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Lysine 222 in PPAR y1 functions
as the key site of MURF2-mediated
ubiquitination modification

Yucheng Fan*, Fangjing Xu*®, Rui Wang3 & Jun He***

Peroxisome proliferator-activated receptor gamma (PPAR y) plays key roles in the development,
physiology, reproduction, and homeostasis of organisms. Its expression and activity are regulated by
various posttranslational modifications. We previously reported that E3 ubiquitin ligase muscle ring
finger protein 2 (MuRF2) inhibits cardiac PPAR y1 protein level and activity, eventually protects heart
from diabetic cardiomyopathy; furthermore, by GST-pulldown assay, we found that MuRF2 modifies
PPAR y1 via poly-ubiquitination and accelerates PPAR y1 proteasomal degradation. However, the
key ubiquitination site on PPAR y that MuRF2 targets for remains unclear. In the present study,

we demonstrate that lysine site 222 is the receptor of MuURF2-mediated PPAR y1 ubiquitination
modification, using prediction of computational models, immunoprecipitation, ubiquitination assays,
cycloheximide chasing assay and RT-qPCR. Our findings elucidated the underlying details of MuRF2
prevents heart from diabetic cardiomyopathy through the PPAR y1 regulatory pathway.

Peroxisome proliferator-activated receptor gamma (PPAR ) is a member of the nuclear hormone receptor super-
family transcription factors and is a master regulator of adipogenesis, glucose homeostasis, and cell growth!=>. In
mouse, there are two isoforms of PPAR y: PPAR y1 and PPAR y2; the sequences are identical in both isoforms
except 30 extra amino acids are contained in the NH2-terminus of PPAR y2'*. Under normal physiological
conditions, PPAR y2 is only observed in adipocytes and is absolutely required for adipogenesis>®. PPAR y1 is
expressed universally in many cell types, such as cardiomyocytes, nerve cells, monocytes/macrophages, T lym-
phocytes, vascular endothelial cells, smooth muscle cells, breast, and colonic epithelium, and exerts biological
functions on cardiovascular, nervous, immune, and gastrointestinal systems"’~!!. The roles of PPAR y in cardio-
vascular disorders have been discussed recently. It was reported that PPAR y protects against IL-1p-mediated
endothelial dysfunction through a reduction of oxidative stress responses in high-fat diet-fed apolipoprotein
E-deficient mice'. PPAR y ligands rosiglitazone and 15-deoxy-A'>!*-prostaglandin ]2 showed suppressive effects
on angiotensin II-induced cardiac fibrosis in rat'’. The expression of PPAR y1-regulated target genes involved
in fatty acid metabolism was increased and triglyceride was accumulated in high-fat diet induced hypertrophic
hearts'. Studies have shown the function of PPAR vy is directed by its activity or expression level. Downregula-
tion of the PPAR y gene resulted in a ventricular membranous septation defect of the embryonic heart at E14.5".
Enhances of the occupancy of PPAR y on the promoters of critical fatty acid transporters led to increased fatty
acid uptake and lipid accumulation in murine hearts'®. The insulin resistance and cardiac dysfunction of dia-
betic cardiomyopathy mice can be ameliorated by decreasing the abundance of PPAR y1 protein'®. Therefore,
identifying the factors that regulate PPAR vy activity and expression is essential for understanding its intrinsic
mechanism for regulating heart function, subsequently beneficial for intervention of cardiovascular diseases.
PPAR v is subjected to posttranslational modifications, such as phosphorylation, acetylation, methylation, and
sumoylation and ubiquitination. Previously, in cell-based in vitro study, we demonstrated that E3 ubiquitin ligase
muscle ring finger protein 2 (MuRF2) modifies PPAR y1 by poly-ubiquitination and promotes its degradation
through the proteasomal pathway, therefore inhibits PPAR y1 activity'*. However, the specific ubiquitination
site(s) which MuRF?2 ligates ubiquitin and PPAR yI has not yet been described at all. The present study aims
to identify the ubiquitination site(s) in human PPAR y1 by computational prediction tools, ubiquitination and
cycloheximide chasing assays, and RT-qPCR experiments. Our findings add detail to the mechanism that MuRF2
prevents heart from diabetic cardiomyopathy through the PPAR y1 regulatory pathway.
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Results

Screening of the candidate ubiquitination sites. PPAR vy is a lysine-rich protein. To identify the
amino acid residue(s) targeted by MuRF2, we first characterized the specific ubiquitination site(s) on human
PPAR y1 by computational prediction tools, UbiSite and UbiProber, based on their acceptable sensitivity as well
as specificity. Site with a SVM score > 0.8 in UbiProber or a SVM score>0.9 in UbiSite was regarded as a candi-
date. According to the criteria, the positions on the amino acid sequence of PPAR y1 K68, K222, K228, and K242
and K356 were screened out (Table 1). The candidate sites were visualized in a 3D PPAR y1 molecular model
established by PyMOL software (Fig. 1), PYMOL software (version 2.4.0 openvr; DeLano Scientific, San Carlos,
CA, USA; https://pymol.org/2/) was used to view the graphic.

In vitro ubiquitination by GST-pulldown assay. To test the function of these ubiquitination sites, the
lysine (AAA) was mutated to arginine (AGA, AGG), and the mutant residues were marked as K68R, K222R,
K228R, and K242R and K356R. Next, the plasmids of PPAR y1 or the mutant PPAR y1 (K68R, K222R, K228R,
K242R, K356R) were cotransfected in HEK293T cells respectively; then total protein was extracted and purified
using anti-GFP affinity beads 4FF. The purification of PPAR y1 protein was confirmed by immunoblot (Fig. 2a,
the lower). Finally, the in vitro ubiquitination reaction system was constructed and assayed. We found that PPAR
y1 was poly-ubiquitinated by MuRF2 (Fig. 2b, the far right lane of the lower), and interestingly, MuRF2 auto-
ubiquitination was observed in this case (Fig. 2b, the upper) as we previously reported'. As shown in Fig. 2c,
the ubiquitination levels of PPAR y1 K222R and K242 mutants (lane 4 and lane 5) were significantly decreased,
the levels of K68R, K228R and K356R mutants (lane 6, lane 7, lane 8) were not remarkably reduced compared

Gene names Ub sites | SVM core | Forecast tool | Nucleotide sequence | Modified sequence
0.6161 UbiSite

