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Peroxisome proliferator-activated receptor y (PPARYy) is a nuclear receptor that is a vital regulator of adipogenesis,
insulin sensitivity, and lipid metabolism. Activation of PPARy by antidiabetic thiazolidinediones (TZD) reverses
insulin resistance but also leads to weight gain that limits the use of these drugs. There are two main PPARy iso-
forms, but the specific functions of each are not established. Here we generated mouse lines in which endogenous
PPARyl and PPARy?2 were epitope-tagged to interrogate isoform-specific genomic binding, and mice deficient in
either PPARyl1 or PPARy?2 to assess isoform-specific gene regulation. Strikingly, although PPARy1 and PPARy2
contain identical DNA binding domains, we uncovered isoform-specific genomic binding sites in addition to shared
sites. Moreover, PPARyl and PPARy2 regulated a different set of genes in adipose tissue depots, suggesting distinct
roles in adipocyte biology. Indeed, mice with selective deficiency of PPARy1 maintained body temperature better
than wild-type or PPARy2-deficient mice. Most remarkably, although TZD treatment improved glucose tolerance in
mice lacking either PPARy1 or PPARy2, the PPARyl-deficient mice were protected from TZD-induced body weight
gain compared with PPARy2-deficient mice. Thus, PPARy isoforms have specific and separable metabolic functions

that may be targeted to improve therapy for insulin resistance and diabetes.
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The obesity epidemic is a major public health issue, as it is
highly associated with type 2 diabetes (T2D), cardiovascu-
lar diseases, and other metabolic syndromes (Caballero
2007). Adipose tissue, a nutrient-storing and fuel-burning
organ, is increased in obesity and likely plays a role in T2D
progression (Rosen and Spiegelman 2006; Iozzo 2009). The
nuclear receptor peroxisome proliferator-activated recep-
tor y (PPARy) is required for adipocyte differentiation
and metabolic functions (Chawla and Lazar 1994; Tonto-
noz et al. 1994). Whole-body deficiency of PPARy causes
embryonic lethality, whereas mice lacking a single PPARy
allele were protected from the development of insulin re-
sistance in the setting of diet-induced obesity (DIO)
(Kubota et al. 1999), suggesting a dose-dependent effect
of PPARy in adipose metabolism. Adipocyte-specific
PPARy knockout mice exhibit lipoatrophy and severe in-
sulin resistance (He et al. 2003; Wang et al. 2013), while
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activation of PPARy in adipocytes improves insulin sensi-
tivity (Sugii et al. 2009). Correspondingly, in humans,
dominant-negative mutations of PPARy cause lipodystro-
phy and insulin resistance (Barroso et al. 1999). Other rare
variants impair adipocyte differentiation and predispose
individuals to T2D (Majithia et al. 2014), while a common
coding region variant (P12A) improves adiposity, plasma
lipids, and insulin sensitivity (Altshuler et al. 2000; Maji-
thia et al. 2016).

There are two main PPARy isoforms, yl and y2, de-
rived from separate transcriptional start sites. yl and y2
are identical except for an additional 30 amino acids at
the N terminus of PPARy2 (Werman et al. 1997; Ricote
et al. 1998). Both y1 and y2 are predominantly expressed
in adipocytes, with PPARy1 also expressed at low levels
in other tissues, such as macrophages, liver, brain, and
muscle (Vidal-Puig et al. 1996). Besides the critical role
of PPARy in adipose tissue, several studies have shown
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that knockout of PPARy in other nonadipose tissues,
such as macrophages (Odegaard et al. 2007), brain (Lu
et al. 2011), muscle (Hevener et al. 2003; Norris et al.
2003), liver (Matsusue et al. 2003), and T cells (Cipolletta
et al. 2012), impaired the glucose homeostasis or the re-
sponse to TZDs. However, the isoform-specific regula-
tion and function of yl and y2 remain unclear. It was
shown that y1 and y2 respond differently to developmen-
tal signal and nutrition signals (Vidal-Puig et al. 1996;
Secco et al. 2017; Soccio et al. 2017), and y1 expression
level is negatively correlated with adiposity in human
subcutaneous and visceral fat, while y2 expression level
positively correlates with adiposity in human fat mass
(Li et al. 2016). The deficiency of y2 in mice caused con-
troversial metabolic phenotypes (Zhang et al. 2004; Me-
dina-Gomez et al. 2005, 2007), largely because of the
different genetic backgrounds of the mice used. Howev-
er, there is no prior model of yl-deficient mice, which
are very challenging to generate, to study its isoform-spe-
cific function.

PPARy is related to nuclear receptors for hormones and
metabolites (Chawla et al. 2001) and is activated by fatty
acids, although a dominant endogenous ligand has re-
mained elusive (Tontonoz and Spiegelman 2008). Howev-
er, PPARy binds with high affinity to TZD drugs that can
effectively reverse the insulin resistance central to the
pathophysiology of T2D (Lehmann et al. 1995; Soccio
et al. 2014). There is strong evidence that TZDs function
via PPARy to enhance insulin action. TZDs activate the
PPARY/RXR heterodimer by recruiting coactivators to
the promoters/enhancers of PPARy target genes (Step
et al. 2014). Moreover, deletion of PPARy abrogates the
ability of TZDs to regulate gene expression (Nelson
et al. 2018).

