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ABSTRACT

Coactivators for the superfamily of nuclear receptors are defined as factors that enhance
their transcriptional activity. Most of these coactivators exert their action through the
receptor ligand-dependent activation function 2 (AF-2). This interaction occurs between a
coactivator LXXLL motif (NR-box) and a hydrophobic cleft located on the ligand-
binding domain of the receptor. Here we describe the cloning and characterization of
CIA, a novel Coactivator Independent of AF-2 function. CIA displays specific interaction
with the RVR orphan nuclear receptor and both specific interaction and transcriptional
coactivation potential with the estrogen receptors (ER) o and p. The interaction with ERa
and B is strongly enhanced by its natural ligand, estradiol (E,) and surprisingly also by
pure antiestrogens EM 800 and ICI 164,384. While the E,-dependent CIA-ERa
interaction requires an intacte CIA LXXLL motif, CIA also interacts with an AF-2 null
mutant of ERa. Therefore, CIA constitutes the first example of a novel type of ligand-
dependent but AF-2 independent nuclear receptor coactivator that may play a specific

role in the ER physiology via selective ER modulators (SERMs).
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RESUME

Les coactivateurs pour la superfamille des récepteurs nucléaires sont définis comme étant
des facteurs augmentant leur activité transcriptionelle. La majorité de ces coactivateurs
exercent leur action sur la fonction d'activation 2 (AF-2) du récepteur, dont l'activité
nécessite la présence du ligand. Cette interaction se produit entre une portion hydrophobe
de la surface du récepteur, située dans le domaine de liaison du ligand (LBD) et un motif
présent a la surface du coactivateur, dont la séquence est LXXLL. Dans cette étude, nous
décrivons l'identification et la caractérisation d'un nouveau coactivateur nommé CIA
(Coactivator Independent of AF-2). Cette protéine interagit fortement avec un récepteur
orphelin (RVR) ainsi qu'avec les deux récepteurs des estrogenes (ERa et B). Cette
interaction est grandement amplifiée par la présence du ligand et dépend de l'intégrité du
motif LXXLL de CIA. De plus, cette interaction est favorisée par des antiestrogénes
"purs” tels que EM800 et ICI 164,384 et est indépendante de l'intégrité de I'AF-2. Par le
biais d'expériences de co-transfections, on note que la présence de CIA augmente
spécifiquement l'activité transcriptionelle de ERa et B. Nous croyons donc que CIA est un
nouveau type de coactivateur dont I'action est dépendante de la présence du ligand, mais
indépendante de l'intégrité de I'AF-2 et qui pourait jouer un rdle spécifique dans la

physiologie des estrogénes.
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CHAPTERI - INTRODUCTION

1. Nuclear receptor superfamily

Nuclear receptors are a superfamily of ligand-dependent transcription factors that regulate
hormonal processes involved in development, differentiation, metabolism and
reproduction (Meyer et al., 1989). They can be subdivided into three main groups based
on their dimerization potential, ligand-binding and DN A-binding specificity
(Mangelsdorf and Evans, 1995; Mangelsdorf et al., 1995). Group I comprises receptors
for steroid hormones such as estrogens (ER) (NR3A1 and NR3A2, according to the
nuclear receptor nomenclature committee, 1999), progestins (PR)(NR3C3), androgens
(AR)(NR3C4), mineralocorticoids (MR)(NR3C2) and glucocorticoids (GR)(NR3C1).
Group II includes receptors for non-steroidal hormones such as vitamin D
(VDR)(NR1I1), thyroid hormone (TR)(NR1A1 and NR1A2), all-zrans retinoic acid
(RAR)(NR1B1, NR1B2 and NR1B3) and 9-cis retinoic acid (RXR}NR2B1, NR2B2 and
NR2B3). The third group comprises all the receptors for which no ligand has yet been

identified and are termed "orphan receptors"”.

Nuclear receptors share a number of common structural characteristics and consist of five
functional domains (see figure 9) (Mangelsdorf et al., 1995). The first region, named the
"AB" domain, is located at the amino-terminus end of the receptor. It is a very poorly
conserved region, even within a sub-family of receptors, both in terms of primary
sequence and length. The AB domain contains the activation function-1 (AF-1), one of
the two transactivation functions of the receptor, whose activity is ligand-independent
(Evans, 1988). The "AB" region has been implicated in modulating target gene specificity
and influencing the DNA-binding activity of receptors. For some receptor family

members, multiple modulator domains arise from a single gene through altemative



splicing, usage of different promoters and distinct translational start sites (Giguére, 1994).
Recent evidence suggests that the activity of the "AB" domain is controlled post-
translationally through phosphorylation in response to extracellular growth factors
(Tremblay et al., 1999). Phosphorylation has many effects including recruitment of
general (Mclnerney et al., 1996) or specific coactivators (Shao and Lazar, 1999).

The second region is referred to as the "C" domain or the DNA-binding domain (DBD).
As its name implies, this region of the receptor is responsible for contacting DNA on
specific sequences named hormone response elements (HREs) (Evans, 1988; Green et al.,
1988). The DBD is the most highly conserved region among nuclear receptor superfamily
members and consists of a pair of Cysy:Cys; zinc fingers, which make direct contact with
the DNA, as well as a carboxy-terminal extension (CTE) of approximately 25 residues
(Wilson et al., 1992). The “C” domain is also partially responsible for the dimerization

of the receptor.

The third region or "D" domain is a hypervariable region adjacent to the DBD, which is
sometimes referred to as the "hinge region". Its main function is to serve as a flexible
stretch between the DBD and the LBD that allows sufficient rotation for some receptors
to dimerize both on direct and inverted HREs. This region has also been implicated in
binding the coregulator NCoR (Horlein et al., 1995; Zamir et al., 1996), and can influence
the receptor ability to bend DNA (McBroom et al., 1995; Nardulli and Shapiro, 1992).

The fourth region or "E" domain is responsible for ligand binding and transactivation.
Nuclear receptors ligand-binding domains (LBDs) are moderately well conserved in
terms of their primary structure: their secondary and most of their tertiary structure are
remarkably well conserved, consisting of eleven to thirteen alpha-helices forming a

pocket for the ligand. The individual differences in this ligand-binding pocket dictate



specificity of the receptor through space availability as well as the nature of both direct
and indirect contacts made with the ligand. In absence of ligand, the last helix of the LBD
(helix 12) points toward the outside of the pocket, in a conformation often referred to as
"floating outside of the LBD" that inhibits receptor-coactivator interaction. Upon ligand
binding, helix 12 folds back on the surface of the LBD, making contacts with helix 3, 4
and 5. This important conformational change has major implications for the
transcriptional activity of the receptor, as it positions the second transcriptional activation
function (AF-2), located on helix 12 (Danielian et al., 1992). To create a new interface
necessary for the recruitment of coregulatory proteins. The LBD has also been implicated
in a vast number of other functions including dimerization, nuclear localization and

binding to heat shock proteins (HSP).

The final region, or "F"domain, is an extension to the LBD that is present only in a few
receptors. So far, no correlation has been established between the presence of such

extension and any functional characteristic of the receptor.

The different groups of NR’s differ in their DNA binding characteristics. Group I
receptors bind to DNA on palindromic repeats (AGAACA for the GR subfamily and
AGGTCA for the ERs) in a homodimeric head-to-head arrangement (reviewed in Beato
et al., 1995). These receptors absolutely require ligand-binding in order to bind to DNA
in vivo. Conversely, group II receptors can bind DNA constitutively as homodimers, to
direct repeats (containing response elements AGGTCA), even in absence of ligand (Beato
et al., 1995; Mangelsdorf et al., 1995). They can also bind as heterodimers with the
receptor for 9-cis retinoic acid (RXR), either to direct or everted repeats (Glass, 1994).
This heterodimerization potential with RXR allows an additional level of control through
the possible modulation of the amplitude of transcriptional response with the ligands of
both RXR and its partner. The type of dimerization depends on the nature of the receptor



and on the structure of the HRE it contacts (Schwabe et al., 1993). Finally, some
receptors can bind DNA as monomers on a half-site that is preceded by a 5’-AT rich
sequence (Giguere et al., 1995; Giguére et al., 1994; Harding and Lazar, 1993; Wilson et
al., 1993). The binding specificity for each family of both homo- and heterodimeric
receptors depends on the spacing between the half-site repeats on the DNA.

2. Orphan nuclear receptors

Orphan receptors constitute a subfamily of the nuclear receptor superfamily that
comprises receptors for which no ligand as yet been identified. Most of these receptors
have been identified through their structural homology with known hormone receptors
(Giguere, 1999). The number of orphan receptors is constantly on the rise and novel ones
are identified on a regular basis. As of recent count, the number of orphans is easily
double the number of receptors with a known ligand (Willy and Mangelsdorf, 1998). A
common way to discover a new orphan receptor is to perform low homology screening of
a cDNA library, using the well conserved DBD as a probe. Another method is to perform
PCR techniques using degenerate primers (Enmark and Gustafsson, 1996). More
recently, new in silico approaches have been used to identify novel gene products that
are homologous to known nuclear receptors. For example, the pregnane receptor PXR
(NR112) has recently been identified via motif searches of public EST databases (Kliewer
et al., 1998).

After the identification of a novel orphan receptor, three major goals are to establish the
functional properties of this protein, evaluate whether it is hormone responsive or not and
define its physiological role in vivo (reviewed in Sladek and Giguére, 1999). The

functional properties are usually easily established through studies of the receptors



predicted peptide sequence, as well as by DNA binding and dimerization studies (Sladek
and Giguere, 1999). With the knowledge of their DNA binding properties and their
requirement of heterodimer partners (such as RXR, the receptor for 9-cis retinoic acid),
most of the orphans can be placed into one subgroup of the superfamily (Leblanc and

Stunnenberg, 1995).

Researchers identifying a novel orphan receptor are facing a singular but often arduous
task: identification of a ligand. Establishing whether an orphan receptor is ligand-
responsive is a controversial question (O'Malley and Conneley, 1992). In the field of
orphan receptors, it has been suggested that the majority of receptors indeed have ligands
awaiting discovery (Blumberg and Evans, 1998). A common method used to identify
novel ligands is the cotransfection screening assay (Kliewer et al., 1999). This is a cell
culture approach in which the orphan receptor activates transcription of a reporter gene in
the presence of a putative ligand (Giguére et al., 1986). Some pharmaceutical companies
use this technique to screen chemical compound databases. The problem associated with
these massive screens is that they most often lead to synthetic compounds that can be
considerably different from the natural ligand. Despite that, these screens are generally
useful because they can lead to ideas of what the natural ligands may be. In order to
identify natural ligands for a given receptor, the researcher often needs to focus on

specific pathways, based on data obtained via study of the physiology of the receptor.

Defining the physiological role of a novel orphan receptor is also a complex question.
Some insights may be acquired via study of expression patterns. Sometimes the presence
of the mRNA in specific tissues is a potent indicator of its role. Another useful tool is
genetic ablation of the studied orphan receptor in cell lines and mice (Kastner et al.,
1995). These resources allow the identification of phenotypic differences presumably

caused by the absence of the receptor. They also give a good basis for the identification of



putative target genes for the orphan receptor. The possibilities are vast and researchers
usually combine information obtained from all available sources in order to draw a
picture of the receptor’s physiological role. Recently, novel approaches have been
developeded to identify putative ligand for a known orphan receptor. This concept of first
identifying a receptor and then to search for its cognate ligand is termed reverse

endocrinology (Giguere, 1999; Kliewer et al., 1999).

3. The estrogen receptors

The identification and characterization of a cellular receptor for the female sex hormone
17p-estradiol (E,) dates back to the 1960's (Toft and Gorski, 1966). Molecular and
biochemical studies of the estrogen receptor (ER) have been facilitated since the cloning
of the cDNA for ER (Greene et al., 1986; Walter et al., 1985). Given the importance of E,
in the development of reproductive tract and mammary gland as well as its roles in
neuroendocrine regulation, cardiovascular disease and behavior (Couse and Korach,
1999), the ER attracts a lot of attention. Recently, a second receptor that responds to E,
has been identified (Kuiper et al., 1996; Mosselman et al., 1996; Tremblay et al., 1997).
This discovery forced the renaming of the original receptor as ERa and the new one as
ERB. More importantly, it stimulated the estradiol field and forced researchers to re

sketch their model of estradiol action to include this new variable (Giguére et al., 1998).

More and more evidences indicate different and perhaps complementary roles for both
ERs. Recently, analysis of functional target genes was established in an effort to compare
their respective influence on transcription regulation (Vanacker et al., 1999). Somewhat
surprising, the results indicated that ERa has probably evolved to regulate a broader set of

target genes (being able to regulate both EREs and SF-1 response elements) whereas



ERPp’s influence appeared more restricted (only through EREs). Another major difference
was found in the identification of ERP as the more potent candidate for estrogen-targeted
therapy of cardiovascular diseases (Makela et al., 1999). More and more of these type of
comparative studies will be required before a definite picture of their relative roles can be

established.

