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Adenoid cystic carcinoma is a frequently occurring
malignant salivary gland neoplasm. We studied the
induction of protease activity by the laminin-derived
peptide, SIKVAV, in cells (CAC2) derived from this
neoplasm. Laminin �1 and matrix metalloproteinases
(MMPs) 2 and 9 were immunolocalized in adenoid
cystic carcinoma cells in vivo and in vitro. CAC2 cells
cultured on SIKVAV showed a dose-dependent in-
crease of MMP9 as detected by zymography and colo-
calization of �3 and �6 integrins. Small interfering
RNA (siRNA) knockdown of integrin expression in
CAC2 cells resulted in decreased adhesion to the pep-
tide. SIKVAV affinity chromatography and immuno-
blot analysis showed that �3, �6, and �1 integrins
were eluted from the SIKVAV column, which was
confirmed by mass spectrometry and a solid-phase
binding assay. Small interfering RNA experiments
also showed that these integrins, through extracellu-
lar signal-regulated kinase (ERK) 1/2 signaling, regu-
late MMP secretion induced by SIKVAV in CAC2 cells.
We propose that SIKVAV increases protease activity of
a human salivary gland adenoid cystic carcinoma cell

line through �3�1 and �6�1 integrins and the ERK
1/2 signaling pathway. (Am J Pathol 2007, 171:124–138;
DOI: 10.2353/ajpath.2007.051264)

Adenoid cystic carcinoma is a frequently occurring malig-
nant salivary gland neoplasm.1 It shows insidious and slow
growth with high level of recurrence and distant metastasis
a long time after treatment.2 This neoplasm is histologically
characterized by a sheet or island-like proliferation of round
or cuboidal epithelial cells, with scanty cytoplasm and hy-
perchromatic large oval nuclei.2 Growth patterns are solid,
tubular, and pseudocystic, and perineural invasion is a
common histological finding.1–3 Electron microscopy shows
both luminal and myoepithelial cells, and these cells are
often separated by extracellular matrix (ECM), such as
pools of basal lamina, collagen fibers, elastin, and glycos-
aminoglycans.2 A conspicuous finding in the cribriform vari-
ant of adenoid cystic carcinoma is a thickened band of
extensively duplicated basement membrane.2 A prominent
feature of adenoid cystic carcinoma is its affinity for base-
ment membrane-rich tissues, such as nerves and blood
vessels,2 and many immunohistochemical studies have
highlighted the presence of basement membrane proteins
in this neoplasm.3–6

It has been suggested that the ECM plays an important
role as a regulatory factor of phenotypic differences
among salivary gland neoplasms.7–14 The ECM is a
three-dimensional network of macromolecules, including
collagens, laminins, fibronectin, entactin/nidogen, and
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heparan sulfate proteoglycans.15–17 However, cells pro-
duce matrix metalloproteinases that degrade extracellu-
lar matrix macromolecules, which weakens the structural
integrity of tissues, stimulates cellular invasion, triggers
apoptosis or proliferation, and releases matrix-bound
growth factors.18 In addition, several lines of evidence
suggest that extracellular components contain cryptic
domains that are exposed by proteolysis and elicit bio-
logical responses distinct from intact molecules.18–20

These domains exposed by proteolysis are named ma-
tricryptins, matrikines, or cryptic sites.18–20 These cryptic
sites are represented by fragments and bioactive pep-
tides that are likely to be present in most extracellular
matrix molecules.19–21

The laminins express multiple cryptic sites,18–21 in-
cluding the well-documented bioactive peptide
SIKVAV.18,22–27 This peptide, located at the carboxy-
terminal portion of the laminin �1 chain is liberated during
tumor invasion through basement membranes.18,28

SIKVAV is involved in malignant transformation, cell pro-
liferation, angiogenesis, and protease activity in a num-
ber of cell types. Because of its biological significance,
this peptide has been proposed as a therapeutic
agent.29–34 In salivary gland neoplasms, we have dem-
onstrated that SIKVAV regulates the morphology and
protease activity of a cell line (CAC2) derived from human
adenoid cystic carcinoma.11,12 Despite its biological rel-
evance, the mechanisms regulating the bioactivity of
SIKVAV are not fully understood.

Here, we studied the regulatory mechanisms resulting
in increased protease activity induced by SIKVAV in
CAC2 cells. Cells were cultured on SIKVAV, and the
secretion of matrix metalloproteinases was measured by
zymography. We show that �3�1 and �6�1 integrins
elute from SIKVAV affinity columns. Our experiments sug-
gest that integrin signaling, through the extracellular sig-
nal-regulated kinase (ERK) pathway, regulates the in-
creased protease activity in CAC2 cells cultured on
SIKVAV.

Materials and Methods

Immunolocalization of Laminin �1 and Matrix
Metalloproteinases in Adenoid Cystic
Carcinoma in Vivo

Ten cases of adenoid cystic carcinoma were retrieved
from the files of the Department of Oral Pathology,
UNIMES, and the Department of Oral Pathology, School
of Dentistry, University of Pará. Growth patterns were
cribriform (six cases), tubular (two cases), and solid (two
cases). Formalin-fixed paraffin-embedded tissues were
studied by immunohistochemistry. Sections (3 �m) were
stained by the EnVision method (Dako Corp., Carpinteria,
CA). Sections mounted on 3-aminopropyltriethoxy-silane-
coated slides (Sigma Chemical Corp., St. Louis, MO)
were dewaxed in xylene and hydrated in graded ethanol.
Endogenous peroxidase activity was inhibited with 3%
H2O2 in methanol for 20 minutes. Antigen retrieval in-
volved treating sections with 1% pepsin in 10 mmol/L HCl

for 1 hour at 37°C. Sections were blocked with 1% bovine
serum albumin (BSA; Sigma) in Tris-HCl. A goat poly-
clonal antibody to laminin �1 chain [C-20 (Santa Cruz
Biotechnology Inc., Santa Cruz, CA), kindly provided by
Dr. Vilma R. Martins, Ludwig Institute for Cancer Re-
search, São Paulo Branch, Brazil] was diluted 1:50 in
Tris-HCl. Anti-matrix metalloproteinase (MMP) 2 mono-
clonal antibody (mAb; clone 42-5D11) was diluted 1:50,
and anti-MMP9 mAb (clone 56-2A4) was diluted 1:25
(both from Calbiochem-Novabiochem Co., La Jolla, CA).
Diaminobenzidine (Sigma) was used as the chromogen,
and sections were counterstained with Mayer’s hematox-
ylin (Sigma). A nonspecific serum served as negative
control.

Cell Culture

The CAC2 cell line was derived from a human adenoid
cystic carcinoma and has been characterized previous-
ly.11,12 Cells were cultured in Dulbecco’s modified Ea-
gle’s medium (Sigma) supplemented with 10% fetal bo-
vine serum (Cultilab; Campinas, São Paulo, Brazil) and
1% antibiotic-antimycotic solution (Sigma). The cells
were maintained in 25-cm2 flasks in a humidified atmo-
sphere of 5% CO2 at 37°C.