The relative abundance of PPARy in adipocytes suggests
that adipose tissue is the major site of action of TZDs.
TZDs promote insulin sensitivity by enhancing fat storage
in adipocytes, which serves to reduce lipotoxicity in other
metabolic organs, as well as altering adipokine expression
and release (Soccio et al. 2014). Indeed, TZDs are ineffec-
tive at lowering blood glucose in mice with severe lipodys-
trophy (Fiorenza et al. 2011; Soccio et al. 2014), although
there is evidence for a role for PPARy in nonadipocytes,
such as T cells, macrophages, muscle, and brain in response
to TZDs (Hevener et al. 2003; Odegaard et al. 2007; Lu et al.
2011; Cipolletta et al. 2012). TZDs also have notable side
effects that limit their clinic use, including weight gain,
edema, and bone loss (Soccio et al. 2014; Hu et al. 2019).
At present, the mechanisms by which TZDs uniquely pro-
mote insulin sensitivity and cause the adverse metabolic
effects remain uncertain, and determining specific func-
tions of PPARy isoforms could provide important clues
leading to more targeted approaches.

Here, we generated unique mouse models to dissect the
isoform-specific functions of yl and y2. Although y1 and
y2 contain identical DNA binding domains, we identified
numerous isoform-specific PPARy genomic binding sites
in addition to shared binding sites. Moreover, yl and y2
regulated a different set of genes in adipose tissue depots.
In brown adipose tissue (BAT), mice with selective defi-
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ciency of y1 exhibited increased thermogenic gene expres-
sion and maintained body temperature better than wild-
type or y2-deficient mice. Most strikingly, TZDs retained
their antidiabetic effects in either y1- or y2-deficient mice,
but the yl-deficient mice were uniquely protected from
TZD-induced body weight gain. These data demonstrate
PPARy isoform-specific molecular and physiological
functions that discriminate between salutary and adverse
effects of TZD drugs.

Results

Generation and validation of PPARy1 and PPARy2
endogenous epitope-tagged mice

To date, due to the lack of reagents and mouse models, it is
not known whether the two PPARy protein isoforms,
PPARyl (yl) and PPARy2 (y2), have distinct and separable
functions. Commercial y2-specific antibodies are of poor af-
finity and specificity, and it has not been possible to gener-
ate a yl-specific antibody since all of y1 is contained in y2
(Zhu et al. 1995). To test the hypothesis that yl and y2
are functionally distinct and demonstrate isoform-specific
roles in adipocytes, we used CRISPR-Cas9 technology to
generate strains of mice with knock-in of an epitope tag
to either yl or y2. Specifically, we inserted a 6xHis-HA
tag into the N-terminal of the y2 locus of C57Bl/6] mice
as well as a tag containing three copies of the HA sequence
(3xHA) at the PPARyI-b exon of the PPARy locus in
C57Bl6/] mice (Fig. 1A). The PPARy1-b exon is normally
untranslated (Pap et al. 2016), so we introduced a Kozak se-
quence and AUG start site “ATG” to force its translation
from the yI1-b exon (Kozak 1989). The epitope-tagged yl
and y2 proteins were specifically detected by Western blot-
ting of epididymal adipose tissue from 12-wk-old male
mice at levels similar to the endogenous proteins (Fig. 1B,
C). mRNA expression levels of Pparyl and Ppary2 showed
little difference between epitope-tagged mice and their lit-
termate controls except for modestly higher Ppary2 level in
HHA-PPARy2 mice (Supplemental Fig. S1A B).

Generation and validation of selective PPARy1-
and PPARy2-deficient mice

While generating the epitope tag knock-ins, we found
some gene-edited mouse lines with premature stop co-
dons near the gRNA targeted region, suggesting these
mice could be specific knockouts (KOs) for y1 and y2. In-
deed, y2 protein was not detected in one mouse strain
that we refer to as y2 KO mice (Fig. 1E). Ppary2 mRNA
was increased in y2 KO mice, possibly due to a compen-
satory effect (Supplemental Fig. S1D). Interestingly,
while yI mRNA was undetectable in the yl KO mice
(Supplemental Fig. S1C), we noted a small amount of
y1 protein (Fig. 1D), which we suspect is derived from in-
ternal translation of y2 mRNA and could explain why y2
mRNA is more abundant than the protein (Soccio et al.
2017). Nevertheless, by densitometry, the yl KO ex-
pressed only ~25% of the normal amount of endogenous
yl, with no changes at y2 mRNA and protein levels.
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Figure 1.

Generation and validation of PPARy1 and PPARy2 epitope-tagged mice and knockout mice. (A) Schematic representation of the

insertion of the 3xHA and His-HA (HHA) epitope tag in PPARy1 and PPARy2 loci, respectively. (B—E) Western blot of PPARy1 and PPARy2
using endogenous PPARy antibody or HA antibody in iWAT of 3HA-PPARy1 (B), HHA-PPARy2 (C), PPARy1 KO (D), and PPARy2 KO (E)
mice. n=3. (F,G) Western blot of PPARyl and PPARy2 across many tissues in 3HA-PPARy1 (F) and HHA-PPARy2 (G) mice. The bottom
blot for each panel is from HA immunoprecipitated lysates. (H,I) Representative images of HA staining of iWAT from 3HA-PPARy1 (H)
and HHA-PPARy2 (I) mice. Scale bar, 100 um. (/) Representative images of coimmunostaining of HA with perilipin, PDGFRa, or CD31
from iWAT of 3HA-PPARyl and HHA-PPARy2 mice. Scale bar, 50 um. (K) The percentage of HA-positive cells in perilipin-labeled mature
adipocytes, PDGFRa-labeled preadipocytes, or CD31-labeled endothelial cells. n=3. Three fields per mice.

