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Cyclin D1b represses breast cancer cell growth
by antagonizing the action of cyclin D1a on estrogen
receptor a-mediated transcription
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Abstract. Alternate splicing of the cyclin D1 gene gives rise
to transcripts a and b which encode two protein isoforms
cyclin Dla and cyclin D1b. Cyclin Dla can substitute for
estrogen to activate estrogen receptor o- (ERa) mediated
transcription and can induce the proliferation of estrogen
responsive tissues. However, little is known about the bio-
logical role of cyclin D1b in transcriptional regulation. In this
study, we determined that cyclin D1b is incapable of inducing
ERa-mediated transcription because it fails to recruit steroid
receptor coactivator-1 (SRC-1) to ERa. Moreover, cyclin D1b
antagonizes cyclin Dla-induced ERa-mediated transcription
by competing with cyclin D1a for ERa binding. Cell prolifer-
ation assay showed that cyclin D1b repressed the ERa-
positive breast cancer T47D cell growth. Our findings suggest
that the cyclin D1b represses breast cancer cell growth by
antagonizing the action of cyclin Dla on ERa-mediated
transcription.

Introduction

Cyclin D1 is known as a proto-oncogene that was first
identified in human parathyroid adenoma (1). Alternate
splicing of cyclin D1 gene gives rise to a variant transcript
which encode a variant cyclin D1 isoform termed cyclin D1b
(2,3). Cyclin D1b shares the same cyclin box and pRB-
binding domain with conventional cyclin Dla, but lacks the
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last 55 amino acids of the carboxyl terminus, which was
replaced by a 33 amino acid sequence unique to cyclin D1b.
The carboxyl terminus of cyclin Dla contains a PEST rich
motif and threonine residues that control the protein nuclear
export and turnover. Unexpectedly, despite the fact that
cyclin D1b lacks PEST motif and the threonine residues, the
half-life of cyclin Dla and cyclin D1b was indistinguishable
and cyclin D1b did not accumulate to higher levels under the
conditions examined (4-6).

The function of cyclin Dla has been widely studied. In
response to mitogenic stimulation, it binds and activates the
cyclin-dependent kinases CDK4 and CDK6, which phospho-
rylate their downstream target, the retinoblastoma protein Rb
and then induce cell cycle progression (7). Unlike cyclin
Dla, the findings on the roles of cyclin D1b in cell cycle
regulation have been inconsistent. Some studies showed that
cyclin D1b is capable of associating with CDK4 but the
complex is compromised in its ability for RB phosphory-
lation (4,6), while Lu et al reported that cyclin D1b-CDK4
complex can phosphorylate RB (5). Besides the canonical
cell cycle regulation, accumulating evidence indicates that
cyclin Dla associates with a number of transcription factors
and transcriptional coregulators to modulate their activities
independent of CDKs. It has been reported that cyclin Dla
can regulate several transcriptional factors: SP1 (8), STAT3
(9), DMP1 (10) and members of the nuclear receptor
superfamily including the estrogen receptor ER (11-13),
androgen receptor AR (14,15), thyroid hormone receptor TR
(16) and transcriptional coregulators such as P/CAF (17,18),
NcoA/SRC1 (19), AIB-1 (19), GRIP-1 (20), HDACs (16)
and TAF250 (21). Zwijsen et al first reported that cyclin Dla
could substitute for estrogen in activating ERa-mediated
transcription and contributes to potentiation of estrogen-
induced cell proliferation in estrogen-responsive tissue such
as breast epithelium (11). When ERa is activated by estrogen,
a conformational change exposes activation function domain-2
(AF-2) that constitutes a binding site for steroid receptor
coactivator-1 (SRC-1). SRC-1 recruitment to ERa potentiates
binding of the receptor to estrogen responsive element
(ERE), triggering target gene transcription. The carboxyl
terminal leucine-rich LLXXXL motif at position 254-259 of
cyclin Dla is very similar to the AF2 domain of ERa. In the
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absence of hormone, cyclin D1la can act as a bridging factor to
recruit SRC-1 to ERa and activate ERa-mediated transcription.
In the presence of estrogen, cyclin Dla can enhance ERa-
mediated transcription (11,12,19). However, little is known
about the biological role of cyclin D1b in transcriptional
regulation.

