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Besides its function as a cell cycle regulator, cyclin D1 interacts with transcription factors to regulate gene activation. In
this study, we show that cyclin D1 is recruited to the p21wafl promoter by a STAT3-NcoA complex. The association of
cyclin D1 with DNA prevented the recruitment of the CBP histone acetylase and RNA polymerase II, leading to an
inhibition of the p21waf1 gene. Confirming the transcriptional function of the protein, the expression of the p21wafl gene
was enhanced in cyclin D1—/— fibroblasts or upon siRNA-mediated down-regulation of the cyclin. Moreover, the
STAT3-mediated activation of p21wafl was also inhibited in breast cancer cells containing elevated levels of cyclin D1.
Altogether, these results suggest that the transcriptional activities of cyclin D1 might play an important role in the
regulation of cell-cycle regulatory genes and that these functions are probably involved in cell transformation.

INTRODUCTION

After mitogen stimulation of quiescent cells, genes encoding D-
type cyclins get activated at the beginning of the G1 phase. Cyclin
D then binds cdk4 or cdké6 to activate the kinase activity of these
proteins, initiate Rb phosphorylation and induce cell cycle pro-
gression toward S phase. In light of these observation, it was
predicted that the inactivation of the cyclin D1 gene would lead to
important defects due to dysregulated cell proliferation. How-
ever, cyclin D1-deficient mice are viable but show developmental
abnormalities to restricted tissues such as the retina, the nervous
system, and the breast epithelium (Sicinski et al., 1995). In addition,
inactivation of the cyclin D1 gene produced a small mouse phe-
notype (Fantl et al., 1995) and led to a disturbance of growth in
Drosophila (Datar et al., 2000; Foley and Sprenger, 2000; Meyer et
al., 2000) and Caenorhabditis elegans (Park and Krause, 1999). Over-
expression of Arabidopsis cyclin D2 in transgenic tobacco leads to
an increased rate of biomass accumulation, enhanced root growth,
and a rapid attainment of flowering size (Cockcroft et al., 2000). In
Arabidopsis, D-type cyclin expression is induced in the presence of
sucrose, the major source of carbon that plays a central role in
regulating cellular metabolism and physiology in plants. There-
fore, cyclin D1 is involved in a large complexity of network
interactions that regulate cell proliferation as well as cell growth.

Extending its cell cycle functions, cyclin D1 has been
reported to have new functions that are independent of
cyclin-dependent kinases. Cyclin D1 regulates the activity of
various transcription factors such as MyoD, STAT3, Beta2/
NeuroD, the estrogen, thyroid and androgen receptors or
the v-myb, and DMP1 proteins (Bernards, 1999; Coqueret,
2002). Moreover, cyclin D1 interacts with several transcrip-
tional cofactors such as the histone acetylase P/CAF (Mc-
Mahon et al.,, 1999) and members of the pl60 family of
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coactivators including NcoA/SRCla or GRIP-1 (Zwijsen et
al., 1998; Lazaro et al.,, 2002). A direct association with
NcoA/SRCla or GRIP-1 likely explains the effect of cyclin
D1 on ER activation (Zwijsen et al., 1997, 1998) and on the
activity of the MEF muscle factor (Lazaro ef al., 2002). Cyclin
D1 also regulates the activity of SP1 and Rb through its
association with TAF;;250, a component of TFIID (Adnane et
al., 1999; Siegert et al., 2000). Additionally, it can also interact
with the histone deacetylase HDAC3 (Lin et al., 2002), such
that its inhibitory effects on the androgen and thyroid hor-
mone receptors are lifted when cells are exposed to tricho-
statin A (TSA; Lin ef al., 2002; Petre et al., 2002).

