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ABSTRACT

In the absence of ligands, the nuclear receptor
PPAR�/� recruits the NCOR and SMRT corepres-
sors, which form complexes with HDAC3, to canon-
ical target genes. Agonistic ligands cause dissocia-
tion of corepressors and enable enhanced transcrip-
tion. Vice versa, synthetic inverse agonists augment
corepressor recruitment and repression. Both basal
repression of the target gene ANGPTL4 and rein-
forced repression elicited by inverse agonists are
partially insensitive to HDAC inhibition. This raises
the question how PPAR�/� represses transcription
mechanistically. We show that the PPAR�/� inverse
agonist PT-S264 impairs transcription initiation by
decreasing recruitment of activating Mediator sub-
units, RNA polymerase II, and TFIIB, but not of
TFIIA, to the ANGPTL4 promoter. Mass spectrome-
try identifies NCOR as the main PT-S264-dependent
interactor of PPAR�/�. Reconstitution of knockout
cells with PPAR�/� mutants deficient in basal re-
pression results in diminished recruitment of NCOR,
SMRT, and HDAC3 to PPAR target genes, while oc-
cupancy by RNA polymerase II is increased. PT-
S264 restores binding of NCOR, SMRT, and HDAC3
to the mutants, resulting in reduced polymerase II
occupancy. Our findings corroborate deacetylase-
dependent and -independent repressive functions of

HDAC3-containing complexes, which act in parallel
to downregulate transcription.

INTRODUCTION

PPAR�/� (peroxisome proliferator activated receptor �/�)
is a type II nuclear receptor which constitutively binds
to DNA as an obligate heterodimer with a retinoid X
receptor (RXR). Its target genes function in lipid and
glucose metabolism and also in inflammation (1,2). In
the absence of ligands, the PPAR�/�-RXR heterodimer
represses its canonical target genes (1) via the recruit-
ment of corepressors (3) such as NCOR (nuclear recep-
tor corepressor)- and SMRT (silencing mediator of retinoid
and thyroid hormone receptors)-containing complexes (4–
6). Both corepressor complexes harbour the catalytic sub-
unit histone deacetylase 3 (HDAC3) (7,8), whose activ-
ity requires binding to NCOR or SMRT (9). Several fatty
acids and their derivatives act as endogenous PPAR�/� ag-
onists (10–13). Agonistic ligands cause dissociation of core-
pressors from the nuclear receptor at ligand-regulated tar-
get genes, while synthetic inverse agonists recently devel-
oped in our group lead to enhanced corepressor recruitment
(5,14–16). An important PPAR target gene is ANGPTL4
(angiopoietin-like 4), a regulator of lipid metabolism, an-
giogenesis, wound healing, and metastasis (15,17). Basal
repression of ANGPTL4 and augmented repression in the
presence of inverse agonists are largely insensitive to tricho-
statin A (15), an inhibitor of class I and II HDACs, sug-
gesting an HDAC-independent repression mechanism. In-
duction of ANGPTL4 transcription by activating stimuli
is efficiently suppressed by PPAR�/� inverse agonists, and
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this coincides with decreased binding of RNA polymerase
II (RNAPII) (15). Agonists alleviate basal repression, and
transcription is induced synergistically with other activating
stimuli (18,19).

The preinitiation complex (PIC) is comprised of the gen-
eral transcription factors (GTFs; TFIIA, TFIIB, TFIID,
TFIIE, TFIIF, and TFIIH), the Mediator complex, and
RNAPII (20–24). Its formation is a prerequisite and a
rate-limiting process for RNAPII-dependent transcription.
After promoter clearance by the polymerase, additional
rounds of transcription are initiated from the scaffold com-
plex, which contains a subset of general transcription fac-
tors that remain bound to the promoter. It was shown that
reinitiation of transcription from an immobilized template
requires reincorporation of TFIIB, TFIIF, and RNAPII
into the scaffold (25), yielding a reinitiation complex (RIC).
The re-use of remaining promoter-bound GTFs supersedes
the need for recurrent PIC formation and thus enables
high-level transcription. Moreover, dephosphorylation of
the carboxyterminal domain (CTD) of the large subunit of
RNAPII after termination allows for RNAPII recycling,
which is enhanced by proximity of the transcription start
site (TSS) and the terminator (26). TFIIB is necessary for
the formation of these gene loops (27–29). In vitro, human
Mediator facilitates TFIIB and RNAPII recruitment (30),
and its kinase module regulates reinitiation (31). Little is
known about the regulation of transcripton reinitiation in
vivo (32).

In the present study, we investigated the mechanism of
transcriptional repression by PPAR�/� inverse agonists in
human cell lines. Due to its particularly strong regulation
by PPAR ligands in different cell types (1,13,15,18,33–35)
and pronounced crosstalk with effector transcription fac-
tors of signalling pathways such as HIF and TGF�, the
ANGPTL4 gene served as a model locus for mechanistic
studies by us and by others (15,18,19,35,36). To analyse
how PPAR�/� inverse agonists counteract transcriptional
induction of ANGPTL4, we used TGF� as a defined acti-
vating stimulus. Our data show that inverse agonists inter-
fere with TGF�-dependent recruitment of TFIIB, RNAPII,
and activating Mediator subunits to the ANGPTL4 pro-
moter, while binding of the scaffold GTFs TFIIA and
TFIIH is unchanged. This suggests an impairment of the
Mediator-TFIIB recruitment step, affecting RNAPII bind-
ing and reinitiation. The binding pattern of RNAPII at
the ANGPTL4 locus in the presence of an inverse ago-
nist is similar to the pattern elicited by the transcription
initiation inhibitor triptolide. We identify NCOR as the
main ligand-dependent interactor of PPAR�/� in the pres-
ence of the inverse agonist PT-S264. Strikingly, PT-S264-
dependent repression is partially insensitive to both tri-
chostatin A (a non-selective HDAC inhibitor) and also
to apicidin, an HDAC3-selective inhibitor. Expression of
PPAR�/� mutants in PPAR�/� knockout cells identified
amino acid residues required for basal repression. These
PPAR�/� mutants revealed diminished NCOR, SMRT,
and HDAC3 binding to PPAR target genes in the basal
state, concomitant with increased RNAPII binding. Re-
cruitment of NCOR, SMRT, and HDAC3 was restored by
the inverse agonist, as was RNAPII loss and repression of
transcription. Repression of PPAR target genes by these

mutant receptors was largely insensitive to HDAC inhi-
bition. Our data show that chromatin-bound NCOR and
SMRT complexes downregulate transcription reinitiation,
and possibly initiation, via both deacetylase-dependent and
-independent mechanisms.

