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Nuclear Receptor Coactivator SRC-1 Interacts
With the Q-Rich Subdomain of the AhR and
Modulates its Transactivation Potential
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*Graduate Program in Biochemistry and Molecular Biology, and tCenter for Molecular Toxicology and the
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The aryl hydrocarbon receptor (AhR), a soluble cytosolic protein, mediates many of the toxic effects of TCDD
and related chemicals. The toxic effects are largely cell, tissue, and promoter context dependent. Although many
details of the overall dioxin signal transduction have been elucidated, the transcriptional regulation of dioxin-
induced genes like cypIAl is not yet completely understood. Previously, we have shown that the co-regulator
RIP140 is a potential AhR coactivator. In this report, the role of coactivator, SRC-1, in AhR-mediated transcrip-
tional regulation was examined. SRC-1 increased AhR-mediated, TCDD-dependent reporter gene activity three-
fold in Hepa-1 and COS-1 cells. In in vitro interaction assays, SRC-1 was found to interact with AhR but not
with ARNT. SRC-1 interacted weakly with AhR in the absence of TCDD and the addition of ligand further
increased SRC-1 binding to AhR. Deletional mapping studies of the AhR revealed that SRC-1 binds to the AhR
transactivation domain. Finer mapping of the SRC-1-interacting subdomains in the AhR transactivation domain
suggested that the Q-rich subdomain was necessary and sufficient for interaction, similar to that seen with
RIP140. Using GFP-tagged constructs, SRC-1 was shown to interact with AhR in cells. Unlike RIP140, LXXLL
motifs in SRC-1 were necessary for interaction with AhR in vitro and for coactivation in Hepa-1 cells. The
recruitment of certain coactivators by a variety of receptors suggests possible common coactivator pools and
competition among receptors for limiting coactivators. Examination of the role of SRC-1 in AhR/ARNT transact-
ivation in ARNT-deficient mutant Hepa-1 c4 cells demonstrates that the AhR transactivation domain is sufficient
for enhanced coactivation mediated by SRC-1 in the presence of a transactivation domain deleted ARNT protein.

Ary hydrocarbon receptor (AhR) Dioxin

Coactivator

SRC-1

THE aryl hydrocarbon receptor (AhR) is known to
mediate the toxic and adaptive responses to TCDD
and other environmental contaminants (45). How-
ever, the biological role of the AhR is poorly under-
stood. AhR null mice exhibit phenotypes that include
an altered liver pathology associated with accelerated
rates of apoptosis resulting from an aberrant accumu-
lation of hepatic retinoic acid (3,63). Thus, the AhR
may, directly or indirectly, control levels of a cyto-
chrome P450 that is responsible for catabolizing reti-
noic acid (3,63). Although normal at birth, AhR-null
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mice displayed a slightly slower growth rate than
wild-type mice for the first few weeks of life (33).
Other reports indicate that AhR-deficient mice ex-
hibit immune system impairment and hepatic defects
at maturity, in addition to slow early growth, suggest-
ing a role for the AhR in normal liver growth and
development (53). A myriad of reproductive defects
in AhR-deficient female mice, including female mor-
tality, small litter size, and death of —/— pups after
weaning, were also reported (1).

The AhR is found in the cytosol in a heterotetra-
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meric complex with two Hsp90 molecules and one
X-associated protein 2 (XAP2) molecule (5,29,32).
Upon ligand binding, the complex translocates to the
nucleus where the AhR heterodimerizes with Ah re-
ceptor nuclear translocator (ARNT) (49) after Hsp90
dissociation (13,43). The AhR/ARNT complex binds
to dioxin response elements (DREs) upstream of cer-
tain genes, including cyplAl, cypiBl, and cyplA2,
leading to their enhanced transcription (36,51,57).
Although much is known about the overall TCDD-
signal transduction pathway, the mechanism of the
AhR-mediated transactivation of TCDD-responsive
genes is yet to be completely understood. Using the
cyplAl gene as a model, the binding of the AhR/
ARNT to DREs was shown to promote disruption of
chromatin in the enhancer and promoter-proximal re-
gions (22,23,40). Basal transcription factors, TFIIB
(55), TBP, and TFIIF (50), have been suggested
to interact with the AhR. Recently, coactivator,
ERAP140, and co-repressor, SMRT, were shown to
interact with the AhR and ARNT and alter the AhR-
mediated transactivation in MCF-7 cells (37). An-
other coactivator, CBP, was shown to interact with
ARNT preferentially (24), although whether CBP is
involved in AhR/ARNT transcriptional complexes
in vivo remains to be determined. Previously, we
characterized the interaction between co-regulator,
RIP140, and the AhR (25). Unlike steroid receptors,
the AhR transactivation domain (TAD) interaction
with RIP140 was not mediated by LXXLL motifs in
vitro. In addition, the Q-rich subdomain of the AhR
TAD was necessary and sufficient for in vitro interac-
tion with RIP140 (25). Collectively, these studies
suggest that the AhR is capable of recruiting a num-
ber of coactivators that were originally identified as
steroid receptor coactivators.

