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Anti-estrogen drugs such as tamoxifen have been used for treating patients with ER-positive, early
breast cancer. However, resistance to anti-estrogen treatment is inevitable in most patients. Breast can-
cer anti-estrogen resistance-3 (BCAR3) has been identified as the protein responsible for the induction
of tamoxifen resistance in estrogen-dependent human breast cancer. We have previously reported that
BCAR3 regulates the cell cycle progression and the signaling pathway of EGF and insulin leading to
DNA synthesis. In this study, we investigated the functional role of BCAR3 in regulating c-Jun tran-
scription in non-tumorigenic human breast epithelial MCF-12A cells. A transient transfection of
BCAR3 increased both the mRNA and protein of c-Jun expression, and stable expression of BCAR3
increased c-Jun protein expression. The overexpression of BCAR3 directly activated the promoter of
c-jun, AP-1, and SRE but not that of NF-xB. Furthermore, single-cell microinjection of BCAR3 ex-
pression plasmid in the cell cycle-arrested MCF-12A cells induced c-Jun protein expression, and co-in-
jection of dominant negative mutants of Ras, Rac, and Rho suppressed the transcriptional activity of
c-Jun in the presence of BCAR3. Furthermore, stable expression of BCAR3 increased the proliferation
of MCF-12A cells. The microinjection of inhibitory materials such as anti-BCAR3 antibody and siRNA
BCAR3 inhibited EGF-induced c-Jun expression but did not affect IGF-1 induced upregulation of
c-Jun. Taken together, we propose that BCAR3 plays a crucial role in c-Jun protein expression and
cell proliferation and that small GTPases (e.g., Ras, Rac, and Rho) are required for the BCAR3-mediated

activation of c-Jun expression.
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Introduction

Over the past three decades, tamoxifen and other anti-es-
trogen drugs have been used for patients with estrogen re-
ceptor (ER)-positive, early breast cancer [7]. However, in
metastatic breast cancer, more that 40% of patients even-
tually relapse and die from their disease. Several mecha-
nisms underlying primary anti-estrogen resistance and pro-
gression of breast cancer have been proposed. Among them,
new expression of genes including breast cancer anti-estro-
gen resistance (BCAR’s) has been shown to induce resistance
[24]. Among the six BCAR genes identified, BCAR3 has been
of particular interest, as BCAR3 regulates cell proliferation,

*Corresponding author

Tel : +82-55-350-5291, Fax : +82-55-350-5299

E-mail : bjhun@pusan.ac.kr

This is an Open-Access article distributed under the terms of
the Creative Commons Attribution Non-Commercial License
(http:/ / creativecommons.org/licenses/by-nc/3.0) which permits
unrestricted non-commercial use, distribution, and reproduction
in any medium, provided the original work is properly cited.

cell motility and invasion in breast cancer cells in the pres-
ence of anti-estrogen. Overexpression of BCAR3 in ER-pos-
itive human breast cancer cell lines (e.g., ZR-75-1 and
MCE-7) results in a bypass of estrogen dependence for pro-
liferation leading to anti-estrogen resistance [8, 15]. In addi-
tion, BCAR3 induces cell motility and migration of breast
cancer cells [5, 15, 27]. We previously reported that micro-
injection of the BCAR3 gene into cell cycle-arrested human
breast MCF-12A cells induces DNA synthesis comparable to
oncogenic Ras gene [16].

BCAR3 is a member of the Novel SH2-containing Protein
(NSP) 1-3 family and their crystal structures show structural
similarities, containing an N-terminal SH2 domain, a pro-
line/serine-rich (P/S) domain and a C-terminal GEF domain
[13]. The structural features of BCAR3 suggest that the
BCAR3 may act as a signal transducer of growth factors.
We previously reported that BCAR3 directly interacts with
tyrosine-phosphorylated EGF receptors through the SH2 do-
main of BCAR3 and regulates DNA synthesis induced by
EGF and insulin [16, 17]. In addition, BCAR3 directly inter-
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acts with a downstream p130Cas, also known as BCAR1,
through C-terminal GEF domain and acts as an adaptor mol-
ecule regulating cell transformation and cancer progression
[26]. This BCAR3 association with receptors and signal trans-
ducers suggests an important functional role in the signaling
pathway of growth factors.

