




































































1 98 164 202 447

LBD
[XRo A/B DBD

1 95 161 213 445

74% 59 98%

RLD1 ° 93% °
1 87 154 219 461

RhUR 37% 77% 76%
1 74 142 211 443

UR 42% 7% 76%

Figure 2: Amino acid sequence comparisons between LXR0 and related receptors.
The percent sequence identities among the amino terminal (A/B) domain, DNA binding
domain (DBD) and ‘he ligand binding domain (LBD) of the rat orphan receptor RLD1
(Apfel et al., 1994), rat ubiquitous receptor rUR (Song et al., 1994, Teboul ez al., 1995)
and human hNER (Shinar ef al., 1994) are illustrated. Sequence comparisons were
carried out using the: Clustal Program within the DNAStar software package.
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Figure 3: Schemati: representation of the functional domains of the nuclear
hormone receptors. Modified from Schoonjans et al., 1996 where the P box amino
acids are represented by circles and the D box amino acids are represented by squares.
The DNA binding domain (DBD) and the ligand binding domain (LBD) are indicated.



1993, Sjéberg and Vennstrom, 1995). Furthermore, recent studies report that AF-1/AF-2
domain synergism may be a direct consequence of a ligand-dependant interaction
between the N and C-terminal regions which may be mediated by the binding of co-
factors (such as CBP, SRC-1 and ;che retated p160 proteins) to both the AF-1 and AF-2
domains (Kraus ef ¢/., 1995, Ikonen ef al., 1997, Oxiate ef al., 1998, Webb et al., 1998).

While a number of reports have provided ample-evidence that the AF-1 domain
possess an autonomous activation function, it has been suggested that there exists many
discrete regions within the AF-1 domains which possibly function independently and, in
some cases, differently depending upon the cell type and ligand employed (Metzger et
al., 1995, Mclnerney et al., 1996, Werman ef al., 1997). In fact, one study suggested the
existence of an N-terminal repression moiety within the Peroxisome Proliferator
Activated Receptor y2 (PPARY2) AF-1 activation domain (Werman ef al., 1997).

A further mode of regﬁlation of the activities of the various receptors resides in the
fact that a number of receptor AF-1 domains (as well as other domains) have been shown
to be phosphorylated. In fact, phosphorylation of both the Estrogen Receptor (ER) (Kato
et al., 1995) and Retinoid Acid Receptor (RAR) (Rochette-Egly ez al., 1997) results in an
increase in the transcriptional activity of the receptor. In contrast, phosphorylation of the
PPARy A/B domain reduces its activity (Adams et al, 1997). Although no
phosphorylation sites have been identified in the LXRa A/B domain (a putative
recognition sequence for PKC is located in the hinge region of both LXRa and RLD-1),
it may prove to play a role in LXRa transcriptional activity. Whether or not LXRa

possesses an AF-1 domain in its A/B domain is the investigative focus of Section 3.2.



1.2.1.2 Domain C (The DNA Binding Domain)

Domain C is responsible for binding of the receptors to hormone response elements
(located in the proximal promoters of target genes) as it constitutes a highly conserved
DNA binding domain (DBD) which contains two cysteine zinc finger motifs. Specific
contacts between the receptor and the DNA are mediated by the 6 amino acids of the P
box, located at the carboxyl end of the first zinc finger. The P box sequence of LXRa
(CEGCKQG) is identical to that of TRs, RXR, RARs and PPARs. Protein-protein
interactions are, in part, dependent upon the 5 amino acid sequence of the D box, located

within the second zinc finger.

1.2.1.3 Domain D (The Hinge Region)

Domain D is a non-conserved hinge region, which allows bending and/or
conformational alterations within the receptor. This region has also demonstrated the
ability to interact wita auxiliary transcription co-factors such as SMRT and N-CoR (Chen
and Evans, 1995, Horlein et al., 1995, Kurokawa et al., 1995, and reviewed in Perlmann
and Vennstrom, 199 55. The hinge regions of LXRa and RLD-1 (but not LXR) have
also been shown to contain a putative recognition sequence for PKC (RXXSXR,
RSFSDR for both L'XRa and RLD-1). A recent study reports that agents which trigger
other signal transduction pathways significantly enhanced the activation of RLD-1 by
22(R)-hydroxycholesterol which could be abolished upon the addition of protein kinase
inhibitors (Huang ef al.,, 1998). Thus, LXRo/RLD-1 mediated transactivation may be

regulated by phosphcrylation catalyzed by protein kinases.
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1.2.1.4 Domain E ("The AF-2 Core Domain)

Domain E is a complex and tightly integrated region comprised of a ligand binding
domain (LBD), dimerization surfaces, nuclear localization signals, co-factor association
surfaces and a ligand-dependent transactivation functional region (AF-2 core domain,
also referred to as Flelix 12) (Danielian et al., 1992, and reviewed in Glass et al., 1997,
Mangelsdorf and Evans, 1995, Schoonjans et al., 1996). Ligand-dependent regulation of
target genes by nuclear hormone receptors is mediated by their respective E domains.
Based upon the crystal structures of unliganded Retinoid X Receptor (RXRa) (Renaud et
al., 1995) and both liganded and unliganded Retinoic Acid Receptor (RARY) (Bourget et
al,, 1995), it is believed, upon binding of ligand, the E domain undergoes a
conformational change which may cause the disassociation of bound co-repressors and
the recruitment of co-activators. Specifically, the AF-2 core domain (amphipathic helix
12), which is highly conserved among nuclear receptors including LXRa. (refer to Figure
20), undergoes a conformational shift from an extended conformation in the absence of
ligand to a compac:ed conformation with the LBD (usually helices 3, 4 and 5) in the
presence of ligand. Recent crystallographic studies of PPARy (Nolte ef al., 1998) and
TRB (along with biochemical studies) (Darimont ef al., 1998), have demonstrated that
this compact conformation of the liganded LBD constitutes a hydrophobic groove which
can interact with the LXXLL motif-containing a-helix of co-activators. This observation
is consistent with previous studies which report that loss or mutation of the AF-2 core
domain (helix 12) results in the abolishment of ligand-dependent transcriptional

activation, AF-1/AF-2 synergism and the loss of co-factor binding (although binding of
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various co-factors has also been shown to be dependant upon other areas of the E
domain) (Danielian ef al., 1992, Cavaillés et al., 1995, Joyeux et al., 1997, Jeyakumar ef
al., 1997, Treuter et al., 1998, Miyafa et al., 1998, and reviewed in Shibata ef al., 1997,
and Glass et al, 1997).
1.2.1.5 Domain F

The F domain is generally a small and highly variable domain, located at the C-
terminus, which has 10 known biological function (reviewed in Schoonjans e al., 1996).

It does not appear that LXRa possesses this domain.

1.2.2 DNA Binding of LXRa and LXRa Response Elements

Members of the nuclear hormone receptor superfamily are intracellular ligand-
activated transcription factors, which exert their regulatory control of target genes
directly by binding to hormone response elements (HREs) located in the promoter of
target genes. The ﬁonsteroid members of the nuclear receptor superfamily, such as LXR
and RXR, recognize HREs which consist of the hexad core consensus sequence
AGGTCA arranged into different configurations and spaced by a variant numberlof
nucleotides (generally 0-5 nucleotides). These HREs can be arranged into configurations
referred to as direct repeats (DRs), inverted repeats (IRs') or everted repeats (ERs). These
differences in HRE orientation, spacing and sequence (of the core, spacer and flanking
sequences) directly determine such specificity as the mode of receptor binding

(monomers, homodimers and heterodimers), orientation of the receptors on the HRE,

affinity of the receptors for the HRE, and responsiveness to ligand for one or both of the
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nuclear receptor partners (reviewed in Mangelsdorf and Evans, 1995, Glass, 1996,
Schoonjans et al., 1976).

The Liver X Receptor (LXRa and LXRB) has demonstrated the ability to hetero-
dimerize with the Retinoid X Receptor (RXRa) and bind cooperatively to direct repeats
of the hexad core consensus sequence spaced by four nucleotides (DR4s; DR4-LXRE)
(Willy et al., 1995, Miyata et al., 1996, Apfel et al., 1994, Teboul et al., 1995, Song et
al., 1994). To date, two other LXR response elements (LXREs) have been reported; the
LXRE-AMTV (Willy et al., 1995) and the CYP7A-LXRE (Lehmann et al., 1997), both
of which are classified as DR4s (refer to Table 1).

The discovery of a functional, high affinity binding site for LXRa, located in the
promoter sequence of AMTV (LXRE-AMTV), was reported in initial LXRa studies
(Willy ef al., 1995). This promoter was derived form the mouse mammary tumor virus
LTR (long terminal repeat) (Ringold, 1979) in which the glucocorticoid response
elements have been deleted (Hollenberg and Evans, 1988). A subsequent report has
demonstrated that the LXRo/RXRa heterodimer binds to the LXRE-AMTV with RXR
occupying the 5’ half site and LXRa occupying the 3 half site (Willy and Mangelsdorf,
1997). This polarity has also been observed for the Vitamin D Receptor (VDR), Thyroid
Hormone Receptor (TR) and the Retinoic Acid Receptor (RAR) heterodimers with RXR
on DR3, DR4 and DRS5 DNA response elements respectively (reviewed in Glass, 1996,
Mangelsdorf and Evans, 1995). Furthermore, the same study reports that subtle changes
in the nucleotide sequence of the LXRE-AMTYV half sites, spacer and flanking regions

can have a significent effect on the ability of the heterodimer to be activated by ligand
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while having no sigrificant effect on DNA binding. Alternatively, a number of reports
which study the DR4-LXRE have demonstrated that mutations of the spacer sequence
can have a significant effect on DNA binding (Apfel et al., 1994). This observation may
account for the different results reported in Miyata ef al., 1996 and Lehmann ef al., 1997,
where the formation of a weak homodimeric complex of LXRa was seen on a DR4-
LXRE in the latter study which was not observed in the former study (where the spacer
sequence between the: two DR4 motifs was different).

The most recem:iLXRE, the CYP7A-LXRE identified for LXRa and LXRf3, was
located in the proximal promoter region of the rat cholesterol 7a-hydroxylase gene
(rCYP7A) (Lehmann ez al., 1997). This gene encodes the enzyme responsible for the
initial and rate-limitirig step in the conversion of cholesterol to bile acids (Li ef al., 1990,
and reviewed in Myant and Mitropoulos, 1977).

Table 1: Functional Liver X Receptor Response Elements (LXREs)

LXRE Sequence Promoter Location in
promoter

DR4-LXRE | TTCTGACCTCCTGTGA | Synthetically prepared
CCTIGG

LXRE-AMTV | CTTGCGGTTCCCAGG 5’regulatory region of | -123 to —94
GTTTAAATAAGTTCAT the mouse mammary

CTA tumor virus LTR
(AMTV)
CYP7A-LXRE | CCTTTIGGTCACTCAAG Rat cholesterol -72 to -57
TTCAAGTG 7a—-hydroxylase gene
1.2.3 LXR Activators

LXRa and LXRp have been termed an orphan nuclear hormone receptors as no

ligands have been shown to bind to the LBDs of the receptors directly. However, a
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number of reports have demonstrated that a variety of oysterols are able to activate both
LXRo and LXR, the most potent of which include 22(R)-hydroxycholesterol, 20(S)-
hydroxycholesterol , (20R, 22R)-dihydroxycholesterol, 24(S)-hydroxycholesterol and
24(8),25-epoxycholesterol (Janowski et al., 1996, Lehmann et al., 1997, Forman ef al.,
1997, Lala ez al., 1997). Oxysterols are oxygenated derivatives of cholesterol which are
produced as downstream intermediates in the steroid and bile acid synthesis pathways,
and are therefore involved in the cholestérol homeostasis/mevalonic acid (MVA)
biosynthetic pathweys (reviewed in Kandutsch er al, 1978, Luu and Moog, 1991,
Goldstein and Brown, 1990, Parish ef al., 1995). These observations are consistent with
a recent report which demonstrated that the constitutive transcriptional activity observed
for LXRa (RLD-1)/RXRa complexes (Apfel et al., 1994, Willy et al., 1995), which was |
shown to require the LBDs of both receptors, was dependant upon MVA biosynthesis
occurring in the eukaryotic cells employed (Forman et al., 1997). LXRa activity can be
repressed upon the addition of inhibitors of the MVA biosynthetic pathway (Mevastatin
and Lovastatin) which can, in turn, be relieved upon the addition of specific products of
the pathway including MVA itself and the aforementioned potent oxystefols.
Interestingly, one inetabolite of the MVA pathway, geranylgeraniol, was shown to
actually inhibit the I XRo-mediated constitutive activity.

The LXRa/RXRo. heterodimer has been classified as a member of a subset of
receptors termed the permissive heterodimers (which also includes RXR/PPAR) due to
its unique ability to be activated by LXR activators, RXR ligand (9-cis retinoic acid) or

both together, resulting in a more than additive effect (Janowski et al., 1996, Willy and
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Mangelsdorf, 1997) (reviewed in Glass, 1996, Mangelsdorf and Evans 1995, Chambon,
1996).  Surprisingly, studies have demonstrated that retinoid activation of the
LXRo/RXRao heterodimer requires only the activation domain of LXRo (AF-2 domain)
(Willy and Mangelsdorf, 1997).‘ This unique form of communication between
heterodimer partners, where the activation potential of one receptor can be mediated by
ligand binding of its partner, has been termed the phantom ligand effect (Schulman ez al.,
1997).

A recent study reports that the activation of LXRa (RLD-1) by 22(R)-hydroxy-
cholesterol could be enhanced upon the addition of agents known to stimulate the PKC
and/or the PKA signaling pathways (Huang ef al., 1998). This enhancement was, in turn,
abolished upon addition of protein kinase inhibitors. Thus, this reports suggests that
other signal transduction pathways may regulate transactivation by oxysterol-activated
LXRa (RLD-1) via phosphorylation catalyzed by protein kinases.

1.3 LXRa as the Key Regulator of Cholesterol Homeostasis
1.3.1 The MVA Biosynthetic Pathway and Cholesterol Homeostasis

Cholesterol plays a critical role in not only the structural formation of all interior and
exterior cell membranes but also as a precursor of essential substances including bile
acids and steroid hormones. The mevalonate (MVA) pathway synthesizes the precursors
involved in cholesterol biosynthesis (refer to Figure 4). This pathway is also responsible
for the production of substances including ubiquinone, dolichol and farnesyl residues, all
of which are involved in a number of critical cellular functions. A balance, however,

must be maintained hbetween mevalonate synthesis and cholesterol homeostasis as excess
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cholesterol accumulation can result in diseases such as atherosclerosis and hypAer-
cholesterolemia. This balance is achieved through two mechanisms: transcriptional and
post-transcriptional feed-back regulation of de novo cholesterol biosynthesis and the
receptor-mediated eadocytosis of cholesterol and the transcriptional feed-forward
regulation of genes responsible for the conversion of cholesterol stores to bile acids and
steroid hormones (reviewed in Brown and Goldstein, 1986, Goldstein and Brown, 1990,
Brown and Goldstein, 1997).

Regulation of cholesterol biosynthesis occurs at the level of transcription for both
the cytoplasmic 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) synthase and
HMG-CoA reductase: genes as well as the low density lipoprotein receptor (LDL) gene
via a sterol-mediated feed-back mechanism which involves the membrane bound
transcription factor termed sterol regulatory element binding protein 2 (SREBP-2)
(reviewed in Brown and Goldstein, 1997). When cellular sterol levels are low, the
SREBP cleavage activation protein (SCAP) activates (either directly or indirectly) a two
step proteolytic cascade, which ultimately results in the release of the NH,-terminal
domain of the SREEP from the membrane. Upon release, this SREBP fragment then
enters the nucleus and binds to DNA elements, termed sterol regulatory elements (SREs),
located in the promoter regions of HMG-CoA synthase, HMG-CoA reductase and LDL
receptor genes. Once bound, these transcription factors up-regulates gene expression
through either direct or indirect communications with the basal transcription machinery
(Oliner et al., 1996). However, when cellular sterol levels are high, cleavage of SREBP-

2 is inhibited resulting in the repression of transcription of these genes.
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Cholesterol homeostasis is also believed to be regulated by a number of
mechanisms, which achieve post-transcriptional control of HMG-CoA reductase. These
mechanisms include translational control of HMG-CoA reductase (possibly through
differential splicing mediated by an unknown MVA metabolite), degradation of the
protein (sterol mediated) and inactivation of the enzyme (phosphorylation by an AMP-
dependent kinase) (Gioldstein and Brown, 1990).

The feed-forwa-d mechanism, by which cholesterol homeostasis is further achieved,
is thought to occur through a reduction of cholesterol stores by conversion to bile acids or
steroid hormones. Steroid hormone synthesis has been demonstrated to be governed by
the orphan nuclear receptor, steroidogenic factor-1 (SF-1) (Lala et al., 1997, Parker and
Schimmer, 1997). Bile acid synthesis occurs as a result of the up-regulation in the
expression of the ctolesterol 7o-hydroxylase (CYP7A) gene which encodes the initial
and rate limiting enzyme responsible for the conversion of cholesterol to bile acids (L1 e?
al., 1990 and reviewed in Myant and Mitropoulos, 1977). Transcriptional regulation of
the CYP7A gene has proven to be quite complex and mediated by both hormones (up-
regulation) and bile acids (down-regulation). Nonetheless, a number of studies have
begun to unravel the complexity by demonstrating the existence of multiple and
overlapping nuclear hormone receptor response elements (HREs), located in the proximal
promoter region of the CYP7A gene. A number of transcription factors including COUP-
TFII (chicken ovalbiumin upstream promoter-transcription factor II), HNF-4 and HNF-3
(hepatocyte nuclear factors), RXR and RAR, have been shown to bind to these HREs

and stimulate CYP”A promoter activity (Crestani et al., 1995, Crestani et al., 1996,
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Figure 4: Proposed model for the regulation of cholesterol homeostasis. Adapted
from Goldstein and Brown, 1990, Forman ez al., 1997 and Peet et al., 1998. Cholesterol
and mevalonate homeostasis is achieved through two mechanisms: feed-back repression
of biosynthesis through sterol-mediated inhibition of the transcription factor SREBP and
feed-forward induction of sterol-activated transcription factors LXRa and SF-1 resulting
in the conversion of cholesterol stores to bile acids or steroid hormones.
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Stroup et al., 1997, Crestani ef al, 1998). A recent report identified a high affinity
binding site for LXRa (CYP7A-LXRE) in the CYP7A gene (Lehmann ef al., 1997),
which overlaps the COUP-TFII binding site (Stroup e? al., 1997). Furthermore, two bile
acid response elements (BARE I and II) have been identified, which overlap the
aforementioned HREs, and presumably aid in the binding of hydrophobic bile acid
activated-receptors which mediate the feedback transcriptional repression of the CYP7A
gene (Crestani ef al., 1994, Chiang and Stroup, 1994, Crestani et al., 1998). Thus, it
becomes evident that the regulation of CYP7A gene expression is a result of the
competition between various transcription factors for these overlapping response
elements and the resulting cross-talk of different signal transduction pathways.
1.3.2 The Role of LXRa in Cholesterol Homeostasis

The observations that LXRa is both positively and negatively regulated by products
of the MV A biosynthetic/cholesterol homeostasis pathways, coupled with the fact that an
LXRE was located in the proximal promoter region of the CYP7A gene, indicate that
LXRa is a key sensor/transcriptional regulator of these pathways (refer to Figure 4).‘
Indeed, a recent report which investigated the effect of an Lxrow gene-knockout in mice,
demonstrated that L XRou(-/-) mice exhibit impaired cholesterol and bile acid metabolism
ability (Peet et al., 1998). This study specifically reports that LXRai(-/-) mice lose the
ability to regulate dietary cholesterol leading to an accumulation of hepatic cholesteryl
esters in the liver which results in hepatic failure. Furthermore, LXRo(-/-) mice not only
failed to induce the rranscription of the gene encoding CYP7A but also exhibited aberrant

regulation of several other crucial genes involved in sterol and fatty acid synthesis
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including HMG-CoA synthase, HMG-CoA reductase, farnesyl diphosphate synthase
(FPP), squalene syntiase, SREBP-2, SREBP-1, stearoyl CoA desaturase-1 and fatty acid
synthase, which implies LXRa has a wide ranging effect on hepatic lipid metabolism.
Thus, evidence from this report implicates LXRa as an essential regulator of cholesterol
homeostasis as no other mechanisms, including LXR, appear to be able to compensate
for its loss.

1.4 Transcription Co-factors: Co-activators and Co-repressors

Transcriptional fegulation, mediated by members of the nuclear hormone receptor
superfamily, has been Ashown to involve interactions with multiple auxiliary co-factors
which function either to repress or activate transcription through interactions (or lack
thereof) to the basal transcription machinery and/or participate in chromatin remodeling
(reviewed in Shibata et al., 1997, Glass et al., 1997, Pazin and Kadonaga, 1997). Co-
factors, which have demonstrated an ability to act as transcriptional activators, are termed
co-activators, while those, which appear to inhibit nuclear receptor-mediated activation,
are termed CO-repressors.

Co-repressors, such as the silencing mediator of RARs and TRs (SMRT) (Chen and
Evans, 1995) and the nuclear receptor co-repressor (N-CoR) (Horlein ef al,, 1995),
presumably exert their repressive effects by binding to unliganded receptors and thereby
block interactions with other co-factors (co-activators and basal transcription factors)
required for initiation of transcription of the target gene (Chen et al., 1996, Kurokawa et
al., 1996, Lavinsky et al., 1998 and reviewed in Perlmann and Vennstrom, 1995 and

Shibata et al., 1997). Recent studies have reported that multiple mechanisms exist, which
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impart specificity of nuclear hormone receptor interactions with various co-repressors.
These mechanisms irclude the nature of the ligand, the levels of available SMRT and N-
CoR, DNA response element binding and subsequent heterodimer partner polarity, and
regulation of the nuclear hormone receptors by multiple signal transduction pathways
(protein kinase-dependent signaling cascades which can inhibit co-repressor recruitment,
as observed for ER, PR and RAR, or stimulate co-repressor recruitment, as observed for
PPARYy) (Kurokawa et al., 1995, Lavinsky et al, 1998). Furthermore, it has been
reported that both SIMRT and N-CoR-mediated transcriptional repression is in part due
to an interaction with both mSin3A/B and Histone Deacetylase (HDAC1 for SMRT and
mRPD3 (HDAC?2) for N-CoR), resulting in the formation of a multisubunit repressor
complex (Nagy ef ai., 1997, Heinzel et al., 1997 and reviewed in Pazin and Kadonaga,
1997). Thus, this repressor complex is believed to induce chromatin remodeling, through
core histone deacetvlation, thereby blocking transcription factors access to the DNA
template and resulting in transcriptional repression. However, once ligand binding is
achieved, a conformational change is thought to occur which causes the co-repressor
complex to dissociate. This displacement of co-repressors subsequently permits'the
recruitment of co-activators to the nuclear hormone receptor complex.

