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Abstract

Breast cancer is the most common malignancy in women and the appearance of distant metastases produces the death in 98% of cases. The
retinoic acid receptor b (RARb) is not expressed in 50% of invasive breast carcinoma compared with normal tissue and it has been associated
with lymph node metastasis. Our hypothesis is that RARb protein participates in the metastatic process. T47D and MCF7 breast cancer cell lines
were used to perform viability assay, immunobloting, migration assays, RNA interference and immunofluorescence. Administration of retinoic
acid (RA) in breast cancer cells induced RARb gene expression that was greatest after 72 hrs with a concentration 1 lM. High concentrations
of RA increased the expression of RARb causing an inhibition of the 60% in cell migration and significantly decreased the expression of migra-
tion-related proteins [moesin, c-Src and focal adhesion kinase (FAK)]. The treatment with RARa and RARc agonists did not affect the cell
migration. On the contrary, the addition of the selective retinoid RARb-agonist (BMS453) significantly reduced cell migration comparable to RA
inhibition. When RARb gene silencing was performed, the RA failed to significantly inhibit migration and resulted ineffective to reduce moesin,
c-Src and FAK expressions. RARb is necessary to inhibit migration induced by RA in breast cancer cells modulating the expression of proteins
involved in cell migration.
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Introduction

Breast cancer is the most common malignancy in women, with
~1.38 million new patients and 459,000 deaths/year worldwide
(http://globocan.iarc.fr/). Despite improvements in early diagnosis
and surgical and adjuvant systemic therapies for breast cancer, the
mortality rate has remained high. It is therefore necessary to continue
searching for novel approaches to breast cancer prevention, early
detection and treatment.

Although at early stages breast cancer could be a well-curable dis-
ease, when metastasis occurs, the prognosis is severe. Metastasis

constitutes the final step of the neoplasic progression and it became
in the primary cause of death from solid tumours [1]. Therefore, the
detailed knowledge of the molecular actions linked to the metastasis
process is critical for the development of novel therapeutic strategies
in oncology.

Retinoids are a family of signalling molecules chemically related
to vitamin A (retinol). At present, little is known about the possible
effects of retinoids, specifically, the retinoic acid (RA) role in breast
cancer progression and metastasis. Retinoic acid, an active metabo-
lite of vitamin A, plays essential roles in development, differentiation,
cell growth and cellular homoeostasis [2, 3]. All-trans, 9-cis, and 13-
cis-RA are three stereoisomers of the RA [4]. They exert their meta-
bolic effects mainly through the nuclear receptors: retinoic acid
receptors (RAR) and the retinoic X receptors, both belong to the
nuclear receptors superfamily [5].

The RARb has become a particularly interesting target in cancer
research. During cancer progression, RARb gene deletion or
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promoter hypermethylation frequently occurs. It has been suggested
that RARb re-expression can restore RA-mediated growth control,
indicating that the anticancer action of retinoids is mediated by RARb
[6–8]. Consequently, RARb has been proposed as a tumour suppres-
sor. However, the mechanism underlying its antitumour action has
not yet revealed.

The RARb promoter contains a high affinity RA-responsive ele-
ment RARE [5, 9, 10], which is associated with the transcriptional
activation of RARb by RA in a variety of cells [5]. It has been
observed an important reduction in RARb mRNA expression in differ-
ent types of human carcinomas including breast carcinoma [11–13].

Loss of RARb gene expression has been reported in ~50% of
invasive breast carcinomas and it has been proposed as an essential
player in the conversion of non-invasive breast cancer into invasive
disease [13–16]. The RARb tumour suppressor gene is the only RAR
whose levels decrease drastically in many tumour types, but when
RARb get re-expressed the clinical response might be improved [17].

Genetic and epigenetic alterations may originate a progressive
decrease in RARb mRNA expression and the lack of RA response dur-
ing breast carcinogenesis [12, 13]. Recent studies have found that
lack of RARb is more often because of DNA methylation affecting the
RARb promoter [6, 8, 18]. The high frequency of hypermethylation in
the RARb promoter also suggests that epigenetical changes may confer
a survival advantage to the disseminated cells at the distant site [19].

Recently, our laboratory, in accordance with other authors, has
shown that RARb methylation in primary breast tumours correlated
with lymph node invasion and metastasis [20]. The metastatic pro-
cess requires the acquisition of invasive properties such as motility,
invasion and remodelling of the extracellular matrix (ECM). A key reg-
ulator of ECM signals is the actin-binding protein moesin, which
belongs to the ezrin/radixin/moesin (ERM) family. Activated moesin
triggers the de-polymerization of actin fibres and the re-assembly of
microfilaments towards the cell membrane edge, leading to the for-
mation of cortical actin complexes and specialized cell membrane
structures implicated in the generation of the cellular locomotive force
[21]. Interestingly, ERM proteins have been recently reported as key
regulators of metastasis in aggressive cancers [22, 23]. Another ECM
controller is the focal adhesion kinase (FAK), a non-receptor protein
tyrosine kinase involved in cell attachment, migration, invasion, cru-
cial steps for cancer development and metastasis [24, 25]. Focal
adhesion kinase overexpression has been described in human can-
cers and is related to invasive potential of tumour cells and poor
prognosis [24, 26, 27]. It has been shown that FAK suppression is
associated with decreased mobility and metastastic capacity in breast
cancer cells [28]. Focal adhesion kinase is activated by c-Src, a non-
receptor tyrosine kinase that recruited FAK to the c-Src complex [29].
In addition, the activation of c-Src has been significantly associated
with tumour progression and aggressive features [30, 31]. Activated
FAK–Src complex mediates the phosphorylation of multiple adhesion
components involved in the dynamic regulation of cell motility.

