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Obesity is a global health threat, and the induction of white
adipose tissue (WAT) browning presents a promising thera-
peutic method for it. Recent publications revealed the es-
sential role of protein arginine methyltransferase 4 (PRMT4)
in lipid metabolism and adipogenesis, but its involvement in
WAT browning has not been investigated. Our initial studies
found that the expression of PRMT4 in adipocytes was up-
regulated in cold-induced WAT browning but downregu-
lated in obesity. Besides, PRMT4 overexpression in inguinal
adipose tissue accelerated WAT browning and thermogen-
esis to protect against high-fat diet–induced obesity and
metabolic disruptions. Mechanistically, our work demon-
strated that PRMT4 methylated peroxisome proliferator-
activated receptor-g (PPARg) on Arg240 to enhance its
interaction with the coactivator PR domain-containing
protein 16 (PRDM16), leading to the increased expression
of thermogenic genes. Taken together, our results un-
cover the essential role of the PRMT4/PPARg/PRDM16
axis in the pathogenesis ofWAT browning.

Obesity is defined as a clinical syndrome with excessive adi-
pose deposition in the subcutaneous tissue or visceral organs.
It is estimated that >10% of adults are disturbed by obesity

and its related metabolic disorders, thus making it a serious
public health concern (1). Obesity, resulting from the imbal-
ance between energy storage and expenditure, is intimately
related to energy homeostasis in adipose tissue. Two types of
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• Protein arginine methyltransferase 4 (PRMT4) expres-
sion was upregulated during cold exposure and nega-
tively correlated with body mass of mice and humans.

• PRMT4 overexpression in inguinal white adipose tissue
of mice improved high-fat diet–induced obesity and as-
sociated metabolic impairment due to enhanced heat
production.

• PRMT4 methylated peroxisome proliferator-activated
receptor-g on Arg240 and facilitated the binding of the
coactivator PR domain-containing protein 16 to initi-
ate adipose tissue browning and thermogenesis.

• PRMT4-dependent methylation of peroxisome proliferator-
activated receptor-g on Arg240 is important in the process
of inguinal white adipose tissue browning.
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adipose tissue have been identified in humans, including
white adipose tissue (WAT) and brown adipose tissue (BAT)
(2). WAT conserves triglycerides for energy storage, while
BAT, with abundant mitochondria and specifically expressed
uncoupling protein-1 (UCP1) (3), participates in the thermo-
genic process to ensure energy expenditure. Two kinds of ther-
mogenic adipocytes have been uncovered, including classical
brown and beige adipocytes. Beige adipocytes can be devel-
oped within WAT depots in cold-exposed or b-adrenergic–
stimulated scenarios, an integral process termed “WAT
browning” (2,4). Decreased BAT content or disrupted BAT
function was constantly observed in obesity, and the accelera-
tion of WAT browning may present a promising therapeutic
strategy for obesity (5).

The molecular machinery of WAT browning has been
intensively investigated for decades (2,3), and recent
publications revealed that various transcription factors
were involved. Peroxisome proliferator-activated receptor-g
(PPARg) is one of the most investigated transcription fac-
tors in white adipocytes and beige/brown adipocytes differ-
entiation (6–10). Previous studies indicated that the role of
PPARg in adipocytes was largely decided by the recruited
coregulators (7). It has been validated that PPARg interacted
with early B-cell factor-2 (EBF2), PR domain-containing pro-
tein 16 (PRDM16), or PPARg coactivator 1a (PGC1a) to facil-
itate WAT browning (11). Interestingly, the exact cofactors
recruited by PPARg were intimately regulated by their post-
translational events. Data from the previous publications re-
vealed that various types of posttranslational modifications,
including deacetylation, phosphorylation, sumoylation, and
ubiquitination (12), participated in the modulation of PPARg
activity. However, the methylation in PPARg, a unique type of
posttranslational modification, has not been investigated (12).

Protein arginine methyltransferase 4 (PRMT4), a mem-
ber of the protein arginine methyltransferases (PRMT)
family, also termed as coactivator-associated arginine meth-
yltransferase 1 (CARM1), plays a pivotal role in transcrip-
tional regulation (13). Previous data showed that PRMT4
catalyzes the methylation of arginine residues in its sub-
strates to modulate the activity of various transcription reg-
ulators (13,14). It has been validated that the enzymatic
activity of PRMT4 was involved in multiple bioprocesses, in-
cluding skeletal muscle differentiation, cell fate determina-
tion, and myeloid differentiation (14–16). The role of PRMT4
in lipid metabolism and adipogenesis was recently recognized
(17–20), but its involvement in WAT browning has not been
investigated. In this study, we identified PPARg as a new
methylation substrate of PRMT4, and further investigations
demonstrated that PRMT4-mediated methylation of PPARg
was critical for the recruitment of PRDM16 to accelerate
WAT browning and thermogenesis.

RESEARCH DESIGN AND METHODS

Human Participants
The subcutaneous adipose samples used in this study were
obtained from patients at the Union Hospital, Tongji Medical

College, Huazhong University of Science and Technology. All
patients provided informed consent. This study was ap-
proved by the Institutional Ethics Board of Tongji Medical
College, Huazhong University of Science and Technology
(2020-S092), and complied with the ethical norms of the
1975 Declaration of Helsinki.

Animals
All animal procedures were approved by the Tongji Medical
College of Huazhong University of Science and Technology
Institutional Animal Care and Use Committee (S2932) and
conformed to the Guide for the Care and Use of Laboratory
Animals published by the U.S. National Institutes of
Health. Animals were purchased fromWeitonglihua Co., Ltd.
(Beijing, China) and housed in an animal facility on a
12-h light/12-h dark cycle at a room temperature of
22–23�C and humidity of 40–60%, with free access to food
and water. For inguinal WAT (iWAT)-specific PRMT4 over-
expression and knockdown in vivo, adeno-associated virus 9
(AAV9) carrying PRMT4 (AAV-PRMT4) or shRNA against
PRMT4 (AAV-shPRMT4) was administered via bilateral sub-
cutaneous injections at six points on each side of the inguinal
area. AAV9-carrying negative control (AAV-NC) and scramble
shRNA (AAV-shNC) were used as controls. For the high-fat
diet (HFD) model (60%; Research Diet, D12492), mice were
injected with AAV-NC or AAV-PRMT4 at 6 weeks of age. At
2 weeks after the AAV injection, when ectopic PRMT4
expression was considered stable, mice were fed the HFD for
8 weeks. Food intake and body weight were measured
weekly. Glucose tolerance test (GTT) and insulin tolerance
test (ITT) were performed after 6 and 7 weeks of continuous
HFD feeding, respectively. Metabolism-related parameters
were measured 1 week later using a comprehensive labora-
tory animal monitoring system (CLAMS, Columbus Instru-
ments). After 8 weeks, the mice were sacrificed under
anesthesia, and serum and tissues were collected for further
analysis. For cold exposure, 2 weeks after the AAV9 injection,
the mice were subjected to a cold challenge (4�C) for 24 h.
For the reverse experiment, T0070907 (a specific inhibitor
of PPARg, 2 mg/kg; Selleck, S2871) was intraperitoneally in-
jected 1 day before cold exposure. The sequence of mouse
shPRMT4 is as follows: m-shPRMT4, 50-TCAGGGACATGTCTGCT-
TATT-30.