PPARG(NM_138711) K68 CTGAAACTT CTGAGACTT
0.8845 UbiProber
0.9409 UbiSite

PPARG(NM_138711) K222 ATAAAGTCC ATAAGGTCC
0.8319 UbiProber

PPARG(NM_138711) K228 0.9024 UbiSite ACCAAAGCA ACCAGAGCA
0.8380 UbiSite

PPARG(NM_138711) K242 GACAAATCA GACAGATCA
0.866 UbiProber
0.8502 UbiSite

PPARG(NM_138711) K356 CGAAAGCCT CGAAGGCCT
0.8179 UbiProber

Table 1. Prediction of the lysine residues in PPAR y1 by computational tools. Based on the ubiquitin
conjugation web resources UbiProber and UbiSite combined using the SVM score, the residues K68, K222,
K228, and K242 and K356 in PPAR y1 were screened out and regarded as the candidate ubiquitination sites
(original tables are presented in Supplementary Tables S1, S2).

Figure 1. Distribution of the candidate sites in PPAR y1 protein. The spatial model of PPAR y1 molecule was
derived by PyMOL software (version 2.4.0 openvr; DeLano Scientific, San Carlos, CA, USA; https://pymol.
org/2/). The filtered ubiquitination sites K68, K222, K228, and K242 and K356 were showed as red spheres.
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Figure 2. Identification of ubiquitination site(s) in vitro by GST-pulldown assay (original blots are presented
in Supplementary Figs. S1-S3). (a) The upper: the over-expression plasmid of PPAR y1 or the mutant of

PPAR yl1 (K68R, K222R, K228R, K242R, K356R) was transfected in HEK293T cells respectively. The PPAR

y1 proteins levels were verified by immunoblot, and no endogenous PPAR y1 was observed in 293T cells. The
lower: immunoblot analysis of the purification efficiency of PPAR y1 protein. Compared to the negative and
positive controls, no GAPDH protein was detected in the total protein derived from the PPAR y1 and mutants
transfected groups, indicating that purified proteins of PPAR y1 and the mutants were obtained. (b) The upper:
MuRF2 auto-ubiquitination was demonstrated by immunoblot of MuRF2 (lane 5 and lane 6). The lower:
MuRF2’s ability to ubiquitinate PPAR y1. The smeared PPAR y1 was observed obviously in the full reaction (the
far right lane 6). (c) Residue K68 showed the remote possibility of being the ubiquitination site. Except the PPAR
v1 K68R, all the protein stability of the mutant PPAR y1 K222, K228, and K242 and K356 were weakened in the
presence of MuRF2 compared to that of the PPAR y1 protein, indicating the dispensability of lysine site K68

in MuRF2 mediated PPAR y1 ubiquitination modification. Ub, ubiquitin; E1, ubiquitin activating enzyme; E2,
ubiquitin conjugating enzyme.

to that of the PPAR y1 (lane 3). The data implied that K68, K228 and K356 are less likely the target for MuRF2
ubiquitinating PPAR yI.

In vivo ubiquitination by cell transfection study. We performed immunoprecipitation studies by
cotransfecting HEK293T cells with plasmids His-MuRF2, HA-Ub and PPAR y1. Six hours before harvest, a pro-
teasome inhibitor MG 132 (20 uM) was administrated. The result in Fig. 3a left (the middle) shows that MuRF2
interacted with PPAR y1, and MuRF2 modified PPAR y1 via poly-ubiquitination. Then, the ubiquitination reac-
tion was assayed and depicted in Fig. 3b. The result indicates that PPAR y1 proteins were precipitated by anti-His
antibody (MuRF?2 protein), and the smeared PPAR y1 K222R protein (lane 2) decreased significantly compared
to that of the PPAR y1 (lane 1) and PPAR y1 mutants K242R, K68R, K356R, or K228R (lane 3, lane 4, lane 5,
lane 6) (Fig. 3b left, the middle). Additionally, the immunoprecipitation of PPAR y1 by anti-HA (ubiquitin) and
the immunoblot of PPAR y1 indicated that the smeared PPAR yl1 K222R almost disappeared (Fig. 3b left, the
bottom, lane 2). Based on above, we believe that the residue K222 is the acceptor of MuRF2 ubiquitinating PPAR
y1. To test the function of K222, the following experiments were conducted.
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Figure 3. Identification of ubiquitination site(s) in vivo by transfection study (original blots are presented in Supplementary
Figs. $3-S5). (a) MuRF2 interacted with PPAR y1 and modified PPAR y1 via poly-ubiquitination. HEK 293T cells were
co-transfected with plasmids His-MuRF2, HA-Ub and PPAR y1. Cells were treated with proteasome inhibitor MG132 for

6 h before harvest a, and followed by immunoprecipitation and immunoblot analyses. The immunoprecipitation studies
identified the interaction between MuRF2 and PPAR y1 proteins, and the immunoblots of PPAR y1 indicated that MuRF2
modified PPAR y1 protein by poly-ubiquitination (the right lanes of the middle and the bottom). (b) Lysine site 222 exhibited
the essential for MuRF2 ubiquitinating PPAR y1. HEK 293T cells were co-transfected with plasmid of His-MuRF2, HA-Ub
and PPAR y1 wild type or mutant K68R, K222R, K228R, K242R and K356R respectively. The immunoblots of PPAR y1
demonstrated the ubiquitination level of K222R mutant was significantly reduced (the middle and the bottom of the left
figure), indicating residue K222 on PPAR y1 is the target for MuRF2. (c) Compared to the ubiquitination level of the wildtype
PPAR v1, the level of the mutant K222R was decreased significantly (p <0.05). No difference was observed between the
wildtype and the other mutants.
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MuRF2 weakens the stability of PPAR y1 protein by ubiquitination modification targeting
K222. Once the ubiquitination site is mutated, ubiquitination reaction is inactivated and the substrate pro-
tein always exhibits a longer half-life. To determine whether the PPAR y1 K222R protein has a longer half-life
than protein PPAR y1, we conducted the CHX chasing experiment. After 48 h of cotransfection of plasmids His-
MuRF2, PPAR y1 and PPAR y1 K222R, HEK293T cells were treated with CHX for 3 h and 6 h, respectively, and
harvested. The result indicated that the protein level of PPAR y1 K222R was significantly higher than PPAR y1
as time extends, and PPAR y1 K222R protein had a longer half-life than PPAR y1 protein (Fig. 4a, b). The CHX
chasing assay verified that K222 is the acceptor of MuRF2 ubiquitination modification PPAR y1.