Previous studies have demonstrated the expression of y1
in adipose tissue, macrophage, brain, liver, and muscle,
whereas y2 expression is highly restricted to adipose de-
pots (Vidal-Puig et al. 1996), which we confirmed by RT-
gPCR in numerous mouse tissues (Supplemental Fig.
S1E-G). However, the expression patterns of yl and y2
across multiple mouse tissues have been difficult to dis-
cern by Western blot with a commercial antibody (Fig.
1F,G). In contrast, Western blotting of tissues from the
epitope-tagged mouse models using the HA antibody
clearly demonstrated the adipose-restricted expression of
y2 as well as the nonadipose expression of yl (Fig. 1F,G).
Moreover, we did not observe significant changes of yl
and y2 in response to various temperatures (Supplemental
Fig. S1H,I), although PPARy is critical for thermogenesis
(Lasar et al. 2018). We further explored the protein loca-
tion of yl and y2 in inguinal white adipose tissue
(iWAT). As expected, both yl and y2 were located in the
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nucleus. Strikingly, the data also revealed that yl is ex-
pressed in the majority of cells in iWAT, while y2 is ex-
pressed in considerably fewer cells (Fig. 1H,I). Moreover,
yl was dominantly expressed in perilipin-labeled mature
adipocytes and PDGFRa-labeled preadipocytes, in com-
parison with the expression of y2 (Fig. 1],K). In addition,
vyl was modestly expressed in CD31-labeled endothelial
cells, but we did not detect any expression of y2 in endo-
thelial cells (Fig. 1],K), consistent with its adipocyte-spe-
cific expression. These data validated the epitope knock-
in mice as a tool to probe for isoform-specific functions
of PPARy.

PPARy1 and PPARy2 bind to both common
and isoform-specific genomic binding sites

We performed HA-ChIP-seq in iWAT, epididymal WAT
(eWAT), and BAT from 12-wk-old male mice. PPARy
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binding sites on the genome in each mouse strain were
highly reproducible across three to four biological repli-
cates (Supplemental Fig. S2A-F). Importantly, these sites
overlapped well with antibody-based PPARy cistromes
from mouse adipose depots (Fig. 2A; Soccio et al. 2015).
Of the y1 and y2 binding sites, 33.4% and 42.4%, respec-
tively, contained the canonical PPAR motif and were
also enriched for the motifs of classical PPARy coopera-
tion factors, CEBPA and NFI (Fig. 2B,C; Supplemental
Fig. S2G; Soccio et al. 2015; Hiraike et al. 2017). The ma-
jority of y1 and y2 binding sites were shared in all three ad-
ipose depots (Fig. 2D-F; Supplemental Fig. S2H), and the
genes near these common PPARy binding sites were en-
riched for PPAR signaling and fatty acid metabolic path-
ways, as would be expected (Supplemental Fig. S3A-C).
We also detected hundreds to thousands of binding sites
preferred by y1 or y2, suggesting isoform-specific genomic
functions (Fig. 2G-I; Supplemental Fig. S3D,E). KEGG
analysis revealed that the y1-specific peaks were enriched
for pathways that include the PPAR signaling pathway
and regulation of lipolysis in adipocytes, while y2-specific
peaks were enriched for the cAMP signaling pathway and
vascular smooth muscle contraction pathway (Fig. 2J,K).

PPARyl-specific genomic binding is associated
with ETS factor GABPa

Given their identical DNA binding domain (DBD), we hy-
pothesized that other transcription factors may mediate
the isoform-specific genomic binding of PPARy, potential-
ly due to positive or negative effects of the additional N-
terminal amino acids in y2 (Suzuki et al. 2010). De novo
motif analysis revealed that yl-specific binding sites
from all three adipose depots were enriched for the ETS
motif (Fig. 3A-C), while the common PPARy binding sites
were enriched classical motifs for PPARy, CEBP, and NFI
(Supplemental Fig. S4A-C). Intriguingly, ETS family
member GABPa is highly expressed in iWAT (Supplemen-
tal Fig. S4D) and was recently shown to promote forma-
tion of a subset of beige adipocytes (Chen et al. 2019).
To test whether GABPa was indeed cobound selectively
with y1, we performed GABPa ChIP-seq in iWAT. As ex-
pected, the ETS motif was the top enriched motif in the
8776 GABPa peaks identified (Fig. 3D). Remarkably, 731
of the yl-specific binding peaks were shared with GABPa
(Fig. 3E,G), whereas we observed almost no overlap be-
tween GABPa binding sites and y2-specific sites (Fig.
3F). These data suggest a role for GABPa in mediating
y1l-specific functions in adipose tissue.

PPARy1 and PPARy2 regulate differential sets of genes
in WAT

To determine the transcriptomic functions of yl and y2 in
adipose, we performed RNA-seq in y1 KO and y2 KO mice,
and compared them with their littermate controls using
three to five biological replicates for each adipose depot.
This analysis revealed that yl and y2 regulate distinct
groups of genes in eWAT, iWAT, and BAT. While many
genes were specifically regulated by yl or y2 in iWAT

Isoform-specific functions of PPARy

(Fig. 4A,B), relatively few genes were affected by loss of ei-
ther y1 or y2 (Fig. 4C), suggesting that regulation of these
genes, many bound by both isoforms, was redundant, as is
common for transcription factors (Mechta-Grigoriou et al.
2001; Kuntz et al. 2012). Intriguingly, gene ontology anal-
ysis implicated the down-regulated genes in yl KO mice
in lipid metabolic and fat cell differentiation pathways,
while the PPAR signaling pathway and glucose metabo-
lism pathway were enriched in the down-regulated genes
in y2 KO mice (Fig. 4D,E). Similar findings were observed
in eWAT, in which y1 and y2 also regulated a different set
of genes (Supplemental Fig. SSA-C) that played different
roles in adipose metabolism (Supplemental Fig. S5D,E).

