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Background: CD147 induces invadopodia activity and invasiveness in breast epithelial cells.
Results: CD147 forms complexes with CD44 and EGFR in lipid raftlike membrane domains and induces hyaluronan-CD44-
dependent EGFR-Ras-ERK signaling that promotes invadopodia activity and invasiveness.
Conclusion: CD147 induces signaling complexes critical to invasiveness in breast epithelial cells.
Significance: CD147 is a potential therapeutic target and disease marker in breast cancer.

The immunoglobulin superfamily glycoprotein CD147
(emmprin; basigin) is associated with an invasive phenotype in
various types of cancers, includingmalignant breast cancer.We
showed recently that up-regulation of CD147 in non-trans-
formed, non-invasive breast epithelial cells is sufficient to
induce an invasive phenotype characterized by membrane
type-1 matrix metalloproteinase (MT1-MMP)-dependent inva-
dopodia activity (Grass, G. D., Bratoeva, M., and Toole, B. P.
(2012) Regulation of invadopodia formation and activity by
CD147. J. Cell Sci. 125, 777–788). Here we found that CD147
induces breast epithelial cell invasiveness by promoting epider-
mal growth factor receptor (EGFR)-Ras-ERKsignaling in aman-
ner dependent on hyaluronan-CD44 interaction. Furthermore,
CD147 promotes assembly of signaling complexes containing
CD147, CD44, and EGFR in lipid raftlike domains. We also
found that oncogenic Ras regulates CD147 expression, hyaluro-
nan synthesis, and formation of CD147-CD44-EGFR com-
plexes, thus forming a positive feedback loop that may amplify
invasiveness. Last, we showed thatmalignant breast cancer cells
are heterogeneous in their expression of surface-associated
CD147 and that high levels of membrane CD147 correlate with
cell surface EGFR and CD44 levels, activated EGFR and ERK1,
and activated invadopodia. Future studies should evaluate
CD147 as a potential therapeutic target and disease stratifica-
tion marker in breast cancer.

CD147 (emmprin; basigin) is a variably glycosylated trans-
membrane protein that is involved in both physiological and
pathological cellular processes (1–4). CD147 expression is ele-

vated in awide range of cancer types, including breast cancer (5,
6). Earlier studies employing in situ hybridization and immu-
nohistochemistry techniques found that CD147 is expressed at
preinvasive and invasive areas as well as proliferative regions in
breast lesions; although CD147 was also identified in normal
breast tissue, it is expressed at lower levels (7, 8). CD147 expres-
sion gradually increases during progression from atypical duc-
tal hyperplasia to invasive breast cancer and is correlated with
hormone receptor-negative and ErbB2-overexpressing breast
cancers (9). In accord with these correlative studies in human
patients, the importance of CD147 in tumor growth and inva-
sion has been demonstrated in several model systems, includ-
ing a study in vivo in which CD147-transfected breast cancer
cells injected into mammary fat pads of nude mice were found
to form larger tumors than control-transfected cells, to bemore
locally invasive, and, in several animals, to metastasize to vari-
ous sites (10).
Originally identified as a tumor cell-associated factor that

induces stromal fibroblasts to synthesize and secrete matrix
metalloproteinases (MMPs)2 (11–14), CD147 has since been
shown to have pleiotropic functions. In addition to inducing
MMP synthesis in stromal, tumor, and endothelial cells, CD147
contributes to therapy resistance, angiogenesis, inflammatory
signaling, cytoskeletal remodeling, migration/invasion, and
trafficking of monocarboxylate transporters to the cell surface
(1–4). CD147 can also induce synthesis of the large extracellu-
lar polysaccharide, hyaluronan, themain ligand for the cell sur-
face receptor CD44 (15–18). CD147-induced hyaluronan-
CD44 interactions modulate various signaling pathways and
potentiate tumorigenic properties in various cancer cell types
(19). CD147 has also been shown to cooperatewith cyclophilins
to induce intracellular signaling pathways (3). However, in each
case, the exactmechanisms bywhichCD147 activates signaling
cascades are not fully understood.
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Dysregulated expression of Ras genes has been identified in
many cancer types and oncogenic Ras expression is associated
with aggressive cancer phenotypes, such as proliferation, inva-
sion/metastasis, and therapy resistance (20). Although the
common point mutations identified in oncogenic forms of Ras
are a rare occurrence in breast cancer (21), chronic Ras activity
has been documented in breast cancer cell lines and patient
tumor tissues (22, 23). In the absence of oncogenic Ras signal-
ing, up-regulation of normal Ras activity can facilitate similar
transformed phenotypes (24), which may be due to amplified
expression and activation of receptor tyrosine kinases, such as
epidermal growth factor receptor (EGFR) family members,
mutations inmodulators of the Ras activation state, or effectors
downstream of Ras (25, 26).
In a recent study, we demonstrated that up-regulation of

CD147 is sufficient to induce the formation of active invadopo-
dia and invasiveness in the non-transformed human breast epi-
thelial cell line, MCF-10A (27). In this study, we have identified
novel signaling associations between CD147, hyaluronan-
CD44 interactions, and the EGFR-Ras-ERK pathway that regu-
late the invasive properties of breast epithelial cells.

EXPERIMENTAL PROCEDURES

Cell Culture—The human breast adenocarcinoma cell lines
MDA-MB-231 andMCF-7were obtained fromAmericanType
Culture Collection (ATCC) and were cultured in RPMI 1640
(R-8755) with 2.38 g/liter HEPES, 2 g/liter sodium bicarbonate,
and 10%FBS (pH7.4). The spontaneously immortalized human
breast epithelial cell line MCF-10A was obtained from ATCC.
MCF-10A cells stably expressing a lentivirus construct contain-
ing K-RasV12 (10A-K-RasV12) or empty vector (10A-EV) were
generously provided by Dr. Ben Ho Park (28). Low passage
MCF-10A cells and MCF-10A derivatives were maintained in
mammary epithelial cell growthmediumwith BulletKit supple-
ments (Lonza) unless noted otherwise in the figure legends. All
cells were cultured in a humidified 95% air, 5%CO2 incubator at
37 °C.
Antibodies and Reagents—The following primary antibodies

were employed for these studies: CD147 (catalog no. 555961),
CD147-FITC (catalog no. 55962), IgG-FITC, caveolin-1 (cata-
log no. 610059), and Flotillin-1 (catalog no. 610820) (BD Bio-
sciences); Alexa-Fluor 647-conjugated CD147, Alexa-Fluor
488-conjugated CD147 (catalog no. 306208), and phycoeryth-
rin-conjugated EGFR (catalog no. 352903) (Biolegend); cortac-
tin (clone 4F11; catalog no. 05-180) and membrane type-1
MMP (MT1-MMP)/hinge region polyclonal (catalog no.
AB6004) (Millipore); phospho-ERK1/2 (Thr-202/Tyr-204)
(catalog no. 9106), pan-ERK1/2, phospho-EGFR (Tyr-1173)
(catalog no. 4407), phospho-EGFR (Tyr-1068) (catalog no.
3777), and EGFR (catalog no. 4267) (Cell Signaling Technology,
Inc); CD44/HCAM (mouse) and Alexa-Fluor 647-conjugated
CD44 (catalog no. sc-7297) (Santa Cruz Biotechnology, Inc.);
transferrin receptor and �-coatomer protein 1 (Abcam); phy-
coerythrin-conjugated CD44 (catalog no. CL8946PE) (Cedar-
lane Laboratories); CD44 (rabbit) (Epitomics); and �-actin and
�-tubulin (Sigma). Goat anti-mouse HRP and Goat anti-rabbit
HRP (Chemicon) were used as secondary antibodies for immu-
noblotting. Western blotting detection reagent enhanced

chemiluminescence (ECL) was purchased from Pierce. The
inhibitors tyrphostin (Calbiochem), U0126, and PD98059 (Cell
Signaling Technology, Inc.) were used at concentrations indi-
cated in the figure legends.
Recombinant Adenovirus Infections—Recombinant human

