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An Alternatively Translated Isoform of PPARG Suggests
AF-1 Domain Inhibition as an Insulin Sensitization Target
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Peroxisome proliferator-activated receptor y (PPARY) is
the pharmacologic target of thiazolidinediones, potent in-
sulin sensitizers that prevent metabolic disease morbidity
but are accompanied by adverse effects, such as weight
gain, in part because of nonphysiologic transcriptional
agonism. Using high-throughput genome engineering, we
targeted nonsense mutations to every exon of PPARG,
finding an ATG in exon 2 (chr3:12381414, CCDS2609
¢.A403) that functions as an alternative translational start
site. This downstream translation initiation site gives rise
to a PPARYy protein isoform (M135), preferentially gener-
ated from alleles containing nonsense mutations up-
stream of c.A403. PPARy M135 retains the DNA and
ligand binding domains of full-length PPARy but lacks the
N-terminal activation function 1 (AF-1) domain. Despite
being truncated, PPARy M135 shows increased transacti-
vation of target genes, but only in the presence of ago-
nists. Accordingly, human missense mutations disrupting
AF-1 domain function actually increase agonist-induced
cellular PPARY activity compared with wild type (WT), and
carriers of these AF-1—disrupting variants are protected
from metabolic syndrome. Therefore, we propose PPARy
M135 as a fully functional alternatively translated isoform
that may be therapeutically generated to treat insulin
resistance-related disorders.

Insulin resistance is a major driver of the epidemic meta-
bolic diseases that challenge global health (1). Thiazolidi-
nediones (TZDs) comprise a class of drugs that decrease
insulin resistance by agonizing proliferator—activated
receptor y (PPARYy) (2), a nuclear hormone receptor that
contains an autonomous activation function 1 (AF-1)
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e Genetic screens were performed across PPARG to
study how disruptive mutations across the full coding
sequence affect function.

¢ An alternative translational start site in PPARG generates
a truncated isoform, peroxisome proliferator-activated
receptor y (PPARy) M135, which lacks the N-terminal ac-
tivation function 1 (AF-1) domain and shows increased
agonist-induced transactivation of target genes.

e In human carriers of rare PPARG variants, AF-1 domain—
disrupting genetic variants increase agonist-induced
PPARvy activity and decrease metabolic syndrome
severity.

e Targeting the AF-1 domain is a potential therapeutic
strategy for insulin sensitization.

domain, DNA binding domain (DBD), and ligand binding
domain (LBD) (Fig. 14) (3). TZDs have demonstrated clin-
ical efficacy in treating type 2 diabetes and cardiovascular
disease (4), but their use has been limited by serious ad-
verse effects, including weight gain and fluid retention
(2). Much pharmacologic effort has focused on the devel-
opment of selective PPARy modulators that retain the
benefits of TZDs without the attendant adverse effects,
but successful compounds have not reached the clinic (5).
Therefore, the need for alternative approaches to thera-
peutically activate PPARy without PPAR-mediated adverse
effects remains unmet.

Loss-of-function (LOF) mutations in PPARG occurring
in the DBD and LBD have been shown to cause familial
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partial lipodystrophy type 3 (FPLD3), a Mendelian genetic
syndrome characterized by insulin resistance, metabolic
syndrome, and gluteofemoral fat loss (6,7). These patho-
genic FPLD3 mutations establish the clinical significance
of the PPARy DBD and LBD, but they represent only the
tip of the iceberg in human protein-coding variants found
in PPARG (8). In previous work, we identified hundreds
of protein-coding variants in PPARG occurring in all pro-
tein domains, including the AF-1 domain (9). As with
FPLD3, those that cause LOF in the DBD and LBD in-
crease insulin resistance and type 2 diabetes risk. We ob-
served no apparent clinical impact of LOF variants in the
AF-1 domain, leaving in question its function in human
metabolic health.

In this article, we report a novel protein isoform of
PPARy (PPARy M135), which lacks the AF-1 domain and
is generated from an alternative translational start site.
Through biochemical and transcriptomic profiling, we
found that PPARy M135 demonstrated enhanced ligand-
inducible transcriptional and functional activity compared
with wild type (WT), leading us to a model of derepres-
sion by loss of AF-1. To evaluate the clinical consequence
of this model, we identified and analyzed human carriers
of PPARG variants that impair AF-1 function, finding that
these variants increased PPARy function and decreased
metabolic syndrome severity in individuals who carry
them. Taken together, our study findings propose AF-1
domain inhibition as a new targetable mechanism to acti-
vate PPARY.

RESEARCH DESIGN AND METHODS

Cell Lines

Human monocytic leukemia cells (THP-1; TIB-202; American
Type Culture Collection) and human preadipocyte cells
(Simpson-Golabi-Behmel syndrome [SGBS]) were cultured,
differentiated, and stimulated to activate PPARvy as de-
scribed in the Supplementary Methods. Statistical analysis
did not include sex, because all cells originated from the
same male cell lines.

Pooled Screens

Guide RNAs (sgRNAs) to target PPARG (Supplementary
Table 1) were cloned into lentiCRISPRv2 (ID 52961; Addg-
ene), and the vectors were pooled for virus production
(2304; Mirus Bio). THP-1 cells were infected at a multiplic-
ity of infection of 0.3, and edited cells were selected for
using puromycin (P8833; Sigma-Aldrich). To assess the
functional impact of PPARG insertions and deletions (in-
dels), cells were differentiated, stimulated, and FACS sorted
based on CD36 expression (n = 5 independent sorts). En-
richment scores (ESs) were calculated as the log2 ratio of
CD36"/CD36  normalized counts. The impact of indels at
each codon of PPARG was calculated based on previously
published methods (9).
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PPARG Edited Cell Lines

The endonuclease Cas9 and guides Int-sgRNA, Ex1-sgRNA,
Ex1-sgRNA2, and Ex3-sgRNA (Supplementary Table 3)
were introduced into THP-1 and SGBS cells by lentiviral
transduction. The transduced THP-1 cells were sorted at
one cell per well into 96-well plates (BD FACSAria II) and
expanded. Infected SGBS cells were differentiated 7 days
after infection as previously published (10). Genomic edits
and zygosity were confirmed by Sanger sequencing.

