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Summary Adenoid cystic carcinoma is a malignant salivary gland neoplasm with recurrence
and metastasis. We studied the expression of a malignancy-related non-integrin laminin
receptor, the 67LR, in this neoplasm. Immunohistochemistry showed 67LR in adenoid cystic
carcinoma. This receptor binds a sequence of laminin b1 chain, the YIGSR peptide. We studied
the effect of 67LR and YIGSR in cells (CAC2) from adenoid cystic carcinoma. Three-dimen-
sional cultures of cells embedded into either laminin-111 gel (controls) or YIGSR-enriched
laminin-111 (treated) were prepared and studied by light microscopy. CAC2 cells treated
with YIGSR appeared fibroblast-like, while control cells were epithelioid. Blockage of 67LR
by antibody abolished YIGSR effect in three-dimensional cultures. We analysed the relevance
of 67LR and YIGSR on b-catenin expression in CAC2 cells. Immunofluorescence and immuno-
blot showed that YIGSR decreased b-catenin, while blockage of 67LR restored the presence
of this molecule. The 67LR and YIGSR induced fibroblast-like morphology in CAC2 cells, with
disruption of cell–cell contacts and decrease of b-catenin. These features resemble epithe-
lial–mesenchymal transition (EMT). EMT also increases cell migration. In monolayer assays
YIGSR increased migration of CAC2 cells. We conclude that 67LR and YIGSR are involved
in epithelial–mesenchymal transition, modulation of b-catenin expression, and migratory
activity of CAC2 cells.
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Introduction

Adenoid cystic carcinoma is a frequent malignant salivary
gland neoplasm with recurrence and metastasis.1 A promi-
nent feature of this tumour is its affinity for basement
membrane-rich tissues, such as nerves and blood
vessels.1,2

This neoplasm is histologically characterised by a sheet
or island-like proliferation of round or cuboidal epithelial
cells, with scanty cytoplasm and hyperchromatic large oval
nucleus.1 Growth patterns are solid, tubular and pseudocy-
stic. Perineural invasion is a common histological finding of
adenoid cystic carcinoma.1,2 Electron microscopy and
immunohistochemistry demonstrated a conspicuous base-
ment membrane in this neoplasm.3–6

It has been suggested that basement membrane proteins
play an important role as regulatory factor of phenotypic
differences among salivary gland neoplasms.7–14 We have
demonstrated that laminin modulates the morphology and
protease activity of an adenoid cystic carcinoma cell line
(CAC2 cells).11,12 We have also shown that integrins play a
part regulating this effect.11,15 We are currently studying
the role played by non-integrin receptors on adenoid cystic
carcinoma.

Among the non-integrin receptors the 67LR is a 37/
67 kDa laminin-binding protein that selectively binds a se-
quence of the laminin b1 chain, the YIGSR peptide.16,17 This
receptor is overexpressed on the surface of a variety of tu-
mour cells.18–22 The strong correlation between increased
67LR expression and the metastatic potential of tumour
cells suggest that the receptor plays a role in development
of the metastatic phenotype.20,21,23,24

We are studying the expression of the 67LR in the ade-
noid cystic carcinoma in vivo and in vitro. We created a
model system to study the effect of this receptor and its li-
gand, the peptide YIGSR, in a cell line (CAC2) derived from
human adenoid cystic carcinoma. Our results showed that
67LR is expressed in adenoid cystic carcinoma. Further-
more, our in vitro results suggest that the complex 67LR–
YIGSR is involved in epithelial–mesenchymal transition,
modulation of b-catenin expression and increase of migra-
tory activity of CAC2 cells.

Materials and methods

Immunolocalisation of laminin-111 and the 67LR
receptor in adenoid cystic carcinoma in vivo

The 67LR binds the peptide YIGSR, located at the b chain of
the laminin-111 isoform (former laminin-1, new classifica-
tion proposed by Aumailley et al.25). For this reason we
searched for laminin-111 and the 67LR in our samples.

Ten cases of adenoid cystic carcinoma were retrieved
from the files of the Department of Oral Pathology, São
Leopoldo Mandic Dental Research Institute, Campinas, SP,
Brazil. Growth patterns were cribriform (six cases), tubular
(two cases), and solid (two cases). Formalin-fixed paraffin-
embedded tissues were studied by immunohistochemistry.
Sections (3 lm) were obtained and subjected to the
EnVision method (EnVision, Dako Corp., Carpinteria, CA,
USA). Sections mounted on 3-aminopropyltriethoxy-silane

coated slides (Sigma Chemical Corp., St. Louis MO, USA)
were dewaxed in xylene and hydrated in graded ethanol.
Endogenous peroxidase activity was inhibited by incubation
of the sections in 3% H2O2 in PBS for 20 min. Antigen re-
trieval was carried out by treating sections with 1% pepsin
in 10 mM HCl for 1 h at 37 �C. Sections were then blocked
with 1% bovine serum albumin (BSA, Sigma) in Tris–HCl. A
rabbit antiserum to laminin-111 (kindly provided by Dr.
Hynda Kleinman, NIDCR, NIH, USA) was used diluted 1:50
in Tris–HCl. Diaminobenzidine (Sigma) was used as the
chromogen and the sections were counterstained with
Mayer’s haematoxylin (Sigma). Replacement of primary
antibodies by rabbit non-immune serum served as negative
controls.