A number of co-activator proteins, which bind to various nuclear hormone receptor
complexes, have been reported to date (reviewed in Janknecht and Hunter, 1996, Shibata
et al., 1997, Glass e1 al., 1997). These include the steroid receptor co—a‘ctivator-l (SRC-
1) (Ofiate et al., 1995, Kamei et al., 1996, Zhu et al., 1996, Jayakumar et al., 1997,

Kalkhoven et al., 1998, Lee et al., 1998), the CREB-binding protein and its homolog
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p300 (CBP/p300) (Chrivia ef al., 1993, Eckner et al., 1994, Chakravarti et al., 1996,
Dowell et al., 1997, the p300/CBP/co-integrator associated protein (p/CIP) (Torchia ef
al., 1997), the p30(/CBP-associated factor (P/CAF) (Yang et al, 1996, Korzus et al.,
1998), the glucocorticoid receptof—interacting protein (GRIP1) and the transcriptional
intermediary factor (TIF2) (Voegel et al., 1996, Hong et al., 1996, Walfish et al., 1997),
and the receptor-interacting protein 140 (RIP 140) (Cavaillés ez al., 1995). In addition to
their ability to bind nuclear hormone receptors, several of these co-activators have
demonstrated an ability to bind each other, as in the case of SRC-1 (and related p160
proteins) with CBP/p300 (Kamei ef al., 1996, Yao et al., 1996, Korzus et al., 1998),
CBP/p300 with p/CIP (Torchia et al., 1997), and CBP/p300 with P/CAF (Yang ef al.,
1996). Furthermore. several of these co-activators, like the nuclear hormone receptors to
which they bind, have been shown to interact with basal transcription factors, such as
TBP and TFIIB, as well as with RNA Polymerase Il itself (Leong et al., 1998, Rochette-
Egly ef al., 1997, Takeshita ef al., 1996 and reviewed in Mangelsdorf and Evans, 1995,
Shibata ef al., 1997, Chang and Jéehning, 1997). A number of these co-activators,
including CBP/p300 and P/CAF, have also exhibited intrinsic histone acetylase activity,
which is believed to induce chromatin remodeling, through core histone acetylation,
thereby permitting transcription factors access to the DNA template and resulting in
transcriptional activation (Korzus et al., 1998 and reviewed in Janknecht and Hunter,
1996, Pazin and Kadonaga, 1997, Shibata ef al., 1997, Glass et al., 1997). Thus, in light

of these findings, many have suggested the existence of multisubunit co-activator
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complexes, formed in response to ligand, which facilitates the assembly of a stable ;;re-
initiation complex, resulting in efficient transcriptional activation of target genes.
Co-activator binding to nuclear hormone receptors is believed to occur via a ligand-
induced conformational change, which shifts the AF-2 core domain (helix 12) from an
extended conformation in the absence of ligand to a compacted conformation with the
LBD (usually helices 3, 4 and 5) in the presence of ligand, presumably resulting in the
dissociation of the bound co-repressor complex (Renaud ez al., 1995, Bourget ef al.,
1995). This compact conformation of the liganded LBD constitutes a hydrophobic
groove, as demonstrated by crystallographic studies (Nolte ez al., 1998, Darimont ef al.,
1998), which can interact with the nuclear hormone receptor LXXLL binding motif
possessed by co-activators (Heery et al., 1997, Torchia et al., 1997). Furthermore, recent
studies report that ligand-dependent binding of co-activators, such as CBP, SRC-1 and
the related p160 prcteins, to both the A/B (AF-1) and AF-2 (LBD) domains of the same
receptor, may mediate AF-1/AF-2 synergism (Kraus ef al., 1995, Ikonen et al., 1997,
Ofiate et al., 1998, Webb et al., 1998). These observations are consistent with previous
studies which report that loss or mutation of the AF-2 core domain (helix 12) and/or other
helices (namely 3, < and 5) of the LBD results in the abolishment of ligand-dependent
transcriptional activation, AF-1/AF-2 synergism and the loss of co-factor binding
(Danielian et al., 1992, Cavaillés et al., 1995, Henttu et al., 1997, White et al., 1997,
Collingwood et al., 1997, Joyeux et al., 1997, Jeyakumar et al., 1997, Treuter et al.,

1998, Miyata ef al., 1998, and reviewed in Shibata ez al., 1997, and Glass et al, 1997).
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However, it should be noted at this point that while ligand binding to nuclear hormone
receptors appears to be a prerequisite for co-activator binding, a number of studies have
demonstrated efficient binding of co-activators to unliganded receptors, the significance
of which remains to be seen. Some of these interactions include RIP 140 and LXRa
(Miyata et al., 1998), RIP 140 and PPARa (Miyata et al., 1998, Treuter ef al., 1998),
SRC-1 with PPARY (Zhu et al., 1996) and p300 with PPARa (Dowell et al., 1997).
Co-activator binding to nuclear receptors, as previously described, is dependent
upon the o-helical LXXLL motif (s) present in co-activators. Introduction of mutations
within these motifs results in either a reduction or abolishment of co-activator/receptor
interaction and a concordant loss in transcriptional transactivation (Heery et al., 1997,
Torchia ef al., 1997) Recently, a number of studies have demonstrated that co-activator
binding to nuclear receptors occurs with respect to a two-fold receptor-specific code of
interaction, mediated by the multiple LXXILL motifs located within each co-activator
(Mclnerney et al., 1998, Darimont et al., 1998). The first level of specificity resides in
the ability of LXXLL adjacent residues to modulate specific interactions of various co-
activators with the 1.LBDs of different and specific receptors (Mclnerney et al., 1998,
Darimont et al., 1993). The second level of specificity involves the number of LXXLL
motifs, located within a co-activator, which are differentially utilized by the various
nuclear receptors (Mclnerney et al., 1998). Specifically, this study reports that while
only a single LXXLI. motif of SRC-1 is sufficient for ER-mediated activation, receptors,
binding as heterodimers with RXR (i.e. TR, RAR and PPAR) or PR homodimers,

required different combinations of two, appropriately spaced LXXLL motifs. These
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observations are consistent with previous studies, which demonstrate the requirement of
two consecutive SR(C-1 LXXLL motifs for interactions with both subunits of a PPARy
homodimer (Nolte et al., 1998) and a requirement for two SRC-1 LXXLL motifs for
cooperative binding to both DNA-bound RAR/RXR and PPARY/RXR heterodimers
(Westin et al., 1998)

To date, only one co-factor has been shown to bind to LXRa (RIP 140; Miyata ef
al., 1998 and Section 3.3 of this study); however, recent evidence, presented in this
report, suggests that LXRa is also capable of interacting with the co-activator SRC-1and
the co-repressor SMRT (Section 3.3.8).

1.4.1 An Overview of the Co-factor RIP 140

RIP 140 is a recently identified protein that has previously been shown to interact
with a number of nuclear hormone receptors including ER, TR, RAR and RXR in a
ligand-dependent manner (Cavaillés et al., 1995, L’Horset et al., 1996, and reviewed in
Shibata et al., 1997, Glass et al., 1997). RIP 140 has been described as a member of the
transcriptional co-activating protein family as it posses intrinsic activation potential wﬁen
tethered directly to a promoter (Cavaillés ef al., 1995). Interactions between RIP 140 and
nuclear hormone receptors occur via LXXLL signature motifs, nine of which are spread
throughout RIP 140 (Heery ef al., 1997). Furthermore, two distinct nuclear hormone
receptor binding sites have been characterized, sitel (aa 27-241) and site2 (aa 753-981),
within RIP 140 (L’Elorset et al., 1996). The same report also demonstrates that these
sites possess similar properties but not identical, as interaction with specific nuclear

hormone receptors can be mediated primarily by one site over another. To date, all
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receptor/RIP 140 interactions have been shown to be dependent upon an intact LBD and
AF-2 core domain (helix 12) (Cavaillés et al., 1995, L’Horset ef al., 1996, Joyeux et al.,
1997, Collingwood et al., 1997, Henttu et al., 1997, White et al., 1997, Treuter et al.,
1998, Miyata et al., 1998).

Two recent studies have reported that RIP140 also interacts with PPAR; however,
Miyata and colleagues (1998) identifies this interaction as ligand-independent in solution,
whereas Treuter and colleagues (1998) observes a ligand-enhanced interaction in solution
(although RIP 140 irteractions with PPARo/RXRa bound to DNAAproved to be ligand-
independent). In ccntrast to a role for RIP 140 as a co-activator, the PPAR ligand-
independent interaction with RIP140 leads to a repression in transcriptional activity of
PPARo/RXRa in bcth mammalian cells (Miyata ef al., 1998, Treuter et al., 1998) and
yeast cells (Treuter ef al., 1998). Similarly, transient transfection studies of RIP 140 and
the ER receptor (Cavaillés ef al., 1995), as well as studies performed in yeast (Joyeux et
al., 1997), demonstrate that only minimal activation is achieved upon co-transfection/co-
transformation, which is subsequently repressed as RIP 140 concentrations, in
transfections, are increased. RAR-mediated activation was also shown to be repressed
upon co-transfection with RIP 140 (Chakravarti ez al., 1996). Furthermore, RIP 140 fails
to interact not only with CBP (Kamei et al., 1996) but also with basal transcription
factors such as TBP and TFIIB (Cavaillés ef al., 1995), indicating an inability to function
as a co-activator/bricging molecule with the transcription initiation complex. As well, a
recent study has demonstrated the inability of RIP 140 to functionally substitute for

SRC-1 (Torchia et al., 1997). Thus, despite the similarities between RIP140 and other
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co-activators such as the SRC-1 family, a true ‘co-activator’ role for RIP140 has come
under question. Our laboratory, and others, have suggested that RIP140, under certain
experimental conditions, acts to attenuate the transcriptional response of nuclear hormone
receptors by preventing functional interactions with other, more potent co-activators.
1.4.2 An Overview of the Co-activator SRC-1

The steroid receptor co-activator 1 (SRC-1) was originally identified as a human
progesterone receptor (hPR) interacting protein, via a yeast dihybrid screen of a human f8
lymphocyte cDNA ekpression library (Ofiate ef al, 1995). Subsequent studies have
shown this initial SRC-1a was a partial clone and the full-length SRC-1a (F-SRC-1a), in
both human (Kalkoven.et al., 1998) and mouse (Kamei ef al., 1996, Yao et al., 1996),
was subsequently isolated and shown to possess an N-terminal extension, which
exhibited a high degree of homology to a PAS-A-basic-helix-loop-helix (bHLH) domain,
beyond the original SRC-1a N-terminus. Furthermore, four other murine SRC-1 clones
have been isolated including SRC-lb (an N-terminal variant of F-SRC-1a), SRC-1¢, d
and e (C-terminal variants of the F-SRC-1a), and one human C-terminal variant SRC-1e
(Kamei ef al., 1996, Kalkoven et al, 1998).

As its name implies, SRC-1 has been identified as a member of the tr_anscriptional
co-activating protein family and has been shown to interact with and activate a number of
receptors including PR, ER, RAR, RXR, TR, GR and PPARy in a ligand-dependent or
ligand—enhancing manner (reviewed in Shibata et al., 1997, Glass et al., 1997). These
interactions have been shown to be dependent upon the LXXLL signature motif, four of

which are located in SRC-1a (and three in SRC-1e) (Heery et al., 1997, Kalkoven et al.,
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1998). In turn, the AF-2 domain (helix 12) of various receptors has been shown to be
required for efficient SRC-1 binding and subsequent activation but also makes contacts
with SRC-1via its A/B domains and other areas of the LBD (Takeshita et al., 1996,
Jeyakmur et al., 1997, Ofiate ef al., 1998 and reviewed in Shibata ef al., 1997). Taken
together these observations indicate that SRC-1 may mediate AF-1/AF-2 synergism, by
facilitating a functional interaction between the A/B and AF-2 domains of the same
receptor (Ikonen et al., 1997, Webb et al., 1998; Ofiate et al., 1998).

Further indication that SRC-1 functions as a co-activator for the nuclear hormone
receptors resides in four main pieces of evidence; first, a dominant-negative form of
SRC-1a serves to block nuclear receptor function (Ofiate et al, 1995).  Second,
microinjection antibodies against SRC-1 also block nuclear receptor function (Torchia ez
al., 1997). Third, SRC-1 has been shown to interact with CBP/p300 which, in turn, has
been shown to interact with p/CAF (both of which exhibit histone acetylase activity)
suggesting the forriation of multimeric complexes with nuclear receptors, which
facilitates transcriptional activation of target genes. Fourth, SRC-I interacts in vitro with
the basal transcription factors TBP and TFIIB (Takeshita et al., 1996) (although
Kalkoven et al., 1998 report that SRC-1a and e were unable to bind these factors).
Interestingly, Kalkoven e al., 1998 have also demonstrated that SRC-1 isoforms differ in
their ability to potentiate ER-mediated activation, where SRC-1e appears to be the more
potent co-activator énd SRC-1a can result in a repression of ER-media'fed transcription
depending upon the sromoter context. Lastly, SRC-1 has also been shown to bind to the

transcription factor AP-1 subunits c-Jun and c-Fos and can potentiate AP-1-mediated
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transactivation (like CBP/p300), indicating that SRC-1/CBP/p300 may mediate
transrepression betwzen AP-1 and nuclear receptors in vivo (Lee et al., 1998).
1.4.3 An Overview of the Co-repressor SMRT

The silencing mediator (co-répressor) for retinoid and thyroid hormone receptors
(SMRT) was initially identified as an RXR (although weakly) interacting protein via a
yeast dihybrid screer: of a human lymphocyte cDNA library (Chen and Evans, 1995). As
its name implies, SMRT acts as a co-repressor of a GAL-4 dependent reporter when
fused to the GAL-4 DNA binding domain (Chen and Evans, 1995). SMRT has been
shown to interact with RAR, TR and marginally to RXR in a ligand-independent manner
where addition of ligand reduces these interactions (although in the case of RXR the
effect observed was slight) (Chen and Evans, 1995). Furthermore, SMRT interacts with
the RXR/RAR heterodimer in mammalian cells in the absence of ligand but fails to
interact in its presence (Chén et al., 1996). Subsequently, SMRT was shown to mediate
the transcriptional siiencing of RAR and TR (but not RXR where no effect was observed
under the experimental conditions einployed) (Chen and Evans, 1995). SMRT is further
implicated as a nuclear receptor co-repressor based on three other main points of
evidence, first, the receptor-interacting domain of SMRT antagonizes the repressive
effect of both RAR and TR and, therefore, acts as a dominant-negative form of SMRT
(Chen et al., 1996). Second, SMRT is highly related to another identified nuciear
receptor co-repressor, N-CoR (Chen ez al., 1996, Lavinsky et al., 1998 and reviewed in
Perlmann and Vennstrom, 1995, Shibata ez al., 1997). Third, SMRT has also been shown

to interact with both mSin3A and the histone deacetylase 1 (HDAC1) and has therefore
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been implicated in transcriptional repression as deacetylation of core histones (though'; to
prevent access of transcription factors to the DNA template) (Nagy ez al., 1997 and
reviewed in Pazin and Kadonaga, 1997).

A recent report has demonstrated that multiple mechanisms exist, which impart
specificity of nuclea: hormone receptor interactions with various co-repressors such as
SMRT and N-CoR vrhich include the nature of the ligand, the levels of available SMRT
and N-CoR, DNA re:;ponsé element binding and subsequent heterodimer partner polarity,
and regulation of the nuclear hormone receptors by multiple signal transduction pathways
(protein kinase-dependent signaling cascades which can inhibit co-repressor recruitment,
as observed for ER, PR and RAR, or stimulate co-repressor recruitment, as observed for
PPARy) (Kurokawa et al, 1995, Lavinsky e7 al., 1998)

1.5 Previously Completed Work

The versatility of the yeast dihybrid system provides the user with an in vivo assay
for detecting protein-protein interactions in Saccharomyces cerevisiae as well as an
effective method of genetic screening for novel proteins. We employed this system as a
genetic screen for proteins, which interact with RXRa. In screening a Hela cell cDNA
library, fused to the (AL 4 activation domain (GAD) with hRXRa, bound to the GAL 4
DNA binding domain (GBD), we were able to isolate SM1 (Miyata ef al., 1996), a
truncated form of a novel nuclear receptor later cloned and termed LXRo (Willy ez al.,
1995, Miyata ef al., 1996). Concurrently, Kenji Miyata, using mPPARa (fused to the

GBD) and the same GAD-cDNA library, also isolated an LXRa clone (Miyata et al.,
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1996). Subsequently, the full length LXRo clone was constructed as outlined in Section
2.1.7.3 (Miyata et al , 1996) (refer to Figure 1).

Initial characterization studies of LXRo, performed by Kenji Miyata and Hansa
Patel, revealed that the 1.9kb LXRa mRNA is expressed in highest abundance in the
liver and heart but is also detected in the kidney, intestine, spieen, lung, pancreas, skeletal
muscle and testis (Miyata et al., 1996 as confirmed by Willy et al., 1995). As well, in
vitro studies using maltose binding protein (MBP)-RXRa fusion proteins in protein
binding assays showed that LXRa interacts with RXRo in the absence of a DNA target
site (Miyata et al., 1996).

As part of the 1.XRa characterization studies we investigated the DNA binding
specificity of LXRa and RXRa using electrophoretic mobility shift analysis (EMSAs).
For these experimeats we synthesized a series of oligonucleotides which contained
AGGTCA half sites, present as direct repeats, spaced by zero to five nucleotides (DRO to
DRS5). Using in vitro translated LXRa and RXRo. we were able to show that LXRa
heterodimerized with RXRa and bound preferentially to the DR4 response element and
weakly to the DR3 and DRS response elements (Miyata et al., 1996). Furthermore,
| LXRa and RXRa were also shown to bind to the LXRE-AMTYV, as previously
determined by Willy and colleagues (1995).

Interestingly, SM1 and RXRa heterodimer formation on the DNA response elements
DR4 and LXRE-AMTV was greatly diminished in comparison to LXRa/RXRo/DR4 and

LXRo/RXRo/LXRE-AMT Vbcomplex formation (demonstrated in Section 3.2.1). The
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SM1 clone is missing the first 61 amino acids of the N-terminus (A/B domain) and also
possess an N-terminal extension sequence different than the native LXRa sequence.
Furthermore, as demonstrated in Section 3.2.1, EMSA analysis revealed the existence of
a second band shift (shift B) whose mobility was slightly slower than that of the
LXRa/RXRo/LXRE: complex mobility. Interestingly, this second species was absent in
EMSA experiments with SM1I/RXRo/LXRE. These observations subsequently led to
investigations of the A/B domain of LXRa., presented in Section 3.2.

Initial transient transfection assays with LXRa and RXRa demonstrated that
LXRo/RXRa can constitutively activate transcription of a reporter gene that contained
the DR4 LXRE but not the DR1 response element (Miyata ef al., 1996). The addition of
9-cis retinoic acid, a known RXR ligand, only potenitated this activation slightly (also
seen in Section 3.1.1) (Miyata ez al., 1996, Willy et al., 1995).

LXRa has also been shown to interact with PPARa as determined by both a yeast
two-hybrid assay and protein binding assays with MBP-PPARa fusions; however, an
LXRo/PPARa respcnse element has yet to be identified (Miyata ef al., 1995). EMSA
analysis demonstrated that LXRo inhibits binding of RXRa/PPARa heterodimers to
both rat fatty acyl-CoA oxidase (Aox) and enoyl-CoA hydratase/3-hydroxyacyl-CoA
dehydrogenase (HD) PPREs (Miyata et al., 1996). Similarly, PPAR« inhibits binding of
LXRa/RXRo heterodimers to both DR4 and DR5 LXREs (Miyata ef al, 1996).
Furthermore, transicnt transfection assays indicated that LXRo can antagonize

RXRa/PPARa-mediated transcriptional activation (Miyata et al, 1996). These
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observations, taken together, implicate LXRo as a negative regulator of PPARo-
mediated transcriptional activation.

Thus, taken together, these preliminary studies of LXRo contributed to our
understanding of the role of LXRa in not only novel and distinct retinoid response
pathways, but also in modulating PP AR-signaling pathways in the cell, thereby indicating
a convergence of distinct receptor signaling pathways. Ultimately, these initial
investigations openec the door for further functional analysis of LXRa.

1.6 Project Overview

Upon commencement of this project, little was known about LXRa apart from those
initial investigations outlined in Section 1.5. Thus, in order to determine the mechanism
by which LXRa functions as a transcriptional regulator of target genes, a number of
integrated characterization studies were designed, which focused on three main areas of
LXRa investigation; first, examination of the transactivation properties of LXRa, under
various conditions iz vivo, second, delineation of the role of the LXRa A/B domain in
transactivation via LXRa A/B domain deletion studies and third, the identification of
potential co-factors which may functionally interact with LXRa., thereby aiding in the
LXRa-mediated transcriptional response.

Investigations of the transactivation properties of LXRa, subsequent to those
initially described in Section 1.5, were facilitated by the identification of both the LXRE-
AMTYV response element and LXRo activators, which includes 22(R)-hydroxy-

cholesterol. These studies were performed in order to ascertain if LXRo-mediated
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transcriptional activity exhibits DNA response element (LXRE), activator/ligand or cell
line specific effects as reported in many other nuclear receptor transactivation studies. In
doing so, a viable and efficient transient transfection assay was developed for subsequent
LXRa investigations in vivo. Thus, these studies contribute to the delineation of the
mechanisms and conditions that exist within the cell, which modulate LXRo-mediated
transactivation.

Studies of the highly divergent A/B domain of various nuclear receptors have
implicated this domain as a participant in transactivation and thus, have provided great
insight into how these receptors regulate/modulate transcription of target genes.
Specifically, a number of these investigations have revealed the existence of an
autonomous ligand-independent activation domain (AF-1 domain), which can either
function independently or synergize with the AF-2 domain of the same receptor, thought
to be mediated by the binding of various co-activators. Thus, investigation of the LXRa
A/B domain was of significant importance and ultimately utilized a series of LXRa N-
terminal A/B domair. deletion constructs. These studies focused on the role, if any, the
N-terminal 63 amino acids of the LXRa A/B domain played in RXRa heterodimerization
and subsequent binding to LXREs, co-factor (RIP 140) binding and transactivation. The
results from these investigations may further serve to indicate the presence or absence of
a functional AF-1 domain within this region of LXRa.

The identification of LXRo co-factors is of particular interest since transcriptional
regulation, mediated by other members of the nuclear hormone receptor superfamily, has

been shown to involve multiple auxiliary co-factors, which function either to repress or
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activate transcription not only through interactions (or lack thereof) between the basal
transcription machinery and nuclear receptors but also through chromatin remodeling.
Through a fortuitous sequence of events, the previously identified co-factor RIP 140 was
isolated, as a partial clone, from a human liver cDNA library via the two-hybrid yeast
system utilizing PPARq. as bait. This finding ultimately facilitated LXRo and RIP 140
interaction and func:ional studies. Subsequent interaction and functional investigations
between LXRa and both the co-repressor, SMRT, and the co-activator, SRC-1, were also
performed.  These co-factor/LXRa. investigations further our understanding of the
mechanism by which nuclear receptors achieve specificity and diversity in the activation

of target gene expression.



CHAPTER TWO

MATERIALS AND METHODS

2.1 Materials

2.1.1 Chemicals and Reagents

The chemicals and reagents employed in this research, and the corresponding

companies from which they were obtained, are outlined below:

agarose (electrophoresis grade)

agarose (NuSieve-GTG)

agar |

amino acids

ampicillin

Bacto-peptone

BioRad protein assay

bovine serum albumin

cesium chloride (molecular biology grade)
charcoal, Dextran coated
chloramphenicol

coenzyme A

deoxynucleotide triphosphates (ANTPs)

dithiothreitol (DTT)
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Life Technologies

FMC Bioproducts

Becton Dickinson and Company
Sigma Chemical Compény
Sigma Chemical Company
Difco Laboratories
BioRad Laboratories
Pharmacia Biotech

Life Technologies

Sigma Chemical Company
Sigma Chemical Company
Sigma Chemical Company
Pharmacia Biotech

Sigma Chemical Company



dimethylsulphoxide (DMSO)
Glutathione Sepharose 4B
22(R)-Hydroxycholesterol (22 (R)-OH-CH)
isopropylthio-B-D-galactoside (IPTG)
kanomycinsulfate
L-glutamine
luciferin
MEM sodium pyruvate solution (100mM)
molecular weight standards

50 bp DNA ladder

1 Kb DNA ladder

1Kb Plus DNA ladder

low range SDS-PAGE standards

high range SDS-F AGE standards
Nonidet P-40 (INP-40)
penicillin (5,000/ml)," streptomycin (5,000ug/ml)
phenylmethylsulphonylflouride (PMSF)
Protease inhibitor cocktail tablets
polydIdC
PPO (2,5-diphenyloxazole) scintanalyzed
5X reporter lysis buffer

9-cis retinoic acid (9-cis RA)
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Caledon Laboratories
Pharmacia Biotech
Research Plus

Life Technologies
Boehringer Mannheim
Life Technologies
Biosynth

Life Technologies

Life Technologies

| Life Technologies

Life Technologies
BioRad Laboratories
BioRad Laboratories
BDH Chemicals

Life Technologies
Boehringer Mannheim
Boehringer Mannheim
Pharmacia Biotech
Fischer Scientific
Promega

Sigma Chemical Company
Biomol Research Laboratories



Salmon sperm DNA
Sephadex G-50

serum, calf

serum, fetal bovine

sodium dodecyl sulfate (SDS)
Triton X-100

Wy-14,643

X-GAL (5-bromo-4-:hloro-3-indoyl-p-D-

galactoside)

yeast extract

yeast nitrogen base (‘without amino acids)

2.1.2 Enzymes
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Sigma Chemical Company
Pharmacia Biotech

Life Technologies

Sigma Chemical Company
Sigma Chemical Company
BDH Chemicals

ChemSyn Laboratories

Life Technologies

Becton Dickinson Company

Difco Laboratories

The enzymes that were employed in this research , and the corresponding companies

from which they were obtained, are outlined below. All enzymatic reactions were

performed as recommended by the manufacturer.

calf intestinal alkaline phosphatase
DNA polymerase I (Klenow)
lysozyme

restriction endonucleases

RNAse A

SP6 RNA polymerase

T3 RNA polymerase

T7 RNA polymerase

New England Biolabs
New England Biolabs
Sigma Chemical Company
New England Biolabs
Pharmacia Biotech
Promega

Promega

Promega



T7 DNA polymerase:

T4 DNA ligase

T4 polynucleotide k nase

Vent DNA polymerase

2.1.3 Radiochemicals

L-[*’S]-methionine (1151 Ci/mmol; 10uCi/pl)

[0-**P]dATP (3,000 Ci/mmol; 10pCi/ul)

[*C]-labeled molecular weight markers
high range molecalar weight markers
broad range molecular weight markers

2.1.4 Yeast Strains and Growth Conditions
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Pharmacia Biotech
New England Biolabs
New England Biolabs

New England Biolabs

NEN Life Science Products

Amersham Canada Ltd.
NEN Life Science Products

Life Technologies

Amersham Canada Ltd.

The PCY2 yeast strain, employed in this study, is of the genotype: MATa Agal4

Agal80 URA3::GAL 1-lacZ lys2-801°™ his3-A200 trp-A63 leu2 ade2-101°"" and was

a generous gift from Dr. P. Chevery, The Johns Hopkins University School of Medicine,

Baltimore, MD (Chevery and Nathans, 1992). The Y190 yeast strain, employed in this

study, is of the genotype: MATa, leu2-3,112, ura3-52, trp1-901, his3-A200, ade2-101,

galdAgal80A URA3 GAL-lacZ, LYS GAL-HIS3, cy#’, (Harper et al., 1993). Yeast were

grown at 30°C in either YPD media (rich media containing 1% bacto-yeast extract, 2%

bacto-peptone and 2% glucose) or in synthetic complete (SC) media (0.67% bacto-yeast

nitrogen base (without amino acids), 2% bacto-agar, 2% glucose and 0.2% drop-out mix

(contains all amino acids except those being selected for)).
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2.1.5 Bacterial Strains and Growth Conditions

The DHS5a bacterial strain, employed in this study, is of the genotype: F,
$80AlacZAM1S5 A(lacZY A-argF) U169 deoR recAl hsdR17 (1, mi’) phoA supE44 A
thi-1 gyrA96 relAl. Bacteria was routinely grown at 37°C in 2YT media ( 1.6% bacto-
tryptone, 1% bacto-yeast and 0.5% NaCl) which was supplemented with either 100 pg/ml
ampicillin or 30 pug/ml kanamycin under selective conditions.

2.1.6 Mammalian C:ll Lines

The BSC40 cell line are African Green Monkey Kidney cells derived from the
BSC-1 cell line adapted to 40°C (Brockman and Nathans, 1974) and were obtained from
the Massachusetts Institute of Technology (MIT).

The COS-1 cell line are African Green Monkey Kidney cells, established from CV-1
simian cells transforied by an origin-defective mutant of SV40 which codes for wild-
type T antigen (Gluzman, 1981), and were obtained from the American Type Culture
Collection (ATCC).