Isolation of Primary Stromal Vascular Fraction Cells
From iWAT and In Vitro Differentiation
Stromal vascular fraction (SVF) cells were isolated from the in-
guinal adipose pad of male 6-week-old mice, as described pre-
viously (21). For differentiation, insulin (10 mg/mL; Sigma-
Aldrich, 1342106), 3-isobutyl-1-methylxanthine (0.5 mmol/L;
Sigma-Aldrich, I5879), dexamethasone (2 mmol/L; Sigma-
Aldrich, D1756), and rosiglitazone (2.5 mmol/L; Sigma-
Aldrich, R2408) were added to the culturemedium after reach-
ing confluence for 2 days (day 0). After 2 days, 10 mg/mL
insulin and 2.5 mmol/L rosiglitazone continued to be incu-
bated with SVF cells. On day 6, when primary adipocytes
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matured, cells were infected with adenovirus for 48 h and
then treated with or without CL316,243 (2 mmol/L; Sigma-
Aldrich, C5976) for 4 h. All cells were maintained at 37�C in a
humidified atmosphere of 5% CO2.

Virus Preparation
Adenovirus was used to infect SVF cells in vitro, whereas
the recombinant AAV system was used to transduce iWAT
in vivo. All viruses were provided by OBiO Technology Ltd.,
Shanghai, China.

GTT and ITT
For the GTT, after 16–18 h of starvation in both groups, mice
were injected intraperitoneally with glucose (2 g/kg body wt;
Sigma-Aldrich, D9434), and blood glucose levels were mea-
sured at 0, 15, 30, 60, 90, and 120 min. One week after the
GTT measurement, insulin (0.75 unit/kg body wt; Sigma-
Aldrich, 1342106) was injected intraperitoneally following
starvation for 4 h, and the blood glucose levels were mea-
sured at 0, 15, 30, 60, 90, and 120 min after the insulin
injection.

Lipid Analyses
In accordance with the manufacturer’s instructions, lipid
levels in liver tissues or serum were measured using com-
mercial assay kits for triglyceride (Wako, 290-63701) and
free fatty acid (Wako, 294-63601).

Metabolic Analysis
The metabolic analysis was performed using the CLAMS
for 24 h at 23�C or 4�C under a daily 12-h light/dark
cycle.

Plasmid Construction
The plasmids used in this study were purchased from Add-
gene (Watertown, MA) or MiaolingBio (Wuhan, China). The
mutated forms of PRMT4 (PRMT4E266Q) and PPARg
(PPARgR240A) were constructed by MiaolingBio (Wuhan,
China) and validated by gene sequencing (Tsingke Bio-
technology Co., Ltd., Wuhan, China).

Histological Analysis
Hematoxylin and eosin (H&E) staining, immunohistochem-
istry (IHC), Oil Red O staining, and immunofluorescence
were performed as previously described (21). Images were
acquired using NanoZoomer S360 (Hamamatsu Photonics,
Fukuoka City, Japan). The antibodies used for IHC included
PRMT4 (1:500; Bethyl Laboratories, A300-421A, RRID:
AB_2068452) and UCP1 (1:500; Abcam, ab10983, RRID:
AB_2241462). The antibodies used for immunofluorescence
included CD68 (1:500; Proteintech, 28058-1-AP, RRID:
AB_2881049), platelet-derived growth factor receptor-a
(1:1,000; Abcam, ab203491, RRID:AB_2892065), Flag
(1:100; Sigma-Aldrich, F1804, RRID:AB_262044), adiponec-
tin (1:200; Proteintech, 21613-1-AP, RRID:AB_2878891),
PRMT4 (1:400; Bethyl Laboratories, A300-421A, RRID:

AB_2068452), and CD31 (1:100; Cell Signaling Technol-
ogy, 3528, RRID:AB_2160882).

Western Blotting
Tissue or cell samples were lysed with radioimmunoprecipi-
tation assay lysis buffer. After the concentration was deter-
mined, the proteins were subjected to SDS-PAGE and
transferred onto a polyvinylidene fluoride membrane. The
membranes were blocked 1 h at room temperature and were
incubated with the following antibodies: PRMT4 (1:5,000;
Bethyl Laboratories, A300-421A, RRID:AB_2068452), protein
arginine methyltransferase 1 (PRMT1; 1:1,000; Proteintech,
11279-1-AP, RRID:AB_2171319), asymmetric di-methyl argi-
nine (ADMA, 1:1,000; Cell Signaling Technology, 13522, RRID:
AB_2665370), b-actin (1:5,000; Abcam, ab8226, RRID:
AB_306371), GAPDH (1:1,000; Proteintech, 60004-1-Ig, RRID:
AB_2107436), b-tubulin (1:5,000; Abcam, ab6046, RRID:
AB_2210370), PPARg (1:1,000; Cell Signaling Technology,
2443, RRID:AB_823598), PRDM16 (1:1,000; Abcam, ab106410,
RRID:AB_10866455), H3R17Me2 (1:1,000; ABclonal, A2421,
RRID:AB_2764339), UCP1 (1:1,000; Abcam, ab10983, RRID:
AB_2241462), Flag (1:2,000; Sigma-Aldrich, F1804, RRID:
AB_262044), His (1:5,000; Proteintech, 66005-1-Ig, RRID:
AB_11232599), hemagglutinin (1:2,000; Proteintech, 51064-
2-AP, RRID:AB_11042321), S-phase kinase-associated pro-
tein 2 (1:1,000; Invitrogen, 32-3300, RRID:AB_2533074),
AMPKa (1:1,000; Cell Signaling Technology, 2532, RRID:
AB_330331), phosphorylated (p)-AMPKa (1:1,000; Cell
Signaling Technology, 2535, RRID:AB_331250), fibroblast
growth factor 2 (1:1,000; Abcam, ab171941, RRID: AB_2629460),
amyloid protein-binding protein (APPBP) 2 (1:1,000, Proteintech,
12409-1-AP, RRID:AB_2918029), and PGC1a (1:1,000, Abcam,
ab191838, RRID:AB_2721267). Chemiluminescence signals were
detected using a Clinx imaging system (Shanghai, China).

Coimmunoprecipitation Assay
Following overnight incubation at 4�C with the specified
antibodies or IgG (Cell Signaling Technology, 3900 and
5415), protein A/G magnetic beads (MedChemExpress,
HY-K0202) were added to the protein samples, which were
then incubated for an additional 2 h on a rotator. The centri-
fuged immunoprecipitates were washed six times with wash
buffer (150 mmol/L NaCl, 20 mmol/L Tris-HCl, pH 7.5, 5%
glycerol, 1 mmol/LMgCl2, and 1 mmol/L EDTA). The pellets
were boiled before the immunoblotting analysis.