Here we examined the ability of cyclin D1b to induce
ERa-mediated transcription as has been seen with cyclin Dla.
By transcriptional assays and a series of in vivo and in vitro
binding assays, we found that cyclin D1b is incapable of
inducing ERa-mediated transcription because it fails to
recruit SRC-1 to ERa. Moreover, cyclin D1b antagonizes
cyclin Dla-induced ERa-mediated transcription by competing
with cyclin Dla for ERa binding. Cell proliferation assay
showed that cyclin Dla and cyclin D1b have differential
effects on estrogen-dependent breast cancer cell growth.

Materials and methods

Cell culture. Human breast cancer cell lines MCF7 and
T47D, human colorectal cancer cell HCT-15 cells, human
osteosarcoma cell U2-OS and human embryonic kidney cell
HEK?293 cells were maintained in DMEM/F-12 supplemented
with 10% FBS, 2 mmol/l L-glutamine, 100 U/ml penicillin,
and 100 pug/ml streptomycin in humidified atmosphere
containing 5% CO, at 37°C. For estrogen-free conditions,
phenol red-free media was used supplemented with charcoal
dextran/treated fetal bovine serum (Hyclone, Logan, Utah).

Plasmids and transfection. The cyclin D1a (IMAGE ID
3508088), ERa (IMAGE ID 40128595) and SRC-1 (IMAGE
ID 40027438) cDNA clones were obtained from the
Mammalian Gene Collection. The cyclin D1b cDNA was
generated from the human colorectal cancer cell line HCT-15
and PCR products of the cDNA were cloned into the TA
cloning vector (Invitrogen, Carlsbad, CA). The cDNA clones
were sequenced and compared with the published sequence
to ensure their identity (3). The cyclin D1a, cyclin D1b, ERa
and SRC-1 cDNAs described above were digested from their
vectors and cloned into the mammalian expression vector
pcDNA3 (Invitrogen). Myc-tagged ERa and SRC-1 were
generated by adding a Myc tag to ERa and SRC-1 cDNA by
PCR and then the product was sub-cloned into the pcDNA3
expression vector. The glutathione S-transferase fused ERa
(GST-ERa) and SRC-1 (GST-SRC1) expression plasmids
were generated by digesting ERa and SRC-1 fragments
from their expression plasmids, then inserting into the GST
fusion vector pGEX-5X-3 (GE Healthcare Life Sciences,
Pittsburgh, PA). The reporter plasmid ERE-TK-CAT has
been previously described (22) and was kindly provided by
Dr Ming-Jer Tsai (Baylor College of Medicine, Houston,
TX). DNA was transiently transfected into the cells using
Lipofectamine 2000 (Invitrogen). Twenty-four hours before
transfection, cells were maintained in estrogen-free media as
mentioned above. Four hours after transfection, cells were
fed with fresh media and 10 nM 178-estradiol (Sigma-
Aldrich, St. Louis, MO). pCMV-LacZ plasmid (Invitrogen)
was used as an internal control to assess the transfection
efficiency.

Stable transfection through retroviral vector. We cloned the
cDNAs for cyclin Dla and cyclin D1b into retroviral pCL
vector. The pCL clones were transfected into HEK293 cells
by using a modification of the HEPES-buffered saline calcium
phosphate method (23). The medium was replaced 18 h after
transfection. Recombinant retrovirus supernatants were
collected after 2 days and filtered through a 0.45-ym pore-
size filter (Millipore, Billerica, MA), and used to infect
human breast adenocarcinoma cells T47D in culture. Two
days after infection they were placed under G418 selection
(800 mg/ml) and grown for 10 days.

