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siRNA-mediated silencing of integrin 3 expression
inhibits the metastatic potential of B16 melanoma cells
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Abstract. Integrins comprise a large family of aff heterodi-
meric cell-surface receptors that mediate diverse processes
involved in cell-cell and cell-matrix interactions such as
cellular adhesion and migration, cell survival and differ-
entiation. It is now well documented that integrins play a
crucial role in cancer metastasis and angiogenesis. The 3
integrins appear to have an important stimulatory role in
tumour progression and metastasis and, thus, have been often
proposed as potential targets for cancer diagnosis and therapy.
In this study, we evaluated the in vitro and in vivo properties of
B16 mouse melanoma cells with low expression of integrin 3.
Proliferation rate, adhesive properties and the ability to migrate
and metastasize were studied. Over 90% inhibition of integrin
3 expression was achieved as a result of the transfection with
siRNA. No changes in the proliferation rate were observed in
siRNA-transfected B16 cells; however, they showed impaired
ability to bind to fibronectin. Moreover, inhibition of integrin
B3 expression caused almost complete impairment of the
ability of B16 cells to migrate through matrigel and metas-
tasize. The mean number of lung metastatic colonies in mice
inoculated intravenously with B16 expressing low levels of
integrin 3 was decreased to 14 colonies compared to 101 in
the control group. These results provide evidence for a direct
role of integrin B3 in the adhesion, migration and metastasis
processes of mouse melanoma cells and point to the potential
therapeutic advantages of siRNAs.

Introduction

Integrins comprise a large family of aff heterodimeric cell-
surface receptors that are expressed in a wide variety of
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cells. They mediate diverse processes and are involved in
cell-cell and cell-matrix interactions such as cell adhesion
and migration, cell survival and differentiation. It is now
well documented that integrins play a crucial role in cancer
progression, metastasis and neoangiogenesis.

There are two members of integrin 3 family: avfp3 and
aolIbf3. avp3 integrin is strongly expressed on the surface
of the smooth muscle cells, endothelial cells, monocytes and
platelets. Dysregulation of 3 integrin expression is associated
with the pathogenesis of several diseases, including cancer.
Many invasive tumour cells, including melanoma show an
overexpression of this integrin. There are also reports indi-
cating the correlation between avp3 integrin expression and
the stage of tumour progression (1-5). B3 integrins are also
strongly involved in tumour-induced angiogenesis and have
been described as pro-angiogenic factors (6,7). The role of av33
integrin in tumour angiogenesis is related not to its expression
by neoplastic cells, but rather to its expression by host endo-
thelial cells (8). Moreover, it was proven that antagonists of
avp3 inhibit angiogenic processes, including endothelial cell
adhesion and migration, whereas factors, which increase avf3
integrin expression, induce angiogenesis (9,10).

olIbf3 integrin expression is limited mainly to platelets,
megakaryocytes, human blood monocytes, granulocytes, and
large granular lymphocytes (11). However, there is increasing
evidence that allbf3 integrin is also present in the tumour
cells (3). Its expression is connected with tumour thickness,
invasion abilities and metastatic potential of human and mouse
melanomas (3,8). Various studies showed that allbf33 is consti-
tutively expressed at a high-affinity state and is highly involved
in tumour cell adhesion and invasion (12).

olIbf3 integrin is also involved in tumour-induced platelet
aggregation, which has been described as an important step
of metastasis pathway. Tumour cells during migration in
blood vessels can form complexes with platelets. This process,
resulting from direct binding of platelets to tumour cells, is
essential for metastasis (8,13).

The B3 integrins appear to have an important stimulatory
role in tumour progression and metastasis and that is why (33
integrins have often been proposed as potential targets for
cancer diagnostic and therapeutic approaches. Application
of anti-integrin antibodies and RGD (Arg-Gly-Asp) related
peptides have revealed promising effects in anticancer therapy
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(14-17). One of the most interesting integrin-targeting tools are
short interfering RNAs (siRNAs).