Immunofluorescence

Cells were fixed in 1% paraformaldehyde in phosphate-
buffered saline (PBS) for 10 minutes, blocked with 1%
BSA in PBS, and stained with goat antibody against
laminin �1 chain (1:50 in PBS; Chemicon, Temecula, CA)
and an anti-goat Cy3-conjugated secondary antibody
(Zymed-Invitrogen Co., Carlsbad, CA). To stain for
MMPs, cells were fixed and permeabilized with 0.5%
Triton X-100 (Sigma) in PBS for 15 minutes and incubated
with mAbs to MMP2 and MMP9 diluted in PBS 1:50
revealed by an anti-mouse Cy3-conjugated secondary
antibody (Zymed-Invitrogen). All incubations were per-
formed for 60 minutes at room temperature, and Pro Long
(Invitrogen-Molecular Probes, Eugene, OR) was used as
a mounting medium. Nuclei were counterstained with
either 4,6-diamidino-2-phenylindole or Sytox Green (In-
vitrogen-Molecular Probes). A nonspecific serum served
as negative control.

For immunofluorescence analysis of �3 and �6 inte-
grins, CAC2 cells were cultured on SIKVAV and
IVSKVA for 4 hours and subjected to the immunofluo-
rescence protocol described by Hogervorst et al.35

Cells were fixed in 1% paraformaldehyde in PBS for 10
minutes, rinsed, permeabilized with 0.5% Triton X-100
(Sigma) in PBS for 5 minutes, and blocked with 1% BSA
for 30 minutes. Samples were then double-labeled with
antibodies against �3 (mAb, clone P1B5; Chemicon)
and �6 (rat mAb, clone GoH3; Chemicon) integrins
diluted 1:100 in PBS for 1 hour. Secondary antibodies
were anti-mouse Cy3 (Zymed-Invitrogen) and anti-rat
FITC (Zymed-Invitrogen). Nuclei were counterstained
with 4,6-diamidino-2-phenylindole and mounted in
Pro Long.
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Zymography of SIKVAV-Treated CAC2 Cells

CAC2 cells were cultured in six-multiwell plates coated
with 100 �l of either SIKVAV or the scrambled control
IVSKVA (50 �g/ml, 200 �g/ml, 500 �g/ml, and 1 mg/ml)
diluted in Milli-Q water and allowed to evaporate over-
night in a hood. CAC2 cells (1 � 104) were plated and
allowed to adhere and spread for at least 8 hours. The
adherent cells were washed three times with PBS, and
the culture medium was replaced by serum-free medium
for 24 hours. The presence of MMPs in the conditioned
medium was assessed by zymography. The conditioned
medium was collected, concentrated (Microcon 30K; Mil-
lipore Co., Bedford, MA), and resuspended in sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophore-
sis sample buffer (without �-mercaptoethanol). The re-
maining CAC2 cells were lysed, and the amount of pro-
tein was estimated by bicinchoninic acid assay (Pierce
Biotechnology Inc., Rockford, IL). In zymograms, the vol-
ume of conditioned medium loaded per lane was stan-
dardized on the basis of protein content in the cell lysate.
Samples were separated on 10% polyacrylamide gels
containing 0.2% gelatin (Novex-Invitrogen). After electro-
phoresis, the gels were washed in 2.5% Triton X-100 for
30 minutes, equilibrated in 10 mmol/L Tris, pH 8.0, and
incubated at 37°C in a development buffer containing 50
mmol/L Tris, pH 8.0, 5 mmol/L CaCl2, and 0.02% NaN3 for
16 to 24 hours. The gels were stained with 0.2% Coo-
massie blue R250 (Amersham Co., Arlington Heights, IL)
and destained with acetic acid/methanol.

The MMP activity was also inhibited with either 10
mmol/L ethylenediamine tetraacetic acid (EDTA) (cal-
cium chelator; Sigma) or 5 mmol/L 1,10-phenanthroline
(heavy metal chelator; Sigma) in the zymogram develop-
ment buffer to confirm that the bands were MMPs. We
also ran parallel polyacrylamide gels with CAC2 cell ly-
sates and did Western blots for �-actin to confirm equal
loading conditions.

CAC2 cells treated with small interfering RNA (siRNA)
to integrins and syndecan-1 were cultured in six-multiwell
plates on SIKVAV or IVSKVA (scrambled control) diluted
in serum-free medium (50 �g/ml). The MMP activity in the
conditioned medium was analyzed by zymography as
described above.

CAC2 Cell Adhesion Assays

Cell adhesion to SIKVAV was compared with laminin-111
and with IVSKVA. Adhesion assays were performed in
96-well round-bottomed plates. Wells were coated over-
night at 4°C with 100 �l of SIKVAV (1 �g/well), laminin-
111 (1 �g/well), or IVSKVA (1 �g/well). Wells were
blocked with 3% BSA for 30 minutes at 37°C and rinsed
in PBS with 0.1% BSA, and cells were incubated for 20
minutes at 37°C. Attached cells were fixed/stained for 10
minutes with 0.2% (w/v) crystal violet in 20% (v/v) meth-
anol. After three washes with H2O, cells were dissolved in
10% (w/v) SDS, and the absorbance at 600 nm was
measured. We analyzed the effects of EDTA (calcium
chelator) on the adhesion of CAC2 cells to SIKVAV. Cells

were preincubated with 1 mmol/L EDTA in PBS for 10
minutes before being added to cell adhesion assays.

CAC2 cells treated with siRNA to �3, �6, �1 integrin
subunits and syndecan-1 were used in adhesion assays
to SIKVAV, laminin-111, type I collagen, and fibronectin.
Adhesion assays were performed in 96-well round-bot-
tomed plates. Wells were coated overnight at 4°C with
100 �l of SIKVAV (1 �g/well), laminin-111 (1 �g/well),
type I collagen (1 �g/well), and fibronectin (1 �g/well).
Adhesion assays were performed as described above.
To assess the specificity of the �3 and �6 integrin knock-
down on adhesion, we performed assays to substrates
where adhesion is not dependent on these integrins,
such as fibronectin and type I collagen. Furthermore, we
also silenced a nonintegrin receptor, syndecan-1. CAC2
cells with reduced syndecan expression were submitted
to the same adhesion assays described above.

RNA Interference

CAC2 cells were transfected with commercially available
siRNA targeting �3 and �1 integrins and syndecan-1
(Santa Cruz Biotechnology) and �6 integrin (Invitrogen)
following the manufacturer’s instructions. One day before
transfection, subconfluent CAC2 cells were cultured in
Dulbecco’s modified Eagle’s medium, supplemented by
10% fetal bovine serum without antibiotic-antimycotic so-
lution. Cells were incubated with a complex formed by
the siRNA, transfection reagent (Lipofectamine 2000; In-
vitrogen), and transfection medium (Opti-MEM I; Invitro-
gen) for 30 hours at 37°C. A siRNA-scrambled sequence
(Invitrogen and Santa Cruz proprietary target sequences)
was used as negative control. The following oligonucle-
otide sequences for siRNA were used: �3 integrin (a pool
of three mRNA strands), 5�-UUCACUGUGAUGUUCAU-
CCTTGGAUGAACAUCACAGUGAATT-3�, 5�-UUCAUG-
AAGACAUAGAUGGTTCCAUCUAUGUCUUCAUGAAT-
T-3�, and 5�-UGAUAGAUGUACACUUUGCTTGCAAAG-
UGUACAUCUAUCATT-3�; �6 integrin, 5�-UAACCUGGA-
GGCAUAUCCCACUAGGTT-3�; �1 integrin (a pool of
three mRNA strands), 5�-GAGAUGAGGUUCAAUUUGA-
3�, 5�-GAUGAGGUUCAAUUUGAAA-3�, and 5�-GUACA-
GAUCCGAAGUUUCA-3�; and syndecan-1 (a pool of
three mRNA strands), 5�-CGCAAAUUGUGGCUACU-
AA-3�, 5�-AGCAGGACUUCACCUUUGA-3�, and 5�-CG-
UGGGGCUCAUCUUUGCU-3�. Transfection efficiency
was confirmed by immunoblot and real-time quantitative
polymerase chain reaction (PCR).

