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Introduction

The proteolytic enzyme MT1-MMP, which is frequently upregulated on the surface of breast
cancer cells compared to normal breast cells, makes a major contribution towards breast cancer
growth, invasion and metastasis. Another protease, called ADAM10, also contributes to breast
cancer. Despite the importance of these critical enzymes on the surface of cancer cells, little is
known about their lateral binding partners and how they may regulate MT1-MMP and ADAM10
functions. Tetraspanins are a family of cell surface proteins which function as molecular
organizers of multiprotein membrane complexes, thereby influencing events such as cell
proliferation, fusion, signaling and migration. Tetraspanins associate with each other and with
several other proteins to form a novel type of specialized membrane microdomain called
Tetraspanin Enriched Microdomains (TEMs). We have undertaken an unconventional approach
towards limiting the growth, invasion and metastasis of breast cancer cells. We hypothesized that
manipulation/alteration of tetraspanin proteins (e.g. CD9, CD81, TSPAN12) could diminish the
functions of associated cell surface proteases (e.g. MT1-MMP, ADAM10), thereby limiting
breast cancer cell functions. Results obtained strongly support this hypothesis. We have
discovered novel strategies, involving the manipulation of tetraspanin proteins, which lead to
diminished MT1-MMP and ADAM10 functions and markedly altered tumor cell behavior.

Body

Here we describe research accomplishments associated with each task described in the statement
of work.

Aim #1: We will test the effects of CD9 and CD81 ablation on MT1-MMP-dependent breast
tumor progression in vivo, in breast cancer cells which either lack or express MT1-MMP.

1. Regulatory review and approval of animal protocol for aims #1 and #3 has been achieved.

2. RNAI knockdown of tetraspanin proteins CD9, CD81, TSPAN12, and CD151 in breast
cancer cell lines has been carried out {142, 143}.

3. Efficient knockdown of CD9, CD81, TSPAN12 and CD151 has been confirmed {142, 143}.
4. Study of in vivo orthotopic tumor growth was given a low priority, due to unexpected in vitro
results. Since tetraspanin ablation markedly decreased MT1-MMP expression {142}, it no
longer seemed as necessary to analyze function in vivo, when expression was diminished.

5. Study of in vivo tail vein injection was also given a low priority, for reasons mentioned in
point #4.

6. We now clearly establish that CD9, CD81, and TSPAN12 knockdown can markedly diminish
cell growth and invasion in 3D, but not 2D collagen assays {142}. Notably, these results are
dependent on the presence of MT1-MMP in the breast cancer cells, consistent with the
formation of a functional complex between tetraspanins and MT1-MMP {142}.



Aim #2: We will select monoclonal antibodies best able to disrupt associations between
CD9/CD81 and MT1-MMP. Biochemical assays involving tetraspanin-protein interactions will
be accompanied by subcellular localization studies.

1.

All available monoclonal antibodies recognizing CD9, CD81 and MT1-MMP were tested for
ability to disrupt associations between CD9/CD81 and MT1-MMP. Several antibodies to CD9
and to CD81 successfully co-immunoprecipitated MT1-MMP, but none of these antibodies
caused a disruption of the complexes (1).

Because disrupting monoclonal antibodies were not available, we sought alternative means to
disrupt tetraspanin —protease complexes. Expression of Ig superfamily protein EWI-2 caused
a major disruption in MT1-MMP association with tetraspanin proteins [see Fig. 5E in (2)],
which may help to explain decreased tumor growth (2). In a second strategy, a dominant
negative mutation was made in tetraspanin protein TSPAN12, resulting in loss of association
with the protease ADAM10, accompanied by decreased ADAM10 maturation and function
(3). In a third strategy, a mutation in the cytoplasmic tail of CD9 was engineered, resulting in
a) markedly diminished assembly of CD9 complexes with partner proteins, and b) loss of
several CD9-dependent functions (4).

. As mentioned above (point #2), expression of IgSF protein EWI-2 causes disruption of MTa-

MMP association with tetraspanins (2). Notably, EWI-2 expression does not disrupt other
tetraspanin associations. In fact, CD9-CD81 associations are increased (2). Hence, EWI-2
exerts a strong selective effect on MT1-MMP associations.

Based on our preliminary data, ablation of CD9 and CD8L1 lead to diminished MT1-MMP cell
surface expression. To confirm this result, we carried out flow cytometry. Indeed, CD9 and
CD81 ablation did cause loss of cell surface MT1-MMP expression (1). Furthermore, we
assessed MT1-MMP turnover using 35S methionine pulse-chase labeling. These results
showed that tetraspanin ablation did not affect initial biosynthesis of MT1-MMP, but did
facilitate premature lysosomal degradation of MT1-MMP (1). Confocal microscopy
experiments showed that antibodies to CD9 or CD81, but not control antibodies, triggered the
co-clustering of MT1-MMP with tetraspanins (1). In a related experiment, expression of
mutant TSPAN12 in a breast cancer cell line markedly altered the distribution of wild type
TSPAN12, which associates with the protease ADAM10 (3). Both of these results
demonstrate that alteration of subcellular distribution of a cell surface protease (e.g. MT1-
MMP, ADAM10) likely underlies tetraspanin effects on protease maturation and function.

Aim #3: Antibodies that inhibit CD9/CD81 associations with MT1-MMP will be tested for
effects on MT1-MMP-dependent invasive functions, both in vitro and in vivo.

1.

MCF-7-MT1-MMP cells (and control MCF-7 cells) were embedded in 3D collagen gels
and it was shown that ablation of tetraspanins CD9 and CD81 greatly diminished MT1-
MMP-dependent in vitro invasion and growth (1).

MCF-7-MT1-MMP cells (and contol MCF-7 cells) were embedded in 3D fibrin gels
and it was shown that ablation of CD9 and CD81 markedly impaired MT1-MMP-
dependent in vitro invasion and growth (1).



3. MCF-7-MT1-MMP cells (and control MCF-7 cells) were plated on fibronectin coated
slides and it was then shown that ablation of CD9 and CD81 markedly diminished
fibronectin proteolysis by MT1-MMP, as analyzed by fluorescence microscopy (1).

4. In vivo experiments involving antibody disruption of primary tumor growth were not
carried out because disrupting antibodies did not become available. However,
alternative strategies have been developed (see points #2.2, 2.3), and these approaches
should be feasible for in vivo testing in the future, using orthotopic mammary fat pad
injection.

5. In vivo experiments involving antibody disruption of secondary (i.e. metastatic) tumor
growth were not carried out because disrupting antibodies did not become available.
However, alternative strategies have been developed (see points #2.2, 2.3) and these
approaches should be feasible for future in vivo testing, using tail vein injection into
nude mice to monitor metastatic potential.

Key research accomplishments

- Cell surface protease MT1-MMP expression and maturation depends on tetraspanin proteins
Q).

- Cell surface protease MT1-MMP support of tumor cell growth and invasion depends on
tetraspanin protein associations (1).

- Cell surface protease MT1-MMP association with tetraspanin proteins can be negatively
regulated by EWI-2 (2).

- Cell surface protease ADAM10 expression, maturation and function depends on a tetraspanin
protein (3).

- Tetraspanin CD9 association with partner proteins depends on CD9 having an intact C-terminal
tail (4).

- Tetraspanin CD9 functions depend on CD9 having an intact C-terminal tail (4).



Reportable outcomes

Manuscripts resulting from this research include:

Lafleur MA, Xu D, Hemler, ME. Tetraspanin proteins regulate membrane type-1 matrix
metalloproteinase (MT1-MMP)-dependent pericellular proteolysis. Mol Biol Cell. 2009;
20:2030-40.

Kolesnikova TV, Kazarov AR, Lemieux M, Lafleur MA, Kesari S, Kung AL, Hemler ME.
glioblastoma inhibition by cell surface immunoglobulin protein EWI-2, in vitro and in
vivo. Neoplasia. 2009. 11:77-86.

Xu D, Sharma C, Hemler ME. Tetraspaninl12 regulates ADAM10-dependent cleavage of
amyloid precursor protein. FASEB Journal. 2009; 23:3674-81.

Wang H-X, Kolesnikova TV, Denison C, Gygi S, Hemler ME. C-terminal tail contributions to
tetraspanin CD9 function and molecular organization. Journal of Cell Science. 2011;
124:2702-2710.

Presentations:
Dr. Martin E. Hemler presented a poster, entitled “Contributions of MT1-MMP and tetraspanin

proteins (CD9, CD81, CD151) to human breast cancer invasion and growth “, at the Department
of Defense Era Of Hope Breast Cancer Meeting in Orlando, FL, August, 2011.

Employment received:

Based largely on his success in carrying out this research project, Dr. Marc A. Lafleur was
employed by Amgen Co. as a research scientist.



Conclusions

a. We have discovered that cell surface protease MT1-MMP expression and maturation depends

on tetraspanin proteins (1). Consequently, cell surface protease MT1-MMP support of tumor cell
growth and invasion depends on tetraspanin protein associations (1). This result indicates a novel
possibility for interfering with MT1-MMP contributions towards breast cancer.

b. We have learned that cell surface protease MT1-MMP association with tetraspanin proteins
can be negatively regulated by EWI-2 (2), which may explain EWI-2 causing diminished tumor
growth (2). These results point to EWI-2 having a potential tumor suppressor function, at least
partly acting through MT1-MMP.

c. We discovered that cell surface protease ADAM10 expression, maturation and function
depends on the tetraspanin protein TSPAN12 (3). As seen for MT1-MMP, ADAM10 has
emerged as a novel tumor target in breast cancer and other cancers. Consequently, disruption of
TSPAN12 may have therapeutic benefit.

d. Of particular interest, a TSPAN12 mutant was generated which had dominant-negative-like
properties (3). This type of dominant negative mutation (replacement of membrane-proximal
cysteines) could be applicable for the disruption of the functions of many of the other tetraspanin
proteins.

e. We learned that tetraspanin CD9 association with partner proteins depends on CD9 having an
intact C-terminal tail (4), and that CD9 functions depend on CD9 having an intact C-terminal tail
(4). This result leads to the suggestion that the C-termini of many other tetraspanins may be
critical for their functions.

f. To summarize results in terms of specific “knowledge products”, we have produced the
following:

- A novel demonstration that major cell surface proteases contributing to tumor growth
and invasion can be inhibited by disrupting lateral interactions — this had not been done before.

- Demonstration of three different strategies for disrupting tetraspanin functions: i) RNAI
ablation, ii) Dominant negative mutation, and iii) C-terminal tail disruption.

- A determination that EWI-2 action as a tumor suppressor may involve displacement of
MT1-MMP from tetraspanin complexes. This could possibly be exploited using synthetic mimics
of EWI-2 as anti-tumor agents.
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Membrane type-1 matrix metalloproteinase (MT1-MMP) supports tumor cell invasion through extracellular matrix
barriers containing fibrin, collagen, fibronectin, and other proteins. Here, we show that simultaneous knockdown of two
or three members of the tetraspanin family (CD9, CD81, and TSPAN12) markedly decreases MT1-MMP proteolytic
functions in cancer cells. Affected functions include fibronectin proteolysis, invasion and growth in three-dimensional
fibrin and collagen gels, and MMP-2 activation. Tetraspanin proteins (CD9, CD81, and TSPAN?2) selectively coimmuno-
precipitate and colocalize with MT1-MMP. Although tetraspanins do not affect the initial biosynthesis of MT1-MMP, they
do protect the newly synthesized protein from lysosomal degradation and support its delivery to the cell surface.
Interfering with MT1-MMP-tetraspanin collaboration may be a useful therapeutic approach to limit cancer cell invasion
and metastasis.

INTRODUCTION MT1-MMP is regulated at the level of gene transcription,
. . . roenzyme activation, subcellular localization, internaliza-
Matrix metalloproteinases (MMPs).are a family of soluble Eon /re}clycling, dimerization, shedding, inhibition by natu-
and membrane-anchored pro’Feolytlc enzymes that can re- ral inhibitors (tissue inhibitor of metalloproteinases, RECK),
model the extrac.ellular. matrix (ECM) and cleave. several and posttranslational modifications (Itoh and Seiki, 2006). In
other substrates, including cell-cell and cell-matrix adhe- addition MT1-MMP associates with cell surface molecules
sion molecules, chemokines, cytokines, latent growth fac- such as B1 integrins (Galvez et al., 2002), CD44 (Mori et al.,
tors, and cell surface receptors (Egeblad and Werb, 2002).  2002), and tetraspanin proteins such as CD63 (Takino et al.,
Membrane type-1 MMP (MT1-MMP; MMP-14) is of particular 2003), CD151 (Yanez-Mo et al., 2008), CD81, and others

interest because MT1-MMP knockout mice show severe de- (Kolesnikova et al., 2009). Tetraspanins are a family of cell
fects, including skeletal abnormalities and fibrosis (Holmbeck surface proteins (33 human members), each with four con-
et al., 1999). MT1-MMP also plays critical roles during tumor served transmembrane domains, characteristic extracellular
malignancy and is one of the best-validated proteolytic en- loops, and short cytoplasmic domains (Hemler, 2003). These

zyme targets on cancer cells. First, MT1-MMP is up-regu- relatively small proteins (typically 22-30 kDa) generally do
lated in several tumor types, including breast, cervical, and not function as classical ce}l surface rec?ptors: Rather, they
ovarian cancer (Drew et al., 2004; Zhai et al., 2005; Jiang et al., serve as molecular‘ OTganiZers of mulflproteln me.mbra.ne
2006) and is significantly associated with adverse outcome complexes, thereby influencing cell proliferation, fusion, sig-
(Jiang et al., 2006). Second, overexpression of MT1-MMP in naling, and migration (Stipp et al., 2003b). Tetraspanins can
the mammary gland of mice results in hyperplasia and associate Wlth each othe; and with other. proteins such as
spontaneous adenocarcinomas (Ha et al., 2001). Third, ec- ~ Nt€grmns, immunoglobulin (Ig) superfamily members, pro-
topic expression of MT1-MMP and MT2-MMP, but not sol- teoglycans, ligands, and growth factor receptors to form

uble MMPs, enables tumor cell penetration of three-dimen- sPecialize:d membrane structures called _ tetraspanin-en-
sional (3D) collagen gels (HotIa)ry et al, 2000). Similarly, riched microdomains (TEMs) (Hemler, 2005). The tendency

. . . . . of different tetraspanins to associate closely within TEMs
introduction of MT1-MMP into poorly invasive MCEF-7 . s . .

robably underlies the ability of distinct tetraspanins to
breast cancer cells renders those cells more invasive in vitro P Y Y P

NN . . provide functional compensation for each other (Fradkin et
and more tumorigenic in vivo (Borrirukwanit et al., 2007). al., 2002; Kaji et al., 2002). On cancer cells, some tetraspanins

Finally, silencing of endogenous MT1-MMP markedly de- (CD151 and CO-029) promote invasion (Claas et al., 1998;
creases invasive and migratory properties of breast cancer Yang et al., 2008), whereas others (NET-6, CD82, and CD9)
cells (Jiang et al., 2006). behave more as tumor suppressors (Liu and Zhang, 2006;
Huang et al., 2007; Takeda et al., 2007).

Given their tendency to localize into cellular lamellipodia
This article was published online ahead of print in MBC in Press and filopodia (Penas et al., 2000), tetraspanins are well posi-
(http:/ /www.molbiolcell.org/cgi/doi/10.1091/mbe.E08 -11-1149) tioned on the cell surface to orchestrate events such as
on February 11, 2009. pericellular proteolysis by membrane-anchored proteases.
Address correspondence to: Martin E. Hemler (martin_hemler@ In this regard, tetraspanin CD151 association with endothe-
dfciharvard.edu). lial cell MT1-MMP may inhibit MT1-MMP-dependent
Abbreviations used: GFP, green fluorescent protein; MMP, matrix ~ MMP-2 activation, while paradoxically supporting MT1-
metalloproteinase; MT1-MMP, membrane type-1 matrix metallo- ~ MMP-dependent collagen degradation (Yanez-Mo ef al.,
proteinase; TEM, tetraspanin-enriched microdomain. 2008). In another study, association with tetraspanin CD63

2030 10 © 2009 by The American Society for Cell Biology



was suggested to accelerate lysosomal degradation of MT1-
MMP in HeLa cells (Takino et al., 2003). Given the impor-
tance of MT1-MMP as a proinvasive protease in cancer cells,
we set out to identify the functional importance of tet-
raspanin-MT1-MMP associations in cancer cells. Among
seven different tetraspanins analyzed, CD9, CD81, and
TSPAN12 showed the most readily detectable associations
with MT1-MMP. Hence, functional studies focused mostly
on those tetraspanins. To ensure sufficient disruption of
TEMs and to minimize functional compensation, we
knocked down these tetraspanins two to three at a time.
Furthermore, because tetraspanins had been shown to have
conflicting effects on MT1-MMP functions, we undertook a
comprehensive functional analysis, by using four different
assays for MT1-MMP function. In addition, we provide
mechanistic insight into how tetraspanins regulate MT1-
MMP function.

MATERIALS AND METHODS
Cell Culture

Cell lines were from American Type Culture Collection (Manassas, VA).
MCEF-7 cells were stably transfected with MT1-MMP-FLAG (MCF-7-MT1),
MT1-MMP-green fluorescent protein (GFP) (MCF-7-MT1-GFP, GFP at C ter-
minus), or vector only using FuGENE6 (Roche Diagnostics, Indianapolis IN).
FLAG-MT1-MMP from M. Seiki (University of Tokyo, Tokyo, Japan), was
cloned into pcDNA3.1 (Invitrogen, Carlsbad CA). MT1-MMP-GFP is from
wild type (wt) MT1-MMP cloned into phosphorylated enhanced green fluo-
rescent protein (BD BioSciences, Palo Alto CA) and subcloned into pcDNA3.1.
Stable cell lines were sorted as a pool population by flow cytometry. HT1080-
FLAG-tagged MT1-MMP cells were generated as described above. TSPAN12-
FLAG was cloned into pLXIZ and transfected into the pT67 packaging cell
line. HT1080 cells were infected with viral supernatants to generate stable cell
lines. All cells were maintained in DMEM (Invitrogen) with 10% fetal bovine
serum (FBS).

Reagents and Antibodies

Bafilomycin Al (vacuolar type H* ATPase inhibitor), cytochalasin D, throm-
bin, pepstatin A (aspartyl peptidase inhibitor), E64, 4-(2-aminoethyl)benzene-
sulfonyl fluoride (AEBSF), anti-FLAG (M2) antibody, anti-B actin antibody,
and secondary horseradish peroxidase (HRP)-conjugated goat anti-mouse
antibody were from Sigma-Aldrich (St. Louis, MO). ALLM and MG132 were
obtained from BIOMOL Research Laboratories (Plymouth Meeting, PA). Plas-
minogen-depleted fibrinogen was from Calbiochem (San Diego, CA). Protein
G-agarose beads, aprotinin, and leupeptin (serine and thiol protease inhibitor)
were from Roche Diagnostics. MT1-MMP antibodies (AB815 and LEM2/15.8)
and GM6001 were from Millipore Bioscience Research Reagents (Billerica,
MA). MT1-MMP antibody (28209) was from Abcam (Cambridge, MA). Anti-
GFP antibody was from Clontech (Mountain View, CA). Anti-CD71 and
anti-E-cadherin (G-10) antibodies were from Santa Cruz Biotechnology (Santa
Cruz, CA). Fibronectin and anti-fibronectin antibody were from BD Bio-
sciences. Secondary HPR-conjugated goat anti-rabbit light chain was from
Zymed Laboratories (South San Francisco, CA). Alexa 546-fibrinogen, Alexa
546-phalloidin, ProLong Gold antifade mounting media with 4,6-diamidino-
2-phenylindole (DAPI), Alexa 488-donkey anti-rabbit, Alexa 488-donkey anti-
mouse, and Alexa 546 goat anti-mouse were from Invitrogen. Type I collagen
was from Inamed (Fremont, CA). Antibodies to CD9 included MM2/57
(BioSource International, Camarillo, CA), MEM-61 (GeneTex, San Antonio,
TX) and ALB6 (Immunotech, Marseille, France). Other antibodies are TS-
PAN4 (Tachibana et al., 1997), MHC I (W6/32) (Barnstable et al., 1978), CD98
(4F2) (Hemler and Strominger, 1982), CD147 (8G6), a3 integrin (A3X8), CD63
(6H1), CD81 (M38), CD82 (M104), and CD151 (5C11) (Yang et al., 2002).

Immunoprecipitation, Western Blotting, and Zymography

Cells were lysed in 25 mM HEPES, 150 mM NaCl, 5 mM MgCl,, and 5 mM
CaCl, with protease inhibitor cocktail (Roche Diagnostics) and 1% detergent
(Triton X-100, Brij 96, Brij 99, or 3-[(3-cholamidopropyl)dimethylammo-
nio]propanesulfonate [CHAPS]) at 4°C. Radioimmunoprecipitation assay
contained the above-mentioned components with 1% deoxycholate, 1% Triton
X-100, and 0.1% SDS. In some cases, lysates were ultracentrifuged (Beckman
1L8-80M) at 100,000 X g. Equal lysate volumes were precleared with protein
G-agarose beads and then immunoprecipitated with indicated antibodies and
protein G overnight at 4°C. Beads were washed and eluted with SDS-sample
buffer (50 mM Tris-HCI, pH 6.8, 1% SDS, 0.025% bromophenol blue, and 10%
glycerol). Western blot analysis for MT1-MMP and antibody validation was
performed as described previously (Lafleur et al., 2006). Western blot analysis
for CD9, CD81, and actin and antibody validation was performed as de-
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scribed previously (Stipp et al., 2003a; Kovalenko et al., 2007). For zymogra-
phy, samples were separated on a 10% polyacrylamide gel copolymerized
with 1 mg/ml gelatin (Sigma-Aldrich) and developed as described previously
(Lafleur et al., 2006).