Nuclear receptor coactivator, SRC-1, has been
shown to interact with a number of type I and type II
steroid receptors (8,42) both in vitro and in vivo, and
enhance transcriptional activation potential in re-
porter gene assays in cells. In cell-free transcription
assays with PRE chromatin templates, SRC-1 poten-
tiated transcription by ligand-activated progesterone
receptor (PR) (28). Several other transcription fac-
tors, including AP-1 (27) and cyclin D1 (65), have
been reported to interact with SRC-1. Although con-
sidered a positive modulator of PR and glucocorti-
coid receptor (GR), SRC-1, a truncated form of full-
length SRC-1 (F-SRC-1), has been observed to re-
press AR-mediated transactivation of an ARE-driven
reporter gene. Furthermore, the interaction between
the N- and C-terminus TADs of AR appeared to be
disrupted by SRC-1 (17). In the case of PPARq,
SRC-1 was not found to be required for PPARo.-reg-
ulated gene expression in SRC-1 —/— mice (47). SRC-
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1 is a modular coactivator possessing intrinsic tran-
scriptional activity with two activation domains: AD-
1 and AD-2 (41). In addition, SRC-1 possesses his-
tone acetyltransferase activity and is known to specif-
ically acetylate histones H3 and H4 (54). Basal tran-
scription factors, TFIIB and TBP, have also been
shown to interact with SRC-1, suggesting its possible
role as an adaptor molecule (16). SRC-1, along with
other coactivators, possesses short signature motifs
(LXXLL), which are necessary and sufficient for in-
teraction with many nuclear receptors (8,12,30,38,52,
56,59,64). Whether these motifs are required for in-
teraction with other enhancer binding transcription
factors will require further study. SRC-1 has been ob-
served to exist in distinct stable complexes along
with TIF2 and PR in vivo, suggesting that the assem-
bly of transcriptional complexes involves recruitment
of distinct subclasses of preformed co-regulator com-
plexes (31).

SRC-1 is expressed as several isoforms, including
splice variants, SRC-1a and SRC-1e. SRC-1e¢ is ex-
pressed more abundantly than SRC-1a and appears to
potentiate ER transactivation to a higher degree than
SRC-1a (11,20). The expression of SRC-1 mRNA in
vivo is known to be regulated by hormones T; and
E; in the anterior pituitary. A distinct tissue-specific
pattern of expression of SRC-1 mRNA was also ob-
served (34,35). SRC-1-null mice were viable and
fertile, although the uterus, prostate, testis, and mam-
mary glands exhibited decreased growth and develop-
ment in response to steroid hormones. Interestingly,
TIF2 mRNA expression was increased in these mice,
suggesting a compensatory mechanism may have
been induced (62).

In this report, the role of SRC-1 in AhR transacti-
vation is examined in Hepa-1, COS-1, and ARNT-
deficient mutant Hepa-1 cell lines. SRC-1 potentiated
the AhR-mediated transactivation in Hepa-1 and
COS-1 cells in a TCDD-dependent and SRC-1 dose-
dependent manner. The TAD of the AhR, but not of
ARNT, was shown to interact with SRC-1, specifi-
cally via the Q-rich subdomain of the AhR. Using
GFP-tagged constructs, the interaction of SRC-1 with
the AhR TAD was demonstrated in intact cells. Un-
like RIP140, SRC-1 interaction was found to be me-
diated via LXXLL motifs in vitro. In addition, these
motifs were required for SRC-1 coactivation in intact
cells. Thus, SRC-1 appears to be another potential
coactivator for the AhR/ARNT system.

MATERIAL AND METHODS

Plasmids

The plasmid pSGS5/SRC-1a expressing SRC-1a,
and pSGS5/SRC-1a mur1234 expressing SRC-la
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“mut1234 were gifts of Malcolm Parker (20). B-Glo-
bin/mAhR (32), used in COS-1 transfections, mAhR/
Flag, mAhRATAD/Flag, NA315 mAhR/Gal4/Flag,
pcDNA3/mARNT-Flag , and pcDNA3/mARNT-474-
Flag (ARNTATAD) (25) used in in vitro translations
were described previously. pGEX-mAhR/TAD,
pGEX-mARNT/TAD, pGEX-hAhR600-800, pGEX-
hAhRS500-713, pGEX-hAhR600-713, pGEX-hAhRS500-
600, and pGEX-hAhR713-848, expressing GST fu-
sions of AhR TAD deletion mutants, were also pre-
viously described (25). pGFP-AhR/TAD and pGFP-

ARNT/TAD used in GFP colocalization experiments

were also previously described (25). Escherichia coli
strain DH5a (Life Technologies Inc., Baltimore,
MD) was used for all plasmid preparations and E.
coli BL21 (DE3) (Novagen, Madison, WI) was used
in the expression of GST fusion proteins.

Generation of GST Fusion Proteins

GST and GST fusion proteins were expressed in
E. coli BL21 (DE3) and purified using glutathione-
agarose following manufacturer’s (Amersham-Phar-
macia Biotech, Arlington Heights, IL) recommenda-
tions.