These studies suggest that cyclin D1 is contained within
transcriptional regulatory complexes. However it remains to be
determined if cyclin D1 is directly present on the DNA and if
its effects are observed under physiological conditions or dur-
ing carcinogenesis. We have previously shown that cyclin D1
interacts with STAT3 proteins to inhibit their transcriptional
activity (Bienvenu et al., 2001). STAT3 transcription factors are
cytoplasmic proteins that induce gene activation in response to
cytokine stimulation. After tyrosine phosphorylation, STAT3
proteins dimerize, translocate into the nucleus, and activate the
expression of cell cycle genes such as p21wafl, fos, cyclin D, myc,
and pim-1 (Bromberg et al., 1999; Catlett-Falcone et al., 1999;
Kiuchi et al., 1999; Shirogane et al., 1999; Ivanov et al., 2001). In
the present study, using chromatin immunoprecipitation
(ChIP) experiments, we show that cyclin D1 is recruited to the
p2lwafl promoter by STAT3 proteins to down-regulate its
activity. In the presence of cyclin D1, STAT3 and its transcrip-
tional cofactor NcoA/SRCla are normaly recruited to DNA,
but the histone acetylase CBP and the RNA polymerase II do
not associate with the promoter. Importantly, the cyclin D1-
mediated inhibition of p2lwafl was also observed in breast
cancer cells that contain elevated levels of cyclin D1. Alto-
gether, these results indicate that cyclin D1 is part of a tran-
scriptional complex that controls the activation of the p21wafl
gene, suggesting that this could play an important role during
cell transformation.
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MATERIALS AND METHODS

Cell Culture, Reagents, and Plasmid Constructs

Cyclin D1—/— fibroblasts were kindly provided by P. Sicinski and are
derived from the same littermates as the parental fibroblasts used in this
study. Polyclonal antibodies against STAT3 (C20), cyclin D1 (HD-11),
p21lwafl (C19), NcoA/SRC1 (M-341), CBP (A-22), and RNA polymerase II
(N-20) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
Antibodies against phospho-STAT3-Tyr705 were from Cell Signaling Tech-
nology (Beverly, MA).

Transient Transfections, Preparation of Cell Extracts, and
siRNA Experiments

Transfection experiments and cell extracts were done as described before
(Giraud et al., 2002) and were repeated at least four times. The amount of
transfected DNA was kept constant by addition of appropriate amounts of the
parental expression vector. For siRNA experiments, cells, seeded into 10-cm
cell culture dishes, were transfected with 5 ug/dish of short interfering RNAs
(siRNAs) directed against SRC-1, cyclin D1, or lamin A/C using the lipo-
fectamine 2000 reagent (Life Technologies, Rockville, MD)). Single-stranded
RNAs were synthesized by Proligo (Boulder, CO) and correspond to the
following sequences (Shang and Brown, 2002): for SRC-1 : (sense strand:
5-CCUCAGGGCAGAGAACCAUCUdTAT-3’; and antisense strand: 5'-
AGAUGGUUCUCUGCCCUGAGGATAT-3'), for lamin A/C :(sense strand:
5'CUGGACUUCCAGAAGAACAUCATAT-3'; and antisense strand: 5'-GAU-
GUUCUUCUGGAAGUCCAGATAT-3'). Cyclin D1 siRNAs were obtained
from Santa Cruz Biotechnology.

Fusion Protein Purification, GST Pull-down Experiments,
and In Vitro Transcription Translation

Bacterial pellets containing fusion proteins were lysed by sonication in phos-
phate-buffered saline (PBS) containing 1% Triton X-100, 1 mM EDTA. After
centrifugation, fusion proteins were purified by affinity chromatography.
Purified his-STAT3716770, 50-100 ng, coupled to nickel-agarose resin was
mixed with 50-100 ng GST-cyclin D1 and incubated for 30 min at 4°C in
binding buffer (20 mM Tris-HCI, pH 7.5, 137 mM NaCl , 1 mM phenylmeth-
ylsulfonyl fluoride (PMSF), 2 mM sodium vanadate, 100 mM sodium fluoride,
10 pg bovine serum albumin, and 1% Brij 96). Where indicated, his-STAT3716-770
beads were preincubated for 30 min at 4°C with 200-300 ng GST or GST-
SRCla, extensively washed, and subsequently incubated with GST-cyclin D1.
Beads were then washed three times with binding buffer, one time with
Tris-50 mM HCI (pH 8), boiled for 5 min, and loaded on polyacrylamide gel
for Western blot analysis. cDNAs were transcribed and translated in vitro in
reticulocyte lysate in the presence of [3°S]methionine, using the TNT kit
(Promega, Madison, WI).

