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S. SUMMARY OF PROGRESS

Breast cancer is a devastating disease, the etiology of which may be best understood by
investigating the regulatory events that can maintain or restore normal growth properties. Our
laboratory has investigated control of gene transcription and mammalian development, emphasizing
two classes of transcription factors: POU domain factors, and nuclear receptors that mediate both
positive and negative patterns of gene expression. Our ongoing studies under this Award are
based on the premise that these factors, and trophic receptors under their control, are of specific
significance to the etiology of breast cancer.

Our original goals emphasized transcription factors of the POU domain
class and their synergistic interactions with nuclear receptors, and a novel seven-
transmembrane helix receptor expressed in breast. In the first year of the grant,
we continued our investigation of all three problems, but our most important
finding was that the discovery of a novel nuclear receptor co-repressor protein, as
we described in our progress report in Year 1. We have continued to emphasize
this area because it has important implications for a large number of women with
breast cancer -- women who have the estrogen receptor positive tumors. In fact, a
major problem is the occurrence of resistance to estrogen antagonist widely used in therapy
tamoxifen or 4-hydroxy tamoxifen. To begin to understand this, we have studied activation by
nuclear receptors which has led to the discovery of important and novel co-activating factors; that
is, proteins that are absolutely required for nuclear receptors to activate target genes. We believe
that this coming year we can understand precisely why tamoxifen works as a
repressor in breast tissue and breast tumors and the molecular basis of the
development of resistance. The nuclear receptor co-repressor (N-CoR) can bind
to the estrogen receptor in the presence of the antagonist (partial agonist)
tamoxifen. In turn, this is dominant to the actions of co-factors. We believe that
these studies will permit categorization of tamoxifen resistance and new approaches to therapy.
Therefore, we have had a successful year, building on the progress of last year to
achieve exciting goals this year. The Army Breast Cancer Grant provides the
only source of funding for this research, and we believe that we are in a position
to complete the drug resistant aspects of estrogen receptor positive tumors under
the support of this grant.

The POU domain factor we found to be expressed in breast was found to also be expressed
in several other tissues, and we have proceeded to construct a knockout vector which has been
electroporated into embryonic stem cells, and homologous recombination has been observed.
These ES cells will be injected to attempt to achieve germ line transmission and by proper breeding
obtain amounts null for their genomic locus. Effects on breast development will be evaluated. The
seven transmembrane helix gene has also been investigated by gene knockout approach as
originally proposed; at this point we have obtained chimeric mice which are being bred to obtain
germ line transmission. Therefore, over the course of the year, these two studies will
continue to proceed as originally proposed; however, our major emphasis is
clearly focused on the estrogen receptor project because, as one should do in
scientific research, we have chosen the most interesting project on which to focus
our efforts under this grant, believing this will be to the maximum beneficial
impact.

Nuclear receptors are clearly important in the biology of breast tumors, the retinoic acid
receptor appears to exert critical roles in normally preventing abnormal proliferation events.
Altered control by defects in the regulation of the retinoic acid receptor is likely to serve in initiation
events in breast cancer. In turn, retinoic acid receptor appears to require a co-expression to mediate
its normal control of growth. Under this grant, we identified a novel protein that appears to be the
long-sought retinoic acid receptor co-repressor, the function of which is regulated by allosteric
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effects imparted by the DNA sites to which retinoic acid receptor is bound. On specific DNA sites,
this putative co-repressor protein associates with, and is released by binding of ligand, while on
other sites it is not released by binding of ligand. This novel molecule has clear implications with
respect to initiation of abnormal growth and loss of differentiation in mammary epithelium. Based
on the nature of the specific DNA sites to which retinoic acid receptor is bound, this factor is
postulated to be a central aspect of the ability of nuclear receptors to promote growth in some cell
types, and inhibition of growth in others, we hypothesize that environmental conditions and
genetic predisposition alter regulation of this factor.

In the past few months, we have discovered that, unlike estrogen receptor or estradiol
based estrogen receptor, which N-CoR does not bind, that tamoxifen used for estrogen-receptor-
positive in breast cancers causes N-CoR to bind estrogen receptor. This in turn prevents co-
activators from activating the receptor. Tamoxifen resistance in breast tumors is thus likely to
reflect alterations in the co-repressor complex activity.