Recombinant Protein Expression and Purification
Plasmids encoding recombinant PRMT4-His were trans-
fected into human embryonic kidney 293T (HEK293T) cells
(ATCC, RRID: CVCL_1926), and the cells were lysed 48 h af-
ter transfection and purified using nickel-nitrilotriacetic acid
agarose beads (Sigma-Aldrich, H0537). PPARg-Flag (wild-
type [WT]) or PPARgR240A-Flag (mutant [mut]) proteins
were affinity purified from the extracts of HEK293T cells ex-
pressing Flag-tagged PPARg or PPARgR240A. The PPARg-
Flag proteins were immunoprecipitated using Flag-M2
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affinity gel (Sigma-Aldrich, A2220), washed six times, and the
bound materials were eluted in the presence of 0.2 mg/mL
Flag peptide.

Chromatin Immunoprecipitation Assay
The chromatin immunoprecipitation assay (ChIP) assay was
performed using a commercially available kit (Millipore, 17-
295) in accordance with themanufacturer’s guidelines. Briefly,
adipose tissues were subjected to cross-linking, quenching, ly-
sis, and sonication in turn, then the lysates were centrifuged
and incubated with specific antibodies for 12 h and protein
A/G Sepharose (Abcam, ab193262) for extra 2 h on a rotator
at 4�C. The beads were washed and eluted. The supernatant
was reverse–cross-linked overnight at 65�C and then digested
for another 4 h at 55�C. Quantitative PCR (qPCR) was per-
formed after ChIP, and the input DNA was purified. The fol-
lowing primers were used for ChIP assays: m-UCP1 (ChIP),
forward: 50-CCTGGCTGTCCTAGAACT-30; reverse: 50-GCAGT-
GATGAGCAGTCAG-30.

In Vitro Methylation Assay
An in vitro methyltransferase assay was performed using
PPARg-Flag or PPARgR240A-Flag proteins and purified re-
combinant PRMT4-His proteins. Briefly, 1 mg of PPARg-
Flag (PPARg-WT) or PPARgR240A-Flag (PPARg-mut) proteins
was incubated with 1 mg of PRMT4-His and 10 mmol/L
S-adenosyl-L-methionine (Sigma-Aldrich, A4377) in the
presence or absence of TP-064 (a selective inhibitor of
PRMT4, 10 mmol/L; MedChemExpress, HY-114965) in
methylation buffer (25 mmol/L NaCl, 25 mmol/L Tris-
HCl, pH 8.8) for 2 h at 30�C. Proteins were subjected to
a coimmunoprecipitation (co-IP) assay with an anti-Flag
antibody.

Mass Spectrometry Identification of PPARg
Methylation Sites
Purified methylated PPARg proteins were separated by
SDS-PAGE, stained with Coomassie blue, cut into pieces,
and further destained until colorless. The samples were re-
duced with 10 mmol/L 1,4-dithiothreitol at 65�C for 1 h,
followed by alkylation with 55 mmol/L iodoacetamide at
room temperature in the dark for 30 min, after the incuba-
tion with 100% acetonitrile. Finally, the gel pieces were
washed and dried using a vacuum concentrator. Overnight
tryptic digestion was conducted in 50 mmol/L NH4HCO3

at 37�C. After in-gel digestion, peptides were extracted
with 60% acetonitrile/5% formic acid in an ultrasonic bath.
The collected peptide samples were vacuum dried and puri-
fied using C18 desalting columns. The eluate was vacuum
dried and stored at�20�C for later use. Liquid chromatog-
raphy-tandem mass spectrometry (MS/MS) data were ac-
quired on a trapped ion mobility spectrometry (tims)TOF
Pro mass spectrometer (Bruker). Peptides were loaded and
separated successively onto a C18 trap column (75mm× 2 cm,
3-mm particle size, 100 Å pore size; Thermo Fisher Scientific)
and a C18 analytical column (75mm × 250 mm, 3-mm particle

size, 100 Å pore size; Thermo Fisher Scientific). Mobile phase A
(H2O, 0.1% formic acid) andmobile phase B (acetonitrile, 0.1%
formic acid) were used to establish the separating gradient. The
constant flow rate was set at 300 nL/min. For information-
dependent acquisitionmode analysis, trapped ionmobility spec-
trometry function was used, and parallel accumulation–serial
fragmentation scan mode was applied: each scan cycle total
time was 1.11 s, which consisted of MS1 scan time of 0.1 s and
MS2 scan time from precursor of the rest-time MS raw data
were analyzed with MaxQuant (V1.6.6) using the Andromeda
database search algorithm. Spectra files were searched
against the UniProt human proteome database using the
following parameters: label-free quantification mode was
checked for quantification; variable modifications, methyl (R),
dimethyl (R), oxidation (M), and acetyl (protein N-term); fixed
modifications, carbamidomethyl (C); digestion, trypsin/P; and
matching between runs was used for identification transfer.
Search results for both proteins and peptides were filtered with
1% false discovery rate. MS identification of PPARg methyla-
tion sites was performed by SpecAlly Life Technology Co., Ltd.,
Wuhan, China.

RNA Extraction and Gene Expression Analysis
RNA was isolated from the tissue or cell samples using TRIzol
reagent (Invitrogen, 15596018). cDNA was synthesized and
quantified by qPCR using commercial kits (Takara, RR036
and RR086) and an ABI 7500 Real-Time PCR system (Thermo
Fisher Scientific). Primer pairs are provided in Supplementary
Table 1, with 18S as the internal control.

RNA Sequence
RNA sequencing (RNA-seq) was used for total RNA analysis
using the MGI platform. Briefly, RNA quality analysis was
performed using a NanoPhotometer spectrophotometer,
Qubit 3.0 Fluorometer, and Agilent 2100. A complementary
cDNA library was then constructed using mRNA enriched
with anti-polyA magnetic beads, followed by fragmentation,
circularization, and sequencing using DNBSEQ-T7(MGI Tech
Co., Ltd.) as 150 base-pair paired-end reads, yielding fastq
files filtered for low-quality, N-rich, or adaptor-polluted reads.
Reads from the RNA-seq libraries were filtered to remove
adapters or low-quality reads. Statistical analysis of data qual-
ity and production was performed after filtering to ensure se-
quencing quality. Gene read counts mapped to the genes or
exons were used to determine the reads per kilo base per mil-
lion mapped reads of each gene. Differential expression
analysis, clustering heat map, functional enrichment anal-
ysis of general odorant-binding proteins, and Kyoto Ency-
clopedia of Genes and Genomes (KEGG) pathways were
performed using R software.

