Thrap3 docks on phosphoserine 273
of PPARvy and controls diabetic gene
programming
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Phosphorylation of peroxisome proliferator-activated receptor v (PPAR~) at Ser273 by cyclin-dependent kinase
5 (CDK5) in adipose tissue stimulates insulin resistance, but the underlying molecular mechanisms are unclear.
We show here that Thrap3 (thyroid hormone receptor-associated protein 3) can directly interact with PPARy when

it is phosphorylated at Ser273, and this interaction controls the diabetic gene programming mediated by the
phosphorylation of PPARy. Knockdown of Thrap3 restores most of the genes dysregulated by CDKS5 action on
PPARy in cultured adipocytes. Importantly, reduced expression of Thrap3 in fat tissue by antisense oligonucle-
otides (ASOs) regulates a specific set of genes, including the key adipokines adiponectin and adipsin, and
effectively improves hyperglycemia and insulin resistance in high-fat-fed mice without affecting body weight.
These data indicate that Thrap3 plays a crucial role in controlling diabetic gene programming and may provide
opportunities for the development of new therapeutics for obesity and type 2 diabetes.
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Over the last 20 years, adipose tissue has emerged as
a central regulator of energy homeostasis and metabolic
disorders. Obesity develops when energy intake exceeds
energy expenditure (Mokdad et al. 2001; Bray and Bellanger
2006; Rosen and Spiegelman 2014). Excessive energy in-
take in our body leads to increased adipose mass, ectopic
lipid deposition, insulin resistance, type 2 diabetes, car-
diovascular diseases, and certain cancers (Calle et al. 2003;
Van Gaal et al. 2006; Hsu et al. 2007). The contribution of
lipid overload and lipotoxicity in perturbing insulin sig-
naling pathways has been highlighted (Unger 2002), as has
the proinflammatory signaling arising in the adipose
tissues of obese animals (Hotamisligil et al. 1993; Kershaw
and Flier 2004; Lagathu et al. 2006). Thus, understanding
the molecular mechanisms of glucose and lipid homeosta-
sis in adipose tissue is crucial for the prevention and
treatment of type 2 diabetes and other comorbidities of
obesity.

Peroxisome proliferator-activated receptor y (PPARYy)
is a member of the nuclear receptor superfamily of
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ligand-activated transcription factors (Tontonoz et al.
1994; Willson et al. 2001). It is highly expressed in adipose
tissue and regulates diverse biological functions, including
adipocyte differentiation, lipid and glucose metabolism,
and inflammation (Tontonoz and Spiegelman 2008). While
the identity of biologically significant endogenous activa-
tors of PPARy has remained a mystery, the anti-diabetic
thiazolidinedione (TZD) class of anti-diabetic drugs, which
includes rosiglitazone and pioglitazone, are full agonist
ligands for PPARYy (Lehmann et al. 1995). PPARy binds as
a heterodimer with retinoid X receptor (RXR) to DNA
repeats of the sequence AGGTCA, separated by a single
nucleotide (DR1 elements), and the PPARy/RXR hetero-
dimer can control thousands of target genes in different
cells (Kliewer et al. 1992; Mangelsdorf and Evans 1995;
Chandra et al. 1998). The transcriptional activity of PPARy
is regulated by interactions with several cofactors. In the
absence of ligands, PPARy preferentially interacts with
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nuclear receptor corepressor 1 (NCORI1) and silencing
mediator for retinoid and thyroid receptor (SMRT/
NCOR?2). These platforms recruit chromatin-modifying
enzymes such as histone deacetylases to repress transcrip-
tion (Chen and Evans 1995; Horlein et al. 1995). Con-
versely, in the presence of agonist ligands, PPARY interacts
with coactivators such as steroid receptor coactivators
(SRCs), PPARYy coactivator 1s (PGCls), histone acetyl-
transferases (HATs), and the Mediator complex, all of
which promote gene transcription (Fondell et al. 1996;
DiRenzo et al. 1997; Nolte et al. 1998; Puigserver et al.
1998; Ge et al. 2002).