Western Blots

Immunoblots for �3, �6, or �1 integrins and syndecan-1
were used to test the efficiency of RNA silencing in CAC2
cells. Samples were lysed in radioimmunoprecipitation
assay buffer (150 mmol/L NaCl, 1.0% Nonidet P-40, 0.5%
deoxycholate, 0.1% SDS, and 50 mmol/L Tris, pH 8.0)
with protease inhibitor cocktail (Sigma) and centrifuged
(10,000 � g) for 10 minutes at 4°C. The supernatants
were recovered, quantified (bicinchoninic acid kit;
Pierce), and resuspended in Laemmli sample buffer con-
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taining 62.5 mmol/L Tris-HCl, pH 6.8, 2% SDS, 10% glyc-
erol, 5% mercaptoethanol, and 0.001% bromphenol blue.
Equal amounts (20 �g) of cell lysates were electropho-
resed in 4 to 12% polyacrylamide gradient gels. Proteins
were transferred to a Hybond enhanced chemilumines-
cence nitrocellulose membrane (Amersham Co.) and
blocked in Tris-buffered saline with 2.5% nonfat milk
overnight at 4°C. After one wash in Tris-buffered saline
with 0.05% Tween 20, the membrane was probed with
anti-�3 (rabbit polyclonal, 1:1000; Chemicon), anti-�6A
(mouse monoclonal, clone 1A10, 1:1000; Chemicon),
anti-�1 (rabbit polyclonal, 1:1000; Chemicon) integrin
antibodies, and anti-syndecan-1 (mouse mAb, clone
B-B4, 1:100; Chemicon). Primary antibodies were detected
by horseradish peroxidase-conjugated secondary anti-
bodies (1:10,000) and developed using an enhanced
chemiluminescence (ECL) substrate (Amersham Co.).

Real-Time PCR

RNA was collected after siRNA treatment using the TRIzol
reagent (Invitrogen). Reverse transcription of total RNA (1
�g) with oligo dT (500 �g/ml), 10 mmol/L of each dNTP,
5� first-strand buffer, 0.1 mol/L dithiothreitol, and 200 U
of reverse transcriptase (Moloney murine leukemia virus;
Promega, Madison, WI) was performed at 70°C for 10
minutes followed by 42°C for 60 minutes and 10 minutes
at 95°C. Quantitative reverse transcriptase-PCR was
quantified with the ABI Prism 5700 sequence detector
(Applied Biosystems, Foster City, CA). The PCR reactions
contained 40 to 160 ng/�l cDNA in 25 �l of SYBR Green
PCR master mix (Invitrogen) and 50 to 900 nmol/L prim-
ers (forward and reverse). Cycling conditions were as
follows: 50°C for 2 minutes and 95°C for 10 minutes,
followed by 50 cycles of 15 seconds at 95°C and 60
seconds at 60°C. The primers were synthesized by Inte-
grated DNA Technologies, Inc. (Coralville, IA), with the
following sequences: human �3 integrin,36 5�-TAAGAG-
GCAGAAGGCGGAGATG-3� (forward) and 5�-CCTGTG-
GACTGTCGAGGCATAAC-3� (reverse); human �6 integ-
rin,37 5�-AGATCCCGGCCTGTGATTAA-3� (forward) and
5�-CCTGTGGACTGTCGAGGCATAAC-3� (reverse);
human �1 integrin (designed by Primer Express Softwa-
re, Applied Biosystems), 5�-TGCAGTTTGTGGATCACTG-
ATTG-3� (forward) and 5�-CCTGTGGACTGTCGAGGCA-
TAAC-3� (reverse); human syndecan-1,38 5�-GGAGCAG-
GACTTCACCTTTG-3� (forward) and 5�-CTCCCAGCAC-
CTCTTTCCT-3� (reverse); and 18S protein, 5�-GTAACC-
CGTTGAACCCCATT-3� (forward) and 5�-CCATCCAATC-
GGTAGTAGCG-3� (reverse). Accession numbers for
human sequences to �3, �6, and �1 integrins, synde-
can-1, and 18S rRNA are M59911, AF166343, X07979,
J05392, and M11188, respectively. Results were ex-
pressed as the ratio of the mRNA level of each gene of
interest normalized to 18S.

Peptide Affinity Chromatography

A carboxyl column (diaminodipropylamine/1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride; Pierce)

with spacer arms was used rather than an amino column
because the amino group of the lysine residue (K) in
SIKVAV could result in improper peptide folding without
oriented coupling. Diaminodipropylamine resin affinity
columns (1 ml) were prepared (Pierce) according to the
manufacturer’s instructions. A SIKVAV affinity column and
negative control columns were run in parallel. An IVSKVA
(scrambled) column was used as a peptide negative con-
trol. The columns were equilibrated in conjugation buffer
containing 0.1 mol/L 2-(N-morpholino) ethanesulfonic acid
and 0.9% NaCl, pH 4.7. The peptides (5 mg/ml) were di-
luted in conjugation buffer, and 1-ethyl-3-(3-dimethylamin-
opropyl) carbodiimide hydrochloride (Pierce) was added;
the peptides were coupled to the columns for 3 hours and
then washed with 1 mol/L NaCl.

A crude cell membrane fraction was obtained from
CAC2 cells using a Mem-PER Eukaryotic Membrane Pro-
tein Extraction Reagent kit (Pierce) according to the man-
ufacturer’s instructions: Cells (5 � 106) were centrifuged
at 850 � g for 2 minutes, and the pellet was lysed with a
proprietary detergent from the kit. A second proprietary
detergent was added to solubilize the membrane pro-
teins. Samples were centrifuged at 10,000 � g for 3
minutes at 4°C. The supernatant was removed, incubated
for 10 minutes at 37°C, and centrifuged for 2 minutes at
10,000 � g to separate the hydrophobic proteins (bottom
layer) from the hydrophilic proteins (top layer) through
phase partitioning. The hydrophobic fraction was dia-
lyzed against two changes of 0.1% sodium deoxycholate
overnight at 4°C. A 500-�l aliquot of the crude cell mem-
brane fraction (300 �g of total protein) was incubated
with the peptide affinity column for 2 to 4 hours at 4°C.
SIKVAV and negative control columns were run in paral-
lel. An IVSKVA (SIKVAV scrambled) column was used as
a peptide negative control, and a BSA column was used
as a protein negative control. The columns were washed
with a buffer containing 1% Triton X-100, 20 mmol/L
Tris-HCl, pH 7.5, 150 mmol/L NaCl, and 1 mmol/L MgCl2
and sequentially eluted with 1-ml aliquots of wash
buffer containing SIKVAV (1 mg/ml), 20 mmol/L EDTA,
20 mmol/L ethylene glycol bis(�-aminoethyl ether)-
N,N,N�,N�-tetraacetic acid, 1.0 mol/L NaCl, or 0.1 mol/L
glycine, pH 3.0.