Luciferase Reporter Assay
Luciferase assays were performed by amplifying the UCP1
promoter from human genomic DNA using PCR and then
subcloning it into the pGL3.0-basic vector (Promega, E1751)
using an In-Fusion HD cloning kit (Takara, 639648). The
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indicated plasmids were cotransfected into HEK293T cells,
and the dual-luciferase assay system (Promega) was used to
measure cell lysates after 24 h. The following primers were
used to amplify the human UCP1 promoter: forward, 50-
GAGCTCTTACGCGTGCTAGCAGCTCTGCAAGCCTGACCTC-30;
reverse, 50-CAGTACCGGAATGCCAAGCTTGCTCTTCACGCCT-
GTCCGC-30.

The Electrophoretic Mobility Shift Assay
The Light Shift Chemiluminescent Electrophoretic Mobility
Shift Assay (EMSA) kit (Thermo Fisher Scientific, 20148)
was used to detect DNA-protein interactions. The sequences
of peroxisome proliferator-activated receptor response ele-
ment (PPRE) consensus oligonucleotides were as follows:
forward, 50-CAAAACTAGGTCAAAGGTCA-30; reverse, 50-GTT
TTGATCCAGTTTCCAGT-30.

Oligonucleotides were labeled with biotin at the 50-end.
The reaction mixture was subjected to PAGE and trans-
ferred to nylon membranes after incubation with an oli-
gonucleotide probe for 20 min, which was immediately
cross-linked using a ultraviolet transilluminator. Chemilu-
minescence was then used to detect the bands.

ELISA Analysis
The serum level of insulin was measured with an insulin
ELISA kit (Millipore, EZRMI-13K), according to the manu-
facturer’s instructions.

Statistical Analysis
SPSS 23 software (IBM, Armonk, NY) was used for statistical
analysis. Densitometry of Western blot bands was quantified
with ImageJ software. All data are presented as the mean ±
SEM. An unpaired Student two-tailed t test was used to com-
pare differences between two groups (normal distribution as-
sumed); otherwise, the Mann-Whitney nonparametric test
was used. One-way or two-way ANOVA, followed by the
Tukey post hoc test, was performed for multiple group com-
parisons (equal variance assumed); otherwise, the nonpara-
metric Kruskal-Wallis test was used for further analysis. The
energy metabolism data, including VO2, VCO2, and heat pro-
duction, were analyzed by ANCOVA, with body weight as a
covariate (22–24). The statistical significance threshold was
P < 0.05. Three independent replicates were conducted for
each cell experiment.

Data Resource and Availability
RNA sequences are available under the BioProject (https://
www.ncbi.nlm.nih.gov/bioproject/) ID PRJNA851270. The MS
proteomics data have been deposited to the ProteomeXchange
Consortium (https://proteomecentral.proteomexchange.org)
via the iProX partner repository, with the data set identifier
PXD034929. On reasonable request, the corresponding au-
thor will provide the information and materials that back up
the study’s conclusions.

RESULTS

PRMT4 Is Upregulated by Thermogenic Stimuli but
Downregulated in Obesity
Our initial studies with Western blot and Real-time qPCR
analysis showed that PRMT4 was most abundantly ex-
pressed in iWAT compared with other organs and tissues
(Fig. 1A and B). Further analysis of the sequence data from
“single-cell atlas of mouse WAT” demonstrated that PRMT4
was ubiquitously expressed among different cell types in adi-
pose tissue (Supplementary Fig. 1A) (25). Owing to the
essential role of iWAT in adaptive thermogenesis, the ex-
pression level of PRMT4 under thermogenic stimulation
was explored. A conceivable increase in PRMT4 expression
was observed in cold-exposed iWAT (Fig. 1C). A similar pat-
tern was noted in the expression profile of UCP1, ADMA, the
main form of arginine methylation mediated by PRMT4, and
H3R17me2 (a classical methylation substrate of PRMT4)
(Fig. 1E and F). To further confirm the involvement of
PRMT4 in thermogenesis, CL316,243 (b3 adrenoceptor ago-
nist) was used. Within expectation, the above-mentioned
proteins were also upregulated in CL316,243-treated mature
adipocytes differentiated from primary SVF cells of iWAT
(Supplementary Fig. 1B and C). Noteworthily, no change in
PRMT1, the predominant member for arginine methylation,
was observed in cold-exposed iWAT (Supplementary Fig. 1D
and E), which further confirmed the unique role of PRMT4.
The expression of PRMT4was also explored in the state of obe-
sity, a commonmetabolic disorder with decreased iWAT brow-
ning (2,5). The protein and mRNA levels of PRMT4 were
substantially decreased in iWAT of HFD-fed mice, genetically
obese (ob/ob) mice, and obese patients (Fig. 1G–N). In addition,
the PRMT4 mRNA levels in the iWAT of patients were posi-
tively correlated with that of UCP1 and negatively correlated
with BMI (Fig. 1O and P). Collectively, these data indicated
that PRMT4 was incorporated in the process of iWAT
browning.

It is noteworthy that no changes in PRMT4 mRNA levels
were observed in cold-exposed iWAT (Fig. 1D), indicating
the involvement of a posttranscriptional mechanism. A pre-
vious publication showed that the stability of PRMT4 was
disrupted by the E3 ligase S-phase kinase-associated protein
2 (SKP2), whose expression could be inhibited by AMPKa
(26). Besides, another study by Peng et al. (27) demon-
strated that AMPKa was activated during WAT browning.
Consistently, our immunoblotting analysis revealed that
cold exposure led to increased PRMT4 and p-AMPKa ex-
pression and decreased SKP2 level (Supplementary Fig. 2A
and B). In addition, cold-induced upregulation of PRMT4
was significantly repressed by AAV-mediated SKP2 overex-
pression in vivo (Supplementary Fig. 2C and D). Further co-IP
assay also revealed that SKP2 overexpression almost abolished
cold-stimulated downregulation of the PRMT4 ubiquitination
level in iWAT (Supplementary Fig. 2E). In addition, overex-
pression of SKP2 decreased the half-life of PRMT4 protein in
cycloheximide-treated HEK293T cells (Supplementary Fig. 2F
and G). Therefore, we speculated that the expression of
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Figure 1—PRMT4 expression is upregulated by thermogenic stimulation and negatively correlates with obesity. Real-time qPCR analysis (A) and
representative immunoblotting images (B) showing the PRMT4 expression profiles in various tissues.C–F: Miceweremaintained at room temperature
(RT; 23�C) or in a cold environment (4�C) for 24 h, and iWAT was collected for further analysis. C: Immunohistochemical analysis of UCP1 and
PRMT4 staining. Scale bar, 100 mm.D: Real-time qPCR analysis of theUcp1 and Prmt4mRNA expression levels. E: Representative immunoblotting
images of the expression levels of ADMA, PRMT4, UCP1, and H3R17Me2 in iWAT. F: Quantitative analysis of the indicated protein expression in
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PRMT4 was modulated by the AMPKa-SKP2 axis in a cold-
exposed scenario.