A similar protocol with no antigen retrieval was carried
out to investigate the presence of the 67LR receptor in
adenoid cystic carcinoma. A rabbit polyclonal antibody
was kindly provided by Dr. Hynda Kleinman (NIDCR, NIH,
USA). This antibody was made against a bacterial fusion
protein coded for by the b-galactosidase gene plus the
0.9-kb cDNA sequence encoding the nearly entire molecule
of the 67LR and recognises the 37 kDa precursor and the
67-kDa laminin receptor.26,27 Antibody was diluted 1:100
in Tris–HCl.

Cell culture

We used a cell line (CAC2) derived from a human adenoid
cystic carcinoma. The characterisation of CAC2 cells was
published elsewhere.11,12 These cells were cultured in Dul-
becco’s Modified Eagle’s Medium (DMEM, Sigma) supple-
mented by 10% fetal bovine serum (Cultilab, Campinas,
SP, Brazil) and 1% antibiotic-antimycotic solution (Sigma).
The cells were maintained in 25 cm2 flasks in a humidified
atmosphere of 5% CO2 at 37 �C.

Immunofluorescence

Immunofluorescence was performed to detect laminin-111
and the 67LR in CAC2 cells. For laminin-111 analysis cells
were fixed in 1% paraformaldehyde in phosphate-buffered
saline (PBS) for 10 min, rinsed in PBS, incubated with 1%
BSA in PBS, and stained with rabbit antiserum against lami-
nin-111 (1:50 in PBS). Primary antibody was revealed by an
anti-rabbit Cy3 conjugated secondary antibody (Zymed-
Invitrogen Co., Carlsbad, CA, USA). All incubations were
carried out for 60 min at room temperature and Pro Long
(Invitrogen-Molecular Probes, Eugene, OR, USA) was used
as a mounting medium. Nuclei were counterstained with
either DAPI or Sytox Green (Invitrogen-Molecular Probes).
Replacement of the primary antibody by PBS was used as
negative control. The same protocol was carried out to
investigate the presence of the 67LR receptor in CAC2 cells.
The antibody was the same described before and was di-
luted 1:500 in PBS. Primary antibody was revealed by an
anti-rabbit Cy3 conjugated secondary antibody (Zymed-
Invitrogen). Nuclei were counterstained with either DAPI
or Sytox Green (Invitrogen-Molecular Probes). Replacement
of the primary antibody by PBS was used as negative
control.
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Three-dimensional culture of CAC2 cells embedded
into either laminin-111 gel or YIGSR-enriched
laminin-111

This assay was carried out to study the effect of laminin-111
and its peptide YIGSR in CAC2 cells. We also analysed the
role of the 67LR receptor in the morphology of CAC2 cells.

We used a laminin-111 gel in DMEM (1 mg/ml, Trevigen
Inc., Gaithesburg, MD, USA). This preparation will be re-
ferred throughout the text as ‘‘laminin-111 gel’’. Three-
dimensional (3D) cultures were prepared by growing CAC2
cells to confluence as monolayers, followed by trypsinisa-
tion and embedment into laminin-111 gel as single cells
(2 · 105 cells/ml). The laminin-111 gel containing CAC2 cells
was then dispensed into cryovials and maintained at 37 �C
with 5% CO2. Cells were grown within this three-dimensional
matrix of laminin-111 for 48 h. Three-dimensional cultures
followed the protocol described by Weaver et al.28, with
some modifications.11,12

We also prepared a mixture of laminin-111 gel and YIGSR
(Sigma Chemical Co., St. Louis, MO, USA). The peptide was
diluted in ultrapure water (1 mg/ml). After that, YIGSR was
mixed with laminin-111 gel, to reach a final concentration
of 50 lg/ml. This preparation will be referred throughout
the text as ‘‘YIGSR-enriched laminin-111’’. Three-dimen-
sional (3D) cultures were prepared by growing CAC2 cells
to confluence as monolayers, followed by trypsinisation
and embedment into YIGSR-enriched laminin-111 as single
cells (2 · 105 cells/ml). The YIGSR-enriched laminin-111
containing CAC2 cells was then dispensed into cryovials
and maintained at 37 �C with 5% CO2. Cells were grown with-
in this three-dimensional matrix for 48 h. CAC2 cells grown
inside laminin-111 gel served as controls.