Multiple studies have linked breast and ovarian cancer with ER status (Davidson, 1998;
Ferguson et al., 1998; Leygue et al., 1998; Murphy et al., 1998), suggestion that the
control of ER expression and activation is of primary importance in understanding these
tumors. Apart from ligand induction, many other control mechanisms for ER activation
have been discovered. Recruitment of coactivator proteins to the receptor AF-2 are
known to potentiate its ligand-dependent transcription (Feng et al., 1998; Shibata et al.,
1997). Therefore, amplification and/or overexpression of such coactivators can contribute
to malignancies (Anzick et al., 1997; Bautista et al., 1998; Ghadimi et al., 1999). Another
ER control mechanism is the phosphorylation of its AF-1 which has been linked to
ligand-independent activation of the receptor downstream of growth factors (Aronica and
Katzenellenbogen, 1993; Bunone et al., 1996; Kato et al., 1995). Recently, ligand-
independent activation has been linked to the recruitment of coactivators, such as SRC-1,
to the AF-1of the ERs (Tremblay et al., 1999). Cancer cells often demonstrate aberrant
EGF or IGF signaling (reviewed in Ellis et al., 1998): inappropriate activation of ERs

may be an important pathway transducing this event.

The current consensus mechanisms for ERa activation are summarized in figure 10 along
with the different blocks caused by antiestrogens. The AF-1 is mainly activated by
phosphorylation by the MAPK pathway, downstream of growth factors, while AF-2
activation primary depends on estradiol binding and subsequent coactivator recruitment:

both these different processes can be blocked by antiestrogens. The so called "pure



antagonists” EM800 and ICI 164,384 are able to prevent activation of both AF-1 and AF-
2 and also prevent coactivator binding (SRC) (MacGregor and Jordan, 1998; Tremblay et
al., 1998). The partial antagonist 2-hydroxytamoxifen (OHT) causes an incomplete block
of estradiol action on the AF-2 but prevents SRC binding (Grese et al., 1997). The OHT
action is less efficient because it is promoter and cell-type dependent (Paech et al., 1997).
Although OHT is widely used clinically in the treatment of breast cancers it has been
shown to increase incidence of endometrial carcinomas via its agonist effects (Fornander

et al., 1989).

4. Coactivators

Initially, nuclear receptor action could be summarized by the following model: the
receptor’s ligand, which is a small lipophilic molecule, would diffuse freely across the
cell membrane and reach its cognate receptor in the cell. Unliganded receptor would be
either in the nucleus (some even pre-bound to DNA) or complexed with heat-shock
proteins (HSP) in the cytoplasm. In the latter case, ligand-binding would induce the
release of the HSP complex, dimerization of the receptor and its translocation into the
nucleus. Once in the nucleus, the liganded receptor would bind with high affinity to
specific sites in chromatin and regulate transcription of downstream target genes (Evans,

1988).

While this simple model is still a valid guide to what is happening in the activation of
nuclear receptors, but recent progress has identified sevral multiprotein complexes that
play important roles in modulationg NR activity (figure 11). In absence of ligand a
complex of corepressors (NCoR, SMRT, SIN3 and HDAC) and a complex of
coactivators (CBP, P/CAF, P/CIP and SRC-1) both interact with the receptor, resulting in



a minimal level of transcription. This low transcription is often referred to as "basal
transcription”. ER can be activated either ligand dependently or independently. In
absence of ligand, activation comes from phosphorylation of its AF-1 and subsequent
recruitment of coactivators. The more classical estradiol-induced activation favors
recruitment of coactivator complexes to AF-2 and also to AF-1. Every transcription

process involves both general and specific factors.

a. General transcription factors

The general transcription factors (GTF) are key to the process of transcription initiation.
The transcription itself is mediated by the RNA polymerase II (Pol IT) complex. (Roeder,
1996). The initial step of this activation is the binding of the transcription factor [ D
(TFIID) complex to the promoter, a short distance away from transcription start site.

TFIID is composed of the TATA-binding protein (TBP) and a list of more than 10 TBP-
associated factors (TAF]Is) (Horwitz et al., 1996; Zawel and Reinberg, 1995). Human

TFIID consists of a core group of TAF[1s (TAF1128, TAF[1100, TAFII13S and
TAF1]250) which are present in all TFIID complexes, and a promoter-specific group of
TAFTi1s (such as TAF118, TAF[120 and TAF1130) (Jacq et al., 1994; Mengus et al.,
1995). The formation of the TFIID/TBP unit depends on the presence of TFIIA which
disrupts the inactiveTFIID/TFIID homodimers to form active TFIID/TBP heterodimers
(Coleman et al., 1999). Subsequently, TFIIB is recruited to the complex and binds DNA
adjacent to the TATA box (Lee and Hahn, 1995). TFIIB then recruit TFIIFa and induces
the binding of RNA Pol II (Ha et al., 1993). Evidences suggest that a stable pre-formed
basal-transcription complex may exist, containing a large number of proteins, including
RNA Pol II and others GTFs in a pre-assembled form (Koleske and Young, 1994). This
discovery of the so called "RNA Pol IT holoenzyme" contrasts with this step-by-step

assembly model for the transcription initiation complex. It has been proposed that
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transcription of the hormone-regulated promoters by nuclear receptors may occur via
control of the rate of assembly of these transcription complexes (Horwitz et al., 1996;
Klein and Struhl, 1994; McKenna et al., 1999). The initiation is also dependent on the
presence of TFII-I, a multifunctional protein that appears to have functions in both
transcription and signal transduction via its repeat motifs (Roy et al., 1997). Recent
findings suggest that TFII-I direct phosphorylation by extracellular signal regulated
kinases (ERKs) plays a key role in the activation of the c-fos promoter (Kim and
Cochran, 2000).

To reinforce that hypothesis, evidence of direct contact between NRs and some of the
basal factors of the pre-initiation complex are numerous (reviewed in Beato and Sanchez-
Pacheco, 1996). For example, the LBD of RXR interact ligand-dependently with TBP
(Schulman et al., 1995) and both AF-1 and AF-2 of ERa can also contact TBP in vitro
(Horwitz et al., 1996). Other NRs also make contact with general transcription factors:
COUP-TF (Ing et al., 1992), VDR (Blanco et al., 1995), RAR (Berkenstam et al., 1992)
and TRa (Hadzic et al., 1995) interact with TFIIB, AR interacts with TFIIF (McEwan and
Gustafsson, 1997) and RAR interacts with TFIIH (Rochette-Egly et al., 1997). Some NRs
even interact with specific TAFs: RAR, TR and VDR interact with TAF1135 (Mengus et
al., 1997), RXR, ERa and VDR interact with TAF128 (May et al., 1996) and VDR and
TRa interact with TAF[TSS (Lavigne et al., 1999). These interactions could define arole
for NR in modulating a DNA-bound temary complex of TBP/TAFjs, TFIIB and

receptors, as was proposed at the beginning of the decade (Ing et al., 1992).

For a long time, indirect evidence pointed to the existence of proteins other then GTFs
that would interact with activated receptors. The most convincing of this evidence was
based on the squelching phenomenon (Meyer et al., 1989). When two NRs are

cotransfected, the activation of one of the receptors diminished the activation capacity of
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the second. This was indirect evidence of titration of a cellular pool of factors, necessary
for the activation of both receptors. Such experiments established a functional link
between the availability of coregulatory factors and the ability of the receptor to activate
transcription. It was also known that interactions between NR and the basal transcription
factors are insufficient to exert hormone-dependent transcriptional control (Horwitz et al.,
1996). The recent identification of a new class of receptor coactivators that interact with
NR and enhance their transcription, so-called coactivators, has begun answering some of

the questions regarding fine transcriptional control exerted by NRs.

b. Coactivators and their mode of action

The coactivators can enhance NR-based transcription via multiple mechanisms. Their
main mode of action seems to involve chromatin remodeling. An essential step of NR-
mediated gene transcription is chromatin loosening through disruption of nucleosomal
structure (reviewed in Jenster et al., 1997). In this context, the coactivators are acting on
histones to modify their acetylation status. Many coactivators, such as SRCs, CBP/p300
and P/CAF possess intrinsic histone acetyl-transferase (HAT) activity. Others, like TIF-
l1a, interact directly with chromatin remodeling complexes and are likely to being them
close to the NRs (Le Douarin et al., 1996). Recently, CARMI1, a coactivator that
methylates the histone H3 has been identified, uncovering a role for histone methylation

in transcriptional activation (Chen et al., 1999).

A diversity of other control mechanism exists. Some, like the SRC family members,
possess intrinsic activation domains that can be transferred to heterologous proteins and
conserve their potential to coactivate transcription (Ofiate et al., 1998). Although, most
coactivators do not appear to possess such domains. Others, like SRA, appear to have

roles more as "linkers" and stabilize interactions between NRs and other coactivators
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(Lanz et al., 1999). Finally, SMCC as well as members of the DRIP and TRIP families,
form part of protein complexes that act through yet unclear mechanisms. The current
model stipulates that they would promote transcription via substitution for SRCs / CBP
complex as a link to general initiation factors during multiple rounds of transcription

(McKenna et al., 1999; Rachez et al., 1998; Yuan et al., 1998).

A constantly growing network of these coactivators exist (see table 1), most of these are
poorly characterized, and not much is known about their mode of action. In the remainder
of the introduction, the best characterized coactivator groups will be discussed in more

detail.

c. ERAP-140 and ERAP-160

The first coactivators described for the nuclear receptors were the ER-associated proteins
(ERAPs). Two proteins (ERAP-140 and ERAP-160) were purified from a 33S-
methionine labeled MCF-7 cell extract, through their ability to interact with the liganded-
LBD of ERa (Halachmi et al., 1994). This interaction with ERa was stabilized by
estrogens and destabilized by antiestrogens such as the pure antagonist ICI 182,780. Their
role in regulation of ER function was implied by their ligand-dependent interaction with
the receptor and by the failure of transcriptionally defective mutants of ERa to recruit
them. ERAP-160 was subsequently shown to be highly similar to hSRC-1 and is now

considered to be one of its splice variants (Kamei et al., 1996).

d. RIP family

The receptor-interacting proteins (RIPs) 80, 140 and 160, were originally identified as

proteins interacting with transcriptionally active ERa in a far-Western experiment
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(Cavailles et al., 1994). The subsequent cloning and analysis of RIP140 demonstrated
that its interaction with ERa was dependent on the integrity of ERa transcriptional
activity (Cavaillés et al., 1996). Initially, RIP140 was classified as a coactivator despite
marginal enhancement of ERa transactivation in a transient transfection experiment.
Recent evidences derived from mouse RIP 140 repression effect on TR2 orphan receptor
and on RAR« mediated RA-induction of a reporter gene suggested that RIP140 acts
indeed as a corepressor for some members of the nuclear receptors superfamilly (Lee et
al., 1998). The biochemical mechanism of mRIP140 repressive action is yet to be clearly
defined but its capacity to interact with TR2 and to alter its nuclear distribution patterns

might hint to a role in managing local nuclear receptors availability.

e. SRC family

Considered as the first common transcriptional mediator for nuclear receptors, hRSRC-1
was cloned from a B-lymphocyte cDNA library using the yeast-two hybrid approach,with
PR LBD as a bait (Onate et al., 1995). One of the most interesting initial observations
about hSRC-1 was that it could relieve the squelching of PR that was observed when both
PR and activated ER were cotransfected into cell lines (Onate et al., 1995). This
demonstrated that hNSRC-1 was a common coactivator recruited by both PR and ER LBD
and that it was necessary for their efficient transactivation. hSRC-1 augments the
transcriptional activity of PR, GR, ER, TR, RXR (Oiiate et al., 1995), hepatocyte nuclear
factor 4 (HNF-4) (Wang et al., 1998) and PPARy (Zhu et al., 1996) in a hormone-
dependent manner. It was also shown to be involved in ligand-independent activation of
ERa and B (McInemey et al., 1996; Tremblay et al., 1999). Evidence shows that hSRC-1
is required for full synergy between AF-1 and AF-2 of AR (Ikonen et al., 1997), ER
(Mclnerney et al., 1996) and PR (Oriate et al., 1998).
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The family of hSRC-1 related proteins contains many members and used to be referred as
the p160 family of coactivators, due to their approximate apparent molecular weight of
160 kDa. All the members are close homologues and are mainly altermately spliced forms
or orthologous proteins identified from different mammals. In order to maintain clarity,
they are now regrouped in three classes: SRC-1, SRC-2 and SRC-3, based on the
classification established by Li and al. (Li and Chen, 1998). SRC-1 group contains
hSRC-1 (Oiiate et al., 1995), mSRC-1 (Zhu et al., 1996) and NCoA-1 (Torchia et al.,
1997). SRC-2 regroups GRIP-1 (Hong et al., 1996), NCoA-2 (Torchia et al., 1997) and
TIF2 (Voegel et al., 1996). Finally, SRC-3 comprises mouse p/CIP (Torchia et al., 1997),
AIB1 (Anzick et al., 1997), RAC3 (Li et al., 1997), ACTR (Chen et al., 1997) and
TRAM-1 (Takeshita et al., 1997).