Chromatin Immunoprecipitation Assay

Cells grown to 60% confluence were serum-starved for 2 d. After stimulation
(IL-6, 20 ng/ml), cells were washed and fixed with 1% formaldehyde at room
temperature for 10 min. Cells were washed sequentially two times with 1 ml
ice-cold PBS, centrifuged, and resuspended in 0.5 ml of lysis buffer (1% SDS,
10 mM EDTA, 50 mM Tris-HCl, pH 8.1, 1 mM PMSF, 1 ug/ml leupeptin, 1
pmg/ml aprotinin) and sonicated three times for 15 s each at the maximum
setting. Supernatants were recovered by centrifugation at 12,000 rpm for 10
min at 4°C, diluted 2-4 times in dilution buffer (1% Triton X-100, 2 mM
EDTA, 150 mM NaCl, 1 mM PMSF, 2 mM sodium vanadate, 100 mM sodium
fluoride, 20 mM Tris-HCI, pH 8.1) and subjected to one round of immuno-
clearing for 2 h at 4°C with 2 ug sheared salmon sperm DNA, 2.5 ug
preimmune serum and 20 ul of protein A sepharose (50% slurry). Immuno-
precipitation was performed overnight with specific antibodies, then 2 ug
sheared salmon sperm DNA and 20 ul of protein A-Sepharose (50% slurry)
were further added for 1 h at 4°C. Note that the CBP and NcoA/SRCla
immunoprecipitations were performed in the presence of 1% Brij 97 or 1%
NP40, respectively. Immunoprecipitates were washed sequentially for 10 min
each in TSE I (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCI, pH
8.1, 150 mM NaCl), TSE II (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM
Tris-HCI, pH 8.1, 500 mM NaCl) and buffer III (0.25 M LiCl, 1% NP-40, 1%
deoxycholate, 1 mM EDTA, 10 mM Tris-HCI, pH 8.1). Beads precipitates were
then washed three times with TE buffer and eluted three times for 30 min at
room temperature with 1% SDS, 0.1 M NaHCO,. Eluates were pooled and
heated at 65°C overnight to reverse the formaldehyde cross-linking. For PCR,
10-ul from a 50 ul DNA preparation were used for 30 cycles of amplification.
The following primers were used: for STAT3, CBP, cyclin D1, and NcoA/
SRCla binding: region —879/—593 of the p21 wafl promoter 5" TTCAG-
GAGACAGACAACTCACTCG 3" (forward primer), 5° GACACCCCAA-
CAAAGCATCTTG 3’ (backward primer), region —105/+25 of the p21 wafl
promoter (RNA Pol II binding) 5" GCGGCGCGGTGGGCCGAGCGCGGG 3’
(forward primer), 5" GGCTCCACAAGGAACTGACT 3’ (backward primer),
control region —2760/—2486 of the p21 wafl promoter 5'- TTGTGCCACT-
GCTGACTTTGTC-3' (forward primer), 5° AGCCTGAAGAAGGAGGATGT-
GAGG-3' (backward primer).
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RESULTS

Cyclin D1 Prevents the Expression of the p21waf1 Gene

Because we have previously shown that cyclin D1 interacts
with STATS3 to block its transcriptional activity (Bienvenu et
al., 2001), we wanted to determine if this protein could
prevent the IL-6-mediated activation of the p21wafl gene.
To this end, HepG2 cells stably transfected with cyclin D1
were serum-starved for 2 d and left untreated or were stim-
ulated with IL-6 for 4 h. Under these conditions, Northern
blot analysis showed that IL-6 induced the expression of the
p21lwafl mRNA in control HepG2 cells, but that cyclin D1
reduced its expression (Figure 1A, compare lanes 1-4).
Equal loading was verified using ribosomal 18S RNA stain-
ing. Western blot experiments confirmed that the expression
of the p21wafl protein was reduced in the presence of cyclin
D1 (Figure 1A, lanes 5-8). Using a more physiological model
to enhance the expression of cyclin D1, we then stimulated
HepG2 cells with insulin, a well-known activator of the Akt
kinase and cyclin D1 expression (Diehl et al., 1998). As
expected, an enhanced expression of cyclin D1 was detected
upon insulin stimulation (Figure 1B, lanes 1-4). Using
Northern blot analysis, we also found that the IL-6-medi-
ated activation of the p21wafl mRNA was down-regulated
when cells were pretreated with insulin (Figure 1B, lanes
5-12). To extend these results, we also evaluated if the
ablation of cyclin D1 in mouse fibroblasts enhanced the
cytokine-mediated activation of the p2lwafl gene. To this
end, parental or cyclin D17/~ cells were serum-starved for
2 d and left untreated or were stimulated with IL-6 for 4 h.
Under these conditions, Northern blot analysis effectively
showed that IL-6 induced the expression of the p2lwafl
mRNA to a higher extent in cyclin D1—/— cells than under
control conditions (Figure 1C, compare lanes 1-3 and 4-6).