MATERIALS AND METHODS

Antibodies

The following antibodies were used in this study: HDAC3,
Santa Cruz no. sc-11417, rabbit polyclonal, Chromatin
immunoprecipitation (ChIP), RRID AB 2118706; LDH,
Santa Cruz no. sc-33781, rabbit polyclonal, immunoblot,
RRID AB 2134947; MED1, Santa Cruz no. sc-8998,
rabbit polyclonal, ChIP, RRID AB 2144021; MED13L,
Bethyl no. A302-420A, rabbit polyclonal, ChIP, RRID
AB 1907303; MED26, Santa Cruz no. sc-48776, rabbit
polyclonal, ChIP, RRID AB 782277; NCOR, Abcam no.
ab24552, rabbit polyclonal, ChIP, RRID AB 2149005;
NCOR, Bethyl no. A301-145A, rabbit polyclonal, ChIP,
RRID AB 873085; NCOR, Thermo no. PA1-844A, rab-
bit polyclonal, immunoblot, RRID AB 2149004; IgG frac-
tion, Sigma no. I5006, rabbit polyclonal, ChIP, RRID
AB 1163659; PPAR�, Santa Cruz no. sc-9000, rabbit
polyclonal, ChIP and immunoblot, RRID AB 2165737;
PPAR�/�, Santa Cruz no. sc-7197, rabbit polyclonal, ChIP,
RRID AB 2268420; PPAR�/�, Santa Cruz no. sc-74517,
mouse monoclonal, immunoblot, RRID AB 1128604;
PPAR� , Santa Cruz no. sc-7196, rabbit polyclonal, ChIP
and immunoblot, RRID AB 654710; RPB1 (RNAPII large
subunit) CTD (37), Biolegend no. 8WG16, mouse mono-
clonal, ChIP, RRID AB 2565554; RPB1 unphosphorylated
CTD (38), Ascenion no. 1C7, rat monoclonal, ChIP, RRID
AB 2631402; RPB1 Ser5-phosphorylated CTD (39), Asce-
nion no. 3E8, rat monoclonal, ChIP, RRID AB 2631404;
RPB1 Ser2-phosphorylated CTD (39), Ascenion no. 3E10,
rat monoclonal, ChIP, RRID AB 2631403; RPB1 NTD,
Santa Cruz no. sc-899, rabbit polyclonal, ChIP, RRID
AB 632359; RPB1 NTD, Santa Cruz no. sc-9001, rabbit
polyclonal, ChIP, RRID AB 2268548; RXR, Santa Cruz
no. sc-774, rabbit polyclonal, ChIP, RRID AB 2270041;
SMRT, Abcam no. ab24551, rabbit polyclonal, ChIP, RRID
AB 2149134; TBLR1, Novus no. NB600-270, rabbit poly-
clonal, ChIP, RRID AB 10001343; TBP, Santa Cruz no. sc-
273, rabbit polyclonal, ChIP, RRID AB 2200059; TFIIA,
Santa Cruz no. sc-25365, rabbit polyclonal, ChIP, RRID
AB 2116529; TFIIB, Santa Cruz no. sc-225, rabbit poly-
clonal, ChIP, RRID AB 2114380; TFIIH, Santa Cruz no.
sc-293, rabbit polyclonal, ChIP, RRID AB 2262177.

Cell culture and treatment

�NX cells (40) were cultivated in Dulbecco’s modified Ea-
gle’s medium with 10 % fetal bovine serum (FBS). MDA-
MB231-luc2 and Caki-1 cells were cultivated in McCoy’s
5A medium with 10 % FBS. The compound or compounds
were added for 6 h (expression analyses) or 30 min (ChIP
assays) to the cultures. Control populations were supplied
with an equivalent volume of solvent (dimethyl sulfoxide
(DMSO) for low molecular weight compounds, phosphate-
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buffered saline with 0.1 % (w/v) fatty acid free bovine serum
albumin (BSA) for TGF�).

Compounds

Name supplier cat. no. or citation

Apicidin Cayman 10 575
Blasticidin Fisher Scientific 10 648 203
DRB Cayman 10 010 302
Flavopiridol Cayman 10 009 197
L165,041 Tocris 1856
Pioglitazone Adipogen AG-CR1-0067
PT-S264 in-house (16)
ST247 in-house (46)
TGF� Merck 616 450
TGF� Sigma T5300
Trichostatin A Applichem A7812
Triptolide Cayman 11973
Wy-14643 Cayman 70 730

Genetic deletion and stable transfection

Vectors for parallel expression of a guide RNA and the Cas9
nuclease were obtained from Santa Cruz Biotechnology.
The sequences targeting the PPARD coding region were TC
GTACGATCCGCATGAAGC (i), CCCTGTGCAGCTATCCGTTT
(ii) and AACACTCACCGCCGTGTGGC (iii). MDA-MB231-
luc2 cells were transfected using Lipofectamine 2000 (Life
Technologies) according to the manufacturer’s instructions
with the guide/Cas9 expression vectors together with pM-
SCVbsd (41) for selection of transfected cells. After 4 h,
the cells were supplemented with fresh medium, and blas-
ticidin was added after 30 h at a concentration of 10 �g/ml.
After 10 days, single cells were seeded using limiting dilu-
tion in cell-free medium conditioned by the parental cell
line. Wells with more than one colony were terminated.
Clones were expanded and screened via RT-qPCR (loss
of ANGPTL4 repression by PT-S264) and immunoblot-
ting against PPAR�/�. The 2B3 clone was transfected with
pWZLneo-ecoR (42). After 24 h, the cells were selected with
500 �g/ml G418 for 14 days.

PPARD expression vectors

The retroviral vector pMSCVbsd (41) was used to clone the
PPARD cDNA into the BglII and XhoI sites. Terminal dele-
tions were introduced via polymerase chain reaction (PCR)
with specific primers, and the fragment was reinserted into
the empty pMSCVbsd vector. Alterations in the cDNA se-
quence were introduced with site-directed mutagenesis. All
plasmid preparations used for retroviral transduction were
validated by sequencing of the entire cDNA inserts. Sub-
sequent new plasmid preparations were validated by rese-
quencing. Vectors are available from Addgene.

Retroviral transduction

For production of ecotropic retroviruses, pMSCVbsd-
PPARD vectors or the empty vector were transfected into
subconfluent �NX-eco packaging cells (40). After 4 h, 7 ml
of fresh medium were added. Twenty-four hours later, the
supernatant was harvested, centrifuged at 800 × g, and 3 ml

aliquots were snap frozen. The �NX-eco cells received fresh
medium, and a second supernatant was harvested 24 h later.
Freshly seeded MDA-MB231-luc2-2B3 cells ectopically ex-
pressing the ecotropic receptor were incubated with 2 ml of
fresh medium, 3 ml of �NX supernatant, and 4 �g/ml poly-
brene for 24 h. Selection was performed with 10 �g/ml blas-
ticidin for ten days, and cells were subsequently cultured in
the presence of blasticidin.

RNA isolation, cDNA synthesis and quantitative RT-PCR

Total RNA was isolated with the NucleoSpin RNA kit
(Macherey&Nagel, no. 740955) according to the manufac-
turer’s instructions; the DNase digestion and desalting steps
were omitted. Complementary DNA synthesis was carried
out with the iScript cDNA Synthesis Kit (Bio-Rad, no.
170-8891SP) according to the manufacturer’s instructions
with 500 ng of purified RNA per sample in 20 �l. Quan-
titative PCR analyses were performed in three technical
replicates per sample using ABsolute SYBR Green mas-
ter mix (Thermo Scientific, no. AB-1158B) in a total reac-
tion volume of 10 �l in M×3000p and Mx3005 thermocy-
clers (Agilent). Prior to PCR, cDNA samples were diluted
1:10, and 4.75 �l were used per reaction. The RPL27 tran-
script was used for normalization. RT-qPCR was carried
out with primer concentrations of 250 nM each. The primer
sequences are available in Supplementary Table S1. Ct val-
ues were normalized to the RPL27 transcript; to retain
information about ANGPTL4 expression levels, the mean
RPL27 Ct value of all samples in the respective assay was
added back where suitable.

Chromatin immunoprecipitation (ChIP)-qPCR

ChIP was essentially performed as described previously
(43,44). Fixation was performed with 1 % formaldehyde in
media for 10 min at room temperature followed by quench-
ing with 125 mM glycin for 5 min. Cells were lysed in buffer
L1 (5 mM PIPES pH 8.0, 85 mM KCl, 0.5 % (v/v) NP40,
protease inhibitor mix (Sigma, no. P8340, 1:1000) for 20–
40 min on ice. Nuclei were resuspended in ChIP RIPA buffer
(10 mM Tris–HCl pH 7.5, 150 mM NaCl, 1 % (v/v) NP40,
1 % (w/v) sodium deoxycholate, 1 mM ethylenediaminete-
traacetic acid (EDTA)) supplemented with 1:1000 protease
inhibitor mix (Sigma), incubated on ice for 10–20 min and
sheared with a Branson S250D Sonifier (Branson Ultrason-
ics) using a microtip in 1 ml aliquots in 15 ml conical tubes.
40–52 pulses of 1 s, 4 s pause, 20 % amplitude were applied
with cooling of the sample in an ice-ethanol mixture or in
a 15 ml tube cooler (Active Motif, no. 53077). A 15 min
17 000 × g supernatant was precleared with 10 �g of IgG
coupled to 100 �l of blocked sepharose slurry (see below)
for 45 min at 4