Measurements of PPAR y1 target genes. To assess the effect of K222 mutation on PPAR y1 transcrip-
tional activity, the expressions of PPAR yl-regulated genes ACOX1, PLIN2 and CPT1b, which play roles in
cardiac glycolipid metabolism, were measured by RT-qPCR. As shown in Fig. 4c, the mRNA levels of PLIN2 and
CPT1b increased dramatically in PPAR y1 K222R group compared to the PPAR y1 group (p <0.05), indicating
that MuRF2-mediated PPAR y1 ubiquitination on the residue K222 inhibited PPAR y1 transcriptional activity

selectively.
1.5— -@— PPARYI WT
B PPARyI K222R
g
PPAR 71 K222R WT 5; o
HA-Ub + + + o+ o+ o+ gg # P
His-MuRF2 + + + + + + %‘E
CHX(hr) 0 3 6 0 3 6 g g 0.5
PPAR 71| g s e gy s | 62KDa -
GAPDH | s s s s @me @ | 37 kD2 00 ; é
CHX time

Functi K222 in PPAR yl stabili
a Function of " pA stabitity b Percentage of the remaining PPAR yl and K222R proteins

2.0 #

mmm PPAR yl WT

#
l == PPARyl K222R
1.5
i

Relative expression
(Fold change)
=
|

0.5

0.0—

T T
ACOX PLIN2 CPTIB

¢ PPAR y1 target gene expression d The 3D spatial structure of PPAR vyl ligating ubiquitin

derived by pyMOL software

Figure 4. Confirmation of K222 is the key site of MuRF2 ubiquitination modification PPAR y1 (original

blot is presented in Supplementary Fig. S6). (a) Function of K222 in PPAR y1 stability. HEK 293T cells were
co-transfected with plasmids His-MuRF2, HA-Ub and PPAR y1 or K222R mutant. The cells were treated with
CHX (final concentration 60 pg/mL) for 3 h and 6 h respectively before harvest. The proteins turnover of PPAR
vl and PPAR y1 K222R were determined by immunoblot. Signals of the PPAR y1 from immunoblots were
analyzed using the Image J (National Institutes of Health) and normalized by GAPDH signal. (b) Percentage
of the remaining PPAR y1 and K222R proteins. Compared to the significantly weakened PPAR y1 protein, the
remaining K222R proteins remained unchanged after 3 h and 6 h of CHX administration (p <0.05). (c) HEK
293 T cells were transfected with plasmids of His-MuRF2, HA-Ub and PPAR y1 or the K222R mutant. Samples
were subjected to quantitative-PCR analysis of cardiac genes ACOX1, PLIN2 and CPT1b. Data were presented
as mean +SD. n=3. *p <0.05 by two-tailed Student’s t-test. (d) The 3D spatial structure of PPAR y1 ligating
ubiquitin derived by PyMOL software (version 2.4.0 openvr; DeLano Scientific, San Carlos, CA, USA; https://
pymol.org/2/). At position 76 of glycine carboxyl, ubiquitin ligates PPAR y1 at lysine 222 site. The green is
ubiquitin and the blue is PPAR y1.
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The 3D spatial structure of PPAR y1 ligating ubiquitin derived by pyMOL software. As shown
in Fig. 4d, at position 76 of glycine carboxyl, ubiquitin ligates PPAR y1 at lysine 222 site. The green is ubiqui-
tin and the blue is PPAR y1. PyMOL software (version 2.4.0 openvr; DeLano Scientific, San Carlos, CA, USA;
https://pymol.org/2/) was used to view the graphic.

Discussion

PPAR v is a representative member of the ligand-activated nuclear receptor superfamily involved in various criti-
cal processes in the development, physiology, reproduction, and homeostasis of organisms. Since its discovery in
the early 1990s, PPAR y has provoked great interest among researchers, and thousands of studies have explored
its roles in adipose tissue, liver, colon, heart, endothelium, skeletal muscle, and immune system!~>'’. In addition
to the originally described PPAR y1 and PPAR Y2, the other two PPAR vy protein isoforms, PPAR y1 A 5 and
PPAR y2 A 5, were recently to be reported to be positively correlated with body mass index in subjects who are
overweight and with type 2 diabetic mellitus'®.

The function of PPAR vy is determined by its expression or activity, and the expression or activity is regulated
mostly by posttranslational modifications. Studies have shown that deacetylation at Lys 268 and Lys 293 on
PPAR y can result in increased brown adipocyte genes and energy expenditure, and promote insulin sensitivity".
Depending on cellular context and the kinases involved, phosphorylation of PPAR y S 112 can either decrease
or increase PPAR vy activity®. Phosphorylation of PPAR y S 273 by Cdk5 affects series of PPAR vy target genes in
obesity?!. Sumoylation of PPAR vy at Lys107 negatively regulates the target gene transcription?’; de-sumoylation
of PPAR y K107R in C2C12 myotubes increases the expression of PPAR vy target genes?. It has been reported
that B-O-linked N-acetylglucosamine (O-GlcNAc) modification of PPAR y1 induces suppression of its trans-
activator function®. These pathways support that the expression or activity of PPAR y is mainly depended on
the residues and/or the ways of modification. Thus, to investigate the posttranslational modification of PPAR y
further is of great significance for exploring its function.

