably
transfected with CD146 underwent EMT, revealing that CD146
is a previously unknown inducer of EMT in breast cancer cells
[6]. In this study, vector control clone MCF-7-Mock (Mock), as
well as CD146-expressing clones MCF-7-B10 (B10) and
MCF-7-A5 (A5) were assessed for characteristic changes
associated with EMT. As shown in Fig. S1A, Mock cells with a
CD146-negative status maintained their cobblestone-like
morphology, exhibiting strong intercellular contact. In
Fig. 2 – MaxQuant analysis identifies proteins with altered abun
protein expression patterns. The significantly changed proteins
“up-regulated”, log2-ratio > 0 and significance B value ≤ 0.01, “D
significance B value ≤ 0.01 and “medium” represents “unchange
differently expressed proteins correlated with CD146 expression
proteins indicated as orange triangles were up-regulated only in
indicated as red squares were up-regulated both in B10 and in A5
yellow–green diamonds were down-regulated only in A5 cells (B
as green circles were down-regulated both in B10 and in A5 cells
gray dots were the proteins for which no significant changes we
CD146 expression pattern.
contrast, A5 cells with the highest CD146 expression exhibited
an elongated spindle-like morphology as well as pronounced
cellular scattering. B10 cells that expressed CD146 at moder-
ate levels resembled a transitional phenotype between
Mock and A5 cells. In addition, an immunofluorescent
assay showed that the epithelial marker E-cadherin was
decreased and the mesenchymal maker vimentin was grad-
ually increased in B10 and A5 cells when compared to levels
observed in Mock cells (Fig. S1B). These changes of EMT
markers were further confirmed by immunoblotting (Fig. S1C).
More importantly, increased expression of CD146, especially
in A5 cells, significantly promoted cell invasion through
Matrigel, whereas few invading cells were observed in Mock
cells (Fig. S1D).
dance in CD146-induced EMT. (A) Summary of nine different
were defined by significance B. “Up” represents
own” represents “down-regulated”, log2-ratio < 0 and
d” and significance B value > 0.01. (B) Distribution of
level in breast cancer cells. Compared with Mock cells,
A5 cells (B10/Mock medium + A5/Mock Up, mU), proteins
cells (B10/Mock Up + A5/Mock Up, UU), proteins indicated as
10/Mock medium + A5/Mock Down, mD), proteins indicated
(B10/Mock Down + A5/Mock Down, DD). Proteins indicated as
re observed, or whose expression did not correlated with



Table 1 – Selected proteins that were differently expressed during CD146-induced EMT.

Gene name Protein name SILAC protein ratios
(log2)

Microarray fold change
(log2)

