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Estrogen stimulates the proliferation of the most common type of human breast cancer that expresses
estrogen receptor « (ERa) through the activation of the cyclin D1 (CCND1) oncogene. However, our
knowledge of ERx transcriptional mechanisms remains limited. Hence, it is still elusive why ER« ectopically
expressed in ER-negative breast cancer cells (BCC) is functional on ectopic reporter constructs but lacks
activity on many endogenous target genes, including CCND1. Here, we show that estradiol (E2) stimulation of
CCND1 expression in BCC depends on a novel cell-type-specific enhancer downstream from the CCND1
coding region, which is the primary ER« recruitment site in estrogen-responsive cells. The pioneer factor
FoxAl is specifically required for the active chromatin state of this enhancer and as such is crucial for both
CCND1 expression and subsequent cell cycle progression. Interestingly, even in BCC, CCND1 levels and
proliferation are tightly controlled by E2 through the establishment of a negative feedforward loop involving
the induction of NFIC, a putative tumor suppressor capable of directly repressing CCND1 transcription.
Taken together, our results reveal an estrogen-regulated combinatorial network including cell-specific cis- and
trans-regulators of CCND1 expression where ERa collaborates with other transcription factors associated with
the ER-positive breast cancer phenotype, including FoxA1 and NFIC.

[Keywords: Breast cancer; estrogen receptor; cyclin D1; transcription; enhancer; chromatin|

Supplemental material is available at http://www.genesdev.org.

Received May 2, 2006; revised version accepted July 26, 2006.

Cyclin D1 (CCND1) belongs to the family of D-type cy-
clins, which regulate G1-S cell cycle progression (Quelle
et al. 1993). CCNDI acts through activation of cyclin-
dependent kinases (cdks) that phosphorylate and inacti-
vate the retinoblastoma protein. However, recent find-
ings indicate that CCND1 could also promote cell cycle
progression through cdk-independent mechanisms, such
as interaction with and modulation of transcription fac-
tor activities (for reviews, see Ewen and Lamb 2004; Ar-
nold and Papanikolaou 2005). CCND1 is a well recog-
nized oncogene that is amplified and/or overexpressed in
a substantial proportion of human cancers including
parathyroid adenoma, colon cancer, lymphoma, mela-
noma, prostate cancer, and breast cancer (Ewen and
Lamb 2004). More specifically, CCND1 is one of the
most commonly overexpressed genes in human breast
cancer (up to 50% of breast cancers) (Arnold and Papani-
kolaou 2005). CCND1 oncogenic activity in the mam-
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mary gland was confirmed by genetically modified
mouse models where CCND1 overexpression leads to
the development of mammary carcinoma (Wang et al.
1994), while CCND1 ablation results in mice resistant to
cancer induced by several oncogenes (Yu et al. 2001). The
CCNDI-null mice also showed defective postnatal
mammary development revealed by a lack of prolifera-
tion of alveolar epithelial cells in response to the sex
steroid milieu of pregnancy (Fantl et al. 1995; Sicinski et
al. 1995).

Indeed, CCNDI1 expression is induced in mammary
epithelial cells by estrogen and progesterone (Sutherland
et al. 1998), which act through transcription factors of
the nuclear receptor superfamily; i.e., the estrogen recep-
tors (ER) a and B and the progesterone receptors (PR) A
and B. Over two-thirds of human breast cancers express
ERq, which is positively correlated with high CCND1
expression levels as well as with the expression of a sig-
nature set of transcription factors, including FoxAl,
GATA3, and XBP-1 (for reviews, see Lacroix and
Leclercq 2004; Lacroix et al. 2004; Arnold and Papani-
kolaou 2005). Amplification of the CCND1 gene is pre-
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sent only in a minority of CCND1-overexpressing breast
cancers, indicating that pathogenic transcriptional acti-
vation of this gene by factors such as ERa could be an
important mechanism triggering its overexpression.
Moreover, it has been shown that artificial induction of
CCNDI1 mRNA expression in breast cancer cells (BCC)
mimics estrogen effects and is sufficient to drive S-phase
entry (Prall et al. 1998) but is also able to reverse the
growth-inhibitory effect of antiestrogens (Wilcken et al.
1997). Accordingly, another study showed that the major
antiproliferative effect of the antiestrogen tamoxifen
could be related to its inhibition of CCNDI expression
(Hodges et al. 2003). CCND1 silencing experiments in
BCC further confirmed the correlation between CCND1
expression levels and cellular proliferation, emphasizing
CCNDI1 as a potential therapeutic target for breast can-
cer (Arnold and Papanikolaou 2005; Grillo et al. 2006).

The mechanisms by which estrogen regulates CCND1
levels in BCC are primarily transcriptional. Transient
transfection-based studies have mapped several potential
estrogen-responsive sites in the CCND1 proximal pro-
moter, including an atypical cyclic AMP response ele-
ment (position -57), an AP1 site (position -954), and GC-
rich sites (positions -110 and -143) (Altucci et al. 1996;
Sabbah et al. 1999; Castro-Rivera et al. 2001; Liu et al.
2002; Park et al. 2005). Stable integration of reporter con-
structs in BCC was recently used by Cicatiello et al.
(2004) to show that in this context estrogen stimulation
required primarily the AP1 site. These authors proposed
that ERa loading at the CCND1 promoter upon estrogen
stimulation was mediated through interaction with AP1,
resulting in the assembly of an activator complex re-
sponsible for CCND1 transcriptional induction.