PRMT4 Overexpression in iWAT Ameliorates
HFD-Induced Obesity and Metabolic Dysfunction
Next, the role of PRMT4 in HFD-induced obesity was in-
vestigated. Recombinant AAV-NC or AAV-PRMT4 was ap-
plied to infect subcutaneous fat pads (Supplementary Fig.
3A). Successful transduction of AAV into mature adipocytes
of iWAT was verified by immunofluorescence staining and
Western blot studies (Fig. 2A and Supplementary Fig. 3B–D).
PRMT4 overexpression attenuated HFD-induced increased
body weight when the food intake was comparable (Fig. 2B
and C and Supplementary Fig. 4A). Other metabolic disor-
der-related indexes, including serum levels of triglyceride,
free fatty acid, glucose tolerance, insulin sensitivity, and fast-
ing serum insulin, were also disrupted in HFD-fed mice,
which were alleviated by PRMT4 overexpression (Fig. 2D–F
and Supplementary Fig. 4B–D). Besides, the weights of iWAT
and epididymalWAT (eWAT) were reduced by PRMT4 overex-
pression in the obese state, while BAT weight was not affected
(Fig. 2G and H). Interestingly, histological analysis demon-
strated significantly smaller adipocyte sizes in iWAT, eWAT,
and BAT, although PRMT4 overexpression was only observed
in iWAT (Fig. 2I). The state of liver lipid accumulation, a com-
mon obesity-related metabolic disorder, was also investigated.
HFD-induced increase in liver weight, lipid content (triglycer-
ides and free fatty acids), and liver lipid deposition was con-
ceivably attenuated by PRMT4 overexpression, whereas no
statistical difference in the liver weight-to-body weight ratio
was noted (Supplementary Fig. 4E–I). Collectively, these re-
sults revealed that PRMT4 overexpression in iWAT alleviated
HFD-induced obesity andmetabolic disorders in vivo.

Owing to the similar amounts of food intake in each
group (Supplementary Fig. 4A), we hypothesized that
PRMT4 might alleviate obesity and metabolic disorders by
enhancing energy expenditure. A CLAMS was used to assess
energy consumption. The results showed that PRMT4 over-
expression resulted in enhanced VO2, increased VCO2, and
overwhelming heat production compared with HFD-fed con-
trol mice (Fig. 2J–O). No changes in locomotor activity were
observed (Fig. 2P). Further analysis revealed that PRMT4 in-
creased the protein level of UCP1 in iWAT (Fig. 2Q and R).
In addition, the mRNA levels of thermogenic genes (Ucp1,
Prdm16, Cidea, Pgc1a, Dio2, and Elvol3) were induced by
PRMT4 overexpression in HFD-fed mice, whereas the ex-
pression of the adipogenic genes (Pparc and Fabp4) and lipo-
lytic genes (Ppara and Acox, but not Fabp4) was unchanged
(Fig. 2S). All in all, these data indicated that PRMT4 overex-
pression in iWAT ameliorated HFD-induced obesity by pro-
moting energy expenditure.

PRMT4 Promotes Adaptive Thermogenesis
In regard to the fact that PRMT4 accelerated energy expendi-
ture in HFD-fedmice, its role in iWAT browning and adaptive
thermogenesis was investigated in a cold-exposure model.

The results showed that PRMT4 overexpression resulted in
higher rectal temperature, enhanced VO2, increased VCO2,
and higher heat production compared with cold-primed con-
trol mice (Fig. 3A–H). Locomotor activity (Fig. 3I), body
weight, and basal metabolic rate at room temperature when
fed a normal chow diet (Supplementary Fig. 5A–H) were com-
parable in each group. H&E staining showed that PRMT4 en-
hanced brown-like morphology in cold-primed iWAT (Fig. 3J).
In addition, PRMT4 overexpression attenuated cold-induced
disruptions in the mRNA levels of thermogenic genes (Ucp1,
Prdm16, Cidea, Pgc1a, Dio2, and Elvol3) in iWAT (Fig. 3K).
Cold-induced upregulation of UCP1 was also modulated by
the expression profile of PRMT4 (Fig. 3L-N).

Next, we investigated whether PRMT4 knockdown exhib-
ited the opposite phenotype. AAV-shPRMT4 delivery achieved
efficient and specific PRMT4 knockdown in iWAT (Fig. 4A
and Supplementary Fig. 6A and B). When subjected to cold ex-
posure, AAV-shPRMT4 mice showed impaired cold tolerance,
decreased VO2, suppressed VCO2, and lower heat production
compared with AAV-shNCmice (Fig. 4B–I); however, the loco-
motor activity (Fig. 4J) and body weight, as well as the basal
metabolic rate at room temperature when fed a normal chow
diet, were not altered (Supplementary Fig. 7A–H). Consistent
with the CLAMS data, H&E staining showed fewer multiloc-
ular fat cells (Fig. 4K). Additionally, knockdown of PRMT4
remarkably inhibited the expression of cold-induced thermo-
genic genes (Ucp1, Prdm16, Cidea, Pgc1a, Dio2, and Elvol3) in
iWAT (Fig. 4L). Similarly, PRMT4 knockdown in iWAT sup-
pressed cold-induced UCP1 protein expression (Fig. 4M–O).

Further, the effect of PRMT4 on BAT and eWAT function
was also investigated even when AAV-mediated gene manip-
ulation was conducted only in the iWAT.We found that over-
expression of PRMT4 in iWAT exhibited increased UCP1
protein levels in BAT, and the opposite effect was observed
when PRMT4 was silenced; however, no significant alter-
ation was observed in eWAT (Supplementary Fig. 8A–J). It
was reported that metabolic inflammation and angiogenesis
also participated in the process of iWAT browning and adap-
tive thermogenesis (28,29). Therefore, immunofluorescence
analysis was performed, and the results showed thatmacrophage
infiltration and capillary density in iWAT were not affected by
PRMT4 gain and loss-of-function in vivo (Supplementary Fig. 8K
and L). Whether other relevant thermogenic mechanisms are
involved in adaptive thermogenesis needs further in-depth
investigation.