The purpose of our study was to investigate the effects of RA on
human breast cancer cells migration, underlying molecular mecha-
nisms involved and the possible roles of RARb. To this aim, we stud-
ied the consequences of RA treatment on the expression of moesin,
c-Src and FAK and actin remodelling in breast cancer cells.

Materials and methods

Cell cultures and treatments

The human breast carcinoma cell lines T47D and MCF7 were obtained

from the American Type Culture Collection (Rockville, MD, USA). T47D
and MCF7 cells were routinely grown in RPMI 1640 supplemented with

L-glutamine (2 mM) and 10% foetal bovine serum. All-trans-RA was

obtained from Sigma Chemical Co. (St. Louis, MO, USA). Retinoic acid

stock solution was dissolved in dimethyl sulfoxide (DMSO) at a concen-
tration of 10�2 M and maintained at �20°C, protected from light and in

an inert atmosphere. The synthetic agonist retinoids, selective for RARa
(BMS753), RARb (BMS453) and RARc (BMS961), and synthetic antag-

onist retinoids selective for RARa (BMS195614; Tocris Bioscience,
Bristol, UK) were kindly provided by Dr. Hinrich Gronemeyer (IGBMC,

Illkirch, France). Agonist and antagonist retinoids were diluted in ethanol

and added to the culture medium to give a final concentration of
10�6 M. In control cultures, the DMSO or ethanol vehicle was added at

the same final dilution. All experiments with retinoids were performed in

reduced room light.

Viability assay

The MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-difeniltetrazol] (Sigma Aldrich,

St. Louis, MO, USA) was dissolved at a concentration of 5 mg/ml in
RPMI culture medium. The working solution was 0.1 mg/ml MTT. Cell

lines were seeded into 96 well plates at a density of 13,000 cells/well.

24 hrs later, the RA dose-dependency treatment (10�7/10�5 M) was
performed. After 72 hrs, the medium was removed and the cells were

incubated with 100 ll MTT/well (0.5 mg/ml) for 3–4 hrs. MTT was

removed and the formazan crystals rings were dissolved in 100 ll of
DMSO. Absorbance at 570 nm was measured by using a microplate
reader (MULTISKAN EX; Thermo Scientific, Lafayette, CO, USA).

Cell migration assays (wound healing assay)

Scratch wound assay was conducted to assess the influence of RA cell

migration. T47D and MCF7 cells were seeded in six well plates and incu-

bated until 70–80% confluence. Wounds were made in the monolayers by
scratching the surface with a pipette tip (1000 ll) as uniformly and

straight as possible. Then, the cells were washed and 2.0 ml of RPMI

containing steroid-deprived fetal bovine serum were added. Cytosine b-D-
arabinofuranoside hydrochloride (Sigma-Aldrich; 10 lM), a selective
inhibitor of DNA synthesis which does not inhibit RNA synthesis, was

used 1 hr before the test substance was added. Cell migration

was monitored for 72 hrs. Every 12 hrs, fresh medium and treatment

was replaced. Digital images from cells were taken and the distance of
migration was then analysed by phase-contrast microscopy.

Immunoblotting

Cell lysates were separated by SDS-PAGE. Antibodies used were: Mouse

Anti-FAK (610088) and Mouse Anti-moesin (clone 38, 610401; BD

Transduction Laboratories, Milano, Italy), Mouse Anti-c-Src (sc-5266)
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and Rabbit Anti-RARb (C-19): sc-552 (Santa Cruz Biotechnology, Santa
Cruz, CA, USA). Primary and secondary antibodies were incubated with

the membranes by using standard techniques. Immunodetection was

accomplished by using enhanced chemiluminescence. The images were

captured by using ChemiDocTM XRS+ System with Image LabTM Software
#170-8265 (Bio-Rad, Hercules, CA, USA).

Transfection experiments

The synthetic small interfering RNA for RARb: sc-29466 was from

Santa Cruz Biotechnology and control siRNA (D-001810-01-05) was

obtained from Dharmacon (Thermo Fisher Scientific Inc.). T47D and
MCF7 cells (60–70% confluent) were transfected with 50–75 nM of tar-

get siRNA or control siRNA by using Lipofectamine (Invitrogen, Carls-

bad, CA, USA). The cells were treated 24 hrs after siRNA transfection.

Transfection efficiency was checked for expression of RARb by imuno-
blotting and it was optimal at 48 hr.

Cell adhesion assay

Five hundred thousand cells per well were seeded into 6-well plates on

coverslips previously coated with 1% sterile gelatin (Sigma-Aldrich) and

exposed to different treatments. The cells were incubated at 37°C (in
tissue culture incubator) and after 1 hr, the plates were shaken for

1 min. at 150 r.p.m. and washed with PBS to remove any non-adherent

cells. The attached cells were fixed with 4% formaldehyde and stained

with Giemsa. Cells attached images were captured and counted by
using a Nikon Eclipse E200 microscope coupled to a high-resolution

590CU 5.0M CCD digital camera.

Immunofluorescence

T47D and MCF7 cells were grown on coverslips and exposed to treat-

ments. Cells were fixed with 4% paraformaldehyde for 30 min. and per-
meabilized with 0.1% Triton for 5 min. Blocking step was performed

with 3% bovine serum albumin solution for 30 min. at room tempera-

ture. Cells were incubated with the first antibody against moesin (clone
38) overnight at 4°C. After washing, the cells were incubated with goat

antimouse IgG-Alexa Fluor 488 (A-11001; Invitrogen) for 1 hr at room

temperature. The cells were washed and then stained with Texas Red-

phalloidin (Sigma-Aldrich) to reveal actin and the nuclei counterstained
with 40-6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich). The cover-

slips cells were mounted with Vectashield mounting media (Vector Lab-

oratories, Burlingame, CA, USA). Immunofluorescence images were

captured by using a Nikon Eclipse E200 microscope (Tokyo, Japan)
coupled to a high-resolution 590CU 5.0M CCD digital camera.