Recently, we found that PPARy was phosphorylated at
a specific site, Ser273, by cyclin-dependent kinase 5
(CDK5) in obese and diabetic mice. The phosphorylation
of PPARYy at this site did not alter its adipogenic activity
but dysregulated a specific set of genes whose expression
was altered in obesity and diabetes (Choi et al. 2010, 2011).
The underlying mechanism linking PPARy Ser273 phos-
phorylation and dysregulation of specific genes is unclear.
One possible explanation would be a difference in the
ability of phosphorylated PPARy to be recruited to or bind
to DNA. However, comparing the chromatin association
of phosphorylated and nonphosphorylated PPARy (Choi
et al. 2010), there were no differences in DNA binding
between wild-type and phospho-defective mutant proteins.
This suggests that other mechanisms, such as selective
coregulator recruitment to PPARy, may be regulated in
a phosphorylation-dependent manner.

Here we show that Thrap3 (thyroid hormone receptor-
associated protein 3) can preferentially interact with
PPARy when Ser273 is phosphorylated. Knockdown of
Thrap3 in mature adipocytes restores most of the genes
dysregulated by PPARYy phosphorylation by CDK5 with-
out altering adipogenesis. Reductions in Thrap3 levels in
fat tissue with antisense oligonucleotides (ASOs) improve
glucose homeostasis in obese mice and stimulate an anti-
diabetic pattern of gene expression, including increases in
the expression of the key adipokines adiponectin and
adipsin. These data strongly suggest that Thrap3 plays
a critical role of controlling diabetic gene programing and
that Thrap3/PPAR~y complexes can be a potent therapeu-
tic target for obesity and type 2 diabetes.

Results

Identification of Thrap3 binding to phosphorylated
PPARy

Previous reports have demonstrated that CDK5-mediated
phosphorylation of PPARYy is involved in the pathogenesis
of insulin resistance through dysregulation of a specific
set of genes. However, the mechanism driving this effect
is unclear. There were no differences in DNA binding
between wild-type PPARy and phosphorylation-defective
mutant proteins (PPARy S273A), suggesting that coregu-
lators were differentially recruited to PPARy and transcrip-
tionally regulated genes in a phosphorylation-dependent
manner (Choi et al. 2010). We therefore performed proteo-
mic analyses of binding complexes formed with wild-type
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PPARY or the PPARy S273A mutant allele in the absence
or presence of TNF-a, a cytokine that activates CDK5.
Binding partners that copurified preferentially with wild-
type PPARYy in the presence of TNF-a were thus identified.
As shown in Figure 1A, several bands of potential interest
were observed and subjected to liquid chromatography
combined with tandem mass spectrometry (LC-MS/MS).
Thrap3 specifically interacted with wild-type PPARy fol-
lowing TNF-a treatment but was not observed in associ-
ation with PPARy S273A in cells treated with TNF-a.
Thrap3 is known to be a coregulatory protein that is
loosely associated with the Mediator complex (Fondell
et al. 1996; Ito et al. 2002) and is also reported to regulate
several transcription factors (Lande-Diner et al. 2013).
Thrap3 is therefore a plausible candidate for involvement
in phosphorylation-mediated PPARy regulation.

To confirm and extend our understanding of this in-
teraction, we immunoprecipitated endogenous PPARYy
from TNF-a cultured adipocytes and detected endoge-
nous Thrap3 by Western blotting (Fig. 1B). As shown in
Figure 1B, PPARy was phosphorylated by treatment with
TNF-«, and the interaction between PPARy and Thrap3
was detected only when PPARy was phosphorylated at
Ser273. In addition, when wild-type PPARy and PPARy
S273A were expressed in parallel with CDK5/p35 in cells,
PPARy S273A failed to interact with Thrap3 (Fig. 1C).
Consistent with previous studies, rosiglitazone (PPARy
full agonist ligand), MRL24 (PPARy partial agonist li-
gand), and SR1664 (nonagonist PPARy ligand) signifi-
cantly suppressed PPARy phosphorylation after TNF-a
treatment in adipocytes (Choi et al. 2011). Importantly,
the interaction between PPARvy and Thrap3 was also
reduced after ligand treatments (Fig. 1D). All of these
data strongly suggest that Thrap3 may be a binding
partner of PPARY, specifically when it is phosphorylated
at Ser273.