In addition, the role of PRMT4 in white-to-beige adipocyte
conversion in vitro was also investigated with primary adipo-
cytes that were differentiated from SVF cells isolated from
iWAT ofWTmice (Supplementary Fig. 9A). Our work showed
that CL316,243 treatment led to increased expression of
Ucp1 and thermogenic markers (Ucp1, Prdm16, Cidea, Pgc-1a,
Dio2, and Elvol3) in cells and enhanced nonesterified fatty
acid levels in the culture medium, which were promoted
by PRMT4 overexpression but attenuated by PRMT4
knockdown (Supplementary Fig. 9B–I). Altogether, these data
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Figure 2—PRMT4 overexpression in iWAT prevents HFD-induced obesity by promoting energy expenditure. AAV-NC or AAV-PRMT4
was subcutaneously injected into the bilateral inguinal areas, and 2 weeks later, the mice received 8 weeks of the HFD. A: Representative
immunoblotting images show the expression levels of Flag-tagged PRMT4 protein in iWAT, eWAT, and BAT from PRMT4-overexpressed
mice. B: Gross morphology of mice before sacrifice. C: Body weight of the mice. D: Serum lipid content (triglycerides and free fatty acids)
after 8 weeks of the HFD. E: GTT after 6 weeks of the HFD. F: ITT after 7 weeks of the HFD. G: Gross morphology of the fat pads (iWAT,
eWAT, and BAT). H: Adipose tissue (iWAT, eWAT, and BAT) weights of mice. I: Representative H&E staining of adipose tissues (iWAT,
eWAT, and BAT) after 8 weeks of the HFD. Scale bar, 100 mm. The VO2 (J), VCO2 (K), and heat production (L) of mice were analyzed after
8 weeks of the HFD. The day/night bar represents a 12-h duration. M: Quantitative analysis of VO2 in panel J. N: Quantitative analysis of
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of PRMT4 and UCP1 in iWAT after 8 weeks of the HFD. R: Quantitative analysis of the indicated protein expression in panel Q. S: Relative
mRNA levels of thermogenic, adipogenic, and lipolytic genes in iWAT after 8 weeks of the HFD. Data are presented as mean ± SEM.
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iWAT sections; scale bar, 100 mm. Data are presented as mean ± SEM. *P< 0.05, **P< 0.01, and ***P< 0.001; ns, nonsignificant.
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demonstrated that PRMT4 promoted white-to-beige adipo-
cyte conversion to drive adaptive thermogenesis.

PRMT4 Dimethylates PPARg on Arg240
Previous data revealed that PRMT4 acted as a transcription
coactivator to participate in various bioprocesses (13,14);
therefore, we hypothesized that PRMT4 might intervene
in the transcriptional regulation of thermogenic programs.
In this regard, RNA-seq was performed. The overall range
and distribution of the fragments per kilo base per million
mapped values were comparable among the samples
(Supplementary Fig. 10A). Principal component analysis study
and hierarchical clustering of differentially expressed genes re-
vealed that the global gene expression patterns were conceiv-
ably altered upon cold stimulation or PRMT4 overexpression
(Supplementary Fig. 10B and C). Interestingly, KEGG analysis
revealed that PPAR signaling occurred among the top 15 sig-
nificantly affected pathways in the PRMT4-overexpressing
state (Fig. 5A–D). Therefore, we hypothesized that PRMT4
might interact with PPARg to modulate iWAT browning,
which was subsequently validated by co-IP assay (Fig. 5E and
Supplementary Fig. 11A and B). Additionally, co-IP studies
with protein truncations revealed that PPARg bound to the
catalytic core domain of PRMT4 (Supplementary Fig. 11C).
Further studies showed that PPARg was asymmetrically dime-
thylated by PRMT4, which was enhanced by cold exposure or
PRMT4 overexpression but attenuated by PRMT4 knockdown
(Fig. 5E–G). In vitro methylation assay with purified PPARg-
Flag and PRMT4-His further demonstrated the direct inter-
action between PRMT4 and PPARg (Fig. 5H). Moreover,
PRMT4-mediated methylation of PPARg was significantly
abolished by TP-064, a selective PRMT4 inhibitor (Fig. 5H).
The exact methylation site of PPARg was also investigated.
High-performance liquid chromatography-MS/MS analysis
indicated that arginine residue 240 of PPARg was dimethy-
lated (Fig. 5I). Notably, a mutation from Arg to Ala on resi-
due 240 almost abrogated the methylation of PPARg by
PRMT4 (Fig. 5J). Collectively, these data suggested that
PRMT4 directly interacted with PPARg to catalyze its meth-
ylation on arginine residue 240.

PRMT4/PPARg Axis Recruits PRDM16 to Drive the
Thermogenic Transcriptome
Enrichment analysis of Gene Ontology Biological Processes
was performed to explore the downstream mechanism of
the PRMT4/PPARg axis in iWAT browning, which showed
that the DEGs were significantly enriched in adaptive ther-
mogenesis and fat cell differentiation (Fig. 6A and B and
Supplementary Fig. 12). Previous data showed that PPARg
interacted with PRDM16 and PGC1a to specify the ther-
mogenic gene program (7); therefore, the interaction be-
tween PPARg and PRDM16 or PGC1a was investigated.
PRMT4 overexpression enhanced, while PRMT4 knockdown
repressed, the interaction between PPARg and PRDM16 (Fig.
6C and D). Cold-induced PRDM16 expression was also modu-
lated by the expression profile of PRMT4 (Supplementary Fig.

13A–D). In contrast, the interaction between PPARg and
PGC1a was not influenced by PRMT4 overexpression (Fig.
6F). PPARg-recruited PRDM16 was promoted by PRMT4
overexpression, which was considerably attenuated by PPARg
mutation (Arg240, the dimethylation site) (Fig. 6E). Impor-
tantly, our co-IP experiment showed that PRMT4 did not
physically interact with PRDM16 (Supplementary Fig. 14),
ruling out the possibility that PRMT4 acted as a linker be-
tween PPARg and PRDM16. Taken together, these results in-
dicated that PRMT4 methylated PPARg on Arg240 to recruit
PRDM16.

EMSA and luciferase reporter assays were conducted to ex-
plore the effect of PRMT4 on the transcriptional activity of
PPARg. EMSA analysis showed that methylated PPARg con-
ceived higher affinity to the PPRE (PPARg binding sequence)
oligonucleotide probe, which was blocked by TP-064 or cold
probe administration (Fig. 6G). Similarly, luciferase reporter
assays also revealed that TP-064 administration or PPRE mu-
tation attenuated PRMT4-mediated PPARg activation (Fig.
6H and I). More specifically, PPARg-mediated UCP1 pro-
moter activation was accelerated by PRMT4 overexpression,
which was abolished by PRMT4 inactivation (PRMT4E266Q,
enzyme-inactive) or PPARg mutation (Arg240, the dimethy-
lation site) (Fig. 6J). Furthermore, the ChIP assay showed
that PRMT4 overexpression enhanced the enrichment of
PPARg and PRDM16 on the UCP1 promoter in vivo (Fig.
6K). These data showed that PRMT4-catalyzed PPARg meth-
ylation facilitated PRDM16 recruitment, leading to the in-
creased transcriptional activation of UCP1.

PRMT4-Dependent Methylation of PPARg on Arg240 Is
Essential for PRMT4-Mediated iWAT Browning
Our previous results showed that the Arg240 site was im-
portant for the PRMT4-induced transactivation of PPARg.
To investigate the role of PRMT4-dependent methylation
of PPARg on Arg240 in iWAT browning, an in vivo experi-
ment was conducted with the application of mutant (AAV-
PPARgR240A) and WT AAV-PPARg. Following 24 h of cold
exposure, CLAMS tests and H&E staining suggested that
PRMT4 overexpression significantly augments PPARg-
induced energy expenditure and iWAT browning but that
these effects were abolished when the PRMT4-mediated
methylation site of PPARg (R240) was mutated from Arg to
Ala (Fig. 7A–H). Consistently, the AAV-PPARgR240A mutant
reduced the dimethylation level of PPARg by PRMT4 and
exhibited decreased protein level of UCP1 compared with
the AAV-PPARg mice in the scenario of PRMT4 overexpres-
sion (Fig. 7I–L). Collectively, these results support that
PRMT4-dependent methylation of PPARg on Arg240 is crit-
ical for PRMT4-induced iWAT browning.