The Hep G2 cell line are human liver hepatoblastoma cells (Aden et al., 1979, Aden
et al., 1980) and were obtained from the American Type Culture Collection (ATCC).
2.1.7 Oligonucleotides

The oligonuclectides outlined in Table 2 were employed for PCR amplification,
construction of vectcrs, DNA sequencing or radioactive probe preparations for EMSA
analysis. All oligonucleotides were prepared by the Central Facility of the Institute for
Molecular Biology (MOBIX), McMaster University or Dalton Chemical Laboratories,

North York.
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Oligo- Sequence Purpose
Nucleotide i
AB 1118 | TAATACGACTGCACTATAGGG’ T7 promoter primer
AB5597 | > GATTTAGGTGACACTATAG® , SP6 promoter primer
AB4589 | >GATICCCAGGTCACAGGAGGTCAGAA’ Dr4 (A)
AB45%0 | >GATCTTCTGACCTCCTGTGACCTGG’ Dr4 (B)
AB6291 |[° 9CG|3GGATCCGGTACCATGTCC’ITGTGGCTGGGGG LXR (for) PCR
C
AB6292 5’GC?‘3GGATCCGATATCTCA’I'I‘CGTGCACATCCCAG LXR (rev) PCR
ATC
AB6554 | > GCGCGGTACCATGGGCGCACAGGATGCAAGCAG’ RIPA1 (for) PCR
AB6555 | ° GCGCGGTACCATGGCCAGGATGCCCCACTCTGC® RIPA2 (for) PCR
AB6556 | > GCGICGGTACCATGACAGCCCTGCTCACCAGGGC RIPA3 (for) PCR
AB6557 | > GGGITTAGGCCTTGTCCCCACACACACTGCATG® RIP deletions (rev)
PCR
AB6011 | > TGTATCTTATGGTACTGTAACTG’ PGL2 sequencing
primer
AB6746 |° GA;I_‘( >CTTGCGGTTCCCAGGGTTTAAATAAGTTCAT LXRE-AMTV (A)
CTA
AB6747 |° GA’£(ZTAGATGAACTTATITAAACCCTGGGAACCGC LXRE-AMTV (B)
AAC
AB9324 |’ GGGCTGGCAAGCCACGTTTGGTG” GST sequencing primer
(5)
Dalton 1 >GCAGACCGGCCCAACGTGCAG’ LXR sequencing primer
i at Ndel site
AB14336 | > GCGCGGATCCGCTCACGGTGGGAGCTTTTTGTCCT | LXR (rev) primer for
(}CAG" : AF-2 domain deletion
AB13685 | > GGAGTGAGAGTATCACCTTCCTCAAGG LXR internal
sequencing primer at
the EcoRlI site

2.1.8 Plasmids

2.1.8.1 Commercially Available Vectors

pSGS: Obtained from Stratagene, pSGS is an ampicillin resistant eukaryotic expression
vector containing an SV40 early promoter and an SV40 poly-A signal and a T7 promoter
upstream of the multiple cloning site (MCS).

pRc¢/CMYV: Obtained from Invitrogen, pRc/CMYV is an ampicillin resistant eukaryotic

expression vector containing enhancer-promoter sequences from the immediate-early
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gene of the human cytomegalovirus (CMV) and a poly-A signal from the bovine growth
hormone (BGH) gene. It also possesses both a T7 and an SP6 promoter flanking either
side of the MCS.

pGL2: Obtained from Promega, pGL2 is an enhancerless SV40 promoter/luciferase
expression vector which is ampicillin resistant.

pGEX-2T (GST): Obtained form Pharmacia Biotech, pGEX-2T is an ampicillin resistant
bacterial expression vector which contains a tac promoter, a lac operon and a thrombin
recognition (cleavage) site upstream of the GST gene. The MCS of the vector is adjacent
to the GST domain.

pGEX-2TK (GST): Obtained form Pharmacia Biotech, pGEX-2TK is identical to
pGEX-2T except that this vector contains a protein kinase site between the GST domain
and the MCS and downstream of the thrombin recognition site.

pGBT9: Obtained form Clontech Laboratories, pGBT9 is an ampicillin resistant DNA-
binding domain hybrid cloning vector (GAL4 DNA-binding domain (aa 1-147)) which
can be employed to generate target protein fusions with the GAL4 DNA binding domain.
pGBT?9 also carries & TRP1 selectable marker which allows yeast auxotropﬁs to groW on
limiting synthetic media.

pGAD 424: Obtained form Clontech Laboratories, pGAD 424 is an ampicillin resistant
activation domain hybrid cloning vector (GAL4 activation domain (aa 768-881)) which
can be employed to generate protein fusions with the GAL4 activation ‘domain. pGAD
424 also carries a LEU2 selectable marker which allows yeast auxotrophs to grow on

limiting synthetic media.
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2.1.8.2 Plasmids Constructed By Others

pSG5-RXRa: contains full length human RXRa, cloned into the EcoRI site of pSGS
(Marcus et al., 1993).

pSPUTK: a generous gift from Dr.. Andrews (Falcon and Andrews, 1991), pSPUTK is a
transcription/translat on vector whose MCS site is flanked by SP6 and T7 promoters.
pSPUTK-SM1: cortains an amino terminal truncated clone of LXRa (aa 62-447),
obtained from Jamie Ingles, which also possesses an extension piece (employed for
cloning purposes) at the amino terminus CM,G,C,RN,S,AR A T>) which is different
from that of the native LXRa sequence.

pSPUTK-RIPi: contains an amino terminal truncated clone of LXRo (aa 6-447),
obtained from Hansa Patel.

pRc/CMV-RIP1: contains an amino terminal truncated clone of LXRa (aa 6-447),
obtained form Hansa Patel.

PRc¢/CMV-LXRa: contains full length human LXRa, obtained from Hansa Pai:el
(Miyata et al., 1996).

pGBT9-LXRa: contains full length human LXRo, obtained from Hansa Patel, and
cloned into the BamE site of pGBT9.

pGEX-2TK-mPPAE«a (GST-PPAR«): contains full length mPPARa cloned into the
BamHI site of pGEX-2TK, obtained from Lisa Meertens.

TK-LXRE3-LUC: v/as a generous gift from Dr. Mangelsdorf (Willy et al., 1995) and

contains three copies of the LXRE-AMTV DNA response element cloned into the HindIIl

site of a TK-LUC vector in a tandem repeat configuration (———>).
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pGAD-RIP 140: contains aa 164-869 of RIP 140, obtained from Kenji Miyata, and v.vas
isolated from a Matchmaker human liver cDNA library (cloned into pGAD10 (Clontech))
in a yeast two-hybrid analysis using mPPAR« as bait (Miyata et al., 1998).

pEF-BOS: was a generous gift from Dr. Parker (Cavaillés er al., 1995), and is an
ampicillin resistant cukaryotic expression vector and contains an elongation factor la

(EF-1at) promoter region and a poly-A signal from human granulocyte colony-
stimulating factor (G-CSF) cDNA (Mizushima and Nagate, 1990).

pEF-BOS-RIP 140: was a generous gift from Dr. Parker (Cavaillés ef al., 1995) and
contains full length FIP 140.

pBluescript I SK(--)-RIP 140: was a generous gift from Dr. Parker (Cavailles ef al,,
1995) and contains fuill length RIP 140. |

pGEX-2TK-(N-term)-RIP 140 (GST-RIP 140 (N)): contains aa 1-479 of RIP 140
cloned downstream and in frame of the GST gene (Miyata ef al., 1998).
PGEX-2TK-(C-term)-RIP 140 (GST-RIP 140 (C)): contains aa 656-1158 of RIP 140
cloned downstream and in frame of the GST gene (Miyata ef al., 1998).
pBK-CMV-SRC-1: was a generous gift from Dr. O’Malley (Oiate e al., 1995) and
contains a truncated form of SRC-1 (aa 378-1441) (Shibata et al., 1997) cloned into the
eukaryotic expression vector pBK-CMV (Stratagene) which is kanamycin resistant and
possesses both a T3 and a T7 promoter flanking either side of the MCS site.
pCMX-SMRT: was a generous gift from Dr. Evans (Chen and Evans, 1995) and

contains full length human SMRT cDNA but does not contain the aa 1330-1375



45

alternative spliced insert. The pCMX vector is an ampicillin resistant eukaryotic

expression vector with a CMV promoter and also contains a T7 promoter.

2.1.8.3 Plasmids Constructed For Project:

pGAD-SM1: encodzs aa 61-447 of LXRa and was isolated form a Hela cell cDNA

library constructed in the GAD vector pGADGH (Clontech) in a yeast two-hybrid

analysis using RXRo: as bait (Miyata ef al., 1996).

pSPUTK-LXRa:

2)

b)

Cloning full length LXRa c¢DNA was performed in collaboration with the
Rachubinski labcratory (Miyata ef al., 1996). Using pGAD-SM1 as a probe, a 1.7kbp
cDNA was isoleted from a Agtll human liver cDNA library (Stratagene) whose
sequence was shown to contain the entire 447 amino acid long open reading frame of
LXRo (Miyata ef al., 1996). This cDNA by convention was designated LXRa and is
essentially identical at the amino acid level to the published sequence of LXRa
(Willy et al., 1995). The only differences noted are a phenylalanine in place of a
leucine at position 192 and an alanine in place of an arginine at position 196.

The entire open reading frame of LXRa was amplified from the human liver cDNA
library plasmid by the polymerase chain reaction (PCR) with oligonucleotides
AB6291 and AB6292 an was cloned into the BgIII sites of pSPUTK. This construct
was then digested with Apal and BglII and replaced with the Apal/BglIl fragment
from pSPUTK-RIP1 in order to obtain the full length clone with minimal PCR

product. The final pSPUTK-LXRa was sequenced.
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pSPUTK-RIPA1: is an amino terminal truncated clone of LXRa (aa 24-447) and thus
lacks the initial 23 emino acids. This plasmid was constructed via the PCR technique
which employed the oligonucleotides AB6554 and AB6557 in order to amplify bp 70-
316 of LXRa from pSPUTK-LXRa.. This PCR product was then cleaved with Kpnl and
Stul and was used to replace the Kpnl/Stul fragment removed from pSPUTK-LXRa.
The PCR product portion of this clone was sequenced.

pSPUTK-RIPA2: is an amino terminal truncated clone of LXRa (aa 44-447) and thus
lacks the initial 43 amino acids. This plasmid was constructed via the PCR technique
which employed the oligonucleotides AB6555 and AB6557 in order to amplify bp 130-
316 of LXRa from pSPUTK-LXRa. This PCR product was then cleaved with Kpnl and
Stul and was used to replace the Kpnl/Stul fragment removed from pSPUTK-LXRa.
The PCR product portion of this clone was sequenced.

pSPUTK-RIPA3: is an amino terminal truncated clone of LXRa (aa 64-447) and thus

lacks the initial 63 amino acids. This plasmid was constructed via the PCR technique

which employed the oligonucleotides AB6556 and AB6557 in order to amplify bp 190-
316 of LXRa from pSPUTK-LXRa. This PCR product was then cleaved with Kpnl and
Stul and was used to replace the Kpnl/Stul fragment removed from pSPUTK-LXRa.
The PCR product portion of this clone was sequenced.

PRc/CMV-RIPA2: is an amino terminal truncated clone of LXRa (aa 44-447) and thus
lacks the initial 43 amino acids. This plasmid was constructed by digesting pRc/CMV-

RIP1 with HindIII/EcoRI and isolated a 1.4 kb fragment (C-terminus of LXRao and part
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of the pRc/CMV) and the large remaining fragment (fragment 1). Subsequently,
pSPUTK-RIPA2 wes digested with HindIIl and EcoRI and the 1kb piece was isolated.
The fragment 1 (from pRc/CMV-RIP1) was ligated to the l1kb HindIII/EcoRI piece
isolated from pSPUTK-RIPA2. The resulting clone was then digested with EcoRI and
the 1.4kb piece from pRc/CMYV was cloned into the resulting site.

pRc/CMV-RIPA3: is an amino terminal truncateci clone of LXRa (aa 64-447) and thus
lacks the initial 63 emino acids. This plasmid was constructed by digesting pRc/CMV-
RIP1 with HindIII/E coRI and isolated a 1.4 kb fragment (C-terminus of LXRo and part
of the pRc/CMV) and the large remaining fragment (fragment 1). Subsequently,
pSPUTK-RIPA2 was digested with HindIII and EcoRI and the 1kb piece was isolated.
The fragment 1 (from pRc/CMV-RIP1) was ligated to the 1kb HindIII/EcoRI piece
isolated from pSPUTK-RIPA2. The resulting clone was then digested with EcoRI and
the 1.4kb piece from pRc/CMYV was cloned into the resulting site.

pSGS-LXRa: contains full length LXRa and was constructed via the PCR technique
with oligonucleotides AB6291 and AB6292 from pSPUTK-LXRa. This PCR product
was digested with BemHI and inserted into the BamHI site in pSG5. The resulting clone
was then digested with Kpnl and EcoRV and replaced with the Kpnl/EcoRV LXRa
fragment from pSPUTK-LXRa so that no PCR product remained. LXRa, in this vector,
is in a backward orientation ( and can not be transcribed/translated from the T7 promoter)

and was therefore employed solely as a cloning intermediate.
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pGEX-2T-LXRa (GST-LXRa): contains full length LXRa fused, in frame, to the GST
gene. This plasmid was constructed by digesting pSG5-LXRa with BamHI and inserting
the LXRo BamHI fragment into the BamHI site of pGEX-2T.

pGEX-2T-LXRa-AAF-2 (GST-LXRaAAF-2): contains a carboxyl terminal truncated
clone of LXRa (aa 1-437) and thus lacks the reported AF-2 domain of LXRa (Willy et
al., 1995). This plasmid was constructed via the PCR technique with oligonucleotides
AB6291 and AB14336 from pSPUTK-LXRa. The PCR product was digested with
BamHI and cloned into the BamHI site of pGEX-2T. The resulting clone was digested
with Kpnl and Ndel and replaced with the Kpnl/Ndel fragment isolated from pGEX-2T-
LXRa in order to obtain a clone with minimal PCR product. The remaining PCR
product of this clone was sequenced (Ndel site to the end).

pGEX-2T-RXRa (GST-RXRa): contains full length human RXRa fused, in frame, to
the GST gene. This plasmid was constructed by digesting pGEX-2T with EcoRI and was
subsequently bluntec. using the Klenow fragment of DNA polymerase. RXRa was
isolated from pGEM7Zf(+)-RXRa using BglII and the resulting ends were also blunted
with Klenow. The RXRa blunt fragment was then cloned into the blunted pGEX-2T

vector.
PDR4(X2)luc: contains two copies of the synthetic DR4 direct repeat element, in an
everted configuratior, in the enhancerless SV40 promoter/luciferase expression vector

pGL2. The plasmid was constructed by digesting the double-stranded oligonucleotides °
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(AB4589 and AB4590) with BamHI and subsequently cloned the fragment into the BglII
site of pGL2 (Miyata et al., 1996) («—>).
2.2 Methods
2.2.1 Purification of Plasmid DNA
2.2.1.1 Small Scale Plasmid DNA Purification

The method for small scale (miniprep) preparation of plasmid DNA employed in
this study is a lysis by boiling method (Sambrook et al., 1989). Plasmid DNA was
extracted from 1.5 ml of pelleted saturated bacterial culture, grown overnight at 37°C in 5
ml of 2YT supplernented with either ampicillin (final concentration 100 pg/ml) or
kanamycin (final coacentration 30 pg/ml). The resulting pellet was resuspended in 350
ul of STET buffer (C.1 M NaCl, 10 mM Tris-HCI pH 8.0), 1 mM EDTA pH 8.0) and 5% |
Triton X-100) and 25 pl of fresh lysozyme ( 10 mg/ml in 10 mM Tris-HC!I pH 8.0). The
sample was subsequently incubated in a boiling water bath for 40 secs followed by a 10
min centrifugation in order to pellet the cell debris. The resulting supernatant was
collected in a fresh tube‘ and 200 pl of NH4Ac and 700 pl of isopropanol was added. The
sample was then frozen in liquid nitrogen for 5 mins and centrifuged at 14,000 rpm at
4°C for 20 mins. The resulting DNA pellet was washed with 70% ethanol and the DNA
was ultimately resuspended in TE (10 mM Tris-HCI pH 8.0, 1 mM EDTA pH 8.0)
containing RNAse A (100 ug/ml).
2.2.1.2 Large Scale ’lasmid DNA Purification (Qiagen method)

The method for large scale (maxiprep) preparation of plasmid DNA, using Qiagen

prepared DNA purification columns (composed of a modified anionic silica-gel resin that
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binds dsDNA and excludes such contaminants as RNA and cell debris), is based on the
alkaline lysis procedure. Each plasmid was also subjected to chloramphenicol
amplification. Thus, for each plasmid preparation, a 50 ml flask of 2YT media
(containing either arapicillin (100 Qg/ml) or kanamycin (30 ug/ml)) was inoculated with
a single colony and was grown overnight in a shaking incubator at 37°C. After 16 hrs, 25
mi of the overnight culture was added to 500 ml of 2YT media (containing either
ampicillin (100 ug/ml) or kanamycin (30 pg/ml) and was grown to an OD600 of 0.6.
Chloramphenicol was subsequently added to the culture at a final concentration of 34
mg/ml and the culture was grown for another 16 hrs in a shaking incubator at 37°C. This
overnight cultﬁre was then harvested the next day and was applied to the Qiagen column.
Preparation of the cellular extract, application to the column, subsequent washes, elution
and DNA precipitation were performed as recommended by the manufacturer. The
resulting DNA pellet was resuspended in sterile TE (pH 8.0).

2.2.1.3 Large Scale Plasmid DNA Purification (CsCl method)

The method for large scale (maxiprep) preparation of plasmid DNA, using a CsClI
gradient method, is based on the alkaline lysis procedure. Cultures were grown as
previously describecd in Section 2.2.1.2 with chloramphenicol amplification. The
resulting culture was ultimately harvested the by centrifugation at 5,000 rpm for 15 mins
at 4°C and the resulting pellet was resuspended in 21 ml of cold Solution I (50 mM Tris-
HCI (pH 8.0), 10 tM EDTA (pH 8.0), 100 ug/ml RNAse A, 50 mM glucose) and
incubated at room temperature for 10 mins. Subsequently, 44 ml of Solution IT (200 mM

NaOH, 1% SDS) was added and the mixture was gently mixed and incubated on ice for
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10 mins. Lastly, 22 ml of cold Solution III ( 3.0M KAc (pH 5.5)) was added and ;che
mixture was incubated on ice for 10 more mins. The cell debris was pelleted at 4°C at
16,000 rpm for 20 mins. The supernatant was filtered through sterile gauze into a sterile
graduated cylinder aad 0.6X the volume of isopropanol was added. Once transferred to a
fresh bottle, the mixure was incubated at 4°C for 1 hr and subsequently spun at 4°C for
30 mins at 16,000rpm. The resulting pellet was washed with cold 70% ethanol and was
resuspended in 9.5ml of sterile, deionized water. To this solution, 10 g of CsCl
(molecular biology grade) was added and mixed well which was followed by an addition
of 1ml of ethidium bromide (10 mg/ml). In order to clear the solution, the mixture was
spun at 5, 000 rpm at room temperature for 5 mins. The supernatant was then transferred
to a 13 ml ultracentrifuge tube, balanced with CsCl (1 g/ml) and heat sealed. The tubes
were then loaded into the ultracentrifuge rotor and spun at 55K for 16 hrs at 20°C. After
the completion of th: spin, the lower dark red band (supercoiled DNA) was removed with
a sterile hypodermic needle and put in a sterile disposable 50 ml Falcon tube. An equal
volume of water saturated butanol was then added, mixed and the upper pink layer was
discarded in order to remove all traces of the ethidium bromide. This step was repeated
until the solution is completely clear. The resulting solution was then precipitated with
6X TE (pH 8.0) and 3X volume of ethanol and incubated at -20°C for 30 mins. The
DNA was then pelleted at 13,000 rpm at 4°C for 30 mins. The resulting DNA pellet was

resuspended in TE (pH 8.0) and the DNA was quantitated by fluorometry.
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2.2.2 DNA Quantification By Fluorometry

Plasmid DNA cpuantitation was determined by fluorometry using a method outlined
by Hoefer and Hoefer Mini-Fluorometer (TKO 100). All DNA quantitations were
measured relative to the Calf thymus DNA standard (1 pg/ul). Plasmid DNA was diluted
into 2 ml of 1X TNE buffer ( 1 mg/ml Hoescht 33258 dye, 0.2 M NaCl, 10 mM Tris-HCI,
1 mM EDTA (pH 7.4)).
2.2.3 Transformaticn of Plasmid DNA into Bacterial Cells
2.2.3.1 Preparation of Chemically Competent Bacterial Cells

DH5a cells were made competent via a modified RbCl method outlined by Ausubel
et al., 1997. A single colony, obtained from a freshly streaked plate of DH5a bacterial
cells, was used to inoculate 50 ml of 2YT media (no addition of antibiotic) and was
grown for 16 hrs in a 37°C shaking incubator. This primary culture of noncompetent
cells was then used to inoculate 250 ml of 2YT and was grown at 37°C to an OD600 of
approximately 0.45. The cells were then chilled on ice for 10 mins and spun at 4°C for
20 mins at 3,000 rpm. The pellet was gently resuspended in 20 ml of ice cold RF!
solution (100 mM RbCl, 50 mM MnCl,-4H,0, 30 mM KOAc, 10 mM CaCl,-2H,0, 15%
glycerol; adjusted to pH 5.8 with acetic acid; filter sterilized) and incubated on ice for
lhr. The cells were then pelleted by centrifugation at 4°C for 20 mins at 3,000 rpm and
then resuspended in 8 ml of ice cold RF2 solution (10 mM MOPS, 10 mM RbCl, 75 mM
CaCl;-2H,0, 15% glycerol; adjusted to pH 6.8 with NaOH; filter sterilized). The cells

were aliquoted into pre-chilled sterile eppendorf tubes and were stored at -70°C.
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2.2.3.2 Transformation of Bacterial Cells By Heat Shock

Approximately 50 ul of competent DH5a cells were incubated on ice with 5-10 ng
of plasmid DNA for 30-40 mins. The resulting mixture was then heat shocked for 90
secs in a 42°C water bath. Subsequently, the cells were placed on ice and were incubated
for an additional 5 mins. The cells were incubated at 37°C in 1ml of 2YT for 1 hr and
then plated on a 2Y7" agar plate ( with antibiotics) and incubated at 37°C overnight.
2.2.4 Sequencing

DNA sequencing was performed using a ' Sequencing™ Kit obtained from
Pharmacia Biotech. The template DNA was denatured by mixing 16 pl of plasmid DNA
(5 ug) with 1 pul of 4 M NaOH and 1 pul of 4 mM EDTA (pH 8.0) followed by incubation
at room temperature for 5 mins. Then 2 pl of 2 M NH;Ac and 60 ul of ice cold ethanol
was added and the solution was flash frozen in liquid nitrogen. The solution was spun at
4°C for 30mins at 1:4,000rpm and the resuiting pellet was washed with 70% ethanol and
resuspended in 20 . of sterile water. Annealing of the primer to the denatured template
was achieved by incibating 10 pl of the DNA (2ug) with 2 pl of primer (2 pmol) and 2
ul of annealing buffer. The resulting mixture was then incubated at 60°C for 10 mins and
then incubated at room temperature for an additional 10 mins. Following this step, 3 pl
of labeling mix, 1 pl of [a->*P]JdATP and 2 pl of diluted T7 DNA polymerase, was added
to the mixture and incubated for 5 mins at room temperature. The termination reaction
was achieved by adding 4.5 ul of the mixture to four pre-warmed eppendorf tubes each

containing 2.5 pl of one of the four nucleotide mixes and incubating at 37°C for 5 mins.
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Following this reaction, 5 pl of the stop solution (97.5% deionized formamide, 10 mM
EDTA (pH 7.5), 0.3 bromophenol blue and xylene cyanol FF) was added to each tube.
Each of these sampls tubes were then heated at 80°C for 2 mins and then were loaded
onto an 8% acrylamide/7.0 M urea sequencing gel pre-warmed to 50°C. The gel was run
at a constant 80 watts for approximately 2.5-3 hrs per run, dried and exposed to Kodak X-
ray film.
2.2.5 Polymerase Chain Reaction

The Polymerase Chain Reaction (PCR) was employed in several cloning strategies
(as described in Section 2.1.7.3) and was performed as outlined by Ausubel et al., 1997.
The PCR reaction wzs comprised of 10 ul of 10X Thermophilic Buffer, containing 2mM
MgSO; (New England Biolabs), 0-6 pl of 100 mM MgSO,, resulting in a final
concentration of 2 to 8 mM (New England Biolabs), 10 ul of each 4 mM dNTP, resulting
in a final concentration of 1 mM each, 50-100 ng of DNA (x ul), 1 ul of each primer
(1 uM/100 pmol), 1 pl of Vent™ DNA Polymerase (2,000 U/ml) and topped up with _
water to give a total reaction volume of 100 ul. The initial PCR reaction cycle was
performed in the absence of the Vent DNA Polymerase and was added just prior to the
initial extension step so as to optimize the initial annealing of the primer to the template
DNA. Thus, the first cycle began with a 5 mins denaturing step at 95°C, a 1-2 mins
annealing step at 55°C-70°C depending upon the primers employed ( where the annealing
temperature was calculated with the formula Tm= 81.5+16.6(log 0.0334)+41x(GC

content/total AGCT content)-(500/total AGCT content)), and a 1-2 mins extension step at
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72°C (the extension time varies with the length of the PCR product where 1 Kb/min is
the general rule). The subsequent 29 cycles were performed for 1min at 95°C, 1-2 mins
at the annealing temperature and 1-2 mins at 72°C. Upon completion of the PCR
reaction, the samples were kept at 4°C and were subsequently analyzed via a 1% agarose
or 4% NuSieve gel.
2.2.6 In Vitro Transcription and Translation

In vitro transcription and translation reactions were carried out using either the
Promega uncoupled éystem (T7, SP6 or T3) or the Promega T3 TNT® coupled system.
The Promega uncoupled system begins with the transcription reaction which was
comprised of 5 ug of plasmid DNA (1 pg/ul) (which contains a T7, SP6 or T3 promoter),
10 ul of 5X Transcription buffer, 5 pul of 100 mM DTT, 1.5 ul Rnasin ribonuclease
inhibitor (40 U/ul), 2.5 ul of 10 mM ATP, CTP and UTP, 2.5 ul of 1 mM GTP, 5 ul of 5
mM m’G (5°)ppp(5”)G, 3 pl of T7, SP6 or T3 RNA polymerase (15 U/ul) and 10.5 pl of
sterile nuclease free water. This reaction mixture was subsequently incubated for 2 hrs in
a 37°C water bath. This reaction was then subjected to two PCI extractions (25:24:1 ratio
of phenol:chloroformi:isoamyl alcohol) followed by three chloroform reactions in order to
extract the RNA. The RNA was pelleted via addition of 600 ul of ethanol, flash freezing
in liquid nitrogen, and centrifugation at 14,000 rpm for 30 mins at 4°C. The resulting
RNA pellet was washed repeatedly with 70% ethanol and was resuspended in 25 pl of
sterile water and 1 il of Rnasin ribonuclease inhibitor. Lastly, the RNA solution was -

stored in 2 ul aliquots and stored at -70°C.
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The Promega uncoupled system translation reactions were performed with the
previously prepared RNA (2 ul/50 ul translation reaction). The translation reaction was
comprised of 2 ul of RNA, 35 pul of rabbit reticulocyte lysate (nuclease treated), 1 pl
Rnasin ribonuclease inhibitor ( 40U/ul), 1 pul of 1 mM amino acid mixture ( either in the
absence or presenc: of methioniné), 4 pl of L-[*S]-methionine (10 mCi/ml)( for
radioactive translates only) and 7 ul of sterile water. This mixture was then incubated for
1 hr in 30°C water bath and ultimately stored at -70°C. Radioactive translates were
tested on a 10% SDS-PAGE gel which was dried and exposed to Kodak X-ray film.