CD147 adenovirus and control �-galactosidase (�-gal) adeno-
virus were constructed and used as described previously (27,
29). In each experiment, cells were incubated with these adeno-
viruses for 24 h in full medium prior to other treatments.
Surface Biotinylation—Cell surface biotinylation was per-

formed using a Cell Surface Protein Isolation Kit according to
the manufacturer’s protocol (Pierce). Briefly, cells were treated
with EZ-Link sulfosuccinimidyl 2-(biotinamido)-ethyl-1,3-di-
thiopropionate for 45 min at 4 °C, followed by quenching and
harvesting of cell lysates. Equivalent amounts of protein from
each group were added to spin columns containing Neutr-
Avidin resin, incubated for several h with rocking at 4 °C,
washed, eluted, and analyzed by immunoblotting.
Ras Activity Assay—Ras activation status was evaluated by

employing theActive Ras Pull-Down andDetectionKit accord-
ing to the manufacturer’s protocol (Pierce). This assay is based
on the observation that Ras-GTP (active), but not Ras-GDP
(inactive), binds Raf-1 with high affinity. Briefly, fresh lysates
from MCF-10A cells, non-treated or treated with adenovirus,
were collected using standard procedures. GTP�S (0.1 mM) or
GDP (1 mM) was added to control lysates for a positive and
negative control, respectively. GST-Raf1-Ras-binding domain
fusion protein was added to the spin column containing a glu-
tathione resin, followed by the addition of 400–500 �g of pro-
tein from positive/negative controls and �-gal- or CD147-
treated cells. Lysates were incubated for 1 h at 4 °C with
rocking, followed by elution and subsequent immunoblotting
with a pan-Ras antibody.
Hyaluronan Assay—Hyaluronan concentrations in media

were determined after a 24-h incubation, using an ELISA-like
assay described previously (30).
Preparation of Hyaluronan Oligosaccharides—Hyaluronan

oligosaccharides were prepared as described previously (31).
Preparations were mainly composed of 6–12 monosaccharide
units. Average oligosaccharide size was assessed from the ratio
of terminal N-acetyl-D-glucosamine (32) to total uronic acid
(33).
Matrigel Invasion Assay—Matrigel invasion was performed

as described previously (27), using inserts (8-�m pores) for
24-well tissue culture plates (BD Biosciences). MCF-10A-EV
cells, MCF-10A K-RasV12 cells, or MCF10A-K-RasV12 cells
(7.0� 105) pretreated with siRNA (72 h) orMEK inhibitors (24
h) were detached and seeded in the upper chamber of the
inserts for these assays. Cells that invaded through the mem-
brane overnight were counted in four separate fields in three
independent experiments.
Invadopodia Analyses—The gelatin degradation assay was

set up as described previously (27). Briefly, gelatin was conju-
gated with Alexa-Fluor-568 dye (Molecular Probes) using the
manufacturer’s protocol. 18-mm round glass coverslips were
acid-washed with 1 M HCl overnight, followed by extensive
washing in water. Coverslips were sterilized with 70% ethanol
and then coatedwith 50�g/ml poly-L-lysine for 20min at room
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temperature, washed with PBS, and fixed with ice-cold 0.5%
glutaraldehyde for 15 min, followed by extensive washing. Fix-
ation with glutaraldehyde allows cross-linking of polylysine to
the glass slide as well as subsequent cross-linking of the gelatin
layer. The coverslips were then inverted on an 80-�l drop of
fluorescent gelatin matrix (0.2% gelatin and Alexa-Fluor-gela-
tin at an 8:1 ratio) and incubated for 15 min at room tempera-
ture. The coverslips were washed with PBS and quenched in 5
mg/ml sodium borohydride in PBS for 10 min, followed by fur-
ther washing in PBS. The coated coverslips were then placed in
12-well plates, sterilized in 70% ethanol for 10 min, washed in
PBS, equilibrated in serum-free mammary epithelial cell
growth medium, and switched to fully supplemented mam-
mary epithelial cell growth medium 30min before the addition
of cells.
For each assay, 5.5� 104 cells were incubated on the gelatin-

coated coverslips at 37 °C for 15–18 h. Cells were fixed and
permeabilized with 3.7% paraformaldehyde and 0.1% Triton
X-100 for 10 min, washed with PBS, blocked in 3% BSA in PBS
for 1 h, and incubated with primary and secondary antibodies
or Alexa-Fluor-647-phalloidin for actin in 3% BSA in PBS.
Assessment of invadopodia characteristics was performed as

before (27), using at least 10 randomly chosen fields per exper-
iment. Fields were evaluated for degraded matrix foci, which
appear as dark “holes” in the fluorescent matrix, and for actin
puncta that colocalize with cortactin. Results were presented as
the percentage of cells with at least one degradation foci and as
numbers per cell of, or percentage of cells displaying, cortactin-
actin aggregates with or without degradation foci.
In Situ Proximity Ligation Assay (PLA)—Protein interactions

were detected in situ, as described previously (27), using the
Duolink II secondary antibodies and detection kit (Olink Bio-
science, Uppsala, Sweden) according to the manufacturer’s
instructions. Briefly, primary antibodies targeting CD147
(mouse; BD Pharmingen), EGFR (rabbit; Cell Signaling), and
CD44 (mouse (Santa Cruz Biotechnology) and rabbit (Santa
Cruz Biotechnology)) were applied using standard procedures.
Oligonucleotide-conjugated Duolink secondary antibodies
were then added, followed by Duolink ligation solution. The
oligonucleotides ligate together in a closed circle only when the
secondary antibodies are in close proximity (�40 nm) (34).
Polymerase was added, which amplified any existing closed cir-
cles, and detection was achieved with complementary, fluores-
cently labeled oligonucleotides. Specificity of the reaction was
determined for each experimental group by treating cells with a
single primary antibody toward one of the proteins of interest
followed by Duolink secondary antibodies, which results in
minimal to no signal amplification because of the absence of a
second oligonucleotide needed for ligation and subsequent
closed circle amplification.
Microscopy and Image Analysis—Images were acquired with

a Leica Total Confocal System SP5 acoustic optical beam split-
ter confocal (TCS SP5 AOBS) microscope using a �63, 1.4
numerical aperture oil objective at the Josh Spruill Molecular
Morphology and Imaging Center (Medical University of South
Carolina). Images were captured at high confocality (pinhole�
1 Airy unit) to achieve the thinnest possible optical slices at the
cell-matrix interface (for invadopodia) or at the cell center (for

PLA). All images are single optical sections. Potential overlaps
in emission spectra were eliminated by sequential scanning and
tuning of the acoustic optical beam splitter. Differential inter-
ference contrast microscopy was performed using the Leica
SP5 confocal system. Image processing and compilation were
performed with Canvas software (Deneba Systems Inc.) and
Adobe Photoshop.
Quantitative RT-PCR—For quantitative RT-PCR experi-

ments, total RNA was isolated using the RNeasy minikit
according to the manufacturer’s instructions (Qiagen, Valen-
cia, CA), and quality control andquantificationwere performed
with the Agilent 2100 Bioanalyzer (Agilent Technologies, Inc.,
Santa Clara, CA) and Agilent RNA 6000 Pico LabChip kits.
Complementary DNA (cDNA) was synthesized from equiva-
lent concentrations of total RNA using the iScript cDNA syn-
thesis kit (Bio-Rad) according to the manufacturer’s instruc-
tions. Coding sequences for CD147 and �-actin (internal
control) were amplified from synthesized cDNAusing iQ SYBR
Green Supermix (Bio-Rad). Custom primer sequences used for
amplification were as follows: CD147 sense, 5�-CAGAGTGA-
AGGCTGTGAAGTCG-3�; CD147 antisense, 5�-TGCGAGG-
AACTCACGAAGAA-3�; �-actin sense, 5�-GGAAATCGTG-
CGTGACATT-3�; �-actin antisense, 5�-GACTCGTCATAC-
TCCTGCTTG-3�. Amplification was performed using an
iCycler IQ real-time PCR detection system, and cycle threshold
(Ct) valueswere determined in duplicate forCD147 and�-actin
transcripts for each experiment. “No template” (water) and
“no-RT” controls were used to ensureminimal background sig-
nal from DNA contamination. Using mean Ct values tabulated
for different experiments and Ct values for �-actin as loading
controls, -fold changes for experimental groups relative to
assigned controlswere calculated using automated iQ5 2.0 soft-
ware (Bio-Rad).
RNA Interference—Control non-silencing siRNA and target-