Transcriptional analysis. MCF7 and T47D cells were seeded
in 60-mm diameter tissue culture dishes in estrogen-free
media as indicated above and were cotransfected with 5 ug
cyclin D1a or cyclin D1b expression plasmid or empty vector
together with 2.5 ug ERE-TK-CAT reporter plasmid and
0.5 ug pPCMV-LacZ plasmid. U2-OS was cotransfected with
1 ug cyclin Dla or cyclin D1b expression plasmid or empty
vector together with 0.4 g ERa expression plasmid, 2.5 pug
ERE-TK-CAT reporter plasmid and 0.1 pg pCMV-LacZ
plasmid per 60-mm diameter tissue culture dish. After transfec-
tion, cells were fed with fresh media and 10 nM 173-estradiol
(Sigma-Aldrich). After 24 h stimulation, cells were rinsed
with cold PBS, harvested and resuspended in lysis buffer,
and assayed for chloramphenicol acetyltransferase (CAT)
and B-galactosidase (B3-Gal) levels (Roche Applied Science,
Indianapolis, IN, CAT and B-Gal ELISA assay kit). The CAT
levels were normalized by B-Gal levels for transfection
efficiency control. The data represent the average and
standard deviation of independent experiments. The Student's
t-test was used to compare the relative CAT level in cyclin
Dla, cyclin D1b and empty vector-transfected cells.

Immunoprecipitation and Western blot. Cells were rinsed
with cold PBS, harvested and resuspended in lysis buffer
[20mM Tris (pH 8.0), 137 mM NaCl, 2 mM EDTA, 10%
Glycerol, 1% NP-40, Halt™ protease inhibitor cocktail
(Pierce Biotechnology, Rockford, IL)]. Extracts were
cleared by centrifugation and further precleared by rocking
at 4°C with washed protein G-Sepharose beads (Pierce
Biotechnology). Precleared extracts were immunoprecipi-
tated with c-Myc antibody (Clontech Laboratories, Mountain
View, CA) or ERa antibody (Dako Cytomation, Carpinteria,
CA) and protein G-sepharose beads at 4°C overnight.
Sepharose beads were washed five times with lysis buffer
and boiled in Laemmli buffer (Bio-Rad Laboratories,
Hercules, CA) for 5 min, and released proteins were
detected with antibodies against cyclin D1 (DCS-6, Lab
Vision Corporation, Fremont, CA), cyclin D1b (GN3999),
ERa (Dako Cytomation). The DCS-6 antibody reacts with
both cyclin D1a and b. The GN3999 antibody was generated
in a rabbit injected with a cyclin D1b specific peptide
‘LVPRKCRGWCQGPQG’ linked to keyhole limpet protein
(Sigma Genosys).

In vitro binding assay. In vitro binding assays (pull-down
assays) were performed as previously described (24). GST-
ERa and GST-SRCI1 were prepared in Escherichia coli BL21
cells. In vitro-translated cyclin Dla, cyclin D1b and ERa
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Figure 1. Cyclin D1b is incapable of inducing ERa-mediated transcription. (A) Cyclin Dla or cyclin D1b expression plasmid was transiently trans-fected in
ERa-positive breast cancer cell lines MCF-7 and T47D together with an ERE-TK-CAT reporter plasmid and pCMV-LacZ plasmid which served as an
internal control. This was done in the presence or absence of 17B-estradiol. The relative CAT levels were calculated by normalizing to the 8-Gal levels and
dividing by the CAT levels in empty vector-transfected cells. D1a: cyclin Dla 5 ug, D1b: cyclin D1b 5 ug, control: empty vector 5 g, E2: 10 nM 17B-estradiol.
("p<0.001; “p<0.01). (B) The repressive effect of cyclin D1b on ERE responsive transcription is dose dependent. MCF7 and T47D cells were transiently
transfected with increasing amount of cyclin D1b (0, 5 and 10 ug), together with ERE-TK-CAT and pCMV-LacZ constructs. The relative CAT levels were
calculated by normalizing to the 3-Gal level and dividing by the CAT level in empty vector-transfected cells. E2: 178-estradiol (10 nM).
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Figure 1. (C) MCF7 and T47D cells were cotransfected with increasing
amount (0, 5 and 10 pg) of cyclin D1b expression vectors together with
ERE-TK-CAT and pCMV-LacZ constructs. Transfection of cyclin D1b in
MCEF7 cells, which express higher levels of endogenous cyclin Dla, results
in greater decrease of ERE-responsive CAT transcription compared to T47D
cells in the presence of 10 nM 17B-estradiol. The relative CAT level in the
absence of cyclin D1b was set as 1.