The Promega T3 TNT® coupled system permits the transcription and translation
reactions to occur i1 the same reaction mixture. The coupled reaction mixture was .
comprised of 25 pl of TNT® rabbit reticulocyte lysate, 2 pl of TNT® Reaction buffer, 1
ul of TNT® T3 RNA polymerase, 1 pl of amino acid mixture (minus methionine for
radioactive reactions), 2 pl of L-[*°S]-methionine (10 mCi/ml)(for radioactive reactions
only), 1 ul Rnasin ritonuclease inhibitor (40 U/ul), 1-2 ug of plasmid DNA (1 pg/ul) and
topped up with sterile, nuclease free water to a final volume of 50 ul. The mixture was
then incubated for 1 5-2 hrs in a 30°C water bath and ultimately stored at -70°C. The
radioactive translates were tested on a 10% SDS-PAGE gel which was dried and exposed
to Kodak X-ray film.

2.2.7 Electrophoretic Mobility Shift Assays
Electrophoretic mobility shift assays (EMSAs) were performed u;ing a modified

technique outlined by Fried and Crothers, 1981. The EMSA technique was employed in
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this study in order to determine the binding of proteins to various DNA binding
sequences and occurs as a two step process; first the DNA radioactive probe is prepared
and the second step is the preparation and running of the EMSA (bandshift) reaction on a
4% nondenaturing acrylamide gel. .The preparation of the radioactive DNA probe begins
with the annealing of the two oligonucleotides in order to obtain dsDNA. This was
achieved by heating the two oligos at 75°C for 10 mins and then slowly cooled
(approximately 1°C/min) to room temperature. The annealed DNA was then run and
purified from a 4% NuSieve gel (containing 0.5 pug/ml of ethidium bromide) using NA45
paper. The DNA was run onto the NA45 paper and was eluted by heating the paper for
30 mins at 65°C in DEAE elution buffer (10 mM Tris-HCI (pH 8.0), 1 mM EDTA (pH
8.0), 1 M NaCl). The paper was subsequently removed and the solution was spun at
14,000 rpm for 5 mins in_ order to remove any agarose gel debris. The resulting
supernatant was then isolated and mixed with 10 pl of MgCl, and 1 ml of ethanol and
centrifuged at 14,000 rpm at 4°C for 30 mins. The DNA pellet was washed with 76%
ethanol and resuspended in sterile water (resulting in approximately 20 pmol/ul). The
DNA probe was then radioactively labeled by mixing 1 pl of the previously prepared
DNA solution, 2.5 1 of 10X Klenow buffer, 10 pl [a->*P]JdATP, 1 pl of 5 mM dCTP,
dTTP and dGTP, 8.5 pl of sterile water and 1 ul of Klenow for 20 mins at room
temperature. The reaction was terminated by the addition of 0.5 ul of 0.5 M EDTA and

75 pl was added tc the mixture. The probe was then purified by passing the DNA
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solution over two Sephadex G-50 columns and 1 pl of the resulting probe was measured
using a scintillation counter.

The second step of the EMSA assay involves the preparation of the EMSA reaction
followed by gel analysis. The EMSA binding reaction is composed of in vitro translated
non-radioactive proteins, 1 pl of polydldC (4 pug/ul), 1 ul of bovine serum albumin
(BSA; 4 pg/ul), 1 pl of salmon sperm DNA (4 pg/ul), 5 ul of Buffer C (20 mM HEPES-
KOH, 420 mM NaCl, 1.5 mM MgCl,, 0.2 mM EDTA, 0.5 mM DTT, 0.2 mM PMSF,
25% glycerol). This reaction was allowed to incubate at room temperature for 5 mins and
at which time 20 pmol of the previously prepared DNA probe was added, with x pl of
sterile water for a total reaction volume of 15 . ul. This final reaction mixture was
incubated for 30 mins in a 30 °C water bath. Subsequent to the incubation period, 1 ul of
EMSA loading buffer (0.25% bromophenol blue, 0.25% xylene cyanol FF, 30% glycerol
in sterile water) was added and mixed well. The EMSA reaction was then loaded on a
4% non-denaturing gel and run at a constant 200 volts at 4°C for 2-3hrs. The EMSA gel
was dried and exposed to Kodak X-ray film.

2.2.8 Overexpression and Preparation of GST Fusion Proteins

The GST fusion proteins were overexpressed and the cell extracts were prepared for
subsequent use in solid phase capture assays (Section 2.2.9) using a modified method
outlined by Kaelin et al., 1991. For each of the GST fusion proteins a single colony,
isolated from a freshly streaked plate of DH5 bacterial cells harboring the GST proteins,
was used to inoculate 50 ml of 2YT in the presence of ampicillin (100 pg/ml). This

culture was grown to saturation overnight in a 37°C incubator. The following day, the 50
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ml overnight culture was used to inoculate 500 ml of 2YT (2% glucose, ampicillin (100
ug/ml)) which was grown for 3-5 hrs at 30 °C until an OD600 of 0.7-0.8 was achieved.
At this point, IPTG (0.1 mM final concentration) was added and the culture was grown
for an additional 1.5-3 hrs at 30°C. In order to test the induction of the protein, samples
of the culture were collected throughout the induction period, pelleted, resuspended in 50
ul of 2X SDS-PAGE loading buffer (100 mM Tns-HCl (pH 6:8), 200 mM DTT, 4%
SDS, 0.2% bromophznol blue, 20% glycerol), boiled and finally loaded and run on a 10%
SDS-PAGE gel. The proteins were visualized using staining solution (2.5 ug Coomassie
Brilliant Blue R-250, 450 ml methanol, 100 ml acetic acid, 450 ml sterile water) which
was soaked with the gel for 20-30 mins followed by an incubation period with destaining
solution ( 5% methanol, 5% acetic acid) overnight. The gel was then dried and analyzed.
After the incubation period was complete, the 500 ml culture was chilled on ice for
15 mins and was then spun at 4°C at 6,000 rpm for 20 mins. The resulting pellet was
washed twice with PBS buffer (260 mM NaCl, 10 mM Na,HPO,4, 10 mM NaH,;PO,) and
repelleted. The cell extracts were then prepared by resuspended the pellet in 30 ml of
cold NETN buffer (20 mM Tris-HCI (pH 8.0), 200 mM NaCl, 1 mM EDTA, .5% NP-40
and one tablet of Protease inhibitor cocktail (Boehringer Mannheim). The solution was
then divided into 5 mli aliquots and each aliquot were lysed using a probe sonicator for 8,
30 sec bursts with a 30 sec incubation on ice between intervals. The aliquots were then
pooled and underwertt centrifugation at 10,000 rpm at 4°C for 10 mins. The resulting cell
extract supernatant was then divided into 1 or 5 ml aliquots and stored at -70°C until

employed in solid phase capture assays.
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2.2.9 GST-binding Assay

GST-binding assays were performed using a modified protocol outlined by Kaelin ez
al., 1991, Cavaillés et al., 1995 and L’Horset ef al., 1996. The Glutathione Sepharose 4
B beads were prepzred as outlined by Pharmacia Biotech into a 50% slurry. The GST
fusion protein whole-cell extract was added to the beads ( 1-2 ml of extract/10 ul of 50 %
slurry) so as to ensure saturation of the beads and the mixture was incubated for 1-2 hrs at
4°C with end-over-end mixing. Once the incubation was complete, the beads were
washed twice with NETN buffer and twice with PBS. Subsequent to the wash steps, the
beads (with attached GST fusion protein) were incubated with 2-20 ul of in vitro
translated L-[**S]-methionine labeled protein, 200 ul of IPAB buffer (150 mM KCI, 5
mM MgCl;, 20 mM HEPES, 0.1% Triton X-100, 0.2% NP-40; adjusted to pH 7.9 with
KOH; BSA (0.02 _mg/ml final concentration);10 ul of 7X Protease inhibitor cocktail) and
topped up to 250 pul with IPAB buffer ( in the absence of BSA and Protease inhibitor
cocktail). This mixture was incubated at 4°C for 1-2 hrs in the presence of vehicle, drug
or in the absence of both. After the incubation period was complete, the beads were
washed five times with IPAB buffer. The beads were pelleted at 2,000 rpm and all of the
supernatant was removed. Subsequently, 50 ul of 2X SDS-PAGE loading buffer was
added to the beads and boiled for 5 mins. Approximately 10-15 pl of the binding assay
reaction was loaded onto a 10 % SDS-PAGE gel and run at 200 volts at room
temperature.

Fluorography v/as performed on all [>*S]-methionine labeled protein gels and thus,

after the SDS-PAGE. gels of the solid phase capture assays were run, they were incubated



61

for 30 min this destaining solution. After fixing with destaining solution, the gels were
incubated for 2, 1 hr intervals with fresh dimethylsulphoxide (DMSO). The gels were
incubated for 2-3 hrs in DMSO containing 22.2% PPO (2,5-diphenyloxazole) and were
then re-hydrated in sterile, deionized water for 30 mins. Once dried the gels were
exposed to Kodak X-ray film. Quantification of the amount of protein that was retained
by the GST-fusion proteins employed was performed with the use of a Molecular
Dynamics Phosphoimager.

2.2.10 Transformation of Yeast ( Lithium Acetate/PEG method)

Transformation of yeast was performed as outlined by Elble, 1992. A yeast culture
was grown overnight at 30 °C to saturation as outlined in Section 2.1.4. Approximately
0.5 ml of the saturated yeast culture underwent centrifugation at 8 000 rpm for 1 min.
The resulting pellet was mixed with 100 pug of sonicated salmon testes DNA (Sigma
Chemical Laboratores), 1 ug of each transforming DNA plasmid and 0.5 ml of Plate
solution (40% polyethylene glycol (PEG) 3350, 0.1 M LiAc, 0.01 M Tris-HCI (pH 7.5), 1
mM EDTA) and incubated overnight at room temperature. Generally, the following day, |
the cells have settled to the bottom of the tube. Approximately 50 ul of these settled cells
are removed from the solution, plated on the appropriate selective agar plate and
incubated at 30°C overnight.

2.2.11 Qualitative Agarose Overlay Assay for Detection of B-galactosidase Activity

The agarose overlay assay was performed using a modified protocol outlined in
Bohen and Yamamato, 1993. The assay solution is comprised of a 100 ml solution of

0.5% agarose in 0.5 M NaPO, (pH 7.0) mixed with 1 ml of 10% SDS and 2.5 ml of 2%
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X-Gal solution. The solution ( approximately 10 ml) was then poured over the plates of
the yeast transformants and incubated at room temperature until the agarose solution had
solidified. The plates were then incubated at 37°C and closely observed for any colour
changes ( appearance of a blue colour).
2.2.12 Quantitative B-galactosidase Liquid Assay

The B-galactosidase liquid assay was performed as outlined by Ausubel ef al., 1997.
Yeast cultures were grown to saturation overnight at 30°C under selective conditions.
The following morni r;g, the overnight yeast cultures were used to inoculate 10 ml of fresh
selective yeast media and the cultures were grown until the cells reached mid- or late-log
phase and the ODgy of each sample was measured. These cells were pelleted and
resuspended in buffer Z ( 60 mM Na,HPQ4, 40 mM NaH,PO4, 10 mM KCl, 1.0 mM
Mg;S04, 50 mM f-mercaptoethanol; adjusted to pH 7.0). The cell mixture was then
permeabilized with & cycles of freezing with liquid nitrogen and thawing in a 30°C water
bath. Once the cells have been permeabilized, ONPG ( 0.2ml of 4 mg/ml) was added to
each sample ( and to a blank sample containing only the buffer Z with no cells) and the
mixture was then well mixed and incubated at 30°C. Once a medium-yellow colour had
developed the reaction was stopped with the addition of 0.5 ml of 1 M Na;CO; and was
mixed thoroughly. The cell debris was pelleted and the supernatant was isolated for OD
measurements at 420, 550 and 600 nm. The units were subsequently calculated using the
equation: U= (1000 x [(OD420)~(1.75 x ODsso)])/(time x volume x ODggo); where time is .
the length of time it minutes, volume is the volume of cuiture used in the assay, ODggo

measures the cell density at the beginning of the assay, ODa4zo measures the absorbance
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by o-nitrophenol and light scattering by the remaining cell debris and ODsso measures the
light scattering by the cell debris. All yeast samples were analyzed a minimum of twice
in triplicate.
2.2.13 Transient Transfections and Luciferase Assays
2.2.13.1 Transient T'ransfection AsSays

Transient transfections were performed using a modified version of the calcium
phosphate co-precipitation protocol outlined by Graham and Van Der Eb, 1973. For this
method, 20 pg of total DNA (target plasmid DNA and filler DNA (salmon sperm DNA at
1 mg/ml)), 0.25 M CaCl, (final concentration; filter sterilized) and sterile, deionized
water was combined in a total volume of 500l and well mixed. This mixture was then
added dropwise to an equal volume of 2X HBSS buffer ( 0.28 M NaCl, 50 mM HEPES,
1.5 mM Na,HPO,4-719,0; adjusted to pH 7.12 with NaOH,; filter sterilized) while gently
vortexing. The mix:ure was then allowed to incubate at room temperature for 20 min.
Subsequent to the incubation period, 250 pl of the precipitate solution was added to each
well of a 6 well plate, breviously seeded the day before with approximately 2.5 x 10°
cells/well. The precipitate was incubated with the cells at 37°C for 16 hrs. The
following day, the cells were washed with twice with PBS, fresh media was added and
the cells were allowed to incubate for 24 hrs. After this final incubation period, the cells
are washed twice with PBS and harvested with the addition of 300 pl/well of 5X reporter
lysis buffer. The cells are then scraped from the plate with a cell lifter'and collected in
chilled eppendorf tudes. Each sample was then vortexed at high speed for 10 secs and

the cell debris was pelleted via centrifugation at 4°C for 1 min at 14,000 rpm. The
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supernatant samples (lysates) were then collected in chilled eppendorf tubes and were
kept on ice until em>loyed in luciferase and protein assays.
2.2.13.2 Luciferase and Protein Assays

The luciferase assay was pérformed using a modified protocol as outlined by
Promega. This method required the use of a Lumat LB 9507 luminometer which
performs the actual mixing of the lysate (10-15 ul) to-100 ul of assay buffer (470 uM

luciferin, 270 uM coenzyme A, 530 uM ATP, 33.3 mM DTT, 20 mM Tricine, 1.07 mM

(MgCO3),Mg(OH), 5H,0, 2.67 mM MgSQO,, 0.1 mM EDTA) and subsequently measures
the relative light units (RL.U.). All lysate samples were then analyzed for protein
content via thé Bradford Assay from BioRad. For this protocol, 200 ul of Coomassie
Brilliant blue G-250 Dye Reagent (BioRad) was mixed with protein samples diluted to
800 pl with water. After a five min incubation period, the absorbance of the samples
were measured at 595 nm. The R.L.U. values of the lysate samples were then adjusted to
protein content accordingly. Transient transfection graphs were constructed ‘by
combining a minimum of two independent experiments performed in duplicate. The
standard deviation vsas calculated for the combined experiments using the formula:

SD = (("Ze=1"Zi=1(yis-M)?)/(n,- 1)), Where s is the series number, i is the point number
in series s, m is the number of series for point y in graph, n is the number of data points in
each series, yjs is the data value of series s and the ith point, ny is the total number of data

values in all series and M is the arithmetic mean.



CHAPTER THREE
RESULTS

3.1 Transient Transfection Studies of LXRa
3.1.1 Transactivation Properties of LXRa and LXRa Response Element
Investigations

The transactivarion properties exhibited by nuclear receptors have been shown to
differ depending on the various DNA response element employed in these studies,
indicating the specificity with which nuclear receptors regulate the transcription of target
genes (Nagpal er a', 1992, Kurokawa et al, 1995, Sjoberg and Vennstrom, 1995,
Mangelsdorf and Evans, 1995, Willy and Mangelsdorf, 1997, Kalkoven ef al., 1998).
Thus, LXRa resporise element investigations, v;fhich employed the DR4-LXRE and
LXRE-AMTYV elements, were of particular interest. While these DNA elements share
some similarities, as both are DR4s, it is the differences, which include spacer sequences,
flanking sequences and the hexad sequences (identical in the case of DR4-LXRE and
degenerate in the LXRE-AMTV element) that may influence the transactivation
properties of LXRct (Apfel ef al., 1994, Willy and Mangelsdorf, 1997). These
investigations were further facilitated by the identification of various LXRa activators
including 22(R)-hycroxycholesterol.  Therefore, initial transient transfections were
performed in the BSC40 cell line, in the presence of the pPDR4(X2)luc enhancerless SV40
promoter/luciferase reporter plasmid, which contained two copies of the DR4-LXRE in
an everted configuration, alone or in combination with mammalian expression vectors

containing LXRa arnd RXRa. The effects of exogenously added 9-cis RA (1uM), a
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known RXRao ligand, and the potent LXRa activator 22(R)-OH-CH (7uM), alone or
together, were also examined (refer to Figure 5A). These experiments also resulted in the
establishment of a viable and efficient transient transfection assay for further LXRa
investigations in vivo.

In analyzing the data it is important to note that many mammalian cell lines,
including the BSC40, HepG2 and COS-1 cell lines, harbor endogenous nuclear receptors
which can interact with LXRa, RXRa, and the DR4 response element. This is clearly
demonstrated upon the addition of the drugs 9-cis RA and 22(R)-OH-CH, alone or in
combination, which results in a slight enhancing effect on reporter activity. Nonetheless,
co-transfection of LXRa and RXRa resulted in a 10-fold non-ligand dependent
induction. This constitutive activity may be attributable to the presence of a functional

AF-1 domain within the A/B domain of LXRa. Alternatively, such activity may be due

to the presence of endogenous LXRa activators/ligands as reported for other cell lines
(Forman et al., 1997). These concepts are investigated in Section 3.2 and further
examined in the discussion.

In summary, the LXRo/RXRa heterodimer displays a 10-fold non-ligand dependent
induction, a 1.5-fold induction with the addition of 9-cis RA, an almost 2.5-fold induction
with the addition of 22(R)-OH-CH and a 3.5-fold induction with the addition of both 9-
cis RA and 22(R)-OH-CH. Thus, while an additive effect for 9-cis RA and 22(R)-OH-
CH was observed for the DR4 response element the synergism reported for the TK-
LXRE3-Luc reporter construct (Janowski et al., 1996) was not observed in this DR4/

BSCA40 transient transfection system.
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Figure S: Transient transfection assays demonstrating the transactivation properties
of LXRa and the variant LXRE construct dependent responses in the BSC40 cell
line. BSCA40 cells were transfected, utilizing the calcium phosphate method, with either
(A) pDR4(X2) luc (1.25 pg) or (B) TK-LXRE3-Luc (1.25 ug) luciferase reporter
plasmids alone or in combination with expression vectors for LXRa or RXRa (0.5 pg
each). Where indicated, the LXRa activator 22(R)-OH-CH (final concentration 7 uM)
and/or the RXRa ligand 9-cis RA (final concentration 1 uM) were added. The lysates
were assayed for luciferase activity in relative light units (R.L.U.) and adjusted to protein
content. Values represent the average (£SD) of (A) five or (B) three separate
experiments, performed in duplicate, and normalized to the activity observed with
LXRa/RXRa, in the absence of drug, which was set to one.
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While studies with the DR4-LXRE element were underway, Willy and colleagues (1995)
identified the LXRE-AMTYV element and was thus incorporated in these investigations.
These transient transfection assays were performed in BSC40 cells in the presence of the
TK-LXRE3-Luc thymidine kinase promoter/luciferase reporter plasmid, which contained
three copies of the LXRE-AMTYV response element in a tandem repeat configuration,
alone or in combination with mammalian expression vectors containing LXRa and
RXRa. As with the DR4/BSC40 system, the effects of exogenously added 9-cis RA
(1uM) and 22(R -OH-CH (7uM), alone or in combination, were investigated (Figure
5B).

A direct comparison between the DR4-LXRE and LXRE-AMTV elements is not
possible as they are under the control of two different promoters, the number of DNA
response element copies is varied and the configurations of the LXREs within the two
clones is also different. Nonetheless, the results of these transfection assays, as presented
in Figure 5B, clearly demonstrate the effectual differences between the DR4 and thev
LXRE-AMTYV response elements in vivo. While endogenous nuclear receptors are
present, they do nct appear functional with the LXRE-AMTYV element (Willy ef al.,
1995). Thus, the effect on the LXRE-AMTV element alone and in the presence of
exogenous RXRa “with the addition of 9-cis RA and/or 22(R)-OH-CH result in an
insignificant increase (presumably due to endogenous LXRa and RXRa). The most
dramatic difference is the effect observed for exogenously transfected LXRa, attributable

to the presence of endogenous RXRa, which may heterodimerize with the exogenous
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LXRao and preferentially bind to the LXRE-AMTV response element over the DR4 in
vivo, although no difference in binding affinity has been observed in in vitro studies (as
demonstrated in Figures 9A and 9B). This activity is not significantly increased with the
addition of exogenous RXRa with one exception; in the absence of drug where the co-
transfection of LXRct and RXRa results in the doubling of the activation potential. The
observation that high levels of LXRa-mediated activity can be achieved, in the absence
of exogenously added RXRa has previously been reported (Willy ez al., 1995, Willy and
Mangelsdorf, 1997, Janowski et al., 1996).

Ultimately, the activation levels mediated by LXRa/endogenous RXRo and
LXRa/exogenous RXRa heterodimers on the LXRE-AMTYV are quite similar to those
found for DR4; 1.5-0ld induction with 9-cis RA, 2-2.5-fold induction with the addition
of 22(R)-OH-CH ani 3-3.5-fold induction with the addition of both drugs. The lack of
synergism, upon the addition of the 9-cis RA and 22(R)-OH-CH together is consistent
with results reported for the DR4 response element in the BSC40 cell line.

3.1.2 Transactivaticn Properties of LXRa in Various Cell Lines

A number of reports, which studied the transactivation properties of various nuclear
receptors, have illustrated that the activity of these receptors may exhibit cell line
specificity (Berry ef al., 1990, Metzger et al., 1995, Mclnemey et al., 1996 , Sjoberg and
Vennstrom, 1995). This specificity may be attributed to differences between the cell
lines including the presence of endogenous receptors, co-factors and ligands as well as .
the presence of various signal transduction pathways, which may modify these receptors

via phosphorylation or dephosphorylation, thereby modulating the acti\;ity of these
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transcription factors. Thus the study of the transactivation properties of LXRa in various
cell lines was achieved via transient transfection assays performed, as described in
Section 3.1.1, with either the pDR4(X2)luc or TK-LXRE3-Luc reporter constructs, in
both the HepG2 and COS-1 cell lines. The effects of exogenously added 9-cis RA (1pM)
and 22(R)-OH-CH {7uM), alone or in combination, were examined.

Transient transfections, performed in the HepG2 cell line, with the pDR4(X2)luc
reporter plasmid (Figure 6A), clearly demon.strate LXRo/RXRa-mediated constitutive
activity, in the absence of drug, as observed for the BSC40 cell line. However, in
contrast to the observations reported for the DR4/BSC40 transfection system, addition of
22(R)-OH-CH had 10 significant effect on activation potentials. Surprisingly, a slight
inhibitory effect on _XRo/RXRa-mediated activity was observed upon addition of either
9-cis RA alone, or in combination with 22(R)-OH-CH. Similar results were achieved for
transient transfections with the DR4 reporter construct in the COS-1 cell line (Figure 7A).