specific pooled siRNAs for CD147 and CD44 were purchased
fromSantaCruzBiotechnology and used according to theman-
ufacturer’s protocol. For all experiments, cells were transfected
with siRNA 72 h before other treatments.
Detergent-resistant Membrane Fractionation—Detergent-

resistant membrane domains (e.g. lipid rafts) were isolated as
described previously (27). Briefly, cells cultured in D150 plates
were washed with ice-cold PBS three times. Cells were lysed in
500 �l of lysis buffer (25 mM Tris-HCl, pH 7.5, 150 mMNaCl, 1
mM dithiothreitol, 10% sucrose, 1% Triton X-100, 1 mM PMSF,
10�g/ml aprotinin and leupeptin, 2mM sodiumorthovanadate,
and 10 mM sodium fluoride) on ice for 30 min. The cells were
scraped and mechanically disrupted by passaging 20 times
through a 3-inch 22-gauge needle. The lysates were mixed
directlywith iodixanol stock solution (60% solution ofOptiprep
iodixanol) to yield a 40% (v/v) iodixanol-lysate solution, which
was placed at the bottom of an ultracentrifuge tube. Equal vol-
umes of 35, 30, 25, 20, and 0% Optiprep in lysis buffer without
Triton X-100were carefully overlaid above the iodixanol-lysate
solution. The samples were centrifuged at 160,000� g for 8 h at
4 °C in a SW41-Ti rotor (Beckman Coulter). Equal fractions
were collected from the top of the tube, and equivalent aliquots
of each fraction were subjected to immunoblotting using anti-
bodies recognizing proteins of interest.
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Labeling of Live Cells with Cholera Toxin-B (Ctx-B) to Iden-
tify Lipid Rafts—Lipid raft labeling was performed using the
Vybrant Alexa-Fluor-488 Lipid Raft labeling kit using theman-
ufacturer’s protocol (Invitrogen). Briefly, live cells were washed
with ice-cold PBS, labeled with Alexa-Fluor-488-conjugated
Ctx-B, and cross-linked with anti-Ctx-B antibody, followed
by standard immunofluorescence staining and mounting
techniques.
Cell Surface Analysis and Fluorescence-activated Cell Sorting

of CD147Lo and CD147Hi Subpopulations—For cell surface
analysis, 2.0 � 105 cells were trypsinized to achieve single cell
suspensions, counted, blocked with 3% BSA in PBS, and incu-
bated with primary conjugated antibodies for 30 min on ice.
Unbound antibody was removed in subsequent washes, and
cells were analyzed no longer than 1 h poststaining. Cell sorting
of CD147Lo and CD147Hi subpopulations was achieved in the
following manner. Cells (10A-K-RasV12, MDA-MB-231, and
MCF-7) were trypsinized into single cell suspensions, counted,
blocked with 3% BSA in PBS, and treated with antibodies in 3%
BSA in PBS. Cells were incubated with anti-CD147-FITC or
IgG-FITC (negative control) for 30 min on ice. Unbound anti-
body was washed off, and cells were resuspended in mammary
epithelial cell growth medium with supplements and DNase
(Promega), filtered, and sorted immediately after processing.
Cells expressing the lowest surface levels of CD147 (bottom
20%) and the highest surface levels of CD147 (top 20%) were
selected as CD147Lo and CD147Hi subpopulations, respec-
tively. For subsequent invadopodia or immunoblotting analy-
ses, cells were directly seeded on gelatin or lysed postsorting,
respectively. All FACS analysis and cell sorting was performed
with a Beckman Coulter MoFlo Astrios instrument in the
Department of Regenerative Medicine and Cell Biology Flow
Cytometry Facility (Medical University of South Carolina).
Immunoblotting—Whole cell lysates were prepared for

immunoblotting using a radioimmune precipitation assay
buffer modified to contain 1 mM PMSF; 10 �g/ml aprotinin,
pepstatin, and leupeptin; 2 mM sodium orthovanadate; and 10
mM sodium fluoride. Protein content was quantified using a
BCA assay (Pierce), and aliquots were solubilized in reducing
sample buffer, resolved on Pierce 4–20% polyacrylamide gels,
transferred to nitrocellulose (Osmonics, Westborough, MA)
with a Pierce apparatus, blocked in 3% nonfat dry milk or 3%
BSA with Tris-buffered saline and 0.1% Tween 20, and stained
with primary antibodies. HRP-linked secondary antibodies
were detected with ECL, and sizes of proteins were estimated
frommolecular weight standards electrophoresed on the same
gel as the samples. Band densitometric analysis was performed
with ImageJ version 1.43s software, and values were recorded
with Microsoft Excel software.
Co-immunoprecipitation—MDA-MB-231 cells were lysed as

described previously (35), using buffer containing 1% (v/v)
Nonidet P-40, 0.5mMEGTA, 2mM sodiumorthovanadate, 10%
(v/v) glycerol, 1 mM PMSF, 10 �g/ml leupeptin, 10 �g/ml pep-
statin A, 10 �g/ml aprotinin, 2 mM benzamidine HCl, 2 mM

sodium fluoride, and 50 mM HEPES, pH 7.5, at 4 °C. Aliquots
of cell lysates containing 1 mg of protein were used for co-
immunoprecipitation with antibodies against human CD147
(mouse IgG; BD Biosciences) or CD44 (mouse IgG; Santa

Cruz Biotechnology), which were pretreated with the Pierce
antibody clean-up kit to remove gelatin, according to the
manufacturer’s instructions. Co-immunoprecipitation was
performed with the Pierce co-Immunoprecipitation kit
according to the manufacturer’s instructions. After the addi-
tion of lysate to the antibody-conjugated resins, the resins
were incubated overnight and then washed five times to
remove non-bound antigens. Control immunoprecipitations
were carried out in a similar manner using mouse IgG. The
control and test resins were then eluted with the lysis buffer
employed under “Immunoblotting,” and the eluates were
used for immunoblotting with antibodies against CD147,
CD44, and EGFR. Resin washes were also subject to immu-
noblotting with the same antibodies to ensure that non-
bound antigens were completely removed.
Statistical Analysis—Statistical tests and plots were per-

formedwithGraphPad Prism software. Error bars depict S.E. of
three ormore independent experiments unless noted otherwise
in the figure legends. Statistical significance was determined by
using one-way analysis of variance (� � 0.05) followed by com-
parison of all experimental groups with Bonferroni’s post-test
and two-sided Student’s t test. Differences were considered sig-
nificant if p was �0.05.

