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All-trans retinoic acid (ATRA) downregulates
MMP-9 by modulating its regulatory molecules
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The vitamin A derivative all-trans retinoic acid (ATRA) is considered as a potent chemotherapeutic drug for its capability
of regulating cell growth and differentiation. We aimed to study the effect of ATRA on MMP-9 in MDA-MB-231, human
breast cancer cells and the probable molecular mechanisms through which ATRA exerts its effect. Our experimental
findings demonstrate that ATRA enters into the nucleus and regulates various signaling pathways viz. Integrin, FAK, ERK,
PI-3K, NFkB and also EGFR and downregulates pro-MMP-9 activity as well as its expression. As a result MDA-MB-231 cell
migration on fibronectin medium gets retarded in presence of ATRA. ATRA upregulates TIMP-1 expression. Our study
may help to understand the role of ATRA as a regulator of MMP-9 and the possible signaling pathways which are involved

in this ATRA mediated downregulation of MMP-9.

Introduction

Retinoids, including vitamin A and its analogues, regulate the
growth and differentiation of a wide variety of cells. In some
developing countries, vitamin A deficiency has been associated
with an increased incident of cancer.' Retinoids suppress tumor
formation in many cancers.” Retinoids act by binding to intracel-
lular retinoic acid receptors (RARs) which interact with specific
DNA response element retinoic acid response element (RARE)
to regulate the transcriptional activity of retinoid target genes.
There are two classes of retinoic acid receptors; RARs and RXRs,
each with three subtypes o, 8 and .> Matrix metalloproteinases
(MMPs) have been reported to be inhibited by vitamin A and its
analogues including all-trans retinoic acid (ATRA).* The abil-
ity of ATRA to modulate differentiation, apoptosis, proliferation
and MMP expression and activity has been suggested to explain
its efficacy against tumors.

MMPs are involved in the hydrolysis of extracellular matrix
(ECM) and cell surface molecules.” The MMPs can be divided
into five superfamilies and about 30 subfamilies. One super-
family, ‘the metzincins’, is distinguished by a conserved struc-
tural topology, a consensus motiff containing three histidines
that bind zinc at the catalytic site and a conserved “Met-turn”
motiff that sits below the active site zinc.® The metzincins
can be further subdivided into four distinct families, the
(ADAMs)/adamalysins, the astacins, the serrlysins, and the
matrix metalloproteinases (MMPs, matrixins).” MMPs consti-
tute a family of zinc dependent calcium containing endopepti-
dases.® Gelatinases include MMP-2 and MMP-9. Gelatinases
have a gelatin binding fibronectin domain, composed of three
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fibronectin repeats, inserted between the active site domain
and Zn** binding domain.’ Gelatinase B (MMP-9) contains
an additional ser/thr/pro rich collagen type IV domain." Pro
gelatinase B have predicted molecular weights of 76 and 79
kD, but apparent molecular weight of 92 and 105 kD due to
N- and O-linked glycosylation as well as 16 additional residue
in the collagen-like hinge domain." MMP-9 is secreated as an
inactive precursor that is subsequently activated by the removal
of 73 amino acids at the amino terminus of the metallopro-
teinase.'” TGFp also activates MMP-9 in breast and prostate
cancer cells.”® Induction of MMP-9 is also regulated through
cell-cell contacts and cell.ECM interaction.'* Elevated expres-
sion of MMP-9 is associated with increased metastatic potential
in many cancer types including breast cancer, prostate cancer,
brain cancer and melanoma.” Overproduction of MMP-9 in
non-metastatic rat embryo cells conferred a metastatic pheno-
type of these cells.!

In this present communication, our results shows that all-trans
retinoic acid downregulates pro-MMP-9 activity by regulating
tissue inhibitor metalloproteinase (TIMP-1), NFkB ex-pression,
involving FAK-ERK-PI-3K pathways in MDA-MB-231 cells.
Our results also demonstrates that ATRA mediated down-
regulation of MMP-9 inhibits MDA-MB-231 cell migration in
fibronectin.

Results
EffectofATRAoncellviability. Cellviability (Fig. 1) wasnotaffected

significantly upon 20 wM ATRA treatment to the MDA-MB-231
cells (treated) for 48 h. ATRA treated cells showed approximately
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Figure 1. Control and 48 h 20 .M ATRA treated (Treated) MDA-MB-231
cells were checked for viability with trypan blue assay.

untreated (control) cells. T-test showed (p = 0.24231) that the
difference between the control and treated cells were statistically
not significant, i.e., there were no significant changes in cell via-
bility between control and treated cells.

ATRA downregulates pro-MMP-9 activity. Figure 2A
showed appreciable reduction in pro-MMP-9 activity in the
SECM collected from MDA-MB-231 cells grown in presence of
20 wM ATRA for 48 h (lane 2) compared to the cells grown
without ATRA (lane C). However, the inhibition of MMP-9
activity was not much pronounced when cells were treated with
20 uM ATRA for 24 h (lane 1). Lane M is the marker lane show-
ing pro-MMP-9 and pro-MMP-2 activity.