Taken together, these results indicate that cyclin D1 inhib-
its the IL-6—mediated expression of the p21wafl gene.

Cyclin D1 Is Associated with the p21wafl Promoter

We then determined if cyclin D1 is recruited to the p21wafl
promoter to regulate its expression. To test this hypothesis,
ChIP experiments were performed using two pairs of prim-
ers that cover either the STAT3 responsive region of the
promoter or a control region 2 kb upstream of the STAT3
binding site (Figure 2A). The recruitment of cyclin D1 to the
p2lwafl promoter was first examined in HepG2 cells that
were serum-starved for 2 d and stimulated with IL-6 for 20
min. As expected, STAT3 was recruited to the p2lwafl
promoter upon IL-6 stimulation (Figure 2B, top panel, lanes
1-4). Interestingly, cyclin D1 was also recruited to the
p21wafl promoter in cyclin D1l-expressing cells (Figure 2B,
bottom panel, lanes 1-4). Importantly, the presence of the
protein on DNA did not affect the amount of STAT3 asso-
ciated with its binding site. As a control of DNA sonication
efficiency, PCR analysis did not detect any occupancy of the
control region (Figure 2B, lanes 5-8). Given that insulin also
induced a down-regulation of the p21wafl mRNA, we then
asked if this inhibitory effect was also associated with the
recruitment of cyclin D1 to DNA. Using ChIP experiments,
we effectively observed that insulin induced the association
of cyclin D1 with the p21wafl promoter but had no effect on
the DNA binding activity of STAT3 (Figure 2C, lanes 1-4).
No occupancy of a control region of the promoter was
observed (Figure 2C, lanes 5-8).

Altogether, these results indicate that cyclin D1 is re-
cruited to the p21wafl promoter upon STAT3 activation.
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Figure1. Cyclin D1 inhibits the STAT3-mediated activation of the p21wafl gene. (A) HepG2 cell lines expressing (lanes 1 and 2) or not cyclin
D1 (lanes 3 and 4) were serum-starved for 2 d and stimulated for 4 h with IL-6 (10 ng/ml, lanes 2 and 4) or were left untreated (lanes 1 and
3). Total RNA was prepared and analyzed by Northern blot using a human cDNA probe. The expression of the p21wafl protein was analyzed
in parallel by Western blot after IL-6 stimulation (15 h, lanes 5-8). (B) HepG2 cells pretreated for 1 h with insulin (25 ng/ml) or its vehicle
were stimulated with IL-6 as indicated. Nuclear extracts were prepared and the expression of cyclin D1 was analyzed by Western blot (lanes
1-4). The expression of the p21wafl mRNA was analyzed after IL-6 stimulation of HepG2 cells in the presence (lanes 9-12) or absence (lanes
5-8) of insulin. (C) Wild-type and cyclin D1—/— 3T3 mouse fibroblasts derived from cyclin D1—/— transgenic mice were serum-starved for
2 d and stimulated with IL-6 (20 ng/ml) for 4 h. Total RNA was prepared and 20 ug of RNA was subjected to Northern blot analysis using

a murine cDNA probe. The membrane was striped and reprobed with a 18S oligonucleotide (bottom panel).