Pharmaceutical Inhibition of PPARg Abolished
PRMT4-Induced Thermogenic Gene Expression
To further verify that PRMT4-mediated white-to-beige
adipocyte reprogramming was PPARg dependent, T0070907 (a
selective inhibitor of PPARg) was used. CLAMS tests showed
that PRMT4-facilitated energy expenditure and cold tolerance
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Figure 5—PRMT4 dimethylates PPARg on Arg240. A–D: AAV-NC or AAV-PRMT4 was subcutaneously injected into the bilateral inguinal areas,
and 2 weeks later, the mice were subjected to cold exposure (4�C) for 24 h before sacrifice. iWAT from mice at room temperature (RT) or 4�C
was collected for RNA-seq analysis. A and C: Volcano plot shows DGEs (red, upregulated genes; blue, downregulated genes) in iWAT. The ver-
tical dashed black lines in the plot represent log2 normalized fold changes. The horizontal dashed black line represents an adjusted P value of
0.05. B and D: KEGG enrichment analysis of the activated cellular pathways based on the RNA-seq data set using R software. MAPK, mitogen-
activated protein kinase; PKG, protein kinase G; TCA, tricarboxylic acid. E–G: Mice were hosted at RT or 4�C for 24 h, and iWAT was harvested
for co-IP assay. The results showed that PRMT4 interacted with and dimethylated PPARg. The interaction between PRMT4 and PPARg was in-
creased under a cold-exposed state or after PRMT4 overexpression (E and F) but was decreased after PRMT4 knockdown (G).H: In vitro meth-
ylation assay was performed to verify the asymmetrical arginine methylation of PPARg by PRMT4. I: The methylation reaction lysate was
subjected to SDS-PAGE gel and Coomassie blue staining. The indicated band (PPARg) was extracted for high-performance liquid chromatog-
raphy/MS/MS analysis, and the Arg240 site of PPARg was identified. J: In vitro methylation assay was performed to verify that PRMT4 dimethy-
lates PPARg on Arg240. Amutation from Arg to Ala at residue 240 almost abrogated the methylation of PPARg by PRMT4.
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Figure 6—PRMT4-dependent methylation promotes PPARg-mediated thermogenic gene expression. A: Gene Ontology Biological Pro-
cesses (GO-BP) analysis of DEGs at 4�C in WAT from mice injected with AAV-NC or AAV-PRMT4. RT, room temperature. B: Adaptive
thermogenesis-related DEGs are shown. C and D: Co-IP analysis of endogenous interaction between PPARg and PRDM16 or PGC1a in
iWAT from mice after PRMT4 overexpression (C) or knockdown (D). E and F: HEK293T cells were transfected with the indicated plasmids,
and 48 h later, cell lysates were incubated with anti-IgG or anti-His antibody, followed by immunoblotting with anti-HA, anti-Flag, anti-
ADMA, and anti-His antibodies. G: Purified PPARg-Flag protein was incubated with recombinant PRMT4-His protein in the presence or
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were significantly repressed by T0070907 (Supplementary
Fig. 15A–I). Similarly, PPARg inhibition diminished PRMT4-
mediated iWAT browning (Supplementary Fig. 15J). In addi-
tion, the increased levels of thermogenic genes (Ucp1, Prdm16,
Cidea, Pgc-1a, Dio2, and Elvol3) and UCP1 protein expression
induced by PRMT4 overexpression were partially reversed by
T0070907 administration (Supplementary Fig. 15K–N). These
findings indicated that the role of PRMT4 on adaptive ther-
mogenesis was mediated by PPARg.

DISCUSSION

In this study, we uncovered the novel role of PRMT4 in
iWAT browning. Initially, our work showed that PRMT4 was
abundantly expressed in iWAT, and its expression in iWAT
was upregulated upon cold exposure but downregulated in
obesity. Further investigation revealed that PRMT4 pro-
moted iWAT browning and facilitated energy expenditure to
alleviate HFD-induced obesity and metabolic disorders.
Mechanistically, our work presented the initial evidence
that PRMT4 interacted with and methylated PPARg on
Arg240 to enhance its transcriptional activity by recruiting
the coactivator PRDM16, thus accelerating the thermo-
genic process.

PRMT4, a type I protein arginine methyltransferase, cat-
alyzes asymmetric dimethylation of its substrates to partic-
ipate in various pathophysiological processes, including
skeletal muscle differentiation (30), cardiomyocyte apopto-
sis (31), and tumor invasion (32). Interestingly, the role of
PRMT4 in metabolic disruptions was recently recognized.
For example, it was reported that PRMT4 promoted glyco-
gen metabolism-related gene expression (33) and was in-
volved in insulin secretion by methylating histone H3 (34).
Besides, the bioinformatics analysis by Garske et al. (35)
identified PRMT4 as a novel variant related to BMI in hu-
mans. Furthermore, it was also reported that PRMT4 overex-
pression was negatively associated with fat pad weight in
diabetic mice (18). In line with the previous observations, our
work illustrated that the expression of PRMT4 was decreased
in the obese state but upregulated upon cold exposure and
that PRMT4 overexpression alleviated obesity and its related
metabolic disorders. Further investigations showed that the
AMPKa-SKP2 axis was involved in the modulation of PRMT4
stability in a cold-exposed scenario, similar to the observation
in the state of nutrient starvation (26). Noteworthily, our pre-
vious studies demonstrated that the expression of PRMT4 in
doxorubicin-induced cardiomyopathy was regulated by Fbxo9
(an E3 ubiquitin ligase) (36), which, however, was not in-
volved in the cold-exposed state. All in all, these data showed
that PRMT4 was involved in the alleviation of obesity and its
relatedmetabolic disorders.