Ubiquitin-mediated ubiquitination is a ubiquitous posttranslational modification, it is essential for protein
turnover and many other cellular functions in eukaryotes®. Free ubiquitin is activated and linked to the ubiq-
uitin-activating enzyme (E1) covalently in an ATP-dependent manner; then it is transferred from the E1 and
conjugated to the ubiquitin-conjugating enzyme (E2). Finally, ubiquitin ligase enzyme (E3) initiates and assists
the transfer of ubiquitin from the E2 to a lysine residue on a substrate molecule. Subsequently, the ubiquitinated
substrate is sent to 26S proteasome system and catalyzed, or targeted for change of localization**?°. PPAR y is
a lysine-rich protein. The function of PPAR y ubiquitination in adipocyte differentiation has been illustrated
intensively. Studies identified Drosophila seven-in-absentia homolog 2 (STAH2) and makorin ring finger protein
1 (MKRN1) can ubiquitinate PPAR y for proteasomal degradation by ubiquitin-dependent pathways and sup-
pressing adipocyte differentiation in 3T3-L1 and C3H10T1/2 cells***!. Neural precursor cell expressed develop-
mentally down-regulated protein 4 (NEDD4), which is an E3 ligase of PPAR v, stabilizes PPAR y by inhibiting
its ubiquitin-proteasomal degradation; knockdown of NEDD4 in 3T3-L1 adipocytes inhibits the abundance
of PPAR vy protein and restrains adipocytes maturation®’. E3 ligase tripartite motif containing 23 (TRIM23)
ubiquitinates PPAR y2 and leads to reduced proteasomal degradation of PPAR y2, and subsequently stabilizes
PPAR y2 and promotes adipogenesis in 3T3-L1 cells*. Additionally, reports demonstrated that PPAR y has E3
ubiquitin ligase activity***®, and PPAR y-mediated ubiquitination and degradation of endoplasmic reticulum
membrane selenoproteins S and K are required for adipocyte differentiation®. However, ubiquitin-mediated
modification of PPAR y in cardiac tissue and its role is far from clarified. We have previously reported that cardiac
specific MuRF2 knockout mice hearts exhibited increased PPAR yl1 protein and deteriorated systolic function
in high fat diet induced insulin resistance and cardiomyopathy, indicating the cardioprotection role of MuRF2,
and that PPAR y1 is a potential therapeutic target of diabetic cardiomyopathy; in vitro ubiquitination analyses
showed that MuRF2 poly-ubiquitinated PPAR y1 in a ligand-dependent way and accelerated its proteasomal
degradation in HEK293 cells'*. Another member of the muscle ring finger protein family, MuRF1, is considered
highly conserved to MuRF2*%. It was reported that MuRF1 inhibits PPARa activity via monoubiquitination in
cardiomyocytes®. Despite the fact that deciphering the detailed activity of the ubiquitination process is essential
for paving the underlying roles of PPAR a/y1 in the pathogenesis of diabetic cardiomyopathy, the lysine site(s)
that MuRF1/MuRF2 targets for ubiquitinating cardiac PPAR a/y1 remains unknown.

Identifying ubiquitination sites is critical for whole proteome annotation. High-throughput of mass spectrom-
etry-based proteomics has facilitated numerous ubiquitin-modified proteins and peptides, and has identified vast
ubiquitination sites. However, challenging, expensive, and time-consuming given the large number of proteins
and proteotypic peptides. Computational tool of prediction is a helpful alternative. This type of tools has gained
great popularity with the increasing interest on the identification of ubiquitination sites; thus, many prediction
tools have been developed**-*. However, most of these tools yield small-scale protein datasets. Recently, tools for
large-scale data for predicting ubiquitination sites have been developed to address the limitation. Support vector
machine (SVM) software is a widely used machine learning method for classification, regression, and other learn-
ing tasks in many areas***. Based on SVM algorithm, Huang et al. designed the predictor known as UbiSite*"*.
To construct the predictor, the researchers not only assessed the single features of amino acid composition, amino
acid pair composition and evolutionary information, but also incorporated two or more features into a hybrid
approach. Independent testing demonstrated an outstanding performance of the UbiSite software with a sensitiv-
ity of 85.10%, specificity of 69.69%, and accuracy of 73.69%. Predictor UbiProber was developed for large-scale
predictions of both general and species-specific ubiquitination sites*’. This model integrated the information of
key positions and key amino acid residue features by the SVM machine learning approach. Independent testing
has demonstrated the model improved the area under the curve (AUC) of the receiver by about 15% in predict-
ing species-specific ubiquitination sites over the existing tools. In the present study, we employed the UbiSite
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and UbiProber, and screened out five candidate lysine (K) sites in human PPAR y1: K68, K222, K228, and K242
and K356, which are highly likely to be modified by ubiquitination (Table 1). Due to the likely incidence of false
positive associated with the prediction software, the candidates required artificially designed feature selection.
In this study, site-directed mutagenesis combined with in vitro ubiquitination analyses, half-life experiment, and
RT-qPCR were applied to verify the function of these residues. The GST-pulldown assay indicated that all the
ubiquitination levels of the PPAR y1 mutants decreased in the presence of MuRF2 except the level of the K68R,
demonstrating lysine 68 is likely not the target that MuRF2 ubiquitinates PPAR y1 (Fig. 2c). It was reported
that ubiquitination site(s) transfer occurs during the process of in vitro ubiquitination reactions®>*!, therefore,
we conducted a cell transfection study in vivo to confirm the data. As depicted in the Fig. 3, the ubiquitinated
PPAR y1 K222 was greatly weakened by MuRF2, the ubiquitinated levels of PPAR y1 K242, K68, and K228 and
K356 were not affected by MuRF2 (Fig. 3b, the left). Hereby, it is plausible to designate K222 as the key target of
MuRF2-mediated ubiquitination. For further confirmation of the crucial site, we conducted CHX chasing assay
and found that the mutant PPAR y1 K222 protein was stabilized (Fig. 4a) and its half-life was extended dramati-
cally compared to the PPAR y1 protein (Fig. 4b) in the presence of MG132, indicating K222 is indispensable for
MuRF2 induced PPAR y1 ubiquitination and MuRF2 decreases PPAR y1 protein stability. Finally, we assessed
the function of K222 by measuring the expression of PPAR y1 target genes ACOX1, CPT1b and PLIN2, which
are involved in cardiac glycolipid metabolism. As shown in Fig. 4c, mutation of the residue 222 increased the
expression of PPAR y1 downstream genes selectively, consequently promoted PPAR y1 transcriptional activity.

In conclusion, our study provided further evidence that MuRF2 is an E3 ligase of PPAR y1, and Lysine 222
might be one of the target sites on PPAR yI for ubiquitination by MuRF2. MuRF2 weakens PPAR y1 protein
stability through ubiquitination modification posttranslationally and makes PPAR y1 transcriptionally inac-
tivated. Due to the highly similar nature of MuRF1 and MuRF2, MuRF1 could be also a PPAR y1 directed E3
ligase. However, further investigation is necessary to confirm this theory. Our findings established a crucial
role of MuRF2 in regulating cardiac PPAR y1 activity and expression, and may help to develop novel potential
therapeutic strategies to ameliorate diabetic cardiomyopathy.