In Vitro Binding Assay for Interaction of SRC-1
With AhR

mAhR/Flag, mARNT/Flag, and other FLAG-
tagged cDNA constructs were in vitro transcribed and
translated separately using the TNT Coupled Reticu-
locyte Lysate system (Promega, Madison, WI) and
mixed with [PS]methionine-labeled in vitro tran-
scribed/translated SRC-1 and incubated at 4°C for 1.5
h. The complexes were immunoprecipitated with
anti-FLAG M2 affinity gel in CSB buffer {150 mM
NaCl, 15 mM CHAPS, 18.75% glycerol (v/v),
0.125% Nonidet-P40 (v/v), 20 mM Tris (pH 8.0), and
2 mg/ml bovine serum albumin] for 2 h, followed by
several washes with CSB buffer without bovine se-
rum albumin. The immunoprecipitated complexes
were eluted with 50 ug of FLAG peptide in MENG
buffer containing 150 mM NaCl plus 3 mg/ml soy-
bean trypsin inhibitor. The elution was repeated and
eluted proteins were separated on an 8% polyacrya-
mide gel. The gel was treated with Amplify (Amer-
sham-Pharmacia Biotech) and the radioisotope was
detected by fluorography.

For GST pull-down assays, GST or GST fusion
proteins immobilized on 30 pl of glutathione agarose
(Sigma, St. Louis, MO) were incubated with
[”S]methionine-labeled, in vitro translated SRC-1 in
HEMG [40 mM HEPES (pH 7.8), 0.1 M NaCl, 0.2
mM EDTA, 5 mM MgCl,, 0.1% (v/v) Triton X-100,
10% glycerol] buffer. Following a 1.5-h incubation at

4°C, the agarose was washed four times with HEMG
buffer. The immobilized proteins were eluted with 2x
tricine sample buffer, separated by SDS-PAGE, and
analyzed by fluorography.

Cell Culture and Transient Transfection
Experiments

Hepa-1, COS-1, and Hepa c4 mutant cells (10)
were routinely cultured in o-modified Eagle’s me-
dium containing 10% fetal bovine serum (v/v). For
reporter gene assays, Hepa-1 cells were transfected
with a total of 1 pug of DNA using Lipofect AMINE
reagent (Life Technologies, Inc.) when performed in
24-well plates. Cells were cotransfected with 100 ng
of reporter plasmid, pPGUDLUC 6.1, and the B-galac-
tosidase internal control plasmid, pCMV-Bgal, along
with variable amounts of SRC-1-expressing plasmid,
pSG5/SRC-1a, or control plasmid.

COS-1 cells were transfected in six-well plates
with a total of 2.5 pug of DNA using Lipofect AMINE
reagent. The transfected DNA included 100 ng of pc-
DNA3/BmAhR, 200 ng of reporter plasmid, pGUD-
LUC 6.1, and the B-galactosidase internal control
plasmid, pDJM-fgal, along with variable amounts of
pSGS5/SRC-1a, or control plasmid.

For Hepa-1 mutant ¢4 cell transfections, cells were
grown to 90% confluency in six-well plates before
transfection. Cells were transfected for a period of 12
h with a total of 2.5 ug of DNA using LipofectAM-
INE reagent. The transfected DNA included 25 ng
of pcDNA3/mARNT-Flag or pcDNA3/mARNT474-
Flag (ARNTATAD), 200 ng each of reporter plasmid,
pGUDLUC 6.1, and the B-galactosidase internal con-
trol plasmid, pDJM-fgal, along with 2 pug of pSG5/
SRC-1a, or control plasmid.

In each case, the Lipofect AMINE complexes were
removed and replaced with a-modified Eagle’s me-
dium containing 10% fetal bovine serum. Twenty-
four hours posttransfection the cells were treated with
10 nM TCDD or DMSO for 12 h, harvested, and ex-
tracts were assayed for luciferase activity. Luciferase
activity was normalized to the observed B-galactosi-
dase activity and expressed as relative luciferase units
(RLU). All transfections were performed in triplicate.

For expression of GFP and its fusion proteins,
COS-1 cells were seeded onto 2-mm’ coverslips in
60-mm dishes and transfected with a total of 400 ng
of GFP or GFP fusion plasmid along with pSG5/
SRC-1a or control plasmid. The cells were washed
with phosphate-buffered saline and visualized using
fluorescence microscopy 24 h after transfection.

Statistical Analysis

Experiments were done in triplicate and statistical
analysis was performed using the Standard r-test in
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the SigmaStat program (SSSP Inc., Chicago, IL).
Sample comparisons with p < 0.05 were considered
to be significantly different from each other.

RESULTS

SRC-1 Modulates the AhR/ARNT-Mediated
Transactivation of Reporter Genes

Previously, we have shown that the nuclear recep-
tor co-regulator, RIP140, is a potential coactivator for
the AhR/ARNT system and is able to modulate the
AhR-mediated transactivation in a ligand-dependent
manner (25). SRC-1 has been shown to upregulate
the transactivation potential of a myriad of nuclear
receptors, including ER, PR, GR, TR, and RXR
(8,42). In an effort to understand the mechanism of
the AhR/ARNT transactivation of target genes and
determine the role of other potential coactivators, we
examined the effect of ectopic expression of SRC-1
on DRE-driven reporter gene activity in two cell
lines: Hepa-1 and COS-1. pGUDLUC 6.1, the re-
porter gene used in these assays, contains a luciferase
gene driven by four DREs. Hepa-1 cells, which ex-
press substantial amounts of mAhR, when transfected
with increasing amounts of pSG5/SRC-1a led to a
dose-dependent increase in reporter gene activity
(Fig. 1A). The reporter gene activity observed was
TCDD dependent. A threefold increase in reporter
gene activity was seen with 800 ng of cotransfected
pSG5-SRC-1a. Unlike RIP140, where a biphasic re-
sponse was seen in Hepa-1 cells (25), SRC-1 titration
led to increased activity, even at higher amounts of
cotransfected SRC-1, without a substantial increase
in basal activity. '