Pattern

M/La H/Lb M/La H/Lb

DHRS9 Dehydrogenase/reductase SDR family member 9 3.1503 5.9396 0.9600 5.4050 UU
AKR1B1 Aldose reductase 2.1478 3.7042 6.8733 4.5105 UU
MGST3 Microsomal glutathione S-transferase 3 2.3156 4.6122 1.9465 3.4021 UU
MSN Moesin 2.5248 4.2494 10.9832 5.9426 UU
IGF2BP2 Insulin-like growth factor 2 mRNA-binding protein 2 2.6292 3.2872 3.8849 7.8940 UU
RCN1 Reticulocalbin-1 5.1680 4.0759 5.6921 −1.7602 UU
SERPINB8 Serpin B8 −0.7966 5.6386 −0.5953 4.6458 mU
S100A4 Protein S100-A4 −1.5816 5.9899 −2.0380 6.6345 mU
EVL Ena/VASP-like protein −1.7745 4.7980 −1.2277 −2.4297 mU
EXOSC1 Exosome complex component CSL4 0.5293 6.0559 −0.1373 6.4361 mU
ANXA1 Annexin A1 −0.5988 5.6929 −0.4507 1.5997 mU
PRKCDBP Protein kinase C delta-binding protein −0.1889 6.1263 −1.8594 8.0401 mU
CD44 CD44 antigen −1.8494 4.5108 0.8654 3.7211 mU
SORBS3 Vinexin −1.7274 5.8594 −0.6275 3.1873 mU
SNCG Gamma-synuclein 0.1650 5.4414 −0.2360 3.8941 mU
ARHGAP26 Rho GTPase-activating protein 26 2.1544 7.7215 0.7632 4.5270 mU
PTGR1 Prostaglandin reductase 1 −2.3614 2.5521 −4.4143 −0.3219 mU
FAM114A2 Protein FAM114A2 −0.9291 4.0661 0.5862 0.0119 mU
MCAM Cell surface glycoprotein MUC18 0.1718 5.2471 1.6081 3.8403 mU
CAPG Macrophage-capping protein −1.6552 3.6211 −1.2036 9.3288 mU
HTRA1 Serine protease HTRA1 −0.1453 5.2657 0.9296 0.9995 mU
ANXA8 Annexin A8 −1.7013 3.7808 −3.0529 1.9247 mU
HMSD Serpin-like protein HMSD 0.5151 4.8907 NA NA mU
HEPH Hephaestin −0.2955 4.4267 0.3646 7.9957 mU
IGBP1 Immunoglobulin-binding protein 1 −0.3333 3.4760 −0.7264 −4.7027 mU
HMGA2 High mobility group protein HMGI-C 1.8020 5.8292 0.0606 5.0252 mU
HMGA1 High mobility group protein HMG-I/HMG-Y −1.2526 2.9794 1.5346 4.7883 mU
CRYAB Alpha-crystallin B chain −0.5370 4.5050 1.1090 10.4245 mU
BCAT1 Branched-chain-amino-acid aminotransferase, cytosolic 1.2725 5.9013 4.5796 10.7317 mU
VIM Vimentin 1.2033 5.3044 6.8544 12.0688 mU
ITGA3 Integrin alpha-3 −1.2206 3.0904 −2.1203 2.6616 mU
DPYSL3 Dihydropyrimidinase-related protein 3 −1.0274 3.0569 1.6320 6.0411 mU
NDRG1 Protein NDRG1 −0.1331 3.9928 1.3806 0.3493 mU
ABCB1 Multidrug resistance protein 1 0.4707 4.4217 0.4357 2.0858 mU
ABCB4 Multidrug resistance protein 3 0.4707 4.4217 −0.6412 4.6187 mU
GLIPR2 Golgi-associated plant pathogenesis-related protein 1 0.6706 4.0163 0.7661 0.9433 mU
TNS1 Tensin-1 −0.5526 3.5739 0.4626 7.5523 mU
EML2 Echinoderm microtubule-associated protein-like 2 −0.2679 3.8045 0.2947 6.4576 mU
ITGA6 Integrin alpha-6 0.7445 3.6439 1.6133 2.3327 mU
TUBB6 Tubulin beta-6 chain −0.2552 3.3219 0.2611 −6.2433 mU
PIR Pirin −0.0222 3.1423 1.8418 0.7530 mU
DGKA Diacylglycerol kinase alpha −0.4022 3.0784 0.1890 5.8408 mU
DGKB Diacylglycerol kinase beta −0.4022 3.0784 1.0574 6.2691 mU
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EHD2 EH domain-containing protein 2 −0.0291 2.5486 0.9806 2.0256 mU
EHD4 EH domain-containing protein 4 −0.0291 2.5486 0.0938 0.6595 mU
RTN4 Reticulon-4 0.1609 2.6347 −0.6255 4.0694 mU
TLN1 Talin-1 0.1165 2.7753 0.4580 4.3390 mU
LRP1 Prolow-density lipoprotein receptor-related protein 1 0.5902 3.0364 −0.1722 2.5387 mU
CAPN2 Calpain-2 catalytic subunit 1.0451 3.7599 0.0360 1.9381 mU
KTN1 Kinectin 0.8816 2.5715 0.3172 4.9376 mU
CPD Carboxypeptidase D 1.0220 3.1239 1.2136 5.3979 mU
GLUD1 Glutamate dehydrogenase 1, mitochondrial 0.4535 2.7915 0.8047 −3.0362 mU
GLUD2 Glutamate dehydrogenase 2, mitochondrial 0.4535 2.7915 0.3353 2.1039 mU
ZNF598 Zinc finger protein 598 0.4439 2.9802 0.8034 3.8897 mU
CKAP4 Cytoskeleton-associated protein 4 0.6014 2.8301 0.5064 0.1389 mU
TUBB2A Tubulin beta-2A chain 1.2549 3.2775 0.9721 5.4901 mU
TUBB2B Tubulin beta-2B chain 1.2549 3.2775 0.9721 5.4901 mU
ARL6IP5 PRA1 family protein 3 0.7327 2.6680 1.0812 −4.0565 mU
HK2 Hexokinase-2 1.9399 3.0020 4.8978 4.8646 mU
PRPS1 Ribose-phosphate pyrophosphokinase 1 1.9231 2.9077 1.9945 0.7625 mU
PRPS1L1 Ribose-phosphate pyrophosphokinase 3 1.9231 2.9077 2.0633 6.7224 mU
GCLM Glutamate–cysteine ligase regulatory subunit 1.6148 2.6846 1.5512 −1.1056 mU
CYB5R3 NADH-cytochrome b5 reductase 3 1.5811 2.5261 1.1757 0.3372 mU
IGF2BP3 Insulin-like growth factor 2 mRNA-binding protein 3 3.3250 3.1471 1.5999 4.2568 mU
PLK1 Serine/threonine-protein kinase PLK1 1.2101 −4.9258 0.1835 3.4478 mD
SCRN1 Secernin-1 −0.8396 −4.1405 −0.6811 −3.3555 mD
APEX1 DNA-(apurinic or apyrimidinic site) lyase −0.8267 −4.4391 −0.5111 −2.8552 mD
TK1 Thymidine kinase, cytosolic −0.2057 −3.9083 −1.1119 −2.3718 mD
DLST Dihydrolipoyllysine-residue succinyltransferase component of

2-oxoglutarate dehydrogenase complex, mitochondrial
−0.8293 −5.0930 −1.0032 −3.2990 mD