In this study, the in vitro and in vivo properties of B16
mouse melanoma cells with lower expression of integrin
B3 were evaluated. Proliferation rate, adhesive properties
and the ability to migrate and metastasize were studied. In
order to achieve cells with low expression of integrin B3,
transfection with siRNA was employed. B16 cells that fail
to express integrin $3 show impaired motility and ability to
bind to extracellular matrix (ECM) proteins, and are unable
to colonize lungs. These results provide supplementary data
for a direct role of integrin $3 in the adhesion, migration and
metastasis processes of mouse melanoma cells and prove that
the silencing of integrin expression can be efficiently and
selectively obtained using siRNAs.

Materials and methods

Cell culture. The mouse melanoma B16 cells were obtained
from the American Type Culture Collection (Rockville, MD,
USA) and maintained in the Cell Culture Collection of the
Institute of Immunology and Experimental Therapy Polish
Academy of Sciences (IIET, PASc), Wroclaw, Poland. Cells
were cultured in RPMI medium supplemented with 4 mM
L-glutamine, 4.5 g/1 glucose, 1.5 g/l NaHCO; (both from
Sigma-Aldrich Chemie GmbH, Steinheim, Germany), 100 U/ml
penicillin, 100 gg/ml streptomycin (both from Polfa Tarchomin
S.A., Warsaw, Poland) and 10% FBS (Sigma-Aldrich Chemie
GmbH).

siRNA. The siRNAs (sense and antisense strands) were
purchased from Qiagen (Qiagen Inc., Valencia, USA) and were
diluted according to manufacturer's instructions and then stored
at -20°C. The following sequences were tested for their effective-
ness in silencing integrin B3 expression: Sequence MI: sense
r(GCCGUGAAUUGUACCUACA)ITAT, antisense r(UGUA
GGUACAAUUCACGGC)dGdT; Sequence M2: sense r(CGG
UGAGCUUUAGUAUCGA)ATAT, antisense r(UCGAUACUA
AAGCUCACCG)dTdG. As a control, a negative siRNA, with
no homology to mRNA databases was used (Silencer® Negative
Control #1 siRNA, Ambion).

In vitro transfections were performed using HiPerFect
reagent (Qiagen Inc.) as recommended by the manufacturer.
Cells were plated on a 24-well plate in 0.5 ml of medium
RPMI-O-MEM without antibiotics and FBS (4x10* cells per
well). Shortly after plating, cells were transfected with 100 ul
of the transfection mixture containing 5 or 25 nM of siRNA.
Cells were washed 6 h after transfection and the procedure
was repeated 48 h later.

Integrin quantification. The expression of integrin $3 (CD61)
(Becton Dickinson, San Jose, USA) was determined by flow
cytometry. B16 cells (1x10°) were mixed with an appropriate
volume of McAb solution (pre-chilled to 4°C). Cells were
incubated for 30 min on an ice bath, and subsequently washed
twice with PBS (supplemented with 2% fetal bovine serum).
Cell surface fluorescence was measured using a FACS
Calibur flow cytometer (Becton Dickinson). Damaged cells
were labeled with propidium iodide solution to each test tube
just before data acquisition. Data for damaged cells were not
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analyzed. Data analysis was performed using WinMDI 2.8
software.

Semi-quantitative PCR. Total RNA extraction, DNA digestion
and cDNA synthesis was performed with RNAlater RNA
Stabilization Reagent™ (Qiagen Inc.) according to the manu-
facture's procedure. PCR reaction was performed using the
following primers: integrin (33: forward STCAGATGCGCA
AGCTTACTAGCS3', reverse STCAGCACGTGTTTGTAGC
CAA3"; GAPDH: forward: SSATGACATCAAGAAGGTG
GTG3, reverse: 55 CATACCAGGAAATGAGCTTG3'. PCR
cycling conditions were 94°C for 30 sec, 55°C for 30 sec, and
72°C for 1 min, 35 cycles for integrin B3 expression and 25
cycles for GAPDH. PCR products were dissolved in 1.7%
agarose gel with ethidium bromide.