INTRODUCTION

The morphogen retinoic acid is required for development, growth and differentiation
(reviewed in 1 and 2). Retinoids, a group of analogs of vitamin A, particularly at high levels,
suppress carcinogenesis in various epithelial tissues, including the mammary gland (3-6). We
believe that this reflects the actions with a co-repressor that we believe may serve roles in initiation
of breast cancer. The hormone effects are mediated by binding to specific nuclear receptors (3) that
are members of the steroid/thyroid hormone receptor superfamily (4-6). This class of proteins
function as ligand dependent transcription factors that mediate the response of the hormone signal
by direct control of gene expression. The estrogen and glucocorticoid receptors bind DNA as
homodimers, while retinoic acid receptors preferably interact with their cognate DNA response
elements as components of heterodimeric complexes (7-20) often involving a partner that our
laboratory and others identified to be members of the retinoid X receptor (RXR) family (8-21).
Heterodimers of retinoic acid receptor and retinoid X receptor bind with high affinity and activate
transcription from response elements consisting of direct repeats, palindromic, or inverted
palindromic arrangements of a core recognition motif (4, 8-21). The relative orientation and
spacing of the core recognition motifs play essential roles in the specificity of DNA binding and
transcriptional activation. While heterodimers of retinoic acid receptor and retinoid X receptor bind
to direct repeats of core motifs spaced by 1, 2 and 5 bp (DR+1, DR+2, and DR+5), an unspaced
palindrome binds to an inverted palindromic arrangement of the core motif spaced by 6-8 bp, (e.g.
IP+6) (reviewed in 22, 23).

Recent studies indicate that heterodimeric complexes of retinoic acid receptor and retinoid X
receptor molecules exhibit a polarity binding to various DNA elements (24-26), and that this
polarity-specific binding may play important roles in cell-specific regulation by retinoic acid
receptors. On a direct repeat spaced by 5 bp (DR+5) retinoid X receptor selectively binds to the
upstream half-site and retinoic acid receptor binds to the downstream half-site (25,26). When the
spacing is reduced by one basepair (DR+4 site) the element becomes a binding site for
heterodimers of thyroid hormone receptor and retinoid X receptor. In this case the thyroid hormone
receptor is bound to the downstream half-site and the retinoid X receptor again interacts with the
upstream half-site. However, in the case of a direct repeat spaced by 1 bp (DR+1) retinoid X
receptor binds to the downstream half-site and retinoic acid receptor binds to the upstream half-site
(27). The stringency of this polarity-specific binding was further confirmed using specific mutants
of retinoid X receptor containing the P-box residues of the glucocorticoid receptor (27). In
contrast to the glucocorticoid receptor, retinoic acid receptors are not associated with heat shock
proteins in the absence of hormone, but are bound to their response elements and are able to
actively repress basic transcription (28,29).

Our laboratory and others, were able to show that this repression is mediated by the C-
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termini of the retinoic acid and thyroid hormone receptors (30-33). Thus, thyroid hormone and
retinoic acid receptors bind as heterodimers with the retinoid X receptor in a polarity-specific
fashion to cognate DNA sites that are generally organized as direct repeats of a core binding motif
(17, 36-44), and as a consequence of binding to these sites can exert either positive control of gene
transcription or repress gene transcription.

The cellular thyroid hormone receptor, like the viral oncogene erbA of the Avain
Erythroblastosis Virus (AEV), V-erbA, represses transcription of target genes in the absence of
ligand, with hormone binding resulting in de-repression and activation (31,34,35,45). Evidence
has indicated that in most cases ligand-independent repression appears to result from an active
repressor functions within the ligand binding domain. A ligand-independent repression function
could be transferred by the carboxyl-terminal region of the thyroid hormone receptor to
heterologous DNA binding domain. Fusion of the C-terminal domains of v-erbA. T3R, and RAR
to the DNA binding domain of the yeast transcription factor GAL4, generated UAS-dependent
transcriptional repressor proteins (31). In contrast, the RXR C-terminus fused to the GAL4 DNA
binding domain did not mediate transcriptional silencing.