Western Blotting

Proteins were extracted, quantified, loaded into 4-12% Bis-
Tris gels (NP0336; Invitrogen), and transferred onto 0.45-pwm
nitrocellulose membranes (1620115; Bio-Rad Laboratories).
Antibodies used were Cell Signaling Technology cat. nos. 2435
(PPARY N-terminus), 2443 (PPARYy C-terminus), 43603
(cyclophilin B), 41185 (actin), 2920 (Akt), and 4060 (phos-
pho-Akt Ser473), and fluorescent secondary antibodies
used were cat. nos. 5366, 5151, and 5470. Imaging was
performed on the Odyssey CLx imager (LI-COR).

THP-1 Cells With Exogenous PPARYy

To evaluate the complementation of PPARy using WT and
M135 PPARYy isoforms, in vitro transcription was performed
as previously described (11) with the following primers: WT
forward, 5'-GAATTTAATACGACTCACTATAAGGAAATACG-
CCACCATGGGTGAAACTCTGGGAGAT-3'; M135 forward,
5'-GAATTTAATACGACTCACTATAAGGAAATACGCCACCAT-
GGCAATTGAATGTCGTGTCT-3'; and reverse, 5'-CTAGGAC-
ATCGCAGTCTGCACCTAGTACAAGTCCTTGTAGATCTCC-
TG-3'.

The transcripts were electroporated into Py~’~ THP-1
cells in a 4-mm cuvette with one 400-V 5-ms square wave
pulse (Xcell; Bio-Rad Laboratories). To match PPARy protein
expression, 2 g M135 mRNA and 8 g WT mRNA were
used for each electroporation of 3 million cells (n = 5). Each
sample was split into three aliquots for protein collection
and differentiation with or without rosiglitazone treatment.
RNA was extracted (R1050; Zymo Research) and sent for li-
brary preparation (Illumina Stranded mRNA Prep) and 100-
bp paired-end sequencing (25 million reads per sample on
the NovaSeq S4). Analysis was performed in R 4.1.3 using
edgeR 3.36.0, limma v3.50.1, UpSetR v1.4.0, and fgsea
v1.20.0 (12-15).

SGBS Cells With Exogenous PPARy

PPARG cDNA was synthesized (Twist Bioscience) with syn-
onymous mutations (CCDS2609 ¢.C594T, G603C, T610A,
C611G) to eliminate the Ex3-sgRNA recognition sequence
and PCR amplified to generate cDNA encoding PPARYy2
and PPARy M135. These sequences were cloned into doxy-
cycline-inducible pCW (ID 184708; Addgene). Virus was
produced, and SGBS Py~ cells were infected to create the
SGBS Py /™ + WT and SGBS Py ™/~ + M135 cell lines. In-
sulin stimulation was performed after 24-h serum starva-
tion with 100 nmol/L insulin (I9278; Sigma-Aldrich).
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Human Genetics

For all exome-sequenced cohorts, variants within the ge-
nomic coordinates of PPARG (chr3: 12287368-12434356
hg38) were extracted, and variant annotation was per-
formed using SnpEff v4.3 (16). Nomenclature used for
missense variants is for the canonical PPARG transcript
ENST00000287820.10; protein ENSP00000287820.6. Func-
tion scores were obtained from the PPARG saturation muta-
genesis (9). Serum HDL cholesterol (field 30760), waist
circumference (field 48), serum triglycerides (TG; field
30870), systolic blood pressure (SBP; field 4080), and
glycated hemoglobin (HbA;; field 30750) were extracted
for all UK Biobank participants. SBP values were cor-
rected for individuals reported to be taking blood pres-
sure medication by adding 15 mm Hg (17), and TG
values were log normalized. The TG to HDL (TG/HDL)
ratio was log transformed and z normalized across UK
Biobank. Regressions were adjusted for the covariates of
age, age squared, sex, and the first 10 principal compo-
nents of genetic ancestry.

Data and Resource Availability

All biobank data used in this study are accessible through
applications to the respective databases. Data and resources
are available on request from the corresponding author.

RESULTS

Novel Functional PPARy Isoform M135 Is Generated
From an Alternative Translational Start Site

In our initial experiments, the endogenous PPARG locus was
systematically disrupted by inducing indels in each coding
PPARG exon in a human macrophage cell line (THP-1), a
tractable model suitable for large-scale genetic perturbation
that phenocopies PPARG-related transcriptional responses in
adipocytes (9,18). Findings from THP-1s were confirmed
and extended in human adipocytes models, the physiologi-
cally relevant cell type for metabolic disease. The effect of
PPARG disruptions was measured by quantifying the ability
of the resulting cells to transactivate CD36, a direct PPARy
transcriptional target (19). A custom lentiviral library of
CRISPR/Cas9 constructs with sgRNAs targeting all coding
exons, untranslated regions, and introns (n = 95)
(Supplementary Table 1) was introduced into THP-1 mono-
cytes at one construct per cell. The resulting population of
genome-edited cells was differentiated into macrophages,
stimulated with 1 wmol/L PPARy agonist rosiglitazone,
and sorted by FACS according to the expression of CD36
(Fig. 1B). The CD36+ and CD36— populations were se-
quenced to recover the identities of the sgRNAs, and an enrich-
ment score (ES) was calculated based on the counts of each
sgRNA in the CD36"/CD36 ™ pools (Fig. 1B). Intron-targeting
sgRNAs introduced as controls had an ES of 0.487 + 0.025. As
expected, targeting sgRNAs to exon B of PPARG, specific to
the PPARY?2 isoform, did not reduce CD36 activity (ES 0.622
+ 0.035), and most sgRNAs targeted to exons downstream
of the PPARvyl start site caused severe loss of CD36
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transactivation (ES —1.33 + 0.147). Intriguingly, five sgRNAs
targeting exon 1 of PPARG, downstream of the PPARy1 start
site, which would be predicted to maximally disrupt the pro-
tein sequence, had little effect on CD36 transactivation (ES
0.597 + 0.084), suggesting an intact PPARYy response in the
cells that harbored them (Fig. 1C).