◦
C with agitation. IP was carried out with

300 �l of precleared chromatin, equivalent to 6–8 × 106

cells. ChIP was performed using 4 �g of antibody per sam-
ple. For precipitation, a mixture of protein A and protein G
sepharose (GE Healthcare life sciences, no. 1752800 and no.
1706180) or pure protein A sepharose (Zymed) was washed
twice with ChIP RIPA buffer and blocked with 1 g/l BSA
and 0.4 g/l sonicated salmon sperm DNA (Life Technolo-
gies no. 15632011) overnight. A total of 50 �l of blocked
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bead slurry (1:1 volume ratio with liquid phase) were used
per IP. Samples were washed once in buffer I (20 mM Tris
pH 8.1; 150 mM NaCl; 1 % (v/v) Triton X-100; 0.1 % (w/v)
sodium dodecyl sulphate (SDS); 2 mM EDTA), once in
buffer II (20 mM Tris pH 8.1; 500 mM NaCl; 1 % (v/v)
Triton X-100; 0.1 % (w/v) SDS; 2 mM EDTA), twice in
buffer III (10 mM Tris pH 8.1; 250 mM LiCl; 1 % (v/v)
NP40; 1 % (w/v) sodium deoxycholate; 1 mM EDTA) on
ice, and twice in Qiagen buffer EB (10 mM Tris pH 8.0;
no. 19086) at room temperature. Immune complexes were
eluted twice with 100 mM NaHCO3 and 1 % (w/v) SDS
under agitation. Eluates were incubated overnight at 65 ◦C
after adding 10 �g of RNase A and 20 �g of proteinase
K in the presence of 180 mM NaCl, 35 mM Tris–HCl pH
6.8 and 9 mM EDTA. An input sample representing 1 % of
the chromatin used per IP was reverted in parallel. Sam-
ples were purified using the Qiagen PCR purification kit
according to the manufacturer’s instructions. ChIP-qPCR
was performed in three technical replicates per sample with
the ABsolute SYBR Green master mix (Thermo Scientific,
no. AB-1158B) in in Mx3000p and Mx3005 thermocyclers
(Agilent). Quantitative PCR was carried out with primer
concentrations of 250 nM each. The primer sequences are
available in Supplementary Table S2.

ChIP–mass spectrometry (ChIP-MS)

Two technical replicates each were performed by Active
Motif Epigenetic Services according to a published protocol
(45) from the following MDA-MB231-luc2 samples: IgG,
PT-S264 treatment (0.3 �M); �-PPAR�/�, PT-S264 treat-
ment (0.3 �M); �-PPAR�/�, L165,041 treatment (1.0 �M).
The unspecific IgG pool from rabbit was obtained from
Sigma-Aldrich (no. I5006), the PPAR�/� antibody from
Santa Cruz Biotechnology (sc-7197, rabbit polyclonal).
Candidate proteins were filtered with scaffold Viewer 4.8.3
(Proteome Software) according to the following criteria:
at least two unique peptides in total and a maximum of
two unique peptides each in the negative control replicates
(IgG). The protein and the peptide thresholds were each set
to 80 %.

RESULTS

PPAR�/� inverse agonists interfere with formation of an ini-
tiation complex

PT-S264 is an inverse PPAR�/� agonist with improved re-
pressive properties and stability (16). We first tested whether
it affects initiation complex formation like the previously
used inverse agonist ST247 (46), which reduces RNAPII
binding to the ANGPTL4 promoter (15). TGF� is a strong
inducer of ANGPTL4 transcription in human cells (18).
Treatment with PT-S264 strongly reduced RNAPII (large
subunit RPB1) binding to the ANGPTL4 TSS as shown
by scanning ChIP-qPCR using closely spaced primer pairs
(Figure 1A) both in the presence and in the absence of
TGF� in Caki-1 cells. We used the 8WG16 antibody, which
in our hands detects total RNAPII with superior speci-
ficity to other RNAPII antibodies (Supplementary Figure
S1). The binding pattern of RNAPII in PT-S264–treated
cells is similar to the binding pattern observed in cells

treated with the transcription initiation inhibitor triptolide,
which however is more effective in reducing RNAPII bind-
ing compared to PT-S264 (upper panels of Figure 1A). In
contrast, treatment of the cells with the CDK9 inhibitors
DRB and flavopiridol, which interfere with elongation,
does not prevent TGF�-induced RNAPII accumulation at
the TSS (blue and green lines in the lower panels of Fig-
ure 1A). This indicates that PT-S264 prevents RNAPII re-
cruitment to the ANGPTL4 promoter in a manner similar
to the effect of triptolide. Taken together, these observations
show that PT-S264 impinges on transcription initiation of
ANGPTL4. Notably, ChIP-qPCR data obtained with anti-
bodies against the RPB1 CTD phosphorylated at serine 5
(initiating RNAPII) or serine 2 (elongating RNAPII) do
not support an effect of PT-S264 on serine 2 phosphory-
lation when taking total RNAPII enrichment into account
(Supplementary Figure S1), which again implies that the in-
verse agonist diminishes RNAPII recruitment and further-
more argues against an effect of PT-S264 on RPB1 CTD
phosphorylation. We therefore conclude that the formation
of an initiation complex is affected by PT-S264.

In order to clarify how PT-S264 interferes with RNAPII
recruitment, we performed further experiments with the
Caki-1 line. These cells highly express ANGPTL4 (15) and
hence allow for ChIP-based detection of GTFs at the en-
dogenous locus. To address which step of initiation complex
formation is affected, we measured the occupancy of GTFs
at the ANGPTL4 TSS in the presence or in the absence of
PT-S264. Binding of TFIIB and RNAPII is reduced upon
treatment with PT-S264 compared to the control. How-
ever, the occupancy of TFIIA is not altered (Figure 1B),
suggesting that the repressive mechanism affects the tran-
sition from the scaffold complex to the RIC. PIC formation
may be impaired too, which cannot be inferred from these
data obtained after short-term treatment. The effect of PT-
S264 is PPAR-dependent, as TFIIB and RNAPII binding
remain unchanged at the TSS of TSC22D3, which is not a
PPAR target. In the presence of TGF�, TFIIB binding to
the ANGPTL4 TSS is increased, and this is counteracted by
PT-S264 (Figure 1C).

The Mediator complex facilitates the rate-limiting step of
TFIIB recruitment, and both Mediator and TFIIB are nec-
essary for RNAPII binding in a reconstituted human tran-
scription system (30) as well as in Saccharomyces cerevisiae
in vivo (47). Initial ChIP-qPCR experiments after treatment
with the previously used inverse agonist ST247 show that
both TFIIH, another GTF present in the scaffold, and
MED1 (Mediator subunit 1) bind to the ANGPTL4 TSS
after TGF� treatment. However, in the presence of the in-
verse agonist ST247, MED1 recruitment is blocked (Sup-
plementary Figure S2); TBP ChIP data were not conclu-
sive and show an enrichment pattern similar to MED1. The
TFIIA and TFIIH ChIPs show that inverse agonists do
not generally block recruitment of PIC components. This
led to the hypothesis that PPAR�/� inverse agonists affect
Mediator binding to the promoter. Scanning ChIP-qPCR
analyses of Caki-1 cells treated with PT-S264, TGF�, or
both show that PT-S264 counteracts TGF�-stimulated re-
cruitment of MED1 (Figure 2A) and MED26 (Figure 2B)
around the ANGPTL4 TSS. Both MED1 and MED26 are
enriched in forms of Mediator that are permissive for tran-
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Figure 1. PPAR�/� inverse agonists suppress transcription initiation of ANGPTL4 and recruitment of TFIIB to a scaffold complex. Caki-1 cells were
treated for 30 min as indicated and subjected to ChIP-qPCR analysis. (A) Scanning ChIP-qPCR of the ANGPTL4 locus. An antibody against the CTD of
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Figure 2. PPAR�/� inverse agonists prevent TGF�-stimulated recruitment of Mediator subunits to the ANGPTL4 promoter. Caki-1 cells were treated
for 30 min as indicated and subjected to scanning ChIP-qPCR analysis with primer pairs that amplify regions close to the TSS of ANGPTL4. Antibodies
against MED1(A), MED26 (B) and MED13L (D) were used. Panels (C and F) show ChIP-qPCR data from these samples using a negative control region
primer pair. In (E) RNAPII binding is shown as an additional control. Commercially available antibodies are denominated by the terms in parentheses.
Means and standard deviations of three technical replicates from representative ChIP assays are plotted.