Cells grown within YIGSR-enriched laminin-111 would
interact with an increased amount of YIGSR compared to
cells embedded into laminin-111 gel. Thus, this amount of
YIGSR is likely to induce different phenotypic changes in
CAC2 cells compared to the effect of laminin-111 itself.

We carried out experiments blocking the 67LR with the
rabbit polyclonal antibody, followed by growth of CAC2 cells
embedded into three-dimensional matrices of YIGSR-en-
riched laminin-111. The rationale of this assay was to observe
whether blockage of 67LR would prevent the effect of YIGSR
in CAC2 cells. CAC2 were harvested from the flasks by 0.2%
EDTA in PBS (Versene solution) and incubated with antibody
against 67LR (1/20 in PBS) for 1 h at 37 �C. CAC2 cells incu-
bated with anti-human IgG (Chemicon-Millipore Co., Billerica,
MA, USA) served as controls. Cells with receptor blocked by
the 67LR antibody were embedded into YIGSR-enriched
laminin-111 as single cells (2 · 105 cells/ml), dispensed into
cryovials and maintained at 37 �C with 5% CO2. CAC2 cells
were grown within this three-dimensional matrix for 48 h.

Three-dimensional experiments are summarised in Figure
1A. Treated and control samples were studied by light
microscopy.

Light microscopy of CAC2 cells grown in
three-dimensional matrices

Treated and control samples were fixed in 10% formalin for
24 h. Even after fixation, the laminin-111 gel used in our

preparation was too soft to be embedded directly in paraf-
fin. To circumvent this problem, we dehydrated and embed-
ded the samples in Histogel (Perk Scientific Inc., Devon, PA,
USA).11 Heating the Histogel to 50 �C converts the gel into a
liquid state, which allows infiltration of the samples. After
the infiltration, the Histogel converts back into a solid as
it cools. Final hardening is achieved at room temperature.
Since Histogel is in aqueous media, the samples were then
dehydrated again, paraffin-embedded and stained by hae-
matoxylin–eosin (H&E).

Three-dimensional sample preparation is summarised in
Figure 1B.

Effect of YIGSR and the 67LR on b-catenin
expression in CAC2 cells

We analysed whether YIGSR would inhibit the expression of
b-catenin in CAC2 cells. Three-dimensional cultures of CAC2
cells embedded into either laminin-111 gel or YIGSR-en-
riched laminin-111 were prepared as described before. Fur-
thermore, CAC2 cells with the 67LR receptor blocked by the
specific antibody were grown inside YIGSR-enriched laminin-
111. All these samples were subjected to immunoblot. Cells
were lysed in RIPA buffer (150 mM NaCl, 1.0% NP-40, 0.5%
deoxycholate, 0.1% SDS, 50 mM Tris pH 8.0) with protease
inhibitor cocktail (Sigma). Lysates were centrifuged
(10,000g) for 10 min at 4 �C. The supernatants were recov-
ered, quantified (BCA kit, Pierce Biotechnology Inc., Rock-
ford IL, USA) and resuspended in Laemmli sample buffer
containing 62,5 mM Tris–HCl pH 6.8, 2% sodium dodecyl sul-
phate (SDS), 10% glycerol, 5% mercaptoethanol, 0,001% bro-
mophenol blue. Equal amounts (20 lg) of cell lysates were
applied to gels based on protein content. CAC2 cells lysates
were electrophoresed in 4–12% polyacrylamide gradient
gels. Proteins were transferred to a Hybond ECL nitrocellu-
lose membrane (Amersham), blocked in TBS with 2.5% non-
fat dry milk overnight at 4 �C. Following one wash in TBS
with 0.05% Tween 20 (TBST), the membrane was probed
with the antibody against b-catenin (rabbit polyclonal from
Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA), fol-
lowed by HRP-conjugated secondary antibodies (1:10,000),
and developed using an ECL chemiluminescent substrate
(Amersham).

We also performed whole mount immunofluorescence to
detect b-catenin in CAC2 cells embedded into either lami-
nin-111 gel or YIGSR-enriched laminin-111. Cells were fixed
in 1% paraformaldehyde in phosphate-buffered saline (PBS)
for 10 min, rinsed in PBS, and permeabilised with 0.5%
Triton X-100 in PBS. Samples were incubated with 1% BSA
in PBS, and stained with rabbit antibody against b-catenin
(rabbit polyclonal from Santa Cruz) diluted 1:50 in PBS.
Primary antibody was revealed by an anti-rabbit Cy3 conju-
gated secondary antibody (Zymed-Invitrogen). All incuba-
tions were carried out for 60 min at room temperature
and Pro Long (Invitrogen-Molecular Probes, Eugene, OR,
USA) was used as a mounting medium. Replacement of the
primary antibody by PBS was used as negative control. The
same protocol was carried out to investigate the presence
of b-catenin in CAC2 cells with the 67LR receptor blocked
by antibody, followed by growth in YIGSR-enriched lami-
nin-111.
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Activation of Wnt pathway in CAC2 cells

b-catenin is an important component of the Wnt signalling
pathway.29 We then decided to study the effect of Wnt
pathway in CAC2 cells grown inside laminin-111 gel. These
cells were treated by lithium chloride. One of the well
characterised cell biologic actions of lithium chloride is
the inhibition of glycogen synthase kinase-3 (GSK3) and
the consequent activation of canonical Wnt signalling.30