Cyclin D1 Inhibits the Occupancy of the p21waf1l Promoter
by the CBP Coactivator and RNA Polymerase II

We have recently shown that the transcriptional activity of
STATS3 is dependent on the recruitment of the NcoA/SRCl1a
and CBP coactivators (Giraud et al., 2002). To determine if
cyclin D1 might modify the association of these proteins
with the p21wafl promoter, their recruitment was therefore
analyzed by ChIP in HepG2 cells. Owing to their interaction
with STATS3, the recruitment of NcoA /SRCla and CBP was
analyzed on the STAT3-responsive region of the promoter,
whereas the recruitment of the RNA polymerase II was
evaluated on its binding site, the TATA box (Figure 3A). In
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control HepG2 cells, ChIP experiments showed that the
association of STAT3 and NcoA/SRCla with the p2lwafl
promoter was associated with the recruitment of CBP and
the RNA pol II (Figure 3B, lanes 3-4 and 7-8). Whereas
cyclin D1 was not significantly detected in control cells, it
was found associated with the STAT3-responsive region in
cyclin Dl-expressing cells (Figure 3B, lanes 1-2, middle
panel). In the presence of cyclin D1, STAT3 effectively in-
duced the recruitement of NcoA/SRCla, but failed to in-
duce any CBP or RNA pol II association (Figure 3B, lanes 1-2
and 5-6). No occupancy of a control region of the promoter
was observed (data not shown). Because insulin also in-

Molecular Biology of the Cell
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duced the recruitment of cyclin D1 to the p21wafl promoter,
we also investigated its effects on the association of CBP and
RNA pol II with DNA. Confirming the above results, ChIP
experiments indicated that insulin prevented the STAT3-
mediated recruitement of CBP and RNA pol II to the
p2lwafl promoter (Figure 3C, lanes 1-2 and 5-6). In con-
trast, the association of NcoA /SRC1la and STAT3 with DNA
was not modified (Figure 3C, lanes 1-4 and data not shown).

Altogether, these results suggest that cyclin D1 prevents
the recruitment of CBP and of the polymerase to inhibit the
activation of the p21wafl promoter.

NcoA/SRC1a Enhances the Interaction between STAT3
and Cyclin D1

Because STATS3, cyclin D1, and NcoA /SRCl1a are present on
the p21wafl promoter, we then examined if a ternary com-
plex could be formed between these proteins. To determine
the effect of NcoA/SRCla on the STAT3-cyclin D1 interac-
tion, his-tagged STAT3716~770 beads were preincubated for
30 min with GST alone or with GST-SRC3¢1-782 (see Figure
4A). This preincubation allowed the association of the two
proteins, as we have previously shown that the activation
domain of STAT3 interacts with the residues 361-567 of
NcoA/SRCla (Giraud et al., 2002). After extensive washings,
GST-cyclin D1 proteins were then added to the bound com-
plexes. Under these conditions, results indicated that the
binding of the cyclin was significantly enhanced when his-
tagged STAT3716770 was preincubated with GST-SRC361-752
as compared with GST alone (Figure 4B, compare lanes 2
and 4). Because we were concerned that the GST proteins
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could dimerize, these binding experiments were repeated
using bacterially produced his-STAT3 proteins and 3°S-me-
thionine-labeled cyclin D1. Where indicated, in vitro—trans-
lated NcoA/SRCla proteins were added to the binding re-
action to determine if it could potentiate the STAT3-cyclin
D1 interaction. As expected, in vitro translated cyclin D1
was retained by his-tagged STAT37'6=770 immobilized on
beads but not by histidine alone (Figure 4B, lanes 8-9).
Moreover, the binding of the cyclin was significantly en-
hanced when his-tagged STAT37'~77° was preincubated
with NcoA/SRC1a (Figure 4B, compare lanes 7 and 9).

To extend these results, COS cells were transfected with
vectors expressing cyclin D1, the activated form of STAT3,
STAT3-Cys (Bromberg et al., 1999), in the presence or ab-
sence of a vector encoding for NcoA/SRCla. Under these
conditions, STAT3-Cys was effectively found to coimmuno-
precipitate with cyclin D1 but this association was signifi-
cantly enhanced in the presence of NcoA /SRCl1a (Figure 4C,
compare lanes 1 and 2). Because these results suggested that
the interaction between STAT3 and cyclin D1 is mediated by
NcoA/SRCla, we then used siRNA to down-regulate the
expression of the cofactor and determine if this could affect
the interaction between the two proteins. Interestingly, ChIP
experiments indicated that the siRNA-mediated down-regula-
tion of NcoA /SRCl1a prevented the recruitment of cyclin D1 to
the p2lwafl promoter (Figure 4D, lanes 1-4). As a control,
lamin siRNA did not affect the recruitment of cyclin D1 to
DNA. The expression of NcoA/SRCla was verified by West-
ern blot analysis in each condition (Figure 4D, lanes 5-8).
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Altogether, these results suggest that the interaction be-
tween STAT3 and cyclin D1 is indirect and mediated by
NcoA/SRCla. This also suggests that the STAT3-SRC-cyclin
D1 complex might not bind to CBP as opposed to STAT3-
SRC only.