scription (48–50). Since the Mediator kinase module is de-
tected at promoters in metazoans (51), we performed addi-
tional scanning ChIP across the ANGPTL4 TSS with an
antibody against MED13L, a Mediator subunit that re-
sides in the kinase module in the presence of MED26 (52).
Recruitment of MED13L upon stimulation with TGF�
but not after simultaneous treatment with the inverse ag-
onist PT-S264 (Figure 2D) is detected in the same man-
ner as MED1 (Figure 2A and Supplementary Figure S2),
MED26 (Figure 2B), TFIIB (Figure 1B), and RNAPII
(Figure 1A and Supplementary Figure S1). At the promotor
of PAI1, which is a TGF� target gene but not a PPAR target
gene, TGF�-stimulated recruitment of MED1 and MED26
was not impaired by PT-S264 (Supplementary Figure S3).
Taken together, our data suggest that MED1, MED13L,
and MED26 binding occur in a transcriptionally permissive
state induced by TGF�, which is prevented in the presence
of PT-S264. We conclude that PPAR�/� inverse agonists
perturb transcription initiation at the ANGPTL4 TSS by
interfering with TFIIB–RNAPII recruitment to promoter-
bound GTFs, and this is achieved by preventing recruitment
of MED1, MED13L, and MED26 to the promoter.

PT-S264 augments NCOR binding to PPAR�/�

We previously found that depletion of NCOR by RNAi al-
leviates basal repression to the same extent as PPAR�/� de-
pletion but does not prevent repression by an inverse ago-
nist (15). However, RNAi-mediated partial depletion may
not suffice for full loss of function, especially if the affin-
ity of PPAR�/� binding to NCOR is considerably high

in the presence of an inverse agonist. To identify candi-
date repressors in an unbiased approach, ChIP-mass spec-
trometry (ChIP-MS) according to the RIME (rapid im-
munoprecipitation and mass spectrometry of endogenous
proteins) protocol (45) was performed with an antibody
against PPAR�/�. We used chromatin from MDA-MB231-
luc2 cells, in which PPAR�/� target gene repression by in-
verse agonists is particularly strong (Supplementary Fig-
ure S2 and (15)). PPAR�/� and RXR were robustly iden-
tified both in the presence of the inverse agonist PT-S264
and the agonist L165,041 (see Table 1). Importantly, NCOR
(encoded by the NCOR1 gene) and SMRT (encoded by
the NCOR2 gene) were identified as interactors only in the
presence of PT-S264 but not in the presence of L165,041.
Other known transcriptional repressors were not detected.
The NCOR2 protein cluster revealed 15 and 7 unique pep-
tides for NCOR after treatment with PT-S264 in the two
technical replicates, while only 4 and 3 peptides were iden-
tified for SMRT. This finding may indicate that NCOR
binding to PPAR�/� is dominant over SMRT binding in
MDA-MB231-luc2 cells in the presence of PT-S264. Of
note, TBL1XR1, a subunit of NCOR and SMRT complexes
(7), was also only detected in the presence of PT-S264 but
not in the presence of L165,041. Other NCOR and SMRT
complex subunits such as HDAC3 were not detected. This
could be due to insufficient sensitivity, the destructive na-
ture of chromatin sample preparation, or both.

Next, we measured NCOR binding to the PPAR�/�
binding sites (PPREs) of the target genes ANGPTL4 and
PDK4 (1) in MDA-MB231-luc2 cells in the presence and
in the absence of PT-S264 by ChIP-qPCR using two differ-
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Table 1. PPAR�/� interactors in the presence of the inverse agonist PT-S264 or the agonist L165,041 (RIME ChIP-MS analysis)

Protein or cluster Gene(s) IgG PT-S264
�-PPAR�/�
PT-S264

�-PPAR�/�
L165,041 diff. count

Neuropathy target esterase PNPLA6 0 36 41 −5
Envoplakin EVPL 0 32 24 8
Periplakin PPL 0 20.5 10.5 10
Cytospin-A SPECC1L 0.5 16 22.5 −6.5
Nuclear receptor corepressor 2 NCOR1, NCOR2 0 14.5 0 14.5
Inorganic pyrophosphatase 2,
mitochondrial

PPA2 0 14.5 14 0.5

Kinesin-like protein KIF15 KIF15 0.5 11 5.5 5.5
Peroxisome proliferator-activated
receptor �

PPARD 0 10 16 −6

2-hydroxyacyl-CoA lyase 1 HACL1 0 10 12 −2
Inositol 1,4,5-trisphosphate receptor
type 2

ITPR2 0 9.5 5 4.5

BAG family molecular chaperone
regulator 3

BAG3 0 8.5 6.5 2

Retinoid X receptor RXR-� RXRB, RXRA 0 8 14.5 −6.5
Myotubularin-related protein 12 MTMR12 0 8 5.5 2.5
Zinc finger protein ZPR1 ZPR1 0 7 7 0
TBC1 domain family member 2A TBC1D2 0.5 6 4 2
Melanoma inhibitory activity
protein

MIA3 0 5.5 2 3.5

Nuclear distribution protein
nudE-like 1

NDEL1, NDE1 0 5.5 4 1.5

GTPase-activating protein and VPS9
domain-cont. 1

GAPVD1 0 5.5 2 3.5

Zinc finger and BTB
domain-containing 9

ZBTB9 0.5 4.5 3.5 1

Membrane-assoc. progesterone
receptor component 2

PGRMC2 0 4 2 2

Protein kinase C�-binding protein PRKCDBP 1 4 3.5 0.5
Complement C4-A C4A 0 3.5 3.5 0
Non-specific lipid-transfer protein SCP2 1 3 0 3
Ig� -2 chain C region IGHG2 2 3 1 2
5’-3’ exoribonuclease 1 XRN1 0 2.5 5 −2.5
MIA SH3 domain ER export factor
2

MIA2/CTAGE5 0 2.5 0 2.5

m7GpppX diphosphatase DCPS 0 2.5 3.5 −1
EF-hand calcium-binding
domain-containing prot. 4A

CRACR2B 0 2.5 2.5 0

Complement C3 C3 0 2 0 2
FGFR1 oncogene partner FGFR1OP 0 2 0.5 1.5
E3 ubiquitin-protein ligase TRIM4 TRIM4 1 2 1 1
3-ketoacyl-CoA thiolase,
peroxisomal

ACAA1 0 1.5 0.5 1

Transducin-� like 1 X-linked
receptor 1

TBL1XR1 0 1.5 0 1.5

Importin subunit �-1 KPNA2 1 1.5 0.5 1
Eukaryotic translation initiation
factor 5

EIF5 1.5 1 0 1

E3 ubiquitin-protein ligase RFWD2 RFWD2 0 0 2 −2

The numbers indicate the mean unique peptide count from two technical replicates each. The difference count is peptides(PT-S264)–peptides(L165,041) for
the cognate IPs (�-PPAR�/�). An IgG fraction from non-immunized rabbits served as a negative control. The gene names of the antibody target (PPARD)
and known interactors are printed in boldface.

ent antibodies. In agreement with ChIP-MS data, NCOR is
present at the ANGPTL4 PPREs. Interestingly, we find in-
creased binding of NCOR after treatment with the inverse
agonist PT-S264 both in the presence and in the absence of
TGF� (Figure 3A). Further ChIP-qPCR analyses of sev-
eral NCOR and SMRT complex subunits are in line with
the ChIP-MS results, showing increased recruitment to the
PPAR�/� binding site of ANGPTL4 in the presence of PT-
S264 and decreased recruitment in the presence of L165,041
(Figure 3B). This includes PT-S264-dependent recruitment
of HDAC3, which is clearly expressed in these cells (15).