To further understand this unexpected finding, we ana-
lyzed data generated from a previously conducted satura-
tion mutagenesis study of PPARG that contained indels at
every codon of the PPARYy2 cDNA (CCDS2609) and calcu-
lated function scores (FSs) such that WT PPARG had an ES
of 0 (Supplementary Table 2) (9). Most indels that caused
frameshift terminations in PPARG completely inhibited
CD36 transactivation, as shown by negative FSs. However,
frameshifting indels in the 5’ region of the cDNA, predicted
to cause early termination of protein translation, paradoxi-
cally retained cellular PPARYy transactivation (FS 0.0322 +
0.0186). This concurred with our finding of tolerated exon 1
disruptions at the endogenous PPARG locus (Fig. 1C) and
suggested a possible postsplicing mechanism for retained
PPARYy activity. The tolerance to early frameshifting indels
was observed until c.A403, after which frameshifting indels
induced significant dysfunction (FS —1.16 + 0.0074). These
findings were replicated in experiments using prostaglandin
J2, a putatively endogenous PPARy ligand (9) (Supple-
mentary Fig. 14). C.A403-405 encodes a methionine, leading
us to hypothesize an alternative translation initiation site,
which would explain the preservation of PPARYy transactiva-
tion functions in transcripts with frameshift and nonsense-
inducing indels before c.A403.

A translation initiation site at CCDS2609 c.A403
(hg38:chr3:12381414; ENSP00000287820 p.M135) would
lead to a protein isoform (PPARy M135) shorter than
PPARY2 by 134 amino acids with a predicted molecular
weight of ~40 kDa. To evaluate this hypothesis, we engi-
neered clonal THP-1 monocytes with disruptions in exon
1, exon 3, and a PPARG intron using CRISPR/Cas9 (Ex1-
sgRNA chr3:12379745, Ex3-sgRNA chr3:12392733, Int-
sgRNA chr3:12363492) (Fig. 1A). Two independent cell
lines were derived for each of the following genotypes: Int-
sgRNA™/*, Ex1-sgRNA™/~, Ex1-sgRNA™'", and Ex3-
sgRNA ™/~ (Supplementary Table 3). Immunoblotting with
PPARy antibodies targeting N-terminal (p.Asp69) and
C-terminal (p.His494) epitopes was performed on differenti-
ated THP-1s. The N-terminal blot showed a 53-kDa band for
full-length PPARY1 in control (Int-sgRNA) and heterozygous
Ex1-sgRNA samples, whereas no PPARy bands were detected
in homozygous Ex1-sgRNA or Ex3-sgRNA cells (Fig. 1E). The
C-terminal PPARYy blot corroborated the PPARy1 detection
and identified a band of ~40 kDa in Ex1-sgRNA cells,
matching the predicted size of PPARy M135, with higher
intensity in Ex1-sgRNA ™~ cells (Fig. 1F). Additional smaller
bands may reflect alternative translation initiation sites up-
stream of p.M135. No PPARYy protein was detected in Ex3-
sgRNA " cells, indicating complete loss of PPARYy (Fig. 1F).

G20z Iudy Lo uo Jasn 0931A NVS IV 40 AINN Ad Jpd26+0%29P/60856./1.59/v/vL/4pd-aloile/sajaqelp/6io sjeunolsajaqelp;/:diy woly papeojumoq


https://doi.org/10.2337/figshare.28255196
https://doi.org/10.2337/figshare.28255196
https://doi.org/10.2337/figshare.28255196
https://doi.org/10.2337/figshare.28255196
https://doi.org/10.2337/figshare.28255196
https://diabetesjournals.org/diabetes

654 Truncated PPARy May Be Insulin Sensitizing Diabetes Volume 74, April 2025

A N-terminal epitope Ab [D69]

=2 V1 — PPARy M135 C-terminal epitope Ab [H494]

Y, v
& §§
) oD . —
SN AF-1 o Ligand-binding AF-2
Create pooled library, C
transduce THP-1s, and o 0 oo ——
activate PPARy 15} ha
& 001 - — -
I ‘ € - T —
N o g ~1.0 4 — -—
> S8ee g I S
2 s bl —
c 2.0 ._._.=.= —3 —s %o *=
w =
Sort macrophages by
I s T e
PPARY target CD36 30 T T T - T T
L cDNA Position 300 600 900 1200 1500
Genomic chr3: 12379921 12392733 12416784 12417084 12434127

CD36
Sequence, tabulate, and

(0]
<4
calculate enrichment 8
N
CD36 Enrichment g
- + Score (ES) =
sgRNA Intronic [JB__400 | 600 ][ 058 ] e
s . . S
H H H [
sgRNAcutc.129[ ] 370 | 630 J[__o077 ] I I — I _——
: : : Amino Acid 100 200 300 400 500
sgRNAcutc 946l 740 | 260 [ 15 |
ANGPTL4 CD36 FABP4
E - - F e - G 20004 p=0-70.01 154 p=0.053 g4 p=0.27
Int Ex1 Ex3 Int Ex1 Ex3 1500- T 60 :
$ 104 .
kDa | me— . kDa [ — c .
— ‘ S 1000 . ol 40 I
T O |- £ 57 |- g 2 5001 %] * 20 g
& £ - = < E Rl o & N :
< € & g 1 S O04es 0 | nilei 04 o
[N 239 — — x ST T T T
Dr _gI)SQ S (.I) - S L!: rosi  + rosi rosi  + rosi rosi + rosi
s Z
2 PDK4 PLIN2
(]
o o 8004 p=6.2e-06 p=5e-04
% e — — e —— | o e — o 600 « 309 H Int
o014 o 14 +  20-
o S 4004 i I
N o Ex1--
200- s 104 .o
O == L 0+ st .
—rosi + rosi —rosi + rosi
Treatment

