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The orphan nuclear receptor chicken ovalbumin upstream
promoter transcription factor I (COUP-TFI) plays key roles in
development and homeostasis. A tandem affinity purification
procedure revealed that COUP-TFI associated with a number of
transcriptional regulatory proteins in HeLa S3 cells, including
the nuclear receptor corepressor (NCoR), TIF1B/KAP-1,
HDACI, and the SWI/SNF family member Brahma. The pro-
apoptotic protein DBC1 was also identified in COUP-TFI com-
plexes. In vitro experiments revealed that COUP-TFI interacted
directly with NCoR but in a manner different from that of other
nuclear receptors. DBC1 stabilized the interaction between
COUP-TFI and NCoR by interacting directly with both pro-
teins. The gene encoding the anti-apoptotic protein TNFAIP8
(tumor necrosis factor e (TNFa)-induced protein 8) was identi-
fied as being repressed by COUP-TFI in a manner that required
several of the component proteins of the COUP-TFI complex.
Finally, our studies highlight a central role for COUP-TFI in the
induction of the TNFAIP8 promoter by TNFa. Together, these
studies identify a novel COUP-TFI complex that functions as a
repressor of transcription and may play a role in the TNFa sig-
naling pathways.

The eukaryotic genome is highly compacted into chromatin,
an organized mélange of nucleic acid and histone proteins (1).
Chromatin serves several important cellular functions. First, it
solves a packing problem by extensively compacting the DNA
into a bundle small enough to fit into the eukaryotic nucleus.
Second, chromatin modifications underlie the basis of epige-
netic regulation of gene expression, providing scalable control
of gene expression that is critical for the maintenance of cellular
homeostasis, differentiation, and proliferation (2, 3).

Nuclear receptors belonging to the steroid/thyroid hormone
receptor superfamily are ligand-dependent transcription fac-
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tors that regulate critical processes in growth, development,
and homeostasis (4, 5). Some nuclear receptors, such as thyroid
hormone receptors and retinoic acid receptors, bind to regula-
tory elements in the target gene promoters in the absence of
their cognate ligands. These aporeceptors function as repres-
sors of transcription by interactively recruiting nuclear recep-
tor corepressor (NCoR)?>- or SMRT-containing corepressor
complexes, which harbor multiple histone deacetylases, to the
promoter template (6, 7). Agonist binding to nuclear receptors
appears to stabilize a receptor conformation that is not permis-
sive for corepressor binding but instead favors the cyclical
recruitment of a series of multiprotein coactivator complexes,
many of which contain multiple histone-modifying enzymes, to
the responsive promoter (7). The dynamic agonist-driven
exchange of transcriptional coregulatory proteins on nuclear
receptor-bound promoter templates likely underlies the molec-
ular basis of regulation of gene expression by this family of
transcription factors (8).

Three mammalian genes encoding chicken ovalbumin
upstream promoter transcription factor (COUP-TF) proteins,
which are orphan members of the steroid/thyroid hormone
receptor superfamily, have been cloned (9, 10): COUP-TFI (also
known as Nr2fI or EAR3), COUP-TFII (Nr2f2 or ARPI), and
COUP-TFII (Nr2f6 or EAR2). COUP proteins play unique
roles in fetal development, including neurogenesis and angio-
genesis, and possibly in metabolic homeostasis in adult orga-
nisms (11). In the mouse, deletion of COUP-TFI or COUP-TFII
results in perinatal and embryonic lethality, respectively, possi-
bly due to disrupted neuronal development (12—14) and aber-
rant angiogenesis, skeletal muscle development, and cardiac
development (15, 16). COUP-TFIII "/~ mice exhibit disruption
of noradrenergic homeostasis in the locus coeruleus and rostral
cerebral cortex, along with enhanced nociception and dysregu-
lation of periodl and period2, clock genes that are important for
proper circadian timing (17). These findings highlight the abso-
lute essentiality of the COUP-TF family of orphan nuclear

2 The abbreviations used are: NCoR, nuclear receptor corepressor; COUP-TF,
chicken ovalbumin upstream promoter transcription factor; SUMO, small
ubiquitin-like modifier; TNFea, tumor necrosis factor «; HA, hemagglutinin;
GST, glutathione S-transferase; MS, mass spectrometry; MS/MS, tandem
mass spectrometry; CAT, chloramphenicol acetyltransferase; ChIP, chro-
matin immunoprecipitation; siRNA, small interfering RNA; CHX, cyclohex-
imide; co-IP, co-immunoprecipitation; RD, repression domain; DBD, DNA-
binding domain; RT-qPCR, quantitative reverse transcription-PCR.
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receptors in developmental processes and indicate that these
proteins do not function redundantly iz vivo.

A number of COUP-interacting proteins have been de-
scribed, and the majority of these were identified and/or char-
acterized by yeast two-hybrid systems: transcription factor IIB
(18), a p56”* ligand (19), NCoR and SMRT (20), Sp1 (18, 21),
Alien (22), CTIP1 and CTIP2 (23), Tat (24), FOG-2 (25), CIP-1
(26), CIP-2 (27), and Ubc9 (an E2 conjugating enzyme of the
small ubiquitin-like modifier (SUMO)-1 family) (28, 29). To
our knowledge, none of these COUP-interacting proteins have
been demonstrated to be recruited to the promoter of target
genes in a COUP-dependent manner, and a systematic study of
COUP-TFI complexes in mammalian cells has not been
conducted.

In these studies, we identified a number of COUP-TFI-inter-
acting proteins using a tandem affinity purification strategy,
and we found that the orphan receptor and several of these
proteins co-occupied the promoter of a COUP-TFI target gene
that was first identified herein, TNFAIP8 (tumor necrosis factor
a-induced protein 8). Our data strongly suggest that the induc-
tion of TNFAIP8 by tumor necrosis factor o (TNFa) involves
relief of COUP-TFI-mediated repression of the corresponding
promoter. It is believed that TNFAIPS, via direct inhibition of
caspase activity, serves to dampen the apoptotic response of
cells that are stimulated by TNFa (30). Thus, our findings
implicate COUP-TFI in the TNF« signaling pathways in mam-
malian cells.

MATERIALS AND METHODS

Cell Culture—HeLa S3 and 293T cells were grown at 37 °Cin
Dulbecco’s modified Eagle’s medium (Invitrogen) with 10%
fetal bovine serum (Atlas Biologicals) and 1% penicillin/strep-
tomycin (Invitrogen). SK-N-MC cells were grown under the
same conditions except that 1% sodium pyruvate (Invitrogen)
was added to the medium.

Constructs and Generation of Stable Cell Lines—The plasmid
pOZ-COUP was prepared by PCR amplification of human
COUP-TFI with primers containing appropriate restriction
sites for insertion into the pOZ-N vector (a bicistronic retrovi-
ral expression vector, which was a kind gift from Pat Nakatani,
Dana-Farber Cancer Institute) (31-33). The pOZ-N vector
contains a tandem epitope tag (hemagglutinin (HA) and FLAG)
upstream of the multiple cloning site and an internal ribosomal
entry site downstream of the cloning site. The internal riboso-
mal entry site is followed by the coding sequence of the extra-
cellular domain of CD25 (interleukin-2 receptor «). Thus, the
pOZ-COUP vector, which was used to prepare pOZ-COUP
cells (see below), encodes FLAG-HA-COUP-TFI (referred to as
FH-COUP) and CD25, the latter of which facilitated cell sorting
of infected cells (see below). The NCoR expression vector and
associated deletion mutants were described previously (34).
Plasmids encoding glutathione S-transferase (GST) fusions of
COUP-TFI and NCoR fragments were prepared by inserting
amplicons into pGEX2T (GE Healthcare) using standard meth-
odology. All DBC1 constructs were kind gifts from Eileen
White (Rutgers University) (35). The expression vector for
FLAG-HA-tagged full-length COUP-TFI in pcDNA3.1(+) was
constructed by PCR amplification and insertion into
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pcDNA3.1(+). The COUP-TFI-responsive reporter construct
harboring a tetramerized COUP-TFI-binding site, (DR1),-tk-
CAT, was constructed in pBL2-CAT. All constructs were
sequenced to confirm authenticity.