The molecular mechanism responsible for nuclear receptor transcriptional silencing are not
well understood. Recent studies showed that several nuclear receptors may interact with the basal
transcription factors, including TFIIB (47); however, the distal T3 receptor thyroid hormone C-
terminal regions that interact with TFIIB, are not sufficient to confer repression. Indeed, the
regions in the hinge and N-terminal part of the ligand-binding domain of the thyroid hormone
receptor are required for silencing (46,47). Co-transfection experiments suggest that these
sequences which do not bind TFIIB can potentially compete for a putative soluble co-repressor
molecule (47) and imply the existence of additional interacting factors that are required for ligand-
independent repression. Last year, under this Grant, we isolated and characterized a novel 270
kDa factor (N-CoR) characterized by an interaction domain in the distal C-terminus, and a
transferable repressor domain in the N-terminus. This factor interacts with the thyroid hormone
receptor in the mutant cell and also interacts with retinoid acid receptor, but not with the unliganded
estrogen, progesterone, retinoid X, glucocorticoid, or vitamin D receptors. Receptor specificity is
explained by specific regions in the hinge region and the adjacent ligand-binding domain that is
present in all thyroid hormone and retinoic acid receptors, as well as in v-erbA. Because specific
mutations in this region that abolished interactions with the 270 kDa protein also eliminated the
ligand-independent repression function of the thyroid hormone receptor, retinoic acid, and because
270 kDa protein can itself function as a repressor, our data suggested that the 270 kDa protein
associated with the unliganded, DNA-bound thyroid hormone receptor, and retinoic acid is
required for ligand-independent transcriptional repression; we, therefore, termed this protein N-
CoR for nuclear receptor co-repressor (51-53).

Several lines of evidence indicate that nuclear receptors must interact with additional factors
dependent on a conserved distal C-terminal motif (AF2) to mediate both activation and repression
of gene expression (48-52). Biochemical assays have identified 140 and 160 kDa proteins (p140
and p160) (49,48,52) that associate with estrogen, retinoic acid, thyroid hormone, retinoid X, and
potentially other nuclear receptors as the most prominent ligand-dependent putative co-activators,
binding in an AF2-dependent fashion. In addition, a series of proteins exhibiting ligand-dependent
interactions with the C-termini of nuclear receptors that may also function as co-activators have
been identified using a yeast two-hybrid screen.

6. BODY

Over the past year, we have worked to identify the p160 exhibiting ligand-dependent
association with DNA-bound thyroid hormone and retinoic acid receptors in the presence of
thyroid hormone. The ligand-binding domains of estrogen receptor and other nuclear receptors,
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including retinoic acid and thyroid hormone receptors, interact strongly in the cell with a conserved
domain in the N-terminus of CBP and p300 in a ligand-dependent manner. Further, the putative
co-activator p160 was found to interact independently and specifically with a conserved C-terminal
domain in CBP and p300. Expression cloning of a family of p160 cDNAs was achieved based on
estrogen receptor and CBP interaction. Several independent experimental approaches have
suggested a central role for CBP in ligand-dependent activation of RAR and T3R, comparable to its
role for CREB and Jun/Fos. Our data indicate competition for limiting amounts of CBP may
account for many of the inhibitory actions of both GR and RAR on AP-1 activation. We propose
that CBP/p300 is a required component common to the co-activator complexes of diverse
transcription factors, each utilizing specific additional co-activators, thus providing a mechanism
for integrating in the nucleus diverse signaling pathways in the maintenance of homeostasis. One
of the p160 factors (NCoA-1) is associated directly with liganded estrogen receptors, while a
second (p/CIP) is associated with CBP; both are required for estrogen-dependent activation.

Nuclear Receptors Directly Interact with CBP

To investigate possible direct interactions between estrogen receptors and CBP, a series of
overlapping fragments of the 265 kDa CBP protein were bacterially expressed as glutathione-S-
transferase (GST) fusion proteins, and tested for interaction with retinoic acid receptor, revealing a
strong ligand-dependent interaction confined to a single N-terminal CBP region. The ability of this
interaction to occur in intact cells in a ligand-dependent manner was confirmed using the yeast two-
hybrid system. Further mapping revealed that the N-terminal 100 amino acids of CBP retained full
interaction with estrogen and retinoic acid receptors; attempts to further subdivide this region
resulted in a complete loss of capacity to interact.