DBI Acyl-CoA-binding protein −1.2443 −5.3808 −0.8163 −7.1380 mD
COX4I1 Cytochrome c oxidase subunit 4 isoform 1, mitochondrial 0.2378 −3.9546 −0.3067 −4.3688 mD
PPP2R4 Serine/threonine-protein phosphatase 2A activator −0.6353 −4.4422 −1.1691 −0.3722 mD
SH3BGRL SH3 domain-binding glutamic acid-rich-like protein −1.4509 −5.5195 −0.1898 −9.9658 mD
COX5B Cytochrome c oxidase subunit 5B, mitochondrial −0.4013 −4.9258 −0.0950 −2.5204 mD
SLC7A5 Large neutral amino acids transporter small subunit 1 −1.0613 −5.0162 −1.3492 −6.2002 mD
C19orf10 UPF0556 protein C19orf10 −0.0833 −4.1559 1.0032 −0.3675 mD
REEP5 Receptor expression-enhancing protein 5 −1.5019 −5.6657 −1.2112 −2.9203 mD
FAM82B Regulator of microtubule dynamics protein 1 −0.9968 −5.2002 −0.6244 −3.6153 mD
DIDO1 Death-inducer obliterator 1 −0.5888 −5.9214 −1.7070 −4.3306 mD
RSL1D1 Ribosomal L1 domain-containing protein 1 −0.4150 −4.5598 0.5310 −3.4691 mD
PRDX2 Peroxiredoxin-2 0.0595 −4.3133 −0.1178 −6.6439 mD
CHMP4B Charged multivesicular body protein 4b −0.1504 −5.2598 −0.2928 0.0712 mD
PDCL3 Phosducin-like protein 3 −0.6746 −5.3452 −1.0887 −8.9658 mD
PEBP1 Phosphatidylethanolamine-binding protein 1 −0.5942 −5.0303 −0.2971 −5.0637 mD
EBP 3-beta-hydroxysteroid-Delta(8),Delta(7)-isomerase 0.1941 −4.8489 −0.1269 −4.1203 mD
FAM82A2 Regulator of microtubule dynamics protein 3 −0.3642 −4.8783 −0.2526 −3.5113 mD
MARCKS Myristoylated alanine-rich C-kinase substrate −0.1357 −5.0209 −0.0325 −3.6439 mD
METAP2 Methionine aminopeptidase 2 −0.9159 −5.8531 1.5935 −5.0637 mD
NUBP2 Cytosolic Fe–S cluster assembly factor NUBP2 −0.1319 −5.7563 −1.3963 −0.9252 mD
NDUFA7 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 7 −0.0423 −5.9748 0.8944 −0.1701 mD

(continued on next page)
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Table 1 (continued)

Gene name Protein name SILAC protein ratios
(log2)

Microarray fold change
(log2)

Pattern

M/La H/Lb M/La H/Lb

CDV3 Protein CDV3 homolog −0.0518 −5.7486 0.1827 −3.7879 mD
TBCA Tubulin-specific chaperone A 0.8326 −5.0445 0.3649 −3.6331 mD
COPS6 COP9 signalosome complex subunit 6 0.3235 −5.5804 −0.4951 −3.1494 mD
MRPL21 39S ribosomal protein L21, mitochondrial 0.5795 −5.0209 −0.0106 0.4770 mD
RBM3 Putative RNA-binding protein 3 0.6120 −5.2653 −0.0106 0.4770 mD
BOP1 Ribosome biogenesis protein BOP1 0.2134 −5.7563 0.4535 −0.9415 mD
HINT1 Histidine triad nucleotide-binding protein 1 0.5725 −5.9479 0.5644 0.8237 mD
MRE11A Double-strand break repair protein MRE11A 1.3435 −4.9568 1.7089 −3.1090 mD
ABHD14B Abhydrolase domain-containing protein 14B 0.1074 −6.4675 −0.1657 1.4366 mD
LGALS3 Galectin-3 −6.3452 −4.7217 −4.9885 −0.5698 DD
HSPB1 Heat shock protein beta-1 −5.8448 −4.9523 −3.7293 −7.8954 DD
AGR2 Anterior gradient protein 2 homolog −4.0000 −3.8762 −11.7027 −8.9658 DD
CSRP1 Cysteine and glycine-rich protein 1 −6.7959 −5.7563 −3.7819 −0.6719 DD
ZNF548 Zinc finger protein 548 −4.8201 −5.1792 0.8344 2.1988 DD
CTSD Cathepsin D −4.1714 −4.1405 −6.7331 −3.7046 DD
EEF1A2 Elongation factor 1-alpha 2 −3.5129 −4.6878 −3.4173 −3.1469 DD
TST Thiosulfate sulfurtransferase −2.5522 −4.1078 −2.7103 −4.6259 DD

a B10/Mock.
b A5/Mock.
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3.2. Strategy to explore the cellular signaling networks
involved in CD146-induced EMT

To gain insight into the complex networks and novel mecha-
nisms during CD146-induced EMT, we performed a proteomics
analysis of Mock, B10 and A5 cells under triple-SILAC condi-
tions. A schematic diagram of the experimental design was
shown in Fig. 1A. Mock cells were light-labeled (Arg0, Lys0) and
served as control; B10 cells were medium-labeled (Arg6, Lys4)
and A5 cells were heavy-labeled (Arg10, Lys8). In this assay, we
focused on proteins with statistically significant changes in
expression associated with CD146 expression levels in these
three cells, including the “up-regulated trend” and the “down-
regulated trend” (Fig. 1B). Compared with Mock cells, proteins
significantly up-regulated in A5 cells alone and in both B10 and
A5 cells were included in the “up-regulated trend”. Similarly,
proteins significantly down-regulated in A5 cells alone and in
both B10 and A5 cells were included in the “down-regulated
trend”. Additionally, RNAs were extracted from labeled Mock,
B10 and A5 cells and subjected to Affymatix GeneChip analysis,
for comparison with their corresponding protein expression
profiles.

3.3. MaxQuant analysis identifies proteins with altered
abundance in CD146-induced EMT

Mass spectrometric data were processed in MaxQuant. Respec-
tively, 2344 proteins were identified for medium-labeled B10
cells, and 2338 proteins in heavy-labeled A5 cells, as compared
to light-labeled Mock cells. In total, 2293 proteins were
quantified in these three samples, and were processed for
further analysis. Details of peptide and protein identification
and quantification are shown in Supplementary Tables S1 and
S2. The histograms of the changes in protein expression upon
CD146 overexpression for all quantified proteinswere shown in
Fig. S2. The majority of proteins had log2 ratio between −1 and
1, indicating that most proteins remained unchanged upon
CD146 overexpression, especially in B10 cells with moderate
CD146 expression.