One way ANOVA shows that there is significant difference
between the groups (F, ; = 495.40; p < 0.01). The corresponding
Critical Difference (CD) at 1% level of significance (CD = 12.72)
shows that the mean of control is significantly higher than that
of 20 M ATRA for 24 h and 48 h and there is also significant
difference between 20 WM ATRA for 24 h and 48 h.

ATRA modulatess MMP-9 and TIMP-1 expression.
MDA-MB-231 cells grown with (+ATRA) or without (-ATRA)
20 wM ATRA for 48 h showed suppression of MMDP-9 expres-
sion both in SFCM and whole cell extract (Fig. 2C) in ATRA
treated cells. m RNA expression (Fig. 2B) of MMP-9 was also
downregulated upon 20 wM ATRA treatment. T-test showed
that the difference in MMP-9 expression in SFCM (p = 0.00038)
as well as in whole cell extract (p = 0.00244) between control
and treated cells were statistically highly significant. However,
TIMP-1 m-RNA expression (Fig. 2B) was found to be induced in
presence of ATRA (+ATRA), compared to the control (-ATRA)
cells.

ATRA downregulates EGFR and EGF-induced pro-MMP-9
activity. Comparative zymogram (Fig. 3A) showed that pro-
MMP-9 activity was upregulated upon 1,000 ng EGF treatment
(lane 1) for 8 h, compared to the control (lane C) cells. However,
pro-MMP-9 activity was inhibited appreciably in the SFCM
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collected from 20 pM ATRA (for 48 h) MDA-MB-231 cells
(lane 2) prior to 8 h EGF treatment.

One way ANOVA shows that there is significant difference
between the groups (F, ; = 495.40; p < 0.01). The correspond-
ing CD at 1% level of significance = 24.46 and at 5% level
of significance = 16.15. Thus the mean of EGF treated (lane
1) is significantly higher than control group and the mean of
ATRA treated (lane 2) is significantly lower than that of EGF
treated.

Western analysis (Fig. 3B) explained significant downregula-
tion of EGFR expression upon 20 uM ATRA for 48 h (+ATRA),
compared to the untreated (-ATRA) cells. Quantitative mea-
surement showed that there is significant difference (p = 0.001)
between control and ATRA treated EGFR expression.

ATRA downregulates integrin expression and the receptor
ligand interactions. MDA-MB-231 cell adhesion to fibronec-
tin (Fig. 4A) and vitronectin (Fig. 4B) was reduced apprecia-
bly upon 20 wuM ATRA treatment (Treated) for 48 h, keeping
the untreated (Control) cells as control. RT-PCR (Fig. 4C)
described 20 wM ATRA for 48 h (+ATRA) downregulates
m-RNA expression of a5, 1, aV and B3, comparing the con-
trol cells ((ATRA) grown without ATRA.

Effect of ATRA on ILK, FAK, NFkB and VEGF expression.
MDA-MB-231 cells grown in presence of 20 puM ATRA for
48 h (+ATRA) showed downregulation of ILK, FAK, NFkB
and VEGF expression (Fig. 5) compared to the cells grown
in absence of ATRA (-ATRA). Quantitative measurement
showed that there is significant difference (p = 0.034(ILK); p
= 0.013(FAK); p = 0.001(NFkB); p = 0.001(VEGF)) between
control and ATRA treated ILK, FAK, NFkB and VEGF
expression.

Effect of ATRA on different signaling molecules.
Comparative zymographic analysis (Fig. 6A) of pro-MMDP-9
activity showed that the enzyme activity was inhibited appre-
ciably in presence of PI-3K inhibitor (lane 2). Combined effect
of ERK and PI-3K inhibitors (lane 5) also reduced the enzyme
activity. However, pro-MMP-9 activity was not altered signifi-
cantly in presence of ERK (lane 1), MEK (lane 3) and p38 (lane
4) inhibitors, compared to the control (lane C).

One way ANOVA shows that there is significant difference
between the groups (F, = 918.1765; p < 0.01). The correspond-
ing CD at 1% level of significance = 8.397 and at 5% level of
significance CD = 5.99. Thus the mean of control is significantly
higher than that of lane 1, 2 and 5. However, there is no signifi-
cant difference between control and lane 3, 4.

Immunoblot assay (Fig. 6B) showed that ATRA (+ATRA)
suppressed expression and phosphorylation of ERK and PI-3K.
Lane -ATRA demonstrated expression and phosphorylated sta-
tus of ERK and PI-3K in control cells.

Quantitative measurement showed that there is significant
difference (p = 0.032 (ERK); p = 0.042 (p-ERK); p = 0.045 (PI-
3K); p = 0.031 (p-PI-3K)) between control and ATRA treated
ERK, p-ERK, PI-3K and p-PI-3K expression.