SRC proteins share common motifs. They all possess glutamine-rich regions (some with
poly-glutamine sequences), tandem basic helix-loop-helix (b HLH) domains as well as
Per/Amt Sim homology (PAS) domains. These domains are known to mediate
homodimeric and heterodimeric interactions between proteins (Hankinson, 1995). The
presence and conservation of these domains has suggested a possible cross-talk between
nuclear receptors and other PAS-containing factors (Kamei et al., 1996) but this has yet to
be observed. The SRCs also contain nuclear receptor interaction (NR) boxes. These boxes
(also referred to as RID-Receptor Interacting Domains) are LXXLL? consensus motifs
which have been shown to be necessary and sufficient for ligand-dependent interaction
between coactivators and the AF-2 of NRs (Voegel et al., 1996; Darimont et al., 1998;
Heery et al., 1997; Mclnemey et al., 1998; Nolte et al., 1998; Westin et al., 1998). Recent
crystal-structure analyses have elucidated the mode of action of theses LXXLL motifs
(Darimont et al., 1998; McInerney et al., 1998). They form a small alpha-helix that binds
to the hydrophobic cleft (Feng et al., 1998), a region formed of helix 3,4,5 and 12 on the

2 Where L is leucine and X is any amino acid



15

surface of the liganded LBD of NRs. These studies provide a structural explanation for
the inability of the SRC family of coactivators to bind antagonist-bound nuclear
receptors. Agonist binding induces the disruption of contacts between helix 12 and the
hydrophobic cleft, preventing the binding of an NR-box (Nolte et al., 1998; Shiau et al.,
1998) . Different coactivators possess different numbers of these NR boxes. For example,
the SRC family members possess three conserved motifs except for h(SRC-1 which
contains a four NR-boxes. It has been proposed that the sequence surrounding the actual
motif, as well as their spacing, is what confers binding specificity of a given coactivator

for a subset of nuclear receptors (Darimont et al., 1998).

f. DRIPs and TRAPs

Some recent biochemical purification techniques have identified a wide range of proteins
that interact with liganded nuclear receptors. Two groups essentially performed similar
experiments using epitope-tagged NR to identify interacting proteins from cell extracts in
presence of ligand. Freedman and colleagues used liganded VDR to recruit a complex
containing more then ten proteins that were called VDR-interacting proteins (DRIPs)
(Rachez et al., 1998). Roeder and colleagues purified a similar protein complex using
liganded TR as a bait and called them TR-associated proteins (TRAPSs) (Fondell et al.,
1996; Zhang and Fondell, 1999). Both of these complexes contain essentially the same 10
proteins -ranging in size from 70 to 230 kDa- that can enhance TR and VDR transcription
on a consensus response element. Strikingly, those complexes do not contain SRC family
members nor do they contain CBP. They are evidences supporting the existence of more

than one complex able to enhance NR transcription (McKenna et al., 1999).
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g. TIF-1 family

Screening a mouse library with RAR-LBD as a bait, Chambon and colleagues have
isolated a novel protein which they called transcription intermediary factor-1 (TIF-1) (Le
Douarin et al., 1995). TIF-1a complements RXRy AF-2 activity on RAR in presence of 9-
cis RA. Additional functional interactions were also noted with ER, PR and VDR in
yeast (Thenot et al., 1997). The TIF-1 family now comprises three members: TIF-1a, g
(Moosmann et al., 1996) and y (Venturini et al., 1999). They all possess a RING finger
domain, a plant homeodomain (PHD) and a B-box finger, which are all domains known
to mediate DNA-protein and protein-protein interactions (Freemont, 1993). They also
possess a bromodomain which is typically found in SWI/SNF multiprotein complexes
(Kwon et al., 1994). This complex has been shown to promote the binding of
transcription factors to chromatin structures (Muchardt and Yaniv, 1993; Yoshinaga et
al., 1992). TIF-1a can also interact with mHP1« and MOD1, which are heterochromatin-
associated proteins (Le Douarin et al., 1995). Despite this possible association with
chromatin remodeling proteins, there is a major controversy in the classification of TIF-
1s as coactivators since they also display properties that would be unexpected from a
coactivator: for example, TIF-1a represses transcription when fused to a heterologous
DBD (Le Douarin et al., 1998). Also, in some experimental settings, TIF-1a can repress
transcription by ER and RAR (Le Douarin et al., 1995), although the interaction is still
ligand dependent (von Baur et al., 1996). Both TIF-1a and TIF-1p have been shown to
interact with the Kruppel-associated box (KRAB) repression domain, a region highly
conserved in proteins containing multiple Kruppel-type zinc fingers (Le Douarin et al.,
1996; Moosmann et al., 1996). All these evidence about TIF-1 involvement in repression
events complicates the interpretation of their role in a cellular context. Their mechanism
of action is likely to involve chromatin rearrangement, but its nature still remains highly

speculative (Le Douarin et al., 1996) .
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h. ARASs

The androgen receptor (AR) is of particular importance in prostate cancer: in the process
of understanding its regulation, many AR specific coactivators have recently been
identified. These androgen receptor activators (ARA), which are not a family of related
factors, comprises ARA24 (Hsiao et al., 1999), ARA54 (Kang et al., 1999), ARASS
(Fujimoto et al., 1999) , ARA70 (Yeh and Chang, 1996) and ARA 160 (Hsiao and
Chang, 1999). The only well-characterized member is ARA70 which was identified
through its ligand-dependent interaction with the AF-2 of AR in a yeast two-hybrid
screen. ARA70 has a particular ability to enhance the partial agonist activity of some AR
hormonal antagonist in human prostate cancer cells DU145 (Miyamoto et al., 1998).
Recently, ARA70’s potential to coactivate PPARy has open perspectives on its role in
putative cross-talk between AR and PPARy-mediated responses in cells (Heinlein et al.,

1999).

i. TRIP-1/SUG-1

SUG-1 was initially identified as a regulator of upstream activator sequences of the yeast
activator Gal4 and was originally classified as a possible component of the RNA
polymerase II holoenzyme (Xu et al., 1995). It is currently thought to be involved in the
2MDa yeast proteosome complex because it can be copurified with this complex and
because a SUG-1 mutant in yeast shows reduced ubiquitin-dependent proteolysis (Rubin
et al., 1996). Using TR and RXR in a yeast two-hybrid screen, Lee at al. identified an
homologue of SUG-1 that they named TR interacting protein (TRIP-1) (Lee et al., 1995).
Interestingly, this protein possesses a conserved ATPase domain but does not possess a

consensus NR box motif.
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j- Cointegrators: CBP and p300

Initially identified as a coactivator required for the activation of cAMP-response element
binding protein (CREB) (Kwok et al., 1994), the CREB-binding protein (CBP) is now
considered to act as a signal integrator for transcriptional regulation (Chakravarti et al.,
1996; McKenna et al., 1999). CBP has been shown to act as a coactivator for many
nuclear receptors such as ER, TR, RXR (Chakravarti et al., 1996; Kamei et al., 1996) and
AR (Fronsdal et al., 1998). It also has a role as a coactivator for more general
transcriptional regulators such as NF-xB (Perkins et al., 1997) and p53 (Avantaggiati et
al., 1997). CBP also possesses a histone acetyl-transferase (HAT) activity (Bannister and
Kouzarides, 1996) which can be regulated by the oncoprotein E1A and cyclin-dependent
kinases (CDKs) (Ait-Si-Ali et al., 1998). This HAT activity has been shown to be active
on substrates including the ACTR acetylase (Chen et al., 1999). In addition to its
interactions with NRs, CBP also interacts with the SRC family of coactivators (Kamei et
al., 1996; Torchia et al., 1997; Voegel et al., 1998). These interactions and the synergism
of SRC-1 and CBP on ERa and PR transactivation (Smith et al., 1996) have lead to the
hypothesis that CBP may form a complex with coactivators to potentate nuclear receptor
activity. However, strong biochemical evidence tends to rule out the coexistence of SRC-
1 and CBP in the same macromolecular complex (McKenna et al., 1998). This point is

still a source of vivid interest.

p300 was identified independently from CBP, as a protein associated with the adenovirus
E1A (Eckner et al., 1994). Its initial characterization suggested that the two proteins were
similar and they were considered to form a family. Indeed, p300 has striking similarities

with CBP: it enhances the same transcription factors and nuclear receptors, interacts with

NRs in a ligand-dependent manner, interacts with the SRC family of coactivators and
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possesses HAT activity. However, the genetic ablation of the p300 locus revealed that
they are not completely functionally redundant as the knockout embryos showed major

developmental and cell proliferation defects (Yao et al., 1998).

The current models of CBP/p300 action propose that they function as a common factor
that "integrates” the signal arising from different cellular cues to regulate gene
transcription (Janknecht and Hunter, 1996; Kamei et al., 1996). This regulation possibly
occurs directly (through chromatin remodeling from their HAT function) and indirectly
(through recruitment and activation of chromatin-remodeling protein complexes). A
recent study on p300 action concluded it has no essential role in chromatin disruption
itself but rather uses its acetyltransferase activity to stimulate TR-based transcription at a

subsequent step (Li et al., 1999).

Some indication of the importance of CBP in regulating cells has come from the
identification of a mutant associated with the human Rubinstein-Taybi syndrome, a
disorder characterized by physical deformities and mental retardation (Petrij et al., 1995).
More recently, CBP has also been shown to regulate promyelocytic oncogenic domains

(POD), which are implicated in acute promyelocytic leukemia (Doucas et al., 1999).

5. Acetylation and deacetylation

Eukaryotic chromosomes are organized into a regularly repeating protein-DNA unit, the
nucleosome. It is composed of 1.7 turns of a left-handed DNA superhelix wrapped
around a highly basic protein complex, the histone octamer. These core particles contain
two copies of each histones H2A, H2B, H3 and H4 (Richmond et al., 1984). Higher order
of organization involves assembly of nucleosomes into chromatin domains via

internucleosomal contacts mediated by histones amino-terminal tails (Luger et al., 1997).



The net effect of this compact arrangement is the inaccessibility of DNA substrate to
general transcription factors. The catalytic transfer of acetyl groups to the amino-terminal
lysine residues of histones H2A, H2B, H3 and H4 by histone acetylases (HATs), distupts
the interactions between nucleosomes and DNA, between neighboring nucleosomes, and
possibly between nucleosomes and other proteins, resulting in a looser structure (Rhodes,
1997). This loss of compact structure facilitates access of transcriptional activators and
coactivators to the promoter complex. Conversely, recruitment of histone deacetylases
(HDs) results in the removal of the acetyl groups from histones amino-terminal lysine
residues, resulting in a reestablishment of compact nucleosomal structure, restricting
access to the promoter. It is the balance of these diametrically opposed activities of
histone acetylation and deacetylation that is thought to regulate transcriptional
activity/repression context at a given promoter. HAT activity has been initially associated
with general transcription proteins such as HAT-A (Brownell et al., 1996) and TAF, 250
(Mizzen et al., 1996). Initial implication of the role of histones acetylation in nuclear
receptor transcriptional regulation came from the identification of p/CAF intrinsic HAT
activity (Yang et al., 1996). Then a vast number of coactivator were found to possess
intrinsic HAT activity, including CBP itself (Bannister and Kouzarides, 1996; Ogryzko et
al., 1996), hSRC-1 (Spencer et al., 1997), and hSRC-3 (Chen et al., 1997). Conversely,
the activity of nuclear receptor corepressors such as SIN3 and NCoR has been linked to
their capacity to interact with histone deacetylases HDAC-1 and HDAC-2 (Heinzel et al.,
1997; Laherty et al., 1997), and to favor compaction of nucleosomes. Therefore, the
presence and activity of some nuclear receptor coactivators/corepressors appears to be
directly linked to the steady state of local chromatin compaction and subsequent level of

gene transcription.
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6. Goal of this study

The initial goal of this study was to identify proteins that would interact with nuclear
receptors independently of their AF-2. After the initial identification of CIA by Dr. Linda
D.B. McBroom (see details on page iv), the study became oriented toward the elucidation
of CIA roles and partners. More specifically, I was interested in the identification of CIA
interaction partners in vitro and in vivo and in the characterization of its mode of action

in cells.

The work that consisted in the bulk of this thesis is presented in the form of a manuscript
in chapter II. I have also included additional work that complements the data presented in
the manuscript. This includes of our attemps to isolate a full-length cDNA clone for CIA
(appendix A1), the identification of a putative physiological role for CIA in breast cancer
cell lines (appendix A2) and finally, the rationale behind the selection of residues for

mutagenesis in ERa based on previously published work (appendix A3).



CHAPTER II - MANUSCRIPT

The cloning and characterization of CIA: a novel nuclear receptor

coactivator

This chapter forms the basis of the manuscript: “CIA, a Novel Activation Function 2
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(AF-2)-Independent Nuclear Receptor Coactivator” by Frédéric Sauvé, Linda D. B.

McBroom, Josette Gallant, Fernand Labrie and Vincent Giguere.