To define robust biological responses, we set a conservative
significant cutoff of significance B value ≤ 0.01, which was
calculated by Perseus (version 1.2.0.16) for proteins. After
comparison with Mock cell protein levels, proteins in B10
cells were first grouped into three categories, namely “Up”
(representing “up-regulated”, log2-ratio > 0 and significance
B value ≤ 0.01), “Down” (representing “down-regulated”,
log2-ratio < 0 and significance B value ≤ 0.01) and “medium”
(representing “unchanged”, significance B value > 0.01). Sim-
ilarly, proteins in A5 cells were grouped into identical three
categories. As a result, nine response patterns were defined,
and quantification results were summarized as shown in
Fig. 2A. Of these, “B10/Mock medium + A5/Mock Up, mU”
pattern and “B10/Mock Up + A5/Mock Up, UU” pattern were
included into the “up-regulated trend” group as shown in
Fig. 1B, with 59 proteins in total. Similarly, “B10/Mock
medium + A5/Mock Down, mD” pattern and “B10/Mock
Down + A5/Mock Down, DD” pattern were included into the
“down-regulated trend” group, with a total of 44 proteins.
Detailed information for the 103 identified proteins was listed
in Table 1. Other response patterns (DU, Dm, Um and UD) did
not correlate with CD146 expression in these three cells,
probably due to individual clone differences. 2075 (90.4%)
proteins (mm pattern) did not significantly change in abun-
dance or could not be quantified with respect to peptide
abundance.

Importantly, we observed upregulation of multiple markers
associated with mesenchymal function and recruitment, in-
cluding AnnexinA1 (−0.6, 5.7,mU), CD44 (−1.8, 4.5, mU),moesin
(2.5, 4.2, UU), integrin α-3 (−1.2, 3.1, mU), integrin α-6 (0.7,
3.6, mU), S100A4 (−1.6, 6.0, mU), HMGI-C (1.8, 5.8, mU) and the
well-known EMT marker vimentin (1.2,5.3, mU) (Table 1),
providing a robust positive control for our SILAC analysis.
Furthermore, we performed an enrichment analysis with the
103 identified proteins using the Ingenuity Pathway Analysis
(IPA) approach, to assist functional interpretation of the protein
data sets. As shown in Fig. S3, the significantly associated
biological functions included cell death, cell-to-cell signaling
and interaction, cancer, tissue development, amino acid
metabolism, cellular movement and cell morphology. The
identification of these particular groups mirrors the extensive
morphological and biochemical changes associated with EMT.
Meanwhile, the significantly associated canonical pathways
involved glutamate metabolism, FAK signaling, integrin signal-
ing, Paxilin signaling, as well as ERK/MAPK signaling. Enrich-
ment of thesepathways indicates a likely role ofCD146 in tumor
cell metabolism and tumor cell adhesion.

3.4. Changes in mRNA transcript levels of significantly
changed genes mirror changes in protein levels

To ascertain the correlation between transcript and proteins
with altered abundances during CD146-induced EMT, we
performed mRNA expression analysis. Selected probe infor-
mation was extracted from the complete microarray data set,
and correlation analysis was performed. Of the 103 identified
proteins listed in Table 1, the Pearson correlation coefficient
between mRNA and protein change indicated that both the
direction and magnitude of changes in expression levels of
most of the detected proteins were similar (r > 0.7). In
addition, our microarray data provided information for pro-
teins that could not be detected or quantified in our SILAC
analysis. For example, several well-known epithelial markers
were found to be down-regulated during CD146-induced EMT,
including E-cadherin, desmoglein-2, cytokeratin 8, cytokeratin
19 and claudin 4 (data not shown).

3.5. Functional protein complexes in CD146-induced EMT

To better understand the overall influence of CD146-induced
EMT on cellular signaling networks, we looked for protein
interactions among the 103 identified proteins. To this end, we
chose the “Search Tool for the Retrieval of Interacting Genes/
Proteins” (STRING) database, which is constructed on the basis
of both physical and functional interactions. Several interaction
groups were immediately apparent (Fig. 3). For instance, the
CD146 core group included MCAM (CD146), CD44, moesin and
other proteins, clustered in the center of the interaction map.
Gene Ontology enrichment analysis by DAVID showed that
these proteins were significantly involved in cell adhesion,
which is a characteristic cellular program involved in the



Fig. 3 – Functional protein complexes in CD146-induced EMT. The interactions between the 103 identified proteins were
obtained from STRING, which formed six major modules after clustering by K-means (pink clouds). The functional annotation
of the six major modules was analyzed by DAVID.
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process of an EMT. Our previous study revealed that CD146
interacted with moesin protein resulting in melanoma cell
migration [24], providing a striking positive control for our
SILAC analysis. Other interaction subgroups provided potential
connections of CD146 to a wide range of biological functions,
including cell-substrate assembly, negative regulation of apo-
ptosis, gene expression, cellular amino acid metabolic process,
and oxidoreductase activity.
3.6. Estrogen receptor constitutes a putative central regulatory
node during CD146-induced EMT

Transcriptional repression of the key EMTmarker E-cadherin is
a fundamental event during the EMT process [3]. We therefore
continued our IPA-based analysis of the 103 identified proteins
to search for candidate transcription regulators involved in
CD146-induced EMT. As shown in Table 2, the estrogen receptor



Table 2 – Selected transcription regulators in CD146-induced EMT.