Thrap3 interacts directly with PPARy phosphorylated
at Ser273

Next, we performed a reconstitution experiment to test
whether PPARy binds to Thrap3 directly. Wild-type
PPARy and PPARy S273A were purified from cells and
then incubated with the active CDK5/p35 kinase com-
plex using an in vitro kinase assay that we previously
reported (Choi et al. 2010). The mixture was then further
incubated with immunopurified Thrap3 protein. As
shown in Figure 2A, wild-type PPARy, but not PPARy
S273A, was phosphorylated by CDK5/p35 and interacted
with Thrap3. We next synthesized biotin-conjugated
peptides containing a phosphorylated Ser273 (phospho-
peptide) residue or a nonphosphorylated Ser273 (non-
phosphopeptide) and tested Thrap3 interaction with these
peptides. As shown in Figure 2B, the phosphorylated
peptide interacted with Thrap3, but the nonphosphory-
lated peptide did not.

The specific amino acid requirements for Thrap3’s
interaction with PPARy were further investigated using
recombinant Thrap3 fragments (Supplemental Fig. S1A).
As shown in Supplemental Figure S1B, we found that
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deleting the C terminus region (amino acids 597-955) of
Thrap3 abrogated the PPARy interaction in cells. The
specific binding region of Thrap3 interacting with PPARy
was further dissected. As shown in Figure 2, C and D, the
amino acid 640-680 region of Thrap3 specifically bound
to PPARYy. In addition, a GST fragment of Thrap3 (amino
acids 640-680) interacted with phosphorylated wild-type
PPARY, and the PPARy S273A mutant did not interact
with Thrap3 fragments. Taken together, these results
strongly suggest that Thrap3 directly interacts with
phosphorylated PPARy at Ser273.

Thrap3 specifically controls a diabetic gene set
in cultured adipocytes and insulin sensitivity in vivo

To examine the functional role of the interaction between
Thrap3 and PPARy in adipocytes, we examined gene
expression in cells with reduced expression of Thrap3.
Lentivirus expressing a short hairpin scrambled control
RNA (Scr shRNA) or shRNAs targeting Thrap3 were
transduced into fully differentiated adipocytes. As shown
in Figure 3, B and C, knockdown of Thrap3 dramatically
reduced mRNA and protein expression of Thrap3 in
adipocytes but did not alter the capability of adipocyte
differentiation, as confirmed by Oil-Red-O staining
(Fig. 3A). While classical adipocyte-selective genes like
aP2 were expressed to equal levels between the Scr

shRNA-expressing and Thrap3 shRNA-expressing adipo-
cytes, most of the genes known to be specifically dysreg-
ulated by CDK5-mediated phosphorylation of PPARy were
sensitive to knockdown of Thrap3. These include adipo-
nectin and adipsin, key adipokine regulators of insulin
sensitivity and glucose homeostasis (Fig. 3C).

In previous reports, we showed that CDK5-mediated
phosphorylation of PPARy could promote insulin resis-
tance (Choi et al. 2010; Li et al. 2011). To explore the role of
Thrap3 in glucose metabolism in vivo, we used a specific
ASO to suppress the expression of Thrap3. Previous re-
ports have shown that ASO treatment can lead to re-
pression of specific gene expression in several tissues in
vivo, particularly liver and adipose tissue (Supplemental
Figs. S2, S3; Watts et al. 2005; Kumashiro et al. 2013).
Thus, we synthesized and tested specific ASOs against
Thrap3 that contains the same sequence as the shRNA
used in Figure 3. The Thrap3 ASO was first tested in lean
mice fed normal chow (Supplemental Fig. S2). Mice were
treated with control or Thrap3 ASO at a dose of 20 mg/kg
twice a week for 3 wk. ASO treatment resulted in a re-
duction of Thrap3 protein expression in fat tissue (Supple-
mental Fig. S2A). Interestingly, Thrap3d ASO treatment
improved glucose tolerance in mice without affecting body
weight (Supplemental Fig. S2B-D). We then performed
a critical experiment, assessing whether Thrap3 ASO can
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improve glucose homeostasis and insulin sensitivity in
mice with diet-induced obesity. As shown in Figure 4A,
Thrap3 ASO treatment at 40 mg/kg for 3 wk resulted in an
~50% reduction of Thrap3 protein expression in white
adipose tissue compared with controls. In addition, treat-
ment with Thrap3 ASO dramatically improved glucose
tolerance and insulin sensitivity in high-fat-fed mice, as
determined by glucose and insulin tolerance tests (Fig. 4B,
C); both fasting glucose and fasting insulin levels were
reduced without affecting body weight (Fig. 4D-F). Insulin
resistance, as computed by homeostasis model assessment
of insulin resistance ([HOMA-IR), showed a clear improve-
ment with Thrap3 ASO treatment (Fig. 4G). Furthermore,
Thrap3 ASO treatment decreased serum triacylglycerol
(TG) as well as cholesterol levels compared with control
ASO-treated mice (Fig. 4H,I). These data strongly suggest
that Thrap3 can play a key role in regulating insulin
sensitivity in vivo.