Antiproliferative assays. Cells were plated in 96-well plates
(Sarstedt, Inc. Newton, NC, USA) at the density of 8x10* cells
per well in 100 ul of culture medium without FBS and anti-
biotics. After 24 h of incubation at standard conditions (37°C
in humid atmosphere with 5% CO,), cells were treated with
siRNA suspended in 100 gl of medium FBS and antibiotics-
free. The cytotoxic assays were performed after 24,48 and 72 h
exposure of the cultured cells to varying concentrations siRNA,
e.g. 1,5 and 25 nM. The amount of HiPerFect was stable (3 ul
per well). The SRB method was used as described by Skehan
and coworkers (18). The optical densities of the samples were
measured on a Multiskan RC photometer (Labsystems, Helsinki,
Finland) at A=540 nm.

Adhesion assay. Flat-bottomed, 96-well plates were coated
with fibrinogen (10 ug/ml suspended in 7.5% NaHCO;, Merck,
Darmstadt, Germany) and blocked with 1% BSA (Sigma-
Aldrich Chemie GmbH) in TSM buffer (20 mM Tris-HCl
pH 8.0, 150 nM NaCl, 1 mM CacCl,, 2 mM MgCl,). Cells were
suspended in 0.5% solution of BSA, added into plates in the
amount of 2.5x10* and incubated for 1 h at 37°C. Unbound
cells were washed out twice with TSM buffer and dyed with
0.2% solution of crystalline violet in methanol. After 30 min
of incubation at 4°C, cells were washed with PBS-¢#+Me2+
dried and suspended in 20% methanol. The absorbance was
measured at A=570 nm in a computer-interfaced, 96-well
microtiter plate reader Multiskan RC photometer.

Migration assay

Migration chamber preparation. Fibronectin assay: 8-ym
insert membranes (Falcon BD Biosciences, USA) were
sterilely covered with fibronectin (100 pg/ml, Falcon BD
Biosciences). Both sides of the membrane were covered with
20 ul of the fibronectin suspension and incubated for 30 min
at 37°C. Fibronectin was removed and the inserts were washed
three times with sterile water. Subsequently, both sides of the
membrane were immersed in a 0.1% albumin solution and
incubated for 15 min. The inserts were washed three times with
sterile water and dried. The prepared inserts were not stored,
but used immediately after preparation.

Migration assay. The siRNA M2-transfected, negative
siRNA-transfected and non-treated B16 cells were suspended
in DMEM with no FBS, and applied to the upper section of the
migration chamber, with 2.9x10° cells/insert. Culture medium
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Figure 1. Time-course of siRNA-mediated inhibition of integrin 3

expression on B16 mouse melanoma cells. Cells were transfected with two

different siRNA sequences (M1 and M2) at two concentrations and the pro-

tein expression was measured by FACS analysis. Non-transfected cells and

cells treated only with transfection reagent served as controls.

supplemented with 10% FBS applied to the lower section
served as chemoattractant.

The migration was carried out at 37°C with 5% CO,. The
time of migration was initially optimised and for B16 cells was
2 h. Thereafter (following the manufacturer's instructions), the
cells from the upper side of the membrane were removed with a
cotton swab. The cells on the bottom side of the membrane were
fixed and stained with a Diff-Quick set (Medion Diagnostics,
Diidingen, Switzerland) and counted by light microscopy. The
number of cells per membrane was determined, accumulated
into groups, and the average was presented.

Metastasis assay. Eight- to twelve-week-old C57BL/6/1iW
female mice were purchased from Maria Sktodowska-Curie
Memorial Cancer Center and Institute of Oncology, Warsaw
(Poland) and kept under specific pathogen-free (SPF) condi-
tions. All experiments were performed under standard
laboratory conditions according to Interdisciplinary Principles
and Guidelines for the Use of Animals in Research, Marketing
and Education issued by the New York Academy of Science
Ad Hoc Committee on Animal Research and were approved
by the 1st Local Committee for Experiments with the Use of
Laboratory Animals, Wroclaw, Poland.

Mice were inoculated intravenously (i.v.) with 3x10° B16
cells (collected from in vitro culture) in 0.2 ml of Hank's
medium into the lateral tail vein. Mice were sacrificed by
cervical dislocation (21 days after cells inoculation). Lungs
were excited and weighed immediately, and lung metastatic
foci were counted.