Subsequently, transfection assays were performed with the LXRE-AMTYV reporter
construct in the HepG2 'cell line. As demonstrated in Figure 6B, LXRo/RXRa-mediated
constitutive activity was observed as reported for the BSC40 cell line. Similarly, the
addition of exogencus RXRa resulted in an increase reporter gene activity both in the
absence of drug and the presence of 22(R)-OH-CH, although no such increase was
observed in the presence of 9-cis RA and 9-cis RA/22(R)-OH-CH. However, the
addition of 22(R)-OH-CH had no effect on activation levels, as observed for the
DR4/HepG2 and DR4/COS-1 studies. Interestingly, in contrast to the results reported for

the DR4 element in lsoth COS-1 and HepG2 cells, the LXRE-AMTYV element is 9-cis RA
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Figure 6: Transient transfection assays demonstrating the transactivation properties
of LXRa and the variant LXRE construct dependent responses in the HepG2 cell
line. HepG2 cells were transfected, utilizing the calcium phosphate method, with either
(A) pDR4(X2) luc (1.25 pg) or (B) TK-LXRE3-Luc (1.25 pg) luciferase reporter
plasmids alone or in combination with expression vectors for LXRa or RXRoa (0.5 pg
each). Where indicatd, the LXRa activator 22(R)-OH-CH (final concentration 7 uM)
and/or the RXRa ligand 9-cis RA (final concentration 1 uM) were added. The lysates
were assayed for luciferase activity in relative light units (R.L.U.) and adjusted to protein
content. Values represent the average (+SD) of two separate experiments, performed in
duplicate, and normalized to the activity observed with LXRo/RXRa, in the absence of
drug, which was set to one.
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Figure 7: Transient transfection assays demonstrating the transactivation properties
of LXRa and the variant LXRE construct dependent responses in the COS-1 cell
line. COS-1 cells were transfected, utilizing the calcium phosphate method, with either
(A) pDR4(X2) luc (1.25 pg) or (B) TK-LXRE3-Luc (1.25 pg) luciferase reporter
plasmids alone or in combination with expression vectors for LXRa or RXRa (0.5 pg
each). Where indicated, the LXRa activator 22(R)-OH-CH (final concentration 7 uM)
and/or the RXRa ligand 9-cis RA (final concentration 1 uM) were added. The lysates
were assayed for luc ferase activity in relative light units (R.L.U.) and adjusted to protein
content. Values represent the average (£SD) of two separate experiments, performed in
duplicate, and normalized to the activity observed with LXRo/RXRa, in the absence of

drug, which was set .0 one.
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responsive. Neither a synergistic or additive effect was observed upon the addition of
both 9-cis RA and 22(R)-OH-CH.

Some similarities exist between transfections performed in the HepG2 cells and the
COS-1 cells for the LXRE-AMTYV element (Figure 7B). These similarities include the
observations that the addition of 22(R)-OH-CH has no effect on reporter gene activity,
the LXRE-AMTYV element is also 9-cis RA responsive, and no -synergistic or additive
effect was apparent upon the addition of both drugs. However, in contrast to those
observations reported for the LXRE-AMTYV, in both the BSC40 cell line (in the absence
of drug) and in the HepG2 cell line (in the absence and presence of 22(R)-OH-CH), the
presence of exogenously added RXRa had no significant effect (either in the absence or
presence of 22(R)-CH-CH). More surprising is the observation that co-transfection of
RXRa and LXRa resulted in a significant decrease in reporter gene activity. This effect
is in contrast to that described for both the BSC40 and HepG2 cell lines and may be a
cell-specific occurrence.

Thus, findings presented here indicate how transactivation properties of LXRa may
be DNA response element, promoter context and cell line specific as has been reported in
many other nuclear receptors studies (Berry et al., 1990, Metzger et al., 1995, Sjoberg
and Vennstrom, 1995, Mclnerney et al., 1996, Ikonen et al., 1997). Further discussion of
the LXRo/RXRo-mediated constitutive activity and the apparent DNA element and cell-
specific differences observed in the absence and presence of exogenous ligand is

presented in the discussion. Ultimately, in completirig these groundwork studies, the in
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vivo investigations of the LXRo A/B domain and LXRa/co-factor functional studies

were made possible.
3.2 LXRa A/B Domain Deletion Studies

Nuclear hormone receptors, including LXRao, consist of several modular domains
termed A/B, C, D, E and F (refer to Figure 3). While the C,D and E regions of nuclear
receptors and their isoforms share a high degree of homology, their A/B domains are
quite divergent, indicating that the A/B domain may be important in mediating nuclear
receptor/isoform-specific transactivation. Indeed, a number of studies have revealed the
existence of an autoriomous ligand-independent activation domain (AF-1 domain) located
within the A/B domain of a variety of nuclear receptors (Nagpal et al., 1993, Wilkinson
and Towle, 1997, Werman et al., 1997, Metzger et al.,, 1995, Sjoberg and Vennstrom,
1995). Subsequent studies have demonstrated that the AF-1 domain can either function
independently or -can synergize with the AF-2 domain (LBD) of the same receptor
through a functiona. interaction between these two domains, which is thought to be
modulated by the binding of various co-activators (Pierrat et al., 1992, Nagpal et ‘al.,
1993, Metzger et al., 1995, Sjoberg and Vennstrom, 1995, Kraus et al., 1995, Ikonen et
al., 1997, Onate et al., 1998, Webb et al., 1998). Thus, investigation of the A/B domain
of LXRa, which utilized a series of LXRa N-terminal A/B domain deletion constructs,
became a main focus in the investigation of this novel receptor. These s’;udies
investigated the role, if any, the LXRo A/B domain played in heterodimerization and
subsequent LXRE binding, transactivation, and co-factor binding (the latter aspect being

presented in Sections 3.3.5 and 3.3.6).



75

3.2.1 Electrophoretic Mobility Shift Assays (EMSAs)

Initial interest in the A/B domain of LXRa was a result of EMSA studies which
demonstrated SM1 (an LXRa clone missing the N-terminal 61 amino acids of the A/B
domain, which also possessed an N-terminal extension piece different than that of the
native LXRa sequence) heterodimeric formation with RXRo on the DR4-LXRE and
LXRE-AMTYV elements was greatly diminished in comparison to LXRot/RXRo/DR4 or
LXRE-AMTV complex formation (re-demonstrated in Figures 9A and 9B). This
observation léd to the construction of the LXRa N-terminal deletion constructs (refer to
Figure 8): RIP1 (lacking the first 5 aa), RIPA1(lacking the first 23 aa), RIPA2 (lacking
the first 43aa) and RIPA3 (lacking the first 63aa, much like SM1 but without the N-
terminal extension piece).

Once constructec, the LXRa A/B deletions were employed in EMSA experiments
using both DR4-LXRE and LXRE-AMTV response elements as radioactively labeled
probe (refer to Figures 9A and 9B respectively). Consequently, it was shown that -
RIP1/RXR, RIPAI/RXR, RIPA2/RXR and RIPA3/RXR complexes all bound to both
elements with similar intensities as compared to that observed for the LXRo/RXRa
heterodimer. In contrast, the SM1/RXR heterodimer binding intensity was considerably
weaker. These resu ts therefore suggest that deletion of up to 63 amino acids at the N-
terminus of LXRa does not affect either LXRa/RXRa heterodimer nor subsequent

complex formation cn the LXRE response elements. Furthermore, alteration of the N-
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Figure 8: Schematic representation of the LXRo A/B domain deletion constructs.
These constructs were ultimately employed in EMSA, transient transfection assay and
GST-binding assay studies. The DNA binding domain (DBD) and the ligand binding
domain (LBD) are indicated. The sequence of the N-terminal extension piece of SM1 is
illustrated.
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Figure 9: EMSASs which study the effect of LXRx A/B domain deletions on
LXRo/RXRa binding on theDR4-LXRE and LXRE-AMTY elements.(A) /n vitro
translated, non-radioactive proteins LXRo, RIP1, RIPA1, RIPA2, RIPA3 or SM1 (2ul
each) were individuzlly incubated with RXRo (21u1) and the [-32P]dATP labeled DR4-
LXRE probe or (B) the [a-32P]dATP labeled LXRE-AMTYV probe. Subsquent to the
incubation period, the samples were run on a 4% non-denaturing acrylamide gel.
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terminal sequence of LXRa from amino acid positions 53 to 61 greatly diminishes the
DNA binding ability of the LXRo/RXRa heterodimer.

Further analysis of the EMSA Figures 9A and 9B, reveals the existence of a second
band shift, termed Shift B, whose mobility is slightly slower that that of the LXRa/
RXRo/LXRE complex mobility. This second shift is lost upon deletion of the first 23
amino acids of LXRa but remains upon deletion of the first Saa within the A/B domain.
Titration EMSASs heve indicated that secondary complex formation becomes greater as
LXRa and RXRa translates are titrated while maintaining a constant amount of rabbit
reticulocyte lysate (refer to Figure 10). Furthermore, the formation of the secondary
complex appears to e dependent upon the presence of both LXRa and RXRa as no
complex is observed under conditions where rabbit reticulocyte lysate is sotlely employed.
Exactly what Shift 13 is comprised of is not known, however, the possibility exists that
this shift is a result of an LXRo/RXRa ternary interaction with another nuclear receptor
or co-factor. Therefore, while the biological significance of the complex formation is
questionable, these results clearly indicate that formation is specific and is dependent
upon not only the presence of LXRa and RXRa but also the presence of an intact LXRa

A/B domain.
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Figure 10: EMSA titration experiment demonstrating the correlation between an
increase In Shift B formation and increasing amounts of either LXR0 or RXRo
protein. Titration studies of either LXRa or RXRa (0, 2, 3, or 4 ul) against constant
amounts of rabbit reticulocyte lysate (Promega) was performed with [o-32P]dATP labeled
DR4-LXRE DNA probe. Subsequent to the incubation period, the samples were run on a
4% non-denaturing gel.



80

3.2.2 Transfection Studies of LXRo A/B Domain Deletions With the DR4-LXRE
Response Element in the BSC40 Cell Line

While the LXF.a0 A/B deletion EMSA studies did not show any significant effect on
heterodimeric complex formation with RXRa, on either the DR4-LXRE or the LXRE-
AMTYV elements, the possibility remained that these deletions may exhibit differences in
transient transfection experiments. Thus, in order to establish if a role for the LXRa A/B
domain could be detected, transient transfection studies with the LXRa A/B domain
deletions, in paralle! with full length LXRa, were performed. These transfection assays
were performed, in BSC40 cells, in the presence of the pDR4(X2)luc luciferase reporter
plasmid (1.25ug) alone or in combination with LXRa, the LXRo A/B domain deletion
clones or RXRa (0.3ug each). The effects of exogenously added 9-cis RA (1uM) and/or
22(R)-OH-CH (7uM) were examined. As illustrated in Figure 11, LXRo-mediated
transactivation of the pDR4(X2)luc reporter construct, in the absence or presence of 9-cis
RA and/or 22(R)-OH-CH, is comparable to that reported in Section 3.1.1 and Figure 6A
for the BSC40 cell line. Interestingly, as the LXRa A/B domain was deleted, no
significant difference, between LXRa A/B domain deletions and LXRo-mediated
transactivation potentials, was observed either for LXRo/LXRa deletions transfected
alone or co-transfected with RXRo. This result was achieved regardless of the
conditions employed including the absence of drug, the presence of 9-cis RA, 22(R)-OH-
CH or both. This study clearly demonstrates that LXRa A/B domain deletions of up to

63 amino acids have no effect on LXRa-mediated transactivation. Therefore, these
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Figure 11: Transien: transfection assays, with the pDR4(X2)luc reporter plasmid,
demonstrating that no significant difference is observed between the transcriptional
activity mediated by LXRa and that mediated by any of the LXRa A/B domain
deletions, in the BSC40 cell line. BSC40 cells were transfected, utilizing the calcium
phosphate method, with the pDR4(X2) luc (1.25 pg) luciferase reporter plasmid alone or
in combination with expression vectors for LXRa, LXRa A/B domain deletions (RIP1,
RIPA2 and RIPA3) or RXRa (0.5 ug each). Where indicated, the LXRa activator 22(R)-
OH-CH (final concentration 7 uM) and/or the RXRa ligand 9-cis RA (final concentration
1 uM) were added. The lysates were assayed for luciferase activity in relative light units
(R.L.U.) and adjusted to protein content. Values represent the average (+SD) of five
separate experiments, performed in duplicate, and normalized to the activity observed
with LXRo/RXRa, in the absence of drug, which was set to one.
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transfection assays failed to detect a functional role for the N-terminal 63 amino acids of
the LXRa. A/B domain and may be indicative of a lack of a functional AF-1 domain in
this region.
3.2.3 Transfection Studies of LXRa A/B Domain Deletions With the LXRE-AMTV
Response Element in the BSC40 Cell Line

The possibility that a functional A/B domain response may be dependent on the
DNA response elem:nt construct employed was subsequently addressed with transient
transfections studies ‘which utilized the LXRE-AMTYV response element. Thus,
transfection assays were performed, in BSC40 cells, in the presence of the TK-LXRE3-
Luc luciferase reporter plasmid (1.25ug) alone or in combination with LXRa, the LXRa
A/B domain deletion clones or RXRa (0.5ug each). The effect of exogenously added
22(R)-OH-CH (7uM) was investigated. As demonstrated in Figure 12, LXRa-mediated
activation of the TK-I.XRE3-Luc reporter plasmid, in the absence and presence of 22(R)-
OH-CH, is comparatle to previously reported activity (Section 3.1.1 and Figure 5B).
Ultimately, this data further demonstrates that no significant difference between the
transactivation media:ed by full length LXRa and that mediated by any of the LXRa
deletions were observead for all conditions employed. The only difference noted was the
slight reduction in act vation levels for the LXRa. deletion RIP1, when transfected alone,

the significance of which, if any, remains to be seen.
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Figure 12: Transient transfection assays, with the TK-LXRE3-Luc reporter
plasmid, demonstrating that no significant difference is observed between the
transcriptional activity mediated by LXRa and that mediated by any of the LXRa
A/B domain deletions, in the BSC40 cell line. BSC40 cells were transfected, utilizing
the calcium phosphate method, with the TK-LXRE3-Luc (1.25 pg) luciferase reporter
plasmid alone or in combination with expression vectors for LXRa, LXRa A/B domain
deletions (RIP1, RIPA? and RIPA3) or RXRa. (0.5 pg each). Where indicated, the LXRa
activator 22(R)-OH-CH (final concentration 7 uM) was added. The lysates were assayed
for luciferase activity in relative light units (R.L.U.) and adjusted to protein content.
Values represent the average (£SD) of two separate experiments, performed in duplicate,
and normalized to the activity observed with LXRa/RXRa, in the absence of drug, which
was set to one.
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3.2.4 Transfection Studies of LXRa A/B Domain Deletions With the DR4-LXRE
Response Element in the COS-1 Cell Line

The investigation into whether or not a functional LXRa A/B domain response was
dependent upon the cell line employed was achieved via transient transfection studies
with the DR4-LXRE. response element in the COS-1 cell line (refer to Figure 13). These
assays were performed, in COS-1 cells, in the presence of the pDR4(X2)luc luciferase
reporter plasmid (1.25ug) alone or in combiﬁation with LXRa, the LXRa A/B domain
deletion clones or EXRa (0.5ug each). The effects of exogenously added 9-cis RA
(1uM) and/or 22(R)-OH-CH (7uM) were also examined. Once again, these studies
indicate that no significant difference in LXRa-mediated transactivation was detected as
the LXRot A/B domain is deleted (up to 63 amino acids), under any of the conditions
tested.

Thus, taken together, the LXRa A/B domain deletion (up to 63 amino acids)
transient transfection studies, presented in Sections 3.2.2, 3.2.3 and 3.2.4, failed to
delineate a functional role for the LXRa A/B domain within this region, regardless of
DNA response element and cell line employed. These results may be attributable to a

number of possibilities, which are offered and examined in the discussion.
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Figure 13: Transient transfection assays, with the pDR4(X2)luc reporter plasmid,
demonstrating that no significant difference is observed between the transcriptional
activity mediated by LXRa and that mediated by any of the LXRa A/B domain
deletions, in the CO'5-1 cell line. COS-1 cells were transfected, utilizing the calcium
phosphate method, with the TK-pDR4(X2)luc (1.25 pg) luciferase reporter plasmid alone
or in combination with expression vectors for LXRa, LXRa. A/B domain deletions
(RIP1, RIPA2 and RIPA3) or RXRa (0.5 ug each). Where indicated, the LXRa activator
22(R)-OH-CH (final concentration 7 uM) and/or the RXRa ligand 9-cis RA (final
concentration 1uM) were added. The lysates were assayed for luciferase activity in
relative light units (R L.U.) and adjusted to protein content. Values represent the average
(£SD) of two separate: experiments, performed in duplicate, and normalized to the
activity observed with LXRo/RXRa, in the absence of drug, which was set to one.
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3.3 Interaction and Functional Studies of LXRa and the Transcription Co-factors‘
RIP 140, SRC-12 and SMRT

Transcriptional regulation, mediated by nuclear hormone receptors, has been shown
to involve multiple ahxiliary co-factors (reviewed in Glass et al., 1997 and Shibata ez al.,
1997, Pazin and Kadonaga, 1997). These co-factors function to either activate (co-
activators) or repress (co-repressors) through interactions, or lack thereof, respectively,
with components of the basal transcription machinery and/or participate in chromatin
remodeling.  Thus, the identification of LXRa-interacting co-factors, and the
investigation of their subsequent function in LXRo-mediated transactivation, was of
particular interest. These studies were facilitated by the discovery that PPARa bound to
a previously identified co-factor termed RIP 140 (Miyata ef al, 1998, Treuter ef al.,
1998). Since LXRa and PPARq, as members of the nuclear receptor superfamily, are
similar in several respects, including their ability to heterodimerize with RXR and their
involvement in lipid metabolism as well as their ability to interact with each other, it
stood to reason that LXRa may also interact with RIP 140. Subsequent studies with
LXRa and the co-activator SRC-1a and the co-repressor SMRT were also undertaken as
these two co-factors have béen shown to modulate the transactivation mediated by a wide
variety of nuclear receptors (Kurwokawa ef al., 1995, Chen and Evans, 1995, Ofiate et
al.,1995, Kamei ef al., 1996, Yao et al., 1996, Zhu ef al., 1996, Jayakumar et al., 1997,

Kalkoven et al., 1998, Lavinsky et al., 1998, Lee ef al., 1998).
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3.3.1 LXRa Interaction Studies with RIP 140 In Vivo

Initial studies with RIP140 were dependent upon the partial clone isolated from the
human liver cDNA library with PPARo (RIP 140-GAD aa 164-869) (refer to Figure 14)
via a yeast dihybrid screen. Therefore, in order to determine if LXRa and RIP 140
interacted in vivo, the yeast dihybrid system was utilized with full length LXRo fused to
the GAL4 DNA bincling domain (DBD) and the isolated RIP 140 clone (RIP140-GAD
fused to the GAL4 activation domain). These plasmids were transformed into the PCY2
yeast strain (the PPARo/RIP 140 experiments were performed in the Y190 yeast strain
by Kenji Miyata) and were then tested for 3-Gal activity with both qualitative overlay
and quantitative liquid culture assays (refer to Table 3). The data obtained from the
liquid culture assays, presented in Table 3, represent the average activity of three
independent yeast transformations measured in triplicate (+ SD).

Although very weak, an LXRo/RIP 140 interaction could be detected in both assays
employed. Despite the fact that the interaction was so much weaker than that of the
PPARa /RIP 140 interaction, investigations proceeded with interaction studies of LXRa

and RIP 140 in vitrro.


http:PPARa.IR.IP

1 Site 1 Site 2 1158
I | 1
RIP 140
164 869
GAD
GAD-RIP 140
1 479
GSTRIP 140 (N | 98T
656 1158
GST-RIP 140 (C) GST

Figure 14: Schematic representation of the RIP 140 constructs utilized in the
interaction and functional studies with LXRo. The RIP 140 LXXLL motifs are
indicated by dashed lines and the two distinct RIP 140/nuclear receptor interactions sites,

site 1 and site 2, are illustrated.
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'Table 3: RIP 140 Interacts with LXRa« in vivo

GAL4 DNA Binding GAL4 Activation B-Galctosidase Activity
Domain Fusion Domain Fusion (AD)
(DBD)
Agarose Overlay Liquid Assays
PCY2 yeast strain - 0.00+/-0.00
Full Length GAL4 +4+++ 772.48+/-240.15
GBT9 (DBD) - 0.01+/-0.001
GAD424 (AD) - 0.01+/-0.001
GBT9 (DBD) GAD424(AD) - 0.01+/-0.001
LXRa - 0.055+/-0.014
RIP 140 - 0.03+/-0.012
: RXRa. - 0.038+/-0.013
GBT9 (DBD) RIP 140 - 0.046+/-0.004
GBT9 (DBD) RXRo - 0.057+/-0.005
GAD424 (AD)

PPARo(DMNI1)

521+/-121

3.3.2 LXRa Interaction Studies with RIP 140 In Vitro

The initial GST-protein binding studies, conducted as a collaborative effort with

Hansa Patel and Kenji Miyata, were designed in order to examine whether or not RIP 140

interacted with LXRct in vitro. Furthermore, these studies were designed to examine

whether or not RIP 140/LXRa interactions were ligand dependent as shown for the other

nuclear receptors suct. as RXR. For these investigations LXRa-GST, PPARa-GST and

RXR-GST (as a positive control) fusion proteins with in vitro translated full length L-

**[S]}-methionine labeled RIP 140 (Cavaillés ez al., 1995). Experiments were performed

in the presence or absence of vehicle (95% ethanol (E) for LXRa and DMSO (D) for
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RXRa and PPARa) and/ or drug (7uM 22(R)-OH-CH (HC) for LXRa, 1uM 9-cis RA
(RA) for RXRa anc! 100uM WY-14,643 (Wy) for PPAR).

As demonstratd in Figure 15A, RIP 140 did not bind to the GST beads under any of
the conditions tested. RIP 140 did bind to GST-LXRa (20% of input, lane8) and neither
the addition of vehicle nor 22(R)-OH-CH had any effect on the interaction (compare
lane8,9 and 10). Inrerestingly, PPARx (8-10% of input, lane 2) also interacted with RIP
140 in a similar ligeind-independent manner (compare lane 2, 3 and 4). In contrast, RIP
140 binding to RXR& was only minimal in the absence of ligand or in the presence of
vehicle but was significantly increased with the addition of 9-cis RA (compare lanes 5, 6
and 7) as previously reported (L’Horset ef al., 1996). Thus, unlike results achieved with
other nuclear receptors reported to date, LXRa (and PPARa) bound to RIP 140 in a
ligand/activator-independent manner.

The second set of GST-protein binding assays were designed to investigate whether or
not there existed a sitel or site2 preference of RIP 140 for LXRa (and PPAR) as
observed for other nuclear receptors (L’Horset e al., 1996). For these experiments,
GST-RIP 140(N) (az. 1-479) and GST-RIP 140(C) (aa 656-1158) were employed with in
vitro translated L-’[S]-methionine labeled LXRa, RXRa and PPAR« in the presence or
absence of vehicle and/or ligand as previously described.  As illustrated in Figure 15B,
none of the in vitro prepared LXRa, RXRa or PPARa proteins bound to the GST beads
under any of the conditions tested. LXRo was shown to bind to both RIP 140 clones

well, with a slight preference for site 2 (GST-RIP140 C), and the addition of vehicle
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Figure 15: In vitro GST-binding studies which illustrate a specific interaction
between LXR0, RXRo and PPARo with RIP 140. (A)in a ligand-independent
manner for LXRo ancl PPAR and a ligand-dependent manner for RXRa. In vitro
translated L-[35S]-methionine labeled RIP 140 was incubated with GST-LXRa, GST-
RXRa, GST-PPARa or GST coupled beads. (B) Ilustrates LXRa binds to both GST-RIP
140 (N) (site 1) and GST-RIP 140 (C) (site 2) with an apparent preference for site 2. /n
vitro translated L-[35S |-methionine labeled LXRo, RXRa or PPARo were incubated with
either GST-RIP 140 (NN) or GST-RIP 140 (C) coupled beads. Both (A) and (B) studies
were performed in the absence or presence of vehicle (95% ETOH (E) for LXRo and
DMSO (D) for both RXRa and PPAR) or drug (7uM 22(R)-OH-CH for LXRa, 1uM 9-
cis RA (RA) for RXRxx and 100uM WY-14,643 (Wy) for PPARx). Subsequent to
incubation, the beads ‘vere washed and the bound proteins were eluted and resolved on a
10% polyacrylamide $SDS-PAGE gel. Adapted from Miyata ef al., 1998.
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and/or 22(R)-OH-CH did not increase binding. PPARa was also shown to interact with
both domains equally well; however, a modest 2-fold enhanced binding was observed for
PPAR« in the presence of Wy-14,643. In contrast, RXRa binding of RIP 140 was
shown to be ligand-dependent; however, no difference in binding between sitel and site2
was detected in our system, which differs from a previous study that reports an RXRa
preference for sitel [L’Horset ef al., 1996). This could be attributable to the fact that the
clones employed in this study were slightly different than those used in the
aforementioned repcrt (the GST-RIP 140(C) encompassed one more LXXLIL motif than
the C-terminal/site2 clone employed in L’Horset et al., 1996). Thus, in the system
employed, LXRoc (and PPARQ) can bind to either sitel or site2 domains of RIP140, with
an apparent preference for site2, in a ligand/activator-independent manner.

3.3.3 Transfection Studies of LXRa, RXRa and RIP 140 with the DR4-LXRE

Response Element in the BSC40 Cell Line

Transient transfiction experiments were designed in order to investigate the eﬁ“ecf of
RIP 140 on LXRa/RXRa-mediated transactivation in vivo. These transfection assays
were performed in BSC40 cells in the presence of the pDR4(X2)luc luciferase reporter
plasmid (1.25 ug) alone or in combination with LXRo, RXRa and RIP 140 (0.5 pg each)
where the effect of exogenously added 22(R)-OH-CH was also examined. As
demonstrated in Figure 16A, co-transfection of LXRo and RXRa resulted in a 60-fold
and 100-fold induction in the absence and presence of 22(R)-OH-CH respectively.
However, upon the addition of an equivalent amount of RIP 140 both ligand-independent

and dependent activities were reduced by approximately half.
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Figure 16: Transient transfection assays demonstrating that RIP 140 antagonizes
transactivation mediated by LXRo/RXRa in vivo in the BSC40 cell line. BSC40
cells were transfected, utilizing the calcium phosphate method, with either the pDR4(X2)
luc (1.25 pg) luciferase reporter plasmid alone or in combination with expression vectors
for (A) LXRa, RXRct or RIP 140 (0.5 ug each) or (B) LXRa and RXRa (0.5ug each)
with increasing amounts of the RIP 140 expression vector (0.1-4 pg). Where indicated,
the LXRa activator 22(R)-OH-CH (final concentration 7 uM) was added. The lysates
were assayed for luciferase activity in relative light units (R.L.U.) and adjusted to protein
content. Values represent the average (£SD) of two separate experiments, performed in
duplicate, and normalized to the activity observed with LXRo/RXRa, in the absence of
drug, which was set to one.
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A second set of transfection experiments were carried out in order to determine the
effect of RIP 140 titration, in increasing amounts, on LXRo/RXRa transactivation. Once
again, transient transfections were performed in BSC40 cells in the presence of the
pDR4(X2)luc luciferase reporter plasmid (1.25ug) alone or in combination with LXRa
and RXRa (0.5 pg each) and increasing amounts of RIP 140 (0.1ug to 4ug). As
illustrated in Figure 16B, RIP 140 inhibited LXRo/RXRo-mediated transactivation at all
concentrations tested in a dose-dependent manner. These results are comparable to those
found for PPARa (Miyata et al., 1998) and for ER, at high RIP 140 concentrations
(Cavailles et al., 1995) reported. This observed repression may be attributable to a
number of factors, which are examined in the discussion.