PPARy1 and PPARy2 differentially regulate gene
expression in thermogenic BAT

In BAT, a thermogenic tissue, deficiency of y1 or y2 also
affected the expression levels of hundreds of genes (Fig.
4F-H). Interestingly, the cold-induced thermogenesis
pathway was specifically up-regulated in BAT of y1 KO
mice, but not y2 KO mice (Fig. 4L]). In contrast, other
PPARy-regulated gene programs, such as adipose tissue
development and inflammatory response, were similarly
regulated in y1 KO and y2 KO mice (Supplemental Fig.
S5F,G). For example, Ucpl, Elovi3, and Dio2 mRNAs
were highly up-regulated in y1 KO but not significantly al-
tered (FC > 1.5, FDR <0.01)in y2 KO BAT (Fig. 4K). Up-reg-
ulation of Ucp1 was validated in a different cohort of mice
using RT-qPCR (Fig. 4L). The isoform-specific gene regu-
lation was highly associated with isoform-specific geno-
mic binding, suggesting a direct mechanism of the
differential functions of yl and y2 (Supplemental Fig.
S6A,B). For example, the Siclal gene was specifically
down-regulated in y1 KO BAT but unchanged in y2 KO
BAT. Consistent with this, y1 but not y2 binding was de-
tected at the Slc1al locus (Supplemental Fig. S6C). In con-
trast, greater y2 binding was noted at the Slc6a13 locus,
and this was associated with y2-specific regulation of
the Slc6a13 gene (Supplemental Fig. S6D). Brown adipo-
cyte determination factor EBF2 regulates thermogenic
genes through cooperation with PPARy (Rajakumari
et al. 2013), and a higher percentage of yl-specific binding
peaks was located near EBF2 binding sites relative to y2-
specific binding peaks (Supplemental Fig. S6E). Of note,
the loss of either y1 or y2 was associated with both up-reg-
ulation and down-regulation of nearby gene expression in
adipose tissue. The dependence of gene expression on
PPARy is expected based on its role as a master regulator
of adipogenic gene expression (Lefterova et al. 2014). How-
ever itis also known that PPARy can repress basal gene ex-
pression on some genes by recruiting the nuclear receptor
corepressor (NCoR) complex (Guan et al. 2005). Indeed,
both NCoR and its stoichiometric partner histone deace-
tylase 3 (HDAC3) were bound more strongly at y1-specific
sites near genes that were up-regulated in the yl KO than
near down-regulated genes (Supplemental Fig. S6F,G),
consistent with basal repression of these specific genes.
Furthermore, genes basally repressed genes by yl that
had nearby NCoR and/or HDACS3 binding sites were up-
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Figure 2. PPARyl and PPARy2 exhibit isoform-specific genomic occupancy. (A) Venn diagram showing the overlap of the cistromes of
HA-PPARy1 and HA-PPARy2 with previous endogenous PPARy cistromes in iWAT and eWAT. (B,C) Top motifs enriched in PPARy1 (B)
and PPARy2 (C) binding sites using HOMER de novo motif analysis. (D-F) Scatter plots showing the isoform-specific PPARy binding sites
iniWAT (D), eWAT (E), and BAT (F). Fold change > 2 and P value < 0.05 (Student’s t-test) were used for identifying isoform-specific binding
sites. (G-I) Heat map showing PPARy1- or PPARy2-selective sites in three or four biological replicates from iWAT (G), eWAT (H), and BAT
(I). (J,K). KEGG analysis for the nearest genes of PPARyl-specific (/) or PPARy2-specific (K) sites in iWAT.

regulated with TZD treatment (Supplemental Fig. S6H).
The lower number of y2-specific sites precluded a similar
analysis for that isoform.

Distinct thermogenic functions of PPARy1 and PPARy2
in organismal metabolism

PPARYy plays an important role in the development and
function of BAT (Nedergaard et al. 2005), and the differen-
tial genomic binding and gene regulation suggested that
vl and y2 may play distinct roles. To interrogate the func-
tions of y1 and y2 in thermogenesis, isoform-deficient and
control mice were subjected to cold temperature (4°C)
challenge after acclimatization to thermoneutrality for 2
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wk. Remarkably, y1 KO mice maintained their body tem-
peratures better than control littermates (Fig. 5A,B),
whereas this was not the case for y2-deficient mice (Fig.
5D). We then determined the requirement for each iso-
form in regulating BAT thermogenic capacity by measur-
ing norepinephrine (NE)-induced whole-body oxygen
consumption in anaesthetized mice. Twelve-week-old
male yl KO mice exhibited a more rapid and robust in-
crease in oxygen consumption following NE treatment
compared with that observed in control littermates
(Fig. 5C), whereas y2 KO mice showed no significant dif-
ference (Fig. 5E). Consistent with this, upon exposure to
cold temperature (4°C) for 5 d, the browning of iWAT
was greater in yl KO mice than in their littermates, but
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Figure 3. GABPa contributes to PPARyl-specific genomic binding. (A-C) De novo motif analysis reveals the top enriched motifs for
PPARy1- or PPARy2-specific sites in iWAT (A), eWAT (B), and BAT (C). (D) Top hit from HOMER de novo motif search at all GABPa bind-
ing sites. (E,F) Venn diagram showing the overlap of the PPARyl1-specific (E) and PPARy2-specific (F) binding sites with GABPa binding
sites in iWAT. (G) The percentage of GABPa binding sites shared with PPARy1- and PPARy2-specific binding sites.

such was not the case for y2 KO mice (Supplemental Fig.
S7A,B). These data suggest that the y1 isoform normally
restricts cold tolerance, consistent with the up-regulation
of thermogenic gene expression observed in BAT of mice
lacking y1.