Transcription
regulator

Predicted
activation state

Regulation
z-score

P-value of
overlap

Target molecules in data set Molecular type

Estrogen receptor Inhibited −2.354 6.39E−03 ANXA1, CAPG, CD44, ITGA3, MSN, and VIM Group
PGR NA 1.761 2.32E−03 CAPN2, CD44, ITGA6, NDRG1, and SERPINB8 Ligand-dependent

nuclear receptor
TP53 NA 0.717 8.33E−03 ABCB1, ABCB4, ANXA1, CTSD, DGKA, HK2,

LGALS3, NDRG1, PLK1, and S100A4
Transcription regulator

CEBPA NA −0.173 1.89E−02 AKR1B1, ANXA1, EEF1A2, and TUBB2A Transcription regulator
KDM5B NA −1.841 1.86E−03 ARL6IP5, CD146, PIR, PRPS1, and TUBB2A Transcription regulator
Ap1 NA NA 3.36E−02 S100A4 and SNCG Complex
SPDEF NA NA 1.20E−02 ITGA3, ITGA6, and VIM Transcription regulator
HSF1 NA NA 1.25E−02 ABCB1 and CRYAB Transcription regulator
ASCL2 NA NA 1.80E−02 CTSD Transcription regulator
ZNF148 NA NA 3.57E−02 VIM Transcription regulator
MSX2 NA NA 1.80E−02 VIM Transcription regulator
SP1 NA NA 3.13E−02 HINT1, HK2, HMGA1, SNCG, and VIM Transcription regulator
TWIST2 NA NA 7.84E−03 CD44 and VIM Transcription regulator
YBX1 NA NA 4.44E−02 ABCB1 Transcription regulator
KLF1 NA NA 4.44E−02 CD44 Transcription regulator
KHDRBS1 NA NA 1.80E−02 CD44 Transcription regulator
SNAI2 NA NA 2.78E−03 ITGA3 and VIM Transcription regulator
MEOX2 NA NA 9.04E−03 LRP1 Transcription regulator
SMAD3 NA NA 2.79E−02 S100A4 and VIM Transcription regulator
MYCN NA NA 4.79E−05 APEX1, HK2, HMGA1, and MRE11A Transcription regulator
BRCA1 NA NA 4.59E−02 CTSD and PLK1 Transcription regulator
SMARCA4 NA NA 4.46E−02 AGR2, CD44, ITGA3, and LGALS3 Transcription regulator
PA2G4 NA NA 9.04E−03 AGR2 Transcription regulator
CTNNB1 NA NA 2.69E−02 CD44, HTRA1, LGALS3, and RCN1 Transcription regulator
MYC NA NA 2.87E−04 APEX1, BCAT1, GCLM, HK2, HSPB1, and MRE11A Transcription regulator
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(ER) was the most significantly inhibited transcriptional regu-
lator, to result in the upregulation of ANXA1, GAPG, CD44,
ITGA3,MSNandVIM inCD146-induced EMTprocesses. Two key
EMT transcription factors Twist 2 and Snai2 (also known as
Slug) were shown to up-regulate CD44, ITGA3 and VIM.

Through a detailed analysis based on previously published
work, we found that a further 14 of the 103 identified proteins
were associatedwith the ER signaling, revealing its potential role
in CD146-induced EMT (Table S3). 9 out of those 14 proteinswere
up-regulated in a CD146-dependent manner. They were nega-
tively regulated by an ER signaling, or had negative correlations
with ER in breast cancers. For example, IGF-II mRNA-binding
protein 3 (IMP3), which is associated with triple-negative breast
cancer, is repressed by ER-β [25]. Correspondingly, the 5 down-
regulated proteins were either up-regulated by the ER signaling
or positively associated with ER in breast cancers. For instance,
Anterior gradient protein 2 (AGR2) is induced by estrogen and
is associated with ER-α expression in breast cancers [26,27];
cathepsin D, an estrogen-stimulated expression protein, is
highly expressed in epithelial breast cancers [28].

We further used IPA to determine whether the 103 identified
proteins could be mapped to specific functional regulatory
pathway networks. As shown in Fig. 4, the signal network with
the highest significance corresponded to cancer, cell-to-cell
signaling and interaction, as well as gastrointestinal disease.
The NF-κB, AKT and P38 MAPK pathways, which have been
found previously to be associated with CD146 [9,29,30], were
present in this network, indicating that our SILAC system
generated reliable data sets. Crucially, this network revealed
that ER was a central regulatory node, which was predicted to
regulate the ERK pathway and to be regulated by the NF-κB
pathway. Additional signalingnetworks of interest corresponded
to cell death, DNA replication, recombination and repair, and
cancer (Fig. S4A); lipid metabolism, molecular transport, and
small molecule biochemistry (Fig. S4B); as well as cellular
movement and cell morphology (Fig. S4C).

In summary, our IPA-based analysis generated the complex
functional networks and identified the possible transcription
regulators that mediated CD146-induced EMT. Specifically, our
results showed that ER signaling was significantly inhibited
during this process, providing evidences that ER might possess
the function of a central regulatory node.

3.7. ER-α expression is repressed in CD146-induced EMT

A critical question arising from our IPA-based analysis was, in
what manner ER signaling was inhibited during the CD146-
induced EMT process. Previously, CD146 was found to be
associated with an ER-negative status and a TNBC phenotype
in breast cancers [6,19]. We therefore wanted to investigate if
downregulation of the ER resulted in the inhibition of ER
signaling in CD146-induced EMT.

