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Abstract
Nuclear receptor (NR) transcriptional activity is controlled by agonist binding and concomitant
exchange of receptor-associating corepressor proteins for NR box-containing, receptor AF-2-
targeting coactivator proteins. We report here that TNIP1 is an atypical NR coregulator.
Requirements for TNIP1-RAR interaction – its NR boxes, ligand, and the receptor's AF-2 domain –
are characteristic of coactivators. However, TNIP1 reduces RAR activity. Repression is partially
relieved by SRC1, suggesting interference with coactivator recruitment as a mechanism of TNIP1
repression. TNIP1 does not bind RXRα and RARα AF-2 domain, necessary for that receptor's
association with TNIP1, is insufficient to confer upon RXRα interaction with TNIP1. Preferential
interaction of RARα over RARγ with TNIP1 can be mapped to RARα ligand binding domain helices
5-9 and suggests regions outside the receptor helix 12 modulate interaction of NRs and NR box
containing corepressors. TNIP1 repression of RARs in the presence of RA places it in a small category
of corepressors of agonist-bound NRs.
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Introduction
Transcriptional activity of nuclear receptors (NRs) is modulated not only by ligands but also
by coregulator proteins that act either as coactivators or corepressors of receptor function.
Coregulators facilitate or inhibit transcription of NR target genes through chromatin
modification or interaction with other components of cellular transcriptional machinery [1].
Typically, in the absence of agonist, the receptor interacts with a corepressor protein such as
nuclear receptor corepressor (NCoR) or silencing mediator of retinoid and thyroid receptors
(SMRT). Through interaction with histone deacetylase (HDAC) or other repressor proteins,
corepressors help maintain the chromatin in a compact state preventing target gene
transcription [2]. Agonist binding the receptor causes a conformational change in the activation
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function 2 (AF-2) domain within helix 12 of the ligand binding domain (LBD) causing release
of the corepressor, recruitment of a coactivator, and transcriptional activation. Characteristic
of coactivator proteins is the NR box, a leucine rich amino acid motif, LXXLL (L=leucine,
X=any amino acid), which is used to bind to the receptor AF-2 domain [3].

The model of the apo-receptor being bound by a corepressor and the holo-receptor by
coactivator was challenged with the discovery that receptor interacting protein 140 (RIP140)
acts as a corepressor in the presence of bound agonist [4]. Indeed several corepressors of
agonist-bound NRs have since been characterized [5]. Their interaction requirements with NRs
are those of coactivators: they bind the receptor in the presence of ligand and usually rely on
NR boxes to do so. Their method of receptor repression has been shown to involve competition
with coactivators for receptor binding, recruitment of HDACs or other transcriptional
repressors or a combination of these mechanisms [5,6].

In search for new coregulators we previously carried out a yeast two-hybrid screen with
peroxisome proliferator activated receptor (PPAR) for NR-interacting proteins from a human
keratinocyte cDNA library. We identified TNFα-induced protein 3 (TNFAIP3)-interacting-
protein 1 (TNIP1), a protein previously identified as Naf, VAN, and ABIN-1 and shown to
associate with HIV proteins nef and matrix [7,8] and to repress the activity of nuclear factor
κB (NF-κB) [9], as a PPAR coregulator capable of repressing that receptor's activity in the
presence of ligand [Flores et al. submitted]. To improve our understanding of TNIP1's function
as NR corepressor we examined its interaction with other group 1 NRs [10] characteristic of
keratinocytes [11], retinoic acid receptors α and γ (RARα and RARγ), and a group 2 receptor
retinoid×receptor (RXRα), the heterodimer partner [12] for both RARs and PPARs Here we
report that TNIP1 does not interact with RXRα but exhibits ligand-dependent association with
RARα and γ and acts as RAR corepressor in presence of all-trans-RA (ATRA). The repression
is partially relieved by steroid receptor coactivator 1 (SRC1), suggesting interference with
coactivator binding as a possible repression mechanism. The AF-2 domain of RARs is
necessary but not sufficient for interaction with TNIP1. Among RARs, RARα is preferred over
RARγ as TNIP1 interaction partner. In this regard, we identified a region within the LBD of
RARα responsible for this subtype difference – region not previously shown to play any role
in NR-coregulator association.