Deficiency of PPARy1 or PPARY2 protects against
diet-induced obesity

PPARYy is required for adipocyte differentiation (Rosen
et al. 1999), and mutations in PPARy cause lipodystrophy
in mice and humans (Barroso et al. 1999; Auclair et al.
2013). As adults, y1 KO mice had normal glucose toler-
ance, body weights, and fat pad weights compared with
their littermate controls under normal chow diets
(NCDs) (Supplemental Fig. S7C-E). Similarly, we also
did not observe significant changes of glucose tolerance,
body weights, and fat pad weights in y2 KO mice under
normal chow diets (Supplemental Fig. S7F-H). These
data are consistent with the GSEA indicating no enrich-
ment of the adipose tissue development pathway for genes
specifically regulated by either yl or y2, likely because
this is a fundamental and redundant property of both
PPARYy isoforms. Moreover, the energy expenditure, respi-
ratory exchange ratio, and physical activity were not af-
fected in y1 KO or y2 KO mice (Supplemental Fig. S8A—
L). We also did not detect significant changes in food in-
take in these mice under NCDs. However, when the
mice were fed an obesogenic high-fat diet (HFD) for 12
wk, weight gain was lessened in both the y1 KO and y2-de-
ficient mice (Fig. 6A,D). The y2 KO was apparently effec-
tive in alleviating obesity, as their fat pads weighed less
than those of their littermate controls, whereas no signifi-
cant differences were observed between yl KO mice and

control mice (Fig. 6B,E). These data suggest that PPARy1
and PPARy?2 deletion protects against HFD-induced obesi-
ty. Both y1 KO and y2 KO mice showed improved glucose
tolerance (Fig. 6C,F), which was not surprising given the
reduced weight gain, as well as a previous study showing
that mice with mutation of one PPARy allele also exhibit-
ed increased glucose tolerance (Kubota et al. 1999).

Antidiabetic TZD rosiglitazone has different effects on
PPARy1 KO and PPARy2 KO mice

TZDs such as rosiglitazone (rosi) function via PPARy to
enhance insulin sensitivity but lead to the adverse effect
of weight gain (Soccio et al. 2014). To ascertain whether
vl and y2 play differential roles in mediating the actions
of TZDs, male yl and y2 KO mice were given a HFD for
10 wk starting at 8 wk of age, with the HFD continued
with or without rosi (36 mg/kg diet) for an additional 6
wk (Fig. 7A). Rosi improved glucose tolerance in yl KO
mice (Fig. 7B), suggesting that y2 can mediate the antidia-
betic effects of rosi. Rosi was even more effective in y1 KO
mice than in control littermates (Fig. 7C). Rosi also im-
proved glucose tolerance in y2 KO mice (Fig. 7I), suggest-
ing some redundancy of yl and y2 in mediating this
therapeutic effect, although the effect was similar to
that in wild-type littermates (Fig. 7]), suggesting that the
y1 KO (and hence endogenous y2) may be a more powerful
mediator of the antidiabetic effect of rosi. Rosi also causes
adverse metabolic effects that reduce its clinical utility,
especially weight gain (Soccio et al. 2014). Strikingly, y1
KO mice were protected from body weight gain after rosi
treatment (Fig. 7D,E) whereas y2 KO mice gained
amounts of weight similar to control mice (Fig. 7K,L). In
accordance with this, fat pads of yl KO mice weighed
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Figure 4. PPARyl and PPARy2 regulate differential set of genes in adipose tissue. (A,B) Heat map of the genes differentially expressed in
PPARy1 KO (A) and PPARy2 KO (B) mice in iWAT. Three biological replicates; DE cutoff: [FC|> 1.5, FDR <0.01. (C) Venn diagram showing
the comparison of the PPARy1- and PPARy2-regulated genes in iWAT. (D,E) Gene ontology analysis of genes differentially expressed in

PPARy1 KO (D) and PPARy2 KO (E) mice. (F,G) Heat map of the genes

differentially expressed in PPARy1 KO (F) and PPARy2 KO (G) mice

in BAT. Three biological replicates; DE cutoff: |FC|> 1.5, FDR<0.01. (H) Venn diagram showing the comparison of the PPARy1- and
PPARy2-regulated genes in BAT. (I,/) GSEA showing the enrichment of cold-induced thermogenesis pathways for PPARyl-regulated genes
(I), but not for PPARy2-regulated genes (f). Genes were ranked by average fold change in KO versus WT. (K) Heat map of the cold-induced
thermogenesis genes in PPARy1 KO and PPARy2 KO mice in BAT. The color bar indicates log,(fold change) in KO versus WT. (L) mRNA
expression of UcpI in PPARyl KO and PPARy2 KO mice in BAT, normalized to Arbp; WT was set to 1, as measured by qRT-PCR. Data are
expressed as mean + SEM. (*) P<0.05; Student’s t-test. n=5-6 per group.

less than those of control mice after rosi treatment (Fig.
7F-H), but were similar between y2 KO mice and control
mice (Fig. 7M-O). Glycerol kinase, a PPARy target gene
that controls BAT inducibility (Guan et al. 2002; Lasar
et al. 2018), was induced by rosi in both y1 KO and y2
KO mice (Supplemental Fig. S8M,N]J. Together, these
data suggest that y1 and y2 are largely redundant for the
therapeutic effect of rosi. However, rosi-induced weight
gain was likely attributable to y1, since it was ameliorated
in the y1-deficient mice.
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Discussion

PPARy1 and PPARy?2 differ in tissue distribution and gene
expression, and their expression levels change differently
in response to HFD, fasting, and developmental signals.
Here, using novel knock-in and knockout mouse models,
including what we believe to be the first yl-specific-defi-
cient mouse, we have identified isoform-specific roles of
yl and y2 in adipose gene expression, metabolism, and
the response to antidiabetic TZD drugs.