Evaluation of cellular morphology

Immunofluorescence images stained with Texas red-phalloidin (actin)

were used to quantify the effects, of cells with a static and a migratory

phenotype. Cells simultaneously showing loss of stress fibres, progres-
sive localization of actin towards the edge of the cell membrane, and

presence of numerous stress fibre arcs were considered as having a

migratory phenotype [32]. Conversely, a static phenotype was charac-

terized by actin fibres arranged longitudinally through the major axis of
the cell shape [32].

Statistical analysis

D’Agostino & Pearson omnibus normality test was used to determine

whether the samples have normal distribution. Statistical analysis of the

data was performed with one-way ANOVA followed by Turkey-Kramer
Multiple-Comparisons test or the non-parametric Kruskal–Wallis test

(GraphPad PRISM program version 5.0, San Diego, CA, USA). P < 0.05

was considered as statistically significant. All values were expressed as

mean � SD.

Results

Effects of RA on breast cancer cells viability

Retinoids are known to inhibit the growth of breast cancer cells [2,
11]. However, the MTT assay showed that 72 hrs of RA treatment at
increasing concentrations (10�7–10�5 M) did not affect T47D and
MCF7 cells viability, but at the highest concentrations (10�5 M) in
MCF7 cells, the viability decreased 20% compared with untreated
(control) cells (Fig. 1A and B).

A B

Fig. 1 (A and B) The cellular lines MCF7 and T47D were seeded at 13,000 cells per well and treated with RA (10�7/10�5 M) for 3 days. The results

were expressed as percentage (%) of survival cells. All data shown were representative of three independent experiments. Error bars indicate stan-

dard deviations. *P < 0.05 versus Con.
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RA reduces MCF7 and T47D cells migration

The effect of RA on breast cancer cell migration was then tested in a
dose–response experiment. To distinguish cell migration from cell
proliferation, Cytosine-b-D-arabinofuranoside hydrochloride (10 lM),
a selective inhibitor of DNA strand separation that does not block
RNA synthesis, was used to arrest cell proliferation. After partially
scraping out MCF7 cells from the cell culture dish, we monitored the
movement of the remaining cells for the following 72 hrs. After
72 hrs, 10�6 and 10�5 M of RA significantly inhibited the migration
of MCF7 cells towards the scraped area ‘the wound healing’ compared
with control untreated cells (Fig. 2A and B). It is important to note
that the 60% of cell migration inhibition started from RA 10�6 M, but
at the same concentration the cell viability was not affected (Figs 1A
and 2A, B). Similar results were obtained in T47D cellular line (data
not shown).

The synthetic retinoid RARb agonist, BMS 453,
inhibits breast cancer cells migration

To determine which subtype of RAR is involved in RA-induced migra-
tion inhibition, we tested the effects of selective synthetic retinoid

agonists, for RARa (BMS753), RARb (BMS453) and RARc
(BMS961), and the RARa-selective antagonist (BMS195614).

Treatment with RA 10�6 M for 72 hrs significantly reduced T47D
breast cancer cells migration (Fig. 2C and D). Retinoic acid receptor
a-selective antagonist (BMS195614) in combination with RA did not
affect the cell movement, suggesting that RARa receptor is not
required for RA effects on cell migration. The RARb-selective agonist
(BMS453), but not RARa- or RARc-selective agonists (BMS753 and
BMS961, respectively), significantly reduced the cell migration to lev-
els comparable to inhibition by RA, indicating that RARb is involved
in RA-inhibited cell migration (Fig. 2C and D). Similar results were
obtained in MCF7 cellular line (data not shown).

RARb protein expression is regulated by AR in
breast cancer cells lines

The expression of RARb protein varies among breast cancer cell
lines. Zhang et al. did not detect RARb expression in five breast can-
cer cell lines and showed that the treatment with RA could induce its
expression [33]. We have evaluated the RARb protein expression in
three breast cancer cells lines under basal conditions (MDA-MB231,
T47D and MCF7). We verified that RARb protein expression was

A B

C D

Fig. 2 (A) MCF7 cells were treated with retinoic acid (RA) in different concentrations (10�7/10�5 M) and cell migration was imaged after 72 hrs. (B)
Gap closure was quantified with the use of NIH image J software. *P < 0.05 versus Con. (C) T47D cells were treated with RA (10�6 M) and the
synthetic agonist retinoids, selective for RARa Agonist (BMS753), RARb Agonist (BMS453) and RARc Agonist (BMS961), and the synthetic antago-

nist retinoids selective for RARa (BMS195614) plus RA (10�6 M). All retinoids were incubated at 10�6 M for 72 hrs. Cell migration was imaged

after 72 hrs. (D) Gap closure was quantified with the use of NIH image J software. *P < 0.05 versus Con. These experiments were performed in

triplicates and representative images are shown.
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higher in T47D cells compared with MDA-MB231 and MCF7 cells
(Fig. 3A). This result is in accordance with other authors who have
shown that RARb gene expression may be lost by hypermethylation
in breast cancer cells lines such as MDA-MB231 or MCF7 cells [6].

Next, we investigated the expression of RARb in MCF7 cells after
a RA dose-dependent treatment. It has been reported that RARb is
weakly expressed in MCF7 cells but it can be induced by RA treatment
[6]. Our results demonstrate that RA administration on MCF7 cells
can induce RARb protein expression with a peak at 10�6 M after
72 hrs (Fig. 3B and C), which is consistent with the kinetics of
RA-induced migration inhibition.

RA reduces the expression of moesin, c-Src and
FAK, which correlates with its migration-
inhibitory effect

Based on our previous findings in which the actin-regulatory protein
moesin and the kinases c-Src and FAK resulted to be essential pro-
teins for the migration induced by different hormones [34–36], we
have investigated if these proteins could be involved in the biological
activities of RA resulting in reduced breast cancer cells migration.
Time-dependent treatment (24–72 hr) with RA 10�6 M significantly
reduced the expression of moesin, c-Src and FAK (Fig. 3C). Interest-
ingly, the expression levels of moesin, FAK and c-Src in these cells
were inversely correlated with those of RARb (Fig. 3C).

