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ABSTRACT

Biased signaling and ligand bias, often termed functional selectivity
or selective nuclear receptor modulation, have been reported for
nuclear receptor partial agonists over the past 20 years. Whether
signaling differences produced by partial agonists result from less
intense modulation, off-target effects, or biased signaling remains
unclear. A commonly postulated mechanism for biased signaling is
coactivator favoritism, where agonists induce different coactivator
recruitment profiles. We find that both GW1929 (full agonist) and
MRL24 (partial agonist) favor recruitment of 100 to 300 residue re-
gions from S-motif coactivators compared with a reference full ago-
nist (rosiglitazone), yielding 95% bias value confidence intervals of
0.05-0.17 and 0.29-0.38, respectively. Calculations based on these
data indicate that GW1929 and MRL24 would induce 30% to 60%
higher S-motif coactivator occupancy at the receptor compared
with rosiglitazone. We compare the transcriptional effects of these
same three ligands on human adipocytes using RNA sequencing
and exploratory Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis. Only 50% (rosiglitazone) and 77%
(GW1929) of all gene expression changes are shared between
these full agonists after 3 hours of exposure. After 24 hours of

exposure, 13/98 KEGG pathways appear more intensely modu-
lated by rosiglitazone than GW1929 (e.g., 95% confidence interval
of bias in the regulation of lipolysis in adipocytes pathway is
0.03-0.09), despite similar signaling for the remaining 85 affected
pathways. Similarly, rosiglitazone has an unusually large effect on
several lipid metabolism-related pathways compared with the par-
tial agonist MRL24. These data indicate that nuclear receptor full
and partial agonists can induce biased signaling, likely through dif-
ferences in coactivator recruitment.

SIGNIFICANCE STATEMENT

Many nuclear receptor partial agonists cause fewer adverse ef-
fects and similar efficacy compared with full agonists, poten-
tially by inducing biased agonism. Our data support the idea
that partial agonists, and a full agonist, of the nuclear receptor
Peroxisome proliferator-activated receptor gamma (PPARY) are
biased agonists, causing different signaling by inducing PPARy
to favor different coactivators. These data indicate that biased ago-
nism can occur in nuclear receptors and should be considered in
efforts to develop improved nuclear receptor-targeted drugs.

Introduction

Sixteen percent of approved drugs bind and modulate a group
of transcription factors known as nuclear receptors (Santos et al.,
2017). While many of these drugs provide unique standard-
of-care benefits, many also cause treatment-limiting undesired
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effects (Burris et al., 2023). For example, multiple peroxisome
proliferator-activated receptor y (PPARy) agonists of the thiazo-
lidinediones (TZD) class have been approved for treating type II
diabetes mellitus in humans; however, these TZDs cause
treatment-limiting undesired effects (Davies et al., 2018) includ-
ing edema, adipose tissue expansion, and increased bone frac-
tures in women (Loke et al., 2009; Soccio et al., 2014). Other
nuclear receptor-targeted drugs, such as immune-modulating
agents that bind the glucocorticoid receptor, also cause serious
adverse effects that limit their use (Sundabhl et al., 2015).

A goal of current nuclear receptor drug development is to
create new ligands that maintain therapeutic effects but have
reduced adverse effects. Such improvements could be achieved
by biased nuclear receptor agonists (Kolb et al., 2022; Burris
et al., 2023) where two agonists cause different types of signal-
ing, not just different signal intensity, through the same recep-
tor. For example, many PPARy partial agonists have been

ABBREVIATIONS: CBP, CREB-binding protein; DMEM, Dulbecco’s modified Eagle’s medium; DR1, direct repeat 1; FL, full length; KEGG,
Kyoto Encyclopedia of Genes and Genomes; LBD, ligand binding domain; MED1, mediator of RNA polymerase Il transcription subunit 1;
MOPS, 4-morpholinepropanesulfonic acid; PGC1a, peroxisome proliferator-activated receptor gamma coactivator-related protein 1; PPARYy,
peroxisome proliferator-activated receptor gamma; PPRE, peroxisome proliferator response element; RID, receptor interaction domain;
RNA-seq, RNA sequencing; RXRa, retinoic acid receptor alpha; TCEP, tris(2-carboxyethyl)phosphine; TZD, thiazolidinedione.
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reported to induce equivalent insulin sensitivity but fewer un-
desired effects relative to TZD full agonists in animal models
(for a summary of these reports, see Supplemental Table 1).
Here we refer to partial and full agonism as defined by their
effect on a cell-based assay using a PPAR response element
reporter plasmid and overexpressed PPARy. Full agonists
produce apparently maximal luciferase production while a
partial agonist produces submaximal luciferase production.
Progress is being made to understand mechanisms that could
underlie the improved therapeutic profile of partial agonists, in-
cluding mechanisms of nuclear receptor biased signaling.

Ligand bias that results in different coactivator recruit-
ment profiles is thought to underlie biased signaling via nu-
clear receptors (Burris et al., 2023). In support of this idea,
we previously found that several partial agonists, including
the partial agonist and non-TZD full agonist we use here
[MRL24 (Acton et al.,, 2005) and GW1929 (Henke et al.,
1998)], cause PPARYy to favor binding of one class of coactiva-
tors (S-motif coactivators) relative to a reference full agonist
[the TZD rosiglitazone (Lehmann et al., 1995)]. We reported
that coactivators containing an S-motif (i.e., S/TXLXXLL
where X is any amino acid and S,T, and L are serine, threo-
nine, and leucine, respectively) bind to PPARy differently
than another class of coactivators (termed N-anchored), al-
lowing ligand bias (Kolb et al., 2022) to occur in nuclear re-
ceptors (Nemetchek et al., 2022). Unless noted otherwise, in
this report we use the term ligand bias and biased agonism
to describe such coactivator favoritism, and we quantify ligand
bias and biased agonism using rosiglitazone and nuclear receptor
binding regions of CREB-binding protein (CBP) as references.

Here we build on these peptide-based findings by showing
that the full agonist GW1929 and partial agonist MRL24 in-
duce biased recruitment, relative to rosiglitazone, of 100 to
300 residue regions of coactivators containing all their nu-
clear receptor binding motifs [known as receptor interaction
domains/receptor interaction domain (RIDs)].