Consistent with the ability of several nuclear receptors to inhibit the activated AP-1
transcriptional response, we found that estrogen, thyroid hormone, and retinoid X receptors, also
exhibited strong ligand-dependent interactions, with the identical N-terminal domain of CBP,
dependent upon a functional AF2 domain. Intriguingly, a point mutation outside of the AF2
domain that conferred dominant-negative functions to the RAR (G303-E) also abolished
interactions with CBP. Together these data indicate that CBP binds to the C-terminal domain of
ligand-occupied nuclear receptors. These interactions were demonstrated to occur on DNA, using
the protein-dependent gel mobility shift assay, in which addition of an N-terminal fragment of
CBP (amino acids 1-450) caused a marked supershift of the RAR/RXR, DNA complex, only in
the presence of ligand. The specificity of this interaction was established because the region of
CBP interacting with phosphorylated CREB (amino acids 450-720) failed to supershift
RAR/RXR, DNA complexes (Figure 1).

Further, assays established that ligand-dependent interactions between retinoic acid receptor
and CBP occurred in vivo. Further, specific in vivo interactions with glucocorticoid and retinoid
X receptors were demonstrated.

CBP Modulates Ligand-Dependent Transcriptional Activation

Based on the in vivo interaction between the nuclear receptors and CBP, it became of
interest to evaluate the potential role of these interactions in ligand-dependent functions of nuclear
receptors. Although CBP is widely expressed, its low levels are rate-limiting for CREB-mediated
transcription, which permitted co-transfection assays to evaluate a role for CBP in CREB-
dependent transcription. We, therefore, examined ligand-dependent transcription from a retinoic
acid response element containing promoter in the presence and absence of co-expressed CBP.
Expression of CBP led to a three-fold further enhancement of retinoic acid-dependent transcription,
but had little or no effect on promoters lacking a RARE (Figure 2). To acquire further,
independent evidence for a potential role of CBP in RAR-mediated transcription, in vitro
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transcription assays were performed using nuclear extracts prepared from cells with varied levels
of CBP (Figure 2). To be certain that the effects of CBP were exerted through the ligand-binding
domain of nuclear receptors, we utilized a GAL4-T3 receptor fusion protein. The ability of this
fusion protein to activate the TK promoter containing GALA4 binding elements (17 mer UAS), was
assessed using GAL4 protein as a control. T3-induced transcription of this UAS-driven reporter
was increased >5-fold by additional CBP, while altered levels of CBP had little effect on
transcription of several control promoters. Increased levels of CBP also markedly increased AP-1
site-dependent reporter expression, consistent with the proposed role of CBP in AP-1
transactivation events, and indicating that CBP is limiting in extracts used in in vitro transcription
assays.

Based on these suggestive results, the role of CBP, or highly related factors, in ligand-
dependent transcriptional activation was directly tested by evaluating the ability of microinjected
anti-CBP IgG to inhibit ligand-dependent transcription from RARE-containing promoters in intact
cells. In each experiment, >200 cells were injected with lacZ reporter plasmids and either control
or anti-CBP IgG; cells were treated with all-trans retinoic acid, stained with X-gal, and positive
cells were counted. In these assays, addition of a ligand was required for effective expression of
two independent RARE-dependent reporters, but did not affect other promoters not containing
RAREs. In three independent experiments, co-injection of increasing concentrations of anti-CBP
IgG, but not control IgG, resulted in a progressive and specific decrease in ligand-dependent gene
activation, producing >80% inhibition of ligand-induced activation. Even in the remaining 20% of
cells that scored positive, there was often a reduced signal compared to levels in cells injected with
control IgG. These data revealed that, in a concentration-dependent fashion, anti-CBP IgG
specifically inhibited ligand-dependent activation of transcription units containing retinoic acid
response elements, without altering expression of other promoters.