We prepared three-dimensional cultures of CAC2 cells

embedded into laminin-111 gel containing 20 lM lithium
chloride. Cells were grown within this three-dimensional
matrix for 48 h. CAC2 cells grown within laminin-111 gel
served as controls. Treated and control samples were
studied by light microscopy as described before.

Migration assay in CAC2 cells treated by YIGSR

Migration of CAC2 cells was investigated through the use of
a standard in vitro monolayer wound assay.31 Cells were

Figure 1 Diagrams summarising the three-dimensional experiments carried out in this study. CAC2 cells embedded into YIGSR-
enriched laminin-111 (A, upper left) would interact with an increased amount of YIGSR (black triangles) compared to cells
embedded into laminin-111 gel (A, upper right). Thus, this amount of YIGSR is likely to induce different phenotypic changes in CAC2
cells compared to the effect of laminin-111 itself. In the blockage experiment (A, lower left) CAC2 cells were pretreated with the
67LR rabbit polyclonal antibody. Cells with blocked receptors were then embedded into YIGSR-enriched laminin-111. This is a
competition assay, designed to observe whether blockage of 67LR would prevent the effect of YIGSR in CAC2 cells. Treated and
control samples were dispensed into cryovials and maintained at 37 �C with 5% CO2 for 48 h (B). Samples were fixed in 10% formalin
for 24 h, dehydrated and embedded in Histogel (B). Since Histogel is in aqueous media, the samples were then dehydrated again,
paraffin-embedded and stained by haematoxylin–eosin (H&E).
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grown in 24-well plates to confluence, and after 24 h of cul-
ture in DMEM the confluent monolayer was gently scraped
with a pipette tip to create a cell-free area. Thereafter,
the medium was washed out and replaced by serum-free
DME containing the YIGSR peptide (50 lg/ml). CAC2 cells
grown in serum-free DME served as control. A reference
point was created on the bottom of the plate in the field
of the wound using direct microscopic visualisation. This
procedure permitted photographing the identical spot each
time. Wound closure was followed after 0 h, 24, and 72 h.

Results

Presence of laminin-111 and the 67LR in adenoid
cystic carcinoma in vivo and in vitro

Laminin-111 was present in adenoid cystic carcinoma in vivo
(Fig. 2A). Immunohistochemistry detected this protein as a
linear structure in the cribriform subtype (Fig. 2A). Lami-
nin-111 also showed a diffuse expression in solid and cribri-
form areas (not illustrated). The 67LR receptor was found in
adenoid cystic carcinoma cells in vivo (Fig. 2C–F). This
receptor was expressed in tubular (Fig. 2C), cribriform
(Fig. 2D), and solid (Fig. 2E and F) subtypes. Expression of
67LR was more prominent in cribriform and solid growth
patterns (Fig. 2D–F). CAC2 cells exhibited both laminin-
111 and the 67LR (Fig. 2G and H). Laminin-111 formed a net-
work distributed throughout the cell membrane (Fig. 2G).
The 67LR was observed as diffuse dots (Fig. 2H). Immunoflu-
orescence for both laminin-111 (Fig. 2G) and 67LR (Fig. 2H)
represented distribution of these proteins on the cell mem-
brane, since samples were not permeabilised. No cytoplas-
mic staining was observed.

Three-dimensional culture of CAC2 cells embedded
into either laminin-111 gel or YIGSR-enriched
laminin-111

Light microscopy showed that laminin-111 gel induced CAC2
cells to create solid formations of closely packed epithelioid
cells (Fig. 3A). On the other hand, CAC2 cells embedded into
YIGSR-enriched laminin-111 showed a completely different
pattern. Cells were non-cohesive, spindle shaped and fibro-
blast-like (Fig. 3B). To address whether the effect of YIGSR
was dependent on 67LR, CAC2 cells were pretreated with
antibody against this receptor, followed by growth into
YIGSR-enriched laminin-111. Blockage of 67LR receptor
inhibited YIGSR effect on CAC2 morphology, with restora-
tion of the epithelioid phenotype (Fig. 3C).