proteins were prepared by coupled transcription-translation
with a TNT-coupled reticulocyte lysate kit (Promega
Corporation, Madison, WI) using 1 g of expression plasmid
DNA in a total volume of 50 ul, respectively. In vitro-
translated proteins were added to GST-ERa or GST-SRC1
fusion protein bound to Glutathione-sepharose beads in
binding buffer [20 mM Tris pH 7.5, 50 mM NaCl, 10%
glycerol, 1% NP-40, Halt protease inhibitor cocktail (Pierce
Biotechnology)] and rotated for 1 h at room temperature.
Sepharose beads were washed five times with binding buffer
and bound proteins were eluted by boiling for 5 min in
Laemmli buffer and separated on 10% SDS-PAGE gels. The
proteins binding to GST-ERa and GST-SRC1 were detected
by Western blot analysis using antibodies directed against
cyclin Dla and cyclin D1b (DCS-6). For testing a ternary
complex, in vitro-translated ERa and cyclin Dla or cyclin
D1b were added to GST-SRCI in the presence or absence of
1 uM 178B-estradiol using similar conditions as described
above. For the Western blot analysis, cyclin D1 (DCS-6) and
ERa antibodies were used.

Protein competition assay. Both in vitro and in vivo assays
were performed to assess the protein competition between
cyclin Dla and cyclin D1b for ER binding. In the in vitro
assay, in vitro-translated cyclin D1b protein was pre-
incubated with GST-ERa for 30 min at room temperature
then in vitro-translated cyclin Dla protein was added into
this mixture and incubated for another 30 min at room
temperature. The GST pull-down assays as described above
were next conducted.

For the in vivo assay, increasing amounts of cyclin D1b
expression plasmid were cotransfected with a fixed amount
of cyclin D1la and Myc-ERa expression plasmids into HEK293
cells. Immunoprecipitation was performed as described
above.

Cell proliferation assay. Cells in log-phase growth were seeded
(3-4x10¢* cells/well) into six-well plates in triplicate and allowed
to adhere overnight. Cells were detached with 0.25% trypsin-
0.02% EDTA after 24, 48 and 72 h, and counted in duplicate
in the presence of trypan blue dye using a haemocytometer.

Statistical analysis. Statistical differences were calculated by
Student's t-test. Difference were considered significant at
P<0.05.

Results

Cyclin DI1b is incapable of inducing ERa-mediated tran-
scription. To investigate the effect of cyclin D1b on ERa-
mediated transcription, ERE-TK-CAT, a chloramphenicol
acetyltransferase (CAT) reporter construct was employed
(22). This construct carries an upstream estrogen responsive
element (ERE). We transfected the ER-positive breast cancer
cell lines MCF7 and T47D with the cyclin D1a or cyclin D1b
expression plasmids together with ERE-TK-CAT reporter
plasmid and pCMV-LacZ construct as a transfection effi-
ciency control. Consistent with previous studies (11), cyclin
Dla activated ERE-responsive CAT transcription in the
absence of 17B-estradiol and enhanced the transcription in
the presence of 17B-estradiol (10 nM) in both MCF7 and
T47D cells (Fig. 1A). Surprisingly, we found that the relative
CAT levels were lower in the cyclin D1b-transfected MCF7
and T47D cells than the CAT levels with the empty vector-
transfected cells. This was the case in both the presence and
absence of 17B-estradiol (Fig. 1A). Next we examined the
repressive effect of cyclin D1b on ERE-responsive tran-
scription to determine if it is dose-dependent. When MCF7
and T47D cells were transfected with increasing amounts of
cyclin D1b expression plasmid, we found that the relative
CAT levels were decreased as the amount of cyclin D1b
increased in both the presence and absence of 176-estradiol
in MCF7 and T47D cells (Fig. 1B). The two breast cancer
cell lines MCF7 and T47D both express endogenous wild-
type ERa but MCF7 cells express relatively higher levels of
endogenous cyclin D1a compared to T47D (19). Transfection
of cyclin D1b into MCF7 results in greater repression of
ERa-mediated CAT transcription in the presence of 178-
estradiol than for T47D (Fig. 1C).