The effect of SRC-1 on DRE-driven reporter gene
activity was also examined in COS-1 cells, which
contain negligible amounts of the AhR. This provides
an experimental system where the importance of
SRC-1 can be examined in the presence or absence of
exogenous AhR. In the absence of transfected AhR, a
fourfold increase in reporter gene activity was de-
tected upon SRC-1 cotransfection, which may be due
to the low amounts of endogenous AhR present in
COS-1 cells. However, no significant increase in
basal transcriptional activity was observed. Upon
transfection of 50 ng of AhR, a TCDD-dependent 14-
fold increase in reporter gene activity is seen (Fig.
1B). Interestingly, cotransfection of small amounts
(10 ng to 1.5 pg) of SRC-1 did not have any signifi-
cant effect on the AhR-mediated transcriptional acti-
vation of the reporter gene in this cell line. A signifi-
cant increase in activity was observed only when
transfected with higher amounts of SRC-1 and then
it increased the AhR-mediated transcriptional activa-
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tion threefold in a TCDD-dependent manner. Unlike
RIP140 (25), SRC-1 did not induce a biphasic re-
sponse in reporter gene activity in COS-1 cells.

In Vitro Interaction of SRC-1 With the AhR

The interaction of SRC-1 with the AhR and
ARNT was investigated using coimmunoprecipita-
tion assays with in vitro transcribed/translated SRC-
1 and FLAG-tagged AhR or ARNT constructs. Ra-
diolabeled SRC-1 interacted weakly with full-length
AhR in the absence of TCDD (Fig. 2). This is in
contrast to the ability of AhR to interact strongly with
RIP140 even in the absence of TCDD (25). The dele-
tion of the AhR TAD essentially abolished any AhR-
SRC-1 interaction. AhR-NA315, which lacks the
bHLH and parts of the PAS domains, was competent
in recruiting SRC-1. On the other hand, ARNT failed
to bind SRC-1. As a control, in vitro translations car-
ried out in the absence of any plasmid were incubated
with SRC-1 and immunoprecipitated using a-FLAG
antibodies. No SRC-1 interaction was detected in this
case, indicating that the AhR—SRC-1 interaction was
specific and not due to background binding to the M2
resin. AhR-SRC-1 interaction was also examined in
the presence of TCDD. In contrast to AhR-RIP140
interaction, the addition of TCDD led to a substantial
increase in SRC-1 binding to the AhR. This is in
agreement with reports of ligand-dependent SRC-1
interaction with nuclear receptors.

Finer Mapping of the SRC-1 Binding Sites
on the AhR TAD

The hAhR TAD can be further divided into three
subdomains: the acidic, Q rich, and P/S/T rich. In
order to map the SRC-1 binding sites on the AhR
TAD, GST fusions of deletion mutants (containing
various combinations of the different subdomains) of
the hAhR TAD were used in GST pull-down assays
with [*S]methionine-labeled SRC-1. The interaction
of SRC-1 with GST fusions of mAhR and hAhR was
compared and found to be similar, although SRC-1
bound slightly better to the hAhR than to the mAhR
(Fig. 3). The acidic subdomain deletion mutant was
still capable of weakly binding SRC-1. Deletion of
the P/S/T subdomain also led to a decrease in binding
to SRC-1, although some binding was clearly re-
tained. When the individual subdomains were tested
for interaction with SRC-1, the Q-rich subdomain
was found to be sufficient for binding. However, the
acidic or the P/S/T subdomains bound SRC-1 very
weakly, suggesting that the Q-rich subdomain was
necessary and key for an efficient level of SRC-1 in-
teraction. However, it is important to note that the
acidic and P/S/T subdomains may participate in the
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FIG. 1. Effect of SRC-1 overexpression on AhR-mediated transactivation in COS-1 and Hepa Iclc7 cells. Hepa Iclc7 cells (A) and COS-
1 (B) were cotransfected with increasing amounts of pSG5-SRC-la, 100 ng of DRE-driven luciferase gene containing plasmid, pGUDLUC
6.1, and pCMV/LacZ (100 ng), and empty plasmid. COS-1 cells were also cotransfected with 100 ng pcDNA3/pmAhR where indicated.
Luciferase activity was measured following a 12-h induction with 10 nM TCDD or carrier solvent and normalized to (3-galactosidase activity.
Each transfection was performed in triplicate. For statistical analysis, the values from the SRC-1 transfected samples were compared with
those of SRC-1 nontransfected samples within each cell line. Asterisks indicate that statistically significant differences were observed (p <

0.05).

overall interaction with SRC-1. As additional con-
trols, the interaction of SRC-1 with GST-Spl, with a
predominantly Q-rich TAD, and GST-VP16, with an
acidic TAD, was examined. While GST and GST-
VP16 failed to significantly bind SRC-1, weak bind-
ing of SRC-1 to GST-Spl was observed. These re-
sults are similar to those obtained for AhR-RIP140
interaction, thereby implying a dominant role for the
Q-rich subdomain of the AhR in coactivator recruit-
ment and the possibility of a common interface for
coactivator interaction.