Materials and methods
Plasmids

The βRARE-tk-CAT and RXRE-tk-CAT constructs have been previously described [13].
TRE-tk-CAT reporter was made by inserting 3 copies of TRE palindrome [14] into pBLCAT2.
The βRARE-tk-Luc was prepared by subcloning the βRARE repeats and the tk promoter from
βRARE-tk-CAT into pGL4.10 (Promega, Madison, WI). The pG5-luc reporter was prepared
by subcloning the GAL4 binding sites and the E1B promoter from pG5-CAT into pGL4.10.
TNIP1 in pOTB7 backbone was obtained from ATCC (Manassas, VA) and subcloned into
pVP16 vector for mammalian two-hybrid assays or pCDNA3.1-HA for receptor transactivation
and immunoprecipitation assays. The pCDNA3.1-HDAC1-Flag construct was obtained from
Dr. Eric Verdin via Addgene (www.addgene.org, Addgene plasmid 13820). RARα/RARγ
chimera constructs were generated by subcloning fragments of RARα LBD into existing
restriction sites within RARγ using standard techniques. For αγ1 and αγ2 constructs, the
restriction sites were engineered into the RARα inserts by PCR using primers shown in Table
1. The αγ3 construct was prepared by cloning a PciI-BamHI fragment of RARα into the
corresponding sites in RARγ. RXRα-R construct was prepared by site directed mutagenesis of
the RXRα AF-2 domain using primers shown in Table 1 for conversion of the RXRα AF-2
domain (TFLMEMLE) to RARα AF-2 (PLIQEMLE). In all cases, the mammalian two-hybrid
constructs were prepared in the pM vector expressing appropriate receptor DEF domains and
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the constructs for receptor transactivation assays were prepared in the pSG5 vector expressing
full length receptors. All site directed mutants were generated using QuikChange XL
(Stratagene, LaJolla, CA) kit according to manufacturer instructions. All constructs were
verified by sequencing.

Two-hybrid and receptor transactivation assays
Yeast and mammalian two-hybrid assays were performed as previously described [15]. For
receptor transactivation assays Cos-7 or HeLa cells were seeded in 12-well plates and 24h later
transfected using calcium phosphate for Cos-7 or FuGENE6 (Roche Applied Science,
Indianapolis, IN) for HeLa with receptor constructs in the pSG5 backbone, pSG5-SRC1,
pcDNA-HA-TNIP1, and the reporter construct as indicated in figures. RXRα was always
cotransfected with RAR expression constructs. Appropriate empty vectors were used to keep
the DNA amount constant. Cells were treated 16h later with media containing vehicle (0.1%
DMSO) or ligand indicated in the figures at 1μM. After 24h (for luciferase) or 48h (for CAT)
of ligand treatment the cells were collected and luciferase assays (Promega) or CAT ELISA
(Roche) were performed according to manufacturer instructions.

Immunoprecipitations and HDAC assays
Cos-7 cells were transfected with pcDNA3.1-HA or pcDNA3.1-HA-TNIP for HDAC activity
assays, or cotransfected with pcDNA3.1-HA-TNIP1 and pcDNA3.1-HDAC1-Flag for
immunoblot detection of coimmunoprecipitation and 48h later were washed with ice cold PBS
and lysed with buffer containing 20mM Tris pH8, 100mM NaCl, 1mM EDTA, 0.5% IGEPAL,
and complete protease inhibitor (Roche). Lysates were diluted to 400μg/mL protein
concentration with lysis buffer and immunoprecipitated overnight with normal rat IgG (Santa
Cruz Biotechnology, Santa Cruz, CA) or HA rat monoclonal antibody (Roche) at 4°C with
rotation. The immunoprecipitates were incubated for 4h with Protein A/G agarose beads (Santa
Cruz) at 4°C with rotation and washed 4 times with cold lysis buffer. The HDAC activity was
determined using an HDAC fluorescent assay kit (Biomol Research Laboratories, Plymouth
Meeting, PA) according to manufacturer instructions. For western blots the immunocomplexes
were eluted from the beads with Laemmli buffer and blotted with Flag antibody (Santa Cruz)
using standard techniques.