c-Jun is a component of the transcription factor activator
protein-1 (AP-1) and regulates the expression of a wide array
of genes involved in cell proliferation, cell differentiation,
transformation, and cell death [14, 21]. It is well-known that
c-Jun is overexpressed and associated with human breast
cancers and with model cell and animal systems, and also
plays a critical role in ras transformation and TPA-mediated
carcinogenesis [1, 6, 11, 25, 29, 30]. Besides its oncogenic
property, c-Jun is associated with anti-estrogen action in sev-
eral ways. c-Jun mediates anti-estrogen-induced inhibition
of breast cancer cell proliferation [28]. In addition, c-Jun
overexpression followed by increased AP-1 activity pro-
duces anti-estrogen resistance in human breast cancer cells
[11, 19, 22]. Therefore, it is important to understand a func-
tional role of c-Jun in the development of anti-estrogen
resistance.

Although the function of BCAR3 has been implicated in
tamoxifen-resistant proliferation of breast cancer cells, its
functional role in the proliferative process has been in-
completely understood. In particular, the relationship be-
tween BCAR3 and c-Jun expression has not been studied.
In this study, we examined the functional roles of BCAR3
in c-Jun expression in normal breast MCF-12A cells. We pro-
pose that BCAR3 overexpression induces c-Jun expression
through direct activation of its promoter and that
BCAR3-mediated c-Jun induction is dependent on Ras, Rac
and Rho. We also investigated the role of BCAR3 in the sig-
nal transduction pathways of EGF receptor associated with

c-Jun protein expression.

Materials and Methods

Materials

Rabbit polyclonal anti-BCAR3 antibodies were produced
by Eurogentec (Belgium). Antibodies to c-Jun, were obtained
from BD Biosciences (San Jose, CA). Rabbit polyclonal an-
ti-GAPDH antibodies were from Cell Signaling Technology,
Inc. (Beverly, MA). Horseradish peroxidase conjugated an-
ti-rabbit or anti-mouse secondary antibodies were obtained

from Amersham (Piscataway, NJ). Goat anti-mouse and an-

ti-rabbit antibodies conjugated with fluorescein isothiocya-
nate (FITC) or tetramethyl rhodamine isothiocyante (TRITC)
were from Jackson Immunoresearch Laboratories Inc. (West
Groove, PA). siRNA SMARTpool reagents of BCAR3 were
obtained from Dharmacon (Lafayette, CO). Dulbecco’s modi-
fied Eagle’s medium (DMEM), DMEM/F12, fetal bovine se-
rum (FBS), horse serum, IGF-1, EGF and other culture reagent
were from Invitrogen Life Technologies (Carlsbad, CA).

Cells culture

Immortalized normal human breast MCF-12A cells and
MCE-7 cells were purchased from the ATCC (Mannassa, VA)
and grown as suggested by the ATCC and maintained as
described previously [16, 17].

Plasmid Constructs, transfection, real-time PCR
analysis

Myc-tagged BCAR3 expression vector was constructed by
inserting the PCR product of BCAR3, Rasvu, RasN17, Rac1™
and RhoA™" into EcoRI/Xhol cloning sites of pCMV-Myc
vector (Clontech, Mountain View, CA). Correct clones were
selected using 100 pg/ml ampicillin. MCF-12A cells were
transfected with control or BCAR3 containing myc plasmid
with media including serum for 24 hr using DMRIE-C re-
agent (Invitrogen, Carlsbad, CA) as described previously
[17]. To measure c-jun mRNA level, real-time fluorescence
quantitative PCR was used as described previously [17]. The
primer sequences used for real-time PCR were as follows:
c-jun, forward, 5'-ggatcaaggcggaga-3'; reverse, 5'-gggcgattct
ctecagett-3'; B-actin, forward, 5'-ggacttcgagcaagagatgg-3'; re-
verse, 5-agcactgtgt tggegtacag-3'. PCR cycling conditions
were 94°C for 3 min and 35 cycles (94°C for 5 s, 54°C for
30 s and 72°C for 20 s). Data were analyzed by a comparative
cycle threshold method in Bio-Rad iQ5 software. In order
to detect BCAR3 protein expression, transfected MCF-12A
cells and MCEF-7 cells were immunoblotted with BCAR3 anti-
body [16].