To address this issue, we focused on the expression of
ER-α, the main isoform of ER with high importance in breast
cancer progression. RNAwas extracted fromMock, B10 and A5
cell samples and analyzed using semi-quantitative RT-PCR.
As shown in Fig. 5A, ER-α mRNA was drastically reduced in
both CD146-expressing B10 and A5 cells, but was present at
high levels in Mock cells. This result was consistent with our
Affymatrix gene chip data (Microarray, B10/Mock, 0.003-fold



Fig. 4 – Estrogen receptor constitutes a putative central regulatory node during CD146-induced EMT. The highest-ranked signal
network as revealed by Ingenuity Pathway Analysis (IPA) of the 103 identified proteins was predominately associated with
cancer, cellular movement and gastrointestinal disease. Proteins indicated in orange were up-regulated only in A5 cells (mU),
proteins indicated in red were up-regulated both in B10 and in A5 cells (UU), proteins indicated in yellow–green were
down-regulated only in A5 cells (mD), and proteins indicated in green were down-regulated both in B10 and in A5 cells (DD)
proteins indicated as white circles are those identified from the IPA Knowledge Base. The shapes are indicative of the
molecular class (i.e. protein family). Lines connecting the molecules indicate molecular relationships. In detail, dashed lines
indicate indirect interactions, and solid lines indicate direct interactions. The style of the arrows indicates specific molecular
relationships and the directionality of the interaction (A acts on B).
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change; A5/Mock, 0.002-fold change). Because no information
was available for ER-α protein expression in our SILAC data,
we analyzed ER-α protein levels for all the three cells by
western blotting. In agreement with our mRNA analysis, we
found that ER-α protein was also not detected in either B10 or
A5 cells (Fig. 5B). Additionally, the repression of ER-α in cells
that underwent CD146-induced EMT was confirmed by
immunofluorescence. As shown in Fig. 5C, while Mock cells
exhibited strong nuclear staining for ER-α, no nuclear signal
was detected in B10 and A5 cells.
3.8. ER-α mediates the CD146-induced EMT process

We further investigated whether the repression of ER-α was
responsible for CD146-induced EMT in breast cancer cells.
Repression of ER-α in breast cancer cells has been shown to
decrease E-cadherin expression, disrupt epithelial phenotype
and promote cell invasive behaviors [31]. The inverse correlation
between ER-α and CD146, as well as the EMT phenotype inMock,
B10 andA5cells suggested thatCD146might inhibit the epithelial
phenotype of breast cancer cells by repressing ER-α expression.



Fig. 5 – ER-α expression is repressed in CD146-induced EMT. (A) RT-PCR analysis of ER-αmRNA level inMock, B10 and A5 cells.
(B) Western blotting analysis of ER-α protein level in Mock, B10 and A5 cells. (C) Immunofluorescence analysis of ER-α
expression in Mock, B10 and A5 cells. DAPI was used for nuclear staining. Scale bar, 20 μm.
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To test this hypothesis, we re-expressed ER-α in CD146-
expressingA5 cellswith anER-αnegative status. As anticipated,
we observed that the key epithelial marker E-cadherin was
re-expressed, while the mesenchymal marker vimentin was
down-regulated by about 30% as a consequence of ER-α
re-expression (Fig. 6A–B). Interestingly, we also observed that
CD146 was down-regulated by approximately 50% relative to
its original levels, indicating a possible reciprocal regulation
between ER-α and CD146 in breast cancer cells. Most impor-
tantly, ER-α re-expression significantly inhibited the migratory
and invasive behavior of A5 cells (Fig. 6C–D), demonstrating
that an increase in ER-α expression was able to reverse the
CD146-induced EMT process.

The hallmark event of an EMT process is the downregula-
tion of the key epithelial maker E-cadherin. A number of EMT
pathways converge on EMT key transcription factors to inhibit
E-cadherin transcription to initiate an EMT process. Previous-
ly, overexpression of CD146 was found to inhibit E-cadherin
transcription via Slug [6]. Since we observed that both the
E-cadherin protein (Fig. 6A) and its transcript (Fig. 6F) in-
creased after ER-α was re-expressed in A5 cells, we further
investigated whether Slug expression was changed upon this
treatment. As shown in Fig. 6E–F, both RT-PCR and western
blotting analysis showed that Slug expression was down-
regulated when ER-α was re-expressed in A5 cells, indicating
that Slug was negatively regulated by ER-α signaling. Taken
together, these data demonstrated that ER-α mediated
CD146-induced EMT process through the repression of the
EMT key transcription factor Slug, providing further insights
into the mechanisms behind the reverse correlation between
CD146 and ER as observed in the clinic.
4. Discussion

Epithelial to mesenchymal transition (EMT) describes a com-
plex process in which immotile epithelial cells lose their tight
cell to cell junctions and acquire a migratory mesenchymal



Fig. 6 – ER-αmediates the CD146-induced EMT process. (A) Western blotting analysis of ER-α, E-cadherin, CD146 and vimentin
expression in A5 cells after ER-α was re-expressed. (B) Quantification of CD146 and vimentin expression in A5 cells after ER-α
was re-expressed. *P < 0.05, compared with vector-transfected A5 cells. (C–D) Migration and invasion assays of A5 cells after
ER-α re-expression. Data were collected from 3 wells; *P < 0.05 and **P < 0.01 compared with empty vector-transfected A5
cells. A representative image is shown under each graph. (E) RT-PCR analysis of the mRNA levels of ER-α, E-cadherin and EMT
key transcription factor Slug in A5 cells after ER-α was re-expressed. (F) Western blotting analysis (upper panel) and
quantifications (lower panel) of the protein level of Slug in A5 cells after ER-α re-expression. *P < 0.05, compared with empty
vector-transfected A5 cells.
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phenotype [1]. Originally identified during embryonic develop-
ment, EMT is now known to play a critical role in organ fibrosis
as well as during tumor progression. While a number of EMT
inducershavebeen identified in thepast twodecades, including
membrane receptors, intracellular molecules and external
agents, few proteomic studies have focused on the complex
molecular events and signaling networks initiated by each
individual EMT inducer, and in different cellular contexts.