Recombinant retroviruses were produced using the BD
Retro-X universal packaging system (BD Biosciences) and used
to infect HeLa S3 cells growing in suspension. Following retro-
viral infection, the proportion of cells expressing CD25 varied
from 0.5 to 15% as determined by flow cytometry on an EPICS
XL flow cytometer (Beckman Coulter) using a phycoerythrin-
conjugated anti-CD25 antibody (Miltenyi Biotec). The trans-
duced HeLa S3 cultures were enriched for CD25" cells by mag-
netic sorting either using an autoMACS system or manually
using magnetic beads (Miltenyi Biotec). The enriched cells
were cultured for several days to increase cell number and again
subjected to the magnetic enrichment procedure. After three to
five rounds of enrichment, cultures reached 96 —-98% purity as
determined by flow cytometry and were then transferred to a
suspension culture for large-scale production. Purified cell
populations have maintained 96 —-98% purity after >4 months
in continuous culture as determined by weekly flow cytometric
analyses. HeLa S3 cells infected with recombinant retrovirus
derived from the empty vector (pOZ-N cells) were similarly
purified and analyzed and used as a control in the tandem affin-
ity purification procedure.

Transfections—293T cells (2 X 10° cells) were plated onto a
10-cm plate and transfected 24 h later using the calcium phos-
phate method. Each transfection consisted of varying amounts
of the (DR1),-tk-CAT reporter gene, FH-COUP, and an empty
expression vector to standardize the total amount of DNA
transfected. The medium was changed, and the cells were har-
vested 24 and 48 h after transfection, respectively.

Antibodies—The anti-FLAG antibody was purchased from
Sigma. The anti-HA antibody was purchased from Roche
Applied Science. Antibodies against TIF183, DBC1, HDAC]I,
and TBLR1 were obtained from Bethyl Laboratories (Mont-
gomery, TX). Anti-COUP-TFI (T19), anti-BAF170, and anti-
SIN3A antibodies as well as control IgGs (mouse, rabbit, and
goat) were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). The anti-HSP70 antibody was purchased from
StressGen, and the anti-NCoR antibody was a generous gift
from Dr. Geoff Rosenfeld (University of California, San Diego).

Tandem Affinity Purification— Approximately 3 X 10° puri-
fied HeLa S3 cells stably expressing FH-COUP or control
pOZ-N cells were harvested during log phase (~10° cells/ml).
Nuclear extracts were prepared essentially as described by Sha-
piro et al. (36) with minor modifications. Briefly, nuclear
extract (~150 mg) was incubated with 400 ul of anti-FLAG-
agarose (Sigma) for 5 h with constant rotation at 4 °C. This resin
was then washed extensively with ice-cold phosphate-buffered
saline containing 0.05% Nonidet P-40, and protein complexes
were eluted with a peptide corresponding to a dimerized FLAG
epitope (Sigma). The eluted material was then loaded directly
onto 200 ul of anti-HA-agarose resin (Roche Applied Science),
which was then incubated, washed, and eluted with the HA
peptide (Sigma) as described above.

Protein Identification by Tandem Mass Spectrometry—
Twice-purified material was electrophoretically separated on a
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4-12% SDS-polyacrylamide gradient gel, and individual pro-
teins were visualized by a mass spectrometry (MS)-friendly
Coomassie stain (Bio-Rad), excised, and subjected to an in-gel
tryptic digest as described previously (37). Following digestion,
samples were desalted using a micro-C18 tip (Millipore) and
dried. Samples were then resuspended in 5 ul of 0.1% formic
and analyzed by liquid chromatography/electrospray ioniza-
tion tandem mass spectrometry (MS/MS) with a Nano2D LC
(Eksigent) coupled to an LTQ FT mass spectrometer (Thermo
Electron) using an instrument configuration as described (38).
Data were collected in a data-dependent mode in which a high
mass resolution/high mass accuracy MS scan (in the FT part of
the instrument) was followed by MS/MS scans of the five most
abundant ions from the preceding MS scan. The five selected
ions for MS/MS were placed on an exclusion list and not
selected for subsequent MS/MS for 1.5 min, allowing less
intense ions to be interrogated for MS/MS. Proteins were iden-
tified from MS data using a modified version of the open source
X!Tandem (Beavis Informatics) automated protein data base
search algorithm. The score function of native X!Tandem was
replaced with a dot product-based score algorithm that is com-
patible with PeptideProphet (39). Search results were consid-
ered correct if at least two peptides had raw scores >200 for +1
ions, >300 for +2 ions, and >300 for +3 ions, percent ions of
>15%, and PeptideProphet scores >0.9 and if the identification
did not appear in a blank portion of the gel.

Co-immunoprecipitation and Immunoblotting—Co-immu-
noprecipitations and immunoblotting were conducted as
described previously (40).

Size-exclusion Chromatography—Size-exclusion chroma-
tography was conducted using 50 mg of nuclear extract from
stably transduced HeLa S3 or control cells and a Superose 6
column as described previously (40, 41).

GST Pulldown Analyses—GST pulldown analyses were con-
ducted as described previously using bacterially expressed GST
fusion proteins as baits and [>*S]methionine-labeled proteins as
prey (42).

Reporter Gene Assays—Chloramphenicol acetyltransferase
(CAT) reporter gene assays were conducted and quantified as
described previously (41).

Chromatin Immunoprecipitation Studies—Both chromatin
immunoprecipitation (ChIP) and re-ChIP studies were con-
ducted essentially as described previously (40). The following
primers were used for amplification reactions: TNFAIPS,
5'-TCCTCCTTCCCTGCACGCT-3" (forward primer) and
5'-CCAGGAGCCACTTACTCGGA-3' (reverse primer; am-
plification product, 278 bp); and IGF2, 5'-GATCATCGTC-
CAGGCAGTTT-3’ (forward primer) and 5-CTTCCCCTC-
CTTCAGAAACC-3' (reverse primer; amplification product,
227 bp).

Small Interfering RNA Transfections—HeLa S3 cells were
transfected with 30 nmol of negative control small interfering
RNA (siRNA) or specific siRNA against COUP-TFI, NCoR, or
TIF1B using siPORT NeoFX transfection reagent (Ambion).
The medium was replaced with fresh growth medium after
24 h, and cells were harvested for RNA extraction 48 h after
transfection.
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Quantitative Reverse Transcription-PCR—RNA was pre-
pared using the RNeasy minikit (Qiagen), and 1 ug of total
RNA was reverse-transcribed using reverse transcriptase
and oligo(dT) (Invitrogen). The resulting cDNA (1 ul) was
then used for the following amplification reactions:
TNFAIPS, 5'-TGAGCTAGCATTGATGGAGA-3' (forward
primer) and 5'-TCCAACATTTTGTTGATACCA-3’ (re-
verse primer); and hypoxanthine-guanine phosphoribo-
syltransferase, 5'-ATTGTAATGACCAGTCAACAGGG-3’
(forward primer) and 5'-GCATTGTTTTGCCAGTGT-
CAA-3’ (reverse primer). These primer sets generate ampli-
cons of 300 and 117 bp, respectively. An Applied Biosystems
7500 real-time PCR instrument and SYBR Green technology
(Qiagen) were used for all quantitative PCR analyses.