RESULTS

Up-regulation of CD147 Induces Activation of EGFR-Ras-
ERK Signaling in Breast Epithelial Cells—As shown in our pre-
vious study (27), a multiplicity of infection (MOI) of 2 of our
CD147 adenovirus construct gives rise to levels of CD147 in
MCF-10A cells that are commonly found in aggressive human
breast cancer cells. In addition, we have now shown that the
level of CD147 at the surface of MCF-10A cells resulting from
treatment with an equivalent MOI of virus is similar to that
expressed on the surface of themalignant breast carcinoma cell
line, MDA-MB-231, but as shown previously, the adenovirus
induces mainly the less glycosylated form of CD147 found
endogenously in cancer cells (Fig. 1A). As in our previous study,
we used cells infected with �-gal adenovirus as a control; this
adenovirus did not cause significant changes in CD147 expres-
sion. An MOI of 2 was used in all subsequent adenovirus
experiments.
Prior evidence suggests that CD147 activates ERK signaling

(15, 36–38), although the upstream regulators of this pathway
have not been fully characterized. Here, we first evaluated the
effect of increased CD147 on the activation status of Ras in
MCF-10A cells because Ras is frequently upstream of ERK acti-
vation (39). We found that up-regulation of CD147 led to a
�1.5–2-fold increase in Ras activation, measured as an
increased proportion of Ras-bound GTP, as well as a concom-
itant increase in phosphorylated ERK (p-ERK) (Fig. 1B). Next,
we investigated EGFR signaling because it is often dysregulated
in breast cancer and is commonly upstream of Ras and ERK
(40). We found that treatment of MCF-10A cells with increas-
ing concentrations of the specific EGFR kinase inhibitor
AG1478, subsequent to up-regulation of CD147, resulted in
attenuated p-ERK (Fig. 1C), suggesting that CD147 may be
involved in EGFR activation. Because phosphorylation of tyro-
sine 1173 or 1068 on the cytoplasmic tail of EGFR has been
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associated with regulation of Ras-MAPK signaling (41, 42), we
determined whether these tyrosine residues were phosphory-
lated in response to increased CD147 expression. Interestingly,
we found that increased expression of CD147 resulted in a large
increase in phosphorylation of the Tyr-1068 residue but not
Tyr-1173 (Fig. 1D); increased Tyr-1068 phosphorylation

occurred whether or not EGF was present in the medium used
for analysis of EGFR activation subsequent to adenoviral trans-
fection (Fig. 1D). Also, in theMCF-10A cells studied here, EGF
alone without preincubation with adenoviral vectors caused a
greater increase in phosphorylation of Tyr-1068 than Tyr-1173
(Fig. 1D).

FIGURE 1. Up-regulation of CD147 induces activation of EGFR-Ras-ERK signaling. A, Western blot depicting surface biotinylation of MCF-10A cells, treated
with an MOI of 2 of �-gal or CD147 adenovirus (Adv), compared with untreated MDA-MB-231 cells. An MOI of 2 was used in all subsequent adenovirus
experiments. For a negative control, a lane was loaded with eluate from NeutrAvidin resin only (labeled Beads), which was prepared similarly to experimental
groups but without cell lysate; n � 3. B, evaluation of Ras activity and ERK phosphorylation in lysates of MCF-10A cells that had been pretreated in culture with
�-gal or CD147 adenovirus. Activated Ras was identified by probing with a pan-Ras antibody. Parental MCF-10A whole cell lysates treated directly with GDP and
GTP were used as negative and positive controls, respectively. �-Actin was used as a loading control. Left, a representative gel; right, densitometric quantitation
of Ras-GTP versus total Ras. Columns are means � S.E. (error bars); n � 4; *, p � 0.05. C, effect of inhibition of EGFR activity on ERK phosphorylation in MCF-10A
cells treated with �-gal or CD147 adenovirus. After treatment with adenovirus for 24 h in full medium, cells were incubated in supplement-free medium for 4 h
and subsequently treated with vehicle (DMSO) or 0.5 and 5.0 �M tyrphostin (AG1478) for 12 h. �-Actin was used as a loading control. Left, a representative gel;
right, densitometric quantitation of p-ERK versus total ERK. Columns are means � S.E.; n � 3; **, p � 0.01; ***, p � 0.001. D, EGFR and ERK phosphorylation in
MCF-10A cells treated with �-gal or CD147 adenovirus for 24 h in fully supplemented medium, followed by incubation in medium containing supplements with
and without EGF (20 ng/ml) for 6 h; EGFR activation was evaluated by probing for phosphorylation of the tyrosine 1173 or 1068 residues. For controls, parental
MCF-10A cells were incubated in medium containing supplements with and without EGF (20 ng/ml) for 6 h. �-Actin was used as a loading control. Left, a
representative gel; middle, densitometric quantitation of p-ERK versus total ERK; right, densitometric quantitation of p-EGFR versus total EGFR. Columns are
means � S.E.; n � 3; *, p � 0.05; **, p � 0.01; ***, p � 0.001.
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Hyaluronan-CD44 Interaction Mediates CD147-induced
Activation of EGFR Signaling—Previously we demonstrated
that CD147 stimulates the synthesis of hyaluronan in breast
carcinoma cells (15). Here we found that up-regulation of
CD147 in non-transformed MCF-10A breast epithelial cells
also led to a �2-fold increase in hyaluronan production com-
pared with control cells (Fig. 2A). Several studies (43) have
demonstrated that endogenous or exogenous hyaluronan can
elicit activation of multiple signaling pathways, including those

involving receptor tyrosine kinases (e.g. EGFR) and down-
stream effectors (e.g. Ras and ERK), which are frequently dys-
regulated in breast cancer. Consequently, we determined
whether the effects of CD147 on activation of EGFR and ERK
were dependent on hyaluronan-receptor interactions. We first
employed treatment with oligosaccharides of hyaluronan that
are 6–12 residues in length, which compete with multivalent
hyaluronan-receptor interactions by replacing themwithmon-
ovalent hyaluronan oligomer-receptor interactions (44, 45),

FIGURE 2. Hyaluronan-CD44 interaction mediates CD147-induced activation of EGFR signaling. A, hyaluronan secretion in MCF-10A cells treated with
�-gal or CD147 adenovirus. After seeding the adenovirus-treated cells into 24-well plates and incubating for 24 h, the media were replaced with fresh media.
After another 24-h incubation, media were collected and analyzed for hyaluronan concentration using an ELISA-like assay. Hyaluronan (HA) in the media was
normalized to cell number and depicted as mean -fold change. Columns are means � S.E. (error bars); n � 3; **, p � 0.01. B, effects of hyaluronan oligomers
(o-HA) on activation of EGFR and ERK. MCF-10A cells treated with �-gal or CD147 adenovirus were subsequently treated with 100 �g/ml o-HA for 1, 12, and 24 h
and probed for p-EGFR (Tyr-1068) and p-ERK. �-Actin was used as a loading control. Left, a representative gel; middle, densitometric quantitation of p-EGFR
(Tyr-1068) versus total EGFR; right, densitometric quantitation of p-ERK versus total ERK. Columns are means � S.E.; n � 3; *, p � 0.05; **, p � 0.01; ns, not
significant. C, effects of CD44 knockdown on activation of EGFR and ERK. MCF-10A cells treated with CD147 adenovirus were subsequently treated with
nonspecific control siRNA or pooled CD44-specific siRNA as described under “Experimental Procedures” and probed for the indicated proteins. �-Actin was
used as a loading control. Left, a representative gel; middle, densitometric quantitation of p-ERK versus total ERK; right, densitometric quantitation of p-EGFR
(Tyr-1068) versus total EGFR. Columns are means � S.E.; n � 3; *, p � 0.05; **, p � 0.01. D, effect of CD44 knockdown on invasion. Shown are quantitation and
representative images of cell invasion through Matrigel by CD147-up-regulated MCF-10A cells after treatment with nonspecific control siRNA or pooled
CD44-specific siRNA. The cell invasion index was calculated as the number of invasive cells that had been treated with CD147 adenovirus and then pooled
CD44-specific siRNA, normalized to the number of invasive cells that had been treated with CD147 adenovirus then nonspecific control siRNA. Columns are
means � S.E.; n � 3; **, p � 0.01.
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thus attenuating endogenous hyaluronan-receptor signaling
(35, 46). We found that treatment of MCF-10A cells with hya-
luronan oligomers, subsequent to up-regulation of CD147,
resulted in attenuated phosphorylation of EGFR Tyr-1068 and
ERK (Fig. 2B). Next, to determine whether this perturbation of
hyaluronan-receptor signaling is dependent onCD44, themain
receptor for hyaluronan in breast cancer cells, we tested the
effects of pooled siRNA-mediated knockdown of CD44 in
MCF-10A cells subsequent to up-regulation of CD147. The
partial depletion of CD44 resulted in corresponding decreases
in activation of EGFR Tyr-1068 and p-ERK levels, whereas sig-
nificant differences were not seen in expression of CD147 or
MT1-MMP (MMP-14) (Fig. 2C), an enzyme that has previously
been shown to be induced by CD147 (27, 47).
Because CD147 induces invasiveness, we next evaluated

