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ABSTRACT

The biological activity of estrogens is mediated by estrogen receptors (ERs),
members of the superfamily of nuclear receptors. ERs modulate gene
transcription through binding to estrogen response elements (EREs) within
regulatory regions of their target genes followed by recruitment of coregulator
complexes that modify the chromatin structure and allow general transcription
factors to activate transcription. The estrogen-related receptors (ERRs) o, B,
and y are orphan receptors that share sequence similarity with the ERs but are
not activated by natural estrogens.

ERa is a major player in breast cancer initiation and progression while
ERRa is suspected as an important regulator of energy metabolism. Very few
direct target genes of ERa and ERRa have been described to date. The goal of
the present work was to use functional genomic tools in order to uncover which
cellular pathways the receptors regulate. We utilized chromatin
immunoprecipitation (ChIP)-based approaches since they allow the study of
direct protein-DNA interactions occurring in vivo in a given cellular context.
We first developed and used a ChIP-cloning technique to identify ERa cis-
regulatory sequences. This approach indeed allowed the detailed
characterization of one region in particular, which was revealed to be essential
for estrogen regulation of the retinoic acid receptor oo 1 (RARal) gene. In
addition, promoter arrays were used following ChIP (a technique called ChIP-
on-chip or location analysis) to identified the pathways directly controlled by
ERa. These genome-wide studies revealed novel mechanisms of action for
ERq, in particular its dependence on another transcription factor, FOXA1, for
its recruitment on a subset of targets. We next used a human genetic screen that
led to the discovery of a polymorphic autoregulatory element located within the
ERRa promoter. In promoter binding profiling, ERRa was shown to control
sets of genes involved in mitochondrial respiration and biogenesis. Our studies
suggest that ERa and ERRo. control distinct genetic pathways despite their

high structural and functional similarities.
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RESUME
L’activité biologique des oestrogénes est médiée par les récepteurs des
oestrogeénes (ER). Les récepteurs apparentés aux oestrogénes (ERR) a, f§ et y
sont des récepteurs nucléaires orphelins structurellement et fonctionnellement
apparentés aux ERs mais qui ne sont pas activés par les oestrogénes naturels.
ERa et ERRa possédent des domaines de liaison a I’ADN similaires leur
permettant de lier des éléments de réponse quasi identiques.

Peu de génes cible pour ERa ont été identifiés & ce jour, et encore
moins ceux de ERRa. Pour mieux caractériser les cibles de ERa et ERRa,
nous avons opté pour des techniques de génomique fonctionnelle dérivées de
I’'immunoprécipitation de chromatine (ChIP), privilégiant cette approche car
elle permet I’étude des interactions protéine-ADN in vivo.

Nous avons premiérement développé et utilisé la technique de “ChIP-clonage”
pour identifier des régions régulatrices contr6lées par ERa. Nous avons
identifié une région essentielle & 1’expression du géne du récepteur de I’acide
rétinoique (RARa). Ensuite, des études génomiques & haut-débit de ChIP
suivies d’hybridation sur puce & ADN (ChIP-chip) ont révélé de nouveaux
mécanismes d’action pour ERa, en particulier sa dépendance & un autre facteur
de transcription, FOXA1, pour son recrutement & un sous-ensemble de
promoteurs. Nous avons par la suite utilisé un criblage génétique humain qui a
mené & la découverte d’un élément d’autorégulation dans le promoteur de
ERRa. La technique de ChIP standard nous a permis dans ce cas de montrer
que ERRa endogeéne occupe son propre promoteur. Avec des études de ChIP-
chip représentant 19,000 promoteurs, plusieurs nouveaux génes cibles de ERRo.
ont ét¢ identifiés. De cette maniére, nous avons identifié que ERRa est un
important régulateur de génes mitochondriaux nécessaires pour la production
d’ATP. En dernier lieu, ERa et ERRa semblent contréler des fonctions
cellulaires distinctes suggérant des roles physiologiques et/ou pathologiques

indépendents malgré leurs importantes similarités structurales et fonctionnelles.
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PREFACE

The guidelines concerning thesis preparation issued by the Graduate and

postdoctoral Studies at McGill University reads as follows:

1. Candidates have the option of including, as part of the thesis, the text of one
or more papers submitted, or to be submitted, for publication, or the clearly-
duplicated text (not the reprints) of one or more published papers. These texts
must conform to the "Guidelines for Thesis Preparation" with respect to font
size, line spacing and margin sizes and must be bound together as an integral
part of the thesis. (Reprints of published papers can be included in the
appendices at the end of the thesis.)

2. The thesis must be more than a collection of manuscripts. All components
must be integrated into a cohesive unit with a logical progression from one
chapter to the next. In order to ensure that the thesis has continuity, connecting
texts that provide logical bridges preceeding and following each manuscript are
mandatory.

3. The thesis must conform to all other requirements of the "Guidelines for
Thesis Preparation" in addition to the manuscripts.

The thesis must include the following:

1 atable of contents;

2 a brief abstract in both English and French;

3 an introduction which clearly states the rational and objectives of the
research;

4 a comprehensive review of the literature (in addition to that covered in the
introduction to each paper);

5 a final conclusion and summary;

6 a thorough bibliography;

7 Appendix containing an ethics certificate in the case of research involving
human or animal subjects, microorganisms, living cells, other biohazards
and/or radioactive material.

4. As manuscripts for publication are frequently very concise documents, where
appropriate, additional material must be provided (e.g., in appendices) in
sufficient detail to allow a clear and precise judgement to be made of the
importance and originality of the research reported in the thesis.

5. In general, when co-authored papers are included in a thesis the candidate
must have made a substantial contribution to all papers included in the thesis.
In addition, the candidate is required to make an explicit statement in the thesis
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as to who contributed to such work and to what extent. This statement should
appear in a single section entitled "Contributions of Authors" as a preface to the
thesis. The supervisor must attest to the accuracy of this statement at the
doctoral oral defence. Since the task of the examiners is made more difficult in
these cases, it is in the candidate's interest to clearly specify the responsibilities
of all the authors of the co-authored papers.

I have chosen to write my thesis according to these guidelines, with three
published manuscripts and one additional chapter describing recent results. The
thesis is organized into seven chapters: (I) General introduction and literature
review, (II-V) three published and one unpublished manuscripts, each
containing their own abstract, introduction, materials and methods, results,
discussion and references, (VI) general discussion of all results with references,
and (VII) describes my contribution to original research.
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CHAPTER I: Literature Review

1.1 The Nuclear Receptor Superfamily

The nuclear receptor superfamily forms the largest eukaryotic group of
transcription factors. Inducible by small lipophilic ligands, nuclear receptors
control specific transcriptional responses involved in numerous developmental
and physiological processes. The diseases engendered by the deregulation of
their activity highlights their importance for the maintenance of homeostasis.
Nuclear receptors were the first transcription factors for RNA polymerase Il to
be cloned in the mid 1980’s (Green et al.,, 1986; Hollenberg et al., 1985;
Miesfeld et al., 1986). The early identification of nuclear receptors GR
(glucocorticoid receptor) and ER (estrogen receptor) allowed the cloning of all

other receptors that are part of the superfamily (Mangelsdorf et al., 1995).

1.1.1 Nuclear receptors: a functional classification

The nuclear receptor superfamily is composed of 48 receptors in humans that
can be subdivided into 3 categories based on prior knowledge about their
ligands: the classic endocrine receptors, the orphan receptors and the adopted
orphan receptors. Nuclear receptor ligands are small lipophilic molecules with
the innate ability to cross the cellular membranes, making them available for
target cells bearing an intracellular receptor. The classic endocrine receptor
subfamily comprises the receptors for the steroid hormones; estrogens (ER),
androgens (AR), progesterone (PR), glucocorticoids (GR), mineralocorticoids
(MR), as well as the steroid-derived vitamin D (VDR). They have served as a
basis for establishing the classical model for nuclear receptor activation. Other
receptors that are part of this subfamily recognize non-steroid ligands such as
vitamin A for the retinoic acid receptor (RAR) and thyroid hormone for thyroid
hormone receptor (TR). In contrast, some nuclear receptors were discovered
without any associated ligand and were thus called “orphans”. Since they were

not associated to any hormones, most orphan receptors were identified by



Chapter I Literature review

experimental screenings based on their sequence similarity to known classic
receptors, such as the ERRs and the RORs, for their similarity to ERs and
RARs, respectively (Giguere, 1999). Their structural similarities with classic
receptors led to the suggestion that unidentified hormone response systems
remained to be discovered. Indeed, some receptors were soon linked to various
types of small ligands such fatty acids, oxysterols, bile acids and various
xenobiotics. These receptors form the group of adopted orphan receptors
(Mangelsdorf et al., 1995).

1.1.2  Nuclear receptors: an official nomenclature

Members of nuclear receptor subfamilies were successively named according to
their ligand names, their similarity to another receptor or in relation to their
acknowledged role at the time of discovery. Each type of receptor comprises a
number of different subtypes, each one being represented by a Greek letter
corresponding to a particular gene located on different chromosomes. For
instance, three RAR genes form the RAR subfamily, with the different subtypes
a, B, and v. In many cases, a subtype can also form distinct transcripts due to
the presence of more than one promoter or due to alternative splicing, leading
to specific isoforms of the receptors. The various receptor isoforms are each
represented by a Greek letter that follows a number (for example, the RAR«
gene contains two distinct promoters that lead to two distinct isoforms, RARc/
and RARa2). However, this nomenclature encounters various problems:
because the receptors were identified in diverse species by different groups and
in various cellular environments, each receptor was given many different names
according to its action in the context of the discovery. Like for the CYP450
gene family, the nuclear receptor family was reorganized on the basis of their
molecular phylogeny and named correspondingly (1999; Laudet, 1997; Nebert
et al.,, 1987). The phylogeny of the nuclear receptor superfamily allows the
definition of six subfamilies. In this system, each receptor is designed by the
letters “NR” (for nuclear receptors) and a three-digit identifier: Arabic

numerals are used to distinguish the receptor’s subfamily, the group is designed
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by a capital letter, followed by a number that identifies the gene (Gronemeyer

et al., 2004).

Name Ligand Official Symbol

Endocrine
Receptors

Adopted Orphan

Receptors
SF1 - NR5A1
LRH-1 - NRSA2
DAX-1 - NROB1
SHP - NROB2
TLX - NR2E1
PNR - NR2E3

Orphan NGFI-B (0 B ¥ or Nur7?, Nurrt, Nort) = NR4A1, NR4A2Z, NR4A3

Receptors ROR afy - NR1F1, NR1F2, NR1F3
ERR u By - NR3B1, NR3B2, NR3B3
Rev-Erb o - NR1D1, NR1D2
GCNF - NR6A1
TR 2, TR4 - NR2C1, NR2C2
HNF-4 oy - NR2A1, NR2A2
COUPR-TF Py . NR2F1, NR2F2, NR2F6

Table 1.1. Members of the Nuclear Receptor Superfamily

Nuclear receptors can be divided into 3 groups: the endocrine receptors, the
adopted orphan receptors and the orphan receptors. If they have been identified,
the receptor’s ligands are listed. The official symbols of the nuclear receptors

appear in the last column.
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1.2 Estrogens and their receptors

Elwood V. Jensen was the first researcher to effectively use tritiated estradiol
and administer it to rats to quantify the amount of radioactivity in the blood and
different tissues. With these studies, as well as others using a non-oxidizable
estradiol, researchers came to the conclusion that tissues sensitive to estrogen
stimulation like the uterus contain a specific component that binds estradiol and
retains it in the nucleus of these tissues (and not the other metabolites
apparently produced by the liver and kidneys) without changing its chemical
properties (Jensen and DeSombre, 1973; Jensen et al., 1967; Toft and Gorski,
1966). Using sucrose-density sedimentation, Jensen and coworkers observed
that the nuclear protein complex that binds estradiol sediments at a different
sedimentation value (S) than in the presence of the hormone, a 9S (which was
later associated to the cytoplasmic unliganded receptor-heat shock protein
(HSP) heterocomplex) “transforming” to a 5S form (nuclear liganded receptor
dimer complex) (Pratt and Toft, 1997). These studies together with others lead
to the hypothesis that the receptor changes conformation upon ligand binding,
dimerizes, translocates to the nucleus and recruit other proteins and regulate
target genes from which emerged the idea of a “two-step” mechanism for
estradiol activation, replacing the model accepted in the 1950s which was an
enzymatic one (Jensen, 2004; Jensen et al., 1966; Jensen et al.,, 1968;
MacGregor and Jordan, 1998). This two-step mechanism was soon extended to
other nuclear receptors and became the classic model for nuclear receptor
activation. In the classic model, the non-liganded or “apo” receptors associate
with HSP chaperones within the cytoplasm. As a result of ligand incursion
within a cell, the receptor recognizes and binds this specific ligand and changes
conformation to reach the “holo” or liganded form, causing the release of
HSPs. The receptor can then dimerize, translocate to the nucleus and bind DNA
in specific regions of the genome containing hormone response elements

(HRES), in turn switching on or off networks of genes in response to a specific
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hormonal signal. The regulation of gene expression induced by nuclear
receptors is a complex process involving the recruitment of multiple
coactivators and chromatin-remodeling complexes, which allow the general
transcription factors (GTFs) and RNA polymerase II to join with subsequent

modification of gene transcription (Figure 1.1).

Growth factors

i

i
* * *

¥k

Lipophilic Ligand §

. Cytoplasm

Figure 1.1 Nuclear Receptor activation: the classic model.

When no ligand is available, the nuclear receptor lies in the cytoplasm in an
inactive form, in complex with HSP chaperones. When ligands enter the cell
and recognize a specific receptor, the receptor changes conformation which
allows dimerization, translocation to the nucleus, and recruitment to specific
genomic targets, usually containing HREs. Nuclear receptors can
homodimerize (1), heterodimerize (2) or act as a monomer (3) to modulate
transcription. The receptors can also be modulated via downstream signaling
cascades by post-translational modifications. Active receptors can then recruit
coregulatory complexes (4), leading to altered RNA polymerase II activity, thus

allowing the transcriptional modulation of target genes.
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1.2.1 Physiological roles of estrogens

The effects of estradiol are mediated by two estrogen receptors referred to as
ERa and ERP. The ERa was cloned in 1986 in Dr. Chambon’s laboratory
using the MCF7 breast cancer cell line (Green et al., 1986; Greene et al., 1986).
Another form of the receptor, ERf3, was discovered 10 years later and displays
95% and 55% identity to ERa in its DNA binding domain (DBD) and ligand
binding domain (LBD), respectively (Enmark et al., 1997; Kuiper et al., 1996;
Mosselman et al., 1996). ERa and ER bind E2 and a variety of other synthetic
compounds with comparable affinities (Kuiper et al., 1997). The hinge region
of the two ER subtypes contains nuclear localization signals and displays 30%
identity (Enmark et al., 1997). ERa and ERP can form heterodimers when
expressed in the same cell, but it seems that ERa preferentially homodimerizes
while ERP favours heterodimerization with ERa (Cowley et al., 1997; Ogawa
et al.', 1998; Pettersson et al., 1997; Tremblay et al., 1997). However, RT-PCR
and ribonuclease protection assays have indicated that the tissue distribution is
quite distinct between ERo and ERp, minimizing the heterodimerization
possibilities in physiological conditions. ERa. mRNA is abundant in the uterus,
mammary gland, testis, pituitary, liver, kidney, heart and skeletal muscle,
whereas ERf transcripts are present in the ovary and prostate (Byers et al.,
1997; Couse et al., 1997; Kuiper et al., 1997). Although some tissues like the
ovary, epididymis, thyroid, adrenals, bone and brain express both ERs, detailed
studies have often revealed that the two ER subtypes are rarely expressed in the
same cells constituting a tissue. For example, in the ovary, ERa is expressed in
the theca cells surrounding the granulosa cells of the follicle, where ERp is
merely detectable (Couse et al.,, 1997; Dotzlaw et al., 1997; Enmark et al.,
1997; Hiroi et al., 1999; Sar and Welsch, 1999),

Like other sex steroids, estradiol is derived from the lipid substrate

cholesterol. The majority of estrogen production occurs in the theca and



Chapter I Literature review

granolusa cells of the ovary, under the control of the luteinizing hormone (LH)
and follicule stimulating hormone (FSH) which are released from the pituitary
during the menstrual or estrus cycle to regulate ovulation. In men and
postmenopausal women, estrogen is not a circulating hormone, but testosterone
rather acts like a pro-hormone. Local CYP19 expression, in complex with the
NADPH flavoprotein, is responsible for the conversion of testosterone to
estradiol in breast, brain, adipose tissue and bone (Kamat et al., 2002; Simpson,
2002; Simpson et al., 2005). Another important precursor of sex hormones
derived from cholesterol is the adrenal DHEA, which is produced in greater

amount in humans than in other species.

Estrogen receptor gene disruptions and mutations in mice as well as the
study of tissue distribution of the levels of receptors expressed have provided
colossal information in the understanding of estrogen biology (Dechering et al.,
2000; Hewitt et al., 2005). ERa. and ERB KOs (aERKO and BERKO,
respectively) exhibit unique phenotypes, which is unsurprising with the
examination of their patterns of expression. More profound defects are

observed in the a ERKO.

ERs have a crucial role in the female reproductive tract and mammary
gland (Hewitt et al., 2005; Lubahn et al., 1993). The ablation of ERa in mice
leads to infertility in females and more surprisingly, KO males are infertile as
well (Couse and Korach, 1999; Hewitt and Korach, 2002). ERp KO females are
subfertile, meaning that they produce smaller litter sizes, but the males are
fertile (Hewitt et al., 2005). In brief, the infertile tERKO female mice are
anovulatory, but ovulation can be induced by exogenous addition of
gonadotropins, indicating that the ovary responds to LH and FSH so these
processes do not require ERa, in contrast with the appropriate regulation of the
hypothalamic-pituitary-gonadal (HPG) axis, which requires ERa (Couse and
Korach, 1999). Proliferation of the epithelial cells of the uterus in preparation

to implantation, which usually leads to increased weight of this organ, does not
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occur after introduction of exogenous E2 in the o ERKO mouse, indicating the

need for ERa in this process and explains its immature appearance in the KO.

ERa is needed in somatic cells of the male reproductive tract for proper
sperm formation: the oERKO males are characterized by a progressive
deterioration of the testicular tissue leading to decreased spermatogenesis. This
infertility in males was unsuspected since estrogens were believed to have a

role only in female reproduction (Mahato et al., 2000; Mahato et al., 2001).

Optimal fertility also requires the presence of ERP. This is exemplified
by the small litter sizes of the BERKO females, but males preserve complete
fertility in contrast with the o ERKO. ERp is highly expressed in the granulosa
cells and necessary for effective ovulation, which is inefficient in the KO and

hence the cause of their subfertility.

The mammary gland is a highly specialized organ composed of a
network of branching epithelial ducts that originate from the nipple with the
function of feeding the offspring in mammals. Rudimentary mammary
development begins during embryogenesis and is alike in females and males
until puberty where the high levels of estrogens and progesterone produced in
the ovary cause further growth in females. The t ERKO mammary gland fails
to develop at puberty. BERKO shows a normal mature and lactating mammary
glandular structure, indicating a predominant role for ERa in estradiol-

mediated mammary gland function.

1.2.2 Estrogens and diseases

Estrogens have long been associated with the development of several human
diseases, namely breast cancer. Nowadays, breast cancer is the most common
type of cancer in women, affecting approximately one in nine women in the

United States, Canada, and United Kingdom over their life time. Breast cancer
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can also occur in males but the incidence is relatively low (less than one in a
thousand). Most breast cancers are considered spontaneous, with no clear
familial history (Ali and Coombes, 2002).

The mammary gland remains undifferentiated until pregnancy and
lactation, where the gland undergoes striking differentiation to produce milk-
secreting structures called alveoli. Histologically, the mature mammary gland is
comprised of branching ducts lying in a fat pad. The ductal structure is
composed of epithelial cells that form the luminal layer and is responsible for
milk synthesis. Myoepithelial cells establish an enclosing layer that has the
ability to contract the epithelial structure for milk delivery. These ducts are
terminated by the alveoli and surrounded by a fibroblast stroma. The aERKO
model revealed an important role for E2 in ductal growth given that the
mammary gland of the adult female exhibits characteristics similar to that of a
wild-type newborn i.e. comprised of the stromal and epithelial portions,
connective tissue and a rudimentary ductal tree (Bocchinfuso et al., 1999).
Accordingly, it was shown that E2 stimulates cellular proliferation of the
mammary duct epithelium and the development of terminal buds through the
action of ER, while antiestrogens inhibit this effect (Silberstein et al., 1994). A
proportion of epithelial cells of the ducts and stromal cells express ERa in the
mammary gland (Ali and Coombes, 2002). However, it seems that the
estrogen-induced proliferation occurs in ER-negative epithelial cells and that
the ER-positive cells do not divide (Clarke et al., 1997; Russo et al., 1999). The
ER-positive cells are thus thought to secrete paracrine factors and promote the
proliferation of the ER-negative cells. The most acknowledged idea for
spontaneous breast cancer development is that it begins with hyperproliferation
of the epithelial cells induced by estrogens, resulting in a mass of proliferating
epithelial cells disrupting the highly organized ductal structure of the mammary
gland (Ali and Coombes, 2002; Deroo and Korach, 2006). This
hyperproliferation is attributed to the binding of estrogen to ERa that augments

cell division and DNA synthesis thereby increasing the possibility of
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replication errors (Preston-Martin et al., 1990). If not repaired, these errors may
affect normal apoptosis, proliferation, as well as DNA repair processes and
eventually lead to neoplastic transformation (Hahn and Weinberg, 2002).
Another more controversial theory suggests that estradiol metabolites are
themselves genotoxic mutagenic carcinogens (Preston-Martin et al., 1990; Yue
et al., 2003).

In either way, estrogens have long been recognized to play an important
role in the progression of this disease. In the late 1800’s, it was observed that in
premenopausal women with advanced breast cancer, tumor size increased and
decreased during the menstrual cycle. This observation linked estrogens to
breast cancer growth and prompted researchers to use oophorectomy (removal
of the ovaries) as a means to diminish tumor growth in premenopausal women
(Ali and Coombes, 2002). This process was clearly associated with a dramatic
decrease in tumor size and improvement of patient prognosis in a proportion of
women. However, only about a third of the patients responded to that treatment.
Nevertheless, these discoveries paved the way for strategies involving
procedures or agents that antagonize the effects of estrogens that soon became a

norm in the management of breast cancers (Jensen and Jordan, 2003).

The first clinically useful anti-estrogen for the treatment of breast
cancer was tamoxifen (4-hydroxytamoxifen or OHT). Although one of its
original proposed applications was to control fertility, it is used in breast cancer
management since 1977 and has completely revolutionized the way patients
were treated (Lerner and Jordan, 1990). First used only for advanced breast
cancers in postmenopausal women as an adjuvant therapy, it was later
discovered that tamoxifen was more efficient against the growth of early and
ER-positive tumors (Kiang and Kennedy, 1977). Nowadays, it is used as an
adjuvant and neoadjuvant therapy and more recently, studied for its efficiency
in the prevention of the disease. Maximal benefit is achieved at 5 years of

treatment, with a 51% reduction in recurrence and about 28% reduction in

10



Chapter I Literature review

death. These effects are age-independent but of course restricted to ER-positive
cancers (1998; Osborne, 1998).

Tamoxifen (brand names are Nolvadex®, Istubal®, and Valodex®) is
called a Selective Estrogen Receptor Modulator (SERM) because it displays
mixed agonist/antagonist activities (Smith and O'Malley, 2004). For example,
tamoxifen is anti-estrogenic in the breast but acts as an estrogen or partial
estrogen in bone and uterus (Jordan et al., 1987; Turner et al., 1987; Wolf and
Jordan, 1992). This estrogenic effect in the bone is favorable because it
contributes to the maintenance of bone density in postmenopausal women. In
contrast, post-menopausal patients treated with tamoxifen are considered about

2-3 fold more at risk for endometrial cancer (1998; Fornander et al., 1989).

Tamoxifen has recently been evaluated for its potential to reduce breast
cancer incidence in patients at risk for developing that disease. Another SERM,
Raloxifene (EVISTA®) was also studied in that objective. Raloxifene has a
higher affinity than tamoxifen for the ER. First used as a treatment against
osteoporosis, its beneficial effects for the maintenance of bone density are clear
(Jones et al., 1984). Raloxifene has the supplemental advantage of not
stimulating uterine growth like tamoxifen, thus not increasing the risks for
uterine cancer. However, raloxifene has a short biological half-life so dose for
dose, tamoxifen is more efficient to reduce breast tumor growth. Unfortunately,
neither tamoxifen nor raloxifene have a beneficial effect in the central nervous
system. The preliminary results of the clinical trial STAR (Study on Tamoxifen
and Raloxifene) indicate that both treatments are as effective in the prevention
of breast cancer, reducing the incidence by about 50% for women with high

breast cancer risk (Jordan, 2006; Vogel et al., 2006).
Despite the expression of ER in the tumors, a proportion of patients

show primary resistance to endocrine therapy. Moreover, most tumors that

were initially responsive to anti-estrogens eventually become resistant and

11



Chapter I Literature review

patients require alternative treatments. About two-third of the patients with
tamoxifen-resistant disease respond to Faslodex (ICI 182,780 or Fulvestrant®),
a pure ER antagonist that works by inhibiting and degrading ER, showing that
ER expression is often maintained in these cancers and continues to play a role
in tumor growth (Dowsett et al., 2005; Kuukasjarvi et al., 1996; Osborne et al.,
2004). Faslodex is used in the treatment of these metastatic ER-positive tumors

that have progressed following tamoxifen therapy.

Another way of treating these tamoxifen-resistant tumors in
postmenopausal women is using aromatase inhibitors to prevent peripheral
androgen conversion to estrogen by the CYP450 (cytochrome p450) aromatase
enzyme complex. There are 2 types of aromatase inhibitors: type I irreversible
steroidal inhibitors like exemestane (Aromasin®) form a permanent bond with
the aromatase enzyme complex, whereas type Il non steroidal inhibitors like
anastrozole and letrozole (Arimidex® and Femara®) inhibit the enzyme by

reversible competition (Miller, 2003).

A subset of cancers has been shown to overexpress the protooncogene
human epidermal growth factor receptor 2 (HER-2/neu or ErbB2) (Slamon et
al., 1987). ErbB2 is overexpressed in about 30% of breast cancers through gene
amplification or augmentation of transcript production. These Her2-
overexpressing tumors are typically more aggressive and associated with
shorter patient survival (Ross and Fletcher, 1998). ErbB2 is a transmembrane
tyrosine receptor kinase member of the erbB family, together with epidermal
growth factor receptor (EGFR/HER1), HER3 and HER4. HER family members
act through homodimerization or heterodimerization following ligand binding.
Dimerization induces tyrosine phosphorylation that results in activation of
ras/Raf-mitogen activated protein kinase (MAPK) and phosphoinositide 3-
kinase/serine-threonine kinase (PI3K/AKT) regulatory pathways involved in
the control of cell proliferation and metastasis. The high levels of ErbB2 in

tumors lead to a constitutive activation of the homodimers by phosphorylation

12
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in a ligand-independent manner, resulting in transmission of growth signals in
absence of exogenous signals. ErbB2 can also associate with other family
members expressed and participate in ligand-dependent signaling. Since ErbB2
overexpression was shown essential for the maintenance of tumor growth in
that subset of breast cancers, in addition to the fact that it is found at very low
levels in normal adult tissues, ErbB2 was quickly considered an ideal target for
therapy (Emens, 2005). Trastuzumab (Herceptin®) has been developed in the
view of blocking the receptor’s activity for the control of metastasis growth. It
is a monoclonal antibody specific for the extracellular domain of ErbB2 that
decreases homodimer and heterodimer formation and subsequent activation.
Herceptin is a great example of a novel effective targeted therapy thereby
illustrating the importance of discovering key players of tumor growth in this

heterogenous disease (Le et al., 2005).

Estrogens are important for bone homeostasis in men and women. They
increase bone formation and reduce bone resorption. Deficiencies are thus
associated with a decreased bone mineral density (BMD) and increased risk for
fractures, a disease called osteoporosis, frequent in postmenopausal women.
Interestingly, estrogen or hormone replacement therapy (HRT), first introduced
as a treatment to reduce symptoms associated with menopause such as hot
flushes and vasomotor sweats, as well as raloxifene, are effective in the

prevention of osteoporosis (Rossouw et al., 2002).

Lower incidence of strokes is found in premenopausal women compared
to men, but the difference is not observed in postmenopausal women compared
to men of the same age. Although studies suggest a decreased risk for stroke
with HRT in observational studies, a real beneficial effect of estrogens remains
controversial due to conflicting results in clinical trials (Brass, 2004). Similarly,
since the incidence of cardiovascular disease are low in premenopausal women
but higher in men and increased in women after menopause, HRT was thus

prescribed for years as a means to protect from cardiovascular diseases.
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However, results of recent clinical trials suggest that this procedure may in fact

have augmented the number of strokes in patients (Lowe, 2004).

Estrogens are also thought to be neuroprotective, with beneficial effects
against Parkinson’s and Alzheimer’s diseases. Parkinson’s disease is more
widespread in men than women and some studies indicate a reduced risk in
postmenopausal women treated with estrogens. Estrogens would affect the
onset and severity of Parkinson’s disease by preventing dopaminergic neuron
degeneration. However, clinical studies are controversial and some even
support an increased severity of the disease with estrogen supplementation
(Currie et al., 2004; Saunders-Pullman, 2003; Shulman, 2002). Alzheimer’s
disease is characterized by an accumulation of hyperphosphorylated tau and f3-
amyloid proteins that form plaques thought to induce neural cell death.
Estrogen might decrease the risk or severity of this disease by augmenting
cerebral blood flow and glucose transport and reducing oxidative stress.
Estrogens thus seem to reduce risk of developing Alzheimer’s disease in
women on HRT but have no influence on diminishing the severity of the
disease in patients already diagnosed (Pinkerton and Henderson, 2005;
Sherwin, 2003).

ERs play a role in the metabolism and location of white adipose tissues
and regulate adipogenesis, lipogenesis, lipolysis and adipocyte proliferation
(Deroo and Korach, 2006). Estrogen treatments reduce fat accumulations
occurring after loss of circulating estrogens in postmenopausal women, thereby

implicating estrogens in the control of obesity.

1.2.3 Molecular mechanisms of ERa-mediated gene regulation

1.2.3.1 Transcriptional regulation by ERa

According to the classic model of ER action described above, a multiprotein

inhibitory complex in the cytoplasm or nucleus of target cells sequesters
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unliganded receptors. The binding of the ligand induces a conformational
change within the ER and promotes dimerization and high-affinity binding to
the estrogen-response elements (EREs) of target genes followed by recruitment
of coregulator proteins. This way, the receptor interacts with coregulatory
proteins to recruit the general transcription machinery and/or modify local
chromatin structure to positively or negatively modulate gene transcription.
This i1s a model that is still valid in general, but recent studies have highly
contributed to detail and update our understanding of ER’s mode of action at

the molecular level.

One major difference with the classic model is that unliganded ERa is
predominantly located in the nucleus and found as monomers and dimers, while
the ligand stabilizes the dimer state by an important conformational change
(Aumais et al., 1997; Ylikomi et al., 1998). Interestingly, the mRNA of ER«a
has a half-life of approximately 5 hours, independent of ligand availability
(Kenealy et al., 2000). At the protein level, its half-life is of 24 hours in the
absence of ligand and about 3-5 hours in the presence of ligand, implicating a
ubiquitin-mediated proteasome degradation (Alarid et al., 1999; Nawaz et al.,
1999; Preisler-Mashek et al., 2002). Very recently, Frank Gannon’s group
elegantly demonstrated that ERo mediates ordered, cyclical and combinatorial
recruitment of cofactors on the promoter of the pS2 gene (TFF 1. trefoil factor
1), a breast cancer biomarker (Metivier et al., 2003). In addition, essential
proteasome-mediated degradation of the ER displaces this pre-initiation
complex, allowing for promoter clearance and reinitiation of subsequent rounds

of transcription.

ER has been shown to interact with numerous coactivators in order to
activate gene transcription and they are summarized in Table 1.2. Most
cofactors are recruited to the AF2 of ER, like the steroid receptor coactivator
(SRC/p160) family of coactivators comprising SRC-1, SRC-2 (TIF2/GRIP1)
and SRC-3 (p/CIP: p300/CBP cointegrator-associated protein, RAC3: RAR-
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associated coactivator-3, AIBl: Amplified In Breast cancer-1, ACTR and
TRAMS-1) that share about 40% sequence similarity among each other. SRC-1
was found to interact with almost all nuclear receptors in a ligand-dependent
manner. AIB1 was identified in a cancer-relevant context in a study revealing
that gene amplification was frequent at the chromosomal region 20q11-12
(Guan et al., 1994). It was later found that AIB1 is a breast and ovarian cancer-
amplified and overexpressed ER coactivator (Anzick et al., 1997; Liao et al,,
2002). AIBI1, like other family members, is composed of several functional
domains. The N-terminal basic helix-loop-helix-Per/ARNT/Sim (bHLH-PAS)
is involved in dimerization among proteins possessing these motifs while the
central region is composed of multiple LXXLL motifs (in which L represents
leucine and X represents any amino acid) that mediate interaction with agonist-
bound nuclear receptors. An intrinsic activation domain (AD) is located in the
C-terminal and was shown to interact with the CBP/p300 cointegrator through
LXXLL motifs. This AD domain also displays histone acetyltransferase
activities that are however weaker than those of CBP, p300 and p/CAF (Chen
et al., 1997; Spencer et al., 1997). High histone acetylation levels are generally

associated with increased transcriptional activity of target promoters.

PRMT! (Protein arginine methyltransferase 1) and CARMI
(coactivator-associated arginine methyltransferase-1) are methyltransferases
that can be recruited to promoter regions through the C-terminal region of
SRCs and modify the histone methylation state, which in turns activates
transcriptional activity of ER in a synergistic manner (Stallcup et al., 2000).
CoCoA (coil-coil coactivator) enhances ER target gene expression by

associating to p160s through the bHLH-PAS domain (Kim et al., 2003).
Some coactivators like SRA (Steroid Receptor RNA activator) and the

p68 RNA helicase are recruited to the AF-1 of ERa and potentiate its activity
by interacting with SRC-1 (Deblois and Giguere, 2003; Endoh et al., 1999;
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Lanz et al., 1999; Watanabe et al., 2001). Known ERa coactivators are listed in
table 1.2.

ER can also recruit corepressor proteins. For instance, NCoR (Nuclear
receptor Co-Repressor) is very important for pharmacological actions of anti-
estrogens like tamoxifen, leading to chromatin deacetylation through
recruitment of histone deacetylases that results in target gene repression. A list

of ER corepressors is provided in table 1.3.

1.2.3.2 Alternative mechanisms for regulation by ERa
ERa can also regulate gene expression through alternative regulatory sequences
such as AP-1 (Activator Protein-1) and SP1 (Specificity Protein 1). In this
situation, ER is tethered to these other transcription factors and acts like a

coregulatory protein rather than binding DNA directly.

AP-1 is a very complex transcription factor that functions as a dimer
formed between the Jun (v-jun avian sarcoma virus 17 oncogene homolog), Fos
(v-fos FBJ murine osteosarcoma viral oncogene homolog), MAF (v-maf
musculoaponeurotic fibrosarcoma oncogene homolog) and ATF (activating
transcription factor) subfamilies to be transcriptionally active. They recognize
either 12-O-tetradecanoylphorbol-13-acetate (TPA) response elements (5'-
TGAG/CTCA-3') or cAMP (Cyclic adenosine monophosphate) response
elements (CRE, 5'-TGACGTCA-3") (Karin et al., 1997). ER-AP-1 interactions
seem to occur through pl60 coactivator proteins: for example, the Jun/Fos
heterodimer activates gene transcription by recruiting CBP/p300 and associated
proteins, that may include the p160s, which also interacts with estrogen-bound
ER and makes a bridge between ER and AP-1 complexes. The LBD of ER does
not interact with AP-1 directly, but addition of ER/p160 complex to AP-
1/CBP/p300 complex seems to increase the AP-1 DNA binding potential and
transcriptional stimulation (Kushner et al., 2000). In addition, ERE or half-site-

bound ER in proximity to AP1 on a promoter can lead to synergistic activation,
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suggesting cooperation between the two complexes.

Recent studies also show that ERa and SP1 physically interact. ERa
recognizes the C-terminal DNA-binding domain of SP1 protein. Through direct
interaction, ER can contribute to the regulation of GC-rich SP1 target
sequences. This mechanism has been proposed for the estrogen regulation of
cathepsin D, c-fos, insulin-like growth factor binding protein 4 (IGFBP4), and
RARal genes (Safe and Kim, 2004) (See table 1.4).

ER can modulate transcription through recruitment to other transcription
factors bound on DNA. As illustrated, ER can be recruited to gene regulatory
regions indirectly, through coactivators that are shared between the ER and AP-
1 transcription factors for instance. In this case, no direct contact exists between
ER and AP-1. ER and SP1 factors can associate directly, and ER can also be
recruited to SP1 and regulate these targets, without being in direct contact with

DNA (Kushner et al., 2000).

1.2.3.3 Regulation by post-translational modifications

ERa is modified by multiple post-translational modifications that contribute to

the modulation of its activity in several ways.