Results

Inhibition of integrin 3 synthesis by RNA interference in
vitro. B16 cells were transfected with 5 or 25 nM of M1 and
M2 siRNAs. The expression of integrin 3 was measured
by cytofluorometry after 24, 48 and 72 h after transfection.
Both siRNA sequences led to the reduction of integrin $3
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Figure 2. siRNA-mediated inhibition of integrin 3 expression on B16
melanoma cells. Non-transfected cells incubated with PBS (A) and McAb (B)
served as controls. Cells were transfected with a negative, ‘blind’ siRNA (C)
and siRNA against integrin 33 (D). The experiment was repeated 14 times
and the histogram shows representative data.

expression as compared to control, non-transfected cells;
however, the sequence M2 appeared to be more potent. In
both cases, the silencing effect increased with siRNA concen-
tration. However, we also showed that the most effective
concentration of siRNA was 25 nM and further increase in
siRNA amount did not enhance the effect (data not shown).
Moreover, our experiments confirmed that siRNA-mediated
silencing of integrin 3 expression is transitory, with a highest
inhibition of protein expression after 48 h after transfection.
We observed almost 80% reduction of integrin 33 expression
on B16 cells 48 h after transfection with M2 siRNA compared
to untreated cells (Fig. 1).

None of the tested sequences showed cytotoxicity. The
inhibition of B16 cells proliferation reached only 5%, 24 h after
transfection as compared to the control, non-transfected cells,
irrespective of siRNA sequence and concentration applied.
B16 cells treated with siRNAs achieved a control proliferation
rate 72 h after transfection.

Taking the above-mentioned results into account, we chose
M2 sequence for further studies. Comparing the efficacy of
integrin (3 silencing by a single and a double transfection,
we found that it is possible to obtain a significant increase in
the inhibition of integrin B3 expression due to a transfection
repeated after additional 48 h. In that case, the inhibition of
integrin $3 expression on B16 cells could reach even 98%
(mean inhibition was 87+8%, which corresponded to 48+11%
drop in the mean fluorescence canal values). Cells restored
integrin 33 expression after 96 h after the first transfection. For
negative siRNA, with no homology to any known mRNA, we
showed a slight (5%) and insignificant increase in the integrin
B3 expression. The representative histogram of transfected
B16 cells is shown in Fig. 2.

These changes were confirmed on mRNA level. Semi-
quantitative PCR revealed a marked decrease in the expression
of mRNA for integrin 3 as a result of the siRNA transfection.
No significant differences were observed in the expression of
integrin B3 mRNA between control, untreated cells and cells
transfected with negative siRNA (Fig. 3).
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Figure 3. Changes in the expression of mRNA for integrin 3 in B16 cells
transfected with siRNA for integrin $3 (1). Cells were transfected twice with
25 nM of siRNA. Untreated or transfected with negative siRNA B16 cells
served as controls. Products of semi-quantitative PCR were dissolved in 1.7%
agarose gel with ethidium bromide.
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Figure 4. Inhibition of the interactions between B16 melanoma cells and
fibrinogen by RNA interference. Cells were transfected twice with 25 nM of
siRNA. The experiment was repeated twice and the histogram shows repre-
sentative data. Values are means after subtraction of the absorbance of BSA
and fibrinogen-coated wells + SD. “p<0.01 assessed with Kruskal-Wallis
ANOVA.

Inhibition of cell adhesion to matrix proteins by RNA interfer-
ence in vitro. To estimate the possible effects of integrin 3
silencing on the cell-ECM interactions, we studied adhesive
properties of B16 cells on fibrinogen-coated plates. B16 cells
were transfected with 25 nM of siRNA and the transfection was
repeated after 48 h. The expression of integrin 33 was measured
by cytofluorometry after additional 24 h. The experiment was
repeated twice and in each attempt almost 90% silencing of
integrin B3 was obtained. It corresponded to a statistically
significant impairment of the adhesion to fibrinogen. siRNA-
transfected B16 cells bound to fibrinogen-coated wells were
31% weaker in comparison to the control, non-transfected cells
(Fig. 4).
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Figure 5. Inhibition of the migration through fibronectin-covered inserts of
BI16 cells transfected with siRNA against integrin 3. Cells were transfected
twice with 25 nM of siRNA. Untreated B16 cells served as the control. Cells
were applied to the upper section of the migration chamber at the density
of 2.9x10° cells/insert. The number of cells per membrane was determined,
accumulated into groups, and the average is presented. Values are the mean
+ SD. n=6-7, (a) p<0.01 vs. control B16, (b) p<0.05 vs. negative control B16
assessed with Kruskal-Wallis ANOVA.