Small Interfering RNA (siRNA) Transfection

Cells were transfected with 10 nM (MCF-7 cells) or 25 nM (HT1080 cells) of
indicated siRNAs (Dharmacon RNA Technologies, Lafayette, CO) with Lipo-
fectamine RNAIMAX (Invitrogen). The sense sequences for the siRNAs are as
follows: CD9#1, CCAAGAAGGACGUACUCGAUU; CD9%2, UUAAGGAA-
GUCCAGGAGUU; CD81#1, CCACCAACCUCCUGUAUCUUU; CD81#2, CC-
AACAACGCCAAGGCUGU; CD151#1, CCUCAAGAGUGACUACAUCUU;
TSPAN12#1, GCAAACAGCUUUAAUACACUU; TSPAN12#2, GUACAAUG-
GUCAGAUAUGGUU; and control#1, UAGCGACUAAACACAUCAA.

3D Collagen and Fibrin Gels

Two days after siRNA transfection, cells were embedded into fibrin or colla-
gen gels. For collagen gels, 5 X 10* cells were resuspended in 400 ul of
neutralized and buffered collagen gels (2 mg/ml) and polymerized for 1 h at
37°C. Finally, cells were covered in growth media. For fibrin gels, 5 X 10 cells
were resuspended in 400 ul of 2.5 mg/ml fibrinogen in serum-free media and
polymerized with thrombin (1 U/ml) for 30 min at 37°C. Then, they were
covered with growth media containing 50 ug/ml aprotinin.

Fibronectin Immunofluorescence

siRNA-treated cells were cultured on fibronectin coated (10 ug/ml) Lab-Tek
chamber slides (Nalge Nunc International, Rochester, NY) for 24 h in serum-
free media with protease inhibitors: 100 ug/ml aprotinin, 5 uM leupeptin, 20
M E64, 20 uM pepstatin A, and 100 uM AEBSF. Cells were fixed with 4%
paraformaldehyde, blocked/permeabilized with 5% bovine serum albumin
(BSA)/phosphate-buffered saline (PBS)/0.25% Triton X-100, and immuno-
stained with an anti-fibronectin antibody for 1 h at 20°C. Cells were then
incubated with an Alexa 488 secondary antibody and Alexa 546-phalloidin for
1hat 20°C. Cells were mounted with ProLong Gold antifade mounting media
containing DAPI. Specificity of the anti-fibronectin antibody was obtained by
negative staining of collagen coated slides (data not shown).

MTT Proliferation and Flow Cytometry

MCEF-7-MT1 cells transfected with indicated siRNAs were plated in 96-well
plates (2000 cells/well) in triplicate for 1-7 d. An MTT proliferation assay
(Roche Diagnostics) was performed each day using an Opsys MR Thermo Lab
Systems plate reader. For flow cytometry, cells were blocked with 5% goat
serum/1% BSA/0.02% NaNj; in PBS at 4°C and then stained with primary
antibodies for 1 h at 4°C. Cells were washed and incubated with Alexa
488-conjugated donkey anti-rabbit or anti-mouse secondary antibodies for 1 h
at 4°C and washed before analysis.

Internalization

MCEF-7-MT1-GFP cells were incubated with 0.5 mg/ml EZ-link Sulfo-NHS-
SS-biotin (Pierce Chemical, Rockford, IL) at 4°C for 1 h. Cells were washed in
PBS and incubated in serum-free media for 0, 10, or 30 min at 37°C. Cells were
washed and incubated with reducing solution (42 mM glutathione, 75 mM
NaCl, 1 mM EDTA, 1% BSA, and 75 mM NaOH) for 40 min at 4°C. Cells were
washed with PBS, lysed as described above for immunoprecipitation with 1%
Triton X-100 lysis buffer, and MT1-MMP was immunoprecipitated with an
anti-GFP antibody. Eluates were analyzed by Western blotting using ExtrA-
vidin-HRP.

Pulse-Chase

MCEF-7-MT1-FLAG cells were incubated with DMEM lacking L-cysteine and
L-methionine (Invitrogen), 10% dialyzed FBS, 25 mM HEPES, L-glutamine,
and penicillin/streptomycin for 30 min at 37°C. Cells were pulsed (30 min)
with the above-mentioned media with 0.2 mCi/ml EasyTag Expression Pro-
tein Labeling Mix [3°S]L-methionine and [*°S]L-cysteine (PerkinElmer Life and
Analytical Sciences, Waltham, MA). Cells were chased with DMEM lacking
L-cysteine and L-methionine, 10% dialyzed FBS, 25 mM HEPES, 1-glutamine,
penicillin/streptomycin, 0.2 mM L-cysteine, and 0.2 mM L-methionine. Cells
were lysed as described above for immunoprecipitation with 1% Triton X-100
lysis buffer with 10 mg/ml BSA. Lysates were precleared and immunopre-
cipitated using 28209 anti-MT1-MMP antibody. Eluates were separated on a
4-20% gradient gel (Invitrogen), transferred to polyvinylidene difluoride
membrane, and exposed to a Phosphorlmager screen (GE Healthcare, Chalfont
St. Giles, Buckinghamshire, United Kingdom) overnight. Cell surface pulse-
chase experiments were as described above, except that before immunopre-
cipitation, intact cells were cooled to 4°C and then incubated with the M2
anti-FLAG antibody for 2 h at 4°C, and then lysed.
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RNA Isolation and Reverse Transcription-Polymerase
Chain Reaction (RT-PCR)

RNA was harvested using RNeasy mini columns (QIAGEN, Valencia CA).
Reverse transcription was performed with the SuperScript first-strand syn-
thesis system (Invitrogen). PCR was performed with PCR buffer (1.5 mM
MgCl,), 200 uM dNTPs (Roche Diagnostics), 200 nM forward and reverse
primers, 5 U of Taqg DNA polymerase (Roche Diagnostics), and template. PCR
conditions were as follows: 94°C for 2 min and then 35 cycles (TSPAN12) or
25 cycles (glyceraldehyde-3-phosphate dehydrogenase [GAPDH]) of 94°C
155, 60°C 30 s, and 72°C 1 min by using a DNA Engine Peltier thermal cycler
(Bio-Rad, Hercules, CA).

Primers used were as follows: TSPAN12 5, CTCTTGATAAAGGTCACT-
GAGATC; TSPAN12 3', TGTTGCTTCTTGCATGGTACTTTG; GAPDH 5/,
CGGAGTCAACGGATTTGGTCGTAT; and GAPDH 3', AGCCTTCTCCATG-
GTGGTGAAGAC.

Statistical Analysis

Where indicated, a t test (2-tailed, unequal variance) was performed when
comparing two groups; control versus tetraspanin knockdown. The p values
were obtained for each tetraspanin knockdown condition (single, double, or
triple) compared with the control.

Image and Data Acquisition, Including Microscopy

For zymograms and Western blots, original gels or films, respectively, were
scanned using an Epson perfection 1650 scanner. Images were cropped using
Adobe Photoshop 6.0 (Adobe Systems, Mountain View, CA) and imported
into Canvas 9.0 for labeling. For 35S pulse-chase experiments, images were
obtained by Phosphorlmager (Scanner Control, version 4.1; GE Healthcare).
For all RT-PCR, DNA images were acquired with a Gene Genius Bio Imaging
System and GeneSnap software version 4.0. Where indicated, densitometry
was performed with ImageQuant version 5.2 (GE Healthcare). Phase-contrast
images were acquired using an Axiovert 135 microscope (Carl Zeiss, Jena,
Germany) and RT monochrome Spot camera and software, version 3.3 (Di-
agnostic Instruments, Sterling Heights, MI) with a 40X objective (Figure 2D)
or a 10X objective (Figure 3A). Growth area in Figure 3 was quantitated using
Scion Image, version 1.62, while focused on the same plane for each sample.
Immunofluorescent images were acquired with a Nikon Eclipse TE300 fluo-
rescent microscope and RT SE. Spot camera and software, version 4.6 (Diag-
nostic Instruments) with a 40X objective. Fibronectin degradation was quan-
titated by measuring pixel density (using ImageQuant 5.2) within comparably
sized areas of fibronectin proteolysis. Confocal images were acquired with a
Zeiss LSM 510 META confocal microscope (Harvard NeuroDiscovery Center,
Boston, MA). Z-stack reconstructions (143.4 X 143.4 X 22.1 um) were per-
formed from images taken every 1.1 um with a 63X objective, and images
were viewed with a Zeiss LSM Image Browser, version 3.5.0.223. Flow cy-
tometry data acquisition was performed using a FACSCalibur flow cytometer
with CellQuest software, version 3.3, with data analyzed using Flow]o soft-
ware, version 6.4.4 (BD Biosciences).

RESULTS

MT1-MMP Association with Tetraspanin Proteins

MT1-MMP may associate with at least four different tet-
raspanin proteins (Takino ef al., 2003; Yanez-Mo et al., 2008;
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Figure 1. Specific tetraspanins associating with MT1-MMP.
(A) MCF-7-MT1 and MDA-MB-231 cells were lysed in 1%
Brij 99 lysis buffer, and the indicated tetraspanins were im-
munoprecipitated (TSPAN, cocktail of tetraspanin antibod-
ies against CD9, CD63, CD81, CD82, CD151, and TSPANA4).
Eluates were analyzed by gelatin zymography and by West-
ern blotting for MT1-MMP, using the anti-catalytic domain
LEM2/15.8 antibody. Std, MMP-2 standard; pMMP-2, pro-
MMP-2; aMMP-2, active MMP-2; n.s., nonspecific. All anti-
bodies used in these and other immunoprecipitation exper-
iments have been previously shown to immunoprecipitate
their target antigens (Barnstable ef al., 1978; Tachibana et al.,
1997; Yang et al., 2002). (B) HT1080 cells stably expressing
TSPAN12 and MDA-MB-231 cells were lysed in 1% Brij 99,
cell surface proteins were immunoprecipitated, and eluates
were analyzed by gelatin zymography and by MT1-MMP
Western blotting using the anti-hinge AB815 antibody.
cMT1, cleaved MT1. MT1 Standards are from MCE-7 cells
(negative for MT1) or MCE-7 cells stably expressing MT1-
MMP. (C) FLAG-MT1-MMP, MHC1, and CD147 were im-
munoprecipitated from MCE-7-MT1 cells (lysed in 1% Brij
99) and eluates were Western blotted for CD9 and CD81.

Kolesnikova et al., 2009). To clarify which might associate
best with MT1-MMP on tumor cell lines, we immunopre-
cipitated CD9, CD63, CD81, CD82, CD151, and TSPAN4
from MCF-7-MT1 and MDA-MB-231 cells (Figure 1A). CD9
and CD81 yielded the most MT1-MMP, as seen by gelatin
zymography and Western blot. TSPAN12 also associated
with MT1-MMP, as seen upon immunoprecipitating TS-
PAN12-FLAG from HT1080 cells (Figure 1B). Antibodies to
other tetraspanins (CD63, CD82, and CD151) or other abun-
dant cell surface proteins (major histocompatibility complex
I [MHC I], CD147) yielded little or no MT1-MMP (Figures 1,
A and B). All tetraspanins and negative control proteins
analyzed were well expressed by MCF-7-MT1, HT1080,
and MDA-MB-231 cells with the exception of CD9 in
HT1080 cells (Supplemental Table 1). In a reciprocal ex-
periment, immunoprecipitation of MT1-MMP-FLAG but
not control proteins (MHC I and CD147) yielded CD9 and
CD81 (Figure 1C).

CD81 immunoprecipitation from HT1080 cells yielded
MT1-MMP regardless of whether lysates were centrifuged at
100,000 X g (Supplemental Figure 1A). Hence, MT1-MMP-
tetraspanin associations are not a protein insolubility arti-
fact. MT1-MMP-tetraspanin association was also observed
in MDA-MB-231, BT549, 293, U87, and NT2 cancer cells.
Cells with minimal MT1-MMP expression (HeLa, LN827,
MCF-7, A549, and K562) did not yield MT1-MMP zymo-
gram activity (Supplemental Figure 1B).

Choice of lysis bulffer is critical in these experiments. Im-
munoprecipitation of TSPAN12 yielded MT1-MMP in rela-
tively stringent conditions (1% Brij 96 or TX-100), whereas
CD9 and CD81 associations were seen in less stringent con-
ditions (1% Brij 99 and CHAPS) (Supplemental Figure 2A
and Supplemental Table 2). To confirm that tetraspanin-
MT1-MMP associations are not postlysis artifacts, HT1080
1% Brij 99 lysates, containing TSPAN12-FLAG or MT1-
MMP-GFP, were either mixed 1:1 or kept separate. Immu-
noprecipitation of FLAG yielded TSPAN12-FLAG and im-
munoprecipitation of GFP yielded MT1-MMP-GFP. There
was no evidence of postlysis association between FLAG- and
GFP-tagged proteins (Supplemental Figure 2B). As a pos-
itive control, immunoprecipitation of TSPAN12-FLAG
yielded endogenous MT1-MMP (Supplemental Figure 2B,
bottom left). Immunoprecipitation of CD81 yielded compa-
rable amounts of both endogenous MT1-MMP and MT1-
MMP-GFP (Supplemental Figure 2B, right). Hence, the GFP
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Figure 2. Tetraspanin effects on MT1-MMP subcellular
localization. (A) MCF-7-MT1-GFP cells were treated
with the indicated control (IgG and MHC I) and tet-
raspanin (CD9 and CD81) antibodies (50 pg/ml for 2 d),
fixed (in 4% paraformaldehyde), blocked in 5% BSA/
PBS, incubated at 20°C with Alexa Fluor 546-conjugated
anti-CD9 antibody (ALB6), and analyzed by fluores-
cence or phase-contrast microscopy. Bar, 20 um. White
arrowheads indicate coclustering of MT1-MMP-GFP
with CD9 or CD81. (B) MCF-7-MT1-GFP cells were
transfected with control or CD9/CD81/TSPAN12 siR-
NAs and plated within fibrin gels 2 d after siRNA
transfection. Fibrin gels were spiked with 1% Alexa
546-labeled fibrinogen before addition of thrombin to
form the gel. After 2 d, cells were visualized by confocal
microscopy. Green, MT1-MMP-GEFP; red, fibrin matrix.
Laser power was adjusted to show similar green inten-
sities between control and tetraspanin knockdown cells.
Bar, 20 um. Horizontal (green) and vertical (red) lines
within the central XY image correspond to the planes
chosen for XZ (up) and YZ (right) images, respectively.

moiety does not interfere with MT1-MMP-GFP-tetraspanin
association.

We also treated MCF-7-MT1-GFP cells with anti-CD9, an-
ti-CD81, or control antibodies. Cells were then fixed and
assessed for MT1-MMP-GFP and CD9 expression. Antibod-
ies to CD9 or CD81, but not control antibodies (IgG or
anti-MHC 1), triggered coclustering of MT1-MMP-GFP
(green) and CD9 (red) into overlapping punctate complexes
(Figure 2A, white arrowheads). Cell morphology was not
noticeably altered by antibody treatment (Figure 2A, bot-
tom). These results support the conclusion that MT1-MMP
associates with tetraspanins CD9 and CD8]1.

Tetraspanins Promote MT1-MMP-dependent Functions

In previous studies, tetraspanins CD63 and CD151 were
suggested to inhibit MT1-MMP-dependent MMP-2 activa-
tion (Takino et al., 2003; Yanez-Mo et al., 2008), while para-
doxically promoting collagen degradation (Yanez-Mo et al.,
2008). Here, we undertook a comprehensive assessment of
the effects of tetraspanins (CD9, CD81, and TSPAN12) on
tumor cell MT1-MMP, by using four different functional
assays. To focus attention on MT1-MMP, we mostly com-
pared the functions of MCF-7-MT1 and MCF-7-VC cells. The
former cells are stably transfected to express moderate levels
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of MT1-MMP, whereas the latter are vector control cells,
with minimal background MMP activity. To efficiently dis-
rupt the tetraspanin network in MCF-7-VC and MCF-7-MT1
cells, we silenced tetraspanins (CD9, CD81, and TSPAN12)
in combinations of two or three at a time. Evidence for
efficient knockdown of CD9, CD81, and TSPAN12 is shown
in Supplemental Figure 3, A-C.

Tetraspanin effects on MT1-MMP function were first an-
alyzed using Alexa 546-labeled 3D fibrin gels. During a 2-d
growth interval, control siRNA-treated MCF7-MT1-GFP
cells created large fibrin-depleted boroughs, as seen in both
XY planes and in Z stacks (Figure 2B, left). By contrast,
CD9/CD81/TSPAN12 siRNA-treated cells showed smaller
regions of fibrin proteolysis (Figure 2A, right). Also evident
were striking differences in MT1-MMP-GFP localization. In
control siRNA-treated cells, MT1-MMP-GFP was localized
mainly at the periphery, with some intracellular signal (Fig-
ure 2B, left). On tetraspanin knockdown, MT1-MMP-GFP
became predominantly intracellular (Figure 2B, right).

In another 3D fibrin gel experiment, embedded MCF-
7-VC and MCE-7-MT1 cells were monitored for changes in
invasion and growth, due to tetraspanin knockdown (Figure
3). Using MT1-MMP to escape from fibrin growth con-
straints (Hotary et al., 2003), control siRNA-treated MCF-7-
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MT1 cells efficiently spread, invaded, and proliferated
within fibrin gels (Figure 3A, row 3). By contrast, CD9/
CD81/TSPAN12 knockdown cells showed minimal inva-
sion and growth (Figure 3A, row 4). Double knockdown
(CDY9/CD81) MCEF-7-MT1 cells also were markedly im-
paired, whereas single knockdown cells were affected to a
lesser extent (Figure 3B). Because MCF-7-VC cells are mini-
mally fibrinolytic, they were unable to escape matrix growth
constraints. Consequently, they grew as immobile cysts, re-
gardless of tetraspanin knockdown (Figure 3A, rows 1 and
2; and B). Proliferation of MCF-7-MT1 cells was not signifi-
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Figure 3. Quantitation of tetraspanin effects on MT1-MMP-
dependent cell growth/invasion within 3D fibrin gels. (A) MCEF-
7-MT1 and MCF-7-VC cells were treated for 2 d with siRNAs,
and then cells were embedded within fibrin gels for the indi-
cated times. Representative images are shown. Bar, 200 um. (B)
The percentage of area of cell coverage was determined to yield
mean * SD (n = 3; *p < 0.05, **p < 0.005 compared with control
at each time point). (C) MCF-7-MT1 cells were treated with
siRNAs as indicated, and then 2D growth was assessed using an
MTT proliferation assay. Results are mean = SD (n = 3).

cantly affected by tetraspanin knockdown in a 2D prolifer-
ation/viability assay (Figure 3C).

Similar experiments were then carried out using 3D col-
lagen gels. Once again, control siRNA-treated MCF7-MT1
cells, but not tetraspanin knockdown cells, escaped from a
3D growth restraint (Supplemental Figure 4B). Again, triple
knockdown and CD9/CD81 double knockdown were most
effective, whereas other double and single knockdowns
were less effective (Supplemental Figure 4B). By contrast,
tetraspanin knockdown had little effect on control MCF-7
cells (Supplemental Figure 4A).
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Figure 4. Tetraspanin effects on MT1-MMP-
dependent fibronectin degradation. MCEF-
7-VC and MCE-7-MTT1 cells were treated with
siRNAs, plated 4 d later on fibronectin (FN)-
coated slides, and then incubated overnight in
serum-free media with protease inhibitors (50
png/ml aprotinin, 2 uM leupeptin, 20 uM E64,
and 20 uM pepstatin A) to prevent non-MMP
proteolysis of the FN. The following day, cells
were washed, fixed, and FN was detected us-
ing an anti-FN antibody followed by Alexa
488-conjugated anti-mouse secondary anti-
body (green). The position of the cells was
determined by staining the cytoskeleton with
Alexa Fluor 546-phalloidin (red) and the nu-
clei with DAPI (blue). Representative fluores-
cent images (merge green/red/blue or green
only) are shown. Bar, 20 um. For the bar
graph, 100% fibronectin degradation is de-
fined as 0 pixel density within defined proteo-
lyzed areas, whereas 0% degradation is pixel
density in the unperturbed fibronectin layer.
Results are mean of percentage of fibronectin
degradation = SD (n = 3; *p < 0.01 compared
with control). Efficient tetraspanin knockdown
was obtained similarly to that shown in Sup-
plemental Figure 3.

A third type of ECM degradation assay was then carried
out, involving MT1-MMP-dependent pericellular fibronec-
tin degradation. On plating on fibronectin overnight, MCF-
7-MT1 cells efficiently cleared fibronectin, leaving dark
patches in the fluorescent green lawn (Figure 4, top left).
However, fibronectin degradation was significantly reduced
after knockdown of CD9/CD81 or CD9/CD81/TSPAN12
(Figure 4, bottom). Other single or double knockdowns had
minimal effect on MCF-7-MTT1 cells (Figure 4). As expected,
control MCF-7-VC cells did not degrade fibronectin, with or
without tetraspanin knockdown (Figure 4, far right).

We next analyzed pro-MMP-2 activation, which is princi-
pally mediated by MT1-MMP (Sato et al., 1994). Compared
with control knockdown, CD9/CD81/TSPAN12 knock-
down in MCF-7-MT1 cells caused activation of pro-MMP-2
to be ~78% inhibited (Figure 5A). We also analyzed tet-
raspanin knockdown effects on endogenous MT1-MMP in
HT1080 cells. Because HT1080 cells do not express CD9, we
knocked down CD81, TSPAN12, and CD151 (which weakly
associates with MT1-MMP). Again, tetraspanin knockdown
decreased pro-MMP-2 activation, this time by ~40% (Figure
5B). The effect was particularly obvious when cytochalasin D
(cyto D) was added to increase MT1-MMP protein levels in
HT1080 cells. Cyto D has been shown previously to increase
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the transcription of MT1-MMP (Yan ef al., 2000). Little
MMP-2 activation was seen in MCF-7-VC cells (Figure 5C),
thus confirming that MMP-2 activation is almost entirely
MT1-MMP dependent in our MCF-7 cell system.

Mechanistic Insights: How Do Tetraspanins Affect
MT1-MMP Functions?

