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ABSTRACT

PPARvy-dependent gene expression during adipoge-
nesis is facilitated by ADP-ribosyltransferase D-type
1 (ARTD1; PARP1)-catalyzed poly-ADP-ribose (PAR)
formation. Adipogenesis is accompanied by a dy-
namic modulation of the chromatin landscape at
PPARy target genes by ligand-dependent co-factor
exchange. However, how endogenous PPARy lig-
ands, which have a low affinity for the receptor and
are present at low levels in the cell, can induce suffi-
cient co-factor exchange is unknown. Moreover, the
significance of PAR formation in PPAR~y-regulated
adipose tissue function is also unknown. Here, we
show that inhibition of PAR formation in mice on
a high-fat diet reduces weight gain and cell size of
adipocytes, as well as PPARy target gene expres-
sion in white adipose tissue. Mechanistically, topoi-
somerase |l activity induces ARTD1 recruitment to
PPARy target genes, and ARTD1 automodification
enhances ligand binding to PPARy, thus promot-
ing sufficient transcriptional co-factor exchange in
adipocytes. Thus, ARTD1-mediated PAR formation
during adipogenesis is necessary to adequately con-
vey the low signal of endogenous PPARYy ligand to
effective gene expression. These results uncover a
new regulatory mechanism of ARTD1-induced ADP-
ribosylation and highlight its importance for nuclear
factor-regulated gene expression.

INTRODUCTION

Adipocyte formation relies on the adipogenic differentia-
tion of multipotent mesenchymal stromal cells, resulting in
lipid accumulation and which is associated with the capacity
to influence numerous biological processes, including sig-
naling and immune functions (1). The underlying mecha-
nism of adipogenesis is a broad reorganization of the tran-
scriptional landscape due to large-scale chromatin changes
(2). Instrumental in this step-wise reorganization is the tran-
scription factor peroxisome proliferator-activated receptor
gamma (PPARvy) (3,4) and, in particular, the adipocyte-
specific isoform PPARvy2 (5,6). PPARvy is a nuclear re-
ceptor of the PPAR family that functions as an obligate
heterodimer with RXRs (7-10). Like many nuclear recep-
tors, PPARYy contains an N-terminal, non-conserved A/B
domain, a DNA-binding domain and a C-terminal ligand
binding domain (LBD). Hetero-dimerization with RXRs is
governed by the C-terminal domain, and ligand binding is
conveyed by the LBD, which harbors multiple hydropho-
bic residues and is important for ligand-dependent interac-
tions with co-factors (11,12). Binding of ligands to PPAR~y
triggers a conformational switch that exposes a surface
that can interact with LXXLL-containing co-activators.
Prior to the activation of PPAR~y by its ligands, PPARYy is
bound to co-repressors that suppress transcription of tar-
get genes and which are dislodged upon ligand binding (13).
PPARY is induced during the differentiation of adipocytes
and is highly expressed in white and brown adipose tissue
(WAT/BAT) (14). A series of transcription factors, in par-
ticular, CCAAT /enhancer-binding proteins (C/EBP) B and
d, bind to promoter regions of adipogenic genes, establish-
ing so-called transcription factor hotspots that are charac-
terized by open chromatin regions and regulate PPARy2
as well as C/EBP-a expression and DNA binding (2,4). To-
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gether with C/EBP-a, PPARy2 determines adipocyte func-
tion and transcriptionally co-regulates target genes, such
as adipocyte protein 2 (aP2), cluster of differentiation 36
(CD36) and adiponectin (15-17).

Polymers of ADP-ribose (PAR) are synthesized by en-
zymes that belong to the family of ADP-ribosyltransferases
(ARTs), which transfer the ADP-ribose moiety of nicoti-
namide dinucleotide (NAD™) to acceptor proteins. Intra-
cellular ADP-ribosylation is catalyzed by the diphtheria
toxin-like ADP-ribosyltransferases (ARTDs), which have
previously been referred to as poly (ADP-ribose) poly-
merases (PARPs). Since not all of them catalyze poly-ADP-
ribosylation and polymerases refer to enzymes that synthe-
size¢ DNA/RNA from a template, the new nomenclature
has been adopted (18). In humans, ARTDs are currently
comprised of 18 members (ARTDI1-18), which function in
different cellular compartments (18). Of the 18 enzymes,
only four have been reported to synthesize PAR (19). The
most abundant and so far best-studied PAR-forming mem-
ber is the chromatin-associated ARTD1 (formerly PARP1),
which has been implicated in a plethora of important cellu-
lar and biological processes. Thus, ARTD1-dependent poly-
ADP-ribosylation has been implicated in the regulation of
chromatin compaction, the recruitment of proteins to chro-
matin, the regulation of enzymatic activities and was de-
scribed to be involved in biological processes, such as stress
signaling, cell death, inflammation, as well as differenti-
ation (20). Furthermore, defects in ADP-ribosylation or
in function of ARTDs have been linked to diseases, such
as chronic inflammation, neurodegenerative disorders, car-
diovascular diseases and cancer (21). Several inhibitors of
ADP-ribosylation have been developed, some of which have
entered clinical trial (22), and are for historical reasons
widely known under the name of PARP inhibitors. Since
these inhibitors are not specific for a single ARTD (23), we
will simply refer to them as PARP inhibitors and do not
adopt a new nomenclature.