67LR and its ligand YIGSR modulate b-catenin
expression in CAC2 cells

Laminin-111 gel induced CAC2 cells to create solid forma-
tions of epithelioid cells. On the other hand the laminin-de-
rived peptide YIGSR induced a fibroblast-like morphology in
CAC2 cells. We then decided to study whether YIGSR would
inhibit b-catenin expression in CAC2 cells. We prepared ly-
sates of three-dimensional cultures of CAC2 cells embedded
into either laminin-111 gel or YIGSR-enriched laminin-111.
Culture conditions were the same described before. Wes-

tern blot of these lysates demonstrated that YIGSR de-
creased the amount of b-catenin in CAC2 cells (Fig. 4A,
middle lane) compared to cells embedded into laminin-
111 gel (Fig. 4A, left lane). Pretreatment of CAC2 cells with
anti-67LR restored b-catenin expression (Fig. 4A, right
lane). These results were also observed in confocal sections
from whole mount preparations labelled to b-catenin
(Fig. 4B–D). CAC2 cells embedded into laminin-111 gel
exhibited b-catenin located at cell boundaries (Fig. 4B,
asterisk). On the other hand, treatment by YIGSR decreased
the presence of this adhesion molecule (Fig. 4C). Blockage
of 67LR with specific antibody restored b-catenin expression
at the cell edges (Fig. 4D, asterisk).

Activation of the Wnt pathway induced CAC2 cells
to create a phenotype similar to that observed
when cells were treated with YIGSR

The peptide YIGSR induced fibroblast-like morphology and
decreased the expression of the adhesion molecule b-cate-
nin in CAC2 cells. b-catenin is a key player of Wnt signalling
pathway. Thus we decided to activate Wnt pathway in CAC2
cells grown inside laminin-111 gel. Three-dimensional cul-
tures of cells embedded into laminin-111 containing lithium
chloride (LiCl) were prepared and studied by light micros-
copy. Our results showed that control cells, embedded into
laminin-111 gel, were closely packed and epithelioid
(Fig. 5A). On the other hand, CAC2 cells treated by lithium
chloride were mostly round and non-cohesive (Fig. 5B and
C). Spindle-shaped and fibroblast-like cells were also ob-
served (Fig. 5B and C). These results indicate that lithium
chloride, an activator of the Wnt signalling pathway, in-
duced CAC2 cells to create a phenotype similar to that ob-
served when cells are embedded into YIGSR-enriched
laminin-111.

YIGSR increase migratory activity of CAC2 cells

The peptide YIGSR induced fibroblast-like morphology, and
decreased the expression of the adhesion molecule b-cate-
nin. Taken together, these results would indicate that YIGSR
might be involved in migration of CAC2 cells. To explore
whether YIGSR affects CAC2 cells migration, we performed
an in vitro wound closure assay. Cell monolayers were
gently scraped with a pipette tip to create a cell-free area.
Closure of this wounded cell-free area was followed after 0,
24, and 72 h. The cell-free wound gap of CAC2 control mon-
olayers healed slowly. However, in the presence of YIGSR,
the closure of the wounded area was significantly acceler-
ated (Fig. 6). More cells appeared in the wounded gap,
which represented enhanced migratory activity towards
the wounded area.

The remaining cell-free area at 24–72 h as a percentage
of the initial wound area was taken as an index of wound
healing (Fig. 6B). In control CAC2 cells, 85% of the wound
area remained cell-free at 24 h after wounding. However,
in cells treated by YIGSR, cell-free area decreased to 65%.
After 72 h of treatment by YIGSR only 35% of the wound area
remained cell-free. On the other hand at least 70% of cell-
free area was observed in control samples. Similar results
were obtained in at least three experiments.
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Figure 2 Laminin-111 is detected in adenoid cystic carcinoma in vivo as a linear structure in the cribriform subtype (1A, arrow).
Negative controls show no staining in all samples observed (B). The 67 kDa laminin receptor (67LR) is observed in tubular (C),
cribriform (D), and solid patterns (E and F). In tubular areas the 67LR is located only at luminal cells (C), while in cribriform and
solid patterns the distribution of this receptor is widespread. A cell line (CAC2) derived from adenoid cystic carcinoma expresses
laminin-111 as a prominent network and as dots distributed throughout the cell membrane (G). CAC2 cells exhibit the 67LR as
diffuse dots (H). Immunofluorescence for both laminin-111 (G) and 67LR (H) represents distribution of these proteins on the cell
membrane, since samples were not permeabilised. No cytoplasmic staining is observed. (A–F) Immunoperoxidase technique;
(G and H) immunofluorescence of CAC2 cells, where nuclei are counterstained either with Sytox green (G) or with DAPI (H). Scale
bar: 20 lm.
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Discussion

Our results show the expression of 67LR in all subtypes of
adenoid cystic carcinoma. This expression was more promi-
nent in cribriform and solid subtypes. We also created a
model system to study the effect of this receptor and its
ligand, the laminin-derived peptide YIGSR in a cell line
(CAC2) from human adenoid cystic carcinoma. Our in vitro
results suggest that the complex 67LR–YIGSR regulates
morphology of CAC2 cells. Furthermore, this complex
peptide-receptor is involved in epithelial–mesenchymal
transition, modulation of b-catenin expression and increase
in the migration of CAC2 cells.