whether depletion of CD44 in MCF-10A cells, subsequent to
up-regulation of CD147 expression, altered invasiveness. We
found that CD44 knockdown resulted in a �2-fold decrease in
invasion through Matrigel compared with control siRNA (Fig.
2D). These results suggest that CD147-induced activation of
the EGFR-ERK pathway is at least partially mediated by hyalu-
ronan-CD44 interactions and that induction of MT1-MMP
expression by CD147 may employ a separate pathway inde-
pendent of CD44. Although CD147 does not appear to employ
CD44 signaling for induction of MT1-MMP expression, CD44
does participate in CD147-mediated invasion through EGFR-
ERK signaling.
CD147 Promotes the Formation of Signaling Complexes—

CD44has been shown to interactwith EGFR familymembers in
a hyaluronan-dependent manner (35, 48, 49), and our above
data show that up-regulation of CD147 results in increased
hyaluronan-CD44-mediated EGFR activation. To evaluate
whether up-regulation of CD147 increases EGFR-CD44,
CD147-CD44, or CD147-EGFR interactions, we employed a
PLA technique that detects associations of proteins occurring
within 40 nm of each other (34). We found that there were
significant differences between CD147-up-regulated and con-
trol MCF-10A cells in regard to the percentage of the cell pop-
ulation demonstrating close associations of CD44 with EGFR,
CD147 with EGFR, and CD147 with CD44 as well as the num-
bers of such associations per optical section (Fig. 3, A and B).

We and others have demonstrated that CD147, CD44, and
EGFR partially localize in membrane fractions with properties
of lipid rafts in malignant cancer cells (27, 35, 43, 50, 51), and
that lipid rafts are critical to invadopodia function (52–54).
Thus, we evaluated the relative localization of CD147 and
Ctx-B, a lipid raft marker (55), and found that they colocalize at
the leading edge of the cell and appear to be arranged along
Ctx-B-enriched filopodial projections (Fig. 3C). We also found
that CD147, CD44, and EGFR are enriched in caveolin-rich
lipid raft domains after up-regulation of CD147, as compared
with the control cells (Fig. 3D). To evaluate whether the enrich-
ment of CD44 and EGFR in lipid rafts is due to increased traf-
ficking to the cell surface, we utilized FACS analysis to evaluate
CD44 and EGFR surface expression levels in �-gal or CD147
adenovirus-infected cells. We found that up-regulation of
CD147 had no significant effects on levels of CD44 or EGFR at
the cell surface compared with control cells (Fig. 3E), suggest-

ing that the major effect is on organization of these proteins
into raftlike complexes rather than increased trafficking to the
surface.
Oncogenic Ras and ERK Regulate Hyaluronan, CD147, and

MT1-MMP Expression and Invasiveness—Our data here indi-
cate that up-regulation of CD147 increases Ras-ERK signaling
via hyaluronan-CD44 interactions. However, other evidence
indicates that theMEK-ERK pathwaymay also regulate CD147
expression (56–58), suggesting the possibility of a positive
feedback loop. To evaluate whether the Ras-MEK-ERK signal-
ing pathway influences CD147 expression in the system studied
here, we employed an MCF-10A cell line stably expressing the
oncogenic K-RasV12 mutant (10A-K-RasV12) because this cell
line has been shown to activate ERK signaling to a greater
extent than PI3K (28).
First, we found that the 10A-K-RasV12 cells produced �3.5-

fold more hyaluronan and expressed significantly higher levels
of CD147 and MT1-MMP protein than empty vector MCF-
10A (10A-EV) cells (Fig. 4, A and B). Interestingly, quantitative
PCR analysis demonstrated only a slight increase in CD147
message comparedwith 10A-EVcells, suggesting thatK-RasV12
may regulate CD147 expression post-transcriptionally (Fig.
4C).

We also found that the 10A-K-RasV12 cells invadedMatrigel
(Fig. 4D) and formed active invadopodia (Fig. 4E) to a greater
extent than 10A-EV cells. In the invadopodia assay, �60% of
the 10A-K-RasV12 cells degraded the underlying fluorescent
matrix (Fig. 4F). The 10A-K-RasV12 cells had a mean of 10–12
invadopodia/cell and a range of 1–28 invadopodia/cell, whereas
10A-EV cells demonstrated no invadopodia (Fig. 4G). Thus,
these data indicate that theK-RasV12 oncogene imparts an inva-
sive phenotype inMCF-10A cells, similar to that demonstrated
recently in pancreatic cells (59, 60).
Because we and others have shown previously that CD147

regulates MT1-MMP expression (2, 27, 47) and hyaluronan
synthesis (15–18) (Fig. 2A), we examined whether increased
expression of MT1-MMP or hyaluronan in 10A-K-RasV12 cells
was due to the observed increase in CD147. Partial knockdown
of CD147, obtained using pooled siRNA, demonstrated that
MT1-MMP expression (Fig. 5A) and hyaluronan production
(Fig. 5B) were at least partially dependent on CD147. We also
found that CD147 depletion attenuated activation of ERK in
10A-K-RasV12 cells (Fig. 5A). BecauseCD147 plays a prominent
role in breast cancer cell invasion and invadopodia formation
(10, 27), we evaluated effects on Matrigel invasion and invado-
podia formation and activity in the 10A-K-RasV12 cells. We
found that the partial knockdown of CD147 resulted in a par-
tial, but significant, decrease in Matrigel invasion in these cells
(Fig. 5C). Likewise, in the invadopodia assay, CD147 knock-
down decreased the percentage of cells degrading matrix (Fig.
5, D and E), but most of this inhibition was due to decreased
activity of invadopodia rather than decreased formation (Fig.
5F).
Next we determined whether increased CD147 expression

in 10A-K-RasV12 cells was dependent on ERK signaling.
Treatment of 10A-K-RasV12 cells with two different MEK
inhibitors resulted in a decrease in CD147 and MT1-MMP
protein levels as well as p-ERK (Fig. 6A), although this effect
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did not appear to be at the transcriptional level for CD147
(Fig. 6B).We next evaluated whether ERK signalingmediates
the invasive characteristics that we described above in 10A-
K-RasV12 cells. We found that MEK-ERK inhibition greatly
decreased Matrigel invasion (Fig. 6C) as well as invadopodia
formation and activity (Fig. 6, D–F). We monitored cell via-
bility during the course of treatment with the MEK-ERK
inhibitors and did not observe significant cell death (data not
shown). In contrast to CD147 depletion in 10A-K-RasV12
cells, MEK-ERK inhibition greatly decreased invadopodia
formation as well as activity.
Similar to our approach with CD147-up-regulated MCF-

10A cells (Fig. 3, A and B), we evaluated associations of CD44
with EGFR, CD147 with EGFR, and CD147 with CD44 in 10A-

K-RasV12 cells using PLA.We found that these cells also exhib-
ited significant increases in these associations as comparedwith
control 10A-EV cells (Fig. 7A), which had an average of �1
association per optical section, similar to �-gal control cells
(Fig. 3B). In the 10A-K-RasV12 cells, the incidence of close asso-
ciations varied in the following manner: CD147-CD44 �
CD147-EGFR � CD44-EGFR (Fig. 7A). These data suggest a
relationship similar to that identified in MCF-10A cells after
adenoviral up-regulation of CD147 (Fig. 3, A and B). Also, we
found that endogenous CD147 colocalizes with Ctx-B (Fig. 7B)
and that CD147, CD44, and EGFR are enriched in caveolin-rich
raft domains in 10A-K-RasV12 cells compared with the 10A-EV
cells (Fig. 7C), as is also observed inMCF-10A cells with adeno-
virally up-regulated CD147.