We have previously shown that the regulation of
PPARvy2-dependent gene expression and adipocyte func-
tion depends on the formation of PAR (24,25). The catalytic
activity of ARTDI is strongly activated during adipogene-
sis and has been demonstrated to be involved in adipogen-
esis (24). However, the molecular mechanism that regulates
PAR-dependent regulation of PPAR+y?2 target gene expres-
sion and the functional significance of PAR formation in
adipogenesis remained elusive. Moreover, most described
endogenous PPAR«y ligands show a low affinity for the re-
ceptor, and how they induce co-factor exchange at low levels
in the cell is currently unknown.

The results presented here confirm that PPARvy-
dependent gene expression during adipogenesis depends
on PAR formation not only in vitro but also in vivo.
According to our findings, this regulatory function of
poly-ADP-ribosylation is brought about by the forma-
tion of a complex between ARTD1 and PPAR«y at the
promoter regions of target genes, a process that increases
PPARYy ligand binding and causes the exchange of
transcriptional co-repressors, such as nuclear receptor
co-repressor (NCoR) with transcriptional co-activators,
such as p300. Consistent with this notion, the lack of
co-factor exchange in the presence of PARP inhibitors was

overcome by treating the cells with an excess of the PPARy
ligand rosiglitazone. The present study thus elucidates the
molecular mechanism by which ARTDI1-induced ADP-
ribosylation promotes adipogenesis. In addition, the study
identifies a new putative role for ARTDI in the control of
ligand-gated transcription factors.

MATERIALS AND METHODS
Animal experiments

A novel pan-PARP inhibitor MRLB-45696 (IC50 for
ARTDI1 and -2 <1 nM (26)) was kindly provided by
Thomas Vogt from Merck Research Laboratories. Ten-
week-old male C57BL/6]J mice were fed with pellets
made in house containing vehicle or PARP inhibitor (50
mg/kg/day) for 18 weeks. All animal experiments were car-
ried out in accordance with the Swiss and EU ethical guide-
lines and have been approved by the local animal experi-
mentation committee of the Canton de Vaud under license
#2465.

Cell culture

For differentiation, 3T3-L1 cells were plated at 80% con-
fluence, medium was changed after 2 days and induction
medium containing 1 pg/ml insulin (I-9278), 0.25 mM
3-isobutyl-1-methylxanthine (I-5879) and 0.5 wM dexam-
ethasone (D-4902) (Sigma Aldrich, St. Louis, MO, USA)
was added after 2 days for three additional days. Starting at
day 5, medium was changed every second day to Dulbecco’s
modified Eagle’s medium (DMEM) containing insulin (1
pg/ml). Cells were differentiated in the presence or absence
of pan-PARP inhibitors PJ34 or ABT888 (both at 1 or 10
wM), PARG inhibitor RBPI-3, Topoll inhibitor merbarone
(50 wM), SIRT1 inhibitor EX527 (10 M) or PPARYy ago-
nist rosiglitazone (1 or 10 wM) added to the cells every 24
h. For differentiation until day 21, ABT888 was added only
every second day. H,O, treatment (1 mM, 15 min) was per-
formed in DMEM without fetal calf serum (FCS) (and in
the presence of catalase inhibitor 3-AT (30 wM) and in the
presence or absence of PJ34 (10 uM)).

GST-pulldown

GST-PPARY2 was coupled to magnetic GST-Beads
(Pierce). Note that 1 pg modified or unmodified ARTD1
(in reaction buffer, 5 pmol 40mer DNA, £10 uM NAD?,
30 min at 30°C) and 1 g His-p300 were added to the
GST-PPAR«2. Pulldown was performed for 2 h at 4°C in
pulldown buffer (50 mM Tris pH 7.5, 150 mM KCI, S mM
MgCl2, 0.2 mM ethylenediaminetetraacetic acid (EDTA),
20% glycerol, 0.1% NP40) in the presence of 10 wM PJ34.
The beads were washed 3x with wash buffer (20 mM Tris
pH 7.5, 150 mM KCl, 5 mM MgClI2, 0.2 mM EDTA, 10%
glycerol, 0.1% Tween).

Chromatin immunoprecipitation (ChIP)

ChIP was performed as previously described (27). For Re-
ChIP experiments, the first ChIP (anti-ARTD1) was eluted
twice in 10 mM DTT (30 min, at 30°C), diluted in ChIP



buffer and the second ChIP (anti-PPAR<y) was performed
as previously described (27).

Radioligand binding assay

For saturation binding analysis, baculo purified His-
PPARYy2 (1 pg) was incubated at 4°C for 3 h in binding
buffer containing 10 mM Tris (pH 8.0), 50 mM KCI, 10
mM DTT with 40 nM 3H-rosiglitazone (specific activity 46
Ci/mmol) in a final volume of 100 pl in the presence or ab-
sence of 1000 x excess of unlabeled rosiglitazone. Bound lig-
and was separated from free ligand by filtration over GF/C
filter and washing filters twice with ice cold binding buffer.
Filters were dried and bound radioactivity quantified by
liquid scintillation counting. Unspecific binding was deter-
mined by adding 40 wM of unlabeled rosiglitazone to the
reaction. Experiments with ARTD1 were performed by in-
cubating ARTD1 wt or ARTD1 Y907A/C908Y mutant (40
nM) with 100 nM NAD™, 2 nM DNA at 30°C for 30 min.
The reaction was stopped by the addition of 10 wM PARPi
(ABT888), and after addition of His-PPARvy2 and 40 nM
*H-rosiglitazone, binding evaluated as described above. For
experiments with free PAR, ARTD1 wt or ARTDI1 mu-
tant Y907A/C908Y (40 nM) were incubated with 100 uM
NAD™*, 2 nM DNA at 30°C for 30 min in binding buffer.
ARDT1 was then degraded by Proteinase K over night,
followed by inactivation for 10 min at 80°C with PARPi
(ABTS888 10 wM). After addition of His-PPAR~y2 and 40
nM 3H-rosiglitazone, binding was evaluated as described
above.