Cyclin D1b antagonizes the stimulatory effect of cyclin Dla
on ERa-mediated transcription. To confirm the effect of
cyclin D1b on ERa-mediated transcription, we cotransfected
the human osteosarcoma cell line U2-OS, which has negligible
levels of ERa (11), with cyclin D1a or cyclin D1b expression
plasmid together with human ERa expression plasmid.
Consistent with the results observed in MCF7 and T47D
cells, cyclin D1b repressed ERE-responsive CAT tran-
scription in ERa-transfected U2-OS cells in the presence and
absence of 176-estradiol (Fig. 2). Furthermore, we examined
whether cyclin D1b affects the stimulatory effect of cyclin
Dla on ERa-mediated transcription. Equal amount of cyclin
Dla and cyclin D1b expression plasmids, together with ERa,
ERE-TK-CAT and pCMV-LacZ constructs, were co-
transfected into U2-OS cells. We found that the action of
cyclin Dla on ERa-mediated transcription was antagonized



INTERNATIONAL JOURNAL OF ONCOLOGY 36: 39-48, 2010 43

@u2-08

2.00
_ 180 A ***
|
E ;

1 0.68

g 0.80
]
2 040 1 0 -

0.00

control D1b D1a+D1b
2.00 A o
*

160 1 | ' I * |
]
]
E 1.20 1 0.98
U -
_g 0.80
=
2 040 1 028

0.00 T T

control

D1b D1a+D1b

Figure 2. Cyclin D1b antagonizes the action of cyclin D1a on ERE-responsive transcription. Cyclin D1 expression plasmids were transfected in U2-OS cells
together with ERa, ERE-TK-CAT and pCMV-LacZ plasmids and then tested for transcription of the CAT report construct. The relative CAT levels were
normalized to B-Gal levels and were divided by the CAT level in the empty vector-transfected cells. D1a: cyclin Dla 1 pg; D1b: cyclin D1b 1 pg; control:
empty vector 1 pg; Dla+b: cyclin Dla 1 ug + cyclin D1b 1 pg. E2: 17B-estradiol (10 nM). (**p<0.001; “p<0.05).

by cyclin D1b. The relative CAT levels in cyclin Dla and
cyclin D1b-cotransfected cells were significantly lower than
that in cyclin D1a-transfected cells; moreover, this antagonizing
effect is greater in the absence of 178-estradiol than in its
presence (Fig. 2). In the presence of estrogen, cyclin D1a and
estrogen synergistically activate ERa-mediated transcription;
however, in the absence of estrogen, cyclin Dla played a
dominant role. This may explain why the antagonizing effect
of cyclin D1b is greater in the absence of estrogen than in the
presence of estrogen.

Cyclin D1b competes with cyclin Dla for ERa-binding. We
investigated the possible interaction between cyclin D1b and
ERa in the ERa-positive breast cancer cell line T47D. Co-
immunoprecipitation experiments revealed a physical
association between endogenous ERa and cyclin D1b in
T47D cells, and also confirmed the physical association of
cyclin D1a and ERa (Fig. 3A). This association was confirmed
in an ectopically expressing protein model. The cyclin Dla
and cyclin D1b expression plasmids were cotransfected with
the Myc-tagged ERa expression plasmid into ER-negative
HEK?293 cells, respectively. The immunoprecipitation assay
showed that both cyclin Dla and cyclin D1b interact with

ERa in vivo (Fig. 3B). To verify the in vivo binding assay
results and test whether the interaction between cyclin D1b
and ERa is direct, an in vitro binding assay (GST-Pull-down
assay) was employed. As shown in Fig. 3C, both cyclin Dla
and cyclin D1b bind to GST-ERa, but not to GST alone. This
indicated that the binding between cyclin D1a or cyclin D1b
with ERa is direct and specific for ERa. Both in vivo and
in vitro binding assays described above demonstrated that
both cyclin D1a and cyclin D1b can bind to ERa.