Interaction of SRC-1 With AhR in Intact Cells

To test for interaction of AhR and SRC-1 in intact
cells, COS-1 cells were transfected with plasmids ex-
pressing GFP, GFP-AhR/TAD, or GFP-ARNT/TAD
along with pSG5/SRC-la or control vector. GFP,

GFP-AhR/TAD, and GFP-ARNT/TAD when ex-
pressed by themselves are expected to be localized to
the cytosol of cells, because they lack a putative nu-
clear localization signal. Interaction of the fusion pro-
teins with SRC-1, a nuclear protein, would be ex-
pected to lead to cotranslocation of the fusion
proteins to the nucleus. GFP alone, when expressed
in COS-1 cells, was localized predominantly to the
cytosol, but to some extent was also found in the nu-
cleus (Fig. 4), which has also been observed by the
manufacturer (Clontech, Palo Alto, CA). Upon coex-
pression of SRC-1, the distribution of GFP remained
the same, suggesting a lack of interaction between
GFP and SRC-1. GFP-AhR/TAD, when cotransfec-
ted with a control plasmid, displayed predominantly
cytosolic distribution and, to some extent, to the nu-
cleus. However, upon coexpression of SRC-1, GFP-
AhR/TAD localized extensively in the nucleus in dis-
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FIG. 2. In vitro interaction of SRC-1 with AhR/ARNT and mapping of the SRC-1 binding sites on AhR. FLAG-tagged full-length
AhR (AhR), AhR without the transactivation domain (AhRATAD), N-terminal deletion of AhR (AhRNA315), full-length ARNT (ARNT),
and ARNTATAD cDNAs were in vitro transcribed/translated and were incubated with [**S]methionine-labeled in vitro transtated SRC-1 and
immunoprecipitated with anti-FLAG M2 affinity gel. The bound proteins were eluted with FLAG peptide, analyzed by SDS-PAGE, and
visualized by fluorography. 1/10 input represents 1/10th of the amount of [*S]methionine-labeled SRC-1 used in the binding reactions.

creet foci, suggesting that SRC-1 interacts with AhR
in intact cells. Previous reports indicate that the AhR
is uniformly distributed and does not appear to be
associated with nuclear pores, membranes, or
nucleoli (46). Thus, our results may suggest a possi-
ble shift in the nuclear localization pattern upon inter-
action with coactivators. A similar shift in localiza-
tion pattern was observed in the case of RIP140 (25)
and has also been seen in reports with GFP-GR
(15,39) and GFP-TR (26). Localization of GFP-
ARNT/TAD, on the other hand, remained unchanged
in the absence or presence of ectopically expressed
SRC-1, indicating that the SRC-1 interacts with the
AhR predominantly.

Role of LXXLL Motifs in AhRR-SRC-1 Interaction

Previously, we have shown that the interaction of
co-regulator RIP140 with the AhR involves mecha-
nisms that do not require the LXXLL motifs, at least
in vitro (25). In this report, the role of LXXLL motifs
in AhR-SRC-1 interaction was examined in GST
pull-down assays. SRC-1a wr or SRC-1a mut, with
all the LXXLL motifs mutated, were in vitro trans-
lated in the presence of [*S]methionine and incu-

bated with either GST, GST-ER-HBD, or GST-AhR-
TAD. No binding of SRC-1 to GST-ER-HBD was
observed in the absence of ligand, E, (Fig. 5). The
addition of E, led to strong recruitment of SRC-1 to
GST-ER-HBD, as previously seen in other reports
(8,42). As expected, SRC-1a mut did not interact with
GST-ER-HBD either in the presence or absence of
E,, indicating that the LXXLL motifs are required for
interaction. Next, the interaction of wt and mutant
SRC-1 with GST-AhR-TAD was examined. SRC-1a
wt interacted with the AhR TAD, although the inter-
action was weaker than that of ER and SRC-1. SRC-
1 mut displayed greatly reduced binding to AhR, in-
dicating that the LXXLL motifs may play a role in
AhR-SRC-1 interaction. These finding are in con-
trast with that of RIP140, where the LXXLL motifs
did not appear to play a role in in vitro binding to
AhR, suggesting a possible diversity in the mecha-
nism of recruitment of coactivators to the AhR. ‘

Role of LXXLL Motifs in Potentiating AhR
Transactivation in Intact Cells

The role of LXXLL motifs was examined in intact
cells in DRE-driven reporter gene assays. Hepa-1
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FIG. 3. Identification of SRC-1 binding subdomain of the AhR TAD. GST, GST-Spl, GST-VP16, or GST fusion proteins of truncations of
human AhR transactivation domain were immobilized on 30 pi of glutathione agarose. [3S]Methionine-labeled in vitro translated full-length
SRC-1 was incubated with the immobilized GST or GST fusion proteins for 1.5 h in CSB buffer. The agarose was washed several times
with CSB buffer and the proteins were eluted with 2x TSB, subjected to SDS-PAGE and fluorography.

cells were transfected with increasing amounts of ei-
ther SRC-la wt or SRC-la mut and a plasmid con-
taining a DRE-driven luciferase gene. As expected,
SRC-1 wt was able to potentiate AhR transcriptional
activation by about threefold over background (Fig.
6). However, mutated SRC-1 was unable to posi-
tively modulate the AhR transactivation in intact
cells, suggesting that the LXXLL motifs are required
for SRC-1 coactivation of AhR. Neither the wt nor
the mutant SRC-1 significantly influenced the basal
activity. This observation further substantiates the re-
quirement of LXXLL motifs for SRC-1 functionality.
This ligand- and LXXLL motif-dependent interaction
of SRC-1 with AhR thus appears to be similar to that
of its interaction with nuclear/steroid receptors.