As mentioned previously, ERa ubiquitination through the action of
ubiquitin-ligases regulates protein stability through the proteasome pathway, as

the proteasome inhibitor MG 132 inhibits its degradation (Nawaz et al., 1999).
Lysine residues within the hinge and LBD regions of ERa are modified

by p300-mediated acetylation, which is believed to reduce hormonal sensitivity

and transactivation activity (Kim et al., 2006; Wang et al., 2001).
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ERa phosphorylation integrates estrogen signaling into a complex
network with other signaling pathways. ERa is phosphorylated at multiple sites,
by both serine/threonine and tyrosine kinases. Serine 118 of ERa is
phosphorylated downstream of the Ras/MAPK pathway. This modification can
lead to ligand-independent transactivation as well as enhanced ligand-induced
activity (Joel et al., 1998; Kato et al., 1995). Phosphorylation of serine 167 by
the phosphoinositide 3 (P13)-kinase pathway (RSK and AKT) increases DNA
affinity of ligand-bound ERa. It has been proposed that the oncogenic tyrosine
kinase c-src regulates the phosphorylation state of tyrosine 537 and affects ER
dimerization and DNA binding (Arnold et al., 1995). These modifications are
thought to play a role in ER tissue specific activity as well as in cancers and
hormone-independent cancers: since specific signaling pathways can be
deregulated in cancer, a resulting aberrant ER phosphorylation can for instance

lead to an ligand-independent active ERa (Leclercq, 2002).
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SRC-1 (p160) Steroid receptor AF-2 HAT
coactivator-1 Coactivator
SRC-2 (p160) Steroid receptor GRIP-1, TIF-2, AF-2 HAT
coactivator-2 NCoA2 Coactivator
SRC-3 (p160) Steroid receptor AIB1, ACTR, AF-2 HAT
coactivator-3 p/CIP, RAC3, Coactivator
TRAM-1, NCoA-3
CBP/p300 CREB-binding AF-2 HAT
protein Coactivator
TRAP229, Thyroid hormone Mediator; PBP AF-2
TRAP/DRIP receptor activating Coactivator
protein of 220 kDa
ASC-1 Activating signal AF-2 Binds HATs and NR
cointegrator-1 Coactivator
ASC-2 Activating signal RAP250, TRBP, AF-2 Binds HATs and NR
cointegrator-2 AIB3 Coactivator
SRA Steroid receptor Splicing AF-1 Binds ERa
activator Coactivator
P68 P68 RNA helicase RNA Binds ERa
helicase
CARM1 Coactivator- Secondary Binds to p160s
associated arginine coactivator Arginine HMT
methyltransferase-1
PRMT1 Protein Secondary Binds to p160s
methyltransferase 1 coactivator HMT
CoCoA Coiled-coil Secondary Binds p160s
coactivator coactivator
E6-AP E6-associated protein Ubiquitin Binds ERa
ligase
RPF-1 Receptor potentiating Ubiquitin Binds ERa
factor-1 ligase
PGC-la PPARy coactivator 1 Tethering
PGC-1p surface for
cofactors;
splicing
CAPER-a Coactivator of (AP1) Potentiate Binds ER indirectly
and ER ER activity through ASC2
CAPER-B
CoAA Coactivator activator

Table 1.2. List of ER coactivators
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Table 1.2. List of ER coactivators.

Adapted from (Hall and McDonnell, 2005). ER coactivators are listed. They
potentiate ER activity through direct recruitment to the AF-2 using their
LXXLL motifs, to the AF-1, or indirectly. Coactivators can possess HAT
(histone acetyltransferase), HMT (histone methylltransferase) or ubiquitin
ligase activities, or contribute to the recruitment of factors influencing ER

activity.
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NCoR Nuclear receptor HDAC Pharmacolo-

Binds ER’s AF-2

corepressor gical
SMRT Silencing mediator HDAC Pharmacolo- Binds ER’s AF-2
for retinoid and gical
retinoid receptors
RIP140 (NRIP) Receptor interacting Competes with Physiological  Binds ER’s AF-2
protein of 140 kDa AF2-coactivators; and
associates with pharmacolo-
HDACs gical
REA Repressor of ER Interferes with Physiological  Indircct
activity SRC1
RTA Repressor of Interferes with Pharmacelo-  Binds ER’s AF-1
tamoxifen SRC1; repressed gical
transcriptional tamoxifen agonist
activity activity
mSiah2 Mammalian homoelog  Mediates cell- Pharmacolo-  Indirect, binds
of Drosophila Seven specific repression gical NCoR
in absentia (sina) of NRs by targeting
NCoR for
proteasomal
degradation

Table 1.3. List of ER corepressors

Adapted from (Hall and McDonnell, 2005). Some ER corepressors are

recruited in the presence of pharmacological agents like OHT or other SERMs,

or in physiological conditions. Repression occurs through HDAC (histone

deacetylases) activity or by competing with coactivators for binding.
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1.2.4 [Estrogen target gene identification: a historical perspective

ERa was one of the first transcription factors to be identified and search
for its target genes has since been of profound interest (Green et al., 1986;
Greene et al,, 1986). Numerous studies were undertaken with the goal of
identifying and cloning estrogen-regulated genes. A first wave of experiments
involved differential screening of a cDNA induced by estrogen. A library made
from MCF-7 breast cancer cells identified a pS2 clone as estrogen-responsive
(Masiakowski et al., 1982). This pS2 gene was then sequenced and its estrogen
responsiveness further characterized (Brown et al., 1984; Jakowlew et al.,
1984). In normal tissue, 7FF1/pS2 is a gene mainly expressed in the stomach
epithelium and salivary gland. Its function in breast cancer is not known, but its
expression is almost exclusively restricted to ER-positive tumors (96%) and is
associated with longer overall and disease-free survival (Ciocca and Elledge,
2000; Foekens et al., 1990; Rio 4and Chambon, 1990). The cathepsin D
lysosomal proteinase was identified as estrogen-responsive at the protein level
in uterine cells (Elangovan and Moulton, 1980). Although modulated by
estrogens, whether these genes were direct targets of ER remained inconclusive

with these experiments.

Early insights concerning ER mode of binding to DNA came from the
identification of the minimal ERE core sequence found within the Xenopus
vitellogenin A2 gene, a gene previously identified as estrogen-responsive
(Klein-Hitpass et al., 1986). They first performed a gene transfer approach and
stably transfected the vitellogenin A2 genomic clone containing both 5° and 3’
regions into the estrogen-responsive MCF-7 cell line. They then showed by
Northern Blot that estrogen treatment could induce expression of this clone (by
activation of endogenous ER). In addition, deletions of Vitellogenin A2
flanking sequences cloned upstream of an Escherichia coli (E. coli)

chloramphenicol acetyltransferase (CAT) reporter gene allowed the
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determination of the estrogen responsive element in transient transfections.
Finally, they defined the sequence 5’GGTCAcagTGACC as an essential feature

of the estrogen response.

Following these discoveries, numerous laboratories undertook
experiments with the goal of identifying estrogen-regulated genes and to
characterize response elements in the 5° flanking region of the regulated gene.
The TFF-1/pS2 promoter was characterized and an imperfect ERE responsible
for ER binding and estrogen response was found within its promoter (Berry et
al.,, 1989; Roberts et al., 1988). Perhaps because of its early characterization,
presence of a responsive ERE and its nice inducibility in various systems,

TFF1/pS2 became the prototypic estrogen target gene.

In the 1990s, more powerful methods were developed for the
identification of regulated genes and were applied to the discovery of estrogen
targets. In 1992, the differential display technique was invented to achieve this
goal (Liang et al., 1992; Liang and Pardee, 1992). This technique involves a set
of oligonucleotide primers, one annealing to the polyadenylate tail of mRNAs,
and the other being short and arbitrary in sequence so that it anneals at different
positions relative to the first primer for PCR amplification. Another early high-
throughput method for the characterization of gene expression patterns was
called Serial Analysis of Gene Expression (SAGE) (Velculescu et al., 1995).
This technique consists in the isolation of mRNA and conversion to cDNA,
followed by digestion with a restriction enzyme that cuts frequently. Then,
linkers are ligated, followed by cloning into a vector and sequenced. Finally,
the number of each sequence is computerized, compiled and analyzed to

compare gene expression profiles.

Microarrays were developed concomitantly by Patrick Brown and
coworkers: in this technique, cDNAs are labeled with fluorescent dyes and
hybridized on a glass array containing cDNA probes corresponding to specific

genes (Schena et al., 1995). In 1995 the arrays contained only a few dozen
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cDNAs. With the improvement in efficiency of DNA synthesis methods in the
early 2000’s, introduction of arrays made with synthetic oligonucleotides
specific for cDNAs made possible the development of high-density
oligonucleotide arrays. The arrays now available for expression profiling
experiments represent up to 47,000 transcripts (Tavera-Mendoza et al., 2006).
Application of differential display, SAGE and microarray high-throughput gene
expression profiling allowed the identification of hundreds of genes up- and
down-regulated by estrogen and anti-estrogens in breast cancer, uterine cells
and in rat and mouse tissues, as well as comparison of the expression patterns
of hormone-dependent versus hormone-independent cancers (Abba et al., 2005;
Frasor et al., 2003; Frasor et al., 2004; Ghosh et al., 2000; Hoch et al., 1999;
Inadera et al., 2000; Nagai et al., 2003; Seth et al., 2002a; Soulez and Parker,
2001; Thompson and Weigel, 1998; Wang et al., 2004). For a complete

database see: http://defiant.i2r.a-star.edu.sg/projects/Ergdb-v2/index.htm (Tang

et al., 2004). The main advantage of these techniques is that they allow the
analysis of expression levels of multiple genes at a time. However, they do not
provide direct information on the genomic action of the transcription factor nor
the isolation of the regulatory element used to modulate specific gene
expression, and thus necessitates the use of complementary techniques to
identify the direct target genes among candidates. Like for the pS2/TFF1 gene,
the 5’ flanking regions of regulated genes were analyzed to uncover the
regulatory region responsible for estrogen response. The promoter regions of
regulated genes were studied one by one using CAT and luciferase reporter
assays as well as electromobility shift assays (EMSAs) for the characterization
of EREs and discovery of other modes of action of ER. A list of human
estrogen targets described as direct by the year 2004 along with their apparent
regulatory region is provided in table 1.4 (from O'Lone et al., 2004).

The crystal structure of ERa’s DBD in the presence of DNA was solved
in 1993 by Daniela Rhodes group (Schwabe et al., 1993). This work has

revealed how the ERa protein uses key residues to recognize the ERE
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consensus. DNA response elements are now considered like allosteric ligands
for nuclear receptors, and it is increasingly clear that variation around the
consensus ERE can influence ERa structure and function (Hall et al., 2002;
Lefstin and Yamamoto, 1998; Wood et al.,, 1998). Since natural response
elements do not always exactly match the ERE consensus, it is conceivable that
promoter or enhancer context will dictate specific coregulator recruitment and

provide differential response on target genes.

In an attempt to find the estrogen-responsive region within the
promoters of estrogen regulated genes lacking an ERE consensus, some groups
provided alternative modes of action of ER. With conventional approaches, ER
was shown to modulate transcription through the SP1 or AP1 transcription
factors, through HRE half sites, or half-sites in proximity of another site like
SP1, as described previously. However, some of these mechanisms of action
remain controversial since they were most often described in artificial
conditions, in the presence of exogenously overexpressed receptor and/or
coactivators and in the absence of a chromatin context (Carroll and Brown,
2006). In addition, gene regulation can clearly occur through distal regulatory
regions or enhancers. However, the discovery of these potential functional sites
located far away from genes necessitates the knowledge of the complete

genomic sequence, which was not available in the 1990s.
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Consensus ERE: two consensus half sites

Gene
EBAGY

Efp (ZNF147)
COX7RP

Responsive region
—60 to 48

3’UTR
+311 to +3274

EREs with one consensus half site

TERT

pS2 (TFF1)
Lactoferrin

Keratin 19
Oxytocin

Hageman factor XII
Complement 3
Angiotensin
Lipocalin 2
Cathepsin D

-2677 to 2655

—405 to ~393

414 to +69

+2414 to +2430 (intron 1)
~164 to —146

-45 to 29

—235 to 22

-26to 10

-916 to --800

—145 to —1014 (multiple)

Chapter I Literature review

Reference

(Ikeda et al., 2000b)
(Watanabe et al., 1998)
(Ikeda et al., 2000a)
(Watanabe et al., 1998)

(Kyo et al., 1999)
(Berry et al., 1989)
(Zhang and Teng, 2000)
(Choi et al., 2000)
(Richard and Zingg, 1990)
(Citarella et al., 1996)
(Fan et al., 1996)

(Zhao et al., 1999)
(Seth et al., 2002b)
(Wang et al., 1997)
(Krishnan et al., 1994)
(Cavailles et al., 1993)

EREs with no consensus half-site or with unusual spacing

TGF

VEGF

-252 to -200

-1527 to -1511
+395 to +411
3’UTR

(El-Ashry et al., 1996)
(Vyhlidal et al., 2000)
(Mueller et al., 2000)

Genes Regulated by ER that Contain Half-ERE or SFRE Sequences

c-H-rasl
ERa (P1 promoter)

Prothymosin
NMDA receptor, 2D

Lactoferrin

+49 to +78
-892 to -420
-1051 to -750
3’UTR

-414 to +69

(Pethe and Shekhar, 1999)
(Treilleux et al., 1997)
(Martini 2001)

(Watanabe et al., 1998)
(Watanabe et al., 1999)
(Zhang and Teng, 2000)

Table 1.4. Genes regulated by ER and their response elements
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Genes Regulated by ER that Contain Half-ERE Sequences in Proximity to

SP1-Binding Sites

TGFa -625 to -581
Cathepsin D -199 to -165
RARa -82 t0 -62

Progesterone receptor +565 to +601

(El-Ashry et al., 1996)
(Vyhlidal et al., 2000)
(Wang et al., 1997)
(Krishnan et al., 1994)
(Cavailles et al., 1993)
(Rishi et al., 1995)

(Petz and Nardulli, 2000)

Genes Regulated by ER that Contain SP1 or Non-SP1-Regulatory
Sequences through which ER Indirectly Associates

Adenosine deaminase -79 to -73 (SP1)

IGFBP-4 -569 to -540 (SP1)
-83 to -54 (SP1)
Hsp27 -105 to -84 (SP1)

Thymidylate synthase -150 to -142 (SP1)

EGFR -110 to -84 (SP1)
LDL receptor -142 to +35 (SP1)
RAGE -189 to -166 (SP1)
c-fos -1168 to -1161 (SP1)

Progesterone receptor B-80 to -34 (SP1)

VEGF -66 to -47 (SP3, SP1) inh

Bel2 -1603 to -1534 (SP1,
ATF-1/CREB)

Cyclin D1 -143 to -110 (SP1)
-96 to -29 (ATF-2/c-Jun,
CREB/ATF-2)

IGF-1 -324 to -124 (AP-1)

(Xie et al., 1999a)
(Qin et al., 1999)

(Porter et al., 1997)
(Xie et al., 2000)
(Salvatori et al., 2000)
(Li et al., 2001)
(Tanaka et al., 2000)
(Duan et al., 1998)
(Schultz et al., 2003)
(Stoner et al., 2000)
(Dong et al., 1999)

(Castro-Rivera et al., 2001)
(Sabbah et al., 1999)

(Umayahara et al., 1994)

Table 1.4. (Continued) Genes regulated by ER and their response elements

This table summarizes the direct human estrogen regulated genes studied by

2004 and their proposed mechanisms of action. It is adapted from table 1 to 4

of (O'Lone et al., 2004).
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1.3 The Estrogen-Related Receptors

The first orphan nuclear receptors were identified based on their sequence
similarity with the ERs, and were referred to as the estrogen-related receptors
(ERRs) (Giguere et al., 1988). There are three isoforms encoded by different
genes in this subgroup, called ERRa, B and y (NR3B1, NR3B2, NR3B3) which
display an almost identical DNA-binding domain among each other and exhibit
68% amino acid identity with that of ERa.. ERRo and § were the first ERRs to
be cloned using a low-stringency screening of a human kidney library with an
ERoa DBD probe (Giguere et al., 1988). A decade after, the ERRy gene was
identified as part of the critical genomic region linked to Usher syndrome but
was later shown to play no role in this disease; the ERRy protein was also
isolated in a yeast two-hybrid screen using the SRC family coactivator GRIP1
(SRC2) as a bait (Eudy et al., 1998; Hong et al., 1999).

1.3.1 Tissue expression of the ERRs and in vivo function

The ERRs’ physiological roles are starting to be defined with the use of various
experiments such as tissue mRNA quantification and gene disruption in mice.
ERRo is the most ubiquitously expressed among the ERRs. During
development, its expression begins at the chorioallantois fusion in the placenta
and is later detected in the heart, intestine, brain, spinal cord, brown fat and
bone (Giguere, 2002; Giguere et al., 1988; Vanacker et al., 1998). In the adult,
ERRa expression is very broad, with higher levels in skeletal and cardiac
muscles, brain, liver, colon and kidney (Giguere et al., 1988; Sladek et al.,
1997b). ERRa has been shown to be involved in bone development and
important for intestine function (Bonnelye et al., 2001; Bonnelye et al., 1997;
Carrier et al., 2004). ERRa knockout mice are viable with no flagrant defect
with the exception of a reduced body weight and fat deposits and resistance to

high-fat diet induced obesity (Luo et al., 2003).
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ERRP expression is restricted to very low levels in adult liver, muscle
and heart. During embryogenesis, ERRP expression is restricted to extra-
embryonic tissues and peaks in the cell population fated to produce the chorion,
from day 5.5 until day 8.5 post-coitum (Luo et al., 1997; Pettersson et al.,
1996). Indeed, Luo et al. have shown that ERRp knockout embryos die at 10.5
days post-coitum due to a major defect in early placental formation (Luo et al.,
1997). ERR is also expressed in primordial germ cells (PGC). After placental
complementation of the null mutants with wild-type embryos, it was shown that
ERRp was involved in the proliferation of gonadal germ cells, as both males
and females had a reduced PGC cell number. At adulthood, these rescued
BERRKO were shown to exhibit behavior abnormalities (Mitsunaga et al.,

2004).

ERRy is most highly expressed in the nervous system both during
development and in the adult, where it has specific patterns of expression
(Hermans-Borgmeyer et al., 2000; Lorke et al., 2000). At adulthood, the gene is

ubiquitously expressed in human and mouse tissues.

1.3.2 Molecular properties of the ERRs and similarity to the ERs

ERRs are orphan nuclear receptors and do not recognize E2 despite their
important overall sequence similarity with the ERs. The lower degree of
conservation of their LBDs (about 35% identity) appears consistent with the
incapacity of ERRs to bind E2. In spite of an intensive hunt for a physiological
ligand undertaken in several laboratories, none has been identified yet and
ERRs are thus generally considered as constitutive orphan transcriptional

activators (Vanacker et al., 1999a).
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ERR«

ER«

Figure 1.2. ERa and ERRa sequence comparison
ERa and ERRa display 66% and 37% identify in their DBD and LBD,

respectively.
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Interestingly, high doses of the synthetic OHT has been shown to inhibit
ERRP and ERRy activities, but has no influence on ERRa. (Coward et al., 2001;
Greschik et al., 2004; Tremblay et al., 2001a). Similarly, the estrogenic
compound diethylstilbestrol (DES), a full ERa agonist, inactivates all three
ERR subtypes by dissociating their interaction with coactivators (Coward et al.,
2001; Tremblay et al., 2001b). These experiments supported the belief that
ERR constitutive activity could be abrogated by ligands. Even though the ERRs
are unable to bind E2, it is remarkable that other synthetic estrogenic analogues
like SERMs and DES can interact with the ERRs and modulate their activity,
showing that ERs and ERRs are somewhat related in their LBDs.

Instead of being activated by a ligand, ERRs rather display a
constitutive transcriptional activity that seems dependent on the amount and
nature of coregulatory proteins present in the cell. Like ERs and many other
nuclear receptors, the ERRs can bind the general coactivators of the SRC
family, which in turns provide augmentation of their transcriptional activity
(Hong et al., 1999; Lu et al., 2001; Tremblay et al., 2001a; Xie et al., 1999b).
They do so in a constitutive manner, in contrast with the ERs that need the
presence of their ligand to recruit coactivators. This can be explained by the
transcriptionally active conformation that the ERRs adopt in the absence of
ligand, a structure that is typically adopted by agonist-bound receptors
(Greschik et al., 2002).

The PGC-1 (PPARy-coactivator 1) family of transcriptional coactivators
function as inducible regulators of cellular energy metabolic pathways. It is
composed of 3 coregulators, PGC-1a, PGC-1p (also called PERC) and PGC-1-
related coactivator (PRC). PGC-1a was first identified from a brown fat cDNA
library based on its interaction with PPARy in a yeast two-hybrid system
(Puigserver et al., 1998), but has been shown to bind other nuclear receptors

such as ER, RAR and TR in an ligand-dependent manner as well as other
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transcription factors like nuclear respiratory factor 1 (NRF-1) and members of
the MEF2 (myocyte enhancing factor 2) family (Tcherepanova et al., 2000;
Vega et al., 2000; Wu et al,, 1999). It was later observed that PGC-1a is a
strong modulator of ERRa activity (Schreiber et al., 2003). PGC-la is
remarkable for its tissue selective expression as well as its induction by
different physiological states of an animal. It is found at high levels in heart,
brown fat, kidney and muscle, tissues with a high energy expenditure, It is
induced in a tissue specific manner by signals that relay metabolic needs:
exposure to cold induces PGC-1a in brown fat and skeletal muscle whereas

starvation augments it in heart and liver (Herzig et al., 2001; Lehman et al,,
2000; Yoon et al., 2001).

Interestingly, the expression patterns of PGC-1a correspond to that of
ERRa. Moreover, a group has shown that PGC-1a expression is sufficient to
induce ERRa expression in cell-based assays (Schreiber et al.,, 2003). Since
PGC-1a controls numerous metabolic functions like mitochondrial biogenesis,
oxidative phosphorylation and CREB cycle, and ERRa activity is strongly
enhanced by this coactivator, it is apparent that ERRoa could participate in the

control of metabolic activities.

Because ERR DBD’s are similar in sequence to that of ERs, several
groups were interested in determining whether they could control the same
DNA sequences. Indeed, it was shown that ERRs can also recognize ERE
sequences as dimers (Johnston et al., 1997; Vanacker et al., 1999a; Vanacker et
al., 1998; Vanacker et al.,, 1999b). Most often, ERRa was found as a weak
transcriptional activator of these ERE-based promoters (like the pS2/TFFI,
lactoferrin and osteopontin promoters) or to interfere with ERa activity when
co-expressed, pointing to a potential role for ERRa in estrogenic pathways

(Kraus et al., 2002; Lu et al., 2001; Vanacker et al., 1998; Yang et al., 1996).
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An unbiased screen for the determination of the ERRa consensus binding
site has revealed that the ERRo monomer recognized a nine base pair DNA
sequence (TNAAGGTCA), referred to as ERR response element (ERRE)
(Sladek et al., 1997a). The same study showed that the medium-chain acyl
coenzyme A dehydrogenase gene (MCAD) promoter contains a perfect ERRE
that is actually regulated by ERRa. MCAD is an enzyme that catalyses the first
step of the mitochondrial fatty-acid (-oxidation pathway, another early hint

potentially implicating ERRa in the control of energy metabolism.

1.3.3 ERRa and disease

Several independent studies have suggested that ERRa could play a role in the
breast cancer disease. Because they share important characteristics with ERa,
an acknowledged key player in the development and progression of breast
cancer, a first area of investigation was dedicated to deciphering the potential
role of ERRs in this context. An early finding described ERRa as the most
expressed ERR subtype in breast cancer cells and tumors (Giguere, 2002; Lu et
al., 2001). Importantly, it has been demonstrated by two different groups that
ERRa, in contrast to ERa, is a negative prognostic factor for breast cancer
disease-free survival (Ariazi et al., 2002; Suzuki et al., 2004). From a molecular
point of view, this is coherent with the observation that increased ERRa and
ErbB2/HER2 expression levels are positively associated with advanced,
tamoxifen-resistant, and/or ERa-negative tumors. A compilation of breast

tumor microarray data divulged by Oncomine (www.oncomine.org) illustrates

these correlations. ERRa was also shown to be phosphorylated downstream the

EGF (epithelial growth factor) pathway (Barry and Giguere, 2005).

Together, these observations suggest a potential role for ERRa in breast
cancer progression and evoke novel avenues towards potential alternative
treatments that could provide ERRa specific ligands. Since ERRa is expressed

in late breast cancers in contrast with ERa, these ERR-specific modulators
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could become a treatment option for more aggressive and anti-estrogen
unresponsive cancers, which is a big challenge in the management of breast

cancer.

Studies performed in mice indicated that ERRa is expressed during
bone development and that it controls bone formation (Bonnelye et al., 2001,
Bonnelye et al., 1997). These observations could indicate a role for ERRa in
bone homeostasis in the human population. In addition, since a subset of ERRa
functions could be related to that of PGCla, it would be interesting to study

whether some metabolic diseases could be controlled by these players.
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Figure 1.3. ERRa expression inversely correlates with that of ERa in
breast tumors
ERRa is expressed to higher levels in ER negative breast cancers compared to

ER-positive breast cancers. These results were taken from the Oncomine

database (www.oncomine.org). Results are expressed in ERR normalized

expression units.
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Figure 1.4. ERRa expression correlates with that of ErbB2 in breast
tumors
Relative expression levels of ERRa and ErbB2 are compared in sporadic, as

well as in BRCA1 and BRCA2 positive tumors.
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1.4 Unraveling genomes: impact on target gene discovery

The interest for genome sequences emerged with the discovery of the structure
of DNA by James Watson and Francis Crick in 1953 (Watson and Crick, 1953).
The first methods for sequencing DNA were published in 1977 and prompted
the discussions about the potential benefits of sequencing the entire human
genome (Maxam and Gilbert, 1977; Sanger et al., 1977). The Human Genome
Project (HGP) worldwide efforts officially started in October 1990, with the
goal of sequencing the whole human genome as well as four other model
organisms, including Saccharomyces cerevisiae, completed in October 1996
(Goffeau et al., 1996). In February 2001, the first draft of the human genome
sequence was concomitantly published by the public HGP and the Celera
private project, offering boundless potential to scientists in various fields,
particularly for the identification and annotation of functional gene regulatory
regions (Lander et al., 2001; Venter et al., 2001). The mouse genome was
completed in 2002 and is expected to provide a key experimental research tool

(Waterston et al., 2002).

1.4.1 Binding site prediction
One of the biggest breakthroughs provided by the availability of the genome

sequence is the possibility to study intergenic sequences and their regulatory
potential. One way is by searching transcription factor binding sites (TFBS) for
a factor of interest. With the advantage of identifying potential response
elements at the geﬁome-wide scale, a great deal of interest is dedicated to the
mapping of potential regulatory elements for various transcription factors.
However, they display several disadvantages. Since most transcription factors
including nuclear receptors have great tolerance for variation in their binding
sites, the bomna fide sites are very difficult to decipher. In addition, the example
that ER can function indirectly through other factors like SP1 adds to the

complexity in predicting functional binding sites. Moreover, these predictions
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are made without considering the repressive effect of chromatin structure on
transcription factor binding to DNA. Therefore, the predictions made remain
hypothetical and may not be functional in vivo. Nevertheless, intensive work
has been dedicated to develop powerﬁil bioinformatics methods in an attempt
to identify binding sites with as much accuracy as possible. Based on the fact
that many functional regulatory sequences are expected to be conserved in
evolution, bioinformatics methods often include the use of comparative
genomics as a first genome screening step for identification of cis-regulatory
modules (King et al., 2005; Kolbe et al., 2004). One main advantage of this
approach is the prediction of many potential binding sites at a genome-wide
level, without being limited to a specific cell context (Tavera-Mendoza et al.,
2006).

In silico approaches have recently been used for the mapping of ER
binding sites in the whole human genome (Bourdeau et al., 2004) or limited to
all known promoter sequences (Kamalakaran et al., 2005). The main issue in
these procedures is how to define an ERE, since ER is capable of binding to
EREs quite variable in sequence, in addition to having the capacity to be

recruited to other transcription factors without binding DNA directly.

1.4.2 ChIP-based approaches

Chromatin immunoprecipitation or “ChIP” is a recently developed technique
allowing the study of protein-DNA interactions occurring iz vivo, on a native

chromatin structure and a given cellular context.

First developed in the 1990s for the study of histone modifications
occurring at diverse genomic sites in Saccharomyces cerevisiae (Kuo and Allis,
1999), ChIP has been recently adapted to the study of more complex genomes.
Briefly, the technique usually begins with a gentle formaldehyde (HCHO)
crosslinking of living cells to avoid the loss of factors during the procedure.

The fixation of protein-protein and protein-DNA interactions occurs between
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the exocyclic amino groups and the endocyclic imino groups of DNA bases in
addition to the side-chain nitrogens of lysine, arginine, and histidine (as well as
the a-amino groups of all amino acids) (McGhee and von Hippel, 1975a;
McGhee and von Hippel, 1975b). Then, cells are lysed and the chromatin is
fragmented using sonication or enzymatic digestion. Next, soluble chromatin is
immunoprecipitated using a specific antibody against a chromatin-binding
factor of interest or, alternatively, against a specific histone modification to
enrich in specific protein-DNA complexes. After several washings of the
precipitate, crosslinking reversal is carried out, releasing protein-DNA
interactions and allowing the analysis of both proteins and DNA. Most often in
standard ChIP, only the DNA is purified and analyzed in the aim of
determining whether a factor or modification was bound to a specific genomic
region, using a non-enriched genomic DNA sample for comparison. This is
possible through the use of slot blot, Southern blot or more frequently,
quantitative PCR. Thus, standard ChIP offers a great way for in vivo validation
of putative targets of a factor isolated through other methods like sequence
prediction or the gene expression profiling. ChIP was successfully used to
characterize ER binding to the pS2/TFFI promoter following MCF7 cell
treatment with estrogen (Shang et al., 2000).

Since the DNA obtained after the ChIP is enriched in genomic targets of
a specific transcription factor, it can be used as a way to identify chromatin-
bound transcription factors targets. A genome-wide approach was undertaken
and published in December 2000 for the location analysis of yeast Gal4 and
Stel2 transcription factors. This work combined ChIP and microarray, where
the DNA obtained after Gal4 or Stel2 ChIP was hybridized on a DNA
microarray representing the yeast genome for the mapping of transcription
factor binding ir vivo and was thus termed ChIP-on-chip (Ren et al., 2000). The
same group published an integrated in vivo binding map of most of the S
Cerevisiae transcription factors, showing the power of this technology for the

understanding of transcriptional regulatory networks (Lee et al., 2002). Such
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studies in the human genome would also fill an important gap in the
understanding of transcriptional mechanisms but comprises a non negligible
additional hurdle brought by the nature of the human genome: with a sequence
of 3x10° bp long, the human genome is 250 times bigger than the complete
yeast genome and composed at 97% of non-coding sequences containing
numerous potential as regulatory sequences. The representation of the whole-
genome on arrays is thus an important technical obstacle that needs to be
overcome for whole-genome studies of transcription factor binding sites in a

single experiment.

The advantage of this approach is the possibility to identify and
characterize transcription factor regulatory regions in their native chromatin
context and truly occurring in their natural cellular environment. One limitation
includes the dependence on very good and specific antibodies. Although this
problem can be circumvented by the use of tagged proteins, this latter choice
disrupts the principal advantage of ChIP of studying the action of a
transcription factor in its natural conditions. Another limitation is the necessity
to choose which genomic regions will be represented on the array, until the

representation of whole complex genomes is made technically possible.
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- Crosslink protein to DNA in vivo with
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\/ - Break open cells and shear DNA
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unidirectional linkers

- LM-PCR

- Label unenriched DNA with Cy3 and enriched
DNA with Cy5

- Hybridize to array

Figure 1.5. ChIP-on-chip or location analysis technique

ChIP begins with the direct crosslinking of cells with formaldehyde, followed
by cell lysis and DNA shearing. Then, the chromatin preparation is
immunoprecipitated with a specific antibody, the crosslink reversed and the
DNA purified. This DNA enriched in genomic targets of a transcription factors
is then labelled using by Kl/enow incorporation of CyS-nucleotides. The sample
is hybridized to a microarray together with an unenriched genomic DNA
sample that is labelled with the Cy3 dye. Arrays are scanned to evaluate the
Cy5/Cy3 ratios and data are analyzed. The figure was adapted from
http://www-dsv.cea.fr/art/images/Pascal/bio28 uk 04.gif.
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Standard ChIP ChlP-cloning ChlIP-chip

Figure 1.6. ChIP based methods for the identification of direct target genes
Comparison of the ChIP-derived approaches used for the characterization of
transcription factor binding to genomic targets in vivo. Standard ChIP is used
for the verification of binding of a transcription factor to a hypothesized target
whereas ChIP-cloning and ChIP-chip are used to discover novel target regions

a transcription factor.
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1.5 Goals of this thesis

Although nuclear receptor molecular mechanisms of action are quite well
understood, especially in the case of ERaq, very few direct target genes were
identified to date. Since ERRo has been discovered 10 years later, even fewer
target genes are known for this receptor. Our comprehension of ERa and
ERRa functions is only partial without the knowledge of their binding sites and

target genes.

An important challenge is to discover how transcription factors interact
with the chromatin within the genome to regulate specific target genes. Since
most of the work performed so far in that objective was executed in artificial
contexts, our goal was to study ERa and ERRa direct protein DNA interactions
truly occurring in vivo, which we believe is essential to an accurate cataloguing

of their bona fide target genes.

The general goal of this thesis work was to characterize ERa and ERRa
actions at the genome level with the special interest of identifying their
functional cis-regulatory targets. In the aim of better understanding how the
receptors interact with chromatin and how they modulate target gene
transcription, we developed ChIP and ChIP-derived approaches. Another goal
was to compare ERa and ERRa target genes since they possess multiple
characteristics in common including the sharing of response elements in vitro
and reporter assays. In addition, since transcription factors rarely act on their
own on their regulatory elements, we paid particular attention to the

identification of potential transcriptional partners of ERa and/or ERRo.
In the second chapter, we developed and used a ChIP-cloning approach

to uncover novel ERo target regulatory regions (the technique is extensively

described in our Methods in Enzymology manuscript figuring in appendix 1).
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In the third chapter, we deciphered the direct ERa target promoters in a high-
throughput fashion with the development of ChIP-on-chip experiments using a
19K promoter array and discovered a partner of ERa for the regulation of a
subset of its target genes. Appendix 2 corresponds to a collaborative work on a
bioinformatics prediction of genomic ERa target regulatory modules and our
contribution in the ChIP-on-chip verification of these predictions. In the fourth
chapter, we used a combination of a human genetic screen together with ChIP
and conventional approaches to identify and characterize a novel ERRa
functional genomic target. We also participated in another collaborative study
where we investigated the role of ERRa in mouse macrophages, again using
ChIP followed by hybridization on a mouse 19000 promoter array: chapter five
is the summary of our experiments that contributed to characterize the genomic

action of ERRo.
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CHAPTER II: Functional Genomics Identifies a Mechanism
For Estrogen Activation of the Retinoic Acid Receptor al Gene

in Breast Cancer Cells

PREFACE

ERa is a major player in the initiation and progression of breast cancer. With
the goal of identifying novel functional direct ERa genomic targets, I first
developed the ChIP-cloning technology, a recent functional genomics
approach, described in details in appendix 1 (Laganiére et al., 2003). Following
the optimization of the standard ChIP, I used the ChIP-cloning technique to
identify novel genomic targets of endogenous ERa in MCF7 cells. Although
we identified several new ERa binding sites, we characterized in more detail
one intronic enhancer that controls the estrogen response of the RARA (RAR«)
gene, which is the main topic of this chapter. This study exemplified that
regulation outside of promoter regions is a feature of transcriptional activation
by ERa and proposed a novel mechanism for RAR«a upregulation by estrogens.
The mechanism described here is different from those suggested in previous
studies and illustrates the value of unbiased functional approaches for the

identification of genuine transcriptional regulatory regions.