In Caki-1 cells, ANGPTL4 expression is modulated by
L165,041 and PT-S264 in the same manner as in MDA-
MB231-luc2 cells; the amplitude of the effects is weaker
in Caki-1, while expression in the basal state is consider-
ably higher (Supplementary Figure S3). Increased NCOR
recruitment to the ANGPTL4 PPREs is also observed in
Caki-1 cells upon treatment with PT-S264 (Supplementary
Figure S4). Due to its marked contribution to basal re-
pression (15) and its enhanced recruitment to chromatin-
bound PPAR�/� in the presence of PT-S264, we postu-
late that NCOR mediates downregulation of ANGPTL4 by
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Figure 3. NCOR and SMRT complex subunits are recruited to PPAR�/� in the presence of PT-S264. MDA-MB231-luc2 cells were treated as indicated
for 30 min, and ChIP-qPCR was performed with antibodies against subunits of HDAC3-containing complexes using primer pairs encompassing the
ANGPTL4 and PDK4 PPREs (+3500 or −12 200 bp relative to the TSS of the gene, respectively). (A) Binding of NCOR in the presence of 300 nM
PT-S264, 1 ng/ml TGF�, or both. Two different antibodies against NCOR were used. (B) Binding of PPAR�/�, RXR, HDAC3, TBLR1, NCOR, and
SMRT in the presence of solvent (DMSO), 300 nM PT-S264, or 1 �M L165,041. Both panels: representative ChIP data are plotted. Commercially available
antibodies are denominated by the terms in parentheses. Values denote means and standard deviations from three technical replicates.

PPAR�/� in the basal state and in the presence of PPAR�/�
inverse agonists. This raises the question whether the inter-
action of NCOR and PPAR�/� is necessary for PT-S264-
dependent repression.

Generation and characterization of PPAR�/� knockout
clones

To test whether NCOR is functionally important for
PT-S264-mediated repression, we tried to disrupt NCOR
expression through genetic deletion with the CRISPR-
Cas9 system but were repeatedly unable to obtain NCOR
knockout clones. We therefore aimed to disrupt NCOR
binding to PPAR�/� through mutations of the receptor
as an alternative strategy. As a prerequisite for screen-
ing PPAR�/� mutants, we introduced frameshift muta-

tions to the PPARD coding region in MDA-MB231-
luc2 cells using the CRISPR-Cas9 system. Four differ-
ent PPAR�/� knockout clones were isolated (2B2, 2B3,
2A3, 2A6; see Supplementary Figure S5A). Neither PPAR�
nor PPAR� expression was disrupted in the four clones
(Supplementary Figure S5B and C). ChIP-qPCR con-
firmed the absence of PPAR�/� at the ANGPTL4 and
PDK4 loci (Figure 4). Interestingly, binding of PPAR�
and PPAR� to the ANGPTL4 and PDK4 loci, each of
which harbours three adjacent PPRE sequences (1,12,18),
is increased in PPAR�/� knockout cells, suggesting that
PPAR�, PPAR�/�, and PPAR� compete for the same
binding sites. However, relative to wild-type (WT) cells,
binding of RXR is reduced in PPAR�/� KO cells. This
finding indicates that PPAR�/� is the main factor that
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Figure 4. Analysis of PPAR isoform binding to chromatin in PPAR�/�
knockout clones. ChIP-qPCR analysis of PPAR�, PPAR�/�, PPAR� , and
RXR binding at the ANGPTL4 and PDK4 loci in the four MDA-MB231-
luc2 PPAR�/� knockout clones (2B2, 2B3, 2A3, and 2A6). Parental cells
(WT) were processed in parallel. A representative experiment is shown. The
error bars denote standard deviations from three technical replicates.

binds to the PPREs of the ANGPTL4 and PDK4 genes
in MDA-MB231-luc2. Consistently, both induction of the
ANGPTL4 transcript by the synthetic agonist L165,041 and
repression by the inverse agonist PT-S264 were disrupted
in the knockout clones (Supplementary Figure S6). In con-
trast, the PPAR� agonist pioglitazone retained its function
and stimulated ANGPTL4 expression. Surprisingly (for un-
known reasons), the PPAR� agonist Wy-14643 did not in-
duce expression of the ANGPTL4 gene in the KO clones
(Supplementary Figure S6).

Functional reconstitution of PPAR�/� in knockout cells

In contrast to other PPAR�/� knockout clones we ob-
tained, the 2B3 clone neither showed growth defects, nor
poor viability (observed in the 2A6 clone after several pas-
sages, data not shown), nor stable integration of the Cas9
expression vector (2B2, Supplementary Figure S5E) or
of the transiently transfected blasticidin resistance marker
(2A3; Supplementary Figure S5F). We therefore used the
2B3 clone for rescue experiments with expression vectors
that encode for WT PPAR�/�. Sequencing of cloned PCR
fragments indicates that guide RNAs 1 and 3 result in

single-base deletions (no. 1) or insertions (no. 3; sequences
from clone 2B3 are shown in Supplementary Figure S5G).
In line with previous observations (53), ectopic expression
of PPAR�/� driven by the strong cytomegalovirus pro-
moter led to formation of intracellular aggregates and failed
to restore ligand function (data not shown). We stably trans-
fected the 2B3 clone with a vector encoding the murine
ecotropic retroviral receptor (42), allowing for ecotropic
retroviral infection. The resulting 2B3-ecoR cells were then
transduced with pMSCV vectors to express WT or mutant
PPAR�/�, driven by the comparably weak viral long ter-
minal repeats. Expression of the mutants was confirmed on
protein level (Supplementary Figure S7). We assume that
PPAR�/� is weakly expressed in all cellular models we anal-
ysed due to low signals on both RNA and protein levels. The
level of PPAR�/� ectopically expressed from pMSCV was
above that of WT cells (Supplementary Figure S7). Nev-
ertheless, both the activation and repression functions of
PPAR�/� were restored, albeit to lesser extent than that ob-
served in WT cells (Supplementary Figure S8).

A reconstitution screen identifies PPAR�/� mutants defi-
cient in ligand response and basal repression

Using PPAR�/� knockout cells, it is possible to screen for
mutants which are compromised in their repressive func-
tion. We generated a panel of 80 mutants that encode
for truncated proteins or proteins with one or more sub-
stitutions of amino acid residues. We preferentially mu-
tated residues at the surface of the LBD (ligand bind-
ing domain) since the LBD is involved in NCOR interac-
tions (54–56), and the affinity of corepressor-derived pep-
tides to the PPAR�/� LBD is enhanced by inverse ago-
nists (5). Published X-ray crystallography structural data of
the PPAR�/� LBD bound to an agonist (PDB ID: 3TKM
(57)), the PPAR� LBD bound to an inverse agonist (PDB
ID: 1KKQ (55)), and the PPAR� -RXR heterodimer (PDB
ID: 3DZY (58)) were used as reference for choosing candi-
date residues. The panel also includes a negative control,
C91A-E92A, a double mutant of residues critical for DNA
binding (59). This mutant should be defective in all func-
tions of DNA-bound PPAR�/� (basal repression, induc-
tion by agonist, repression by inverse agonist). We then per-
formed a functional screen, intending to identify residues
of PPAR�/� which are necessary for basal and PT-S264-
regulated repression of the ANGPTL4 gene––mutations
with functional consequences for either mode of repression
should correspond to changes in NCOR binding if the ef-
fects are mediated by NCOR recruitment.

ANGPTL4 expression was monitored by RT-qPCR in
the absence (after treatment with the solvent) or the pres-
ence of a ligand. As ligands, we used either the inverse
agonist PT-S264 or the agonist L165,041. Importantly,
the ligands did not modulate ANGPTL4 expression in
PPAR�/� knockout cells transduced with the empty vec-
tor or the DNA binding-deficient PPAR�/� C91A-E92A
mutant (Supplementary Figure S9 and Figure 5B). An ex-
tended description of the screen is available in the Sup-
plementary Material including expression data for all mu-
tants (Supplementary Appendices A–D) and a simplified
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Figure 5. A retroviral reconstitution screen identifies PPAR�/� mutants deficient in basal repression and response to PT-S264. MDA-MB231-luc2 2B3
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overview with a classification of the effect of each mutant
(Supplementary Table S3).