The role of each coautor in the preparation of this paper is described on page iv of this

thesis.
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ABSTRACT

Nuclear receptors coactivators are factors that enhance the receptor transcriptional
activity. Most coactivators characterized to date exert their action through the receptor
ligand-dependent activation function 2 (AF-2). This interaction is mediated by a
coactivator LXXLL motif, and a hydrophobic cleft located within the terminal alpha helix
of the receptor. In an effort to identify novel coactivators that function independently of
AF-2, we used the LBD of the orphan receptor RVR (which lacks the terminal helix of
the LBD) as a bait in a yeast two-hybrid screen. This strategy led to the cloning of a
nuclear protein referred to as CIA (Coactivator Independent of AF-2 function) that shows
wide tissue distribution. In addition to its interaction with RVR, CIA displayed specific
interaction and coactivator activity with estrogen receptor (ER) a and p. The basal
interaction of CIA with ERa and B is strongly enhanced by its natural ligand, 17p-
estradiol (E,), and surprisingly, also by the pure antiestrogens EM-800 and ICI 164,384.
In contrast, tamoxifen and raloxifene blocked the E,-induced CIA/ERa interaction,
indicating that CIA may contribute to the distinct physiological actions of selective ER
modulators (SERMs). While the E,-dependent CIA/ER« interaction is mediated by the
unique CIA LXXLL motif, the coactivator can interact with a AF-2 null mutant of ERc.
In transfected cells, CIA does not affect RVR activity but enhances ERa transcriptional
activity on both natural (pS2) and synthetic E,-responsive promoters. Thus, CIA
constitutes a novel type of ligand-dependent but AF-2-independent nuclear receptor
coactivator that may play a specific role in ER physiology. Finally, the functional
characteristics of CIA support a possible role for ligands in regulating the activity of

orphan nuclear receptors lacking a AF-2 domain.
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INTRODUCTION

Nuclear receptors (NR) belong to a superfamily of transcription factors that regulate
hormonal processes involved in development, growth, metabolism and reproduction
(Meyer et al., 1989). Family members can be classified into subgroups based on their
dimerization potential, their ligand-binding specificity and their DNA-binding
characteristics (Mangelsdorf and Evans, 1995; Mangelsdorf et al., 1995). Among
members of the superfamily, there are a vast number of nuclear receptors for which no
ligand has yet been identified. These receptors are classified as "orphans” and the
identification of both their ligand and physiological role is of great interest as it could
possibly uncover new hormone response systems (Giguére, 1999; Kliewer et al., 1999).

NR regulate gene transcription through two activation functions (Evans, 1988). The
activation function 1 (AF-1) is ligand-independent and located in the N-terminus region
of the receptor. The AF-1 serves as a docking site for coactivators and general
transcription factors (Lanz et al., 1999; Lavinsky et al., 1998; Puigserver et al., 1998), and
its activity can be regulated through post-translational modifications, such as
phosphorylation (Hammer et al., 1999; Rochette-Egly et al., 1997; Tremblay et al., 1999).
The second activation function (AF-2) is located within helix 12 of the well-conserved C-
terminal ligand-binding domain (LBD) of the receptor (Danielian et al., 1992). The
activation of AF-2 is dependent on ligand binding (Danielian et al., 1992; Meyer et al.,
1989), which modifies the conformation of the LBD and promotes recruitment of
coactivators (reviewed in Glass et al., 1997). Both activation functions are required for
maximal transcriptional activity of the receptor.

The coactivators recruited to the receptor affect its transcriptional activity through
multiple mechanisms (reviewed in McKenna et al., 1999). Some form bridges with the
basal transcription machinery (Schulman et al., 1995) or act as recruitment partners for
other cofactors, principally for the p300/CBP "cointegrators” (Chakravarti et al., 1996).
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Others, like the steroid receptor coactivator-1 (SRC-1) family, possess multiple activation
domains which cooperate to maximize receptor activity (Ofiate et al., 1998). Some
coactivators have been shown to possess protein kinase activity and participate in
phosphorylation events necessary for full activity of the transcription complex (Fraser et
al., 1998). Finally, others show a variety of alternative activities, such as TIF-1 which
interacts with a putative chromatin remodeling complex (Le Douarin et al., 1995) and
P/CAF and SRC family members which possess intrinsic acetyltransferase activity
(Spencer et al., 1997; Yang et al., 1996). All these coactivators are thought to exert their
action as part of a large complex that participates actively in transcription, possibly
through modification of the chromatin template.

The ligand-dependent interaction between coactivators and nuclear receptors is
mediated by a motif consisting of the sequence LXXLL (where L is leucine and X is any
amino acid) which has been called an NR-box (Darimont et al., 1998; Ding et al., 1998;
Heery et al., 1997) as well as an LXD domain (McInemey et al., 1998). The specificity of
interaction of a given coactivator with nuclear receptors depends on the number and the
spacing between each LXXLL motif (McInerney et al., 1998). NR-boxes interact with a
hydrophobic cleft, a region which is located on the surface of the LBD of nuclear
receptors (Feng et al., 1998). The hydrophobic cleft is formed from helices 3, 5, 6 and 12,
residues contained in these helices make direct contact with the LXXLL motif. This
region becomes fully functional only when the cognate ligand binds the LBD, an event
that repositions helix 12 and results in the formation of the complete interaction surface.
The ligand-dependent interaction of coactivators with the LBD of NRs can be abolished
by antagonist-induced disruption of the position of helix 12 (Brzozowski et al., 1997;
Shiau et al., 1998). In addition, specific mutations of helix 12 can also impair coactivator
interaction with the LBD (Collingwood et al., 1998; Kamei et al., 1996; Saatcioglu et al.,
1993).
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In an effort to identify novel coactivators that function independently of AF-2, we
performed a yeast two-hybrid screen using the LBD of RVR (Retnakaran et al., 1994)
(NR1D1), an orphan nuclear receptor lacking an AF-2. We report the identification of a
novel coactivator whose interaction with nuclear receptors is ligand-dependent but

independent of AF-2 integrity.

MATERIALS AND METHODS

CIA isolation and interaction assay in yeast. Saccharomyces cerevisiae Y190
{MATa gal4 gal180 his3 trpl 901 ade2-101 ura3-52 leu2-3,-112 + URA3xGAL—-lacZ,
LYS2::GAL(UAS)—HIS3 cys} containing a bait plasmid pAS1-RVR (2a286-509) was
transformed with a human fetal kidney library (19-23 weeks) and plated on a SD medium
(MATCHMAKER Library Protocol, Clontech) lacking tryptophan, leucine and histidine

and containing 50 mM 3-aminotriazole. His" colonies having p-galactosidase activity, as
determined by a filter lift assay, were further characterized via standard techniques
(Bartel et al., 1993). The library plasmids were recovered by isolating total yeast DNA,
electroporated into E. coli HB101, and isolated on a minimal medium lacking leucine and
containing ampicillin. For the interaction assays, CIA was retransformed into Y190 and
mated to Y187 strain containing various baits (SNF1, Lamin, CDK1, p53, hERRa
(NR3B1), rERRp (NR3B2), hRevErba (NR1D1), mRVR (NR1D2), hGRa (NR3C1) and
hRARa (NR1B1)). The baits were assayed for interaction with pGAD-CIA as described
elsewhere (Lee et al., 1995).

Plasmid constructs and reagents. To construct the yeast-two hybrid bait, pCMX-
RVR (described in ref Retnakaran et al., 1994) was digested with BstXI, end- filled with
Klenow and digested BamHI. The 1.2 kb fragment containing the LBD was subcloned
into pAS1 digested with Ncol, end filled with Klenow and digested with BamHI. pCMX-
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CIA was constructed by PCR using a forward oligo introducing a consensus start site
(underlined): 5’-ACGGAATTCGTACCATGGCGCCTTTGTCCTACGGC-3' and a
reverse oligo: 5’-GCGCGAATTCTCAGTAATGCCTCTGGTA-3’. The PCR product
was digested with EcoRI and cloned into pCMX. A plasmid expressing the GFP-CIA
fusion protein was constructed as follows: pPCMX-CIA was digested with EcoRI and
CIA-OREF was cloned into pEGFP-C2 (Clontech) digested with EcoRI. GST-RVR was
constructed by cutting pCMX-RVR with Ncol and BamH]I, end-filling with Klenow and
cloning the insert into Smal cut pGEX-2T vector (Pharmacia Biotech). All the GST-RVR
LBD deletions were constructed as follows: PCR using specific 5° and 3’ oligos was
performed and the products were digested with BamHI and Mfel. The fragments were
cloned between the BamHI and EcoRlI sites of the pGEX-2T vector. GST-CIA was
constructed as follows: pCMX-CIA was digested with BamHI and Asp718]I, end filled
with Klenow and the 1030 bp fragment was cloned into the Smal site of pGEX-3X
(Pharmacia Biotech). pCMX, pCMX-hERa, TKLuc, 2C-vERE-TKLuc, PS2-Luc and
PS2(AERE)-Luc reporters have been described previously (Tremblay et al., 1997) as has
the MTV-Luc reporter (Hollenberg and Evans, 1988). 3C-TREPal-TKLuc was
constructed by cloning 3 copies of a TREpal (Umesono et al., 1988) consensus oligo
between the HindIll and BamHI sites of TKLuc. All the ERa and the CIA mutants were
constructed by PCR site-directed mutagenesis using Pfu polymerase (Stratagene) and the
smallest possible fragment containing the mutation(s) was sequenced, cut out and
reinserted into the template plasmid to eliminate the risk of undesired mutations. The
framing of all constructs described here was confirmed by DNA sequencing. SRC-1 was
a gift of Joe Torchia, University of Western Ontario, London, Ontario, Canada. Estradiol
(E,), all-trans retinoic acid, 3-iodothyroxine, progesterone and dexamethasone were all
obtained from Sigma Chemical Co. (St. Louis, Mo.). 1,25-dihydroxyvitamin D was a
generous gift of Alain Moreau, Institut de Recherches Cliniques de Montréal, Montréal,

Québec, Canada. EM-652 and ICI 182,780 were synthesized in the medicinal chemistry
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division of the Laboratory of Molecular Endocrinology, CHUL research Center, Québec,
Québec, Canada. OHT was kindly provided by D. Salin-Drouin, Besins-Iscovesco, Paris,

France.

Protein expression. The various bait protein constructs were transformed either in E.

coli DH5a (GST-RVR LBD) or BL21(DE3)pLysE (GST-CIA) and protein expression

was induced with 0.4 mM isopropylthiogalactopyranoside (IPTG) at 37°C for 3 h (0.05
mM IPTG in the case of GST-CIA {LXXAA}). Bacterial extracts were prepared via
sonication (DHS5a) or freeze-thaw cycles (BL21(DE3)pLysE). The extracts were

aliquoted, freezed in an ethanol/dry ice bath and storeded at -80°C.

Cell Culture and Transfection. COS-1 and HeLa cell lines were obtained from the
American Type Culture Collection. Cells were routinely cultured in Dulbecco’s Minimal
Essential Medium (DMEM) containing penicillin (25 U/mL), streptomycin (25 U/mL)
and 10% fetal calf serum (FCS) at 37°C with 5% CQ,. Twenty-four hours prior to
transfection, the cells were split and seeded into 12 well-dishes. At this stage, the media
was changed for phenol-red free DMEM supplemented with antibiotics and 10%
charcoal-dextran treated FCS. Cells were transfected using the calcium phosphate-DNA
coprecipitation method (Giguére et al., 1990). Typically, 0.5 ug of reporter plasmid, 0.2
ug of internal control (CMV-pGal), 50 ng of receptor expression vector, 100 ng of
coactivator expression vector and carrier (Bluescript pKS II) to a total of 1 ug per well

were added to the cells. After 12-14 h, cells were washed twice with PBS and treated with

either 1072 E, or carrier (ethanol) for 24 h in phenol red-free DMEM supplemented with
10% stripped FCS. Cells were then washed and harvested in a potassium phosphate lysis
buffer containing 1% Triton X-100. Luciferase and p-galactosidase assays were
performed as previously described (Tini et al., 1993). All the transfection results

presented are the average of at least two independent experiments performed in triplicate.
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The GFP/CIA-GFP intracellular localization experiments were conducted as follows: 24
prior to transfection, HeLa cells were seeded into 6-wells dishes with DMEM
supplemented with 10% FCS. GFP or CIA-GFP were transiently transfected at 2 pg per
well using calcium phosphate-DNA coprecipitation. After transfection, the cells were
washed twice with PBS and recuperated in media. Pictures were taken using a CCD
camera mounted on a Zeiss Axiovent-135 microscope. Image capture and analysis was

performed via Northern Eclipe software (EMPIX, Mississauga, Canada).

Northern Blots. Total RNA was collected from different tissues of 17.5 dpc mouse

embryos and processed with TRIZOL reagent (Life Technologies). Poly-A" RNA was
prepared using QuickPrep Micro mRNA purification kit (Pharmacia Biotech). The
samples were separated by electrophoresis in a 1% agarose-0.4% formaldehyde-1x
MOPS (morpholinepropanesulfonic acid) gel and transferred onto a nylon membrane
(Hybond N; Amersham life sciences) in 20x SSC buffer (1x SSC is 0.15M NaCl and
0.015M Naqscitrate at pH7.0). The RNA was UV cross-linked to the membrane and then

prehybridized at 42°C for 1 h in a buffer containing 50% formamide, 5x SSPE (1x SSPE
is 0.15M NaCl, 0.01M NaH,PO, and imM EDTA at pH7.4), 5x Denhardt’s solution, 1%
glycine and 100 ug/ml of denatured salmon sperm DNA. After prehybridation, the
membranes were hybridized overnight at 42°C in a solution of 50% formamide, 5x SSPE,

1x Denhardt’s solution, 0.3% SDS, 10% (wt/vol) dextran sulfate, 100 pg/ml of denatured
salmon sperm DNA and 6x10° cpm/ml of 32p_jabeled probe. Membranes were then
washed as following: 2x SSC 1% SDS at 55°C for 20 min, 0.2x SSC 0.1% SDS for 20

min at 55°C and for another 20 min at 65°C. They were then autoradiographed at ~70°C
on a X-OMAT film (Eastman Kodak Company) and/or quantified using phosphorimager
(Fujt Photo Film Inc.).