This chapter is a manuscript that has been published in the Molecular

Endocrinology journal.
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ABSTRACT

The identification of estrogen receptor (ERa) target genes is crucial to our
understanding of its predominant role in breast cancer. In this study, we
used a chromatin immunoprecipitation (ChIP)-cloning strategy to identify
ERa regulatory modules and associated target genes in the human breast
cancer cell line MCF-7. We isolated twelve transcriptionally active
genomic modules that recruit ERa and the coactivator SRC-3 to different
intensities ir vivo. One of the ERa regulatory modules identified is located
3.7 kilobases downstream of the first transcriptional start site of the RARA
locus which encodes retinoic acid receptor al (RARal). This module,
which includes an estrogen response element (ERE), is conserved between
the human and mouse genomes. Direct binding of ERa to the ERE was
shown using electromobility shift assays, and transient transfections in
MCF-7 cells demonstrated that endogenous ERa can induce estrogen-
dependent transcriptional activation from the module or the ERE linked to
a heterologous promoter. Furthermore, ChIP assays showed that the
coregulators SRC-1, SRC-3 and RIP140 are recruited to this intronic
module in an estrogen-dependent manner. As expected from previous
studies, the transcription factor SP1 can be detected at the RARA al
promoter by ChIP. However, treatment with estradiol did not influence
SP1 recruitment nor help recruit ERa to the promoter. Finally, ablation of
the intronic ERE was sufficient to abrogate the up-regulation of RARA a1
promoter activity by estradiol. Thus, this study uncovered a mechanism by
which ERa significantly activates RARa1 expression in breast cancer
cells, and exemplifies the utility of functional genomics strategies in

identifying long-distance regulatory modules for nuclear receptors.
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INTRODUCTION

Nuclear receptors constitute a superfamily of transcription factors that control
reproduction, embryonic development, homeostasis and play important roles in
the initiation, progression and treatment of numerous diseases, including
cancer. The cloning of the glucocorticoid and estrogen receptors 20 years ago
(Green et al., 1986; Hollenberg et al., 1985) together with the development of a
rapid assay for receptor activity in transfected cells (Giguére et al., 1986) set the
stage for investigating the molecular mechanisms of small lipophilic ligand-
regulated transcription. While early work focused on the receptors themselves,
defining their functional domains (Giguere et al., 1986; Kumar et al., 1987) and
their interaction with DNA (Umesono et al., 1991), it is now well understood
that nuclear receptor-regulated gene expression requires the recruitment, in a
multi-step fashion, of diverse sets of coregulatory proteins. To ensure
modulated hormonal control of gene expression, these regulatory complexes
can induce changes in chromatin structure, control the basal transcription
machinery activity and regulate the degradation of the receptors and associated
proteins (reviewed in Gamble and Freedman, 2002; Glass and Rosenfeld, 2000;
McKenna et al.,, 1999). The ability of nuclear receptors to modulate
transcription of target genes is achieved through recognition by the receptors of
short sequences referred to as hormone response elements located in the
promoters and enhancers of these genes (Yamamoto, 1985). In addition,
molecular cross-talk allows nuclear receptors to regulate the expression of
genes via association, either on DNA or in solution, with other transcription
factors such as SP1 and AP-1 (reviewed in Herrlich, 2001; Pfahl, 1993; Safe
and Kim, 2004). However, whereas nuclear receptors are expected to control a
large number of genes given their expansive roles in development and
physiology, relatively few genomic targets have been identified to date.
Although it has been known for decades that estrogens are potent
stimulators of estrogen receptor-positive breast cancer cell proliferation

(Lippman et al., 1976), the exact mechanisms underlying their growth
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stimulating effects are still unknown. Delineation of estrogen action in these
cells have been hindered by the paucity of bona fide ERa-regulated genes
identified discovered thus far (O'Lone et al., 2004). Recently, gene expression
profiling experiments have identified genes with altered expression upon
estrogen treatment of human breast cancer cells, but very few have been
confirmed as ERa primary targets (Charpentier et al., 2000; Coser et al., 2003;
Cunliffe et al., 2003; Frasor et al., 2003; Inoue et al., 2002; Lin et al., 2004;
Lobenhofer et al., 2002; Seth et al., 2002; Soulez and Parker, 2001; Wang et al.,
2004; Weisz et al., 2004). Interested in isolating direct genomic targets of ERa,
we recently developed a chromatin immunoprecipitation (ChIP)-derived
approach to isolate genomic fragments bound to the receptor in MCF-7 cells
(Laganiére et al., 2003). Interestingly, among the cloned targets, endogenous
ERa was found to bind in vivo to an estrogen response element (ERE) located
in the first intron of the RARA locus, the gene encoding retinoic acid receptor a
(RARa). In this report, we investigated the role played by this regulatory region
in the control of RARA in response to estradiol. We found that in addition to
recruiting coactivators, this intronic ERE provides the major estrogen response
of the RARA gene in MCF-7 cells. This study highlights the predominant role
that functional genomics will play in the near future in defining gene networks
directly regulated by nuclear receptors and how, mechanistically, members of

this superfamily of transcription factors exert this control.
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RESULTS

Identification of ERo. genomic targets in human breast cancer cells

To identify regulatory modules directly bound by ERa in human breast cancer
cells, we performed ChIP using a specific antibody against ERa in MCF-7 cells
followed by cloning and sequencing of the fragments obtained, as previously
described (Laganiere et al., 2003). The location of each fragment in the human
genome was determined using the UCSC human genome database
(http://genome.ucsc.edu). Twelve fragments containing either EREs or multiple
half sites were selected for further analysis (see Table 2.1). First, the binding of
ERa to these modules was re-evaluated using standard ChIPs and quantified by
real-time PCR using primers specific for each fragment isolated. As shown in
Fig. 2.1, we found that the genomic sequences examined were significantly
bound by ERa in vivo, being enriched at least 2-fold over the control (no
antibody) when retested by standard ChIP PCR with specific primers. This
series of fragments included a genomic region located 220 bp upstream of the
TFF1 (pS2) start site (clone ER4282), a promoter region known to contain a
well defined ERE and be estrogen responsive (Berry et al.,, 1989). Q-PCR
quantification of the enrichment obtained by an independent ERa standard
ChIP assay using primers specific for the 7FFI promoter showed an
enrichment of 108-fold over the control when cells were treated with estradiol
(E2) for 45 minutes prior to chromatin preparation (Fig. 2.1). Other fragments
located near or at promoter regions were isolated and recognized in vivo by
ERa: the promoters of FLJ10618 that encodes a predicted protein, NAPIL4
(nucleosome assembly protein 1-like 4) as well as a fragment located 2.2 kb
upstream of RNFI4 that encodes a coactivator of the androgen receptor also
known as ARA54 (Kang et al., 1999). Interestingly, in addition to binding to
promoters, ERa. also recognized modules distal from known transcriptional
start sites. We found ERa regulatory modules located from 4 to 103 kb from
the DDEF2 (development and differentiation enhancing factor 2), GPR8I (G
protein-coupled receptor 81), EDFI (endothelial differentiation-related factor
1), EDGI (endothelial differentiation, sphingolipid G-protein-coupled receptor,
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1), FLJ16032, BCR (breakpoint cluster region), FLJ/41849 and RARA genes. All
modules except DER00S (Table 1) were well conserved between the mouse and
human genomes (data not shown).

It is now well established that ERa recruits coactivators in response to
estradiol to modulate gene expression (Hermanson et al., 2002; McKenna et al.,
1999), and that recruitment of coactivators is a good indicator of the
transcriptional activity of a transcription factor binding site. We thus
investigated whether estradiol treatment would lead to SRC-3 recruitment to
these modules. As shown in Fig. 2.1, SRC-3 was indeed recruited to the ERa.-
bound targets. We next investigated the estrogen responsiveness of a number of
genes located nearby the ERa-bound modules. We performed quantitative RT-
PCR for genes that were located close to an ERa target region, since regions
located at very far distances are likely to control closer transcripts not yet
annotated or annotated but not reviewed. As shown in Fig. 2.2, we observed, as
expected, that TFF1 and RARA mRNA amounts were increased following
estradiol treatment. In addition, we observed that FLJ10618 and RNF14 were
also up-regulated after estradiol treatment, following distinct response profiles
to the hormone. In contrast, GPR81 was downregulated by 2-fold while BCR
was not significantly modulated by estradiol.

Our laboratory was particularly interested in the finding that enrichment of
ERa by ChIP corresponded to a region, according to the UCSC genome
database, located 8.36 kb upstream of the RARA gene that encodes a receptor
for retinoic acid, RARa. In fact, it has been determined that transcription of the
RARA gene is achieved through two distinct promoters, generating two different
mRNAs encoding the RARal and RARa2 isoforms (Giguére, 1994). Close
examination of the RARA gene shows that the ERE-containing module isolated
by ChiIP-cloning is indeed located within the first intron of RARA, 3.7 kb
downstream of its first transcriptional start site (RARa1) and 8.36 kb upstream
of the second (RARa2) promoter (Fig. 2.2A). In addition, recent studies have
shown that RARa expression in MCF-7 cells solely depends on the RARA al

promoter since the RARA a2 promoter is inactivated by methylation in these

74



Chapter Il Manuscript

cells (Farias et al., 2002). Therefore, we decided to focus our investigation on
the significance of this ERE (herein referred to as EREgrara) in the control of

the expression of the RARal isoform in MCF-7 cells,

The EREgara is functional in vitro and in vivo

We were next interested in establishing the functionality of the novel ERE
found in the first intron of the R4RA gene. The EREgagra differs by only one
base from the established ERE consensus (Fig. 2.2C) but an ERE with this
sequence had not been previously reported to be functional in vivo. As
mentioned above, both the EREraga itself and the genomic fragment obtained
by ChIP-cloning (130 bp in length) are well conserved from the mouse to the
human genome (Fig. 2.2B and C). We first tested the ability of ER« to bind the
ERE in vitro. As expected from the ChIP-cloning experiment and shown in Fig.
2.3A, an electromobility shift assay (EMSA) demonstrates that in vitro
translated ERo recognized the ERE probe directly. In addition, endogenous
ERa contained in total MCF-7 cell extract also affected the migration of the
ERE probe in the gel. The presence of ERa in the retarded complex was
confirmed by a supershift of the complex using an anti-ERa antibody (Fig.
2.3B). To determine if ERo could modulate gene transcription using this ERE,
we performed transient transfections in MCF-7 cells of a TK-Luc reporter
containing one copy of either EREgragra or the whole 130 bp fragment
(DEROO1) isolated by ChIP-cloning. Our results show that treatment of MCF-7
cells with estradiol leads to a large induction of luciferase activity in cells
transfected with either reporter plasmid, indicating that endogenous ERa can

utilize the EREgara to activate gene transcription (Fig. 2.3C).

The intronic EREgrara is transcriptionally active in MCF-7 cells

The recruitment of coregulators to the intronic ERErara in the presence of
estradiol would suggest that the ERE is actively engaged in transcriptional
regulation of RARA. In addition, since it was previously suggested that ERa

controls the expression of the RARa1 isoform through an ERa-SP1 interaction
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occurring at the promoter (Sun et al., 1998; Zou et al., 1999), we also evaluated
the binding of specific transcriptional modulators at the first RARA promoter.
We thus performed ChIP experiments using primers specific for the RARA al
promoter, the intronic EREgrara, and a generic control region located 4 kb
upstream of the TFFI promoter. As previously shown in Fig. 2.1, ERa
recognized the intronic region containing the EREgrara in the absence of
estradiol, and its binding was significantly enhanced in the presence of the
hormone (Fig. 2.4). Data presented in Fig. 2.4 also demonstrates that both SRC-
1 and SRC-3 are recruited to the EREgrara region in the presence of estradiol,
further supporting the in vivo activity of the ERa-bound EREgagra.
Interestingly, the coregulator RIP140 was also strongly (>40-fold enrichment)
recruited to the region containing the EREgrara (Fig. 2.4). RIP140 recruitment
was also observed at the TFF] promoter and other regulatory modules isolated
(data not shown). Modest binding of SP1 (6-fold enrichment) was also found at
the ERErara region. In sharp contrast, none of the coactivators tested, nor ERa,,
were significantly detected at the RAR4 (RARal) promoter region. Similar
results were also obtained following estradiol treatment at various time points
taken between 5 minutes and 5 hours (data not shown). In addition,
strengthening of protein-protein interactions with the crosslinking agent DTBP
(dimethyl 3,3'-dithiobispropionimidate 2¢HCI) prior to formaldehyde treatment
of the prepared chromatin did not improve the detection of ERa at the promoter
(data not shown). However, a significant presence of SP1 could be detected by
ChlIP at the promoter, but addition of estradiol had no significant effect on the

recruitment of the protein.

The intronic EREgsgra controls RARa1 response to estrogens

Finally, we sought to determine whether the newly discovered ERErara plays a
direct role in the control of the RARal gene expression. To this end, we cloned
a 5 kb genomic DNA fragment containing the RAR4A al promoter and a
segment of the first intron that includes the ERErara. The same construct with

a deleted ERErara was also made (Fig. 2.5A). When the intact construct was
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transfected in MCF-7 cells, we observed a strong induction of luciferase
activity upon estradiol treatment, whereas less than 2-fold activation was
obtained when the ERErara-deleted construct was assayed in the same cells
(Fig. 2.5B). Our data thus suggests that the main estrogenic response of the
RARA gene is driven by the intronic EREgara in MCF-7 cells. To confirm that
ERa is responsible for this activity, we performed transient transfections of the
same constructs in MDA-MB-231, an ER-negative breast cancer cell line, in the
presence or absence of exogenous ERa. Figure 2.5C shows that these cells
depend on both ERa and the EREgrara to provide estradiol-induced activation
of the RARA locus, since the activation by estradiol is observed only in the
presence of the receptor and the intronic EREgrara. We also wanted to
determine if the induction of RARal through this ERE could be observed in
other ER-positive cell lines. In Fig. 2.5D, we show that endogenous ERa from

BT-474 breast cancer cells activates the reporter in a similar fashion.
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DISCUSSION

In this report, we described the identification of direct genomic targets of
endogenous ERa in the MCF-7 breast cancer cell line using a chromatin
immunoprecipitation assay-derived approach. We found novel direct regulatory
sequences directly bound in vivo by ERa, which were located upstream,
downstream, or in annotated promoter regions. Among the twelve ERa binding
modules described in this study, two were associated with genes, 7FFI and
RARA, previously known to be regulated by estradiol in human breast cancer
cells. Although less high-throughput than promoter arrays (Odom et al., 2004),
this functional approach has the advantage of identifying binding sites located
outside of promoter regions. This is exemplified by the focus of our
investigation on the EREgrara located in the first intron of the RARA gene,
which was strongly bound by ERa in vitro and in vivo. In addition, the presence
of the EREgrara was found to be essential for significant activation by estradiol
of the RARA al promoter in transfected MCF-7 cells. Most importantly, we also
showed that in addition to ERa, the SRC-1 and SRC-3 coactivators were
recruited to the ERErara in an estrogen-dependent manner, demonstrating that
this intronic site becomes transcriptionally operational in MCF-7 cells upon
estradiol treatment. Recent evidence indeed states the important regulatory role
of the first intron in the regulation of gene expression. Based on chromosome
21 and 22 gene location analyses of SP1 and other transcription factors, a great
proportion of all functional transcription factor binding sites are located a few
hundred or thousand bases downstream of annotated promoters, strongly
predicting an important regulatory role of the first intron for gene transcription
in general (Cawley et al., 2004). Our study supports that, similar to other
transcription factors such as ¢-Myc and SP1, ERa action is not restricted to
promoters in vivo. Therefore, whole-genome strategies will be essential to
reveal distal but functional EREs, indeed providing a much improved picture of

ERa action in breast cancer cells and at other sites of estradiol action.
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As mentioned above, RARA is a well known estrogen-regulated gene
with potential as a target for cancer prevention and therapy since treatment with
retinoids leads to cell growth arrest and apoptosis in ERa-positive breast cancer
cells (Wang et al., 2000; Zhu et al., 1997). RARA can produce two different
transcripts, encoding the RARol and RARa2 isoforms, originating from two
distinct promoters (Giguere, 1994; Leroy et al.,, 1991). In MCF-7 cells, the
RARal isoform is predominant since the R4ARA a2 promoter is methylated in
these cells (Farias et al., 2002). It has also been demonstrated that RARa1 is the
only estrogen-regulated isoform in breast cancer cells (van der Leede et al.,
1995). Upregulation of RARal expression by estrogens was previously
attributed to an ERa-SP1 interaction occurring at a GC-rich sequence in the
first RARA promoter (Sun et al., 1998). Another laboratory had previously
found an imperfect ERE half-site and SP1 motif in the promoter presumably
responsible for the estrogen induction of RARal (Rishi et al., 1995). However,
no direct binding of ERa was detected at these sites. In addition, the studies
were performed with overexpressed exogenous proteins and restricted to
proximal sections of the promoter. In order to have a more physiological
representation of RARA al regulation, we transiently transfected a luciferase
reporter construct of the genomic region containing the RARA a1 promoter and
a portion of the first intron including the ERERraga, or its ERE-deleted mutant.
Interestingly, the treatment of cells with estradiol lead to a strong increase in
luciferase activity, indicating that endogenous ERa was sufficient to promote
RARA al upregulation by the hormone. Moreover, in the ERErara deletion
mutant, the luciferase activity was nearly unchanged following estradiol
treatment, hence the EREgrara confers the estrogenic response of RARal in
MCEF-7 cells.

Since the growth suppressive effect of retinoids is limited to ER-positive
cells, it has been suggested that the action of retinoids is mainly antiestrogenic
(Demirpence et al., 1994; Fontana et al., 1992; Muller et al., 2002; Rousseau et
al., 2003). A recent study has shown that induction by retinoic acid of the
coregulator RIP140, a known corepressor of ER activity (Chuang et al., 1997
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Eng et al., 1998; L'Horset et al., 1996), could mediate the antiestrogenic effects
of retinoic acid in ER-positive human breast cancer cells (White et al., 2005).
Interestingly, we showed that endogenous RIP140 was recruited to the
ERERrara, an event that we also observed to occur at the estrogen-inducible
TFFI promoter. This is, to our knowledge, the first demonstration that
endogenous RIP140 is recruited to ERo target regulatory modules and
promoters, a finding that further supports that RIP140 plays a central role in the
estrogenic response of breast cancer cells. In a manner analogous to the switch
between coactivators and the corepressor NCoR in apo-ERa-bound promoters
recently shown by Métivier et al. (Metivier et al., 2004; Metivier et al., 2003),
our finding suggests that a dynamic exchange may occur between the
coactivators SRC-1 and SRC-3 and the corepressor RIP140 to provide subtle
modulation of gene control in response to estradiol and retinoic acid in breast
cancer cells.

In conclusion, this and other recent studies (Bourdeau et al., 2004; Odom et
al., 2004) clearly demonstrate the importance that functional genomics will play
in the near future in identifying, in a genome-wide and unbiased manner,
hormone response elements and associated genes directly controlled by all
members of the nuclear receptor superfamily. After twenty years of work
dedicated to the receptors themselves and their interactions with DNA and other
regulatory proteins, the tools are finally available to reveal the vast networks of

genes regulated by nuclear receptors in a cell-specific manner.

80



Chapter Il Manuscript

MATERIALS AND METHODS

Plasmids.

To construct TK-EREraraLluc, we used the synthetic oligonucleotides 5°-
GATCCAGCGAGTGGGTCACGGTGACACTGCCTGCG-3’ and 5’-
TCGACGCAGGCAGTGTCACCGTGACCCACTCGCTG-3  that  were
annealed and subsequently ligated in TK-Luc, using Sa/l and BamHI restriction
sites. For the pRL-RARal construct (Fig. 2.5), the RARA promoter/intron 1
locus was amplified from total MCF-7 genomic DNA with the following PCR
primers:  5’-GTCTCTCAGATGGAGGGTGATTCAGATCC-3> and 5’-
CGACGCGTCAGGAAGT-GACAGCCACGTGACAGGAAGAC-3’. The
PCR product was digested with Hindlll and Mlul and ligated in corresponding
pRL-Null vector (Promega, Madison, WI) restriction sites. The pRL-
RARa1AERE construct was made using PCR products from 2 oligonucleotide
sets, one designed for a PCR product upstream of EREgara and the other for
the region downstream of EREpara. PCRs were performed using Expand Long
Template PCR System (Roche Applied Science, Germany). For the region
upstream, the oligonucleotides used were 5’-
GTCTCTCAGATGGAGGGTGATTCAGATCC-3’ and 5-
GACTAGTGCCTGCGGGGTACAGTGACACATGGAGAC-3’ followed by
digestion with Hindlll and Spel. The region downstream of the ERE was
amplified using oligos 5-
GACTAGTGTACACACCTACCTTGGAGTGGCTTTATCC-3’ and
5’CGACGCGTCAGGAAGTGACAGCCACGTGACAGGAAGAC-3’.  The
digested PCR products were ligated into pRL-Null vector.

Cell culture and transient transfections.

MCF-7, MDA-MB 231 and BT-474 cells were cultured in Dulbecco's minimal
essential medium (DMEM) containing penicillin (25 U/ml), streptomycin (25
U/ml), and 10% fetal calf serum at 37°C with 5% CO,. At least 3 days prior to

transfection, cells were cultured in phenol red-free DMEM supplemented with
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10% charcoal-dextran-stripped fetal bovine serum. The cells were transfected
with FuGENE 6 transfection reagent (Roche Applied Science), according to the
protocol supplied by the manufacturer. Typically, 0.5 pg of reporter plasmid
and 0.3 pg of pCMVAGal internal control were transfected per well. Twelve
hours after transfection, fresh medium was added containing ethanol (vehicle)
or estradiol (107 M). Cells were then harvested 24 hrs later and assayed for
luciferase and (-galactosidase. For pRL vector constructs, Renilla Luciferase

was assayed using the Renilla Luciferase kit (Promega, Madison, WI).

Electromobility shift assay.

ERa proteins were synthesized by in vitro transcription-translation using rabbit
reticulocyte lysates (Promega, Madison, WI). DNA-binding reactions were
conducted as previously described (Tremblay et al., 1997) using 5 ml of
programmed lysates in each binding reaction or 50 mg of protein obtained from

a MCF-7 total cell extract.

RT-PCR

Total RNA was extracted from MCF-7 cells using RNeasy mini kit (Qiagen).
Reverse transcription reactions were performed using Superscript 11
(Invitrogen) according to the manufacturer’s recommendations. Quantitative
RT-PCR was performed using Light Cycler (Roche) and QuantiTech SYBR
Green PCR kit (Qiagen) according to the manufacturers’ recommendations.
Fold increase of transcription by estradiol were calculated using RPLP as an

internal control. Primer sequences used for RT-PCR are available upon request.

Chromatin immunoprecipitation and ChIP-cloning.

The ChIP-cloning procedure has been described previously (Laganiére et al.,
2003). Briefly, the fragments obtained after ERoa ChIP by double
immunoprecipitation using an ERa antibody (HC20, Santa Cruz
Biotechnology, Santa Cruz, CA) were repaired using T4 DNA polymerase,
cloned in Ready-to-go pUC19-Smal BAP+Ligase (Pharmacia, NJ) and
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sequenced. Quantitative PCR was performed using Light Cycler and SYBR
Green Light cycler kit (Roche Diagnostics, Mannheim, Germany) according to
the manufacturer’s recommendations. For standard ChIP, SRC-1, P/CIP and
RIP140 antibodies were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA), and the SP1 antibody was obtained from Upstate (Lake Placid, NY).
Primers used for standard ChIP at the RARA al promoter were 5’-

TCTCCACCGAGCGCTATTTTCATTCTTTCC-3’ and 5’-
CTGACTGGTGATTGGTCGGTGGGCGGGCAG-3’, the EREgara region 5°-
GAGGCTCAGGACAGGGCAAGAGTGGGGCAC-3° and 5’-
GACAGAGGGAAGGA-GGGCTGAGGACCTGCG-3’, the control region 5°-
CTGGGCAATGCGAGGAGA-GTGAAGACTG-3’ and 5-

GGGGAGGGAGGAGTTTGGGAGGAAGTGG-3’. All primers used for

standard ChIP on novel regulatory modules are available upon request.
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TABLES AND FIGURES

Table 2.1. Estrogen response elements and half-sites contained in the
fragments obtained by ERa ChIP-cloning.

Estrogen response element and nuclear receptor half-site sequences contained
in the MCF-7 genomic fragments isolated by ChIP-cloning using an ERa
antibody are shown. For each clone, the EREs and half-sites are shown,
allowing 1 or 2 mismatches, respectively. Capital letters indicate the bases

corresponding to the ERE or half-site consensus.
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Table 2.1.
Clone EREs or A/GGGTCA-related half-sites
DERO01 | GGGACA, GGGTCAcggTGACAC, GTGTCA,
AGGTCA

DERI108 | GGGTCAggcAGACCT, ATGTCA, AGTTCA,
AGCTCA

ER4282 AGGTCA, AGGTCC, GGGTAA, GGCTCA,
TGGCCAccgTGACCT, AGCTCA, GGCTCA,
AGGCCA, GGATCA

DER7235 | AGGCCA, AGGTCT, AGGTCA, GGATCA,

DER009 | GGATCA, AGGTCT, AAGTCA

DERx15 | GGGCCA, AGGTCA, TGGTCA, AGCTCA,
GGGGCA

DER119 | GGGTCA, GGGTCG, GGGTGA, AGGGCA,
ATGTCA, GTGTCA, AGGTGA, AGGTCA

DER023 | AGGGCA, GGGTGA, AGGTCA, GGGTCT,
AGGTCA, AGGGCA

DER169 | GGGTCA, GGGGCA, AGCTCA, GGGGCA,
GGGACA, GGGTCA, GGGGCA, GGGTCA,
AGGACA

DER005 | AGATCA, AGGGCA

DER203 | AGGTCA, TGGTCA, AGGTAA, GGGTCT,
TGGTCA, GGCTCA, AAGTCA, GGGTTA,
AGGGCA, GGTTCA, AAGTCA

DER148 | GGCTCA, GGATCA, GGATCA, AGGTGA,
AGGTCA, TGGTCA
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Figure 2.1. Identification of direct ERa target regulatory modules in MCF-
7 cells.

A, In vivo binding of ERa and SRC-3 to novel regulatory modules identified by
ChlIP-cloning. Standard ERa and SRC-3 ChIP assays in MCF-7 cells, followed
by quantitative PCR using primers specific for the region cloned. The graph
shows enrichment in fold over the control (no antibody) by quantitative PCR.
The results shown here are representative of 3 independent ChIP experiments.
Clone: clone number of the fragments obtained by ChIP-cloning; Gene: closest
annotated gene from the UCSC human genome database; Locus link: locus link
number of the gene; Distance: distance from the closest annotated gene. B,
Modulation of target gene expression by estradiol. MCF-7 cells were treated
with estradiol for various time points. The total RNA was extracted and used

for cDNA production followed by quantitative RT-PCR using specific primers.
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Figure 2.1
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Figure 2.2. An ERE is located in the first intron of RARA gene.

A, The RARA transcripts are produced from two distinct promoters, al and a2.
The ERE isolated by ChIP-cloning is located 3.7 kb downstream of the first
RARA al promoter and 8.6 kb upstream of the second RARA a2 promoter
(UCSC annotation). B, Complete sequence of the DER001 genomic fragment.
The EREgara is boxed. The fragment obtained by ERa ChIP-cloning is well
conserved among the human, mouse and rat genomes. The * sign represents the
bases that are conserved. Overall, 70 bases out of the 130 bp are conserved in
the three genomes shown. C, The EREgara is conserved among these genomes.
The bases corresponding to the ERE consensus sequence are shown in capital

letters.
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Figure 2.2.
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Figure 2.3. The novel EREgRara isolated in the RARA first intron is
functional.

A, EMSA using in vitro translated ERa and the ERErara as a probe. Comp:
vitallogenin ERE competitor probe. B, EMSA using endogenous ERa from
MCF-7 total cell extracts. Ab: ERa antibody supershift. C, Transient
transfection in MCF-7 cells. TK-Luc reporters containing either the whole
DEROO! fragment obtained by ChIP-cloning or ERErara were transfected in
MCEF-7 cells, in the presence of estradiol (E2) or vehicle (C).

95



Chapter Il Manuscript

Figure 2.3.
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Figure. 2.4. The EREgara is active in vivo.

SP1, ERa, SRC-1, SRC-3 and RIP140 ChIP assays were performed using
MCF-7 cells in the presence of estradiol (E2) or vehicle (C), followed by PCR
using primers specific for the RARA al promoter, the intronic ERE (3.7 kb
downstream the promoter) and a control region located 4 kb upstream of the

TFF1 promoter (control). No ab: no antibody control.
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Figure 2.4
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Figure. 2.5. The intronic EREgsgra controls RARA a1 response to estradiol.
A, Schematic representation of the region of the R4RA locus inserted in the
pRL-Null vector. RARa1ERE and RARa1AERE represents the locus with and
without EREgrara, respectively. B, Transient transfections in MCF-7 cells in the
presence of estradiol (E2) or vehicle (C). C, Transient co-transfections of the
two reporter constructs in MDA-MB-231 cells together with ERa or empty
vector (CMX), in the presence of estradiol or vehicle. D, Transient transfections
of the reporters described in (A), in an ER-positive breast cancer cell line BT-

474 Figure 2.5. The intronic EREgara controls RARA a1 response to estradiol.
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Figure 2.5.
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CHAPTER III: Location Analysis of Estrogen Receptor a
Target Promoters Reveals that FOXA1 Defines a Domain of the

Estrogen Response

PREFACE

In the previous chapter, I demonstrated the usefulness of ChIP-derived
functional approaches in identifying genuine transcriptional regulatory regions.
In the present chapter, I used the ChIP-on-chip technique to identify ERa
genomic binding sites in a more high-throughput fashion, thereby allowing the
analysis of its global action in response to its natural ligand in breast cancer
cells. In this study, I provided the portrait of the gene promoters directly
controlled by endogenous ERa in this context. In addition, a great finding was
the identification of FOXAL as a factor necessary for the recruitment of ERa to
a subset of promoters, besides being a direct target of ER, indeed necessary for
estrogen-induced cell cycle progression. This suggests that the breast cancer
overexpressed FOXA1l can compartmentalize the estrogen response and

control, with ERa, pathways monitoring cancer cell proliferation.

This chapter is an article that has been published in the Proceedings of the
National Academy of Sciences journal. It was featured on the cover of the

journal,
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ABSTRACT

Nuclear receptors can activate diverse biological pathways within a target
cell in response to their cognate ligands but how this compartmentalization
is achieved at the level of gene regulation is poorly understood. We used a
genome-wide analysis of promoter occupancy by the estrogen receptor
(ERa) in MCF-7 cells to investigate the molecular mechanisms underlying
the action of 17fB-estradiol (E;) in controlling the growth of breast cancer
cells. We identified 153 promoters bound by ERa in the presence of E,.
Motif-finding algorithms demonstrated that the estrogen response element
(ERE) is the most common motif present in these promoters while
conventional chromatin immunoprecipitation assays showed E,;-modulated
recruitment of co-activator AIB1 and RNA polymerase II at these loci. The
promoters were linked to known ERa targets but also to many genes not
directly associated with the estrogenic response, including the
transcriptional factor FOXA1l, whose expression correlates with the
presence of ERa in breast tumors. We found that ablation of FOXA1
expression in MCF-7 cells suppressed ERa binding to the prototypic TFFI
promoter that contains a FOXA1 binding site, hindered the induction of its
expression by E, and prevented hormone-induced reentry into the cell
cycle. Taken together, these results define a paradigm for estrogen action
in breast cancer cells, and suggest that regulation of gene expression by
nuclear receptors can be compartmentalized into unique transcriptional

domains via licensing of their activity to cofactors such as FOXAI.
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INTRODUCTION

Estradiol (E;) is a potent growth factor of human breast cancer cells that exerts
its action mainly through estrogen receptor o (NR3A1, ERa), a member of the
superfamily of nuclear receptors (Osborne and Schiff, 2005). Despite
significant advancement into our understanding of the molecular mechanisms
of ERa action (Smith and O'Malley, 2004), little is known about mediators of
the estrogen pathway that assist in the initiation, compartmentalization and
propagation of its signal at the level of gene expression. Delineation of how
ERa induces precise biological responses in breast cancer cells and other cell
types has clearly been limited by the lack of data on the transcriptional
regulatory regions of ERa direct target genes.

ERa regulates the expression of target genes by binding to specific sites
in the chromatin, referred to as estrogen response elements (EREs) (O'Lone et
al., 2004), or by interacting with other transcription factors and modulates gene
transcription via their own specific binding sites (Herrlich, 2001; Pfahl, 1993;
Safe and Kim, 2004). Determination of ERa target genes has recently been
undertaken using DNA microarrays, identifying hundreds of genes with altered
expression upon E; treatment of human breast cancer cells (Charpentier et al.,
2000; Coser et al., 2003; Cunliffe et al., 2003; Frasor et al., 2003; Inoue et al.,
2002; Lin et al., 2004; Lobenhofer et al., 2002; Seth et al., 2002; Soulez and
Parker, 2001; Wang et al., 2004; Weisz et al., 2004). However, while providing
information of the global action of E; in these cells, gene expression profiling
can rarely discriminate between direct and indirect ERa targets. In addition,
bioinformatic and comparative genomics have also been used successfully to
identify high-affinity and physiologically relevant EREs encoded in the human
genome (Bourdeau et al., 2004; Kamalakaran et al., 2005). These studies have
also some constraints, including their limitation to consensus EREs and the
general absence of large scale functional data linking these putative binding
sites with gene expression in specific cell types.

Recently, chromatin immunoprecipitation (ChIP) has been used in

combination with promoter or genomic DNA microarrays to identify loci
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recognized by transcription factors in a genome-wide manner in mammalian
cells (Cam et al., 2004; Cawley et al., 2004; Odom et al., 2004; Ren et al,,
2002; Weinmann et al.,, 2002). This technology, termed ChIP-on-chip or
location analysis, can therefore be used to determine the global gene expression
program that characterize the action of a nuclear receptor in response to its
natural ligand. For this study, we first constructed a human proximal promoter
DNA microarray containing approximately 19,000 promoters and then
monitored occupancy by ERa at these promoters in MCF-7 breast cancer cells
in the presence of E,. Our experiments identified genes that include known
ERo targets, genes previously associated with the E, response but not
characterized as direct targets, and several novel target genes. Among those
genes, we identified the transcriptional factor FOXAl whose expression
correlates with the presence of ERa in breast tumors. We found that knock-
down of FOXA1 expression in MCF-7 in cells using small interfering RNA
(siRNA) depletion experiments diminished ERa binding to the prototypic TFF1
promoter that containing a FOXA1 binding site, reduced the induction of its
expression by E; and prevented hormone-induced reentry into the cell cycle.
Our results demonstrate that FOXA1 licensing plays an unsuspected role in
defining a sub-domain of the transcriptional response to E, in breast cancer
cells, and suggest that more precise therapeutic approaches could be developed

to target the wide-ranging action of E; in the normal and disease states.
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MATERIALS AND METHODS

Human promoter microarray design. The strategy adopted to design our
promoter microarray is similar to the one used by the Young group (Odom et
al., 2004). Full length complementary DNAs were extracted from Refseq and
mammalian gene collection databases and filtered to eliminate redundancy and
incomplete ¢cDNAs. Their transcription start sites were then located using the
UCSC genome browser (Karolchik et al., 2003) and the sequence ranging from
800 base pairs (bp) upstream of the transcription start sites to 200 bp
downstream of the transcription start sites was extracted using the UCSC
database assemblage July 2003 (Karolchik et al., 2003). Primer pairs were
designed using the Primer3 algorithm (Rozen and Skaletsky, 2000) and the
specificity tested in silico using a virtual PCR algorithm (Lexa et al., 2001).
When the primer pair gave no satisfactory virtual PCR results, a new primer
pair was designed using Primer3 and tested again. The process was iterated 3
times to generate primer pairs predicted to be efficient to amplify promoter
regions from human genomic DNA for almost all of our selected genes. This
strategy was adopted after preliminary results showed that a more simple
primer design approach did not generate good results when we tried to amplify
promoter regions from human genomic DNA. This primer design pipeline
allowed us to design primer pairs to amplify promoter regions from human
genomic DNA with a success rate of ~80%, which is slightly better then that
reported previously (Odom et al.,, 2004). At the date of the download (July
2004) 21,416 RefSeq and 16,521 MGC entries were retrieved. After the
filtering process 18,741 of them were selected and submitted to primer design.
Primers were obtains for 18,660 promoters and 188 controls were added
(located in exons and far from any known genes).

Genome-wide location analysis and chromatin immunoprecipitation. After
72 h of steroid deprivation followed by 45 min of E; (100 nM) treatment, MCF-
7 cells were fixed with 1% final concentration formaldehyde for 10 min at room
temperature, harvested and rinsed with 1x PBS. The resultant cell pellet was

sonicated, and protein-DNA complexes were enriched by immunoprecipitation
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with the ERa specific antibody (Santa Cruz Biotechnology), beads were added
and washed as previously described (Laganiere et al, 2005). After de-
crosslinking, the enriched DNA was repaired with T4 DNA polymerase (New
England Biolabs) and ligated with linkers, as described in (Odom et al., 2004).
DNA was amplified using ligation-mediated PCR (LM-PCR), and then
fluorescently labeled using BioPrime Array CGH genomic labeling kit and the
CyS5 fluorophore (Invitrogen). A sample of DNA that has not been enriched by
immunoprecipitation was subjected to LM-PCR and labeled with Cy3
fluorophore. Both IP-enriched and non-enriched pools of labeled DNA were
hybridized to the human promoter array described above. The p-value threshold
used to select target promoters for further analyses was determined empirically
by testing randomly selected targets by standard ChIP/Q-PCR. Based on these
experiments we used p=0.005 since our estimated false positive rate was less
than 10% (genes tested=34, see Table 2 in supplementary information) using
this threshold. FOXA1 ChIP assays were performed using two distinct
antibodies from Chemicon and Santa Cruz Biotechnology. RNA polymerase 11
and AIB1 ChIP assays were performed using antibodies from Upstate
Biotechnologies and Santa Cruz, respectively.

Promoter sequence analysis. We used a motif finding algorithm (MDScan)
(Liu et al., 2002) to uncover motifs that are highly represented in our set of
promoter sequences. The presence of EREs and FOXA1 binding sites was also
determined using MacVector (Accelrys) and TRANSFAC (Matys et al., 2003).
The logo pictured in Fig. 3.1A was generated using WebLogo
(weblogo.berkeley.edu/logo.cgi).

Functional classification of target genes. Functional categories were assigned
using both GO (www.fatigo.bioinfo.cnio.es) and manual inspection using
PubMed (www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed).