RESULTS

Pan-PARP inhibitor treatment reduces body weight gain,
white adipose tissue content and cell size in mice fed with high-
fat diet (HFD)

Earlier studies have implicated a function of ADP-
ribosylation and, in particular, ARTDI1 in adipogenesis and
adipocyte function (24,25,28,29). Although the importance
of PAR was already described in cells, the physiological rel-
evance of PAR formation in vivo has so far not been in-
vestigated before. Accordingly, we hypothesized that the in-
hibition of PAR formation may have beneficial effects on
the onset and development of obesity. In order to test this
hypothesis, we treated male wild-type (wt) C57BL/6J mice
fed with either chow or a HFD for 18 weeks with a re-
cently characterized pan-PARP inhibitor (26). To confirm
that PARP inhibitor treatment reduced PAR formation,
we measured total ART activity in adipose tissue. As ex-
pected, total ART activity was significantly reduced by 35%
in both subcutaneous (sc) and epididymal (epi) WAT of
PARP inhibitor-treated mice (Supplementary Figure S1A).
Overall, vehicle-treated control mice on the HFD presented
with a significantly higher body weight gain compared to
PARP inhibitor-treated animals (Figure 1A and B), al-
though their food intake was equal (Supplementary Figure
S1B). PARP inhibitor-treated animals have been shown to
exhibit increased energy expenditure (26). However, body
weight of PARP inhibitor-treated mice on HFD was still
higher compared to that of those on chow diet, indicating
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that increased energy expenditure cannot completely com-
pensate for the increased calorie uptake. Previous observa-
tions showed that PAR formation is essential for adipocyte
differentiation and function in culture (24,25). We thus hy-
pothesized that adipocyte function was impaired in PARP
inhibitor-treated animals and that this contributes to the de-
creased body weight on HFD. HFD caused a marked in-
crease in the amount of scWAT, while only minor increases
were observed in epi and perirenal (peri) WAT, as well as
in BAT (Figure 1C and D). However, the increase in HFD-
mediated sScWAT observed in PARP inhibitor-treated mice
was found to be significantly lower as compared to vehicle-
treated control mice, while no significant differences were
observed between epiWAT, periWAT or BAT (Figure 1D).
To test if this PARP inhibitor treatment effect manifested
itself in the morphology of scWAT adipocytes, sScWAT was
isolated, fixed, stained and subjected to quantitative micro-
scopic analysis. Adipocytes from PARP inhibitor-treated
mice were significantly smaller than corresponding cells
from scWAT of vehicle-treated control animals (Figure 1E).
To investigate if also the epiWAT was affected by PARP
inhibitor treatment, although the fat pad weight was un-
changed, we analyzed adipocyte morphology in epiWAT. In
agreement with earlier studies, adipocytes in epiWAT from
PARP inhibitor-treated animals were significantly smaller
than those from chow-fed mice (25) (Supplementary Fig-
ure S1C). To test if the smaller adipocyte size correlated
with a change in adipogenic gene expression, a quantita-
tive reverse transcriptase-polymerase chain reaction (qRT-
PCR) analysis was performed. Consistent with earlier stud-
ies (25), the reduced body weight gain, the reduced expan-
sion of the scWAT after HFD and PARP inhibitor treat-
ment (Figure 1A-E), and the expression of PPARYy tar-
get genes adiponectin, aP2 and CD36 was significantly re-
duced, whereas the expression of the key adipogenic reg-
ulator PPARy itself was unaffected (Figure 1F). In con-
trast, epiWAT showed impaired PPARy2 gene expression
(Supplementary Figure S1D). Expression of the other adi-
pogenic markers aP2, CD36 and adiponectin tended also
to be down in epiWAT from PARP inhibitor-treated mice
(Supplementary Figure S1D). Small adipocytes have often
been shown to be associated with low inflammation (30).
To test the inflammatory status of the scWAT of PARP
inhibitor-treated animals, we analyzed gene expression of
the inflammatory mediators resistin, angiotensinogen, inter-
leukin 6 (IL6) and tumor necrosis factor a (TNFa) (Fig-
ure 1G). We found expression of resistin, angiotensinogen
and /L6 to be downregulated, indicating that the general
inflammatory status of PARP inhibitor-treated animals is
reduced in comparison to vehicle-treated animals. EpiWAT
is known to undergo a substantial degree of inflammation
upon feeding with a HFD (31). qRT-PCR analysis of this
tissue revealed that PARP inhibitor-treatment also gener-
ally reduced HFD-induced inflammatory gene expression
in epiWAT (Supplementary Figure S1E).