RA fails to impaired cellular migration when
RARb is silenced

We next treated MCF7 cells with RA (10�6 M/72 hr) and another
group was first transfected with a specific RARb siRNA and then
exposed to or not with RA (10�6 M/72 hr). After performing a cell
migration assay, we found that RA was able to significantly decrease

cell migration, but failed to inhibit migration in cells transfected with
RARb siRNA, indicating that the inhibition of cell migration by RA is
mediated by the RARb pathway (Fig. 4A and B).

To demonstrate if RARb mediates RA effects on cell movement,
we have studied the expression of moesin, c-Src and FAK proteins in
MCF7 cells treated with RA after RARb silencing. Therefore, RARb
silencing impaired the reduction in these proteins by RA indicating a
RARb-dependent behaviour. In other words, RA reduced the expres-
sion of these proteins through RARb (Fig. 4C).

RA reduces migration and adhesion in T47D
cells

The treatment with RA (10�6 M/72 hr) caused 50% inhibition of cell
migration in T47D cells (Fig. 5A and B). Retinoic acid failed to inhibit
the cell migration after RARb silencing, suggesting that RA could
suppress the cell migration through RARb (Fig. 5A and B). Further-
more, untreated cells transfected with a control siRNA showed a
lower cell migration than RARb-silenced cells (Fig. 5A and B).

On the contrary to the expected, RARb-siRNA transfected T47D
cells showed a similar decrease in moesin, FAK and c-Src expres-
sions after treatment with RA (Fig. 5C).

In addition to reduce T47D cells migration, the treatment with RA
(10�5 M/72 hr) significantly inhibited T47D cell adhesion to gelatin
(Fig. 5D).

RA induces a static phenotype of migration
through inhibition of Moesin

To better understand the dynamics of breast cancer cells migration
and the different behaviour observed between untreated and RA trea-
ted cells, we next investigated changes in the cytoskeleton organiza-
tion induced by RA treatments. MCF7 and T47D cells non transfected/

A

B

C

Fig. 3 (A) Western blot analysis for RARb protein was performed in 30 lg of total lysate of untreated MDA-MB231, T47D and MCF7 breast cancer

cells. (B) Western blots show total cell amount of RARb in MCF7 treated with different concentrations of retinoic acid (RA; 10�8/10�5 M) for
48 hrs. (C) MCF7 breast cancer cells were treated with RA (10�6 M) for 24, 48, 72 hrs and the RARb, FAK, moesin, and c-Src expression are

shown. Actin expression is shown in the lower boxes as loading control. The experiments were repeated three times with consistent results and rep-

resentative images are shown. Densitometric quantifications of all the blots (including those not shown) were performed and the relative

mean � SD of each condition are presented in graph as supplemental data online Fig. S1A–C.
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transfected with siRNA RARb were exposed to RA (10�6 M/72 hr).
We have examined through inmunofluorescence experiment the
expression and localization of the modulator protein moesin with

Alexa fluor 488 (green) and actin fibres with the specific marker Texas
red-phalloidin (red). In control cells (without treatment), actin fila-
ments arranged longitudinally along the major axis (Fig. 6A and B)

A

C

B

Fig. 4MCF7 cells were exposed to retinoic
acid (RA; 10�6 M/72 hr) and another

group was first transfected with a specific

RARb siRNA and then treated or not with

RA (10�6 M/72 hr). (A) Cell migration
was imaged after 72 hrs. (B) Gap closure

was quantified with the use of NIH image

J software. *P < 0.05 versus Con. (C)
Western blot analysis for RARb, FAK,

moesin and c-Src. Actin expression is

shown in the lower boxes as loading con-

trol. These experiments were performed in
triplicates and representative images are

shown. Densitometric quantifications of all

the blots (including those not shown)

were performed and the relative
mean � SD of each condition are pre-

sented in graph as supplemental data

online Fig. S2.

A B

C D

Fig. 5 T47D cells were exposed to retinoic acid (RA; 10�6 M/72 hr) and another group was first transfected with a control siRNA or specific RARb
siRNA and then treated or not with RA (10�6 M/72 hr). (A) Cell migration was imaged after 72 hrs. (B) Gap closure was quantified with the use of
NIH image J software. *P < 0.05 versus Con. (C) Western blot analysis for RARb, FAK, moesin, c-Src and Actin as loading control was performed.

(D) Representative images of T47D cell adhesion to gelatin after RA treatment (10�6/10�5 M) for 72 hrs are shown. These experiments were per-

formed in triplicates and representative images are shown. Densitometric quantifications of all the blots (including those not shown) were performed

and the relative mean � SD of each condition are presented in graph as supplemental data online Fig. S3.
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and moesin showed a diffuse distribution throughout the cytoplasm
(Fig. 6A and B). The treatment with RA significantly reduced the
expression of moesin, which changed its spatial organization, show-
ing an increment of stress fibres and a progressive localization of the
protein towards the nucleus. At this localization is difficult for moesin
to form cortical actin complexes, moesin aggregates or specialized
cell membrane structures, which are present in the cell membrane to
induce cell motility (Fig. 6A and B).

When the cells were transfected with the specific RARb siRNA,
RA failed to reduce moesin expression and was not effective to induce
moesin re-distribution (Fig. 6A and B).