Material eluted from the peptide affinity columns was
ethanol precipitated and separated by 4 to 12% SDS-
polyacrylamide gel electrophoresis under reducing con-
ditions. Gels were either silver-stained or transferred to
nitrocellulose membranes. The membranes were incu-
bated with anti-�1, -�3, or -�1 integrin rabbit polyclonal
antibodies or with anti-�6 integrin monoclonal antibody
(Chemicon). Primary antibodies were diluted 1:1000.
Antibody-reactive material was detected with horseradish
peroxidase-conjugated secondary antibodies (1:10,000)
and visualized by enhanced chemiluminescence.

Mass Spectrometry

Material eluted from the affinity columns was separated
by 4 to 12% SDS-polyacrylamide gel electrophoresis.
Proteins were then detected by staining with Coomassie
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Blue R250 (Amersham Co.). Sample preparation for mass
spectrometry was described elsewhere.39 Bands were
excised from the gel, destained, and washed with 75
mmol/L ammonium bicarbonate in 40% ethanol, reduced
with 5 mmol/L dithiothreitol in 25 mmol/L ammonium bi-
carbonate at 60°C for 30 minutes, and then alkylated by
55 mmol/L iodoacetamide in 25 mmol/L ammonium bi-
carbonate in a dark place for 30 minutes at room tem-
perature. The gel was incubated in 10 �l of a 50 ng/�l
modified trypsin solution (Promega) in 50 mmol/L ammo-
nium bicarbonate, pH 8.6, and incubated at 37°C over-
night. The resulting peptides were extracted first with a
1:1 solution of 25 mmol/L ammonium bicarbonate and
acetonitrile and then twice with a 1:1 solution of 5% formic
acid and acetonitrile. The extracted tryptic peptides were
vacuum-concentrated (Vacufuge Concentrator 5301; Ep-
pendorf, Westbury, NY) and resuspended with 15 to 20 �l
of 5% formic acid for mass spectrometric analysis. Sam-
ples were analyzed in the Ettan matrix-assisted laser
desorption ionization/time of flight (Amersham Bio-
sciences, Piscataway, NJ). Peptide fingerprints were ob-
tained and compared with a protein database (Mascot-
Search: http://www.matrix-science.com).

Integrin Immunoprecipitation and Solid-Phase
Binding Assay

Integrin complexes with �3, �6, and �1 were isolated
using immunoprecipitation on an affinity column (Seize
protein A immunoprecipitation kit; Pierce). Columns were
first coupled with antibodies to these integrins. Total ly-
sates (1% octylglucoside in PBS with protease inhibitor
cocktail) of CAC2 cells were centrifuged and applied to
the columns, and the eluted fraction was analyzed by
electrophoresis under nonreducing conditions to confirm
integrin isolation. Integrin complexes from the eluted frac-
tions (5 �g/ml) were adsorbed overnight in a 96-well
plate. The wells were then blocked with BSA to avoid
nonspecific binding. SIKVAV was biotinylated (EZ link
sulfo-NHS-LC-biotinylation kit; Pierce) and incubated in
the wells coated with the integrin complexes. Binding of
the peptides to the integrin complexes was detected by a
colorimetric method [extra avidin peroxidase followed by
staining with 2,2�-azino-bis(3-ethylbenzothiazoline-6-sul-
fonic acid)]. Intensity of the binding was analyzed in a
spectrophotometer at 405 nm. Negative controls using
biotinylated-BSA and a biotinylated-IVSKVA (scrambled)
were run in parallel.

Analysis of ERK Activity in CAC2 Cells

The ERK pathway was analyzed by treating CAC2 cells
(103) with a mitogen-activated protein kinase kinase-1
inhibitor U0126 (Cell Signaling Technology, Beverly, MA)
over a range of concentrations (10 to 50 �mol/L). The
cells were washed three times with PBS, serum-starved
for 24 hours, and preincubated for 2 hours with U0126
before 100 �g/ml SIKVAV was added to the serum-free
medium. After 24 hours, the conditioned medium was
collected, concentrated, and analyzed by zymography

as described above. From the same samples, cell lysates
were immunoblotted with antibodies against ERK and
phospho-ERK (rabbit polyclonal; Santa Cruz Biotechnol-
ogy) to analyze the phosphorylation levels of ERK.

CAC2 cells were also cultured in serum-free conditions
for 24 hours plated on top of SIKVAV (50 �g) or IVSKVA
(50 �g) dried to the plate. In addition, CAC2 cells treated
with siRNA to either �3 or �6 integrins or a nonsilencing
control were also cultured on SIKVAV. Lysates were pre-
pared, quantified, and immunoblotted for phospho-ERK
and ERK as described above.

Statistical Analysis

Student’s t-test was performed to evaluate differences
between two groups. Differences between three or more
groups were assessed by analysis of variance, followed
by Bonferroni’s multiple comparisons test. The software
used was GraphPad Prism (GraphPad Software, Inc.,
San Diego, CA).

Results

Laminin �1 and MMPs Are Present in Adenoid
Cystic Carcinoma Cells in Vivo and in Vitro

Laminin �1 chain was detected in adenoid cystic car-
cinoma in vivo (Figure 1, A–C). This protein was ob-
served as a diffuse pattern throughout cells from the
cribriform and solid subtypes (Figure 1, A and B).
Laminin �1 chain was also visualized as a linear struc-
ture in the cribriform subtype (Figure 1C). Negative
controls showed no staining in all samples observed
(Figure 1D). MMP2 and MMP9 were detected in tubu-
lar, cribriform, and solid subtypes of adenoid cystic
carcinoma in vivo (Figure 1, E–H). These enzymes were
mostly located in the cytoplasm of tumor cells. We also
observed MMP2 and MMP9 inside pseudocystic and
luminal spaces. A discrete label was found in stromal
regions. Negative controls showed no staining in all
samples observed (not illustrated).

A cell line (CAC2) derived from adenoid cystic car-
cinoma expressed the laminin �1 chain. This protein
was found as dots distributed throughout the cell mem-
brane (Figure 2A). MMP2 and MMP9 were detected in
CAC2 cells. MMP2 was present inside the cytoplasm
and forming a prominent network at cell edges (Figure
2B). MMP9 showed a cytoplasmic localization in CAC2
cells (Figure 2C).

SIKVAV Induces MMPs in CAC2 Cells

Zymography of the conditioned medium of CAC2 cells
grown on different concentrations of SIKVAV showed
gelatinolytic bands corresponding to the molecular
weights of MMP2 and MMP9 (Figure 3A, top zymogram).
MMP2- and MMP9-positive controls were analyzed on the
same gel to confirm the result. The zymogram resolved
only one MMP9 band, but both the latent and the active
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forms of MMP2 were observed. Cells grown on different
concentrations of IVSKVA (scrambled peptide control)
also produced MMP2 and MMP9 (Figure 3A, bottom
zymogram). To determine whether these bands were
MMP zymograms of conditioned medium from SIKVAV-
treated CAC2 cells, cells were incubated in the presence
of the calcium chelator EDTA and the heavy metal che-
lator 1,10-phenanthroline. Both of these treatments re-
sulted in the loss of gelatinase activity, demonstrating
that the gelatinolytic bands were MMPs (Figure 3A, top
zymogram). Gel densitometry (Image J software; NIH,
Bethesda, MD) of gelatinolytic bands showed that
SIKVAV induced a significant dose-dependent increase
of MMP-9 compared with the scrambled peptide control
(Figure 3B). The volume of conditioned medium loaded
on the zymogram gel was normalized to the amount of
protein in the CAC2 cell lysate. Western blot analysis of
�-actin in the CAC2 cells lysate confirmed that equal
amounts of lysate were used to estimate the volume of

conditioned medium (data not shown). Zymographic ex-
periments were performed at least six times with consis-
tent results.