Based on these results, we hypothesized that these ligands
would produce biased signaling in cells because a handful of
coregulators are known to bind PPARYy; these coregulators
have distinct functions (Mouchiroud et al., 2014), and each
coregulator contains primarily one or the other class of
LXXLL sequence. Previous work investigating biased PPARy
signaling compared a full agonist (rosiglitazone) with partial
agonists (Berger et al., 2003; Motani et al., 2009; Choi et al.,
2010; Tan et al., 2012); however, interpretation of these data
is complicated by the fact that partial agonists could appear
to modulate different genes than a full agonist because of bi-
ased agonism or because of the less intense expression modu-
lation induced by partial agonists. We address this difficulty
here by comparing signaling produced by two full agonists,
GW1929 and rosiglitazone. To make this comparison, we per-
form RNA sequencing (RNA-seq) of human adipocyte mRNA
at 3- and 24-hour postligand exposure. Our data support the
idea that agonist-induced LXXLL motif preference can pro-
duce biased signaling through nuclear receptors, resulting in
differential Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway activation.

Materials and Methods

Adipocyte Cell Culture. Adipose-derived adult stem cells (ZenBio
cat. #ASC-F-SL) were plated and expanded in accordance with the

manufacturer’s protocols. ZenBio reports that its products are free of
mycoplasma contamination. The cells were thawed and plated in the
Preadipocyte Medium (Zenbio catalog #PM-1, containing Dulbecco’s
modified Eagle’s medium (DMEM)/Ham’s F-12 (1:1, v/v), HEPES pH
7.4, FBS, penicillin, streptomycin, and amphotericin B) in T75 flasks.
All medium was preheated prior to applying it to cells.

To differentiate adult stem cells into adipocytes, cells were first
maintained in PM-1. The medium was changed after 2 days post-
thaw and were split 1:2 after 4 days. Preadipocytes were plated into
6 well plates after 7 days. Twenty-four hours after plating into the
6-well plate, the medium was changed from PM-1 to the adipocyte
differentiation medium without PPARy agonist (#DM-2-PPG, con-
taining DMEM/Ham’s F-12 (1:1, v/v), HEPES pH 7.4, FBS, biotin,
pantothenate, human insulin, dexamethasone, isobutylmethylxan-
thine, penicillin, streptomycin, and amphotericin B) supplemented
with 3 uM pioglitazone. The cells remained in this medium for 7 days
when they were changed to the adipocyte maintenance medium
(#AM-1, containing DMEM/Ham’s F-12 (1:1, v/v), HEPES pH 7.4, FBS,
biotin, pantothenate, human insulin, dexamethasone, penicillin, strep-
tomycin, and amphotericin B). The cells were rinsed four times with
AM-1 and then remained in the AM-1 medium for 1 week. See adipo-
cyte culture photos.pptx at https:/osf.io/3g2ks/ for photos of these
cultures.

Mature adipocytes were then treated with drug for 3 hours, 24 hours,
or 3 hours with T0070907/DMSO followed by drug for 3 hours and lysed
using TRizol. RNA was isolated using the TRIzolPlus RNA Purification
Kit (Invitrogen #12183555) treated with the on-column Purelink DNase
Treatment (Invitrogen). Purified RNA was snap-frozen and stored at
-80°C.

PPARy-Response-Element Transactivation Assay. HEK293T
cells (RRID:CVCL_0063 purchased from American Type Culture Col-
lection CRL3216) were stored in liquid nitrogen vapors. American
Type Culture Collection reported no mycoplasma contamination was
detected upon purchase; we did not perform any additional myco-
plasma testing during culturing. They were thawed and placed into
9 ml of fresh complete growth medium (DMEM supplemented with
10% heat-inactivated FBS, 1% penicillin/streptomycin, and 1% 200 mM
L-glutamine). Cells were centrifuged at 100 x g for 7 minutes. They
were resuspended in 1 ml of complete growth medium and plated into
T75 flasks with 19 ml of equilibrated medium (15 minutes in T75 flasks
at 37 °C with 5% CO,). Cells were passaged at least twice post-thaw.
Cells were passaged by removing the medium, rinsing twice with 7 ml
of Dulbecco's phosphate-buffered saline, adding 2 ml 0.25% trypsin-
EDTA, and incubating at room temperature until the cells detached
from the T75 flask. They were batch transfected in T75 flasks using
4.3 ug of the PPARy plasmid, 4.3 ug of the peroxisome proliferator re-
sponse element (PPRE) plasmid, and 25.8 ul of XtremeGene (Millipore
Sigma) at a density of 3.82 * 10° cells per well. Cells were removed
from the plate and plated into white 384-well plates at 10,000 cells/well
in 20 ul per well. They incubated for 4 hours at 37°C with 5% COs.
Ligand was added in 20 ul complete growth medium so that the
cells received the final concentrations indicated in Supplemental
Table 6. Cells were incubated for 24 hours and lysed using 20 pul
BriteLite Plus (Perkin Elmer).

The mammalian expression PPARy plasmid and the pGL2 PPRE
luciferase reporter plasmids were gifts from the Douglas Kojetin lab-
oratory. The pGL2 PPRE luciferase reporter plasmid contains three
direct repeat 1 (DR1) binding sites 5’ to the luciferase gene with the
canonical binding sequence “AGGACAaAGGTCA.”

TR-FRET Blocking Experiment with Inverse Agonist T0070907.
To detect off-target binding effects, we determined the ligand concen-
trations required to fully block PPARy in a TR-FRET experiment. To
validate that the covalent inverse agonist T0070907 (CAS 313516-66-4)
prevents rosiglitazone (CAS 122320-73-4) and GW1929 (CAS 196808-
24-9) binding to PPARYy, we preblocked 6xHis-PPARy ligand bind-
ing domain (LBD) with T0070907 for 3 hours followed by the addition
of agonists for 2 hours; 0.9 nM anti-6xHis terbium antibody, 8 nM
PPARy LBD, and 400 nM CBP peptide were added to buffer [25 mM 4-
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morpholinepropanesulfonic acid (MOPS), 25 mM KCl, 1 mM EDTA,
0.01% fatty-acid free bovine serum albumin, 1% Tween, and 5 mM
tris(2-carboxyethyl)phosphine (TCEP), pH 7.4) and plated into a
black 384-well plate (Grenier Bio-one, catalog number 784076).
T0070907 was added for a final concentration of 68 nM for 3 hours.
DMSO was added to control wells. After 3 hours, GW1929 and rosi-
glitazone were added, and the plate was then incubated at room tem-
perature in the dark for 2 hours and read on a plate reader using
380 nm excitation and reading emissions at 488 and 528 nm.