Statistical analyses
Data was analyzed using Prism software (GraphPad, San Diego, CA). Student's t-test was used
to compare two groups and one-way ANOVA with Newman-Kewls post hoc test was used for
comparing more than two groups. P-values of less than 0.05 were considered significant.

Results and Discussion
TNIP1 interaction with RARα and RARγ is dependent on ligand, NR boxes and receptor AF-2
domain

We used the partial TNIP1 cDNA, clone 43a, as well as the full-length TNIP1 cDNA (Fig. 1A)
to test for interaction with RARα and RARγ. Clone 43a contains one LXXLL NR box – amino
acid sequence well known for its use by coregulators for interaction with liganded NRs [3,5]
– while full length TNIP1 contains two. Thus the partial cDNA provided us an initial tool to
examine the role of one TNIP1 NR box versus two in interaction with retinoid receptors. In a
yeast-two hybrid assay, clone 43a demonstrated strong interaction with RARα that was wholly
dependent on ATRA and an intact NR box. There was no detectable association in the absence
of ligand or when assayed in the presence of ligand but with the NR box mutated (m43a) from
LKKLL to LKKAA (Fig. 1B). To assess AF-2 contribution to interaction between RARα and
43a, we introduced previously characterized [16] mutations (PLIQEMLE to PAAQEMLE)
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into this domain of RARα. This completely abolished the receptor's ability receptor to interact
with clone 43a (Fig. 1B). Consistent with and extending these results for RARα, interaction
between RARγ and clone 43a was also strictly dependent on ATRA, the receptor's AF-2
domain, and the clone's LKKLL NR box (not shown).

In mammalian two-hybrid assays, clone 43a demonstrated the same interaction requirements
of ligand presence and receptor AF-2 integrity seen in yeast, but retained some association
with RARα (Fig. 1B, inset) and RARγ (not shown) when expressed as an NR box mutant. This
suggests that other non-canonical motifs contribute to RAR-TNIP1 interaction. Further, the
difference between the absolute and partial necessity of an intact NR box in yeast versus
mammalian cells may be attributable to the presence of the auxiliary factors in mammalian
cells that cooperate with non-LXXLL motifs in TNIP1 to contribute to association with RARs,
factors of which the yeast system is devoid [17]. Therefore, full-length TNIP1-RARs
interaction was examined in mammalian cells only.

In perfect agreement with our yeast two-hybrid results with the partial TNIP1 clone 43a, both
RARs exhibited strict ligand- and receptor AF-2-dependent interaction with full-length TNIP1
in mammalian two-hybrid assays (Fig. 1C). Full-length TNIP1 contains two LXXLL NR boxes
and their contribution to interaction with RARs was examined by mutating the last two leucines
of the first, second, and both NR boxes to alanines to generate TNIP1 m1, TNIP1 m2 and
TNIP1 m1+m2, respectively (Fig. 1A). Mutating individual NR boxes had no detectable effect
on RAR interaction but mutation of both motifs significantly reduced the ability of TNIP1 to
interact with RARα and RARγ (Fig. 1D and 1E, respectively). To address the possibility that
regions outside the canonical NR boxes contribute to interaction with receptor, we generated
a series of TNIP1 truncations in the context of NR box mutant TNIP1 m1+m2 (Fig. 1A) and
examined their ability to interact with holo-RARα in mammalian two-hybrid assays. There
was no significant reporter activation over empty vector control for liganded RARα with the
amino third of the protein, amino acids 1-206. Extending the TNIP1 m1+m2 protein through
amino acids 1-418 and 1-543 increased reporter activation. Notably, for the 1-543 construct
activation was similar to the full length TNIP1 m1+m2 (Fig. 1F) suggesting that some amino
acid sequence from 418-543 of TNIP1 enhanced association with liganded RARα. However,
this region of TNIP1 itself provided for no interaction despite its production level similar to
the longer constructs (Ramirez and Aneskievich, unpublished) suggesting that RAR-TNIP1
interaction is more complex than might be predicted from simple linear amino acid sequence
consideration of the coregulator. The requirement to experimentally negate multiple NR boxes
to reduce the liganded NR-coregulator interaction level is not unprecedented. Interaction
between the glucocorticoid receptor (GR) and dosage-sensitive sex reversal-adrenal hypoplasia
congentia critical region on the X-chromosome, gene 1 (DAX-1) involves three DAX-1 NR
boxes [18]. Mutagenesis of the first or second NR boxes had no significant effect on DAX-1
association with GR and it required inactivation of all three NR boxes to return reporter activity
to the control level seen in the absence of DAX-1 cotransfection. The apparent partial reliance
on non-canonical sequences for TNIP1 interaction with liganded receptors (Fig. 1F) makes it
unlike other LXXLL-dependent corepressors of agonist-bound NRs like LCoR and PRAME,
where these motifs are wholly responsible for interaction with target NRs [5] Complete
definition of TNIP1 amino acid motifs required for interaction with NRs calls for a series of
detailed studies, like those carried out for RIP140 [6].