We next tried to explore the mechanism by which
PRMT4 participated in the modulation of obesity and its
related metabolic disorders. It has been widely accepted
that obesity is a complex disorder resulting from the imbal-
ance of energy homeostasis system, which incorporates
genetic, developmental, behavioral, and environmental fac-
tors (37). Adipose tissue is an essential organ for energy
homeostasis, and its critical role in the pathogenesis of
obesity has been intensively investigated (2). Numerous
studies reported that WAT browning in response to cold
exposure or b3 adrenoceptor stimuli led to mitochondrial
biogenesis and the production of UCP1 (38). UCP1 is a
unique protein expressed in the inner mitochondrial mem-
brane of brown and beige adipocytes that uncouples oxida-
tive phosphorylation from ATP synthesis to release energy
in the form of heat (38). Under normal conditions, cate-
cholamine stimulus is sufficient to induce iWAT browning.
However, higher catecholamine concentrations and adi-
pose catecholamine resistance are viewed as the key fea-
tures of obesity. At the molecular level, catecholamine
resistance manifests as a reduction in lipolysis and thermo-
genesis in response to sympathetic activation in adipose
tissue and contributes to the decrease of fuel use in fat cells
(39,40). Our results showed that PRMT4 overexpression
facilitated UCP1 expression and WAT browning to drive
energy consumption in HFD-fed mice or under cold expo-
sure. Noteworthily, 30�C is regarded as thermoneutrality
for mice (41), while 22�C (room temperature used in our
study) is a mild cold treatment for them. However, no sig-
nificant difference in energy consumption was observed
between PRMT4-overexpressing mice and WT mice at
room temperature. One possible explanation was that
room temperature-induced cold treatment was quite gen-
tle, which was not sufficient to provoke conceivable pheno-
type alteration. Similar observation was presented by Chen
et al., (42) who reported that Ern1-knockout mice exhib-
ited significantly lower weight gain and energy consump-
tion following 14 weeks of HFD but showed comparable
thermogenesis when housed at 22�C (42). Taken together,
these results identified that PRMT4 ameliorated HFD-
induced obesity by promoting WAT browning.

The next question that needed to be addressed was how
PRMT4 modulated the process of iWAT browning. Various
aspects of the mechanism have been reported, and recent
publications demonstrated the essential role of multiple
transcription factors and coactivators (7,11). Our RNA-seq
data showed that PPARg-related signaling was intimately re-
lated to PRMT4 overexpression. Similarly, Yadav et al. (20)
reported that PRMT4 promoted PPARg-mediated gene tran-
scription, but that interaction has not been investigated.

absence of TP-064 and then subjected to EMSA. H and I: PRMT4-mediated PPARg transactivation was assessed by luciferase assay using the
PPRE-wt (H) or PPRE-mut (I) plasmids, respectively. J: Luciferase assay was performed to analyze the effect of PRMT4 on PPARg-mediated UCP1
promoter activation. K: AAV-NC or AAV-PRMT4 was injected into bilateral inguinal areas subcutaneously, and 2 weeks later, after cold exposure
(4�C) for 24 h, iWAT was harvested for ChIP assay to analyze the enrichment of PPARg and PRDM16 on the mouse UCP1 promoter loci. Data are
presented asmean ± SEM. *P< 0.05, **P< 0.01, and ***P< 0.001; ns, nonsignificant.
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Figure 7—PRMT4-dependent methylation of PPARg at Arg240 promotes iWAT browning. AAV-PPARg or mutant AAV-PPARgR240A, in
combination with or without AAV-PRMT4, was subcutaneously injected into the bilateral inguinal areas, and 2 weeks later, mice were sub-
jected to cold exposure (4�C) for 24 h before sacrifice. VO2 (A), VCO2 (B), and heat production (C) were analyzed. The day/night bar repre-
sents a 12-h duration. D: Quantitative analysis of VO2 in panel A. E: Quantitative analysis of VCO2 in panel B. F: Quantitative analysis of
heat production in panel C. VO2, VCO2, and heat production were analyzed by ANCOVA with total body mass as a covariate. G: Average
values of physical activity. H: Representative H&E staining of iWAT sections; scale bar, 100 mm. I: Co-IP assay assessing dimethylation
levels of PPARg in iWAT. J: Representative immunoblotting images of the expression levels of PRMT4, PPARg, and UCP1 in iWAT.
K: Quantitative analysis of indicated protein expression in panel J. L: Images showing UCP1 IHC in iWAT sections; Scale bar, 100 mm.
Data are presented as mean ± SEM. *P< 0.05, **P< 0.01 and ***P< 0.001; ns, nonsignificant.
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Our data revealed that PRMT4 directly interacted with
PPARg via its catalytic core domain to exert its beneficial po-
tency in iWAT browning. PPARg is a vital therapeutic target
for insulin resistance and diabetes, and thiazolidinediones
(PPARg agonists) have been used for the treatment of diabe-
tes in the clinic (43). Recent publications also showed that
PPARg was a master regulator in iWAT browning (6). How-
ever, it is noteworthy that the predominant role of PPARg
in adipocytes is context dependent (7). It has been validated
that PPARg interacted with PRDM16 to drive the transcrip-
tion of thermogenic genes, such as UCP1, Cidea, Dio2, and
Elvol3 (44). However, when TLE3 was recruited to PPARg,
its interaction with PRDM16 was disabled, thus decelerat-
ing WAT browning (45). Our present study demonstrated
that PRMT4 bound to PPARg, leading to the enhanced inter-
action between PPARg and PRDM16 to facilitate WAT brow-
ning. Moreover, our results also showed that PRMT4
promotes adipocyte differentiation in vitro (Supplementary
Fig. 16A and B), which was consistent with a previous study
that PRMT4 enhanced adipogenesis (20). It is noteworthy that
the expression of PRDM16 was also upregulated by PRMT4
overexpression. A recent study revealed that APPBP2 con-
trolled endogenous PRDM16 protein stability (46); however,
our results suggested that PRMT4 had no apparent effect on
APPBP2 protein level, indicating that PRMT4 did not regulate
PRDM16 expression through APPBP2 (Supplementary Fig.
17A–D). Previous data showed that PPARg upregulation or ac-
tivation promoted the expression of PRDM16 (47), suggesting
that PRMT4-induced PRDM16 overexpression might be in-
duced by PPARg. In this regard, we hypothesized that PRMT4
transactivated PPARg to promote PRDM16 accumulation,
which in turn forms a positive feedback loop to coactivate
PPARg and specifies a thermogenic gene program. However,
the mechanism involved needs further investigation. Collec-
tively, these data suggested that PRMT4 interacted with
PPARg to drive iWAT browning.

Finally, the molecular machinery involved in the interac-
tion between PRMT4 and PPARg was investigated. The
transcriptional activity of PPARg was modulated by various
types of posttranslational modifications (12). It was re-
ported that Sirt1 catalyzed the deacetylation of PPARg on
Lys268 and Lys293 to drive PRDM16-mediated BAT gene
expression (48) and that sumoylation of PPARg by PIAS1
enhanced its transcriptional activity in cancer cells (49). Be-
sides, phosphorylation of PPARg was also reported, which
was catalyzed by CDK5 to promote the expression of diabe-
togenic genes in adipocytes (50). Our present study pre-
sented the initial evidence that PPARg was methylated and
that this unique type of posttranscriptional modification
was catalyzed by PRMT4. Further in-depth investigations
revealed that PRMT4-mediated methylation of PPARg on
Arg240 is essential for PRDM16 recruitment and the ther-
mogenic phenotype. Collectively, these data indicated that
PRMT4 methylated PPARg on Arg240 to participate in the
process of iWAT browning.

In conclusion, we uncovered the novel role of PRMT4-
mediated PPARg methylation in iWAT browning, potentially
providing a promising target for the treatment of obesity.
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