http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.349232.121/-/DC1

A #N- BG C:GOOO o Control
ﬂi ;40 £ =1 KO
230 24000
= * = NE
T20 £ ¥
2 Control < 2000 o
° g e N
. [ﬂ €101 =y1KO o
] >
[} 0
01.23456 0 40 80 120
D E Time (hr) Time (min)
G40 /E« 5000+ Control
230 k’clq:m ns 94000 = 12 KO
5 - £ 3000 NE
g 01 . Control < 20004\ ¥ NS
510 =12 KO g 1000
- 0 (o]
01234586 0 40 80 120 160
Time (hr) Time (min)

Figure 5. Distinct function of PPARyl and PPARy2 on thermo-
genesis. (A) Scheme of experiment design of mice receiving nor-
epinephrine or acute cold challenge. (B,D) Effect of acute cold
exposure from housing at 29°C-4°C on PPARyl KO (B) and
PPARy2 KO (D) mice versus control littermates. n=6-9 per
group. (C,E) Oxygen consumption rates of anaesthetized PPARy1
KO (C) and PPARy2 KO (E) mice versus control littermates after
injection of 1 mg/kg (body weight) norepinephrine (NE). n=4-5
per group. Data are expressed as mean+SEM. (*) P<0.05, (ns)
not significant; two-way ANOVA.

We found that, in addition to binding at a majority of
common sites, yl and y2 each bound uniquely at hundreds
of specific genomic binding sites. De novo motif analysis
revealed enrichment of the ETS motif at yl-specific bind-
ing sites in three adipose depots, suggesting that an ETS
factor might cooperate with y1 but not y2 to drive binding
at specific sites despite the identical DNA binding do-
mains of yl and y2. A previous study suggested that an
ETS factor can modulate DNA binding activity of another
nuclear receptor, androgen receptor, through direct inter-
action (Wasmuth et al. 2020). Here, we observed that the
highly expressed ETS factor in iWAT, GABPq, bound at
yl-specific binding sites but not at y2-specific sites. Given
that y2 contains all the amino acids in y1, these results
suggest that the additional 30 amino acids at the unique
N terminus of y2 play an inhibitory role in the cooperation
and cobinding with GABPaq, although the precise nature of
this effect remains to be discovered. Nevertheless, these
findings demonstrate that a specific GABPa can bind
near a subset of PPARy sites in an isoform-specific way. In-

Isoform-specific functions of PPARy

triguingly, GABPa has been shown to play a key role in
glycolytic beige adipocyte differentiation (Chen et al.
2019). Further studies will also need to examine the role
of Sox family members, which are also enriched in y1-spe-
cific binding sites.

Since PPARyl and PPARy2 are largely identical, itisnot
surprising that the majority of their binding sites are iden-
tical, and thus the lack of one but not both isoforms has lit-
tle effect on the majority of genes that are PPARy targets.
For example, the classical PPARy target genes (Lefterova
et al. 2014) Fabp4 and Adipoq, which have similar y1 and
y2 genomic binding, were not altered in y1 KO or y2 KO ad-
ipose tissues due to the redundant functions of yl and y2 in
the regulation of these genes. In contrast, a small number
of genes, including thermogenic genes, were differentially
regulated in y1 KO and y2 KO mice. The underlying mech-
anism may involve the role of distinct cooperating factors,
such as GABPa for y1, but this will require further experi-
mentation. In addition, the y1 protein is expressed in non-
adipocyte cells within adipose tissue, whereas the y2
proteinis restricted to adipocytes, which may also contrib-
ute to the differential gene regulation.

Of note, our study demonstrates that the deficiency of
either PPARy1 or PPARy2 may cause genes to be either
up-regulated or down-regulated. Genes that are up-regu-
lated are thus normally repressed by that specific isoform,
presumably by interaction with nuclear receptor corepres-
sor complexes known to be recruited by unliganded
PPARy in adipocytes (Guan et al. 2005). Down-regulation
of gene expression upon deletion of PPARy implies that
the gene was normally activated, which could be due to
the binding of an endogenous ligand to PPARY, or basal ac-
tivation through the N terminus, which can function as a
ligand-independent activation domain in a subset of nu-
clear receptors (Mangelsdorf et al. 1995). In this regard,
the N terminus of the y2 isoform has been reported to
be a stronger activator domain (Bugge et al. 2009). Consis-
tent with this, we found that a higher percentage of y2-re-
sponsive genes was down-regulated in y2 KO eWAT and
BAT compared with the percentage of genes that was
down-regulated in the y1 KO mice.

Deficiency of PPARyl1 and y2 did not cause lipoatrophy
and glucose intolerance in mice fed normal chow.

A B Cc Figure 6. Metabolic phenotypes of PPARyl
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However, after 12 wk of HFD, both mouse strains were
protected from diet-induced obesity and improved glucose
tolerance. This is similar to previous observations of het-
erozygous PPARy KO mice (Kubota et al. 1999), suggest-
ing a dose-dependent effect of PPARy in adipose
metabolism. More interestingly, yl KO mice were pro-
tected from rosi-induced body weight gain while retaining
the therapeutic effect of rosi on glucose tolerance. In con-
trast, rosi treatment still increased the body weight of y2
KO mice. Although yl KO mice maintained their body
temperature better upon an acute cold challenge and
had higher energy expenditure after norepinephrine treat-
ment, no significant differences in food intake or energy
expenditure were noted between yl- and y2-deficient
mice on a HFD. Thus, the mechanism underlying the dif-
ference in TZD-induced weight gain related to the ab-
sence of yl versus y2 will require further study. It has
been reported that PPARy in preadipocytes regulated met-
abolic homeostasis independent of weight changes
through visceral WAT remodeling (Shao et al. 2018). In
our models, deletion of y1 and y2 in the germline affects
not only mature adipocytes but also preadipocytes, endo-
thelial cells, macrophages, and other cell types, which
could also contribute to the effects on body weight in
the context of HFD and rosi treatment. Moreover, iso-
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not significant; Student’s t-test for D-H
and K-O. (*) P<0.05, (**) P<0.01, (****) P<
0.0001; two-way ANOVA for B, C, I, and |.

form-specific functions of y1 and y2 in nonadipose tissues
such as brain, liver, and muscle should be elucidated in
the future. Nevertheless, these data suggest that the y1
isoform is not necessarily for insulin sensitization yet is
largely responsible for rosi-induced weight gain, pointing
to the y2 isoform as a more specific and safer target for fu-
ture therapies.