Preparation of BCAR3-overexpressing cells and
cell proliferation analysis

MCEF-12A cells were transfected with either empty LNCX
or BCAR3 expression LNCX vector [17]. Transfected cells
were selected using G418 (100 ug/ml) and BCAR3 ex-
pression was verified by Western analysis. MCF-12A-LNCX
and MCF-12A-BCAR3 cells were plated at a density of 5x10*

cells in 35 mm plate. At indicated days, cells were collected



by trypsinization, stained with trypan blue, and counted
twice using a hemocytometer. For siRNA assay, MCF-12A
and MCF-7 cells were plated at each density of 2.5x10* and
1x10°. After 24 hr, cells were transfected with control or
BCAR3 siRNA for 24 hr, and then media change with com-
plete media. After incubation for additional 24 hr, cells were
harvested by trypsinization and counted.

Luciferase assays

MCEF-12A cells were grown on 12-well plate and trans-
fected with the luciferase reporter containing c-jun, AP-1,
SRE or NF-kB promoter construct (100 ng) using 3 ul of
DMRIE-C reagent. The transfection mixture also included 50
ug of BCARS, Ras'? or pCMV-myc vector alone. After 24
hr of transfection, the cells were lysed with reporter lysis
buffer and luciferase activities were determined using
Luciferase Assay System (Promega, Madison, WI) according

to the manufacturer’s instructions.

Microinjection of antibodies, siRNA, and expression
vectors

We previously reported single cell microinjection using
a semiautomatic Eppendorf microinjection system [16, 17].
Briefly, MCF-12A cells were grown on acid-washed cover-
slips for 24 hr and rendered quiescent by starvation for 24
hr in starvation medium. The following injection materials
were diluted in PBS buffer for cytosolic injection or in nu-
clear injection buffer (50 mM HEPES, pH 7.2, 100 mM KC,
50 mM NaPO,) for nuclear injection injection: 2 mg/ml of
anti-BCAR3 antibody, anti-Ras antibody, 10 ng/ml of plas-
mid of Rasm, RasN17, Rac1N17, RhoANY and BCAR3, and 5uM
siRNA of BCAR3. All microinjection materials contained
rabbit IgG (3 mg/ml) for the detection of injected cells.
Immunofluorescent staining as described below revealed
that over 80% of the injected cells successfully survived. The
results of the microinjection experiments represent the mean
of at least duplicates of three independently performed
experiments. In each experiment, at least 200 cells were
injected. Therefore, the results represent the average of 1,200

injected cells.

Immunostaining and detection of c-Jun protein
expression

Following 1 hr stabilization after microinjection, the in-
jected cells were stimulated with EGF (20 ng/ml) or IGF-1
(20 ng/ml) for 4 hr to detect c-Jun expression, respectively.
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c-Jun expression was examined as described previously [17].
The cells were fixed, permeabilized, and sequentially in-
cubated with mouse anti-c-Jun antibody for 1 hr at 37°C fol-
lowed by incubation with TRITC-conjugated anti-mouse IgG
antibody for 30 min. To identify the injected cells were in-
cubated with FITC-conjugated anti-rat IgG antibody for 30
min.

Statistical analysis

Results are obtained from three independent experiments.
Data are expressed as means * standard error of the mean
(SEM). The results were statistically analyzed by one-way
ANOVA method. The results were analyzed by one-way
ANOVA and the significance was examined with Fischer’s
Protected LSD post-hoc test. A P values <0.05 was consid-

ered statistically significant.