Methods

Prediction of ubiquitination site in PPAR yl. Amino acid sequence of human PPAR y1 (gene serial
number: NM_ 13,871) was obtained from the National Center Biotechnology Information (NCBI) database
(https://www.ncbinlm.nih.gov/). All lysine sites were labeled. Combined using the support vector machine
(SVM) algorithm, the ubiquitin conjugation web resources UbiSite and UbiProber were applied to screen and
predict the ubiquitination sites in PPAR y1. The one with a SVM score > 0.8 in UbiProber or a SVM score>0.9 in
UbiSite was regarded as a candidate site. (Original tables are presented in Supplementary Tables S1, S2).

Plasmid construction. According to the CDS sequence of MuRF2, ubiquitin, PPAR y1 and the predicted
sites in PPAR y1, 8 pairs of primers were designed using Premier 5.0 software and synthesized. The coding
nucleotide sequence of each predicted lysine was mutated to the sequence of arginine by site-directed mutagen-
esis and overlapping PCR method. Full-length PCR products of MuRF2, ubiquitin, PPAR y1 and the mutants
were inserted into GV417 (element order: CMV-MCS-IRES-mCherry-SV40-Neomycin) and digested by Nhe
I/BamH I or GV146 (element order: CMV-MCS-IRES-EGFP-SV40-Neomycin) and digested by Xho I/EcoR I
(Shanghai GK Gene Chemical Technology). The plasmids were converted to the sensitized cells, inoculated to
Kanamycin (50 pg/mL) resistant LB medium and incubated for 12 h at 37 °C. The monoclonal colonies were
picked out and put into bacterial liquid for amplification. Finally, all plasmids were confirmed by sequencing.
The plasmids used as follows: His-MuRF2, HA-Ub, PPAR y1, PPAR y1 K68R, PPAR y1 K222R, PPAR y1 K228R,
PPAR y1 K242R, PPAR y1 K356R. (Original tables are presented in Supplementary Tables S3, S$4).

Cell culture. HEK 293T cells (Procell CL-005, Procell Life Science & Technology Co., Ltd) were cultured in
DMEM (BI, Cat. #01-052-1ACS) supplemented with 10% fetal bovine serum (FBS) (VivaCell, Cat. #C04001-
500) and 1% Penicillin/Streptomycin/L-Glutamate (BI, Cat. #03-031-5B) in a 5% CO, humidified atmosphere
at 37 °C.

PPAR y1 protein purification. HEK 293 T cells were transfected with plasmids of PPAR y1 and the
mutants respectively using Lipofectamine™ 3000 reagents (ThermoFisher, Cat.# L3000015) by following the
manufacture’s instruction. Total 7.5 uL of Lipofectamine™ reagent and 10 uL of P3000™ reagent were used respec-
tively. The amount of plasmid DNA was 5 pg. After 48 h of transfection, the cells were collected and total protein
was extracted by cell lysis buffer (Beyotime, Cat.# P0013). One mL of the extracted protein was mixed with 1 mL
equilibrium fluid to adjust PH to neutral; then 2 mL of the mixture was mixed with 100 uL of anti-GFP affinity
beads 4FF (Smart-Lifesciences, Cat. #SA070001) and incubated by rocking for 2 h and centrifuged 5000 x g for
1 min at 4 °C. After removing the supernatant, 100 pL eluent was added to the centrifuge tube and incubated
by rocking for 10 min at 4 °C; then centrifuged 5000 x g for 10 min at 4 °C, the supernatant that contains the
purified PPARy1 protein was retained. Total protein extracted from the transfected groups was used as negative
and positive controls. The proteins were denatured for 5 min at 100 °C, resolved on a 10% Bis—Tris gel with SDS-
PAGE running buffer (200 V, 40 min) and transferred to PVDF membrane in transfer buffer (400 mA, 40 min) at
4 °C in a wet-blot unit (Bio-Rad). The membrane was blocked by 5% non-fat milk at room temperature for 1 h,
then incubated in rabbit anti-PPAR y1 antibody (Cell Signaling Technology, Cat. #2443, 1:1000) and rabbit anti-
GAPDH antibody (BIOSS, Cat. #bs-2188R, 1:5000) overnight at 4 °C. The membrane was washed 3 x 5 min, then
incubated in horseradish peroxidase-labeled anti-rabbit secondary antibody (Abbkine, Cat. #A21020, 1:5000)
for 1 h at room temperature. The secondary antibody was visualized using a chemiluminescence kit (Genechem,
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Cat. #KGP1127) and imaged by CHEMI SCOPE 6300 imaging system (Shanghai, China). (Original blots is
presented in Supplementary Fig. S1).

In vitro ubiquitination experiment. The in vitro ubiquitination assay was conducted as we previously
described by using an assay kit. Procedure modification was made according to the manufacturer’s instruc-
tions. For each reaction system, 50 ug of the purified PPAR yI or the mutants’ protein, 2.5 pL human recombi-
nant GST-E1 (50 nM, Boston, Biochem, Cambridge, Cat. #E-306), 5 uL human recombinant UbcH5¢/UBE2D3
(2.5 uM, Boston Biochem, Cambridge, Cat. #E2-627), 5 uL. human MuRF2 recombinant protein (1 mg, LifeSen-
sors, Cat. #UB305), and 2.5 pL human recombinant ubiquitin (250 uM, Boston Biochem, Cat. #U-100H) were
added to 5 pL reaction buffer (50 mM HEPES, pH 7.5) containing 2.5 uL Mg-ATP solution (Boston Biochem,
Cat. #B-20) and 0.6 mM DTT. Ultra-pure water was added to make the total reaction volume to 50 uL. The
mixture was incubated for 2 h at 37 °C. The reaction was stopped by adding SDS-PAGE loading buffer (Gene-
chem, Cat. #KGP101X), heated 15 min at 100 °C. Then the proteins were resolved on 6% or 10% Bis—Tris gels
with SDS-PAGE running buffer (200 V; 40 min), the separated proteins were transferred to PVDF membranes
(400 mA) overnight at 4 °C in a wet-blot unit (Bio-Rad). The membranes were blocked by 5% non-fat milk at
room temperature for 1 h, then incubated in goat anti-MuRF2 antibody (Abcam, Cat. #Ab4387, 1:500) and
rabbit anti-PPAR vyl antibody (Cell Signaling Technology, Cat. #2443, 1:1000) overnight at 4 °C respectively.
After washing in TBST 3 x5 min, the membranes were subsequently incubated in Rhodamine labeled rabbit
anti-sheep IgG antibody (Bioss, Cat. bs-0294R, 1:1000) or horseradish peroxidase-labeled anti-rabbit secondary
antibody (Abbkine, Cat. #A21020, 1:5000) for 1 h at room temperature to detect the relevant primary antibody.
Secondary antibodies were detected using chemiluminescence kit (Genechem, Cat. #KGP1127) and photo-
graphed using the CHEMI SCOPE 6300 imaging system (Shanghai, China). (Original blots are presented in
Supplementary Figs. S2, S3).