Integrins Interact with SIKVAV in CAC2 Cells

Adhesion assays demonstrated that SIKVAV is an adhe-
sive peptide for CAC2 cells (Figure 4A). The adhesion
induced by the peptide is similar to the adhesion induced
by laminin-111. Cells grown on the scrambled peptide
(IVSKVA) showed negligible adhesion. On the other
hand, CAC2 cells treated with a calcium chelator (EDTA)
exhibited decreased adhesion to SIKVAV (Figure 4B),
suggesting that the adhesion of CAC2 cells to SIKVAV is
calcium-dependent.

Figure 1. Laminin �1, MMP2, and MMP9 are detected in adenoid cystic
carcinomas. Laminin �1 appears as diffuse staining throughout the cytoplasm
in cribriform and solid subtypes (A and B), with some cell surface staining
that appears as a linear structure that is likely in the basement membrane in
the cribriform subtype (C). Negative serum controls (D). MMP2 (E and F)
and MMP9 (G and H) are observed in pseudocystic (PS), solid (S), and
tubular subtypes of the tumor. MMP2 also fills tubular spaces (asterisk in F).
MMP9 is present in pseudocystic spaces (G) and in stromal regions (arrow
in H). Magnifications: �200 (A, B, D, and H); �400 (E and G); and �600 (C
and F).

Figure 2. CAC2 cells also express laminin �1, MMP2, and MMP9. Laminin �1
appears as punctate staining on the cell membrane (A). MMP2 appears in the
cytoplasm and is prominent on the cell periphery (B). MMP9 appears in the
cytoplasm (C). Nuclei are counterstained with Sytox green. Magnification,
�630.
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Integrins are divalent ion-dependent receptors; there-
fore, we investigated whether integrins from CAC2 cells
could bind to SIKVAV. CAC2 cells cultured on SIKVAV for
4 hours clustered and colocalized �3 and �6 integrin
subunits on the cell surface (Figure 5, A–D). This result
was not observed in cells plated on scrambled peptide
IVSKVA (Figure 5, E–H). The SIKVAV-induced colocaliza-
tion of �3 and �6 integrins appeared as punctate staining
that seems similar to podosomes (Figure 5, A, B, and D).
Podosomes constitute dot-like matrix contacts that differ
from focal contacts structurally and functionally.40 Struc-
turally, their most distinguishing feature is their two-part
architecture: they have a core of F-actin that is sur-
rounded by a ring structure consisting of plaque proteins
such as vinculin, paxillin, and talin.40,41 Functionally, the

ability of podosomes to engage in matrix degradation
clearly sets them apart from other cell-matrix con-
tacts.40,41 CAC2 cells grown on SIKVAV showed that
these podosome-like structures formed by �3 and �6
integrins also expressed vinculin (Supplemental Figure 1
at http://ajp.amjpathol.org).

RNA Interference

We decreased integrin expression in CAC2 cells with
siRNAs to integrin subunits, which provided evidence
that SIKVAV interacts with integrins. Immunoblot and
quantitative PCR confirmed the efficiency of siRNA trans-
fection and knockdown of both mRNA and protein levels
(Figure 6). The integrin subunits �3 and �6 were our
primary targets, but we also knocked down �1 integrin,
because this molecule forms heterodimers with both �3
and �6 integrin to bind laminin. There was at least a 50%
decrease in protein levels for all proteins targeted (Figure
6A) and an even greater decrease in the mRNA levels
(Figure 6B). Analysis of knockdown was done after 30

Figure 3. SIKVAV induces MMP9 in a dose-dependent manner. The condi-
tioned medium of CAC2 cells cultured on SIKVAV or a scrambled (IVSKVA)
control peptide (5, 20, 50, and 100 �g) were analyzed by zymography (A).
MMP2- and MMP9-positive controls (Std) are included, and treatments with
either 1,10-phenantroline or EDTA (negative controls) demonstrate that the
bands are MMPs (A, top). The volume of conditioned medium loaded on the
zymogram gel was normalized to the amount of protein in the CAC2 cell
lysate. Gel densitometry of the zymograms shows the dose-dependent in-
crease of MMP9 compared with control (B). Results represent a mean � SEM
of six experiments.

Figure 4. CAC2 adhesion to SIKVAV is sensitive to EDTA. CAC2 cells adhere
to laminin and SIKVAV but not to BSA and a scrambled peptide (IVSKVA) in
a cell adhesion assay (A). EDTA decreases CAC2 adhesion to SIKVAV (B).
The results (�SEM) are triplicate experiments performed at least three times.
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hours of siRNA treatment, which is a relatively short time
to evaluate protein knockdown. Although the Western
blots for �3 and �6 integrin appear as single bands, the
antibody used for the �1 integrin Western blot recognizes
a doublet with different glycosylated �1 integrin isoforms:
one is faster migrating on a gel and presumably less
glycosylated, whereas the other is a fully glycosylated
form. The siRNA resulted in a reduction of the less gly-
cosylated isoforms first, which is apparent by 30 hours of
treatment in the Western blot. Syndecan-1, a nonintegrin
receptor, was silenced to study whether nonintegrin-de-
pendent cell adhesion was involved or whether integrin
adhesion to SIKVAV was specific. Cells with decreased
receptors levels were submitted to adhesion assays to
SIKVAV and to others substrates (Figure 7). CAC2 cells
with decreased expression of either �3 or �6 integrins
showed reduced adhesion to SIKVAV compared with
controls (Figure 7, SIKVAV graph), and decreasing the
�1 subunit showed a similar result. The decrease of
syndecan-1 showed no effect on the adhesion of CAC2
cells to SIKVAV. This result suggests that the effect of �3,
�6, and �1 siRNAs are specific and that other nonintegrin
adhesion mechanisms are not affected. A decrease in
the adhesion to laminin was observed in all groups of

cells with silenced receptors (Figure 7, laminin graph),
which is expected because laminin binds integrins and
syndecan-1. Adhesion assays to type I collagen and
fibronectin provided more information on the specificity
of the interaction between SIKVAV and integrins, be-
cause �3 and �6 subunits do not bind these sub-
strates. Silencing either �3 or �6 integrins produced no
effect in the adhesion of CAC2 cells to type I collagen
(Figure 7, type I collagen graph). The same effect was
observed for cells grown on fibronectin (Figure 7, fi-
bronectin graph). Taken together, the results observed
in the adhesion assays in type I collagen and fibronec-
tin strongly suggest that �3 and �6 integrins cooperate
specifically with SIKVAV. Finally, the knockdown of �1
integrin decreased the adhesion of CAC2 cells to all
substrates. This was expected, because this integrin
binds laminin, type I collagen, and fibronectin. Further-
more, the experiment with CAC2 cells with decreased
�1 expression also suggested that the heterodimers
�3�1 and �6�1 might interact with SIKVAV. Therefore,
we identified the putative receptors for SIKVAV with
peptide affinity chromatography, mass spectrometry,
and solid-phase binding assays.