Protein Purification. 6xHis-tagged proteins were purified from
BL21-DE3 E. coli (NEB: C2527). PPARy full length (FL) (isoform 2, 1-
505), retinoic acid receptor alpha (RXRa) FL (1-462), and PPARy LBD
(231-505) were grown in autoinduction both, terrific broth, and LB
broth, respectively. 6xHistidine-tagged RIDs were grown in LB. After
growing to an optical density of 0.8 at 37 deg, RXRx and PPARy LBD
were induced with 0.5 mM isopropyl B-D-1-thiogalactopyranoside at
22deg overnight. 6xHis coregulator RIDs CBP;.127, PGClog0.220, and
MED1557.g70 were grown in LB broth and induced with 0.5 mM isopro-
pyl B-D-1-thiogalactopyranoside at 37°C for 3 hours. Pellets were col-
lected at 10,000xg and frozen until purification.

PPARy FL, RXRx FL, and PPARy LBD, E. coli pellets were thawed
and homogenized using an immersion blender and lysed with an Aves-
tin ¢5 emulsiFlex (Ottawa, Canada) in 1x lysis buffer containing
50 mM KPO4 pH 8.0, 300 mM NaCl, 1 mM TCEP, and 15 mM imidaz-
ole. Lysate was clarified at 19,000xg for 45 minutes, 0.45 micron fil-
tered, run over two Histrap FF columns in tandem, and eluted with
lysis buffer containing 500 mM imidazole. PPARy LBD was further pu-
rified by removal of the 6xHis tag with TEV 1:40 w/w incubation over-
night at 4°C followed by a second Histrap FF column to remove tag and
TEV. PPARy FL, RXRa FL, and cleaved PPARy LBD were all run
though a 16/600 Superdex 200 (PPARy FL and RXR« FL) or Superdex
75 (PPARy LBD) in buffer containing 256 mM MOPS pH 7.4, 300 mM
KCI, and 1 mM TCEP prior to binding experiments.

For coregulator RID purification, cell pellets were homogenized us-
ing an immersion blender into pure 18MQ water using a ratioof 1 g
cell pellet per 10 ml water. The homogenate was then boiled in
50 mL conical tubes for 30 minutes to lyse cells and denature un-
wanted proteins, as done in published works for intrinsically disor-
dered proteins (Livernois et al., 2009). Boiled lysate was cooled on ice
for 5 minutes before transferring to new 50 mL conical tubes for clar-
ification at 19,000xg. 10x lysis buffer was added to lysate prior to fil-
tering with a 0.45 micron filter. Protein was purified using a Histrap
FF column (Cytiva). Protein purity was verified using SDS-PAGE
and proteins were verified to have the correct mass by quadrupole
time-of-flight mass spectrometry (Supplemental Fig. 1).

Competitive Anisotropy. Competitive anisotropy was used to
measure the K; of coregulator RIDs for PPARy FL. All proteins were
buffer exchanged into buffer containing 25 mM MOPS pH 7.4,
25 mM KCl prior to anisotropy experiments.

Binding experiments were performed in black 384-well plates
(Grenier Bio-One, catalog number 784076) by adding 8 microliters of
PPARy FL and ligand to 1600nM (800nM final concentration) and
5FAM-CBP peptide (Invitrogen PV4596) to 100nM (50nM final con-
centration) in assay buffer containing 25 mM MOPS pH 7.4, 25 mM
KCI, 10 mM TCEP, 0.02% Tween 20, 0.02% fatty-acid free bovine se-
rum albumin fraction V (EMD Millipore, catalog number 126575) to
all wells. Heterodimer conditions additionally contained equimolar
amounts of PPARy FL, RXR« FL, and dsDNA containing the SULT2A1
gene PPRE (5'-GTAAAATAGGTGAAAGGTAA - 3') synthesized by IDT
DNA. Eight microliters containing a CBP 1-127, peroxisome prolifera-
tor-activated receptor gamma coactivator-related protein 1 (PGCla)
100-220, or mediator of RNA polymerase II transcription subunit 1
(MED1) 557-870 ranging from concentrations of approximately 1uM —
370 pM in buffer containing 25 mM MOPS pH 7.4, 25 mM KCI was
added to each corresponding well in a 384-well plate. Each binding ex-
periment contained 24 concentration points, 2 technical replicates per
dilution replicate, and 8 dilution replicates. Once all wells contained the
full 16 microliters of sample, they were spun at 500xg for 1 minute to
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reduce bubbles from pipetting. Plates were incubated at room tempera-
ture in the dark for 2 hours as 2 hours was necessary to reach equilib-
rium (Supplemental Fig. 8). Plates were then read using an FP
compatible cube in a Synergy H1 platereader (Biotek), and anisotropy
values of the FL-CBP peptide were calculated from parallel and perpen-
dicular intensities using the anisotropy equation = (Ig — I, /(I + 21,).
ECj5o values were calculated in Prism using the [Agonist] versus response
— Variable slope (four parameters) equation with ROUT coefficient Q =
1% for outlier removal.

K; values for each coregulator RID were calculated from EC;, val-
ues as reported previously (Nemetchek et al., 2022) using a modified
Huang et al. equation (Auld et al., 2012):

1Cso { Fo }
Tt L—O(gxdFO) 2-Fo
where Fy is the fraction of tracer (5SFAM-labeled peptide) bound and
Lo is total tracer concentration. Concentrations of fraction bound
tracer (FL-CBP peptide) were calculated using a custom python 2.7
script available on the Center for Open Science repository at osf.io/
m98we. Fraction-bound values can also be calculated using a web-
based script: https://www.wolframalpha.com/widgets/view.jsp?id=3f9
eaba91e04b49316183f8143fffa30.

Bias values of PPARy bound to each ligand for a coregulator RID
were calculated as described previously (Nemetchek et al., 2022).
Sigma values were calculated for each test ligand (GW1929, MRL-24
CAS 93794-17-7) with respect to reference ligand rosiglitazone:

_ Ki reference ligand
O coregulator — K
i test ligand

Ki: (1)

(2

Ligand bias for each coregulator was calculated with respect to
CBP;.127 as a reference:

O'test coregulator — Oreference coregulator
V2

The underlying data and calculations for ligand bias can be found
in the supplemental dataset Datafilel.xlsx.

RNA-Seq. Library preparation and mRNA sequencing was done
by Novogene Corporation using Illumina PE150 platforms. Novogene
also removed the adaptors and low-quality reads from the sequenc-
ing data. The number of replicates sequenced for each ligand can be
found in Supplemental Table 3.