To investigate the possible mechanism by which cyclin
D1b antagonizes cyclin Dla-induced ERa-mediated tran-
scription, we examined the binding capacity of cyclin Dla
and cyclin D1b to ERa. Increasing amounts of cyclin D1b
expression plasmid were cotransfected with a fixed amount
of cyclin Dla and Myc-tagged ERa expression plasmid into
HEK?293 cells. The immunoprecipitation assay showed that
cotransfection of cyclin D1b reduced cyclin Dla association
with ERa (Fig. 3D). The result was confirmed using an in
vitro-binding study. In vitro-translated cyclin D1b was
incubated with GST-ERa, before cyclin D1a was added into
the binding mix. Subsequent GST pull-down assays revealed
that preincubation with cyclin D1b interfered with cyclin
D1a binding to ERa (Fig. 3E). These results show that cyclin
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The precipitated complexes were immunoblotted for cyclin Dla and cyclin D1b expression using anti-cyclin D1 monoclonal antibody (DCS-6). The upper
panel shows ERa, and the lower panel shows cyclin D1a, cyclin D1b and IgG light chain. (B) Cyclin D1a or cyclin D1b expression plasmid was transfected in
HEK?293 cells together with Myc-tagged ERa or empty vector and then immunoprecipitated using antibody against Myc-epitope tag. The Myc-ERa-
associated proteins were tested for cyclin Dla or cyclin D1b by Western blot analysis using anti-cyclin D1 monoclonal antibody (DCS-6). The upper panel
shows Myc-tagged ERa and IgG heavy chains, and the lower panel shows cyclin D1a and cyclin D1b proteins. Lanes 1-4 display Myc-tagged ERa or empty
vector-transfected cells in combination with cyclin D1a, and lanes 5-8 display Myc-tagged ERa or empty vector-transfected cells in combination with cyclin
D1b. Lanes 1, 3, 5 and 7 display Myc-ERa and cyclin D1a or cyclin D1b input. (C) The in vitro interaction between cyclin D1 and ERa. GST-ERa or control
GST protein were immobilized on glutathione-agarose beads and mixed with in vitro-translated cyclin Dla or cyclin D1b to established in vitro binding.
Cyclin Dla or cyclin D1b were tested by Western blot analysis using anti-cyclin D1 monoclonal antibody (DCS-6). Lanes 1 and 2 represent input, lanes 3 and 4
represent cyclin D1a and cyclin D1b bound to GST- ERa, and lanes 5 and 6 represent GST control. (D) HEK293 cells were transfected with Myc-tagged ERa,
cyclin Dla and increasing amount of cyclin D1b (0, 2 and 4 ug) expression plasmid. Twenty-four hours after transfection, cell were harvested, lysed and
subjected to co-immunoprecipitation with anti-Myc antibody. The precipitated complexes were detected by immunoblotting with anti-cyclin D1 monoclonal
antibody (DCS-6) and anti-ERa antibody. The upper panel shows Myc-tagged ERa, and the lower panel shows cyclin Dla and cyclin D1b proteins and IgG
light chains.1: D1a 2 ug, 2: D1a2 ug + D1b 2 ug, 3: D1a 2 ug + D1b 4 ug. Input is refered to the cell lysate of condition 2. (E) In vitro-translated cyclin D1b
was incubated with GST-ERa before cyclin D1a addition. Preincubation with cyclin D1b prevented cyclin D1a binding to GST-ERa.
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Figure 4. Cyclin D1b fails to recruit SRC-1 to ERa. (A) The in vitro interaction between cyclin D1 and SRC-1. GST-SRC1 were immobilized on glutathione-
sepharose beads and mixed with in vitro-translated cyclin D1a or cyclin D1b. Cyclin D1a or cyclin D1b were detected by Western blot analysis using anti-
cyclin D1 monoclonal antibody (DCS-6). (B and C) The GST-SRCI, ERa and cyclin D1 were tested for in vitro binding in GST pull-down assay. in vitro-
translated cyclin Dla or cyclin D1b and ERa were incubated with GST-SRC1 in the presence or absence of 1 yuM 17B-estradiol and binding was detected by
Western blot analysis using anti-cyclin D1 and anti-ERa monoclonal antibodies.

D1b has the ability to compete with cyclin Dla for
association with ERa, providing one potential mechanism for
antagonism.