Results

Transfection and microinjection of BCAR3 promotes
c-Jun protein expression

It has been demonstrated that c-Jun overexpression in-
duces proliferation and invasiveness of breast cancer cells.
As such, we examined effects of BCAR3 on the expression
of both c-Jun mRNA and protein. BCAR3 was transiently
transfected in non-tumorigenic human mammary epithelial
MCEF-12A cells, and c-Jun mRNA were examined in cell-cy-
cle arrested cells (Fig. 1A). Overexpression of BCAR3 in-
creased c-Jun mRNA expression in MCF-12A cells. Next, we
examined c-Jun protein expression in MCF-12A cells and
MCE-7 cells and detected the increased expression of c-Jun
protein in both cells (Fig. 1B). To further confirm BCAR3-
induced c-Jun expression, we microinjected a BCAR3 ex-
pression plasmid into cell cycle-arrested MCF-12A cells, and
examined the induction of c-Jun expression. As shown in
Fig. 1C, microinjection of a CMV-driven mammalian BCAR3
expression plasmid strongly induced c-Jun expression. In
contrast, microinjection of control plasmid did not exhibit

V12

any effect. Microinjection of oncogenic H-Ras™* plasmid as

a positive control also induced c-Jun expression. The extent
of c-Jun protein induction between BCAR3 and Ras"" was
similar. These results suggest that BCAR3 itself has mito-

genic activity that induces c-Jun protein expression.

BCARS regulates proliferation of MCF-12A cells
Next, the functional role of BCAR3 on the proliferation
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Fig. 1. Transient introduction of BCAR3 plasmid by transfection or microinjection induced c-Jun protein expression in cell cycle-ar-
rested MCF-12A and MCEF-7 cells. (A) MCF-12A and MCEF-7 cells were transfected with control myc plasmid or myc-tagged
BCARS3 plasmid. After 24 hr incubation in serum-free medium, the expression level of BCAR3 in MCF-12A cells was analyzed

by real-time PCR. (B) The cells lysates were immunoblotted with antibodies against BCAR3 and c-Jun.
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C) Cell cycle-arrested

MCF-12A cells were microinjected into the nucleus with either pcDNA-myc control plasmid (a-c) or myc-BCAR3 plasmid
(d-f) and further incubated for 8 hr. The injected cells were fixed and c-Jun protein induction in the injected cells was de-
termined by immunostaining. Results are obtained from three independent experiments in which at least 1,200 cells were
injected. The data are expressed as the percentage of total injected cells. Bars, the mean result £SEM. *p<0.05 relative to

control myc plasmid injected cells.

of MCF-12A cells was examined. Stably BCAR3-expressed
MCEF-12A cells (12A-BCAR3) were selected and its pro-
liferation was compared with control LNCX vector MCF-
12A cells (12A-LNCX). BCAR3 expression was confirmed
and, as expected, c-Jun protein expression was increased by
BCAR3 overexpression (Fig. 2A). The growth rate of MCF-
12A-BCARS3 cells were two-fold greater than that of control
MCF-12A-LNCX cells, suggesting an important role of
BCAR3 in breast cell proliferation. To further confirm the
role of BCAR3 in breast cell proliferation, BCAR3 in MCF-
12A cells was transiently suppressed using siRNA BCARS,
followed by examination of its effects on cell proliferation.
As shown in Fig. 2B, level of BCAR3 protein was reduced,
and rate of MCF-12A growth was also suppressed by 24%.
Similar results were observed in MCF-7 breast cancer cells
(data not shown). These results suggest that BCAR3 plays

an important role in the proliferation of normal breast MCEF-

12A cells as well as breast cancer MCF-7 cells.

BCARS3 activates c-jun promoter and induces DNA
synthesis through Ras, Rac and Rho