Tetraspanin knockdown (CD9/CD81/TSPAN12) in MCF-7-
MTT1 cells decreased levels of both full-length and cleaved
MT1-MMP (cMT1) by 75 and 80%, respectively, as seen by
densitometric quantitation (Figure 6A). Cell surface expres-
sion of MT1-MMP was also diminished, by 40—-60%, as seen
by flow cytometry using two different anti-MT1-MMP anti-
bodies (Figure 6B). Surface expressions of other abundant
cell surface proteins (MHC I, E-cadherin, and a3 integrin)
were mostly unaffected, whereas CD9 and CD81 were ap-
propriately diminished (Figure 6B). To confirm CD9/CD81/
TSPAN12 knockdown results above, a second set of CD9,
CD81, and TSPAN12 siRNAs were tested. Again, substantial
knockdown of CD9, CD81, and TSPAN12 was accompanied
by ~50% reduction in expression of MT1-MMP (Supple-
mental Table 3).

Tetraspanin knockdown (CD81/TSPAN12/CD151) also
decreased expression of total endogenous MT1-MMP (full
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Figure 5. Tetraspanin effects on MT1-MMP-depen-
dent pro-MMP-2 activation. (A) MCF-7-MTT1 cells were
treated with control or CD9/CD81/TSPAN12 (3xTS-
PAN) siRNAs and after 4 d, cells were plated and
incubated overnight in serum-free media supplemented
with conditioned media from MCEF-7 cells stably ex-
pressing MMP-2. Eighteen hours later, conditioned me-
dia and lysates were collected and analyzed for pro-
MMP-2 activation by gelatin zymography or actin
expression by Western blotting (as loading control),
respectively. Densitometry was performed on zymo-
grams and results displayed as percentage of active
MMP-2 + SD (n = 3; *p < 0.01 compared with control).
(B) HT1080 cells were transfected with control or
CD81/CD151/TSPAN12 (3xTSPAN) siRNAs. After 4 d,
cells were plated and then incubated overnight in se-
rum-free media with or without 4 uM cyto D. Condi-
tioned media were then collected and analyzed by gel-
atin zymography for pro-MMP-2 activation. Zymogram

densitometry was performed (n = 4; *p < 0.05 compared with control). (C) MCF-7-VC cells were treated and analyzed as described in

A (n = 2).

length and ¢MT1) in HT1080 cells. Expression decreased by
45-55%, depending on whether cytochalasin D was absent
or present (Figure 6C). Cell surface expression of endoge-
nous HT1080 MT1-MMP also showed a significant decrease
(~30%), as detected by flow cytometry using two different
anti-MT1-MMP antibodies. Control experiments confirmed
knockdown of CD81, CD151, and TSPAN12 (Figure 6D
and Supplemental Figure 4D), whereas other abundant
cell surface proteins (MHC I and CD98) were unaffected
(Figure 6D).

To address the mechanism whereby tetraspanins affect
MT1-MMP protein levels, we first analyzed cell surface in-
ternalization. Knockdown of CD9/CD81/TSPAN12 did not
affect MT1-MMP internalization in MCF-7-MT1-GFP cells,
as determined using a reducible biotin accessibility assay
(Supplemental Figure 5). Next, we used pulse-chase
[3°S]Met/Cys labeling to assess MT1-MMP delivery to the
cell surface. After siRNA treatment, MCF-7-MT1 cells were
pulsed (30 min) and then chased for 0, 20, 45, 90, or 210 min.
Before lysis, cells were incubated with anti-FLAG antibody,
which bound to extracellular pro- and active MT1-MMP-
FLAG. After lysis, cell surface MT1-MMP-FLAG proteins
were immunoprecipitated and analyzed (Figure 7A). Al-
ready at 30-min pulse, 0-min chase, there was less newly
synthesized MT1-MMP delivered to the surface of CD9/
CD81/TSPAN12 knockdown cells (Figure 7A), despite there
being similar amounts of total MT1-MMP synthesized in
control and tetraspanin knockdown cells (Figure 7B, time
zero). Later time points (20-, 45-, and 90-min chase) con-
firmed the deficit in cell surface delivery caused by tet-
raspanin knockdown (Figure 7A). Figure 7D confirmed CD9
and CD81 knockdown and decreased levels of total MT1-
MMP. Pulse-chase analysis of total MT1-MMP (Figure 7B)
showed that tetraspanin knockdown did not diminish total
MT1-MMP synthesis rates nor affect much the rapid conver-
sion of pro- to active form. However, total MT1-MMP was
degraded at a faster rate, and very little of the autocatalyti-
cally generated cMT1 was produced upon CD9/CD81/TS-
PAN12 knockdown. These results indicate that silencing of
CD9/CD81/TSPANI12 causes less MT1-MMP to reach the
cell surface. Instead, it seems to be rerouted to an intracel-
lular compartment and degraded at a faster rate.

To gain further insight into MT1-MMP degradation, we
treated control or CD9/CD81/TSPAN12-silenced MCF-7-
MT1-GFP cells with lysosome and proteasome inhibitors.
Lysosome inhibitors (chloroquine, bafilomycin Al, and pep-
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statin A/leupeptin combination) largely protected total
MT1-MMP from CD9/CD81/TSPAN12 knockdown-in-
duced degradation (Figure 7C). By contrast, proteasome
inhibitors (MG132 and lactacystin) did not protect MT1-
MMP from degradation.

DISCUSSION

The role of MTI-MMP as a proinvasive protease during
tumor cell invasion has been well established (Osenkowski
et al., 2004; Ttoh and Seiki, 2006). MT1-MMP associates with
various tetraspanin proteins (Takino et al., 2003; Yanez-Mo et
al., 2008; Kolesnikova et al., 2009), resulting in possible neg-
ative regulation of expression (Takino et al., 2003), and both
negative and positive functional regulation (Yanez-Mo et al.,
2008). Here, we describe how multiple tetraspanins associate
with newly synthesized MT1-MMP in cancer cells, thereby
preventing its lysosomal degradation, supporting cell sur-
face expression and uniformly enhancing MT1-MMP func-
tions in multiple proteolysis assays.

Functional Consequences of Tetraspanin Association

Among seven tetraspanins tested, CD9, CD81, and TS-
PAN12 showed the most robust MT1-MMP association, as
seen by reciprocal coimmunoprecipitation and antibody-
induced colocalization. Removal of tetraspanins CD9, CD81,
and/or TSPAN12 markedly diminished all MT1-MMP-de-
pendent functions tested. MT1-MMP promotes fibronectin
proteolysis, leading to enhanced cell migration and invasion
(Takino et al., 2007). Tetraspanin knockdown impaired MT1-
MMP-dependent proteolysis of two-dimensional fibronec-
tin, which should lead to impaired cell migration and inva-
sion. MTI-MMP also supports tumor proliferation by
relieving growth constraints imposed by 3D ECM (Hotary et
al., 2003). Tetraspanin knockdown markedly diminished
cancer cell invasion and proliferation within 3D fibrin and
collagen gels, consistent with relief of growth constraints.
These results may help to explain why loss of tetraspanin-
MT1-MMP association correlated with diminished glioblas-
toma growth within a 3D in vivo setting (Kolesnikova et al.,
2009). Another important function of MT1-MMP is to acti-
vate MMP-2 (Sato et al., 1994). Tetraspanin knockdown
markedly diminished activation of MMP-2 by MT1-MMP
(either endogenous or overexpressed) in two different tumor
cell lines. Given that MMP-2 also can be a key player during
tumor cell invasion/tumor progression (Itoh et al., 1998),
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Figure 6. Tetraspanin effects on MT1-MMP expres-
sion. (A) TX114 cell lysates from MCF-7-MT1 samples in
Figure 5A were blotted for MT1-MMP (AB815 anti-
body) and actin. Densitometry was performed on West-
ern blots to yield indicated percent values relative to
control lanes * SD (n = 3; *p < 0.05 compared with
control); cMT1 is cleaved MT1 lacking the catalytic do-
main (generated via an autocatalytic cleavage event).
(B) MCF-7-MT1 cells were treated with control, CD81,
or CD9/CD81/TSPAN12 (3XTSPAN) siRNAs. After 4 d,
cell surface expression of MHC I, E-cadherin, o3 inte-
grin, CD9, CD81, and MT1-MMP was determined by
flow cytometry. For MT1-MMP, AB815 is anti-hinge
antibody (detects both full-length and cleaved MT1-
MMP) and LEM2/15.8 is anti-catalytic domain antibody
(detects full-length MT1-MMP only). Quantitation of
flow cytometry mean fluorescent intensity (MFI) values
of MT1-MMP by using either AB815 or LEM2/15.8
antibodies is shown and expressed as percentage of
control = SD (n = 4; *p < 0.05 compared with control
for each antibody). (C) Cell lysates from HT1080 sam-
ples in Figure 5B were blotted for MT1-MMP (AB815
antibody) or actin. Densitometry of total MT1-MMP
was expressed as percentage relative to controls = SD
(n = 3; *p < 0.01 compared with control). ctMT1 is
cleaved MT1-MMP. MT1-MMP standard was prepared
as described in Figure 1B. (D) HT1080 cells were trans-
fected with control or CD81/CD151/TSPAN12 (3xTS-
PAN) siRNAs, and flow cytometry was performed 4 d
after transfection for MHC I, CD98, CD81, CD151, and
MT1-MMP (AB815 and LEM2/15.8) with cyto D stim-
ulation 1 d before flow cytometry. Quantitation of flow
cytometry MFI values of MT1-MMP is shown and ex-
pressed as percentage of control = SD (n = 5; *p < 0.05
compared with control for each antibody).

loss of MMP-2 activation likely contributes to impaired tu-
mor cell functions caused by tetraspanin knockdown.
Deletion of individual tetraspanins in mice and flies has
yielded relatively minor developmental effects (Hemler,
2005), likely due to functional compensation among different
tetraspanins (Fradkin et al., 2002; Kaji ef al., 2002). Here,
compared with single tetraspanin knockdowns, depletion
of two or three tetraspanins more notably diminished
MT1-MMP expression and functions. Among combina-
tions tested, CD9/CD81 knockdown was most effective, con-
sistent with these molecules providing overlapping (i.e.,
partly compensating) contributions toward MT1-MMP ex-
pression and function. In this regard, the structurally similar
CD9 and CD81 molecules partially compensate for each
other during oocyte fertilization (Rubinstein et al., 2006).
CD9 and CD81 are not known to support tumor invasion
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and growth, perhaps because they are usually studied one at
a time. Notably, CD9/CD81 null and MT1-MMP null mice
show striking similarities. Both strains show diminished
size, abnormal bone-associated phenotypes (e.g., osteope-
nia), and alveolar airspace enlargement (Holmbeck et al.,
1999; Hemler, 2003; Takeda et al., 2003; Atkinson et al., 2005).
Hence, the CD9/CD81 null mouse phenotype could arise, at
least partly, from altered MT1-MMP regulation.

Compared with CD9/CD81 double knockdown results,
TSPAN12/CD9/CD8]1 triple knockdown effects were only
slightly more obvious, possibly because endogenous
TSPANI12 protein is less abundant than CD9 and CD81.
Nonetheless, knockdown of endogenous TSPAN12 individ-
ually did have a small but significant effect on MT1-MMP
functions within 3D fibrin and collagen matrices, suggesting
that TSPAN12 can be a contributor. Its wide expression
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(Serru et al., 2000) should enable collaboration with MT1-
MMP on many cancer cell types. Further study of endoge-
nous TSPAN12 protein awaits the development of appropri-
ate antibody reagents.

Our CD81/CD151/TSPAN12 knockdown diminished
MT1-MMP-dependent MMP-2 activation in HT1080 cells.
Elsewhere, CD151 knockdown stimulated MT1-MMP-de-
pendent MMP-2 activation on endothelial cells (Yanez-Mo et
al., 2008). These results are not necessarily contradictory
because 1) knockdown of CD151 alone may be insufficient to
disrupt MT1-MMP function within TEMs, and 2) regulation
of MT1-MMP may differ in primary endothelial cells com-
pared with tumor cell lines. In addition, in tumor cell lines
MT1-MMP associations are much more robust with CD9
and CD81 (compared with CD151).

Tetraspanin Effects on MT1-MMP: Mechanistic Insights

Tetraspanin knockdown decreased MT1-MMP expression
(both cell surface and total) in both overexpressed and en-
dogenous systems. Hence, combinations of tetraspanins (es-
pecially CD9, CD81, TSPAN12, and CD151) support MT1-
MMP expression. Elsewhere, knockdown of CD151 alone
did not affect MT1-MMP expression (Yanez-Mo et al., 2008),
and CD63 knockdown increased rather than decreased MT1-
MMP expression (Takino et al., 2003). Because we did not
observe CD63 association with MT1-MMP, we did not pur-
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Figure 7. Tetraspanins affect MT1-MMP traf-
ficking and stability. (A) MCF-7-MT1 cells
were transfected with control or CD9/CD81/
TSPAN12 (3XTSPAN) siRNAs. After 4 d, the
cell surface subset of MT1-MMP was analyzed
by [**S]Met/Cys pulse-chase (see Materials
and Methods). Appearance and processing of
cell surface MT1-MMP was quantitated by
densitometry and plotted as raw densitomet-
ric values for both pro- and active MT1-MMP
as line graphs. (B) Four days after siRNA
treatment, total MT1-MMP was analyzed by
[3°S]Met/Cys pulse-chase, and densitometry
was performed on total labeled MT1-MMP
protein and expressed as ratio compared with
control at time zero = SD (n = 3; *p < 0.05
compared with control at each time point).
cMT1 is cleaved MT1. (C) MCE-7-MT1-GFP
cells were transfected with control or CD9/
CD81/TSPAN12 (3xTSPAN) siRNAs. Two
days after siRNA treatment, cells were treated
with either lactacystin (10 uM), MG132 (2.5
uM), pepstatin A (50 uM)/leupeptin (10 uM),
bafilomycin Al (25 nM), or chloroquine (50
uM) for 2 d. Cell lysates were then collected,
and MT1-MMP was analyzed by Western
blotting. Densitometry was performed on to-
tal MT1-MMP and represented as ratio of total
MT1-MMP for 3xTSPAN/ control for each in-
hibitor + SD (n = 3; *p < 0.05 compared with
no inhibitor). Note that all the lysosomal in-
hibitors stimulated MT1-MMP expression in
control siRNA-treated cells compared with no
inhibitor, consistent with normal degradation
of MT1-MMP in lysosomes (data not shown).
(D) Tetraspanin knockdown was confirmed
by Western blotting of CD9 and CD81 from
cell lysates. Decreased MT1-MMP expression
with tetraspanin knockdown is shown by
Western blotting. TSPAN12 mRNA was also
appropriately decreased (data not shown).

sue CD63 further. MT1-MMP association with other cell
surface proteins, including CD44, syndecan, and aV inte-
grins (Barbolina and Stack, 2008), leads to shedding and/or
proteolytic processing. However, MT1-MMP does not seem
to cause tetraspanin proteolysis.

For total MT1-MMP, initial synthesis and stability were
unaltered upon tetraspanin removal—decreased expression
was not seen until later time points (e.g., 2- to 4-h chase).
However, cell surface MT1-MMP expression was greatly
diminished even at early time points. Rather than going to
the cell surface, newly synthesized MT1-MMP is apparently
diverted to an intracellular compartment and subsequently
degraded at an accelerated rate. Consistent with this, confo-
cal microscopy showed that MT1-MMP was not only dimin-
ished in tetraspanin knockdown cells but also shifted away
from the surface and into intracellular compartments. We
considered that tetraspanin knockdown might cause MT1-
MMP to be rapidly removed soon after it arrives at the cell
surface. However, we did not observe increases in MT1-
MMP internalization or shedding into exosome/microvesicle
particles (unpublished data), again consistent with MT1-
MMP not reaching the cell surface. After tetraspanin silenc-
ing, MT1-MMP disappearance was inhibited by lysosomal
protease inhibitors chloroquine, bafilomycin Al, and pep-
statin A/leupeptin combination. These results suggest that
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MT1-MMP is diverted into lysosomal compartments and
degraded.

There is precedent for tetraspanins supporting partner
protein surface expression. CD81 facilitates EWI-2 (Stipp et
al., 2003a) and CD19 (Shoham et al., 2006) surface expression,
and tetraspanins UPla and UP1b enable UPII and UPIII
surface expression (Hu et al., 2005). However, in these cases,
tetraspanin absence impairs intracellular maturation. By
contrast, diminished cell surface MT1-MMP is not accompa-
nied by delayed maturation (Figure 7B). Hence, tetraspanins
may affect MT1-MMP at a post-endoplasmic reticulum/
Golgi stage, by a novel mechanism.

Because tetraspanins such as CD9, CD81, CD151
(Berditchevski, 2001), and TSPAN12 (our unpublished data)
associate with integrins, MT1-MMP should be brought into
proximity with integrins, as demonstrated in endothelial
cells for CD151 and MT1-MMP (Yanez-Mo et al., 2008).
Hence, tetraspanins may coordinate processes of cell adhe-
sion and ECM proteolysis during cell invasion and migra-
tion. Within invading cells, MT1-MMP in lamellipodia and
invadopodia is well positioned for localized ECM degrada-
tion (Itoh, 2006). Indeed, silencing of proteins such as
TI-VAMP/VAMP-7, Sec3/Sec8/IQGAP1, or RADbS leads to
disruption of invadopodia formation and/or loss of MT1-
MMP-dependent tumor cell invasion (Bravo-Cordero et al.,
2007; Sakurai-Yageta et al., 2008; Steffen et al., 2008). Tet-
raspanin protein complexes contribute to the organization of
lamellipodia, filopodia, and uropodia (Shigeta et al., 2003;
Stipp et al., 2003a) and therefore should also contribute to
invadopodia. However, it remains to be seen whether abla-
tion of tetraspanins, and loss of cell surface MT1-MMP ex-
pression, is accompanied by disruption of invadopodia.

Implications

Broad-spectrum synthetic inhibitors, targeting MMP active
sites, have undergone extensive clinical testing. Unfortu-
nately, these agents failed to provide useful cancer therapy
in humans (Overall and Kleifeld, 2006). Hence, the challenge
remains to target MMPs successfully with minimal harmful
side effects. For a membrane-bound protease, interfering
with subcellular localization may be a beneficial alternative
to typical active site inhibition approaches. Anti-tetraspanin
antibody effects on MT1-MMP localization may represent a
promising step in this direction. Furthermore, because adult
mice survive well without CD9 and CD81 expression
(Takeda et al., 2003), therapies targeting these molecules
should not be excessively toxic. This approach could poten-
tially provide alternative treatment options for tumor inva-
sion and metastasis and other pathological conditions de-
pendent on pericellular proteolysis.
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Glioblastoma Inhibition by Cell

Surface Immunoglobulin Protein
EWI-2, In Vitro and In Vivo'?

Abstract

EWI-2, a cell surface IgSF protein, is highly expressed in normal human brain but is considerably diminished in
glioblastoma tumors and cell lines. Moreover, loss of EWI-2 expression correlated with a shorter survival time
in human glioma patients, suggesting that EWI-2 might be a natural inhibitor of glioblastoma. In support of this
idea, EWI-2 expression significantly impaired both ectopic and orthotopic tumor growth in nude mice /n vivo.
In vitro assays provided clues regarding EWI-2 functions. Expression of EWI-2 in T98G and/or U87-MG malignant
glioblastoma cell lines failed to alter two-dimensional cell proliferation but inhibited glioblastoma colony formation
in soft agar and caused diminished cell motility and invasion. At the biochemical level, EWI-2 markedly affects the
organization of four molecules (tetraspanin proteins CD9 and CD81 and matrix metalloproteinases MMP-2 and MT1-
MMP), which play key roles in the biology of astrocytes and gliomas. EWI-2 causes CD9 and CD81 to become more
associated with each other, whereas CD81 and other tetraspanins become less associated with MMP-2 and MT1-
MMP. We propose that EWI-2 inhibition of glioblastoma growth in vivo is at least partly explained by the capability of
EWI-2 to inhibit growth and/or invasion /in vitro. Underlying these functional effects, EWI-2 causes a substantial mo-
lecular reorganization of multiple molecules (CD81, CD9, MMP-2, and MT1-MMP) known to affect proliferation and/
or invasion of astrocytes and/or glioblastomas.

Neoplasia (2009) 11, 77-86

Introduction
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and nature of cytogenetic aberrations [1]. For multiple reasons, we con-



78 EWI-2 Inhibits Glioblastoma  Kolesnikova et al.

Neoplasia Vol. 11, No. 1, 2009

astrocytic tumor malignancy [6], CD81 is highly expressed on normal
astrocytes and regulates neuron-induced astrocytic cell cycle arrest and
differentiation [7]. Consequently, CD81 null mice in mixed genetic
backgrounds have enlarged brains owing to more astrocytes [8]. Further-
more, CD9 affects epidermal growth factor receptor ligand binding
activities of the membrane-bound forms of transforming growth fac-
tor o and heparin-binding EGF-like growth factor [9,10], two mole-
cules that contribute to human malignant glioma cell growth, most
likely through juxtacrine and autocrine mechanisms [6,11,12].
Tetraspanins such as CD9 and CD81 influence motility and pro-
liferation of normal cells and the metastatic functions and tumorige-
nicity of malignant cells [13,14]. To accomplish these actions, they
do not typically serve as cell surface receptors, but rather function,
together with laterally associated partner proteins (e.g., EWI-2, integ-
rins, other tetraspanins), in the context of tetraspanin-enriched micro-
domains (TEMs) [15] on the cell surface. Changes in the protein
content of TEMs can be seen as cells differentiate and/or progress to-
ward a malignant state [16,17]. EWI-2, a major protein partner for
CD9 and CD81 tetraspanins, had not been shown previously to affect
tumor behavior in vive. Here, we show that EWI-2 is substandially
downregulated on glioblastomas compared to normal brain. Further-
more, EWI-2 expression inhibits glioblastoma tumor growth iz vive
while also inhibiting three-dimensional growth and invasion and mi-
gration in vitro. These inhibitory effects are accompanied by reorgani-
zation of tetraspanin-enriched membrane microdomain components
(i.e., CD9 and CD81) as well as matrix metalloproteinases (i.e.,
MMP-2 and MT1-MMP) on the surface of glioblastoma cells.