Furthermore, after 72 hrs of RA 10�6 M incubation most of MCF7
and T47D cells showed a static phenotype (Fig. 7A). The static phe-
notype is generally characterized by numerous actin fibres longitudi-
nally arranged through the major axis of the cell shape. In contrast,

the migratory phenotype exhibits loss of stress fibres, progressive
localization of F-actin towards the edge of the cell membrane, and
numerous stress fibres arcs (Fig. 7A). Thus, after 72 hrs of RA incu-
bation, a significant difference in the number of cells with a migratory
phenotype was observed between controls and RA treated cells.
Moreover, this inhibitory effect was extremely limited in the RARb
down-regulated group (Fig. 7A), determining that RARb mediates the
effect of RA on moesin down regulation and cellular localization.

Discussion

Retinoids have long been investigated in preclinical models, and clini-
cal data have already supported the potential of these compounds in
cancer prevention and treatment [37–39].

A

B

Fig. 6 (A and B) MCF7 and T47D cells

were exposed to retinoic acid (RA;

10�6 M/72 hr) and another group was
first transfected with a specific RARb
siRNA and then treated or not with RA

(10�6 M/72 hr). Then the cells were

stained with anti-moesin (clone 38) linked
to Alexa Fluor 488 (green), actin was

stained with phalloidin linked to Texas

Red (red) and nuclei were counterstained

with DAPI (blue). All the experiments were
repeated three times with consistent

results, and the representative images are

shown. The microphotographs were taken
with a 100 9 objective.
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Retinoic acid is being increasingly included in both chemopreven-
tive and therapeutic schemes for various tumour diseases including
breast cancer [39–41]. In general, RA is believed to inhibit carcino-
genesis by blocking the promotion of initiated or transformed cells by
three mechanisms: induction of apoptosis, arrest of tumour growth
and/or differentiation of cancer cells [41]. Growth inhibition of breast
cancer cells by RA has been associated with the induction of RARb,
which may act as a tumour suppressor and appears to be down-regu-
lated in breast cancer cells and, conversely, up-regulated in normal
mammary epithelial cells [33].

Several studies have also reported that RA may inhibit invasion
and metastasis in diverse types of cancer such as breast [42] and
colon cancer cells [43]. However, the mechanism by which RA blocks
the late stages of carcinogenesis is largely unknown. In addition, limi-
tations in the successful of prevention and treatment of solid tumours
with retinoids may be related to the epigenetic silencing of RARb [4].

The multifaceted approach of this study was an attempt to provide
a comprehensive analysis of the RA effects on the migration capabil-
ity by using two human breast cancer cell lines. We have demon-
strated the ability of RA to inhibit breast cancer cell migration in a
dose- and time-dependent manner; others studies using various cell
lines also demonstrated a similar effect [44–47]. In agreement with
other authors, we have demonstrated the cellular motility inhibition
by RA in breast cancer cells in absence of growth inhibition [48]. The
possible mechanisms implicated in the RA anti-migratory effect
were further investigated, and our data showed that RA treatment
up-regulates RARb expression and down-regulates moesin, FAK, and
c-Src (proteins related to migration) expression in MCF7 cells (which
have very low RARb expression in basal conditions by promoter
methylation).

Numerous studies indicate that FAK could be an important player
in signalling cascades associated with cancer progression and metas-
tasis [49, 50]. Increased FAK expression has been correlated with
increased cell motility, invasiveness and proliferation [51, 52]. Moesin
has also been proposed as key regulator of metastasis in aggressive
cancers [22, 23]. Therefore, we hypothesize that RA reduces moesin,
FAK and c-Src expressions in breast carcinoma MCF7 cell lines by
RARb. In fact, RARb expression was induced by treatment with RA
and RARb silencing abolished the ability of RA to reduce the expres-
sion of moesin, FAK and c-Src in these cells. According to previous
reports, the anti-cancer potential of RA is mainly mediated by RARb
[7, 53] which increases the expression of the migration-related
protein E-cadherin [46].

In T47D cells, as in MCF7 cells, we observed that RA reduced sig-
nificantly cell migration (55%) but this reduction only represented
20–30%, when RARb was silenced. Contrary to our expectations,
after RARb silencing, RA reduced moesin, c-Src and FAK expressions
but cells express a migratory phenotype in which moesin is localized
near the edge of the cell membrane forming specific cellular struc-
tures for migration (cortical actin complexes, pseudopodia, and mem-
brane ruffles). Therefore, in T47D cells, the effect of RA on cell
migration may be mediated not only by RARb but also by RARa and/
or RARc. On the other hand, we have kept in mind that moesin, c-Src
and FAK are three of the several proteins related to motility and that
RARb could be involved in the modulation of one or more of these
proteins (talin, vinculin, paxilin and/or contactin).

In cancer cells with a down-regulated RARb expression, RA
resulted ineffective to reduce cellular migration, suggesting that
tumour cells could silence RARb to facilitate the escape of the
tumour triggering the metastatic process. This is the first time

A

B

Fig. 7 (A) Immunofluorescence images of
MCF7 and T47D cells stained with Texas

Red-phalloidin (actin) were used to quan-

tify the effects, of cells with a static and a

migratory phenotype. The results were
expressed as percentage (%) of Cells with

Migratory Phenotype. (B) Representative

images of Static and Migratory Phenotype
of T47D cells are shown. All the experi-

ments were repeated three times with

consistent results, and the representative

images are shown. The microphotographs
were taken with a 100 9 objective.
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that silencing of RARb was associated with cell migration, which
may contributes to its antitumour activity. In agreement with other
research groups, we consider that RARb promoter hypermethyla-
tion may confer a survival advantage to the disseminated cells at
the distant site [19].

Some authors have demonstrated that RA and other biologically
active retinoids inhibit cellular migration in several cell lines such as
human colon carcinoma cells [46], and human breast cancer MCF7
and MDA-MB-231 cells [54, 55]. Dutta et al. demonstrated that RA
treatment caused a significant decrease in FAK expression in MCF7
cells and they suggest that it may contribute to the cell motility
decreased [54]. Furthermore, in MDA-MB-231 cells, the same authors
demonstrate that RA enters into the nucleus and regulates various
signalling pathways including Integrin, FAK, ERK, PI-3K, NFkB and
down-regulates pro-MMP-9 activity as well as its expression. They
showed that the migration of MDA-MB-231 cells on fibronectin med-
ium is retarded in presence of RA [55]. However, these authors did
not explore which RA receptor subtype mediates the effects on cell
migration and motility.