FIGURE 3. CD147 induces assembly of signaling complexes. A, representative images demonstrating protein interactions (�40 nm) using PLA (see “Exper-
imental Procedures” for details). CD147-treated MCF-10A cells were probed with primary antibodies in the following combinations to detect protein interac-
tions in the cell population: CD44 (mouse) and EGFR (rabbit), CD147 (mouse) and EGFR (rabbit), and CD147 (mouse) and CD44 (rabbit). Protein interactions
appear as small punctate green signals (i.e. dots), and cell nuclei were identified by co-staining with DAPI. Examples of these protein interactions in MCF-10A cells
treated with �-gal or CD147 adenovirus, in this case interactions between CD147 and CD44, are indicated by the red arrowheads. The bottom panel shows a
representative negative control where only one primary antibody was employed. B, quantitation of the indicated protein interactions in the cell population
over five random fields with at least 30 cells/field. Left, percentage of cells showing interaction; column values are means � S.E. (error bars) over three
independent experiments. Right, interactions per optical slice, estimated to be at the center of the cell based on DAPI signal; scatter plot showing each
interaction with mean � S.E.; n � 3; **, p � 0.01; ***, p � 0.001. C, representative image of MCF-10A cells treated with CD147 adenovirus and evaluated for
CD147 (red), cholera toxin-B (green), and colocalization (yellow; indicated by yellow arrowheads). Examples of filopodia are identified by red arrowheads. Scale
bar, 10 �m. The CD147 channel was pseudocolored from blue to red for easier visualization of colocalization. D, MCF-10A cells treated with �-gal or CD147
adenovirus were subjected to detergent-resistant membrane isolation (see “Experimental Procedures”) and probed for the indicated proteins. Light fractions
are from the gradient interface (0 –20%), where detergent-resistant membrane domains, such as lipid rafts, localize; n � 3. Cav-1, caveolin (lipid raft marker). E,
CD44 and EGFR surface expression was analyzed by FACS in CD147-treated MCF-10A cells. Distributions with dark gray shading, light shading, and no shading
represent IgG-isotype control, �-gal, and CD147 treated cells, respectively; n � 3.
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To ensure that similar interactions occur endogenously in
invasive breast cancer cells without experimental manipula-
tion, we analyzed MDA-MB-231 breast carcinoma cells, which
possess an endogenous K-RasG13D mutation (61), for lipid raft
components. We found that these cells also contained CD147,
CD44, and EGFR in discrete fractions from gradient interfaces
that correspond to lipid raftlike complexes (light fraction) (Fig.
7D). Note that the non-raft plasma membrane protein, trans-
ferrin receptor, co-distributes with the bulk of CD44 and
CD147 in the intermediate and heavy fractions but does not
co-distribute in the lipid raft-containing light fraction with
CD147, CD44, and EGFR (Fig. 7D).

To further confirm that CD147, CD44, and EGFR form com-
plexes in MDA-MB-231 cells, we determined whether CD147,

CD44, and EGFR co-immunoprecipitate after treatment of cell
lysates with antibody against either CD147 or CD44.We found
that subfractions of CD44 and EGFR co-immunoprecipitate
with CD147 and that subfractions of CD147 and EGFR co-im-
munoprecipitate with CD44 (Fig. 7E). These results imply that
all three proteins participate in forming a common complex.
10A-K-RasV12 Cells with High Constitutive Surface Levels of

CD147 Are More Invasive than Those with Low Constitutive
Surface Levels of CD147—It has been clearly demonstrated that
breast cancer cells exhibit heterogeneity in cell surface marker
expression and contain subpopulations with different func-
tional capacities (62). In recent studies from our laboratory (63,
64), we found that various types of malignant cancer cells
exhibit heterogeneity in levels of cell surface CD147 and CD44

FIGURE 4. Activated Ras regulates hyaluronan production, CD147 and MT1-MMP expression, and invasiveness. A, hyaluronan production over a 24-h
period was quantitated in 10A-EV and 10A-K-RasV12 cells using an ELISA-like assay. Hyaluronan (HA) in the media was normalized to cell number and depicted
as mean -fold change � S.E.; each column represents three independent experiments; **, p � 0.01. B, representative Western blot depicting CD147 and
MT1-MMP expression in 10A-EV and 10A-K-RasV12 cells. �-Actin was used a loading control; n � 4. C, comparison of CD147 mRNA levels in 10A-EV and
10A-K-RasV12 cells, as measured by quantitative PCR and determined by cycle threshold values (see “Experimental Procedures” for details); normalized to
�-actin; n � 3; ns, not significant. D, quantitation of invasion through Matrigel by 10A-EV and 10A-K-RasV12 cells. Columns represent the mean number of
invasive cells � S.E. per field; n � 3; **, p � 0.01. E, representative micrographs demonstrating invadopodia in 10A-EV and 10A-K-RasV12 cells cultured on
fluorescent gelatin matrix. After fixation, cortactin was detected by immunolabeling (primary 4F11 antibody followed by secondary Alexa-Fluor-488 antibody)
and actin by staining with Alexa-Fluor-647 phalloidin. Actin and gelatin matrix were pseudocolored red and blue, respectively, to allow easier visualization of
colocalization (yellow) of actin (red) and cortactin (green). Invadopodia-mediated matrix degradation appears as dark black foci in the bright fluorescent matrix
field (see panels labeled Matrix). The boxed regions with red arrowheads depict actively degrading invadopodia. Scale bar, 10 �m. F, percentage of cells
degrading the matrix; defined as a cell with at least one degradation spot underneath the cell or near the cell edge. G, quantification of invadopodia/cell;
defined as actin-cortactin aggregate over degraded matrix. Each invadopodia parameter was calculated by evaluating random fields containing at least 15
cells/field over three independent experiments. Column values are means � S.E. ***, p � 0.001.
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expression with corresponding functional differences. There-
fore, we extended our current findings by evaluating whether
subpopulations of 10A-K-RasV12 cells with different levels of
expression of constitutive CD147 on the cell surface could be
isolated from the parent cells. First, we found that immuno-
staining of 10A-K-RasV12 cells demonstrates a subpopulation of
cells with greater CD147 and CD44 surface intensity (Fig. 8A).
Next, by employing FACS, we isolated cells with relatively low
surface expression of CD147 (CD147Lo) versus relatively high
surface expression of CD147 (CD147Hi). We found that these
two subpopulations exhibited distinct properties, as indicated
by scatter analysis (Fig. 8B). TheCD147Hi population also dem-
onstrated 3-fold more CD44 and 2.5-fold more EGFR on the
surface compared with the CD147Lo population (Fig. 8C, left
panels), although total levels of these proteins were similar in
the two fractions (Fig. 8D). Similar analysis of the highly inva-
sive MDA-MB-231 breast cancer cells demonstrated a 1.8-fold
increase in surface CD44 and a 1.9-fold increase in surface
EGFR in CD147Hi versus CD147Lo cells (Fig. 8C, middle pan-
els), whereasmuch less invasiveMCF-7 cells demonstrated very
little CD44 or EGFR surface staining, and subpopulation anal-

ysis for differential CD147 expression revealed no significant
differences (Fig. 8C, right panels).
We also measured levels of activated ERK and EGFR in the

two 10A-K-RasV12 subpopulations by immunoblotting and
found that CD147Hi cells expressed increased p-ERK1 and
p-EGFR (Y1068) levels compared with CD147Lo cells, whereas
the total levels of CD44 and EGFR were similar (Fig. 8D).
Finally, we evaluated the invasive characteristics of the
CD147Hi versus CD147Lo cells. Similar to our above results
in CD147-depleted 10A-K-RasV12 cells (Fig. 5F), we found that
CD147Lo cells have a much lower percentage of cells with
actively degrading invadopodia than CD147Hi cells, whereas no
significant difference was observed between CD147Lo and
CD147Hi cells in regard to total numbers of inactive plus active
invadopodia (actin-cortactin aggregates) (Fig. 8E).