While these studies suggested the presence of poten-
tial cis-regulatory elements involved in CCND1 expres-
sion, none explain the cell-type-specific regulation of
CCNDI1 by ERa (Planas-Silva et al. 1999). Here, we de-
scribe the characterization of a novel estrogen-regulated
cell-type-specific enhancer for CCND1 and the combi-
natorial transcription factor network that functions

Figure 1. Profiling of the DNase I sensitivity of the evolution-
arily conserved regions in the vicinity of the CCND1 gene. (A)
Schematic representation of the conserved regions at the
CCND1 locus from the University of California at Santa Cruz
genome browser. The CCND1 gene is shown at the top with
blocks representing the exons. The track at the bottom of the
gene shows a measure of evolutionary conservation between 17
vertebrate species based on a phylogenetic hidden Markov
model. The conserved regions studied in this work upstream
(-3000 to 0 bp; red frame) and downstream (d280-d880 bp; green
frame) from the CCND1 gene are highlighted. The location of
real-time PCR amplicons generated by PCR primer sets used
throughout this work is indicated at the bottom part of the
panel. (B-F) DNase I sensitivity assays were performed as indi-
cated in Materials and Methods with intact nuclei from the
indicated cells. The percent (%) of remaining DNA after partial
digestion is indicated for every analyzed sequence throughout
the CCND1 locus. Results are means = SE from two indepen-
dent experiments. The HS sites are indicated by the arrows at
the bottom of the graphs and by the vertical dotted lines.
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through this enhancer to regulate CCNDI expression in
BCC.

Results

Identification of two DNase I-hypersensitive (HS) sites
in the vicinity of the CCNDI1 gene that correspond
to novel transcriptional enhancers

Although previous work defining CCND1 gene regula-
tory regions focused primarily on the proximal 1-kb pro-
moter (cited above and Fukami-Kobayashi and Mitsui
1998; Eto 2000), analysis of sequence conservation across

100 !
B 1
1
3 s !
= i
607 i
Hela E j
401 |
i
E |
& 201 i !
H |
1 |
od—r v ———— y—g———y
3000 2500 2400 -1300 -1000 -S00  -30 +8000 4500 d1500
i
C 1901 i i
] |
' :
2 wo ! !
n I
1
8 6o i
- !
MDA-MB-231 § !
o !
s + |
] ]
o : |
] [}
] 1
i -3000 2300 -zxsua ~1500 -1000 500 -30 +8000 dS00 d1S00
D " | oAl
1 i
E 804 i !
1
2 - 1
.g""' i i
MCF7 ! :
- ! i
§ g ‘
¥ 204 ' ;
]
i | h
3000 2500 -2000 -1500 -1000 -500 -30 8000 as:uo 1500
100 1 i
E “ .
H |
i
Eso i i
a8 ! i
o | i
g% 1 H
1
HepG2 £ i
£ 401 ;
-4 ! 1
W 204 : ! |
i i i
i i !
- — ¢
3000 2500 2000 1500 -1000 -500 -S0 +8000 ds00 d1%00
100n i H
F ! ! \
i 1 :
i i !
80 1 i i
] [} i
{ i
i ! i
. i
J110 ! ;

% remaining DNA
& 2

B
-

00 d1400

1
|
t
t
1
!
I
.
4i

3000 2500 -2000 -1500 -1000 -500 48000 4.

-
33*’;'
-



species indicated that additional regions ~2 and 3 kb up-
stream of the transcription start site were extremely well
conserved (Fig. 1A, red frame). Moreover, a potential
ERa-binding site was found downstream from the
CCND1 gene by an unbiased approach combining chro-
matin immunoprecipitation (ChIP) and analysis of
bound DNA by tiled microarrays covering the nonrepeti-
tive sequences of the whole genome (]J.S. Carroll, C.A.
Meyer, J. Song, W. Li, T.R. Geistlinger, J. Eeckhoute, A.S.
Brodsky, E.K. Keeton, K.C. Fertuck, G.F. Hall, et al., in
prep.). This binding site spanning the region between 280
and 880 base pairs (bp) downstream from the human
CCND1 coding sequence (noted d280-d880) was also
highly conserved between species (Fig. 1A, green frame).
Since DNase I hypersensitivity is a hallmark of active
regulatory regions when they are analyzed in the in vivo
chromatin context (Gross and Garrard 1988), we first
analyzed the DNase I sensitivity of the highly conserved
regions found in the vicinity of CCND1. To robustly
quantify the DNase I sensitivity we used real-time PCR
with primers designed to generate very small amplicons
(<110 bp) tiled along these regions. This approach has
been described and validated recently on a large-scale
analysis (McArthur et al. 2001; Dorschner et al. 2004).
DNase I HS site size ranges from 200 bp to 1 kb (Gross
and Garrard 1988). We targeted sequences 500 bp apart
spanning from -3000 to -50 bp of the CCND1 gene; one
amplicon was centered on +8000 bp in intron 4, and two
amplicons covered sequences 500 and 1500 bp down-
stream from the CCND1 coding sequence (Fig. 1A). The
analysis was conducted in a variety of human cancer cell
lines: the cervical adenocarcinoma cell line, HeLa (Fig.
1B), the ERa-negative mammary adenocarcinoma cell
line MDA-MB-231 (Fig. 1C), the ERa-positive mammary
adenocarcinoma cell line MCF7 (Fig. 1D), and the hepa-
tocellular carcinoma cell line HepG2 (Fig. 1E). In all of
these cell lines, the 3-kb region upstream of the CCND1
mRNA start site harbored two HS sites around -2000
and -50 bp (Fig. 1B-E, red dotted lines). The surrounding
regions showed intermediate sensitivity when compared
with the transcribed region (+8000 bp), which was rela-
tively DNase I-resistant as expected. It has been reported
that DNase I sensitivity can spread around HS sites
(McArthur et al. 2001). Moreover, as mentioned earlier,
transcription factor-binding sites exist in the region be-
tween -1000 and -500 bp that may induce intermediate
DNase I sensitivity (McArthur et al. 2001). Interestingly,
analysis of the conserved region downstream from
CCND1 revealed a cell-type-specific HS site, which was
present in MCF7 and HepG2 but not in HeLa or MDA-
MB-231 cells (Fig. 1B-D, green dotted line). Since these
HS sites were within evolutionary conserved sequences,
we analyzed whether they could also be found in the
J110 mouse breast cancer cell line (low ERa-positive
BCC derived from the tumor of an AIBI transgenic
mouse) (MLI. Torres-Arzayus, J. Yuan, J. Dellagatta, H.
Lane, A. Kung, and M. Brown, in prep.). We observed that
the HS sites found at -50 bp and downstream from
CCND1 in the human cells were also present in this
mouse cell line (Fig. 1F). The region at -2000 bp was
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DNAse I sensitive, but the difference in sensitivity with
the neighboring sites was not as pronounced as in the
human cell lines (Fig. 1F). The HS site at -50 bp is lo-
cated near the transcription start site, which contains
known CRE- and Spl-binding sites that are conserved
between human and mouse genomes (Eto 2000). In con-
trast, the HS sites at -2000 and d500 bp revealed new
potentially important regulatory regions.