Figure 1 —Functional screens across PPARG reveal an alternative translational start site at p.M135. A: Linear representation of PPARy
indicating start sites for y1, ¥2, and novel M135. Guides and cut sites (Ex1-sgRNA; chr3:12379745 and Ex3-sgRNA; chr3:12392733.
hg38) of CRISPR/Cas9 monoclonal generated cells are shown. Domain structure of PPAR~y protein is represented in color, and epito-
pes of N-terminus and C-terminus antibodies (Abs) are indicated. B: A library of 95 sgRNAs targeting PPARG was generated and trans-
duced into THP-1 monocytes, such that each cell received a single construct. Polyclonal THP-1s were differentiated into
macrophages, stimulated with PPAR+y agonist, 1 umol/L rosiglitazone (rosi), and sorted by FACS for expression of PPARy target CD36
into bins of low (—) and high (+) PPARYy activity (n = 5 independent replicate sorts). C: Enrichment scores (ESs) from the CRISPR screen
across PPARG. Mean ES for each guide across five sort replicates is plotted along PPARG2 cDNA based on its cut site (dot) and pre-
dicted termination after one-base indel (line). Horizontal purple line indicates mean and SE of intronic guides (n = 18). PPARy p.M135 is
denoted by vertical line. D: Function scores (FSs) of indels at each amino acid of PPARy2 calculated as previously published (9). FS =0
refers to WT activity. E and F: Western blots against N-terminus (E) and C-terminus (F) of PPAR~y protein were performed to detect
PPARYy isoforms from monoclonal cell lines, showing that pre-M135-edited cell lines (Ex1) generate truncated PPARy bands, including
predicted p.M135 at 40 kDa (arrow), as opposed to post-M135 (Ex3) targeted cell lines and intronic cell lines (Int). G: Relative expres-
sion of PPARYy target genes in PPARG-targeted monoclonal cell lines, with or without rosi treatment, with GAPDH as housekeeping
gene and Int-sgRNA-edited cells with O rosi as control. In response to rosi, increases in ANGPTL4, PDK4, and PLIN2 for Ex1-edited
cells (n = 6; cyan) were greater than increases in Int-edited cells (n = 6; purple; Welch two-sample t test on A Ct values). Nonsignificant
increases in CD36 and FABP4 were also observed in Ex1-edited cells.
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To compare the transcriptional profiles of cells expressing
WT and PPARy M135, the Int-sgRNA™/" and Ex1-sgRNA ™/~
clonal cell lines were differentiated into macrophages,
stimulated with 1 wmol/L rosiglitazone and assessed for
gene expression at several canonical PPARy target genes
(Fig. 1G). On agonist induction, the Ex1-sgRNA™~ cells
expressed significantly higher levels of ANGPTL4 (20)
(P = 0.001), PDK4 (21) (P = 6.2e—6), and PLIN2 (22)
(P = 5e—4) than the Int-sgRNA*/" cells. These PPARy
M135-expressing cells also showed nonsignificant in-
creases in CD36 and FABP4 expression. Because PPARy
plays a role in monocyte-to-macrophage differentiation,
we measured ITGAM (CD11b) (23) and CD68 (24) to as-
sess phorbol 12-myristate 13-acetate (PMA)-induced differenti-
ation as a potential confounder. After PMA treatment, CD11b
and CD68 expression increased similarly in Ex1-sgRNA ™/~
and Int-sgRNA™/" cells (Supplementary Fig. 1B).

We subsequently isolated and compared the transactiva-
tion potentials of WT and PPARy M135. A PPRE-driven lu-
ciferase reporter (25) and WT PPARy or PPARy M135
mRNA were transfected into HEK293s, which have minimal
endogenous PPARy activity (26). In this system, PPARy
M135 activated transcriptional activity more potently than
WT when induced with rosiglitazone (Supplementary Fig.
1C). We further compared the stability of PPARy M135 with
that of WT by performing a cycloheximide chase (27) in the
heterozygous Ex1-sgRNA cells that generate both isoforms
(Supplementary Fig. 1D). The M135 isoform degraded more
slowly than PPARYy1 (Supplementary Fig. 1E), which could
contribute to its enhanced transactivation potential.

Ligand-Activated PPARy M135 Transactivates Target
Genes More Potently Than WT PPARYy in THP-1s

We next sought to isolate the activity of PPARy M135 and
evaluate its effect on global transcriptional profiles in com-
parison with full-length WT PPARy. To compare the direct
transcriptional responses of M135 and WT, we performed
RNA sequencing on PPARy-null (Py /") THP-1 monocytes
electroporated with in vitro-transcribed mRNA of each of the
two PPARy isoforms; EGFP mRNA was also electroporated
as a process control. In preliminary experiments, mRNA
amounts for each isoform were titrated to express similar
amounts of protein at the point of harvest (Supplementary
Fig. 2A and B), such that 2 ug PPARy M135 mRNA and 8 ug
PPARy WT were used for each electroporation. The electropo-
rated cells were differentiated into macrophages to mimic the
cellular context in which PPARYy is active (28) and treated
with 0 (—) and 1 pmol/L (+) rosiglitazone. As a positive con-
trol, WT (P'y+/ *) THP-1 cells with intact PPARG were also
treated with or without rosiglitazone and transcriptionally
profiled (Fig. 24).

After filtering for low expression, 16,732 transcripts were
retained for analysis across all samples. As expected, rosigli-
tazone treatment increased gene expression of canonical
PPARYy target genes, including CD36, FABP4 (3), and PLIN2
(22) (Fig. 2B). Remarkably, PPARy M135-€lectroporated
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(Py™/~ + M135) cells exhibited greater agonist-induced
transcriptional responses for some of these targets compared
with Py~ + WT or Py*/* THP-1 macrophages, despite
comparable PPARy protein levels (log2 fold change [log2FC]:
CD36: Py~ + M135 4.22, Py 2.94, and Py '~ + WT
1.62; PLIN2: Py ™/~ + M135 3.35, Py 324, and Py /"~
+ WT 1.50).

To comprehensively evaluate if M135 generated a
stronger agonist-induced transcriptional response than
WT in Py~ cells, we performed a series of differential
expression analyses. We first identified the top-ranked
PPARy target genes, defined as the 50 most significant
differentially expressed genes (DEGs) in Py+/ * cells with
or without rosiglitazone, and then compared the log2FC
of the same genes across Py/~ + WT and Py /™ +
M135 with or without rosiglitazone (Fig. 2C). Of the top
50 P’y+/ * DEGs, 46 were also differentially expressed in
Py_/_ + M135 (P < 0.05 [same sign log2FC]), whereas
only 33 were differentially expressed in Py~/~ + WT.
Moreover, in several key genes, including PDK4, DYSF,
ANGPTL4, ALOX5AP, and CYBB (29-31), P’y*/f + M135
had a greater activation or repression than Py™’" cells (Fig.
2C), despite transient and lower PPARy protein expression
per cell (Supplementary Fig. 2A and B). Across all the Pyt
DEGs (n = 1,779), the magnitude of gene expression change
was more similar for P’yf/ ~ + M135 cells (slope 0.85) than
for P'y_/ ~ 4+ WT cells (slope 0.36), indicating greater po-
tency of M135 in mediating agonist-induced PPARy gene
expression response than WT (Fig. 2D).