In this study, we carried out in-depth systems analysis of
breast cancer cells that underwent EMT mediated by a novel
EMT inducer CD146. As a result, we identified extensive
morphological and biochemical changes in cell adhesion,
negative regulation of apoptosis process and cell-to-cell junc-
tion. Although several EMT studies have used proteomics to
gain new insights into the molecular events occurring at the
protein level, these have been primarily based on 2-DE
methodology. The disadvantage of these methods lies in the
low detection limit as well as in the limited sample capacity,
which only allows for monitoring of a few hundred proteins
present at high cellular abundance [32–36]. In an attempt to
systematically reveal novel EMT effectors and mechanisms,
we for the first time implemented a triple-SILAC strategy to
monitor protein expression profiles during the CD146-induced
EMT process, which greatly increased the number of identified
proteins, amounting to 2293 proteins in total, and 103 proteins
with altered abundances that correlated with CD146 expres-
sion. More importantly, our triple-SILAC strategy based on
moderate to high CD146 expression levels efficiently excluded
unwanted proteins appearing, possibly due to individual clone
differences, thus greatly reducing the number of false positive
and negative signals. We ultimately used the 103 identified
proteins as a starting point to generate functional interaction
and signal networks based on system biology. Most notably,
this strategy identified the estrogen receptor group as a central
regulatory node during CD146-induced EMT.

Estrogen receptors (ERs) are members of the superfamily of
nuclear hormone receptors, whose activities are crucial for the
growth of mammary epithelial cells and breast cancer cells
[37,38]. So far two isoforms of estrogen receptor (ER-α and ER-β)
have been described, of which ER-α is the most important and
the most thoroughly studied one. The interactions between
ER-α and its main ligand estradiol (E2) promote their dimeriza-
tion andnuclear translocation,where it acts as a transcriptional
factor, regulating the transcription of various target genes [38].
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In this manner, ligand-activated ER-α sets off a complex series
of gene activations and biological functions in breast cancer
cells. Our IPA-based analysis revealed that ER was the most
significantly inhibited transcriptional regulator during the
CD146-induced EMT process. Besides, we observed that 14 of
the 103 identified proteins were associated with ER signaling in
breast cancers, suggesting an important regulatory role of ER.
For instance, cathepsin D, an estrogen-induced lysosomal
protease that is overexpressed and hypersecreted by epithelial
breast cancers, plays an essential role in epithelial cancer cell
proliferation, fibroblast outgrowth and angiogenesis [28]. Be-
sides these well-known biological processes associated with ER
signaling, our study showed that CD146 provided amissing link
between ER signaling and EMT. Overexpression of CD146 in
MCF-7 cells diminished the expression of ER-α and initiated an
EMT. Re-expression of ER-α in CD146-overexpressing MCF-7 A5
cells reversed their mesenchymal phenotypes and down-
regulated Slug. Previous studies showed that when ER-α was
knocked down in MCF-7 cells, the Slug repressor increased,
E-cadherin decreased, and cells became spindly and invasive,
all of whichwere consistent with our observations [31,39]. Ye et
al. reported that ER-α suppressed the transcription of Slug via
direct formation of a co-repressor complex with HDAC1 and
N-CoR, or via indirect inactivation of GSK3β through PI3K/AKT
[39], providing a strong platform for our proteomics and
functional studies presented here. However, a number of
questions still remain to be answered. For example, how could
CD146, a cell adhesion molecule regulate ER-α expression? Our
previous work showed that CD146 was involved in the NF-κB
pathway [9,29]. A recent study reported that RelB NF-κB
reciprocally inhibited ER-α synthesis via Blimp1 inbreast cancer
cells [40]. Based on these observations, we wonder whether
CD146 could decrease ER-α expression via the NF-κB pathway,
and this possible link certainly warrants further investigation.

In order to successfully metastasize and recur, tumor cells
must have the potential of self-renewal and resistance to
chemotherapy, probably through transforming into cancer
stem cell-like cells. Our previous studies showed that breast
cancer cells that underwent CD146-dependent EMT acquired
some breast cancer stem cell-like properties, including a
CD24low/CD44high expression pattern and an increased capabil-
ity of mammosphere formation [6], though the underlying
mechanism remained unknown. In our SILAC assay, we
confirmed that the cancer stem cell marker CD44 was up-
regulated in breast cancer cells that underwent CD146-induced
EMT. In addition, we identified another two candidate proteins
that might be responsible for breast cancer stem cell-like
properties induced by CD146. HMGA2, also known as the
high-mobility group AT-hook 2 or HMGI-C, was found to be
up-regulated in CD146-induced EMT. HMGA2 belongs to a
family of nuclear factors that bind to AT-rich DNA sequences,
which contributes to the transcriptional regulation of target
genes [41]. HMGA2 has been shown to maintain the multi-
potency of cancer stem cells, and thereforemay present a novel
stem cell marker in breast cancer [42]. HMGA2 mediates E2F1
activity to promote tumorigenesis in a transgenic HMGA2
mouse model. It also acts as a downstream effector of the
TGF-β signal pathway, possibly to initiate the EMT process [43].
The second candidate protein, αB-crystallin, also known as
HSPB5, is a member of the heat shock protein family. αB-
Crystallin displays anti-apoptotic properties and is tumorigenic
when expressed in cancer cells. This protein has been shown
to mediate several steps of the apoptosis pathway, such as
binding of pro-apoptotic protein Bax, Bcl-xS [44] and p53 [45] to
prevent their mitochondrial translocation, or inhibiting the
activation of pro-caspase 3 [46]. Thus, αB-crystallin appears to
be a major component in the processes leading to chemother-
apy resistances in cancer cells and could therefore be consid-
ered to present an important potential therapeutic target. These
observations would provide enough clues for exploring the
underlying mechanisms between CD146-induced EMT and
breast cancer stem cells.