Figure 5. Integrins �3 and �6 colocalize on CAC2 cells cultured on SIKVAV and laminin-111. Immunofluorescence staining of CAC cells cultured on SIKVAV,
IVSKVA, and laminin-111 shows �6 integrin (green in A, E, and I), �3 integrin (red in B, F, and J), and nuclei (blue in C, G, and K) counterstained with
4,6-diamidino-2-phenylindole. Colocalization appears yellow in the overlay image (D, H, and L). Cells grown on SIKVAV show discrete areas of colocalization
(white arrowheads in D), whereas cells on laminin-111 show extensive overlap of �3 and �6 integrins (L). Magnification, �630.

SIKVAV, Integrins, and Protease Activity 131
AJP July 2007, Vol. 171, No. 1



Peptide Affinity Chromatography, Mass
Spectrometry, and Solid-Phase Binding Assays
Show That Integrins �3, �6, and �1 Interact
with SIKVAV

Crude cell membranes from CAC2 cells were prepared
and chromatographed on SIKVAV affinity columns.
Bound fractions eluted with SIKVAV were visualized by
silver staining and appeared as a high-molecular weight
smear with discrete bands with a molecular mass of
�130 kd (Figure 8, top gel, lane SIK). Importantly, col-
umns prepared with either a scrambled peptide, IVSKVA
(Figure 8, middle gel), or BSA (Figure 8, bottom gel)
identified no putative ligands when eluted with SIKVAV.

Crude membrane- and SIKVAV-eluted fractions were
immunoblotted with anti-�3, anti-�6, and anti-�1 inte-
grin antibodies. Reactive bands at the expected mo-
lecular weights were observed in both crude mem-
brane fraction and in the eluate (Figure 9A). The same
bands appeared in EDTA-eluted fractions (Figure 9A).
To assess the specificity of these reactive bands, the
same membranes were stripped and reprobed with
antibodies against the �1 integrin subunit, which also
forms heterodimers with �1 integrin. The �1 integrin

subunit was more predominant in the membrane frac-
tion, suggesting that it is not a ligand for SIKVAV (Fig-
ure 9A), and appeared as a 200-kd band in the crude
membrane fraction. Taken together, the affinity chro-
matography and immunoblot suggested that SIKVAV
interacts with integrin heterodimers �3�1 and �6�1,
either directly or in an adhesion complex. Mass spec-
trometry supported the result with affinity chromatog-
raphy (Figure 9B; Supplemental Figure 2 at http://
ajp.amjpathol.org). Coomassie-stained band eluted
from SIKVAV affinity column was submitted to in-gel
digestion with trypsin (Supplemental Figure 2 at
http://ajp.amjpathol.org). Tryptic peptides were
searched in Mascot database and matched with �6
integrin sequence (Figure 9B).

In addition, we immunoprecipitated integrin com-
plexes and used them in solid-phase assays to corrobo-
rate the results of the affinity chromatography and mass
spectrometry. We observed that biotinylated SIKVAV
bound �3, �6 and �1 integrin complexes (Figure 10).
Neither the scrambled peptide control (IVSKVA) nor the
protein control (BSA) bound to integrin complexes. Taken
together, affinity chromatography, mass spectrometry,
and solid-phase assays strongly suggested that the inte-
grin complexes containing �3�1 and �6�1 interact with
SIKVAV.

Integrins Signaling Downstream of SIKVAV
Increases MMP Production by CAC2 Cells

CAC2 cells treated with siRNA for integrin receptors were
treated with SIKVAV, and the presence of MMPs in the
conditioned medium was assessed by zymography. Si-
lencing of �3, �6, or �1 integrin expression induced a

Figure 6. siRNA knockdown of �3, �6, and �1 integrins and syndecan-1 in
CAC2 cells results in decreased protein and mRNA expression. CAC2 cells
were cultured for 30 hours after siRNA treatment, and protein levels were
analyzed by Western blot (A) of the integrin subunit as well as �-actin to
show equal protein loading in the gel. There was at least 50% decrease in
protein levels for all proteins targeted. After 30 hours of siRNA treatment, the
less glycosylated �1 integrin isoform, which is faster migrating on a gel, is not
detected whereas some fully glycosylated �1 remains. Quantitative PCR (B)
confirms the knockdown of gene expression. The control is transfected with
the nonsilencing siRNA. Quantitative PCR results (�SEM) are triplicates
repeated at least three times.

Figure 7. There is decreased CAC2 cell adhesion to SIKVAV after siRNA
knockdown of �3, �6, and �1 integrins but not syndecan-1. The adhesion of
CAC2 cells with decreased levels of �3, �6, and �1 integrins and syndecan-1
were compared with SIKVAV, laminin-111, type I collagen, and fibronectin.
Decreasing either �3 or �6 integrins results in decreased adhesion to SIKVAV
and laminin-111, whereas knockdown of �1 integrin reduces cell adhesion to
all substrates. Decreasing syndecan-1 has no effect on adhesion to SIKVAV,
type I collagen, or fibronectin. The control is transfected with the nonsilenc-
ing siRNA. Results (�SEM) are triplicates repeated at least three times.
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significant decrease in protease activity (Figure 11A).
These results suggest that downstream signaling from
�3�1 and �6�1 are involved in regulating the SIKVAV-
induced MMP2 production in CAC2 cells. Cells treated
with siRNAs and the scrambled peptide control (IVSKVA)
exhibited no differences in protease activity (Figure 11B).

The ERK Pathway Is Downstream of SIKVAV
and Integrins in CAC2 Cells

The mitogen-activated protein kinase kinase-specific in-
hibitor UO126 was used to analyze the role of ERK sig-
naling during SIKVAV-induced protease production in
CAC2 cells. A dose-dependent decrease of MMP2 and
MMP9 activities was observed in CAC2 cells treated by
UO126 (Figure 12A, zymography panel), suggesting that

baseline levels of MMP production in CAC2 cells require
ERK signaling. Immunoblot analysis of phospho-ERK
showed that the inhibitory effect induced by UO126 re-
sulted in decreased ERK phosphorylation (Figure 12A,
immunoblot panel). We also measured a twofold increase
in ERK 1/2 phosphorylation compared with controls (Fig-
ure 12B) in CAC2 cells cultured on SIKVAV. In addition,
CAC2 cells with reduced �3 or �6 integrin expression
exhibited a decrease in ERK 1/2 phosphorylation when
cultured on SIKVAV (Figure 12C). Therefore, we con-
clude that SIKVAV-induced adhesion complexes on
CAC2 cells containing �3 and �6 integrins signal via the
ERK pathway to increase MMP9 production.

Discussion

We have previously demonstrated that laminin-111 and
SIKVAV regulate the morphology and protease activity of
an adenoid cystic carcinoma cell line (CAC2).11,12 Here,
we investigate the mechanisms regulating MMP9 pro-
duction in these cells. Laminin-111 (formerly laminin-1) is
composed of �1, �1, and �1 chains,15 and the �1 chain
contains the SIKVAV peptide. Laminin �1 is expressed in
vivo in adenoid cystic carcinoma and in CAC2 cells in
vitro and is present in both normal and neoplastic salivary
glands.6,42 Immunolocalization of the �1 chain in adenoid
cystic carcinoma appears in both the basement mem-

Figure 8. SIKVAV affinity chromatography of CAC2 cell membranes identi-
fies putative SIKVAV ligands. SIKVAV affinity columns were compared with
columns with either IVSKVA (scrambled control) or BSA, and fractions eluted
from the columns were visualized by silver staining after SDS-polyacrylamide
gel electrophoresis. The fraction eluted with SIKVAV appears as a broad
high-molecular weight smear with discrete bands of �130 kd (top gel, lane
SIK). Similar bands are observed in fractions eluted with either EDTA or
ethylene glycol bis(�-aminoethyl ether)-N,N,N �,N �-tetraacetic acid (EGTA)
(top gel). Fractions are also eluted with high salt (NaCl) and glycine (Gly).
ST, molecular weight standards.