We then queried for DEGs specific to PPARy M135 to
assess if the lack of AF-1 domain in M135 resulted in
transactivation/repression of genes not regulated by WT
PPARy. In response to rosiglitazone treatment, ny/ -
+ M135 had the greatest number of DEGs (n = 4,247)
(Fig. 2E), as compared with P'y_/ " + WT (n = 1,794) or
Pyt (n = 1,779). Of the 4,247 DEGs, 2,313 were exclu-
sive to P'y*/f + M135 (Fig. 2E). To understand the gene
expression programs captured by these putative M135-
specific genes, we performed gene set overrepresentation
analysis (32,33) among the Gene Ontology Biological Process
pathways (34,35) and found 28 overrepresented pathways
that were confirmed to have been altered by rosiglitazone
treatment in M135-complemented cells (P < 0.05)
(Supplementary Table 4). Among these, 21 of 28 were
similarly altered, although to a lesser degree, by rosigli-
tazone treatment in either WT-electroporated cells or
Py*/* THP-1s (Fig. 2F). Taken together, these analyses
suggest that PPARy M135 regulates similar gene ex-
pression programs as WT, but more potently when in-
duced by rosiglitazone, perhaps because of derepression
from the loss of the N-terminal AF-1 domain (36).

Human Preadipocytes Generate PPARy M135 and
More Potently Upregulate Target Genes Than WT
Because many of the major metabolic effects of PPARG on
human physiology occur in adipocytes (8), we evaluated
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Figure 2—PPAR+y M135 more potently activates ligand-stimulated gene expression as compared with WT. A: PPARy WT and M135
mRNAs, along with control EGFP mRNA, were generated through in vitro transcription and electroporated into PPARy-null (Py~/~) THP-1
monocytes. Electroporated cells and WT THP-1s (Py™/*) were differentiated into macrophages and treated with or without 1 wmol/L rosiglita-
zone (rosi) for 30 h before protein and RNA were collected (n = 5 per condition). B: RNA sequencing expression in counts per million (CPM) of
PPARG and selected PPARy target genes. In response to rosi treatment, Py~ + M135 activates CD36 and PLIN2 with greater fold change
than Py™~ + WT or Py™*. C: Heat map of log2FC in response to rosi for each cell type of top 50 DEGs in Py*/* THP-1s, as ranked by
P value. Asterisks indicate DEGs changing in same direction with Benjamin-Hochberg—corrected P < 0.05. D: Scatterplot of all 1,779 Py” -
DEG log2FC values, comparing log2FC in Py*’™ with log2FC in Py~ + WT and Py~ + M135. Regression slopes (8) are significant for both,
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whether adipocytes could also generate PPARy M135 and
to what functional consequence. We targeted a human
preadipocyte cell line (SGBS (37)) with disruptions in
exon 1, exon 3, and a PPARG intron (Ex1-sgRNA?2 cut site
at hg38 chr3:12379716, Ex3-sgRNA chr3:12392733, and
Int-sgRNA chr3:12363492) (Fig. 3A and Supplementary
Table 3). The edited cells were treated with inducers of
adipocyte differentiation and examined for PPARy pro-
tein expression, target gene expression, and adipocyte dif-
ferentiation efficiency. After 4 days of differentiation, we
were able to detect both PPARy WT and M135 in exon
1-targeted cells, whereas exon 3-targeted cells expressed
no PPARy, and control cells expressed only WT PPARy
(Fig. 3B and (). These results indicated that like THP-1
macrophages, SGBS adipocytes are capable of alternatively
generating PPARy M135 in response to disruptive muta-
tions targeted to exon 1.

To evaluate the ability of preadipocytes expressing
PPARy M135 to activate PPARYy target genes, we queried
the gene expression of several targets during early adipo-
cyte differentiation (Fig. 3D). SGBS preadipocytes that ex-
pressed PPARy M135 increased expression of CD36 (P =
0.022) and PDK4 (P = 5.2e—5) to a significantly greater
extent than PPARy WT-expressing cells, similar to macro-
phages (Fig. 1G) and showed a trend toward increased ex-
pression of FABP4 (P = 0.22). Furthermore, we examined
adiponectin (ADIPOQ), an adipokine and PPARy target
specific to adipocytes (38), and found it also to be signifi-
cantly upregulated by PPARy M135 expressing-adipo-
cytes (P = 0.017) compared with WT (Fig. 3D). Cells
targeted at exon 3, which expressed no PPARYy, did not
upregulate the expression of any of these genes.

Finally, we characterized the ability of PPARy M135-
expressing SGBS cells to mature into adipocytes and accu-
mulate lipids during differentiation (Fig. 3E and F). Exon
1-targeted PPARy M135-expressing SGBS cells differenti-
ated and accumulated lipids at the same rate as control
PPARy WT-expressing cells (P = 0.933), whereas exon
3-targeted cells had significantly reduced lipid accumula-
tion (P = 2e—16). These analyses show that like macro-
phages, human preadipocytes can generate the PPARy
M135 isoform, and the truncated isoform is fully func-
tional in driving differentiation into mature, lipid-laden
adipocytes.

PPARy M135 Enhances Adipocyte Insulin Response
Compared With WT

To isolate the effect of PPARy M135, we transduced
Py~ SBGS cells (ie., Ex3-sgRNA targeted cells) with
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doxycycline-inducible WT PPARy2 cDNA (SGBS Py /~
+ WT) or PPARy M135 cDNA (SGBS Py /~ + M135)
transgenes and evaluated differentiation/lipid accumulation
and insulin response (Fig. 4A). These cells only express
PPARy (WT or M135) when treated with doxycycline
(Fig. 4B) and differentiate to a similar degree only when
PPARy is induced (P = 0.56) (Fig. 4C and D).