Cyclin D1b fails to recruit SRC-1 to ERa. To investigate
whether cyclin D1b can act as a bridging factor between ERa
and SRC-1 similar to cyclin D1a, we tested the association of
cyclin D1b, ERa and SRC-1. First, we tested if cyclin D1b
can physically interact with SRC-1. As shown in Fig. 4A,
both cyclin Dla and cyclin D1b can bind to GST-SRCI. To
test whether a cyclin D1b-ERa-SRC1 ternary complex can be
formed, bacterially expressed GST-SRC1, and in vitro-
translated cyclin D1 and ERa were employed in an in vitro
GST pull-down assay. We found that both cyclin Dla and
cyclin D1b were pulled down by GST-SRC1 in the presence
of ERa irrespective of the presence of estrogen (Fig. 4B).
However, ERa binds to GST-SRC1 in an estrogen-dependent
manner in vitro (Fig. 4C). ERa could not be pulled down by
GST-SRCI1 in the presence of cyclin D1b alone. This is
distinct from cyclin Dla that could recruit ERa to GST-
SRC1 in the absence of ligand (19). Less ERa was pulled
down in the presence of both estrogen and cyclin D1b
compared to the presence of estrogen alone (Fig. 4C). The
data indicate that, although cyclin D1b could physically
interact with both ERa and SRC-1, respectively, cyclin D1b

could not recruit ERa to SRC-1 in the absence of estrogen
and it fails to act as a ligand-independent adaptor molecule
between ERa and its coactivator SRC-1.

Cyclin DIDb represses estrogen responsive breast cancer cell
proliferation. Estrogen receptor activity is required for
proliferation of estrogen-responsive breast cells and early
breast carcinogenesis. To define the functional action of
cyclin Dla and cyclin D1b on ERa-mediated transcription,
we investigated the effect of cyclin Dla and cyclin D1b on
estrogen-responsive breast carcinoma cell growth. Breast
carcinoma T47D cells, which express wild-type endogenous
ERa, were infected with the retrovirus encoding cyclin Dla
and cyclin D1b and then tested for cell proliferation via direct
cell counting. As shown in Fig. 5, overexpression of cyclin
D1la significantly accelerated the proliferation of T47D
(107.04, 164.23 and 173.47%) compared with control on three
consecutive days; however, cyclin D1b significantly repressed
the proliferation in these cells (76.40, 78.91 and 73.28%) as
compared with control on three consecutive days. These data
suggest that cyclin Dla and cyclin D1b have differential
effects on estrogen-dependent breast carcinoma growth.
Cyclin D1b expression may render specific growth inhibi-
tion in ER-positive breast carcinoma cells.
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Figure 5. Cyclin D1b repressed breast cancer cell T47D cell proliferation. T47D cells were infected with retrovirus encoding cyclin D1a and cyclin D1b. Cell
proliferation rate is determined by cell number increase on three consecutive days. The average percentage increase was calibrated by the cell numbers on day 0.
The data represent the average and standard deviation of independent experiments.
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Figure 6. Hypothetical model by which cyclin D1b antagonizes cyclin Dla-induced ERa-mediated transcription. (A) Schematic representation of a
hypothetical model in which cyclin D1b is incapable of inducing ERa-mediated transcription because it fails to recruit SRC1 to the receptor. Cyclin D1b
antagonizes cyclin D1a-induced ERa-mediated transcription by competing with cyclin D1a for ERa binding. (B) Hypothetical model in which cyclin D1b acts

as a block on cyclin D1a and ERa-positive feedback loop.

Discussion

Cyclin Dla has been known for years only as a cell cycle
regulator facilitating the progression of the cell cycle through
the G1 phase by activating the cyclin-dependent kinases
(CDKs). More recently, Zwijsen et al unraveled a novel
CDK-independent role for cyclin D1a and demonstrated that
cyclin Dla can substitute for estrogen to activate ERa-
mediated transcription (11). Interestingly, cyclin D1 gene
transcription can be directly induced by activation of ERa
(25). An estrogen-responsive element that has been found in
the promoter region of the cyclin D1 gene (26). When ERa is
activated by estrogen or agonists, it can bind to this estrogen-
responsive element in the promoter region of the cyclin D1
gene. A transcription initiation complex is then recruited