To test this hypothesis we cloned these conserved re-
gions and assessed their transcriptional activities in lu-
ciferase reporter assays. First, we cloned the 3.5-kb up-
stream region of CCND1 and performed a serial deletion
analysis ranging from -3.5 to -1.5 kb. The resultant re-
porter constructs were transfected in the four human cell
lines: HeLa, MDA-MB-231, MCF7, and HepG2. The re-
sults clearly indicated that an enhancer element (called
enhl) was located between -2.2 and -2 kb (Fig. 2A) in
correlation with the HS site found at -2 kb. Next, we
cloned enhl and the region between d280 and d880 bp
(thereafter called enh2) in both orientations in front of a
minimal SV40 promoter (Fig. 2B). Enhl was able to
strongly increase the activity of the SV40 promoter in all
cell lines (Fig. 2C). Transfection results indicated that
enh2 only modestly increased the reporter activity in
HeLa and MDA-MB-231 cells (less than twofold) but had
a more significant enhancer activity in HepG2 (2.6- to
4.3-fold induction) and MCEF7 cells (over ninefold induc-
tion) (Fig. 2C).

Enhancer elements are known to act in vivo through
recruitment of multiprotein complexes involving tran-
scription factors, cofactors, and potentially the RNA
polymerase II (PolIl) (Louie et al. 2003; Ogata et al. 2003).
To test whether enhl and enh2 were functional enhanc-
ers in an in vivo chromatin context, we analyzed recruit-
ment of the cofactor p300 and Polll to the CCND1 regu-
latory regions by ChIP. Immunoprecipitated DNA was
analyzed by real-time PCR with primer sets tiled every
kilobase. ChIP experiments were performed in HeLa
cells (Fig. 3A), where only enhl was DNase I sensitive,
and in MCF?7 (Fig. 3B) and J110 cells, where both enhanc-
ers were sensitive (Fig. 3C). In all these cell lines, p300
was recruited to the proximal promoter (-50 bp) and to
enhl (-2000 bp) (Fig. 3A-C, solid line). Importantly, p300
was recruited to enh2 in MCF7 (Fig. 3B) and J110 cells
(Fig. 3C) but not in Hela cells (Fig. 3A). Polll was prima-
rily recruited to the proximal promoter as expected (Fig.
3A-C, dotted line) and was also significantly enriched at
enh2 only in MCF7 and J110 cells (Fig. 3A-C). Control
ChIP experiments with nonimmune IgG did not give any
significant enrichment of the analyzed sequences (data
not shown). Thus, results of ChIP assays confirmed the
in vivo functionality of enhl and enh2 and verified the
cell-specific activity of enh2.

Enh?2 is an estradiol (E2)-responsive enhancer
corresponding to the primary ERa recruitment site
of the CCNDI1 gene in ERa-positive BCC

As noted earlier, CCND1 overexpression is particularly
important in human breast cancer and is highly associ-
ated with the expression of ERa. The novel enhancer
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Figure 2. The HS sites at -2000 and d500 bp correspond to transcriptional enhancers. (A) Reporter assays were performed in the
indicated cell lines with various constructs spanning the upstream sequence of CCND1. (B) Schematic of the constructs used in C. The
gray rectangles represent enhl and the black rectangles represent enh2. (C) Reporter assays were performed in the indicated cell lines
with constructs depicted in B. Each enhancer was cloned and analyzed in both orientations, which are noted sense (s) and reverse (r).
Transcriptional activities are expressed relative to that of the respective control luciferase vector (white bar), which was set to 1. All
results are means + SE from at least three independent experiments performed in triplicate.

elements described here are devoid of estrogen response
element (ERE) or ERE half-sites (Supplementary Fig. 1).
However, ERa has the ability to regulate target genes
through interaction with other transcription factors that
tether ERa to the DNA (Kushner et al. 2000; Safe 2001).
In keeping with the relatively low E2 sensitivity of indi-
rect regulatory sites reported in reporter assays (Xie et al.
1999; Stoner et al. 2004), transient transfections per-
formed in MCF7 cells showed that enh2 activity could
be modestly enhanced by E2 (Supplementary Fig. 2). In
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light of these results, we decided to reassess ERa recruit-
ment to CCND1 regulatory regions. As such, we per-
formed ChIP assays in MCF7 cells, which were hormone
starved for 3 d and then stimulated with E2 for 45 min
(Shang et al. 2000; Metivier et al. 2003; Carroll et al.
2005). We found that ERa was recruited at the upstream
regulatory sites following E2 stimulation, including the
1-kb proximal promoter as previously reported (Castro-
Rivera et al. 2001; Cicatiello et al. 2004) and enhl (Fig.
4A). However, upon E2 treatment ERa was predomi-
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Figure 3. Recruitment of p300 and Polll to the CCND1 gene
regulatory regions. ChIP assays were used to analyze p300 (solid
line) and PollII (dotted line) recruitment to the CCND1 regula-
tory regions in HeLa (A), MCF7 (B), and J110 (C) cells. Amounts
of immunoprecipitated DNA were normalized to inputs and
reported relative to the amount obtained at +8000 bp, which
was set to one (indicated by the horizontal black dotted line).
The +8000-bp site was used to normalize all the ChIP data in
this study because it represented a negative control for tran-
scription factor and coactivator binding (only low amounts of
Polll were present at this site). Results are means = SE from two
to four independent experiments.

nantly loaded at enh2 downstream from the CCNDI
gene (Fig. 4A). A significant recruitment was also ob-
served in the absence of hormone at enh2 (Fig. 4A). The
unliganded ERa has previously been suggested to bind
the promoter of another target gene (TFF-1) in MCF7
cells, where it plays an active transcriptional role (Me-
tivier et al. 2004). ERa recruitment to enh2 was verified
in three other human ERa-positive breast cancer cell
lines (T47D, ZR75-1, and BT474) as well as in the mouse
J110 breast cancer cell line (Supplementary Fig. 3), but
was not observed in MDA-MB-231 cells expressing ex-
ogenous ERq, as expected from the cell-type-specific ac-
tivity of this enhancer (Fig. 4D). Moreover, additional
ChIP assays in MCF7 cells indicated that E2 increased
p300 recruitment to the CCNDI1 regulatory regions,
with the strongest effect at enh2 (Fig. 4B). As expected,
E2 induced Polll loading at the proximal promoter with
also a modest enrichment at enh2 (Fig. 4C).