Materials and methods

Animals

All animal procedures were approved by the Institutional Animal
Care and Use Committee (IACUC) at the University of Pennsyl-
vania. Mice were housed in a temperature-controlled specific
pathogen-free facility under 12-h light/dark cycles, with free ac-
cess to water and standard chow (LabDiet 5010) or high-fat diet
composed of 60:20:20 kcal percentage of fat/carbohydrate/protein
(Research Diets D124921) starting at 8 wk old. Unless otherwise
specified in the figure legends, all experiments were carried out
on 12- tol6-wk-old male mice. 3HA-PPARyl, HHA-PPARy2,
PPARy1 KO, and PPARy2 KO mice were generated as described
below and maintained on a C57BL/6] genetic background. For
drug treatment, rosiglitazone (Selleckchem) was incorporated
into the diets by Research Diets at 36 mg/kg of diet, such that a
30-g mouse eating 3 g of diet per day received a rosiglitazone



dose of 3.6 mg/kg/d. PPARy1 KO and PPARy2 KO mice and their
littermates were fed a HFD for 10 wk and the rosiglitazone-con-
taining HFD or the control HFD for the final 6 wk.

Generation of HA epitope-tagged PPARy and PPARy1/2 KO mice

To generate Cas9 mRNA, a plasmid containing Cas9-HA-2NLS
was linearized with Xbal (a gift from Jorge Henao-Mejia, Univer-
sity of Pennsylvania Perelman School of Medicine, Philadelphia,
PA). Approximately 1 pg of linearized plasmid was incubated
with HiScribe T7 Quick high-yield RNA synthesis kit (NEB
E2050S). RNA was purified using RNeasy minicolumns (Qiagen
74106), and the capping reaction used the Vaccinia capping sys-
tem (NEB M2080S). RNA was purified using RNeasy micro clean-
up columns (Qiagen 74004). Capped Cas9 mRNA was then
subject to polyadenylation (NEB MO0276S) and purified over a
RNeasy micro cleanup column and eluted in RNase-free water.
Cas9 mRNA integrity was validated using an RNA Bioanalyzer.
To construct 3HA-PPARyl mice, T7 promoter was added onto
gRNA template targeting the second exon (y1-b) by PCR amplifi-
cation using specific primers (targeting guide sequence for
TCTGATGTACATACCAGTAA). To construct G6His-HA-
PPARy2 mice, T7 promoter was added onto gRNA template tar-
geting the ATG start site of y2 by PCR amplification using specif-
ic primers (targeting guide sequence for GCTGTTATGGGT
GAAACTCT). The T7-sgRNA product was purified using a
PCR purification kit (Qiagen) and was used as the template for
in vitro transcription using the MegaShortScript kit (Life Tech-
nologies) following the manufacturer’s instructions. Subsequent
sgRNA was purified using the MegaClear kit (Life Technologies)
and verified by RNA Bioanalyzer before dilution for microinjec-
tion. The ssDNA homology donor (IDT) containing the 3xHA
tag or 6His-HA tag was resuspended in water and prepared using
DNA Clean and Concentrator (Zymo): A*T*A*TAACTGATTA
ATTATATTAATATAATTTATTCTGATGTACATACCAGTAG
CGTAATCTGGAACGTCATAAGGATACGATCCTGCATAGT
CCGGGACGTCATAGGGATAGCCCGCATAGTCAGGAACA
TCGTATGGATACATGGTGGCAAAGGGTAGTCTTGTTTTT
AAAAATGTCCTGAATATCAGTGGTTCAC*C*G*C (3xHA tag
with Kozak sequence for 3HA-PPARyl mice] and C*C*A*
ACCAATCTTTTGCAAGACATAGACAAAACACCAGTGTGA
ATTACAGCAAATCTCTGTTTTATGCTGTTATGCATCATC
ACCATCACCACTACCCATACGATGTTCCAGATTACGCTG
GTGGCGGCCGCGGTGAAACTCTGGGAGATTCTCCTGTT
GACCCAGAGCATGGTGCCTTCGCTGATGCACTGCCTAT
G*A*G*C (6His-HA tag for HHA-PPARy2 mice). Microinjection
was performed by the Transgenic and Chimeric Mouse Facility
at the University of Pennsylvania using C57BL/6] mice from JAX.
Microinjection buffer consisted of 1 mM Tris (pH 8.0}, 0.1 mM
EDTA, 100 ng/uL Cas9 mRNA, 50 ng/uL sgRNA, and 100 ng/uL
ssDNA homology donor. Correct insertion of epitope tag or genera-
tion of early stop codon was detected by PCR and confirmed by
Sanger sequencing. All mice were backcrossed to the C57BL/6] ge-
netic background for at least four to five generations and genotyped
using the PCR primers in Supplemental Table S1.