Materials and Methods

Plasmids and Reagents

Monoclonal antibodies (mAbs) to CD9 (ALB6; Beckman Coulter,
Hialeah, FL), CD63 (6H1), CD81 (M38), CD82 (M104), CD151
(5C11), MHC class I (W6/32), CD147 (8G6), and EWI-2 polyclonal
antibody were referenced previously [3,4]. Anti-EWI-2 mAb 8A12 [18]
was a gift from Dr. E. Rubinstein. The M2 anti-FLAG mAb, horse-
radish peroxidase—conjugated goat antimouse polyclonal antibody and
nonimmune mouse IgG were from Sigma (St. Louis, MO). C-terminal

FLAG-tagged EWI-2 and CD2 were described [2,3].

Gene Expression Data Analysis

Primary gene expression data were downloaded from the Gene Ex-
pression Omnibus Web site (hetp://www.ncbi.nlm.nih.gov/geo/) and
used as is. From these data [19,20], notched box-and-whisker graphs
were generated using the R graphics module (http://www.r-project.
org/). The Henry Ford GEO Data Set (GSE4290, top panel) in-
cludes MASS5 signal intensities for nontumor and grades II to IV glio-
blastoma samples [20]. The Stanford GEO Data Set (GSE2223) is a
log, Cy5/Cy3 ratio for normal brain reference samples and grades II
to IV glioblastoma samples [21,22]. For genes with multiple probes,
data from all probes are included. Dashed lines indicate the median
of all probes across all samples in each data set. Notches indicate 95%
confidence intervals surrounding the median (dark line). The boxes
denote the 25th to 75th percentiles, and the whiskers extend to 1.5
times the interquartile range of the data. Outliers are indicated as

open circles. Significance was calculated by 2-tailed Welchs 7-test. 2

Cell Culture and Retroviral Transduction

The human glioblastoma cell lines T98G and U87-MG (American
Type Culture Collection (ATCC), Manassas, VA) and FNX-ampho
packaging cells (ATCC) were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) with 10% fetal bovine serum (Invitrogen, Carlsbad,
CA). Transient transfection of FNX-ampho cells and retroviral infec-
tion of T98G and U87-MG cells were performed as described [23].
Stable infectants were selected in a medium containing 200 pg/ml zeo-
cin (Invitrogen) and were maintained as a polyclonal cell population.
The U87-MG cells expressing luciferase-neomycin phosphotransferase
(neo) fusion protein (U87-LucNeo cells) were previously described [24].

Metabolic Labeling, Immunoprecipitation, Immunoblot
Analysis, and Zymography

For [° H]palmitate labeling, U87-LucNeo cells at 80% to 90% con-
fluence were serum-starved for 2 hours and then pulsed for 2 hours in
medium containing 0.2 mCi/ml [3H]palmitic acid (NEN Bioscience,
Boston, MA) and 5% dialyzed FBS (Invitrogen). Metabolic labeling
with [° H]palmitate is an effective means of analyzing TEMs, which
are palmitate-enriched [25]. Cells were then lysed in 1% Brij 99,
and immunoprecipitations were carried out as described [3]. Proteins
resolved by SDS-PAGE were transferred to polyvinylidene fluoride
membrane (BioRad Laboratories, Hercules, CA) and exposed to Bio-
Max MS film (Kodak, Rochester, NY) at -80°C with an intensifying
screen, to detect [ H]labeling. Nonradioactive samples were transferred
to nitrocellulose membrane and immunoblotted as described [3].
A phosphoimager machine (Storm 860; Molecular Dynamics, Co.,
Sunnyvale, CA) together with ImageQuant v.1.2. program was used
for densitometric scanning of selected protein bands.

For gelatin zymography, serum-free conditioned media from U87-
LucNeo cells or washed beads containing purified protein complexes
were mixed with SDS sample buffer and separated on 10% SDS-
PAGE copolymerized with 1 mg/ml gelatin (Sigma). Zymograms
were then washed twice in 50 mM Tris-HCI, 5 mM CaCl,, pH 8.0,
and 2.5% Triton X-100 for 1 hour and then incubated in 50 mM Tris-
HCI, pH 7.5, 5 mM CaCl, overnight at 37°C. Gels were stained with
Coomassie brilliant blue, and densitometry was performed on inverted
(black on white) images as mentioned in the previous paragraph.

Cell Proliferation, Chemotactic Migration, and Matrigel
Invasion Assays

To assess proliferation, cells (5 x 104) were plated in triplicate wells
of 24-well plates and then, at various times, were fixed and stained
with methylene blue, extracted, and quantitated at OD of 650 nm.
For migration and Matrigel invasion assays, BD BioCoat growth fac-
tor reduced Matrigel invasion chambers (BD Biosciences, Bedford,
MA) were used according to the manufacturers’ instructions. Briefly,
the transwell membrane filter inserts (6.5 mm in diameter, 8-pm
pore size, 10-nm-thick polycarbonate membrane), either coated
with Matrigel (invasion assays) or uncoated (migration assays), were
placed in a 24-well tissue culture plates. Cells (3 x 10% suspended
in serum-free DMEM containing 0.1% heat-inactivated BSA, were
added to top chambers in triplicate, and DMEM containing 10%
FBS was added to each bottom chamber. After an overnight incuba-
tion at 37°C, nonmigrating cells were removed from the upper face
of the filter using cotton swabs, and cells on the lower filter surface
were fixed and stained with Diff-Quick (Baxter Healthcare Corp.,
McGraw Park, IL). The number of cells per field was counted under
a light microscope.
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Soft Agar and In Vivo Tumor Growth Assays

T98G and U87-MG cells were plated, in six-well plates, in 0.35%
agar in complete medium over a solid underlay of 0.55% agar. Col-
onies were counted after 3 to 4 weeks at 37°C in humidified condi-
tions. To assess ectopic growth, T98G cells (4 x 10° cells per flank in
1:1 mixture of RPMI media were injected subcutaneously into both
flanks of irradiated (4.5 Gy of total body radiation) male nude mice
(Taconic, Germantown, NY). Tumors were monitored for 3 months
and measured with calipers weekly.

Intracranial orthotopic xenografts were established by implanting
50,000 U87-LucNeo cells (+ EWI-2) as described [24]. At 6- to 8-day
intervals, mice were anesthetized, injected with D-luciferin and im-
aged with the IVIS Imaging System (Xenogen, Alameda, CA), as de-
scribed [24]. All animal procedures were approved by the Dana-Farber
Cancer Institute Animal Care and Use Committee.

Immunohistochemistry of Xenograft and Human
Brain Samples

Primary human glioblastoma tumors (BT34, BT70, BT74, and
BT79) were propagated in SCID mice in the brain and subcutane-
ously as described elsewhere [26]. These xenografts have the same
genetic and immunohistochemical characteristics of the original tu-
mor as reported in the literature [26,27] and confirmed in our own
laboratory (S.K., unpublished results). Histologic screening of xeno-
graft tumors (both primary and U87-MG cell lines) was performed
by serial analysis of hematoxylin and eosin coronal sections taken at
~5-mm intervals along the entire brain. Normal brain samples were
obtained from autopsy cases at Brigham and Women’s Hospital. Col-
lection and use of fresh and discarded human tumor tissue was ap-
proved through Brigham and Women’s Hospital Institutional Review
Board. Immunohistochemistry was performed according to standard
protocols [28]. Rabbit anti-EWI-2 polyclonal antibody was incu-
bated at 1:10,000 dilution for ~10 hours at 4°C. After incubation
with peroxidase-conjugated secondary antibody for 45 minutes, per-
oxidase substrate (diaminobenzidine) was added for 5 minutes, and
slides were counterstained with Mayer’s hematoxylin for 2 minutes.

Statistics
Unless otherwise indicated, graphs show means + SD and significance
was calculated by 2-tailed Student’s 7-test, with unequal variance.

Results

EWI-2 Is Present in Normal Brain But Lost in
Human Gliomas

In two independent human data sets, EWI1-2 (IGSF8) mRNA was
considerably diminished in grade II, grade III astrocytic tumors, and
most significantly in grade IV astrocytoma, compared to normal
brain (Figure 14, top and bottom panels). Conversely, another mem-
ber of the EWI protein family, EWI-F, was elevated in each type of
astrocytoma, with the effect most obvious in grade IV glioblastoma
(Figure 1A4). In the same data sets, two other members of the EWI
protein family (EWI-3 and EWI-101) and tetraspanin proteins (CD9
and CD81) were increased only slightly in high-grade astrocytic
tumors compared to normal brain tissue (Figure W1). Another tetra-

spanin protein, CD151, which can associate indirectly with EWI-2 93

[4], was substantially increased in grade IV glioblastoma (Figure W1).
In other experiments, EWI-2 mRNA was highly expressed through-
out adult human brain (Figure W2), and abundant EWI-2 protein
was stained in normal human brain (Figure 1B, e), especially in the
cortex (c) more so than in white matter (w). By contrast, primary
human glioblastoma tumors, propagated in mouse brains, showed
minimal staining for EWI-2 (Figure 1B, ¢ and f). Tissue sections in
subpanels ¢ and f of Figure 1B are representative of results from four
different human glioblastoma tumors and subpanel e is representative
of three different normal human brain samples. In control experiments,
U87 tumors in mouse brain did not stain for EWI-2 (Figure 1B, a),
whereas EWI-2—transfected U87 tumors were strongly positive
(Figure 1B, d). Background staining with negative control antibody
is shown for normal human brain (Figure 1B, 4). Furthermore,
EWI-2 protein, detected using anti-EWI-2 antibodies, is well ex-
pressed in normal human astrocytes in culture within total lysate
(Figure W3A4) and on the cell surface (Figure W3B). EWI-2 protein
is also abundant in normal brain cortex, hippocampus, and cere-
bellum, as shown elsewhere [29-31]. Conversely, EWI-2 protein ex-
pression was undetectable in total cell lysate from glioblastoma
cell lines U87 and T98G, unless cells had been transfected (Fig-
ure W3C). Similarly, EWI-2 protein was minimally detected on the
surface of four different glioblastoma cell lines (Figure W4A4) but could
be seen on other cell types (Figure W4B). A summary of EWI-2 ex-
pression results (Table W1) indicates that EWI-2 RNA and protein
is abundant in normal brain and in normal astrocytes. Conversely,
EWI-2 RNA and protein is essentially absent from glioblastoma tu-
mors and cell lines. From these results, we hypothesized that EWI-2
may inhibit astrocytoma growth iz vive. As an initial test of this
hypothesis, Kaplan-Meier survival curves were generated from a com-
bined grade III and grade IV glioblastoma patient data set. As indi-
cated (Figure 1C), patients with low EWI-2 expression showed
significantly diminished survival. Similar trends were seen when grade
III and grade IV data sets were analyzed separately, although statistical
significance was not achieved owing to the smaller numbers in each

group (Figure W5).

EWI-2 Reexpression Inhibits Astrocytoma Growth In Vivo

To test more directly for possible i vivo antitumor effects of EW1I-
2, we expressed EWI-2 in T98G glioblastoma cells at a moderate
level comparable that naturally occurring in Hela cells (Figure W4B).
Control and EWI-2—transfected cells were then injected subcutane-
ously into nude mice. Cells expressing CD2 or vector control formed
tumors in ~50% of the mice, within 45 days. However, no tumors
were observed (in eight mice), even after 90 days, when EWI-2 was
present (Figure 24). Having observed EWI-2 inhibition of glioblas-
toma growth in this preliminary subcutaneous xenograft model, we
then proceeded to test EWI-2 effects in an orthotopic tumor growth
model. U87-LucNeo cells expressing either control vector, or EWI-2,
were injected intracranially, and tumor growth was quantified over
time by noninvasive imaging of tumor-associated bioluminescence.
Bioluminescence imaging is rapid, nonlethal, noninvasive, and closely
correlated with volumetric measurements [24]. Every control mouse
showed detectable tumor growth, as recorded by in vivo imaging
(Figure 2B). By contrast, few tumors were seen in mice injected with
U87-LucNeo/EWI-2 cells, and those seen were generally smaller
(Figure 2B). Quantitation of results from three independent experi-
ments confirmed that EWI-2, during a 20- to 40-day period, markedly
suppressed orthotopic tumor formation by U87-LucNeo cells in mice
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Figure 1. EWI-2 expression in human astrocytoma and normal brain. (A) EWI gene expression in normal human brain and astrocytoma
(grades I, Ill, IV) samples. The Henry Ford GEO Data Set (GSE4290, top panel) includes 23 nontumor, 42 grade Il, 31 grade lll, and 77
grade IV glioblastoma samples. The Stanford GEO Data Set (GSE2223, bottom panel) includes 4 normal brain, 5 grade I, 9 grade IIl, and
27 grade IV glioblastoma samples. Molecules analyzed are EWI-2 (IGSF8, PGRL) and EWI-F (PTGFRN, CD9P-1, FPRP, CD315). (B) EWI-2
protein expression is shown in sections of (c) and (f) human glioblastoma tumors (representative of samples from four different tumors)
and (e) normal human brain: ¢ indicates cortex; w, white matter (representative of samples from three different brains). Control experi-
ments show absence of EWI-2 staining in (a) U87 tumor = t, implanted in mouse brain = b; and presence of EWI-2 in (d) U87-EWI-2—
transfected cells implanted in mouse brain; (b) negative control antibodies are used to show background staining in normal human
brain. (C) EW/-2 gene expression correlates with glioma patient survival. The Phillips data (GEO DataSet GSE4271) are MAS5S signal
intensities for 77 grade Ill and grade IV glioblastomas [60]. The Phillips data were divided based on EWI-2 MASbH expression values
(probe set 225025 at) into above (n = 57, dashed line) or below (n = 20, solid line) first quartile groups. Censored data are indicated
by vertical ticks. P value is the log rank test probability. Note: MASb is a statistical algorithm developed by Affymetrix, Inc. to estimate
gene expression from array data, as described in a documentation available from Affymetrix.com.

(Figure 2C). Analysis of tissue slices from injected mice confirmed the
bioluminescence imaging results. For example, in Figure 2C, experi-
ment 3, tumors were present in 10 of 10 brains injected with control
U87-LucNeo cells, whereas only 8 of 15 brains showed tumors on
U87-LucNeo/EWI-2 injection, and those tumors were smaller. Repre-
sentative brain sections from eight mice are shown in Figure W6. As
indicated in Figure 2D, EWI-2 was expressed on the cell surface of
U87-LucNeo cells at a level only 4.3-fold greater than endogenous
EWI-2. Hence, excessive overexpression does not explain the effects
of EWI-2 on orthotopic U87-LucNeo cell growth.

EWI-2 Inhibition of Glioblastoma Cell Functions In Vitro

To gain insight into how EWI-2 might be functioning iz vive, we

carried out relevant in vitro assays using glioblastoma-derived ce1124

lines T98G and U87-MG (or U87-LucNeo). Compared to controls,
EWI-2 did not affect U87-LucNeo cell proliferation iz vitro during a
2- to 6-day interval (Figure 34). However, anchorage-independent
growth in soft agar is typically seen as an assay more relevant to
the 7 vivo behavior of transformed cells. In soft agar, both T98G
and U87-MG cells showed significantly reduced colony forma-
tion on expression of EWI-2 but not vector or CD2 control protein
(Figure 3B). Hence, EWI-2 can at least partially affect anchorage-
independent growth of glioblastoma cells. Cell invasion and migra-
tion is also relevant to the progression of glioblastoma in vive [32].
In this regard, expression of EWI-2 significantly diminished U87-
LucNeo cell invasion and chemotactic migration 45% and 30%, re-
spectively (Figure 3C). Hence, combined effects of EWI-2 on both
anchorage-independent growth and tumor invasion/migration may
explain glioblastoma inhibition in vive.
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EWI-2 Causes Reorganization of Its Associated Cell Surface
Protein Complexes

Next, we sought to identify relevant molecular mechanisms to
help explain EWI-2 function. Initially, we focused on tetraspanins
CD9 and CD81 because 1) these molecules themselves may play
critical roles during gliomagenesis (see the introduction), 2) they as-
sociate closely with EWI-2, and 3) they are known to regulate cell
growth, migration, and invasion (see the introduction). For these
studies, we focused on plasma membrane organization of CD9 and
CD81 because this has been previously linked to EWI-2 function
[3,4] and correlated with tumor cell malignancy [17]. Immunopre-
cipitation of either CD9 or CD81 from surface biotin-labeled U87-
LucNeo cells yielded EWI-2 (Figure 44). Hence, tetraspanin—EWI-2
complexes are present on the cell surface. Furthermore, the presence
of EWI-2 caused staining with anti-CD9 mAb C9BB to decrease by
~70% relative to total CD9, stained by mAb MM2/57 (Figure 4B).
The mAb C9BB preferentially recognizes homoclustered CD9 [17].
Consequently, EWI-2 is causing CD9 to become reorganized into het-
eroclusters, as seen previously in other cell types [17]. Tetraspanin re-
organization could also be seen in immunoprecipitation experiments.
Recoveries of CD81 (on CD9 immunoprecipitation) and CD9 (on
CD81 immunoprecipitation) were markedly increased when EWI-2

was present in U87-LucNeo cells (Figure 4C). For example, as indi-
cated by densitometric scanning (Figure 4D), approximately three-
fold more CD81 associated with CD9, and approximately three-fold
more CDY associated with CD81 when EWI-2 was present (com-
pare lanes 2 and 4 with lanes 1 and 3). Thus, the molecular orga-
nization of CD9 and CD81, with respect to neighboring proteins,
is substantially affected by the presence of EWI-2 in these cells. In
other experiments, we found that EWI-2 expression did not trigger
any detectable shedding of either CD9 or CD81-containing com-
plexes from intact cells into the growth media. In addition, EWI-2
expression did not affect tetraspanin internalization, during a 1- to
3-hour period, as assessed by monitoring the disappearance of cell
surface-bound antibodies.

For further mechanistic insight into EWI-2 effects on glioblas-
toma, we focused on MMP-2 because 1) pericellular proteolysis,
involving proteases such as MMP-2, plays a key role during glio-
blastoma invasion and survival [33-35] and 2) MMP-2 activation
is supported by tetraspanins CD9 and CD81 (M.L. et al., manu-
script submitted). On EWI-2 expression, there were no obvious
changes in secreted MMP-2 levels, from U87-MG cells, at three dif-
ferent time points in a gelatin zymogram assay (Figure 54). However,
tetraspanin-associated MMP-2 was changed. Immunoprecipitation

Figure 2. /n vivo tumor formation. (A) T98G cells (4 x 108 cells) were injected subcutaneously into nude mice (in two flanks, four mice
per cell line), and tumor sizes, (/)(w)(h)(0.52), were determined after 90 days. *P < .05 when EWI-2 samples are compared with vector
control results. P < .02 when EWI-2 samples are compared with pooled control experiments (vector control plus CD2 control), according
to Fisher exact test. (B) U87-LucNeo and U87-LucNeo/EWI-2 cells (50,000) were each injected intracranially into 10 nude mice and then
imaged after 14 days. (C) Three independent experiments were carried out as in (B), and tumor size was quantitated by /n vivo bio-
luminescence imaging (*P < .05). Note that tumors were observed in 100% of vector control mice. The arbitrary units representing
photon flux values (y-axes) show interexperimental variability that may arise owing to the use of different stocks of luciferin, altered im-
aging parameters, altered size of the imaging area, or other variables. However, these parameters were carefully controlled intraexper-
imentally. (D) Cell surface expression of EWI-2 and control MHC czlasss | in U87-LucNeo cells.
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Figure 3. EWI-2 effects on proliferation, soft agar colony formation invasion and migration. (A) Cell numbers were measured for U87-
LucNeo cells stably transduced with vector (open circles), or EWI-2 (closed squares). (B) The indicated cell lines expressing vector alone,
CD2 (another cell surface IgSF protein), or EWI-2 were plated (600 cells per well) in soft agar for 3 weeks, and then colonies were

counted (*P < .01 vs vector control cells). (C) U87-LucNeo cells, transduced with vector or EWI-2, were measured for chemotactic
migration and cell invasion (*P < .01; **P < .001).

Figure 4. EWI-2 affects cell surface molecular organization of CD9 and CD81. (A) Intact U87-LucNeo cells (expressing wild type EWI-2 or
vector control) were labeled with biotin and were then lysed. CD9, CD81, and EWI-2 were immunoprecipitated, and cell surface proteins
were visualized by blot analysis with ExtrAvidin. Note: EWI-2—-associated CD9 and CD81 themselves do not label very well with biotin
because associated proteins limit accessibility (e.g., see Kolesnikova et al. [3]). (B) U87-LucNeo cells, expressing vector alone or EWI-2,
were incubated with mAb W6/32 (to MHC-I), mAb C9BB (which preferentially recognizes oligomerized CD9 [18], or mAb MM2/57 (which
recognizes total CD9). After washing, bound antibodies were visualized using fluorescein isothiocyanate—rabbit antimouse second anti-
body, and quantitated by flow cytometry. A = ratio of mean fluorescence intensities for C9BB divided by MM2/57. (C) U87-LucNeo cells,
expressing vector alone or EWI-2, were labeled with *H-palmitate, lysed, and then CD9, CD81, and EWI-2 were immunoprecipitated.
Lower panels show an enlarged view of key regions from the top panel. The palmitoylation of EWI-2 on membrane proximal cysteines
will be described in more detail elsewhere. (D) Densitometric scans of lanes 1 to 4 are shown. Quantitation reveals increases of ap-
proximately three-fold in recovery of CD9 (in lane 4 vs 3) and CD81 (in lane 2 vs 1). Note: These results provide the first definitive dem-

onstration that EWI-2 is palmitoylated. 2%
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Figure 5. EWI-2 affects the molecular organization of MMP-2 and MT1-MMP. (A) Conditioned media were collected from U87-LucNeo
cells (= EWI-2) and assayed for MMP-2 levels using gelatin zymography. (B, C) U87-LucNeo cells (= EWI-2) were lysed, protein com-
plexes were immunoprecipitated, and associated MMP-2 levels were determined using gelatin zymography. TM4 = mixture of CD9,
CD63, CD81, CD82, and CD151. Numbers in parentheses indicate relative amounts of MMP-2 in corresponding lanes. Selected samples
(in B) were also analyzed for the presence of CD81 and CD9, as determined by Western blot analysis with M38 (CD81) and ALB6 (CD9)
antibodies (lower panels). (D) T98G cells (= EWI-2) were lysed and analyzed as in (B, C). Note: Zymograms in (B-D) are inverted to show
black on a white background. (E) U87-LucNeo cells (= EWI-2) were lysed, protein complexes were immunoprecipitated, and associated
MT1-MMP levels were determined by immunoblot analysis of the active form of MT1-MMP. MT1-MMP in total lysates was also blotted.
TM4 = mixture of CD9, CD63, CD81, CD82, and CD151. Numbers in parentheses indicate the relative amounts of MT1-MMP in the
corresponding lanes. MT1-MMP standards are from MCF-7 cell lysates with or without MT1-MMP expression.

of pooled tetraspanins (Figure 5C, lane 3) or CD81 alone (lane 4)
from mild detergent lysates of U87-LucNeo cells yielded MMP-2
gelatinolytic activity. Recovery of this activity was diminished by
70% to 90% when EWI-2 was present (Figure 5C, lanes 7 and 8).
In additional experiments, MMP-2 activity associated with CD81
and CD9 was reduced by 13% to 57% in U87 cells (Figure 5B, com-
pare lanes 3 and 4 with 7 and 8) and by 43% to 71% in T98G cells
(Figure 5D, compare lanes 2 and 3 with 5 and 6) when EWI-2 was
present. Diminished MMP-2 activity was not caused by the de-
creased immunoprecipitation of CD9 or CD81. In fact, recovery
of CD9 and CD81 was typically increased when EWI-2 was present,
as seen by immunoblot analysis (Figure 5B, lower panels; Figure 5D,
not shown). Minimal amounts of MMP-2 were recovered on immu-
noprecipitation of CD147, an abundant cell surface protein that does
not associate with TEMs (Figure 5, B and C, lanes 2 and 6), or of
CD82, a tetraspanin that associates poorly with EWI-2 (Figure 5B,
lanes 5 and 9; Figure 5D, lanes 1 and 4).