In 1983, three independent laboratories reported the
purification of a 67 kDa molecule, designated the 67 kDa
laminin receptor (67LR).32–34 Different studies to elucidate
the role played by the 67LR on tumour progression have
shown an increase in 67LR expression in tumours compared
with normal tissues and a correlation between 67LR expres-
sion, invasive phenotype of the tumour and poor progno-
sis.18,20,35,36 Despite being one of the best-characterised
members of the laminin receptor with a number of potential
functions, the precise structure of this molecule has not
been elucidated. A cDNA encoding a cytoplasmic precursor
of 37 kDa has been identified, which shows intriguing iden-
tity to the ribosomal protein-associated protein p40.18,37–40

This highly conserved multifunctional 37 kDa protein is con-
sidered to be the precursor of the 67 kDa laminin receptor,

but the exact mechanism by which this occurs is not
known.37–39,41 The mature form of 67 kDa laminin receptor
has been show to physically associate with a6b4 integrin
during laminin recognition.42

Adenoid cystic carcinoma expressed the 67LR receptor.
This expression was observed in all subtypes studied, but it
was more prominent in cribriform and solid patterns. This
finding demonstrates the value of this receptor as a prognos-
tic marker, since adenoid cystic carcinoma with solid sub-
type shows a poorer prognosis compared to others
patterns.1,2,43 Moreover, the prominent expression of 67LR
in the solid subtype confirms that the presence of this mole-
cule correlates with malignancy.18,20,21,35,36,44 This receptor
was also expressed in CAC2 cells. Our results with immuno-
fluorescence suggested that the expression of 67LR in these
cells was similar to that observed in other cell lines.26,27,42,45

The 67LR exhibits high affinity for laminin and binds a par-
ticular laminin-derived peptide, the sequence YIGSR, located
at the short arm of the b1 chain.17 This peptide is involved in
cell adhesion andmigration.17,46–48 It is important to empha-
sise that the laminin sequence is composed by different bio-
active peptides, with relevant functions, such as adhesion,
proliferation, migration, cellular growth, angiogenesis and
protease activity.11,12,47,49–51 We have already demon-
strated that the sequence SIKVAV, located at the carboxi ter-
minus of laminin a chain regulates morphology and protease
activity of CAC2 cells.11,12 We are currently studying the role
played by YIGSR and its ligand, the 67LR, in these cells.

Figure 3 Light microscopy (HE) shows that laminin-111 gel induces CAC2 cells to create solid formations of closely packed
epithelioid cells (A). On the other hand, cells grown inside YIGSR-enriched laminin-111 are non-cohesive, spindle-shaped and
fibroblast-like (B). Blockage of 67LR receptor inhibited YIGSR effect on CAC2 morphology (C), with restoration of the epithelioid
phenotype. Scale bar: 20 lm.
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Adenoid cystic carcinoma expresses the 67LR in vivo and
in vitro. This expression has prompted us to study the effect
of the 67LR and its ligand YIGSR on CAC2 cells. The reason
for studying YIGSR and to assume that this peptide is pres-
ent in vivo is based on extracellular matrix biology. For a
long time, extracellular matrix was only considered as an
architectural support formed by intact molecules. However,

this structure is not a mere scaffold for cells but it also har-
bours cryptic biological functions that can be revealed when
intact molecules are fragmented by proteolysis.52–55 The
proteolysis of this matrix can weaken the structural integ-
rity of tissues, stimulate cellular invasion, trigger apoptosis
or proliferation, and release matrix bound growth factors.54

In addition, emerging evidence suggests that proteolytic en-
zymes process extracellular matrix molecules, releasing
fragments and bioactive peptides with biological responses
distinct from intact molecules.54 These fragments and bio-
active peptides are likely to be present in basically every
extracellular matrix molecule.54

Adenoid cystic carcinoma expresses laminin-111 in vivo
and in vitro. CAC2 cells expressed significant amount of lam-
inin, characterised by a network distributed throughout the
cell membrane. Other studies have previously shown prom-
inent expression of laminin in adenoid cystic carci-
noma.3,4,43,56,57 We may speculate that tumour cells
secrete laminin, which is broken down afterwards by differ-
ent proteases. The outcome of this process is the formation
of small laminin fragments, many of them rich in bioactive
peptides.53–55 This was the rationale of our assay with
YIGSR-enriched laminin-111, by creating a microenviron-
ment where CAC2 cells are exposed to preparations with
high concentrations of this bioactive peptide. By using this
system we obtained information on the effect of the pep-
tide in CAC2 cells. Furthermore, by blocking the 67LR with
a specific antibody we addressed whether this receptor is in-
volved in any potential effect of YIGSR. This antibody inhib-
its the attachment of different cell lines to laminin.26,27

Moreover, we have tested the direct effect of this antibody
in the adhesion of CAC2 cells to laminin-111. Adhesion assay
confirmed that the 67LR decreased the adhesion of CAC2
cells to this substrate (data not shown). The adhesion de-
creased but was not abolished, since CAC2 cells still bind
laminin, probably through integrins. In our three-dimen-
sional culture the same phenomenon is occurring. CAC2
cells with blocked 67LR still interact with YIGSR-enriched
laminin-111, probably through integrins. However, we may
assume that the antibody inhibited the signalling process
dependent on the 67LR.