Cell culture, luciferase and cell cycle entry assays. MCF-7 cells were
cultured as previously described (Laganiere et al., 2005). For the luciferase
assay, cells were transfected with Lipofectamine 2000 (Invitrogen) with 0.4 pg

of TFF1-Luc (Lu et al,, 2001) and 0.2 ug of pCMVpGal internal control per
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well, 0.1 pg of CMX-ERa, and 100 nM final concentration of FOXA1 or
control siRNA (SMARTpool reagents, Dharmacon). Twelve hours after
transfection, fresh medium was added, incubated for 12 h and then treated with
ethanol (vehicle) or E; (10"M) for 20 h. Cells were then harvested and assayed
for luciferase and p-Galactosidase activities. For FACS analysis, cells were
cultured in steroid-deprived media for 48 h, transfected with FOXA! or control
siRNAs and incubated for 36 h and treated with E; or vehicle for 20 h. Cells
were then trypsinized, fixed in 70% EtOH and stored at -20 °C overnight.
Before analysis, cells were washed in PBS, resuspended in a solution
containing 0.5 mg/ml of RNase (Sigma) and 5 pug/ml of propidium iodide
(Sigma) and analyzed on a FACScan (Becton Dickinson).

Western blot and RT-PCR.

Western blot was performed using FOXA1 and actin antibodies (Santa Cruz).

RT-PCR was conducted as described in (Laganiere et al., 2005).
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RESULTS AND DISCUSSION
ChIP-on-chip analysis of ERa binding. The MCF-7 cell line is a well-

established model for the study of E;-induced human breast cancer cell growth
and was thus selected for this study (Lacroix and Leclercq, 2004). To identify
targets of ERa in an unbiased genome-wide manner, we constructed a genomic
DNA microarray containing the region spanning 800 base pairs upstream and
200 base pairs downstream of transcription start sites of 18,660 human genes.
We identified a total of 153 promoters (p<0.005) bound by ERa in the presence
of E; (Table 1, and Table 3 in supporting information). We confirmed binding
by ERa to a subset of targets using conventional ChIP assays and quantitative
PCR and determined that our rate of false positives was below 10% when
previously established threshold criteria were used (see Materials and
Methods). The results of the genome location experiment were further validated
using a motif finding algorithm that examines the ChIP-on-chip selected
sequences and searches for DNA sequence motifs representing the protein-
DNA interaction sites (Liu et al., 2002). The consensus sequence derived from
the most frequent motifs found in the ERa-bound promoters corresponds to a
perfect estrogen response element (GGTCANNNTGACCT, Fig. 3.14). If these
genes are indeed regulated by E;-bound ERa, co-regulator proteins and RNA
polymerase II should also be recruited to the promoters in response to E.
Examination of a subset of ERa-bound promoters using conventional ChIP
demonstrated that a number of loci recruited the nuclear receptor co-activator
AIB1 (also known as SRC-3, pCIP and ACTR) (Anzick et al., 1997; Chen et
al., 1997; Torchia et al., 1997) in the presence of the hormone while the amount
of RNA polymerase II was consistently increased above the basal level
observed for each individual gene (Fig. 3.18). One exception was for ABCCS,
a gene previously found to be down regulated by E; (Vendrell et al., 2004),
demonstrating that both up- and down-regulated genes can be identified using
the promoter array.

FOXAL, a target of ERa co-expressed in breast tumors, is recruited to a

subset of ERa targets. Although some known direct targets of ERa were
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selectively enriched from the chromatin of MCF-7 cells (e.g. CASP7, CYPIBI,
GREBI, LY6E, SHP, SLC254A36/FLJ10618, TFF1, WISP2), most of the genes
identified represent novel primary targets of ERa.. We used gene ontology (GO)
(Al-Shahrour et al., 2004) to classify our ERa targets into functional categories
and found that ERa regulates a wide array of cellular processes and molecular
functions (Table 3.1 and Fig. 3.24). Within these categories, we identified
genes involved in Wnt signaling (WNT16, WISP2, SEMA3B, CTNNBIPI),
steroid metabolism (CYPIBI, STS, UGT2BI15, UGT2B17), multi-drug
resistance (ABCCS, ABCC11) and cell cycle regulation (CDK5 and RBL2 also
known as p130). Given the well-known property of E; to stimulate cell cycle
progression of MCF-7 cells and other breast cancer cell lines (Prall et al.,
1998), it was surprising that few key genes known to regulate the cell cycle
were obtained in our location analysis. Although some ERa targets are likely to
be regulated via enhancers located at a great distance form the transcription
start sites and be missed by a promoter array, these results do suggest that ERa
requires specific downstream effectors to regulate cell growth. These effectors
are likely to be involved in transcriptional regulation, and this category was
well represented among ERa targets (Fig. 3.24). In addition to the known
regulation by ERa of its own promoter (ESRI) and that of the orphan nuclear
receptor SHP (VR0B2) (Lai et al., 2003), we identified the nuclear receptor
coactivator PRC (PPRCI) and the forkhead transcription factor
HNF3o/FOXA1 (FOXAI) as direct targets of ERa. Interestingly, the
expression of FOXAI, a pioneer factor with the ability to initiate chromatin
opening events (Cirillo et al., 2002) and previously shown to establish a
promoter environment favorable to transcriptional activation by ERa (Robyr et
al., 2000), correlates (Fig. 3.6 in supporting information, r*=0.7987) with the
presence of ERa in human breast tumors (Rhodes et al., 2004; van 't Veer et al.,
2002), and is rapidly induced by E; in MCF-7 cells (Fig. 3.2B). In addition,
motif-finding analysis using the consensus FOXA1l binding site
WTGRTTNRTT revealed that a specific subset (~12%) of the ERa-bound

promoters contained FOXA1 recognition sites. Conventional ChIP experiments
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on selected promoter regions detected various levels of enrichment of these
sequences with antibodies against FOXAL1 in both the absence or the presence
of E, (Fig. 3.2C). TFF1I, a gene also referred to as pS2 and known to be
strongly regulated by ERo (Berry et al., 1989), displayed the most robust
enrichment of FOXA1 at its promoter, while control promoters without a
FOXA1 binding site (STS and HK/) failed to recruit FOXA1. Taken together,
these results suggest that FOXA1 could serve as a licensing factor to propagate
a specific domain of the estrogenic response in breast cancer cells.

FOXAL1 is required for ERa action on the TFFI promoter. We next
examine whether FOXAL1 plays a functional role in transcriptional activation of
this subset of ERa target genes by transfecting siRNAs directed against FOXA!
in MCF-7 cells. The presence of the siRNAs specifically knocked-down
FOXAL protein level (Fig. 3.34) and reduced the ability of E; to stimulate the
expression of a selected FOXA1/ERa target, 7FF1 (Fig. 3.3B), but not the
control promoter STS. Similar results were obtained when the ability of ERa to
stimulate the activity of the T7FFI promoter was tested in a co-transfection
assay in MCF-7 cells. As shown in Fig. 3.3C, introduction of siRNAs directed
against FOXAT1 considerably impaired the response of the 7FFI promoter to
E,. The introduction of siRNA directed against FOXA1 did not affect the
expression of ERa as monitored by Western blot (data not shown). Since
FOXAI1 binding to the TFFI promoter was not affected by treatment with E;
(Fig. 3.2B), we next investigated whether the presence of FOXA1 is required
for binding of ERa to the 7FFI[ promoter as well as other ERa-bound
promoters containing FOXA1 sites. As shown in Fig. 3.3D, knock-down of
FOXA1l expression resulted in a marked reduction of the Ej,-induced
recruitment of ERa to the 7FF1 promoter, as well as to the RPS6KLI, ABCCS5
and UGT2B17 promoters, while the recruitment of ERa to a control promoter
(87S) was not affected. These results demonstrates that FOXA1 is playing an
important role in ERa binding and transcriptional activity of a specific subset

of FOXA1/ ERa target promoters in MCF-7 cells.
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FOXAL is required for E;-induced reentry into the cell cycle. One hallmark
of E; action is its ability to induce synchronous cell cycle reentry of steroid-
deprived quiescent breast cancer cells (Musgrove and Sutherland, 1994). We
thus tested the possibility that FOXAT1 could serve as a mediator of ERa action
in this process. MCF-7 cells synchronized in quiescence by depletion of steroid
hormones for 48 h were released from quiescence by exposure to E; and
harvested for cell cycle analysis by flow cytometry. As shown in Fig. 3.4,
MCF-7 cells transfected with siRNAs directed against FOXA! failed to reenter
the cell cycle upon stimulation with E,.

Compartmentalization of the hormonal response. In this study, using a
combination of genome-wide location, genetic analyses and functional assays,
we identified FOXA1 as being essential for ERa binding to 7FF1, a prototypic
gene representing a subset of ERa target promoters, and required for E,-
induced reentry of quiescent breast cancer cells into the cell cycle. These results
not only present a new paradigm in estrogen action but suggest a mechanism by
which nuclear receptors can regulate specific subset of genes and biological
responses with the cooperation of downstream effectors that are essential to
both initiate and propagate the hormonal signal (Fig. 3.5). This study
demonstrates that licensing factors, such as FOXA1, that are both under
hormonal control and necessary for the hormonal response, can be used to
compartmentalize the action of nuclear receptors at the level of the genome.
These findings thus suggest the existence of new opportunities to target more
precisely the action of nuclear receptors for the prevention and management of

hormone-dependent diseases.
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Table 3.1, Functional classification of target genes bound by ERa in MCF-7 cells in the presence of estradiol

GENE Description

CASP7
IKBKG

GLT25D2
HK1
MDHI1

ANXA6
ANXAS
COL5A3
NINJ2

GENE Description

1!

caspase 7

inhibitor of kappa light polypeptide gene enhancer in B-cells, kinase gamma

Carbohydrate metabolism
glycosyltransferase 25 domain containing 2
hexokinase 1

malate dehydrogenase 1, NAD

Cell adhesion

annexin A6

annexin A9

collagen, type V, alpha 3

ninjurin 2

1l-cell signalin

CTNNBIP! catenin, beta interacting protein 1

SEMA3B
WISP2
WNTI16

CHPTI
EPS8
PRCC
SELIL
TBCID3

CRKL

ARKRDIS
BANP
CDKs
RBL2
TUSC4

SMYD3

COQ4
MOCS2

FGD3
KRTi3
SPTBN4
TTID .
TNS

LY6E
PGLYRP2
TFF1
TFF3
RECQL4
IL20
ALDH3B2
PAFAH2
PCYTIA

AHSA1L

sema domain, Ig domain, short basic domain, sccreted, (semaphorin)

WNT1 inducible signaling pathway protein 2

wingless-type MMTYV integration site family, member 16

Cell growth/maintenance

choline phosphotransferase 1

epidermal growth factor receptor pathway substrate 8

papillary renal cell carcinoma

sel-1 suppressor of lin-12-like (C. elegans)

TBC1 domain family, member 3

Cell motility

v-crk sarcoma virus CT10 oncogenc homolog
1

ankyrin repeat domain 15

BTG3 associated nuclear protein

cyclin-dependent Kinase 5

retinoblastoma-like 2 (p130)

tumor suppressor candidate 4

Chromosome biogenesis

SET and MYND domain containing 3

Co-enzyme metabolism

coenzyme Q4 homolog (yeast)

molybdenum cofactor synthesis 2

Cytoskeleton

FYVE, RhoGEF and PH domain containing 3

Keratin 13

spectrin, beta, non-erythrocytic 4

titin immunoglobulin domain protein (myotilin)

Tensin

Defense response

lymphocyte antigen 6 complex, locus E

peptidoglycan recognition protein 2

trefoil factor 1

trefoil factor 3

DNA repair

RecQ protein-like 4

Immune response

interleukin 20

Lipi tabolism

aldchyde dehydrogenase 3 family, member B2
platelct-activating factor acetylhydrolase 2, 40kDa
phosphate cytidylyltransferase 1, choline, alpha isoform

Protein metabolism and modification
HALI, activator of heat shock 90kDa protein ATPasc homolog

B3Gn-T6 bota-1,3-N-acetylg iny! ferase protein
CSTS cystatin D
FBXO033  F-box protein 33

H11 protein kinase H11
HSPH1 heat shock 105kDa/1 10kDa protein |
PXIB protein kinase (cAMP-dependent, catalytic) inhibitor beta

RPS6KL1 ribosomal protein $6 kinase-like 1
TIPARP  TCDD-inducible poly(ADP-ribose) polymerase
TMPRSS3 transmembrane protease, serine 3
RNA processing
DbX23 DEAD (Asp-Glu-Ala-Asp) box polypeptide 23
PRPF31  pre-mRNA processing factor 31 homelog (yeast)
QTRTDI1  queuine tRNA-ribosyltransferase domain containing 1
THOC3  THO complex 3
Signal transduction
P2RY6 pyrimidinergic receptor P2Y, G-protein coupled, 6
Steroid and drug metaholism

BAAT bile acid CoA:amino acid N-acyltransft {glycine N-choloyl
CYPIB1  cytochrome P450, family 1, subfamily B, polypeptide 1
CYP4F3  cytochrome P450, family 4, subfamily F, polypeptide 3
CYP4F11 cytochrome P450, family 4, subfamily F, polypeptide 11
STS steroid sulfatase, arylsulfatase C, isozyme S
UGT2B15 UDP glycosyltransferase 2 family, polypeptide B15
UGT2B17 UDP glycosyltransferase 2 family, polypeptide B17
Transcriptional regulator
CARP cardiac ankyrin repeat protein
ESR} estrogen receptor |
FLJ20097 hypothctical protein FLI20097
FOXAl forkhead box A1
NROB2 nuclear receptor subfamily 0, group B, member 2
PUF15 PHD finger protein 15
PPRCI PPAR, gamma, coactivator-related 1
PROP1 prophet of Pitl, paired-tike Hox transcription factor
TRIMI16  tripartite motif-containing 16
ZNF140  zinc finger protein 140
ZNF302  zinc finger protein 302
ZNF485  zinc finger protein 485
Transport
ABCA3  ATP-binding cassette, sub-family A (ABCI), member 3
ABCCS ATP-binding cassctte, sub-family C (CFTR/MRP), member 5
ABCC11  ATP-binding cassctte, sub-family C (CFTR/MRP), member 11
ABCG2  ATP-binding cassette, sub-family G (WHITE), member 2
DSCR3 Down syndrome critical region gene 3
NDUFA2 NADH dehydrog 1 alpha subcomplex, 2
NDUFB9 NADH dehydrog 1 beta subcomplex, 9
P2RX7 purinergic receptor P2X, ligand-gated ion channel, 7
PDZK1 PDZ domain containing 1
PKD2I2  polycystic kidney disease 2-like 2
RAB7LI RABT7, member RAS oncogene family-like 1
SLC7A3  solute carrier family 7, member 3
SLCY9A8  solute carrier family 9 (sodium/hydrogen exchanger), isoform 8
SLC25A36 solute carrier family 25, member 36
SLC27A2 solute carrier family 27, member 2
SYTI2 synaptotagmin X1I
UCRC biquinol hrome ¢ red lex (7.2 kD)

1 24
ZFYVE]  zinc finger, FYVE domain containing

Genes without an assigned function at this level of analysis: C9orfl1, Cl4orf61, Cl4orf133, C200rf172, CBWD2, CHDIL, CYB561D2,
DKFZp434B1272, DKFZp547E1912, DKFZP5641122, DKFZP566J2046, DNCI2, DOCI, Eny2, FAIIDI1, FAM3C, FEMIA, FLJ1087],
FLJ11267, FLI13710, FLI20094, FLJ20772, FLJ31882, FLJ33761, FLJ33868, GREB1, HAGII, HSPC138, IGSF3, INVS, KIAA1536,
KSP37, LOC90668, LOC114926, MDHL1, MDS025, MGC8902, MGC10200, MGC11242, MGC26694, MGC35361, MGC47799, MR-1,
MSMB, NALP6, NAV3, NUDCD1, PRUNE, RGN, S100A10, SCGBID2, SMAP, SMILE, TFPT, TRIM51, TSNAXIPI, TSSC4, VEPHI,
YIF1B, ZMATS. In the case that one locus could be assigned to two distinct genes, both genes were included in the analysis.
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Figure 3.1. Genome-wide location analysis of direct ERa transcriptional
targets in MCF-7 breast cancer cells

Genome-wide location analysis of direct ERa transcriptional targets in MCF-7
breast cancer cells. (4) Motif-finding algorithms identifies the consensus ERE
(GGTCANNNTGACCT) as the most common transcription factor binding
motif present in the promoters bound by ERa in the promoter array. The motif
was present in 60% of the promoters used for the analysis. (B) E;-modulated
recruitment of ERa, the co-activator AIB1 and RNA polymerase II at selected

ERa targets in MCF-7 cells as assayed by conventional ChIP.
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Figure 3.2. FOXAL, a target of ERq, is recruited to a subset of ERa
targets.

FOXAL, a target of ERaq, is recruited to a subset of ERa targets. (4) Pie chart
representing major biological functions and processes associated with ERa
targets (153) enriched in E,-treated MCF-7 cells. (B) Induction of FOXA1
expression by E, as monitored by Western blot. (C) FOXA1 recruitment to a
subset of ERa-bound promoters containing FOXA1 binding sites as assayed by
conventional ChIP. The STS and HKI promoters serve as a ERa-bound control
promoter without a FOXA1 binding site. The results presented are from a single

experiment representative of three independent experiments.
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Figure 3.3. FOXAL is required for ERa activity on a subset of target
promoters.

FOXAI1 is required for ERa activity on a subset of target promoters. (4)
FOXAT1 expression in MCF-7 cells transfected with control (siC) and FOXA1
(siF) siRNAs. Actin levels serve as a control for specificity and gel loading. (B)
FOXAL is required for the E; regulation of T7FF1 expression in MCF-7 cells.
RT-PCR analysis of TFF1 expression was performed with extracts obtained
from cells transfected with control (siC) and FOXAIl (siF) siRNAs in the
presence or absence of E,. The STS promoter serves as a ERa-bound control
promoter without a FOXA1 binding site. (C) Knock-down of FOXAI
expression decreases the ability of ERa to stimulate transcription from the
TFF1 promoter. MCF-7 cells were co-transfected with ERa, the TFF1-Luc
reporter and control (siC) or FOXA1 (siF) siRNAs in the presence or absence
of Ex. (D) FOXAL is required for E;-induced recruitment of ERa to the TFF1I,
RPS6KLI, ABBCS and UGT2B17 promoters as assayed by conventional ChIP.
The STS promoter acts as a control as described in (B). The cells were treated
with vehicle (C) or 100 nM E,. Results are expressed as % of maximal ERa
binding observed in the presence of E,. For panel 4, C and C, the results
presented are from a single experiment representative of at least two

independent experiments.
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Figure 3.3
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Figure 3.4. Effect of FOXA1 knock-down on cell cycle entry in response to
E,.

Effect of FOXA1 knock-down on cell cycle entry in response to E,. Results
shown represent the % change in cells in S, G2 and M phases stimulated by E,
relative to untreated cells in the presence of control (siC) or FOXA1 (siF)
siRNAs. The results presented are from a single experiment representative of

two independent experiment.
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Figure 3.5. Model illustrating how FOXALI1 licensing defines sub-domains

of E, action in breast cancer cells.

Model illustrating how FOXAL licensing defines sub-domains of E, action in
breast cancer cells. Green arrows represent direct transcriptional activity of
ERa and FOXALI, and the dashed blue arrow indicates the action of FOXAL1 as
a modulator of ERa binding to a subset of promoters. The presence of FOXA1
thus grants permission to ERa to regulate a subset of the hormonal response
which can be further amplified by positive regulation of FOXA1 expression by
E>-bound ERa.
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Figure 3.5
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Figure 3.6. suppl. Scatter plot of the correlation of the expression of ESR1
and FOXAL in breast tumors.

The x and y axes represent fold change in expression. The plot was generated
using the Cancer Microarray Database Oncomine (www.oncomine.org) from

RNA expression data originally published in (van 't Veer et al., 2002).
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Figure 3.6 Suppl.
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CHAPTER 1V: A Polymorphic Autoregulatory Hormone
Response Element in the Human ERRa Promoter Dictates

PGC-1a Control of ERRa Expression

PREFACE

Variations in the genome sequence among individuals play a role in
determining predisposition to diseases and response to therapies. This chapter
describes a regulatory polymorphism found within the promoter of ESRRA, the
gene encoding ERRa. We show that a variable copy number of a 23 bp
sequence influences ERRa transcriptional response to PGC1, which is indeed
dependent on the presence of ERRa on its own promoter. This section thus
describes a polymorphic autoregulatory mechanism for ERRa transcriptional
response and provides a direct genomic target of ERRa which will be useful for

subsequent studies.

This chapter is a manuscript that has been published in the Journal of

Biological Chemistry.
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ABSTRACT

The orphan nuclear estrogen-related receptor o (ERRa) and
transcriptional cofactor PGC-1o are both involved in the regulation of
energy metabolism. Recently, extensive cross-talk between PGC-la and
ERRa has been demonstrated: the presence of PGC-1a is associated with
an elevated expression of ERRa, while the two proteins can influence each
other’s transcriptional activities. Using a candidate gene approach to
detect regulatory variants within genes encoding nuclear receptors, we
have identified a 23 base-pair sequence (ESRRA23) containing two nuclear
receptor recognition half-site motifs that is present in 1 to 4 copies within
the promoter of the human ESRRA gene encoding ERRa. The ESRRA23
sequence contains a functional ERR response element that is specifically
bound by ERRa, and chromatin immunoprecipitation shows that
endogenous ERRa occupies its own promoter in vivo. However, ERRa
transcriptional activity on the ESRRA promoter or on the ESRRA23
element linked to the thymidine kinase (TK) promoter is low when assayed
by transient transfections in HeLa cells. Strikingly, introduction of PGC-
lo. induces the activity of the ESRRA promoter in a manner that is
dependent on the presence of the ESRRA23 element and of its dosage. Co-
expression of ERRa and PGC-1a results in a synergistic activation of the
ESRRA prorﬁoter, and this effect is dependent on the presence of an intact
ERRa DNA binding domain. In experiments using ERRo null fibroblasts,
the ability of PGC-1a to stimulate the ESRRA promoter is considerably
reduced but can be restored by addition of ERRa. Taken together, these
results demonstrate that an interdependent ERRa/PGC-la-based
transcriptional pathway targets the ESRRA23 element to dictate the level
of ERRa expression. This study further suggests that this regulatory
polymorphism may provide differential responses to ERRa/PGC-la-

mediated metabolic cues in the human population.
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INTRODUCTION

Nuclear hormone receptors are transcription factors that control essential
developmental and physiological pathways (Mangelsdorf et al., 1995).
Although the transcriptional activity of nuclear receptors is primarily regulated
by specific ligands, several members of the superfamily of nuclear receptors
have no known natural ligands and are therefore referred to as orphan receptors
(Giguere, 1999). Estrogen-related receptor o (ERRa; NR3B1) was the first
orphan nuclear receptor to be identified on the basis of its similarity with
estrogen receptor a (ERa; NR3A1) (Giguere et al,, 1988). Phylogenic tree
reconstruction confirmed that ERRa belongs to the subgroup of receptors for
steroid hormones (Laudet, 1997), and ERRo was subsequently shown to share
both structural and functional attributes with the ERs, including binding to
synthetic estrogenic ligands (Giguere, 2002). ERRa also recognizes estrogen
response elements (EREs) but characterization of its DNA binding properties
demonstrated a preference for sites composed of a single half-site preceded by
three nucleotides with the consensus sequence TNAAGGTCA, referred to as an
ERRE (Johnston et al., 1997; Sladek et al., 1997; Vega and Kelly, 1997; Wiley
et al, 1993; Yang et al, 1996). The transcriptional activity of ERRa is
independent of exogenously added ligand and its relative potency as a
transcriptional activator appears to be cell context- and promoter-dependent
(Bonnelye et al., 1997; Chen et al., 2001; Giguere et al., 1988; Lu et al., 2001,
Sladek et al., 1997; Vanacker et al., 1999; Zhang and Teng, 2000). ERRa has
also been described as a potent repressor of the SV40 late promoter (Wiley et
al., 1993) and to interfere with the functions of glucocorticoid, retinoic acid and
peroxisome proliferator-activated receptors (Maehara et al., 2003; Sladek et al.,
1997; Trapp and Holsboer, 1996). While the exact physiological role of ERRa
has not been precisely deﬁned,‘ increasing evidence suggest that ERRa plays an
important role in regulating cellular energy balance. ERRa is predominantly
expressed in tissues demonstrating a high capacity for fatty acid p-oxidation
(Giguere et al., 1988; Ichida et al., 2002; Sladek et al., 1997), and has been

shown to regulate the medium-chain acyl coenzyme A dehydrogenase gene
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(MCAD) (Sladek et al.,, 1997; Vega and Kelly, 1997). More recently, ERRa
null mice have been shown to display reduced body weight and peripheral fat
deposition, and be resistant to high-fat diet-induced obesity (Luo et al., 2003).
In agreement with the observed phenotype, gene microarray experiments
demonstrated alteration in the expression of genes involved in adipogenesis,
mitochondrial biogenesis and energy metabolism, including cytochrome c,
MCAD, acetyl coenzyme A synthetase 2 and fatty acid synthase (Luo et al.,
2003).

The transcriptional activity of nuclear receptors is dependent on specific
interactions with coregulatory proteins (McKenna et al., 1999). The recent
identification and functional characterization of PPARY coactivator-1a (PGC-
la), PGC-18 and PGC-1 related protein revealed the existence of a family of
coactivators that possess the unique characteristic of relaying diverse
physiological signals to transcription factors that regulate gene networks
controlling energy balance (reviewed in Knutti and Kralli, 2001; Puigserver and
Spiegelman, 2003). In particular, PGC-la has been shown to regulate
thermogenesis in brown fat (Puigserver et al., 1998), mitochondrial biogenesis
and respiration in skeletal muscle (Lin et al., 2002) and glucogenesis in the liver
(Herzig et al., 2001; Puigserver et al., 2003; Yoon et al., 2001). PGC-18 may
also contribute to the control of energy metabolism as over-expression of this
gene in transgenic mice induces a high-energy expenditure and antagonizes
obesity (Kamei et al., 2003). While PGC-1a was originally identified as a
transcriptional coactivator specific for PPARy (Puigserver et al., 1998),
subsequent studies have demonstrated that PGC-1a influences the activity of
numerous transcription factors, including a wide array of nuclear receptors
(Knutti and Kralli, 2001). Recently, two groups, using similar yeast two-hybrid
approaches, independently identified ERRa as a novel PGC-1a-binding protein
(Huss et al,, 2002; Ichida et al, 2002). Huss et al. (Huss et al., 2002)
demonstrated that PGC-lo enhances ERRa transcriptional activity on the
MCAD promoter. In contrast, Ichida et al. (Ichida et al., 2002) described ERRa.
as a repressor of PGC-loa activity on the PEPCK promoter. ERRa

134



AN

Chapter IV Manuscript

transcriptional activity has also been shown to be stimulated by PGC-1a and
PGC-18 in transient transfection assays using synthetic promoters (Schreiber et
al., 2003). Interestingly, ERRa and PGC-1a show similar expression profiles in
adult tissues, including induction of expression of both genes by exposure to
cold (Ichida et al.,, 2002; Schreiber et al., 2003). Consistent with this
observation, PGC-1a has been shown to induce the expression of ERRa
(Schreiber et al., 2003). However, the molecular mechanisms underlying this
phenomenon remain to be elucidated.

In this study, we first used a candidate gene approach to detect variants
within genes encoding nuclear hormone receptors likely to play a role in
physiology and be associated with disease. We first performed a family-wide
screen of the genes encoding nuclear receptors in French Canadian women for
novel frequent variants. This screen included exons, splice consensus sites and
approximately 1 kb of sequence located upstream of the first exon presumably
containing promoter regulatory sequences. This led us to identify a 23 bp
sequence referred to as ESRRA23, located at position -682 in the ESRRA gene
promoter that can be found in 1 to 4 copies in human chromosomes.
Remarkably, this sequence includes a functional ERRE that is also responsive
to the presence of PGC-1la. In this report, we describe the properties of this
novel polymorphic regulatory element and functional consequences of its
dosage in the ESRRA promoter responses to ERRa and PGC-la. Our results
demonstrate the existence of an autoregulatory mechanism by which ERRa can
control its own expression, and further suggest the existence of an
interdependent PGC-lo/ERRo pathway involved in the control of energy

balance.
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EXPERIMENTAL PROCEDURES

Identification of a polymorphic repeat in the ESRRA promoter. The
primers 5 CCTTGGTGTGGCCTCGACTG 3 and 5
GCACTCGCGAGCCAAGAGA 3’ were used to produce a 1054 bp fragment
upstream of ESRRA exon 1. PCR was performed according to standard
protocols with TAQ polymerase from QIAGEN. PCR products were purified
with a QIAquick PCR purification kit (QIAGEN) and quantified by gel
electrophoresis with standardized amounts of DNA. Automated sequencing of
PCR products was performed with fluorescently labeled dideoxy terminators
using the Big Dye terminator cycle sequencing kit on a ABI 377 DNA-
Sequencer (Applied Biosystems).

Genotyping. Genomic DNA was purified from 200 ul of peripheral
blood leukocytes with QIAGEN’s whole blood DNA purification kits for 96-
well plates. The collected DNA was further diluted 5 times with a solution 10
mM TRIS-HCI pH 7.5 containing 56.3 uM of an inert fluorescent dye, ROX
(Molecular Probes, C-1309). The final concentration of ROX was 45 uM in
each DNA sample and the mean DNA concentration was 5 ng/ul. For each
PCR, S ul was used regardless of the DNA concentration. Genotyping for the
ESRRA23 minisatellite in the ESRRA promoter was performed using the
following  primers; 5° CGTGGCCCCGCCCTTCC 3° and 5°
GTAGACCCAGTAGCCCCACAG 3’. PCR was performed in a 96-well
microplate (Axygen) with 5 ul (25 ng) of genomic DNA and 20 ul PCR premix
containing 2.5 pl 10X buffer (QIAGEN), 200 uM of each dNTP, 7.5 pmoles of
each primer, 1X Q-solution (QIAGEN), 2% DMSO and 1 unit HotStart Taq
DNA polymerase (QIAGEN). PCR setup in the microplates was performed
with a Qiagen Biorobot 3000 (QIAGEN) or manually with a multichannel (8-
or 12-channel) pipette. The plates were then covered with a silicone mat
(Axymat from Axygen) properly sealed using a roller (MJ Research). PCR was
performed on MJ PTC-200 (MJ Research), 95°C for 15 min, 30 cycles of 45 sec
at 95°C, 45 sec at 58°C, 45 sec at 72°C and a final extension at 72°C for 7
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minutes. PCR products were run on a 2% agarose gel in TBE 1X buffer for 2
hrs at 10 volts/cm. The reaction produces amplicons of 198 bp with 2 repeats,
of 221 bp with 3 repeats, of 244 bp with 4 repeats and 175 bp with only one
repeat. The gels were photographed and the genotype assigned by two
independent readers. 180 samples were run in duplicate with a concordance rate
of 99%.

Cloning of the ESRRA promoter. Genomic DNA from blood samples or
lymphoblastoid cell lines containing two or three repeats was prepared with the
QIAamp kit (QIAGEN) and used as template in a PCR reaction to amplify the
promoter region of the human ESRRA gene. The primers used had the following
sequences, 5° GCGGTACCTGAGTGCCCTGCGCTAC 3’ (forward) and 5°
CCCAAGATTCCTACTCCGCTTCCTC 3’ (reverse) and produced a product
of 1.2 kb. This fragment was digested with Kprl and Hindlll and subcloned
into the luciferase reporter plasmid pGL3 (Promega, Madison, WI). All the
selected clones were sequenced with fluorescently labeled dideoxy terminators
using the Big Dye terminator cycle sequencing kit on a ABI 377 DNA-
Sequencer (Applied Biosystems).

Plasmids and cell transfections. The ERRa cDNA was cloned into the
expression vector pCMX. Plasmids expressing the ERRa-VP16 fusion protein
was constructed by subcloning PCR amplified ERRa ¢cDNA into pCMX-VP16
downstream of the VP16 activation domain. The DNA binding null mutant
ERRoPPP™ was generated by substituting the glutamic acid and alanine residues
of the ERRa P box for glycine residues. ERRa®®"™ does not bind DNA as
examined by EMSA in vitro but locates to the nucleus when transfected in
mammalian cells (Y. Kiriyama and V. Giguére, unpublished results).
Expression vector for human ERa has been described (Tremblay et al., 1998).
The pCDNA3.1 HA-hPGC-1a vector was described previously (Kressler et al.,
2002) and obtained from A. Kralli (La Jolla, CA). The luciferase reporter
plasmid ESRRA23-TKLuc and ESRRA23(3)-TKLuc contained one and three
copies respectively, of the ESRRA23 response element (Fig. 4.1A) cloned into
pTKLuc. A fragment containing £SRRA promoter sequence 1.2 kb upstream of
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the transcriptional start site was subcloned into the luciferase reporter plasmid
pGL3 (Promega, Madison, WI) to give pGL3ESRRA. To construct the
AESRRA promoter luciferase reporter gene, sequences 5’ and 3’ adjacent to the
ESRRA23 elements and putative ERRo binding site were PCR amplified and
subcloned sequentially into pGL3. HeLa cells were obtained form American
Type Culture Collection and maintained in Dulbecco’s Modified Eagle Medium
(DMEM) with 10% fetal bovine serum. Mouse embryonic fibroblasts (MEFs)
were isolated from 13.5 day-old wild-type and ERRa null embryos (Luo et al.,
2003). The embryos were minced with a razor blade and the cells were
dissociated by trypsin. The cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM, Gibco) and supplemented with 10% heat-inactivated fetal
bovine serum, 100 units/ml penicillin and 100 pg/ml streptomycin. Twenty-four
hrs prior to transfection, cells were seeded in 12-well plates and grown in
phenol red-free DMEM containing charcoal-treated fetal bovine serum. One
hundred ng of expression vector for nuclear receptors, 0.4 ug for the PGC-1la
expression vector, 0.4 ug luciferase reporter and 0.3 pg CMXpgal plasmids
were introduced into cells using Lipofectamine (Invitrogene Life Technologies)
or FuGENE 6 Transfection Reagent (Roche Applied Science). When using
Lipofectamine, cells were maintained in the presence of liposomes for 16 hrs
and cultured for an additional 24 hrs. Cells were harvested in potassium
phosphate buffer containing 1% Triton X-100. Luciferase activity was
determined using Steady-Glo (Promega, Madison, WI) and values were read
with the Victor2 in the luminescence mode. The transfection was normalized to
the B-galactosidase activity of each sample. All results represent experiments
conducted in duplicate at least three times.

Electromobility shift assay. ERRo and ERa proteins were synthesized
by in vitro transcription-translation using rabbit reticulocyte lysates (Promega,
Madison, WI). DNA-binding reactions were conducted as previously described
(Tremblay et al,, 1997) using 5 pl of programmed lysates in each binding
reaction. The entire reaction was loaded onto a 5% polyacrylamide gel and

electrophoresed at 150 V at room temperature. The gel was dried and exposed
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overnight at —-85°C. The oligonucleotides and their complements that were used
as probes and competitors are shown in Fig. 4.2A.

Chromatin Immunoprecipitation Assay. ChIP assays were performed as
previously described (Laganiére et al., 2003). Briefly, MCF-7 cells were
crosslinked for 10 min at room temperature. Cells were then washed twice with
ice-cold PBS, collected and centrifuged. Pellets were incubated in lysis buffer
(1% SDS, 10 mM EDTA, 50 mM Tris-HCI pH 8.1, supplemented with protease
inhibitor cocktail (Roche)) for 15 min, and sonicated 4 times for 10 sec using a
VirSonic 100 (Virtis) sonicator. After centrifugation at 12,000 rpm to remove
the debris, soluble chromatin was diluted 10-fold in ChIP dilution buffer (1%
TritonX-100, 2 mM EDTA, 150 mM NaCl, 20 mM Tris-HCI pH 8.1) and
immunoprecipitated using a specific anti-hERRa polyclonal antibody
developed in our laboratory against the non-conserved amino terminal region of
the protein. This antibody does not recognize ERRB, ERRy, ERa or ERp
proteins. Following immunoprecipitation, 40 ul of salmon sperm DNA/protein
A agarose (Upstate) was added and incubated for 2 hrs. The precipitates were
washed sequentially for 10 min each with buffer 1 (0.1% SDS, 1% TritonX-100,
2 mM EDTA, 20 mM Tris HCI pH 8.1, 150 mM NacCl), with buffer IT (0.1%
SDS, 1% TritonX-100, 2 mM EDTA, 20 mM Tris-HC1 pH 8.1, 150 mM HC1
pH 8.1, 500 mM NaCl) and buffer III (0.25 mM LiCl, 1% NP-40, 1%
deoxycholate, ] mM EDTA, 10 mM Tris-HCI, pH 8.1). Precipitates were then
washed three times with TE buffer and eluted with 1% SDS, 0.1 M NaHCO;
buffer. The eluates were pooled and incubated at 65°C for at least 6 hrs. The
isolated DNA fragments were purified according to QIAquick Spin Kit
(QIAGEN). Real time quantitative PCR was performed using LightCycler and
Fast Start DNA Master SYBR Greenl (Roche) and primers 5’
CCATCCGAGTGGAATTTGAGTCCTAAAG and 5’-
GAACCGTAGACCCAGTAGCCC-CACAGAG for ESRRA promoter region
containing the ESRRA23 elements. For the negative control region located 4 kb
upstream of the initiation start site, the primers were: 5’
GTGGCCCACAGGTGTCGCTCAAGTCTTC 3 and 5’
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GGATGCAGTGTCCTTCTCCCCCAGATTG 3°. Enrichment of the ESRRA
promoter region was normalized against the upstream control region. PCR

products were visualized after migration on a 2% agarose gel.
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RESULTS

Identification of a polymorphic hormone response element in the
ESRRA promoter. Our search for functional coding and regulatory
polymorphisms in genes encoding members of the nuclear receptor superfamily
led us to identify a 23 bp element (Fig. 4.1A) located at position -682 in the
ESRRA promoter that is present in 1 to 4 copies in human chromosomes.
Sequence analysis of the 23 bp element, herein referred to as ESRRA23,
revealed the presence of two nuclear receptor half-site recognition motifs (Fig.
4.1A). The upstream half-site is preceded by the three nucleotides TGA thus
generating a consensus ERRa binding site, also referred to as an ERRE (Sladek
et al., 1997). An additional putative ERRE, TCAAGGTCA, can also be found
in the promoter region 1 bp downstream of the ESRRA23 sequence (Fig. 4.1B).
The ESRRAZ23 element and few base pairs flanking it, including the putative
ERRE downstream of the repeated element, are absolutely conserved between
human and mouse genomic sequences (Fig. 4.1C). However, the ESRRA23
element is present in a single copy in the mouse genome. The observed ESRRA
allelic frequencies amongst 5,490 human chromosomes (2,745 individuals)
were "1" = 0.06, "2" = 93.15, "3"= 6.3 and "4" = 0.36 (Table 1).