Differential Expression Analysis. Novogene returned cleaned
raw data. Reads were aligned to the GRCh38 genome using HISAT2
v. 2.2.0 (Kim et al, 2019). FastQC (http://www.bioinformatics.
babraham.ac.uk/projects/fastqc/) was run on the resulting BAM files.
SAM files were converted to BAM files using SAMtools v. 1.15.1
(Danecek et al., 2021). Transcript assembly was performed using
StringTie v. 2.2.1.Linux_x86_64 (Pertea et al., 2015, 2016) with GCA_
000001405.15_GRCh38_full_analysis_set.refseq_annotation.gtf as the
reference annotation. Gffread v. 0.12.7.Linux_x86_64 (Pertea and
Pertea, 2020) was used to make the annotation readable by String-
Tie. Only mRNA annotations were included. The resulting files
were converted to a table with prepDE.py available from http:/ccb.
jhu.edu/software/stringtie/index.shtml?t=manual. Differential expres-
sion was determined with DESeq2 v. 1.32.0 using the following R
packages in RStudio: DESeq2 v. 1.32.0 (Love et al., 2014), ClusterPro-
filer v. 4.0.5 (Wu et al., 2021), DOSE v. 3.19.3.992 (Yu et al., 2015), en-
richplot v. 1.13.1.992 (R package version 1123), ggplot2 v. 3.3.6
(Wickha, 2016), org.Hs.eg.db v. 3.13.0 (R package version 3.8.2), and
AnnotationDbi v. 1.54.1. An adjusted Pvalue cutoff of 0.05 was im-
posed to identify genes that were statistically significantly differen-
tially expressed. RNA-seq data were deposited under GSE266107.

KEGG Pathway Bias Calculation. As part of the bias value
calculation, a sigma value was calculated. When calculating signaling
bias, if the test (GW1929) and reference ligand (rosiglitazone) affect the
AMPK pathway equally, then sigma will equal zero. The sigma values

Ligand bias = (3)
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for the AMPK KEGG pathway are 0.076 and —0.084 at 3 and 24 hours,
respectively, for GW1929, indicating that both ligands affect the expres-
sion of the genes included in the KEGG AMPK pathway nearly the
same, as expected for full agonists. All differentially expressed genes
were used to create a dataset of affected KEGG pathways utilizing clus-
terProfiler in R. Differentially expressed genes were grouped by treat-
ment time and ligand for determination of enriched pathways using
compareCluster within clusterProfiler with an adjusted P value cutoff
of 0.05. The AMPK pathway was selected as the reference pathway
with rosiglitazone as the reference ligand. Bias for each gene within a
pathway was calculated as follows:

(Thog (

logg Fold changeyosi AMPK pathway
logy Fold changeGw1929 AMPK pathway

1 g( log, Fold change,,; 1oy ) _

log, Fold changegwigzg test n

Biasgene=

V2
4)
[Adapted from Rajagopal et al. (2011) for use with RNA-seq data].
Pathways where the 95% confidence interval of the bias values for
the genes in that pathway did not include zero was considered a bi-
ased pathway.
Other equations are as follows:

(Esantidiabetic - ESadverse)

V2

Selectivity index=

[from Tan et al. (2012)]
(6))
M; - M,

SD?+SD2
2

Effect size= [adapted from Cohen (1988)] (6)

DR1 Enrichment Analysis. We analyzed the genomic sequence
10 kilobases upstream of the transcription start site (TSS) for all the
transcripts included in the differential expression analysis. Sequen-
ces were obtained from the UCSC Genome Browser (Nassar et al.,
2023) using the Table Browser tool (Karolchik et al., 2004). The
PPARy:RXRx binding motif (GGGTCAAAGGTCA) was obtained
from JASPAR (Rauluseviciute et al., 2024). The sequences were que-
ried for the motif using HOMER (Heinz et al., 2010) using a motif
score cutoff of 7.350619126 calculated by the sum of the log-odds
probability for each nucleotide in the sequence. Differentially ex-
pressed transcripts were analyzed for frequency of containing a
PPAR~y:RXRo binding motif within 10 KB of the TSS.

Other. Venn diagrams were created using http:/bioinformatics.
psb.ugent.be/webtools/Venn/.

Occupancy Calculation for Fig. 1D. See Supplemental Methods
1 for a derivation of the formula we used to calculate occupancy un-
der conditions of two coregulators competing for binding to the same
binding site on PPARy. We estimated concentrations of the tran-
scription cofactors (PGC1, CBP, and MED1) and PPARy using num-
bers found in the Bionumbers database (https:/bionumbers.hms.
harvard.edu/search.aspx) and Biggin (2011). In these calculations,
we assume that PPARy is at a much lower concentration than the
coregualtors. We estimate the concentration of PPARy to be 50 nM
and the coregulators between 150 and 1500 nM based on information
in these sources (see Datafilel.xlsx sheet panel d for estimates based
on the cited sources).

Results

Ligand Bias Observed with Coregulator RIDs. We
previously reported that GW1929 is a biased agonist relative
to rosiglitazone as it causes PPARy to favor binding S-motif
containing coregulator peptides relative to a CBP peptide
(Nemetchek et al., 2022); however, coregulators are large pro-
teins that typically contain large intrinsically disordered re-
gions (Fig. 1a) containing multiple nuclear receptor binding
motifs. We hypothesized that GW1929 and partial PPARy
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Fig. 1. A full agonist and partial agonist cause PPARYy to favor binding
PGC1u199.220- (a) The Alphafold pLDDT, a prediction of ordered struc-
ture, per amino acid of the coregulators used here. pLDDT < 50 indi-
cates a region that is likely intrinsically disordered (Akdel et al., 2022).
Nuclear receptor binding motifs are noted in peach. The subscript rep-
resents the residue number of the first leucine in the LXXLL motif. (b)
Competitive anisotropy method. Purified coregulator RIDs compete
with a fluorescently labeled CBP;, peptide for binding to PPARYy, pro-
ducing an ICj5¢ value (and Kj). (¢) Bias values are calculated from K;
values. (d) Bias values, 95% confidence interval, and mean are dis-
played for PPARy-ligand complexes or these complexes bound to RXRa
and a dsDNA PPRE sequence from the SULT2A1 gene (n = 8). Rosigli-
tazone and CBP;.157 are used as references. Significance of differences
were analyzed using a two-way ANOVA followed by Tukey’s multiple
comparison’s test. P values for each comparison are shown. (e) Calcu-
lated occupancy of PPARYy in cells using affinity data underlying panel
(d) and known cellular transcription factor and cofactor concentrations.
Data points, calculations, assumptions, and raw data can be found in
Datafilel.xlsx and Supplemental Methods 1. BioRender.com was used
to generate part of this figure.

agonists would also induce biased recruitment of larger re-
gions of these coregulators. To test this, we recombinantly ex-
pressed and purified RIDs of the coregulators MED1 (two
LXXLL motifs): PPARy coactivator 1l-alpha (PGCla; one
LXXLL motif) and CBP (one LXXLL motif) from E. coli
(Supplemental Fig. 1 and Supplemental Table 2). These
RIDs contain all LXXLL motifs present in MED1 and PGC1lo
and the only LXXLL motif in CBP, which binds PPARy
(Broekema et al., 2019).