In summary, these results show that ADP-ribosylation
mediates obesity, adipocyte hypertrophy and general adi-
pose tissue inflammation in mice fed with a HFD.
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Figure 1. PARP inhibitor treatment reduces body weight and adipose tissue size in mice. (A and B) Weight development during chow and HFD in vehicle-
and PARP inhibitor-treated mice. Eight-week-old male C57BL/6J mice were fed with chow or HFD containing vehicle (DMSO) or PARP inhibitor
(PARPi, 50 mg/kg/day) for 18 weeks. Body weight gain was monitored at the given time points. Two-way ANOVA analysis revealed P < 0.001 for both
HFD and chow diet (z = 10). (C and D) Fat pad weights on chow and HFD. Animals were sacrificed after overnight fasting using isoflurane inhalation
and tissues were collected upon sacrifice and flash-frozen in liquid nitrogen. epiWAT, epididymal white adipose tissue; scWAT, subcutaneous white adipose
tissue; periWAT, perirenal white adipose tissue; BAT, brown adipose tissue. Data are mean - SEM. ANOVA one-way test, ***P < 0.001 (n = 10). (E)
Mouse scWAT was fixed, dehydrated and embedded in paraffin wax. Sequential sections (6 wm) were cut and morphological changes visualized using H&E
staining (scale bar 200 wm). Blinded analysis of mean adipocyte area in tissue sections from mice (n = 9—10 per treatment group) was performed. (F and
G) qRT-PCR analysis of PPARy-dependent and inflammatory genes of scWAT isolated from vehicle- and PARP inhibitor-treated mice. For qRT-PCR
analysis of tissue samples, isolated WAT from 8 mice per group was pooled and expression values were normalized against 36BP4. AGT, angiotensinogen.
All data are mean & SEM. ¢-Test: *P < 0.05, **P < 0.01, ***P < 0.001.



PAR formation is required for PPARvy-dependent gene ex-
pression

To study the mechanistic details of how PAR formation
promotes adipogenesis (24), we characterized adipocyte dif-
ferentiation in 3T3-L1 pre-adipocyte cultures in the pres-
ence or absence of different PARP inhibitors. Adipoge-
nesis was induced in 3T3-L1 cells by the addition of
insulin, 3-isobutyl-1-methylxanthine (IBMX) and dexam-
ethasone (32), upon which they consistently formed lipid-
laden adipocytes (Figure 2A). In line with our earlier stud-
ies (24), in which we used the PARP inhibitor PJ34, the
presence of the more potent pan-PARP inhibitor ABT888
(which does not inhibit tankyrases) during the first 7 days
of adipogenesis strongly reduced the expression of PPARy?2
itself and its target genes aP2, CD36 and adiponectin (Fig-
ure 2B and Supplementary Figure S2A). The inhibitory ef-
fect of PARP inhibitors on PPARy?2 itself can be explained
by our previous results, which showed that PARP inhibitor
treatment does not inhibit initial PP4ARy2 expression, but
rather inhibits the regulatory feedback loop of C/EBPa and
PPARy expression (16,24). To confirm that PAR forma-
tion indeed enhances PPARy-dependent gene expression
and adipogensis, we also performed the reverse experiment
and aimed to increase PAR formation by inhibiting PAR
degradation with the PARG inhibitor RBPI-3 (Supplemen-
tary Figure S2B). In agreement with the hypothesis that
PAR formation enhances PPARy-dependent gene expres-
sion, RBPI-3 caused a significant increase in the transcript
levels of PPARy 2, aP2, CD36 and adiponectin (Figure 2C).
Similarly, the inhibition of nicotinamide phosphoribosyl-
transferase (NAMPT) by FK866, which decreases cellu-
lar NAD" levels and thus interferes with PAR formation,
strongly reduced PPARvy-dependent gene expression and
PPAR~ protein levels (Supplementary Figure S2C and D).
Finally, to rule out that an ARTD family member other
than ARTDI1 was responsible for the effect of PARP in-
hibitor treatment, we differentiated ARTD1 knockout and
wt mouse embryonic fibroblasts (MEFs) to adipocytes.
MEFs lacking ARTD1 did not exhibit detectable PAR for-
mation or induction of PPAR+y-dependent gene expres-
sion (Supplementary Figure S2E and F), indicating that no
other ARTD family member can compensate for the lack
of ARTDI and its enzymatic activity. This is in line with
our previous findings that in vitro knockdown of ARTD1
in 3T3L1 cells inhibits differentiation (24) and that in vivo
knockout of ARTDI in mice on HFD reduces adipogenic
gene expression (25). To exclude potential effects on early
differentiation events in cell culture (e.g. mitotic clonal ex-
pansion), we also treated 3T3-L1 cells with PARP inhibitor
only during late stages of adipocyte differentiation, from
day 7 to day 21. Again, the PARP inhibitor significantly
reduced expression of the PPAR+y-dependent genes aP2,
CD36 and adiponectin (Figure 2D). SIRT1 was described to
be a repressor of 3T3-L1 differentiation (33). Both ARTDI1
and SIRT1 are NAD"-consuming enzymes that compete
for the cellular NAD™ pool. To exclude the possibility
that increased availability of NAD™ and thus activation
of SIRT1 was responsible for the PARP inhibitor effect
(which could also lead to repression of PPAR+y-dependent
genes), we also performed experiments with a SIRTI in-
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hibitor (Supplementary Figure S2G). As expected, SIRT1
inhibition increased PPAR+vy-dependent gene expression.
However, PARP inhibitor-dependent repression of PPARy-
dependent genes could not be reversed by co-incubation
with the SIRT1 inhibitor. We therefore conclude that PAR
formation is indeed required for the expression of PPARy
and PPARvy-dependent genes during the differentiation of
3T3-L1 cells to functional, lipid-laden adipocytes.