CCND1 regulation by estrogen

Thus, enh?2 corresponds to the primary site of E2-in-
duced ERa and p300 recruitment, strongly arguing for a
crucial role of this enhancer in hormonal regulation of
CCND1 gene expression in human BCC.

ERa

A 2: 9 Eez
a
= &
2
= 7
=)
Ze
a5
g
E 4
3
E
27
£,
@
&~ o
-3000 enhl -1000 -50 +8000 enh2 d1500 d2500
p300
B 2 124 —-
a2 1 E.E2
E 104
E o
o
9
£
=
£ =
£’ g
E 4 3
£ 4]
Z 24
3l I I il B
& oL []
-3000 enhl -1000 -50 +8000 enh2 d1500 d2500
Polll
C Zns —-
a =
=
£ 1.0
g
&
§ 75
g
E 5.0
g s
£
5 I
| R S— 1 BEC1 BNl e ERE| Bl B
2 olom TN T i il W
-3000 enhl -1000 -50 48000 enh2 d1500 d2500
P
D 3 ERa =
8 1=
g s
o]
- & ~
EY ES
EZ g >
2z =1l
R &=
= & gr
=3 9
B
2E gg
2
£
5
g
3
&

0-
-3000 enhl -1000 -50 +3000 enh2 d1500 d2500

Figure 4. Primary recruitment of ERa to the E2-responsive
enh2 in MCF?7 cells. ChIP assays were performed to analyze ERa
(A), p300 (B), and Polll (C) recruitment to the CCND1 regulatory
regions upon E2 stimulation of MCF7 cells. Amounts of immu-
noprecipitated DNA were normalized to inputs and reported
relative to the amount obtained at +8000 bp in the absence of
ligand, which was set to 1 (indicated by the horizontal black
dotted line). (D) ChIP of ERa ectopically expressed in MDA-MB-
231 was used to verify the cell-type-specific activity of enh2.
Data were expressed as fold chromatin enrichment over empty
control plasmid-transfected cells. All results are means = SE
from two to four independent experiments.
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Identification and pattern of transcription factor
recruitment to the CCNDI1 gene regulatory regions

In order to further characterize the newly identified en-
hancer elements, we screened for evolutionarily con-
served potential transcription factor-binding sites
(Supplementary Fig. 1). Although a number of motifs
were identified, we focused on specific transcription fac-
tors that were expressed in MCF7 cells (GNF SymAtlas)
(Su et al. 2002), including Octl, Spl, c-jun, NFIC, and
FoxAl. ChIP analysis of transcription factor recruitment
showed various patterns on the different CCND1 regu-
latory regions. Octl was recruited only to the upstream
region of CCNDI; its recruitment was induced by E2
primarily at enhl (Fig. 5A). Spl, c-jun, and NFIC were
all recruited at both the upstream and downstream regu-
latory sites (Fig. 5B-D); c-jun recruitment was increased
by E2 (Fig. 5C), while Spl binding was independent of
E2 (Fig. 5B). Interestingly, NFIC recruitment was re-
duced by E2 treatment (Fig. 5D). The E2 effects on Octl
and c-jun recruitment were similar to those reported
in previous studies (Cicatiello et al. 2004). Additional
transcription factors, namely C/EBPB, SRF, and PR,
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were also recruited to the CCNDI1 regulatory sites,
including, most importantly, enh2, suggesting this
element could also be involved in regulation of CCND1
expression by other stimuli (data not shown). All of these
transcription factors were also recruited to the CCND1
upstream regulatory sites in HeLa cells, but none was
found at enh2, which is not active in this cell line
(Supplementary Fig. 4). The general transcription factor
TFIID was specifically recruited to the proximal pro-
moter as expected (Fig. 5G). In contrast, FoxAl was
found recruited only to enh2 with reduced binding upon
E2 stimulation (Fig. 5G), a result consistent with our
previous report (Carroll et al. 2005). FoxAl loading to
enh2 was also observed in each one of the analyzed ERa-
positive breast cancer cell lines, including T47D, ZR75-
1, BT474, and J110 (Supplementary Fig. 3), but not in
HeLa or MDA-MB-231 cells where this factor is not ex-
pressed (data not shown). Thus, FoxAl is specifically re-
cruited to enh2 prior to ERa and could mark this region
as one competent for ERa binding. Taken together, our
ChIP experiments define an E2-orchestrated transcrip-
tion factor recruitment pattern to the discrete CCND1
regulatory sites.
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Figure 5. Pattern of transcription factor recruitment to the CCND1 gene regulatory regions in BCC. Recruitment of the indicated
transcription factors was analyzed by ChIP in MCF7 cells. Data were analyzed as in Figure 4. Results are means = SE from two to five

independent experiments.
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FoxA1 activates while NFIC represses both CCND1
expression and MCF7 cell cycle progression