DISCUSSION

Increased ERK activation has been observed at the advancing
margin of tumors derived from xenografts of CD147-overex-
pressing breast cancer cells (38). CD147-mediated ERK activa-
tion has also been observed in numerous cellular studies, but

FIGURE 5. Knockdown of CD147 in MCF-10 K-RasV12 cells results in decreased hyaluronan synthesis, MT1-MMP expression, ERK activation, and
invasiveness. A, Western blot depicting CD147 and MT1-MMP protein levels and ERK phosphorylation in 10A-K-RasV12 cells depleted of CD147 by treatment
with pooled siRNAs. Nonspecific siRNA was used as a control for CD147 knockdown, and �-actin was used as a loading control. Left, a representative gel. Right,
densitometric quantitation of p-ERK versus total ERK. Columns, means � S.E. (error bars); n � 3; *, p � 0.05. B, comparison of hyaluronan (HA) production in
10A-K-RasV12 cells treated with nonspecific control or pooled CD147-specific siRNA. Hyaluronan in the media was normalized to cell number and depicted as
mean -fold change � S.E.; each column represents three independent experiments; **, p � 0.01. C, quantitation of cell invasion through Matrigel by 10A-K-
RasV12 cells treated with nonspecific control or pooled CD147-specific siRNA. Columns represent the mean number of invasive cells/field � S.E.; n � 3; *, p �
0.05. D, representative micrographs demonstrating invadopodia in 10-K-RasV12 cells treated with nonspecific control or pooled CD147-specific siRNA cultured
on fluorescent gelatin matrix. Red arrowheads, actin-cortactin aggregates. Scale bar, 10 �m. E, percentage of cells degrading underlying matrix or; F, percentage
of cells with actin-cortactin aggregates with or without underlying degraded matrix in 10A-K-RasV12 cells treated with nonspecific control or pooled CD147-
specific siRNA. Each invadopodia parameter was calculated by evaluating random fields containing at least 15 cells/field over three independent experiments.
Column values are means � S.E.; **, p � 0.01; ns, not significant.
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several different mechanisms have been invoked to explain
these effects, including cis homodimerization of CD147 (37)
and cooperation with cyclophilins (3), syndecan-1 (65), or hya-
luronan-CD44 interactions (15). Our studies provide further
evidence for cooperation between CD147 and hyaluronan-
CD44 interactions, in this case through regulating the EGFR-
Ras-ERK signaling pathway leading to invasiveness.
We and others have demonstrated that CD147 influences

migration and invasion via protease induction and cytoskeletal
remodeling (10, 27, 66, 67), although the exact signaling mech-
anisms regulating these processes are not understood. Here we
have shown that up-regulation of CD147 in non-transformed
breast epithelial cells leads to increased EGFR, Ras, and ERK
activation. Moreover, we show that the activation of EGFR and
ERK by CD147 is mediated in large part by increased hyaluro-
nan-CD44 signaling and is accompanied by enhanced interac-
tions between CD147, CD44, and EGFR. These protein inter-
actions most likely take place within lipid raftlike regions of the
plasmamembrane, which are known to participate in signaling
complex formation (68) and invadopodia formation/activity
(52–54). Our data suggest that standard CD44 (�90 kDa) is the
major isoform involved in these interactions. The relative func-
tions of standard and variant isoforms of CD44 are controver-

sial. For example, some recent studies indicate that standard
CD44 is essential for certain malignant characteristics (69, 70),
whereas others indicate an important role for variant isoforms
(71, 72). Clearly, this long argued issue requires further work
before it is settled. Although we have shown that CD147 regu-
lates hyaluronan production in the systems studied here and
elsewhere (15, 16), we have not determined here whether this is
due to increased expression of hyaluronan synthases. However,
in a previous study, we found that CD147 regulates expression
of hyaluronan synthases in breast carcinoma cells (15), suggest-
ing that this is themechanismunderlying increased hyaluronan
production induced by CD147.
In this study, we observed that a relatively low glycosylated

form of CD147 was induced by treatment with recombinant
CD147 adenovirus and that this form was targeted to the cell
surface (Fig. 1A) and to lipid raft domains (Fig. 3D). However, in
K-RasV12-transfected MCF-10A cells (Fig. 7C), both high and
low glycosylated forms enter the raft fractions, accompanied by
similar CD147-dependent effects on hyaluronan production,
invadopodia activity, and invasiveness (Figs. 4 and 5). This
implies that factors other than glycosylation regulate these phe-
nomena. It should be noted that only a small fraction of high
and low glycosylated CD147, as well as CD44 and EGFR, are

FIGURE 6. Increased CD147 and MT1-MMP expression and invasiveness in MCF-10A-K-RasV12 cells is mediated by MEK-ERK signaling. A, Western blot
depicting 10A-K-RasV12 cells treated with vehicle, U0126 (10 �M), or PD98059 (25 �M) for 12 h. �-Tubulin was used as a loading control; n � 3. B, CD147 mRNA
levels of 10A-K-RasV12 cells treated with vehicle or UO126 (10 �M) as measured by quantitative PCR and determined by cycle threshold values (see “Experi-
mental Procedures” for details); normalized to �-actin; n � 3; ns, not significant. C, quantitation of cell invasion through Matrigel by 10A-K-RasV12 cells
pretreated with vehicle, U0126 (10 �M), or PD98059 (25 �M) for 24 h. Columns, mean number of invasive cells/field � S.E. (error bars); n � 3; *, p � 0.05; **, p �
0.01. D, representative micrographs showing invadopodia in 10A-K-RasV12 cells pretreated for 30 min with vehicle, U0126 (10 �M), or PD98059 (25 �M) and then
seeded on fluorescent gelatin matrix in the presence of vehicle or inhibitors; see “Experimental Procedures” for further details. Red arrowheads, examples of
invadopodia. Scale bar, 10 �m. E, percentage of cells degrading underlying matrix; or F, quantitation of invadopodia/cell in 10A-K-RasV12 cells treated with
vehicle, U0126 (10 �M), or PD980539 (25 �M). Each invadopodia parameter was calculated by evaluating random fields containing at least 15 cells/field over
three independent experiments. Column values are means � S.E.; ***, p � 0.001.
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present in lipid raft fractions in MDA-MB-231 cells (Fig. 7D),
but interactions between these proteins clearly occur in these
cells without experimental manipulations (Fig. 7E). We have
also shown in MDA-MB-231 cells (27) that CD147 regulates
expression of and interacts with MT1-MMP in invadopodia,
most likely within lipid rafts therein, suggesting strongly that a
small but critical subfraction of CD147 is preferentially distrib-
uted along with its binding partners in these structures.
The cytoplasmic tail of EGFR contains six tyrosine residues,

which can be trans-autophosphorylated via the intrinsic tyro-
sine kinase activity of EGFR (40). Of these, the tyrosine residues
1173 (42) and 1068 (41) are important for EGFR-mediated Ras-
MAPK signaling by acting as docking sites for the scaffold pro-
teins Shc and Grb2, respectively. Here we found that CD147

induces phosphorylation of Tyr-1068 but not Tyr-1173. The
reason for this differential phosphorylation is not known, but it
may depend on spatio-temporal interactions between the phos-
phorylated tyrosine residues and associated scaffold proteins or
on other cell-specific contexts (73–76). Supporting this possi-
bility, we found that treatment ofMCF-10A cells with EGF also
resulted in greater activation of Tyr-1068 than Tyr-1173.
Ras mutations are infrequent in breast cancer (21), but

chronic Ras activity is evident in breast cancer cell lines and
patient tumor tissues without any apparent Ras mutations (22,
23). The present study suggests that CD147 stimulates wild-
type Ras activity, as MCF-10A cells do not have mutant Ras
forms (77). CD147 expression progressively increases as breast
cancer transitions from a benign proliferation to an invasive