Topoisomerase II activity is required for ARTD1 recruitment
to PPARYy target genes

ARTDI1 is the main intracellular ART and generally re-
sponsible for about 90% of the nuclear PAR formed un-
der normal conditions (34). The stimulation of PPAR~y-
dependent gene expression upon PARG inhibitor treatment
thus hints at a role for ARTD1 and PAR in regulating
the promoter activity of PPAR+y target genes. We first as-
sessed the interaction of ARTD1 with PPAR+y by immuno-
precipitation experiments of PPAR~y from nuclear extracts
of 3T3-L1 cells on day 7 of differentiation. The results
show that automodified ARTDI, which is known to ap-
pear at day 7 of differentiation (24), was co-precipitated
using an anti-PPARYy antibody (Figure 3A). ChIP experi-
ments with anti-ARTD1 antibodies confirmed the recruit-
ment of ARTD1 at the PPARy response elements (PPREs)
of PPAR+y-dependent genes, which was strongly reduced
upon PARP inhibitor treatment (Supplementary Figure
S3A). To further confirm this interaction and to analyze
whether ARTD1 and PPARY interact at the promoter re-
gion of the respective target genes, re-ChIP experiments
were performed. Chromatin taken from 3T3-L1 cells 7 days
after induction of differentiation was first precipitated with
an anti-ARTDI1 antibody and then with an anti-PPAR+y an-
tibody, and the presence of PPARy-driven aP2, adiponectin
CD36 promoters were subsequently analyzed by qRT-PCR.
As anegative control, the PPARy-independent promoter of
keratin 19 (K19) was analyzed (29,35), which did not show
any PPAR<y recruitment at day 7 (Supplementary Figure
S3B). The tested PPREs of adiponectin, aP2 and CD36 were
all enriched by the re-ChIP treatment (Figure 3B). In con-
trast, the negative control gene K79 was not enriched. These
results indicate a direct interaction of ARTD1 with PPARy
at the PPREs of at least a subset of PPARy target genes.
Since the recruitment of ARTD1 was largely dependent
on PAR formation (Supplementary Figure S3A and C) and
we have previously shown that topoisomerase 11 (Topoll)
activity is required for PAR formation in adipogenesis
(24) we wondered if Topoll activity was also required for
ARTDI recruitment to PPAR<y target genes. As expected,
ChIP experiments revealed the enrichment of Topoll at the
PPREs of the PPARvy-dependent genes aP2, adiponcetin
and CD36, while no significant enrichment at the control
gene K19 was observed (Figure 3C). Additionally, ARTDI
recruitment was strongly dependent on Topoll enzymatic
activity since merbarone treatment reduced occupancy of
ARTDI at the tested PPREs as measured by ChIP (Fig-
ure 3D). Finally, the co-localization of Topoll and ARTD1
in 3T3-L1 cells (day 7 of adipogenesis) was confirmed by
immunofluorescence confocal microscopy as well as by re-
Chip experiments (Figure 3E and F). In summary, these ex-
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Figure 2. PAR formation is required for PPARy-dependent gene expression. (A) Scheme of differentiation program: Adipogenesis was induced by adding
insulin, 3-isobutyl-1-methylxanthine (IBMX) and dexamethasone for 3 days and maintaining cells in medium containing 10% FCS and insulin. (B) Cells
were differentiated in the absence or presence of 10 .M PARP inhibitor (PARPi, ABT888) (daily treatment) until day 7, at which point RNA was isolated
(n = 8). (C) Differentiating 3T3-L1 cells were left untreated or treated with 10 uM PARG inhibitor (PARGi, RBPI-3) on days 1-5 and RNA was isolated
on day 6 of differentiation (n = 5). (D) Starting from day 7 of adipogenesis of 3T3-L1 cells, the culture medium containing insulin + 10 wM PARP inhibitor
(PARPi, ABT888) was changed every second day. RNA was isolated at day 21 and gene expression was analyzed by RT-qPCR (n = 4). All values represent
the mean + SEM, untreated samples were set as 1. 7-Test: *P < 0.05, **P < 0.01, ***P < 0.001.
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periments suggest that ARTD1 and PPARy interact at the
PPREs of target genes and that Topoll activity is required
for the recruitment of ARTD1 to PPARy-dependent genes.

ARTDI1 induces PAR formation at PPREs of adipogenic
genes and increases the transcriptional potential of PPARy