Regulation of the p21wafl Promoter by Cyclin D1 in
Breast Cancer Cells

As a first attempt to determine if the transcriptional effects of
cyclin D1 could be observed in tumor cells, we then used the
MCF7 breast cancer cell line, because these cells have been
reported to express high levels of cyclin D1 (Russell et al.,
1999). MCF7 cells were serum-starved for 2 d and stimulated
with IL-6, and Northern blot and ChIP experiments were
then performed to analyze the regulation of the p2lwafl
gene. Surprisingly, IL-6 stimulation of MCF7 cells did not
lead to a detectable p21wafl mRNA expression (Figure 5A,
lanes 1-3), whereas serum stimulation activated the p21wafl
gene as previously reported (Coqueret et al., 1998). Interest-
ingly, we found using ChIP experiments that cyclin D1 was
recruited to the p2lwafl promoter upon cytokine stimula-
tion (Figure 5A, lanes 4-5). To determine if cyclin D1 is
associated with the down-regulation of the p2lwafl gene,
we used the LY294002 pharmalogical inhibitor of the PI3K/
Akt pathway to accelerate the proteolytic degradation of
cyclin D1 (Diehl et al., 1998). As expected, Western blot
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in the presence or absence of insulin.

analysis showed that LY294002 led to a down-regulation of
cyclin D1 expression without affecting control tubulin ex-
pression (Figure 5B, compare lanes 1-2 and 3-4). Interest-
ingly, we observed a shift in cyclin D1 mobility that is
probably be due to an enhanced phosphorylation of the
cyclin by the glycogen synthase kinase-3beta as previously
reported (Diehl et al., 1998). Consequently, ChIP experi-
ments indicated that the association of cyclin D1 with the
p2lwafl promoter was also inhibited (Figure 5B, lanes 5-8).
Northern blot experiments were then performed to deter-
mine if the down-regulation of cyclin D1 induced an en-
hanced expression of the cell cycle inhibitor. Interestingly,
results showed that the LY294002 treatment effectively re-
stored the expression of the p21wafl mRNA upon stimula-
tion of MCF7 cells (Figure 5C, lanes 1-4).

Finally, ChIP experiments were conducted in the pres-
ence or absence of LY294002 to analyze the association of
the CBP and RNA pol II complexes with DNA. On IL-6
stimulation of MCF7 cells, we found that STAT3 and
NcoA/SRCla were recruited to the p2lwafl promoter
(Figure 5D, lanes 1-4 and 5-8). As previously reported,
low but detectable levels of NcoA/SRC1a were recovered
in MCF-7 cells (data not shown and Shang and Brown,
2002). However, STAT3 activation failed to induce any
CBP or RNA polymerase II association with the p2lwafl
promoter in control conditions (Figure 5D, lanes 1-2 and