Role of ARNT in the SRC-1 Coactivation

To further understand recruitment of SRC-1 to
AhR/ARNT complex in intact cells, Hepa c4 mutant
cells, which do not express ARNT, were employed.
This experimental system allows dissection of the
role of the transactivation domains of each of the
AhR/ARNT heterodimer partners in vivo by transfec-

ting either the full-length ARNT or a truncated
ARNT lacking the TAD. Nontransfected c4 cells fail
to respond to TCDD and show negligible background
activity of the reporter gene in the presence or ab-
sence of TCDD (Fig. 7), indicating that ARNT is re-
quired for AhR transactivation. Cotransfection of
pSG5-SRC-la, alone, does not significantly increase
reporter gene activity over background, implying that
SRC-1 fails to coactivate by itself in the absence of
the AhR/ARNT complex, thus demonstrating that
SRC-1 does not stimulate basal transcription. Trans-
fection of full-length ARNT resulted in a 13-fold in-
crease in transcriptional activity in the presence of
TCDD. The cotransfection of pSG5-SRC-la in-
creases reporter gene activity by 2.4-fold (Fig. 7, Ta-
ble 1), similar to that observed in the case of COS-1
and Hepa-1 cells. On the other hand, cotransfection
of ARNTATAD increases reporter gene activity four-
fold over background, suggesting that AhR/ARNTA-
TAD complex can still potentiate transcription of tar-
get genes, albeit at a lower efficiency. A similar
effect has also been previously observed with Hepa
¢4 mutant cells (48). Interestingly, SRC-1 cotransfec-
tion leads to a 3.1-fold increase in reporter gene ac-
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FIG. 4. Interaction of SRC-1 with AhR in intact cells. (A-F) In vivo interaction using GFP-tagged proteins. COS-1 cells were transfected
with GFP or GFP fusion constructs and pSG5-SRC-la or control expression vector and visualized by microscopy at I0Ox magnification 24
h after transfection. (A) GFP, (B) GFP plus SRC-la, (C) GFP-AhR, (D) GFP-AhR plus SRC-la, (E) GFP-ARNT, (F) GFP-ARNT plus

SRC-la.

tivity, clearly indicating that the ARNT TAD is not
required for SRC-1 coactivation and providing indi-
rect, in vivo evidence that SRC-1 potentially inter-
acts, directly or indirectly, via the AhR.

DISCUSSION

Exposure to TCDD results in a myriad of species-,
cell-, and tissue-specific responses, including hydro-
nephrosis, cleft palate formation, and induction of
thymic hypoplasia (44,45). It has been suggested that

structural differences between mammalian and fish
AhRs may account for differences in relative poten-
cies of the mono-ortho PCBs between mammals and
fish: this may imply one possible mechanism for
species-specific responses (2), however the precise
mechanism(s) behind tissue- and cell-specific re-
sponses still need to be elucidated. At the molecular
level, the AhR-regulated human NAD(P)H:quinone
oxidoreductase?2 (NQO2) gene is expressed in human
heart, brain, liver, and skeletal muscle, but not in the
placenta. In addition, large variations in levels of ex-
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E2

TCDD

GST ER-HBD

GST- GST-
AhRTAD

FIG. 5. Role of LXXLL motif in the binding of SRC-1 to AhR and ER transactivation domains. SRC-la or SRC-la mut, in which all the
LXXLL motifs were mutated, were in vitro transcribed and translated in the presence of [#]methionine and incubated in the presence of
CSB buffer with either GST, GST-mAhRTAD or GST-ER-HBD immobilized on 30 pi of glutathione agarose. Following a 1.5-h incubation,
the agarose was washed with CHAPS buffer. The bound proteins were eluted with 2x TSB and subjected to SDS-PAGE and visualized by
fluorography. 1/10 input represents 1/10th of the amount of [#S]methionine-labeled SRC-1 used in the binding reactions.

pression of the NQO2 and NQOI genes are seen
among various tissues (18). The expression and in-
ducibility of the cytochrome P-4501A1 activity also
exhibit tissue-specific differences (58). In TCDD
nonresponsive fibroblasts, the chromatin structure of
cypIAI gene lacked open regions, while in the two
responsive cell types, keratinocytes and HepG2, sev-
eral constitutive hypersensitive sites, as well as AhR
ligand-induced alterations in the chromatin structure,
were detected (9). In the nonresponsive fibroblast nu-

SRC-mut(ng) - - -
TCDD + -+

clear extracts, two novel constitutive protein-XRE
complexes were detected. The fibroblast factor(s)
were immunochemically distinct from the receptor
but exhibited indistinguishable DNA binding speci-
ficity, which may be due to putative repressors(s) (9).
Alternatively, it is possible coactivators may be able
to form transcriptionally competent complexes in
nonfibroblast cells, but not in fibroblast cells. Thus,
coactivators and corepressors may play a role in the
tissue-specific responses to TCDD.