ATRA upregulates E-cadherin, RARand CRABP expression.
Western blot analysis (Fig. 7A) of E-cadherin and RAR showed
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MMP-9 & TIMP-1
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Figure 2. (A) MDA-MB-231 (300,000 cells /1.5 ml) cells were grown in absence (lane Control) and in presence of 20 wM ATRA for 24 h (lane 20 .M ATRA

24 h) and for 48 h (lane 20 .M ATRA 48 h). SFCMs collected in all cases were subjected to gelatine zymography. Lane M is the marker lane, showing
pro-MMP-9 and pro-MMP-2 activity in the SFCM of HT-1080 cells. (B) Total RNA was extracted from control (lane -ATRA) and 48 h 20 .M ATRA treated
(lane +ATRA) MDA-MB-231 cells. Two-step RT-PCR was performed with MMP-9 and TIMP-1 primers. PCR products were run on 2% agarose gel and
bands were visualized under UV. (C) MDA-MB-231 (300,000 cells/1.5 ml) cells were grown in absence (-ATRA) and in presence (+ATRA) of 20 uM ATRA
for 48 h. SFCM was collected and total protein was extracted. 50 pl of SFCM as well as 50 p.g protein from both control and ATRA treated cells were

subjected to assay with ELSA using anti-MMP-9 antibody.

Figure 3. (A) SFCMs were collected from control and ATRA treated
MDA-MB-231 cells, grown in presence and in absence of 1,000
ng/ml EGF for 8 h. Gelatin zymography was performed using
sepharose 4B bead. Lane C denotes control MDA-MB-231 cells
grown in absence of ATRA and EGF. Lane1 shows pro-MMP-9
activity of MDA-MB-231 cells grown in absence of ATRA, but in
presence of EGF. Lane 2 represents pro-MMP-9 activity of ATRA
treated MDA-MB-231 cells, grown in presence of EGF. (B) Total
protein was extracted from both control (lane -ATRA) and ATRA
treated (lane +ATRA) MDA-MB-231 cells. 100 p.g of protein from
each extract was subjected to western transfer on nitrocellulose
membrane. Membrane was developed using anti-EGFR antibody,
keeping actin as internal control.
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Figure 4. (A) MDA-MB-231 cells grown in presence (Treated) and in absence (Control) of 20 uM ATRA were allowed to bind with different
concentration of fibronectin (25 wg/ml, 12.5 pwg/ml, 6.25 wg/ml, 3.125 pg/ml, 1.56 pg/ml) coated in 96 well plate. After 1.5 h incubation at 37°C wells
were washed and cells were trypsinized. Numbers of bound cells were counted on a haemocytometer slide and % of adhesion was calculated.

(B) MDA-MB-231 cells grown in presence (Treated) and in absence (Control) of 20 wM ATRA were allowed to bind with different concentration of
vitronectin (5 pg/ml, 2.5 wg/ml, 1.25 pg/ml) coated in 96-well plate. After 1.5 h incubation at 37°C wells were washed and cells were trypsinized.
Numbers of bound cells were counted on a haemocytometer slide and % of adhesion was calculated. (C) RT-PCR was performed in control (lane
-ATRA) and ATRA treated (lane +ATRA) MDA-MB-231 cells with a5, B1, av and B3 primer. GAPDH was used to confirm total RNA integrity and equal
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Figure 5. (A) Western blots were performed in MDA-MB-231 cells grown in absence (lane -ATRA) and in presence (lane +ATRA) of 20 ..M ATRA for 48
h as described in methods. Membranes were developed using anti-ILK, anti-FAK, anti-NFkB and anti-VEGF primary antibody, keeping actin as internal
control. (B) RT-PCR of FAK was performed in MDA-MB-231 cells grown without (lane -ATRA) or with (lane +ATRA) 20 uM ATRA. PCR products were run

enhanced expression of the respective proteins in 20 uM ATRA
treated (+ATRA) MDA-MB-231 cells, compared to the untreated
control cells ((ATRA).

Quantitative measurement showed that there is significant
difference (p = 0.0322(E-cadherin); p = 0.0324(RAR)) between
control and ATRA treated E-cadherin, RAR expression.

Figure 7B showed that ATRA (Treated) also upregulates
CRABP expression compared to the control cells (Control). T-test
analysis showed (p = 0.00014) that the difference in the CRABP
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expression in control and treated cells were statistically highly
significant.

Immunocytochemical localization of CRABP (Fig. 7C)
showed that CRABP was initially present in the cytoplasm and
was translocated into the nucleus within 3 h after 20 uM ATRA
treatment (ATRA treated). Interestingly, after 4 h of treatment
CRABP was again found to be exported in the cytoplasm.
However, CRABP was found to be located in the cytoplasm in
untreated (Control) cells even after 4 h.

Volume 4 Issue 3
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Figure 6. (A) Gelatin zymography was performed using the SFCM, collected from MDA-MB-231 cells grown in absence (lane C) and in presence of ERK
(lane 1), PI-3K (lane 2), MEK (lane 3), p38 (lane 4) and both ERK & PI-3K (lane 5) inhibitors. (B) Western blots were performed in control (lane -ATRA) and
ATRA treated (lane +ATRA) MDA-MB-231 cells as before. Membranes were developed with anti-ERK, anti-p-ERK, anti-PI-3K and anti-p-PI-3K antibodies.