Western blot and gene expression analysis

For Western blotting, fat pads were washed with cold PBS and
lysed with RIPA buffer, and then tissue lysates were separated
on SDS-PAGE, transferred onto nitrocellulose membrane, and
blotted with the indicated primary antibodies. The membrane
was detected by a secondary antibody conjugated to HRP. To ex-
amine PPARy1/2 expression profiles, multiple organs were col-
lected from 3HA-PPARyl and HHA-PPARy2 mice, with brain
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samples taken from the cortex. We also performed immunopre-
cipitation using HA magnetic beads following the manufacturer’s
instructions to enrich the PPARy1/2. For gene expression analy-
sis, total RNA samples were collected using TRIzol (Invitrogen)
followed by RNeasy kit (Qiagen) according to the manufacturer’s
instructions. The RNA for each reaction was reverse-transcribed
to ¢cDNA using high-capacity cDNA reverse transcription Kkit.
Quantitative real-time PCR was subsequently conducted with
specific primers and Power SYBR Green PCR master mix (Ap-
plied Biosystems). The relative expression levels were normalized
against the internal control (HPRT). Primers used are listed in
Supplemental Table S1.

Immunostaining

Isolated tissues were fixed in 4% PFA overnight, dehydrated, and
embedded in paraffin for sectioning. Following deparaffinization,
heat antigen retrieval was performed in a pressure cooker using
Bulls Eye decloaking buffer (Biocare). Slides were incubated
with primary antibodies (anti-HA [Cell Signaling Technology]
and anti-Ucpl [Abcam]) overnight at 4°C and then with the appro-
priate fluorescent probe-conjugated secondary antibodies for 1 h
at room temperature. Images were captured with fluorescence
microscope or Leica TCS SPS.

ChIP-seq and data processing

ChIP-seq of adipose tissue was performed as previously described
(Soccio et al. 2015). HA magnetic beads (Pierce) or GABPa anti-
body (Santa Cruz Biotechnology sc-22810) were used to perform
the immunoprecipitation. Three to four biological replicates
were used for HA ChIP sequencing, and WT mice were used as
negative control. Two biological replicates were used for GABPa
ChIP sequencing, and IgG ChIP was used as a negative control.
The library preparation for ChIP-seq followed the guide provided
by Ilumina. ChIP-seq libraries were sequenced single end at
50-bp or 100-bp read length on Illumina HiSeq 2000 by the Func-
tional Genomics Core of the Penn Diabetes Research Center.
ChIP-seq raw reads were trimmed using Fastp v0.19.5. Trimmed
reads were then aligned to the mouse reference genome (mm10)
using Bowtie2 v2.3.0 with default parameters. SAMtools v1.9
was used to extract unique mapped reads and remove duplicated
reads. Tag directories were generated from alignment files using
HOMER (v.4.9.1). Peaks were called using HOMER's findPeaks
function with parameter -style factor —size 200.

RNA-seq and data processing

Total RNA samples were prepared with TRIzol followed by
RNeasy kit (Qiagen) according to the manufacturer’s instruc-
tions. More than 2 ug of RNA from three to five biological repli-
cates was sent to Novogene for library preparation (Illumina) and
sequencing at paired ends at 150-bp read length on Novaseq 6000.
Raw reads were trimmed using Fastp v0.19.5 to remove reads
with low quality, that were too short, or that had too many Ns.
Trimmed reads were then aligned to the mouse reference genome
(mm10) using Hisat2 v2.1 with default parameters. Only unique
mapped reads extracted by SAMtools v1.9 were considered for
downstream analyses. Quantification of genes annotated in
GRCm38.99 from Ensembl database was estimated using String-
Tie v1.3.4. Genes with normalized expression value, fragments
per kilobase of exons per million reads mapped (FPKM), >1 in at
least one sample were considered. Read counts that were mea-
sured for each gene using featureCounts v1.5.1 were used as the
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input to DESeq2 for differential expression analysis with adjusted
P-value (Benjamini-Hochberg) <0.01 and fold change > 1.5.

Glucose tolerance test

Mice were fasted for 16 h with ad libitum access to water. Follow-
ing an initial blood glucose measurement, mice were intraperito-
neally injected with glucose (1.5 g/kg for mice under normal
chow condition; 0.75 g/kg for mice under HFD condition) and
measured the blood glucose levels over a period of 120 min using
a glucometer.

Cold tolerance test

Mice were singly housed in climate-controlled rodent incubators
(Powers Scientific) maintained for 2 wk at 29°C with free access
to food and water. Then, mice were placed in prechilled cages
at 4°C-5°C with bedding, free access to standard chow and water,
and the cage lid partly open. Rectal temperatures were recorded
every 60 min. Individual mice were removed from the study
and euthanized if core body temperature fell >10°C from baseline
measurement.

Whole-animal energy expenditure in response to norepinephrine

Oxygen consumption rates were measured using the CLAMS as
previously described (Emmett et al. 2017). Briefly, mice were
anesthetized with 75 mg/kg pentobarbital (Nembutal) and placed
into CLAMS cages preacclimated to 30°C. A subcutaneous injec-
tion of 1 mg/kg L-(—)-norepinephrine (+)-bitartrate salt monohy-
drate (Sigma A9512) was performed in the dorsal nuchal region,
and oxygen consumption rates were recorded until rates began
to decline.

Statistical analysis

Dataare presented as mean + SEM. Graphing and statistical analysis
were performed using Graphpad Prism. As described in the figure
legends, statistical analyses were performed using a two-tailed Stu-
dent’s t-test for comparison between two groups, and two-way
ANOVA for assessment of variables effects (time, diet, treatment,
and genotype; P<0.05 [*], P<0.01 [**], and P <0.001 [***]).

Data availability

The data sets generated during this study are available at
GSE186277. NCoR and HDAC3 ChIP-seq data are from public
data GSE83926. EBF2 ChIP-seq data are from public data
GSE97114. RNA-seq data from public data set GSE140259 were
used to determine the expression levels of y1 and y2 in response
to various temperatures.
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