3.3.4 Transfection Studies of LXRa, RXRa and RIP 140 with the LXRE-AMTV
Response Element in the BSC40 Cell Line

In order to ascertain whether or not the reported RIP 140-mediated repression of
reporter gene activity, described in Section 3.3.3, was DNA response element construct
dependent, transient transfections were performed with the LXRE-AMTV reporter
construct. These traasfection assays employed the BSC40 cell line in the presence of the
TK-LXRE3-Luc luci’erase reporter plasmid (1.25 pg) alone or in combination with
LXRa, RXRa and RIP 140 (0.5 pg each) where the effect of exogenously added 22(R)-
OH-CH was investigated. These studies illustrate, in Figure 17, that transfection of
LXRa alone results ‘n a two-fold increase in activation potentials with the addition of

22(R)-OH-CH over activation levels achieved in the absence of drug, where the addition
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Figure 17: Transien! transfection assays demonstrating that RIP 140 antagonizes
transactivation mediated by LXRa/RXRa in vive in the BSC40 cell line. BSC40
cells were transfected, utilizing the calcium phosphate method, with the TK-LXRE3-Luc
(1.25 pg) luciferase reporter plasmid alone or in combination with expression vectors for
LXRa, RXRa and RIP 140 (0.5 pug each). Where indicated, the LXRa activator 22(R)-
OH-CH (final concentration 7 uM) was added. The lysates were assayed for luciferase
activity in relative ligat units (R.L.U.) and adjusted to protein content. Values represent
the average (+SD) of three separate experiments, performed in duplicate, and normalized
to the activity observed with LXRo/RXRa, in the absence of drug, which was set to one.
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of exogenous RXRa had no significant effect on activity levels (and are therefore
comparable to resulis reported in Section 3.1.1). Co-transfection of RIP140 and LXRa
resulted in a substantial repression of transcriptional activity either in the absence or
presence of 22(R)-OH-CH). Similarly, transfection of RIP140, LXRoa and RXRa
together also resulted in a repression of activity, although to a slightly lesser extent.
Thus, regardless of the DNA response element construct employed, in the BSC40 cell
line, RIP140 has a repressive effect on LXRa-mediated transactivation.
2;.3.5 RIP 140 In Vitro Binding Studies with the LXRa A/B Domain Deletion RIPA3

Despite the fact that the LXRa A/B domain deletions, in comparison to full length
LXRa, exhibited no significant differences in either EMSA nor transient transfection
studies, the possibility that the region spanned by the LXRa deletion constructs may be
important for co-factor binding remained. This possibility was addressed, for the co-
factor RIP 140, via (GST-binding assays, which employed both GST-RIP140(N) (Figure
18A) and GST-RIP140(C) (Figure 18B) fusion proteins. These fusion proteins were
incubated with either in vitro translated L-[>>S]-methionine labeled RIPA3 (the construct
with the largest section of the LXRa A/B domain deleted) or full length LXRa.. These
studies were carried out in the presence or absence 22(R)-OH-CH (final concentration of
7 uM) or an equivalent volume of vehicle (95% ETOH).

As illustrated in Figure 18A, both LXRa and RIPA3 bind to the GST-RIP 140 (N)
protein fusion in a ligand-independent manner. Quantification of the amount of LXRa

and RIPA3 that was retained by the GST fusion protein revealed that LXRa and RIPA3
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Figure 18: In Vitro :ST-binding studies which illustrate a specfic interaction
between either LXR( or the LXRx A/B domain deletion construct RIPA3 with RIP
140 in a ligand-independent manner. /n Vitro translated L-[>*S]-methionine labeled
LXRo or RIPA3 were incubated with GST and (A) GST-RIP 140 (N) or (B) GST-RIP
140 (C) coupled beads in the absence or presence of vehicle (95% ETOH (E)) or drug
(7uM 22(R)-OH-CH (HC)). Subsequent to the incubation period, the beads were washed

and the bound proteins were eluted and resolved on a 10% polyacrylamide SDS-PAGE
gel.
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bound with similar affinities; LXRa input binding percentages were 12% in the absence
of vehicle and drug (lane 2), 12% in the presence of vehicle (lane 3) and 12% in the
presence of 22(R)-OH-CH (lane 4) and RIPA3 input binding percentages were 10% in the
absence of either vehicle or drug (lane 9), 12% in the presence of vehicle (lane 10) and
11% in the presence of 22(R)-OH-CH (lane 11). Similar results were achieved for LXRa
and RIPA3 with the GST-RIP 140 (C) fusion protein (Figure 18B) studies; LXRo input
binding percentages were 19% in the absence of vehicle and drug (lane 2), 17% in the
presence of vehicle (lane 3) and 17% in the presence of 22(R)-OH-CH (lane 4) and
RIPA3 input binding percentages were 17% in the absence of either vehicle or drug (lane
9), 15% in the presence of vehicle (lane 10) and 15% in the presence of 22(R)-OH-CH
(lane 11). Further more binding of LXRa and RIPA3 to GST alone, under any of the |
conditions tested (both Figure 18A and 18B), was negligible (always less than 1% of
input). Thus, taken together, the results indicate that the initial 63 amino acids of the
LXRo A/B domain are dispensable for RIP 140 interaction.
3.3.6 Transfection Studies of RIPA3, RXRa and RIP 140 with the DR4-LXRE
Element in the BSC40 Cell Line

Transient transiection studies of RIPA3 and RXRa with RIP 140 were designed in
order to address the possibility that deletion of the LXRa. A/B domain may effeqt RIP
140-mediated repression.  These transfection assays were performed with the
pDR4(X2)luc luciferase reporter plasmid (1.25ug) alone or in combina:cion with RIPA3

(or LXRa) and RXRa and RIP140 (0.5ug each). The effects of absence of drug and
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presence of both 9-c¢isRA and 22(R)-OH-CH together were also investigated. Figure 19
illustrates that no significant effectual difference between full length LXRoa and RIPA3,
when co-transfected with RXRa, either in the absence or presence of drug, as previously
described in Section 3.2.2. Transfection of RIPA3 (or LXRa), RXRa and RIP 140
resulted in a significant decrease in both RIPA3/RXRa and LXRo/RXRo-mediated
transactivation in both the absence and presence of 9-cis RA and 22(R)-OH-CH.
These transient transfection studies indeed demonstrate that deletion of the A/B domain
of up to 63 amino acids (ripd3) of LXRa has no effect on transactivation mediated by
RXRo/LXRa and that the addition of RIP140 resulted in a similar repressive/inhibitory
effect. |
3.3.7 In Vitro AF-2 (Core Domain Deletion Studies of LXRa with RIP 140

An intact nuclear receptor E domain, including the AF- core domain, which
comprises the putative helix 12, has been shown to be required for RIP 140 binding
(Cavailles et al., 1995, Joyeux et al., 1997, Collingwood et al., 1997, Treuter et al., 1998,
Miyata et al., 1998). Thus, in order to determine if the AF-2 domain of LXRa was
necessary for RIP 140 interaction, the C-terminal 7 amino acids (aa 432-447) of the GST-
LXRo fusion protein were deleted (refer to Figure 20A). This construct, GST-
LXROAAF-2, was subsequently employed in an in vitro GST-binding assay with L-[**S]-
methionine labeled RIP 140 (refer to Figure 20B). These experiments demonstrate that
despite cleavage of the AF-2 domain of LXRa, RIP 140 was still able to bind, although

to a lesser extent; quaatification of RIP 140 retention by GST-LXRa was 9% of input
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Figure 19: Transient transfection assays demonstrating that RIP 140 antagonizes
transactivation mediated by both RIPA3/RXRa and LXRa/RXRa in vivo in the
BSC40 cell line. BSC40 cells were transfected, utilizing the calcium phosphate method,
with the TK-LXRE3-Luc (1.25 pg) luciferase reporter plasmid alone or in combination
with expression vectors for RIPA3, LXRa, RXRa and RIP 140 (0.5 ng each). Where
indicated, the LXRa activator 22(R)-OH-CH (final concentration 7 uM) and the RXRa
ligand 9-cis RA (final concentration 1 pM) were added together. The lysates were
assayed for luciferase activity in relative light units (R.L.U.) and adjusted to protein
content. Values represent the average (+SD) of two separate experiments, performed in
duplicate, and norma.ized to the activity observed with LXRo/RXRa, in the absence of
drug, which was set t one.
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Figure 20: In vitro ;ST-binding study which illustrates a specific interaction
between RIP 140 and both the full length LXRx and the LXRx AF-2 deletion GST
fusion proteins. (A) Schematic representation of the AF-2 core domains of LXRa, TR,
RARo and RXRo adapted from Willy and Mangelsdorf, 1997. (B) Schematic
representation of the GST-LXRo and GST-LXRaAAF-2 constructs. (C) In vitro
translated L-[**S]-methionine labeled RIP 140 was incubated with either GST, GST-
LXRo or GST-LXR(AAF-2 coupled beads. Subsequent to the incubation period the
beads were washed and the bound proteins were eluted and resolved on a 10%
polyacrylamide SDS-PAGE gel.
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(lane 2) and 5% of input for GST-LXRaAAF-2 (lane 3). Binding of RIP 140 to GST
alone was negligible (less than 1% of input (lane 4)). Thus, these results indicate that
RIP 140 requires the LXRa AF-2 core domain for efficient binding yet further suggest
that other regions of LXRa (although not the N-terminal 63 amino acids) participate in
binding. This is consistent with findings that an intact E domain is required for efficient
RIP 140 binding (Treuter ef al., 1998).
3.3.8 In Vitro Binding Studies of LXRa with Both SRC-1a and SMRT Co-factors

GST-protein binding assays were designed to investigate whether or not LXRa
interacted with either the co-activator SRC-1a or the co-repressor SMRT. Furthermore,
ligand investigations: of these potential interactions were also performed in order to
determine not only if an LXRo/SRC-1a interaction occurs in a ligand-independent
manner, but also if an LXRa/SMRT interaction can be abolished upon addition of ligand
as observed for both nuclear receptor and/co-activator or co-repressor interactions
respectively. These studies employed the GST-LXRa fusion protein and either the in
vitro translated L-[*°S]-methionine labeled SRC-1a or SMRT proteins in the absence of
drug and vehicle, the presence of vehicle (95% ETOH) or the presence of the LXRa
activator 22(R)-OH-CH (final concentration 7 uM).

The results of the GST-binding studies with LXRo and SRC-1a are illustrated in
Figure 21A. Analysis of the results reveal that SRC-1a binding to GST alone was
negligible under any of the conditions tested (did not exceed 1% of input) (lanes 5, 6 and

7). However, SRC-11a did bind to GST-LXRa in the absence of vehicle and 22(R)-OH-
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Figure 21: In vitro G3T-binding studies that illustrate a specific interaction between
LXRo and the co-factors SRC-1a and SMRT. (A) In vitro translated, L-[**S]-
methionine labeled SRC-1a or (B) SMRT were incubated with GST-LXRo or GST
coupled beads either in the absence or presence of the LXRa activator 22(R)-OH-CH
(HC) (7uM) or an equal volume of vehicle (95% ETOH (E)). Subsequent to the
incubation period, the beads were washed and the bound proteins were eluted and
resolved on a 10% polyacrylamide SDS-PAGE gel.
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CH (23% of input) and in the presence of both vehicle and 22(R)-OH-CH (both 16% in
lanes 3 and 4 respectively). Thus, the SRC-1a/LXRa interaction occurs in a ligand-
independent manner and the interaction was not enhanced with the addition of 22R-OH-
CH. Furthermore, vehicle (95% ETOH) appears to disrupt the interaction in the binding
assay to a certain degree for which 22R-OH-CH is not able to compensate.

The results of the GST-LXRa and SMRT GST-binding studies, presented in Figure
21B, demonstrate that SMRT binding to GST alone was negligible regardless of the
conditions employec! ‘(less than 1% of input in lanes 5, 6 and 7). However, SMRT did
bind to the GST-LXRa fusion protein in the absence of both vehicle and 22(R)-OH-CH
(14% of input in lane 2), in the presence of vehicle (95% ETOH) (10% of input in lane 3)
and upon addition or’ 22(R)-OH-CH (11% of input in lane 4). Thus, the addition of 95%
ETOH appears to disrupt the SMRT/LXRa interaction slightly and the addition of 22(R)-
OH-CH did not have: any signiﬁcant effect on the interaction.

The observations reported here for the SRC-la/LXRa and SMRT/LXRa
interactions may attributable to a number of factors, which are examined in the
discussion.

3.3.9 In Vitro LXRct AF-2 Core Domain Deletion Studies with SRC-1a and SMRT
Co-factors

In order to determine if the AF-2 core domain of LXRo was necessary for either

SRC-1a or SMRT ‘binding, a series of GST-binding assays were performed. These .

studies employed both the GST-LXRa and GST-LXRoAAF-2 fusion proteins with either
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in vitro translated L-[*°S]-methionine labeled SRC-1a and SMRT in the absence of both
vehicle and 22(R)-OH-CH.

The results of the investigations of GST-LXRaAAF-2 with SRC-1a are presented in
Figure 22A. Analysis of these results indicate that binding of SRC-la to the GST-
LXRaAAF-2 fusion protein, in comparison to GST-LXRa binding, is significantly lower
and not above background binding to GST alone (0.6% of input bound to the AF-2
deletion (lane 3), 0.6% of input bound to GST alone (lane 4) and 3% of input bound to
GST-LXRa). These findings suggest that the AF-2 core domain of LXRa is essential for
SRC-1a binding, as observed for interactions with other nuclear receptors.

SMRT interaction studies with either GST-LXRa or GST-LXRaAAF-2 are
presented in Figure 22B. Surprisingly, these results illustrate that binding of SMRT to .‘
the GST-LXRaAAF-2 fusion protein was significantly higher than that achieved with the
GST-LXRa fusion protein (20% of input (lane 3) and 13% of input (lane 2),
respectively). Retention of SMRT by GST alone was negligible (less than 1% in lane 4).
These findings suggeét that the LXRoa AF-2 core domain (helix 12) impedes
LXRo/SMRT interactions.

3.3.10 Transfection Studies with LXRa, RXRa and SRC-1a with the DR4-LXRE
Element in the BSC40 Cell Line

In order to determine the effect, if any, of SRC-la on LXRoa-mediated

transactivation, transient transfection assays were designed. These transfection studies

were performed in ths BSC-40 cell line in the presence of the pDR4(X2)luc reporter
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Figure 22: (A) In vitro GST-binding study that illustrates a loss of binding between
the LXRo AF-2 delction GST fusion protein and SRC-1a and (B) In vitro GST-
binding study that illustrates a specific interaction between LXRx and the LXRo.
AF-2 deletion GST f‘usion proteins with SMRT. (A) In vitro translated, L-[>>S]-
methionine labeled SRC-1a or (B) SMRT were incubated with GST-LXRo, GST-
LXROAAF-2 or GST coupled beads in the absence of both vehicle and 22(R)-OH-CH.
Subsequent to the incubation period, the beads were washed and the bound proteins were
eluted and resolved cn a 10% polyacrylamide SDS-PAGE gel.
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plasmid (1.25ug) alone or in combination with LXRa, RXRa (0.5ug each) .and
increasing amounts of SRC-1a (0.001-2 ug). The effects of exogenously added 9-cis RA
and 22R-OH-CH together were investigated. As demonstrated in Figure 23, SRC-la,
even at the lowest concentration of 0.001ug, in the presence of both 9-cis RA and 22(R)-
OH-CH, significantiy repressed LXRo/RXRa-mediated transactivation (approximately
by two thirds). This repression was also observed in the absence of drug but to a lesser
extent (approximately 50%). This surprising observation may be the result of a number
of factors, which are thoroughly examined in the discussion.
3.3.11 Transfection Studies of LXRa, RXRa ;nd SMRT with the DR4-LXRE
Response Element in the BSC40 Cell Line

A preliminary transient transfection experiment was performed in order to
investigate the effect, if any, of SMRT on LXRa-mediated transactivation. This
transfection study: were performed in the BSC-40 cell line in the presence of the
pDR4(X2)luc reporter plasmid (1.25ug) alone or in combination with LXRo, RXRa and
SMRT (0.5ug each). The effects of exogenously added 9-cis RA and 22R-OH-CH, alone
or in combination were investigated. As demonstrated in Figure 24A, SMRT, in the
absence and presence of bofh 9-cis RA and/or 22(R)-OH-CH, had no significant effect on
LXRo/RXRa-mediatzd transactivation.

A second prelim nary transfection experiment was carried out in order to determine
the effect of SMRT itration, in increasing amounts, on LXRo/RXRao transactivation.
Once again, transient transfections were performed in BSC40 cells in the presence of the

pDR4(X2)luc luciferase reporter plasmid (1.25ug) alone or in combination with LXRa
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Figure 23: Transient transfection assays demonstrating that SRC-1a antagonizes
transactivation mediated by LXRa/RXRa in vivo in the BSC40 cell line. BSC40
cells were transfected, utilizing the calcium phosphate method, with the pDR4(X2)luc
(1.25 pg) luciferase 1eporter plasmid alone or in combination with expression vectors for
LXRa and RXRa (0.5 pg each) with increasing amounts of the SRC-1a expression
vector (0.001-2 pg). Where indicated, the LXRa activator 22(R)-OH-CH (final
concentration 7 uM) and the RXRa ligand 9-cis RA (final concentration 1 uM) were
added together. The lysates were assayed for luciferase activity in relative light units
(R.L.U.) and adjusted to protein content. Values represent the average (+SD) of two
separate experiments, performed in duplicate, and normalized to the activity observed
with LXRo/RXRa, in the absence of drug, which was set to one.
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Figure 24: Preliminary transient transfection assays demonstrating that SMRT has
no significant effect. on transactivation mediated by LXRo/RXRa in vivo in the
BSC40 cell line. BSC40 cells were transfected, utilizing the calcium phosphate method,
with either the pDR<«(X2) luc (1.25 pug) luciferase reporter plasmid alone or in
combination with expression vectors for (A) LXRa, RXRo or SMRT (0.5 pg each) or
(B) LXRa and RXRa (0.5ug each) with increasing amounts of the SMRT expression
vector (0.1-2 ug). Where indicated, the LXRa activator 22(R)-OH-CH and RXR ligand
9-cis RA (final concentration 7uM and 1uM resepectively) were added. The lysates were
assayed for luciferase activity in relative light units (R.L.U.) and adjusted to protein
content. Values represent one experiment, performed in duplicate, where the error is
represented as the range of values and normalized to the activity observed with
LXRo/RXRa, in the absence of drug, which was set to one.
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and RXRa (0.5 ug zach) and increasing amounts of SMRT (0.1ugto 2ug). As illustrated
in Figure 24B, SMFE.T had no significant effect on LXRo/RXRa-mediated transactivation
in the presence of both 9-cis RA and 22(R)-OH-CH, although some minor fluctuations in
activation levels ars apparent. However, in the absence of drug, SMRT appeared to
increase transactivation levels approximately two-fold, regardless of the SMRT
concentration employed. The significance of this observation remains to be seen as

further study is clearly required.



CHAPTER FOUR

DISCUSSION
4.1 Transient Transfection Studies of LXRa
Studies of the transactivation properties of LXRa in vivo were performed with either
a DR4-LXRE or ar. LXRE-AMTV containing reporter construct (the pDR4(X2)luc and
TK-LXRE3-Luc reporter constructs respectively). A direct comparison between the
DR4-LXRE and LXRE-AMTYV elements was not possible as they differ in DNA response
element copy numter, configuration and promoter context. Nonetheless, the effectual
differences between the DR4-LXRE and the LXREAMTYV constructs were demonstrated
in vivo in response to not only exogenously added LXRo and RXRa but also
exogenously added 9-cis RA in a variety of cell lines.

The most dramatic difference observed for the DR4-LXRE and LXRE-AMTV
constructs was demnonstrated via studies with the LXRE-AMTYV construct, which
illustrated that transfection of LXRa resulted in transactivation levels that were
comparable to that observed when LXRa was co-transfected with RXRo with certain
exceptions (for the BSC40 cell line in the absence of drug and in the HepGZ cell line in
the absence and presence of 22(R)-OH-CH, where a 50% increase in activation levels
were achieved upon co-transfection with RXRa). In contrast, the DR4-LXRE construct,
regardless of the cell line employed, did not result in any significant increase in

transactivation levels above basal levels upon transfection with LXRa,. whereas co-
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transfection with RX{Ra resulted in a substantial increase. These observations may be
attributable to the possibility that the LXRa/RXRa. heterodimer preferentially binds to
the LXRE-AMTV construct over the DR4-LXRE construct in vivo, although no
difference in binding affinity has been observed in vitro for the DR4-LXRE and LXRE-
AMTV response elements. Altefnatively, the endogenous RXRo stores may be
sequestered by bincling to other nuclear receptors and/or co-factors which form non-
functional complexes with the DR4-LXRE e‘lement not formed in the presence of the
LXRE-AMTYV element.

The mammalian cell lines employed in this study harbor endogenous nuclear
receptors and co-factors, which can interact with LXRoa, RXRo and the reporter
constructs and thus provide a potential explanation for the difference observed upon |
transfection of RXRo with the reporter constructs. Studies with the DR4-LXRE reveal
that transfection of RXRa results in transactivation levels that are considerably higher
than those achievec. with the LXRE-AMTYV construct, regardless of cell line or drug
conditions investigated. Thus, in this scenario, RXRa heterodimerizes with endogenous
nuclear receptors, stich as TR, which co-operatively bind to and subsequently activate the
DR4-LXRE reporter construct. In contrast, binding of the RXRo/endogenous nuclear
receptor complex may or may not be possible on the LXRE-AMTYV element and those
that are capable of binding, such as the LXRa/TR complex, may not be functional.

Another significant difference exhibited by the two LXRE construéts is their variant

response in the presence of retinoids. Investigation of LXRo/RXRo-mediated
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transactivation via the DR4-LXRE element revealed that this reporter construct lacked
retinoid responsiveness, as illustrated upon addition of 9-cis RA, in both the COS-1 and
HepG?2 cell lines; however a slight response was observed in the BSC40 cell line. In
comparison, the LXRE-AMTV prdved to be retinoid responsive when transfected with
LXRo regardless of the cell lines employed. Co-transfection of LXRa and RXRa,
however, resulted ir retinoid responsiveness for only the HepG2 cell line, whereas
addition of 9-cis RA had no effect on transactivation mediated by LXRo/exogenous
RXRa in the BSC40 cell line and a repressive effect in the COS-1 cell line. Similar
studies have demonstrated that the LXRa/RXRa heterodimer on the DR4-LXRE lacks
retinoid responéiveness, as illustrated upon addition of the retinoid methoprene acid,
while the LXRE-AMTYV response element is responsive, in the CV-1 cell line (Willy et
al., 1995). While the observations, reported in this study, may be due to the different
promoter contexts, number of LXRE copies or configurations of these reporter
constructs, these variables were shown to be irrelevant for the CV-1 cell line (Willy ez dl.,
1995). This transcriptional response mediated by the LXRa/RXRa heterodimer has been
shown to require only the activation domain of LXRa and not that of RXRa (Willy and
Mangelsdorf, 1997), which has been attributed to the phantom ligand effect (Schulman et
al, 1997). This effect has been described as a unique form of allosteric control and is
thought to occur as a result of the binding of ligand to one of the heterodimeric partners
(RXRa in this case), resulting in a linked conformational change in the second
heterodimer partner (LXRa) and the concomitant dissociation of bound co-repressors and

subsequent association of co-activators. Ultimately, these studies indicate that retinoid
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signaling, through the LXRo/RXRa heterodimer, appears to occur in an LXRE constr;lct
and cell line-specific manner and indicates that different cell lines may posses various
factors, such as other nuclear receptors, co-factors and agonists/antagonists, which can
either interfere with or enhance retinoid activation.