ATRA inhibits migration of MDA-MB-231 cells in fibro-
nectin medium. MDA-MB-231 cells grown without (lane 1) or
with (lane 2) ATRA were allowed to grow in presence of 20 g/
ml fibronectin for 2 h. Zymographoic analysis (Fig. 8A) showed
appreciable inhibition of fibronectin induced pro-MMP-9 activ-
ity in the SFCM of ATRA treated (lane 2) cells, compared to the
control (lane 1). The MMP-9 activity was not much pronounced
in absence of fibronectin (lane C), compared to fibronectin
induced MMP-9 (lane 1).

One way ANOVA shows that there is significant difference
between the groups (F, = 925.30; p < 0.01). The corresponding
CD at 1% level of significance = 11.85 and CD at 5% level of
significance = 7.82. Therefore, the mean of FN treated (lane 1)
MMP-9 is significantly higher than that of without FN MMP-9
(lane C) and also much higher than that of ATRA treated fn
induced MMP-9 (lane 2).

When 20 wM ATRA treated (for 48 h) MDA-MB-231 cells
(ATRA treated) were allowed to grow in presence of fibronec-
tin over an wound (Fig. 8B), cell growth was observed to be
restricted outside the wound and no or very less number of
cells were observed to grow across the wound even after 12 h.
However, cells which were not received any ATRA treatments
(Control) were grown throughout the culture dish and after 12 h
they were found to migrate across the wound.

www.landesbioscience.com
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Discussion

This study demonstrates downregulation of pro-MMP-9 activ-
ity in the serum free culture medium (SFCM) of MDA-MB-231
cells upon 20 WM ATRA treatment for 48 h. MMP-9 ex-pression
in the both SFCM and whole cell extract was also reduced in
ATRA treated MDA-MB-231 cells. Therefore, the reduced activ-
ity of pro-MMP-9 in the SFCM may be due to reduced expres-
sion of MMP-9 protein. Furthermore downregulation of MMP-9
m-RNA in ATRA treated cells describes that ATRA may inhibit
pro-MMP-9 activity by down regulating MMP-9 gene ex-pres-
sion. To analyze the mechanism behind the ATRA mediated
inhibition of gelatinolytic activity; TIMP-1 expression was stud-
ied and was found to be upregulated upon ATRA treatment.
Activity of pro-MMP-9 in the extra cellular space is inhibited
by TIMP-1." Upregulation of TIMP-1 expression therefore, may
downregulate pro-MMP-9 activity. Cell viability was not found
to be affected by ATRA treatment.

Several studies have shown that epidermal growth fac-
tor (EGF) stimulates the expression of MMP-9."® Studies also
showed that EGF increased the secretion of MMP-9." Epidermal
growth factor receptor (EGFR) is a transmembrane protein with
intrinsic protein tyrosin kinase (PTK) activity which is acti-
vated on EGF binding.?* EGFR activation involves homo- or
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Figure 7. (A) MDA-MB-231 cells were grown without (lane -ATRA) or with (lane +ATRA) ATRA for 48 h and total protein were extracted. Western blot
was performed as before using anti-RAR and anti-E-cadherin antibodies. Actin was used as internal control. (B) ELISA of RAR and CRABP was per-
formed as before in MDA-MB-231 cells, grown in presence (Treated) and in absence (Control) of ATRA for 48 h. (C) Immunocytochemical localization of
CRABP was performed in MDA-MB-231 cells grown without (Control) or with (ATRA treated) 20 .M ATRA for 2, 3 and 4 h.

hetero-dimerization of other EGFR family members, transphos-
phorylation of receptor, recruitment of various signaling pro-
teins and activation of numbers of signaling pathways.?' 1,000
ng EGF treatment for 8 h in the MDA-MB-231 cells induces
pro-MMP-9 activity significantly. However, the activity was
not induced appreciably in the ATRA treated MDA-MB-231
cells. The EGFR expression was found to be downregulated sig-
nificantly after ATRA treatment. Therefore, ATRA mediated
inhibition of pro-MMP-9 activity may result due to downregu-
lation of EGFR in ATRA treated cells. Furthermore, integrins
and EGFR can co-cluster at the cell surface and can co-activate
common intracellular signaling cascades*” which may lead to
gelatinolytic activity. ATRA inhibits the interaction between
integrin receptors and fibronectin or vitronectin due to lower
expression of a5B1 and aVB3 in ATRA treated cells. A study
by Rolli M, et al. a positive cooperation between MMP-9 and
VB3 integrin receptors that contribute to migratory responses
of metastatic breast cancer cells.?> Human MMP-9 contains an
RGD sequence and this site may serve as recognition motif for
a5B1 and aVB3. In our experiment decreased expression of
a5B1 and aVP3 in ATRA treated cells possibly contribute to
the reduced activity of pro-MMP-9.