Compound Treatments and Apoptosis Assay—HeLa S3 cells
were grown on coverslips to 70% confluency, followed by 8 h of
TNFa (5 ug/ml) and cycloheximide (CHX; 30 wg/ml) treatments.
After drug treatment, cells were fixed with paraformaldehyde, and
the nuclei were stained with 4’,6-diamidino-2-phenylindole. Non-
apoptotic cells with intact nuclei were counted using a fluores-
cence microscope, and the percentage of non-apoptotic cells after
TNFa/CHX or mock treatment was calculated.

RESULTS

Purification and Identification of Component Proteins of
COUP-TFI Complexes—Stable cell lines were established in the
HeLa S3 background using a recombinant retrovirus directing
expression of COUP-TFI harboring a tandem epitope tag
(FLAG-HA) at its N terminus (FH-COUP) (Fig. 1A4), which
allowed immunoprecipitation and immunodetection of
COUP-TFI with high efficiency and specificity. The bicistronic
retroviral vector used to create the cell line (pOZ-COUP) stably
expressing FH-COUP also encoded the extracellular domain of
the interleukin-1 receptor (CD25), which facilitated cell sorting
to enrich infected cells to near homogeneity (Fig. 1B). As a
control, HeLa S3 cells were infected with a recombinant ret-
rovirus prepared using the empty pOZ-N vector (pOZ-N
cells). Both pOZ-COUP and pOZ-N cells were purified to
>95% homogeneity by multiple rounds of magnetic-based
cell sorting (data not shown) and then expanded in suspen-
sion culture. Stable expression of FH-COUP was validated by
immunoblotting (Fig. 1C), and subcellular distribution anal-
yses demonstrated that the tagged protein was localized
mostly in the nucleus, consistent with previous studies of
COUP-TFI (29, 43, 44).

Protein complexes containing FH-COUP were isolated from
nuclear extracts of pOZ-COUP cells by tandem affinity purifi-
cation (supplemental Fig. S1A) essentially as described by
Nakatani and co-workers (32, 33). Purified protein complexes
were resolved by SDS-PAGE and visualized by Coomassie
staining (supplemental Fig. S1B), which revealed that immuno-
purified FH-COUP co-purified with ~25 other polypeptides,
most of which were not present in twice-immunopurified
material from pOZ-N cells (supplemental Fig. S1B, compare
lanes 1 and 2).

MS analysis of FH-COUP complexes after sequential immu-
noaffinity chromatography revealed the co-purification of sev-
eral components of transcriptional repressive complexes along
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FIGURE 1. Validation of component proteins of FH-COUP complexes. A, schematic diagram of tandem
epitope-tagged COUP-TFI. The sequences encoding FLAG and HA tags are located upstream of the human
COUP-TFI cDNA in a retroviral vector. LBD, ligand-binding domain. B, flow cytometric analysis of uninfected
HelLa S3 cells and HeLa/FH-COUP cells after multiple rounds of magnetic cell purifications indicating >95%
purity of the latter. PE, phycoerythrin; IL2R, interleukin-2 receptor. C, immunodetection of FH-COUP in cyto-
plasmic (CE) or nuclear (NE) extracts demonstrating that cells infected with FH-COUP-programmed but not
control retrovirus express FH-COUP and that the majority of the fusion protein localizes in the nucleus. D, co-IP
studies in pOZ-COUP cells. Nuclear lysates were immunoprecipitated with the anti-FLAG antibody or nonspe-
cific1gG, and these immune complexes were analyzed after gel electrophoresis by immunoblotting using the
antibodies indicated on the left. Input represents 10% of the material used for immunoprecipitation. E, co-IP
analyses of FH-COUP, NCoR, TIF13,and DBC1 using nuclear extract from pOZ-COUP cells. Immunoprecipitation
and immunoblotting were conducted using the indicated antibodies. Input corresponds to 5% of the nuclear
extract used for immunoprecipitation. F, NCoR, TIF183, and DBC1 co-IP with endogenous COUP-TFI from
nuclear extracts prepared from untransfected SK-N-MC neuroblastoma cells. All studies shown in D-F are
representative of three to eight independent experiments.

with FH-COUP. These included NCoR, HDACI1, TBLRI,
TIF1B/KAP-1, and MPC-3 (a chromodomain-containing poly-
comb protein) (Table 1 and supplemental Fig. S1B). Brahma
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(BRM), an ATP-dependent chro-
matin-remodeling protein (45), and
its associated factors BAF155 and
BAF170 were also identified in FH-
COUP complexes (Table 1 and sup-
plemental Fig. S1B). The Brahma
complex appears to be a bifunc-
tional SWI/SNF family member,
having been implicated in both
transcriptional activation (1) and
repression (46). Proteins not previ-
ously implicated in transcriptional
regulation were also found to co-pu-
rify with FH-COUP, including the
DNA repair protein DDB1, DBC1
(a pro-apoptotic protein that is
deleted in breast cancer), HSP70,
HSP90, and HYDI1 (a ubiquitin
ligase). Finally, several components
of the spliceosome assembly were
identified (SFR1, SF3Al, and
SF3B1). Collectively, our tandem
affinity purification strategy re-
vealed that FH-COUP may associ-
ate with a number of transcriptional
regulatory proteins in HeLa S3 cells
as well as other classes of proteins
that have not been previously impli-
cated in the regulation of gene
expression.

Characterization of COUP-TFI-
associated Proteins—We undertook
a multipartite approach to verify
association of the identified pro-
teins with FH-COUP complexes in
mammalian cells. First, we con-
ducted co-immunoprecipitation
(co-IP) studies in nuclear extracts
from HeLa S3 cells stably expressing
FH-COUP. Endogenous TIF1p,
NCoR, BAF170, BRM, HSP70,
DBC1, and HDAC1 were efficiently
co-immunoprecipitated with FH-
COUP using the anti-FLAG anti-
body (Fig. 1D).

Second, we performed a series
of reciprocal immunoprecipitation
experiments in nuclear extracts pre-
pared from pOZ-COUP cells. These
studies utilized antibodies directed
against both FH-COUP and repre-
sentative endogenous COUP-inter-
acting proteins. The results of these
studies confirmed that endogenous
NCoR, TIF1B, and DBC1 were spe-

cificallyimmunoprecipitated with FH-COUP by the anti-FLAG
antibody (Fig. 1E). The reciprocal immunoprecipitations also
indicated that FH-COUP was immunoprecipitated with anti-
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TABLE 1
Components of the COUP-TFI complexes
Protein GenBank™  Unique Functi
symbol codes peptides unction

COUP-TFI NP_005645 12 Transcription factor

TIF1B NP_005753 7 Transcriptional corepressor

NCoR NP_006302 8 Transcriptional corepressor

HDAC1 NP_004955 7 Transcriptional repressor

TBLR1 NP_078941 8 Transcriptional repression

MPC-3 NP_065700 2 Transcriptional repression

TRIM33 NP_056990 4 Transcriptional corepressor

FIR NP_055096 4 Transcriptional repression

BAF170 NP_620706 2 ATP-dependent
chromatin-remodeling protein

BAF155 NP_003065 2 ATP-dependent
chromatin-remodeling protein

BRM NP_620614 4 ATP-dependent
chromatin-remodeling protein

THOC4 NP_005773 4 Transcriptional coactivator

TFIIIC NP_036336 2 Transcriptional activator

TAF9 NP_003178 2 Transcriptional coactivator

DBC1 NP_066997 27 Apoptosis

BAT3 NP_542434 7 Apoptosis

DDB1 CAA05770 10 DNA repair

HSP70 NP_005338 11 Protein chaperone

HSP90 NP_031381 5 Protein chaperone

Human HYD1 U95000_1 49 Ubiquitin ligase

EFla NP_001393 6 Elongation factor

SFR1 NP_008855 6 Splicing factor

SF3A1 NP_005868 3 Splicing factor

bodies directed against TIF18 and DBC1 (Fig. 1E). Notably,
TIF1B, NCoR, and DBCI1 all appeared to co-immunoprecipi-
tate with each other (Fig. 1E, lanes 4 and 5). These results
strongly suggest that COUP-TFI stably associates with endog-
enous NCoR, TIF18, and DBC1 within the same or a highly
related protein complex in HeLa S3 cells.