To assess insulin response, control (intronic), SGBS
Py /" + WT, and SGBS Py /™~ + M135 cells were differ-
entiated, stimulated with insulin, and immunoblotted for
phosphorylated Akt (S473) and total Akt. In response to
insulin, all cell lines phosphorylated Akt, and the response
was augmented in doxycycline-treated SGBS Py~ + WT
and SGBS P'y*/f + M135 (ANOVA P = 1.33e—13; Tukey
honest significant difference [HSD] P = 3.67e—8 for WT
and P = 3.43e—11 for M135) (Fig. 4E and F). Notably,
PPARy M135-expressing adipocytes showed increased in-
sulin-stimulated Akt phosphorylation compared with both
WT (P = 0.025) and control SGBS (P = 0.045), indicating
an enhanced insulin response.

Missense Mutations That Impair AF-1 Function
Increase PPARYy Transactivation and May Protect
Against Metabolic Syndrome in Human Carriers

Next, we sought to evaluate the potential in vivo conse-
quence of nonsense mutations in the PPARG sequence be-
fore chr3:12381414 by identifying human carriers of such
mutations and performing genotype:phenotype correlation
under the hypothesis that carriers would not exhibit insulin
resistance given the enhanced molecular activity of PPARy
M135 resulting from AF-1 domain deletion. Across biobanks
and databases comprising >1.2 million individuals with se-
quendng at the PPARG locus, we found only seven carriers of
nonsense mutations before chr3:12381414 (Supplementary
Table 5). Among these, two had no evidence of meta-
bolic syndrome or insulin resistance past 50 years of
age, one had type 2 diabetes but no ascertainment of insu-
lin resistance or metabolic syndrome, and four had no
available phenotypic information.

Because the number of human pre-M135 nonsense
mutation carriers was insufficient to make robust infer-
ences, we turned to carriers of PPARG missense variants
to test the hypothesis that genetic variants abrogating
AF-1 domain function would enhance PPARYy activity and
thereby increase insulin sensitivity in vivo (Fig. 54). Al-
though missense variants are not equal to having the
M135 isoform, they can model how disruptions to the
AF-1 domain affect PPARy activity in vivo. We rational-
ized this hypothesis based on recent data showing that

but Py’/’ + M135 transcriptional response more closely recapitulates P'y+/+. E: Upset plot of DEGs per cell type with or without rosi. Left
horizontal bars show total DEGs for each condition. Filled circles connected by lines indicate intersections among the three conditions,
and vertical bars show number of DEGs in corresponding intersections. F: Normalized ESs in the Gene Ontology (GO) Biological Process
pathways for Py~'~ M135-specific genes. Overall transcriptional pathway activation by Py*/*, Py~ + WT, and Py~ + M135 are similar
and consistent. Pathway names for GO IDs are listed in Supplementary Table 4. *Benjamini-Hochberg-corrected (BH)
P < 0.01, **BH P < 1e—4, ***BH P < 1e—8 (B) and ***P < 2e—16 (D). adj, adjusted; ns, not significant.
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Figure 3—Human preadipocytes generate PPARy M135 and more potently upregulate target genes than WT. A: SGBS cells were trans-
duced with a vector containing Cas9 and a sgRNA targeting PPARG exon 1 (chr3:12379716), exon 3 (chr3:12392733), or intron
(chr3:12363492). Preadipocytes were differentiated into adipocytes. B and C: Western blot for N-terminus (B) and C-terminus (C) of
PPARYy in SGBS preadipocytes treated with PPARG-targeting constructs (A) at 4 days post-differentiation. Ex1-targeted preadipocytes
generate PPARy M135 at 40 kDa (arrow), whereas Ex3-targeted cells do not express any PPARy. Ex1-targeted cells also express band
~50 kDa, consistent with translation initiation at PPARy p.M53. D: Expression of PPAR'y target genes at 4 days of differentiation by quanti-
tative PCR. Ex1-targeted cells expressed higher levels of ADIPOQ, CD36, and PDK4 compared with control. Ex3-edited cells minimally
express all PPARy target genes (n = 6 replicates per sample; P values from linear models of A Ct; see Supplementary Methods for more
details). E and F: Differentiation time course for Int-, Ex1-, and Ex3-targeted SGBS cells at days 0, 4, 8, and 14. Cells were fixed and stored
in PBS on their respective collection dates, stained on day 14 for nuclei (DAPI; blue) and lipids (BODIPY; green), and imaged. E: Imaged at
40x magnification. Ex1 SGBS cells differentiate on par with Int, and Ex3 SGBS cells do not accumulate lipids. Scale bar, 50 um. F: Quan-
tification of lipid accumulation in SGBS cells. Data were log normalized and regressed against genotype and differentiation day to deter-
mine effect of genotype. Ex1 was not different from Int (P = 0.933), and Ex3 resulted in a significantly different pace (P = 2e—16).

the AF-1 domain intramolecularly binds to the LBD of
PPARYy, and this interaction inhibits ligand-dependent ac-
tivity (36). We identified all carriers of rare (minor allele
frequency <0.001) protein-coding variants in PPARG in
the UK Biobank (n = 454,787) (39) and analyzed the
cellular function and amino acid position of the variants
carried in relation to the insulin sensitivity-related pheno-
types of the individuals carrying them. To quantify PPARy
activity, we leveraged the PPARy FS derived from our pre-
viously published deep mutational scan (9), in which every
possible missense variant was scored by its transactivation
of CD36 (9). We found 1,250 carriers of 260 unique rare,
protein-coding PPARG variants and partitioned them by

pre-/post-M135 and by the BLOSUMG62 substitution ma-
trix, which quantifies the tolerance of amino acids to substi-
tution across evolutionary distance (40). Variants were
categorized as conservative (BLOSUM62 >0) or nonconser-
vative (BLOSUMG62 <0). Nonconservative substitutions in
AF-1 (median FS 2.21) had higher PPARy ESs than con-
servative substitutions (median FS 1.56), whereas non-
conservative substitutions post-M135 in the DBD and
LBD (median FS —0.158) showed decreased PPARy FSs
relative to conservative mutations (median FS —0.376;
ANOVA P < 2e—16; adjusted P < 0.005 for each pairwise
comparison by Tukey HSD) (Fig. 5B). These data support
the hypothesis that missense variants disrupting AF-1
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Figure 4—PPARy M135 enhances adipocyte insulin response compared with WT. A: SGBS Py~ cells were transduced with doxycy-