FoxAl expression correlates with ERa in human breast
cancers (Lacroix and Leclercq 2004; Williamson et al.
2005), and we and others have shown FoxAl to be im-
portant for the activation of a significant subset of ERa
target genes in BCC by allowing ERa to bind to regula-
tory sequences (Carroll et al. 2005; Laganiere et al. 2005).
Interestingly, among the other transcription factors re-
cruited to the CCND1 regulatory sites, we noticed that
NFIC expression correlated with ERa expression in pri-
mary human breast cancers (van de Vijver et al. 2002).
Moreover, we found that NFIC was up-regulated by E2
treatment in MCF7 cells (Supplementary Fig. 5), a result
reminiscent of FoxAl regulation (Laganiere et al. 2005).
Hence, we decided to further analyze the functional role
of FoxAl and NFIC in CCND]1 transcriptional regula-
tion. With this aim, we monitored CCND1 mRNA and

siRNA

CCND1 regulation by estrogen

protein expression levels after silencing each of these
factors by RNA interference (RNAi) in MCF7 cells.
Small interfering RNA (siRNA) against luciferase (LUC)
was used as a control. As shown in Figure 6A, RNAIi
against FoxAl and NFIC was able to significantly reduce
the protein expression level of each one of these tran-
scription factors. Interestingly, real-time RT-PCR assays
indicated that FoxAl silencing inhibited E2 induction of
CCNDI1 mRNA levels without significantly affecting
the basal expression level (Fig. 6B). Surprisingly, RNAi
against NFIC significantly increased CCNDI expression
in both the basal and E2-treated conditions (Fig. 6B).
These effects were not due to modulation of ERa expres-
sion (Fig. 6C; Carroll et al. 2005). Western blot assays
confirmed the effect of FoxAl and NFIC silencing on
CCNDI expression at the protein level (Fig. 6D). In simi-
lar experiments, Octl silencing slightly reduced CCND1
levels, while Spl silencing had a very strong negative
effect (Supplementary Fig. 7). It has been widely reported

Figure 6. Analysis of CCNDI1 expression
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relative to control (si LUC-transfected cells treated with vehicle) and are means = SE from three separate assays. (*) p < 0.05 versus si
LUC-transfected cells similarly treated. For si NFIC-transfected cells challenged with E2, p = 0.069. (F) Cell viability assays were
performed as described in Materials and Methods using MCF7 cells transfected with the indicated siRNAs. Relative cell numbers were
determined after 3 d of E2 stimulation and are expressed as percent change relative to control (si LUC-transfected cells treated with
vehicle). Results are means + SE from one representative experiment performed in sextuplicate. p < 0.01 (**) and p < 0.001 (***) versus

si LUC-transfected cells similarly treated.
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that CCNDI1 expression levels are tightly linked to BCC
growth rates and that small variations in CCND1 ex-
pression (within the range of twofold observed in our
data) robustly modulate BCC proliferation (Musgrove et
al. 1993, 1994, Dupont et al. 2000; Castro-Rivera et al.
2001; Rubio et al. 2006).

Hence, we analyzed MCF7 cell growth after silencing
of FoxAl and NFIC. MCEF7 cells transfected with the
various siRNAs were hormone starved for 3 d and then
stimulated with E2 for 20-24 h before analysis for cell
cycle distribution. Silencing of FoxAl significantly
blunted the E2-mediated increase in the fraction of cells
in S/G2/M phases of the cell cycle (Fig. 6E). In contrast,
NFIC silencing increased the fraction of proliferating
cells in both basal and E2-induced conditions (Fig. 6E).
Analysis of the sub-G1 fraction of cells revealed only
slight differences in apoptosis between conditions (data
not shown). In a cell growth assay, we found, as ex-
pected, that FoxAl was required for MCF7 proliferation
predominantly upon E2 stimulation (Fig. 6F). In contrast,
NFIC silencing increased the number of both vehicle and
E2-treated MCF7 cells (Fig. 6F).

These results suggest that FoxAl is predominantly re-
quired for the E2-mediated stimulation of CCNDI1 expres-
sion and cell cycle progression, while NFIC (as well as Octl
and Spl) (Supplementary Fig. 7) had a broader role in the
regulation of both the basal and E2-stimulated conditions.

Functional competency of enh?2 is defined by FoxA1l
and is crucial for E2-mediated induction of Polll
recruitment to the CCNDI1 promoter in MCF7 cells

To better characterize the functional role of FoxAl in E2
induction of CCNDI expression, we assessed by ChIP
the consequences of FoxAl silencing on recruitment of
ERq, p300, and Polll as well as histone H4 acetylation at
the CCND1 regulatory sequences. MCF7 cells were
transfected with siRNA against FoxAl or LUC as a con-
trol and processed for ChIP assays. FoxAl silencing dra-
matically impaired ERa (Fig. 7A) and p300 (Fig. 7B) re-
cruitment as well as H4 acetylation (Fig. 7C) at enh2 in
E2-stimulated cells. Note that ERa loading at enh2 was
also significantly reduced in the absence of hormone,
while only a small reduction in p300 recruitment and H4
acetylation was observed, presumably because p300 is
primarily recruited through other transcription factors in
the absence of E2 stimulation. Interestingly, FoxAl si-
lencing also tended to slightly reduce ERa and p300 re-
cruitment, as well as H4 acetylation to the upstream
CCND1 regulatory region in E2-treated MCF7 cells (Fig.
7A-C, respectively), suggesting a potential communica-
tion between the downstream enh2 and the upstream
sites upon hormone treatment. In agreement with this
hypothesis, siRNA against FoxAl strongly reduced E2-
induced recruitment of Polll to the transcriptional start
site (Fig. 7D). These results indicate that FoxAl is re-
quired for activity of enh2 that mediates E2 induction to
the proximal promoter of the CCND1 gene.

FoxAl is a tissue-specific transcription factor that has
the ability to bind and remodel compacted chromatin
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(Cirillo et al. 2002; Holmgqvist et al. 2005). We noticed
that FoxAl was expressed in MCF7 (as well as in the
other ERa-positive breast cancer cell lines analyzed) and
HepG2 but not in HeLa and MDA-MB-231 cells (Crowe
et al. 1999; Williamson et al. 2005), paralleling the cell-
specific functional activity of enh2. As such we tested
the hypothesis that FoxAl could be important in deter-
mining an active chromatin structure at enh2 by per-
forming DNase I sensitivity assays with nuclei isolated
from MCEF?7 cells transfected with si LUC or si FoxAl. As
shown in Figure 7E, FoxAl silencing significantly and
specifically reduced the DNase I sensitivity of the HS
site corresponding to enh?2. Thus, FoxAl is required to
produce a chromatin environment that allows binding
and formation of a multiprotein complex at enh?2.