Integrin proximal events are involved in the initiation of
integrin-mediated signal transduction. A novel ankyrin repeat
containing serine-threonine protein kinase (ILK) has been dem-
onstrated to associate with the $1 and B3 subunit cytoplsmic
domains*® and may be involved in regulating integrin-medi-
ated signaling. Overexpression of ILK leads to alteration of cell
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adhesion to ECM and promotes anchorage-independent cell
growth.” Downregulation of ILK expression upon ATRA treat-
ment to MDA-MB-231 cells possibly alter the cell adhesion to
fibronectin and vitronectin and may alter the downstream sig-
naling cascade. Furthermore, ILK over expression cells promote
loss of expression or function of E-cadherin.?® E-cadherin, a cal-
cium mediated membrane glycoprotein, mediates cell-cell adhe-
sion interactions always in presence of Ca** ions.”” Dysfunction
of E-cadherin has been correlated with malignancy or evidenced
by tumor progression, loss of differentiation, invasion, metastasis
and poor prognosis.”® Therefore, in our results downregulation
of ILK expression by ATRA may reflect its effect upregulation
of E-cadherin in ATRA treated MDA-MB-231 cells. ATRA
mediated inhibition of cell-matrix association and stimulation of
cell-cell contract may lead to ATRA mediated inhibition of cell
migration on fibronectin.

FAK functions as an important integration point for the regu-
lation of EGF and serum stimulated signal promoting human
tumor cell motility and invasion respectively.” The inhibition
of FAK expression and function was found to result in decreased
MMP-9 secretion.*® FAK can also associate with activated growth
factor receptors through its FERM homology region and its acti-
vation can potentially affect integrin matrix-contact stability by
regulation of MMP secretion.? Studies showed that inhibition of
FAK expression and function resulted in decrease MMP-9 secre-
tion.”> ATRA treatment to the MDA-MB-231 cells resulted in
downregulation of FAK expression could be a regulatory step in
MMP-9 expression and activity.
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Figure 8. (A) MDA-MB-231 cells (300,000 cells/1.5 ml) grown in presence (lane 2) and in absence (lane 1) of 20 wM ATRA for 48 hrs. Both control and
ATRA treated cells were then allowed to grow in presence of 20 pg/ml fibronectin for 2 h in SFCM. Lane C represents MDA-MB-231 cells grown in
absence of fibronectin as well as ATRA. SFCMs were then subjected to gelatine zymography as before. Lane M is the marker lane, showing pro-MMP-9
and pro-MMP-2 activity in the SFCM, collected from HT-1080 cells. (B) Cell migration efficiency of Control and ATRA treated MDA-MB-231 cells were
observed under inverted microscope by creating wounds in cell culture dishes. Cells were allowed to grow in presence of fibronectin ECM ligand to

The cross-talk between EGFR-integrin-FAK leads to activa-
tion of different signaling pathways such as ERK,* PI-3K* and
regulate MMP-9 expression.”® ATRA by downregulating EGFR,
a5-integrin and FAK may downregulate the expression and
phosphorylation of ERK and PI-3K which in turn downregulate
the expression of MMP-9 in the whole cell extract and in the
SECM. This lower expression of MMP-9 reflected in the gela-
tin zymography which showed reduced pro-MMP-9 activity in
ATRA treated cells.

The MMP-9 promoter contains multiple transcription factor
binding sites including AP1, SP1 and NFkB.*® The expression
of NFkB and its binding to MMP-9 promoter was found to be
reduced upon ATRA treatment. This ATRA mediated down-
regulation of NFkB expression is reflected on the ELISA and
RT-PCR result which showed lower expression of MMP-9 in the
whole cell extract.

MMP-9 is induced in premetastatic lung endothelial cells
via VEGFR-1 receptor, which gets activated upon VEGF ligand
binding.?” The block of MMP-9 induction via VEGFR-1 inhibi-
tion culd be useful for the prevention of tumor metastasis. In

our study ATRA mediated inhibition of VEGF could inhibits

www.landesbioscience.com

the VEGF-VEGEFR-1 interaction and the downstream signaling
pathways which may affect pro-MMP-9 activity.

Downregulation of pro-MMP-9 by ATRA even in presence
of fibronectin indicates lower efficiency of cell migration in fibro-
nectin medium in presence of ATRA. Therefore, ATRA reduces
cellular motility which may in turn downregulate cell invasion
and may hamper the process of metastasis.*

The effect of ATRA is known to be mediated through two
types of receptors: CRABPs and RARs. CRABPs serve to
solubilize and transport their lipophilic ligand in the aqueous
phase of cytosol. Ligand binding induces nuclear localization of
CRABP-II and form a complex with RAR which mediates direct
channeling of RA and facilitates the ligation of the receptor.?®
Our results showed that CRABP is predominantly cytosolic in
the absence of ATRA, but that it undergoes a dramatic nuclear
localization upon binding of ATRA. Our experimental findings
showed that CRABP interacts with RAR in a ligand dependent
fashion and the whole complex enters into the nucleus within
3 h of ATRA treatment. The CRABP-RAR complex that
mediates RA channeling is a short lived intermediate that
rapidly dissociates following completion of transfer”” and our

Cell Adhesion & Migration 415



immunocytochemical study demonstrated nuclear localization of
CRARBP after 4 h of ATRA treatment. Furthermore, RAR and
CRABP expression get stimulated upon ATRA treatment which
may indicate the involvement of RAR and CRABP receptors in
ATRA mediated signaling pathway.