Having shown that BCAR3 induces c-Jun protein ex-
pression and cell proliferation, we assessed whether BCAR3
expression leads to the direct activation of c-jun promoter
in MCF-12A cells. BCAR3 was cotransfected with the lucifer-
ase cDNA controlled by a promoter containing either c-jun,
AP-1, SRE or NF-kB in MCF-12A cells. Oncogenic Ras'"
plasmid was used as the control. BCAR3 expression led to
the activation of c-jun, AP-1 and SRE, but not NF-xB (Fig.
3A). These results suggest that BCAR3 activates the c-jun
promoter in c-Jun protein induction. Interestingly, the in-
tensity of the activation of promoters by BCAR3 was com-
parable to that by oncogenic Ras""?, suggesting BCAR3 may
have strong mitogenic activity even in the absence of any
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Fig. 2. Effects of BCAR3 on proliferation of MCF-12A cells. (A) MCF-12A cells were stably transfected with 50 ng of BCAR3 (12A-
BCAR3) or empty LNCX vector (12A-LNCX), and clones were obtained after G418 selection. Proliferation of cloned cells
was determined by cell counting at the indicated days. BCAR3 and c-Jun protein expression were measured by antibodies.
(B) MCF-12A cells were transiently transfection with either scramble siRNA or BCAR3 siRNA (100 nM) for 24 hr. The ex-
pression level of BCAR3 was analyzed by anti-BCAR3. Proliferation of the siRNA transfected MCF-12A cells was determined
by cell counting after 24 hr. Results are obtained from three independent experiments. Bars, the mean result £SEM. *p<0.05
relative to control vector LNCX transfected cells and * p<0.05 relative to control siRNA transfection.

oncogenic mutation.

Next, we investigated the downstream pathway of BCAR3
signaling on activation of c-jun promoter (Fig. 3B). The
BCAR3 expression plasmid with inhibitory materials was
co-transfected into MCF-12A cells along with a reporter con-
struct controlled by the c-jun promoter. BCAR3-induced acti-
vation of the c-jun promoter was inhibited by co-transfected
dominant-negative mutants of H-Ras (Ras™"), Racl (Rac1™")
and RhoA (RhoA™"). These results suggest that BCAR3-
mediated c-jun promoter activation requires small GTPases,
such as Ras, Rac and Rho. The results described above dem-
onstrated that BCAR3 over-expression significantly in-
creased proliferation of MCF-12A cells. Therefore, we as-
sessed whether BCAR3-mediated G1/5 cell cycle progression
requires the small GTPases, such as Ras, Rac and Rho. We
co-injected BCAR3 plasmid with dominant-negative Ras' ",
Rac1™ and RhoA™”, and examined the induction of c-Jun
protein expression. As shown in Fig. 3C, microinjection of
a CMV-driven, myc-tagged BCAR3 expression plasmid
strongly induced c-Jun protein expression, and the co-in-
jected Ras"" completely inhibited BCAR3-induced c-Jun
protein expression, while Rac1""” and RhoA™" partially in-
hibited c-Jun protein expression. Taken together, these re-
sults suggest that BCAR3 itself has mitogenic activity that
activates c-Jun gene expression, and that BCAR3 mitogenic
signaling requires Ras, Rac and Rho.

BCARS is differentially involved in c-Jun protein
expression induced by EGF, but not by IGF-1

Next, we examined a functional role of BCAR3 in c-Jun
protein expression stimulated by EGF and IGF-1, which are
important mitogens in breast cancer cells. Using siRNA
BCARS3, we transiently suppressed the expression of BCAR3
in MCF-12A cells and examined its effects on growth fac-
tor-induced c-Jun protein expression (Fig. 4A). EGF and
IGF-1 induced c-Jun protein expression. While EGF-induced
c-Jun expression was suppressed by sikNA BCAR3, IGF-1-
induced c-Jun expression was unaffected. These results sug-
gest that BCAR3 differentially regulates the signaling path-
ways of EGF and IGF-1.

To further confirm the differential regulation by BCARS,
we microinjected BCAR3 inhibitory materials (e.g., an-
ti-BCAR3 antibody and siRNA BCAR3) into cell cycle-ar-
rested MCF-12A cells and examined growth factor induced
c-Jun expression (Fig. 4B). c-Jun expression induced by EGF
was suppressed by microinjection of anti-BCAR3, while
IGF-1-stimulated c-Jun expression was not inhibited. In ad-
dition, microinjection of siRNA BCAR3 inhibited EGF-in-
duced c-Jun expression. In the controls, microinjection of in-
hibitory anti-Ras antibody inhibited c-Jun expression by both
EGF and IGF-1. These results demonstrate that BCAR3 is
directly involved in c-Jun expression by EGF but not by
IGF-1. Our results demonstrate that BCAR3 is differentially
involved c-Jun expression induced by EGF and IGF-1.
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determined by immunoblotting. (B) Serum-starved MCF-12A cells were microinjected with the indicated inhibitory materials
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c-Jun protein expression in the injected cells was determined by immunostaining with anti-c-Jun antibody in which at least
1,200 cells were injected. The data are expressed as the percentage of total injected cells. Bars, the mean result £SEM. *p<0.05
relative to control IgG-injected cells.