Functional characterization of the polymorphic ESRRA23 element.
Given the observation that the polymorphic sequence contained a putative
ERRE, we first tested whether the ESRRA23 motif could serve as an
autoregulatory element for ERRa. Electromobility shift assays using in vitro
translated proteins and a set of oligonucleotide probes derived from the
ESRRA23 element (Fig. 4.2A) showed that ERRa binds ESRRA23 with high
specificity (Fig. 4.2B). Nucleotide changes within the upstream AGGTCA
motif (ESRRA23ml) abolished ERRa binding while similar mutations in the
downstream CGGTCA half-site (ESRRA23m?2) had little effect on recognition
of the element by ERRa (Fig. 4.2B). The ERRB and y isoforms also bound the
ESRRAZ23 element with similar affinity (data not shown). It has recently been
shown that treatment with the synthetic estrogen diethylstilbestrol can enhance

the expression of ERRa (Liu et al.,, 2003). However, the related ERa did not
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significantly bind the ESRRA23 element or the downstream half-site in this
assay, but did recognize to a control ERE (Fig. 4.2B and data not shown).
Previous studies have shown that the ERRs can bind to their response element
either as monomers or homodimers (Johnston et al., 1997; Lu et al., 2001,
Pettersson et al., 1996; Sladek et al., 1997). The presence of an intermediate
retarded complex in a binding experiment using a mixture of wild-type and
amino-terminal truncated receptors clearly demonstrates that ERRa
preferentially binds ESRRA23 as a homodimer (see arrow in Fig. 4.2C). We
next examined whether the ESRRA23 element could act as a functional ERRE
in vivo when linked to a heterologous promoter. As expected, the generally
transcriptionally silent ERRo failed to generate a significant response when
assayed in HeLa cells (Fig. 4.2D). In order to test whether ERRa recognizes the
ESRRA23 element in vivo, we used a mammalian one-hybrid system in which
ERRuo is linked to the potent transcriptional activation domain of the viral VP16
protein. Indeed, the constitutively active ERRa-VP16 chimera induced strong
transcriptional responses (10- to 57-fold) in an element-dosage manner (Fig.
4.2E), demonstrating that ERRa can recognize the ESRRA23 element in vivo.
We next studied the functional consequence of the ESRRA23 regulatory variant
on the ESRRA promoter itself. Human ESRRA promoters containing either two
or three copies of the ESRRA23 element representing the most common
observed genotypes were cloned upstream of the luciferase reporter gene (Fig.
4.3A). We also engineered a mutant ESRRA promoter construct in which all
copies of the ESRRA23 element as well as the non-polymorphic putative
downstream ERRE were removed (AESRRA, Fig. 4.3A). ERRa induced a small
but significant transcriptional response of 1.5- or 2-fold on the ESRRA
promoter containing 2 or 3 copies of ESSRA23, respectively (Fig. 4.3B). The
effect is specific as removal of the elements abolishes the ERRa-induced
transcriptional response. As observed with the synthetic ESRRA23-TK
promoters, the ERRa-VP16 chimera elicited strong responses from the reporter
gene driven by the ESSRA promoters containing either 2 or 3 copies of

ESSRA23, being 7- and 14-fold respectively (Fig. 4.3C). The mammalian one-
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hybrid assay thus confirms that ERRa can directly interact with the ESRRA
promoter. The specificity of the transcriptional effect was demonstrated in that
the strength of the response was directly related to the copy number of
ESRRAZ23, and that ablation of the ESRRA23 completely abolished ERRa-
VP16-induced luciferase activity. Lastly, we used a ChIP assay to test whether
endogenous ERRa interacts with the ESRRA promoter in the context of the
native chromatin. The human breast cancer cell line MCF-7 was previously
shown to express endogenous ERRa and therefore used for this assay (Lu et al.,
2001). As shown in Fig. 4.4D, an antibody raised against human ERRa
immunoprecipitates a DNA fragment that includes the ESRRA23 elements.
Quantitative PCR showed a 25-fold enrichment of the promoter fragment over
the control fragment located 4 kb upstream of the ESRRA23 element. Taken
together, these experiments clearly show that ERRa recognizes its own
promoter via the polymorphic ESRRA23 element.

The ESRRAZ23 element dictates PGC-1a. control of ERRa. expression. As
introduced above, recent studies have shown that the coactivator PGC-1a can
regulate both the expression and transcriptional activity of ERRa (Huss et al.,
2002; Ichida et al., 2002; Schreiber et al., 2003). However, the molecular
mechanism underlying the action of PGC-1a on ERRa expression has not yet
been elucidated. As shown in Fig. 4.4A, introduction of PGC-la alone by
transient transfection in HeLa cells has a significant effect on ESRRA promoter
activity, leading to a 4- and 6.5-fold induction in luciferase activity generated
by ESRRA promoter reporter constructs containing 2 and 3 copies of the
ESRRA23 element, respectively. The increased ESRRA promoter activity
induced by PGC-1la is not only ESRRA23 dosage-dependent but mediated
through ESRRA23 and possibly with a contribution by the flanking ERRE
given that deletion of the region encoding these elements from the ESRRA
promoter resulted in a complete loss of the stimulatory activity (Fig. 4.4A). The
direct involvement of the ESRRA23 element in the PGC-la response was
further demonstrated by the observation that PGC-1a can activate TK-luciferase
reporter genes containing 3 copies of the ESRRA23 element but not the parent
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vector (Fig. 4.4B). The presence of a single copy of the ESRRA23 element was
not sufficient to confer PGC-1a responsiveness to the TK promoter in Hela
cells. However, PGC-1a activity is much more potent in Cos-1 cells on both the
ESRRA and ESRRA23-TK promoters suggesting that cell context may be
important for the PGC-1a response (data not shown).

ERRa-dependent PGC-1e activity. PGC-1a has recently been described
as a potent coactivator of ERRa and the related ERRy isoform (Huss et al.,
2002; Schreiber et al., 2003). We therefore investigated the interaction between
ERRa and PGC-la on the polymorphic ESSRA promoter in HeLa cells. As
observed in Fig. 4.5, co-expression of ERRa and PGC-la in HeLa cells results
in a synergistic activation of the ESRRA promoter. This set of experiments also
demonstrates that both the independent and combined transcriptional activities
of ERRa and PGC-la are not observed in the absence of either the region
containing the ESRRA23 elements or a functional ERRa DNA binding domain.
The response to ERRa and PGC-la is also element dosage-dependent as the
promoter containing 3 copies of the ESRRA23 element displays higher activity
than the promoter containing 2 copies of the element in the presence of these
regulatory factors (Fig. 4.5).

We next tested whether the presence of ERRo was absolutely essential
to the activity of PGC-la on the ESRRA23 element. Mouse embryonic
fibroblasts (MEFs) were derived from both wild-type and ERRa null mice (Luo
et al., 2003) and transfected with PGC-1a and ERRa, alone or in combination
with the ESRRA promoter reporter construct containing 3 copies of the
ESRRA23 element. ERRa is not transcriptionally active in MEFs, but the
constitutively active ERRa-VP16 chimera displays identical activity in MEFs
derived from both strains indicating that ERRa recognizes the ESRRA promoter
in a similar manner in both cell types (Fig. 4.6). As previously observed in
HeLa cells, introduction of PGC-1o. in wild-type MEFs leads to a significant (3-
fold) induction of ESRRA promoter activity. However, PGC-1a transcriptional
activity is considerably reduced in ERRa null MEFs, but this activity can be
completely restored by introduction of exogenous ERRa (Fig. 4.6). The
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response to PGC-1a was not observed when the AESRRA construct was used as
a reporter in this assay (data not shown). Taken together, these results
demonstrate a central role for ERRa in PGC-le-induced activation of the

ESRRA promoter via the ESRRA23 element.
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DISCUSSION

In this report, we described the identification and functional
characterization of a new polymorphic hormone response element (ESRRA23)
present in the ESRRA gene promoter, the gene encoding the orphan nuclear
receptor ERRa. Functional analysis of the polymorphic ESRRA23 sequence
showed it to act as an autoregulatory element for ERRa whose activity is
dependent on the presence of PGC-1a. Conversely, our results also demonstrate
that PGC-1a activity on the £SRRA promoter is dependent on the presence of
ERRa. Our study thus delineates the molecular mechanisms by which PGC-1a
can up-regulate ERRa expression (Schreiber et al., 2003) and by which ERRa
can control its own expression in a positive fashion. Our results also clearly
establish a direct correlation between the number of ESRRA23 repeat elements
present and the response of the ESRRA promoter to ERRa and PGC-lo. proteins,
alone or in combination. To our knowledge, this is the first example of natural
regulatory polymorphism consisting of a sequence, present in one copy or in
tandem repeated elements two, three or four times, containing a functional
hormone response element for a nuclear receptor/coactivator complex.

The expression patterns of ERRa and PGC-la and their response to
specific physiological stimuli such as cold and starvation are nearly identical
(Ichida et al., 2002; Schreiber et al., 2003). Furthermore, in agreement with
these observations, PGC-la has been shown to induce ERRa expression
(Schreiber et al., 2003). Our functional characterization of the ESSRA23
element clearly demonstrates it to be the direct target of PGC-la action.
However, PGC-la is a coactivator protein that does not bind ESRRA23 (J.
Barry and V. Giguere, unpublished results) and thus requires interaction with a
transcription factor that has the requisite docking site on the target promoter.
One clear candidate is ERRa itself. ERRa binds to the ESRRA23 element and
activates transcription from it in the presence of PGC-la and other coactivators
such as GRIP-1 (data not shown). The role of ERRa as a PGC-1a DNA binding

partner is further corroborated by the transient transfection experiments
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performed in HeLa cells and MEFs. A strong activation of the ESRRA promoter
in HeLa cells is only observed in the presence of both factors, and
transcriptional activation is not detected with an ERRo mutant unable to bind
DNA. Using MEFs obtained from ERRa null mice, we have also shown that
PGC-1a activity is considerably reduced in those cells, indicating an important
and direct role for ERRa in PGC-1a action at the ESRRA promoter. We have
also observed that PGC-1a retains some transcriptional activity in the ERRa
null MEFs, suggesting that factors other than ERRa can transduce PGC-la
activity in these cells. Indeed, PGC-1a has been shown to interact with and
stimulate the activity of a large number of transcription factors, including many
nuclear receptors (Puigserver and Spiegelman, 2003). The likely candidates are
nuclear receptors since the region encoding the ESRRA23 elements contains
several nuclear receptor binding sites but no recognizable binding sites for other
transcription factors. It has recently been shown that treatment with the
estrogen agonist diethylstilbestrol stimulates the expression of ERRa (Liu et al.,
2003). However, our studies do not support a role for ERa in the ERRo-
independent PGC-1a activity observed in ERRa null MEFs since this activity
can be detected with the use of steroid-deprived serum and that ERa does not
significantly bind to the ESRRA23 element or adjacent half-site (Fig. 4.2B and
data not shown). We are currently investigating the role of the ERRy isoform, a
known partner of PGC-10 that recognizes the ESRRA23 element, in the control
of ERRa expression.

Increasing evidence point to a role for ERRa in regulating energy
homeostasis. ERRa is expressed in tissues that demonstrate a high capacity for
fatty acid p-oxidation such as kidneys, heart and brown fat (Sladek et al., 1997;
Vanacker et al.,, 1998). Its expression has been shown to be up-regulated by
physiological stimuli such as cold and starvation (Ichida et al., 2002; Schreiber
et al., 2003), and ablation of the gene in mice results in reduced fat mass and
resistance to high fat diet-induced obesity (Luo et al., 2003). Similarly, PGC-1a
is a transcriptional coactivator for many transcription factors that control

biological programs linked to energy needs (Puigserver and Spiegelman, 2003).
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The results presented in this study reaffirm the existence of strong physiological
and functional links between ERRa and PGC-1a action and also demonstrate
the convergence of PGC-la-based transcriptional pathways on a polymorphic
hormone response element controlling ERRa expression.

In conclusion, this study clearly demonstrates that identification of
regulatory variants in the human genome can reveal physiologically relevant
interactions between distinct components of complex transcriptional pathways.
It would be of interest to pursue further genetic studies to investigate whether
the ESRRA23 polymorphism is linked to a particular phenotype or
susceptibility to a metabolic disease in the human population, including obesity

and diabetes.
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TABLES AND FIGURES

Table 4.1 Observed ESRRA allelic frequencies among 5490 human

chromosomes

Genotype: | 1,2 1,3 2,2 2,3 2,4 3,3 3,4

# 2 1 2381 334 16 8 3

% 0.074 | 0.037 | 86.74 | 12.17 | 0.58 0.29 0.11
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Figure 4.1, Identification and structural organization of the polymorphic
ESRRAZ23 element.

A, Sequence of the ESRRA23 element. The nuclear receptor half-site
consensus sequences are indicated by arrows. B, The ESRRA23 element and
neighboring sequence of the ESRRA promoter. The displayed allelic sequence
of ESRRA contains two copies of the ESRRA23 element (boxed). The nuclear
receptor half-site consensus sequences and the ERRa binding sites (ERRE) are
indicated by arrows and brackets, respectively. The ERRE is independent of the
ESRRA23 repeat element. C, Comparison between the human and mouse
ESRRA promoter genomic sequences encompassing the ESRRA23 element.

Vertical bars indicate identity between nucleotide residues.
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Figure 4.1.
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Figure 4.2. Functional characterization of the ESRRA23 element.

A, Sequences of the DNA probes used in the EMSA experiments and
schematic representation of the ESRRA23-TK reporter constructs. Mutated
nucleotides are shown in lower case letters. B, ERRa binds to the 5'-half-site of
the ESRRA23 element. Mutation of the 5'-half-site (ESRRA23ml) abolishes
binding while similar changes in the 3'-half site (ESRRA23m2) have no effect
on binding. ERa, a closely related nuclear receptor, does not recognize the
ESRRA23 element. An EMSA performed with an ERE probe is shown as a
positive control. C, ERRo binds as a homodimer to the ESRRA23 element.
EMSA was performed with wild-type and an N-terminal truncated ERRa,
individually (lanes 2 and 3) or in combination (lane 4). The intermediate band
(arrow) indicates the formation of a dimeric complex. D and E, The ESRRA23
element confers ERR responsiveness to a heterologous promoter. The
ESRRAZ23 element was cloned in 1 (1X) or 3 (3X) copies upstream of the
herpes simplex TK promoter and cotransfected in HeLa cells together with
wild-type ERRa or the ERRa-VP16 chimera to assess responsiveness. Results

are expressed as fold induction over control vector in the absence of receptor.
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Figure 4.2.
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Figure 4.3. The polymorphic ESRRA23 element is a functional ERRa
response element in the context of the ESRRA promoter.

A, Schematic representation of the allelic ESRRA promoter luciferase reporter
constructs containing 2 (2X) or 3 (3X) copies of the ESRRA23 element or a
synthetic mutant in which ESRRA23 is absent (A). B and C, Effect of the
presence of ERRa on ESRRA promoter activity. HeLa cells were co-transfected
with the three ESRRA-based reporter constructs and wild-type ERRa (B) or the
chimeric ERRa-VP16 construct (C). Results are expressed as fold induction
over control vector in the absence of receptor. D, Binding of ERRa to the
ESRRA promoter as determined by chromatin immunoprecipitation assay. PCRs
containing primer pairs amplifying a region of the ESRRA promoter containing
the polymorphic ESRRA23 element (ESRRAZ23) or the non-specific region (-4
kb control) were performed following immunoprecipitation of DNA/protein

complexes with the ERRa antibody (e-ERRa).
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Figure 4.3.
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Figure 4.4. PGC-1a induces ESRRA promoter activity through the
polymorphic ESRRA23 element.

A, The allelic ESRRA promoter luciferase reporter constructs containing 2 (2X)
or 3 (3X) copies of the ESRRA23 element or a synthetic mutant in which
ESRRA23 is absent (A) were cotransfected in HeLa cells and cell extracts were
assayed for luciferase activity. Results are expressed as fold induction over
control vector in the absence of receptor. B, The ESRRA23 element was cloned
in 1 (1X) or 3 (3X) copies upstream of the herpes simplex TK promoter and

cotransfected in HelLa cells with a PGC-1a expression vector.
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Figure 4.4.
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Figure 4.5. ERRa/PGC-la interaction on the ESRRA promoter.

Synergistic activity of ERRa and PGC-la on the polymorphic ESRRA
promoters. HeLa cells were cotransfected with ESRRA promoter luciferase
reporter constructs containing 2 (2X) or 3 (3X) copies of the ESRRA23 element
or a synthetic mutant in which the region containing the ESRRA23 element is

DBDm

absent, and wild-type ERRa or an ERRo mutant and PGC-1a. Results are

expressed as fold induction over control vector in the absence of receptor.
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Figure 4.5.
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Figure 4.6. ERRo and ERR-like dependent activity of PGC-1a.

MEFs obtained from wild-type or ERRa null mice were cotransfected with an
ESRRA promoter luciferase reporter construct containing 3 copies of the
ESRRA23 element and expression vectors for ERRa, ERRa-VP16 and PGC-
lo, alone or in combination. Results are expressed as fold induction over

control vector in the absence of receptor or PGC-1ea.
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Figure 4.6.
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CHAPTER V: ERRa directly controls genes involved in

mitochondrial function

PREFACE

This chapter is a description of my contribution to a collaborative project
between the laboratories of Drs Evans and Giguere. In this work, we
demonstrate the role of ERRa in IFN-y induced host defense though activation
of mitochondrial activity. We contributed to this work by showing that a great
proportion of IFN-y induced genes are directly controlled by ERRo in
macrophages, using a 19K mouse promoter array for ERRa ChIP-on-chip.

This chapter contains this data set that is part of the paper:

Nuclear receptor ERRa is an essential effector of IFN-y induced host
defense

Junichiro Sonoda, Josée Laganiére*, Isaac Mehl*, Grant Barish, Ling-Wa
Chong, Immo E. Scheffler, Alain R. Bataille, Frangois Robert, Chih-Hao Lee,
Vincent Giguére and Ronald M. Evans.

*These authors contributed equally.
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ABSTRACT

ERRa (estrogen-related receptor oo, NR3B1) expression has recently been
shown to be induced by the pro-inflammatory cytokine interferon-y (IFN-
y) in mouse macrophages, a critical component of the host innate response
to bacterial pathogenesis. Here we show using genome-wide chromatin
binding profiling that genes encoding mitochondrial respiratory chain
machinery are directly controlled by ERRa. These findings provide
valuable information on the genomic action of this orphan nuclear
receptor in coordinating mitochondrial function and suggest a role in IFN-

y-induced host defense.
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INTRODUCTION

ERRo. was the first orphan nuclear receptor to be identified (Giguére et al.,
1988). ERRa has very few known target genes, but has been shown to share
some ERa-target promoters and to control the promoter of medium-chain acyl
coenzyme A dehydrogenase (MCAD), the enzyme catalyzing the initial step of
the mitochondrial fatty-acid oxidation (FAO) pathway (Giguére, 2002; Sladek
et al., 1997; Vega and Kelly, 1997). More recently, ERRa was shown to act as
a target of the inducible coactivators PGC-1a and PGC-1f to control broad
aspects of mitochondria biology including mitochondria biogenesis, FAO and
oxidative respiration (Kamei et al., 2003; Mootha et al., 2004; Schreiber et al.,
2004). However, whether ERRa diréctly controls the expression of the genes

involved in those processes has not specifically been shown.

Macrophages are the principal phagocytic cell in the immune system
and thus play a key defense role during bacterial infection. Upon infection,
macrophages ingest bacterial pathogens through phagocytosis, which
eventually matures into a phago-lysosome within which pathogens are
destroyed. The anti-bacterial activities of macrophages are triggered by IFN-y,
a pro-inflammatory cytokine which exerts its effects through activation of the
JAK/STAT pathway and transcriptional induction of anti-bacterial genes
including nitric oxide synthase (iNOS) and GTP-binding protein LRG-47
(Darnell et al.,, 1994; Gutierrez et al., 2004; MacMicking et al, 1995;
MacMicking et al., 2003). In addition, IFN-y alters the expression of as much
as 10% of the genome in macrophages, although contribution of most of IFN-y
inducible genes in IFN-y-induced host defense is largely unknown (Ehrt et al.,
2001).

One of the genes whose expression in macrophage was found inducible
by IFN-y is nuclear receptor ERRa (estrogen related receptor o, NR3BI)

(Barish et al., 2005). However, whether the IFN-y dependent induction of
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ERRa and subsequent changes in global gene expression have physiological
consequences in macrophages is unknown. To decipher the roles of ERRa in
activated macrophages, we performed genome-wide chromatin binding

profiling in these conditions.
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METHODS

Cell culture

Bone marrow derived-macrophages were isolated and differentiated in the
presence of M-CSF as previously described (Lee, 2003) and subsequently
cultured in RPMI medium containing 10% FBS and 0.2% glucose or galactose.

Mouse promoter microarray design

The strategy adopted to design our mouse promoter microarray is similar to the
one used for our human promoter array (Laganiere et al., 2005). Briefly, full
length ¢cDNAs were extracted from Refseq and mammalian gene collection
(MGC) databases and filtered to eliminate redundancy and incomplete cDNAs.
Their transcription start sites (TSS) were then located using the University of
California at Santa Cruz (UCSC) genome browser (Karolchik et al., 2003) and
the sequence ranging from 800 base pairs (bp) upstream to 200 bp downstream
of the TSS was extracted using the UCSC database assemblage May 2004
(Karolchik et al., 2003). Primer pairs were designed using the Primer3
algorithm (Rozen and Skaletsky, 2000) and the specificity tested in silico using
the vPCR algorithm (Lexa et al, 2001). When the primer pair gave no
satisfactory vPCR results, a new primer pair was designed using primer3 and
tested again. The process was iterated 3 times to generate primer pairs predicted
to be efficient to amplify promoter regions from mouse genomic DNA for
almost all of our selected genes. This strategy was adopted after preliminary
results showed that a more simple primer design approach did not generate
good results when we tried to amplify promoter regions from mouse genomic
DNA. This primer design pipeline allows us to design primer pairs to amplify
promoter regions from mouse genomic DNA with a success rate of about 80%.
At the date of the download (November 2004) 17947 RefSeq and 16,390 MGC

entries were retrieved, after the filtering process 18,892 of them were selected
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and submitted to primer design. Finally primers were obtained for 18,655

promoters.

Genome-wide location analysis and chromatin immunoprecipitation

After IFN-y treatment (10mg/ml for 12 hours), macrophages were fixed with
1% final concentration formaldehyde for 10 min at room temperature, rinsed
and harvested with 1x PBS. The resultant cell pellet was sonicated, and protein-
DNA complexes were enriched by immunoprecipitation with the ERRa
specific antibody, beads were added and washed as previously described
(Laganiére et al., 2004). After de-crosslinking, the enriched DNA was repaired
with T4 DNA polymerase (New England Biolabs) and ligated with linkers, as
described. DNA was amplified using ligation-mediated PCR (LM-PCR), and
then fluorescently labeled using BioPrime Array CGH genomic labeling kit and
the CyS5 fluorophore (Invitrogen). A sample of DNA that has not been enriched
by immunoprecipitation was subjected to LM-PCR and labeled with Cy3
fluorophore. Both IP-enriched and non-enriched pools of labeled DNA were
hybridized to the mouse promoter array described above. The p-value threshold
used to select target promoters for further analyses was determined empirically
by testing randomly selected targets by standard ChIP/Q-PCR. Based on these
experiments we used p<0.01 since our estimated false positive rate was less
than 10% using this threshold (Laganiere et al., 2005). Functional categories
were assigned using both GO (www.fatigo.org) and manual inspection using

PubMed (www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed).
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RESULTS AND DISCUSSION

To examine the role of ERRa, macrophages were prepared from mouse
bone marrow and resulting cells were activated with the IFN-y cytokine to
undertake a chromatin-binding profiling experiment. ChIP was performed
followed by hybridization to a genomic DNA microarray containing -800 to +
200 segments of approximately 19,000 promoters. We identified a total of 215
promoters (P < 0.01) bound by ERRa in the presence of IFN-y, spanning

various functional groups (Figure 1 and Table 1).

We previously demonstrated by ChIP assay using the human breast
cancer cell line MCF7 that ERRa recognized its own promoter in vivo
(Laganieére et al., 2004). ERRa could do so through an ERRE conserved in the
mouse genome. Interestingly, we found that ERRa also regulates itself in
mouse macrophages, indicating a conserved mechanism of autoregulation in

other organisms and tissues.

ERRa is known to be expressed predominantly in tissues with high
mitochondrial oxidative capability such as heart and muscle (Giguere et al,,
1988; Sladek et al., 1997). In addition, previous studies have demonstrated that
PGC-1a can induce mitochondrial proliferation, stimulate mitochondrial gene
expression and increase levels of fatty acid oxidation and oxidative
phosphorylation in these tissues with the help of ERRo (Huss et al., 2004;
Lehman et al., 2000; Schreiber et al., 2004). Consistently, a great proportion of
ERRa direct target genes identified in the present study in macrophages encode
mitochondrial proteins, some of which being involved in cellular respiration
(Fig. 5.1, 5.2 and Table 1). Mitochondrial complex I comprises the NDUF
proteins (NADH deshydrogenase (ubiquinone)) that transfers electrons from
NADH to the respiratory chain. In our experiments, ERRa was shown to
directly regulate several genes of this complex (NdufaS, Ndufa9, Ndufb4,
Ndufb5, Ndufsl and Ndufs7) through direct promoter binding. Complex II of
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the respiratory chain, which is involved in the oxidation of succinate, carries
electrons from FADH to CoQ (of which Coq9 gene is regulated by ERRa).
Again, ERRa regulates genes of this complex (succinate dehydrogenase Sdha,
Sdhb and Sdhd). Genes representing complex III (17/10020p15rik), complex IV
(Cox5b Cox7a2 and Cox8a) and complex V (Atp5Sk, AtpScl, AtpSd, Atp5g3 and
Atp5b) responsible for electron transfer (III and IV) and Atp synthesis (V)
respectively are also well represented among ERRa targets. ERRo also
controls other genes encoding mitochondrial proteins such as Cycs
(Cytochrome ¢, somatic), a previously identified ERRo/PGC-la target
(Schreiber et al., 2004).

ERRa has previously been demonstrated to mediate PGC-1a activation
of the nuclear respiratory factor (NRF) pathway through regulation of the
Gabpa gene, which encodes for the NRF-2 subunit (Mootha et al., 2004).
Interestingly, our chromatin binding profiling demonstrated that ERRa directly

control Gabpa through its promoter region.

This work performed in macrophages is in agreement with others
suggesting a key role for ERRa as a regulator of mitochondrial genes.
Interestingly, PGC-1f expression was also induced following IFN-y treatment
in macrophages (Barish et al., 2005). It will be interesting to determine whether
ERRa and PGC1-B, known to strongly coactivate ERRa, act together in the
control of energy production and mitochondrial biogenesis in macrophages,
similar to ERRa and PGC-1a in other organs (Kamei et al., 2003; Schreiber et
al., 2004).
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Chapter V

Figure 5.1. Promoter binding of ERRo in IFN-y-treated macrophages.

Chromatin/protein complex were precipitated from IFN-y-treated macrophages
using ERRa antibody, and hybridized to a mouse promoter DNA chip. The
wheel represents all the 215 genes (with GO functions) that were identified.
The genes identified in both the genome-wide expression in IFN-y treated cells
and promoter-binding experiments are listed around the wheel (red:
mitochondrial genes; black: other location). Two genes had no function
assigned to them (listed below the categories). The genes that were also
identified by the IFN-y/IL-4 comparison are shown with bold letter. Asterisks
indicate genes that were not identified by the promoter DNA chip, but were

positive by the conventional chromatin immunoprecipitation.
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Chapter V

Figure 5.1.
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Chapter V

Figure 5.2. ERRa targets identified by genome-wide expression and
chromatin binding profilings.

Functional locations (nucleus, plasma membrane, cytoplasm or mitochondria)
of the identified gene products are schematically shown. Blue: common
between the expression profiling of IFN-y- and IL-4-treated cells, Green:
common between expression profiling and chromatin-binding profiling of IFN-
y-treated cells, and Red: common for both of these two criteria. Abbreviations:
MRP (mitochondrial ribosomal proteins); PDH (pyruvate dehydrogenase

complex); TIMM (translocase of inner mitochondria membrane).
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Chapter VI General Discussion

CHAPTER VI GENERAL DISCUSSION

ERa and ERRo are two related nuclear receptors from the steroid receptor
subfamily. ERa generally modulates transcription in the presence of its ligand
estrogen, while ERRa is an orphan receptor that displays constitutive activity.
These two receptors are particularly related in their DBD, which indeed allows
the recognition of similar DNA response elements in vifro and in reporter
assays (Giguére, 1999; Giguére, 2002). In addition, they have both been linked

to the breast cancer disease in several independent reports.

The goal of this thesis was to develop chromatin immunoprecipitation
approaches for the identification and/or characterization of bona fide ERo and
ERRa direct target genes and regulatory modules. The identification of ERa
and ERRa target genes is expected to significantly increase our knowledge of
the function and specific action of these receptors at the genome level

especially that very few have been discovered so far.

6.1 ERa ChIP-cloning

Although the molecular mechanisms of ERa transcriptional activation are well
understood, very little is known about the direct genomic regulatory sequences
it controls which postpones our full comprehension of the role of this receptor
in physiologic and pathologic states. As a first step in the goal of characterizing
novel in vivo ERa target functional in breast cancer cells, we developed a
ChIP-derived approach that we called ChIP-cloning which consists in the
cloning of the DNA fragments obtained after the ERa ChIP, their sequencing

and subsequent identification using human genome databases recently made
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Chapter VI General Discussion

available (Laganiére et al., 2003). This approach had also been applied for the
discovery of E2F target genes (Weinmann et al., 2001; Weinmann et al., 2002).
This first involved the optimization of ERo. ChIP on the previously
characterized prototypic estrogen target pS2 (TFFI) promoter (Metivier et al.,
2003; Shang et al, 2000). In opposition to many other methods used to
characterize target genes, ChIP-based strategies have the advantage of leading
to the direct identification of elements functional in vivo, in the conditions used
for the experiment. In chapter II, we developed and used the ChIP-cloning
strategy to successfully identify 12 ERa-bound sequences (Laganiére et al.,
2005a). The TFFI promoter sequence was actually found in our ChIP-cloning
experiment, our first indication of the validity of the approach to identify ERo
genomic targets. Another promoter region was identified as an ERa target, that
of FLJI0618, a gene from the solute carrier family with no clear assigned
function to date (UCSC database: genome.ucsc.edu). As envisioned, our initial
ChIP-cloning results markedly showed that ERa controls genomic sequences
located distally from known annotated genes. For example, ERa recognized a
genomic region located 12 kb downstream of the Breakpoint Cluster Region
(BCR) gene. Although the BCR-ABL fusion protein produced by the
translocation from both BCR and ABL genes has been extensively studied for
its crucial role in chronic myeloid leukemia (Elrick et al., 2005), the function of
the normal BCR protein is not yet clear. However, the recent finding that BCR
is a negative regulator of the Wnt signaling pathway could be of particular
interest in the context of hormone-dependent breast cancers (Ress and
Moelling, 2005).

6.1.1 An intronic ERE responsible for RAR regulation by estrogens
RARo and ERa genes are coordinately expressed in breast cancer cells (Lu et
al., 2005). Although the role of RAR« in breast cancer is not entirely clear, it is

worth noting that its expression provides retinoid-induced growth inhibition of

breast cancer cells (Afonja et al., 2002; Fitzgerald et al., 1997).
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Interestingly, estrogen treatments have previously been shown to increase
RAR« gene expression (Elgort et al., 1996; van der Leede et al., 1995). After
the analysis of the RARA (RARa gene) proximal promoter region, this estrogen
up-regulation was attributed to an indirect action of ERa through the SP1
transcription factor (Safe, 2001; Safe and Kim, 2004; Sun et al., 2001). With
our unbiased ChIP-cloning method for the isolation of ERa-regulated genomic
elements, we identified a functional ERE located within the first intron of
RARal, 3.7 kb downstream the RARal promoter. We have shown using
standard ChIP that ERa, as well as coregulators SRC-1, SRC-3 and RIP140
were recruited in an estrogen-dependent manner, showing that this site is
hormone-responsive. In contrast, neither ERa nor coactivator recruitment was
observed at the promoter region, in contrast to SP1 and RNA polymerase 1L
Moreover, we demonstrated that this intronic ERE provided the major
estrogenic response of the RARa gene with the transfection of the RARA locus
containing a 4 kb fragment including the promoter and the downstream ERE.
Our results suggests that the functional intronic ERE identified acts as an

intronic enhancer for the control of RARa up-regulation by estrogens.

Therefore, our ChIP-cloning approach was successful for the
identification of novel ERa targets and confirms the value of ChIP-based
strategies for the characterization of transcriptionally functional regions of the
human genome, including the ones located distally from annotated promoters.
Another important aspect revealed by this study concerns RIP140, one of the
first receptor coregulator to be identified and isolated through its recruitment by
ERa-AF2 in the presence of ligand (Cavaillés et al., 1995). We provided the
first in vivo evidence that ERa recruits endogenous RIP140/NRIP to regulatory
regions involved in gene activation like the pS2/TFFI promoter and the RARA
downstream enhancer, although it is believed to possess repressive properties.

We thus proposed that the corepressor RIP140, which functions on agonist-
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Chapter VI General Discussion

bound receptors, is recruited for the fine-tuning of ERo-transcriptional

activation.

ChIP-cloning has not been used widely for genome-wide location
analyses due to the extensive sequencing step and mapping to the genome that
has to be executed, perhaps explaining why ChIP-on-chip became an appealing

alternative option.

6.2 ERo ChIP-on-chip.

The ChIP-on-chip technology was first developed for studies in S. cerevisiae
for the identification of complete sets of genomic targets (Iyer et al., 2001; Ren
et al., 2000; Simon et al., 2001; Wyrick et al., 2001). Ideally, these ChIP-on-
chip studies would also be performed in complex organisms, using an array that
represents the entire genome. Unfortunately, because of the length of
mammalian genomes, human for instance, that are composed of long intergenic
regions that are likely to be transcription factor targets, it was until very
recently technically impossible to represent whole genomes on a single or a
reasonable amount of arrays for experimentation. Consequently, compromises
had to be made in laboratories regarding the sequences chosen to compose an
array. The first arrays were thus covering a number of human promoters, as for
the identification of E2F targets an array was made with PCR products of 1200
promoter regions (Ren et al., 2002). Similarly, a human CpG microarray was
constructed by another group for the identification of E2F4 targets (Weinmann
et al., 2002). The binding profile of GATA-1 was performed on an array
representing the B-globin locus (Horak et al, 2002). The challenge soon
became to render the studies more and more complete through the production
of arrays with increased capacities. In 2004, the binding profiles of 3 HNF
transcription factors in pancreas and liver were revealed using a 13,000
promoter array (Odom et al., 2004). Likewise, E2F4 and p130 were shown to
cooperatively repress a common set of genes under growth arrest condition

using a 13,000 promoter array (Cam et al., 2004). Alternatively, high-density
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oligonucleotide arrays covering all non-repetitive sequences of the entire
chromosome 22 or 21 and 22 were also developed to perform ChIP-on-chip of
NFkB, CREB, SP1, ¢-Myc and p53 (Cawley et al., 2004; Euskirchen et al.,
2004; Martone et al,, 2003). These tiling arrays have the advantage of allowing
the profiling of transcription factors without bias for promoters or other
regions, which are useful to our in-depth understanding the transcriptional
regulation mechanisms and the annotation of the functional regulatory
sequences along a whole chromosome. Another advantage is the possibility of
performing gene expression profiling on the same chips. However, they have
the inconvenience of representing a very small number of genes and the
association of distal regulatory region to a specific gene is not simple due to
similar proximities of several genes; chromosome 22 comprises 756 protein-
coding genes, making it impossible to decipher pathways controlled by a

transcription factor when using only this type of array.