To determine if this could be a general mode of action
for FoxAl, we surveyed the effect of its silencing on the
DNase I sensitivity of ERa-binding sites from chromo-
somes 21 and 22 that we previously reported to recruit
FoxAl (named ER3, ER4, ER13, ER27, ER46, and ER52;
Carroll et al. 2005). Interestingly, RNAi against FoxAl
also significantly reduced the DNase I sensitivity of all
those sites while having no significant effect on two
ERa-binding sites (ER47 and ER57) that did not bind
FoxAl (Fig. 7F). Moreover, most of the ERa-binding sites
whose DNase I sensitivity was reduced by FoxAl silenc-
ing in MCF7 displayed cell-specific DNase I sensitivity
(Fig. 7G) identical to the one observed for the CCND1
gene enh2 (Fig. 1).

Hence, we investigated whether FoxA1l was sufficient
to induce DNasel sensitivity of cell-type-specific regula-
tory regions such as CCND1 enh2 by ectopically ex-
pressing FoxAl in MDA-MB-231 cells (Fig. 8A). In these
conditions, FoxA1 was not recruited to CCND1 enh2 but
could be detected at another cell-specific ERa regulatory
site (ER4) by ChIP (Fig. 8B). Accordingly, when coex-
pressed with FoxAl in MDA-MB-231 cells, ERa was re-
cruited to ER4 but not enh2 (Fig. 8B). Consistent with
these results, FoxAl expression did not modify CCND1
enh2 DNasel sensitivity, but importantly was able to
induce that of ER4 (Fig. 8C). Thus, results on ER4 con-
firmed that FoxAl recruitment was sufficient to induce
chromatin remodeling and DNasel sensitivity of a cell-
specific regulatory region allowing ERa recruitment.
The lack of FoxAl binding to CCND1 enh2 may be due
to inhibitory chromatin-bound factors or specific histone
modifications, since FoxA1l was able to induce enh2 ac-
tivity in MDA-MB-231 cells in the context of a nonchro-
matinized transiently transfected reporter construct (Fig.
8D). Together with previous reports, these results indi-
cate that despite being necessary for ERa recruitment,
FoxAl expression alone is not sufficient to predict its
own recruitment to chromatin, which is regulated by
other factors that remain to be determined (Tan et al.
2001; Long and Spear 2004).

Discussion

ERa is the master transcriptional regulator of the behav-
ior of over two-thirds of human breast cancers. The abil-
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Figure 7. FoxAl regulates CCNDI expression by defining the functionality of enh2 in BCC. MCF7 cells transfected with si LUC or
si FoxA1l were used in ChIP experiments analyzing recruitment of ERa (A), p300 (B), and PollI (D) as well as H4 acetylation (AcH4) (C)
to the CCND1 regulatory regions. Amounts of immunoprecipitated DNA were normalized to inputs and reported relative to the
amount obtained at +8000 bp with si LUC-transfected cells treated with vehicle alone, which was set to 1. Results are means = SE from
two or three independent experiments. (E) Intact nuclei from MCF7 cells transfected with si LUC or si FoxAl were used in DNase I
sensitivity assays performed as in Figure 1. The percent of remaining DNA corresponding to the enh2 (d500 bp) after partial digestion
is indicated. (F) DNase I sensitivity assays were performed using primers that spanned ERa-binding sites previously identified (Carroll
et al. 2005). p < 0.05(*)and p < 0.01 (**) versus si LUC-transfected cells. For ER4 and ER13, p values were 0.076 and 0.053, respectively.
(G) DNase I sensitivity assays were performed in HeLa, MDA-MB-231, and HepG2 cells as indicated. DNase I sensitivity (+) and
insensitivity (-) were determined using the DNase I insensitive control rhodopsin locus as a reference. Results of all DNase I
sensitivity assays are from at least two independent experiments.

ity of estrogen to stimulate the growth of these tumors
depends on the ability of ERa to promote cell cycle pro-
gression through the induction of CCND1. However, the
ERa-positive breast cancer phenotype is characterized by
low growth rates and low S-phase fractions. In these
studies we have defined the critical cis-regulatory ele-
ments and associated transcription factors that allow for
both the estrogen induction of CCNDI and its tight
regulation. We have defined two enhancers in the
CCND1 gene removed from the previously described
proximal promoter region (Altucci et al. 1996; Fukami-
Kobayashi and Mitsui 1998; Sabbah et al. 1999; Eto 2000;

Castro-Rivera et al. 2001; Liu et al. 2002; Cicatiello et al.
2004). Specifically, we show that E2 induction of
CCNDI1 expression in BCC depends on a cell-type-spe-
cific enhancer downstream from the CCND1 coding re-
gion (enh2) corresponding to the primary ERa recruit-
ment site. Most interestingly, we find that E2 functions
through a combinatorial network mediated by ERa act-
ing directly at the CCND1 gene through a FoxAl-depen-
dent interaction with enh2 and collaborating with other
transcription factors to achieve controlled induction of
CCNDL1 expression in BCC (Fig. 9A).

Enhancers represent DNA regions containing clusters
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Figure 8. Functional activities of FoxAl ectopically expressed
in MDA-MB-231 cells. (A) Western blot performed with extracts
from MDA-MB-231 cells transfected with a FoxAl expression
vector or the empty control plasmid. (B) FoxAl and ERa recruit-
ment to CCND1 enh2 and ER4 in transfected MDA-MB-231
cells was analyzed by ChIP experiments. Results are means + SE
from two independent experiments and are expressed as fold
chromatin enrichment over empty control plasmid transfected
cells. (C) DNase I sensitivity assays were performed using nu-
clei from transfected MDA-MB-231 cells. Results are
means = SE from two independent experiments. (*) p < 0.05 ver-
sus cells transfected with the empty control vector. (D) MDA-
MB-231 cells were transfected with 25 ng of the pGL3-SV40
promoter construct (control) or pGL3-SV40 enh2 together with
1 ng of empty pcDNA3 (white bars) or pcDNA3-FoxAl (black
bars). Transcriptional activities were expressed relative to the
activity obtained with control plasmids only, which was set to
100. Results are means + SE from three independent experi-
ments performed in triplicate.