To measure the affinity of these RIDs for PPARYy, we devel-
oped a competitive binding assay using fluorescence anisot-
ropy (Fig. 1b). We measured the competitive dissociation
constant (K;) of each RID for ligand-bound PPARy and for
ligand-bound PPAR~y complexed with retinoic acid receptor al-
pha (RXRx«) and dsDNA containing the SULT2A1 peroxisome


http://bioinformatics.psb.ugent.be/webtools/Venn/
http://bioinformatics.psb.ugent.be/webtools/Venn/
http://molpharm.aspetjournals.org/lookup/suppl/doi:10.1124/molpharm.124.000992/-/DC1
https://bionumbers.hms.harvard.edu/search.aspx
https://bionumbers.hms.harvard.edu/search.aspx
http://molpharm.aspetjournals.org/lookup/suppl/doi:10.1124/molpharm.124.000992/-/DC1
http://molpharm.aspetjournals.org/lookup/suppl/doi:10.1124/molpharm.124.000992/-/DC1

proliferator response element (PPRE) (Runge-Morris et al.,
2013). Our past work using LXXLL peptides has demonstrated
that RXRo’s contribution to the binding of these coregulator
ILXXLL motifs is minimal, as the dissociation constant of a hetero-
dimer containing a mutant PPARy that binds LXXLL motifs
poorly (PPARYE4711/RXRa bound to either MRL24 or GW1929)
is 10 to 100x weaker than the affinity of the wt PPARYy/RXRu het-
erodimer (bound to either MRL24 or GW1929) for the LXXLL mo-
tifs contained in the CBP, MED1, and PGC1l« RIDs (Nemetchek
et al., 2022). Bias values for each ligand were calculated using an
established equation for ligand bias (Kolb et al., 2022) as we did
previously for peptide-receptor interactions (Fig. 1c) using rosi-
glitazone and the CBP RID (CBP residues 1-127; CBP.127) as
references. We found that both GW1929 and MRL24 promote
enhanced interactions between PPARy and PGClogo.220 rela-
tive to rosiglitazone resulting in statistically significant bias
(95% confidence interval of 0.05-0.17 and 0.29-0.38, respec-
tively; Fig. 1d and Datafilel.xlsx). These bias values are similar
to what we observed previously using peptides (Nemetchek
et al., 2022), with MRL24 inducing stronger bias than GW1929
and both of these ligands causing the PPARy-RXRx-DNA com-
plex to disfavor RIDs containing LXXTLL motifs that bind in an
N-anchored manner to PPARYy (i.e., CBPy.127 and MED1557.g70)-
This bias is expected to reduce recruitment of CBP, MED1, and
other N-anchored coregulators and increase recruitment of
PGClo and other S-motif containing coregulators to PPARy at
best-estimate cellular transcription factor and coregulator con-
centrations (Milo et al., 2009; Biggin, 2011) (Fig. 1e and Da-
tafilel.xlsx). Given these data and considering the differing
physiological roles of these coregulators (Mouchiroud et al.,
2014; Narita et al., 2021), we expect GW1929 and MRL24 to
produce biased signaling relative to rosiglitazone in cells.
GW1929 and MRL24 Produce Biased Signaling in
Adipocytes. To determine whether this ligand bias could re-
sult in biased signaling in cells, we treated human adipocytes
with GW1929, MRL24, and the reference agonist (rosiglita-
zone) and isolated RNA for deep sequencing (RNA-seq). We
use adipocytes because PPARYy is highly expressed in adipo-
cytes and is the primary regulator of adipogenesis (Tontonoz
and Spiegelman, 2008; Fagerberg et al., 2014). Both GW1929
and rosiglitazone were recently included in a larger chemoge-
nomics ligand set for the NR1 receptors because they are
structurally dissimilar, have no detectable off-target effects,
and do not activate other NR1 receptors, except for similar
weak activation of PPARx and PPARJ at relatively high con-
centration (Isigkeit et al., 2024). To further minimize the
chance of off-target effects, we used relatively low ligand con-
centrations—at least 100-fold lower than the dissociation
constant for PPARx and PPARS (361 nM rosiglitazone and
28 nM GW1929); however, we expect these concentrations to
provide > 90% receptor occupancy as they are 30-300 fold
greater than the dissociation constant of rosiglitazone and
GW1929 for PPARy (Shang and Kojetin, 2021; Nemetchek
et al., 2022). In addition, we previously showed that a higher
2.5 uM concentration of rosiglitazone and GW1929 did not
produce consistently higher or lower luciferase production
compared with the lower concentrations used here in three
independent cell-based assays, indicating that the lower
doses are saturating (Nemetchek et al., 2022). Because GW1929
and rosiglitazone cause apparently maximal activation of a
PPRE reporter, we expect GW1929 and rosiglitazone to change
the same genes to similar degrees if biased coactivator RID
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recruitment does not produce biased signaling. To test the pre-
specified null hypothesis that biased coactivator RID recruit-
ment does not produce biased signaling, we performed two
independent experiments: one at 3 hours and another at 24
hours post-treatment. The 3-hour and 24-hour experiments
used different pools of adult stem cells obtained from multiple
subcutaneous depots (Supplemental Table 3). Replicates within
each of these experiments started from the same pool of adult
stem cells; however, after initial expansion, the adult stem cells
were differentiated and maintained independently for each rep-
licate over the course of 2 weeks, after which they were treated
with ligand or vehicle. The 3-hour timepoint highlights direct
PPARYy effects, is early enough to correlate with nascent RNA
production 10 to 30 minutes post-treatment (Step et al., 2014),
and was used previously in similar work (Haakonsson et al.,
2013). We expected the 24-hour timepoint to detect more ligand
effects, including effects secondary to activation of PPARy.

Preplanned differential expression analysis revealed that,
at both timepoints, these full agonists change the expression
of many of the same and different genes (Fig. 2a, Datafi-
le2_24h xlsx, and Datafile2_3h.xlsx). The results from the
3-hour adipocyte experiment were used to conduct a power
analysis using the ssizeRNA v 1.3.2 package in R (Bi and
Liu, 2016), which we used to determine the number of repli-
cates needed to limit false negatives in the 24-hour adipocyte
experiment (Supplemental Fig. 9). The 3-hour experiment
used four replicates rather than the eight replicates used in
the 24-hour experiment, which could contribute to the in-
crease in differentially expressed genes detected at 24 hours
(Fig. 2).