Third, we conducted co-IP experiments using nuclear
extracts prepared from untransfected SK-N-MC neuroblas-
toma cells, which express relatively high levels of COUP-TFI
endogenously. The results of these co-IP experiments revealed
the specific association of endogenous COUP-TFI with NCoR,
TIF1B, BRM, and DBC1 in SK-N-MC cells (Fig. 1F).

Fourth, we verified that putative component proteins of FH-
COUP complexes co-chromatographed with FH-COUP on a
Superose 6 size-exclusion column. We found that the majority
of FH-COUP immunoreactivity present in nuclear extracts of
pOZ-COUP cells eluted from the Superose 6 column with an
apparent mass between 1 and 2 MDa (Fig. 24). This peak of
FH-COUP immunoreactivity was not symmetrical but rather
eluted with a tailing shoulder extending nearly to the 669-kDa
marker. All of the putative FH-COUP complex proteins exam-
ined co-eluted with FH-COUP in the high molecular mass frac-
tions (fractions 16—20) to varying degrees, but the chromato-
graphic behavior of these proteins differed dramatically. This is
perhaps best exemplified by TIF1S3, the majority of which
eluted independently of FH-COUP as a fairly symmetrical peak
centered around 669 kDa (Fig. 24, fractions 32-38). However,
the leading shoulder of the TIF1B peak extended up into the
MDa range of the profile, where it appeared to co-elute with
FH-COUP as well as with other putative proteins of the
COUP-TF complex (Fig. 24). Other proteins of the putative
COUP-TFI complex (DBC1 and HDAC1) exhibited similar
chromatographic behavior, which prompted us to examine if
these anomalous elution patterns might result from overex-
pression of COUP-TFL To test this possibility, we examined
the chromatographic properties of these proteins in control

6160 JOURNAL OF BIOLOGICAL CHEMISTRY

A 3 K 669 150
E 1 ' +
FLAG & m—----
NCoR e -
TIFIf & - - @i -
DBC1 g Sl __;:“; .
BAF170 |~ o e
BRM 4 |-2a =SSES
HDAC! ® |(SEcccboatessy
Actin = Creee
Fraction 14 18 22 26 30 34 38 42 46 50 54
B E_ 2K 669 150
g 4 v v
TIFip '@ B
DBC1 & 'lb“ah..
HDAC1 = c e
Actin = = - wpas -
Fraction 14 18 22 26 30 34 38 42 46 50 54

FIGURE 2. Gel filtration analysis of FH-COUP complexes. Nuclear extracts
from pOZ-COUP (A) and pOZ-N (B) cells were subjected to size-exclusion
chromatography using a Superose 6 column. Fractions were collected and
analyzed by immunoblotting using the antibodies indicated on the left. The
elution peaks of the molecular mass standards are indicated at the top: blue
dextran, 2000 kDa (2K); thyroglobulin, 669 kDa; and alcohol dehydrogenase,
150 kDa. Fraction numbers are indicated at the bottom.

pOZ-N cells (prepared with the empty pOZ-N vector). In the
absence of FH-COUP overexpression, TIF18, DBCI1, and
HDACI1 all appeared to elute from the Superose 6 column as
fairly symmetrical peaks corresponding to the lower mass spe-
cies observed in pOZ-COUP cells (Fig. 2B; see also Fig. 24).
This finding suggests that stable overexpression of FH-COUP
in HeLa S3 cells alters the chromatographic behavior of these
proteins, consistent with the possibility that these proteins may
be authentic components of FH-COUP complexes. Considered
together, these data validate the identified proteins as compo-
nents of COUP-TFI complexes in mammalian cells.
COUP-TFI Interacts Directly with Two Different Regions in
NCoR—Because NCoR has been identified as a corepressor for
several hormone nuclear receptors (8, 47), we hypothesized
that NCoR may interact directly with COUP-TFI, nucleate the
FH-COUP complex, and serve as a scaffold for other protein/
protein interactions within the FH-COUP complex. Moreover,
Shibata et al. (20) previously reported a direct interaction
between COUP-TFI and a large fragment of NCoR in yeast and
in vitro, but neither defined the COUP-TFI interaction domain
of NCoR precisely nor directly demonstrated a role for NCoR in
COUP-mediated repression. GST pulldown experiments were
performed to investigate the former in detail, and these studies
revealed that GST-COUP-TFI interacted with full-length
NCoR (Fig. 34, panel 1) as well as with NCoR fragments con-
taining repression domain (RD) 1 (corresponding to amino
acids 1-393, NCoR1) (panel 2) and RD4 (also known as the
CBF1/Su[H] domain, corresponding to amino acids 1500—
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FIGURE 3. NCoR interacts directly with COUP-TFI in an atypical manner. A, diagram of NCoR and deletion
mutants (left) used for GST pulldown experiments (right). NCoR fragments were translated in vitro as [**S]Met-
labeled proteins, and the presence of NCoR fragments in the pulldown was detected by autoradiography. Lane
1 in all cases was loaded with 10% of the input of individual NCoR fragments. B, diagram of FH-COUP and
deletion mutants (left) used for GST pulldown experiments (right) using various GST-COUP-TFI fragments and
in vitro translated NCoR1 (lane 1) or NCoR5 (lane 2). The putative AF2 of COUP-TFI (@amino acids 402-409) is
denoted by a black box. Representative experiments are shown. NR IDs, nuclear receptor interaction domains;
FL, full-length; LBD, ligand-binding domain; Znfl and ZnFll, zinc fingers | and Il, respectively.

1900, NCoR5) (panel 6). Other isolated regions of NCoR,
including the canonical nuclear receptor interaction domain
(NCoR6) (Fig. 34, panel 7), did not appear to interact with
GST-COUP-TFL. In reciprocal pulldown experiments, we con-
firmed that COUP-TFI was specifically pulled down by both
GST-NCoR1 and GST-NCoR5 (supplemental Fig. S2).