We also asked whether Thrap3 controls diabetic gene
programming in vivo. As shown in Figure 5A, treatment
with Thrap3 ASO in high-fat-fed mice caused changes in
the expression of nine out of 17 of the diabetic genes that
are significantly controlled by CDK5 action on PPARy
(Choi et al. 2010). For example, adiponectin and adipsin
are genes whose expression is recognized as being reduced
in obesity and diabetes (Flier et al. 1987; Hu et al. 1996;
Trujillo and Scherer 2006); both are induced by Thrap3
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ASO treatment. Consistent with previous data (Fig. 3C),
Cd24a, Ddx17, Nr3c1, and Rybp were also induced by the
treatment of Thrap3 ASO. In addition, the mRNA and
serum levels of adiponectin were increased by the treat-
ment of Thrap3 ASO (Fig. 5B). Furthermore, Thrap3 ASO
treatment dramatically increased adipsin levels in serum,
consistent with mRNA induction (Fig. 5C). These data
strongly suggest that Thrap3 plays a key role in regulating
gene expression associated with PPARy phosphorylation
at Ser273.

Discussion

Previous reports strongly suggested that obesity-linked
phosphorylation of PPARy by CDKS5 is causally related to
the development of insulin resistance through dysregu-
lated expression of a specific subset of PPARYy target genes
(Choi et al. 2010, 2011). A crucial question then is how
this phosphorylation of PPARy at Ser273 functions at
a mechanistic level. Using biochemical and proteomic
methods, we identified Thrap3 as a key coregulatory
protein that interacts directly with PPARY, specifically
when it is phosphorylated at Ser273. Importantly, loss of
Thrap3 expression in cells does not alter adipogenesis but
restores expression of the subset of genes that are dysreg-
ulated by CDK5-mediated phosphorylation of PPARY.
Finally, knockdown of Thrap3 through the use of an
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ASO controls diabetic gene programming in fat tissue and
dramatically improves insulin resistance (Fig. 5D).

While the potential pathogenic roles for many genes
dysregulated by CDK5/PPARYy phosphorylation are un-
known, Thrap3 appears to act as a suppressor of two
adipokines with known and important functions in fat
tissues: adiponectin and adipsin. Adipsin was the first
recognized adipokine (Cook et al. 1987; Flier et al. 1987)
and embodies complement factor D activity (Rosen et al.
1989). Very recent work illustrates that adipsin and the
alternative complement cascade that it catalyzes play major
roles in the regulation of B-cell function and insulin
secretion (Lo et al. 2014). Adiponectin is a well-studied
PPARYy target and adipokine that exerts insulin-sensitizing
and anti-inflammatory actions on many different cell types
(Hu et al. 1996; Berg et al. 2001; Yamauchi et al. 2001).
Importantly, the role of adiponectin as an endogenous
insulin sensitizer has been illustrated in both knockout
and transgenic mice (Maeda et al. 2002; Kim et al. 2007).
Together, Thrap3 functions in adipose tissue at least partly
through the docking on PPARY in fat cells and appears to be
an important component of obesity-linked insulin resis-
tance. It is also worth noting that phosphorylation of
PPARy at Ser273 also increases the interaction between
PPARy and NCORI, a corepressor protein of nuclear re-
ceptors. It is not known whether the NCORI/PPARYy
interaction is direct or Thrap3 is embedded in a complex
that includes NCOR (Li et al. 2011).

Thrap3 was originally identified as a protein that
interacted with the thyroid receptor in a ligand-depen-
dent manner (Fondell et al. 1996). In this context, it was
copurified with the Mediator complex, but further anal-
yses indicated that Thrap3 is not a core component of the

Ddx17

(**) P < 0.01; (***) P < 0.001.