Analysis of differentially expressed genes revealed that
181 genes were affected by only GW1929 at the 3-hour time-
point. At 24 hours, gene expression for 47 of these 181 genes
became affected by both full agonists, 23 continued to be af-
fected only by GW1929, 4 were affected only by rosiglitazone,
and 107 were unaffected by either agonist. Similarly, the ex-
pression of 393 genes was uniquely changed by rosiglitazone
at the 3-hour timepoint. At 24 hours, gene expression for 128
of these 393 genes became affected by both full agonists, 23
continued to be only affected by rosiglitazone, 32 were only
affected by GW1929, and 210 were unaffected by either ago-
nist (Fig. 2a). Principle component analysis of all differen-
tially expressed transcripts (and expression of associated
genes) indicates that at 3 hours and 24 hours GW1929 and
rosiglitazone have different transcriptional effects (Fig. 2).

The genes whose expression was affected by just one of the
agonists at 3 hours commonly became mutually affected or
unaffected by either agonist at the 24-hour timepoint. Possi-
ble biological causes for gene expression being modulated by
one agonist at 3 hours and both at 24 hours include one ago-
nist impacting gene expression more or more rapidly than
the other agonist because of differences in CBP recruitment
(Ma et al., 2021) or pharmacokinetic differences between ago-
nists (which we address later). About 50% of the genes whose
expression is modulated by rosiglitazone at 3 hours are not
affected at 24 hours. This shift from modulated to not af-
fected is consistent with our analysis of deposited RNA-seq
data derived from treatment of mouse 3T3L1 adipocytes with
rosiglitazone [Gene Expression Omnibus dataset GSE56747
(Step et al., 2014); Supplemental Fig. 2].

Twenty-three genes whose expression was affected by just
one agonist at the 3-hour timepoint continued to be uniquely
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Fig. 2. GW1929 affects the expression of different genes than rosiglitazone through modulation of PPARy. (a-b) At both 3 and 24 hours, each full

agonist differentially expresses unique sets of genes (adjusted P value <

0.05). At 24 hours, MRL24 affects the expression of relatively few genes.

(c) Prevalence of PPARy DNA binding sites within 10 kilobases upstream (5') of transcript start sites of transcripts that were differentially ex-
pressed by only GW1929, only rosiglitazone, both agonists, or neither (unchanged transcripts). (d-e) Principal component analysis of all differen-
tially expressed genes and transcripts at 3 and 24 hours post ligand exposure in human adipocytes. This analysis used the r log method. See
Supplemental Fig. 3 for results using variance stabilizing transformation. See Datafile2_3h.xlsx and Datafile2_24h.xlsx for gene names and un-

derlying data. The experiments analyzed in this figure used 4 replicates

affected by the same agonist at the 24-hour timepoint. The
3-hour and 24-hour experiments were independent experi-
ments carried out months apart using different pools of donor
samples (Supplemental Table 3). These persistent, agonist-
specific effects support the idea that PPARy agonists, and nu-
clear receptor agonists in general, can produce biased signaling.

We also tested the effect of the partial agonist MRL24 on
adipocyte transcription at 24 hours in an exploratory experi-
ment. Calculated P values cannot be interpreted as hypothe-
sis testing but only as descriptive for such exploratory
experiments. We previously found that MRL24, like GW1929,
favors S-motif containing coregulator peptides (Nemetchek
et al., 2022). In addition, MRL24 causes less heart and body
weight gain in mice and rats than rosiglitazone while provid-
ing similar insulin sensitization effects (Acton et al., 2005). At
24 hours post-treatment, MRL24 causes differential expres-
sion of very few genes compared with the agonists, and nearly
all these changes are shared with the two full agonists
(Fig. 2b and Datafile2_24h.xlsx). Overall, the partial ago-
nist MRL24 regulates a subset of all genes regulated by
the full agonists.

Biased Signaling Originates From Ligand Bias. We
identified four potential explanations for the putative biased
signaling we observed between GW1929 and rosiglitazone:
1) uniquely affected genes and signaling differences are caused
by off-target effects (i.e., activation of non-PPARy receptors),
2) one agonist modulates the expression of all or most genes
more strongly than the other making transcriptomic changes
better detected for that agonist, 3) one agonist requires
less time to engage PPARYy in the nucleus, or 4) the ligands
produce different signaling via PPARy (ligand bias). We

(3-hour data) or 8 replicates (24-hour data).

performed further analysis and additional experiments to test
hypotheses related to explanations 1 through 3, which do not
invoke ligand bias.

To help determine whether biased signaling occurs through
activation of PPARy and not off-target receptors, we analyzed
the sequence upstream of transcript start sites and found that
PPARYy binding sites (i.e., DR1 DNA sequences) are overrepre-
sented in transcripts upregulated by only GW1929 and only ro-
siglitazone compared with unchanged transcripts at 3 hours
(Fig. 2c). These findings indicate that on-target PPARy effects
underlie the observed differences in PPARy signaling for upre-
gulated transcripts. To further determine the prevalence of off-
target binding effects, we used the covalent inverse agonist
T0070907 to block ligand binding to PPARy (Meylan et al.,
2021) before addition of GW1929 and rosiglitazone. We first
confirmed that T0070907 blocks modulation of PPARy by
GW1929 and rosiglitazone (Supplemental Fig. 5). We added
T0070907 to adipocytes, added GW1929 or rosiglitazone 3 hours
later, and then harvested mRNA 3 hours after addition of the
agonists and performed sequencing (Supplemental Fig. 4). Sev-
enty-six percent (729) of the genes that were differentially ex-
pressed at 3 hours (Fig. 2) were also statistically significantly
chemically blocked by T0070907 pretreatment (Supplemental
Figs. 4 and 6 and Datafile2_3h xlsx), indicating that the expres-
sion of these genes is changed by ligand binding to PPARy and
not another receptor, corroborating the clean targeting profile
for these two ligands in published cell-based assays (Isigkeit
et al., 2024).

To test whether one full agonist modulates the expression
of all or most genes more strongly than the other, we com-
pared the effect sizes of all transcriptional changes induced
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by GW1929 and rosiglitazone. At both 3 and 24 hours, nei-
ther ligand produced a statistically significant difference in
effect size ([mean effect size; 95% confidence interval] 3 hours.
GW1929 [2.45; 2.36-2.52], 3 hours. rosi. [2.24; 2.19-2.30],
24 hours. GW1929 [1.98; 1.95-2.01], 24 hours. rosi. [1.98;1.95-
2.01)]), indicating likely saturation of PPAR~y at the concentra-
tions used in the RNAseq experiment (Supplemental Fig. 4).
This lack of difference in effect size is consistent with our pre-
viously published data showing no difference between these
low concentrations and 2.5 uM on luciferase production in a
PPRE reporter assay (Nemetchek et al., 2022).