Salivary gland neoplasms have been successfully studied
through two-dimensional models.56–58 We have been study-
ing these tumours using three-dimensional culture sys-
tems.7,8,11–13 A number of cell models have been coupled
with appropriate three-dimensional matrices and show
fruitful results in recapitulating tissue function.59,60 Exten-
sive studies have been reported for liver, salivary gland,
vasculature, bone, lung, skin, intestine, kidney and mam-
mary and thyroid glands.59–64 Three-dimensional culture
has provided valuable insight into the basic molecular mech-
anisms of polarity, branching morphogenesis, adhesion and
differentiation.

CAC2 cells embedded into laminin-111 gel formed closely
packed formations of epithelioid cells. We have previously
observed this effect in CAC2 cells.11,12 On the other hand,
cells treated by YIGSR-enriched laminin-111 showed a com-
pletely different phenotype. Cells grown in these prepara-
tions were non-cohesive and spindle-shaped, with
morphology similar to fibroblasts. This feature resembled
the epithelial–mesenchymal transition, which occurs in dif-
ferent malignant neoplasms.65

Figure 4 Three-dimensional cultures of CAC2 cells embedded
into either laminin-111 gel or YIGSR-enriched laminin-111 were
subjected to immunoblot. YIGSR decreases the amount of
b-catenin in CAC2 cells (A middle lane) compared to cells grown
inside laminin-111 gel (A, left lane). Pretreatment of CAC2 cells
with anti-67LR restores b-catenin expression (A, right lane).
B–D are confocal sections from whole mount preparations
labelled to b-catenin. CAC2 cells cultured inside laminin-111
gel exhibit b-catenin located at cell boundaries (B, asterisk).
Treatment by YIGSR decreases the presence of this adhesion
molecule (C). A discrete label is observed at the cell surface
(C, arrow). CAC2 cells were pretreated with antibody against
67LR and grown inside YIGSR-enriched laminin-111 (D). Blockage
of 67LR restores b-catenin expression at cell edges (D, asterisk).
Scale bar: 20 lm.
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Epithelial cells can convert into mesenchymal cells by a
process known as the epithelial–mesenchymal transition
(EMT).65,66 The term EMT describes a series of events during
which epithelial cells lose many of their epithelial charac-
teristics and take on properties that are typical of mesen-
chymal cells, which require complex changes in cell
architecture and behaviour.65,66 The transition from epithe-
lial- to mesenchymal-cell characteristics encompasses a
spectrum of inter- and intra-cellular changes, not all of
which are always seen during EMT.65,66 EMT does not there-
fore necessarily refer to a lineage switch. A central feature
of EMT is the disassembly of the E-cadherin–b-catenin com-
plex located at the cell membrane.65 As a result cell–cell
dissociation occurs. Furthermore, EMT triggers cell migra-
tion, driven by rearrangement of the cytoskeleton and for-
mation of new cell–substratum contacts.65,66

CAC2 cells treated by YIGSR showed morphology of cell
exhibiting EMT. This result was also dependent on 67LR,
since the blockage of this receptor abolished the effect of
YIGSR. A key molecule in EMT is b-catenin.65 We then
decided to study whether the 67LR and YIGSR modulate
b-catenin expression in these cells. Western blot showed
that YIGSR inhibited the expression of b-catenin in CAC2
cells. On the other hand, blockage of the 67LR by antibody
restored b-catenin expression. Whole mount immunofluo-
rescence confirmed this result. Thus, we may assume that
the 67LR and its ligand YIGSR would regulate the expression
of b-catenin in CAC2 cells. Moreover, this evidence also
supports a role played by 67LR–YIGSR in the epithelial–
mesenchymal transition depicted by CAC2 cells.