30

GST Pull-down assays. Fusion proteins were incubated with glutathione-Sepharose

beads (Pharmacia Biotech) for 20 min at 4°C. The beads were then spun down, washed 4
times with GST-binding buffer (20 mM HEPES pH 7.9, 150 mM KCl, 5§ mM MgCl,,
0.1% 3-{(3-Cholamidopropyl)dimethyl-ammonio}-1-propanesulfonate (CHAPS), 0.1
mM PMSF and 1 uM leupeptin). The beads were then resuspended in 150 pul of GST-
binding buffer with 20 ug mI”' BSA, the appropriate hormone (or carrier) and 5 ul of in

vitro translated protein prepared using rabbit reticulocyte lysates (Promega, Madison,

Wi.). The reactions were incubated 90 min at 4°C with mild agitation. The complexes
were then spun down and washed in GST-binding buffer, twice with 20 pg/ml ml BSA
and twice without BSA. Samples were then resuspended in 2x SDS-sample buffer and
boiled for 5 min prior to separation on 10% SDS-PAGE. Gels were then fixed and treated
with the fluorographic reagent Amplify (Amersham Life Science), dried and exposed at —
80°C. To ensure the presence of equal amount of bait proteins, purified extracts from the
various baits were previously separated on SDS-PAGE, stained with coomassie blue and
compared. Equivalent amount of bait proteins were then used for each pull-down

experiment.
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RESULTS

Initial cloning of CIA. In an effort to identify novel coregulatory proteins that would
act independently of AF-2, we used the LBD of RVR, an orphan nuclear receptor with no
AF-2 (Retnakaran et al., 1994) as a bait in a yeast two-hybrid screen. Standard procedure
was followed (Chien et al., 1991) and a putative cDNA clone was obtained from a human
fetal kidney expression library. Sequencing of this 2155 base pair (bp) clone revealed a
623 amino acid (AA) long open reading frame (ORF) (Fig. 1A). Sequence comparison
searches failed to reveal significant homology with known proteins. Only two identifiable
features present in this ORF: an NR-box at AA 387-391 (boxed in Fig. 1A) and an amino
terminal arginine and aspartic acid-rich region (RD-rich region, underlined in Fig. 1A). A
schematic representation of the protein features is presented in Fig. 1B. Extensive
screening and rapid amplification of cDNA ends (RACE) efforts did not generate a clone
with a longer 5'-end. (as described in appendix Al)

The specificity of interaction of the clone was verified in yeast through liquid p-
galactosidase assay by testing with two panels of baits fused to Gal4 DBD. First, we
assessed its interaction with a panel of non-specific baits (Fig. 2A). In this test, the clone
failed to interact with SNF1, lamin, CDK1 and p53 but interacted strongly with RVR.
These results confirm the specificity of interaction for the bait with a variety of unrelated
proteins. In a second panel, we measured its potential to interact with different nuclear
receptors in the absence of ligand (Fig. 2B). In this assay, the clone displayed strong
interaction with RVR and also with Rev-ErbAa (NR1D1) (another closely related orphan
receptor lacking the AF-2 domain): no interaction was observed with hERRa (NR3B1),
rERRB (NR3B2), hERa (NR3A1), hGRa (NR3C1) and hRARa (NR1B1). On the basis of
its specificity of interaction for orphans lacking an AF-2 and other characteristics that

will be discussed below, we named this clone CIA (Coactivator Independent of AF-2).
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Tissue expression and cellular localization of CIA. In order to determine if CIA

expression exhibits tissue specificity, we performed northern blots using poly-AT mRNA
extracted from various tissues of fetal (e17.5) mouse: (Fig. 3a, upper panel) expression
of mouse CIA mRNA was observed in all tested tissues. The level is very low in
embryonic liver but high in heart and kidney. Note the presence of two transcripts in the
embryonic kidney (lane 5). The difference between the two transcripts, about 700pb, is
due to use of an alternative poly-adenylation signal, which can be found on expressed
sequence tag (EST) clones (discussed in appendix A1). mRNA integrity was verified by
probing with p-actin (Fig. 3a, lower panel) and equal loading was ensured via ethidium
bromide staining (data not shown).

To assess the intracellular localization of CIA, transient transfection experiments
were performed in HeLa cells using a fusion of the green fluorescent protein (GFP) with
the ORF of CIA. GFP alone distributes evenly throughout the cell (Fig. 3C and D),
whereas CIA-GFP fusion proteins are strictly restricted to the nucleus (Fig. 3E and F).
The same results were obtained when the experiments were performed in COS-1 cells
(data not shown). Therefore, the CIA-GFP fusion protein is strictly nuclear when

transfected into mammalian cells.

In vitro interaction of CIA with nuclear receptors. To confirm the interaction of
CIA with RVR previously observed in yeast, in vitro pull-down experiments were
performed. As expected from the screening interaction, in vitro translated CIA interacts
with both GST-full length and GST-LBD constructs of RVR (Fig. 4A). To test whether
the interaction was specific to RVR or if CIA interacts with other nuclear receptors, a
GST-fusion containing amino acids 55 to 395 of CIA was constructed and pull-down
experiments were performed using in vitro translated nuclear receptors (Fig. 4B). CIA did
not interact with members of the non-steroid nuclear receptors: triiodothyronine receptor

o (T;Ra), all-trans retinoic acid receptor a (RARa) and 1,25-dihydroxyvitamin D
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receptor (VDR). It also did not interact with the steroid nuclear receptors GR and PR. No
interaction could be detected between CIA and the following nuclear receptors either in
the presence or absence of ligand: 9-cis retinoic acid receptor p (RXRp), tritodothyronine
receptor B (T,Rp), retinoic acid-related receptor « (RORa) (NR1F1) and the
mineralocorticoid receptor (MR) (data not shown). Strikingly, however, CIA interacted
with ERa and in a weaker fashion with ERp (data not shown), and this interaction was
greatly enhanced in the presence of E,. Therefore, CLA shows in vitro specificity of
interaction for ERa and g and the orphan nuclear receptors RVR and Rev-erbAc.

To explore the possibility that CIA acts as a coactivator in vivo, transient transfection
experiments were performed in COS-1 cells (Fig. 5). When cotransfected with NRs in
presence of ligand, CIA potentiated ER« transcriptional activity on a consensus
vitellogenin response element (VERE) reporter but did not alter T,Ra or PR transcription
on their respective consensus element (Fig. 5A). These results confirmed the specificity
of CIA for ER that was observed in vitro. CIA also enhanced ERa transactivation on the
PS2 natural promoter: this effect required the presence of an intact estrogen response
element (ERE) (Fig. 5B). In addition, the effect of CIA on ER transactivation was slightly
greater on the PS2 element than on the vERE. To further support the promoter
independent effect of CIA on ER, we constructed a chimera of the ERa in which the C-
terminal extremity of the receptor was fused to the DN A-binding domain (DBD) of the
yeast Gal4 transcription factor. When the transactivation potential of this fusion protein
was assessed on a upstream activator sequence (UAS) reporter construct, the CIA effect
was similar to what was obtained on a VERE element (data not shown). These
experiments were also performed in HeLa cells and yielded similar results, showing that

the observed effects were cell-type independent (data not shown).

CIA interaction with NR is dependent on the conserved signature motif. To

determine which region of the LBD of RVR interacts with CIA, we performed in vitro
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pull-down experiments with various deletions of RVR LBD (Fig. 6A). The regions
necessary for the interaction are located around helices 3 and 11 (observe lanes S and 8).
In addition, mutation of key residues in the well conserved signature motif (FAK to AGA
at amino acids 415-417 and PGF to AGA at amino acids 420-422) markedly reduced the
interaction (lanes 10 and 11). This experiment identified helices 3 and 11, as well as the
signature motif as regions necessary for the interaction between CIA and RVR.

To evaluate CIA interaction with ER, we constructed N-terminal and C-terminal
truncations of ERa and tested their ability to interact with CIA in vitro (Fig. 6B). Ligand-
dependent interaction of CIA with the C-terminal construct of ERa (CDEF) was even
more potent then with the wild type receptor (compare lanes 7 and 9 to lanes 3 and 4).
Conversely, the N-terminal construct of ERa (ABC) did not interact with CIA. These
results show that CIA interaction with ERa occurs through the C-terminal extremity of
the receptor, similarly to RVR. In order to identify the exact residues implicated in the
ligand-dependent interaction between CIA and ERa, we based our initial approach on the
RVR interaction data and constructed mutants in the signature motif of ERa. Mutations
of lysine 362 and the entire consensus WAK (aa360-362) were made and subsequently
tested for their ability to interact with CIA using in vitro pull-down experiments (Fig.
6C). Both signature motif mutants abolished the ligand-dependent interaction with ERa
(compare lanes 6 and 9 to lane 3). These results show that the interaction between CIA
and ERa requires the integrity of the signature motif and especially of lysine 362.

To further characterize the interaction of CIA with ERa, a panel of antagonists were
used to test whether the ligand-dependent interaction could be modulated (Fig. 6D). In a
pull-down experiment, in vitro translated ERa ligand-dependent interaction with GST-
CIA can be significantly reduced by addition of the partial antagonists 4-
hydroxytamoxifen (OHT) (lanes 5 and 6) or raloxifene (lanes 7 and 8). The E,-induced
interaction was abolished (compare lanes 6 and 8 to lane 4) while the basal interaction

was not affected (compare lanes 5 and 7 to lane 3). Remarkably, "pure" antiestrogens
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such as ICI 182,780 (lanes 9 and 10) and EM-652 (lanes 11 and 12) were unable to block
the E,-induced interaction (compare lanes 10 and 12 to lane 4): in fact, their presence

increased the interaction of ERa with CIA (compare lanes 9 and 11 to lane 3).

Ligand-dependent interaction occurs through an NR-box. Since NR-boxes have
been shown to be the region of coactivators that mediate ligand-dependent interaction
with NRs, we next tested if CIA interaction with ERa and p was mediated by this motif.
Mutagenesis of the only NR-box consensus motif in CIA, the LINLL (amino acids 387-
391) into LINAA, was performed and the ability of this mutant to interact with the
estrogen receptors was tested in vitro (Fig. 7A). The mutation of both leucine residues to
alanine abolished the ability of CIA to interact with both the ERa and B in a ligand-
dependent manner (compare lane 6 and lane 4). To confirm in vivo that the potential of
the CIA mutant to coactivate ERa would be reduced, we tested its ability to coactivate
ERa in transient transfections (Fig. 7B). As expected, the mutated CIA is less effective at

enhancing ERa transactivation than the wild type CIA.

Interaction of CIA with ERa is independent of AF-2. In order to further
characterize CIA interaction with the LBD surface of the estrogen receptors, we mutated
residues located in the previously defined hydrophobic cleft on the surface of the LBD
(Feng et al., 1998). These residues have previously been shown to either greatly reduce
(V376R) or completely abolish (E542K) ligand-dependent interaction with coactivators
(Feng et al., 1998). We also studied an ERa AF-2 null mutant (L539A) that has
previously been shown not to interact in a ligand-dependent fashion with SRC-1
(Tremblay et al., 1998; White et al., 1997). The rationale underlying the choice of these
receptor mutants is outlined in appendix A3. In vitro pull-down experiments were
performed with the various ERa mutants and their ligand-dependent interactions with

CIA were compared to that of the wild type ERa (Fig. 8A). The mutant V376R shows
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decreased ligand-dependent interaction with CIA. This observation mimics what was
previously demonstrated with other coactivators (Feng et al., 1998) and suggests that this
residue participates in the interaction with CIA. Strikingly, both E542K and L539A
mutants still show ligand-dependent interaction with CIA. This result is different from
what was previously reported for other coactivators and indicates that the integrity of
these residues is not required for the interaction with CIA. Both L539 and G542 are part
of the helix 12 of the LBD, forming the core of the AF-2. The fact that these residues are
not necessary for CIA interaction with ERa confirms that it occurs through a ligand-
dependent but AF-2 independent mechanism. To confirm this result in vivo, transient
transfections were performed using the AF-2 L539A null mutant of ERa (Fig. 8B). When
this mutant was cotransfected with SRC-1, no ligand-dependent transactivation could be
restored. In contrast, when the ERa AF-2 mutant was cotransfected with CIA, ligand-

dependent transactivation activity could be observed.
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DISCUSSION

CIA sequence and features. Analysis of CIA sequence reveals very little
information about its putative role: (Fig. 1B) the only identifiable motifs contained in
CIA are an NR-box and a RD-rich region. The NR-box motifs have extensively been
shown to mediate ligand-dependent interaction with nuclear receptors (Darimont et al.,
1998), but to our knowledge, RD-rich regions have not been linked conclusively with any
protein function. The RD cluster represents a highly hydrophilic region of alternating
positively and negatively charged residues, which are most likely exposed at the surface
of the protein. The coactivator TRAP220 (Treuter et al., 1999), also contains an RD-rich
region, which is only 14 amino acids long and was suggested to be involved either in the
oligomerization of TRAP220 or in DNA-binding. It is possible that the RD cluster plays
a similar role in CIA, although the significantly longer RD-rich domain may play a
different role in this novel protein. We have tested if this region could bind specifically to
DNA using standard DN A-binding assays and no conclusive interaction has been

observed (data not shown).