Briefly, our efforts identified several mutants which are
generally compromised for receptor function, mutants
which are compromised for ligand binding, mutants which
show enhanced basal repression, and mutants which are
deficient in basal repression. In this study, special interest
pertains to mutants which affect repression. For visualiza-
tion of effects on repression, we plotted the ratio of basal
ANGPTL4 expression on the x-axis as �� Ct(basal WT–
basal mutant); the �� Ct term is due to the use of “�
Ct” values normalized to the housekeeping transcript. This
way, loss of repression is reflected in a positive value. ��
Ct(PT-S264 WT–PT-S264 mutant) is plotted on the y-axis.
The reconstituted WT receptor is at (0;0), and mutations
which compromise both modes of repression cluster with
the empty vector control in the upper right area of the graph
(Figure 5A).

Mutants modified only in basal repression cluster on or
below the x-axis (Figure 5A), whereas mutants with differ-
ential capability for PT-S264-dependent repression should
cluster on the y-axis. We identified both kinds of mutants;
however, deficiency in PT-S264-dependent repression was
accompanied by loss of response to L165,041 in the few mu-
tants we identified, indicating that the effect is not specific
for the inverse agonist since ligand binding is compromised
(see Supplementary Figure S9).

Strikingly, mutants with deficient basal repression
(R314A, K421A-K422A, K421A, T427F, and T427I) show
enhanced repression in the presence of PT-S264. These do
not markedly deviate from the x-axis (Figure 5), indicating
that, while basal repression is compromised, PT-S264 is
able to repress ANGPTL4 expression to similar levels
as achieved in the presence of the WT receptor (see also

Supplementary Figure S9). This implies that the observed
fold repression is higher by the amount lost from basal
repression (see below).

Conversely, in cells expressing mutants with enhanced
basal repression (negative on the x-axis; I327A, T423A,
T427D, and L433F), little or no PT-S264-stimulated repres-
sion was measured (Supplementary Figure S9). Therefore,
the mutations affecting basal repression we identified here
as well as the inverse agonist itself presumably modulate the
affinity of PPAR�/� towards the same repressors. We how-
ever cannot rule out that mutants with enhanced basal re-
pression recruit additional other repressors. Moreover, due
to low ANGPTL4 expression levels in cells expressing these
mutants, we are running into detection problems.

In the following experiments, we focus on three mu-
tants with deficient basal repression, K421-K422A, T427I,
and R314A. In Figure 5B, detailed ANGPTL4 RT-qPCR
data for these three mutants are shown. Basal repression of
ANGPTL4 is relieved in cells expressing these mutants, re-
sulting in a higher fold repression in the presence of PT-
S264, while fold induction by the agonist L165,041 is low-
ered. In the presence of the activating stimulus TGF�, re-
pression by PT-S264 is functional in cells expressing these
mutants, albeit to an extent similar to cells transduced with
WT PPAR�/�.

The main finding of the functional screen is that loss
of basal repression is fully compensated for by the inverse
agonist PT-S264, resulting in higher fold repression. Vice
versa, enhanced basal repression limits repression by PT-
S264. This leads to the hypothesis that the same corepres-
sor(s) mediate both basal and inverse agonist-dependent re-
pression. The K421A-K422A, T427I, and R314A mutants
chosen for further analysis predominantly show PT-S264-
mediated repression and thus allow to investigate whether
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basal repression and PT-S264-dependent repression indeed
depend on the same corepressor(s). Due to data obtained
by mass spectrometry (Table 1), we assume that repression
is mediated by NCOR or both NCOR and SMRT.

PPAR�/� mutants deficient in basal repression show dimin-
ished NCOR and SMRT recruitment to chromatin and in-
creased RNA polymerase II recruitment in the basal state

We next asked if the mutants deficient in basal repression in-
deed show differential binding of NCOR and SMRT as pre-
dicted. To this end, we analysed a panel of four PPAR�/�
target genes at the chromatin level. Our previous genome-
wide studies identified PPAR�/� binding sites and target
genes in different cellular model systems (1,2,12,15) includ-
ing the MDA-MB231-luc2 cell line used here (15). The
genes strongly regulated by PPAR�/� ligands in cell lines
are ANGPTL4, PDK4, ABCA1, and PLIN2. ChIP-qPCR
analyses reveal that binding of both NCOR and SMRT
to PPAR�/�-responsive elements of the genes ANGPTL4,
PDK4, and PLIN2 is markedly reduced in cells that ex-
press the T427I, K421A-K422A, and R314A mutants (Fig-
ure 6). However, in the presence of PT-S264, NCOR and
SMRT binding is restored by the T427I, K421A-K422A,
and R314A mutants. Essentially, the same observation was
made for HDAC3 (Supplementary Figure S10). As an ad-
ditional control, the presence of mutated PPAR�/� and
RXR as well as NCOR recruitment by PT-S264 at the
ANGPTL4 PPAR binding site was confirmed (Supplemen-
tary Figure S11). Moreover, in the absence of ligand, bind-
ing of RNAPII to the ANGPTL4, PDK4, PLIN2, and
ABCA1 target gene TSSs is strongly reduced in PPARD
KO cells reconstituted with WT PPAR�/� (Figure 7A–D)
but not in cells expressing the T427I or K421A-K422A
mutants. Strikingly, PT-S264 treatment leads to reduced
RNAPII binding in cells expressing these mutants. Notably,
the mode of ligand binding is not altered in the mutants
since an additional mutation that occludes the ligand bind-
ing pocket abrogates ligand function (see Supplementary
Figure S12). RNAPII binding at the TSS of TSC22D3,
which is not a PPAR target gene, is neither affected by ex-
pression of the PPAR�/�-encoding cDNAs nor by PT-S264
(Figure 7F). This finding shows that the PPAR�/� mutants
deficient in basal NCOR, SMRT, and HDAC3 binding al-
low for increased RNAPII occupancy in the absence of ac-
tivating ligands. Conversely, these mutants recruit NCOR,
SMRT, and HDAC3 in the presence of the inverse agonist
PT-S264, and thus RNAPII binding is strongly reduced.
These observations indicate that NCOR and SMRT medi-
ate both basal and PT-S264-dependent repression by limit-
ing RNAPII binding to PPAR�/� target genes. Strong re-
duction of RNAPII binding in cells expressing the T427I
or K421A-K422A mutants upon short (30 min) treatment
with PT-S264 strongly suggests that PPAR target genes
other than ANGPTL4––PDK4, PLIN2, and ABCA1 are
shown here––are also regulated at the level of initiation by
PT-S264. We were however unable to reliably detect GTFs
and Mediator subunits at these genes, which presumably is
due to their comparably low expression (see Supplementary
Figure S4 for ANGPTL4 in MDA-MB231-luc2) and limited
sensitivity of the antibodies.

Additionally, we used samples obtained by treatment of
Caki-1 cells with the initiation inhibitor triptolide and sub-
jected to RNAPII ChIP (see Figure 1) to test whether PT-
S264 mimicked the effect. Supplementary Figure S14 shows
that RNAPII occupancy at the PLIN2 TSS is reduced even
more strongly than at the ANGPTL4 TSS by PT-S264,
while the effect is less pronounced at the ABCA1 TSS; the
effect of triptolide is similar but stronger. Collectively, these
results implicate that PT-S264 reduces RNAPII recruitment
at PPAR target genes.