We suspected that a subset of total MMP-2 may be linked to tet-
raspanins through membrane-bound protease MT1-MMP because
1) MT1-MMP can associate with CD9 and CD81 (M.L. et al., man-
uscript submitted) and 2) MMP-2 is known to form a complex with

MT1-MMP during MMP-2 activation [36]. Immunoprecipitation
2

of pooled tetraspanins (Figure 5E, lane 4) or CD81 alone (Figure 5E,
lane 5) yielded MT1-MMP protein. However, when EWI-2 was
present in U87 cells, association of MT1-MMP with pooled tetra-
spanins was decreased by 45% (compare lane 4 with lane 7) and as-
sociation with CD81 was decreased by 75% (compare lane 5 with
lane 8). Meanwhile, in U87 cells, there was no decrease in either
the amount of total MT1-MMP (Figure 5E, lanes 9 and 10) or in
the amount of tetraspanin proteins (e.g., Figure 5B, lower panels).

In conclusion, results in this section show that EWI-2 markedly
reorganizes multiple molecules (CD9, CD81, MMP-2, MT1-MMP)
of likely importance during glioblastoma invasion and growth.

Discussion

EWI-2 protein and gene transcripts are abundant in normal brain
tissue and in primary astrocyte cultures. However, EWI-2 protein is
reduced in all glioblastoma tumors and cell lines analyzed, and EWI-2
transcripts are markedly reduced in glioblastoma and other gliomas, as
seen from the analysis of two independent human data sets. By con-
trast, transcripts corresponding to other EWT protein family members
are either strongly (EWI-F) or moderately (EWI-101, EWI-3) in-
creased in human glioma data sets, compared to normal brain. Loss

7of EWI-2 expression is accompanied by diminished survival for grade
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III and grade IV glioma patients. Furthermore, EWI-2 reexpression
abolished T98G ectopic (subcutaneous) tumor growth iz vive, and
considerably impaired intracranial U87-MG tumor growth in vive,
in nude mice. EWI-2 expression in glioblastoma cell lines also inhibited
soft agar growth, invasion, and migration. These studies demonstrate
that EWI-2 may have tumor suppressor-like properties in preclinical
glioma models. However, the prognostic and clinical significance of
EWI-2 loss of function still needs to be evaluated prospectively.

The EWI-2 gene, which maps to 1g23.1, is not known to be spe-
cifically mutated or deleted in gliomas. Of possible relevance, partial
or complete 1q monosomies have been observed in a few adult astro-
cytomas [37], and 1q21-41 trisomy is associated with a worse prog-
nosis in pediatric anaplastic astrocytoma [37,38]. However, although
chromosome 1q alterations appear only in a minority of cases, EWI-2
expression is markedly diminished in most adult gliomas. Hence,
another mode of regulation, e.g., at the level of transcription, possibly
through promoter methylation, may play a major role. As a cell surface
transmembrane protein, EWI-2 is quite distinct from known glio-
blastoma tumor suppressors, which typically are intracellular molecules
involved in signaling or cell cycle regulation [39]. One other trans-
membrane protein that could serve as a glioma tumor suppressor is
coxsackie and adenovirus receptor (CAR). The expression of CAR is
markedly reduced in high-grade astrocytomas, and CAR diminishes
the size of U87-MG tumor xenografts [40].

Our in vitro studies provide several insights into the mechanism of
EWI-2 action. First, although EWI-2 did not inhibit glioblastoma
cell proliferation in two-dimensional culture, it significantly inhibited
soft agar growth, consistent with EWI-2 being antitumorigenic. Sec-
ond, EWI-2 caused a decrease in cell invasion and migration. This
helps to explain how EWI-2 could affect in vivo glioblastoma pro-
gression, which is a highly invasive process [34,35]. Rodent glioblas-
toma xenograft models are sometimes criticized for not recapitulating
invasive pathologic features of human glioblastoma multiforme (GBM)
[41]. However, GBM arising from implanted U87 cells does show his-
topathologic features compatible with tumor invasion into nonneoplas-
tic brain parenchyma [42]. EWI-2 inhibition of glioblastoma cell
invasion and migration is consistent with previously observed inhibi-
tory effects on motility, spreading, and ruffling in carcinoma and leu-
kemia cell lines [3-5].

Our biochemical studies provide mechanistic insights into EWI-2
functions in vive and in vitro. We focused on molecules that 1) di-
rectly or indirectly associate with EWI-2 and 2) are known to affect
relevant functions of astrocytes and/or glioblastoma cells. Initially,
we focused on tetraspanin proteins CD9 and CD81. For CD9 and
CD81, EWI-2 (and EWI-F) are the most robust protein partners yet
described [2,43-45], and CD9 and/or CD81 are required for EWI1-2
cell surface expression and maturation [4]. EWI-2 associated with
tetraspanins CD9 and CD81 on the surface of glioblastoma cells,
thereby disrupting CD9 homo-oligomers and enhancing formation
of CD9-CD81-EWI-2 complexes. Similar results have been seen
on the expression of EWI-2 in other cell types [3,4,17]. Such changes
could affect glioblastoma cell invasion and growth in multiple ways:
1) EWI-2 can cause redistribution of CD9 and CD81 to filopodia [4].
If a similar change occurs in glioblastoma, CD81 and CD9 would be
well positioned to modulate tumor cell expansion into brain paren-
chyma, especially because CD9 can affect the dynamics of filopodia
formation [46]. 2) Reorganization and redistribution of CD9 could
potentially be accompanied by rearrangement of CD9 partner mole-

cules, such as transforming growth factor o and heparin-binding EGF—28

like growth factor, which play major roles during glioblastoma tumor
progression [6,11,12]. 3) Redistribution of CD9 and CD81 could
lead to altered localization and function of CD9 and CD81-associated
signaling molecules, such as protein kinase C [47] and PI 4-kinase
[48]. 4) Alterations in CD9 and CD81 organization could affect
the subcellular positioning and functions of integrins and other rele-
vant molecules. For example, EWI-2 can markedly affect CD9 and
CD81 colocalization with a3 integrin in filopodia [4]. In this regard,
a3f; integrin also plays an important role during glioblastoma in-
vasion [49]. Also, other tetraspanin proteins such as CD151 [4] can
associate with EWI-2-CD9-CD81 complexes, and CD151 is upregu-
lated on glioblastoma cells (Figure W1 and [22]) and can stimulate
glioblastoma motility and invasion [50]. Hence, CD151 could play
an opposing role during inhibition of glioblastoma functions by over-
expressed EWI-2. Several additional genes have been shown to be dif-
ferentially expressed in correlation with GBM occurrence (e.g., [51])
and patient survival (e.g., [52]). It remains to be seen whether any of
these gene products act in coordination with EWI-2.

We also analyzed the effects of EWI-2 expression on key proteases
MMP-2 and MT1-MMP. Both are known to be involved in glio-
blastoma cell invasion, survival, and growth [33,35,53]. MT1-MMP
promotes tumor growth by disrupting three-dimensional matrix
growth control exerted on tumors [54]. On expression of EWI-2, total
protein levels of MMP-2 and MT1-MMP were unaltered. However,
there was a substantial decrease in both the amount of MMP-2 activity
and the amount of MT1-MMP protein recovered in association with
tetraspanin complexes. We show elsewhere that MT1-MMP can asso-
ciate with tetraspanins CD9 and CD81 (M.L. et al., manuscript sub-
mitted). Although tetraspanin CD151 was not a prominent partner
for MT1-MMP on glioblastoma cells (M.L. et al., manuscript sub-
mitted), CD151-MT1-MMP association was seen on endothelial cells
[55]. During MMP-2 activation, it forms a complex with MT1-MMP
and TIMP-2 [36]. The existence of this complex helps to explain the
parallel dissociation of MMP-2 and MT1-MMP from tetraspanins
on EWI-2 expression. Our current model is that MMP-2-MT1-
MMP complexes associate preferentially with homo-oligomeric CD9
and/or CD81. When EWI-2 is present, there is a shift toward hetero-
oligomeric complexes [17], accompanied by MMP dissociation (as
shown here). If EWI-2 is disrupting MMP complexes, while driving
CD81 and CD9 into the filopodia [4], this would likely influence
glioblastoma invasion, survival, and/or growth. However, it remains
to be determined whether EWI-2 causes reorganization of MMPs
within filopodia.

Another possibility is that EWI-2 inhibition of glioblastoma de-
pends on EWI-2 interaction with a counter-receptor. So far, we have
failed to identify potential counter-receptor activity, or specific counter-
receptors, on astrocytoma cells. Nonetheless, a possible contribution by
a counter-receptor cannot be ruled out.

In conclusion, we find that EWI-2 levels are considerably dimin-
ished in human glioblastoma samples in association with diminished
patient survival. Furthermore, reexpression of EWI-2 in glioblastoma
cell lines leads to impaired tumor growth in vive, in both ectopic and
orthotopic models. EWI-2 seems to function, at least in part, by ex-
tensively reorganizing CD9 and CD81 protein complexes. This is
likely accompanied by concurrent reorganization of additional other
CD9 and CD81 partner proteins (e.g., proteases, adhesion recep-
tors, signaling molecules), thus leading to suboptimal glioblastoma
growth, invasion, and motility. Finally, we speculate that the tumor
suppressor effects of CD9 observed on several non—glioma tumor
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types [56-58] could, to a large extent, involve inhibitory effects of
EWI-2, which is CD9’s major partner protein.
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Figure W1. Expression of EWI proteins and tetraspanins in normal brain and in grade IV astrocytoma. Data shown are from the Stanford
GEO DataSet GSE2223, analyzed as in Figure 1A, bottom panel. Molecules analyzed are EWI-3 (IGSF3), EWI-101 (CD101), CD9, CD81,
and CD151. Similar results were obtained on analysis of these same molecules in the Henry Ford GEO Data Set (GSE4290, used in Fig-
ure 1A, top panel; not shown).

Figure W2. EWI-2 expression in diverse human tissues and organs. Multiple tissue expression array (Clontech, Mountain View, CA) was
hybridized with EWI-2 probe or ubiquitin probe. Relative expression level of EWI-2 after normalization for ubiquitin probe is shown.
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Figure W3. EWI-2 expression by normal human astrocytes. Normal human astrocytes (Lonza, Walkersville, Inc) were cell surface-labeled
with biotin, lysed in 1% NP-40 and then MHC | (mAb W6/32) and EWI-2 (polyclonal antibody) were immunoprecipitated. Proteins were
resolved by 10% SDS-PAGE and then blotted (A) using anti-EWI-2 mAb 8A12 to detect total immunoprecipitated EWI-2 or (B) ExtrAvidin to
detect surface-biotinylated EWI-2. (C) Control cell lysates from U87, T98G, T98G—EWI-2, and U937 cells were blotted using anti-EWI-2
mAb 8A12.

Figure W4. Cell surface expression of EWI-2 and control cell surface antigens (CD98, MHC class |, or CD9) in glioblastoma (A) and other
cell lines (B). Cell lines used were glioblastoma cell lines T98G, U87 MG, U118 MG, and LN827-LucNeo, as well as Molt 4 (T cell leu-
kemic cell line) and Hela (ovarian carcinoma). Numbers next to peaks indicate mean fluorescence intensities.
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Table W1. Summary of EWI-2 Expression Data.

Experiment Normal Brain Glioblastoma
RNA expression (Henry Ford GEO Data Set; ++ -
Figure 14, top panel)
RNA expression (Stanford GEO Data Set; ++ -
Figure 14, bottom panel)
RNA expression (Figure W2) ++ ND
RNA in developing mouse brain [29] ++ ND
RNA in adult mouse brain [31] ++ ND
Protein staining (IHC; Figure 1B) ++ (n = 3) - (n=4)
Protein on surface of human GBM cell ND - (n=4)
lines (Figure W4)
Protein in human GBM cell lysates ND -(n=2)
(Figure W3C)
Protein in primary human astrocytes ++ ND
(Figure W3, A and B)
Protein in mouse brain [30] ++ ND

THC indicates immunohistochemistry; ND, Not Determined
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Figure W5. EWI-2 expression correlates with patient survival for
both Grade Il and grade IV glioblastomas. Data are analyzed exactly
as in Figure 1C, except that grade Ill and grade IV glioblastomas are
now analyzed separately, instead of being pooled. For grade Ill re-
sults, P = .27; for grade IV, P = .057. As indicated in Figure 1C for

pooled results, P = .041.
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U87-LucNeo

U87-LucNeo/EWI-2

Figure W6. U87-LucNeo (A-D) and U87-LucNeo/EWI-2 (E-H) cells were injected intracranially as in Figure 1C. After 35 days, serial brain
sections were obtained, starting from the injection point. All images show hematoxylin and eosin staining at 4x magnification. Sections
are shown from four representative mice injected with U87-LucNeo control cells (top row) and four representative mice injected with
U87-LucNeo/EWI-2 cells (bottom row). b indicates brain; t, tumor; v, ventricle.
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Tetraspaninl2 regulates ADAM10-dependent cleavage
of amyloid precursor protein
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ABSTRACT Using mass spectrometry, we identified
ADAMI10 (a membrane-associated metalloproteinase)
as a partner for TSPAN12, a tetraspanin protein.
TSPAN12-ADAM10 interaction was confirmed by recip-
rocal coimmunoprecipitation in multiple tumor cell
lines. TSPAN12, to a greater extent than other tet-
raspanins (CD81, CD151, CD9, and CD82), associated
with ADAM10 but not with ADAM17. Overexpression
of TSPAN12 enhanced ADAMI10-dependent shedding
of amyloid precursor protein (APP) in MCF7 (breast
cancer) and SH-SY5Y (neuroblastoma) cell lines. Con-
versely, siRNA ablation of endogenous TSPAN12 mark-
edly diminished APP proteolysis in both cell lines.
Furthermore, TSPAN12 overexpression enhanced ADAM10
prodomain maturation, whereas TSPAN12 ablation di-
minished ADAM10 maturation. A palmitoylation-deficient
TSPAN12 mutant failed to associate with ADAM10, inhib-
ited ADAM10-dependent proteolysis of APP, and inhib-
ited ADAM10 maturation, most likely by interfering with
endogenous wild-type TSPAN12. In conclusion, TSPAN12
serves as a novel and robust partner for ADAM10 and
promotes ADAM10 maturation, thereby facilitating
ADAM10-dependent proteolysis of APP. This novel mode
of regulating APP cleavage is of relevance to Alzheimer’s
disease therapy.—Xu, D., Sharma, C., Hemler, M. E.
Tetraspaninl2 regulates ADAM10-dependent cleavage of
amyloid precursor protein. FASEB J. 23, 3674-3681
(2009). www.fasebj.org

Key Words:  Alzheimer’s
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ADAMI10 (kuzbanian; kuz) is a member of the ADAM
(a disintegrin and metalloproteinase) family of mem-
brane-bound zinc-dependent metalloproteinases (1).
ADAMI0 causes shedding of amyloid precursor protein
(APP) and more than 20 other membrane-bound pro-
teins, including pro EGF, ephrin A2, E-cadherin, CD44,
and Notch (2, 3). ADAM10-deficient mice die early in
embryogenesis due to deficient Notch signaling (4).
During maturation, proprotein convertases (e.g., PC7
and furin) cleave the N-terminal prodomain to yield
active ADAMI10 (5). ADAMI10 association with tet-
raspanin proteins (CD9, CD81, and CD82) was sug-
gested to inhibit ADAMI1O0 proteolysis of epidermal
growth factor (EGF) and/or TNF-a (6).
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APP is a type I transmembrane protein, which can be
processed to yield AB peptide, a triggering factor in
Alzheimer’s disease (7). To produce AB peptide, full-
length APP is first cut by B-secretase, yielding a frag-
ment, then further cut by y-secretase (8). Alternatively,
full-length APP is cleaved by a-secretase, releasing a
soluble fragment (sAPPa) with neuroprotective prop-
erties (9). Major goals of Alzheimer’s disease research
are to inhibit - and vy-secretase processing of APP (10,
11) and to enhance o-secretase activity (12). Among
ADAM proteinases with a-secretase activity, ADAMI10
may have the most neuroprotective potential, and
strategies to enhance ADAMIO0 activity are being devel-
oped (9, 12, 13). Moderate neuronal overexpression of
ADAMIO0 in transgenic mice yielded a therapeutically
beneficial increase in a-secretase activity (13).

The tetraspanin protein family, containing 33 mam-
malian members, is defined by characteristic conserved
amino acids and specific structural features, including 4
transmembrane domains (14, 15). Widely expressed
tetraspanin proteins regulate immune-cell and platelet
functions, fertilization, and development in brain, skin,
kidney, and nervous system (15-18). Tetraspanins and
protein partners function within complexes called tet-
raspanin-enriched microdomains (TEMs) (14, 15, 19).
Tetraspanin TSPAN12 (NET2) has an atypically long
C-terminal cytoplasmic tail (~60 aa) and is widely
expressed on many cell and tissue types (20). TSPAN12,
acting together with other tetraspanin proteins, has an
incremental positive effect on the cell-surface expres-
sion and function of MT1-MMP (21). Nothing else is
known regarding TSPANI12 functions. To provide in-
sight into TSPAN12 functions, we first sought to iden-
tify its transmembrane protein partners. Using mass
spectrometry, we identified ADAMIO among several
putative TSPAN12 partners. Then we showed that
TSPANI12 associates with mature ADAMI0, promotes
ADAMI10 maturation, and enhances ADAMI10 depen-
dent cleavage of APP.

! Correspondence: Dana-Farber Cancer Institute and De-
partment of Pathology, Harvard Medical School, Boston, Massa-
chusetts 02115; E-mail: martin_hemler@dfci.harvard.edu
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MATERIALS AND METHODS
Cells and antibodies

Cell lines from American Type Culture Collection (Manassas,
VA, USA) were maintained as described previously (22).
Antibodies to ADAM10 (mAb MAB1427; R&D Systems, Min-
neapolis, MN, USA; polyclonal Ab1997; Abcam, Cambridge,
MA, USA) and ADAM17 (mAb 111633; R&D) recognize both
pro and active forms. Anti-FLAG antibodies were mAb M2,
M2-agarose, and pAb F7425 (Sigma, St. Louis, MO, USA).
Other antibodies were mAbs 6E10 and 22C11 (Chemicon,
Temecula, CA, USA) to APP; mAb Tub2.1 (Sigma) to B-tu-
bulin; pAb 632460 (Clontech, Palo Alto, CA, USA) to GFP;
mAb 5C11 (23) to CD151, and mAb 8G6 (22) to CD147.
Antibodies to tetraspanins CD9, CD81, and CD82 were as
described previously (23). Despite several attempts, no useful
anti-TSPAN12 antibodies have been produced.

cDNAs

cDNA for human TSPANI12 was amplified using reverse
transcriptase (Promega, Madison, WI, USA) and Pfu polymer-
ase (Stratagene, La Jolla, CA, USA). Total RNA was purified
from HT1080 cells (RNeasy kit; Qiagen, Valencia, CA, USA).
RT primers were sense: 5-GGG AGT AGG ATG TGG TGA
AAG GA-3'; antisense: GTA CAT ACT ATG TGT TTCAGA
AAT ATG. PCR primers were sense: 5-CCG CTC GAG GGC
ACC ATG GCC AGA GAA GAT TCC GTG AAG (with Xhol at
the 5’ end); antisense: 5'-CCG GAT CCT CAC TTG TCATCG
TCA TCCTTG TAA TCG CCC COG CCT AAC TCC TCC ATC
TCA AAG TGT GTA-3’ (with BamH I at 5’ end; one FLAG-tag
at C-terminus). The PCR fragment for TSPAN12 and cDNAs for
CDS81, CD9, CD151, CD82, SDFRI, and CD147 were inserted
into retrovirus vector pLXIZ (Xhol/BamH 1), and some also
were inserted into plasmid AcGFP1 (Clontech) with C-terminal
GFP. Cysteines 9, 12, and 83 [in TSPAN12(Pal )] and 9, 227
and 228 [in CD81(Pal™)] were changed to serine. Stable cell
lines were established as described previously (22).

LC-MS/MS

HT1080 cells stably expressing human TSPAN12-FLAG and
CD81-FLAG (FLAGs at C terminus) were lysed. Proteins were
purified using anti-FLAG beads and resolved by SDS-PAGE
(0.5 cm in length). Then the entire area was in-gel digested,
and proteins were identified using LC-MS/MS as described
previously (22), at the Taplin Biological Mass Spectrometry
Facility (Harvard Medical School).