Materials and Methods

Materials. Minimal Essential Medium (MEM) and fetal bovine
serum (FBS) were purchased from Invitrogen Corporation, USA.
Fibronectin (440 kD) and protein G agarose was purchased from
Roche, Germany. Vitronectin (75 kD) were purchased from
BD Biosciences, USA. Gelatin Sepharose 4B beads was pur-
chased from Amersham Biosciences, USA. All-trans Retinoic
Acid (ATRA) was purchased from Sigma. Anti-FAK, and-ILK,
anti-MMP-9, anti-NFkB (p65), anti-ERK, anti-p-ERK, anti-PI-
3K, anti-p-PI-3K, anti-EGFR, anti-VEGF, anti-RAR, anti-E-
cadherin, anti-CRABP and anti-actin primary antibodies and
alkaline phosphatase coupled, HRP-coupled and FITC-coupled
secondary antibodies both monoclonal and polyclonal were pur-
chased from Santa Cruz, USA. Super signal west pico chemilu-
miniscent substrate was purchased from Pierce, USA, Nitro blue
tetrazolium/5-bromo-4-chloro-3-indoyl phosphate (NBT/BCIP,
western blue stabilized substrate for alkaline phosphatase), ERK
inhibitor (PD 98059), PI-3K inhibitor (LY294002), MEK inhib-
itor (U0126) and p38 inhibitor (SB203580) were purchased from
Promega (Madison, WI, USA). Tetramethyl benzidine (TMB),
GAPDH primers and 100 base pair DNA ladder were purchased
from Bangalore Genei, India. RNAqueous 4 PCR (Total RNA
isolation kit) and Retroscript (RT-PCR Kit) were purchased from
Ambion, USA. MMP-9, FAK, TIMP-1, a5, B1, oV, B3 primers
were purchased from Operon, USA.

Methods. Cell culture. MDA-MB-231 human breast cancer
cell line and HT'1080 human fibrosarcoma cell line were obtained
from National Centre for Cell Sciences (NCCS), Pune, India.
MDA-MB-231 and HT1080 cells were grown and maintained in
MEM containing 10% FBS in a CO, incubator at 37°C.

Drug treatment. 7.5 mg ATRA was dissolved in 5 ml DMSO
to prepare 5 mM stock solution. ATRA was added to the experi-
mental dishes at concentrations of 10, 20, 30 WM. Control cells
were treated with equal concentration of DMSO.

Cell viability assay. MDA-MB-231 cells (300,000/1.5 ml) were
grown in absence (Control) and in presence of 20 uM ATRA for
48 h. Control and ATRA treated cells were collected by trypsin-
ization. 10 pl of cell suspension (Control and ATRA treated) in
PBS were taken and 10 pl Trypan blue was added into it. Cell
suspensions were mixed well and kept for 3-5 min at room tem-
perature. Numbers of stained and unstained cells were counted
in a haemocytometer slide.

Zymaography. MDA-MB-231 cells (300,000/1.5 ml) were ini-
tially grown in MEM supplemented with 10% FBS in petridishes,
washed with serum free culture medium (SFCM) and treated
with 20 wM concentrations of ATRA for 24 and 48 h in SECM.
Control cells were grown without ATRA but in presence of
1% DMSO (solvent for ATRA) for 48 h and serum free cul-
ture medium (SFCM) were collected. MDA-MB-231 cells were
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grown in absence and in presence of ERK, PI-3K, MEK, p38
inhibitors for 45 min and were then washed with fresh SFCM.
SECM were collected after 24 h. MDA-MB-231 cells, grown
without or with 20 pM ATRA for 48 h were allowed to grow in
presence of 1,000 ng EGF. SFCM were collected after 8 h. The
MMPs in all the cases were separated from SFCM using Gelatin
Sepharose 4B beads and shaking for 2 h at 4°C. The beads were
washed x3 with Tris-buffered saline with Tween-20 (TBS-T)
and suspended in 50 pl of 1X sample buffer (0.075 gm Tris, 0.2
gm SDS in 10 ml water, pH 6.8). The suspension was incubated
for 30 min. at 37°C and then centrifuged at 3,000 r.p.m. for 3
min. The supernatant was then subjected to zymography on 10%
SDS-PAGE co-polymerized with 0.1% gelatin. Gel was washed
in 2.5% Triton-X-100 for 30 min to remove SDS and was then
incubated overnight in reaction buffer (50 mM Tris-HCI pH
7, 4.5 mM CaCl,, 0.2 M NaCl). After incubation, the gel was
stained with 0.5% coomassie blue in 30% methanol and 10%
glacial acetic acid. The bands were visualized by destaining the
gel with water.