Inhibition of cell migration by RNA interference in vitro.
To verify the influence of integrin 3 on the motility of B16
melanoma cells, the migration assay was performed. B16
cells with silenced expression of integrin B3 (80% lower
than the control, untreated cells) were applied. Inhibition
of integrin 3 expression caused almost complete impair-
ment of the ability of B16 cells to migrate through the
fibronectin-coated inserts (Fig. 5). Mean number of B16
siRNA-transfected cells detected on the bottom side of
the membrane was 4+3, whereas this value for the control,
untreated cells was 6714 (p<0.01). No influence of the
transfection with negative siRNA on the cell motility was
observed (63+34).

Inhibition of metastatic potential by RNA interference. C57/
BL6 mice were inoculated intravenously (i.v.) with B16 cells
transfected with anti-integrin f3 siRNA, negative siRNA or
non-transfected, control ones. A correlation between the level
of silencing of integrin B3 expression and the inhibition of
metastatic potential of B16 cells was observed. In the first
experiment, the expression of integrin f3 on siRNA-treated
cells was inhibited by 55%. At the end of the experiment, the
lungs were excised and weighed. The mean lung weight in
the control mice was 0.74 g. It was significantly decreased
in the group of mice inoculated with B16 cells transfected
with siRNA against integrin B3 (Fig. 6A). The 42% drop in
the lung weight in these mice corresponded to 55% decrease
in the expression of CD6l in the transfected cells measured
by cytofluorymetry prior to the melanoma cells inoculation.
However, 83% silencing of integrin 33 expression led to 86%
drop in the number of lung metastatic foci as compared to
the control values (Fig. 6B). No significant inhibition of meta-
static potential of B16 cells treated with negative siRNA was
observed.
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Figure 6. Relationship between integrin expression and metastatic potential of
B16 cells. Cells were transfected once (A) or twice (B) with 25 nM of siRNA for
integrin 3. Mice were inoculated intravenously with 3x10° cells. Twenty-one
days after inoculation of B16 cells, lungs were excised and weighed immedi-
ately, and lung metastatic foci were counted. Values are mean + SD. n=7 (A) or
n=8 (B), 'p<0.01 assessed with Kruskal-Wallis ANOVA.

Discussion

Many studies have shown that the expression of integrins alters
frequently during malignant transformation. These changes
comprise both alterations in the number and identity of integrin
receptors on cancer cells (8). Special attention is focused on
the role of both avf3 and alIbf3 in tumour growth, invasion
and metastasis. Tumour cells expressing avp3 and/or allbf3
display increased survival and growth in vivo (3), and increased
metastatic potential (19). Upregulation of integrin expression
results in alteration of the ability of malignant cells to interact
with the extracellular matrix, and promotes migration as well
as facilitates survival outside the tumour microenvironment.

The importance of both avf3 and allbp3 has been
extensively studied in melanoma. Presence of §3 subunit is a
characteristic of melanoma, and is strongly associated with the
disease progression and poor prognosis (1-2,20).

Integrins have been shown to be potential targets for drug
development for therapeutic applications including anticancer
treatment (21). Biological methods targeting integrins include
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monoclonal antibodies (16,22,23), peptides containing RGD or
KGD motifs (24,25), RGD analogues (26), and more recently,
siRNAs (27,28). RNA interference (RNAI) is a sequence-
specific post-transcriptional gene silencing by double-stranded
RNA. This mechanism, first discovered by Mello and Fire in
Caenorhabditis elegans is present and conserved in a range
of organisms (29). Despite the endogenous origin, siRNA
can be introduced efficiently into the cells. For over a decade
now, siRNAs have been successfully used for targeting and
knockdown of sequence-specific mRNAs and has become
a key experimental tool for the analysis of gene function.
SiRNA have also moved into the clinic; several siRNA-based
therapeutic strategies have entered clinical trials (30).