Rybp
Adipsin

Adiponectin

Mediator (Yuan et al. 1998; Fondell et al. 1999; Ito et al.
1999, 2002). Another study showed that Thrap3 could
interact with PPARY, and Thrap3 expression was required
for adipose differentiation (Katano-Toki et al. 2013). More
recent studies have demonstrated that Thrap3 is a selec-
tive transcriptional coactivator for CLOCK-BMALI,
a common circadian clock factor, and depletion of Thrap3
causes low-amplitude, long-period circadian rhythms,
identifying it as a positive clock element (Lande-Diner
et al. 2013). In addition, it has been reported that phos-
phorylation of PSF/SFPQ by glycogen synthase kinase 3
(GSK3) promotes an interaction with Thrap3 and prevents
PSF from binding to the CD45 promoter (Heyd and
Lynch 2010). In this model, the crucial regulatory idea is
the phosphorylation-dependent interaction of PSF with
Thrap3. Together with the data presented here, these data
suggest a model in which Thrap3 could act as a specialized
coregulator that docks on certain transcription factors
when they are phosphorylated.

The current studies open up further possibilities for
anti-diabetic drug development. Our previous work
showed that PPARvy ligands could be synthesized to
disrupt Ser273 phosphorylation without having any clas-
sical agonist activity (Choi et al. 2010). In fact, nonagonist
ligands that controlled PPARy modification at Ser273,
like SR1664, were anti-diabetic (Choi et al. 2011). It now
seems plausible that assays could be developed to screen
for compounds that interfere with the docking of Thrap3
on PPARy. Such compounds might act through the
ligand-binding domain (LBD) of PPARy but might also
avoid this LBD pocket to interact with the external faces
of either PPARY or Thrap3. Based on the work presented
here, such compounds would be predicted to be anti-
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diabetic and might also avoid the side effects and stigma
that have been associated with PPARy ligands (Nesto
et al. 2004; Lipscombe et al. 2007).

Materials and methods

Cell culture

3T3-L1 and HEK-293 cells were obtained from American Type
Culture Collection (ATCC) and were cultured in Dulbecco’s
modified Eagle’s medium and 10% fetal bovine serum. Adipocyte
differentiation in 3T3-L1 cells was induced by treatment with
1 pM dexamethasone, 0.5 mM isobutylmethylxanthine, and 850
nM insulin for 48 h. Cells were then switched to maintenance
medium containing 850 nM insulin. Lipid accumulation in the
cells was detected by Oil-Red-O staining. All chemicals for cell
culture were obtained from Sigma.

Purification and characterization of the PPARy
transcriptional complex

PPARvy-null mouse embryonic fibroblasts (MEFs) were cultured
in Dulbecco’s modified Eagle’s medium and 10% fetal bovine
serum. Flag-PPARy wild type or Flag-PPARy S273A were
subcloned into a pMSCV-puro retroviral vector (Stratagene).
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For retrovirus production, Phoenix packaging cells were trans-
fected with 10 pg of the retroviral vectors. After 48 h, the viral
supernatant was collected and filtered. Following infection of
the cells with the retrovirus, cells expressing the ectopic virally
encoded proteins were selected by incubation with 2 pg/mL
puromycin. After treatment with vehicle or TNF-a for 1 h,
nuclear extracts were prepared and incubated with the immo-
bilized anti-Flag antibodies (Flag M2 agarose; Sigma), washed
in a binding buffer, and eluted by incubating with Flag peptide
(Sigma). The immunoprecipitated proteins were separated by
SDS-PAGE, and specific bands were excised and digested by
trypsin. These were then subjected to reverse-phase LC-MS/MS
using a high-resolution hybrid mass spectrometer (LTQ-Orbitrap,
Thermo Scientific).