The transient transfection studies of LXRa further reveal that LXRo displays
constitutive activity. regardless of the cell line or LXRE reporter construct employed.
This constitutive activity may be attributable to the presence of a functional AF-1 domain
within the A/B domain of LXRa as reported for other nuclear receptors (Nagpal ef al,,
1993, Wilkinson and Towle, 1997, Werman ef al., 1997, Metzger et al., 1995, Sjoberg
and Vennstrom, 1995, and reviewed in Schoonjans et al., 1996). Alternatively, such
activity may be due to the presence of endogenous LXRa activators/ligands as described
for LXRa in the CV-1 cell line (Forman et al., 1997). While these two possibilities are
not mutually exclusive, three main factors have been presented in this study and in the
Forman and colleagues (1997) study, which, taken together, indicate that the latter
possibility is the more probable of the two. First, LXRo/RXRo-mediated constitutive
activity of both the DR4-LXRE and LXRE-AMTV reporter constructs was not
significantly enhanced upon the addition of the LXRa activator 22(R)-OH-CH, in either
the COS-1 or HepG2 cell lines, indicating the presence of endogenous ligand. In the case
of the BSCA40 cell line, a modest 2-fold increase in activation is observed upon addition

of 22(R)-OH-CH and may be attributable to sub-optimal levels of endogenous LXRa

ligand. Second, LXRa A/B domain deletion studies, as outlined in Section 3.2, failed to
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demonstrate a role for the LXRo A/B domain in transactivation and thus, further
indicated the absence of a functional AF-1 domain within the N-terminal 63 amino acids
of LXRa., although the C-terminal 34 amino acids of the A/B domain have yet to be
investigated. Third, studies performed by Forman and colleagues (1997), report that the
observed constitutive activity is mediated by the LBDs of both the LXRa and RXRa
receptors. Furthermore, transfection studies, performed in the CV-1 cell line, presented
in this report further indicate that this activity is dependent upon MVA biosynthesis and,
in turn, upon the presence of MV A itself or MV A metabolites (including 22(R)-OH-CH),
which may function as endogenous LXRa ligands.
4.2 LXRoa A/B Domain Deletion Studies
4.2.1 EMSA Analysis

The EMSA studies with the LXRo and the LXRa A/B domain deletions
demonstrated that the N-terminal 63 amino acids of LXRa are dispensable for
LXRa/RXRa heterodimer complex formation with either the DR4-LXRE or the LXRE-
AMTYV elements. Thus, the observed decrease in complex formation observed for the
SM1/RXRa heterodimer, on either of the LXREs, is attributable to the non-native N-
terminal extension piece, which may induce a conformational change in LXRo that alters
DNA binding specificity and/or RXRo heterodimer formation ability. While the
components of the Shift B complex are not known it is possible that this shift is a ternary
complex consisting of LXRo/RXRo and an endpgenous co-factor in the rabbit

reticulocyte lysate. Thus, although the biological significance of Shift B is questionable,
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its formation appeats to be specific and dependent upon not only the presence of LXRa
and RXRa but also an intact LXRa A/B domain.
4.2.2 Transfection Studies of LXRo and the LXRa A/B Domain Deletions

The transient transfection studies of LXRo and the LXRa A/B domain deletions,
regardless of the 1.XRE construct or cell line employed, failed to demonstrate a
functional role for the N-terminal 63 amino acids of the LXRa A/B domain in
transactivation. Furthermore, considering the limitations of the expertments performed,
these studies imply that a functional AF-1 domain is absent in this region of the LXRa
A/B domain. This observation may be attributable to a number of factors; first, the
LXRo A/B domain does not participate in LXRa-mediated transactivation. Second, the
LXRa A/B domain does participate in transactivation, however, function resides in the
34 amino acids that remain uninvestigated within the A/B domain of LXRa. Third,
detection of a functional LXRa A/B domain, which may or may not reside in the regions
spanning the deletion series, could be cell line or cell type-specific as observed for a
number of other nuclear receptor A/B/ AF-1 domains (Berry et al., 1990, Nagpal et al.,
1992, Nagpal et al, 1993, Metzger et al., 1995, Ikonen et al., 1997, Wilkinson and
Towle, 1997). In this scenario, the A/B domain effect may be masked by the presence of
endogenous LXRa ligands (MV A metabolites) and thus detection may require a different
cell line or cell type. Furthermore, the cell lines employed may lack co-factors, which
would facilitate a potential AF-1/AF-2 synergism and/or AF-1 activity or, alternatively,

possess co-factors that inhibit this activity/interaction. As well, although there is no
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evidence that LXRo:. is phosphorylated (although a putative PKC recognition sequence
has been located in the LXRo/RLD-1hinge region) it remains a possibility that the cells
lines employed are unable to modify or, alternatively do modify, the LXRa A/B domain
(or other regions) rendering the A/B domain inactive as reported for other nuclear
receptors (Kato et al., 1995, Rochette-Egly et al., 1997, Adams ef al., 1997). Fourth, a
number of studies with other nuclear receptors have demonstrated that A/B (AF-1)
domain activity may be DNA response element and promoter context-specific (Berry et
al., 1990, Nagpal e1 al., 1992, Nagpal et al., 1993, Metzger et al., 1995, Sjoberg and
Vennstrom, 1995, Ikonen et al., 1997, Wilkinson and Towle, 1997). Thus, it may be
possible that LXRo. A/B activity may require naturally occurring promoter contexts
and/or DNA response elements, such as the CYP7a promoter and DNA response element.

Ultimately, further study of the LXRa A/B domain is required in order to
investigate the possibility that the remaining 34 amino acids of the LXRa A/B domain
may play a role in LXRa-mediated transactivation. Furthermore, the question as to 7
whether or not LXRa possesses a functional AF-1 domain, within the A/B domain,
remains to be properly addressed. While the studies presented here indicate the absence
of such a domain, definitive identification would require that transient transfection assays
be performed that employ a plasmid construct containing the yeast GAL4 DBD upstream
of the isolated LXRa A/B domain and a reporter plasmid containing the yeast GAL4
response element(s). If indeed the A/B domain possesses a functional AF-1 domain, the

LXRo A/B/GAL4 fiision construct would activate transcription of the GAL4-reponsive
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reporter gene as previously demonstrated for PPARy, RAR, RXR and TR (Nagpal ez al.,
1993, Werman et al , 1997, Wilkinson and Towle, 1997).
4.3 Interaction and Functional Studies of LXRa and RIP 140
4.3.1 LXRa Interaction Studies with RIP 140 In Vitro

In vitro GST-binding studies confirmed the LXRo/ RIP 140 specific interaction,
initially illustrated via the yeast dihybrid system. Furthermore, these studies revealed that
the LXRo/RIP 140 interaction occurred in a ligand/activator-independent manner, as
illustrated for the PPAR/RIP 140 interaction (Miyata ef al., 1998, Treuter ef al., 1998).
Furthermore, LXRa demonstrated an ability to bind either subdomain of RIP 140 (site 1
and site 2), with an apparent preference for site 2, in a ligand/activator-independent
manner. In contrast, previous reports have demonstrated that interactions between RIP
140 and other nuclear receptors, including RXR (also illustrated in this study), RAR, TR
and ER, occur in a ligand-dependent or enhancing manner (Cavaillés et al., 1995,
L’Horset ef al.,, 1995). These observations may be indicative of the existence of various
mechanisms that dictate the manner in which RIP 140 interacts with various nuclear
receptors. Alternatively, structural differences may exist between the unliganded LBD,
specifically the positions of helices 3, 4, 5 and 12, of LXRa (and PPAR) and other
nuclear receptors (Renuad ef al., 1995, Bourget et al, 1995), which constitutes a
constitutively active, although potentially unstable, conformation, thereby facilitating
RIP 140 ligand-independent interactions. In this scenario, the presence of ligand may .
serve to stimulate the displacement of bound co-représsors, which results in the

subsequent exposure of a co-activator interaction site and may also serve to stabilize the
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active conformation (Miyata et al. 1998, Treuter et al., 1998) (refer to Figure 25 for
proposed model).

4.3.2 Transfection Studies of LXRa, RXRa and RIP 140

Transient transfection studies of LXRa, RXRo and RIP 140, revealed that RIP140,
regardless of the LXRE construct 6r cell line employed, antagonized LXRo/RXRo-
mediated transcriptional activation in vivo. This RIP 140-mediated repression of
transcriptional activity has also been reportedbfor both RAR (Chakravarti et al., 1996)
and PPAR (in both rnammalian and yeast cells) (Miyata et al., 1998, Treuter et al., 1998).
These observations, however, are in contrast to previous reports, which indicate that RIP
140 acts as a bona fide co-activator when tethered directly to a promoter (Cavaillés ef al.,
1995). As well, unpublished data from our laboratory indicates that RIP 140 activates -v
PPARa-mediated transactivation in yeast cells. Furthermore, transfection studies of RIP
140 and ER, as well as studies performed in yeast, demonstrate an increase in activation;
however, only minimal activation was achieved and was subsequently repressed as RIP
140 concentrations are 'increased (Cavaillés et al., 1995, Joyeux et al., 1997). The
observed RIP 140-mediated repression of transcriptional activity may be attributablé to
the sequestration of downstream effector molecules by RIP 140. Alternatively, RIP 140
may function as a very weak co-activator of LXRa; however RIP 140 may compete with
stronger co-activators, including SRC-1 and CBP/p300, for nuclear receptor bindiﬁg and
therefore, antagonism of LXRo transactivation is observed in the system employed.
Nonetheless, despite the similarities between RIP 140 and other co-activators, a true ‘co-

activator’ role for RI[P 140 has come under question for a number of reasons; first, RIP
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140 has demonstratzd an inability to functionally substitute for SRC-1 (Torchia et al.,
1997). Second, RIP 140 has been shown to inhibit the interaction between the N-terminal
and C-terminal regions of the AR receptor, and thus may inhibit AF-1/AF-2 mediated
synergism (Ikonen ef al., 1997). This observation is contrasted by reports of other co-
activators, such as SRC-1 and CBP/p300, which facilitate this interaction resulting in
transcriptional activation (Kraus ez al, 1995, Ikonen ef al., 1997, Ofiate ef al.,, 1998,
Webb ef al., 1998). Third, RIP 140 fails to interact with not only CBP (Kamei ef al,,
1996) but also to basal transcription factors such as TBP and TFIIB (Cavailles ef al,
1995), which indicates an inability to function as a co-activator/bridging molecule with
the transcription intiation complex. Thus, these concepts, in conjunction with the
observations reportad in this study, indicate that RIP 140 acts to -attenuate the
transcriptional respcnse of nuclear receptors by preventing functional interactions with
other, more potent co-activafors.
4.3.3 Interaction and Functional Studies of RIP 140 and RIPA3

The in vitro GST-binding studiés of RIP 140 with RIPA3 demonstrated that the N-
terminal 63 amino acids of the LXRa A/B domain were dispensable for RIP 140
interaction. Simila-ly, transient transfection studies of RIPA3, RXRa and RIP 140
illustrated that deletion of up to 63 amino acids of the LXRa. A/B domain had no effect
on RIP 140-mediated repression of LXRo/RXRa transactivation. Taken together, these
observations may indicate that RIP 140, in its inability to interact with the N-terminal

domain and therefor: its inability to facilitate a functional interaction between the N- and
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C-terminal regions of LXRa, serves to attenuate the transcriptional response of nuciear
receptors modulated by other, more potent, co-activators.
4.3.4 LXRa AF-2 Core Domain Deletion Studies with RIP 140

In vitro GST-binding studies illustrated the ability of RIP 140 to bind to the LXRa
AF-2 domain (helix 12) deletion construct, although to a lesser extent than that achieved
with full-length LXRa. These results indicate that RIP 140 requires the LXRo AF-2
core domain for eficient binding, however, it is apparent that other regions of LXRa
participate in RIP 140 binding (which do not include the N-terminal 63 amino acids of
the LXRa A/B domain). These findings are consistent with a previous study, which
reported that while the AF-2 domain of PPAR was necessary for both RIP 140 and SRC-
1 interaction, other regions of the PPAR LBD contributed to these interactions (Treuter et
al., 1998). Ultimat:ly, these observations are also consistent with a current model that
describes the formation of a compacted nuclear receptor LBD, via interactions with
helices 3, 4, 5 and 12, which constitutes a hydrophobic groove that binds the LXXLL
motifs of co-activators, which is thought to occur consequence of ligand binding (Nolte et
al., 1998, Darimon: et al., 1998). However, as previously described for LXRo and
PPAR, this may not alwayé be the case as the AF-2 domain of LXRo may exist in an
active, though poteatially unstable, conformation, which is subsequently stabilized by
binding of ligand (refer to Figure 25).

Future studies of the RIP 140 interaction with LXR will undoubtedly include the
identification of other regions within LXRa that are important for binding. Further

LXRo AF-2 deleticn studies are also required in order to determine the effect of the
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addition of the LXRa potent activator, 22(R)-hydroxycholesterol, which may also be
facilitated by the identification of LXRa ligands.
4.4 LXRa Interaction Studies with SRC-1a and SMRT In Vitro

In vitro GST-binding assays revealed that LXRa was able to interact with the co-
activator SRC-1a in a ligand/activator-independent manner, where the addition of 22(R)-
OH-CH had no apparent enhancing effect as previously demonstrated for the SRC-
1/PPARY interaction (Zhu et al., 1996) and the p300/PPAR« interaction (Dowell et al.,
1997). These observations may be explained with the aforementioned model, where the
LXRa LBD helices 3, 4, 5 and 12 exist in an active (unstable) conformation and the
presence of ligand serves not only to stabilize the active conformation but also to expose
a co-activator interaction site by displacing bound co-repressors. The in vitro GST-
binding assays, which investigated the LXRo/SMRT interaction, demonstrated that this
interaction occurrec in the absence of ligand/activator as observed for other nuclear
receptor/co-represscr interactions. However, the addition of the LXRa activator, 22(R)-
OH-CH, did not abolish nor reduce the LXRo/SMRT interaction. Furthermore, 22(R)-
OH-CH failed to enhance either the RIP 140/LXRa or the SRC-1a/LXRa interaction.
Taken together, these observations indicate that the potent LXRa activator, 22(R)-OH-
CH, may not functicn as a ‘true’ LXRa ligand and that a derivative of this compound (or
other MV A metabolites) may serve as an LXRa ligand. Nonetheless, it is apparent from
these in vitro studies that 95% ethanol disrupts both SRC-1a/LXRa and SMRT/LXRa

(and RIP 140/LXRa to a lesser extent) interactions and, therefore, it remains a possibility
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that the presence of ethanol masks any 22(R)-OH-CH enhancing or inhibiting effect
respectively.
4.5 LXRa AF-2 Core Domain Deletion Studies with SRC-1a2 and SMRT

In vitro GST-binding studies illustrated the inability of SRC-1a to bind to the LXRa
AF-2 domain (helix 12) deletion construct. These results indicate that the LXRo AF-2
core domain is essential for efficient SRC-1a binding; however, it remains a possibility
that other regions of LXRa participate in this interaction as reported for other nuclear
receptor interactions including PPAR (Treuter ef al., 1998), TR (Jeyakumar et al., 19970,
and ER (White ef al., 1997, Henttu et al., 1997). Ultimately, these observations are
consistent with the concept that mutation and/or deletion of the AF-2 domain (helix 12)
may destabilize the compact LBD conformation resulting in the disruption of the co-
activator LXXLL-motif interacting hydrophobic core (Nolte ef al., 1998, Darimont et al.,
1998). |

In contrast, in vitro interaction studies of SMRT and both LXRa and the LXRo AF-
2 domain deletion G:ST fusion proteins, surprisingly demonstrated that the SMRT/LXROL
AF-2 deletion interaction was significantly greater i{l affinity than the SMRT/LXRa
interaction, as previously reported for the RAR/SMRT interaction (Wong et al., 1998).
This observation is consistent with the concept that co-repressor binding occurs when the
LBD exists in an extended conformation (helix 12 is extended away from the other
helices 3, 4, and 5), which usually occurs in the absence of ligand (Chen ef al., 1996,
Lavinsky ef al., 1998). Thus, this study mimics this effect via deletion of the LXRa AF-

2 domain, where ott erwise the LXRa LBD may exist in a constitutively active (unstable)
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conformation, thereby impeding the SMRT/LXRa interaction. Furthermore, these
observations are also consistent with a model for LXRa where addition of ligand, which
may not alter the position of helix 12 directly, may serve to induce a conformational
change, which displaces bound co-repressors such as SMRT. Nonetheless, these results
also indicate that other regions of LXRa are important for SMRT interaction, which may
include the hinge region (domain D) and other areas of the LBD, as reported for other
nuclear receptor/co-repressor interactions (Horlein ef al., 1995, Kurokawa et al., 1995,
Chen and Evans, 1995).

Clearly, future studies would include the investigation of the effect of 22(R)-
hydroxycholesterol on both the LXRo/SCR-la and LXRo/SMRT interactions, the
identification of other regions within LXRa that participate in binding and the effect of

other LXRa ligands, yet to be identified, on these LXRa/co-factor interactions.

4.6 Transfection Studies of LXRa, RXRa and SRC-1a
Transient transfection studies of LXRa, RXRa and SRC-1a, revealed that SRC-1a,

antagonized LXRo/RXRa-mediated transcriptional activation in vivo, despite its
classification as a co-activator. While this observation initially seems surprising, this
result may be attributable to several factors; first, the SRC-1a clone employed in these
studies lacks the bHILH/PAS domain of full length SRC-1 (F-SRC-1) and thus may be
incapable of binding in a functional manner as previously reported for the AR receptor
where the SRC-la clone prevented the N- and C-terminal domains of AR from
interacting, thereby repressing AR-mediated activation (Ikonen ez al., 1997). In contrast,

F-SRC-1 was shown to facilitate this interaction resulting in a potentiation of AR-
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mediated transcriptional activation (Ikonen et al., 1997). Second, the observed repression
may be DNA response element or promoter context-specific as observed for the ER
receptor (Kalkoven et al., 1998). This study demonstrated that ER-mediated
transcriptional activation was only slightly increased by F-SRC-1a (in comparison to the
F-SRC-1e isoform) on one ERE/promoter context while another ERE/promoter context
resulted in severe repression of ER-mediated activation. Thus, the repression reported in
this study may be promoter context/DNA element-specific and a naturally occurring
promoter context (possibly the rCYP7A promoter) and/or LXRE-CYP7a response
element may be necessarily employed in order to achieve potentiation of activation by
SRC-1. Third, it has Eeen demonstrated that SRC-1 isoforms are functionally distinct
and, therefore, it is possible the SRC-1e isoform (or other isoforms)may preferentially
activate LXRa as described for the ER receptor (Kalkoven et al., 1998). Thus, further
investigation of the role that SRC-1 plays in LXRa-mediated transactivation may include
transient transfecticn studies fhat employ full length SRC-1a, different LXREs and
promoter contexts, various cell lines and other SRC-1 isoforms.
4.7 Transfection Studies of LXRa, RXRa and SMRT

Preliminary transient transfection studies of LXRa, RXRa and SMRT revealed that,
SMRT had no sign ficant effect on LXRo/RXRa-mediated transactivation, despite the
fact that LXRa and SMRT were shown to interact with one another in GST-binding
assays (Section 3.3 8). This observation has been previously reported by Zamir and
colleagues (1997), v/here it was demonstrated that although SMRT 9and N-CoR) may be

capable of binding to various nuclear receptors, including PPARy and the orpAhan receptor
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RevErb, in solution, SMRT may not function as a transcriptional repressor as these
receptors are unablz to bind these co-repressors when bound to their respective DNA
response elements. Thus, further study of a potential LXR/SMRT functional interaction
would require investigation of the ability of LXRa/RXRa heterodimers to recruit SMRT
when bound to various LXREs. Fui’thermore, continuation of the transient transfection
studies are required in order to not only definitively address the possibility that SMRT
may modulate LXRa-mediated transactivatioﬁ but also to determine the significance of
the observed increase in ligand-independent transcriptional activity upon transfection of
LXRa, RXRa and SMRT in the titration experiment.
4.8 Conclusion

In summary, the results presented in this study have provided insight into not only
how LXRa functions as a transcriptional regulator of target genes, with respect to LXRa
A/B and LBD (E domain) function, but also the complex mechanism by which co-
factors, such as RIP 140, SRC-1a and SMRT modulate LXRa activation. Furthermore,
this study indicates thaf current models, which describe the mechanism by which co-
activators and co-repressors respectively facilitate or inhibit the transcriptional activation
mediated by nuclear receptors, may require specific modifications in order to adequately
delineate LXRo-mediated transactivation, as depicted in Figure 25. Figure 25A presents
a simplified version of the current model, which illustrates that, in the absence of ligand,
nuclear receptors, whose AF-2 domain (helix 12) exists in an indctive, extended
conformation, associates with the co-repressor complex, which blocks an interaction

between these receptors and the basal transcription machinery and causes the
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deacetylation of core histones, thereby repressing the basal activity of target genes. The
binding of ligand results in a conformational change that causes the disassociation of the
bound co-repressor complex and results in a shift of the AF-2 domain form an extended
to a compacted ccnformation with other helices of the LBD, which results in the
formation of a co-activator interaction surface (actually an LXXLL, hydrophobic binding
pocket). Recruitment of the co-activator complex follows, via its LXXLL motifs, which
facilitates both interactions between the nuclear receptors and basal transcription
machinery and ace:ylation of core histones, resulting in the transactivation of target
genes. A proposed model depicting the mechanism by which co-factors modulate
LXRao-mediated activity is presented in Figure 25B. While quite similar to the
aforementioned model, this LXRa model differs in that the AF-2 domain is in an active,
yet unstable, conformation, which nonetheless éssociates with a co-repressor complex,
resulting in the reprzssion of LXRa-mediated transactivation. The addition of ligand, in

this case, serves to not only disassociate the co-repressor complex, but also to stabilize
the existing AF-2 domain in its active, compacted conformation. Subsequent association
of a co-activator complex, yet to be fully delineated for LXRa, follows, which results in
the strong transcriptional activation of LXRa target genes. Alternatively, RIP 140 may
be recruited, which may result in weak transactivation, thus attenuating the
transcritpional respcnse of LXRa by preventing functional interactions with other, more
potent co-activators. However, how RIP 140 interacts with the basal transcription
machinery has yet 10 be described, as studies have demonstrated that RIP 140 fails to

interact with CBP, TBP and TFIIB.
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A)

. Machinery

Machinery

Repression
(unstable LXRa conformation)

Machinery

Figure 25: Model depicting the mechanism by which co-factors modulate the
transcriptional activation mediated by A) members of the nuclear hormone receptor
superfamily or B) LXRa. Adapted from Chen et al., 1996, Schulman et al., 1996,
Korzus et al., 1998 and Westin et al., 1998. Refer to text for details.
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Nonetheless, this proposed model for LXRa-mediated transactivation , is consistent
with the observation that, in a cell free system, co-activators (and co-repressors) are
capable of binding to LXRa in a ligand-independent manner as the LXRa AF-2 domain
exists in a conformation which constitutes a co-activator interaction surface/LXXLL
hydrophobic binding; pocket. Furthermore, this model may also explain the observation
that deletion of the LXRa AF-2 domain enhanced SMRT binding, as this may have
exposed other SMRT/co-repressor interaction sites blocked by the LXRa AF-2 domain in
its compacted, active, though unstable, conformation. Clearly, LXRa crystallographic
studies, in conjunction with the studies presented here and those suggested throughout the
discussion, will facilitate the delineation of the mechanisms by which LXRa-mediated
transactivation is modulated and, in turn, how LXRa mediates transcriptional control of
LXRo target genes. Ultimately, these LXRa investigations further our understanding of
how nuclear receptos achieve specificity and diversity, via differences in DNA response
elements, promoter contexts, ligands and co-factor binding, in the activation of target

gene expression.



REFERENCES

Adams, M., Reginato, M.J,, Shao, D., Lazar, M.A. and Chatterjee, V.K. 1997.
Transcripticnal activation by peroxisome proliferator-activated receptor y 1is
inhibited by phosphorylation at a consensus mitogen-activated protein kinase site.
J. Biol. Chem. 272: 5128-5132.

Aden, D.P, Fogel, A., Plotkin, S., Damjanov, I. and Knowles, B.B. 1979. Controlled
synthesis of HbsAg in a differentiated human liver carcinoma-derived cell line.
Nature. 28: 615-616.

Apfel, R., Benbroos, D., Lernhardt, E., Ortiz, M.A., Salbert, G. and Pfahl, M. 1994. A
novel orphan receptor specific for a subset of thyroid hormone-responsive
elements and its interaction with the retinoid/thyroid hormone receptor subfamily.
Mol. Cell. Eiiol. 14: 7025-7035.

Ausubel, F., Brent, R., Kingston, R.E., Moore, D.M., Seidman, J.G., Smith, J.A. and
Struhl, K. 1997. Current Protocols in Molecular Biology, J. Wiley & Sons Inc.
Canada.

Bagchi, M. K., Ts;ai: M., O’Malley, B W. and Tsai, S.Y. 1992. Analysis of the
mechanism of steroid hormone receptor-dependent gene activation in cell free
systems. Endocrine Reviews 13: 525-535.

Berry, M., Metzger, D. and Chambon, P. 1990. Role of the two activating domains of
the oestrogen receptor in the cell-type and promoter-context dependent agonistic
activity of the anti-oestrogen 4-hydroxytamoxifen. EMBO J. 9: 2811-2818.

Bohen, S.P. and Yamamoto, K.R. 1993. Isolation of Hsp90 mutants by screening for
decreased steroid receptor function. Proc. Natl. Acad. Sci. 90: 11424-11428.

Bourguet, W., Ruff. M., Chambon, P., Gronemeyer, H. and Moras, D. 1995. Crystal
structure of the ligand-binding domain of the human nuclear receptor RXRa.
Nature. 37%: 377-382.

Brockman, W.W. and Nathans, D. 1974. The isolation of simian virus 40 variants with
specifically altered genomes. Proc. Nat. Acad. Sci. 71: 942-946.

Brown, M.S. and Goldstein, J L. 1986. A receptor-mediated pathway for cholesterol
homeostasis. Science. 232: 34-47.

130



131

Brown, M.S. and Goldstein, J L. 1997. The SREBP pathway: regulation of cholesterol
metabolism by proteolysis of a membrane-bound transcription factor. Cell. 89:
331-340.

Cavaillés, V., Dauvois, S., L’'Horset, F., Lopez, G., Hoare, S., Kushner, P.J. and Parker,
M.G. 1995. Nuclear factor RIP 140 modulates transcriptional activation by the
estrogen receptor. EMBO J. 14: 3741-3751.

Chakravarti, D., LaMorte, V.J.,, Nelson, M.C., Nakajima, T., Schulman, I.G., Juguilon,
H., Montminy, M. and Evans, RM. 1996. Role of CBP/p300 in nuclear receptor
signaling. Nature. 383: 99-103.

Chambon, P. ' 1996. A decade of molecular biology of retinoic acid receptors. FASEB J.
10: 940-954.

Chang, M. and Jaehning, J.A. 1997. A multiplicity of mediators: alternative forms of
transcription complexes communicate with transcriptional regulators. Nucleic
Acids Research. 25: 4861-4865.

Chen, J.D. and Evans, RM. 1995. A transcriptional co-repressor that interacts with
nuclear hormone receptors. Nature. 377: 454-457.

Chen, J.D., Umeseno, K. and Evans, RM. 1996. SMRT isoforms mediate repression
and anti-repression of nuclear receptor heterodimers. Proc. Natl. Acad. Sci. 93:
7567-7571.

Chevray, P.M. and MNathans, D. 1992. Protein interaction cloning in yeast: identification |
of mammalian proteins that react with the leucine zipper of Jun. Proc. Natl. Acad.
Sci. 89: 5787-5793.

Chiang, J.Y.L. and Stroup, D. 1994. Identification and characterization of a putative bile

acid-responsive element in cholesterol 7a-hydroxylase gene promoter. J. Biol.
Chem. 269: 17502-17507.

Chrivia, J.C., Kwok, R.P.S., Lamb, N., Hagiwara, M., Montminy, M.R. and Goodman
R.H. 1993. Phosphorylated CREB binds specifically to the nuclear protein CBP.
Nature. 365: 855-859.