Herein, we report for the first time that siRNA can selec-
tively and efficiently silence the expression of integrin 33
subunit in B16 melanoma cells. The effect is manifested 48 h
after transfection and can be significantly enhanced by double
transfection (first, shortly after seeding of the cells and second,
48 h later). Integrin 33-silencing does not affect the proliferation
rate of B16 cells.

Clinically, metastatic phenotype of melanoma tumours
depends on peculiar adhesive, invasive and migratory properties
of tumour cells. This is mostly correlated with the expression of
the adhesion receptor integrin avf33 and allbf3.

In order to metastasise, tumour cells need to detach from
the primary tumour, gain access to blood vessels, survive
in blood stream, then attach to vascular endothelial cells,
extravasate from blood vessels and finally, colonize distant
tissues and organs. These steps are strongly dependent on the
cross-talk between tumour and endothelial cells as well as on
cell-ECM interactions. Among ECM ligands for 3 integrins,
fibrinogen, fibronectin and vitronectin are of special importance
(31-34). It has been shown that in fibrinogen-deficient mice, a
significant reduction in the number of lung metastases formed
by B16 melanoma and LLC (Lewis Lung Carcinoma) cells was
observed (35). Proteolytic fragments or recombinant peptides
containing certain domains of fibronectin can inhibit integrin-
mediated adhesion, angiogenesis and metastasis in various
experimental tumour models (36-39; reviewed in refs. 21,41). In
our studies, the transfection of B16 melanoma cells with siRNA
for integrin B3, resulting in 90% silencing of protein expres-
sion, corresponding to a statistically significant impairment
of the adhesion to fibrinogen. siRNA-transfected B16 cells
bound to fibrinogen-coated plates were 31% weaker than the
control, integrin-positive cells. These observations probably
point toward the involvement of other adhesive proteins in the
interactions between B16 melanoma cell and fibrinogen. These
may include a4f1 or a5P1 integrins (40,41).

In these studies, we also show that siRNA-mediated
silencing of integrin B3 expression significantly affects the
metastatic potential of B16 cells. B16 cells that express lower
levels of integrin (33 form less metastatic foci in lungs when
injected into tail vein in comparison to the control non-trans-
fected cells. This may result from the impairment of several
steps which are crucial for the colonization of distant organs,
i.e. i) survival in bloodstream, ii) attachment to vascular
endothelial cells, iii) basal membrane disintegration, iv) extra-
vasation from vessel lumen, and v) establishment of secondary
tumours. Integrin f3 expressed on the surface of B16 cells is
involved in all these steps. Since the integrin f3-knockdown
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is transitory, it seems that the impairment of early steps of this
‘metastatic cascade’ is crucial for long-term effects observed in
our studies. It has been shown that the survival rate of tumour
cells in bloodstream may be connected with the interactions
between tumour cells and platelets, which, in turn, seem to
be fibrinogen related. Recent studies have demonstrated that
platelets and fibrinogen facilitate each other in protecting
tumour cells from natural killer cytotoxicity (42). It has also
been suggested that the formation of platelet-fibrin-tumour cell
aggregates may be causally related to endothelial adhesion and
metastatic potential (43-45). Since the adhesion to fibrinogen is
inhibited in p3-deficient cells, this may explain the low meta-
static potential of siRNA-transfected B16 cells.

B3-silenced cells are probably unable to adhere to vessel
walls. It may be suggested that the production and/or activation
of matrix metalloproteinases (MMPs) essential for basement
membrane disruption is inhibited (46,47). This may clearly
affect the migration of B16 cells through the vessel walls. We
also show that silencing of 3 expression in B16 cells leads to a
dramatic loss of migratory properties. This could be explained
both by the inhibition of B16 cells-ECM interactions as well as
by the abrogation of signal transduction pathways promoting
cell motility (48-51).

In summary, our experiments have proved that siRNA
transfection is an effective tool for the silencing of integrin
B3 expression in B16 melanoma cells. The inhibition of inte-
grin 33 expression on cell surface is correlated with impaired
motility, ability to bind to ECM proteins and significantly lower
metastatic potential. Furthermore, our studies suggest that the
impairment of early steps of this ‘metastatic cascade’ is crucial
for long-term effects.
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