In vivo ubiquitination experiment. HEK 293 T cells were co-transfected with plasmids of PPAR y1 or
PPAR yl mutant K68R, K222R, K228R, K242R, K356R respectively, HA-ubiquitin and His-MuRF2. The total
amount of plasmid DNA was 5 ug. After 48 h of transfection, the cells were treated with proteasome inhibitor
MG]132 (final concentration 20 uM) for additional 6 h. Then, the cells were harvested and lysed by adding 100
uL lysis buffer (Beyotime, Cat. #P0013). Protein concentration was determined using BCA protein assay kit
(Genechem, Cat. #(KGPBCA). Total 500 ug protein was mixed with 5 ug mouse monoclonal anti-His antibody
(Beyotime, Cat. #AF5060) and agitated gently on a roller shaker for 12 h at 4 °C. Next, protein A/G agarose beads
(Absin, Cat. #abs955) were added and incubated by gently roller shaking for 12 h at 4 °C. The mixture was cen-
trifuged 12,000 x g for 1 min at 4 °C, the supernatant was removed. Bound proteins were then eluted by boiling
in 1 x SDS loading buffer, resolved on 6% or 10% Bis-Tris gels (200 V, 40 min) and transferred to PVDF mem-
branes at 4 °C (400 mA, 40 min). After 5% non-fat milk blocking, the membranes were incubated with goat anti-
MuREF2 antibody (Abcam, Cat. #Ab4387, 1:500), rabbit anti-PPAR y1 antibody (Cell Signaling Technology, Cat.
#2443, 1:1000), rabbit anti-GAPDH antibody (BIOSS, Cat. #bs-2188R, 1:5000), mouse anti-His antibody (Beyo-
time, Cat. #AF5060, 1:1000), and mouse anti-ubiquitin antibody (ENZO, Cat. #BML-UW9920, 1:1000) over-
night at 4 °C separately; then washed in TBST 5 min x 3. Horseradish peroxidase-labeled anti-rabbit (Abbkine,
Cat. #A21020, 1:5000) and horseradish peroxidase-labeled anti-mouse secondary antibodies (Beyotime, Cat.
#A0216, 1:5000) were used to detect the corresponding primary antibodies. Secondary antibodies were detected
using chemiluminescence kit (Genechem, Cat. #KGP1127) and visualized using the CHEMI SCOPE 6300 imag-
ing system (Shanghai, China). (Original blots are presented in Supplementary Figs. $4, S5).

Protein stability assay and analysis. HEK 293T cells were co-transfected with PPAR y1 or PPAR y1
K222R, HA-ubiquitin and His-MuRF2. The amount of plasmid was 5 ug. After 24 h, cells were incubated with
Cycloheximide (CHX, final concentration 60 pg/mL) (Beyotime, Cat. #5C0353) for 3 h and 6 h respectively. Then
cells were harvested and total protein was extracted and denatured. Protein concentrations were determined by
BCA protein assay kit (Genechem, Cat. #(KGPBCA). The preparations were separated on a 10% Bis—Tris gel
(200 V; 40 min), transferred to PVDF membrane overnight at 4 °C (400 mA). The membrane was blocked in
5% non-fat milk 1 h at room temperature, then incubated with rabbit anti-PPAR y1 antibody (Cell Signaling
Technology, Cat. #2443, 1:1000). GAPDH was used as an internal control (rabbit anti-GAPDH, BIOSS, Cat.
#bs-2188R, 1:5000). Horseradish peroxidase-labeled anti-rabbit secondary antibody (Abbkine, Cat. #A21020,
1:5000) was used to detect the primary antibodies. The blotting was imaged using the CHEMI SCOPE 6300
imaging system (Shanghai, China). (Original blot is presented in Supplementary Fig. S6).

RT-qPCR analysis. Total RNA was isolated using TRIzol reagent according to the manufacturer’s proto-
cols (TIANGEN, Cat. # DP419). c-DNAs were synthesized from total RNA using PrimeScript™ RT Master Mix
(Takara, Cat. #RR036A), amplified and analyzed using Green PCR Kit and Real-time PCR. The mRNA lev-
els of PPAR y1 regulated genes peroxisomal acyl-CoA oxidase 1 (ACOX1), Perilipin2 (PLIN2) and carnitine
palmitoyltransferase 1b (CPT1b) were normalized by GAPDH mRNA expression level. Primers as the shows:
ACOX1 (forward: CAC AAG TAA ACC AGC GTG TAA A, reverse: GTT CTT AGC CCA CTC AAA CAA G),
PLIN2 (forward: TCA ACT CAG ATT GTT GCC AAT G, reverse: TTT GGT GAG TGC ATT TTC TAC G),
and CPT1b (forward: AGA AGC ACC AGA ATA TGT ACC G, reverse: GAG AGC TGA CTC CTA GGT ACT
T) and GAPDH (forward: ACA CCA TGT ATT CCG GGT CAA T, reverse: TGT GGG CAT CAA TGG ATT
TGQG). Statistical analyses of RT-PCR were performed using Prism software. Measurements were expressed as
mean + standard deviation (SD). The paired, two-tailed Student’s t-test was used to determine the significance
between two groups. p <0.05 was regarded as statistically significant.
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Establishment of the spatial structure of PPAR y1 ligating ubiquitin.  To display the spatial struc-
ture visually, we derived the 3D PPAR y1 molecular by PyMOL software (version 2.4.0 openvr; DeLano Scien-
tific, San Carlos, CA, USA; https://pymol.org/2/).