Molecular Biology of the Cell
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Figure 4. NcoA/SRCla enhances the interaction between STAT3 and cyclin D1. (A) Representation of the fusion proteins used in these
experiments. (B) Purified histidine or his-STAT37'¢~77° coupled to nickel-agarose resin were preincubated with 200-300 ng purified GST
(lanes 3 and 4) or GST-SRC31-782 fusion proteins (lanes 1 and 2) for 30 min. After extensive washings, the complexes bound to the resin were
further incubated with purified GST-cyclin D1 proteins (50-100 ng). Samples were then washed four times and cyclin D1 binding on
preformed complexes was detected by Western blot. In parallel, purified histidine or his-STAT37'*~77° coupled to beads were tested for
binding to in vitro 3°S-labeled full-length cyclin D1 proteins, in the presence (lane 7) or absence (lane 9) of **S-labeled full-length NcoA /SRC1.
Bound proteins were analyzed by SDS-PAGE and autoradiography. (C) COS cells were cotransfected with vectors expressing cyclin D1 and
the activated form of STAT3, STAT3-Cys, in the presence (lanes 1 and 3) or absence (lanes 2 and 4) of NcoA /SRC1a. After 2 d, nuclear extracts
were immunoprecipitated with polyclonal antibodies directed against cyclin D1 proteins (lanes 3—-4) or a control serum (lanes 1 and 2) and
analyzed by Western blot analysis with antibodies directed against STAT3 proteins. (D) HepG2 cells expressing cyclin D1 were transfected
with siRNAs directed against either NcoA/SRCla (lanes 3 and 7) or lamin A/C (lanes 4 and 5). ChIP analysis was conducted as described
in Figure 1 to detect the association of cyclin D1 with the p21wafl promoter (lanes 1-4). Western blot analysis was performed in parallel to
analyze the expression of NcoA/SRCla (lanes 5-8).
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Figure 5. Cyclin D1 is associated with the
p21lwafl promoter to prevent its expression
in breast cancer cells (A) MCF-7 cells were
serum-starved for 2 d and stimulated for 4 h
with IL-6 (20 ng/ml) or 10% serum as indi-
cated. Total RNA was prepared and 20 ug
of RNA was subjected to Northern blot
analysis using a human cDNA probe (lanes
1-3). The membrane was striped and re-
probed with a 18S oligonucleotide (bottom
panel). The recruitment of cyclin D1 to the
p2lwafl promoter was analyzed in parallel
by ChIP after IL-6 stimulation (lanes 4-5).
(B) Serum-starved MCE-7 cells were pre-
treated for 1 h with LY294002 (50 uM, lanes
3 and 4, 7 and 8) or with dimethyl sulfoxide
(DMSO; vehicle, lanes 1 and 2, 5 and 6), and
then left untreated or stimulated with IL-6
for 20 min. Cyclin D1 expression was ana-
lyzed by Western blot (lanes 1-4). ChIP
analysis were performed to analyze the re-
cruitment of cyclin D1 on the p21wafl pro-
moter after LY294002 pretreatment (lanes
5-8). Cells were treated as explained in A
and stimulated for 20 min, and ChIP exper-
iments were performed as described Figure
2. (C) Northern blot analysis of the expres-
sion of the p21wafl mRNA in the presence
or absence of LY294002. (D) Serum-starved
MCEF-7 cells were pretreated for 1 h with
LY294002 (+) or with DMSO (—) and were
then stimulated with IL-6 for 20 min. The
association of STAT3 and CBP with the
p2lwafl promoter was analyzed by ChIP
using one pair of primers that cover the
STAT3 binding site (lanes 1-4). The associ-
ation of the RNA pol II with the p21wafl
promoter was analyzed in parallel with one
pair of primers that cover the TATA box
binding site (lanes 5-8).

of CBP with the p2lwafl promoter (Figure 5D, lanes 3-4).
Consequently, the RNA pol II was also found associated with
DNA after LY294002 treatment and cyclin D1 degradation
(Figure 5D, lanes 7-8). LY294002 did not affect STAT3 DNA
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binding and no association of these complexes was observed
with a control DNA region (data not shown)

Taken together, these results suggest that cyclin D1 is
associated with the p21wafl promoter in breast cancer cells
to prevent the activation of the gene.

The Expression of p21wafl Is Enhanced upon Cyclin D1
Down-regulation

To verify that endogeneous cyclin D1 functions in the regula-
tion of p2lwafl expression, MCF7 or HepG2 cells were tran-
siently transfected with siRNA targeting cyclin D1 before stim-
ulation. As controls, siRNA targeting lamin were also included.
As shown in Figure 6A, siRNA transfection resulted in a sig-
nificant reduction in cyclin D1 levels in MCF7 cells. Interest-
ingly, whereas transfection of cells with lamin-specific siRNA
had no effect on the expression of the cell cycle inhibitor,
reduction of cyclin D1 levels by siRNA significantly restored
the IL-6—mediated activation of p2lwafl (Figure 6A, lanes
3-6). To confirm these results, siRNA against cyclin D1 were
then introduced into HepG2 cells before treatment with insulin
and IL-6. Similar to the case of MCF7 cells, siRNA significantly
knocked down cyclin D1 expression (Figure 6B, lanes 1-2).
Confirming the results of Figure 1, insulin-inhibited p21wafl
expression in the presence of lamin-specific siRNA (Figure 6B,
lanes 3-6). By contrast, cyclin D1 disruption eliminated the
insulin-mediated repression of the p2lwafl gene (Figure 6B,
compare lanes 6 and 10).