TNIP1 represses RAR activity in the presence of ligand; the repression is partially relieved
by coactivator SRC1 but appears HDAC-independent

TNIP1's interaction with RARα and RARγ in a ligand-dependent and receptor AF-2-dependent
manner and at least partially relying on NR boxes are all characteristics of NR coactivators.
Despite these traits, recombinant expression of TNIP1 in HeLa cells together with RARα/
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RXRα heterodimer resulted in a decrease of RAR-driven reporter activation in the presence of
ATRA (Fig. 2A). Coexpressing increasing amounts of the coactivator SRC1 relieved some but
not all TNIP1 repression of RAR activity (Fig. 2B), suggesting TNIP1's effects may be partially
mediated by interference with coactivator binding to holo-receptor, similar to that observed
for other corepressors of agonist-bound NRs REA and RIP140 [4,19]

Corepressors frequently exert their effect through recruitment of HDACs [2,5]. We examined
this as a potential mechanism of TNIP1 repression by expressing HA tagged TNIP1 in Cos-7
cells and measuring the endogenous HDAC activity in the fraction immunoprecipitated with
HA antibody. We found no increase in activity compared to control levels (Fig. 2C) despite
western detection of HDAC1-3, 5 and 6 in Cos-7 lysates (not shown). Moreover, when we
coexpressed Flag tagged HDAC1 with HA tagged TNIP1, we were unable to detect any
coimmunoprecipitation (Fig. 2D). Similar results were obtained for other class 1 and 2 HDACs
(not shown). Together, these results argue against association between TNIP1 and HDACs and
suggest that TNIP1 repression of RAR activity may be HDAC-independent.

TNIP1 does not interact with RXRα and transfer of RARα AF-2 domain to it does not confer
interaction

Some NRs, e.g., TRα, RARα, RXRα, and ERα, share ligand-dependent interaction with the
same NR box-containing coregulator, e.g., TRAP220, because, in part, of conservation in the
helix 12 AF-2 sequence (φφXEφφ, φ= hydrophobic amino acid, E=glutamic acid, X=any
amino acid) and despite amino acid sequence variation throughout the rest of the receptor LBD
[20]. Like the PPARα used to isolate TNIP1, RARs are group 1 NRs but RXRα, the heterodimer
partner of both PPARs and RARs, is a group 2 NR [10]. We compared RARα and RXRα
interaction with TNIP1 in mammalian two-hybrid assays. RARα interacted with TNIP1 equally
well whether liganded with ATRA or 9-cis-RA. However, in the presence of 9-cis-RA, we saw
minimal RXRα association with TNIP1, relatively 40-fold less than holo-RARα and TNIP1
(Fig. 3A) suggesting some selectivity by TNIP1 for interaction with retinoid receptors. Since
the AF-2 of retinoid receptors is conserved (PLIQEMLE for RARα versus TFLMEMLE for
RXRα) but not identical, the inability of RXRα to interact with TNIP1 was addressed by
replacing its AF-2 domain with that of the efficiently interacting RARα. This chimeric receptor
approach was used previously to establish the role of the RAR-related orphan receptor α
(RORα) AF-2 domain with corepressor hairless (hr), where substitution of RARα AF-2 with
that of RORα enabled RARα to associate with hr [21]. For RXRα, however, replacement of
its AF-2 domain with that of RARα, necessary for RARα's interaction with TNIP1 (Fig. 1B),
was insufficient to enable RXRα-TNIP1 association. Notable, in the context of the full-length
receptor activating transcription via an RXR binding site, RXR functionality was reduced (Fig.
3B) to empty vector control levels supporting previous interpretations that interplay of AF-2
with other LBD helices supports interaction with NR box coregulators.