The role of deacetylase activity in repression by PT-S264

In order to investigate the role of the HDAC3 subunit of
NCOR and SMRT complexes in repression of PPAR�/�
target genes, we treated cells with PT-S264 together with
HDAC inhibitors. In WT MDA-MB231-luc2, neither TSA
nor the HDAC3-selective compound apicidin abrogates re-
pression of ANGPTL4 elicited by PT-S264 (Figure 8A,
upper left panel). However, repression of ANGPTL4 is
diminished by the HDAC inhibitors. PT-S264-mediated
repression of PDK4, which is weaker in comparison to
ANGPTL4, is also diminished by the HDAC inhibitors
(Figure 8A, upper right panel), albeit to a lesser extent. An-
other PPAR�/� target gene transcript, PLIN2, shows the
same pattern (Figure 8A, lower left panel).

In KO cells with restored WT PPAR�/� expression,
PT-S264-mediated repression of ANGPTL4 is insensitive
to the HDAC inhibitors, whereas in PPARD KO cells
expressing mutants deficient in basal repression, repres-
sion of ANGPTL4 by PT-S264 is partially sensitive to
HDAC inhibition (Figure 8B). The PDK4 transcript is af-
fected similarly. This clearly suggests that the NCOR and
SMRT complexes recruited to PPAR�/� target genes exert
both deacetylase-dependent and deacetylase-independent
repressive functions; the catalytic activity of HDAC3 con-
tributes to but is not sufficient for full repression. This is in
agreement with the observation that ANGPTL4 expression
is only weakly induced by HDAC inhibitors (Figure 8B and
(15)).

In general, weaker repression in 2B3 cells reconstituted
with the WT PPARD cDNA relative to the parental cells
was observed (Supplementary Figure S6). We attribute
this to sequestration of corepressors by overexpressed WT
PPAR�/�, which recruits NCOR and SMRT considerably
stronger than the mutants deficient in basal repression (Fig-
ure 6). Sequestration might differentially affect the avail-
ability of free NCOR and SMRT.

DISCUSSION

NCOR and SMRT figure in gene regulation by a multitude
of transcription factors such as the glucocorticoid receptor
(60,61), other nuclear receptors (6,62), POZ-containing, ba-
sic helix-loop-helix and basic leucine zipper factors (63), the
Notch effector RBP-J (64), and MECP2 (methylated CpG
binding protein 2) (65). Therefore, elucidation of regulatory
mechanisms used by NCOR and SMRT complexes is of
great interest. We show here that PPAR�/� inverse agonists
interfere with recruitment of the transcription-permissive
Mediator subunits MED1, MED13L, and MED26 as
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Figure 6. Corepressor recruitment by PPAR�/� mutants deficient in basal repression. 2B3 PPARD KO cells transduced with the indicated constructs were
treated with solvent, 1 �M L165,041 or 300 nM PT-S264 for 30 min and subjected to ChIP-qPCR analysis using antibodies against NCOR or SMRT.
The PPAR binding sites of ANGPTL4 (+3500 bp relative to the TSS, (A), PDK4 (−12 200 bp, (B), PLIN2 (−34 300 bp, (C), and a negative control region
(D) were amplified as indicated. Non-cognate IPs (IgG) were processed in parallel from the solvent-treated cells. Means and standard deviations of three
technical replicates from a representative ChIP assay are plotted.
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Figure 7. Regulation of RNA polymerase II binding by PPAR�/� mutants deficient in basal repression. 2B3 PPARD KO cells transduced with the indicated
constructs were treated with solvent or 300 nM PT-S264 for 30 min and subjected to ChIP-qPCR analysis using an antibody against RNA polymerase II.
The TSS regions of ANGPTL4 (A), PDK4 (B), PLIN2 (C), ABCA1 (D), a negative control region (E), and the TSC22D3 TSS (F) as an additional negative
control were amplified as indicated. Means and standard deviations of three technical replicates from a representative ChIP assay are plotted.

well as TFIIB and RNAPII. PPAR�/� mutants deficient
in NCOR and SMRT recruitment in the basal state al-
low for enhanced RNAPII binding in the absence of lig-
ands, while the inverse agonist PT-S264 restores both
NCOR and SMRT binding to these mutants and loss of
RNAPII at target gene promoters. Repression is only par-
tially sensitive to HDAC inhibition, which indicates that
NCOR/SMRT complexes exert deacetylase-dependent and
deacetylase-independent functions to restrain transcription
of PPAR�/� target genes.

HDAC-independent repression mechanisms exerted by
NCOR/SMRT have also been reported in other contexts:
(i) In mice, Ncor and Smrt complexes carry out essen-
tial functions that are independent of Hdac3 activity (66),
and (ii) HDAC-independent repression of human papil-
lomavirus transcription and replication by NCOR was
demonstrated (67). (iii) Finally, whereas MECP2 represses
transcription via an HDAC-independent mechanism (68),
interaction with NCOR/SMRT is crucial for MECP2 func-
tion (65), and it was reported recently that the detrimental



9586 Nucleic Acids Research, 2019, Vol. 47, No. 18

A

MDA-MB231-luc2 MDA-MB231-luc2
2B3 PPARD KO 

0

1

2

3

4

5

re
la

tiv
e 

tra
ns

cr
ip

t l
ev

el
 A
N
G
PT
L4 PT-S264

TSA
TSA + PT-S264
apicidin
apicidin + PT-S264

fold repression21.9x 4.4x 9.5x

28.4 25.8****

**

**

MDA-MB231-luc2 MDA-MB231-luc2
2B3 PPARD KO 

0

1

5

10

15

20

re
la

tiv
e 

tra
ns

cr
ip

t l
ev

el
 P
D
K4

fold repression3.2x 1.2x 1.6x

PT-S264
TSA

TSA + PT-S264
apicidin
apicidin + PT-S264

29.0 28.7***

n.s.

*

MDA-MB231-luc2 MDA-MB231-luc2
2B3 PPARD KO 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

re
la

tiv
e 

tra
ns

cr
ip

t l
ev

el
 P
LI
N
2

fold repression2.4x 1.4x 1.7x

PT-S264
TSA

TSA + PT-S264
apicidin
apicidin + PT-S264

24.9 24.8
****

**

*

MDA-MB231-luc2 MDA-MB231-luc2
2B3 PPARD KO 

0

1

2

3

4

5

re
la

tiv
e 

tra
ns

cr
ip

t l
ev

el
 T
SC
22
D
3

fold repression1.0 1.1x 1.1x

PT-S264
TSA

TSA + PT-S264
apicidin
apicidin + PT-S264

27.2 26.9

n.s.

n.s.

n.s.

B

CE2A WT T427I K421A-
K422A

R314A
0.0

0.5

2

3

4

1

re
la

tiv
e 

tra
ns

cr
ip

t l
ev

el
 A
N
G
PT
L4

PT-S264
TSA

fold repression

25.8

TSA + PT-S264

apicidin
apicidin + PT-S264

8x

26.7 28.2 25.4 25.8

5x 7x 25x 7x 12x 20x 6x 16x 13x 5x 9x

*

**
**** ************

**
**

*** *
*

**

CE2A WT T427I K421A-
K422A

R314A
0.0

0.5

5

10

15

20

1

re
la

tiv
e 

tra
ns

cr
ip

t l
ev

el
 P
D
K4

fold repression 2x

PT-S264
TSA
TSA + PT-S264

apicidin
apicidin + PT-S264

27.628.0 30.5 27.9 28.3

2x3x 2x1.4x6x 2x2x5x 3x2x5x

***
****

*** ****

*

* *
****

*
*

*

*

CE2A WT T427I K421A-
K422A

R314A
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

re
la

tiv
e 

tra
ns

cr
ip

t l
ev

el
 P
LI
N
2

fold repression

PT-S264
TSA
TSA + PT-S264

apicidin
apicidin + PT-S264

23.524.8 24.8 23.8 24.0

2x1.6x2x 2x1.4x2x 2x1.7x3x 1.7x1.4x2x

**
**** *** **

*

***
n.s.

*
**

**

n.s.

*

CE2A WT T427I K421A-
K422A

R314A
0

1

2

3

4

5

6

re
la

tiv
e 

tra
ns

cr
ip

t l
ev

el
 T
SC
22
D
3

fold repression

PT-S264
TSA
TSA + PT-S264

apicidin
apicidin + PT-S264

27.026.8 26.0 26.2 26.4

1.1x0.9x0.9x 0.9x0.9x1x 1.3x1.1x0.9x 0.9x1x1x
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effects of Mecp2 overexpression in mice do not depend on
the catalytic activity of Hdac3 (69).