The NCoR interaction domains of COUP-TFI were similarly
mapped in reciprocal pulldown experiments. These studies
revealed that the isolated RD1 and RD4 interacted directly with
full-length COUP-TFI (Fig. 3B, panel 3). However, the two
NCoR fragments interacted differentially with isolated regions
of COUP-TFIL For example, NCoR1, which contains RDI,
interacted strongly with any deletion mutant containing the
COUP-TFI DNA-binding domain (DBD) (Fig. 3B, panels 5-7,
lane I). NCoR1 appeared to interact with zinc fingers I and II
with equivalent efficiency (compare lane 1 in Fig. 3B, panels 6
and panel 7), neither of which was as efficient as the two fingers
together (panel 5, lane 1). In contrast, NCoR5, which harbors
RD4, interacted directly with the isolated COUP DBD (Fig. 3B,
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GST panel 5, lane 2) and any mutant con-

2 E taining the ligand-binding domain

ai d (Fig. 3B, panels 911, lane 2). The

& .38 interaction of NCoR5 with the

NCORFL g g 1 COUP-TFI DBD differed from that
ncors I : of NCoRl be‘caus‘e NCORS appeared
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“% Ncor2 [ ¢ with zinc finger I and did so as effi-
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E ncors B - (compare {ane 2 in Fig. 35, pq;/{els
S 5-7). Previous work has identified
= | NCoRS S © the AF2 region near the C terminus
NCOR6 s 7 of COUP-TFI as an important

1 2 ig region for COUP-TFI-mediated
repression (20). However, the AF2

E 2 domain of COUP-TFI was dispen-

g g9 sable for the interaction of the

10% INPUt  — — 1 orphan receptor with NCoR5 (Fig.
_ 4 3B, panel 10, lane 2), and neither

the intact COUP ligand-binding

FL [S—— domain (panel 9, lane 1) nor deriva-

AB 4 tive mutants (panels 8, 10, and 11,

C - lane 1) interacted wi.th’ NCoR1. We
conclude that two distinct domains

E ZnFl T ® of COUP-TFI interact differentially
ZNFIl | —— 7 with two regions of NCoR: the

D 8 COUP-TFI DBD was found to

DE — interact with fragments harboring

i both NCoR RD1 and CBF1/RD4,

REAAT2 - whereas the COUP-TFI ligand-

E - 11 binding domain interacted only

1 2 with the NCoR fragment harbor-

ing the CBF1/RD4 region. Thus,
NCoR appears to play a crucial
role in nucleating the large
FH-COUP-containing  complex
that we observed in HeLa S3 cells,
but the manner by which COUP-
TFI interacts with NCoR appears
to be different from that of other members of the nuclear
receptor superfamily.

DBCI Interacts Directly with Both COUP-TFI and NCoR—
We found that COUP-TFI interacted directly with DBC1 in
GST pulldown studies in a manner that required the N but not
the C terminus of DBC1 (Fig. 44, lane 3). Whereas full-length
FH-COUP interacted with wild-type DBC1 (Fig. 4B, lane 3), we
could not define the DBC1 interaction domain(s) of COUP-TFI
more precisely by truncation mutagenesis, as neither the iso-
lated N- or C-terminal regions of COUP interacted with DBC1
(Fig. 4B, lanes 4 and 5). This suggests that a higher degree of
structural complexity of COUP-TFI is required for its interac-
tion with DBC1.

DBCI1 also interacted with GST-NCoR1 (Fig. 4C, lane 1),
which contains RD1 (see above). However, unlike FH-COUP,
DBC1 did not interact with NCoR5, the CBF1/RD4 region of
the corepressor (supplemental Fig. S3, panel e, lane 4). DBC1
also did not interact with other NCoR fragments tested (data
not shown). Both the C- and N-terminal regions of DBC1
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FIGURE 4. DBC1 interacts directly with both COUP-TFI and NCoR. A, in vitro pulldown of DBC1 by GST or
GST-COUP-TFI. Lane 1 was loaded with 10% of the input used in pulldown reactions. DBC1 protein (full-length
or truncation mutants) was translated in the presence of [**S]Met and detected by autoradiography. WT,
wild-type. B, in vitro pulldown of DBC1 by full-length FH-COUP or FH-COUP fragments by immunoprecipitation
with the anti-FLAG antibody. The upper panels correspond to the signal for full-length DBC1 ([**S]Met-labeled
protein), and the lower panels demonstrate that equal amounts of FLAG-COUP proteins were immunoprecipi-
tated. Lanes 1-4 contain 10% of the input used in the immunoprecipitation reactions shown in lanes 5-8. ABC
and DE refer to regions of COUP-TFI, as defined in Fig. 3B. C, in vitro pulldown of DBC1 and deletion mutant
proteins by GST-NCoR1 and GST. DBC1 and its deletion mutants were detected as described for A. D, co-IP of
transfected FH-COUP, DBC1, and NCoR in 293T cell extracts. Cell extracts were immunoprecipitated using the
anti-HA antibody to pull down FH-COUP, and immune complexes were analyzed by immunoblotting with the
antibodies indicated on the right. Note that the lower band in the DBC1 blot (middle panel) corresponds to
endogenous protein, whereas the signal for the upper band (*) is derived from transfected DBC1-V5His. The
NCoR expression vector used in this experiment harbors a C-terminal FLAG epitope, and transfected NCoR
protein was detected using the anti-FLAG antibody. The lower panel depicts a densitometric analysis of the
NCoR (FLAG) blot, indicating the amount of NCoR (FLAG) pulled down in each immunoprecipitation. This

on this template in cells trans-
fected with the FH-COUP expres-
sion vector but not in cells trans-
fected with the empty vector (Fig.
5C). NCoR, TIF1B, and DBC1
were all found to co-occupy the
FH-COUP-responsive promoter
with FH-COUP in transiently
transfected cells (Fig. 5D, upper
and lower panels, respectively,
lanes 5-8). These data demon-
strate that a COUP-TFI complex
minimally containing FH-COUP,
NCoR, TIF1B, and DBC1 is pres-
ent on the promoter template of
a COUP-TFI-responsive reporter
gene.

The COUP-TFI Complex Regu-
lates the Promoter of TNFAIP8—To
extend the above results to natural
chromatinized promoters, we first
identified putative COUP-TFI tar-
get genes using a genome-wide
ChIP-chip approach.> From this
screen, we identified the anti-apo-
ptotic gene TNFAIPS as a putative
target of COUP-TFI. The promoter
region of TNFAIP8 has not been
experimentally characterized, but

experiment is representative of two additional studies.

appeared to be required for the interaction with NCoR (Fig. 4C,
lanes 1-3).

The results described above suggest that DBC1 may function
as an adaptor protein between COUP-TFI and NCoR, and this
was tested in co-IP studies in human embryonic kidney cells
that had been transiently transfected with combinations of FH-
COUP, DBC1, and NCoR. As illustrated in Fig. 4D (lanes 3-5),
transfection of increasing amounts of DBCI1 significantly
increased the amount of NCoR that co-immunoprecipitated
with FH-COUP in 293T cells. Collectively, our data revealed
direct interactions between COUP-TFI, DBC1, and NCoR, sug-
gesting that DBC1 may function as adaptor protein that stabi-
lizes the interaction of COUP-TFI and NCoR and possibly
maintains the integrity of the FH-COUP complex.

NCoR, TIF1B, and DBC1 Co-occupy the Promoter of an FH-
COUP-responsive Promoter—To investigate the association of
FH-COUP and its identified interaction proteins on a COUP-
responsive promoter, we transiently cotransfected 293T cells
with an expression vector encoding FH-COUP and a reporter
construct harboring a multimerized DR1 motif in the context of
the thymidine kinase promoter upstream of the CAT reporter
(Fig. 5A). Transfection of increasing amounts of FH-COUP
expression vector resulted in repression of this reporter,
which reached a maximum of ~5-fold (Fig. 5B). We next
determined whether NCoR, TIF13, and DBC1 co-occupied
the COUP-responsive promoter of the CAT reporter
together with FH-COUP. As expected, FH-COUP was found
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computational examination of the

predicted promoter identified a
degenerate DR1-like response element located ~30 bp down-
stream of the transcriptional start site. This DR1-like element is
found within the putative downstream core promoter element
(sequence RGWYVT) (Fig. 6A), which has been characterized
by Kadonaga and co-workers (48). Further analyses also
revealed that the TNFAIP8 promoter lacks a conventional
TATA box but harbors multiple Sp1-binding sites within 100
bp of the predicted start site (Fig. 6A). ChIP analyses conducted
in pOZ-COUP cells validated the presence of FH-COUP on the
TNFAIPS8 promoter (Fig. 6B). Moreover, re-ChIP analyses dem-
onstrated that FH-COUP, NCoR, TIF13, and DBCI all co-oc-
cupied the same fragment of the TNFAIP8 promoter (Fig. 6, C
and D).