Immunoprecipitation, Western blotting and [SH]palmitate
labeling

Cultured cells were lysed at 0°C (25 mM HEPES, pH 7.5; 150
mM NaCl; and 2.5 mM EDTA) with either 1% Brij 96 (Fluka
AG, Buchs, Switzerland), or 0.5 or 1% Brij 97 (Sigma) or 1%
Triton X-100 (Roche Applied Science, Indianapolis, IN, USA)
plus proteinase inhibitor cocktail (Roche Applied Science).
Immunoprecipitation, Western blotting, and DSP cross-link-
ing were as described previously (22). ["H]palmitate labeling
and detection was as described previously (24). Relative band
densities were quantitated using ImageQuant TL software
(GE Healthcare, Piscataway, NJ, USA).
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SiRNA-mediated gene silencing

SiRNA duplexes, transfected using Lipofactamine 2000 (In-
vitrogen, Carlsbad, CA, USA), were used to knock down
human TSPAN12 (Dharmacon Inc., Chicago, IL, USA; cata-
log no. M-012466-00 for NM_012338) and ADAM10 (Dhar-
macon; M-004503-01 for NM_001110). Tetraspanins CD151,
CD81, and CD9 were depleted as described previously (21,
25). For TSPAN12, siRNA transfection (of 30-40% confluent
cells) was at d 0 and again at d 3, and experiments were done
at d 5 and 6. For ADAM10, experiments were performed 3 d
after transfection. Silencing efficiency was evaluated using
RT-PCR and/or Western blotting.

Immunofluorescence localization of TSPAN12-GFP

After culture for 24—48 h on slide chambers (BD Falcon; BD
Biosciences, Franklin Lakes, NJ, USA), subconfluent cells
were washed with PBS and fixed (3.7% PFA, 15 min). After
blocking (1 h in PBS containing 1% BSA and 2% goat serum
at 25°C) and washing (3 times with PBS), primary antibody
(1:50-100 dilution in 1% BSA in PBS) was added for 1 h at
room temperature. Then, after 3 washes, secondary antibod-
ies were added at 1:100 (goat anti-rabbit IgG Alexa 594 or
Alexa Fluor 488 goat anti-mouse in 1% BSA in PBS) for 1 h at
25°C. After 3 PBS washes, coverslips were air-dried and
mounted (in solution containing DAPI; Vector Laboratories,
Burlingame, CA, USA). Fluorescence images were acquired at
1-pm depth intervals, by confocal microscopy (Zeiss LMS510;
Carl Zeiss, Oberkochen, Germany) at Harvard NeuroDiscovery
Center. Staining was repeated =3 times.

APP detection

Cells were washed 3 times in PBS and incubated in serum-free
medium (3-4 h). Then medium was concentrated 2-fold
(Microcon filter; Millipore, Bedford, MA, USA; 10-kD cutoff).
Samples were run on 4-20% precast gradient gel (Invitro-
gen) before APP blotting. To confirm cell equivalency, cells
were lysed (1% Triton X-100 buffer), and proteins were
quantified using a DC Protein Assay kit (Bio-Rad, Hercules,
CA, USA).

RESULTS

TSPAN12 interacts with ADAM10 and other
transmembrane proteins

Putative TSPAN12 partners (Table 1; identified by
LC-MS/MS) include TSPANI2 itself and ADAMIO.
MMP14 (MTI-MMP) association is consistent with prior
results (21). Other possible TSPANI2 partners (CD44,
CD29, and CD49c) were shown previously to associate
with other tetraspanin proteins (26-29), but TSPANI12
association still needs to be confirmed. Coimmunopre-
cipitation experiments did not confirm TSPAN12 associ-
ations with CD13, CD71, ADAM17, and EGFR. Associa-
tions with EphA2, CA08, LRP10, CAV1, and TR10B
remain to be confirmed. TSPAN12 and CD8I partners
(Table 1) are almost completely nonoverlapping, indicat-
ing specificity.

Confirming TSPAN12-ADAMI0 association, TSPAN12
immunoprecipitation from HT1080 and MDA231 cells
readily yielded endogenous ADAM10 (Fig. 14, B; lane 3).
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TABLE 1.
and CD81

Membrane protein complexes with TSPAN12

Name (protein ID) TSPAN12 CD81

TSPAN12 (095859)“

MMP14 (P50281)" 1
CD29 (P05556) (integrin B1)°
CD49c¢ (P26006) (integrin a3)“
ADAMI10 (014672)°

CD44 (P16070)“

CD13 (P15144)%¢

CD71 (P02786)°

ADAM17 (P78536)°

EGFR (P00533)°

EphA2 (P29317)/

CAO08 (Q9bxs4)”

LRP 10 (Q7z4f1)/

CAV1 (Q03135) (caveolin 1)/
TR10B (014763)/

CD81 (P60033)“

EWIF/FPRP (Q9P2B2)”

S O NN L LN Ot Ok WO O Ot

—
NHOOODODDODIDDDOHOODODOOO

Values represent number of distinct peptides. Complete peptide
information is given in Supplemental Table S1. “As expected, TSPAN12
and CD8I yield TSPAN12 and CD81 peptides. “Association with MMP14
(MT1-MMP) has been seen elsewhere (21). “Association has been
confirmed by coimmunoprecipitation. “TSPAN12-CD44 association is
consistent with CD44 associating with other tetraspanins (47) and
being a substrate for ADAMI10 (48). ‘Coimmunoprecipitation experiments
did not confirm interactions with TSPAN12. /These TSPAN12 interac-
tions have not been tested further. Interactions of CD13 with CD81
have been confirmed by coimmunoprecipitation. "EWIF/FPRP interac-
tion with CD81 has been seen previously (49, 50).

Despite comparable expression (bottom panels), tet-
raspanin CD81 yielded much less ADAMI10 (Fig. 1A, lane
6; B, lane 4), while tetraspanin CD82 (Fig. 15, lane 5) and
transmembrane protein SDFR1 (Fig. 14, lane 5) yielded
no detectable ADAMI0. Tetraspanins CD9 and CD151
also did not associate with ADAM10 (not shown). Pro-
ADAMI10 (~98 kDa) was abundant in whole-cell lysates
(Fig. 1A, B; lane 1), and both pro- and mature ADAM10
could be readily immunoprecipitated using anti-ADAMI10

antibody (Fig. 1C). However, only mature ADAM10 (~68
kDa) associated with TSPAN12 (Fig. 1A, B; top panels). In
reciprocal experiments, immunoprecipitation of ADAMI0
endogenously expressed in HT1080 cells yielded abun-
dant TSPAN12, lesser CD81, and no SDFR1 (Fig. 1D). By
RT-PCR, overexpressed TSPANI12 was only ~2-fold
greater than endogenous TSPAN12 in HT1080 cells (Sup-
plemental Fig. S1) and in other cell lines (not shown).

For use in functional studies, we sought to identify mini-
mally mutated TSPANI2, no longer associating with
ADAMI10. TSPAN12 C-terminal deletion mutants (A267 and
A261), and CD81(N'-LEL)/TSPAN12 lost ADAMI10 associ-
ation (Fig. 24, lanes 4, 5, 8). Other TSPANI2 mutants
[CD81(N'-SEL/TSPAN12) and TSPAN12(R88E) ], partially
lost ADAM10 association (Fig. 24, lanes 7, 9). Palmitoylation-
deficient [TSPANI12(Pal )] was prepared by mutating
membrane-proximal cysteines 9, 12, and 83 to serine.
TSPAN12(Pal ) showed minimal ADAMI10 association
(Figs. 14, lane 4, and 24, lane 6). Anti-FLAG immuno-
blotting confirmed the presence of mutants in HT1080
lysate (Fig. 2A, bottom panel). ADAMIO0 association re-
sults are summarized in Fig. 2B. Also, all mutants are
indicated schematically in Fig. 2B and described in
more detail in Supplemental Table S2. Because
TSPAN12(Pal™) showed maximal loss of ADAMI0 as-
sociation with minimal change to the native tetraspanin
protein, it was chosen for further study. TSPANI12, but
not TSPAN12(Pal ™), incorporated [*H]palmitate (Sup-
plemental Fig. S2A, lanes 1, 4). Following biotinylation
of intact cells, we determined that TSPANI2(Pal )
expression on the cell surface was ~64% reduced,
compared to TSPAN12 (Supplemental Fig. S2B, lanes
1, 2), with both abundantly expressed in total cell lysate
(Supplemental Fig. S2C, lanes 1, 2).

TSPAN12 affects ADAM10 function

To assess function, we focused on ADAM10-dependent
APP shedding, which releases a fragment of ~110-120

A B C D
IP: FLAG lysate IP: Adam10
— P FLAG IP: FLAG o C ar
HT1080 S~ MDA231 ——————  HT1080 & R
5% oS0 &O S N IP: & © 5835858 HT1080
. FELE S SO FEEE = IB: FLAG
ADAM10 75 [7° 190 50 rlg (hc)
1.2 3 4 5 6 1.2 3 4 5 100 374
L 50 KD 50 KD LTSPAN12
|B -37 37 - 75 25| : |g (IC)
FLAG s | IB: 20+ CD81
» ADAM10 123 4 56
20 20

Figure 1. Confirmation of ADAMI0-TSPAN12 association. A, B) Indicated FLAG-tagged proteins were immunoprecipitated from
HT1080 (A) and MDA231 cells (B). ADAMI0 (top panel) and FLAG-tagged proteins (bottom panel) were detected by
immunoblotting. Pro-ADAMI10, 95 kDa; mature ADAM10, ~68 kDa. C) Endogenously expressed ADAM10 (MAB1427) and
ADAM17 were immunoprecipitated from HT1080 cells, after cells were lysed in 0.5% Brij 97. Resulting proteins were detected
using anti-ADAM10 polyclonal antibody. Presence of ADAM17 was confirmed using anti-ADAM17 polyclonal antibody (not
shown). D) HT1080 cells stably expressing the indicated FLAG-tagged proteins were lysed in 0.5% Brij 97. Anti-FLAG
immunoblotting was used to detect proteins in lysates (lanes 1-3) and in complexes after ADAM10 was immunoprecipitated
using mAb MAB1427 (lanes 4—6). CD81 appears as dimer and monomer, as described previously (32). Ig(hc), immunoglobulin
heavy chain; Ig(lc), immunoglobulin light chain.
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Figure 2. TSPANI2 mutations variably disrupt ADAMI10 asso-
ciation. A) HT1080 cells stably expressing FLAG-tagged pro-
teins were lysed (0.5% Brij 97), and then ADAMI10 (top
panel) and FLAG-tagged proteins (bottom panel) were im-
munoprecipitated. Proteins were then detected by anti-FLAG
immunoblotting (both panels). B) ADAMI10 association is
summarized for TSPAN12 mutants. SEL, small extracellular
loop; LEL, large extracellular loop. Additional mutant infor-
mation is in Supplemental Table S2.

kDa (30, 31). Anti-FLAG immunoblotting confirmed
stable expression of TSPAN12-FLAG and control FLAG
in MCF7 (breast cancer) and SH-SY5Y (neuroblastoma)
cell lines (not shown). TSPANI12 overexpression stim-
ulated, by 120-160%, release of APP fragments of ~110
kDa (Fig. 34, lane 2). By contrast, TSPAN12(Pal )
inhibited APP shedding (32-36% of control cells) in
both MCF7 and SH-SY5Ycell lines (Fig. 3A, lane 3, both
panels). Palmitoylation-deficient CD81 [CD81(Pal )],
CD81, and CD9 had only marginal effects on APP
shedding (Fig. 3A).

Ablation of endogenous ADAM10 (by>95%; Supple-
mental Fig. S34) from SH-SY5Y and MCF7 cells re-
duced APP shedding to 13-21% of control levels (Fig.
3B). Knockdown of endogenous TSPAN12 (Supple-
mental Fig. S4) also reduced APP shedding (Fig. 3B;
32-43% of control), whereas knockdown of tetraspan-
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Figure 3. TSPANI2 expression influences ADAM10-depen-
dent proteolysis of APP. A) Indicated FLAG-tagged proteins
were expressed stably in MCF7 and SH-SY5Y cells; shed APP
was detected by immunoblotting. B) Endogenous ADAM10
(siRNA = ADAM10-3), TSPAN12 (siRNA-1), CD81 (21) and
CD9 (25) were knocked down, and shed APP was detected.
Numbers below panels represent protein density scanning
results.

ins CD81 and CD82 (by 90-95%; refs. 21, 25) had less
of an inhibitory effect (Fig. 3B). Reduced APP shedding
due to ADAMI10 and TSPANI12 knockdown was con-
firmed (Supplemental Fig. S5) using siRNAs with se-
quences distinct from those used in Fig. 3B). In sum-
mary, on multiple cell lines, ADAM10-dependent APP
shedding is markedly affected by TSPAN12, to a greater
extent than by other tetraspanin proteins.

TSPAN12 affects ADAM10 maturation

Not only did TSPANI2 associate preferentially with
active ADAM10 (Figs. 1, 2), but also it promoted
ADAMI10 maturation (Fig. 44). Expression of addi-
tional TSPAN12 in MCF7 cells increased the ratio of
mature/precursor ADAMIO0 from ~3.5 to ~5.4, as
detected in cell lysates. Conversely, TSPAN12(Pal ")

A B

> Q)

Qo QT B
MCF7 5O Q,{»\%.\ %,\8 MCF?7
Lysates W2 <2 <2 P kp siRNA

NZZANRA
N RPN
iB: -100 0\\&% 0000 KD
ADAM10 ~75 -100
-75
© —
tubulin

Figure 4. TSPAN12 expression influences ADAM10 matura-
tion. A) MCF7 cells expressing the indicated FLAG-tagged
proteins were lysed (0.5% Brij 97), and ADAM10 and tubulin
were detected by immunoblotting. The ~85-kDa protein in
the TSPANI2 lane likely represents an atypical form of
ADAMI0 that has been intermediately processed. B) MCF7
cells were treated with siRNAs (as in Fig. 3B), and then lysed
and immunoblotted as in A. Numbers below panels represent
ADAMI10 active/prodomain ratios.
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decreased the maturation ratio (from ~3.5 to ~0.96),
while control proteins [CD81 and CD81(Pal )] had
minimal effect on ADAMI10 processing (Fig. 4A). Sim-
ilar results were seen in 1% Brij 97 (Fig. 4A) and Triton
X-114 (not shown) detergent lysates. Conversely,
siRNA-mediated knockdown of endogenous TSPAN12
diminished ADAMI10 maturation (from ~3.0 to ~1.1),
while knockdown of tetraspanins CD81 and CD151 had
much less of an effect (Fig. 4B). Overexpression, knock-
down, or mutation of TSPANI12 did not affect the
subcellular distribution of ADAM10 (Supplemental Fig.
S6). Also, these manipulations of TSPAN12 minimally
affected ADAMIO cell-surface levels (Supplemental Ta-
ble S3 and Supplemental Fig. S3B).

TSPAN12(Pal™) interferes with TSPAN12

Despite not associating with ADAM10, TSPAN12(Pal )
markedly decreased ADAMI0 function (APP shedding)
and maturation. Since tetraspanins homooligomerize
(32), we suspected that TSPAN12(Pal ") might directly
associate with endogenous TSPAN12, perturb its func-
tion, and thereby indirectly affect ADAM10. Indeed, we
did observe direct association of TSPAN12(Pal)-GFP
with TSPANI12-FLAG in MCF7 cells. Following DSP
crosslinking, immunoprecipitation of TSPANI12-FLAG
yielded TSPAN12(Pal )-GFP (~65 kD), under reduc-
ing conditions (Fig. 54, lane 8). The sharp band
corresponding to TSPANI2(Pal ™ )-GFP was not seen
under the following conditions: DSP treatment was
omitted (Fig. 5, lane 3); TSPANI2-FLAG was replaced
with SDFRI-FLAG (Fig. 5, lanes 9, 4); TSPAN12-FLAG
was replaced with vector alone (Fig. 5, lanes 10, 5);
TSPANI12(Pal )-GFP was replaced with CD8I(Pal )-
GFP (Fig. 5, lanes 6, 11).

A
Figure 5. TSPAN12(Pal™) mutant associates with MCF?7,
wild-type TSPAN12 and perturbs its subcellular
distribution. A) TSPAN12(Pal ™ )-GFP (lanes 2-5,
7-10) or CD81(Pal )-GFP (lanes 6, 11) were
expressed in MCF7 cells, together with vector-
FLAG (lanes 5, 10) or other FLAG-tagged pro-
teins (lanes 2-4, 6, 8, 9, 11). Lanes 1 and 7 are
from untransfected MCF7 (no GFP or FLAG
proteins). After lysis (1% Triton X-100) MCF7 B
cells were treated with (lanes 7-11) or without

TSP12(Pal’)-GFP
*CD81(Pal.)-GFP

IB: GFP

In addition, we showed that non-GFP TSPAN12(Pal ")
alters the distribution of TSPAN12-GFP. TSPAN12-GFP is
mostly membrane-proximal in fixed MCF7 cells (Fig.
5Ba). However, expression of TSPAN12(Pal )-FLAG (Fig.
5Bc¢), but not control (SDFRI-FLAG; Fig. 5Bb), caused
TSPANI2-GFP redistribution into a punctate pattern.
When TSPANI2(Pal ) was itself GFP tagged, it showed
punctate distribution (Fig. 5Bd). Hence, TSPAN12(Pal )
associates with wild-type TSPAN12 and dominantly affects
its subcellular localization.

DISCUSSION

ADAMIO, a cell surface metalloproteinase, cleaves >20
different membrane proteins, including growth factors,
growth factor receptors, adhesion molecules, and vari-
ous other signaling molecules (3). ADAMI10 plays crit-
ical roles during human embryonic development (4),
cancer (3), diabetes (33), and Alzheimer’s disease (13).
Here we show that ADAMI10 associates preferentially
with TSPANI2, a tetraspanin protein. In addition, we
used three different molecular approaches (TSPAN12
overexpression, knockdown, and mutation), to show
that TSPAN12 enhances ADAM10 maturation and pro-
motes ADAMI0-dependent cleavage of APP, a key
contributor to Alzheimer’s disease.

Cell surface association

ADAMI10-TSPAN12 association, first demonstrated in a
mass spectrometry search for TSPAN12 partners, was
confirmed in multiple cell lines, by reciprocal coimmu-
noprecipitation. ADAMI10-TSPAN12 association was
specific, as other tetraspanins (CD81, CD9, and CD151)

< <
QVVQQ»‘?O o QVVO Qv“o QV?Q &
, YN QL DN S Y
6(’\ Q\Q, Q\(L QQ\ C‘}'O Q\Q/ C§</\ Q\(L QQ\ 6\0 %Q\
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(lanes 1-6) covalent cross-linker DSP. After anti-
FLAG immunoprecipitations, reduction of the
dithiol cross-link, and SDS-PAGE, proteins were
detected by GFP immunoblotting. Diffuse pro-
teins of 50-60 kDa in lanes 5, 9, and 10 likely
represent background proteins, immunoprecipi-
tated by anti-FLAG antibody (even when no FLAG
proteins are present, as in lanes 5, 10), which also
weakly cross-react with anti-GFP antibody. B) Ei-
ther TSPAN12-GFP (a—c) or TSPAN12(Pal™)-GFP
(d) was expressed in MCF7 cells, together with
indicated FLAG-tagged proteins. FLAG- and GFP-
tagged tetraspanins were expressed at comparable

i 2 3 4 5 6 7 8 9 10 11*
lysate - DSP + DSP
IP: FLAG
ey -

levels, as seen by immunoblotting (not shown).
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did not associate to the same extent as TSPANI12.
However, in Brij 97 lysates elsewhere (6), ADAM10 did
associate with other tetraspanins (CD9, CD53, CD63,
CD81, and CD151). This discrepancy may be explained
by our lysates having minimal divalent cation levels,
which can limit the range of tetraspanin protein asso-
ciations (34). ADAM17, which is more structurally and
functionally similar to ADAM10 than any other ADAM
protein (1, 35), appeared in Table 1 as a possible
TSPAN12 partner. However, further experiments by us
(not shown) and by others (6) did not confirm
ADAMI17-tetraspanin association. TSPAN12 association
with CD13 and CD71 was likewise not confirmed.
TSPAN12 association with MMP14 (MT1-MMP) was
confirmed elsewhere (21). Other TSPANI12 associa-
tions in Table 1 remain to be confirmed.

The TSPAN12 large extracellular loop, intracellular
C-terminal tail, and palmitoylation sites all contributed
to ADAMIO0 association. Large extracellular loop and
C-terminal tail contributions are consistent with tet-
raspanin proteins having a rod-like structure (36), with
extracellular and intracellular sites contacting partner
proteins (18). Interactions occurring within TEMs are
stabilized by tetraspanin palmitoylation (14, 19, 34, 37).
The contribution of TSPANI2 palmitoylation to ADAMI10
association indicates that TSPAN12-ADAM10 com-
plexes likely occur within the context of TEMs.

TSPAN12 promotes ADAM10 function

APP, which is widely expressed on most cell and tissue
types (http://www.genecards.org), undergoes ADAMI10-
dependent shedding (38), as confirmed here by siRNA
knockdown of endogenous ADAMI10. ADAMI10-depen-
dent APP proteolysis was promoted by TSPAN12 overex-
pression and inhibited by knockdown of endogenous
TSPAN12, indicating that TSPAN12-ADAM10 complexes
are functionally important. The TSPANI2(Pal ™) mutant,
which does not associate with ADAM10, did not stimulate
function. Instead, TSPANI12(Pal ) inhibited function,
through a dominant negative-like effect on endogenous
TSPAN12.