In an attempt to identify ERo genomic targets in breast cancer cells in a
high-throughput manner, we constructed a 19,000 promoter array and
performed ChIP-on-chip using MCF7 breast cancer cells treated with estrogens
(Laganiére et al., 2005b). Valuably, the evaluation of the relative binding of
ERa to thousands of promoters in a single experiment gives the opportunity to
reveal pathways directly controlled by estrogens and provide information
regarding the genomic sequences used in vivo by this nuclear receptor for
transcriptional activation of target genes, which will be considerably helpful in
the delineation of biological responses controlled by estrogen-bound ERa in
breast cancer cells. Although our choice of a promoter array does not allow the
identification of distal regulatory sequences, we hypothesize based on the
looping model for transcriptional regulation that some functional enhancers will
connect at some point with promoter regions and will therefore be enriched in
our ChIP (since protein-protein interactions are fixed with formaldehyde) and
consequently identified as an ERa target gene, even if the regulatory sequence

is not directly within the promoter.
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6.2.1 ERa promoter-binding profiling in breast cancer cells

Our genome-wide analysis of promoter occupancy was a great
accomplishment in the isolation of functional ERa transcriptional regulatory
regions. While only about a few of direct estrogen-responsive genes were
defined in the literature to date, we identified 153 promoters controlled by ERx
in MCF7 cells in the presence of estradiol in a single experiment (Laganicre et
al., 2005b; Laganiere and Giguere, 2006). Concomitant with our publication, a
chromosome-wide mapping of ERa binding was also issued (Carroll et al.,
2005). In their study, Carroll et al. used a chromosome 21 and 22 tiling array
made by Affymetrix for ChIP-on-chip of estradiol-treated MCF7 cells. They
identified 57 ER binding sites, most of them located distally from known genes

and transcriptional start sites.

Since the chromatin shearing step carried out for the ChIP procedure
produces DNA fragments of about 500 to 2000 bp, ChIP and ChIP-on-chip
allow the isolation of direct target loci of a transcription factor with a 1-2 kb
resolution. Therefore, informatics tools have been developed to locate binding
sites that are overrepresented within the enriched sequences. One such motif-
finding algorithm used for analyzing ChlP-on-chip data is called MDscan

(http://ai.stanford. edu/~xsliu/MDscan/). Interestingly, an MDscan search for

overrepresented motifs within ERo-bound promoter sequences revealed an
ERE present in 60% of all promoters, confirming that the technique was
successful in finding ERa targets, in addition to underscore that ERa really
uses a sequence close to the actual ERE consensus iz vivo in the majority of the
cases. For promoters where no ERE was found, it is possible that ERa acts
through binding to other transcription factors present on promoters. Another
possibility is that it binds an ERE just off the sequence entered in MDscan
program for the search and that the enriched fragment could overlap and
hybridize to the sequence on the array, since ChIP has a resolution of 2kb

approximately. In addition, as mentioned above, since formaldehyde
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crosslinking stabilizes protein-protein in addition to protein-DNA interactions
and functional enhancers can potentially interact with promoter regions, these
can also be detected as positive promoters without containing an ERE, but it is
possible that the distal ERa-bound sequences possess one and that the promoter

represents an active promoter.

In ChIP-chip, the threshold p-value is set experimentally, through
standard ChIP and confirmation of targets by quantitative PCR (Ren et al,,
2000). The cut-off is established by reconfirmation of the enriched promoters
by standard ChIP, at the p-value giving less than 10% false-positive results.
This procedure assures that targets within that threshold are very limited in
false-positives. To further validate that the promoters were truly estrogen-
responsive, we assessed the recruitment of coactivators and RNA polymerase I1
in addition to that of ERa and thus demonstrated the reactivity of the promoters

following hormonal treatment.

Some of the bound promoters identified corresponded to known direct
ERa targets. This is the case for TFFI1/pS2, already known as an ERa
responsive direct target (Berry et al., 1989; Metivier et al., 2003; Roberts et al,,
1988; Shang et al., 2000). In addition, we identified the FLJ10618/SLC25436
promoter that we had previously identified in our ERa ChIP-cloning study
(Laganiére et al., 2005a). Caspase 7 (CASP7), GREBI and Ly6e promoters all
contain EREs and were shown to bind ERa in MCF7 cells prior to our work
(Bourdeau et al., 2004; Lin et al., 2004). GREBI is a gene of unknown function
whose expression is induced by estrogens in breast cancer cells (Ghosh et al,,
2000). Remarkably, a recent study suggests that knocking down GREBI
expression by siRNA suppresses cell proliferation of estrogen dependent MCF-
7 cells, but the function of the protein remains to be elucidated (Rae et al.,
2005). Ly6e (lymphocyte antigen 6 complex ¢) was also identified as estrogen-
responsive at a 24h time point in the breast cancer cell line ZR-75-1 (Soulez

and Parker, 2001b). The nuclear receptor SHP (small heterodimer partner,
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NROB2) was also characterized for its estrogen-inducibility in HepG2 cells
occurring through an ERE located in its promoter (Lai et al., 2003). Similarly,
WISP2 (Wnt-1 induced signaling pathway protein 2) was inducible by
estrogens in an MCF7 cell experiment through a promoter ERE (Frasor et al.,
2003; Inadera et al., 2000). CYPIBI (cytochrome P450, family 1, subfamily B,
polypeptide 1) is another gene that was known to be up-regulated by estrogens
in T-47D and MCF7 cells through EREs near the start site (Finlin et al., 2001;
Lin et al., 2004; Tsuchiya et al., 2004; Tsuchiya et al., 2005).

Other genes whose expression were augmented in the presence of
estradiol with no previous evidence of direct regulation by ERo were found in
our ChIP-on-chip experiment and include: HKI (hexokinase 1) in rat uteri
(Andrade et al., 2002), ANXA9 (annexin A9) in MCF7 cells (Cicatiello et al.,
2004), the secreted SEMA3B protein (sema domain, immunoglobulin domain
(Ig), short basic domain, secreted, (semaphorin) 3B) in MCF-7 cells (Terasaka
et al., 2004), COQ4 in T47D cells (Lin et al.,, 2004), ABCA3 (ATP-binding
cassette, sub-family A (ABC1), member 3) and TFF3 (trefoil factor 3,
Intestinal) in breast cancer cells ZR-75-1 (Soulez and Parker, 2001a), HI1/
(protein kinase H11, HSPB8 heat shock 22kDa protein 8) in MCF7
(Charpentier et al., 2000), PKIB (protein kinase (cAMP-dependent, catalytic)
inhibitor beta) and FLJI3710 in MCF7 (Finlin et al, 2001) P2RY6
(pyrimidinergic receptor P2Y, G-protein coupled, 6) in human umbilical vein
endothelial cells (Pedram et al., 2002), PDZK! (PDZ domain containing 1) in
MCF7 cells (Inoue et al., 2002), DOCI or CDK2AP1 (CDK2 (cyclin-dependent
kinase 2)-associated protein 1) in mouse pregnant uteri (Reese et al., 2001),
ENY2 (enhancer of yellow 2 homolog (Drosophila)) in ZR-75-1 breast cancer
cells (Seth et al., 2002), and recently, UGT2B15 (UDP (uridine diphosphate)-
glucuronosyltransferase (UGT) 2B15) enzyme in MCF7 cells (Harrington et
al., 2006).
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Our list of ERa targets also includes some genes that were
downregulated by estrogens: RBL2 (retinoblastoma-like 2 (pl130)) was
downregulated by estrogen in MCF7 cells (Frasor et al., 2003), ESRI (estrogen
receptor ) in several conditions (Inoue et al., 2000; Lin et al., 2004; Prange-
Kiel et al., 2001; Seo et al., 1998; Terasaka et al., 2004), ABCC5 (ATP-binding
cassette, sub-family C (CFTR/MRP), member 5) (Finlin et al., 2001; Lin et al,,
2004) in MCF7 and T-47D breast cancer cells, 100410 (S100 calcium binding
protein A10 (annexin II ligand, calpactin I, light polypeptide (p11)) in ZR-75-1
breast cancer cells (Soulez and Parker, 2001a), SMAP or KIFAP3 (kinesin-
associated protein 3) in T47D breast cancer cells (Lin et al., 2004). These
observations suggest a direct gene repression exerted by ERa, a mechanism of
action for which not much information is available yet. We thus provide model
promoters for the study of this ER-driven mechanism, which should greatly
help refine our knowledge. Interestingly, ERo. seems to downregulate its own
expression through a direct mechanism of action by promoter repression. As
mentioned in the present work, estrogen mediate the protein stability of ERa, in
addition to the 3’UTR important for mRNA stability, implicating a complex
regulation of ERa at several levels (Reid et al., 2002).

Most of the promoters identified in our ChIP-on-chip experiment
represent novel direct ERa target genes. Several genes and pathways isolated
could provide insight into the role that ERa plays in breast cancer. Since the
identification of WNT-1 as a mammary oncogene in MMTV (mouse mammary
tumor virus) infected mice, the Wnt signaling pathway is the object of studies
evaluating its importance for human breast cancer (Nusse and Varmus, 1982).
Although no equivalent of MMTV exists for humans, increasing evidence
suggest that Wnt proteins and/or constituent of their pathways are important in
human breast cancer. Interestingly, ERo was shown to bind to 4 promoters of
genes part of the Wnt signaling pathway: WNT16, WISP2, SEMA3B and
CTNNBIPI. However, the way these proteins act in ER-positive breast cancer

remains to be elucidated. Additionally, ERa controlled genes involved in the
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metabolism of steroids (CYPIBI, STS, UGT2B15, UGT2B17). STS (steryl-
sulfatase precursor) catalyzes the conversion of sulfated steroid precursors to
estrogens in tissues. Interestingly, STS inhibitors are currently being developed
as a breast cancer therapy (Nussbaumer and Billich, 2004). The CYP450 are
oxidative enzymes with an important role in the metabolism of a diverse range
of xenobiotics (Gonzalez and Gelboin, 1994). Estrogens can be metabolized by
CYPs through hydroxylation at different sites and produce estrogenic, non-
estrogenic or even carcinogenic molecules. Combined polymorphisms in CYP
genes are thought to enhance cancer risk (Murray, 2000). CYP1B1 is expressed
is breast tumors but not in normal breast tissue, appearing as a tumor-specific
CYP, and is associated with the increased 4-Hydroxy-17p-estradiol production
in breast cancer, a potentially carcinogenic metabolite (Liehr et al., 1986). Its
colocalization with CYP19, the enzyme producing estrogen, could lead to high
local production of carcinogenic estrogen metabolites. In addition,
polymorphisms have been identified in the CYPIBI gene and are thought to

have divergent outcomes in various ethnicities.

The UGT (UDP-glucuronosyltransferase) family is comprised of
enzymes that catalyze the formation of water-soluble metabolites of many
biologically active substrates through the transfer of glucuronic acid from the
cofactor UDP-glucuronic acid (UDPGA) to substrates. Localized to the
endoplasmic reticulum, they convert their targets (endogenous biomolecules
and xenobiotics including steroids, bile acids, bilirubin, dietary constituents,
drugs, environmental toxicants, and carcinogens), to more hydrophilic, acidic
and less biologically active components, facilitating their excretion through bile
and urine (Tukey and Strassburg, 2000). UGT2B15 is highly expressed in liver,
prostate, kidney, testis, mammary gland, placenta, adipose, and uterus and is
known to glucuronidate a wide range of endogenous estrogens and androgens
as well as tamoxifen, and variants might be associated with breast cancer
survival and recurrence (Nowell et al, 2005). UGT2B17 is identical to
UGT2B15 at 95% but has only androgens as substrates, which might also have
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non-negligible impact in breast cancer patients since androgens are thought to
be antiproliferative in this context (Harrington et al., 2006; Tukey and
Strassburg, 2000). We also identified two ERa targets in the ABC (ATP-
binding cassette) gene family (ABCCS5, ABCCII) which are involved in
multidrug resistance and could influence response to chemotherapy (Park et al.,
2006). ERa was also shown to control several other transcription factors that
could be important in mediating secondary effects of estrogen. Among them
was NROB2 (Small heterodimer partner, Shp), an atypical orphan nuclear
receptor nuclear receptor lacking a conventional DNA binding domain actually
able to repress ligand-bound ERa activity (Johansson et al., 1999). PPRCI
(PGC-1-related coactivator) was also a target of ERa, and was previously
described as an ER-specific coactivator (Kressler et al., 2002). Together, these
data show how ERa controls multiple pathways at the transcription level that
hold the potential of influencing the response to estrogens and antiestrogens

through multiple direct and feedback mechanisms.

ChIP validations measuring RNA pol II occupancy also gave us
interesting insights about various mechanisms of action by ERa. Not all
promoters showed similar RNA pol II levels or recruitment after estrogen
treatments. For example, CYPIB] and FOXAI, whose gene expression are
known to be upregulated by estrogens, showed high levels of RNA pol II at
their promoters, but not much, if any, increased recruitment following estrogen
treatments. This could suggest that RNA pol II could be present but not highly
active without the addition of estrogens. It would be interesting to test whether
antibodies against activated RNA pol II (phosphorylated C-terminal domain
(CTD)) could detect an increased promoter activity. Also, promoters whose
genes are downregulated by estrogens were isolated in our ChIP-on-chip study,
showing that ERa potentially acts as a direct repressor of gene expression on
some targets, although the clear mechanism for such activity remains to be

elucidated.
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Further examination of their roles and expression levels in breast cancer
subtypes might provide important insights into the understanding of breast
cancer and susceptibility to the disease, in addition to presenting possible novel

biomarkers.

6.2.2 ERa-FOXAI1 cooperation defines a domain of the estrogen

response

Forkhead box transcription factors (FOX) were given their name based on the
discovery of mutations in Drosophila causing a characteristic spiked head
appearance due to defects in head fold involution (Friedman and Kaestner,
2006; Weigel et al., 1989). The FOXA subfamily comprises 3 subtypes that are
the most similar to the Drosophila gene among the 100 Fox genes; Foxal,
Foxa2 and Foxa3. Foxa genes were found to have important roles in liver,
pancreas, lung, prostate and kidney function (Friedman and Kaestner, 2006). A
the molecular level, the Foxa forkhead box or winged helix is composed of 3 a-
helices arranged in a helix-turn-helix core and allows DNA binding (Clark et
al., 1993). In addition, it was noted that this Forkhead box structure resembles
that of linker histone H1 (Clark et al., 1993). Moreover, the C-terminal domain
of Foxa proteins has the ability to interact with histones H3 and H4 (Cirillo et
al., 2002). Accordingly, together with the observation that they can open highly
compacted chromatin in vitro in an ATP-independent manner, FOXA were
proposed as “pioneer” transcription factors (Holmgqvist et al., 2005). Thus,
FOXA binding would render promoters competent for recruitment of other
transcription factors needed for responding to signals induced in particular
physiological or developmental stages. This competence phenomenon was
indeed observed for activity of some hormone receptors. Transcriptional
activation mediated by GR was shown to be dependent on FOXA2 pioneering
action during fasting (Zhang et al., 2005). AR and Foxa2 were also shown to
act cooperatively on prostate-specific gene regulatory regions (Gao et al.,
2003). In addition, it was shown that ERa and FOXAT1 co-operatively activate

transcription of the liver-specific vitellogenin B1 gene (Robyr et al., 2000).
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Interestingly, FOXA1 expression levels are strongly associated to that
of ERa in breast cancer cells and tumors (Bertucci et al., 2000; Gruvberger et
al., 2001; Lacroix and Leclercq, 2004; Perou et al.,, 2000; Ross and Perou,
2001; Sorlie et al., 2001; Sorlie et al., 2003; Sotiriou et al., 2003; van 't Veer et
al., 2002; West et al., 2001). Sequence analysis of ERa-bound promoters found
in our chromatin binding profiling experiment revealed enrichment in FOXAI
consensus sites. This observation prompted us to verify by ChIP whether
FOXA1 could bind these promoters in vivo, which we could clearly show. In
contrast, on promoters containing no FOXA1 sites we could not detect FOXAL1
binding, showiﬁg the specificity of binding to a subset of ERa target promoters.
Interestingly, in agreement with the assumption that FOXA1 can act as a
pioneer factor, we showed by ChIP that its knock down using siRNA inhibited
ERa recruitment to target promoters that are usually shared with FOXAI.
Similar observations were simultaneously made by Carroll et al. who showed
impaired recruitment of ERa on distal binding sites following FOXA1 knock
down (Carroll et al., 2005). In addition, we showed that FOXALI is a direct
target of ERa whose protein levels are augmented by estrogen treatment.
Moreover, we demonstrated that FOXA1 was necessary for estrogen-induced
cell proliferation as FOXA1 knock down inhibited cell cycle entry by blocking
cells in G1. Together, our data demonstrate that ERo and Foxal cooperate on a
defined set of genes and form a domain of estrogen response. By being
inducible by estrogens and necessary for hormonal response, we suggest that
Foxal compartimentalizes estrogen signaling in breast cancer cells. Whether
this intriguing cooperation between Foxal and ERa occurs only in pathologic
stages remains to be elucidated but we suggest that the targeting of Foxal or
ER-Foxal pathways might provide more specific therapies for efficient

diminution of breast cancer cell proliferation.

197



Chapter VI General Discussion

6.2.3 Genome-wide computational prediction of transcriptional

regulatory modules and regulation by ERa

Our ChlIP-cloning study and the work performed by Carroll et al. on the
chromosome 21/22-wide tiling array illustrated well that ERa recruitment is
not restricted to promoter regions in vivo. Collaboration with bioinformaticians
gave us the chance to study ER action on regulatory regions with no bias for

promoter regions.

Blanchette et al. described a genome-wide computational prediction of
human transcriptional regulatory modules based on the fact that transcription
factors rarely work on their own and rather bind to DNA in cooperation with
others (Blanchette et al., 2006). While the prediction of individual TFBS is a
laborious problem, the DNA footprints of sets of TFBS, called cis-regulatory
modules or CRM believed to be constituents of most transcriptional regulatory
processes in mammals, represent a novel tactic for identification of regulatory
regions (Howard and Davidson, 2004). With the goal of constructing a global
map of regulatory modules, Blanchette et al. built an algorithm based on the
detection of phylogenetically conserved clusters of TFBS. The algorithm
involved the identification and scoring of putative human-mouse-rat-conserved
TFBSs from the Transfac position-weight matrix (PWM), followed by the

detection of clusters enriched in putative binding sites.

We contributed to the experimental validation of predicted CRM
(pCRM) for ERa binding using ChIP-microarray. Among the sequences chosen
to be represented by the array, 758 modules were predicted to be bound by
ERa. Our ChIP-on-chip validation from MCF7 cells confirmed binding of ERa
to about 3% of pCRMs. Since these CRM can be used by a transcription factor
in a cell-specific manner, more pCRM are expected to be functional ir vivo,
especially for ERa that plays important roles in many other tissues. However,

this fairly low efficiency of in vivo confirmation can also illustrate how difficult
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it is to perform in silico predictions even using complex algorithms reflecting

our current knowledge on the constitution of gene regulatory regions.

Isolation of 4 modules was of particular interest in the context of breast
cancer cells: 2 modules around the PgR or PR (progesterone receptor) locus,
one for NRIP/RIP140 and one around the CALCOCO1 gene. PR, like ER, is an
important predictive marker of response to endocrine therapy and estrogens are
known to control the expression of PR in breast cancer (Horwitz et al., 1978).
We showed that this estrogen response of PR is likely to be regulated through
distal regulatory modules discovered in this study and bound by ERc. in MCF-7
cells. NRIP (nuclear receptor interacting protein) is a coregulator whose
expression is believed to repress ERa activity (Cavaillés et al., 1995). We
showed earlier that ERa recruits NRIP on genomic targets, and we provide
evidence supporting the regulation of NRIP by ERa, consistent with the
observation that short estrogen treatments (30 minutes) increases NRIP mRNA
levels in MCF-7 and human ovary cells (Thénot et al., 1999). Interestingly, one
module controlled by ERa was near another nuclear receptor coregulator
transcriptional start site, CoCoA (coil-coil coactivator) or CALCOCOI.
CoCoA is a coregulator that binds the basic-helix-loop-helix/Per-Amt-Sim
(bHLH-PAS) of pl60 coactivators thereby enhancing ERo transcriptional
activity (Kim et al., 2003). Again, ERa seems to directly regulate, at the

genome level, regulators of its own activity.

An important technical breakthrough has recently been achieved in two
industries: Agilent and Affymetrix were both able to represent the whole
genome on chips thereby providing the tools for binding and mRNA profilings.
Dr. Young’s group published the first complete genome-wide location analysis
using an array constructed by Agilent covering all non-repetitive sequences of
the human genome on 115 slides (Lee et al., 2006). Interestingly, the
Affymetrix technology achieved complete human genome covering on 14

slides, which allowed the genome-wide location analysis of ER binding sites,
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providing a detailed description of its action (Carroll et al., 2006). We can
expect that ChIP-on-chip combined with gene expression profiling studies
using these whole-genome chips will become more accessible and reveal
impressive amount of information regarding general and specific mechanisms

of gene expression regulation.

6.3 A functional autoregulatory variant responsive to

ERRa-PGC1 complexes

Recent studies have stated that ERRa and PGCla expression profiles are
nearly identical in response to physiological stimuli like exposure to cold and
starvation (Ichida et al., 2002). Compatible with these observations, one group
has shown that PGC-10. can induce ERRa expression (Schreiber et al., 2003).
In chapter IV, we showed that PGC-la is a potent activator of the ERRa
promoter (Laganiére et al., 2004). Furthermore, this PGCla activation of the
ERRo promoter is dependent on both the presence of ERRa itself, as well as an
ERRE located within the ERRa promoter. With these findings, we proposed a

model explaining how ERRa and PGC-1a coexpress in tissues.

While most of the studies for genetic variants affecting an individual’s
phenotype like the susceptibility to certain diseases or response to treatments
yet implicate the coding sequence of genes, it is acknowledged that variations
in the gene regulatory regions also contribute to the complexity of human traits
(Kleinjan and van Heyningen, 2005). Interestingly, the autoregulatory
mechanism of ERRa expression and induction by PGCla relies on an ERRE
present within a 23 bp polymorphic repeat (ESRRA23). Our human genetic
screen revealed that the ESRRA23 element was found from 1 to 4 copies on
each allele in the human population. While the most common genotype was the
presence of 2 copies of the ESRRA23 on each allele, representing more than
85% of the population, other frequent variants were observed, for instance 12%

exhibit a 2.3. genotype (2 copies on one allele and 3 copies on the other one).
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Other genotype combinations were found at lower frequencies (less than 0.15%
each). Interestingly, increasing copy number of the ESRRA23 was associated
to a higher activity of PGCla through ERRa on its own promoter. Therefore,
the ESRRA23 functional regulatory polymorphism may provide differential
responses to ERRa-PGCla-controlled physiological pathways. Several studies
support a role for ERRa-PGCla pathways in the regulation of energy
metabolism through the induction of mitochondrial biogenesis and the
regulation of the oxidative phosphorylation, fatty acid B-oxidation as well as
glucose metabolism pathways (Carrier et al., 2004; Huss et al., 2004; Mootha et
al., 2004; Mootha et al., 2003; Schreiber et al., 2004; Sladek et al., 1997; Vega
et al., 2000; Vega and Kelly, 1997, Wende et al., 2005; Willy et al., 2004).
Accordingly, high levels of ERRa-PGCla expression of were previously
associated with an increased energy expanditure that antagonize obesity (Kamei
et al.,, 2003). The ERRa-PGCla-driven pathways have also been linked to
related human diseases such as obesity and type II diabetes (Mootha et al.,
2004). Interestingly, the role of the ESRRA23 polymorphic element was
evaluated in the human population and was significantly associated to higher
body mass index (BMI) in a study of 703 Japanese people (Kamei et al., 2005).
ERRa. is expressed at high levels during all stages of bone development and
overexpression or inhibition of its expression have effect on the formation of
bone nodules in rat calvaria cell culture (Bonnelye et al.,, 2001). In agreement
with these findings, a recent study conducted in humans suggests an association
between the ESRRA23 regulatory polymorphism with bone density: in
premenopausal women, an increased copy number of the repeated element
correlated with a higher bone mineral density (BMD), a measure indicating the
susceptibility to osteoporosis and bone fractures (Laflamme et al., 2005).
Therefore, the regulatory polymorphism described in our study may have
important roles in the determination of human traits implicating ERRa and

ERRa-PGCla directed pathways.
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6.3.1 Autoregulation of ERRa gene expression

We described a human genetic screen that allowed us to discover a
polymorphic 23 bp sequence (ESRRA23) in the ESRRA gene promoter
containing a hormone response element (HRE). The HRE identified actually
corresponded to a perfect ERRE consensus sequence that is indeed nicely
recognized by ERRa in conventional in vitro and reporter assays (Laganicre et
al.,, 2004). In this study, ChIP was instrumental to certify that endogenous
ERRa from MCF7 breast cancer cells could truly recognize its own promoter
in vivo, in the region containing the polymorphic element. Considering that one
important limitation in the development of ChIPs and the discovery of direct
target genes is often hindered by the absence of a known functional target of
the factor of interest, publishing the first ERRo ChIP will make more
accessible subsequent ChIP studies for our and other laboratories. Since we
described the autoregulation of ERRo, we think that ERRa is likely to
modulate its expression through this mechanism in most systems and thus be a
valid ERRo. target gene in the majority of cells and tissues where it is
expressed. In addition, the 23 bp sequence containing the responsive element is
present in the mouse genome. Therefore, we presume that the discovery of this
direct target gene will be of great use for the development of the mouse and

human ERRa ChIP-based approaches in various cell lines and tissues.

6.4 ERRa directly controls mitochondrial function

Recent studies revealed that ERRa levels were increased following treatments
with cytokines in macrophages (Barish et al., 2005). This observation prompted
us, in collaboration with Dr. Evans laboratory, to evaluate its importance in
these cells in addition to providing us with a relevant and appealing

physiological context for the identification of ERRa direct target genes.
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We used a 19,000 promoters array constructed by Dr. Robert laboratory
and performed ERRo ChIP-on-chip in mouse macrophages stimulated by the
cytokine IFN-y.

An impressive amount of ERRa targets (11%) were promoters of genes coding
for proteins involved in all steps controlling the mitochondrial respiratory
chain. Therefore, our genome-wide promoter binding profiling is in agreement
with other reports suggesting a role for ERRa in the control of energy
homeostasis through mitochondrial functions but reveals an extensive
cataloguing of its direct target genes, which had not been previously described
in the literature. It also seems that ERRo controls mitochondrial function
regardless of the tissue type, a finding that is further supported by other recent
experiments in Dr. Giguére’s laboratory showing that these pathways are also

targeted by ERRa in the mouse heart.

6.5 ERRa in cancer

Recent studies have demonstrated that ERRo expression is a negative
prognostic factor for disease-free survival in breast cancer. It was demonstrated
that ERRa expression in greater than 10% of malignant cells was associated
with a 20% decrease in overall disease-free survival at 13 years, in accordance
with the observation that ERRa and HER2 expression positively associate in
advanced, tamoxifen-resistant, and/or ERa-negative tumors (Ariazi et al., 2002;
Suzuki et al., 2004). ERRa has also been suggested to play a role in ovarian,
colorectal and prostate cancers (Cavallini et al., 2005; Cheung et al., 2005; Sun
et al.,, 2005). Although the role of ERRu in these cancers remains to be
determined, its expression and association with a negative prognosis suggests

that it may be a useful target for therapy.
Current suggested roles for ERRa in breast cancer mostly have to do

with its resemblance to ERa. It has been put forward that ERRa could

somehow replace ERa action in an estrogen-independent manner, through the
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control of the same regulatory regions due to high degree of similarity of their
DBDs. This way, ERa target genes would remain expressed and tumors highly
proliferative in a hormone-independent manner, i.e. even in the absence of
functional ERa, in addition to be resistant to endocrine therapies. However, the
first part of ChIP studies performed with the MCF-7 breast cancer model
contrasts with this hypothesis. In fact, from the ERa-bound promoters
identified, in addition to distal regulatory modules isolated by Carroll et al. on
chromosome 21 and 22 and targets isolated by ChIP-cloning, we tested ERRa
binding by standard ChIP to over 20 sites. Surprisingly, none were bound by
ERRoa neither in absence or presence of estrogen (data not shown). The reverse
was also true since no ERRa target was bound by ERa in these cells (about 10
tested). Thus, although no genome-wide location analysis have been performed
for ERa and ERRo in the same cell type for the exact comparison of their
targets, it seems that ERRa functions are less related to that of ERa than
anticipated. Despite their similar DBD that allows the recognition of similar
response elements in vitro, ERo. and ERRa seem to have distinct requirements
for DNA binding in vivo. These observations do not exclude a role for ERRa in
breast and other cancers. The fact that ERRa can control mitochondrial
function in several systems namely macrophages, heart, and breast cancer cells
suggests that attention should be paid to the roles played by these pathways in
cancer. It is tempting to suggest an association between ERRa and the
production of reactive oxygen species (ROS) in cancer cells. ROS are oxygen-
containing chemical species with reactive chemical properties, such as
superoxide (02-), hydroxyl radicals (HO-) and hydrogen peroxide (H202).
They are generated through a variety of pathways, most importantly during
oxidative phosphorylation occurring in mitochondria, which are considered as
the major source of ROS in a cell (Richter et al., 1995). Increased ROS
generation in cancer cells has been reported (Konstantinov et al., 1987,
Szatrowski and Nathan, 1991; Zhou et al., 2003). The augmented amounts of
ROS in cancer cells may have important consequences such as stimulation of

cellular proliferation, promotion of mutations and genetic instability and
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alterations in cellular sensitivity to anticancer agents (Pelicano et al., 2004).
Therefore, increased ERRa. expression leading to augmentation of oxidative
phosphorylation could cause higher ROS production and play a role in breast
cancer. Another possibility concerns the observation that ERRa controls
cellular movement in Zebrafish. This could be another interesting avenue for
studies, since ERRa might regulate other related events in human pathology
such as metastasis (Bardet et al., 2005; Bardet et al., 2006). Therefore, albeit
ERRo might not influence estrogenic pathways as first expected, ligands
currently under development might offer promising avenues in the treatments

of some cancers where ERRa is overexpressed.
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CONCLUSION

We have successfully developed and used ChIP-derived approaches and
significantly contributed to the knowledge of nuclear-receptor driven
mechanisms of transcriptional regulation at the genome level. We portrayed
previously unexplored regions of the genome that are crucial regulators of the
estrogen dependence of breast cancer and ERRa’s predominant action in
mitochondrial function. We have elucidated novel aspects of ER and ERR
functions notably the genomic pathways they control, the complexity of their
regulatory feedback mechanisms, their collaboration with transcriptional
partners as well as providing insights into their action in physiology and

pathology.
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Chapter VII Contribution to Original Research

CHAPTER VII: Contribution to Original Research

Chapter II:

I have defined 11 novel functional binding sites of ERa in breast cancer
cells.

I have shown that an intronic ERE controls RARa expression,
providing a new mechanism for its regulation by estrogens, as well as
highlighting that ER action is not restricted to promoter regions.

Chapter I1I:

I have identified over 150 direct target promoters bound by ERa in vivo
in breast cancer cells, which:

1. significantly expands our comprehension of the primary
pathways monitored by estrogens in breast cancer.

2. provides a great number of bona fide target regulatory regions
for the study of ERo. various mechanisms of action on specific

genes.

I have shown an essential role of FOXA1 for the recruitment of ERa to

a subset of promoters, in addition to being regulated by estrogens,
which implies that:

1. FOXAI cooperates with ERa in breast cancer cells.
2. FOXALI is a licensing factor that compartmentalizes the
hormonal response.

Chapter 1V:

I have described an autoregulatory polymorphism in the ESRRA
promoter.

I have shown that ERRa controls its own regulation through direct
binding to its own promoter, through the polymorphic element.

Chapter V:

I have described over 100 genuine targets for ERRa in mouse
macrophages

I have provided data supporting an important role for ERRa in
mitochondrial function
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[19] Nuclear Receptor Target Gene Discovery Using High-
Throughput Chromatin Immunoprecipitation

By JOSEE LAGANIERE, GENEVIEVE DEBLOIS, and VINCENT GIGUERE

Introduction

Nuclear receptors are master transcription factors that regulate the
development, physiology, and homeostasis of whole organisms through
direct control of gene expression in response to diverse ligands and
hormonal stimuli.' Nuclear receptors regulate the expression of their target
genes through association with specific DNA regulatory elements.”> While a

'D. I. Mangelsdorf, C. Thummel, M. Beato, P. Herrlich, G. Schiitz, K. Umesono, B. Blumberg,
P. Kastner, M. Mark, P. Chambon, and R. M. Evans, Cell 83, 835 (1995).
2C. K. Glass. Endocr. Rev. 18, 391 (1994).

Copyright €3 2003 by Elsevier. Inc.
Alt rights of reproduction in any form reserved
METHODS IN ENZYMOLOGY, VOL. 364 0076-6879/2003 $35.00



o

340 NUCLEAR RECEPTOR TARGET GENES AND EFFECTORS  [19]

significant number of nuclear receptor target genes have been identified to
date, it is believed that these genes represent only a small fraction of the
regulatory units likely to be under the control of nuclear receptors. Most
nuclear receptor target genes identified so far were characterized through
“gene oriented” approaches that study the regulation of one candidate gene
at a time, and these studies are usually limited to the promoter region.
However, in order to understand the complex nuclear receptor-driven
transcriptional networks that operate in a living organism, a whole genome
approach is required and now feasible. Here, we describe a powerful
“nuclear receptor/whole genome-oriented” approach to identify and more
accurately study nuclear receptor regulatory networks.

Strategy

We took advantage of the recent advances in chromatin immuno-
precipitation (ChIP)»* and associated cloning procedures”®”’ to develop a
high-throughput ChIP technique to identify primary nuclear receptor
target genes. Nuclear receptors associate with the regulatory elements of
their potential target genes leading to transcriptionally active chromatin.
Formaldehyde can be used to cross-link the receptors and associated
cofactors bound to DNA in living cells. Following isolation and fragmen-
tation, the chromatin is immunoprecipitated using a specific antibody raised
against the nuclear receptor of interest. Cross-link reversal and DNA
purification is then performed, and the isolated fragments are cloned in a
suitable vector for sequencing. Bioinformatic analysis of the fragments
obtained is performed using the recently available human genome databases
to localize the isolated regulatory elements and thus, identify associated
target genes. The strategy is outlined in Fig. 1.

We have adapted a high throughput ChIP technique to clone target
sequences bound by the estrogen receptor o (NR3A1, ERe) in the MCF-7
cell line upon estradiol (E,) stimulation. This technique, used for the
isolation of regulatory elements bound by the ERe in vivo, can be applied to
other sources of materials (cell lines or dissociated primary cells) and other
classic or orphan nuclear receptors.

V. Orlando. Trends Biochem. Sci. 28, 99 (2000).

*y, Shang. X. Hu, J. DiRenzo, M. A. Lazar, and M. Brown, Ce/l 103, 843 (2000).

1. Wells and P. J. Farnham, Methods 26, 48 (2002).

SA.S. Weinmann, S. M. Bartley, T. Zhang, M. Q. Zhang, and P. J. Farnham, Mol. Cell. Biol.
21, 6820 (2001).

"A. 8. Weinmann, P. $. Yan, M. J. Oberley, T. H. Huang, and P. J. Farnham, Genes Dev. 16,
235 (2002).
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FiG. 1. Use of ChIP for the isolation of nuclear receptors DNA regulatory sequences.
Following a cross-linking step, the cells are lysed and the chromatin is fragmented by
sonication. A specific antibody directed against the nuclear receptor of interest is used in two
sequential IP experiments to improve the purity of the complexes. After cross-link reversal and
DNA purification, the isolated fragments are repaired, cloned, sequenced. and localized in the
human genome database. For new target validation, an independent standard ChIP assay with
PCR primers specific for the newly isolated sequence is performed to assess the actual binding
efficiency of this sequence to the receptor. Isolated DNA fragments are subcloned into a
reporter plasmid and assayed in transient transfection to confirm their regulatory properties.
Quantitative RT-PCR is performed in the same cell line used for the ChlP assay, and analyzed
for changes in levels of expression of a candidate target gene to confirm the transcriptional
regulatory role of the receptor.

Cell Culture and Chromatin Preparation

To study ER« association with regulatory DNA sequences upon E,
stimulation, we used the ER-positive human breast carcinoma cell line
MCE-7. Approximately, 1.5 x 107 cells were used for a single ChIP on
endogenous ERe. Cells were routinely cultured in phenol-red-free Dulbecco’s
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Minimal Essential Medium (DMEM) as previously described.® Seventy-two
hours prior to chromatin extraction, the media containing 10% complete
fetal bovine serum (FBS) was replaced by phenol red-free DMEM
supplemented with 10% charcoal-dextran treated FBS (steroid deprived).
Prior to chromatin extraction, the cells are treated with either 107" M E,
(Sigma, St. Louis, MO) or vehicule (ethanol) for 30-45 min.*

When studying the association between orphan nuclear receptors and
their target regulatory sequences, no addition of ligand is required prior to
performing the ChIP, and the cells can be routinely cultured in DMEM
supplemented with 10% complete serum. However, in the event that cross-
talk in gene regulation between an orphan nuclear receptor and a ligand-
inducible nuclear receptor is suspected, the cells should be maintained in a
manner not to interfere with specific nuclear receptor signaling, such as in
a steroid-deprived serum.

Following E, treatment, bound proteins are immediately cross-linked
to DNA upon addition of formaldehyde directly into the medium to
a final concentration of 1%. After 10 min of incubation at room
temperature on a shaking platform, the cross-linking reaction is stopped by
addition of glycine to a final concentration of 0.125 M, and incubated
for 5 more minutes at room temperature as previously described.” The
duration of the cross-linking reaction needs to be accurately monitored
since extensive exposure of the cells to formaldehyde can lead to a
decreased yield in chromatin isolation and to poor immunoprecipitation
(IP) efficiency. Following the cross-linking step, the cells are washed
twice with ice-cold phosphate-buffered saline (PBS) and scraped in
ice-cold PBS.