To investigate if the PAR-polymers induced during differ-
entiation are indeed present at the chromatin of PPREs of
PPARYy target genes, an anti-PAR ChIP was performed.
PAR was specifically enriched at the promoters of PPARy-
target genes, which increased during differentiation from
day 0 to day 7 (Figure 4A), indicating that PAR is specifi-
cally formed at PPREs of adipogenic genes during differen-
tiation. To gain further insight into the PAR-regulated tran-
scriptional potential of PPAR+y, we performed luciferase as-
says in the presence and absence of PARP inhibitor. Analy-
sis of transcriptional activity of PPAR<y in 3T3-L1 cells re-
vealed that inhibition of PAR formation reduced both basal
and rosiglitazone-induced PPARy transcriptional activity
(Figure 4B). In contrast, co-treating the cells with PARG
inhibitor increased the response to rosiglitazone as com-
pared to the untreated control (Figure 4C). Since overex-
pression of wt ARTD1, but not of the enzymatically inac-
tive mutants E988K or Y907A /C908Y, enhanced the RLU
Firefly/Renilla signal, PPARy-dependent gene expression
was clearly mediated by ARTD1-dependent PAR formation
(Figure 4D). Similar results were obtained by using a dif-
ferent PARP inhibitor and when experiments were carried
out in HEK 293T cells (Supplementary Figure S4A-C). To
test whether induction of PAR formation by other means
also enhances PPARy activity, we used H,O, to induce
PAR formation. Similar to ligand-induced PAR formation,
treatment of cells with H,O, also enhanced complex for-
mation between PPARy2 and ARTDI in cells (Supplemen-
tary Figure S4D and E). H,O, treatment also increased lu-
ciferase activity to a level that was comparable to the effect
induced by rosiglitazone (Figure 4E). Co-treatment with
PARP inhibitor abolished this stimulation, indicating that
PAR formation was indeed responsible for the observed ef-
fect. Co-treating the cells with PARG inhibitor enhanced
the response to HyO, as compared to an inactive control
substance (Figure 4F). Since overexpression of wt ARTD1
strongly enhanced the RLU Firefly/Renilla signal, while
neither the E988K nor the Y907A/C908Y enzymatically
inactive mutant conferred this effect, ARTD1-dependent
PAR formation also contributed to the H,O,-induced in-
crease in PPARy-dependent gene expression (Figure 4G).
A similar result was observed in HEK 293T cells overex-
pressing PPAR+y and either one of the ARTD1 mutants
(Supplementary Figure S4F). To analyze if this ARTDI1-
dependent increase in PPARy-dependent gene expression
was dependent on Topoll activity, the effect of merbarone
on Luciferase activity upon rosiglitazone or H,O, stimu-
lation was analyzed (S4G, S4H). As observed for the dif-
ferentiating 3T3-L1 cells, Topoll activity was also required
for PPARy-dependent gene expression for this readout. To
confirm that H,O;-induced PAR formation functionally
regulates PPARy-mediated transcriptional activation with
a physiologically more relevant readout, the effect was stud-
ied in differentiating 3T3-L1 cells. Cells were treated with

H;0, in the presence or absence of PARP inhibitor at day
3 of differentiation. Two hours after treatment with H,O,,
the expression of aP2, CD36 and adiponectin was analyzed
by qRT-PCR. H,0, treatment led to significantly increased
expression of adiponectin in PPAR+y-overexpressing 37T3-
L1 cells, which was inhibited by PARP inhibitor treatment
(Supplementary Figure S4J). Not all PPAR~y target genes
(e.g. aP2) were induced upon H,O, stimulation. These re-
sults demonstrate that H,O,-induced formation of PAR is
sufficient to increase the expression of at least a subset of
PPAR<y-dependent genes.

PAR formation controls PPARvy-dependent gene expression
by enhancing ligand binding and facilitating ligand-induced
co-factor exchange

Transcriptional activity of nuclear receptors, such as
PPARs, is regulated by the dynamic exchange of co-
activator and co-repressor complexes at the promoters of
the target genes (11,12,36). Two of the most important
regulators of PPAR~y functions are the co-activator p300
and the co-repressor NCoR1 (37,38). To elucidate the role
of PAR formation in the binding of PPARYy to its co-
activator p300, GST pull-down experiments with recombi-
nant ARTDI, p300 and PPAR~y were performed. Under the
tested conditions, rosiglitazone was poorly able to induce
complex formation between PPAR+y and p300 (Figure 5A).
Addition of unmodified ARTD1 enhanced this formation
in a rosiglitazone-dependent manner, which was even fur-
ther enhanced, when automodified PARylated ARTD1 was
added, but using the same concentration of rosiglitazone
(Figure 5A), suggesting that ADP-ribosylated ARTD1 en-
hances PPARy ligand binding and subsequent complex for-
mation with p300. Indeed, addition of ADP-ribosylated
ARTD1 enhanced binding of p300 even at a very low rosigli-
tazone concentration where no complex formation was ob-
served in samples without ARTDI or with non-modified
ARTDI] (Supplementary Figure S5A). PPAR<y /p300 com-
plex formation was also enhanced by inducing ARTDI1-
dependent PAR formation in vivo by H,O, (Supplementary
Figure S5B).

To further substantiate that automodified ARTDI is able
to enhance ligand binding to PPAR+y2, we took advan-
tage of a ligand-binding assay employing *H-labeled rosigli-
tazone (Supplementary Figure S5C). Using recombinant
full-length PPARy2, we detected specific ligand binding to
PPAR~?2. This ligand binding was significantly enhanced
when ADP-ribosylated ARTD1 was added to the binding
reaction (Figure 5B). Unmodified ARTDI1 (incubated with-
out NAD™ or using the inactive mutant Y907A/C908Y) did
not show this increase, indicating that ADP-ribosylation of
ARTDI1 was responsible for this phenomenon. To test if
also free PAR increases ligand binding, we supplemented
the binding reaction with PAR only (Figure 5B). However,
no increase in ligand binding was observed upon addition
of free PAR, suggesting that it is indeed PAR covalently at-
tached to ARTDI that changes the ligand binding potential
of PPARY.