The Nuclear Receptor-Associated p160 Co-Activator Directly Interacts with CBP

Because CBP and/or its related family members were required for transactivation by
retinoic acid and other nuclear receptors, we investigated the possibility that putative nuclear
receptor co-activators, p140 or p160, could themselves interact with CBP. A series of GST-fusion
proteins spanning the entire sequence of CBP was used in interaction assays with extracts from
various cell types. Specific interactions were identified between the C-terminal region of CBP and
p160, but not with p140, distinct from the internal regions of CBP that interact with CREB, Fos,
TFIIB, and E1A. To better define the determinants of p160 interaction, a series of fragments were
generated from the CBP C-terminus, revealing a region of 105 amino acids that was sufficient for
interactions with p160. In addition, 32P-CBP C-terminus could detect p160 in Far-Western
experiments.

cDNAs encoding the putative p160 (nuclear receptor co-activator, NCoA) were obtained by
expression cloning based on the criteria that phage plaques exhibited interaction with both the CBP
C-terminus and liganded nuclear receptors. These gene products were identified (Figure 3). The
first (NCoA-1) was represented as a series of cDNAs were identified that encoded variant forms
of the SRC-1 protein reported to have a predicted molecular weight of 115 kDa (54). The N-
terminally extended variants that we identified included forms of 1465 and 1405 amino acids, with
predicted molecular weights of 159 and 152 kDa. We also identified two additional isoforms
(referred to as NCoA-2, NCoA-3), one of which is selectively expressed in the breast. The N-
terminal sequence of each protein exhibited a homology with the PAS domain characteristic of the
PAS, HLH gene family. These related factors exhibited ~40% identity in their CBP and nuclear
receptor interaction domains. Anti-serum raised against an internal 50 kDa region common to each
protein identified recombinant NCoA-1 proteins as the 160 kDa protein doublet or triplet in whole
cell extracts. Based on immunodepletion experiments, these p160 factors are the biochemically-
identified p160. Microinjection assays confirmed that NCoA-1 and NCoA-3 were required for
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estrogen and retinoic acid receptor-dependent activation events. Nuclear receptors and p160
interact with conserved motifs present in CBP and the p300, representing a coiled-coil interaction
domain.

Role of CBP in Nuclear Receptor-Mediated Inhibition of AP-1 Activity

In parallel, we wished to explore a potential role for CBP in mediation of ligand-dependent
inhibition of AP-1 function. To begin to test this hypothesis, we established a transfection assay
in which liganded retinoic acid or glucocorticoid receptors could effectively inhibit (~80%) phorbol
ester-mediated activation of AP-1-dependent promoters. If competition for limiting quantities of
CBP accounts for the inhibitory effect of nuclear receptors, then increased levels of CBP should
restore AP-1-dependent activation. Indeed, the inhibitory effect of liganded retinoic acid and
glucocorticoid receptors were largely or completely abolished by co-transfection of vectors
expressing CBP. Co-transfection with vectors expressing p300 also diminished the AP-1
inhibitory effects of nuclear receptors, but appeared somewhat less effective than CBP. Mutations
in the retinoic acid receptor AF2 domain that inhibit binding of CBP and other co-activator proteins
abolished AP-1 repression by nuclear receptors, consistent with previous data involving C-terminal
receptor deletions. The CBP-dependent inhibition of AP-1 activity could formally reflect either an
allosteric effect whereby binding of nuclear receptors could preclude binding of the AP-1 complex
to CBP or a competition for limiting amounts of CBP. However, the first possibility appears
unlikely because we found that binding of nuclear receptors (RAR) and Jun could simultaneously
occur on CBP.

A recently described synthetic retinoic acid receptor ligand (LG550) exerts a potent anti-
AP-1 effect, while LG629 serves as an antagonist. Based on the model that CBP partitioning can
mediate trans-repression of AP-1 by nuclear receptors, it would be predicted that LG550 might
result in potent association with CBP. This possibility was initially assessed using GST-RAR
fusion proteins, which revealed significantly enhanced binding of CBP N-terminus in the presence
of LG550, compared to all-trans retinoic acid; while interaction was abolished by the antagonist,
LG629. Further, using the yeast two-hybrid assay, LG550 was found to be a more potent
stimulator of CBP/retinoic acid receptor interactions than all-trans retinoic acid, while LG629
abolished interaction. Finally, interactions in intact cells were assessed by immunoprecipitation of
CBP-containing complexes after addition of various ligands. CBP/retinoic acid receptor
interactions were markedly increased when LG550 was added, compared to cells treated with all-
trans retinoic acid, and the interaction was abolished by LG629. Together, these observations are
consistent with the hypothesis that the interaction between retinoic acid receptor and CBP is
responsible for some forms of repression of AP-1 activity. If this were the case, one would
predict that CREB, which appears to have a very high affinity for CBP, might be able to actually
inhibit nuclear receptor activation. This possibility was tested by transfection of an RARE-
dependent reporter and CMV-CREB and retinoic acid-dependent induction, after treatment of cells
with 8-Br-cAMP. Indeed, activated CREB reduced retinoic acid-dependent stimulation from >40-
fold to ~5 fold, without affecting the basal activity of the RARE-driven reporter.