RARα helices 5-9 dictate its preferential interaction with TNIP1
Coexpression of TNIP1 with RARα in the mammalian two-hybrid system resulted in higher
reporter readout than with RARγ suggesting better interaction (Fig. 1C). Subtype selectivity
among RARs for interaction with coregulators was observed previously with the corepressor
SMRT [22,23] where LBD helical chimeras derived from RARα and RARβ were able to confer
upon β the better interaction with SMRT exhibited by α. We took this approach to test if the
greater interaction of RARα with TNIP1 could be mapped to specific helices within its LBD
and generated a series of RARα/RARγ chimeric receptors by replacing portions of RARγ LBD
with the corresponding helices of RARα (Fig. 4A). Receptor surfaces used for coregulator
interaction are formed by varying three-dimensional arrangements of LBD helices 3-12 [24,
25], therefore the chimera constructs were made in the context of helices 3-12. Chimeras
wherein RARα helices 3-5 (αγ1) and 10-carboxyl terminus (αγ3) replaced the corresponding
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regions in the RARγ LBD (Fig. 4A) did not confer increased interaction. In contrast, the αγ2
chimera where helices 5-9 of RARγ LBD are replaced by the corresponding region of RARα
was able to increase the level of reporter activation in the mammalian two-hybrid assay (Fig.
4B). Parallel with the two-hybrid constructs, each chimera was made in the context of a full-
length receptor and confirmed to activate an RAR-driven reporter gene to a similar degree as
intact RARγ (Fig. 4C). Thus all the chimeras are capable of the corepressor/coactivator
exchange required for NR transactivation, i.e. they are coregulator competent. Readout in the
two-hybrid assays with the chimeras, then, is likely reflective of the helices within the construct
rather than overall LBD functionality suggesting RARα helices 5-9 dictate its preferential
interaction with TNIP1.

Given the wide tissue distribution of TNIP1 [7,8], and non-uniform tissue distribution of
different RAR subtypes [26] we expect its effects on RARs will vary widely from tissue to
tissue depending largely on which RAR subtype is predominantly expressed. For instance,
altered TNIP1 levels may have limited effect on NR function if its preferred target receptors
are minimally present highlighting the importance of characterizing NR-coregulator
selectivity. While NR selectivity has been examined for numerous coregulators [2,5],
differences between receptor subtypes in coregulator interaction have received a limited study.
Along these lines, Privalsky and coworkers used a receptor chimera approach similar to the
one used here and demonstrated the selectivity of RAR subtypes for interaction with the
traditional corepressor SMRT centered on amino acid differences within the receptors' LBD
helix 3 and, to a lesser extent, the carboxyl-terminal F domain and enabled interaction with
RARα but not RARβ or γ. The RAR LBD sequence differences presumably affected the tertiary
structure of the receptors' C-termini allowing for RARα but not for β and γ access to the
corepressor binding [22,23,27,28]. In contrast, our results point to helices 5-9 in RARs as being
responsible for the differing interaction of this receptor's subtypes with TNIP1. This is a novel
finding as no previous role for this region has been reported for interaction with coregulators.