- 100 250 500

«

FIG. 6. Role of LXXLL motifs in modulation of AhR transactivation by SRC-1. Hepa-1 cells were transfected with increasing amounts of
pSG5-SRC-la, expressing wt SRC-1 or pSG5-SRC-la mut, expressing a SRC-1 LXXLL mutant along with 100 ng each of pGUDLUCS6.1
and an internal control vector, pCMV-p-gal. The cells were treated with TCDD or DMSO 24 h after transfection for a period of 12 h and
harvested. The extracts were assayed for luciferase and p-gal activity. Each transfection was performed in triplicate. For statistical analysis,
the values from the SRC-1 transfected samples were compared with those of SRC-1 nontransfected samples within each cell line. Asterisks

indicate that statistically significant differences were observed (p < 0.05).
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FIG. 7. Role of ARNT-TAD in the SRC-1 modulation of transactivation of DRE-driven reporter gene in mutant c4 Hepa-1 cells. Mutant
Hepa-1 c4 cells transfected in six-well plates for 12 h. The transfected DNA included 25 ng of pcDNA3/mARNT-Flag or pcDNA3/mARNT-
474-Flag, 200 ng each of reporter plasmid, pGUDLUC 6.1, and the p-galactosidase internal control plasmid, pDJM-pgal, along with 2 |ig
of pSG5/SRC-la, or control plasmid. The cells were treated with 10 nM TCDD or DMSO for 12 h and harvested. The extracts were assayed
for luciferase activity that was normalized to p-gal activity and expressed as RLU. Each transfection was performed in triplicate. For
statistical analysis, the values from the SRC-1 transfected samples were compared with those of SRC-1 nontransfected samples within each

cell line.

The expression of co-regulators also appears to be
tissue specific. For example, the expression of coacti-
vator SRC-1 mRNA was found to be highest in the
olfactory epithelium, suggesting that it may be in-
volved in the development and function of the olfac-
tory system (34). EIlA-associated 300-kDa proteins,
and co-repressors, SMRT, and N-CoR gene expres-
sion also exhibit distinct tissue-specific patterns. In
addition, hormones T3and E2appeared to regulate the
expression of SRC-1 mRNA in certain tissues (35).
These observations suggest a role for coactivators
and corepressors in tissue specificity of various re-
sponses. We are attempting to understand the role of
coactivators in the transcriptional regulation of
TCDD-responsive genes. To this end, we had pre-
viously characterized the role of RIP 140 in the AhR
transactivation. In this report the role of SRC-1 in
AhR transactivation is investigated and the results
may further indicate that the AhR is capable of re-

TABLE 1
EFFECT OF ECTOPIC EXPRESSION OF SRC-1 AND ARNT-FL
AND ARNTATAD ON DRE-DRIVEN REPORTER GENE ACTIVITY
IN MUTANT HEPA-1 c4 CELLS

Fold
Transfected Plasmid TCDD RLU * SE Induction
ARNT-FL + 2486.3 + 181.8 1
ARNT-FL + SRC-1 + 5912.3 + 102.6 2.4
ARNTATAD + 947.8 £+ 69.2 1
ARNTATAD + SRC-1 + 2930.6 £105.2 31

cruiting a number of coactivators that bind steroid
receptors.

SRC-1 increased the AhR transcriptional activa-
tion of the DRE-driven reporter gene in an AhR- and
TCDD-dependent manner in Hepa-1 and COS-1
cells. It is important to note that SRC-1 did not ap-
pear to increase basal activity in either cell line sig-
nificantly. Interestingly, the response to SRC-1 ec-
topic expression appeared to be cell line dependent.
In Hepa-1 cells, ectopic expression of increasing
amounts of SRC-1 led to a gradual increase in re-
porter gene activity. However, in COS-1 cells SRC-
1 failed to potentiate AhR transactivation when rela-
tively small amounts of SRC-1 expression plasmid
were cotransfected. A steep increase in reporter activ-
ity was noticed when cotransfected SRC-1 DNA was
increased from 1.5 to 2 |tg. This steep curve may
indicate higher levels of an existing pool of SRC-1
or related coactivators in COS-1 cells, and hence a
high level of ectopic SRC-1 expression is required
for potentiating AhR transactivation. These results, in
two different cell lines, nonetheless indicate that
SRC-1 is a potential AhR coactivator. Thus, SRC-1
appears to be acommon coactivator, which can mod-
ulate transactivation of several receptor types.