Next, we analyzed if recruitment of p300 co-activator
to the PPARy-dependent genes is regulated by PAR for-
mation in vivo. In 3T3-L1 cells differentiated for 7 days,
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binding of p300 to the PRRE of aP2 and adiponectin was ment with the respective co-activator and co-repressor func-

significantly reduced upon PARP inhibitor treatment (Fig-
ure 5C), suggesting that the reduction of p300 at the PPRE
translates into reduced expression of the corresponding
gene. The PPARy-dependent gene CD36 showed the same
trend. Importantly, p300 binding was not changed upon
PARP inhibitor treatment at the promoter of the PPAR~y-
independent control gene K79. Interestingly, and in agree-

tions, occupancy of the co-repressor NCoR-1 exhibited
the opposite behavior and was increased at the PRREs of
PPAR<y-dependent genes upon PARP inhibitor treatment
(Figure SD). A similar result was obtained with cells that
were treated with PARP inhibitor from day 5 to 8§ of dif-
ferentiation (Supplementary Figure S5D). Additionally, in-
hibition of Topoll activity, which is needed for PAR for-
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mation, led to reduced p300 levels (Supplementary Figure
S5E). If automodified ARTDI is able to enhance PPARy
ligand binding and subsequently transcriptional co-factor
exchange, then treating cells with a high dose of rosiglita-
zone should functionally compensate the repressory PARP
inhibitor effect on PPARy-dependent gene expression. Dif-
ferentiating 3T3-L1 cells were therefore treated with PARP
inhibitor or not and supplemented with an excess of rosigli-
tazone. The results of these experiments showed that an ex-
cess of rosiglitazone indeed overcomes the PARP inhibitor
effect on aP2, CD36, adiponectin and PPARy 2 gene expres-
sion (Figure SE). This effect was indeed mediated by p300,
as treatment with PARP inhibitor in rosiglitazone-treated
cells could not reduce p300 levels in contrast to cells that
have not been treated with an excess PPARy ligand and that
showed reduced p300 binding upon PARP inhibitor treat-
ment (Supplementary Figure S5F).

In summary, these findings show that ADP-ribosylated
ARTDI interacts with PPARy, enhances ligand binding to
PPAR<y and thereby facilitates co-factor exchange, result-
ing in enhanced gene expression of PPARy target genes and
thus clarifies the mechanism by which ARTDI promotes
adipocyte differentiation and function.

DISCUSSION

Adipogenesis is driven by changes in gene transcription, be-
ing reliant on the reprogramming of the cellular transcrip-
tion profiles through the activation of specific transcrip-
tion factors (39). Transcription factors that determine the
early phase of adipogenesis, such as StatSa, C/EBP-$ and
C/EBP-3, are required for the formation of so-called tran-
scriptional hotspots that prime the chromatin for PPARry
binding (2). PPARY is a ligand-gated transcription factor
and its activity relies on transcriptional co-factors that regu-
late chromatin compaction and recruit elements of the tran-
scription machinery (2,39). During the course of adipogen-
esis, co-repressors are replaced by co-activators, which in-
duce a permissive chromatin state, thereby rendering the
DNA accessible for the transcription machinery.

We have previously shown that ADP-ribosylation plays
an important role in adipogenesis and adipocyte function
(24,25). We have shown that ARTD1 activity is important
for the late phase of adipogenic differentiation of 3T3-L1
cells and is likely regulated by the formation of transient,
site-specific double-strand DNA breaks at promoters of
PPARvy-dependent genes (24). This suggested that ARTD1
is not required for the formation of transcription factor
hotspots but for sustained PPARy-dependent gene expres-
sion. These initial findings were further corroborated by in
vivo studies, showing that the presence of ARTDI is neces-
sary for efficient adipogenesis, whereas lack of ARTDI1 lim-
its adipocyte function, adipocyte size and lipid metabolism
in the liver (25). Although these studies have established a
role for ARTD1 in adipogenesis and adipocyte turnover, the
molecular mechanism by which ARTD1, and more specif-
ically its ADP-ribosylation, co-regulate these processes re-
mained to be elucidated.

In the current study, we show that ARTD1-induced poly-
ADP-ribosylation is an important mediator of WAT func-
tion and PPAR+y-dependent gene expression in mice on
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HFD. Furthermore, our work demonstrates that ARTD1-
dependent ADP-ribosylation also influences adipogenic
gene expression in cultured cells. Treating cells with an ex-
cess of PPARy ligand overcame the repression of PPARy-
dependent gene expression by PARP inhibitor treatment,
indicating that ADP-ribosylated ARTDI stabilizes PPARy
ligand binding. These results define enhancement of ligand
binding as the mechanism by which PAR formation regu-
lates and promotes PPARy-dependent gene expression in
the later phase of adipogenesis and thus uncover a new reg-
ulatory mechanism of ARTD1-induced ADP-ribosylation
for nuclear factor-regulated gene expression. Together, our
results support a model in which Topoll-dependent tor-
sional stress or DNA structures activate ARTDI1. Modi-
fied ARTDI interacts with PPAR~y and stabilizes PPARy
ligand binding, which allows an exchange of the NCoR 1
co-repressor with the p300 co-activator at the promoters of
PPARYy target genes (Supplementary Figure S5G).

Interestingly, H,O,-induced PAR formation also en-
hanced PPAR<y-dependent gene expression using a lu-
ciferase reporter assay or the analysis of endogenous
PPAR« target genes. This observation suggests that H,O,
signaling enhances gene expression specifically, possibly by
inducing ADP-ribosylation to the promoters. Further in-
vestigations are required to study how a possible targeting
of PAR formation by H,O, is regulated.

We show here that Topoll activity is required for re-
cruitment and activation of ARTD1 at PPARy-dependent
genes. Although ARTDI1 activation has been linked to
Topoll activity (40), it was not clear yet if the Topoll activ-
ity is needed for the recruitment of ARTDI. Here, we show
that Topoll activity is indeed required for ARDT]1 recruit-
ment and subsequent activation, a finding which supports
a model where beginning transcription leads to the require-
ment of Topoll cleavage, thereby recruiting and activating
ARTDI, which leads to increased gene expression. Since
Topoll cleavage does not generate free DNA ends and does
not activate or require DNA repair mechanisms (41), ADP-
ribosylation at Topoll cleavage sites at PPARy-dependent
genes functions differently from the function of this enzyme
in DNA repair. In addition, this means that ARTDI is not
activated by free DNA ends, but rather by DNA structures
or torsional stress created during Topoll cleavage.