Finally, to determine whether one agonist engages PPARy
and produces transcriptional changes faster than the other,
we used a PPRE cell-based assay to evaluate when these ago-
nists first cause statistically significant transcriptional changes.
In two independent experiments, we found that neither ago-
nist consistently induced greater luciferase production than
the other at 3, 4, 5, 6, or 24 hours post-ligand treatment
(Supplemental Fig. 4 and 7 and Datafile4.xlsx).

Together these data indicate that ligand bias underlies the
different transcriptional effects observed between GW1929
and rosiglitazone.

Rosiglitazone Modulates Specific KEGG Pathways
More Than GW1929. To determine whether the agonists
modulate signaling pathways to different degrees, we per-
formed exploratory analysis of these RNA-seq results. We
identified treatment-affected KEGG pathways at each time-
point using enrichKEGG and compared affected pathways
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using the compareCluster function in clusterProfiler (Yu
et al., 2012). The 21 KEGG pathways and categories that are
the most likely affected by any ligand (i.e., those with the lowest
adjusted P values) are shown in Fig. 3a. Many of these path-
ways are expected to be affected by PPARy-binding ligands as
PPARYy controls many aspects of lipid metabolism. The full ago-
nists affect many of the same pathways at the 24-hour time-
point (36 pathways have an adjusted Pvalue of < 0.05 for both
full agonists). Thirty-seven pathways are affected by at least
one agonist at 24 hours (adjusted Pvalue < 0.05; Fig. 3a and
Datafile2_24hr.xlsx). MRL24 affects only two pathways: the
PPARy and adipocytokine signaling pathways. Mirroring the
putative timing differences in changes of the expression of indi-
vidual genes, rosiglitazone affects many more pathways than
GW1929 at 3 hours (41 vs. 4; Fig. 3a and Datafile2_3hr.xlsx).
While this difference could result from differences in ligand
pharmacokinetics or differences in signaling, as stated previ-
ously we see no evidence of different ligand pharmacokinetics
(Supplemental Figs. 4 and 7).

To better understand whether GW1929 and MRL24 cause
biased signaling along specific pathways compared with rosi-
glitazone, we calculated bias values (see Methods) for all af-
fected KEGG signaling pathways and categories. Such bias
values let us determine if GW1929 or MRL24 induce differ-
ent signaling intensity along individual pathways compared
with rosiglitazone and a reference pathway. We used the
AMPK pathway as the reference pathway as it is the most
consistently affected by both GW1929 and rosiglitazone in
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Fig. 3. GW1929 and MRL24 produce biased signaling along specific KEGG pathways. (a) Top 21 pathways that are affected by at least one ligand

according to analysis by ClusterProfiler are shown. The number of affecte

d genes in each pathway and the adjusted P value for pathway modula-

tion is indicated by the size and color of the dot (see Key). The right side of panel (a) shows bias values for all genes in each affected pathway.

The mean and 95% confidence interval (CI) for the bias values are also i

ndicated. Biased pathways where the 95% CI does not overlap zero are

highlighted in red. To reduce whitespace, 1 and 19 large bias values are not shown for the GW1929 24 hours and MRL24 24 hours, respectively.

(b) Number of putative biased pathways observed vs. number of biased p
derlying data. The experiments analyzed in this figure used four replicate

athways expected due to chance is displayed. See Datafile3.xlsx for un-
s (3-hour data) or eight replicates (24-hour data).
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the ClusterProfiler output and is a well-known PPARYy target
pathway, and because both agonists affect this pathway very
similarly (i.e., o values are small; ¢ = 0.076 and —0.084 at 3
and 24 hours, respectively). Ninety-eight pathways were
identified as affected by at least one of the drugs at either
timepoint. We calculated the relative impact of the three li-
gands on these 98 pathways, generating a bias value for all
genes in each pathway for each agonist. Genes whose expres-
sion is affected more strongly by rosiglitazone (either more
upregulated or more downregulated) yield a positive bias
value, while genes whose expression is more affected by the
comparator ligand (GW1929 or MRL24) yield a negative bias
value.

To gain a sense of the overall impact of the ligands on each
pathway, we grouped these gene bias values by pathway and
timepoint and then calculated the 95% confidence interval of
the average bias for each pathway. We considered pathways
whose 95% confidence interval did not cross zero as biased
(Fig. 3a and Datafile3.xlsx). By chance we would expect two
to three pathways to appear more strongly regulated by rosi-
glitazone, GW1929, or MRL24 for each comparison. Only the
24-hour timepoint yielded more biased pathways than ex-
pected from chance (Fig. 3b). Comparison of GW1929 and ro-
siglitazone signaling at 24 hours indicates that 13 KEGG
pathways are more strongly modulated by rosiglitazone,
while none are more affected by GW1929. A comparison of
MRL24 and rosiglitazone indicates that six pathways are
more impacted by rosiglitazone while three are more affected
by MRL24 (Fig. 3b and Datafile3.xlsx). Consistent with
GW1929 and MRL24’s efficacy in blood glucose correction
(Henke et al., 1998; Acton et al., 2005), the insulin sensitization
and signaling and adipocytokine pathways are modulated to a
similar degree compared with rosiglitazone. Interestingly, the
regulation of lipolysis in adipocytes and the fatty acid metabo-
lism pathways are modulated more strongly by rosiglitazone
than GW1929 and MRL24 respectively (Fig. 3a, Datafile3.xlsx).

Tan et al. previously identified groups of genes associated
with antidiabetic (blood glucose correction) and adverse effects
(cardiac hypertrophy) in rodents and described a selectivity in-
dex that quantitates whether a PPARy-binding ligand has rela-
tively greater antidiabetic or adverse effects (Tan et al., 2012).
A higher selectivity index indicates more antidiabetic and less
adverse effects. We were able to identify human orthologs for
most of the genes in these two sets (Supplemental Table 4). Us-
ing these slightly reduced gene sets, we found that GW1929
had a higher selectivity index than rosiglitazone at 3 hours. At
24 hours both GW1929 and rosiglitazone switched to similar
negative selectivity indexes, while MRL24 produced a positive
index at 24 hours (Supplemental Table 5). This supports the
findings by Tan et al. that partial agonists have a higher selec-
tivity index compared with full agonists at 24 hours post-
treatment (Tan et al., 2012). It also suggests that GW1929 pro-
duces different signaling in adipocytes than rosiglitazone.

Together these data indicate that the full PPARy agonists
rosiglitazone and GW1929 induce different signaling through
the same nuclear receptor, making GW1929 a biased agonist
relative to rosiglitazone. Our data, and known structural dif-
ferences between partial agonist and rosiglitazone-bound
PPARy, indicate that partial PPARy agonists change a sub-
set of the signaling pathways affected by full agonists and
act as biased agonists relative to rosiglitazone.