In vitro interaction assays using FLAG-tagged
AhR and ARNT constructs argue that SRC-1 is re-
cruited to the AhR TAD, but not to ARNT. Interest-
ingly, in vitro, AhR without the bHLH and parts of
the PAS domain interacts with SRC-1 strongly. This
was also seen in the case of RIP 140 (25). This would



ENHANCED AhR TRANSACTIVATION BY SRC-1 REQUIRES LXXLL MOTIFS 283

suggest that the N-terminal domain may sterically
hinder coactivator recruitment by the AhR TAD. Al-
ternatively, it has been suggested that the N-terminus
may harbor a repressor domain that, when deleted,
leads to higher levels of transactivation (60). SRC-1
interaction was increased in the presence of TCDD,
similar to that seen with several nuclear/steroid re-
ceptors. The binding of ligand to nuclear/steroid re-
ceptors induces a conformational change such that
the AF-2 amphipathic o-helix (helix 12) is aligned
over the LBD, unlike the case of the unliganded re-
ceptor, where helix 12 protrudes away from the LBD.
This realignment is believed to lead to the formation
of a new interaction surface for coactivators (4).
However, this is in contrast to our previous observa-
tions with the RIP140-AhR interaction where the ad-
dition of ligand failed to influence interaction between
RIP140 and AhR (25). It is important to note that the
AhR functional domains are arranged differently com-
pared to the steroid receptors. In particular, the TAD
of the AhR is distinct and separated from the ligand
binding domain. This, however, does not rule out the
possibility of a conformational change in AhR TAD in
vivo upon ligand binding. It is possible that RIP140
may interact with AhR in the nucleus prior to the ac-
tual formation of AhR-ARNT heterodimer. It may also
modulate the heterodimerization event itself. In con-
trast, SRC-1 and other potential coactivators/accessory
protein complexes may be recruited to the AhR, pre-
dominantly after heterodimerization and DNA binding.

Finer mapping of SRC-1 binding sites on AhR
TAD using GST fusion proteins in pull-down assays
suggests that the Q-rich subdomain is necessary and
sufficient for SRC-1-AhR interaction. Spl, which
has a Q-rich TAD, also seemed to recruit SRC-1, al-
beit weakly. While RIP140 could interact with the Q-
rich subdomain of AhR TAD, it failed to interact
with Spl (25). Collectively, these results hint at the
diversity and complexity of mechanisms for recruit-
ing different coactivators. Nonetheless, there appears
to be a common dominant interaction surface for co-
activators on the AhR. Analysis of the predicted sec-
ondary structure indicates that there may be two heli-
ces in the AhR Q-rich subdomain between amino
acids 612 and 650. o-Helices have been implicated
in forming interaction surfaces on TADs of several
nuclear/steroid receptors (7,14,59). The fact that the
acidic and P/S/T subdomains do not appear to be re-
quired is interesting. The acidic subdomain may be
primarily involved in interaction with basal transcrip-
tion factors and not coactivator complexes. Alterna-
tively, the acidic- and P/S/T-rich subdomains may be
functional in a tissue- or promoter-specific fashion.
The complex AhR TAD may thus be involved in im-
parting cell and tissue specificity. Certain coactiva-

tors may be recruited to specific subdomains, depend-
ing on the cell type and promoter context.

The LXXLL motifs of SRC-1 were found to be
required for in vitro interaction and for potentiating
AhR transactivation in intact cells. The LXXLL mo-
tifs of coactivators have been suggested to make con-
tacts via the hydrophobic residues to the amphipathic
helix in nuclear receptors, including TR (7) and
PPARY (30). In contrast, we have previously noted
that the LXXLL motifs in co-regulator RIP140 did
not appear to play a crucial role in the in vitro inter-
action with AhR (25). This also lends credence to the
idea that the mechanism of RIP140 interaction with
AhR may be atypical compared to recruitment of
other coactivators and may thus be involved in AhR
transactivation in a different capacity than SRC-1 or
other related coactivators.

Examination of the role of SRC-1 in the case of
ARNT-deficient Hepa c4 cells indicated that SRC-1
stimulated AhR transactivation, even in the absence
of ARNT TAD, which suggests that the SRC-1 pri-
marily functions via the AhR. This is further rein-
forcement of the idea that the AhR is the dominant
partner in regulating TCDD-responsive genes (22).
ARNT, however is required for AhR transactivation
as indicated by the fact that SRC-1 fails to coactivate
in the absence of any ARNT ectopic expression in c4
cells. ARNT TAD is also required for optimal AhR/
ARNT transcriptional activity because the AhR/AR-
NTATAD leads to only partial transcriptional activity
in the absence of ectopic SRC-1 expression. It is cru-
cial to note that SRC-1 did not increase reporter gene
activity in the absence of TCDD in the mutant cell
line, indicating it is not involved in enhancing basal
transcription from the reporter construct. It is possi-
ble that ARNT plays a role in recruiting different
partners to different genes in response to diverse sig-
nals. For example, while ARNT recruits AhR to
DRE:s in response to treatment with TCDD, ARNT
also enlists HIF1-o. to HREs in response to hypoxia
(61). So, ARNT may be a central integrator for sev-
eral signals/stimuli, which suggests that its hetero-
dimer partners may play a more active role in recruit-
ing coactivator complexes.

Collectively, these results indicate that certain ste-
roid receptor coactivators appear to be involved in
AhR/ARNT transcriptional activation. In addition,
there appears to be a common coactivator or coac-
tivator complexes, which are recruited to several
receptor types in response to appropriate signals/
stimuli. Several reports provide evidence for the pos-
sibility of an interplay between the AhR and other
receptors, including the ER (21), AR (19), and HIF-
la (6). Competition for limited coactivators or pools
of coactivators may provide a partial explanation for
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this interplay. Finally, whether coactivators are, in
part, responsible for tissue- and cell-specific differ-
ences in TCDD responses remains to be established.
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