Ethics approval and consent to participate. The experimental protocol was approved by the Ethics
Review Committee of the General Hospital of Ningxia Medical University (approval number 2020-01), and was
conducted following the guidelines of the National Institutes of Health, Animal Care and Use Committee.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author upon reasonable request.

Received: 8 August 2022; Accepted: 27 January 2023
Published online: 03 February 2023

References
1. Corzo, C. & Griffin, P. R. Targeting the peroxisome proliferator-activated receptor-y to counter the inflammatory milieu in obesity.
Diabetes Metab. J. 37, 395 (2013).
2. Brown, J. D. & Plutzky, J. Peroxisome proliferator-activated receptors as transcriptional nodal points and therapeutic targets.
Circulation 115, 518 (2007).
3. Stefanie Hauser, G. A. P. S. & Spiegelman, B. M. Degradation of the peroxisome proliferator-activated receptor g is linked to ligand-
dependent activation. J. Biol. Chem. 24, 18527 (2000).
4. Han, L., Shen, W, Bittner, S., Kraemer, E. B. & Azhar, S. PPARs: Regulators of metabolism and as therapeutic targets in cardiovas-
cular disease. Part IT: PPAR-B/8 and PPAR-y. Future Cardiol. 13,279 (2017).
5. Semple, R. K. PPAR and human metabolic disease. J. Clin. Invest. 116, 581 (2006).
6. Lee, K. W. et al. F-box only protein 9 is an E3 ubiquitin ligase of PPARY. Exp. Mol. Med. 48, €234 (2016).
7. Stump, M., Mukohda, M., Hu, C. & Sigmund, C. D. PPARy regulation in hypertension and metabolic syndrome. Curr. Hypertens.
Rep. 17, 89 (2015).
. Miyahara, T. et al. Peroxisome proliferator-activated receptors and hepatic stellate cell activation. J. Biol. Chem. 275, 35715 (2000).
9. Ito, T. et al. Collapse and restoration of MHC class-I-dependent immune privilege: Exploiting the human hair follicle as a model.
Am. ]. Pathol. 164, 623-634 (2004).
10. Ahmadian, M. et al. PPARY signaling and metabolism: The good, the bad and the future. Nat. Med. 19, 557 (2013).
11. Majdalawieh, A. & Ro, H. PPARy1 and LXRa face a new regulator of macrophage cholesterol homeostasis and inflammatory
responsiveness, AEBP1. Nucl. Recept. Signal. 8, 8004 (2010).
12. Mukohda, M. et al. Endothelial PPAR-y provides vascular protection from IL-1B-induced oxidative stress. Am J. Physiol.-Heart C
310, H39 (2016).
13. Hao, G., Niu, X., Gao, D., Wei, J. & Wang, N. Agonists at PPAR-y suppress angiotensin II-induced production of plasminogen
activator inhibitor-1 and extracellular matrix in rat cardiac fibroblasts. Br. J. Pharmacol. 153, 1409 (2008).
14. He, ]. et al. MuRF2 regulates PPARgammal activity to protect against diabetic cardiomyopathy and enhance weight gain induced
by a high fat diet. Cardiovasc. Diabetol. 14, 97 (2015).
15. Zhou, L., Wang, Z., Xiao, Z. & Tu, L. Effects of PPAR-y in the myocardium on the development of ventricular septation. Curr. Med.
Sci. 40, 313 (2020).
16. Khan, D. et al. SIRT6 transcriptionally regulates fatty acid transport by suppressing PPARgamma. Cell Rep. 35, 109190 (2021).
17. Hernandez, Q. M., Broekema, M. F. & Kalkhoven, E. PPARgamma in metabolism, immunity, and cancer: Unified and diverse
mechanisms of action&#13. Front. Endocrinol. 12, 526 (2021).
18. Aprile, M. et al. PPARgammaDelta5, a naturally occurring dominant-negative splice isoform, impairs PPARgamma function and
adipocyte differentiation. Cell Rep. 25, 1577 (2018).
19. Quelle, E. W. & Sigmund, C. D. PPARgamma: No SirT, no service. Circ. Res. 112, 411 (2013).
20. van Beekum, O., Fleskens, V. & Kalkhoven, E. Posttranslational modifications of PPAR-gamma: Fine-tuning the metabolic master
regulator. Obesity (Silver Spring Md.) 17, 213-219 (2009).
21. Choi, J. H. et al. Anti-diabetic drugs inhibit obesity-linked phosphorylation of PPARgamma by Cdk5. Nature 466, 451 (2010).
22. Shimizu, M., Yamashita, D., Yamaguchi, T., Hirose, F. & Osumi, T. Aspects of the regulatory mechanisms of PPAR functions:
Analysis of a bidirectional response element and regulation by sumoylation. Mol. Cell Biochem. 286, 33-42 (2006).
23. Chung, S. S. et al. SUMO modification selectively regulates transcriptional activity of peroxisome-proliferator-activated receptor
gamma in C2C12 myotubes. Biochem. J. 433, 155 (2011).
24. 1i, S., Park, S. Y., Roth, J., Kim, H. S. & Cho, J. W. O-GlcNAc modification of PPARgamma reduces its transcriptional activity.
Biochem. Biophys. Res. Commun. 417, 1158 (2012).
25. Willis, M. S. & Patterson, C. Proteotoxicity and cardiac dysfunction-Alzheimer’s disease of the heart?. New Engl. J. Med. 368, 455
(2013).
26. Galan, ]. M. & Haguenauer-Tsapis, R. Ubiquitin lys63 is involved in ubiquitination of a yeast plasma membrane protein. EMBO
J. 16, 5847 (1997).
27. Johnson, E. S., Ma, P. C,, Ota, I. M. & Varshavsky, A. A proteolytic pathway that recognizes ubiquitin as a degradation signal. J.
Biol. Chem. 270, 17442 (1995).
28. Gregori, L., Poosch, M. S., Cousins, G. & Chau, V. A uniform isopeptide-linked multiubiquitin chain is sufficient to target substrate
for degradation in ubiquitin-mediated proteolysis. J. Biol. Chem. 265, 8354 (1990).
29. Vincent, C. et al. A multiubiquitin chain is confined to specific lysine in a targeted short-lived protein. Science 243, 1576 (1989).
30. Kim, J. H. et al. Suppression of PPARgamma through MKRN1-mediated ubiquitination and degradation prevents adipocyte dif-
ferentiation. Cell Death Differ. 21, 594 (2014).
31. Kilroy, G., Kirk-Ballard, H., Carter, L. E. & Floyd, Z. E. The ubiquitin ligase Siah2 regulates PPARgamma activity in adipocytes.
Endocrinology 153, 1206 (2012).
32. Li, J. J. et al. Ubiquitin ligase NEDD4 regulates PPARgamma stability and adipocyte differentiation in 3T3-L1 Cells. Sci. Rep. 6,
38550 (2016).
33. Watanabe, M. et al. The E3 ubiquitin ligase TRIM23 regulates adipocyte differentiation via stabilization of the adipogenic activator
PPARgamma. Elife 4, €5615 (2015).
34. Hou, Y. et al. PPARgamma E3 ubiquitin ligase regulates MUCI1-C oncoprotein stability. Oncogene 33, 5619 (2014).
35. Hou, Y., Moreau, F. & Chadee, K. PPARgamma is an E3 ligase that induces the degradation of NFkappaB/p65. Nat. Commun. 3,
1300 (2012).