Alterations in the adhesion and motility properties of neoplastic
cells may play a pivotal role in the development and progression of
the malignant phenotype in various tumour types. Invasion is a multi-
phase process constituted by different coordinated interdependent
steps, controlled by cross-talk mechanisms between cells and the
extracellular microenvironment [56].

We verified by indirect immunofluorescence staining, that RA
reduced the appearance of peculiar structures such as ruffles and
pseudopodia and it affected the cytoskeletal rearrangement through
reorganization of the stress fibres inhibiting the formation stress
fibres arcs and lamellipodia that frequently occur in moving cells.
Retinoic acid induced a static phenotype in MCF7 and T47D cells,
with actin fibres longitudinally arranged through the major axis of
the cell surface. Thus, after 72 hrs of RA incubation, a statistically
significant reduction in the number of cells with a migratory pheno-
type was observed. Moreover, this inhibitory effect was extremely
limited in RARb down-regulated group. Our results indicate that RA
may play a significant role in breast cancer development and pro-
gression modulating cellular migration and cytoskeletal reorganiza-
tion via RARb.

Chang et al. demonstrated that RA differentially regulates de novo
synthesis of various ECM proteins in cultured human retinal pigment
epithelial cells (RPE) [57]. The underlying mechanism may be, at least
in part, becuase of the suppressive effects of RA on integrin b3
expression. In conclusion, RA appears to have the ability to alter the
expression of ECM proteins, remodelling the cytoskeleton [57, 58].
Therefore, we speculate that RA could modify the breast cancer cells
phenotype from invasive to non-invasive. Du. et al. demonstrated that
after RA treatment, twenty genes which were correlated with migra-
tion of RPE cells were down-regulated, whereas another four genes
had been up-regulated [58]. They found that the expression of inte-
grin genes were down-regulated by RA. Integrins are proteins highly
related to FAK. The up-regulation of E-cadherin by RA prevents RPE
cell migration through maintaining cell and tissue cohesion. There-
fore, genes whose expressions are involved in motility may play an
important role in migration and invasion [58].

The strong antimetastatic effect of RA suggests the importance to
design treatments combining retinoids and other agents. Several reti-
noids are currently in clinical trials to treat or prevent breast cancer
progression. Retinoids are effective inhibitors of breast cancer cells at
the early stages of tumour progression, but their effectiveness dimin-
ishes when the tumours become more aggressive [59]. Therefore, to
develop rational retinoid-based therapy for breast cancer, it becomes
necessary to elucidate the molecular pathways activated by retinoids.
Retinoic acid receptor b expression deficiency and inadequate
responsiveness of retinoids via RARb may reduce the treatment effi-
cacy in patients with advanced breast tumours [59]. It is also becom-
ing increasingly obvious that RARb expression is lost early in
carcinogenesis and it is epigenetically silenced [6] in many solid
tumours, providing an opportunity for novel treatment strategies to
be investigated by using retinoids together with epigenetic modifiers
that promote re-expression of silenced genes. The limited treatment
success with retinoids observed to date in the prevention and treat-
ment of solid tumours may be related to the frequent epigenetic
silencing of RARb. Robust evaluation of RARb and downstream
genes may optimize the use of retinoids in solid tumours.

Conclusion

Our study demonstrates that high concentrations of RA induce RARb
expression which mediates cell migration and cell motility inhibition
in breast cancer cells. The results show the participation of RA in
some properties of cancer cells involved in the metastatic process,
like motility and adhesivity. More pharmacokinetic studies of retinoids
are needed to elucidate other biological effects of retinoids in human
tumour cells to design novel clinical trials for cancer therapy or strat-
egies to prevent the malignant transformation.
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cancer cells. (B) RARb in MCF7 cells treated with different concentra-
tions of RA (10�8/10�5 M) for 48 hr. (C) RARb, FAK, moesin, and
c-Src expression in MCF7 cells treated with RA (10�6 M) for 24, 48,
72 hr. and the are shown.

Figure S2 Densitometric quantification of western blot analysis for
RARb FAK, moesin and c-Src in MCF7 cells exposed to RA (10�6 M/

72 hr) or transfected with a specific RARb siRNA and then treated or
not with RA (10�6 M/72 hr).

Figure S3 Densitometric quantification of western blot for RARb,
FAK, moesin, c-Src in T47D cells exposed to RA (10�6 M/72 hr) or
transfected with a control siRNA or specific RARb siRNA and then
treated or not with RA (10�6 M/72 hr)

References

1. Sporn MB. The war on cancer. Lancet. 1996;
347: 1377–81.

2. Lotan R, Lotan D, Sacks PG. Inhibition of

tumor cell growth by retinoids. Methods

Enzymol. 1990; 190: 100–10.
3. Ross SA, McCaffery PJ, Drager UC, et al.

Retinoids in embryonal development. Phys-

iol Rev. 2000; 80: 1021–54.
4. Connolly RM, Nguyen NK, Sukumar S.

Molecular pathways: current role and future

directions of the retinoic Acid pathway in

cancer prevention and treatment. Clin Can-
cer Res. 2013; 19: 1651–9.

5. Chambon P. A decade of molecular biology

of retinoic acid receptors. FASEB J. 1996;

10: 940–54.
6. Sirchia SM, Ferguson AT, Sironi E, et al.

Evidence of epigenetic changes affecting the

chromatin state of the retinoic acid receptor

beta2 promoter in breast cancer cells. Onco-
gene. 2000; 19: 1556–63.