Chromatin preparation is carried out as follows. The PBS-harvested
cross-linked cells are centrifuged at 1500 rpm for 10 min at 4°C, the pellet is
resuspended in a suitable volume (200 .l per 1.5 x 107) of lysis buffer [1%
SDS, 10 mM EDTA, 50 mM Tris-HCl, pH 8.1, supplemented with
complete, mini, EDTA-[rec protease inhibitor cocktail (Roche, Molecular
Biochemicals, Indianapolis, IN)] and incubated on ice for 10 min. The
lysates are sonicated five times at setting 10 with the sonicator (model
Virsonic 60, Virtis, NY) for 7-8 sec each time. This step needs to be
optimized according to the sonicator and the cell line used. At this point, it
is important to verify the length of the chromatin fragments resulting from
the sonication step. An aliquot of the sonicated lysates is removed,
incubated at 65°C for at least 6 hr to reverse the formaldehyde cross-linking,

8G. B. Tremblay, A. Tremblay, N. G. Copeland, D. J. Gilbert, N. A. Jenkins, F. Labrie, and
V. Gigueére, Mol. Endocrinol. 11, 353 (1997).
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purified using QIAquick spin PCR purification kit (Qiagen, CA), and
analyzed on a 1% agarose gel. For a standard ChIP assay and for cloning
ChIP-obtained DNA fragments, the average size of the DNA fragments
should be approximately 1000 bp.” While this verification step is in progress,
the remaining sonicated lysates can be frozen at —80°C. Further sonication
steps can be carried out to obtain the desired fragment length, At this
point, the sonicated lysates are centrifuged for 10 min, the supernatants
collected and diluted 10 x in ChIP dilution buffer (0.5% Triton X-100,
2 mM EDTA, 150 mM NaCl, 20 mM HEPES, pH 8) to achieve a final SDS
concentration of 0.1%.

Chromatin Immunoprecipitation

Prior to performing the actual ChIP, it is important to remove and
freeze an aliquot of the diluted fragmented chromatin corresponding to
10% of the total amount used for one IP. The antibodics (Ab) used to
perform ChIP on endogenous ERe in MCF-7 cells were «ERa Ab-1
(Neomarker, Fremont, CA) or «ER« HC-20 (Santa Cruz Biotechnology,
Inc., Santa Cruz, CA).* The Abs must have previously been shown to be
suitable for IP. The ChIP procedure is essentially carried out as previously
described.* Tmmunoclearing of the diluted chromatin is achieved by
incubating for 1 hr at 4°C with 40 ul of salmon sperm DNA-protein A
agarose (Upstate Biotechnology, Inc., Lake Placid, NY: provided as 50%
slurry in 10 mM Tris-HCI, pH &, | mM EDTA, 0.05% sodium azide). IP is
performed overnight at 4°C using a specific antibody. Following 1P, 40 pul
of salmon sperm DNA-protein A agarose is added and the incubation is
pursued for 2 more hours. The precipitates are washed sequentially for
10 min each with low-salt wash buffer (0.1% SDS, 1% Triton X-100, 2 mM
EDTA, 20 mM Tris-HCI, pH 8.1, 150 mM Na(Cl), high-salt wash buffer

500 mM NaCl), and LiCl wash buffer (0.25 mM LiCl, 1% NP-40, 1%
deoxycholate, 1 mM EDTA, 10 mM Tris-HCI, pH 8.1). Precipitates
are then washed three times with TE buffer and eluted twice for 15-30 min
each time on vortex sct at 3 with 75 ul of elution buffer (1% SDS, 0.1 M
NaHCO,).” The pooled cluates and the input are incubated at 65°C
for at least 6 hr to reverse the formaldehyde cross-linking. The isolated
DNA fragments are then purified according to the QIAquick Spin Kit
protocol (Qiagen, CA) and used for quantitative PCR analysis of the ChlP
assay. It is advisable to validate that the first ChIP was successful and
specific by standard ChIP assay of a known target sequence (refer to section
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F16G. 2. Standard ChlP assay for ERe in MCF-7 cells on the pS2 promoter. MCF-7 cells
were treated with estradiol or vehicle for 45 min and submitted to standard chromatin IP with
ERe antibody. The purified DNA was used as a template for quantitative PCR amplification of
the pS2 promoter and for a 5-kb upstream region (Control). The percentage of IP (%IP) was
determined by comparing with a 2% input sample. Any %IP below 0.2% is considered
nonsignificant. The pS2 promoter can be efficiently immunoprecipitated by an ERe antibody in
Eo-treated cells, and to a lower extent in nontreated cells.

that the criteria for standard ChIP discussed in this section are achieved
before beginning the cloning procedure.

Cloning of Fragments Isolated by ChIP

For cloning the fragments, we suggest that a sccond purification step be
performed; cloning subsequently to a single ChIP may lead to the isolation
of a considerable amount of clones containing nonspecific sequences, such
as repeat DNA. The first ChIP is carried out as described earlier, with the
exception that the eluates are pooled, rediluted 10 x in ChIP dilution buffer,
and reimmunoprecipitated using the same Ab for ERw prior to the reversal
of the cross-link. The use of a different Ab (if available) for the second IP is
a good way to increase the stringency of the technique, further reducing the
isolation of nonspecific sequences. The subsequent steps for the second
ChIP are carried out as described for the first ChIP.

The ends of the isolated fragments from the double ChIP procedure
are then repaired with T4 DNA polymerase (MBI Fermentas Inc., ON) and
repurified with the QIAquick Spin Kit (Qiagen, CA). The blunt fragments
are then cloned into a suitable vector [such as the Ready-to-go pUCIS§
Smal/BAP + Ligase kit (Pharmacia, NI} for further sequencing analysis.
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Following transformation of the ligation reaction and DNA purification,
inserts are sequenced using an automated sequencer and appropriate
primers.

Criteria for the Analysis of the Isolated Sequences

The cloned sequences are analyzed using BLASTn search on the private
CELERA human genome database (http://www.celeradiscoverysystem.
com) or the public database (http://www.ncbi.nlm.nih.gov/BLASTY/).
Several criteria are taken into consideration for the analysis and validation
of the sequences obtained.

1. The sequence isolated has to be long enough (> 300 bp) to facilitate

following sequence analysis.

A perfect match has to be obtained between the isolated sequence

and the genome sequence to ensure the localization specified by the

search.

3. The BLASTn result has to be unique among the genome, since a
sequence leading to multiple blast results could represent a repeat
that was isolated in a nonspecific manner.

4. Localization to the closest annotated gene from the isolated
sequence is the next criteria to consider. Immediate proximity
(<~ 1 kb) of the isolated sequence to the transcriptional start site of
a gene indicates a possible promoter function of the sequence
isolated. Sequences situated further 5 or 3’ from a gene (we used
50 kb as an arbitrary cutting point) indicates a possible role as an
enhancer.

5. The sequence is examined for the presence of consensus half-sites
or complete hormone response elements (HRE).® However,
analysis of the sequences should be extended to sites for other
transcription factors, as nuclear receptors can activate the transcrip-
tion of target genes via interaction with other complexes that
associate with DNA (such as Sp1).'"” In addition, as transcription
factors are known to bind next to each other in regulatory
regions, the presence of other known transcription factor consensus
binding sites should also be taken into consideration as it can give
insights about the potential regulatory properties of the isolated
SeQUEnces.

|8

K. Umesono, K. K. Murakami, C. C. Thompson, and R. M. Evans, Cel/ 65, 1255 (1991).
Wy Krishnan, X. Wang, and S. Safe, J. Biol. Chent. 269, 15912 (1994).
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Validation and Analysis of the Isolated Sequences
Standard ChIP Assay

As discussed earlier, a standard ChIP assay defined as a PCR on the
DNA fragments isolated using a single IP should first be performed to:

1. Validate each ChIP experiment using a known target sequence to
which the receptor binds (positive control).

2. Validate the TP of a newly isolated and cloned sequence (standard
ChIP).

For convenience and accuracy, we used quantitative PCR for the standard
ChIP assay.

Validation of the ChIP Experiment ( Positive Control)

Primers are designed to amplify a positive control sequence to which the
receptor of interest is known to associate to upon ligand binding. This is
done to validate the actual ChIP experiment. Negative control primers
situated form 3 to 5 kb upstream or downstream of the region analyzed for
nuclear receptor binding are also designed to ensure the specificity of the
immunoprecipitated fragment. The PCR product length should be around

For standard ChIP assay. a control IP performed in the absence of Ab
(basal control) is carried out for each treatment and used to compare with
the actual IP reaction. Samples corresponding to 0.5, 1, and 2% of input are
kept for quantification on the Light Cycler to calculate the ChIP efficiency
of the target sequence compared to the negative control, for both the IP and
the control.

The percentage of sequence immunoprecipitated reflects the affinity of
association of the nuclear receptor to the target sequence and can be
calculated using the formula:

%IP = 2!+ (1)

where n; and n are the number of cycles at which the exponential portion
of the curves for product formation is most efficient for the 2% input and
the sample, respectively. This formula is derived from the assumption that
an efficiency of two is achieved for the Light Cycler PCR reactions.
In a standard ChIP assay, the sequence has to be immunoprecipitated
at higher percentages than the basal control (no Ab);, a significant IP
percentage (%IP) has to reach at least 0.2%.° The %IP of the 5-kb upstream
negative control must be insignificant (lower than 0.2% IP) in all the
samples. Moreover, the difference in the %IP between the basal control
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(no Ab) and the sample (with Ab) must be significantly higher in the target
sequence compared to the negative control (~35 kb upstream). The
difference in the IP percentages between the treated and the non-treated
purified DNA fragments from the ChIP experiment indicates at which
extent the addition of the ligand recruits the receptor to the regulatory
element.

Since it had already been shown that the human TFFI (pS2) gene
promoter is occupied by ER« upon Es treatment,'' it was used as a positive
control for the validation of our ChIP experiment (sce Fig. 2).* The pS2
promoter primers were used with an annealing temperature of 62°C on the
quantitative Light Cycler, using SYBR Green Light Cycler kit 1 (Roche
Molecular Biochemicals, CA) (Fig. 2). To further confirm the specificity of
the binding, another set of primers was designed for a negative control
sequence situated approximately 4-kb upstrcam of the studied regulatory
sequence. As shown, all negative controls are under the 0.2% IP baseline,
and ChIP targets reach higher %IP.

Validation of a ChIP experiment with a known target sequence as
positive control is an important step to ensure the accuracy and the
specificity of the ChIP technique, before cloning the purified DNA
fragments. However, we are aware that it may not always be possible to
have access to a known target sequence for some specific nuclear receptors
in some particular cell lines. The use of other cell lines with known target
sequences for the receptor of interest could also be used (when available) to
develop the experimental conditions of the ChIP.

Validation of a Newly Isolated and Cloned Sequence

The standard ChIP assay is similarly used to validate the potential
association between the nuclear receptor and the newly cloned sequence.
Specific ChIP primers are designed for the cloned sequence of interest, as
well as for a negative control sequence (~ 5 kb upstream or downstream),
and are used with quantitative Light Cycler to assess the enrichment of this
potential regulatory sequence in the ChIP samples. This step allows to
discriminate between true and false positives that have been cloned using the
double ChIP-cloning technique.

It is interesting to note that onc of the clones isolated upon ChIP
cloning following a single ER IP was a 389-bp fragment encompassing the
pS2 promoter. The isolation of this promoter in the cloning step, thus served
as a positive control for our technique.

1. Giamarchi, M. Solanas, C. Chailleux, P. Augereau, F. Vignon, H. Rochefort, and
H. Richard-Foy, Oncagene 18, 533 (1999).
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Changes in Gene Expression Levels Induced by Nuclear Receptors

Once the association of the receptor with the cloned regulatory sequence
has been firmly established using standard ChIP assay, the influence of the
nuclear receptor on mRNA expression of a specific target gene close to the
sequence of interest needs to be assessed. Quantitative RT-PCR experiment
is intended to quantify the levels of specific mRNA corresponding to the
expression of this specific gene in the cell line over several time points,
following E, or other ligand treatment. For example, pS2 RT-PCR primers
were designed to perform quantitative RT-PCR on cDNA from MCF-7
cells that were either treated or not with E, (1077 M) for a specific period of
time. Quantitative RT-PCR using Light Cycler instrumentation and the
SYBR Green detection kit 1 was carried out, and the upregulation of
the target gene was obvious upon treatment of the cells with E,, at all the
time course tested with respect to the samples obtained from untreated cells
(Fig. 3).

This assay should be applied to all the potential target genes, and can
also be adapted for orphan nuclear receptors by introducing siRNA (or a
vector-based expression of siRNA) directed against the specific orphan
nuclear receptor in order to knockdown its expression and analyze changes
in the levels of expression of putative target genes.'”

Fold induction

1 3 6 12 24
Time (hours)

Fi1G. 3. Quantitative RT-PCR showing the E, response of the pS2 gene in MCF-7 cells. Total
cDNA from MCF-7 cells treated with E, for 1, 3, 6, 12, and 24 hr is used for quantitative
RT-PCR of a specific gene, and compared with control cells.

27, R. Brumumnelkamp, R. Bernards, and R. Agami, Science 296, 550 (2002).
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Transient Transfections with Reporter Luciferase Assay

Once it has been established that the cloned sequence is enriched in
standard ChIP, and thus associates with the receptor or a complex
containing the receptor, it is suggested to test the ability of the cloned
sequence to confer nuclear receptor responsiveness to a basal reporter gene.
The DNA sequence is subcloned upstream of the TK-Luciferase (TK-Luc)
reporter gene (or other suitable basal expression vectors) to be used in
transient transfection assays in responsive cells using Fugene 6 reagent
(Roche Molecular Biochemicals, CA). The cell line used for transfections
should preferentially be the same as the one used as the starting material for
the double ChIP cloning reactions. In the case of ligand-induced nuclear
receptors, addition of ligand is necessary to observe the transcriptional
activity of the receptor on the TK-Luc gene via the sequence of interest. On
the other hand, it would be difficult to study the level of transcriptional
activation induced by orphan nuclear receptors via its target regulatory
sequences, since the absence of ligand for these receptors imply the lack of
a basal transcriptional level to compare with. This problem can be overcome
by using a different cell line that does not express the orphan receptor
to perform the luciferase assay. However, this alternative might as well
become problematic, since the cell line used might lack other factors
necessary for transcriptional activation by the receptor on the studied
regulatory sequence. The use of siRNA as described earlier constitutes a
viable alternative.

The pS2 promoter isolated was cloned upstream of a luciferase
reporter gene and transfected in MCF-7 cells that were either treated or
not with E, (107 M). It was found that the luciferase gene was
transcriptionally activated upon E, treatment, confirming the regulatory
effect of the isolated pS2 promoter on transcriptional activation of the
target gene as previously observed. "’

At this point, it may be suitable to determine which sequence(s)
present in the cloned fragment is the site of action of the nuclear receptor.
A panoply of well-developed techniques can be used to characterize the
regulatory element.'*

Conclusion

The development of high-throughput ChIP technology, now permits a
whole-genome analysis of gene regulation by nuclear receptors. The efficient

D, Lu, Y. Kiriyama, K. Y. Lee, and V. Giguére, Cancer Res. 61, 6755 (2001).
M. Shago and V. Giguére, Mol. Cell. Biol. 16, 4337 (1996).
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cloning of new regulatory elements harboring high-affinity-binding sites for
specific nuclear receptors can now be efficiently achieved, and allows for the
identification of new target genes within a particular cell context. These
studies will increase our knowledge of gene regulation via their promoters
and enhancers. Since these procedures can be adapted to all nuclear
receptors and other transcription factors, it should also be possible to
discover transcriptional cross-talks between distinct regulatory networks,
For this need, ChIP cloning can be used as a basis for the generation of
regulatory regions arrays, allowing ChIP-microarray studies to analyze the
binding of different nuclear receptors and transcription factors to these
regulatory modules in different cell contexts, such as in normal versus cancer
cells. In turn, these studies should lead to a better understanding of many
diseases and to the development of better drugs for their treatments.
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The identification of regulatory regions is one of the most important and challenging problems toward the
functional annotation of the human genome. fn higher eukaryotes, transcription-factor (TF) binding sites are often
organized in clusters called cis-regulatory modules (CRM). While the prediction of individual TF-binding sites is a
notoriously difficult problem, CRM prediction has proven to be somewhat more reliable. Starting from a set of
predicted binding sites for more than 200 TF families documented in Transfac, we describe an algorithm relying on
the principle that CRMs generally contain several phylogenetically conserved binding sites for a few different TFs.
The method allows the prediction of more than 18,000 CRMs within the human genome. A subset of these is shown
to be bound in vivo by TFs using ChiP-chip. Their analysis reveals, among other things, that CRM density varies
widely across the genome, with CRM-rich regions often being located near genes encoding transcription factors
involved in development. Predicted CRMs show a surprising enrichiment near the 3’ end of genes and in reglons far
from genes. We document the tendency for certain TFs to bind modules located in specific regions with respect to
their target genes and identify TFs likely to be involved in tissue-specific regulation. The set of predicted CRMs,
which is made available as a public database called PReMod (http://genomequebec.mcegill.ca/PReMod), will help
analyze regulatory mechanisms in specific biological systems.

[Supplemental material is available online at www.genome.org.]

The regulation of gene expression is at the core of many impor-
tant biological processes such as cell growth, division, differen-
tiation, and adaptation to the extracellular environment. Gene
expression is regulated in large part at the transcription level,
with transcription factors (TFs) binding their specific DNA regu-
latory elements and activating or repressing transcription. The
identification and characterization of these DNA regulatory ele-
ments are among the most important and challenging tasks for
molecular biologists in the post-genome era.

T¥s typically have an affinity for short, 5-15 bp, degenerate
DNA sequences. Decades of work in many laboratories have led
to the identification of consensus-binding motifs for hundreds of
these TFs. These binding motifs are generally represented by po-
sition-weighted matrices (PWM). In principle, examination of
the human genome with these PWM should aliow for the iden-
tification of TF-binding sites (TFBSs), and hence, regulatory re-
gions; but the size of the genome, combined with the fact that
TE-binding motifs are short and degenerate, complicates this task
enormously. Indeed, these motifs can be found everywhere in
the genome and experiments have shown that only an extremely
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small proportion represent bona fide TFBSs. The binding of a TF
is thus not simply a function of the theoretical affinity for a DNA
site, but also of a number of other factors like the chromatin
environment and the cooperation or competition with other
DNA-binding proteins. In higher eukaryotes, TFs rarely operate
by themselves, but rather bind to DNA in cooperation with other
DNA-binding proteins, The DNA footprint of this set of factors is
called a cis-regulatory module (CRM), which consists of a set of
TFBSs located in a DNA region of up to a few hundred bases
located in the vicinity of the gene being regulated. These mod-
ules have been the focus of much work recently (Davidson 2001),
particularly in the context of the gene regulation during devel-
opment (Howard and Davidson 2004), and are believed to be key
features of most transcriptional regulatory processes in mam-
mals.

Several features of known CRMs can be used to recognize
new modules as follows: (1) CRMs are generally composed of
several binding sites for a few different TFs; (2) CRMs, and in
particular the binding sites they contain, are generally more evo-
lutionarily conserved than their flanking intergenic regions, and
(3) genes regulated by a common set of TFs tend to be coex-
pressed. Different combinations of those characteristics have
been used, often in conjunction with PWM information, to pre-
dict regulatory elements for specific TFs. However, very few ex-
isting methods are designed to be applied on a genome-wide
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scale without prior knowledge about sets of interacting TFs or sets
of coregulated genes (the main exception being the regulatory
potential analysis of Kolbe et al. [2004] and King et al. [2005]). To
date, the general properties of human nonpromoter regulatory
regions indeed remain largely unexplored.

Here, we describe an algorithm that allows the identification
of about 118,000 putative CRMs, based on predicted sites of 229
families of human TFs (represented by 481 PWMSs). We refer to
these regions as “predicted cis-regulatory modules” (pCRMs). To-
gether with the regions predicted for regulatory potential by
Kolbe et al. (2004), this constitutes the first genome-wide, non-
promoter centric set of human cis-regulatory modules, although
related studies have been reported for yeast (Segal et al, 2003) and
for human promoters (Bajic et al. 2004; Segal and Sharan 2005;
Robertson et al. 2006). More importantly, in the analysis our set
of pCRMSs yields a number of novel insights into the mechanisms
of gene regulation. After experimental validation of some of our
predictions using a combination of chromatin immunoprecipi-
tation and DDNA microarrays (ChiP-chip), we used these predic-
tions to explore the regulatory potential of the human genome.
We show that, despite the fact that our pCRMs undoubtedly
contain a significant number of false positives, the whole-
genome approach provides sufficient statistical power to formu-
late specific biological hypotheses. For example, (1) the CRM
density is unexpectedly high downstream of the 3’ end of genes,
hinting at a possible involvement in regulating antisense tran-
scription; (2) the regions that are the densest in CRMs are asso-
ciated with developmental TFs; (3) different TF families have
binding sites that are enriched in different regions relative to
their target genes; (4) certain TFs or combination of TFs are as-
sociated with tissue-specific regulation. The Web-accessible data-
base that accompanies this study will prove useful to experimen-
tal biologists interested in the regulation of specific genes, and
will allow further bioinformatics and data-mining efforts,

Results and Discussion

Existing methods for cis-regulatory module prediction

The problem of computationally predicting cis-regulatory mod-
ules has been extensively studied in the last few years. Most pre-
dictive methods are either based exclusively on sequence data
(see below), but some attempt to take advantage of gene expres-
sion data (Segal et al. 2003; Thmels et al. 2004; Kloster et al. 2005;
Wang et al. 2008) or DNasel hypersensitivity data (Noble et al.
2005). Sequence-based algorithms have been developed along
several lines. In the most studied case, the promoters of a set of
(presumably) coregulated genes obtained from some prior experi-
ments is analyzed to identify overrepresented motif combina-
tions likely to be responsible for the gene’s coregulation (Wasser-
man and Fickett 1998; Krivan and Wasserman 2001; Aerts et al.
2003, 2004; Sharan et al. 2004; Thompson et al. 2004; Zhou and
Wong 2004; Gupta and Liu 2005; Segal and Sharan 2005). Other
approaches assume that the user provides a small set of transcrip-
tion-factor PWMs that are expected to co-occur in modules, and
identifies genomic regions densely populated in putative sites for
these TFs (Bailey and Noble 2003; Frith et al. 2003; Johansson et
al. 2003; Sinha et al. 2003, 2004; Alkema et al. 2004). None of
these two families of approaches are applicable in our setting,
where we do not have sets of coregulated genes to train from, and
where we have little prior knowledge about combinations of fac-
tors that are likely to co-occur to form modules.

To our knowledge, the only computational approach that
has been used for de novo, genome-wide prediction of regulatory
regions is the method of regulatory potential estimation from
Hardison’s group (Kolbe et al. 2004; King et al. 2005). This
method is trained to recognize sequence features and interspecies
conservation patterns that allow us to distinguish between
known regulatory regions and nonfunctional sequences. A com-
parison of the results obtained by this approach and ours is given
below.

A new algorithm for prediction of cis-regulatory modules

We designed a computational method with the goal of (1) iden-
tifving the DNA regions within the human genome that are
likely to be important for regulating gene expression and (2)
predicting what TFs are likely to bind these regions. Because our
interest does not lie on any specific TF or specific system, but
rather on having a global map of the regulatory elements of the
entire genome, we exploited the fact that PWMs representing
binding sites for a few hundreds of TFs have been described in
databases such as Transfac (Matys et al. 2003) and JASPAR (San-
delin et al. 2004). Our algorithm takes advantage of the fact that
regulatory regions often consist of clusters of binding sites for a
tew different TFs and that they are more conserved than their
tlanking intergenic DNA (Davidson 2001; Bulyk 2003; Levine
and Tjian 2003). Our approach, based on the detection of statis-
tically significant clusters of phylogenetically conserved TFBSs,
shares some of the features of algorithms previously proposed by
Sharan et al. (2004) and Aerts et al. (2004), but differs in that it
allows the detection of modules without prior knowledge regard-
ing which TFs are likely to be involved together in modules of
interest. Our method also shares some similarities with the word-
based approach of Philipakis et al. (2005), but uses a very differ-
ent approach to module scoring.

Our algorithm involves two steps (see Fig. 1 and Methods for
more details) as follows:

481
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Figure 1. Overview of the CRM prediction algorithm. TFBS predictions
for different PWMs are shown with different geometric shapes and their
size indicates the score of the hit. Hits from individual species are com-
bined using a weighted average method to compute the “Aligned hits,”
The most significant (up to five) aligned hits are considered as “Tags” for
the corresponding region. The sum of the Tags scores is used to calculate
a “Module score” using a statistical significance estimation. This opera-
tion is performed for each position of the human genome, for sliding
windows of size 100, 200, 500, 1000, and 2000 bp.
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1. Identification and scoring of putative TFBSs using 481 Trans-
fac PWMs for vertebrate TFs (representing a total of 229 TF
families). To this end, each noncoding, nonrepetitive position
of the human genome within a human-mouse-rtat align-
ment block (based on MULTIZ genome-wide alignments
[Blanchette et al. 2004}) was evaluated for its similarity to each
PWM using a log-likelihood ratio score with a third-order
Markov background model parameterized based on the local
GC content. Corresponding orthologous positions in mouse
and rat genomes were evaluated similarly and a weighted av-
erage of the human, mouse, and rat log-likelihood scores at
aligned positions was used to define a “‘hit score” for each
human genomic position and each PWM. The scoring method
favors simuitaneous matches in all three species, which
greatly reduces the false-positive rate of predictions. Notice,
however, that the sites predicted need not be located within
large phylogenetically conserved regions, nor do they need to
be perfectly conserved across species.

2. Detection of clustered putative binding sites. Regulatory mod-
ules are often characterized by the presence of several binding
sites for each of a small number of TFs (Howard and Davidson
2004). We identified regions of, at most, 2 kb that are signifi-
cantly enriched in binding sites for one to up to five different
TFs. To assign a “module score” to a given region, the five TFs
with the highest total nonoverlapping scoring hits are chosen
as tags for the putative module, and a P-value is assigned to
the total score observed for the top one, two, three, four, or
five tags. The number of tags for a given module is chosen so
as to maximize the statistical significance of the hit density, so
a short region that would be dense in sites for one TF would
score well, as would a larger region with a few binding sites for
each of a handful of factors, The P-value computation takes
into consideration the number of factors involved (1-5), their
total hit scores, the overall genome-wide frequency of their
predicted hits, and the length and GC content of the region
under evaluation (see Methods).

Our algorithm was used to scan the regions of the human
genome that were alignable to the mouse and rat genome using
the MULTIZ program (Blanchette et al. 2004; these regions cover
34% of the human genome). This resulted in the identification of
118,402 predicted modules, covering 2.88% of the human ge-
nome. Taken as a whole, this set of pCRMs, although likely to
contain a non-negligible fraction of false positives, reveals a
number of properties of human gene regions.

Although we considered putative modules of size up to 2000
bp, 58% of the pCRMs are less than 500 bp long, with an overall
average length of 635 bp per CRM (see Supplemental Fig, S1A for
a size histogram). This size distribution is quite close to that of
the experimentally verified modules contained in the TRRD da-
tabase (Kolchanov et al. 2002). However, we cannot exclude the
possibility that some of the larger pCRMs are in fact made of
more than one biological CRM. Modules have, on average, 3.1
tags (see Supplemental Fig. S1B), with shorter modules usually
built from fewer tags than larger ones.

While the total number of individual sites predicted in
phase (1) of our algorithm varies significantly from one PWM to
another (see Supplemental Table $1), our procedure for correct-
ing for low-specificity matrices ensures that no PWM is chosen as
a tag too frequently. Supplemental Table S2 shows that tags are
not seriously biased toward particular matrices, a sign that our
algorithm for tag selection is sufficiently robust to avoid PWMs

with low specificity. The PWM chosen as a tag the most often
(5401 times, of 118,402 modules) is that for E2F, while the me-
dian PWM is selected as a tag in 704 modules. The PWMs that are
the most often chosen for tags fall under two categories. The first
is that of general promoter-associated factors, like E2F, ZF5, and
TBP, which are indeed expected to bind a large number of regu-
latory regions. The second set of common tags consists of ho-
meocbox T¥s (e.g., NKX family, POU family, etc.).

In silico validation of predicted modules

We evaluated the biological relevance of the pCRMs by measur-
ing the extent to which they overlap known regulatory elements
such as those compiled in the TRRD (Kolchanov et al. 2002),
Transfac (Matys et al. 2003), and GALA (Giardine et al. 2003)
databases. We also measured the overlap between the pCRMs and
other putative regulatory elements, such as “promoter” regions
(defined as the 1-kb region upstream of the transcription start
sites [TSS] of ali known genes), CpG islands (based on the UCSC
Genome Browser annotation {Karolchik et al. 2003]), and DNasel
hypersensitive sites (Dorschner et al. 2004; Sabo et al. 2004;)
from the Encode regions (Thomas et al. 2003). Figure 2A shows
that despite the fact that only about 2.88% of the genome be-
longs to pCRMs, our predictions contain about 40% of the bases
within modules annotated in GALA, 34% of the bases within
Transfac binding sites, and 20% of the bases within the TRRD
database. Our pCRMs are highly enriched within promoter re-
gions, especially those containing CpG islands. Indeed, when
considering the overlap between pCRMs and nonproximal (>1 kb
upstream) annotated regulatory regions, our sensitivity (Fig. 2C)
drops for all indicators except for the modules from the GALA
database, though all remain severalfold higher than expected by
chance (Fig. 2B,D). The significant enrichment for DNasel hyper-
sensitive sites is particularly interesting, as those represent an
unbiased probing of chromatin structure. Although the function
of these hypersensitive sites remains in most cases undeter-
mined, many are likely to be CRMs.

By definition, the sensitivity of our method for detecting
annotated regulatory regions increases with the number of mod-
ules that are predicted. This increase is very rapid for the first
~20,000 modules predicted, but the sensitivity for most indica-
tors then increases more slowly. This observation is likely due to
the fact that the modules that are the ecasiest to detect are those
located in promoter regions. These also turn out to be the regions
where most regulatory modules have been studied. However, the
fact that our most reliable indicators of performance (TRRD mod-
ules, GALA modules, and, to a lesser extent, hypersensitive sites)
continue to grow steadily after the first 20,000 pCRMs indicates
that nonproximal modules can still be identified, and justifies
considering a much larger set of modules.

Comparison to other genome-wide predictions

The ability of our algorithm to take advantage of interspecies
TFBS conservation contributes in good part to the accuracy of the
predictions. Indeed, the 34% of the human genome that lies
within an alignment block with the mouse and rat genome con-
tains 90% of bases within Transfac sites, 67% of those within
TRRD modules, and 87% of those within GALA regulatory re-
gions. Nonetheless, the sensitivity obtained by our pCRMs on
these indicators remains three to five times higher than what
would be obtained if modules were randomly predicted within
the alignment blocks. To measure more accurately the extent to
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which sequence conservation alone can be used to predict
known regulatory modules, sensitivity curves were computed
based on the noncoding interspecies conserved regions identified
by the PhastCons program (Siepel et al. 2005) (See Supplemental
Fig. $2). The sensitivity of pCRMs is consistently 30%-70%
higher than that of PhastCons elements for 1-kb “promoter” re-
gions and TRRD and GALA modules, while it is comparable for
Transfac and DNasel hypersensitive sites. The advantage of pCRMs
over PhastCons is most marked when only the highest-scoring half
of each set of predictions is considered, in which case, the pCRMs
sensitivity is at least twice that of PhastCons for all indicators.®
Overall, 41% of the bases within pCRMs lie within a PhastCons
region (and 31% of PhastCons bases are within a pCRM), an
11-fold enrichment ovet what would be expected by chance.
Kolbe et al. (2004) and King et al. (2005) have developed a
method called “regulatory potential,” which has been applied to
the complete human genome to yield a set of CRM predictions.
The method is trained to identify sequence features and inter-
species conservation patterns that allow one to distinguish be-
tween a set of known regulatory regions and a set of nonfunc-
tional regions. The overlap between the regulatory regions pre-

5Since PhastCons was designed to detect any type of region under selective
pressure, many of its noncoding predictions are likely to have other nonregu-
latory functions.

120

Number of modules predicied (x1000)

Sensitivity and enrichment of pCRMs for various regions of interest. (A) Sensitivity of the
module predictions at varying score threshold, with respect to likely regulatory regions. Along the
y-axis is the fraction of the bases within known regulatory regions that are predicted to belong to a
pCRM. Along the x-axis is the number of predicted modules above a given threshold. Regions of
interest are: 1 kb upstream: regions upstream of the TSS of Known Genes (based on the UCSC Genome
Browser); Transfac sites: a set of 1209 experimentally verified binding sites from Transfac 7.2, mapped
onto the human genome; TRRD modules: a set of 601 experimentally verified requlatory modules from
the TRRD database; GALA modules: a set of 93 modules for the GALA database; CpG islands (based on
the UCSC Genome Browser annotation); 1 kb upstream: regions upstream of the 7SS of Known Genes
that are not annotated as CpG islands; HS sites: a set of DNasel hypersensitive sites from the Encode
regions. (B) The fold enrichment is computed as the ratio between the size of the intersection between
modules and regions of interest and the expected intersection size if modules were randomly posi-
tioned in the genome. (C,D) The analogous data, but restricting our attention to non proximal regu-
latory regions, i.e., those located more than 1 kb away from the TSS of the closest gene.

dicted by King et al. and our pCRMs is
very significant—choosing a score
threshold that results in about the same
number of predicted bases as we get in
our pCRMs (2.88% of the genome);
more than 25% of the bases in pCRMs

i< § POV .
are also in King’s regions (nine times
more than would be expected by

wilbn Tranafuc Stes chance). The accuracy of the two sets of
predictions was compared based on the
set of known regulatory regions used

- TRAD odes above, and none of the two methods ap-
pears significantly better than the other

i GALA krown mocies  (S€€ Supplemental Fig. $2), despite the
fact that King’s method was trained on
some of the specific regulatory regions

GG iands used here for validation.

nbiS shos Experimental validation of predicted
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In order to further validate our pCRMs,
we took advantage of a technique called
genome-wide location analysis (or
ChiP-chip) (Ren et al. 2000; lyer et al.
2001). This method allows for the large-
scale identification of protein-DNA in-
teractions as they occur in vivo. Brietly,
proteins are cross-linked to DNA by
treating live cells with formaldehyde
and specific protein-DNA complexes are
enriched by immunoprecipitation of
fragmented chromatin using antibodies
directed against a protein of interest. Af-
ter reversal of the cross-links, the en-
riched DNA fragments are identified by
hybridization onto DNA microarrays.
We selected modules predicted to be
bound by the estrogen receptor (ER), the E2F transcription factor
4 (E2F4), the signal transducer and activator of transcription 3
(STAT3), and the hypoxia-inducible factor 1 (HIF1) to print a
DNA microarray. The microarray contains 758, 1370, 860, and
1882 modules predicted to be bound by ER, E2F4, STAT3, and
HIF1, respectively. In the current study, the microarray was then
probed by ChiP-chip for ER and E2F4 (see Methods for experi-
mental details). After statistical analysis and experimental vali-
dation of the data (see Methods and Supplemental Table 53), we
have identified 55 and 433 modules bound by ER and F2F4,
respectively (see Supplemental Tables S4 and S5, respectively,
and Table §6 for full ChIP-chip results). Approximately 3% of the
758 ER-predicted pCRMs on the microarray actually proved to be
bound by ER, while 17% of the 1370 E2F4-predicted pCRMs on
the microarray were bound by E2F4.

These numbers need to be considered as an underestimation
of the actual specificity of the algorithm, since the protein-DNA
interactions were tested in a single cell type, while TFs are known
to regulate different sets of genes in different cell types, physi-
ological conditions, and time in development (Zeitlinger et al.
2003; Hartman et al. 2005). For example, ER was tested in MCF-7,
a breast cancer-derived cell line, due to its importance in breast
cancer. ER, however, also plays important roles in many tissues
such as ovaries, bone, brain, liver, and more. It is very likely that
ER binds many pCRMs in some of these tissues, but not in MCF-
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7. In addition, the experiment was conducted under a single set
of conditions {(concentration of estradiol, time of treatment,
etc.), For all of these reasons, it is difficult to determine the real
accuracy of the algorithm.

Because our microarray contains predicted modules for four
different TFs, the data can be used to assess the specificity of our
TEBS predictions, e.g., to evaluate whether our prediction of
which TFs should bind to each module is accurate. Among the 55
modules bound by ER, 44% (24/55, whereas 8/55 would be ex-
pected by chance) had indeed been selected for their ER-binding
sites, and among the 433 modules bound by E2F4, 54% (236/433,
whereas 147/433 would be expected by chance) had been se-
lected for that factor. In addition to false-positive ChIP-chip sig-
nals or the failure of the algorithm to detect some binding sites,
it is likely that binding of TFs through alternative mechanisms
such as protein-protein interactions contributes to this result.
For example, ER has been shown to be recruited to DNA by in-
teraction with AHR to repress AHR-dependent gene regulation in
an ER-responsive element-independent manner (Beischlag and
Perdew 2005). It is important to note that our algorithm can only
predict the binding of TF through direct DNA-binding interac-
tions. it is likely that other TFs, in addition to those predicted
here, may play roles in these modules. Of note, while 87% of the
validated pCRMs for E2F4 were located in promoter regions, only
20% of those for ER were in these regions, confirming that our
nonproximal pCRMs are also highly enriched for functional
CRMs. Finally, Carroll et al. (2005) have used ChIP-chip on a
tiling array to identify ER-binding sites on human chromosomes
21 and 22. Of the 57 regions they found to be bound by ER in
MCE-7 cells, 14 overlap our predicted modules (five times more
than expected by chance).