Roles of NCoR, TIF1B, and DBCI1 in COUP-TFI-mediated
Repression—To determine the transcriptional outcome of the
interaction of the FH-COUP complex with the TNFAIPS8 pro-
moter, we first examined the effect of COUP-TFI overexpres-
sion on TNFAIPS transcript levels in HeLa S3 cells. Quantita-
tive reverse transcription-PCR (RT-qPCR) analyses revealed
that TNFAIP8 mRNA levels were down-regulated (~50%) in
pOZ-COUP cells relative to pOZ-N cells (Fig. 7A). This was
confirmed by knocking down endogenous COUP-TFI expres-
sion, which resulted in an ~2-fold increase in TNFAIP8 expres-
sion (Fig. 7B). Similarly, knockdown of NCoR and TIF1f

3 L. Zhang and M. Leid, unpublished data.
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FIGURE 5. Co-occupation of a COUP-responsive promoter by FH-COUP,
NCoR, TIF13,and DBC1. A, schematic diagram of the (DR1),,-tk-CAT reporter
construct. ChIP primers were designed to amplify the region encompassing
the multimerized DR1 element as indicated by the arrows. TK, thymidine
kinase. B, repression of the basal CAT repression by COUP-TFI in 293T cells.
Relative CAT activities are showed in the lower panel. C, ChIP analyses dem-
onstrating that COUP-TFI associates with the promoter region of the CAT
reporter in transiently transfected cells. A region of the IGF2 promoter (— 1198
to —1424 bp upstream of the transcriptional start site, 227-bp amplicon) was
used as a negative control to demonstrate the specificity of FH-COUP binding
to the (DR1),-tk-CAT promoter. D, re-ChIP analyses demonstrate that
FH-COUP, NCoR, TIF13, and DBC1 co-occupy the (DR1),-tk-CAT promoter.
NTC, no template control.

resulted in derepression of the TNFAIP8 promoter to a level
that was indistinguishable from that of COUP-TFI knockdown
(Fig. 7B). The siRNA-mediated knockdown of COUP-TFI,
NCoR, and TIF1p expression was verified by immunoblot anal-
yses (supplemental Fig. S44). Collectively, our results indicate
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FIGURE 6. Identification of an endogenous target of the COUP-TFI-NCoR
complex in Hela S3 cells. A, schematic diagram of the TATA-less promoter
region of the TNFAIP8 gene highlighting the locations of the GC box (Sp1-
binding site), the downstream core promoter element (DPE), and the putative
COUP-TFl response element (DR1). The locations of ChIP primers, designed to
amplify the region covering the putative COUP-TFI-binding site, are indicated
by arrows. B, ChIP analysis demonstrating FH-COUP on the TNFAIP8 promoter
in pOZ-COUP but not pOZ-N cells. The primers used for the amplification
reaction are shown schematically in A. C, and D, re-ChlIP analyses demonstrat-
ing co-occupancy of the TNFAIP8 promoter by FH-COUP, NCoR, TIF18, and
DBC1.

that the COUP-TFI'NCoR complex represses expression of
TNFAIP8 expression in untransfected HeLa S3 cells.

We do not know if DBC1 plays a role in COUP-TFI-mediated
repression of the TNFAIP8 promoter in HeLa S3 cells because
we could not achieve appreciable knockdown of DBC1 expres-
sion in these cells (data not shown). However, DBC1 does
appear to play a role in COUP-TFI-mediated repression in
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FIGURE 7. NCoR, TIF13, and DBC1 are required for COUP-mediated tran-
scriptional repression. A, repression of TNFAIP8 expression by stable over-
expression of FH-COUP in pOZ-COUP cells as revealed by RT-qPCR analyses.
Therelative -fold change in TNFAIP8 mRNA expression was calculated relative
to the -fold change in the expression of a housekeeping gene, hypoxanthine-
guanine phosphoribosyltransferase (HPRT). Bars represent mean expression
levels = S.E. (n = 3) of TNFAIP8 relative to hypoxanthine-guanine phospho-
ribosyltransferase from independent determinations. Statistical significance
was determined using Student’s t test (¥, p = 0.03). B, HeLa S3 cells transfected
with negative control (Ctrl) siRNA or siRNA targeting COUP-TFI, NCoR, or
TIF1B and subjected to RT-gPCR analyses. The expression level of TNFAIP8
was determined by RT-gPCR as described above. C, siRNA-mediated COUP-
TFI and DBC1 knockdown results in derepression of TNFAIP8 expression in
293T cells. Transfection conditions and analyses were as described above.
D, DBC1 stimulates COUP-TFI-dependent gene repression in 293T cells. Cells
were transfected with the (DR1),-tk-CAT reporter, FH-COUP, and DBC1-V5His
DNA constructs as indicated. CAT activities were quantified, and the level of
-fold repression was calculated relative to the basal reporter activity. Addition
of DBC1 significantly stimulated the -fold repression of CAT activity mediated
by COUP-TFI (**, p < 0.01).

HEK293T cells, in which we could knock down DBC1 expres-
sion using an siRNA approach (supplemental Fig. S4B). First,
similar to HeLa S3 cells, TNFAIP8 expression was also induced
upon knockdown of endogenous COUP-TFI in 293T cells, sug-
gesting that TNFAIPS8 is a bona fide target of the COUP-TFI
transcriptional repressor complex in both HeLa and HEK293
cells. Notably, FH-COUP-mediated repression of the endoge-
nous TNFAIP8 promoter was reversed by knockdown of DBC1
(Fig. 7C). In addition, cotransfection of DBCI stimulated sig-
nificantly the FH-COUP-dependent repression of the (DR1),-
tk-CAT reporter in 293T cells (Fig. 7D and supplemental Fig.
S4C). Thus, we conclude that NCoR, TIF183, and DBC1 all play
key roles in COUP-TFI-mediated transcriptional repression.
Role of COUP-TFI during TNFa-induced Apoptosis—
TNFAIP8 is up-regulated by TNF« treatment (49), and the
TNFAIP8 protein functions as a caspase inhibitor, which
appears to limit the extent of apoptosis induced by TNF« (50).
The results presented above also identified TNFAIPS as a target
of COUP-TFI-mediated repression in HelLa S3 and human
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FIGURE 8. Role of COUP-TFI in TNFa/CHX-induced apoptosis. A, treatment
of HelLa S3 cells with TNFa and protein synthesis inhibitor CHX synergistically
induced TNFAIP8 expression as determined by RT-qPCR. Cells were treated
with vehicle (Me,SO, indicated as Mock), TNFa (5 pg/ml), CHX (30 wg/ml), or
TNFa/CHX for 4 h. TNFAIPS8 transcript levels were analyzed by RT-qPCR, and
statistical significance was determined using Student’s t test (¥, p < 0.05; *¥,
p < 0.01). B, treatment with TNFa but not CHX down-regulated COUP-TFI
transcripts in HelLa S3 cells. COUP-TFI transcript levels were determined by
RT-gPCR and expressed relative to those of hypoxanthine-guanine phospho-
ribosyltransferase as shown. C, TNFa and CHX down-regulated COUP-TFI pro-
tein levels. HeLa S3 cells were treated as indicated for 4 h, and cells were lysed
immediately and subjected to immunoblot analyses using antibody against
endogenous COUP-TFI or actin as a loading control. D, knockdown of COUP-
TFI stimulated induction of TNFAIP8 by TNFa/CHX treatment. HelLa S3 cells
were transfected with COUP-TFI siRNA for 40 h prior to TNFa/CHX treatment.
Induction of TNFAIP8 was measured by RT-gPCR as shown. E, TNFAIP8 induc-
tion by TNFa/CHX was attenuated in pOZ-COUP cells relative to pOZ-N cells.
F, overexpression of COUP-TFI sensitized HeLa S3 cells to apoptosis initiated
by TNFa/CHX. pOZ-COUP or pOZ-N cells were grown on coverslips and
treated with TNFa/CHX for 8 h. The percentage of the remaining non-apopto-
tic cells after this treatment was determined by 4',6-diamidino-2-phenylin-
dole staining. * and **, statistical significance at the p < 0.05 and p < 0.01
levels, respectively, when comparing treatments with mock treatment (A and
B), COUP-TFI-specific siRNA with control siRNA (D), and pOZ-COUP cells with
pOZ-N cells (E and F).