The complex 67LR–YIGSR is involved in EMT and in the
regulation of b-catenin expression in CAC2 cells. We may
speculate that both 67LR and YIGSR would be involved in
signalling events related to b-catenin expression. This mol-
ecule binds tightly to the cytoplasmic domain of cadherins
and links cadherins to the actin cytoskeleton.67 Cadherins
act as a negative regulator of b-catenin signalling as it
sequesters this molecule from the nucleus.67 Disruption of
the cadherin–catenin complex at the cell surface release
b-catenin in the cytoplasm and makes this molecule
available for signalling. The cytoplasmic stabilisation and
accumulation of b-catenin is mediated by Wnt.67,68 Conven-
tional Wnt signalling causes b-catenin accumulation in a
complex with the transcription factor TCF/LEF that regu-
lates target gene expression.67,68

We also addressed whether CAC2 cells would be influ-
enced by Wnt pathway by treating these cells with lithium
chloride (LiCl). Activation of the canonical Wnt signalling
pathway can be achieved with LiCl, which has been shown
to inhibit glycogen synthase kinase-3 (GSK-3), an enzyme
that phosphorylates b-catenin in the cytoplasm, targeting
it for ubiquitination and degradation 30. Three-dimensional
cultures of CAC2 cells treated by lithium chloride showed
morphology of cells undergoing EMT. Phenotypic modifica-
tions induced by LiCl are similar to that observed when
CAC2 cells are treated with YIGSR. This result suggests that
signals generated by YIGSR may be transduced by Wnt path-
way in CAC2 cells.

CAC2 cells treated by YIGSR showed signs of disassembly
of the E-cadherin–b-catenin complex located at the cell

Figure 5 Activation of the Wnt pathway in CAC2 cells through lithium chloride (LiCl). Three-dimensional cultures of CAC2 cells
embedded into laminin-111 gel containing 20 lM lithium chloride were prepared and studied by light microscopy. Control cells,
grown inside laminin, are closely packed and epithelioid (A). On the other hand, CAC2 cells treated by lithium chloride are mostly
round and non-cohesive (B and C). Spindle-shaped and fibroblast-like cells are also observed (B, arrow and C). These results indicate
that lithium chloride, an activator of the Wnt signalling pathway, induced CAC2 cells to create a phenotype similar to that observed
when cells are treated with YIGSR. Scale bar: (A and B) 20 lm; (C) 10 lm.
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Figure 6 The effect of YIGSR in CAC2 cell migration was examined by using an in vitro wound healing assay. Phase contrast
microscopy (A) shows that the cell-free wound gap of CAC2 control monolayer heals slowly. However, in the presence of YIGSR, the
closure of the wounded area is significantly accelerated (A). More cells appear in the wounded gap, which represents enhanced
migratory activity towards the wounded area (A). In control CAC2 cells, 85% of the wound area remains cell-free at 24 h after
wounding (B). However, in cells treated by YIGSR, cell-free area decreases to 65% (B). After 72 h of treatment by YIGSR only 35% of
the wound area remains cell-free (B). On the other hand, 70% of cell-free area is observed in control samples (B). Results in B
represent mean ± standard error of three experiments carried out at least three times. Statistical analysis was carried out using
ANOVA. Scale bar in A: 50 lm.
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surface and morphological evidences of cell–cell dissocia-
tion. Immunofluorescence showed a discrete expression of
b-catenin in CAC2 cells treated by YIGSR. However, Western
blot examination of these samples showed that b-catenin is
still present, even in smaller amounts. Thus, we may assume
that cell–cell dissociation induced by YIGSR resulted in the
disassembly of E-cadherin–b-catenin from the plasma mem-
brane. b-catenin is probably released from the cell mem-
brane and accumulated in the cytoplasm of CAC2 cells,
triggering different signalling cascades.

CAC2 cells showed signs of epithelial–mesenchymal tran-
sition. Another typical feature of EMT, besides disruption of
cellular junctions, is the increase in cellular migratory
rate.65,66 Monolayer wound assays showed that YIGSR in-
crease the migration of CAC2 cells compared to controls.
This result also support our finding that the complex
67LR–YIGSR is involved in epithelial–mesenchymal transi-
tion of CAC2 cells. Our results showing that the peptide
YIGSR stimulates migration also confirm previous reports,
showing that basement membrane proteins stimulate the
migration of adenoid cystic carcinoma cells in vitro.58

We may speculate that this migratory effect would influ-
ence the behaviour of adenoid cystic carcinoma in vivo.
Adenoid cystic carcinoma exhibits affinity for basement
membrane-rich tissues, such as nerves and vessels, leading
to a perineural spreading and metastasis even long time
after treatment.2,6,43,58 A key step in the metastatic process
is the proteolytic degradation of basement membrane com-
ponents such as proteoglycans, laminin and type IV collagen
by proteases secreted by stromal and tumour cells.16 This
proteolytic cleavage not only removes physical barriers
but also converts basement membrane components into
substrates suitable for migration, presumably by exposure
of motility-promoting sites, among them YIGSR.16 In a cell
line derived from human adenoid cystic carcinoma we have
shown that this peptide and its receptor 67LR are probably
involved in epithelial–mesenchymal transition, modulation
of b-catenin expression, and migratory activity. Establish-
ment of the precise molecular pathway involved in the
transduction of signals generated by the 67LR and YIGSR
would be important to better understand the role played
by this receptor in adenoid cystic carcinoma.
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