Together, these data confirm that the endogeneous cyclin
D1 can repress the IL-6—-dependent activation of p21wafl in
breast cancer cells or upon insulin stimulation.

DISCUSSION

Besides its cell cycle role, cyclin D1 fullfills additional func-
tions during transcriptional regulation. In this study, we
have shown that cyclin D1 is recruited by a STAT3-SRC
complex to the p2lwafl promoter. As a consequence, the
CBP histone acetylase and the RNA polymerase II do not
associate with the promoter and the p2lwafl mRNA is
down-regulated.
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In light of these results, we propose that cyclin D1 prevents
the expression of p2lwafl through CBP inhibition. Gene acti-
vation involves the recruitment of coactivator complexes that
modify or remodel chromatin at target promoters through
histone acetylation or phosphorylation. A transcriptionally ac-
tive chromatin structure is then obtained, allowing the associ-
ation of the initiation complex with DNA (Kingston and Nar-
likar, 1999; Strahl and Allis, 2000). CBP contains an intrinsic
acetyltransferase activity, which can modify histones as well as
several transcription factors. Thus, our first hypothesis is that
cyclin D1 affects the CBP-mediated acetylation of the p21wafl
promoter. We have recently shown that the transcriptional
activity of STAT3 is mediated by an increase in histone H3
acetylation and by the recruitment of BRG1, the ATPase sub-
unit of the Swi/Snf complex (Giraud et al., 2004). These recruit-
ments are followed by an increased accessibility of the proxi-
mal promoter, which facilitates the binding of the RNA
polymerase. Thus, if cyclin D1 prevents the access of the his-
tone acetylase CBP, this could inhibit histone H3 acetylation
and indirectly affects nucleosome positioning on DNA. By
preventing histone modification, cyclin D1 would inhibit chro-
matin remodeling on the proximal p2lwafl promoter and
mask the binding sequences involved in the loading of the
initiation complex. However, because other acetylases are
probably also present on the promoter, it will be important to
determine if these proteins are also affected by cyclin D1. In
addition, determining if additional histone modifications are
necessary for p21wafl to be activated is also an important issue
to adress.

We also speculate that cyclin D1 might affect a CBP activity
not directed against histones. Because CBP proteins serve as
scaffolds for the association of multiprotein complexes, it is
tempting to speculate that cyclin D1 disrupts contacts between
STAT3 and essential coactivators that would be bridged by
CBP. Although this remains controversial (Petre et al., 2002), it
has been previously suggested that cyclin D1 might inhibit the
transcriptional activity of the androgen receptor through the
dissociation of a CBP-P/CAF complex (Reutens et al., 2001).
Interestingly, PCAF has been reported to be associated with the
TBP-associated factors (TAFs; Ogryzko et al., 1998). These sub-
units of the TFIID complex play an important role in the
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recruitment of the preinitiation complex. In addition, it has
been reported that the RNA helicase A (RHA) functions as a
bridging factor connecting CBP and RNA polymerase II (Na-
kajima et al., 1997). Thus, if the contacts between STAT3 and the
polymerase are effectively mediated by either a CBP-RHA or
CBP-P/CAF complex, cyclin D1 could either inhibit the direct
recruitment of the RNA pol II or prevent the access of RHA
and P/CAF activities to the p21wafl promoter. In this case, the
cyclin D1 effects would not be related to histone acetylation but
more likely to steric hindrance.

Altogether, these results lead to the hypothesis that the
cyclin D1 oncogene, or an oncogenic pathway that relies on
cyclin D1, might prevent the activation of the p21wafl pro-
moter to enhance cell transformation. Cyclin D1 would
thereby guide the transcriptional activity of STAT3 toward
the activation of growth promoting genes at the expense of
cell cycle inhibitory proteins. This could be a necessary step
in the activation of the STAT3 and cyclin D1 oncogenic
potentials, particularly in breast cancer cells were both on-
cogenes play important roles and might therefore cooperate
(Dechow et al., 2004). Further experiments are now needed
to determine if these observations can be extended to other
genes or are only specific to the p21wafl promoter.
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