132

Collingwood, T.N., Rajanayagam, O., Adams, M., Wagner, R., Cavailles, V., Kalkoven,
E., Matthews, C., Nystrom, E., Stenlof, K., Lindstedt, G., Tisell, L., Fletterick,
R.J., Parker, M.G. and Chatterjee, V.K.K. 1997. A natural transactivation
mutation in the thyroid hormone B receptor: impaired interaction with putative
transcriptional mediators. Proc. Natl. Acad. Sci. 94: 248-253.

Crestani, M., Karam, W.G. and Chiang, J.Y.L. 1994. Effects of bile acids and steroid/
thyroid hormones on the expression of cholesterol 7a-hydroxylase mRNA and
the CYP7A gene in HepG2 cells. Biochem. Biophys. Res. Commun. 198: 546-
553.

Crestani, M., Stroup, D. and Chiang, J.Y.L. 1995. Hormonal regulation of the
cholesterol 7a-hydroxylase gene (CYP7). J. Lipid Res. 36: 2419-2432.

Crestani, M., Sadeghpour, A., Stroup, D, Galli, G. and Chiang, J.Y.L. 1996. The
opposing effects of retinoic acid and phorbal esters converge to a common
response element in the promoter of the rat cholesterol 7a-hydroxylase gene
(CYP7A). Biochem. Biophys. Res. Commun. 225: 585-592.

Crestani, M., Sadeghpour, A., Stroup, D., Galli, G. and Chiang, J. Y.L. 1998.
Transcriptional activation of the cholesterol 7a-hydroxylase gene (CYP7A) by
nuclear hormone receptor. J. Lipid. Res. 39: 2192-2200.

Danielian, P.S., White, R, Lees, J.A. and Parker, M.G. 1992. Identification of a
conserved region required for hormone dependent transcriptional activation
by steroid hormone receptors. EMBO J. 11: 1025-1033.

Darimont, B.D., Wagner, R L., Apriletti, J W_, Stallcup, M.R., Kushner, P.J., Baxter,
J.D., Fletterick, R.J. and Yamamoto, K.R. 1998. Structure and specificity of
Nuclear receptor-coactivator interactions. Genes Dev. 12: 3343-3356.

Dowell, P., Ishmael J.e., Avram, D., Peterson, V.J., Nevrivy, D.J. and Leid, M. 1997.
P300 functicns as a coactivator for the peroxisome proliferator-activated

Receptor a. J. Biol. Chem. 272: 33435-33443.

Elble, R. 1992. A simple and efficient procedure for transformation of yeasts.
Biotechniques. 13: 18-20.

Eckner, R., Ewen, M.E., Newsome, D., Gerdes, M., DeCaprio, J.A., Lawrence, J.B.
and Livingston, D.M. 1994. Molecular cloning and functional analysis of the
adenovirus E'1 A-associated 300-kD protein (p300) reveals a protein with
properties of a transcriptional adaptor. Genes Dev. 8: 869-884.



133

Falcone, D. and Andrews, D.W. 1991. Both the 5’ untranslated region and the
sequences surrounding start site contribute to efficient initiation of translation
in vitro. Mol. Cell. Biol. 11: 2656-2664.

Forman, B.A., Ruan, B., Chen, J., Schroepfer, G.J. and Evans, RM. 1997. The orphan
nuclear receptor LXRa is positively and negatively regulated by distinct products
of mevalonaie metabolism. Proc. Natl. Acad. Sci. 94: 10588-10593.

Fried, M.G. and Crcthers, D.M. 1983. CAP and RNA polymerase interactions with the
lac promoter: binding stoichiometry and long range effects. Nuc. Acids. Res.
11: 141-159.

Glass, CK. 1996. Some new twists in the regulation of gene expression by thyroid
hormone anc. retinoic acid receptors. J. Endocrin. 150: 349-357.

Glass, C.K,, Rose, D.W. and Rosenfeld, M.G. 1997. Nuclear receptor coactivators.
Curr. Opin. Cell Bio. 9: 222-232.

Gluzman, Y. 1981. SV40-transformed simian cells support the replication of early SV40
Mutants. Cell. 23: 175-182.

Goldstein, J.L. and Brown, M.S. 1990. Regulation of the mevalonate pathway. Nature.
343: 425-430).

Graham, F.L. and Van Der EB, A. 1973. A new technique for the assay of infectivity of
Human adenovirus S DNA. Virology. 52: 456-467.

Harper, JW., Admami, GR. Wei, N., Keyomarsi, K. and Elledge, S.J. 1993. The p21
CDK-interacting protein CIP1 is a potent inhibitor of G1 cyclin-dependent
Kinases. Cel. 75: 805-816. '

Heery, D.M., Kalkhoven, E., Hoare, S. and Parker, M.G. 1997. A signature motif in
transcriptional co-activators mediates binding to nuclear receptors. Nature. 387:
733-736.

Heinzel, T., Lavinsky, R M., Mulien, T.M.,, Soderstrom, M., Laherty, C.D., Torchia, J.,
Yang, W, Brard, G, Ngo, S.D., Davie, J R, Seto, E., Eiseman, R.N., Rose, D.W,,
Glass, C K. and Rosenfeld, M.G. 1997. A complex containing N-COR, mSin3A
and histone cleacetylase mediates transcriptional repression. Nature. 387: 43-47.

Henttu, P.M A, Kaloven, E., and Parker, M.G. 1997. AF-2 activity and recruitment of
Steroid receptor coactivator 1 to the estrogen receptor depend on a lysine residue
Conserved ir. nuclear receptors. Mol. Cell. Biol. 4: 1832-1839.



134

Hollenberg, S.M. and Evans, R M. 1988. Multiple and cooperative frans-activation
domains of “he human glucocorticoid receptor. Cell. 55: 899-906.

Hong, H., Kohli, K., Trivedi, A., Johnson, D.L. and Stallcup, M.R. 1996. GRIP1, a
Novel mouse protein that serves as a transcriptional coactivator in yeast for the
Hormone biading domains of steroid receptors. Cell Bio. 93: 4948-4952.

Horlein, A.J., Naar, A M., Heinzel, T., Torchia, J., Gloss, B., Kurokawa, R., Ryan, A,
Kamei, Y., Soderstrom, M., Glass, CK. and Rosenfeld, M.G. 1995. Ligand-
independent repression by the thyroid hormone receptor mediated by a nuclear
receptor co--epressor. Nature. 377: 397-404.

Huang, C., Feltkamp, D., Nilsson, S. and Gustafsson, J. 1998. Synergistic activation
of RLD-1 by agents triggering PKA and PKC dependent signaling. Biochem.
Biophys. Res. Commun. 243: 657-663.

Ikonen, T., Palvimo, J.J. and Janne, O.A. 1997. Interaction between the amino and
carboxyl-terminal regions of the rat androgen receptor modulates transcriptional
activity and is influenced by nuclear receptor coactivators. J. Biol. Chem. 272:
29821-29823.

Janknecht, R. and Hunter, T. 1996. A growing coactivator network. Nature. 383: 22-
23.

Janowski, B.A., Willy, P.J., Devi, T.R,, Falck, JR. and Mangelsdorf, D.J. 1996. An
oxysterol signaling pathway mediated by the nuclear receptor LXRa. Nature.
383: 728-731. '

Jeyakumar, M., Tanen, M.R. and Bagchi, M.K. 1997. Analysis of the functional role of
steroid receptor coactivator 1 in ligand —induced transactivation by thyroid
hormone receptor. Mol. Endocrin. 11: 755-767.

Joyeux, A., Cavailles, V., Balaguer, P. and Nicolas, J.C. 1997. RIP 140 enhances
nuclear receptor-dependent transcription in vivo in yeast. Molec. Endocrin. 11:
193-202.

Kaelin, W.G., Pallas, D.C., Decaprio, J.A,, Kaye, F.J. and Livingston, D.M. 1991.
identification of cellular proteins that can interact specifically with the T/E1A-
binding region of the retinoblastoma gene product. Cell. 64: 521-532.

Kainu, T., Kononen, J., Enmark, E., Gustafsson, J. and Pelto-Huikko, M. 1996.
localization and ontogeny of the orphan receptor OR-1 in the rat brain. J. Mol.
Neurosci. 7: 29-39.



135

Kalkoven, E., Valentine, J.E., Heery, D.M. and Parker, M.G. 1998. Isoforms of SRC-1
differ in their ability to potentiate transcription by the oestrogen receptor. EMBO
J. 17: 232-243.

Kamei, Y., Xu, L., [Heinzel, T., Torchia, J., Kurokawa, R., Gloss, B., Lin, S., Heyman,
R.A., Rose, D.W_, Glass, C.K. and Rosenfeld, M.G. 1996. A CBP integrator
complex mediates transcriptional activation and AP-1 inhibition by nuclear
receptors. Cell. 85: 403-414.

Kandutsch, A.A., Chen, HW. and Heiniger, H. 1978. Biological activity of some
oxygenated sterols. Science. 201: 498-501.

Kato, S., Endoh, H., Masuhiro, Y., Kitamoto, T., Uchiyama, S., Sasaki, H., Masushige,
S., Gotoh, Y., Nishida, E., Kawashima, H., Metzger, D. and Chambon, P. 1995.
activation of the estrogen receptor through phosphorylation by mitogen-
activated protein kinase. Science. 270: 1491-1494.

Knowles, B.B., Hovre, C.C. and Aden, D.P. 1980. Human hepatocellular carcinoma
cell lines secrete the major plasma proteins and hepatitis B surface antigen.
Science. 209: 497-499.

Korzus, E., Torchia, J., Rose, D.W_, Xu, L., Kurokawa, R., McInerney, EM., Mullen, T,
Glass, C.K. and Rosenfeld, M.G. 1998. Transcription factor-specific
requirements. for coactivators and their acetyltransferase functions. Science. 279:
703-707.

Kraus, W.L., Mclneney, E.M. and Katzenellenbogen, B.S. 1995. Ligand-dependent,
transcriptionally productive association of the amino and carboxy-terminal
regions of a steroid hormone nuclear receptor. Biochem. 92: 12314-12318.

Kurokawa, R., Soderstrom, M., Horlein, S., Brown, M., Rosenfeld, M.G. and Glass, C.K.
1995. Polarity-specific activities of retinoic acid receptors determined by a
co-repressor. Nature. 377: 451-454.

Lagrange, T., Kapanidis, A.N., Tang, H., Reinberg, D. and Ebright, R H. 1998. New
core promoter element in RNA polymerase II-dependent transcription: sequence
specific DNA binding by transcription factor IIB. Genes Dev. 12: 34-44.

Lala, D.S., Syka, P.M., Lazarchik, S.B., Mangelsdorf, D.J., Parker, K.L. and Heyman,
R.A. 1997. Activation of the orphan nuclear receptor steroidogenic factor 1 by
oxysterols. Proc. Natl. Acad. Sci. 94: 4895-4900.



136

Lavinsky, R M., Jepsen, K., Heinzel, T., Torchia, J., Mullen, T., Schiff, R., Del-Rio,
AL, Ricote, M., Ngo, S., Gemsch, J., Hilsenbeck, S.G., Osborne, CK., Glass,
CK., Rosenfeld, M.G. and Rose, D.W. 1998. Diverse signaling pathways
modulate nuclear receptor recruitment of N-CoR and SMRT complexes. Proc.
Natl. Acad. Sct. 95: 2920-2925.

Lee, S, Kim, H., Na,, S, Kim, T, Choi, H,, Im, S. and Lee, JW. 1998. SRC-1
coactivates activating protein-1-mediated transactivations through interaction with
the c-Jun and c-Fos subunits. J. Biol. Chem. 273: 16651-16654.

Lehmann, J M., Kliewer, S.A., Moore, L.B., Smith-Oliver, T.A., Oliver, BB, Su, J,,
Sundeth, S.S., Winegar, D.A,, Blanchard, D.E., Spencer, T.A. and Willson, T.M.
1997. Activation of the nuclear receptor LXR by oxysterols defines a new
hormone response pathway. J. Biol. Chem. 272: 3137-3140.

Leong, G.M., Wang, K.S., Marton, M.J., Blanco, J.C.G., Wang, 1, Rolfes, R.J., Ozato, K.
and Segars, . H. 1998. Interaction between the retinoid X receptor and
transcription factor IIB is ligand —dependent in vivo. J. Biol. Chem. 273:
2296-2305.

L’Horset, F., Dauvois, S., Heery, D.M., Cavailles, V. and Parker, M.G. 1996. RIP-140
interacts with multiple nuclear receptors by means of two distinct sites. Mol.
Cell. Bio. 16: 6029-6036.

Li, Y.C., Wang, D.P. and Chiang, J.Y.L. 1990. Regulation of cholesterol 7a
-hydroxylase in the liver. J. Biol. Chem. 265: 12012-12019.

Luu, B. and Moog, C. 1991. Oxysterols: biological activities and physiochemical
studies. Biochimie. 73: 1317-1320.

Mangelsdorf, D.J. and Evans, RM. 1995. The RXR heterodimers and orphan receptors.
Cell. 83: 841-850.

Marcus, S.L., Miyata, K.S., Zhang, B., Subramani, S., Rachubinski, R.A. and Capone,
JP. 1993. Dhverse peroxisome proliferator-activated receptors bind to the
peroxisome proliferator-responsive elements of the rat hydratase/dehydrogenase
and fatty acyl-CoA oxidase genes but differentially induce expression. Proc.
Natl. Acad. Sici. 90: 5723-5727.

Mclnerney, E.M. and Katzenellenbogen, B.S. 1996. Different regions in activation
function-1 of the human estrogen receptor required for antiestrogen- and
estradiol-dependent transcription activation. J. Biol. Chem. 271: 24172-24178.



137

Mclnerney, E M., Rose, D.W_, Flynn, S.E., Westin, S., Mullen, T., Krones, A., Inostroza
J., Torchia, J, Nolte, R.T., Assa-Munt, N., Milburn, M.V, Glass, CK. and
Rosenfeld, M.G. 1998. Determinants of coactivator LXXLL motif specificity
In nuclear receptor transcriptional activation. Genes. Dev. 12: 3357-3368.

Metzger D, Ali, S, Borner, J M. and Chambon, P. 1995. Characterization of the
ammo-term nal transcriptional activation function of the human estrogen receptor
in animal ard yeast cells. J. Biol. Chem. 270: 9535-9542.

Miyata, K.S., McCaw, S.E., Patel, H.V_, Rachubinski, R.A. and Capone, J.P. 1996. The
orphan nuclear hormone receptor LXRo interacts with the peroxisome
proliferator-activated receptor and inhibits peroxisome proliferator signaling. J.
Biol. Chem.. 271: 1-5.

Miyata, K.S., McCaw, S.E., Meertens, L. M., Patel, H.V., Rachubinski, R.A. and Capone,
JP. 1998. Receptor-interacting protein 140 interacts with, and inhibits
transactivation by, peroxisome proliferator-activated receptor o and the liver X
receptor a. Mol. Cell. Endocrin. 146: 69-76.

Mizushima, S. and Nagata, S. 1990. PEF-BOS, a powerful mammalian expression
Vector. Nuc. Acids. Res. 18: 5322.

Myant, N.B. and M tropoulos, K.A. 1977, Cholesterol 7a-hydroxylase. J. Lipid. Res.
18: 135-153.

Nagpal, S., Saunders, M., Kastner, P., Durand, B., Nakshatri, H. and Chambon, P. 1992.
Promoter context and response element-dependent specificity of the
transcriptional activation and modulating functions of retinoic acid receptors.
Cell. 70: 1007-1019.

Nagpal, S., Friant, £, Nakshatri, H. and Chambon, P. 1993. RARs and RXRs: evidence
for two autonomous transactivation functions (AF-1 and AF-2) and
heterodimerization in vivo. EMBO J. 12: 2349-2360.

Nagy, L., Kao, H,, Chakravarti, D., Lin, R.J., Hassig, C.A., Ayer, D.E., Schreiber, S.L,,
and Evans, RM. 1997. Nuclear receptor repression mediated by a complex
containing SMRT, mSin3 A and histone deacetylase. Cell. 89: 373-380.

Nolte, R.T., Wisely, G.B., Westin, S., Cob, J.E., Lamber, M.H., Kurokawa, R., Rosenfeld
M.G., Wilison, T.M,, Glass, C K. and Milburm, M.V. 1998. Ligand binding and
co-activator assembly of the peroxisome proliferator-activated receptor-y. Nature.
395: 137-143.



138

Oliner, J.D., Andresen, M., Hansen, S.K., Zhou, S. and Tjian, R. 1996. SREBP
transcriptional activity is mediated through an interaction with the CREB-
binding pro:ein. Genes. Dev. 10: 2903-2911.

Otfiate, S.A., Tsai, £.Y., Tsai, M. and O’Malley, B.W. 1995. Sequence and
characterization of a coactivator for the steroid hormone receptor superfamily.
Science. 270: 1354-1357.

Ofiate, S.A., Boonyaratanakornkit, V., Spencer, T.E., Tsai, S.Y., Tsai, M., Edwards, D.P.
and O’Malley, B.-W. 1998. The steroid receptor coactivator-1 contains multiple
receptor interacting and activation domains that cooperatively enhance the
activation function 1 (AF1) andAF2 domains of steroid receptors. J. Biol. Chem.
273:12101-12108.

Orphanides, G., Lagrange, T. and Reinberg, D. 1996. The general transcription factors
of RNA polvmerase II. Genes. Dev. 10: 2657-2683.

Parker, K.L. and Shimmer, B.P. 1997. Steroidogenic factor 1: a key determinant of
endocrine development and function. Endocrin. Rev. 18: 361-377.

Parish, E.J., Parish, S.C. and Li, S. 1995. Side-chain oxysterol regulation of 3-hydroxy
-3-methylglutaryl coenzyme a reductase activity. Lipids. 30: 247-251.

Pazin, M.J. and Kadonaga, J.T. 1997. What’s up and down with histone deacetylation
and transcription. Cell. 89: 352-328.

Peet, D.J., Turley, S.D., Ma, W_, Janowski, B.A., Lobaccaro, J.A., Hammer, R E. and
Mangelsdortf; D.J., 1998. Cholesterol and bile acid metabolism are impaired in
mice lacking the nuclear oxysterol receptor LXRa. Cell. 93: 693-704.

Perlmann, T. and Vennstrom, B. 1995. The sound of silence. Nature. 377: 387-388.

Pierrat, B., Heery, L .M., Lemoine, Y., and Losson, R. 1992. Functional analysis of the
Human estrogen receptor using a phenotypic transactivation in yeast. Gene. 119:
237-245.

Renaud, J., Rochel, N., Ruff, M., Vivat, V., Chambon, P., Gronemeyer, H. and Moras,
D. 1995. Crystal structure of the RAR-y ligand-binding domain bound to all-
trans retinoic: acid. Nature. 378: 681-689.

Ringold, G.M. 197¢. Glucocorticoid regulation of mouse mammary tumor virus gene
Expression. Biochem. Biophys. Acta. 560: 487-508.



139

Rochette-Egly, C., Adam, S., Rossignol, M., Egly, J. and Chambon, P. 1997.
Stimulation of RARa activation function AF-1 through binding to the general
transcription factor TFIIH and phosphorylation by CDK7. Cell. 90: 97-107.

Saito, H., Nakatsuru, S., Inazawa, J., Nishihira, T., Park, J. and Nakamura, Y. 1997.
Frequent association of alternative splicing of NER, a nuclear hormone
receptor gene in cancer tissues. Oncogene. 14: 617-621.

Schoonjans, K., Staels, B. and Auwerx, J. 1996. The peroxisome proliferator activated
receptors (PP ARs) and their effects on lipid metabolism and adipocyte
differentiation. Biochem. Biophys. Acta 1302: 93-109.

Schulman, 1.G., Juguilon, H. and Evans, R M. 1996. Activation and repression by
nuclear hormone receptors: hormone modulates an equilibrium between active
and repressive states. Mol. Cell. Biol. 16: 3807-3813.

Schulman, 1.G., Li, ., Schwabe, J.W.R. and Evans, RM. 1997. The phantom ligand
effect: allosteric control of transcription by the retinoid X receptor. Genes. Dev.
11: 299-308.

Shibata, H., Spencer, T.E., Ofiate, S.A., Jenster, G., Tsai, S.Y_, Tsai, M. and O’Malley,
B.W. 1997. Role of co-activators and co-repressors in the mechanism of
steroid/thyroid receptor action. Endrocrin. Soc. 52: 141-165.

Shinar, D.M., Endo, N, Rutledge, S.J., Vogel, R., Rodan, G A. and Schmidt, A. 1994.
NER, a new member of the gene family encoding the human steroid hormone
nuclear receptor. Gene. 147: 273-276.

Sjoberg, M. and Vermnstrém, B. 1995. Ligand-dependent and —independent
transactivaticn by thyroid hormone receptor B2 is determined by the structure
of the hormone response element. Mol. Cell. Biol. 15: 4718-4726.

Song, C., Kokontis, J.M., Hiipakka, R.A. and Liao, S. 1994. Ubiquitous receptor: a
receptor that modulates gene activation by retinoic acid and thyroid hormone
receptor. Proc. Natl. Acad. Sci. 91: 10809-10813.

Stroup, D, Crestani, M. and Chiang, J.Y.L. 1997. Orphan receptors chicken ovalbumin
upstream promoter transcription factor I (COUP-TFII) and retinoid X receptor
(RXR) activate and bind the rat cholesterol 7a-hydroxylase gene (CYP7A). 1.
Biol. Chem. 272: 9833-9839.



140

Takeshita, A., Yen, P.M,, Misiti, S., Cardona, G.R., Liu, Y. and Chin, W.W. 1996.
Molecular cloning and properties of a full-length putative thyroid hormone
receptor coactivator. Endocrin. 137: 3594-3597. '

Teboul, M., Enmarl:;, E., Wikstrom, A.C., Pelto-Huikko, M.P. and Gustafsson, J.A.
1995. OR-1 a member of the nuclear receptor superfamily that interacts with the
9cis-retinoic: acid receptor. Proc. Natl. Acad. Sci. 92: 2096-2100.

Torchia, J., Rose, D.W., Inostroza, J., Kamei, Y., Westin, S., Glass, CK. and
Rosenfeld, M.G. 1997. The transcriptional co-activator p/CIP binds CBP
and mediates nuclear-receptor function. Nature. 387: 677-684.

Treuter, E., Albrektsen, T., Johansson, L., Leers, J. and Gustafsson, J. 1998. A
regulatory role for RIP140 in nuclear receptor activation. Mol. Endocrin. 12:
864-881.

Voegel, J.J., Heine, M.J.S., Zechel, C., Chambon, P. and Gronemeyer, H. 1996. TIF2,
a 160 kDa transcriptional mediator for the ligand-dependent activation function
AF-2 of nuclear receptors. EMBO. J. 15: 3667-3675.

Walfish, P.G., Yoganathan, T., Yang, Y., Hong, H,, Butt, T.R. and Stallcup, M.R. 1997.
Yeast hormone response element assays detect and characterize GRIP1
coactivator-clependent activation of transcription by thyroid and retinoid nuclear
receptors. Proc. Natl. Acad. Sci. 94: 3697-3702.

Webb, P, Nyguyen, P., Shinsako, J., Anderson, C., Feng, W., Nguyen, M.P., Chen, D,
Huang, S., Subramanian, S., McKinerney, E., Katzenallenbogen, B.S., Stallcup,
MR. and Kushner, P.J. 1998. Estrogen receptor activation function 1 works by
binding p160 coactivator proteins. Mol. Endocrin. 12: 1605-1618.

Werman, A., Hollenberg, G.S., Bjorbeak, C., Vidal-Puig, A.J. and Flier, J.S. 1997.
Ligand-independent activation domain in the n terminus of peroxisome
proliferator-activated receptory (PPARY). J. Biol. Chem. 272: 20230-20235.

~ Westin, S., Kurokawa, R., Nolte, R.T., Wisely, G.B., McInerney, EM,, Rose, D.W,,
Milburn, M.V, Rosenfeld, M.G. and Glass, CK. 1998. Interactions controlling
the assembly of nuclear-receptor heterodimers and co-activators. Nature. 395:
199-202.

White, R., Sjoberg, M., Kalkhoven, E. and Parker, M.G. 1997. Ligand-independent
activation of the oestrogen receptor by mutation of a conserved tyrosine. EMBO.
J. 16: 1427-1435.



141

Wilkinson, J.R. and Towle, H.C. 1997. Identification and characterization of the AF-1
transactivation domain of thyroid hormone receptor B1. J. Biol. Chem. 272:
3824-23832.

Willy, P.J., Umenseno, K., Ong, E.S., Evans, R M., Heyman, R.A. and Mangelsdorf, D.J.
1995. LXR, a nuclear receptor that defines a distinct retinoid response pathway.
Genes. Dev. 9: 1033-1045.

Willy, P.J. and Mangelsdorf, D.J. 1997. Unique requirements for retinoid-dependent
transcriptionzl activation by the orphan receptor LXR. Genes. Dev. 11: 289-298.

Wong, C. and Privalsky, M.L. 1998. Transcirptional silencing is defined by isoform-
and heterodimer-specific interactions between nuclear hormone receptors and co-
repressors. Mol. Cell. Biol. 18: 5724-5733.

Yang, X, Ogryzko, V.V, Nishikawa, J., Howard, B.H. and Nakatani, Y. 1996. A p300/
CBP-associated factor that competes with the adenoviral oncoprotein E1A.
Nature. 382: 319-324.

Yao, T, Ku, G,, Zhou, N, Scully, R. and Livingston, D.M. 1996. The nuclear hormone
Receptor coactivator SRC-1 is a specific target of p300. Proc. Natl. Acad. Sci.
93: 10626-10531.

Zamir, 1., Zhang, J. and Lazar, M.A. 1997. Stoichiometric and steric principals
governing repression by nuclear hormone receptors. Genes. Dev. 11: 835-846.

Zhu, Y., Calandra, C., Rao, M.S. and Reddy, J. K. 1996. Cloning and identification of
Mouse steroid receptor coactivator-1 (mSRC-1), as a coactivator of peroxisome
Proliferator-activated receptor y. Gene. Expr. 6: 185-195.