FIGURE 7. Identification and localization of endogenous protein interactions in MCF-10A-EV, MCF-10A-K-RasV12, and MDA-MB-231 cells. A, endoge-
nous protein interactions (�40 nm) were analyzed by PLA (see “Experimental Procedures” for details) and quantitated for the number of indicated interactions/
optical slice in a similar manner as in Fig. 3. Shown is a scatter plot of the indicated protein interactions in MCF-10A-EV and MCF-10A-K-RasV12 cells with mean �
S.E.; n � 3; *, p � 0.05; ***, p � 0.001. B, representative image demonstrating colocalization (yellow) of CD147 (red) and cholera toxin-B (green) in 10A-K-RasV12

cells. Scale bar, 10 �m; the CD147 channel was pseudocolored from blue to red for easier visualization. Filopodia are highlighted with yellow arrowheads. C,
Western blot comparing protein distribution between 10A-EV and 10A-K-RasV12 cells subjected to detergent-resistant membrane isolation and probed for
indicated proteins. Light fractions are from the gradient interface (0 –20%), where detergent-resistant membrane domains, such as lipid rafts, localize; n � 2.
Cav-1, caveolin (lipid raft marker). D, Western blot showing protein distribution for MDA-MB-231 cells subjected to lipid raft analysis as in C; n � 2. Tfr, transferrin
receptor (non-raft plasma membrane marker); Flot, flotillin-1 (lipid raft marker); �-COP, coatomer protein (Golgi marker). E, co-immunoprecipitation of CD147,
CD44, and EGFR from lysates of MDA-MB-231 cells. Whole cell lysates from MDA-MB-231 cells were co-immunoprecipitated (IP) with mouse Ig antibodies
against human CD147 or CD44, as described under “Experimental Procedures”; controls (Cont) were performed in a similar manner with mouse Ig. Immuno-
blotting of aliquots of test and control eluates from the antibody-conjugated resins was performed with antibodies against CD147, CD44, and EGFR; similar
results were obtained in two independent experiments.
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carcinoma (9), but it is not knownwhether CD147 is a driver or
passenger oncogene. To our knowledge, no mutations or
intrinsic signalingmotifs have been identified inCD147; thus, it
is probable that CD147 mediates breast cancer progression by
facilitating the assembly of protumorigenic signaling com-
plexes on the cell surface.

Breast cancer is a heterogeneous disease and, as with other
cancers, metastases to distant organs remain the primary cause
of mortality (78). Currently, evaluation of hormone receptor
expression, ErbB2 amplification, and specific genetic profiling
represent the mainstay utilized clinically for treatment stratifi-
cation, althoughmuch effort has also been placed on character-

FIGURE 8. MCF-10A-K-RasV12 cells with high constitutive surface levels of CD147 have elevated activation of EGFR and ERK and are more
invasive. A, representative micrographs demonstrating heterogeneity in CD147 and CD44 staining intensity across the 10A-K-RasV12 cell population.
Scale bar, 25 �m. B, FACS scatter distribution of total 10A-K-RasV12 cell population (left) and delineation of CD147Lo and CD147Hi cells (bottom and top 20%,
respectively) in the distribution of CD147-expressing cells (top right) with corresponding scatter characteristics (bottom right). Note that this cell sorting scheme
identifies two distinct cell populations. C, FACS analysis of cell surface expression of CD44 and EGFR in CD147Lo and CD147Hi cells in 10A-K-RasV12 (left; n � 3),
MDA-MB-231 (middle; n � 3), and MCF-7 (right; n � 2) cells. Distributions with dark gray shading, no shading, and light gray shading represent IgG-isotype
control, CD147Lo, and CD147Hi cells, respectively. D, left, immunoblot comparing protein expression of indicated proteins in CD147Lo and CD147Hi 10A-K-RasV12

cells. �-Actin was used as a loading control; n � 2. Right, histogram demonstrating -fold change between CD147Hi and CD147Lo cells for pEGFR (Tyr-1068),
pERK1, and pERK2 protein levels; densitometric intensities were normalized to total EGFR and ERK1/2 protein; n � 2. E, quantitation of the percentage of cells
with actin-cortactin aggregates with or without underlying degraded gelatin matrix in CD147Lo and CD147Hi 10A-K-RasV12 cells was calculated by evaluating
random fields containing at least 15 cells/field over three independent experiments. Column values are means � S.E. (error bars); ***, p � 0.001; ns, not
significant.
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izing distinct subpopulations isolated from the tumor bulk with
differing cell surface expression profiles. One of the main sur-
face markers that has emerged in identifying invasive and ther-
apy-resistant cancer cells is CD44 (79). Hyaluronan, the pri-
mary CD44 ligand, facilitates construction of pericellular
matrix scaffolds that stabilize signaling and transporter com-
plexes (31, 35, 80), andmultiple studies have shown that hyalu-
ronan-CD44 interactions are intimately involved in the integra-
tion of signaling pathways leading to receptor tyrosine kinase
activation, therapy resistance, and invasion (43, 81). We and
others have demonstrated that CD147 and hyaluronan recep-
tors interact in various cancer cells (16, 80, 82); thus, we evalu-
ated whether differential expression patterns of CD147 and
CD44 occur in breast cancer cells. Our initial evaluation dem-
onstrated heterogeneous staining intensity for CD147 and
CD44 in the 10A-K-RasV12 cell population, and subsequent
sorting of CD147Hi and CD147Lo cells demonstrated distinct
cell subpopulations. We found that CD147Hi cells had signifi-
cantly more CD44 and EGFR on the cell surface than their
CD147Lo counterparts, albeit total expression levels were sim-
ilar. Notably, increased CD147 expression induced by treat-
ment with our CD147 adenovirus did not cause an increase in
cell surface CD44 or EGFR but did cause redistribution into
lipid raft complexes (Fig. 3). Additionally, CD147Hi 10A-K-
RasV12 cells had increased pEGFR Tyr-1068 and pERK1 levels
as well as more active invadopodia compared with CD147Lo

cells. In a previous study (63), we also found that CD147Hi cells
derived fromMDA-MB-231 or primary mouse MMTV-PyMT
mammary carcinoma cells were more invasive than the corre-
sponding CD147Lo cells. Interestingly, in the current study
(data not shown) and our previous study (63), densitometric
analysis of CD147 in the CD147Hi and CD147Lo immunoblots
demonstrated small changes in total CD147 protein, suggesting
that the presence of increasedCD147 on the cell surfacemay be
due, at least in some cases, to enhanced retention and/or rapid
recycling rather than increased protein synthesis.
This study shows that up-regulation of CD147 in non-trans-

formed, non-invasive breast epithelial cells leads to chronic
activation of the EGFR-Ras-ERK signaling cascade. Our data
indicate that wild-type Ras activity is increased in MCF-10A
cells after up-regulation of CD147 and is probably involved in
the mechanism whereby up-regulation of CD147 elicits an
invasive phenotype, as identified here and in our previous study
(27). Also, although we saw differences in protein levels of
CD147 withMEK inhibition and in our comparison of 10A-EV
with 10A-K-RasV12 cells, negligible changes in the mRNA level
of CD147 were observed in either case, suggesting that the
influence of Ras-MAPK signaling on CD147 expression occurs
mainly at a post-transcriptional level. Similar post-transcrip-
tional regulation of CD147 has been observed in earlier studies
(83–87). Thus, although CD147 expression is clearly increased
in most aggressive cancers, identification of CD147 as a differ-
entially expressed message in microarray analyses may not
always be apparent. CD147may act as an independent prognos-
tic factor in some breast cancer types (9, 88), and further studies
should evaluate the utility of CD147 surface expression in strat-
ifying subpopulations in breast cancer. Moreover, attenuation

of CD147 expression or activitymay be a promising therapeutic
intervention in breast cancer patients.
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