embryonic kidney cells. Therefore, we investigated the possibil-
ity that COUP-TFI may play a direct or indirect role in the
induction of TNFAIP8 by TNF« as well as in TNFa-induced
apoptosis in HeLa S3 cells. We confirmed that TNFAIP8 was
induced by ~4-fold by TNF« in HeLa S3 cells (Fig. 84, bar 2).
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We also found that expression of TNFAIP8 was induced by the
protein synthesis inhibitor CHX (Fig. 84, bar 3) and that the
combination of TNFa and CHX acted synergistically to induce
TNFAIP8 in HeLa S3 cells (~15-fold induction) (Fig. 84). It is
well established that both pro-apoptotic and anti-apoptotic
pathways are activated by TNFa (51) and that CHX may inhibit
the translation of anti-apoptotic mRNAs induced by TNFq,
thus potentiating TNFa-induced apoptosis (51). In contrast,
COUP-TFI expression was found to be divergently regulated by
TNFa and CHX: TNFa down-regulated COUP-TFI expression
by ~65% (Fig. 8B, bar 2), whereas CHX treatment increased
COUP-TFI mRNA levels by nearly 3-fold (bar 3). The latter
finding may suggest that a labile repressor dictates basal
COUP-TFI expression levels in HeLa S3 cells. Strikingly, con-
comitant treatment with TNFa and CHX completely reversed
the stimulatory effect of CHX on COUP-TFI mRNA levels (Fig.
8B, bar 4). TNFaq, alone or in combination with CHX, also
down-regulated COUP-TFI protein levels (Fig. 8C). However,
the stimulatory effect of CHX on COUP-TFI mRNA levels did
not generalize to the protein level, which is likely due to the
inhibitory effect of CHX on protein synthesis.

The above results prompted us to determine whether TNFa/
CHX-induced down-regulation of COUP-TFI protein levels
played a role in the induction of TNFAIP8 mRNA by TNFa/
CHX, and we addressed this using two approaches. First, we
examined the effect of COUP-TFI knockdown on induction of
TNFAIP8 mRNA by TNFa/CHX. We found that knockdown
of COUP-TFI potentiated TNFa/CHX-mediated induction of
the TNFAIPS8 promoter by ~2-fold (Fig. 8D). Second, we com-
pared induction of TNFAIP8 by TNFa/CHX in cells overex-
pressing COUP-TFI (pOZ-COUP cells) and control cells
(pOZ-N cells). We found that overexpression of COUP-TFI
impaired the induction of TNFAIP8 by TNFa/CHX relative to
control cells (Fig. 8E), and as a functional correlate of this, cells
overexpressing COUP-TFI were also more sensitive to TNFa/
CHX-induced apoptosis (Fig. 8F). Considered together, these
results suggest that COUP-TFI plays a direct or indirect role in
the induction of the TNFAIP8 gene by TNFa with or without
inhibition of protein synthesis by CHX.

DISCUSSION

The orphan nuclear receptor COUP-TFI is a transcription
factor that plays essential roles in the regulation of key biolog-
ical processes, presumably in the context of a multiprotein
complex. To our knowledge, this is the first study to identify
component proteins of cellular complexes containing COUP-
TFI using a proteomic approach, which revealed that COUP is
associated with a large number of proteins in HeLa S3 cells.

As with many other nuclear receptor complexes, NCoR
appears to serve as a scaffold protein that couples COUP-TFI to
histone deacetylases, which may underlie the mechanistic basis
for COUP-TFI-mediated transcriptional repression. However,
the molecular basis for the interaction of COUP-TFI with
NCoR appeared to differ from that of other previously studied
nuclear receptors in that COUP-TFI did not interact with the
canonical nuclear receptor interactions domains located in the
C terminus of NCoR (8, 52). Rather, the DNA- and putative
ligand-binding domains of COUP-TFI interacted with RD1 and
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RD4 of NCoR, respectively. RD4 of NCoR also interacted with
the COUP-TFI DBD but did so in a manner that differed from
that of NCoR RD1. However, it remains unclear if the relatively
small COUP-TFI DBD can interact with one or two domains of
NCoR while simultaneously binding DNA in a sequence-spe-
cific manner. This seems unlikely without some type of facili-
tation, and we propose that the adaptor protein DBC1 func-
tions to stabilize COUP-TFI/NCoR interaction on the
promoter of target genes such as TNFAIPS. Indeed, DBC1 was
found to co-occupy the TNFAIP8 promoter with COUP-TF],
NCoR, and TIF1(3, and all of these proteins were crucial for the
repression of the TNFAIP8 promoter by COUP-TFI. Further
studies are clearly needed to map the protein/protein interac-
tion network within the COUP-TFI complex in greater detail
and to define the role of other complex proteins such as BRM
and TIF1B in the transcriptional regulatory activity of
COUP-TFL

Previous studies by Torchia and co-workers (53) revealed the
existence of at least two chromatographically distinct NCoR
complexes: NCoR1, containing NCoR, HDAC3, TIF1p,
BAF155, BAF170, and SF3A/3B; and NCoR2, containing
NCoR, SIN3A, HDACI1, and HDAC1/2. Subsequently, Roeder
and co-workers (54) described a SIN3A-less NCoR complex
containing NCoR, HDAC3, TBL, TBLR1, and GPS2, which may
be the same as or highly related to that described by Wong and
co-workers (55). These findings support the idea that NCoR
can interact with a variety of proteins in an extremely flexible
manner. The FH-COUP-NCoR complex described herein
appears to be most similar to the SIN3A-less NCoR1 complex
described by Torchia and co-workers (53) in that the complex
that we identified clearly contains TIF1(3, the BRM-associated
factors, and SF3A/3B. However, unlike NCoR1 or the NCoR
complex described by the Roeder (54) and Wong (55) laborato-
ries, we found no evidence for the presence of HDAC3 in the
FH-COUP:NCoR complex. Moreover, HDAC1, which is not
present in NCoR1, was identified by peptide sequencing to
be a component of FH-COUP complexes, and this was veri-
fied by co-IP analyses. Considered together, our findings
suggest the existence of a novel NCoR complex that harbors
FH-COUP, as well as other proteins such as DBC1, and that
has no appreciated role in transcriptional regulation. None-
theless, as observed previously in the case of other nuclear
receptor complexes, NCoR appears to play the role of a scaf-
fold protein in FH-COUP complexes that couples the orphan
receptor to the transcriptional repression machinery (i.e.
histone deacetylases).