In a prior study, tetraspanins CD9, CD81, and CD82
were suggested to have a negative effect on ADAMI10-
dependent proteolysis of TNF-a and HB-EGF, which
was overcome by anti-tetraspanin antibodies (6). In
another case, CD9 suppressed proteolysis of transmem-
brane TNF-o, mediated by an unspecified protease (39).
Here we observed only positive effects of TSPANI2 on
ADAMI0 function. Hence, compared to other tet-
raspanin proteins, TSPANI2 not only associates more
proximally with ADAMIO0, but also exerts a different
functional effect. We predict that TSPAN12 will pro-
mote ADAMI10-dependent proteolysis of many, if not
all, of its other membrane protein substrates (3). In this
regard, another ADAMI10 substrate, CD44 (40), may
also associate with TSPAN12 (Table 1). Furthermore,
shedding of ADAMI10 substrate L1 (41), a cell-surface
adhesion molecule, is supported by TSPAN12 (unpub-
lished results). We confirmed that TSPAN12 is present

TSPANT12 SUPPORTS ADAMT10-DEPENDENT PROTEOLYSIS

at moderate levels in 7 of 7 different cell lines tested (by
RT-PCR, not shown). The wide cell distributions of
TSPAN12 and ADAMI10 (see http://www.genecards.
org) are consistent with functional interactions in mul-
tiple settings. TSPAN12 also supported functions of
another protease (MMP14/MT1-MMP), although in
that case, the incremental positive role of TSPANI12
depended on substantial augmentation by other tet-
raspanins (21).

Mechanistic insights

TSPAN12 manipulation (overexpression, knockdown,
and mutation) did not affect total ADAM10 levels in the
cell, or on the cell surface. However, TSPAN12 associ-
ated selectively with mature, processed ADAMI10, and
promoted maturation. ADAMI10 matures in the trans-
Golgi network, with maturation leading to increased
APP shedding (5). Hence, TSPANI2 must promote
ADAMIO0 function in a post-Golgi compartment. We
suspect that TSPANI12 stabilizes active ADAM10 and/or
accelerates ADAM10 activation by prodomain conver-
tase. TSPAN12(Pal ) inhibited both ADAM10 function
and maturation, even though TSPAN12(Pal ) failed to
associate with ADAM10. Instead, TSPAN (Pal ), which
itself is mostly not at the cell surface, associated directly
with wild-type TSPAN12, and partly diverted it from the
plasma membrane. Hence, TSPAN(Pal~) appears to
impair ADAM10 maturation and function indirectly,
by a dominant negative-like effect on endogenous
TSPAN12. In the case of MT1-MMP, TSPAN12 and
other tetraspanins protected newly synthesized protein
(both pro and active) from degradation, thereby in-
creasing total cell surface levels, without accelerating
maturation (21). Although tetraspanins promote bio-
synthetic maturation of partner proteins, such as CD19
(42), and EWI-2 (43), we could find no other examples
of tetraspanins promoting prodomain processing.

Therapeutic implications

ADAMIO is a major a-secretase, responsible for nonamy-
loidogenic processing of APP. Hence, amplification of
ADAMI10 function should lead to therapeutically desir-
able reduction in brain B-amyloid deposits (12). Strategies
for amplifying ADAMI10 o-secretase activity thus far in-
clude ADAMI0 overexpression (13), overexpression of
PC7 or furin to accelerate ADAM10 maturation (5), and
retinoic acid induction of the ADAMI10 promoter (31).
Because TSPAN12 promotes ADAMI10 a-secretase activity,
agents stimulating TSPAN12 function or promoting
TSPAN12-ADAMI10 association should be therapeutically
beneficial. As seen for other tetraspanins, soluble large loops
and antitetraspanin antibodies can have agonistic effects
(18). It remains to be seen whether TSPAN12 works to-
gether with other proteins supporting ADAM10 a-secretase
activity, such as the intracellular neuronal protein SAP97
(44), and several G protein coupled receptors (31, 45).

In some cases, such as on tumor cells, it may be
desirable to inhibit ADAMI0 activity (3). This can be
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achieved using soluble ADAM10 prodomain (30), dom-
inant-negative ADAMI0 (38), and hydroxamate-based
metalloproteinase inhibitors (46). As shown here, tar-
geting TSPAN12 should also diminish ADAM10 activity.
This could be achieved by expression of an inhibitory
TSPAN12 mutant [e.g., TSPAN12(Pal )], or by RNAi
knockdown, inhibitory antibodies, or inhibitory tet-
raspanin soluble large loop protein, such as seen for
other tetraspanins (18).

CONCLUSIONS

We describe here an atypical tetraspanin protein,
TSPAN12, which associates selectively with ADAMI10,
leading to accelerated ADAMI0 activation and en-
hanced nonamyloidogenic shedding of APP. These
results, together with others (6), indicate that ADAMI10
functions in the context of TEMs. Promotion of
TSPAN12-ADAM10-dependent functions should be
therapeutically beneficial in Alzheimer’s disease,
whereas inhibition of TSPAN12-ADAM functions may
be beneficial in cancer.

This work was supported by National Institutes of Health
grants GM38903 and CA102034 to M.E.H.
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Summary

Tetraspanin protein CD9 supports sperm—egg fusion, and regulates cell adhesion, motility, metastasis, proliferation and signaling. The
large extracellular loop and transmembrane domains of CD9 engage in functionally important interactions with partner proteins.
However, neither functional nor biochemical roles have been shown for the CD9 C-terminal tail, despite it being highly conserved
throughout vertebrate species. To gain new insight into the CD9 tail, three C-terminal amino acids (Glu-Met-Val) were replaced with
residues corresponding to C-terminal amino acids from tetraspanin protein CD82 (Pro-Lys-Tyr). Wild-type and mutant CD9 were then
stably expressed in MOLT-4, K562, U937, RD and HT1080 cells. Whereas wild-type CD9 inhibited cell adhesion and spreading on
fibronectin, mutant CD9 did not. Wild-type CD9 also promoted homotypic cell-cell aggregation and microvilli formation, whereas
mutant CD9 did not. Protein interactions of wild-type and mutant CD9 were compared quantitatively using stable isotope labeling with
amino acids in cell culture (SILAC) in conjunction with liquid-chromatography—tandem mass spectrometry (LC-MS/MS) technology.
SILAC results showed that, despite wild-type and mutant CD9 having identical expression levels, mutant CD9 and its major
transmembrane interacting partners were recovered in substantially reduced amounts from 1% Brij 96 lysates. Immunoprecipitation
experiments confirmed that mutant CD9 recovery was decreased in Brij 96, but not in more stringent Triton X-100 detergent.
Additionally, compared with wild-type CD9 complexes, mutant CD9 complexes were larger and more oligomerized in Brij 96
detergent, consistent with decreased Brij 96 solubility, perhaps due to more membrane domains packing more tightly together. In
conclusion, multiple CD9 functions depend on its C-terminal tail, which affects the molecular organization of CD9 complexes, as
manifested by their altered solubilization in Brij 96 and organization on the cell surface.

Key words: CD9, Tetraspanin, SILAC, Microvilli, Cell adhesion, Cell spreading

Introduction (Boucheix and Rubinstein, 2001; Hemler, 2003). Oocytes lacking
The tetraspanin protein family contains 33 distinct members, each CD?9 are deficient in sperm—egg fusion (Kaji et al., 2000; Le Naour
with four transmembrane domains, short N- and C-terminal et al., 2000; Miyado et al., 2000), at least partly due to alterations
cytoplasmic domains, a small intracellular loop and two in microvilli on the oocyte surface (Runge et al., 2007). CD9 also
extracellular loops (Berditchevski, 2001; Boucheix and Rubinstein, regulates myoblast (Tachibana and Hemler, 1999) and monocyte
2001; Hemler, 2003). The larger extracellular loop contains CCG (Takeda et al., 2003) fusion, and HIV-induced syncytia formation
and PXSC motifs, which are hallmarks of the tetraspanin family (Gordon-Alonso et al., 2006). CD9 has tumor- suppressor-like
(Seigneuret et al., 2001). Through the large extracellular loop, functions in many tumor cell types, and can inhibit cell invasion
tetraspanins interact with themselves and with other proteins, and metastasis (Ikeyama et al., 1993; Zoller, 2009). CD9 also
including membrane-bound growth factors, immunoglobulin (1g) contributes to cell signaling (Huang et al., 2004), and can regulate
superfamily  proteins, signaling enzymes and integrins cell adhesion (Masellis-Smith and Shaw, 1994), migration (Anton
(Berditchevski, 2001; Levy and Shoham, 2005). These protein— et al., 1995), apoptosis (Murayama et al., 2004), membrane protein
protein interactions underlie the assembly of structural and shedding (Shi et al., 2000) and diphtheria toxin binding (Iwamoto
functional units called tetraspanin-enriched microdomains (TEMSs) et al., 1994). To assist in these diverse functions, CD9 interacts
(Espenel et al., 2008; Hemler, 2005; Nydegger et al., 2006; Yanez- directly with transmembrane proteins EWI-2 (Charrin et al., 2003;
Mo et al., 2009). Within TEMs, tetraspanins can modulate the Stipp et al., 2001a) and EWI-F (also called CD9P-1 and FPRP)
functions of associated proteins, thereby regulating many (Charrin et al., 2001; Stipp et al., 2001b). CD?9 also interacts with
physiological and pathological processes, such as fertilization, cell other proteins, including other tetraspanins, a subset of integrins,
adhesion, motility, tumor invasion and transendothelial migration other adhesion molecules, membrane proteases, choline receptors
(Barreiro et al., 2005; Berditchevski and Odintsova, 1999; Miyado and G proteins (Le Naour et al., 2006).
et al., 2000; Ono et al., 1999; Zoller, 2009). Whereas the functional importance of tetraspanin large
CD9, a member of the tetraspanin family, is expressed in multiple extracellular loops (EC2) is well recognized, the C-terminal tails
cell types, including hematopoietic cells, endothelial cells, epithelial have received less attention. The C-terminal tail of tetraspanin
cells, smooth muscle cells, pre-B cells and many tumor cell lines CD63 binds to AP-3 adaptor subunit u3 (Rous et al., 2002) and to
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a PDZ domain in syntenin-1 (Latysheva et al., 2006), which affects
CD63 distribution and trafficking. The CD81 C-terminal tail was
suggested to associate directly with ezrin-radixin-moesin (ERM)
proteins (Sala-Valdes et al., 2006), whereas a YRSL sequence in
the CD151 cytoplasmic domain might determine intracellular
trafficking and function (Liu et al., 2007). In addition, the short C-
terminal tail of CD151 supports integrin-o.631-dependent cellular
cable formation and adhesion strengthening (Lammerding et al.,
2003; Yang et al., 2002). As in other tetraspanins, CD9 contains a
C-terminal tail that is short (only eight residues) and highly
conserved across several animal species, suggesting functional
importance. However, essentially nothing is known about the
function and biochemistry of the CD9 C-terminal tail. Here, we
have mutated the CD9 C-terminal tail and examined the functional
consequences. In addition, we have used a differential mass
spectrometry technology called SILAC [stable isotope labeling of
amino acids in cell culture (Ong et al., 2002)], together with
immunoprecipitation, gel filtration and flow cytometry, to examine
the effects of CD9 tail mutation on the molecular organization of
CD9 complexes in detergent lysates and on the cell surface. To
establish the generality of the conclusions, functional and
biochemical studies were carried out using four to five different
cell lines, including both adherent and non-adherent types.

Results

Expression and distribution of CD9 and CD9 mutant in
different cell lines

The short C-terminal tail of CD9 (eight residues) is well conserved
among seven different vertebrate species (Fig. 1A). To address the
functional and biochemical importance of the CD9 tail, the C-
terminal EMV motif was replaced with PKY, which corresponds
to the C-terminal amino acids of CD82 (Fig. 1B). This particular
conservative strategy was chosen because: the C-terminal EMV
motif in CD9 partly resembles the functionally important PDZ-
domain-interacting C-terminal EVM site in CD63 (Latysheva et
al., 2006); more radical CD9 C-tail mutations lead to loss of cell-
surface expression (e.g. Ryu et al., 2000); CD9 and CD82 are the
two tetraspanins most known for having tumor suppressor functions

Fig. 1. CD9 C-terminal tail and mutagenesis. (A) CD9 C-terminal tail
sequences from seven different animal species. (B) The three C-terminal
amino acids (glutamic acid-methionine-valine, EMV) of wild-type CD9 were
changed to proline-lysine-tyrosine (PKY) to yield mutant CD9.
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(Cajot et al., 1997; Huang et al., 1998; Miranti, 2009; Miyake et
al., 1995); and various other CD9-CD82 chimeras have been
effectively utilized in prior studies (Charrin et al., 2003; Gutierrez-
Lopez et al., 2003). Several CD9-deficient cell lines (MOLT-4,
K562, RD, HT1080 and U937) were stably transfected with wild-
type and mutant CD?9, to yield similar total expression levels, as
seen by immunoblotting of CD9 (supplementary material Fig. S1A
and Fig. S1C, inset). Cell-surface expression was also comparable,
as seen by flow cytometry (supplementary material Fig. S1B,C).

CD9 but not CD9 mutant inhibits cell adhesion and cell
spreading

CD9 might regulate integrin-dependent cell adhesion and spreading
(Berditchevski, 2001; Deng et al., 2000; Hemler, 2003). Hence, we
analyzed cell adhesion and spreading for K562 cells transfected to
express wild-type and mutant CD9. Diminished adhesion to
fibronectin was seen for wild-type CD9 cells (Fig. 2A) compared
to mutant CD9 cells (Fig. 2B) and control K562 cells (Fig. 2C).
Quantification (Fig. 2D) confirmed that adhesion was diminished
upon expression of wild-type CD9, but not mutant CD9, at both
30 minutes and 2 hours after plating. CD9 also inhibited spreading
of both MOLT-4 and K562 cells on fibronectin, as seen in photos
(Fig. 3A) and after quantification (Fig. 3B,C). Unlike CD9, mutant
CD9 failed to inhibit spreading after 6 hours (Fig. 3), and also after
1 and 3 hours (supplementary material Fig. S2A,B). Likewise,
wild-type CD9, but not mutant CD9, inhibited spreading of RD
cells at multiple time points after plating (supplementary material
Fig. S2C-E).

CD9 but not CD9 mutant promotes cell aggregation

CD9 has been associated with cell-cell aggregation (Letarte et al.,
1993; Masellis-Smith et al., 1990). Indeed, expression of wild-type
CD9 promoted MOLT-4 cell-cell aggregation when cells were
plated for 2 hours on collagen I (Fig. 4A) or on laminin-5 (Fig.
4B), or in the presence of 10% fetal bovine serum (FBS) (Fig. 4C).

Fig. 2. CD9 mutation affects K562 cell adhesion to fibronectin. K562 cells
expressing (A) wild-type CD9, (B) mutant CD9 or (C) LXIZ control vector
were allowed to adhere to fibronectin for 2 hours, and then photographed.
Scale bar: 50 um. (D) Quantification of K562 cell adhesion results. Error bars
indicate means * s.d. *P<0.05; **P<0.01.
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Expression of mutant CD9 had a minimal pro-aggregation effect
(Fig. 4A-C). Non-coated plastic with no serum yielded no
aggregation, regardless of CD9 expression (Fig. 4D). CD9
promotion of MOLT-4 cell aggregation in the presence of collagen
I, laminin-5 or FBS (which contains fibronectin) is consistent with
a role for B1 integrins (Letarte et al., 1993; Ziyyat et al., 2006).

CD9 but not CD9 mutant promotes microvilli formation
CD9 was previously observed within filopodia and microvilli, in
proximity to F-actin (Kaji et al., 2001; Runge et al., 2007; Stipp et
al., 2003). To gain clues regarding functional differences between
wild-type and mutant CD9, we analyzed staining patterns on
adherent cell lines RD (Fig. 5) and HT1080 (supplementary material
Fig. S3). In both cell types, wild-type CD9 expression correlated
with formation of abundant filopodia and microvilli-like
projections, with CD9 within the projections (Fig. 5A, arrows)
colocalized with F-actin (Fig. 5A; supplementary material Fig.
S3A). By contrast, RD and HT1080 cells transfected with mutant
CD9 did not show microvilli-like projections (Fig. 5A, arrows), as
seen by staining of either CD9 or F-actin. The density and lengths
of microvilli-like structures in CD9 mutant cells closely resembled
those in cells transfected with control vector (Fig. 5A;
supplementary material Fig. S3A). Quantification of the number of
microvilli per cell confirmed that microvilli formation was
promoted by CD9, but not by mutant CD9 (Fig. 5B; supplementary
material Fig. S3B).

CD9 mutation alters sensitivity to Brij 96 detergent

To compare wild-type and mutant CD9 with respect to molecular
interactions, they were expressed in a U937 cell variant, which
lacks both CD9 and CD81. Thus, we hoped to avoid indirect
CD81-dependent interactions between various partner proteins and
CD9. CD9 complexes then were analyzed using SILAC, a
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differential mass spectrometry quantification method (Ong et al.,
2002). Wild-type and mutant CD9 were expressed at comparable
levels in U937 cells, as demonstrated by cell surface flow cytometry
(supplementary material Fig. S1C) and by immunoblotting from
Triton X-100 whole-cell lysates (supplementary material Fig. S1C,
inset). Wild-type CD9-transfected cells were then grown for 10
doublings in ‘3C-leucine heavy isotope, whereas mutant CD9-
transfected cells were grown in medium containing normal leucine
(light isotope). Equal numbers of cells were mixed, lysed together
in 1% Brij 96 and then CD9 complexes were recovered, using
beads coated with anti-CD9 monoclonal antibody (mAb) ALB6.
Mass spectrometry coupled with quantitative SILAC analysis
showed that peptides from eight different proteins were co-
immunoprecipitated in comparable amounts [heavy (H):light (L)
ratios~1.0-1.4] with wild-type and mutant CD9 (Table 1, bottom).
However, recovery of CD9 itself and six of its known partner
binding proteins was notably amplified for wild-type CD9
compared with for mutant CD9 (H:L ratios=2.3-3.3; Table 1, top).
Although recovery of the major CD9 partner protein EWI-2 was
increased for wild-type CD9 compared with mutant CD9 (Table
1), cell surface expression of EWI-2 on U937 cells (data not
shown), K562 and RD cells (supplementary material Fig. S4) was
unaltered by CD9 tail mutation.

CD9 mutation changes protein solubilization and
organization in Brij 96

Results obtained in Table 1 indicated that, even though wild-type
and mutant CD9 were expressed at comparable levels on the
surface of U937 cells and recovered at nearly identical levels in
Triton X-100 lysates, recovery from Brij 96 lysates was diminished
for complexes containing mutant CD9. Consistent with this
interpretation, mutant CD9 was immunoprecipitated from RD and
MOLT-4 Brij 96 lysates at levels that were 40-60% less than those

Fig. 3. CD9 mutation affects cell spreading on
fibronectin. (A) K562 and MOLT-4 cells expressing
CD9, mutant CD9 and control vector were
photographed after spreading on fibronectin for 6
hours. Scale bar: 50 um. (B) Percent cell spreading
was quantified. **P<0.01; ***P<0.001. (C) The
deviation of cell spreading was determined by
subtracting the value 1.0 (perfect round) from the
exact value of cell spreading. At least 50 cells were
quantified. Error bars indicate means + s.d. *P<0.05;
**P<0.01.



()
(S]
=
2
O
)]
o
O
Y—
o
[
c
b
>
o
)

CD9 C-terminal tail functions 2705

Fig. 4. CD9 and mutant CD9 effects on MOLT-4 cell aggregation. MOLT-4
cells stably expressing CD9, mutant CD9 or control vector were incubated on
(A) collagen I, (B) laminin-5, (C) non-coated tissue culture plastic with FBS
or (D) non-coated tissue culture plastic. Photos were obtained after 2 hours.
Scale bar: 50 um.

of wild-type CD9 (Fig. 6A, left panels). By contrast, wild-type and
mutant CD9 were recovered at nearly identical levels from Triton
X-100 lysates (Fig. 6A, middle panels). Furthermore, when 1%
Brij 96 cell lysates were subsequently supplemented, post lysis, to
contain also 1% Triton X-100, the difference in CD9 recoveries
disappeared (Fig. 6A, right panels). These results suggest that
mutant CD9 was not simply left behind in the cell pellet, but rather
was reorganized to become partially unavailable (i.e. less soluble)
within the Brij 96 lysate.

In contrast to the recognition of total CD9 by high-affinity anti-
CD9 mAb (i.e. MM2/57 and ALBS6), low-affinity anti-CD9 mAb
C9BB preferentially recognizes clustered CD9 (Yang et al., 2006).
Whereas immunoprecipitation with anti-CD9 mAb MM2/57
typically yielded more wild-type CD9 (e.g. see Fig. 6A),
immunoprecipitation with mAb C9BB consistently yielded more
mutant CD9 from Brij 96 lysates (Fig. 6B, left panels). Hence,
C9BB:MM2/57 recovery ratios (Fig. 6B, numbers below panels)
were consistently higher for mutant CD9 relative to wild-type
CD9. These ratios show that mAb C9BB, compared to MM2/57,
has a 3—10-fold preference for mutant CD9 over wild-type CD9 in
K562, RD and MOLT-4 cells. This result is consistent with mutant
CD9 complexes being more clustered (Yang et al., 2006) and less
well solubilized in Brij 96 detergent. Preferential recovery of
mutant CD9 by mAb C9BB disappeared upon solubilization in
Triton X-100 or upon post-lysis addition of Triton X-100 to lysates
already containing Brij 96 (Fig. 6B; middle and right panels).

To assess further the differences between mutant and wild-type
CD9 complexes in Brij 96 lysates, gel filtration experiments were
carried out. Consistent with diminished mutant CD9 solubility in
1% Brij 96 and increased mutant CD9 clustering, a subset of
surface biotin-labeled mutant CD9 complexes were distinctly larger
than the largest wild-type CD9 complexes (Fig. 7A, fractions 3,4).
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Table 1. SILAC results comparing CD9 (heavy isotope) and
CD9 mutant (light isotope) ratios for coimmunoprecipitated

proteins.

Protein Peptides H:L ratio*
CD9 2 2.5+0.5
CD82 4 2.9+0.6
TSPAN14 1 25
CD4 3 2.3£0.4
CTL1 (CD92) 7 3.3+1.0
CD224 (GGT) 3 3.2£0.4
EWI-2 (CD316) 3 2.5+1.0
GRP75 12 1.3£0.2
GRP78 2 1.3+0.01
HSP7C 2 1.3+0.2
Trim21 6 1.0+0.1
Tuba6 2 1.1+0.3
Tubb2c 3 1.4+0.3
Acta2 2 1.1+£0.2
Q13707 2 1.3+0.2

*H:L ratios represent mean + s.d. for results from multiple distinct
peptides, except for TSPAN14 results, which are based on one peptide.