Discussion 23]. However, the mechanism underlying BCAR3-mediated

proliferation of breast cancer cells remains unclear. In this

BCAR3 overexpression has been known to increase pro- study, we report that BCAR3 plays a functional role in the

liferation and motility of breast cancer cell lines [8, 15, 20, proliferation of normal non-tumorigenic human breast



MCEF-12A cells. Stable expression of BCAR3 in MCF-12A
cells increased proliferation, while depletion of BCAR3 by
its sIRNA decreased cell proliferation. Previously, we re-
ported that microinjection of the BCAR3 gene into cell-cycle
arrested MCF-12A cells induced cell cycle progression [16].
Therefore, we conclude that BCAR3 regulates proliferation
of normal and tumorigenic human breast cells.

In order to understand the molecular mechanism of
BCAR3-regulated cell proliferation, we examined whether
BCARS3 regulates c-Jun transcription factors. We found that
BCAR3 directly induced c-Jun protein expression in both
transfected cells and microinjected cells. This induction of
c-Jun was mediated through activation of c-Jun promoter.
BCAR3 has been shown to activate the cyclin D1 promoter
[4, 15], and c-Jun transcription factor is known to regulate
the expression of cyclin D1, a critical regulator of cell cycle
progression. We also observed that BCAR3 induced cyclin
D1 protein expression (data not shown). Therefore, c-Jun
protein induction by BCAR3 may be important in increasing
expression of cyclin D1, resulting in the proliferation of nor-
mal and cancer breast cells. Our results imply that BCAR3-
mediated induction of c-Jun expression and cyclin D1 ex-
pression could in part be responsible for tamoxifen resist-
ance.

c-Jun also acts as a positive regulator of mitogenic re-
sponses to growth factors such as EGF and IGF-1 in cell cycle
progression [1, 2, 11]. In this study, we report that c-Jun ex-
pression induced by growth factor requires BCAR3. When
anti-BCAR3 antibody, BCAR3-SH2, or BCAR3 siRNA was
introduced to MCF-12A cells by either single cell micro-
injection or transient transfection, the ability of EGF (but not
IGF-1) to stimulate c-Jun expression was differentially
abrogated. Previously, we reported that BCAR3 plays an im-
portant role in DNA synthesis stimulated by EGF, but not
IGF-1 [16]. EGF and IGF-1 are important mitogenic growth
factors in enhancing breast cancer cell proliferation as well
as in inducing tamoxifen resistance [3, 10, 12, 18]. Taken to-
gether, these results are consistent with the hypothesis that
BCAR3 is an important and necessary signaling molecule
mediating the mitogenic effect of EGF, but not IGF-1.

In this study, we demonstrated that both BCAR3-mediat-
ed c-Jun promoter activation and BCAR3-stimulated DNA
synthesis require small GTPases including Ras, Racl and
RhoA. Among three functional domains of BCAR3, the car-
boxy-terminal domain has homology with the Cdc25 family
of Ras GDP-exchange factors (GEF domains) and activates
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various Ras-like small GTPases. BCAR3/AND-34 promotes
GDP-GTP exchange on Ral, R-Ras and Rapl but not on
H-Ras [9]. In addition, BCAR3-dependent growth of ZR-75-1
breast cancer cells in the presence of anti-estrogen was de-
pendent on PI3K-mediated Racl activation [4, 8]. Therefore,
small GTPases may play a critical role in c-Jun expression
and DNA synthesis induced by BCARS.

In summary, our data suggest that BCAR3 plays an im-
portant role in cell cycle progression and c-Jun induction
in normal human breast cells. In addition, BCAR3 is an im-
portant signal transducer of EGF, leading to c-Jun
expression. In contrast, BCAR3 is not involved in IGF-1
signaling. Lastly, BCAR3 itself transmits a mitogenic signal
requiring Ras, Rac, and Rho.
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