cline-inducible vectors expressing PPARG WT and M135. Preadipocytes were differentiated and treated with or without doxycycline.
B: PPARYy expression in SGBS cells. SGBS P«{‘/‘ cells with PPARG transgenes only express PPARy when treated with doxycycline.
C and D: Intronic, SGBS Py~ + WT, and SGBS Py~ + M135 cells were differentiated for 12 days, fixed, stained for nuclei (DAPI;
blue) and lipid accumulation (BODIPY; green), and imaged. C: Imaged at 40x magnification. PPARy M135 is sufficient to induce differ-
entiation and lipid uptake in SGBS Py~ ~ cells. Scale bar, 50 pm. D: Quantification of lipid accumulation. SGBS Py~~ + M135 cells ac-
cumulate same amount of lipids as SGBS P«/*/* + WT (n = 12 images per well, 4 wells per genotype; t test P = 0.56). E and F: Intronic,
SGBS Py~ + WT, and SGBS Py~ + M135 cells were treated with or without doxycycline, with or without 100 nmol/L insulin, for 20
min and immunoblotted for phosphorylated Akt (pAkt) and total Akt (n = 4 biological replicates). E: Representative immunoblot. F: pAkt/
Akt intensity ratios were significantly different across conditions (ANOVA P = 1.33e—13). Pairwise comparisons are highlighted between
100 nmol/L insulin-stimulated samples for SGBS Py~'~ + M135 and SGBS Py~ + WT cells treated with 1 ug/mL doxycycline (Tukey
HSD *P = 0.025), SGBS Py~ + M135 + doxycycline and Intronic (Tukey HSD *P = 0.045), and SGBS Py~/~ + WT + doxycycline and
Intronic (P = 0.99 [not significant (ns)]).
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Figure 5—Human carriers of variants in PPARy that impair AF-1 domain are protected from metabolic dysfunction. A: Representation of
AF-1 hypothesis. Removing or having evolutionarily nonconserved amino acid substitutions in AF-1 domain prevents/impairs binding of
AF-1 to LBD, thereby increasing transcriptional activity (AF-1 cyan; DBD orange; hinge pink; LBD blue; AF-2 green). Protein representation
modeled after PPARy crystal structure shown in Mosure et al. (36). B: FSs for PPARG missense variants (minor allele frequency <0.001)
from UK Biobank (UKB; n = 454,787) by position (i.e., pre-/post-M135) and evolutionary conservation (conservative BLOSUM62 <O0;
nonconservative BLOSUMG62 >0) category. Pre-M135 nonconservative variants (n = 125 carriers) have highest FSs (median FS 2.21), followed
by pre-M135 conservative (n = 338; median FS 1.56), post-M135 conservative (n = 345; median FS —0.158), and post-M135 nonconserva-
tive (n = 166; median FS —0.376). All pairwise comparisons between categories are significant by ANOVA and Tukey HSD. C: METSS by
position and conservation, as in B. Carriers of pre-M135 nonconservative missense variants (n = 94; median METSS —0.079) have lower
METSSs than carriers of pre-M135 conservative missense variants (n = 246; median METSS 0.006), followed by carriers of post-M135
conservative missense variants (n = 246; median METSS 0.24) and carriers of post-M135 nonconservative missense variants
(n = 124; median METSS 0.36). Disruptive variants (i.e., frameshift) post-M135 have highest METSSs of these categories (n = 14; median
METSS 1.5). Significant difference between pre- and post-M135 nonconservative METSSs. Disruptive carriers are significantly different
from every other category. Data suggest that missense variants reducing AF-1 function protect carriers from metabolic dysfunction com-
pared with other PPARG missense variants. D: TG/HDL, a measurement for insulin resistance, is plotted by position and conservation.
Pre-M135 nonconservative variant carriers have lowest median TG/HDL (—0.080). Carriers of disruptive variants have significantly
higher TG/HDLs, with significant difference between pre- and post-M135 nonconservative variant carriers. *P = 0.016 (C) and
P =0.017 (D) by Welch t test, ***P < 2e—16 (B), #P = 4.1e—6 by ANOVA and P < 8.6e—4 by Tukey HSD (C) and P = 7.31e—7 by ANOVA
and P < 1.1e—4 by Tukey HSD (D).
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domain function increase the transcriptional activity of
PPARy.

To quantify insulin sensitivity in these PPARG missense
variant carriers, we computed a per-individual metabolic
syndrome severity score (METSS), a measure of insulin sen-
sitivity determined from waist circumference, SBP, serum
TGs, HDL cholesterol, and serum glucose (HbA;), using
methods analogous to those previously published (41-43).
We calculated METSS for the 368,911 individuals in the UK
Biobank who had all five measurements ascertained, includ-
ing 908 of the 1,250 carriers of rare protein-coding PPARG
variants (Supplementary Fig. 3A and B). Of the rare PPARG
missense variant carriers in the UK Biobank, 340 pre-M135
and 370 post-M135 carriers had computable METSS values.
As with the PPARy function score analysis above (Fig. 5B),
we partitioned each group according to conservative and
nonconservative BLOSUMG62 to examine the effect of each
variant category on METSS (Fig. 5C). Under the model that
amino acid substitutions that abrogate AF-1 domain func-
tion would increase PPARy activity and thereby decrease
METSS, we hypothesized that nonconservative missense var-
iants in AF-1 (pre-M135) would confer lower METSS as com-
pared with conservative amino acid substitutions that would
preserve AF-1 function. Conversely, we expected that
nonconservative mutations post-M135 in the DBD or LBD
would increase METSS, as is the case for lipodystrophy (44).
As a positive control, we identified carriers of post-M135
disruptive (i.e., nonsense and frameshift causing) PPARG
variants (n = 14) in our cohort and found their METSS to be
significantly elevated (median METSS 1.5) (Fig. 5D) com-
pared with other PPARG variant carriers (ANOVA P =
4.1e—6; Tukey P < 8.6e—4) and the general UK Biobank
population (Welch ¢t test P = 1.1e—4). We observed an ordinal
trend, with nonconservative pre-M135 variant carriers having
the lowest METSS (median METSS —0.079), followed by con-
servative pre-M135 (median METSS 0.0064), conservative
post-M135 (median METSS 0.24), and finally nonconserva-
tive post-M135 (median METSS 0.36) carriers. The differ-
ence between pre- and post-M135 nonconservative variant
carriers was significant (Welch ¢ test P = 0.016).