of transcription factor-binding sites where recruitment
of multiprotein complexes occurs to transmit signals to
the basal transcription machinery (Ogata et al. 2003; Ar-
nosti and Kulkarni 2005). Recruitment of transcription
factors to regulatory sequences can be mediated by direct
recognition of the DNA or indirectly through protein—
protein interactions (Ogata et al. 2003; Arnosti and
Kulkarni 2005). Using ChIP we determined the recruit-
ment pattern of several cooperating transcription factors
to the CCND1 enhancers and promoter region. Although
numerous potential binding sites exist in the regulatory
regions bound by the studied factors (Supplementary Fig.
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1; Eto 2000), the exact in vivo recruitment mechanisms
remain to be established. Moreover, the recruitment of
transcriptional complexes at the CCND1 gene upon E2
stimulation may be modulated by both regulation of di-
rect ERa-mediated genomic function as well as indirect
regulation of the activity of collaborating factors through
E2-induced nongenomic effects (Marino et al. 2002). In-
terestingly, no ERE or ERE half-site is present within the
CCND1 gene regulatory regions (Supplementary Fig. 1;
Sabbah et al. 1999). Indirect loading of ERa to transcrip-
tional regulatory sites has already been documented and
could represent an important pathway through which
this factor acts (Hall et al. 2001). Interestingly, several
transcription factors recruited to the CCND1 regulatory
regions have been shown to physically interact with hor-
mone-activated ERa and could therefore tether it to
these regions: C/EBPB (Chang et al. 2005), c-jun (Kushner
et al. 2000), and Spl (Safe 2001; Kim et al. 2005). ERa
ChIP experiments following Sp1 silencing revealed a de-
crease in ERa recruitment at enh2 (Supplementary Fig.
8). Thus, several factors including Sp1l collaborate to re-
cruit ERa to the CCND1 regulatory sites (Fig. 9A).
Expression profiling analyses have revealed profound
differences between ERa-positive and ERa-negative
breast tumors (for review, see Lacroix et al. 2004). ERa
expression is positively associated with that of several
E2 target genes (TFF-1 or CCND1), including the tran-
scription factors FoxAl (Laganiere et al. 2005) and NFIC
(this study). However, the functional connection that
may exist between ERa and these factors remains largely
unknown (Lacroix and Leclercq 2004). It has been re-
ported recently that FoxAl could be important for ERa
recruitment to a subset of its target gene regulatory se-
quences (Carroll et al. 2005; Laganiere et al. 2005). Here,
we describe a functional connection between these fac-
tors in induction of a critical E2 target in BCC, namely
the oncogene CCND1. Consequently, FoxAl is required
for E2 subsequent induction of cell cycle progression and
MCEF7 cell growth. The role of FoxAl is specifically as-
sociated with the activity of the CCNDI cell-specific
enh?2, which provides a link with the promoter to medi-
ate E2 induction (Fig. 9A). Thus, this novel downstream
enhancer establishes a functional connection between
ERa and FoxAl expression and CCNDI1 levels in breast
cancer cells. Importantly, we provide a mechanistic ex-
planation for FoxAl role in ERa activity. We showed
that FoxAl expression in MCF7 cells controlled enh2
DNase I sensitivity, indicating that FoxAl chromatin
remodeling activities play a central role. The same re-
sults were obtained with several other ERa-binding sites
recruiting FoxAl. Indeed, FoxAl recruitment is able to
induce remodeling of compacted chromatin structures
both in vitro (Cirillo et al. 2002) and in vivo (Fig. 8).
Reduced DNase I sensitivity upon FoxAl silencing in
MCEF?7 cells was accompanied by a decrease in transcrip-
tional activator loading to enh2. Thus, FoxAl is required
for activity of a subset of the regulatory sequences used
by ERa in BCC by defining a chromatin state that allows
formation of an ERa-bound multiprotein transcriptional
complex (Fig. 9A). Another important observation re-
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garding our understanding of ER« activity in BCC is that
at least some of these regulatory sites used by ERq, in-
cluding CCND1 enh2, harbor a cell-type-specific activ-
ity. Hence, their lack of functionality may explain why
ERa ectopic expression in various cell lines including
MDA-MB-231 does not restore hormonal sensitivity to
many ERa target genes, and in particular was found in-
sufficient to mediate estrogen induction of CCNDI
(Planas-Silva et al. 1999).

NFIC belongs to a family of transcription factors
thought to play key roles in differentiation and develop-
ment (Gronostajski 2000). In the mammary gland, NFIC
is involved in the transcription of genes associated with
lactation and involution (Murtagh et al. 2003). A few
observations have also suggested a role for NFIC in cell
growth control (Gronostajski 2000), including its over-
expression in chick embryo fibroblasts, which prevents
transformation by several oncogenes (Schuur et al. 1995).
Here we show that NFIC represses MCF7 cell growth in
two- and three-dimensional culture systems (Fig. 6; data
not shown). Together with the fact that NFIC expression
correlates with primary nonaggressive tumors in a num-
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Figure 9. Model of the combinatorial transcription
factor network regulating CCNDI1 expression in ERa-
positive BCC. (A) The recruitment pattern of the key
transcription factors involved in E2 regulation of
CCNDI expression is shown. Competent enh2 is rec-
ognized by FoxAl that triggers chromatin remodeling,
allowing recruitment of additional transcription factors
including Sp1 that make enh2 sensitive to E2 induction
(poised). Upon E2 stimulation, ERa is predominantly
loaded at enh2 and mediates E2 transcriptional induc-
tion through communication with the upstream regu-
latory sites. NFIC is a repressor that enables E2 to bal-
ance its regulation of CCNDI transcription. The
CCND1 transcribed sequence is represented as a dotted
line, andnucleosomes are represented as ellipses. (B)
Transcription factor network involved in estrogen
modulation of CCND1 expression in human BCC. Ar-
rows indicate transcriptional activations. NFIC that
serves as a transcriptional repressor is displayed in red.