ELISA (enzyme linked immunosorbent assay). MDA-MB-231
cells (300,000/1.5 ml) were grown in absence and in presence
of 20 wM ATRA for 48 h. The culture supernatants were col-
lected by centrifugation at 3,000 r.p.m for 3 min and cells were
extracted. The wells of microtitre plate were coated in triplicate
with 50 pg of protein from control and ATRA treated cell extract
and 50 pl culture SFCM from both control and experimental set
and kept at 4°C overnight (plate was wrapped in wrap to prevent
evaporation). Blank wells (with buffer in which samples are sus-
pended) were also prepared. Next day wells were washed with
blocking buffer (1% BSA in PBS) to block non-specific binding
sites and incubated for 1 h at 37°C. Then the wells were washed
three times with washing buffer (0.5% NP-40 and 0.5% BSA
dissolved in PBS). Anti-MMP-9, anti-CRABP primary antibody
solution (1:1,000 dilution) was added to respective wells and
incubated at 37°C for 1 h. Wells were washed three times with
washing buffer. Respective second antibody solution (1:1,000
dilution buffer) was added to wells and incubated at 37°C for
1 h. Wells were washed six times with washing buffer (3-5 min
per wash). Substrate (TMB) was added to the wells (in dark)
and kept as long as required (i.e., until color developed begins to
become too intense). Then 1 M H,SO, stop solution was added
and reading was taken in ELISA reader at 450 nm.

RT-PCR. RNA was extracted from MDA-MB-231 cells grown
in absence (Control) presence and of 20 wM ATRA for 48 h. The
sequence of the primers used for PCR were: hMMP-9: 5-GTA
TTT GAT GGC ATC GCT CA-3' (forward) and 5-CAT TCC
CTG CAA AGA ACA CA-3" (reverse), hTIMP-1: 5-hFAK:
5-GCG CTG GCT GGA AAA AGA A-3' (forward) and 5-TCG
GTG GGT GCT GGC TGG TAG G-3' (reverse), ha5: 5'-CAT
TTC CGA GTC TGG GCC AA-3' (forward) and 5-CAA AAC
AGC CAG TAG CAA CAA-3' (reverse), hpl: 5“TGT TCA
GTG CAG AGC CTT CA-3' (forward) and 5-CCT CAT ACT
TCG GAT TGA CC-3' (reverse), haV: 5-GTT GGG AGATTA
GAC AGA GGA-3' (forward) 5-CAA AAC AGC CAG TAG
CAA CAA-3 (reverse), 5-hB3. 5-GGG GAC TGC CTG TGT
GAC TC-3' (forward) 5-CTT TCC GGT CGT GGA TGG
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TG-3' (reverse), GAPDH primers 5-CGG AGT CAA CGG
ATT TGG TCG TAT-3' (forward) and 5-AGC CTT CTC
CAT GGT GGT GAA GAC-3' (reverse) were used as control
to normalize for mRNA integrity and equal loading. RT-PCR
was carried out using two steps RT-PCR kit (Ambion, USA).
Components were incubated at 42°C for 1 h and at 92°C for 10
min (to inactivate the reverse transcriptase). Conditions used for
PCR consisted of 24 cycles for MMP-9 at 94°C for 30 sec, 63°C
for 30 sec and 72°C for 60 sec, 25 cycles for FAK at 94°C for 30
sec, 60°C for 30 sec and 72°C for 1:30 min and 28 cycles for a5,
B1, haV and hB3 at 94°C for 30 sec, 58°C for 30 sec and 72°C
for 1:30 min with a final incubation at 72°C for 7 min in DNA
thermal cycler. The predicted size of the PCR products were 198
base pairs (bp) for MMP-9, 476 bps for FAK, 324 for o5, 452 for
B1, 288 for aV, 544 for B3 and 454 for GAPDH.

Immunoblot assay of NFkB, ERK, p-ERK, PI-3K, p-PI-
3K, EGFR, VEGF, RAR and E-cadherin. MDA-MB-231 cells
(300,000/1.5 ml) were grown in in absence (control) and in pres-
ence of 20 wuM ATRA for 48 h. The respective cells were collected.
Cell extraction was carried out using cell extraction buffer (37.5
mM Tris, 75 mM NaCl and 0.5% Triton-X-100) and the protein
content of the extracts were estimated by Lowry’s method. Equal
amount of protein was taken and incubated with 1X sample buf-
fer for 30 min followed by 5-8 min incubation with 0.1 volumes
B-mercaptoethanol at 90°C. Samples were then subjected to elec-
trophoresis on 7.5% SDS-PAGE. The proteins were transferred
on to nitrocellulose membranes by western Blot at 300 mA for
3 h. The membranes were blocked with 1% BSA and subsequently
washed three times with TBS-T. The immunoblots were reacted
with anti NFkB, Anti-EGFR, anti-VEGF, anti-ERK, anti-p-
ERK, anti-PI-3K, anti-p-PI-3K, anti-RAR, anti-E-cadherin pri-
mary antibodies respectively (1:1,000 dilution) for 1.5 h at 37°C
followed by incubation with respective alkaline phosphatase cou-
pled second antibodies. Bands were developed using NBT-BCIP
as substrate. Actin was used to confirm equal loading.