through SRC-1 which binds to activated ERa and cyclin D1
transcription is then initiated. Cyclin D1a activation of ERa-
mediated transcription and transcriptional induction of cyclin
Dla by ERa forms a positive feedback loop, which plays a
key role in inducing proliferation of estrogen responsive
cells. In this study we demonstrated that cyclin D1b is
incapable of inducing ERa-mediated transcription because it
fails to recruit SRC-1 to this receptor. Cyclin D1b was shown
to antagonize cyclin Dla-induced ERa-mediated transcription
by competing with cyclin Dla for ERa binding (Fig. 6A).
Cell proliferation assays showed that cyclin Dla and cyclin
D1b had a differential effect on estrogen-dependent breast
carcinoma cell growth with cyclin Dla stimulating the
growth of ERa-positive breast cancer T47D cell while cyclin
D1b repressed the growth. These findings suggest that cyclin
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D1b acts as a block on the cyclin D1a-ERa-positive feedback
loop and negatively regulates breast epithelial cell prolifer-
ation (Fig. 6B). Disruption of this balance may result in
overproliferation of breast epithelial cells.

Cyclin D1a and cyclin D1b share the first 241 amino acids,
but the alternate cyclin D1b lacks the last 55 amino acids at
the carboxyl terminus which are replaced by a 33 amino acid
sequence. The carboxyl terminal leucine-rich LLXXXL
motif at position 254-259 of cyclin D1a is very similar to the
activation function domain-2 (AF-2) in ERa that constitutes a
binding site for SRC-1. In the absence of ligand, cyclin Dla
can act as a bridging factor to recruit SRC-1 to ERa and
activate ERa-mediated transcription (19). This motif is
missing from the carboxy terminal end of cyclin D1b. Yet,
despite our finding that cyclin D1b cannot recruit SRC-1 to
ERa, we found that cyclin D1b could physically interact with
both ERa and SRC-1. It has been reported, that amino acids
142-178 of cyclin D1 are required for ERa binding (27) and
two additional LLXXXL motifs at amino acid position 137-
142 and 143-148 are found in both cyclin Dla and cyclin
D1b which might also constitute binding sites for SRC-1.
These motifs overlap with the amino acids required for ERa
binding and this could explain why cyclin D1b can bind to
both ERa and SRC-1, but not at the same time. The
possibility that ERa and SRC-1 bind to cyclin D1b through
overlapping domains suggests that ERa and SRC-1 compete
for binding to cyclin D1b. Preoccupation of cyclin D1b by
either SRC-1 or ERa is expected to prevent the other protein
binding. The carboxyl terminus of cyclin Dla contains
threonine 286 and 288 residues that are important for protein
nuclear export and turnover (28-30). Lacking the Thr286
and Thr288 residues, cyclin D1b is refractory to CRMI1-
dependent nuclear export, and remains constitutively nuclear
(4-6). The constitutive nuclear localization makes cyclin D1b
effectively antagonize the action of cyclin Dla on ERa-
mediated transcription.

Since Kong et al first reported that the cyclin D1 gene
G870A polymorphism influenced the age of onset of
hereditary non-polyposis colorectal cancer (31), a large
number of epidemiological studies have investigated this
polymorphism in cancer susceptibility. In breast cancer the
CCNDI AR870 allele appears to be protective in some study
populations (32,33). The polymorphism alters the splice
donor sequence at the boundary of exon 4 and intron 4 and is
thought to enhance the alternate splicing, which gives rise to
a variant transcript (transcript b). Yu et al reported that more
transcript b is produced from the A870 allele than the G870
allele in malignant breast carcinoma and benign breast
lesions (34). The current finding that cyclin D1b antagonizes
cyclin Dla-induced ERa-mediated transcription suggests its
involvement in negative regulation of ERa-positive breast
cancer cell growth. This provides a possible explanation for the
association between the CCNDI1 G870A polymorphism and
decreased cancer risk for some types of breast cancer.

Approximately 70% of breast cancer patients are ER
positive at diagonosis (35). Hormonal therapy such as
tamoxifen is the first choice of treatment for these patients.
Eventually breast cancer cells become estrogen-independent
and resistant to hormonal therapy. It has been suggested that
activation of ERa by cyclin Dla enables cells to bypass the

requirement for estrogen and therefore provides a mechanism
for estrogen-independent growth of breast tumor cells (11).
Our finding that cyclin D1b negatively regulates breast
cancer cell growth by antagonizing the action of cyclin Dla
on ERa transcriptional activity raises the possibility that
modified cyclin D1b could be a potential therapeutic reagent
for the ER-positive breast cancer patients who are resistant to
hormonal therapy.
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