The top panel shows H:L ratio results=2.2-2.3. The bottom panel shows
H:L ratio results=1.0-1.4.

The gel filtration size difference was not as obvious when cells
were metabolically labeled with 3[H]-palmitate, largely because
newly synthesized CD9 did not have time to assemble into larger
complexes. Nonetheless, mutant CD9 complexes were still also a
little larger than wild-type CD9 complexes, as particularly evident
in column fractions 4-6 (Fig. 7B).

Results in Figs 6 and 7 suggest that our CD9 mutation might
also alter the organization of CD9 complexes on the surface of
intact cells. As shown in Fig. 8A, mutant CD9 again showed
enhanced binding of mAb C9BB, a probe for homooligomerization
(YYang et al., 2006). In a control experiment, surface expression of
total CD9, assessed using mAb MM2/57, was not altered (Fig.
8B).

Discussion

A functional role for the CD9 C-terminal tail

To assess the functional role of the highly conserved CD9 C
terminus, a chimeric protein was designed, replacing the CD9 C-
terminal Glu-Met-Val with Pro-Lys-Tyr from CD82. Expression of
wild-type CD9 (in cells otherwise lacking CD9) inhibited cell
adhesion and spreading on fibronectin, but promoted homotypic
aggregation and microvilli formation. By contrast, mutant CD9 did
not inhibit adhesion or spreading, and did not promote homotypic
aggregation and microvilli formation.

Involvement of CD9 in integrin-dependent adhesion, spreading
and homotypic aggregation has previously been observed (Masellis-
Smith et al., 1990; Masellis-Smith and Shaw, 1994; Shaw et al.,
1995). CD9-dependent formation of microvilli has also been
observed (Runge et al., 2007) and anti-CD9-antibody-induced
microvilli ‘zippers’ might promote cell—cell associations, leading
to homotypic aggregation (Singethan et al., 2008). We suggest that
microvilli formation could interfere with cell adhesion and
spreading, thus accounting for CD9 inhibition of these processes.
Therefore, because mutant CD9 did not form microvilli, it was less
able to promote homotypic aggregation and to inhibit adhesion and
spreading. Our CD9 C-terminal mutation severely hindered each
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of the four different CD9 functions tested, and these results were
seen in four different cell lines (two adherent, two nonadherent).
Hence, the C-terminal tail is also likely to be crucial for other
CD9-dependent processes, including platelet functions (Goschnick
and Jackson, 2007), tumor suppression (Cajot et al., 1997; Huang
et al., 1998; Miyake et al., 1995), oocyte fertilization (Le Naour et
al., 2000; Miyado et al., 2000), MHC protein organization
(Kropshofer et al., 2002; Unternaehrer et al., 2007), cell-cell fusion
(Tachibana and Hemler, 1999; Takeda et al., 2003), formation
and/or maintenance of paranodal junctions (Ishibashi et al., 2004),
HIV1-induced membrane fusion (Gordon-Alonso et al., 2006) and
HIV1 cell—cell transmission (Krementsov et al., 2009).

Specific residues within the large extracellular loop of CD9
contribute to gamete fusion (Zhu et al., 2002) and to upregulation
of diphtheria toxin binding (Hasuwa et al., 2001), and specific
transmembrane residues contribute to CD9 homodimerization
(Kovalenko et al., 2005). However, until now there was little, if
any, evidence for the CD9 C-terminal tail being functionally
important. Although a role for the CD9 C-terminal tail was not
previously established, there is precedent for the C termini of other
tetraspanins being functionally important. For example, the C-
terminal tail of CD151 supports integrin-dependent adhesion
strengthening, cell morphology (Lammerding et al., 2003; Zhang
et al., 2002) and intracellular trafficking (Liu et al., 2007), and the
C-terminal tail of CD63 regulates its internalization (Latysheva et
al., 2006; Rous et al., 2002), together with a cell-surface partner
protein (Duffield et al., 2003).
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Fig. 5. CD9 and mutant CD9 effects on
microvilli formation in RD cells. (A) RD cells
were stained for CD9 using mAb MM2/57
labeled with AlexaFluor488 (green) and for F-
actin using AlexaFluor594—phalloidin (red). Cell
nuclei are stained with DAPI (blue). Microvilli-
like structures are marked with arrows. Scale
bar: 20 um. (B) Counting of microvilli (greater
than 5 um) was completed using Scion Image
software, with quantification for each cell type
from 10 random photos, each containing
multiple cells (counted by staining of nuclei).
Error bars indicate means # s.d. ***P<0.001.

Biochemical consequences of CD9 C-terminal tail

mutation

Tetraspanin CD63, with a C-terminal G-Y-E-V-M sequence,
interacts with a PDZ domain in syntenin-1 (Latysheva et al.,
2006), a transmembrane and cytoplasmic connector protein.
However, CD9 does not directly interact with syntenin-1
(Latysheva et al., 2006), and the C-terminal R-N-R-E-M-V
sequence of CD9 does not closely match any of 16 consensus
PDZ-interaction motifs (Tonikian et al., 2008). The C-terminal
tail of CD81, a tetraspanin similar to CD9, might interact directly
with ERM proteins (Sala-Valdes et al., 2006). However, the C
terminus of CD9 did not directly interact with ERM proteins
(Sala-Valdes et al., 2006). To gain an unbiased assessment of
CD9 protein associations affected by C-terminal tail mutation,
we undertook a SILAC mass spectrometry approach, applying it
to the study of multimolecular tetraspanin CD9 protein complexes.
Although we mixed equal numbers of cells expressing equal
amounts of wild-type CD9 (heavy-isotope labeled) and mutant
CD9 (light-isotope labeled), we recovered 2.3-3.3-fold more
wild-type CD9 and associated partner proteins from 1% Brij 96
lysates. Notably, CD9 and mutant CD9 were present in equal
amounts both on the cell surface (as indicated by flow cytometry)
and in the total cell lysate (as indicated by immunoblotting of
Triton X-100 lysates). Furthermore, eight different background
proteins, not known to be associated with CD9, were recovered
at similar levels (H:L ratios=1.0-1.4). Hence, complexes
containing mutant CD9 and six of its associated proteins (but not
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Fig. 6. CD9 mutation affects recovery of CD9 complexes in Brij 96
detergent. (A) RD and MOLT-4 cells were lysed in 1% Brij 96, 1% Triton X-
100, or 1% Brij 96 subsequently supplemented to also contain 1% Triton X-
100. After immunoprecipitation (IP) using anti-CD9 mAb MM2/57 and SDS-
PAGE resolution, CD9 was detected by immunoblotting using mAb C9BB or
MM2/57. Numbers indicate recovery of mutant CD9 relative to that of wild-
type CD9. Note that the six lower panels are used again in B for a different
purpose. (B) After detergent lysis as in A, immunoprecipitations were carried
out using anti-CD9 mAb MM2/57 or C9BB as indicated. CD9 was then
detected by immunoblotting using mAb MM2/57. Numbers indicate recovery
of CD9 (wild type or mutant) using mAb C9BB relative to mAb MM2/57.
Note that the third and fifth panel rows are identical to images used in the
second and third rows of A.

the eight background proteins) were selectively less available to
the anti-CD9 mAb-coated beads used to retrieve CD9 complexes
from 1% Brij 96 lysates. These results point to a selective decrease
in Brij 96 solubility for complexes containing mutant CD9 from
U937 cells. Reduced recovery of mutant CD9 from 1% Brij 96
lysates was seen in two additional cell lines (RD and MOLT-4),
expressing CD9 and mutant CD9 at comparable levels on the cell
surface and in Triton X-100 lysates.

The post-lysis addition of Triton X-100 to Brij 96 lysates restored
CD9 and mutant CD9 to a state of equal recovery, thus establishing
that mutant CD9 was not left in the Brij 96 insoluble pellet.
Instead, mutant CD9 seems to be reorganized into larger complexes
in Brij 96 lysates, with skewed mAb recognition profiles. This idea
is reinforced by mutant CD9 in lysates showing selectively
decreased recognition by anti-CD9 mAb such as MM2/57 and
ALBG6, and showing selectively enhanced recognition by mAb
C9BB, which preferentially binds to oligomerized CD9 (Yang et
al., 2006). Also, mutant CD9 seems to be larger than wild-type
CD9, as seen by gel filtration of 1% Brij 96 lysates. Consistent
with results seen in detergent lysates, mutant CD9 on the surface
of intact cells again showed selectively enhanced mAb C9BB
binding, indicative of increased homooligomerization. In a prior
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Fig. 7. Gel filtration analyses of CD9 and mutant CD9 complexes.

(A) U937 cells stably expressing CD9 or mutant CD9 were surface labeled
with biotin and then lysed in 1% Brij 96. Lysates were fractionated using a
sepharose CL6B gel filtration column and biotin-labeled CD9 was detected as
described in the Materials and Methods. (B) U937 cells were metabolically
labeled using *H-palmitate, and then CD9 and mutant CD9 were fractionated
and detected as described in the Materials and Methods. The sum of
densitometry quantifications for each set of samples is 100%.

study, molecular alterations of tetraspanin CD81 complexes resulted
in major size changes (as seen by gel filtration) and major
differences in recognition by selected anti-CD81 antibodies, both
on the cell surface and in detergent lysates, with the latter
differences disappearing upon addition of Triton X-100
(Kolesnikova et al., 2004).

Regarding CD9 molecular organization, consistent results were
seen in five different cell lines (two adherent, three nonadherent),
each expressing CD9 and mutant CD9 at comparably moderate
levels. Hence, conclusions seem to be generally applicable and not
due to either excessive CD9 overexpression or specialized
tetraspanin microdomain conditions only found in one or a few
cell types.

We suggest that mutation of the CD9 tail leads to altered and/or
unregulated assembly of CD9 complexes, with enhanced CD9
homooligomerization, such that transmembrane domain packing
becomes more difficult to disrupt by the oleate sidechain of Brij
96. By contrast, wild-type CD9 probably engages in a specific (but
not yet identified) interaction with the cytoskeleton, which leads to
assembly of complexes that are less extensively organized in the
lateral dimension and that seem more likely to contribute to
assembly of microvilli.

CD9-associated proteins with high H:L ratios include CD82,
TSPAN14, CD4, CTL1, CD224 and EWI-2. CD9 interactions with
other tetraspanin proteins, including CD82 and TSPAN14, are well
established (e.g. see Le Naour et al., 2006; Rubinstein et al., 1996).
CD?9 associations with CD4, CD224 (y-glutamyl transferase) and
CTL1 (a choline transporter) have also been previously noted (Le
Naour et al., 2006; Toyo-Oka et al., 1999), but their functional
implications are unknown. CD9 associates directly with EWI-2
(Charrin et al., 2003; Stipp et al., 2001a); EWI-2 might contribute
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Fig. 8. CD9 mutation effects on cell-surface organization. RD cells
expressing CD9 or mutant CD9 were incubated with 4.0 ug low-affinity anti-
CD?9 antibody (C9BB, A) or 1.0 ug high-affinity antibody (MM2/57, B) for
the indicated times, and CD9 mean fluorescence intensities (MFIs) were
plotted. Right panels show representative flow cytometry profiles from the 1
hour time point.

to CD9-dependent inhibition of cell migration and glioblastoma
growth (Kolesnikova et al., 2008). A problem with classical protein
mass spectrometry assessment of protein complexes is that it is
sometimes difficult to distinguish ‘real” from adventitious protein
associations. In our study, the six CD9 partner proteins identified
with high H:L ratios are all therefore at least partly dependent on
the CD9 C-terminal tail for assembly into the complex and thus
might be validated as ‘real” CD9 partners. By contrast, eight other
proteins, with H:L ratios close to 1.0, associate independent of the
C-terminal tail, consistent with them being background proteins.

The C-terminal tail of CD9 and other tetraspanins has several
times been covalently tagged for the purpose of studying subcellular
distribution and/or tetraspanin dynamics. Findings shown in this
paper indicate that such results need to be evaluated cautiously. We
show that even a relatively small change to the C-terminal tail can
have a major effect on a wide range of functions, while also
altering the cell-surface organization of a tetraspanin and nearly
all, if not all, of its transmembrane partners.

Materials and Methods

Antibodies, plasmids and cell culture

mADs to tetraspanin CD9 (MM2/57, ALB6, C9BB), integrin B1 (TS2/16) and EWI-
2 (rabbit polyclonal antibody) were referenced elsewhere (Yang et al., 2006). MOLT-
4, K562 and U937 cells [American Type Culture Collection (ATCC), Manassas, VA]
were cultured in RPMI 1640 medium with 10% FBS, 100 U/ml penicillin and 100
ug/ml streptomycin (Invitrogen). RD, HT1080 and ®NX-ampho packaging cells
(ATCC) were maintained in DMEM with 10% FBS plus antibiotics. In CD9 mutant
plasmid, the last three amino acids of CD9 (EMV) were replaced by the last three
amino acids of CD82 (PKY). CD9 and CD9 mutant were cloned in a C-terminal
FLAG-tagged pLXIZ retroviral vector. CD9, CD9 mutant and pLXIZ were transiently
transfected into @NX-ampho cells and retroviral infection of MOLT-4, K562, U937,
RD and HT1080 cells was performed as previously described (Kolesnikova et al.,
2004). Stable infectants were selected in medium containing 200 pg/ml zeocin
(Invitrogen).

Cell adhesion, spreading and aggregation assays

For fibronectin coating, 12-well or 96-well plates were treated with 10 pg/ml human
fibronectin (BD Biosciences, Bedford, MA) in PBS at 4°C overnight, and blocked
with 1% BSA in PBS for 1 hour. For adhesion assays, K562 cells (1.0x10%) were
labeled with 5 uM Calcein AM (Wbrant Cell Adhesion Assay Kit, Invitrogen) for
30 minutes, then washed, resuspended in FBS-free medium and added to fibronectin-
coated 12-well plates for 0.5 and 2 hours. Unattached cells were removed by two
washes with culture medium. Fluorescence intensity was then measured using a
Wallac 1420 workstation (PerkinElmer, Waltham, MA) to detect emission at 494 nm
before and after washes. Adhesion percent is calculated as (adherent cell fluorescence
— background)/(total cell fluorescence — background). The background is taken as
fluorescence of cells without Calcein AM labeling.
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For spreading assays, K562, MOLT-4 and RD cells (1.0x10°) were plated on
fibronectin for 0.5-6 hours, and then photographed. To quantify cell spreading,
‘deviation from round” was calculated by dividing the theoretical maximum area for
a given perimeter (perimeter?/4m) by the observed pixel area (Zhang et al., 2001)
obtained using Scion Image software (Scion Corp., Frederick, MD). Cells with
values >1.2 were judged to be spread (1.0=value for a perfectly round cell). At least
50 cells from three independent experiments were evaluated for each data point
presented.

For cell aggregation assays, 12-well plates were either non-coated or coated with
10 pg/ml collagen I (Santa Cruz) or laminin-5 (produced from human A431 cells).
MOLT-4 cells (1.0%10°) were dispersed, washed in FBS-free medium, incubated in
12-well plates and then photographed after 2 hours. Cell images were acquired with
a monochrome CCD camera (Spot RT; Diagnostic Instruments, Sterling Heights,
MI) on a microscope (Axiovert 135; Carl Zeiss Microlmaging, Thornwood, NY).
Cell shape was evaluated by the Scion Image Software.

Flow cytometry

MOLT-4, K562, RD, U937 and HT1080 cells (1.0x10%) were stained with 1.0 ug
specific mAb for 1 hour on ice, followed by 30 minutes with FITC-conjugated
secondary antibody (Biosource, Camarillo, CA) and then analyzed using a FACS
Calibur (Becton Dickinson, Bedford, MA). At least 10,000 cells were counted per
sample. Graphs were processed using FlowJo software (Tree Star, Ashland, OR).

Immunofluorescence

Cells grown on glass cover slips were fixed with 4% paraformaldehyde at 4°C for
15 minutes and permeabilized by 0.1% Triton X-100 in PBS for 5 minutes, and then
rinsed with phosphate-buffered saline (PBS). Cells were then blocked (1 hour) with
3% BSA in PBS (w/v), immunolabeled with CD9 primary antibody (1 hour),
followed by AlexaFluor488-conjugated goat anti-mouse 1gG for 1 hour (Invitrogen).
For double staining of CD9 and F-actin, cells were stained with AlexaFluor594—
phalloidin (30 minutes) before incubation with CD9 antibody. Cells were then
mounted [ProLong Gold antifade mounting media containing DAPI (Invitrogen)]
and imaged using a Leica SP5X laser scanning confocal microscope (Leica
Microsystems, Chicago, IL). Microvilli greater than 5 um were counted using Scion
Image software and the cells from 10 random pictures were quantified.

Immunoprecipitation and immunoblotting

K562 and RD cells were washed twice with PBS and lysed in buffer (20 mM HEPES
pH 7.4, 150 mM NaCl, 2 mM MgCl,, 2 mM CacCl,) containing 1% Brij 96 or Triton
X-100 (Sigma) and EDTA-free protease inhibitors. After 1 hour at 25°C, insoluble
material was removed by centrifugation. For immunoprecipitation, lysates were
precleared for 1 hour with protein G-sepharose beads (Pharmacia, Uppsala, Sweden).
Specific antibodies (1-2 pg) were added to lysates of total protein (500 pg) and
incubated at 4°C overnight. Antibody—protein complexes were captured using protein
G-sepharose beads, washed three times with lysis buffer, and immune complexes
were eluted in 2X Tris-glycine SDS sample buffer. For immunoblotting, samples
were resolved by SDS-PAGE, transferred to nitrocellulose membrane (Whatman,
Dassel, Germany), blocked with 5% nonfat milk blocking agent, incubated with
specific antibody, followed by addition of peroxidase- or HRP-conjugated secondary
antibody and chemiluminescence detection (SuperSignal West Pico
Chemiluminescent Substrate, Thermo Scientific, Rockford, IL). For multiple blottings,
membranes were stripped with Restore Western Blot Stripping Buffer (Pierce). Band
intensities were quantified using Quantity One software (Bio-Rad, Hercules, CA),
with non-CD9 band intensities calculated relative to CD9=1.00.

SILAC

U937.7C2 cells lacking CD81 and CD9 (a gift from S. Levy, Department of
Medicine, Stanford University, Stanford, CA) were stably transduced to express
wild-type CD9 or mutant CD9. U937-CD9 cells were labeled with isotopically
heavy leucine (U-*3Cg-leucine; Cambridge Isotope Labs, Andover, MA) using RPMI
labeling medium lacking L-leucine. Mutant CD9 cells were grown in isotopically
light L-leucine (Sigma). All cells were maintained in labeling medium [also containing
10% dialyzed fetal calf serum (Hyclone) and penicillin-streptomycin (Invitrogen)]
for 10 days to ensure complete labeling. Equal numbers (2x10° cells each) of U937-
CD?9 (heavy leucine) and U937-CD9 mutant (light leucine) were then mixed, washed
three times with PBS and lysed together in lysis buffer (50 mM HEPES pH 7.5, 150
mM NaCl, 2 mM MgCl,, 2 mM CaCly) supplemented with 1% Triton X-100 (Roche
Applied Science) or 1% Brij 96 (Sigma), and protease inhibitor mixture (Roche
Applied Science) at 4°C for 1 hour. Lysates were centrifuged for 30 minutes at
20,000 g and supernatants were pre-cleared stepwise with protein A-sepharose,
protein G-sepharose and two irrelevant antibodies covalently coupled to protein A-
agarose. After each pre-clearing, the lysates were centrifuged for 5 minutes at 20,000
g. After final pre-clearing, the supernatants were mixed with CD9 antibody (ALB6)
that had been covalently coupled to protein G-sepharose beads (using
dimethylpilimidate; Sigma) and incubated for 16 hours at 4°C. Beads were then
extensively washed with lysis buffer (100 ml), and proteins were eluted with 100
mM glycine, pH 2.5, and the eluted fractions were neutralized with 1.5 M Tris-HCI,
pH 8.8. After polyacrylamide gel electrophoresis and silver staining, gel lanes (~2
cm long) were excised, proteins were in-gel digested with trypsin and then analyzed
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by LC-MS/MS techniques (Haas et al., 2006). Identified peptides were quantified
based on the area-under-the-curve ratios for co-eluting heavy and light forms of each
peptide using the Vista algorithm (Bakalarski et al., 2008). These ratios are given in
Table 1.

Gel filtration

Intact U937-CD9 cells and U937-CD9 mutant cells were each cell-surface labeled
with sulfo-NHS-LC biotin (Pierce, Rockford, IL) as previously described
(Kolesnikova et al., 2004) and then cells (each at 1X107) were lysed in 1% Brij 96.
The same cells were also labeled metabolically, by growing for 16 hours in [°H]-
palmitate (NEN Bioscience, Boston, MA) and 10% dialyzed FBS, and then lysed in
1% Brij 96. Lysates were mixed (CD9 biotin + CD9 mutant [°H]-palmitate; CD9
mutant biotin + CD9 [*H]-palmitate) and then passed over a sepharose CL6B gel
filtration column. CD9 was then immunoprecipitated from each fraction, using mAb
ALBS. Eluted proteins were resolved by SDS-PAGE, transferred to PVDF membrane
(BioRad Laboratories) and exposed to BioMax MS film (Kodak, Rochester, NY) at
—-80°C with an intensifying screen to detect [*H] labeling. Biotin-labeled CD9
samples were transferred to nitrocellulose membrane and immunoblotted with
ExtrAvidin-HRP (Sigma). A phosphoimager machine (Storm 860, Molecular
Dynamics), together with ImageQuant version 1.2 program, was used for
densitometric analysis. The sum of signals from each column fraction was set to
equal 100%.

We thank C. E. Bakalarski for his help with the Vista algorithm.
This work was supported by a grant from the National Institutes of
Health (GM38903) to M.E.H. Deposited in PMC for release after 12
months.
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