ber of human malignancies (Ramaswamy et al. 2001),
these data emphasize NFIC as a potential tumor suppres-
sor gene. The negative effect of NFIC on cell cycle pro-
gression is associated with a direct repression of CCND1
transcription. Indeed, NFIC is recruited to both the up-
stream and downstream CCND1 regulatory sites and
dissociates upon E2 stimulation of MCF7 cells, suggest-
ing that release of NFIC is part of the molecular mecha-
nisms involved in E2 activation of CCND1 transcrip-
tion. NFIC transcriptional repression activities could in-
volve as yet poorly characterized repression domains
within the protein (Gronostajski 2000). Interestingly, we
found that NFIC expression is induced by E2 in MCF7
cells, revealing a potential negative feedforward loop
(Fig. 9B). This mechanism is reminiscent of c-myc pro-
motion of cell cycle progression through induction of
E2F1 expression, where c-myc directly activates E2F1
but concomitantly induces specific microRNAs that
negatively regulate E2F1 levels (O’'Donnell et al. 2005).
These findings suggest that even in some cancer cells
negative growth regulatory loops may be intact and
might be targets for therapeutic augmentation.
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Materials and methods

Reagents and antibodies

E2 and DNase I (bovine, recombinant) were purchased from
Sigma. The following antibodies were used: ERa (Ab-10) and
CCNDI1 (Ab-3) from Neomarkers; AcH4 and B-actin from Cell
Signaling; calnexin from Stressgen; FoxAl (Ab5089) from Ab-
cam; ERa (HC-20), Polll (H-224), p300 (C-20), Spl (PEP 2J, Octl
(C-21), TFIID (SI-1), c-jun (N) and FoxAl (H-120) from Santa
Cruz Biotechnology; and NFIC antisera 8199 and 2092 kindly
provided by Dr N. Tanese (New York University, School of
Medicine, New York).

Transfection assays

Cell culture and DNA constructs are described in the Supple-
mental Material. For transfection assays, cells were grown in
96-well plates and transfected using Lipofectamine2000 (Invit-
rogen) in OptiMEM for 5 h. Luciferase activities were assayed
16-24 h later using the Bright-Glo luciferase assay system (Pro-
mega). In experiments analyzing E2 stimulatory effects, MCF7
cells were grown in phenol red-free DMEM containing 1% char-
coal/dextran-treated FBS (CDT-FBS) (Hyclone) and were stimu-
lated for 5-6 h before harvesting. As reccommended recently, use
of an internal control was avoided and experiments were per-
formed at least three times in triplicate and with independent
plasmid preparations to ensure reproducibility of the results
(Ishikawa et al. 2004).

ChIP assays

Cells were hormone-deprived by culture for 34 d in phenol
red-free medium (Invitrogen) supplemented with 10% CDT-
FBS. Cells were challenged with hormone for 45 min and cross-
linked using 1% formaldehyde. Cells were lyzed and sonicated
three times for 10 sec each at 12% amplitude (Fisher Sonic
desmembrator, model 500). Immunoprecipitation, reverse
cross-linking, and DNA purification were performed as de-
scribed in Carroll et al. (2005). Immunoprecipitated DNA was
quantified by real-time PCR.

Real-time PCR

Real-time PCR was performed using Sybr Green PCR Master
Mix (Applied Biosystems) and the primers listed in Supplemen-
tary Table 1. The presence of a single amplicon was systemi-
cally verified by dissociation curve analysis.

RNA silencing

Cells were transfected with siRNA at a final concentration of 75
nM using Lipofectamine2000. Forty-eight hours after transfec-
tion, cells were stimulated and harvested for analysis. Cells
were hormone-deprived for 3 d at the moment of stimulation.
siRNA oligonucleotide duplexes were purchased from Dharma-
con. The targeted sequences for LUC and FoxA1l were described
previously (Carroll et al. 2005). The SMARTpool siRNA was
used to silence Spl, NFIC, and Octl.

Real-time RT-PCR

RNA isolation and real-time RT-PCR were performed as in
Keeton and Brown (2005). Expression was normalized to the 40S
ribosomal protein S28 (RPS28).
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DNase I sensitivity assays

Nuclei were prepared by incubating cells for 5 min on ice in
lysis buffer (10 nM Tris at pH 7.4, 10 mM NaCl, 3 mM MgCl,,
0.3% NP40). Nuclei were pelleted and washed in the same
buffer without detergent. Cellular lysis was checked by visual-
ization under a microscope. Two micrograms of DNA were then
partially digested for 3 min at 37°C in a total volume of 200 pL
with 2 U of DNase I. The reaction was stopped by addition of 50
pL of 0.5 M EDTA. The DNA was purified using the DNeasy
genomic DNA preparation kit (Qiagen) and analyzed by real-
time PCR as described above. DNA amounts were normalized
using PCR against a DNase-insensitive region corresponding to
the rhodopsin locus (Dorschner et al. 2004). Amplicons were
kept very small (51-119 bp), and we checked that in those con-
ditions differences in amplicon size did not modulate signifi-
cantly the DNase I sensitivity of the target sequences.

Western blotting

Western blot assays were performed as in Keeton and Brown
(2005). Images were acquired using a FluorChem 5500 chemi-
luminescence imager, and bands were quantified by densitom-
etry with the AlphaEase software (Alphalnnotec Corp.) accord-
ing to the manufacturer’s instructions.

Cell cycle distribution analysis and cell growth assays

MCEF-7 cell cycle distribution was analyzed 20-24 h after stimu-
lation with E2 or vehicle alone using propidium iodide staining
and flow cytometry as in Keeton and Brown (2005). For cell
viability assays, immediately after transfection with the various
siRNAs MCF7 cells (6 x 10® cells per well) were seeded in a
96-well plate and stimulated 48 h later with E2 or vehicle alone.
Relative cell number was determined before (time O used for
normalization) and after stimulation (3 d) using the CellTiter-
Glo luminescent assay (Promega).

Data analysis

Statistical analyses were performed using Prism software. Sta-
tistical significance was determined using Student’s ¢-test com-
parison for unpaired data and was indicated as follows: (*)
p<0.05; (**] p<0.01; (***] p < 0.00L.
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