It is a well-known fact that a solid tumor always displays
enhanced, autonomous, or even unusual metabolic activities
comparedwith its surrounding normal tissue. In our proteomics
analysis, we also observed evidences of altered nutrient and
energy metabolism in breast cancer cells during the
CD146-induced EMT process. Two members of glutamate
dehydrogenase (GLDH), GLUD1 and GLUD2, were found to be
up-regulated in CD146-expressing cells. GLDH is a ubiquitously
expressed enzyme that locates in the mitochondrial matrix,
where it plays a central role in carbon and nitrogenmetabolism.
GLDH determines the metabolism rate of glutamate and other
nonessential amino acids, and can be regulated by a series of
factors, including allosteric effects, posttranslational modifica-
tions and others [47]. Yang et al. reported that the deprivation of
glucose or, alternatively the inhibition of the AKT pathway in
glioblastoma cells increases the activity of glutamate dehydro-
genase, rendering cells dependent on glutamine to sustain
viability under low glucose condition [48], an observation that
directly links GLDH to cancer cell metabolism. Additionally,
another mitochondrial protein COX4I1 was found to be down-
regulated during CD146-induced EMT. COX4I1, also known as
cytochrome oxidase subunit 4 isoform 1, belongs to the cyto-
chrome c oxidase family. COX4I1, as well as another member of
the same family, namely COX4I2, use oxygen as the terminal
electron acceptor in the electron transport chain [49]. Earlier
reports indicate that COX4I1 is down-regulated, while COX4I2 is
up-regulated upon induction of hypoxia-induced factor (HIF)
under hypoxia condition, resulting in an increase in oxygen
consumption [50]. In addition to well-known EMT features,
including enhanced cellmotility, cancer stemcell properties and
chemotherapy resistance, could a switch inmetabolic pathways
be an additional hallmark that characterizes the EMT process?
These new observations should provide useful clues for future
analysis of a new role of CD146 in cancer cell metabolism.

Triple-negative breast cancer (TNBC) is the most malignant
and lethal subtype of breast cancer due to its high invasiveness
and resistance to currently available targeted therapies. Ac-
counting for 17–25% of all breast cancer types, TNBC is
characterized by a lack of expression of estrogen receptor (ER),
progesterone receptor (PR) and ErBB2 (HER2) [51]. Two intriguing
features of TNBC are their apparent EMT phenotype, as well as
an observed enrichment of breast cancer stem cells, which
endows TNBC cells with enhanced capabilities for both
metastasis and resistance to chemotherapeutic treatment. Our
previous studies revealed that CD146 was significantly associ-
ated with TNBC. Using a SILAC approach as described here, we
succeeded in identifying the reciprocal regulatory relationship
between CD146 and ER-α, providing evidences for the critical



168 J O U R N A L O F P R O T E O M I C S 1 0 3 ( 2 0 1 4 ) 1 5 3 – 1 6 9
role of ER-α in CD146-induced EMT. Furthermore, we identified
proteins previously unknown to form the molecular basis for
the associations observed between CD146-induced EMT and
breast cancer stem cell-like properties. In conclusion, our data
would provide sufficient evidences for future exploration of the
mechanisms underlying the association between CD146 and
TNBC in the clinic.
5. Conclusion

In this work, the implementation of a triple SILAC-based
proteomic analysis of CD146-induced EMT in breast cancer
cells showed that a number of proteins were significantly
altered in response to CD146 overexpression. Differentially
expressed proteins were identified (n = 103) and further ana-
lyzed using bioinformatics software (Ingenuity Pathway Analy-
sis, DAVID and STRING). Our network analysis revealed that
estrogen receptor (ER) was the most significantly inhibited
transcription regulator during CD146-induced EMT, suggesting
that it might act as a central regulatory node. Further experi-
ments were performed and validated our hypothesis of ER-α
mediatedCD146-induced EMTprocess through the repressionof
the EMT key transcriptional repressor Slug. In conclusion, we
gained important mechanistic insights into the molecular
events and signal networks activated by CD146, which provided
an explanation for the reverse correlation between CD146 and
ER as observed in breast cancer samples in the clinic.

This work contains peptide identification and quantification
by SILAC (Table S1), protein identification and quantification by
SILAC (Table S2), a word document containing supplementary
legends and references (Supplementary information), overex-
pression of CD146 induces EMT in breast cancer cells (Fig. S1), a
histogram showing the frequency in changes of protein levels
(Fig. S2), functional characterization of the 103 identified proteins
analyzed by Ingenuity Pathway Analysis (Fig. S3), Ingenuity
PathwayAnalysis of significantly associated functional networks
based on the 103 identified proteins (Fig. S4) and the involvement
of the identified differently expressed proteins in the estrogen
receptor signaling (Table S3). All our raw data (including mass
spectrometry data, protein identification data and microarray
data) can be downloaded in PeptideAtlas (PASS00389). Supple-
mentary data related to this article can be found online at http://
dx.doi.org/10.1016/j.jprot.2014.03.033.
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