7. Sun SY, Wan H, Yue P, et al. Evidence that

retinoic acid receptor beta induction by reti-
noids is important for tumor cell growth inhi-

bition. J Biol Chem. 2000; 275: 17149–53.
8. Widschwendter M, Berger J, Muller HM,

et al. Epigenetic downregulation of the reti-
noic acid receptor-beta2 gene in breast can-

cer. J Mammary Gland Biol Neoplasia. 2001;

6: 193–201.
9. de The H, Vivanco-Ruiz MM, Tiollais P,

et al. Identification of a retinoic acid respon-

sive element in the retinoic acid receptor

beta gene. Nature. 1990; 343: 177–80.
10. Toulouse A, Morin J, Pelletier M, et al.

Structure of the human retinoic acid recep-

tor beta 1 gene. Biochim Biophys Acta.

1996; 1309: 1–4.
11. Liu Y, Lee MO, Wang HG, et al. Retinoic

acid receptor beta mediates the growth-

inhibitory effect of retinoic acid by promot-

ing apoptosis in human breast cancer cells.
Mol Cell Biol. 1996; 16: 1138–49.

12. Widschwendter M, Berger J, Daxenbichler
G, et al. Loss of retinoic acid receptor beta

expression in breast cancer and morphologi-
cally normal adjacent tissue but not in the

normal breast tissue distant from the can-
cer. Cancer Res. 1997; 57: 4158–61.

13. Xu XC, Sneige N, Liu X, et al. Progressive
decrease in nuclear retinoic acid receptor

beta messenger RNA level during breast car-
cinogenesis. Cancer Res. 1997; 57: 4992–6.

14. Feng W, Orlandi R, Zhao N, et al. Tumor

suppressor genes are frequently methylated

in lymph node metastases of breast cancers.
BMC Cancer. 2010; 10: 378.

15. Marzese DM, Gago FE, Vargas-Roig LM,
et al. Simultaneous analysis of the methyla-
tion profile of 26 cancer related regions in

invasive breast carcinomas by MS-MLPA

and drMS-MLPA. Mol Cell Probes. 2010; 24:

271–80.
16. Shinozaki M, Hoon DS, Giuliano AE, et al.

Distinct hypermethylation profile of primary

breast cancer is associated with sentinel

lymph node metastasis. Clin Cancer Res.
2005; 11: 2156–62.

17. Pavan B, Biondi C, Dalpiaz A. Nuclear reti-
noic acid receptor beta as a tool in chemo-
prevention trials. Curr Med Chem. 2006; 13:

3553–63.
18. Moison C, Senamaud-Beaufort C, Fourriere

L, et al. DNA methylation associated with
polycomb repression in retinoic acid recep-

tor beta silencing. FASEB J. 2013; 27: 1468–
78.

19. Mehrotra J, Vali M, McVeigh M, et al. Very
high frequency of hypermethylated genes in

breast cancer metastasis to the bone, brain,

and lung. Clin Cancer Res. 2004; 10: 3104–
9.

20. Marzese DM, Hoon DS, Chong KK, et al.
DNA methylation index and methylation pro-

file of invasive ductal breast tumors. J Mol
Diagn. 2012; 14: 613–22.

21. Louvet-Vallee S. ERM proteins: from cellu-

lar architecture to cell signaling. Biol Cell.

2000; 92: 305–16.
22. Giretti MS, Fu XD, De Rosa G, et al. Extra-

nuclear signalling of estrogen receptor to

breast cancer cytoskeletal remodelling,

migration and invasion. PLoS ONE. 2008; 3:
e2238.

23. Rossy J, Gutjahr MC, Blaser N, et al. Ezrin/
moesin in motile Walker 256 carcinosar-

coma cells: signal-dependent relocalization

and role in migration. Exp Cell Res. 2007;

313: 1106–20.
24. Gabarra-Niecko V, Schaller MD, Dunty JM.

FAK regulates biological processes impor-

tant for the pathogenesis of cancer. Cancer

Metastasis Rev. 2003; 22: 359–74.
25. McLean GW, Carragher NO, Avizienyte E,

et al. The role of focal-adhesion kinase in

cancer - a new therapeutic opportunity. Nat
Rev Cancer. 2005; 5: 505–15.

26. Cance WG, Harris JE, Iacocca MV, et al.
Immunohistochemical analyses of focal

adhesion kinase expression in benign and
malignant human breast and colon tissues:

correlation with preinvasive and invasive

phenotypes. Clin Cancer Res. 2000; 6:

2417–23.
27. Lark AL, Livasy CA, Dressler L, et al. High

focal adhesion kinase expression in invasive

breast carcinomas is associated with an
aggressive phenotype. Mod Pathol. 2005;

18: 1289–94.
28. Chan KT, Cortesio CL, Huttenlocher A. FAK

alters invadopodia and focal adhesion
composition and dynamics to regulate breast

cancer invasion. J Cell Biol. 2009; 185:

357–70.
29. Calalb MB, Polte TR, Hanks SK. Tyrosine

phosphorylation of focal adhesion kinase

at sites in the catalytic domain regulates

kinase activity: a role for Src family

kinases. Mol Cell Biol. 1995; 15:
954–63.

30. Irby RB, Yeatman TJ. Role of Src expression
and activation in human cancer. Oncogene.
2000; 19: 5636–42.

31. Wheeler DL, Iida M, Dunn EF. The role of

Src in solid tumors. Oncologist. 2009; 14:

667–78.
32. Gentilini D, Vigano P, Somigliana E, et al.

Endometrial stromal cells from women with

endometriosis reveal peculiar migratory

behavior in response to ovarian steroids.
Fertil Steril. 2010; 93: 706–15.

1122 ª 2014 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.