Our data suggest that deacetylation by HDAC3 con-
tributes to but is not sufficient for basal repression of
PPAR�/� target genes. Thus, an additional enzymatic func-
tion of HDAC3-containing complexes or, alternatively, in-
hibition of an activator-borne enzymatic activity may be re-
quired for efficient silencing of gene expression. We spec-
ulate that acetyltransferases are inhibited by NCOR and
SMRT complexes since (i) acetyltransferase activity is re-
quired for transcription in nucleosome-free systems (70),
(ii) GTFs that contribute to reinitiation––TFIIB, TFIIE,
and TFIIF––are acetylated in vivo (71,72), and (iii) the
acetyltransferase activities of CBP and p300 are inhib-
ited by recombinant purified fragments of NCOR and
SMRT in vitro (73,74). Moreover, Mediator interacts with
the acetyltransferase-bearing SAGA complex, and both
Mediator and SAGA are necessary for RNAPII-mediated
transcription in yeast (75–77). Partial sensitivity of PT-
S264-dependent repression to HDAC inhibitors (Figure 8)
strongly suggests that NCOR and SMRT recruited by
PPAR�/� use an additional mechanism to restrict activa-
tor function. It is striking that, in cells ectopically express-
ing PPAR�/� mutants with deficient basal repression, PT-
S264-dependent repression is more sensitive to HDAC inhi-
bition than in cells ectopically expressing the WT receptor
(Figure 8B). This finding suggests that the NCOR/SMRT
complexes involved in basal repression, whose binding is
restored by PT-S264 in cells expressing the mutants (Fig-
ure 6), rely on HDAC activity to a larger extent compared
to the complexes that are recruited to the WT receptor upon
treatment with PT-S264.

Induction of the PPAR�/� target gene ANGPTL4 by
TGF� depends on SMAD3 (18), which interacts with CBP
and p300 to activate transcription (78). CBP and p300
are also paramount coactivators of NF�B (79) and AP-
1 (80) transcription factors, which are major targets of
transrepression by nuclear receptors (61,80–82). These data
underscore a possible role for acetyltransferase inhibition
in gene regulation by NCOR and SMRT. Since deacety-
lation and inhibition of acetyltransferase activity act to-
wards the same outcome, the two functions may conceiv-
ably act in parallel for more efficient suppression of tran-
scription. Another possibility would be that ubiquitin lig-
ase and deubiquitinase activities which reside in subunits of
HDAC3-containing complexes contribute to deacetylase-
independent repression. Ubiquitination by TBLR1 (6)
could commit activators for degradation, or H2B deubiqui-
tination by USP44 might figure in repression of ANGPTL4
by NCOR/SMRT (36).

Mediator supports TFIIB binding to promoters, and
both Mediator and TFIIB facilitate recruitment of RNAPII
to promoter-bound GTFs (30). This notion is in agree-
ment with both older and more recent studies in yeast
(47,75,83,84), murine (85), and human cells (86) which in-
dicate concurrent interactions of Mediator, TFIIB, and
RNAPII. MS data from S. cerevisiae and from human cells
identify RNAPII, TFIIB, and TFIIF amongst the strongest
interactors of Mediator (75,86), and these factors are nec-
essary for reinitiation (25). Notably, another recent study
revealed that human genes which require de novo RNAPII

recruitment for induction of transcription depend on TFIIB
availability (87). It is unclear how transcription factors
modulate reinitiation, and in vivo evidence of reinitiation
and scaffold complexes is lacking (32). Our ChIP data (Fig-
ure 1 and Supplementary Figure S2), which demonstrate
impairment of TFIIB and RNAPII binding by PPAR�/�
inverse agonists, are in agreement with findings obtained
from in vitro systems that describe recruitment of RNAPII
and TFIIB (25,30) to scaffold factors and thus may repre-
sent in vivo correlates of reinitiation and scaffold complexes.
RNAPII binding to the ANGPTL4 promoter is affected
similarly by PT-S264 and the TFIIH-XPB inhibitor (88)
triptolide (Figure 1A); triptolide is expected to affect both
initiation and reinitiation. Our ChIP data do not allow for
discrimination between the first and subsequent rounds of
transcription; hence, we cannot conclude whether the first
round of transcription is affected as well.

Our observations furthermore suggest that TFIIB and
RNAPII recruitment coincides with the presence of MED1,
MED13L, and MED26 (Figure 2). This notion is supported
by previous work of others which identified MED1 (48,49),
MED13L (52), and MED26 (52,89,90) as subunits that
are predominantly present in RNAPII-associated Media-
tor. Our observations are compatible with the model that
the MED13-containing kinase module blocks RNAPII as-
sociation with Mediator (31) since MED26 and MED13
binding is mutually exclusive (52). Notably, co-occurrence
of MED13L and MED26 was described (48,52,89,90). Our
model thus favours an RNAPII-associated Mediator state
which harbours the MED1, MED13L, and MED26 sub-
units, and this is counteracted by PT-S264 at PPAR�/� tar-
get genes.

It should be noted that we cannot formally exclude in-
volvement of corepressors other than NCOR and SMRT
in PT-S264-dependent repression. Genetic deletion of
NCOR1 was unsuccessful in our hands; this is consistent
with the notions that NCOR function may be necessary
for regulation of the cell cycle (91), genome stability (92),
or other critical processes (62). Cellular models without
this limitation or knock-in approaches might be suitable
to resolve whether NCOR and SMRT complexes are suf-
ficient for repression by PPAR�/� inverse agonists. Modifi-
cation of endogenous coding sequences would also circum-
vent possible effects of overexpression such as cofactor se-
questration. Notably, after reconstitution of PPAR�/� ex-
pression, PT-S264-dependent repression is largely insensi-
tive to HDAC inhibition, which is in contrast to partial sen-
sitivity observed in the parental cell line. Moreover, HDAC
inhibition leads to weaker upregulation of PPAR�/� target
genes in the parental cells compared to cells with reconsti-
tuted PPAR�/�. This could be due to higher recruitment
of SMRT relative to recruitment of NCOR after reconsti-
tution of PPAR�/� expression (Figure 6), whereas the ratio
of ChIP-qPCR signals obtained with the same antibodies is
closer to one in WT cells (Figure 3). However, the preferen-
tial dependence of SMRT complexes on deacetylase activity
relative to NCOR complexes is highly speculative.

Taken together, we propose that PPAR�/� recruits
NCOR and SMRT, either of which or both block MED1,
MED13L, and MED26 recruitment to promoter-bound
GTFs via both deacetylase-dependent and -independent
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Figure 9. Ligand-dependent regulation of ANGPTL4 transcription initia-
tion by PPAR�/� and NCOR/SMRT. Data from this study show that the
PPAR�/� inverse agonist PT-S264 interferes with activator-stimulated re-
cruitment of MED1, MED13L, MED26, TFIIB, and RNAPII. Mutations
of PPAR�/� which abrogate NCOR and SMRT binding in the basal state
allow for increased binding of RNAPII, and NCOR and SMRT binding is
restored upon addition of PT-S264. The latter observations were made at
other PPAR target genes as well. Taken together with our previous obser-
vation that synthetic PPAR agonists together with other activating stimuli
synergistically induce ANGPTL4 transcription (18), we propose the model
that basal and ligand-dependent repressor recruitment limit the ability of
activators to induce transcription reinitiation (and possibly initiation) via
NCOR, SMRT, or both. The corepressors use both deacetylase-dependent
and deacetylase-independent mechanisms, the latter of which are not elu-
cidated as of now.

functions to interfere with TFIIB and RNAPII binding. A
model depicted in Figure 9 summarizes our conclusions.
Additional insight will require identification of the subunits
and domains of NCOR and SMRT complexes which ex-
ert deacetylase-independent repression and their target pro-
teins, and it will be interesting to probe possible differential
functions of NCOR and SMRT.
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