7. CONCLUSIONS

We propose that the CBP/NCoA-1 co-activator complexes together serve as "integrators,"
based on their role in determining the relative transcriptional responses of a specific target gene in
the face of activation of multiple signalling pathways. The relative abilities of co-activators to
recruit limiting amounts of CBP into integrator complexes could account for aspects of the
multifactorial control of biological processes under regulation of multiple signal transduction
pathways. Thus, the precise cohort of genes activated in a given cell will depend both on the
relative activity of diverse signalling pathways, and the organization and relative affinity of the
complex on various DNA-bound factors that utilize CBP as a co-activator. Synergy might be
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expected on some promoters, while competitive interaction would be expected for others that
contain only a subset of sites for interacting transcription factors. Thereby, the CBP/p300 family
serves to integrate the signals of diverse growth factors, hormones and intracellular ligands that
combinatorially modulate homeostasis and proliferation.

The discovery of a second, required p160 co-activator of the estrogen and retinoic acid
receptors led to the discovery of a related co-activator (NCoA-3) that has distinct functions and
interacts with CBP, rather than the nuclear receptor. We have now discovered that clinically used
estrogen antagonists (tamoxifen) causes NCoA-3 to bind to estrogen receptor, preventing its
functions in gene activation. Finally, we have preliminary data that tamoxifen causes NCoR to
bind to estrogen receptor recruiting a co-repressor complex, which includes a deacetylase (Figure
4). We can now determine whether this step becomes defective in development of tamoxifen
resistance.

PLANS FOR NEXT YEAR

As outlined in our Plans in last year's Progress Report, this year we plan:

Task I To generate animals null for the BrR receptor factor genomic loci. Injection of ES
cells with constraints are being performed.

Task II (Continuation from Year 1 Progress Report) Further investigate the nuclear
receptor co-repressor, N-CoR, and prove it is a co-repressor in vivo.

Task III (Continuation from Year 1 Progress Report) Study the recently identified novel
breast estrogen receptor co-activator.

Task IV (Initiated from Year 2) Link the co-repressor and co-activator to drug-resistant
breast cancer. We will test the model that inhibitors (tamoxifen) used in clinical
breast cancer cause estrogen receptor to bind the nuclear receptor co-repressor, and
failure of this association causes tamoxifen resistance.
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Figure 1: Ligand-dependent interactions between CBP and nuclear receptors in
vivo and in vitro.

A. Specific regions of CBP interact with liganded retinoic acid and estrogen receptor C-terminal
domains. A series of GST-CBP fusion proteins, encompassing the entire CBP protein or GST
alone, were subjected to SDS-PAGE, transferred to nitrocellulose and tested for their ability to

interact with 32P-labelled estrogen receptor (ER) C-terminus in the absence or presence of 106 M

B-estradiol. Equal amounts of protein were loaded. The arrow indicates the CBP fragment that
interacts with ER. B. The yeast two-hybrid system reveals that CBP contains a domain that

specifically interacts with retinoic acid receptor in the presence of ligand (107M TTNPB). C.
Several members of the nuclear receptor gene family interact with CBP in the yeast two-hybrid
system. CBP N terminus (amino acids 1-450) was used as a prey. Interaction of LexA fusion
proteins encompassing the C-terminal ligand binding domains of T3R, RXR, RAR, and ER were
measured in the presence or absence of the appropriate ligands. T3R E403—>Q contains a mutation
in the AF2 region. RAR A403 has a C-terminal deletion at amino acid 403 of RARa. RAR G303-
>E is a dominant-negative mutation, and RXR E454—>Q contains a mutation in the AF2 region,
which renders it incapable of gene activation. -Galactosidase activity was determined as described

above. Ligands used were TRIAC (10-7M) for T3R, TTNPB (100'M) for RAR, LG69 (10-"M)
for RXR, and p-estradiol (10-’M) for ER.