CIA specificity of interaction for the RVR and $ and the ERs. Of all the nuclear
receptors tested, only RVR and Rev-erbAa and ERa and B were able to interact with CIA.
This result may be related to the fact that CIA possesses a single NR-box, and
coactivators possessing only one of these motifs have been shown to be less promiscuous
with putative partners (McInerney et al., 1998). Specifically, ERa was shown to be able
to interact with coactivators possessing only one NR-box while others receptors like T,R,
RAR, PPAR and PR interact only with coactivators containing two of these motifs with
an appropriate spacing (McInemey et al., 1998). Based on our interaction data, we

propose that the RVR and RevErba orphan receptors will interact with coactivators
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possessing only one NR-box. This information can be of great interest in order to
establish a coactivator interaction screen to identify putative ligands for these orphans.

Our transfection data supports CIA as being a coactivator of ERa transcriptional
activity. This enhancement is more pronounced on a natural promoter (pS2) than on an
artificial one (VERE). This effect is also cell-type independent, suggesting that in vivo,
CIA can act in multiple cellular types and contexts, in agreement with the wide
distribution of its mRNA. CIA will affect ER activity on promoters containing functional
ERE and could potentially compete or cooperate with other coactivators. CIA may act as
part of a coactivator complex containing multiple factors that could help stabilize
interactions with other proteins. Current assays may not be suitable to analyze the full
extent of CIA contribution in cellular transcription regulation. The possibility also exists
that CIA acts as a bridging protein, recruiting factors in a transcription complex.
Although, at this point, there is no evidence to support this hypothesis, the absence of
conserved structural functions in CIA points to either a new and previously unreported
mode of action or a more structural role for the protein.

The effect of CIA on RVR transcriptional effect is harder to observe and interpret due
to the nature of the available model systems. Off the few characterized roles of RVR, its
ability to repress RORa transcriptional activity through direct competition for a RORE
binding site, on the N-myc promoter (Dussault and Gigueére, 1997), appeared to be the
most appropriate to evaluate the role of CIA. Unfortunately, cotransfection of CIA
together with RVR and RORa (on a RORE element) did not induce a significant relief of
RVR repression mediated by synthetic RORE-containing reporter plasmids (data not
shown). Also, the co-transfection of CIA and RVR did not yield any significant
transcriptional activation (data not shown). Those two experiments suggest a role for an
unidentified RVR ligand that could be necessary to detect an eventual CIA effect on its

transcriptional activity. Therefore, CIA could prove to be an important tool for the
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identification of ligands for members of the Rev-ErbA family of orphan nuclear

receptors.

CIA interaction does not require AF-2 integrity. It was previously established
(Feng et al., 1998) that the hormone-dependent SRC family of coactivators bind to the
"hydrophobic cleft" on the surface of NR. This ligand-dependent interaction requires an
intact AF-2. CIA, although clearly not a member of the SRC family, interacts in a ligand-
dependent fashion with NRs through an NR-box. The fact that CIA interaction does not
require an intact AF-2 -since it still interacts with ERa L539A and E542K mutants-
suggests that its identification has uncovered a novel type of AF-2 independent
coactivator. The interaction of CIA with ER cannot be blocked by "pure" antagonists
such as EM652 and ICI 187,780, which are believed to prevent the binding of
coactivators by disrupting the positioning of helix-12 on the surface of the LBD. The fact
that CIA still interacts with ER in the presence of these ““ pure” antagonists confirms that
helix 12 integrity is not required for its interaction. Therefore, CIA represents a putative
novel class of ligand-dependent coactivators that mediate their action independently of
AF-2 integrity. Identification and characterization of such coactivators is important in
understanding nuclear receptor transcriptional regulation. Better comprehension of this
regulation will help us develop a global scheme of NRs action in mediating endocrine

defects and could ultimately be used to design appropriate therapeutics.
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FIG. 1. Sequence and features of the CIA cDNA clone. (A) The sequence obtained from
the human fetal kidney cDNA is 2155 bp long and contains a 621 amino acid long open
reading frame. The arginine and aspartic acid rich region is underlined and the LINLL
NR-box interaction motif is boxed. The putative translational initiation site is in bold.
Nucleotides are numbered on the right. (B) Schematic representation of the protein with

the features highlighted.
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FIG 2. Specificity of nuclear receptor-CIA interactions in yeast. (A) Liquid p-
galactosidase assays demonstrate that CIA interacts with RVR but not with control
plasmid pAS1 nor with unrelated baits SNF1, lamin, CDK1 and p53. (B) In a similar
assay, CIA interacts only with Rev-ErbAa and RVR, and does not interact with the
control plasmid nor with the nuclear receptors hERRa, rERRB, hERa, hGRa and hRARa

in the absence of ligands.
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FIG 3. Expression and intracellular localization of CIA. (A, top panel) Northern blot of

poly-A® mRNA from 17.5 dpc mouse embryos, probed with the human CIA ¢cDNA clone
shows expression of a 3.7kb mRNA in heart, brain, lung, kidney and spleen. Note the
presence of a second 3 kb mRNA in kidney. (A-bottom panel) A B-actin probe was used
as control for mRNA integrity. (B) Phase contrast (i and iii) and fluorescence (ii and iv)
pictures of HeLa cells transiently transfected with GFP (i and ii) or CIA-GFP (iii and iv)
show that CIA-GFP is strictly nuclear while GFP alone distributes evenly throughout the

cell.
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FIG 4. In vitro interaction of CIA shows specificity for RVR and ERa. (A) Pull-down

experiment shows that **S-labeled CIA interacts in vitro with GST-RVR LBD (lane 3)
and GST-RVR full length (lane 4) but not with the GST alone control (lane 2). Input
represents 10% of the labeled CIA used in the assay (lane 1). (B) Pull-down experiment

shows that only *°S-labeled ER« can interact ligand-dependently with GST-CIA. The

assay is performed either in presence of 10"M E, (lanes 22 and 24) or carrier (ethanol,
lane 23). None of the other tested nuclear receptor including rTRa, mRARa, hVDR, hPR

and hGRa demonstrated any interaction with GST-CIA (lanes 1 to 20) either in absence
or in presence of their respective hormones (triiodothyronine 10"°M, all-¢rans retinoic

acid 10°M, 1,25-dihydroxyvitamin D 10”'M, progesterone 10”M and dexamethasone 10

™).
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FIG S. In vivo activation by CIA is specific for ERa and is independent of the promoter

context. (A) Transient transfections in COS-1 cells show that CIA can potentiate ERa

activation in presence of ligand (10*M E,) on a 2C-vERE-TKLuc, but cannot potentiate
T;Ra activation on a 3C-TREpal-TKLuc or PR activation on a MTV-Luc. Results are
expressed in fold induction over the reporter alone. (B) Ligand-dependent activation of
ERa on a PS2-Luc is enhanced by cotransfection of CIA. No effect of CIA can be seen on
the promoter when its ERE site is mutated (PS2-Luc AERE).
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FIG 6. In vitro interaction of CIA requires the signature motif of the NR LBD and is

differentially modulated by SERMs. (A) Pull-down experiment between >°S-labeled
CIA and GST-RVR-LBD truncations shows that the interaction requires regions
surrounding helix 3 (compare lanes 5 and 6 to lane 3) and helix 11 (compare line 8 to line
3). CIA interaction is disrupted significantly by mutation of the signature motif: changing
residues FAK to AGA (aa415-417) or PGF to AGA (aa420-422) disrupts the CIA-RVR
interaction (compare lanes 10 and 11 to lane 3). (B) Pull-down experiments demonstrate

that the ligand-dependent interaction occurs between GST-CIA and the C-terminal

portion of %S _labeled ERa (CDEF) (compare lanes 7 and 8 to lanes 3 and 4) and that the
N-terminal portion of ERa cannot interact with CIA (lanes 9 to 12). (C) The CIA-ERa
interaction can be disrupted by mutating of the signature motif WAK->AGA (aa360 to
362) or only the lysine residue (K362A). (D) Ligand-dependent enhancement of the
CIA-ERa interaction (lanes 3 and 4) is inhibited by OHT and raloxifene (compare lanes 5
and 7 with lanes 6 and 8), but is enhanced by the pure antiestrogens ICI182,780 and EM-
652 (compare lanes 9 and 11 with lanes 10 and 12).
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FIG 7. Mutation of the LINLL motif in CIA abolishes the ERa-CIA interaction. (A)

Ligand dependent interaction between GST-CIA and *3S-labeled ERa (upper panel, lanes
3 and 4) or ERp (lower panel, lanes 3 and 4) is disrupted by mutation of the LINLL motif
of CIA to LINAA (compare lanes 5 and 6 in each panel). (B) Transient transfection
demonstrate that mutation of the LINLL motif reduces the CIA-mediated accentuation of
ligand-dependent ERa activity. Transfections were performed in COS-1 cells using the
pS2-Luc reporter and pCMX-based expression vectors as described in the materials and
methods section. Transfected cells were treated with either 10® M E, or carrier (ethanol)

for 24 h post-transfection.
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FIG 8. Ligand dependent interaction between CIA and ERa is not blocked by mutation
of residues in the receptor AF-2 domain. (A) Pulldown assays demonstrate that ligand
induced interaction between GST-CIA and ERa is not disrupted by mutation of
conserved residues in the ERa AF-2 (compare mutants E542K and L539A with the wild-
type receptor), or by mutation of a residue located in the co-activator binding cleft
(compare mutant V376R with the wild-type receptor). (B) In contrast to SRC-1, CIA

can enhance ligand-dependent activation of an AF-2 deficient mutant ERa.
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APPENDIX - ADDITIONAL RESULTS

Appendix Al - Isolation of a full-length cDNA clone for CIA

Data gathered from CIA the sequence (see figure 1), the Northern blots (see figure 3) and
the EST alignments (see section 1 of additional results) did not allow us to conclude that
the cDNA clone presented in this thesis is the full-length protein. First, the sequencing of
the clone revealed an open reading frame continuing until the end of its 5'-extremity.
Secondly, the first putative initiation codon (bold in figure 1) is not at all in a favorable
consensus context for a start site (reviewed in Kozak, 1992). Third, analysis of mRNAs
transcripts observed on northern blots (see figure 3) and data obtained from EST
alignments (data not shown) revealed that there could be 100 to 200 bp missing from the
5'-end of our CIA clone. Taken together, these observations suggested that the CIA
cDNA clone lacked 5’ sequences that were present in the full length CIA mRNA species.
We started an intensive search for a longer clone that could be a complete ORF for the

protein.

The initial strategy involved screening of cDNA libraries in order to identify a longer
ORF for CIA. Multiple libraries were screened sequentially (human placenta, mouse
brain and mouse embryonic kidney) with various fragments of CIA as probes. Standard
filter hybridization techniques were followed and muitiple hits were obtained in each of
these screens. Although many cDNAs were recovered, none of them extended further §'
than the sequence reported in figure 1. The large number of independent clones recovered
supported the idea that the screen was appropriately conducted: our failure to recover
longer transcripts is likely due to the fact that our clone is complete. Although, the

method of construction of the libraries themselves (these libraries were constructed using



poly-A tail tagging rather than random priming or a combination of both), still did not

allow us to conclusively rule out the existence of a longer cDNA.

As an alternate means of recovering additional 5’ sequence, we performed Rapid
Amplification of cDNA Ends (RACE) experiments on mouse kidney and brain mRNA.
This technique allowed us to use specific primers close to the 5'-end of the CIA clone to
maximize our chances of recovering a longer clone. Unfortunately, three separate
attempts to extend the 5'end of the current CIA clone using either total or poly-A* RNA
failed. All the RACE products terminated within the first 95 pb of CIA clone (figure 1).
A striking characteristic of this region is its high content of G and C nucleotides: such
GC-rich regions are known to form secondary structures that reverse transcriptase (RT)
enzymes have difficulties overcoming (Mytelka and Chamberlin, 1996; Rees et al.,
1993). In order to solve this problem, we performed a RACE experiment using the
thermostable enzyme 7th (Epicentre Technologies) that can be incubated at temperatures
up to 720C for the RT reaction. This technique also failed to obtain a longer 5' cDNA
product. While our results suggest htat the CIA clone may be full-length, this stretch of
GC-rich nucleotides could be forming a secondary structure too stable to be processed by
our current in vitro reverse transcription techniques, and therefore prevented us to rule

out the existence of a longer cDNA.

Since all these approaches were unsuccessful, we finally decided to conduct a PCR-based
screen jointly with Genome Systems Inc., in order to help solve our dilemma concerning
the putative existence of a longer ORF for CIA. They screened 10 "long cDNAs"
containing libraries and identified multiple positive clones. Subsequent isolation of
cDNA from an embryonic brain library yielded clones that were not longer then the CIA
cDNA presented in figure 1.
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. Although no conclusive evidence exists to assert whether the cDNA clone we possess for
CIA is full length, after performing all these experiments, we feel increasingly confident

that our clone is indeed a complete one.
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Appendix A2 - Identification of a putative physiological role for CIA

In an effort to identify functional characteristics and possible homologues for CIA,
multiple sequence homology searches were performed into the National Center for
Biotechnology Information (NCBI) sequence data bank (Altschul et al., 1997). These
searches suggested that CIA is not homologous to any previously identified proteins,
especially known coactivators. Even performing more advanced searches, using
BLOCKSS?, failed to identify any conserved protein motifs (Henikoff and Henikoff,
1994). Initially, this was seen as a major set-back. It would have been very useful in the
initial characterization of CIA had identified homologies or conserved functional domain
to proteins with known function. The only significant protein homology (2e-23 on the
protein level) is between the central region of CIA (AA240 to 487) and a Drosophila
melanogaster clone of unknown function (accession number AF160904). As seen on
figure 12 (boxed), the LINLL motif required for the CIA-ERa and B ligand-dependent
interaction is not conserved between the two clones. Therefore, this Drosophila
melanogaster clone may not represent a functional homologue of CIA, but further

investigation would be necessary to properly address this question.