PPARY is a ligand-dependent transcription factor, but
the identity of the physiological ligands remains contro-
versial and is under active investigation. During adipo-
genesis, 3T3-L1 cells synthesize a PPARy-activating sub-
stance, but its identity remains elusive (42). Polyunsatu-
rated fatty acids and related molecules can activate PPARy
in micromolar concentrations (43-46), but it is not yet
known if the concentration inside the cell and in prox-
imity to the receptor is sufficient to activate PPARy or
not (47). We demonstrate here that the increased presence
of ARTDI-mediated ADP-ribosylation activates PPAR~y-
dependent gene expression and show direct binding and
interaction of automodified ARTD1 with PPAR~y, which
increased ligand binding to PPAR+y and in this way ap-
parently increases ligand affinity. Interestingly, only ADP-
ribosylated ARTDI1 but not isolated PAR was able to en-
hance PPAR«y ligand binding, suggesting that the posi-
tioning of the polymers in the protein context is impor-
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tant. Although PPAR~y can be ADP-ribosylated by ARTD1
in vitro and modified PPARy has been described in cells
(48), our data clearly show that the automodification of
ARTDI alone is sufficient to strongly enhance ligand bind-
ing to PPARy. It remains to be clarified how automodified
ARTDI1 enhances binding of PPAR+y ligand. One possibil-
ity is, that automodified ARTDI1 adapts a different con-
firmation compared to unmodified ARTDI1, which subse-
quently induces a PPARy confirmation that facilitates lig-
and binding. Another possibility is that the conformation of
PPAR'y remains unchanged, but the interaction of modified
ARTDI1 with PPARYy positions the polymers in a way that
they act like a cage, increasing the local ligand concentra-
tion and subsequently also PAPRy /ligand complex forma-
tion. The induction of PAR may thus sensitize cells in cases
where endogenous PPAR~y ligand concentrations are low
and thereby facilitate PPARy-dependent gene expression.
Our results define ADP-ribosylated ARTD1 as a new mod-
ulator of PPARy activity and that ARTD1-mediated ADP-
ribosylation increases ligand functionality. This is the first
study to our knowledge that shows that ADP-ribosylation
of ARTDI1 changes the properties of an interacting protein.
PPAR< antagonists exhibit gene-silencing activity due to
their ability to promote the recruitment of co-repressors
and the subsequent formation of a condensed chromatin
state (49). Co-repressors, such as NCoR-1, are dislodged
from PPAR+y upon ligand binding and their inhibition has
the potential to increase the expression of PPAR<y tar-
get genes (13,50). In contrast, agonists favor the forma-
tion of co-activator complexes that acetylate histones and
thereby induce chromatin de-condensation and transcrip-
tional initiation (49). An important component of such co-
activator complexes are the acetyltransferases p300/CBP,
which interact with the N-terminus of PPARYy in a ligand-
independent manner, whereas binding to the C-terminus is
ligand-dependent (36). In the experimental system of adipo-
genesis studied here, PAR formation favored ligand binding
and p300 recruitment to PPREs and thereby ensured con-
tinuous expression of PPAR+y target genes. In contrast to
this, ARTDI protein, but not its enzymatic activity was re-
quired for full transcriptional activation of NF-kB in the
presence of p300 (51), indicating that the regulatory mecha-
nism underlying the control of PPARy-dependent gene ex-
pression is different to the one described for NF-kB. Re-
quirement of PAR for p300 recruitment is consistent with
the model of PAR as a platform for the recruitment and
binding of chromatin remodeling components and elements
of the transcription machinery (52). Based on our results,
we postulate that ARTDI1 represents a new regulator of
the PPARYy co-activator complex involved in promoting
PPARv-dependent gene expression during adipogenesis.
Different other nuclear receptors and transcription fac-
tors have been linked to Topoll- and ARTD1-dependent
activation of gene expression, supporting the idea that this
might be a general regulatory mechanism for different nu-
clear receptors involved in the regulation of various cellu-
lar processes (40,53,54). PPARy is also expressed in cells of
the immune system, such as macrophages, where it can act
as a repressor for inflammatory gene expression through a
process called transrepression (55). It is an intriguing possi-
bility that PAR formation may also be involved in this pro-

cess. Recently, a role for NCoR1 in systemic insulin resis-
tance upon HFD-induced obesity has been described (56),
raising the question as to whether PAR formation might be
important for the co-factor recruitment and thus for the de-
velopment of insulin resistance in this context.

An interesting and unexpected result of this study was the
strong effect of PARP inhibitor treatment on WAT forma-
tion and the inflammatory status in mice exposed to HFD.
Adipocytes are known to secrete inflammatory mediators
(30). However, since also macrophages infiltrate adipose tis-
sue under conditions of obesity, the reduced adipose tis-
sue inflammation observed in PARP inhibitor-treated mice
could be mediated both by adipocytes and macrophages.
Since scWAT is a potential target for therapies aimed at
treating metabolic syndrome (57), PARP inhibitors may
open up new treatment options for patients suffering from
this disorder. Due to their high level of tolerance and anti-
inflammatory effects, PARP inhibitors are considered to be
promising therapeutic agents.
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