33. Zhang XK, Liu Y, Lee MO. Retinoid recep-
tors in human lung cancer and breast can-

cer. Mutat Res. 1996; 350: 267–77.
34. Flamini MI, Sanchez AM, Genazzani AR,

et al.Estrogen regulates endometrial cell cyto-
skeletal remodeling andmotility via focal adhe-

sion kinase. Fertil Steril. 2011; 95: 722–6.
35. Fu XD, Flamini M, Sanchez AM, et al. Pro-

gestogens regulate endothelial actin cyto-

skeleton and cell movement via the actin-

binding protein moesin. Mol Hum Reprod.

2008; 14: 225–34.
36. Sanchez AM, Flamini MI, Baldacci C, et al.

Estrogen receptor-alpha promotes breast

cancer cell motility and invasion via focal

adhesion kinase and N-WASP. Mol Endocri-
nol. 2010; 24: 2114–25.

37. Jimenez-Lara AM, Clarke N, Altucci L,
et al. Retinoic-acid-induced apoptosis in
leukemia cells. Trends Mol Med. 2004; 10:

508–15.
38. Sun SY, Lotan R. Retinoids and their recep-

tors in cancer development and chemopre-
vention. Crit Rev Oncol Hematol. 2002; 41:

41–55.
39. Zanardi S, Serrano D, Argusti A, et al. Clini-

cal trials with retinoids for breast cancer
chemoprevention. Endocr Relat Cancer.

2006; 13: 51–68.
40. Hansen LA, Sigman CC, Andreola F, et al.

Retinoids in chemoprevention and differenti-
ation therapy. Carcinogenesis. 2000; 21:

1271–9.
41. Siddkuzzaman S, Guruvayoorappan C, Ber-

lin Grace VM. All trans retinoic acid and

cancer. Immunopharmacol Immunotoxicol.

2011; 33: 241–9.
42. Liu H, Zang C, Fenner MH, et al. PPAR-

gamma ligands and ATRA inhibit the inva-

sion of human breast cancer cells in vitro.
Breast Cancer Res Treat. 2003; 79: 63–74.

43. Adachi Y, Itoh F, Yamamoto H, et al. Reti-
noic acids reduce matrilysin (matrix metallo-

proteinase 7) and inhibit tumor cell invasion
in human colon cancer. Tumour Biol. 2001;

22: 247–53.
44. Messi E, Florian MC, Caccia C, et al. Reti-

noic acid reduces human neuroblastoma cell

migration and invasiveness: effects on DCX,

LIS1, neurofilaments-68 and vimentin

expression. BMC Cancer. 2008; 8: 30.
45. Papi A, Bartolini G, Ammar K, et al. Inhibi-

tory effects of retinoic acid and IIF on

growth, migration and invasiveness in the

U87MG human glioblastoma cell line. Oncol
Rep. 2007; 18: 1015–21.

46. Woo YJ, Jang KL. All-trans retinoic acid acti-

vates E-cadherin expression via promoter
hypomethylation in the human colon carci-

noma HCT116 cells. Biochem Biophys Res

Commun. 2012; 425: 944–9.
47. Hendrix MJ, Wood WR, Seftor EA, et al.

Retinoic acid inhibition of human melanoma

cell invasion through a reconstituted base-

ment membrane and its relation to

decreases in the expression of proteolytic
enzymes and motility factor receptor. Cancer

Res. 1990; 50: 4121–30.
48. Nakajima M, Lotan D, Baig MM, et al. Inhi-

bition by retinoic acid of type IV collagenoly-
sis and invasion through reconstituted

basement membrane by metastatic rat

mammary adenocarcinoma cells. Cancer
Res. 1989; 49: 1698–706.

49. van Nimwegen MJ, van de Water B. Focal
adhesion kinase: a potential target in cancer

therapy. Biochem Pharmacol. 2007; 73:
597–609.

50. Hao H, Naomoto Y, Bao X, et al. Focal adhe-
sion kinase as potential target for cancer ther-

apy (Review).OncolRep. 2009;22:973–9.
51. Owens LV, Xu L, Craven RJ, et al. Overex-

pression of the focal adhesion kinase
(p125FAK) in invasive human tumors. Can-

cer Res. 1995; 55: 2752–5.
52. Schlaepfer DD, Mitra SK. Multiple connec-

tions link FAK to cell motility and invasion.

Curr Opin Genet Dev. 2004; 14: 92–101.
53. Xu XC. Tumor-suppressive activity of reti-

noic acid receptor-beta in cancer. Cancer
Lett. 2007; 253: 14–24.

54. Dutta A, Sen T, Banerji A, et al. Studies on

multifunctional effect of all-trans retinoic

acid (ATRA) on matrix metalloproteinase-2
(MMP-2) and its regulatory molecules in

human breast cancer cells (MCF-7). J Oncol.

2009; 2009: 627840.
55. Dutta A, Sen T, Chatterjee A. All-trans reti-

noic acid (ATRA) downregulates MMP-9 by

modulating its regulatory molecules. Cell

Adh Migr. 2010; 4: 409–18.
56. Alessandro R, Kohn EC. Signal transduction

targets in invasion. Clin Exp Metastasis.

2002; 19: 265–73.
57. Chang YC, Kao YH, Hu DN, et al. All-trans

retinoic acid remodels extracellular matrix

and suppresses laminin-enhanced contrac-

tility of cultured human retinal pigment

epithelial cells. Exp Eye Res. 2009; 88:
900–9.

58. Du YH, Hirooka K, Miyamoto O, et al. Reti-
noic acid suppresses the adhesion and
migration of human retinal pigment epithelial

cells. Exp Eye Res. 2013; 109C: 22–30.
59. Bushue N, Wan YJ. Retinoid pathway and

cancer therapeutics. Adv Drug Deliv Rev.
2010; 62: 1285–98.

ª 2014 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.

1123

J. Cell. Mol. Med. Vol 18, No 6, 2014