Figure 9. Integrins �3, �6, and �1 are present in the fraction eluted by
SIKVAV from the peptide affinity column (A). Western blot analysis identi-
fied �3, �6, and �1 integrins in the membrane preparation, in the SIKVAV-
eluted fraction, and in EDTA-eluted fraction. The same membranes were
reprobed for integrin �1 integrin, which is more predominant in the mem-
brane fraction. Mass spectrometry also identified the �6 integrin in the
fraction eluted by SIKVAV from the peptide affinity column (B). Coomassie-
stained band eluted from SIKVAV affinity column was submitted to in-gel
digestion with trypsin and analyzed by mass spectrometry, the tryptic pep-
tides matched the �6 integrin sequence.
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brane (described as a linear pattern) and as diffuse
staining distributed throughout the tumor. The diffuse
nonlinear distribution may suggest a breakdown of the
basement membrane present in the neoplasm. Disrup-
tion of the basement membrane in the invading area of
adenoid cystic carcinoma has been reported.28 We also
observed expression of MMP2 and MMP9 at similar lo-
cations to laminin �1 in adenoid cystic carcinoma in vivo.
Laminins are substrates for MMPs, and adenoid cystic
carcinoma cells secrete laminin, which could be pro-
cessed by MMPs, resulting in the formation of laminin
fragments containing bioactive peptides and cryptic
sites.18–21 Many bioactive peptides have been shown to
regulate cell behavior,22–24,43–46 and cryptic domains
contained in the ECM are exposed by proteolysis and
stimulate biological responses.18–21 The growing number
of activities found to be buried in the extracellular matrix
structural scaffold suggests that cryptic sites might be
part of a general strategy adopted during evolution for
controlling cell function.18–21 Cryptic sites are probably a

means for positioning instructional cues to be used by
cells during tissue organization, repair, or remodeling
processes.20 Such a strategy offers the advantage that
extracellular cues can be kept masked until their pres-
ence is required. This precludes the need for inhibition or
blockage of an activity that is not needed at a particular
point in time.20 Understanding the complexity and the
cryptic nature of the extracellular matrix will probably
uncover information that can be used to address many
different physiological and pathological conditions.

Among the cryptic sites of the extracellular matrix,
laminin-derived peptides are involved in different biolog-
ical activities, including cell adhesion, spreading, growth,
neurite outgrowth, tumor metastasis, and MMP secre-
tion.22,23,26,43,44,46–52 Several active sequences on lami-
nin-111 have been identified using proteolytic fragments,
recombinant proteins, and systematic peptide screen-
ing.53–55 The YIGSR sequence located on the �1 chain
promotes cell adhesion and migration and inhibits
angiogenesis and metastasis.45,48,56 The PDGSR and
F-9 (RYVVLPR) sequences located on the �1 chain also
promote cell adhesion.44,47 SIKVAV and AG73, from
the �1 chain, are involved in cell adhesion, proliferation,
neurite outgrowth, acinar formation, and protease

Figure 10. SIKVAV binds to integrin antibody IP complexes in a solid-phase
binding assay. Integrin �3, �6, and �1 were immunoprecipitated from CAC2
cell lysates. A: A silver-stained gel and subsequent Western blot of lanes 2,
3, and 4 with anti-integrin antibodies. Lane Std, molecular weight marker;
lane 1, whole-cell lysate; lane 2, IP with �3 integrin antibody; lane 3, IP
with �6 integrin antibody; lane 4, IP with �1 integrin antibody. B: The IP
complexes were adsorbed to plastic wells (5 �g/well), and a solid-phase
assay with biotinylated SIKVAV was used to show that SIKVAV binds �3, �6,
or �1 integrin antibody IP complexes and does not bind the plastic well.
Biotinylated IVSKVA or BSA did not bind to integrin IP complexes. Solid-
phase results (�SEM) are triplicates repeated at least three times.

Figure 11. There is a significant decrease in SIKVAV-induced MMP9 activity
with knockdown of �3, �6, and �1 integrins. CAC2 cells treated with siRNA
to integrins were cultured with either SIKVAV (A) or the control peptide
IVSKVA (B), and the MMP9 activity was measured by zymography. These
results suggest that �3�1 and �6�1 signaling affects protease activity in CAC2
cells. The control is transfected with the nonsilencing siRNA. Densitometric
results (�SEM) are six lanes of zymography combined and repeated at least
three times. NS, not significant.
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activity.11,12,18,22,46,52 Furthermore SIKVAV also induces
angiogenesis and experimental metastasis.23,26,49 This
peptide is used as soluble ligand in competitive assays
for laminin-mediated cell attachment.52,57 Our experi-
ments showed similar results using SIKVAV either as
soluble ligand or as immobilized factor. Thus, our ratio-
nale for investigating the function of SIKVAV in our assays
was to mimic a microenvironment in which CAC2 cells
are exposed to a cryptic but bioactive peptide from lami-
nin �1. CAC2 cells cultured on SIKVAV showed a dose-
dependent increase of MMP secretion. SIKVAV is in-
volved in different biological functions, such as protease
activity11,22,24,58; however, the mechanisms underlying
SIKVAV activity remain elusive. This prompted us to iden-
tify the putative receptors for SIKVAV and their signaling
pathway in CAC2 cells.

Integrins are likely candidates to interact with laminin-
derived peptides such as SIKVAV. We have already
shown that integrins influence CAC2 cell interactions with
laminin. Inhibiting the function of �3�1 integrin, a recep-
tor expressed in adenoid cystic carcinoma in vivo,3 de-
creased the attachment of CAC2 cells to laminin.11 Fur-

thermore, this experimental approach inhibited laminin-
and SIKVAV-induced morphological changes in these
cells.11 Thus we decided to study whether integrins from
CAC2 cells would cooperate with SIKVAV. Integrins are a
large family of adhesion receptors composed of two
transmembrane glycoprotein subunits designated � and
�.59 They bind laminins and many other ECM ligands,
and modulate intracellular signaling pathways in re-
sponse to this binding.60

CAC2 cells express multiple integrins, and adhesion to
SIKVAV induces colocalization of �3 and �6 integrins on
the cell surface potentially clustered in an adhesion com-
plex. siRNA knockdown of integrins decreased adhesion
to SIKVAV, whereas knockdown of the nonintegrin recep-
tor syndecan-1 showed no effect on the adhesion to
SIKVAV but did decrease adhesion to laminin-111, show-
ing that knockdown of different types of cell adhesion
receptors had specific effects. This was further sup-
ported by use of adhesion of cells to substrates where
binding is �3 and �6 integrin-independent, such as type
I collagen and fibronectin. Silencing either �3 or �6 inte-
grin did not affect adhesion of CAC2 cells to either type I
collagen or fibronectin, whereas decreasing �1 de-
creased adhesion to all substrates. Decreasing expres-
sion of individual integrin subunits did not completely
abolish cell adhesion to SIKVAV, suggesting that one
integrin isoform may compensate for the other or that
there may be nonintegrin components in the adhesion
complex that are not affected.