The sequence homology searches against Expressed Sequence Tagged (EST) databases at
the NCBI (Altschul et al., 1997) identified more than 20 EST that are significantly
homologous to CIA. All these clones were either from human, rat or mouse cDNA
libraries. These homologies confirmed that the mRNA for CIA is indeed expressed in a
variety of tissues in mammals. Unfortunately, none of these ESTs extended for the 5'-end
of our CIA clone (this point will be discussed in section 4). An assembly of these EST
clones - performed using the EST Extractor and the EST Assembly Machine at

b The BLOCKS protein homology server is available at the Fred Hutchinson Cancer Research Center at

(BLOCKS is a protein alignment tool that searches for conserved motifs and not conservation of an entire
protein fragment)
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TigemNetc - showed the presence of two different 3'-untranscribed regions (UTR) for
CIA. This prediction of two putative mRNA messages confirmed results observed on
mouse fetal tissues (see figure 3a). This allowed us to conclude that these two different
mRNAs were created by the use of an alternative polyadenylation site in the 3'-UTR of

the clone.

It is the sequence homology searches against genomic Sequence Tagged Sites (STS) and
against High-Throughput Genome Sequencing (HTGS) databases at the NCBI (Altschul
et al.,, 1997) that yielded the most valuable information about CIA. They revealed
homology to a genetic marker used by the Sanger Centerd, which is part of the human
genome project, to assemble DNA contigs. This marker (Hs182A2T7) is homologous to
CIA from bp 756 to 955 (see figure 13). This perfect match allowed us to trace back CIA
localization to the Bacterial Artificial Chromosome (BAC) clone dJ599F21 at the Sanger
Center. This BAC mapped to the human chromosome 20q12-13.12 and contains the CIA
gene. This localization was corroborated via another proximal marker (WI121844) which
is also located on dJ599F21. This second marker was mapped to the same region of
chromosome 20q by radiation hybrid screening (The Whitehead Institute/MIT Center for
Genome Research)c. This mapping information was of great interest for us because this
region of human chromosome 20 was previously shown to contain AIB1, another NR

coactivator overexpressed in breast and ovarian cancers (Anzick et al., 1997).

Since CIA mapped to human chromosome 20q12-13.12 which spans a region previously
shown by numerous reports to be amplified and overexpressed in breast and ovarian

cancers (Anzick et al., 1997; Bautista et al., 1998; Guan et al., 1996; Tanner et al., 1994;

¢ TigemNet can be accessed at http://gcg.tigem.it/cgi-bin/UNIESTASS.PL

d These sequence data were produced by the Human Sequencing Group at the Sanger Center and can be
obtained from fip://ftp.sanger.ac.uk/pub/human/chr20/

¢ The Whitehead Institute/MIT Center for Genome Research can be accessed at: www.genome.wi.mit.edu
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Tanner et al., 1996), we wanted to verify whether CIA would also be overexpressed or

amplified in some of these cancer cell lines.

We first isolated RNA and genomic DNA from a panel of breast cancer cell lines using
Trizol (Gibco Life Technologies), following the manufacturer’s instructions. Total RNA
was run on a northern gel, transferred to a nylon membrane and then hybridized to a
radiolabelled probe prepared using the full-length CIA cDNA clone. The membranes
were stripped and restudied using a rediolabelled AIB1 probe: this represents a positive
control for our studies as many breast cancer lines have been shown to overexpress this
coregulator. As seen in figure 14, top panel, expression of CIA is about 2 to 3 fold higher
in all tested cancer cell lines (lanes 3 to 14) then in the control cell lines (lanes 1 and 2).
Even if the expression level is higher, the ratio of CIA expression (cancer cells / normal
cells) is less than the ratio for AIB1 expression (figure 14, 20d panel), which is used here
as a positive control for overexpression. Although we can never rule out the possibility
that CIA could be overexpressed in some cancer cell lines not studied here, the data
available forced us to conclude that CIA was not overexpressed in this panel of cancer
cell lines. In an effort to identify a potential correlation between CIA and SRC-1
expression patterns, the membrane was also blotted with SRC-1 (figure 14, 3rd panel): no
corelation between SRC-1 and CIA expression lecels was observed in these cell lines.
Finally, to adjust for loading differences, the membrane was probed with hGAPDH
(figure 14, bottom panel).

In addition, we wished to determine whether the chromosome 20 amplification seen in
breast cancer cell lines involved the CIA locus. Genomic DNA was digested with
restriction enzyme EcoRlI, run on an agarose gel and transferred to a nylon membrane.
This membrane was then sequentially probed for CIA, AIB1, SRC-1 and GAPDH (see

figure 15). Again here, comparison of the relative signal levels (cancer cells / control cell)
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obtained for CIA with the level obtained for the positive control (AIB1), led us to

conclude that CIA gene is not amplified in these breast cancer cell lines.

These results are somewhat surprising since CIA appears to be localized with in a region
known to be both amplified and overexpressed in many of the tested cell lines. One
possible explanation is that the exact localization of CIA lies just outside the amplified
regions of chromosome 20q13. A usefull experiment to address this point would be to
map more precisely CIA locus using FISH-mapping. This experiment is ongoing and is
so far, without conclusive results (data not shown). Therefore, since both overexpression
of the CIA mRNA and amplification of its gene have been ruled-out, the chromosomal
localization of CIA will not be addressed further until sequencing of this 20q12-13.12

region is completed by the Sanger Center.
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Appendix A3 - Rationale for ERac mutagenesis

The mutants presented in this thesis manuscript were based on previous studies that
identified the NR LBD residues mediating the interaction with LXXLL motifs on
coactivators (Darimont et al., 1998; Heery et al., 1997; MclInerney et al., 1998; Nolte et
al., 1998; Westin et al., 1998; Feng at al., 1998). The ERa mutants studied in these papers
were modelled using the crystal structure of the ERa LBD: those mutants which appeared
to be best positioned to characterize the CIA mode of action were analysed in the present

work.

Analysis of crystal structure data showing the position of AF-2 in liganded ERa allowed
us to propose that CIA binds to a different surface on the LBD than the p160 coactivators.
The modeling of the ERa LBD presented here was made with Swiss PDB Viewer (Guex
and Peitsch, 1997), using the PDB coordinate file 1ERE.PDB' (Brzozowski et al., 1997).
Residues important for the binding of LXXILL-containing coactivators to the hydrophobic
cleft are all located around the edges and at the bottom of the cleft (figure 16) these
include residues contained in the signature motif as well as residues located in helix 12.
The importance of these residues in CIA binding was studied by site-directed
mutagenesis. The mutation that disrupts CIA interaction (K362A) (shown in red in figure
16) is located to the right of the cleft, on the side directly opposed to the helix 12.
Conversely, the residues on the helix 12 (L539A and E542K)(shown in green) are not
necessary for ligand-dependent CIA binding and do not disrupt the CIA-ER« interaction
observed in GST pulldown or transient transfection studies. A fourth mutant (V376R) is
also dispensable for the interaction. In contrast, SRC-1 interaction with ERa is disrupted
by mutation of L539, E542 or V376. This visual representation of the LBD and especially

of the hydrophobic cleft with the various mutants, clearly shows that CIA is binding to a

f The PDB coordinates for ERa LBD crystal structure (1ERE.PDB) are available from the NCBI database
at www.ncbi.nlm.nih gov
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different site on the LBD than other coactivators. This observation is consistent with the
cloning strategy used to isolate CIA: which identified proteins interacting with RVR, an
orphan NR without an helix 12.

The binding of CIA to a different part of the hydrophobic cleft could also partially be due
to its specific LINLL motif (see figure 1). Although little is known about the role of
residues surrounding the coactivators LXXLL motifs, it could be envisaged that they
affect binding specificity of the coactivator. This hypothesis is supported by experimental
observation showing that coactivator-NR interaction could be disrupted by mutation of
either sequences surrounding the coactivator LXXLL motif or residues on the surface of
nuclear receptors (Darimont et al., 1998). If such is the case, CIA specificity for ERa and
B could be due to specific residues located near or signature motif of these receptors. For
example, the V376, L536 and the Y537 residues of ERa are not conserved between
receptors. As long as we do not have precise structural information (such as cocrystal
coordinates) on the positioning of CIA LINLL motif on the surface of ERa, this

assumption about specificity remains highly speculative.

The observation that ERa-CIA interaction is enhanced by “ pure-antiestrogens’ such as
ICI 164,384 and EM800 but blocked by tamoxifen and raloxifene suggests that this
interaction is susceptible to the LBD conformation. Although crystal structure data shows
AF-2 repositioning upon ligand-binding, there are also other more subtle conformation
changes that are likely to occur throughout the LBD. Such a subtle conformational
change in the ERa LBD must regulate its interaction with CIA. The fact that the AF-2 is
not required for this specific interaction implies that the LBD of ERa possesses more
regulatory interfaces then the one formed by the classical AF-2-LXXLL motif. These
findings suggest that CIA may be an excellent candidate to contribute to the distinct

physiological actions of SERMs.
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CONCLUSION

In this thesis, we have characterized CIA, a novel coactivator for the superfamily of
nuclear receptors. We have established its specificity for some orphan receptors as well as
for ER a and B, and have demonstrated that its interaction with ER is promoted by ligand-
binding and "pure” antiestrogens, and is independent of AF-2 integrity. We have also
provided a structural basis for this unusual property, showing that the region where CIA
binds to the LBD is different than the one used by other LXXILL-containing coactivators
such as the SRC family. This novel protein is exciting because it demonstrates the
existence of an alternate regulatory surface located on the LBD of nuclear receptors.
Further characterization of this newly identified interaction surface and elucidation of its
role in the regulation of ER-mediated transcription could be important in understanding

some of the effects exhibited by SERMs on ERa and .

In order to properly characterize CIA functions, there are still many questions remaining
to be answered. First, it is important to establish whether the current cDNA clone encodes
a full-length ORF for the protein. As discussed previously, multiple approaches have
failed to produceidentifyon available from the Sanger Center to identify exons upstream
of the current 5'-end. Online genome sequences databases currently contain 30 kb of
sequenced and aligned genomic DNA upstream of the current ORF. Usage of four
different intron/exon prediction packages (such as GENEMARKz®, GRAIL?, FGENESH/,
GenLangi) produced four different possible exonic structure for this 30kb of genomic
DNA (data not shown). Therefore no obvious exon / intron structure can be identified
from this genomic sequence using computer algorithms. Another possible approach to

identify putative CIA exons, would be to clone fragments of this genomic DNA into a

£ Genemark can be accessed on the www at http://www?2.ebi.ac.uk/genemark/

h Grail can be accessed on the www at http://avalon.epm.oml.gov/grail-bin

f FGENESH can be accessed on the www at http://dot.imgen.bcm.tmc.edu:933 1/seq-search/

J GenLang can be accessed on the www at http://cbil.humgen.upenn.edu/~sdong/genlang.html
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gene trapper system such as Exon Trapper (Gibco BRL). These vectors, upon transfection
into mammalian cells, allow the normal cellular machinery to splice out exons from
fragments of genomic DNA. This could be one method to overcome the difficulties
associated with the 5'end of CIA. IfI was to continue studying this protein, it is the
approach I would now use, because the analysis of CIA genomic sequences is likely to

establish definitively whether or not our clone is complete.

A second unanswered question concerns the molecular mechanism by which CIA exerts
its function. Although identifying a function remains speculative until a complete ORF is
obtained (as an important domain might be absent from a partial clone), some available
information suggests a role for CIA. Apart from the transcriptional coactivator activity
discussed in the manuscript, there are some functional characteristics of CIA that were
not addressed. First, when a part of CIA is fused to a Gal4-DBD (AA 55-365), it repress
transcription (data not shown). This observation is similar to what is obtained when some
other coactivators (such as TIF-1) are artificially brought close to DNA. The
interpretation we gave to this phenomenon was that bringing the hydrophobic RD-rich
region (see figure 1) close to DNA would induce non-specific binding of this intensively
charged cluster with the negatively charged DNA. Although we performed non-specific
in vitro DNA-binding assays with bacterially produced GST-CIA, no such activity was
ever observed (data not shown). It is entirely possible that our assays were improperly
designed to observe CIA binding to DNA, either because CIA was not properly modified
in a bacterial system, or because in vitro DNA is structurally significantly different from
in vivo DNA. If such a CIA-DNA interaction was taking place in vivo, it could suggest
that CIA plays a role in chromatin rearrangement. To properly address this point, one
should study CIA effect on transcription of integrated reporter constructs or on a
chromatin-dependent in vitro transcription template and should also test for HAT

activity. The later test was not performed because chromatin remodeling coactivators
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possess a conserved histone-acety! transferase domain (Yang, 1998) which is not present
in CIA. Therefore, the role of CIA might be to recruit other coactivators possessing
intrinsic chromatin remodeling enzymatic activities. A recent report suggested that the
chromatin-remodeling complex SWI/SNF could be targeted to promoters via the
activation domains of activators such as VP16 and GCN4, subsequently stimulating the
transcription from nucleosomes arrays (Neely et al., 1999). Perhaps CIA could play a role

in the recruitment of such complexes in mammalian cells.