Discussion

Nuclear receptors modulate the expression of a wide array
of genes in different tissues. The demonstrated ability to fine-
tune signaling through nuclear receptors via biased agonists
would change new nuclear receptor drug development. This
idea, often referred to as selective nuclear receptor modula-
tion or functional selectivity, has been explored, primarily
through the development of novel partial nuclear receptor ag-
onists, for over 20 years (Burris et al., 2013, 2023). Research
focused on quantifying biased signaling and determining the
cause and consequences of such signaling is needed to estab-
lish whether biased nuclear receptor agonists are likely to
provide improved therapeutic effects relative to currently
prescribed drugs.

This report provides a step toward this goal by demonstrat-
ing that nuclear receptor agonists can induce different signal-
ing through the same receptor and not just different intensities
of signaling [i.e., they can cause biased signaling (Kolb et al.,
2022)]. The reference full agonist (rosiglitazone) produced ap-
parently stronger signaling in about a tenth of all agonist-
affected KEGG pathways at 24 hours postexposure (Fig. 3)
despite no difference in overall intensity of gene expression
modulation relative to the compartor full agonist (GW1929,
Supplemental Fig. 4). We found that a partial agonist (MRL24)
had an unusually weak effect on approximately six KEGG
pathways. While the apparent weak signaling in two or three of
these six pathways is likely due to noise, three or four are not.
Interestingly, three of the weakly modulated pathways are re-
lated to fatty acid metabolism (fatty acid elongation, biosyn-
thesis of unsaturated fatty acids, and fatty acid metabolism;
Data3.xlsx), which may explain why, unlike rosiglitazone,
MRL24 does not induce weight gain (Acton et al., 2005).

A mechanism that could underlie such biased signaling is
biased coactivator recruitment. It is well-known that agonists
increase binding of PPARy to LXXLL motif containing tran-
scriptional coregulators (Weikum et al., 2018) (where L is
Leucine and X is any amino acid); however, we previously
found that residues N-terminal to the LXXLL motif are also
important to coregulator-PPARYy interaction. Coregulator pepti-
des with the HXXLXXLL motif (where H is Histidine) interact
with PPARy Helix 4 (a binding mode termed N-anchored). A
similar interaction is found in other nuclear receptors between
residues 2 or 3 residues N-terminal to the first leucine of
the LXXLL helix and Helix 4. In contrast, crystal structures
and mutational analysis show that coregulator peptides with
S/TXLXXLL or SXXILXXLL motifs, or no discernible motif lack
this interaction (Nemetchek et al., 2022). We have also found
that partial agonists induce different PPARy structures com-
pared with TZDs such as rosiglitazone (Chrisman et al., 2018;
Heidari et al., 2019). These different agonist-dependent receptor
structural ensembles cause the receptor to favor peptides from
one LXXLL class over the other (Nemetchek et al., 2022). Our
previously published structural model of ligand bias in PPARy
(Nemetchek et al., 2022) predicts that most partial agonists are
biased agonists relative to rosiglitazone because they do not af-
fect helix 12 structure as much as full agonists (Bruning et al.,
2007)). Structural differences between GW1929-PPARy and ro-
siglitazone-PPARy that could lead to ligand bias are less obvi-
ous; however, differences in Helix 3 stabilization may partially
underlie the ligand bias observed between these two full ago-
nists (Nemetchek et al., 2022).
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Here we find that the same agonists that cause biased sig-
naling relative to rosiglitazone also induce biased coactivator
RID recruitment relative to rosiglitazone (Fig. 1). Previously
published GST pull-down, GAL4 reporter, mammalian or
yeast two-hybrid, and time-resolved fluorescence resonance
energy transfer assay data indicated, qualitatively, that non-
TZD PPARYy agonists can cause biased coactivator or coactiva-
tor RID recruitment relative to rosiglitazone (Supplemental
Table 1). One of these reports contains data that indicates a
GW1929-like full agonist (farglitazar) favors PGCla recruit-
ment relative to rosiglitazone and CBP 453 (Liu et al., 2011).
Furthermore, PPARy phosphorylation is modulated by coregula-
tor recruitment (Li et al., 2011), indicating that nuclear receptor
post-translational modification differences that result in signal-
ing differences (Choi et al., 2011) could originate from differences
in coregulator recruitment. Together, these reports, our data,
and our published structural model of biased agonism support
the idea that PPARy partial and full agonists (and likely other
nuclear receptor agonists) can cause biased coactivator recruit-
ment that results in biased signaling relative to rosiglitazone.

Although ligand-induced coactivator favoritism is the most
often mentioned possible mechanism of nuclear receptor bi-
ased signaling, other mechanisms could produce biased sig-
naling. PPARYy is thought to produce most signaling while
heterodimerized with RXRa or RXRf (Lam et al., 2017), rais-
ing the possibility that ligands could affect heterodimeriza-
tion affinity, leading to biased signaling. Recent work has
also found a subset of PPARYy target genes with greater de-
pendence on an extended 5 DNA binding motif (Madsen
et al., 2022), making it possible that ligand-induced changes
to the PPARy DNA binding domain (de Vera et al., 2017)
could result in biased signaling. An estrogen receptor o li-
gand (fluorescently labeled tamoxifen) partitions specifically
into MED1-containing condensates (Klein et al., 2020), sup-
porting the idea that some nuclear receptor ligands could
have a higher partition coefficient in select transcriptional
condensates or hubs (Ferrie et al., 2022), leading to differen-
tial nuclear receptor occupancy at individual genes and bi-
ased signaling.

Nuclear receptor agonists induce unique PPARy structural
ensembles (Hughes et al., 2012; Chrisman et al., 2018; Hei-
dari et al., 2019). Such unique agonist-induced structures in
areas of PPARy outside of the coregulator binding surface
could produce agonist-specific interaction with post-transla-
tional modification machinery (Ahmadian et al., 2013). For
example, PPARy proteasomal degradation is affected by li-
gand binding via ligand-dependent changes in ubiquination
(Hauser et al., 2000; Li et al., 2016). In this way, agonist-spe-
cific PPARYy structures could lead to agonist-specific rates of
ubiquination and degradation.

Our findings emphasize that the results of activating nu-
clear receptors, such as PPARYy, can depend uniquely on the
agonist and that several ligands that produce biased coacti-
vator peptide and RID recruitment also produce biased sig-
naling. Further work is needed to determine whether such
ligands also cause biased endogenous coactivator recruitment
in cells or produce biased signaling via another mechanism.
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