DNA constructs and shRNA of Thrap3

Various deletion mutants of Thrap3 were generated and subcloned
into HA-pcDNA3.1 vector. The sequence used for the lentivial
shRNA expression vector (pLKO.1, Open Biosystems) targeting
Thrap3 was 5'-AATGGTCACTATGTGCTGAGC-3'. For lentivi-
ral production, HEK-293T cells (ATCC) were transfected with 10
ug of the lentiviral vectors. Following infection of the cells with
the viral vectors, cells were selected by incubation with 2 wg/mL
puromycin.
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Immunoprecipitation and pull-down assay

HEK-293 cells expressing CDK5/p35, Flag-PPARY, or Flag-PPARYy
$273A were collected after transient transfection. Total cell lysates
were incubated with Flag M2 agarose (Sigma) at 4°C. Immunopre-
cipitates or total cell lysates were analyzed with anti-Thrap3
(Santa Cruz Biotechnology), PPARy (Santa Cruz Biotechnology),
or a phospho-specific antibody against PO3-Ser273. Differentiated
3T3-L1 adipocytes were treated with 50 ng/mL TNF-«a for 30 min,
and cell lysates were analyzed with the phospho-specific or PPARy
antibodies. For tissue lysates, white adipose tissue from mice was
homogenized in RIPA buffer (50 mM Tris at pH 7.5, 150 mM NaCl,
1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS with protease
and phosphatase inhibitors). Biotin-conjugated peptide that con-
tains phosphorylated Ser273 (Biotin-KTTDKpSPFVIYDC) or non-
phosphopeptide (Biotin-KTTDKSPFVIYDC) was incubated with
Thrap3-expressing cell lysates and analyzed with anti-Thrap3
antibody. For in vitro binding assay, fragments of the GST-fused
Thrap3 (amino acids 640-680) were purified using glutathione
Sepharose beads and incubated with PPARy-expressed cell lysates.
The beads were then washed with binding buffer, and bound
proteins were separated by SDS-PAGE and analyzed with anti-
PPARYy antibody.

Gene expression analyses

Total RNA was isolated from cells or tissues using Trizol
reagents (Invitrogen). The RNA was reverse-transcribed using
an ABI reverse transcription kit. Quantitative PCR reactions

Thrap3 as a coregulator of PPARy

Figure 5. Thrap3 is required for controlling
PPARY phosphorylation-mediated gene pro-
graming. (A) White adipose tissue from
control or Thrap3 ASO-treated mice was
examined by real-time qPCR for the expres-
sion of gene sets regulated by PPARvy phos-
phorylation. Error bars are SEM. (*) P < 0.05;
(**) P<0.01; (***) P<0.001. (B) Serums were
collected from these mice, and adiponectin
protein was analyzed using ELISA (n = 6). (C)
Serums were denatured and separated by
SDS-PAGE, and adipsin protein was ana-
lyzed with anti-adipsin antibody. (D) Sche-
matic model for interaction of Thrap3 with
phosphorylated PPARy at Ser273 and con-
trolling diabetic gene program.

Target genes
adiponectin,
adipsin etc.

Insulin Resistance

were performed with SYBR Green fluorescent dye using an
ABI9300 PCR machine. Relative mRNA expression was deter-
mined by the AA-Ct method normalized to tata-binding protein
(TBP) levels. The sequences of primers used in this study are in
Supplemental Table 1p.

Animals and ASO treatment

All animal experiments were performed according to procedures
approved by Ulsan National Institute of Science and Technology’s
Institutional Animal Care and Use Committee. Four-week-old to
5-wk-old male C57BL/6] mice were obtained from the Jackson
Laboratory. Mice were fed a regular diet (10% kcal fat; D12450B,
Research Diets, Inc.) or a high-fat diet (60% kcal fat; D12492,
Research Diets, Inc.) as indicated. ASO treatment was administered
at a dosing schedule of 20 mg/kg (for regular diet mice) or 40 mg/kg
(for high-fat diet mice) twice a week for 3 wk by intraperitoneal
injection. The ASO sequences used were as follows: control
ASO, 5-CCTTCCCTGAAGGTTCCTCC-3’; and Thrap3 ASO,
5'-AATGGTCACTATGTGCTGAGC-3'. ASOs were resuspended
and delivered in 0.9% saline. For glucose tolerance tests, mice were
fasted overnight prior to intraperitoneal injection of 2 g/kg
D-glucose. For insulin tolerance tests, mice were fasted for 4 h prior
to intraperitoneal injection of 1 U/kg insulin. Glucose was measured
in tail vein blood at intervals after injections using a Truetrack
glucometer. Serum insulin (Crystal Chem), cholesterol (Cayman
Chemical), TG (Cayman Chemical), and adiponectin (Millipore)
were determined by ELISA.
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