This hypothesis raises a third unanswered question: whether CIA exerts its actions alone
or with putative partners. The current picture of coactivators action is that they usually
exist as multiprotein complexes, perhaps even complexed with some RNA (Lanz et al,,
1999). In such a context, it is reasonable to hypothesize that CIA forms part of such a
multiprotein complex in vivo. From my point of view, the best current approach to
identify and purify such multiprotein complexes is to use a size-fractionation column,
which allows the isolation of complexes as a whole, based on their size. O'Malley and
colleagues used this technique to isolate SRC-1 containing complexes and identified
other copurifying coactivators (McKenna et al., 1998). Usage of such a copurification
approach, although technically challenging to establish, should allow the identification of
in vivo partners for CIA. The identity of these putative partners may provide insights on
CIA mechanism of transcriptional activation. If the role of CIA is indeed to mediate the
formation of such a complex, it is plausible that some of these copurifying proteins will
turn out to possess intrinsic chromatin remodeling activity (such as HAT). This could be
a good explanation why CIA does not possess itself such catalytic histone-remodeling

capacities.

The final point that should be closely looked at is the CIA-ERa interface. Combined with

the observation that “pure antiestrogens” such as EM800 and ICI 164,384 enhance the
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CIA-ERa interaction, the identification of ERa K362A as a mutant that prevents CIA
binding and conversely, the identification of ERa V376R, L539A and E542K as mutants
that can still bind CIA, are good indicators that this interaction occurs through a different
interface than the SRC family of coactivators. The structural rationale for these findings
could prove to be even more intriguing. To explain the unusual ER-binding
characteristics that CIA exhibits, one must consider that the ligand-binding on ERa has to
induce additional structural changes on the LBD than the repositioning of the helix 12.
Such changes were always considered to be minor for coactivator binding which usually
appeared to be regulated by the large conformational change in helix 12 position that
results from ligand binding. In the case of CIA, such helix 12 requirement is absent and
its interaction has to be “sensing” more subtle changes in the conformation of the other
helices. To properly study this hypothesis, we would need to perform more mutagenesis
on the hydrophobic cleft side, on residues in the neighbourhood of K362. We would also
need to look at the affinity differences between CIA and the various mutants of ERa, to
establish which mutations are critical to “sense” the ligand-induced conformational

changes.
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There is still a considerable amount of work that needs to be done before a clear picture
of how CIA exerts its action in the complex process of transcriptional activation. I hope
the work presented in this thesis will be useful to get a better understanding of this
puzzling action. I also hope that it will raise interest in CIA and that other researchers will
want to pursue the investigation of its functions, especially as a modulator of ER activity.
The intriguing AF-2 independent activity exhibited by CIA, combined with its putative
SERM selectivity should certainly receive consideration because it contrasts the current
model for previously described ligand-dependent coactivators of ER, all of which act
through the helix 12.
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Figure 9 General structure of nuclear receptors. Nuclear receptor structure consists of
five functionally conserved domains: (A/B) the modulator domain, which contains the
activation function-1. It gets phosphorylated on serine residues downstream of growth
factor action and binds some coactivators. (C) The DNA-binding domain which contacts
DNA and plays a role in dimerization. (D) The hinge region which allows structural
flexibility and contains a region for corepressors binding. (E) The ligand-binding domain
where the ligand binds, activating the transcription activation function-2 and promoting
coactivators binding. This region also plays a role in dimerization and nuclear
localization of the receptor. (F) The LBD extension which is not always present and does
not have a known function.
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Figure 10 Pathways modulating ERa activity. The ERa activity is mainly regulated via
ligand binding to the LBD. This ligand binding activates the AF-2, via induction of
conformational changes, and promotes the recruitment of most coactivators (especially
the SRCs). The AF-2 activation can be completely blocked (red lines) by the "pure
antagonists” EM800 and ICI 164,384 or partially blocked (blue dotted line) by partial
antagonists such as OHT, which can also activate the AF-2 in some cellular contexts
(blue arrow). ERa can also be activated through serine-phosphorylation of AF-1,
downstream of growth factors action. This activation occurs independently of the ligand
but can also promote the recruitment of coactivators to the AF-1. This activation of the
AF-1 can also be blocked by pure antagonists (red bars).
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Figure 11 Model of ER activation via a multiprotein complex of coactivators. In absence
of its cognate ligand, the NR are thought to be contacted by both corepressors and
coactivators protein complexes, probably in equilibrium with each other, resulting in a
low level of transcription termed basal level. In the case of the estrogen receptor, the
activation can occur both ligand-independently (via phosphorylation of the AF-1 and
recruitment of SRC-1 containing complex of coactivators) and ligand-dependently (via
ligand-binding and recruitment of coactivators complexes to both the AF-1 and AF-2). In
both of these activation scenarios, the coactivator multiprotein complexes are now
actively recruited resulting in ligand dependent or ligand independent active transcription.
Note that the positioning of the various coactivators / corepressors in the multiprotein
complexes are strictly arbitrary and are not implying any interaction preferences within
the complexes.
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Figure 12 CIA is homologous to a Drosophila melanogaster clone of unknown
function. The central region of CIA (AA 240 to 487) is highly homologous (2 e-23) to a
Drosophila clone. Although this homology is significant, the LINLL motif (boxed) which
is responsible for the CIA-ERa ligand-dependent interaction is not conserved. Therefore,
this Drosophila clone might not represent a functional homologue of CIA.
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Figure 13 Human CIA gene is located on chromosome 20q12-13.12. Performing
sequences alignments against STS databases at the NCBI revealed that CIA is
homologous to Hs182A2T7, a marker used by the Sanger Center to localize and map
human chromosomes. This marker is contained within dJ599F21, a BAC clone which has
been mapped to human chromosome 20q12-13.12. This localization has been
corroborated by another marker W121844 which also maps to the same interval.
Therefore, the human gene for CIA is located at 20q12-13.12.
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Figure 14 CIA is expressed to a higher level in breast cancer cells than in normal cells
but is not overexpressed to a level comparable with AIB1 overexpression. 10pg of RNA
extracted from a panel of breast cancer cell line was run on a formaldehyde/agarose gel
and transferred to a nylon membrane. This membrane was probed with 32P-labeled
specific cDNA fragments from CIA (top panel), AIB1 (2nd panel), SRC-1 (3rd panel)
and GAPDH (bottom panel, control for loading and RNA integrity). CIA is expressed at a
higher level in cancer cell lines (lanes 3 to 14) than in control cell lines (lanes 1-2).
However, the ratio of expression (cancer cells / normal cells) is not comparable to what is
obtained with AIB1, a positive control for overexpression (compare panels 1 and 2).
There is also no correlation between the level of CIA and SRC-1 in those cell lines
(compare panels 1 and 3).
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Figure 15 The CIA gene is not amplified in breast cancer cells. Genomic DNA,
extracted during the RNA isolation (see figure 14), was digested with EcoRlI, ran on an
agarose gel and transferred to a nylon membrane. This membrane was probed with 32P-
labeled specific cDNA fragments from CIA (top panel), AIB1 (2nd panel), SRC-1 (3rd
panel) and GAPDH (bottom panel, control for loading). Compared to the positive control
for amplification (AIB1, 2nd panel), CIA gene is not amplified in the sampled cancer cell
lines (compare top panel with 2nd panel).
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Figure 16 The residues implicated in ligand-dependent coactivator binding to the LBD
of nuclear receptors. The LBD of ERa is represented here in three-dimensional rendering
(modeled using Swiss PDB viewer using coordinates from the PDB file 1 ERE). The 12
a-helices are in gray with the helix 12 on the top left of the image. The residues forming
the hydrophobic cleft are in orange and those forming the signature motif are in yellow.
Note that the orange residues are all facing the solvent and are therefore likely to be
directly involved in the interaction with coactivators.



92

>




93

Figure 17 The residues important for ligand-dependent binding of CIA to ERa LBD are
not located on the AF-2. On the same three dimensional representation of ERa LBD as
seen in figure 16, is a display of the various mutations that were presented in this work.
The mutated residues that disrupt the interaction with CIA are represented in red while
those that still interacted with CIA are in green. Note that the residues located on the
helix 12 are not necessary for the ER-CIA interaction. This view of ERa LBD provides
structural information on the surface that is contacted by CIA. Based on this information,
we propose that CIA binds to the LBD on the opposite side of the cleft (to the right of the
drawing), and does not contact directly the AF-2.
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Table 1 Nuclear receptor coactivators

Coactivator Comments

ADA

ARAs

ARIP3

ASC-1

BRG-1

CARM1

CBP

E6-AP

ERAP 140

ERAP 160

HMG-1

Coactivates RXR and ER, yeast acetylase
complex

Family of AR specific coactivators,
ARA70 enhances agonist activity of partial
agonists in prostate cancers cells, it also
coactivates PPARy

Coactivates AR, only expressed in testis

Coactivates RXR, RAR, ER and TR,
interacts with SRC-1 and CBP, localizes to
the cytoplasm under conditions of serum
deprivation

Coactivates GR and ER, required for GR
chromatin remodeling

Coactivates AR, TR and ER via binding to
SRC-1, methylates histone H3, contains a
SAM binding-domain

Coactivates CREB transcription factor, NR
and the general activators NF-xB and p53,
interacts with P/CAF, SRC-1, SRC-2 and
SRC-3, HAT activity, mutated in
Rubinstein/Taybi syndrome

Coactivates AR, ER, PR and GR,
functions as an E3 ubiquitin ligase
Coactivates ER in a ligand-dependent
manner

Coactivates ER and GR in a ligand-
dependent manner

Coactivates steroid receptors, promotes
DNA binding

References

(vom Baur et
al., 1998)
(Yeh and
Chang,
1996)

(Moilanen et
al., 1999)

(Kim et al.,
1999)

(Muchardt
and Yaniv,
1993)
(Chenetal.,
1999)

(Kwok et al.,
1994)

(Nawaz et
al., 1999)
(Halachmi et
al., 1994)
(Halachmi et
al., 1994)
(Boonyarata
nakornkit et
al., 1998)
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L7/SPA

NCoA-62

NIRF3

NSD-1

p/CAF

p300

p68 RNA helicase

PBP

PGC-1

Positive Cofactor

RIP 140

SMCC

SNURF

SRA

Coactivates PR bound to the partial
antagonist RU486
Coactivates ER, RAR, GR and VDR

Coactivates RXR and TR

Coactivates NR AF-2 ligand-
independently, contains a SET-domain
Coactivates PR and TR, interacts with
SRC-1 and ACTR, interacts with
CBP/p300, HAT activity

Resembles CBP functionally but is not
functionally redundant, associates with the
adenovirus E1A protein, coactivates NR,
interacts with SRC-1 and SRC-3, HAT
activity

Coactivates ERa, specific for AF-1,
interaction dependent on S118
phosphorylation, interacts with CBP
Coactivates PPARy and ERa, amplified
and overexpressed in breast cancers
Coactivates PPARy, expressed in brown
adipose tissue and skeletal muscle, induced
at low temperatures

Synergize with TRAPs to activate TR in
vitro

Coactivates ER, corepressor for TR2
orphan receptor

Complex homologous to TRAPs / DRIPs

Coactivates AR, PR, GR, Spl and AP1
Coactivates steroid hormone receptors,

functionally active as an RNA, specific for
AF-1

(Jackson et
al., 1997)
(Baudino et
al., 1998)
(Lietal.,
1999)
(Huang et
al., 1998)
(Yang et al.,
1996)

(Eckner et
al., 1994)

(Endoh et
al., 1999)

(Zhu et al.,
1997)
(Puigserver
et al., 1998)

(Fondell et
al., 1999)
(Cavailles et
al., 1995)
(Guetal,,
1999)
(Moilanen et
al., 1998)
(Lanz et al,,
1999)
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SRC-1

SRC-2

SRC-3

TIF-1

TIP 60

TRAPS / DRIPS

rip-1

TSC-2

Coactivates NRs, interacts with CBP, p300
and P/CAF, contacts basal transcription
factors, HAT activity, genetic ablation
causes partial hormone insensitivity in
mice

Coactivates NRs, interacts with CBP

Coactivates NR, interacts with CBP and
p300, HAT activity, overexpressed in
breast and ovarian cancers

Coactivates RAR/RXR in yeast, represses
when fused to DNA-binding domain,
interacts with chromatin remodeling
complexes, protein kinase, contains RING
PHD and b-box domains

Coactivates AR, ER and PR, coactivates
also the TAT protein of HIV

Coactivates TR and VDR, protein
complexes of more then 10 components,
similarities with the SMCC complex
Coactivates TR, RXR, RAR and Gal4 and
VP16 in yeast, substitutes for Sugl in
yeast, contains ATPase domain
Coactivates VDR and PPARYy , associated
with familial tuberous sclerosis
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(Oniate et al.,
1995)

(Hong et al.,
1996),
(Torchia et
al., 1997),

(Le Douarin
et al., 1995)

(Brady et al.,
1999)
(Rachez et
al., 1998).

(Leeetal.,
1995)

(Henry et al.,
1998)
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