Figure 2: Role of CBP in RAR and T3R gene activation events.

A. Co-transfection of CMV-CBP plasmids in HeLa cells enhances retinoid acid receptor-mediated
transactivation. B. Increased CBP levels potentiate hormone dependent transactivation by a
GALA-T3R C-terminus fusion protein. In vitro transcription assays were performed with luciferase
reporters driven by 3x UAS(GAL)-tk, human papilloma virus (HPV-16) or a TPA response
element upstream of the prolactin minimal promoter (Drolet et al., 1991) (TRE-p36). C.
Microinjection of anti-CBP antibody abrogates ligand-dependent gene activation by the retinoic
acid receptor. Plasmids consisting of a lacZ reporter under the transcriptional control of retinoic
acid response elements were injected into the nuclei of Rat-1 cells. RARE SV40 lacZ contains 3
copies of the DR+5 element upstream of the SV 40 minimal promoter, whereas the RARE p36 lacZ
contains 2 copies of DR+5 upstream of the prolactin minimal promoter. Each construct was
injected with preimmune IgG or with affinity purified anti-CBP antibody and demonstrated a
retinoic acid dependent response. The expression of the reporter plasmids was monitored by Xgal
staining and quantitated based on the percentage of injected cells which stained blue. Co-injection
of the same anti-CBP antibody did not inhibit expression of the reporters driven by either the SV40
or CMV viral enhancers.

Figure 3: The p160 gene family: interactions with CBP and liganded nuclear
receptors.

A. A mouse pituitary and a human macrophage Agtl1 cDNA library (Lin et al., 1992) were

screened for proteins interacting with 32P-labelled ligand-bound estrogen receptor C-terminus.
Eleven positive plaques were identified from 1.5 x 10 plaques evaluated, seven of which also
interacted with the 32P-CBP-GST-C-terminus (amino acids 2058-2163). B. pl60 is
antigenically related to SRC-1. A guinea pig polyclonal antiserum was raised against a GST fusion
of a 500 amino acid region common to all SRC-1 variants, encompassing the nuclear receptor and
CBP interaction domains. This antiserum was used to immunodeplete reactive proteins from Hela
whole cell extracts (Lanes 3 and 7). Pre-immune serum was used as a control (Lanes 4 and 8).
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Treated and untreated whole cell extracts were incubated with GST-RAR bound to glutathione-
agarose, in the presence or absence of all-trans retinoic acid, to purify putative co-activator
proteins. Following extensive washing, specifically bound proteins and GST-RAR were resolved
by SDS-PAGE and transferred to a nitrocellulose membrane. The membrane was first probed with

liganded 32P-GST-estrogen receptor to detect p140 and p160 (Lanes 2 and 6). Pre-treatment of
HelLa extracts with SRC-1 antiserum, but not pre-immune serum, resulted in a marked decrease in
the p160 band detected by labelled estrogen receptor (compare lanes 2 and 3). The membrane was
then stripped and probed with anti SRC-1 IgG. This demonstrated near quantitative (>75%)
removal of the p160 recognized by specific antiserum during the initial immunodepletion (compare
Lanes 6 and 7). C. Nuclear receptors, CBP and SRC-1 can form a ligand-dependent ternary
protein complex. A protein-protein interaction assay was performed with GST-CBP (1-450),
which contains only the nuclear receptor interaction domain, bacterially expressed His-T3R and in

vitro translated 35S-labelled SRC-1 in the absence or presence of 10-6 M TRIAC (lanes 2 and 3).

- GST alone was used as a negative control (lane 1) and 25% of SRC-1 input is shown (lane 4).

D. A mouse cDNA encoding a 158 kDa variant of SRC-1: Sequencing of murine and human
cDNA isolates revealed an ORF predicting a protein of 1465 amino acids, containing an N-terminal
extension beyond the sequence of human SRC-1 with high homology (~88% identity) over the rest
of SRC-1. Additional variants of SRC-1 with distinct N-terminal (SRC-1b) or C-terminal
sequences (SRC-1c,d), reflecting alternative splicing events were detected.

Figure 4: Model of acetylase and estrogen receptor action.

An NCoR-dependent co-repressor complex mediates repression; while a CBP/NCoA complex
mediates ligand-dependent gene activation.
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