The mass spectrometry analysis detected only the �6
integrin subunit in the SIKVAV eluate. The hydrophobic
nature of membrane proteins keep them consistently un-
derrepresented in proteomic analysis of samples from
one-dimensional gel electrophoresis.61 Both �3 and �6
integrins could be at the same molecular weight in the gel
from the SIKVAV-eluted fraction, as demonstrated by
affinity chromatography. However, peptide fingerprint
detected only one integrin subunit. Two-dimensional
electrophoresis may enhance our results, although this
approach has major obstacles. Many hydrophobic pro-
teins are not solubilized in the nondetergent isoeletric
focusing sample buffer.61 Furthermore, solubilized pro-
teins are prone to precipitation at their isoeletric point.61

It is important to emphasize that mass spectrometry did
confirm one of the results obtained with a variety of other
experimental approaches.

Our results suggest that �3 and �6 integrins interact
with SIKVAV; however, we cannot exclude the possibility
that the interaction is not direct, and these integrins
are associated with other molecules, forming an ad-
hesion complex that binds the peptide. SIKVAV has
been widely studied, and other receptors have been
identified in other cell types. Others have identified a
110-kd nonintegrin cell surface laminin-binding protein
which recognized the SIKVAV-containing peptide PA22-2
(CSARKQAASIKVAVSADR).62 Sequence analysis from
the amino terminus yielded an unexpected identity to
nucleolin, a major 110-kd nuclear phosphoprotein.62 Our
results suggest that �3, �6, and �1 integrins are eluted
from the column whereas other integrins such as �1
integrin do not preferentially bind SIKVAV. However, our

Figure 12. SIKVAV-induced MMP secretion in CAC2 cells is dependent on
ERK signaling, and decreasing �3 and �6 integrin expression reduces
SIKVAV-induced p-ERK. A: CAC2 cells were pretreated with U0126 (10, 25,
and 50 �mol/L) for 2 hours before the addition of 100 �g/ml SIKVAV to the
medium. A dose-dependent decrease of MMP activity and p-ERK levels are
observed by zymography and Western blot analysis with U0126 treatment. A
carrier control group (A) was treated with methanol. B: SIKVAV induces
p-ERK twofold in CAC2 cells compared with cells cultured on plastic or
scrambled peptide IVSKVA. The p-ERK Western blot analysis was quantitated
and normalized to total ERK levels. The graph represents triplicates (�SEM)
repeated at least three times. C: Decreased levels of �3 and �6 integrins result
in reduced p-ERK levels after SIKVAV treatment. Cells transfected with
nonsilencing siRNA are the controls.
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data show that EDTA only partially inhibits adhesion of
CAC2 cells to this peptide (Figure 4). This result would
suggest that integrins and nonintegrin receptors could be
involved in the attachment of CAC2 cells to the peptide.
We investigated whether other molecules could poten-
tially interact with SIKVAV using competition experiments
treating CAC2 cells with either chondroitin sulfate A or
heparin followed by adhesion assays to SIKVAV. These
treatments significantly decreased the adhesion of CAC2
cells to SIKVAV (Supplemental Figure 3 at http://ajp.
amjpathol.org). Thus SIKVAV may associate with heparan
sulfate/chondroitin sulfate-containing proteoglycans that
complex with integrins. Our column chromatography
shows that a high-molecular weight smear elutes with the
integrins, and the immunoprecipitation (IP) of integrin
complexes for use in the solid-phase assay could also
contain other components. Proteoglycans can interact
with numerous extracellular ligands, including adhesion
molecules, extracellular proteases, protease inhibitors,
growth factors, and extracellular matrix proteins.63 Our
results with CAC2 cells with silenced syndecan-1 sug-
gested that this receptor does not interact with SIKVAV.
However, other syndecan isoforms and proteoglycans
need to be evaluated as potential components in the
integrin-containing adhesion complex that binds SIKVAV
on CAC2 cells.

Integrins modulate cell behavior in response to a range
of events largely by generating signals via their cyto-
plasmic tails.64 Among the many downstream effects,
integrin-mediated signals activate signal transduction
pathways terminating in the synthesis of MMPs.64 Matrix
metalloproteinases are key players in these processes
and are regulated by integrins via ERK1/2. The interac-
tion between integrins and MMPs has been investigated
in many models, and a large body of evidence supports
the role played by integrins regulating MMP2 and
MMP9.65,66 The activation of ERK1/2 is a major signaling
pathway by which integrins regulate gene expres-
sion.18,58 In addition to extracellular matrix-integrin inter-
actions, ERK1/2 is activated by ligand binding to tyrosine
kinase receptors, cytokines, and G-coupled recep-
tors.18,58 Activated ERK1/2 regulates different transcrip-
tion factors that play an important role in physiological
and pathological processes, and include embryogene-
sis, wound healing, and tumor progression.18,58,64 In
CAC2 cells, SIKVAV interactions with �3�1 and �6�1
integrins increase ERK phosphorylation twofold and in-
crease MMP production. Reducing integrin levels with
siRNA decreased ERK phosphorylation and SIKVAV-me-
diated MMP production. Taken together, these results
suggest that SIKVAV-induced MMP expression requires
signals transduced by integrins and the ERK pathway.

Extracellular proteolytic modifications of laminin play a
critical role in determining important domains of this mol-
ecule.67 Biochemical assays isolating proteolytic frag-
ments obtained through controlled enzymatic digestion
of laminin have been widely used to elucidate the influ-
ence of individual domains on cellular behavior. Elastase
digestion of laminin has shown that SIKVAV is located in
the fragment E8.68 This fragment has been shown to
control diverse biological processes such as cell adhe-

sion, migration, and proliferation.67 The E8 fragment
binds different integrins and nonintegrin molecules, such
as dystroglycan, heparin, and syndecan.46,69 Further ex-
periments are required to determine whether laminin
fragments regulate MMP production in CAC2 cells.
SIKVAV binding to cellular receptors can initiate signal
transduction pathways that alter matrix metalloproteinase
expression.67 The enzymes induced may participate in
limited proteolytic modification of laminin present in the
pericellular matrix, releasing cryptic peptides. Further-
more, proteolytic removal of specific functional domains
may have dramatic effects on cellular interactions that
control adhesion, motility, and invasion of CAC2 cells.

Spreading of malignant tumors involves a large num-
ber of molecules, including proteolytic enzymes, adhe-
sion molecules and other membrane receptors, cyto-
kines, and growth factors. A complex system of signal
transduction pathways relays messages from the extra-
cellular matrix via membrane receptors and intracellular
molecules to the nucleus, resulting in the activation of
transcription factors and synthesis of different genes. It is
evident that understanding the interactions between host
and cancer cells is crucial for the study of cancer patho-
genesis. Based on our experimental findings, we pro-
pose that cells from adenoid cystic carcinoma (CAC2)
bind SIKVAV and signal through �3�1 and �6�1 integrins
via an ERK1/2 pathway, resulting in increased secretion
of MMP9. The functional consequences of increased
MMP9 production for CAC2 cells remain to be
elucidated.
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