We performed a similar analysis alternatively using the
ratio of serum TGs to HDL cholesterol (TG/HDL) as a sur-
rogate measure of insulin sensitivity (45,46). The trends
observed with METSS were consistent in the TG/HDL re-
sults; carriers of post-M135 disruptive (i.e., nonsense and
frameshift causing) PPARG variants (n = 15) had the high-
est values compared with other PPARG variant carriers
(median TG/HDL 1.65; ANOVA P = 7.31e—7; Tukey HSD
P < 1.1e—4) (Fig. 5D), and the nonconservative pre-
M135 variant carriers had the lowest TG/HDL (n = 108;
median TG/HDL —0.080). The difference between pre-
and post-M135 nonconservative variant carriers was sig-
nificant (Welch t test P = 0.017).

We separately analyzed the well-known PPARG p.P12A
variant (rs1801282; minor allele frequency 0.1050) that is
associated with decreased type 2 diabetes risk (47) and

Du and Associates 661

occurs frequently in the general population. Under the
above partitioning scheme, PPARG p.P12A would be clas-
sified as pre-M135 nonconservative (FS 1.3; BLOSUM62
score —1). Carriers of the p.P12A allele (n = 80,882) in
the UK Biobank had significantly decreased METSS (per
allele effect size —0.039; P = 2e—16) (Supplementary Fig.
3C and Supplementary Table 6). These data are suggestive
of a model in which AF-1-disrupting variants (both com-
mon and rare) can improve insulin sensitivity in vivo.

DISCUSSION

Here, we characterize a novel isoform of PPARry, termed
PPARy M135, which lacks the AF-1 domain and can be
generated from an alternative translational start site. In
both macrophages and adipocytes, PPARy M135 is tran-
scriptionally active, ligand inducible, and more potent
than WT PPARYy, likely because of derepression from the
loss of the AF-1 domain. We also assess insulin sensitivity in
human carriers of PPARG variants, demonstrating that var-
iants impairing the AF-1 domain may protect carriers from
insulin resistance. Our data support a model for in vivo dere-
pression of PPARy in humans that is metabolically beneficial.
Our findings that PPARy M135 enhances transactiva-
tion and improves metabolic health align with studies of
naturally occurring and synthetic PPARYy variations. Previ-
ous investigations demonstrated that deleting the PPARYy
N-terminus increases transcriptional potency compared
with WT in NTH-3T3 cells (48,49), and a MAPK phosphor-
ylation site at PPARy p.S112 inhibits PPARYy transactiva-
tion. PPARy p.S112A, which lacks the phosphorylation
site, is more transcriptionally active (50). Additionally,
PPARY2 p.P12A (rs1801282), which is associated with a
reduced risk of type 2 diabetes (47), weakens the interac-
tion between PPARY and its corepressor NCoR, resulting
in increased expression of PPARy target genes and im-
proved insulin sensitivity in mice (51). Our data corrobo-
rate these mechanisms, because METSS decreased per
p-P12A allele. Furthermore, SUMOylation at p.K107 in-
hibits ligand-induced transactivation of PPARy targets
(52), and removing that modification increases insulin
sensitivity without increasing adiposity in mice (53). To-
gether, these studies illustrate that impairing the AF-1 do-
main increases PPARYy activity and insulin sensitivity.
Regarding therapeutic development, our study proposes a
new method to activate PPARYy distinct from TZDs, which
target the LBD. We propose the AF-1 domain as a therapeu-
tic target that is mechanistically distinct from TZDs and se-
lective PPARY modulators, because removing AF-1 would
derepress rather than activate PPARy. Accordingly, our data
show that adipocytes engineered to produce PPARy M135
expressed higher levels of adiponectin, an insulin-sensitizing
adipokine (54), and had increased Akt phosphorylation in re-
sponse to insulin stimulation. Further supporting this pro-
posal are the murine models of human and synthetic PPARG
variants that increase PPARy activity via impairing AF-1
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(p.P12A (51), p.S112A (55), and p.K107 (53)), showing en-
hanced insulin sensitivity compared with WT littermates.

Limitations of our study include the use of in vitro cell
models, the number of human carriers with analyzable
PPARG protein-coding variants, and the generalizability of
the UK Biobank population. The THP-1 monocyte and
SGBS preadipocyte cell lines, although human, do not fully
replicate in vivo conditions; however, they have shown
consistent results in prior PPARG variant studies (8,9,18).
Furthermore, PPARY is active in other tissues, including
muscle and liver, which may have additional metabolic con-
sequences (56,57). These could be the subjects of future in-
vestigations to fully dissect the metabolic consequences of
PPARy M135. In addition, the number of human carriers
of AF-1 domain nonconservative missense variants (n =
94) limited our statistical power to detect changes in meta-
bolic syndrome severity in this group. Moreover, the UK
Biobank represents a relatively healthy middle-aged popu-
lation of largely British ancestry, which is not representa-
tive of global populations (58). In the future, our approach
could be easily reapplied to larger cohorts and multiethnic
samples to corroborate and strengthen our findings as
they become available to investigators. Another future di-
rection would be to validate the therapeutic hypothesis of
generating PPARy M135 in vivo using transgenic murine
models and evaluate tissue specificity.

In summary, we present PPARy M135, a novel isoform of
PPARG arising from an alternative translational start site, as
a more potent transactivator than full-length PPARy. This
work points to a new mechanism of activating PPARy by in-
hibiting the AF-1 domain, which could lead to more effective
treatments for insulin resistance-related disorders.
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