Western blot of ILK and FAK. MDA-MB-231 cells (300,000/1.5
ml) were grown in in absence (control) and in presence of 20 pM
ATRA for 48 h. The respective cells were collected. Cell extrac-
tion was carried out using cell extraction buffer (37.5 mM Tris,
75 mM NaCl and 0.5% Triton-X-100) and the protein content
of the extracts were estimated by Lowry’s method. Equal amount
of protein was taken and incubated with 1X sample buffer for 30
min followed by 5-8 min incubation with 0.1 volumes (3-mer-
captoethanol at 90°C. Samples were then subjected to electro-
phoresis on 7.5% SDS-PAGE. The proteins were transferred to a
nitrocellulose membrane. The membrane was blocked overnight
at 4°C. The membrane was incubated with anti-ILK and anti-
FAK primary antibodies (1:1,000) for 4.5 h at 37°C temperature.
The membrane was washed 4 times, 15 min each, on a rocking
platform at room temperature with TBST. Respective secondary
antibodies conjugated with Horse Radish Peroxidase was diluted
(1:40,000) with TBST containing 1% BSA at a ratio of 1:500 and
was added to the membrane and was incubated at 37°C for 1.5
h. Washed with TBST 4 times, 15 min each. The membrane was

transferred to a visualization solution (western blotting luminol
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reagent solution A and solution B) and soaked for 30 seconds.
The membrane was removed, the excess fluid was drained off and
placed inside a film cassette and a plastic wrap was folded back
on to the membrane to form a tight enclosure. A photographic
film cut accordingly was placed above the membrane, exposed
for 1-3 min, developed and fixed. Finally, the film was washed
with water and the examined for visualization of the target band.

Cell adbesion assay. The microtitre plate wells were coated with
fibronectin (1.56 pg/ml, 3.125 wg/ml, 6.25 pg/ml, 12.5 pg and
25 pwg/ml) or vitronectin (5 pg/ml, 2.5 pg/ml and 1.25 pg/ml).
The ligands were allowed to bind for 1.5 h at 37°C. Wells were
blocked with Buffer C (1% BSA, 1 mM CaCl, and 1 mM MgCl,
in PBS) for 1 h at 37°C. Control and 20 puM ATRA treated (for
24 h and 48 h in complete medium) MDA-MB-231 cells were
trypsinised from culture dishes, washed, suspended in Buffer C
and added to microtitre plates (50,000 cells/well) and allowed to
bind at 37°C for 1.5 h. The wells were washed x3 with Buffer C.
The bound cells were trypsinised, counted on haemocytometer
and expressed as % of adhesion.

Immunocytochemistry of CRABP. MDA-MB-231 cells were
allowed to grow overnight on coverslips in MEM containing
10% FBS. After washing with, the cells on the cover slips were
treated with or without 20 wM ATRA for 2, 3 and 4 h in SFCM.
The coverslips were then washed in PBS, fixed with 3.5% form-
aldehyde, permeabilised with 0.5% Triton-X100 and the nonspe-
cific sites were blocked with 1% BSA. The coverslips were then
treated with anti-CRABP primary antibody followed by FITC-
coupled second antibody at 37°C in a humidified chamber. After
washing 5 times in PBS, the cover slips were mounted on glass
slides and observed under a fluorescence microscope.

Wound healing assay. MDA-MB-231 cells (300,000 cells/1.5
ml) grown in absence and in presence of 20 pM ATRA for 48 h.
A wound was made in both treated and untreated cells with the
fine tip of microtips. Cells were washed thoroughly with SFCM
and were allowed to grow in presence of 20 wg/ml fibronectin
and the migration of cells over the wound was observed under
inverted microscope at 2 h intervals.

Statistical analysis. Statistical analyses were done with Student’s
t-test comparing between the control and treated groups. The
analysis was done using Microsoft Excel (2003). In some cases
statistical significance was done with ANOVA using SYSTAT
9.0.

Quantitative analysis of zymography and western blots were
performed with Image J version 1.4.3.67.

Conclusion

Our experimental findings indicate that ATRA downregulate
MMP-9 due to upregulation of TIMP-1, E-cadherin and down-
regulation of EGFR, NFkB, FAK and a5f1, aVP3 integrin
receptors in ATRA treated cells. ATRA mediated downregula-
tion of MMP-9 may also inhibit cell migration on fibronectin.
The effects of ATRA involve its cytoplasmic receptor CRABP
to translocate the drug into nucleus where it binds to the nuclear
receptor RAR.
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