In summary, we show that TNIP1 interacts with liganded RARs but acts as a corepressor of
their activity. TNIP1 repression is mediated partly through interference with coactivator
recruitment but appears HDAC-independent. While the receptor AF-2 domain is required for
association with TNIP1, it is not sufficient by itself to confer interaction. We further note a
preference of TNIP1 for RARα subtype over RARγ and map the region responsible for this
preference to helices 5-9 of the receptor LBD – a region with no previously known roles in
NR-coregulator interaction.
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Fig. 1.
TNIP1-RAR interaction is entirely dependent on ligand and receptor AF-2 domain and partially
dependent on TNIP1 NR Boxes. (A) Schematic of TNIP1 constructs showing partial clone
43a, NR Box (NRB) mutant 43a (m43a), and the full-length (amino acids 1-636) wild type
(WT) and NR box mutants m1, m2, and m1+m2. Wild type NRB: solid box, mutant NRB:
open box. Lower portion of schematic: TNIP1 truncations in the context of the NRB mutation
(s). (B) Two-hybrid assays of Y187 yeast transformed with pGAD10-43a or m43a mated to
AH109 yeast transformed with pGBKT7-RARα wild-type (WT), AF-2 mutant (AA), or lamin
C (Lam) as negative control. Inset: Mammalian two-hybrid (M2H) assay in Cos-7 cells
transfected with pM-RARα and pVP-16-43a or m43a. (C) M2H assays in Cos-7 cells
transfected with pM-RARα or γ WT or AA constructs and pVP16-TNIP1. (D) and (E) M2H
assays in Cos-7 cells showing effects of TNIP1 NR Box mutations on interaction with RARα
(D) and RARγ (E); *: different from WT. (F) M2H assays showing interaction of RARα with
TNIP1 truncations in Fig. 1A treated with ATRA; *: different from empty vector control. All
M2H data are presented as difference in reporter activation between TNIP1 constructs and
empty vector control. In (B, inset), (C) and (F) bars with different letter indicate significantly
different values.
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Fig. 2.
TNIP1 is a repressor of holo-RAR activity whose repression is partially relieved by coactivator
SRC1 but appears HDAC-independent. (A and B) Receptor transactivation assays in HeLa
cells cotransfected with indicated amounts of pcDNA3.1-HA-TNIP1, pSG5-RARα and
RXRα, SRC1 (B), and βRARE-tk-CAT (A) or βRARE-tk-Luc (B) reporter construct. DNA
amount kept constant with empty pcDNA3.1-HA or pSG5. Bars with different letter indicate
significantly different values. (C) Fluorimetric HDAC activity assay performed with HA
immunuprecipitates from Cos-7 cells transfected as indicated. RFU: relative fluorescence
units, N.S.: not significant. (D) Coimmunoprecipitation assay of TNIP1 and HDAC1 in Cos-7
cells cotransfected with pcDNA3.1-HA-TNIP1 and pCDNA3.1-HDAC1-Flag,
immunoprecipitated as indicated and immunoblotted with Flag antibody.
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Fig. 3.
RXRα does not interact with TNIP1 and introduction of RARα AF-2 domain does not confer
interaction. (A) M2H assays showing interaction of RARα with TNIP1 compared to wild-type
RXRα and RXRα with its AF-2 replaced by that of RARα (RXRα-R). (B) Comparison of
RXRα and RXRα-R activation of RXRE-tk-CAT in Cos-7 cells presented as difference in
reporter activation between receptor constructs and empty vector.
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Fig. 4.
Replacement of helices 5-9 of RARγ ligand binding domain (LBD) with those of RARα
increases RARγ-TNIP1 interaction. (A) Schematic of LBD helices in RARα/RARγ chimera
constructs with RARγ as open and RARα replacements as shaded rectangles, C term: carboxyl
terminus. (B) M2H assays in ATRA treated Cos-7 cells showing interaction of RARα,
RARγ or αγ chimeras with TNIP1 presented as difference in reporter activation between TNIP1
constructs and empty vector control. (C) Activation of TRE-tk-CAT reporter by RARα,
RARγ, or RARα/RARγ chimeras in Cos-7 cells presented as difference in reporter activation
between receptor constructs and empty vector control. RXRα was cotransfected with all RAR
constructs. In (B) and (C) bars with different letter indicate significantly different values.
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