Despite the fact that the goal of this study is not to discuss
specific interactions, we would like to highlight an interesting
result that came out of the ChIP-chip experiments. While it is
well known that the expression of the progesterone receptor gene
PGR is up—regulate(i in breast cancer cells in response to estradiol,
the absence of consensus estrogen response elements (ERE) in the
two promoters driving its expression led to the suggestion that
ER binds via other TFBSs (Petz et al. 2004). However, our data
show that ER binds pCRMs present both ~-35 kb upstream of the
TSS and ~5 kb downstream of the 3’ end. Functional character-
ization of these pCRMs may reveal important clues about the
molecular mechanisms implicated in long-range regulation by
ER and other nuclear receptors (Carroll et al. 2005; Laganiére et
al. 2005).

A global view of the gene regulatory landscape

Having validated our predictions, we went on using them to
study different global aspects of gene regulation. The genome-
wide distribution of predicted modules is exemplified by
Figure 3, which shows the pCRMs in a typical genomic region of
human chromosome 11 containing the progesterone receptor
gene PGR. The module density varies widely across the genome,
with an average of four modules per 100 kb and a maximum
of 44 modules per 100-kb window, covering from 0% to 55%
of such a region. The presence of pCRMs is significantly corre-
lated with. the presence of a gene’s TSSs (correlation coeffi-
cient = 0.17, P-value < 107 *") on a local scale (10-kb window),
but on a larger scale (1-Mb windows), no such correlation is
observed. This indicates that the correlation between TSSs
and pCRMs only extends to a few kilobases (Fig. 3B), and that

distal pCRMs do not have strong location preferences relative to
TSSs.

As illustrated in Figure 3, some regions are rich in modules,
but relatively poor in genes. In some cases, this could reflect the
presence of many unknown protein-coding genes, or at least of
many alternative T$Ss. Another possible explanation is that some
of these modules may be regulating the transcription of noncod-
ing transcripts. Cumulating evidence indeed shows that much
more transcription happens in the genome than what can be
accounted for by traditional genes (Cawley et al. 2004; Cheng et
al. 2005; The FANTOM Consortium 20035). Finally, this observa-
tion may be due to the presence of long-range enhancers, which
may affect transcription of genes up to several hundreds of kilo-
bases away (Bejerano et al, 2004; Baroukh et al. 2005; Woolfe et
al. 2005). Clearly, a sizeable fraction of the module predictions is
likely to be false positives, but there are no a priori reasons to
expect false-positive predictions to cluster in any particular re-
gions of the genome.

The genomic locations that are the densest in predicted
modules (measured over 100-kb windows) are listed in Table 1.
Most of these are located upstream, in the introns, or down-
stream of genes that are themselves TFs often involved in devel-
opment. Among the 15 densest regions, we find parts of all four
HOX clusters that operate differential genetic programs along the
anterior—posterior axis of animal bodies (Alonso 2002), and re-
gions near the EBF3, ZFHX1B, NR2F2, BCOR, MEIS2, and DLX5-6
genes, all of which are characterized TFs. The pCRMs in these
regions have the unusual property of often being significantly
conserved back to zebrafish and fugy, an indication that they
may be part of the core regulatory mechanisim of vertebrate de-
velopment. There are 137 100-kb regions covered at least at 20%
of CRMs, and these regions contain the TSSs of 115 genes with
GO annotations (Harris et al. 2004), These genes are very strongly
enriched for involvement in the regulation of transcription (79
genes, P-value 107%), morphogenesis (24 genes, P-value 1077,
organogenesis (17 genes, P-value 3 X 107%), and neurogenesis
(10 genes, P-value 4 x 107%), based on the Gostat program
(Beissbarth and Speed 2004). We conjecture that genes involved
in these processes often require very tight regulation, which in
turn requires an elaborate set of regulatory modules. Notably,
the presence in that group of ZBTB20, a poorly characterized
gene encoding a predicted zinc finger TF, suggests the intriguing
possibility that this TF may have a critical biological role, perhaps
in regulating development.

There also exist regions that are very sparsely populated in
predicted modules. One of the most striking examples is a 4-Mb
region of chromosome 2 (chr2:123,000,001-127,000,000), of
which <0.1% is covered by predicted modules. The region is
somewhat of a gene desert, containing only one large gene an-
notated, hypothetical gene CNTNAPS. Other gene deserts are the
opposite, quite rich in pCRMs. Many of those appear to be lo-
cated in the vicinity of developmental TFs. For example, the ho-
meobox gene MEISI is surrounded by a 1-Mb region devoid of
any other TSS, but contains >130 kb of pCRMs.

Regulatory modules are preferentially located in specific
regions relative to genes

We studied the position of pCRMs with respect to their closest
gene. The genome was divided into several types of noncoding
regions, t.e., upstream of a gene, 5' UTR, 1st intron, internal
introns, last intron, 3’ UTR, and downstream region. Within
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Figure 3. Distribution of pCRMs along a region of chromosome 11. (4) A 10-megabase region from chromosome 11 is shown (coordinates 99, 308,
463-109, 308, 463). The position of the pCRMs (red) and the known genes (biue, from the UCSC Genome Browser) is shown. (B) A zoom in a
350-kilobase region containing the progesterone receptor gene (PGR) (coordinate 100, 400,000-100,750,000). The pCRM marked with an asterisk are
those printed on our DNA microarray. (C) The composition of the Module M16589 is depicted as can be found in the PReMod database accompanying
this study (http://genomequebec.mcgill.ca/PReMod). The position of the hits for five TRANSFAC matrices chosen as tags for this module is shown

together with their individual scores.

each type of region, we computed the fraction of bases included
in a pCRM as a function of the distance to a reference point for
each type of region (e.g., for upstream regions and 5’ UTR, the
reference point is the TSS; see legend of Figure 4 for more details).
This positional distribution was also compared with the posi-
tional distribution of a set of interspecies-conserved regions iden-
tified by the phastCons program (Siepel et al. 2005) on a set of
aligned vertebrate genomes, using a conservation score threshold
that results in a total number of noncoding bases predicted to be
the same as the number of bases within pCRMs.

From Figure 4, a number of striking observations are pos-
sible as follows:

1. Regions immediately surrounding TSSs are highly enriched for
predicted modules. This was to be expected as this region of-
ten contains the promoter of the gene. More surprising is the
presence of modules immediately downstream of the TSSs (ei-
therin the §' UTR or the first few kilobases of the first intron).
These may represent alternative promoters for initiation
downstream from the annotated transcripts. Alternatively,
they may represent a yet underappreciated mode of activation
that would take place from downstream proximal binding sites.
Regions surrounding the sites of termination of transcription
are also highly enriched for modules. 3’ UTRs are essentially as
enriched as §' UTRs for pCRMs, and module enrichment con-

N

tinues several kilobases past the end of the transcript, though
to a lesser degree than in the upstream regions. At least two
reasons may explain the presence of regulatory elements in
the 3’ region of genes. First, these may represent enhancer
type of regulatory elements that activate the upstream gene
via a DNA-looping mechanism. Second, these may represent
promoter elements driving noncoding transcript, antisense
relative to the coding gene. Such antisense transcripts may
regulate gene expression by a post-transcriptional mechanism
(Cawley et al. 2004). Alternatively, these transcripts (or this
franscription) may have biological roles of their own, inde-
pendently of the coding transcript itself. For example, recent
work in yeast showed that intergenic transcription could regu-
late gene expression by interfering with activation of a neigh-
boring gene (Martens et al. 2004). It is possible that these
TFBSs in the 3’ region of genes could give rise to antisense
transcription that would interfere with sense transcription
(Katayama et al. 2005). Recent analysis of the transcriptome of
mammalian genomes revealed that a large proportion of all
transcripts detected represent noncoding transcription
(Kapranov et al. 2002; Cheng et al. 2005; The FANTOM Con-
sortium 2005). Many of these noncoding transcripts map to
the 3’ UTR of coding transcripts. ChIP-chip experiments per-
formed on chromosome 21 and 22 (Cawley et al. 2004) have
revealed that TFs can indeed bind these regions with a fre-
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Table 1. Human genomic region densest in predicted CRMs

Region® #CRMs® Genomic location Gene annotation© Main gene function®
chr12:52600000-52700000 44 (55%) HOXC cluster Homeobox TFs Anterior-posterior differentiation during
development
chr7:26900000-27000000 44 (54%) HOXA cluster Homeobox TFs Idem
chr10:131500000-131600000 43 (44%) Up., intron, and down. of COE-type TF Regulation of development
EBF3
chr17:44000000-44100000 37 (42%) HOXB cluster Homeobox TFs Anterior-posterior differentiation during
development
chr7:96200000-96300000 35 (34%) DLX5-DLX6 intergenic Homeobox TFs Central role in development of several
region structures
chrX:39700000-39800000 35 (43%) Up. and 1stintron of BCOR  Transcription corepressor  BCL6 repressor
chr2:176800000-176900000 34 (47%) HOXD cluster Homeobox TFs Idem
chr3:115600000-115700000 34 (36%) introns of ZBTB20 Zing-finger BTB/POZ TF  Possibly involved in hematopoiesis,
oncogenesis, and immune responses
chr2:145000000-145100000 33 (41%) Up. and introns of ZFHX18 Zinc-finger BTB/POZ TF Transcription inhibitor, interacting with
SMAD proteins
chr15:94600000-94700000 33 (38%) Up. intron, and down. of Nuclear hormone Regulation of Notch signaling and vein
NR2F2 (COUP-TFII) receptor, zinc-finger identity
: TF
chr11:114600000-114700000 32 (36%) Introns of IGSF4 Immunoglobulin-like Intercellular adhesion molecule; involved
domain in human oncogenesis
¢hr11:114800000-114900000 30 (34%) Up. and intron of IGSF4 Immunoglobulin-like Intercellular adhesion molecule; Involved
domain in human oncogenesis
chr15:35100000-35200000 29 37%) Up. and introns of MEIS2 Homeobox TF Essential contributor to developmental
programs
chr12:52700000-52800000 28 (34%) Beginning of HOXC cluster Homeobox TFs Anterior-posterior differentiation during

development

Human regions with the highest concentration of predicted regulatory modules, computed over windows of 100 kb.
“Human genome coordinates (build 34).
PNumber of pCRMs predicted and percentage of the region they cover.
“Based on the UCSC Genome Browser Known Gene track information and PubMed literature searches.

quency higher than expected. These experimental data on
chromosomes 21 and 22 are in agreement with our genome-
wide predictions and likely reflect a yet understudied aspect of
gene expression regulation.

3. Another surprising observation is that the density of modules

is the lowest in regions located 10-50 kb upstream of the TSS
and, symmetrically, 10-30 kb downstream of the end of tran-
scription. This is unexpected, as one would expect that these
regions (at least those upstream of the TSS) would be prime
estate for transcriptional regulation. However, this is con-
firmed by the density of interspecies conserved elements,
which is also at its lowest in those regions. We believe that this
can be explained as follows: Thanks to their relative proximity
to the TSS, regulatory elements in these regions may be al-
lowed to contain fewer binding sites (or binding sites with less
affinity), making them difficult to detect using our method.
Alternatively, these regions may actually be depleted for regu-
latory elements. This could be due to constraints imposed by
the chromatin structure of the nuclear architecture, making it
more difficult for the DNA of these regions to come in physi-
cal proximity to the TSS. After the first 50 kb upstream of the
1SS, the density of modules (and, to a lesser extent, of con-
served regions) starts increasing with the distance to the TSS,
with regions located >200 kb upstream of the TSS, being about
50% more densely populated in modules than the -50 to ~10
kb region. We believe that this may be explained by the fact
that regulatory modules that are located very far from the
gene they regulate would often require many strong binding
sites, making their computational detection easier. The sym-
metric effect is observed in regions downstream of genes, al-
though at these large distances it is unclear whether these
modules would regulate the sense or antisense transcription.

4. The density of predicted modules in intronic regions is very
low in the close vicinity of exons (except the first and last
ones), but increases with the distance to the closest exon,
Although some of the intronic pCRMs may turn out to be
splicing regulatory regions, this is unlikely to be the case for a
large fraction of them, as intronic splicing elements usually
cluster near exon boundaries (Sorek and Ast 2003). Instead, we
speculate that CRMs within these very large introns may be
located in genes that require tighter transcriptional regula-
tion, resulting in a higher module density in these regions.

5. Although the module density usually follows closely the in-
terspecies conservation density, a few notable exceptions in-
dicate that our module predictions are doing more than
merely detecting conserved regions. First, the regions sur-
rounding the TSS (on either side) are much richer in modules
than in conserved regions. Second, the 1-kb regions immedi-
ately flanking internal exons tend to be highly conserved
(Sorek and Ast 2003) and they are believed to be involved in
splicing regulation. However, these regions are depleted from
pCRMSs, as indeed these regions are not involved in transcrip-
tional regulation and lack the signature sought by our algo-
rithm. As a side note, pCRMs are also twofold depleted in
known RNA genes, although these too tend to be well con-
served evolutionarily.,

Specific TFs target different regions relative to their target
genes

As described above, our predictions, when taken altogether, are
enriched in the 5" and 3’ region of known genes. When broken
down into predictions for individual TFs, however, a great vari-
ability in observed. For example, our predictions of ER modules
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Figure 4. Distribution of pCRMs relative to specific regions of genes.
The genome was divided into several types of noncoding regions: up-
stream of a gene (dark blue), 5' UTR (pink), 1st intron (yellow), internal
introns (light biue), last intron (brown), 3' UTR (aqua), and downstream
region (dark blue). (A) For each type of region, the fraction of bases
included in a pCRM is graphed as a function of the distance to a reference
point. For upstream regions, 5° UTR, and first intron the reference point
is the gene’s TSS. For middle introns the closest 5 or 3’ intron boundary
is used. For the last intron, the 3" UTR and the region 3’ of the last exon,
the 3’ end of the mRNA is used. Note that the 3’ UTR is off the scale in
A. (B) Same as in A, but different scales are used for the x- and y-axes in
order to better show the characteristics of ali regions.

(e.g., modules predicted to contain at least one high-scoring ER-
binding site) are enriched in regions located more than 10 kb
upstream of known genes, while our predictions for E2F4 are
enriched in the proximal 5' region of known genes. This suggests
that ER functions mainly through distal, enhancer-like elements,
while E2F4 regulates gene transcription via promoter-proximal
elements. Notably, evidence in the literature supports this hy-
pothesis (see Blais and Dynlacht 2005; Carroll et al. 2005). Im-
portantly, our ChIP-chip data also supports this model. Indeed,
despite the fact that pCRMs printed on the array were uniformly
distributed with respect to genes, only 20% of the pCRMs bound
by ER in our ChIP-chip experiments were within 1 kb on either
side of the TSS, while the proportion is of 87% for the pCRM
bound by E2F4. Based on this observation, we have computed
the location preferences of each of the 229 TF families repre-
sented by the PWMSs used in our predictions (see Figure § and
Supplemental Table §7). Figure 5 shows that more than 70 of the
229 TFs families considered exhibit a significant enrichment for
one or more types of genomic regions (see Methods). These TFs
separate quite clearly into two groups with very little overlap. A
number of TFs show preference for distal positions, mostly those
located more than 100 kb upstream of the 1TSS, and are also often
enriched within introns. This set of TFs is enriched for factors
containing homeo domains or basic helix-loop-helix domains

and are often involved in regulating development. Some of these
factors have indeed been shown to bind distal modules and ac-
tivate transcription during early development (Bejerano et al.
2004; Woolfe et al. 2005). Notably, we find no TFs enriched for
introns only (except within 1 kb downstream of the TSS), which
indicates that regulatory modules located in introns are of the
same type as those located far away from genes. In fact, it is likely
that certain intronic modules do not regulate the gene in which
they are located, but rather another gene located nearby, as re-
ported recently for sonic hedgehog (Sagai et al. 2005)

A second set of TFs preferentially binds within 1 kb of the
TSSs. This set is enriched for leucine zipper TF and factors from
the Ets family. Notably, most of these factors, contrary to what is
observed for those binding distal sites, are involved in basic cel-
lular functions. Among the best-known examples we found NF-
Y, E2F, CREB, ATF, and others. Interestingly, and much to our
surprise, most of these TFs show a clear preference for either the
1 kb upstream or the 1 kb downstream of the TSS, but not both.
The most striking example is Nuclear Factor Y (NF-Y), which is
highly enriched 1 kb upstream, but highly depleted 1 kb down-
stream of the TSS. This preference may reflect a mechanistic char-
acteristic of these TFs. Finally, note that when we computed en-
richment statistics based on all genome-wide predicted TFBSs in-
stead of based only on those located in modules, much fewer
TFs obtained significant enrichment in any given type of region,
indicating that our pCRMs are effective at reducing the false-
positive rate in TFBS predictions,

Long-range correlation of TFBS predictions

We observe that the closer together two modules are on the ge-
nome, the rmore likely they are to contain predicted binding sites
for the same factors. Part of this is simply due to isochors, those
broad variations of GC content along the genome (International
Human Genome Sequencing Consortium 2001). However, even
after correcting for this factor (see Methods), a number of TFs
show significant long-range correlation between their predicted
sites (Supplemental Fig. $3; Supplemental Table 88). This is likely
to be due to the fact that if several regulatory modules regulate a
gene, they are likely to be bound by a similar set of TFs. Not
surprisingly, most of the TFs that exhibit long-range correlation
are those that show preferences for binding sites located more
than 10 kb upstream of the TSS, The set of nearby pCRMs that
contain binding sites for similar TFs tends to be located in large
intergenic or intronic regions and they tend to be located near
genes encoding TFs.

Predicted TFBSs induce correlated tissue-specific gene
expression

Comparison of TE-binding data with gene expression data in
yeast showed that genes bound by a common set of TFs tend to
be coregulated (Lee et al. 2002). Such a correlation is expected to
occur in mammalian cells as well, but was never thoroughly
tested because of the lack of genome-wide data for TF binding.
Our predicted module data allows us to investigate this question.
For each TF family in our study, a set of putatively regulated
genes was identified as those with at least one predicted high-
scoring site in a pCRM located within 10 kb upstream of the TSS.
We computed the average pairwise Pearson correlation coetfi-
cient between tissue-specific expression levels of the genes of the
set using expression data from 79 human cell types or tissues
from the GNF Atlas 2 (Su et al. 2004). A total of 27 of the 229 TF
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2-score ke for pairs of TFs. Of the 26,106 pairs of TF
oo Feee é“‘“"” B families considered, 595 are associated
to a significant expression correlation (P-
value < 0.01, FDR = 43%) (See Supple-
mental Table §10 for a complete list). For
example, most of the 20 genes that have
a pCRM containing OCT-1 and BACHI1-
binding sites are highly expressed in
various brain tissues, excluding the cer-
ebelium and the olfactory bulb, and in
the pituary gland. While the role of
OCT-1 in brain cells has already been
TF tamilies: characterized (Givens et al. 2004), its as-
sociation with BACH1 has not been re-
) ported before.
e i (N5 Since most TFs are only expressed
ehantonkrown in a subset of the 79 cell types consid-
ered, they are unlikely to induce signifi-
cant coexpression when measured over
all 79 cell types. In order to identify tran-
scription factors regulating expression in
specific cell types, we analyzed each pair
of TF and cell type. For each pair, the
average expression level of the genes as-
sociated with predicted binding sites for
g% § § gg §§ :’ég 8§ gg gg the TF was computed and its signifi-
R g - % TR oo EF 8% £ oo v cance assessed by a permutation test. Of
CA v the 229 x 79 = 18,091 possible (TF-cell
Figure 5. Many TFs preferentially bind to specific regions relative to the TSS of their target genes. A type) pairs, we found 119 where genes
hﬁa\tNmag of the.enricdhmen'g(rt:elpresept'fdda? a ﬁfs;?re) oiIea y; f?{\ diffsrinfﬂgegims rtiiatsi;/gnt%fSSsris are overexpressed (P-value < 0.001,
. nr i [ ’ OSE [
fie?)lert?ed.e’lgkzzﬁseg?o:s sgroivr:%n);he:)r:-cax?s arzraslz)llg‘v%s? >7500I:b u:sgt};ec?m, pC‘F/{VM[sﬁocz:)ted]mor:ihaag FDR = 15%), and 78 where genes are u_n'
100 kb upstream from a TSS; 10-100kb upstream, pCRMs located >10 kb, but <100 kb upstream from ~ derexpressed (P-value < 0.001,
a TSS; 1-10kb upstream, pCRMs located >1 kb but <10 kb upstream from a TSS; 0-Tkb upstreom,  FDR = 23%). Table 2 lists the pairs with
gCRMst Iocatecfi tvi:ithTig; ‘2<b upstree}ig}(;f]ﬁ T?S; ”'(bt T ‘intrcg;i'\i‘nt'ronig SCR";:S' lc;cgtlfgc;/vithinc kb the most significant associations (see
ownstream ne; ron, introni s wi smental Tahle v the oc
of a Tgs;e ?ntrc?n, inironic(;)(?R%: Igcated >1O’l,<7b from the TCSSP, 0—7kbodcoaw?7, pCRI:/rl\Iocated \?v\i/:t?i;r?alig Suppk‘mcnfdl Fable 511 for the cor.n—
from the 3’ end of a gene; 1-10kb down, pCRM located >1 kb but <10 kb downstream from the 3’ end ~ Plete list). For example, the genes asso-
of a gene. See Methods for details on the computation of Z-scores. ciated with pCRMs for MyoD tend to be
highly expressed in skeletal muscle cells,
while those associated to Ets are highly
families are associated to a significant expression correlation (P- expressed in white blood cells. Both the role of Myol) in skeletal
value < 0.01, false-discovery rate (FDR) = 8%; see Supplemental muscles and that of Ets in blood cells are very well characterized,
Table §9). We repeated our correlation analysis, this time mea- thereby validating the approach.
suring the expression correlation for genes sharing binding sites We also discovered associations that are not well character-
Table 2. Tissue-specific expression for genes predicted to be regulated by various types of transcription factors
TRANSFAC matrices Tissues with high expression® Tissues with low expression® Evidence from the literature
ETS, NRF2, ELK1, PEA3, PU1 Whit(éj bloocf cells (Dentritic, NK, B, Most brain tissues Reviewed in Sharrocks (2001)
and T cells
MyoD Skeletal musc)le Lung Reviewed in Tapscott (2005)
NF-Y, CCAAT-box Thymus, leukemia lymphoblastic, B Ciliary and superior cervical ganglions  Reviewed in Mach et al. (1996).
lymphoblasts See also Mantovani (1999)
AP-4 Various brain tissues Leukemia fymphoblastic No evidence found
Ahr/Arnt Most brain tissues Pravettoni et al. (2005)
Areb6 Fetal thyroid, salivary gland, trachea No evidence found
NERF-1A Subthalamic nucleus Bone marrow, heart, lung, kidney, liver No evidence found
NF-kappaB Tonsil, lymphoblasts, Burkitts Thalamus Reviewed in Viatour et al. (2005)
lymphoma, smooth muscle,
COUP-TF/DR1 Kidney, liver, tongue Kerber et al. (1998)
SREBP Fetal brain Reviewed in Medina and
Tabernero (2002)
MZF1 Kidney, liver Lantinga-van Leeuwen et al. (2005)
“Tissues expressing high level of putative target for the given TF.
o~ “Tissues expressing low level of putative target genes for the given TF. See Methods for details,
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ized. For instance, we found that genes around pCRMs for NE-Y
tend to have low expression in the ciliary and superior cervical
ganglia and high expression in thymus and lymphoblasts, NF-Y
binds an element called the CCAAT box, which has been re-
ported to be present within promoters of genes activated during
peptide presentation in antigen presenting cells (APC) (Mach et
al. 1996) and within the promoters of housekeeping genes such
as those regulated during the cell cycle (Mantovani 1999). From
this literature, one would not have predicted a role for NF-Y in
the brain and the thymus, but the fact that ciliary and ganglia
cells aie not (or only slowly) dividing and that some APC origi-
nate from thymus (Choi et al. 2005) is however consistent with
our findings.

‘The average expression levels were also computed for the set
of genes associated with each pair of TFs. Of the roughly 2 mil-
lion triplets (TF,, TF,, cell-type) tested, 5242 triplets show signifi-
cant overexpression (P-value < 0.001, FDR <39%), while 6407
triplets show significant underexpression (P-value < 0.001, FDR
<31%; see Supplemental Table $12).

A searchable public database of predicted regulatory modules

The modules predicted by the algorithm were stored in a data-
base with a Web-based interface (http://genomequebec.mcgill.
ca/PReMod). The database supports a variety of queries and con-
tains hyperlinks pointing to the NCBI Entrez of the closest gene.
The module information includes its genomic position as well
as its TFBS content. A graphical view of the TFBS distribution of
the highest scoring matrices is also provided (see, for example,
Fig. 3C). Querles can reveal relationships such as the set of mod-
ules associated with a specific matrix, the set of modules located
in the vicinity of a gene of interest, the set of the modules located
within a specific distance from any gene, the set of modules
associated with CpG islands, etc. Output from queries can be
viewed as html or Excel tables. Genomic sequence of the whole
set of modules can also be downloaded in fasta format from the
Web site.

Conclusions

Using the literature as a guideline, we have identified a set of
rules describing the architecture of DNA regulatory elements and
used them to build an algorithm allowing us to explore the regu-
latory potential of the human genome. Although the error rate in
CRM predictions is likely to be relatively high, the statistical
power obtained through a large-scale, genome-wide approach re-
vealed new insights into the biology of transcriptional regula-
tion. Among other things, we observe a strong enrichment for
pCRMs in regions at the 3’ end of genes. By concentrating on
predicted TF-binding sites within pCRMs, we are able to improve
the specificity of individual TFBS predictions, which allows the
detection of signals that could not be seen otherwise. For ex-
ample, we noted that a significant number of TFs have a strong
bias for regulating genes either from a great distance or from
promoter-proximal binding sites. Noteworthy is the fact that
most TFs that preferentially work from a large distance are in-
volved in development, while those predicted to work from pro-
moter-proximal sites tend to regulate genes involved in basic
cellular processes. We have identified a set a TFs that are pre-
dicted to play important roles in specific tissues, including cells
and tissues issued from tumors and metastases. Finally, our data
provides a starting point for the elaboration of human gene net-
works.

In a bootstrap-like fashion, several of the features derived
from our pCRMs could be used to design improved CRM predic-
tion algorithms. For example, the fact that specific TFs prefer
binding at specific locations with respect to genes and that CRMs
tend to organize in larger and looser clusters often containing
binding sites for similar sets of factors could allow improved pre-
dictions.

We expect that the database containing the modules pre-
dicted in this study may speed up the discovery and experimental
validation of CRMs. Finally, deeper data-mining approaches are
likely to yield a plethora of specific testable biological hypotheses.

Methods

Transfac position weight matrices

A set of 481 vertebrate PWMs from Transfac 7.2 (Matys et al.
2003) was used for the analysis. Pseudocounts were introduced to
regularize matrices based on few known sites (Durbin et al. 1998).
Many PWMs represent the same or very similar factors. This does
not cause any problem to our CRM prediction algorithm (since it
excludes overlapping sites), but it is undesirable for downstream
analyses of individual TF properties, e.g., localization with re-
spect to the genes and tissue-specific expression. For these sec-
tions of the study, PWMs were grouped into 229 families based
on the following rule: If many related TFs had individual PWMs,
but Transfac also contained a generic PWM for the family, then
only that generic matrix was used.

Module prediction algorithm

The outline of our module prediction algorithm is provided in
Figure 1. We used a genome-wide multiple alignment of the hu-
man, mouse, and rat genomes (versions hgl6, mma3, and m2)
produced by the MULTIZ program (Blanchette et al. 2004) and
available from the UCSC Genome Browser (Karolchik et al.
2003). Only regions within MULTIZ alignment blocks are con-
sidered in what follows. These regions cover 34% of the human
genome. For each of the 481 PWMs, individual binding sites are
first predicted as follows. The human, mouse, and rat genomic
regions are first scanned separately, on both strands, and a log-
likelihood ratio score is computed in the standard way (Durbin et
al. 1998). The only improvement is that we use a set of 3rd-order
Markov models for background, and the choice of model de-
pends on the local GC-content of the 1-kb region surrounding
the position. Twenty different Markov models have been trained,
based on nonrepetitive, noncoding human genomic regions with
0%-5% GC, 5%-10% GC, 95%-100% GC, and at every position
the most appropriate background model is used.

Species-specific scores are then mapped onto the alignment
and for each alignment column p and PWM m, we compute:
hitScore, ,,(m,p) = hitScoreyg, ,,(m,p) + 1/2 max(0,
hitScorey,, (m,p) + hitScorey, (m,p)). Thus, hitScore,,(m,p) will
be high if all three species have a high-scoring site at position p.
Notice that if the hit score of human is very high, the resulting
hitScore,),, may be relatively good even if mouse and/or rat do
not have high-scoring hits at that position. This allows us to
predict human-specific binding sites, provided that they are very
good matches to the PWM considered. Once the alignment scan
is completed, only positions with hitScore,,,(m,p) > 10 are re-
tained to construct modules. This results in a total number of
predicted sites that varies from 1.5 million for E2F (M00103) to
about 8000 for Hogness (M00316), many of which are expected
to be false positives (see Supplemental Table S1).

We now discuss how to compute moduleScore(p,...p,) for
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the alignment region going from position p, to p, of human. We
first define TotalScore(m, p;...p») to be the sum of the hitScores,,,,
of all nonoverlapping hits for m in the region p,...p,. Formally,
letting H,, be the set of all hits for matrix m in region p,..p,,
we have TotalScore(m,p,...113) = max {H < Hm st hits in H do not overlap)
3, « y hitScore(m,p).

The optimization problem of choosing the best set of
nonoverlapping hits is solved heuristically, using a greedy algo-
rithm that iteratively selects the hit with the maximal score that
does not overlap with the other hits previously chosen. For each
matrix and each region, a P-value is assigned to the TotalScore
observed, measuring the probability that a random region of the
human-mouse-rat alignment would have a total score that
would exceed the observed one. This P-value takes into consid-
eration the length and GC-content of the region considered, as
well as the overall frequency and score distribution of hits pre-
dicted for that matrix in the genome. This allows for a region
dense in hits for a rare matrix (i.e., one with few hits in the
genome) to obtain a higher score than a region equally dense in
hits for a more common matrix. Matrices that tend to have a
large number of hits throughout the genome are thus penalized.
More precisely, for each matrix m, GC-content g and window
length /, the distribution of TotalScore is estimated empirically
through simulation, repeating 10 million times the following
procedure: (1) choose I random positions from alignment regions
with GC-content g and (2) compute the TotalScore of the set of
positions selected, assuming that the / positions chosen form a
contiguous region.

The score of a candidate module is computed based on
one to five PWMs called tags. The first tag for region p,..p,
is the matrix with the most significant TotalScore, i.e.,
tag; = argmin,,. puny pValue(TotalScore(m,p,...p;)). The regions
belonging to the hits selected for tag, are then masked
out and the TotalScores for each matrix are recomputed, ex-
cluding hits overlapping those of tag,. The second tag is then
the matrix that achieves the most significant totalScore, and
its occurrences are masked out. The process is repeated un-
til five tags are selected, if possible. Finally, we define
moduleScore(p;...p,) = maxy, .. ;.5 —log (pValueMaxUnif (k, 481,
[1; .;.« pValue(totalScore(tag,, p,...p»))), where pValueMax-
Unif(k, 481, a) is the probability that the product of k random
variables, each defined as the maximum of 481 uniform(0,1) ran-
dom variables, is smaller than a.” A module can thus consist of
one to five tags, depending on which number of tags yields the
highest statistical significance.

The above procedure was used to search for modules of
maximal length 100, 200, 500, 1000, and 2000bp.® For each win-
dow size, regions with moduleScore > 10 (i.e., P-value <e™ ')
were identified. This choice of threshold is somewhat arbitrary,
but results in a total number of bases predicted in pCRMs to be
~2.88% of the genome, a reasonable upper bound for the frac-
tions of bases in regulatory regions. To address the fact that many
of these modules overlap each other, a greedy algorithm was used
to repeatedly select the highest-scoring module not overlapping

7Note that the formula for moduleScore is actually an approximation of the
true P-value, for the following reasons: (1) Since competition for space be-
tween different tags is not modeled, the computed P-value of the total score
of the 2nd, 3rd, 4th, and 5th tags are slightly conservative; (2) since the
totalScores are discrete variahles (but with a very large number of possible
values), the approximation with a continuous uniform distribution introduces
a small error; (3) since the moduleScore is obtained by selecting the best of five
P-values, a multiple hypothesis testing correction should be applied. However,
since we are mostly interested in the ranking of modules, this correction would
make no difference.

EOnly a small number of maximal lengths could be tried, as the calculation of the
TotalScore P-values are computationally expensive and depend on that length.

any of the previously selected higher-scoring modules. This re-
sulted in the set of 118,402 nonoverlapping modules studied in
this work. Predictions were then mapped onto the latest human
assembly (hgl7) using the liftOver program (Karolchik et al.
2003; <0.1% of modules could not be mapped onto the new
assembly and were discarded).

Microarray design and production

A subset of the pCRMs was selected to build a microarray to be
used for ChIP-chip validation experiments. For each TFs among
ER, HIF1, STAT3, and E2F4, at most 50 pCRMs were randomly
selected for each combination of the following categories: (1)
module score: High vs. non-high; (2) totaiScore for the given TF:
High vs. non-high; (3) genomic location with respect to closest
TSS: 10-100 kb upstream, 800 bp-10 kb upstream, -800 to +200
bp, +200 bp to +1000 bp, +1 kb to +10 kb, 0-10 kb downstream
of 3" UTR, or other. Most combinations could be not filled up to
their quota. Each pCRM selected was extended symmetrically to
a size of 1 kb, excluding repetitive regions. Primer pairs were
designed for each region, using the Primer3 algorithm (Rozen
and Skaletsky 2000), and the specificity was tested in silico by
using a virtual PCR algorithm (Lexa et al. 2001). When the primer
pair gave no satisfactory virtual PCR results, a new primer pair
was designed by using Primer3 and tested again. The process was
iterated three times to generate primer pairs predicted to be effi-
cient to amplify regions from human genomic DNA for almost all
of our selected pCRMs. This primer design pipeline allowed us to
design primer pairs to amplify pCRMs from human genomic
DNA with a success rate of ~85%.

ChlP-chip assay and data analysis

ER ChIP-chip experiments were performed as described previ-
ously (Laganiere et al. 2005). E2F4 ChIP-chip experiments were
performed as follows: T98G cells (ATCG) were grown in DMEM
containing 10% FBS and arrested through contact inhibition by
allowing cells to reach confluence. Medium was changed after
the second day of confluence and cells harvested on the third
day. Confluent T98G cells were fixed with 1% formaldehyde,
rinsed twice with PBS, and harvested. The cell pellet was lysed
and sonicated to obtain DNA fragments of 600 bp on average.
ChIP was performed using anti-E2F4 antibody (sc-1082, Santa-
Cruz) and Dynabeads (Dyna). ChIP samples and nonimmuno-
precipitated fragments were blunted with T4 DNA polymerase
and ligated to unidirectional linkers. The DNA was then ampli-
fied by LM-PCR and labeling carried out post PCR by incorpora-
tion of Cy5 or Cy3-dUTP using Klenow polymerase reaction. De-
tail protocol can be found at http://www.ircm.qc.ca/microsites/
francoisrobert/en.

Data were normalized and triplicates were combined using a
weighted average method as described previously (Ren et al.
2000). The P-value threshold used for the analysis was estab-
lished by testing the enrichment of 10 targets for each of the
following P-value intervals for both ER and E2F4 ChlIDPs using
quantitative PCR with SYBR Green: <0.001, 0.001-0.005, 0.005~
0.01, 0.01-0.05, 0.05~0.1, 0.1-0.5, 0.5-1. The results of this vali-
dation process are shown in Supplemental Table S1. Using
P <0.01 (ER) and P < 0.1 (E2F4), virtually all targets are bona fide
binding sites (see Supplemental Tables $2 and $3). All microarray
data will be deposited to ArrayExpress.

Statistical significance of TF location preferences and spatial
correlation

We used a permutation test to estimate the statistical significance
of the observed number of binding sites predicted in each type of
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region of the genome. Given the set of all predicted sites for all
TFs, we first removed from consideration all but one of the hits of
aTF within a given module Each module thus con tains at most
we I¢ peatedly randomly chose two sites for two different tacmrs,
and exchanged their labels (but kept the original positions), pro-
vided they both lie in regions of the same GC-content (within 1%
difference, measured over 1 kb). The scrambling procedure was
sufficiently repeated often to reach a random distribution, at
which point the number of sites in each region was counted. The
experiment was repeated 100 times, from which the expectation
and variance of the count of each TF in each region was esti-
mated and the Z-score calculated. Notice that this procedure pre-
serves the varying density of binding sites across the genome
(since only labels, but not positions, are modified), as well as the
Jocal GC-content preferences of each TF. To estimate the signifi-
cance of the long-range spatial correlations observed between
sites of a given TF, a similar permutation test was applied and the
observed number of co-occurtence within a given distance was
compared with those obtained in the permuted data sets, allow-
ing to compute a Z-score for each TF and distance interval,

Correlation between predicted TFBS and tissue-specific gene
expression

For each TF, a set of putative target genes was defined as the genes
with at least one high-scoring predicted site for that TF within a
pCRM and within 10 kb of the TSS. The average expression level
of these genes in each of 79 tissues (GNF Atlas II) was calculated
and its significance was estimated using a permutation test. Tis-
sues showing overexpression or underexpression with Z-score > 5
are reported in Table 2,
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