o

Scientific Reports |

(2023) 13:1999 | https://doi.org/10.1038/s41598-023-28905-5 nature portfolio


https://pymol.org/2/

www.nature.com/scientificreports/

36. Lee, J. H. et al. Degradation of selenoprotein S and selenoprotein K through PPARgamma-mediated ubiquitination is required for
adipocyte differentiation. Cell Death Differ. 26, 1007 (2019).

37. Sue, P, Baljinder, M. & Mathias, G. Developmental regulation of MURF E3 ubiquitin ligases in skeletal muscle. . Muscle Res. Cell
Mot. 33,107-122 (2012).

38. Centner, T. et al. Identification of muscle specific ring finger proteins as potential regulators of the titin kinase domain. J. Mol. Biol.
306, 717-726 (2001).

39. Rodriguez, J. E. et al. The ubiquitin ligase MuRF1 regulates PPARa activity in the heart by enhancing nuclear export via mon-
oubiquitination. Mol. Cell Endocrinol. 413, 256 (2015).

40. Liu, Y, Jin, S., Song, L., Han, Y. & Yu, B. Prediction of protein ubiquitination sites via multi-view features based on eXtreme gradi-
ent boosting classifier. ] Mol. Graph Model. 107, 107962 (2021).

41. Nguyen, V. N., Huang, K. Y., Huang, C. H., Lai, K. R. & Lee, T. Y. A new scheme to characterize and identify protein ubiquitination
sites. IEEE/ACM Trans. Comput. Biol. Bioinform. 14, 393 (2017).

42. Huang, C. H. et al. UbiSite: Incorporating two-layered machine learning method with substrate motifs to predict ubiquitin-
conjugation site on lysines. BMC Syst. Biol. 10(1), 6 (2016).

43. Chen, X. et al. Incorporating key position and amino acid residue features to identify general and species-specific Ubiquitin
conjugation sites. Bioinformatics 29, 1614 (2013).

44. Chen, Z. et al. Prediction of ubiquitination sites by using the composition of k-spaced amino acid pairs. PLoS ONE 6, €22930
(2011).

45. Lee, T., Chen, S., Hung, H. & Ou, Y. Incorporating distant sequence features and radial basis function networks to identify ubiquitin
conjugation sites. PLoS ONE 6, 17331 (2011).

46. Radivojac, P. et al. Identification, analysis, and prediction of protein ubiquitination sites. Proteins 2010, 78 (2010).

47. Chang, C. C. & Lin, C. J. LIBSVM: A library for support vector machines. Trans. Intell. Syst. Technol. 2,27 (2011).

48. Pirooznia, M. & Deng, Y. SVM Classifier—a comprehensive java interface for support vector machine classification of microarray
data. BMC Bioinform. 7(4), S25 (2006).

49. Chen, X. et al. Incorporating key position and amino acid residue features to identify general and species-specific Ubiquitin
conjugation sites. Bioinform. (Oxf. Engl.) 29, 256 (2013).

50. Zhao, Q. et al. A plant-specific in vitro ubiquitination analysis system. Plant J. Cell Mol. Biol. 74, 524-533 (2013).

51. Kraft, E. et al. Genome analysis and functional characterization of the E2 and RING-type E3 ligase ubiquitination enzymes of
Arabidopsis. Plant Physiol. 139, 1597-1611 (2005).

Acknowledgements

We would like to thank Ms. Yipin Han (John’s Hopkins University, Bloomberg School of Public Health, Depart-
ment of Epidemiology-Cardiovascular and Clinical Epidemiology, Baltimore USA) for her suggestions regarding
the discussions and edits.

Author contributions

J.H., Y.E and EX. conceived and designed the study.Jun He and Yucheng Fan wrote the manuscript.Y.E, EX.
conducted the immunoprecipitations, ubiquitination assays and Western blots.R.W. performed the RT-qPCR
experiments.All authors have read and approved the final version of the manuscript.

Funding
This study was supported by the National Natural Science Foundation (grant no. 81660045 to J.H) and Ningxia
Natural Science Foundation (grant no. 2020AAC02037 to J.H).

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-28905-5.

Correspondence and requests for materials should be addressed to J.H.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:1999 | https://doi.org/10.1038/s41598-023-28905-5 nature portfolio


https://doi.org/10.1038/s41598-023-28905-5
https://doi.org/10.1038/s41598-023-28905-5
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Lysine 222 in PPAR γ1 functions as the key site of MuRF2-mediated ubiquitination modification
	Results
	Screening of the candidate ubiquitination sites. 
	In vitro ubiquitination by GST-pulldown assay. 
	In vivo ubiquitination by cell transfection study. 
	MuRF2 weakens the stability of PPAR γ1 protein by ubiquitination modification targeting K222. 
	Measurements of PPAR γ1 target genes. 
	The 3D spatial structure of PPAR γ1 ligating ubiquitin derived by pyMOL software. 

	Discussion
	Methods
	Prediction of ubiquitination site in PPAR γ1. 
	Plasmid construction. 
	Cell culture. 
	PPAR γ1 protein purification. 
	In vitro ubiquitination experiment. 
	In vivo ubiquitination experiment. 
	Protein stability assay and analysis. 
	RT-qPCR analysis. 
	Establishment of the spatial structure of PPAR γ1 ligating ubiquitin. 
	Ethics approval and consent to participate. 

	References
	Acknowledgements