DBC1 is a pro-apoptotic protein that was originally cloned
from human chromosome 8p21, a region that is homozygously
deleted in some breast cancer cells (56). DBCI1 is localized
exclusively in the nucleus of healthy cells (35) and has been
reported to interact directly with and inhibit the catalytic activ-
ity of the class III histone deacetylase SIRT1 (57). Upon apopto-
tic stimulation, DBC1 undergoes caspase-dependent process-
ing with rapid degradation of the N terminus, and the
C-terminal fragment translocates from the nucleus to the mito-
chondria, promoting apoptosis by sensitizing cells to apoptotic
signals (35). As reported herein, DBC1 also appears to associate
with the COUP-TFI complex on the promoter of COUP-TFI
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target genes and functions to stabilize interaction between
NCoR and COUP-TF], thus contributing to COUP-TFI-medi-
ated transcriptional repression. In this study, we found that the
DBC1 N terminus is required for the interaction with COUP-
TFI. Therefore, as a result of caspase cleavage, DBC1 may no
longer be able to interact with COUP-TFI during TNFa-in-
duced apoptosis. Thus, it may be of interest to study other
dynamic changes taking place within the COUP-TFI complex
during TNFa-induced apoptosis.

TIF1B, which is also known as KAP-1 (KRAB-associated pro-
tein 1) and TRIM28 (tripartite motif containing 28) in humans
and mice, is a transcriptional corepressor of the KRAB domain-
containing zinc finger protein family (58). TIF13 harbors mul-
tiple protein/protein interaction and functional domains,
including an N-terminal region with homology to RBCC (ring
finger/B-box/coiled-coil) proteins, a HP1 (heterochromatin
protein 1)-binding domain, an NCoR homology domain, and a
C-terminal region known as the PB region (which contains a
plant homeodomain (PHD) finger and a bromodomain in tan-
dem) (64). The PHD of TIF1p interacts strongly with the
SUMO E2 transfer protein Ubc9 and functions as an intramo-
lecular E3 SUMO ligase that directs Ubc9 to sumoylate specific
lysine residues in the bromodomain of TIF1 (64). The sumoy-
lated bromodomain of TIF1p recruits the nucleosome-remod-
eling and d—eacetylation NuRD complex, which deacetylates
template-associated histones, including Lys® of histone H3. In
addition, the sumoylated bromodomain of KAP-1 appears to
recruit the lysine-specific methyltransferase SETDB1, which
methylates this residue, forming a binding site for HP1 on the
template, thus promoting the silenced state of the promoter.
TIF1B/KAP-1 is clearly an integral component of the COUP-
TFI complex and is required for COUP-TFI-mediated tran-
scriptional repression of the TNFAIP8 promoter. However, it
remains to be determined if the intramolecular E3 SUMO ligase
activity of TIF1B/KAP-1 is required for the transcriptional
repressive properties of the COUP-TFI complex on target gene
promoters.

The SWI/SNF complex has been shown to disrupt nucleo-
some structure and to increase DNA accessibility for transcrip-
tional activators (1). Although it is tempting to speculate that
the Brahma-containing COUP-TFI complex may be involved
in COUP-TFI-mediated transcriptional activation, for exam-
ple, of ovalbumin (59), cholesterol 7a-hydroxylase (60), and
aldosterone synthase (29) promoters, we cannot rule out the
possibility that Brahma and associated factors may be part of
the COUP-TFI'NCoR complex that represses transcription.
Indeed, recent studies have found that the SWI/SNF remodel-
ing activity of Brahma is required for transcriptional repression
as well as transcriptional activation (46). Brahma appears to
interact with the methyl-CpG-binding protein MeCP2 to form
a repressive complex that also contains SIN3A and HDAC1
(46). Moreover, a number of studies have demonstrated that
Brahma is associated with HDAC1 and HDAC2 (61, 62) as well
as NCoR and TIF1 (53). Further studies are required to define
the specific role(s) of the SWI/SNF complex in the transcrip-
tional regulatory activity of COUP-TFL.

TNFAIPS, which is also known as SCC-S2 or NDED, is a
novel oncogene that plays a role in tumor progression. The N
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FIGURE 9. Role of COUP-TFI during TNFa-induced apoptosis. Solid and
dashed lines represent known and hypothesized events, respectively. Note
that treatment with either TNFa or CHX reduces endogenous COUP-TFI pro-
tein levels, which relieves repression of the TNFAIP8 promoter, resulting in
inhibition of caspase-8 activation and reduced apoptosis. Conversely, ectopi-
cally overexpressed COUP-TFI represses TNFAIP8 expression in a manner that
is insensitive TNFe, resulting in loss of TNFAIP8 protein and increased sensi-
tivity to TNFa-induced apoptosis. Thus, COUP-TFI may play a central role in
the sensitivity of a cell to TNFa-induced apoptosis.

terminus of TNFAIP8 harbors a sequence that is highly homol-
ogous to death effector domain II of FLICE inhibitory proteins
(FLIP), which has been shown to block death receptor-medi-
ated apoptosis by preventing caspase-8 activation (50)
TNFAIPS8 expression is up-regulated by TNFa stimulation and
by activation of NF-«B in tumor cell lines (49, 50). Overexpres-
sion of TNFAIP8 leads to enhanced survival and inhibition of
apoptosis through inhibition of the apoptotic proteins
caspase-3 and caspase-8 (30).

We identified a novel anti-apoptotic pathway that was initi-
ated by TNFa and involved down-regulation of COUP-TFI
expression, derepression of the newly identified COUP-TFI
target gene TNFAIPS8, and subsequent inhibition of apoptosis
(Fig. 9). Thus, down-regulation of COUP-TFI expression,
which resulted in less COUP-TFI on the TNFAIP8 promoter
(supplemental Fig. S5), would appear to be an important com-
ponent of the signaling pathway leading to induction of
TNFAIP8 expression by TNFa. At present, we do not know the
mechanistic connection between TNFa signaling and repres-
sion of COUP-TFI expression. However, the proximal region of
the COUP-TFI promoter harbors seven putative, but highly
conserved, NF-«B-binding sites, and it is conceivable that
NE-«B may work through one or more of these binding sites to
repress COUP-TFI expression (Fig. 9) in a manner similar to
that by which NF-«B represses the Bmp4 promoter (63).

Finally, it is of note that most of the FH-COUP-associated
proteins identified herein appear to be involved in transcrip-
tional repression, even though COUP-TFI has been identified
as a transcriptional activator of a number of genes (29, 59, 60).
The basis for our findings is unclear, but it is conceivable that
our proteomic studies were conducted under conditions in
which an activating COUP-TFI “signal” was not present. Such
an activating signal could include small molecules and/or post-
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translational modification of the protein; for example, phos-
phorylation (64, 65). As described previously for many other
nuclear receptors, activating COUP-TFI signals may influence the
dynamics of coregulator exchange at the level of the promoter-
bound orphan receptor, thus influencing the rate of transcription
of a subset of COUP-TFI target genes (8). Studies aimed at identi-
fying these putative signals will provide further molecular insight
into the regulation of gene expression by COUP-TFL
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