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Abstract 

Background  Peroxisome proliferator-activated receptor α (PPARα) plays a crucial role in liver physiological and path-
ological processes. Yes-associated protein (YAP) is a key effector in regulating cell growth and organ size. Ubiquitina-
tion is known to modulate YAP protein expression, stability, and nuclear localization. Our previous study demonstrated 
that PPARα activation promotes hepatomegaly and liver regeneration via YAP activation. However, the underlying 
molecular mechanisms by which PPARα regulates YAP are unclear. In this study, PPARα was activated by the classical 
agonist WY-14643, and its effects on YAP ubiquitination were examined using plasmid transfection and immuno-
precipitation. The ubiquitination of YAP was further investigated through mutant YAP plasmids, gene knockdown, 
and immunofluorescence staining. YAP mRNA and protein expression were measured via qRT-PCR and western 
blotting.

Results  The results demonstrated that PPARα activation upregulated YAP protein levels and enhanced its activity, 
while reducing overall YAP ubiquitination. Specifically, PPARα activation inhibited K48-linked ubiquitination while pro-
moting K63-linked ubiquitination of YAP. Mutations at the K252, K321, and K497 residues of YAP markedly reduced 
the capacity of PPARα activation to facilitate YAP nuclear translocation. Furthermore, knockdown of the E3 ligase 
TRAF6 abolished the PPARα-induced K63-linked ubiquitination of YAP and the upregulation of its downstream target 
genes.

Conclusions  These findings highlight the pivotal role of ubiquitination in regulating YAP through PPARα activation, 
providing novel insights for future studies on the post-translational regulation of YAP by PPARα activation.
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Background
Peroxisome proliferator-activated receptor α (PPARα, 
NR1C1) is an important member of the nuclear recep-
tor superfamily that plays a pivotal role in the regula-
tion of lipid metabolism, energy homeostasis, and 
inflammation [1, 2]. PPARα is highly expressed in tis-
sues with active fatty acid catabolism, such as the liver, 
heart, and kidney [3]. It classically acts as a transcrip-
tion factor, binding to peroxisome proliferator response 
elements (PPREs) within the promoters of target genes 
to regulate their expression [4]. PPARα is a ligand-acti-
vated transcription factor, whose agonists can be classi-
fied as either endobiotics or xenobiotics [5]. WY-14643, 
fenofibrate, and gemfibrozil are known as exogenous 
PPARα agonists for their ability to bind to and acti-
vate PPARα, among which WY-14643 exerts the highly 
potent and selective activation [6]. The administration 
of WY-14643 has been shown to promote hepatocyte 
proliferation, leading to significant hepatic enlargement 
[7]. Due to its critical role in metabolic regulation, 
PPARα also plays a key role in various hepatic physi-
ological and pathological processes [8].

Yes-associated protein (YAP) is the crucial component 
of the Hippo signaling pathway and plays an important 
role in the control of cell proliferation and organ size 
[9]. As a transcriptional coactivator, YAP exerts its bio-
logical function through nuclear translocation [10]. The 
upstream regulators of the Hippo pathway ultimately 
dictate YAP’s localization, determining whether it trans-
locates into the nucleus [11]. When YAP is localized in 
the nucleus, it interacts with TEAD family transcription 
factors to activate a series of target genes, thereby par-
ticipating in the regulation of cell fate [12].

Our previous studies have demonstrated that the 
activation of PPARα via WY-14643 significantly pro-
motes liver enlargement and regeneration in mice by 
activating and interacting with the YAP signaling path-
way. WY-14643 treatment induces YAP translocation 
from cytoplasm to nucleus [13]. Similar activation of 
the YAP signaling pathway was also observed during 
fenofibrate-induced hepatomegaly and liver regenera-
tion in mice [14]. However, the regulatory mechanism 
of PPARα activation on YAP activity remains unclear.

Ubiquitination is an important mechanism to regulate 
protein expression and signal transduction. Polyubiqui-
tination chains are covalently linked to target proteins 
through specific ubiquitin ligases, with different link-
ages producing distinct functional outcomes [15]. A 
large number of studies have shown that the expression 
and activity of YAP are strictly controlled by ubiquitina-
tion modification [16]. For instance, HECT domain and 
RCC1-like domain-containing protein 3 (HERC3) stabi-
lizes YAP/TAZ expression and prevents its degradation 
by blocks β-TrCP-mediated ubiquitination [17]. IL-1β 
activates TNF receptor-associated factor 6 (TRAF6) to 
promote the K63-linked ubiquitination of YAP at the 
K252 site, leading to enhanced stability and nuclear local-
ization of YAP by interfering with its binding to proteins 
containing PPXY motifs such as large tumor suppressor 
1 (LATS1) and angiomotin (AMOT) [18]. Ubiquitin-
specific peptidase 36 (USP36) stabilizes the YAP protein 
by inhibiting the K48-linked polyubiquitination of YAP, 
thereby promoting the progression of esophageal squa-
mous cell carcinoma [19]. By ubiquitinating or deubiqui-
tinating YAP at different sites, the stability and activity of 
YAP can be modulated.

Considering the role of ubiquitination in the regulation 
of YAP, it is interesting to investigate whether PPARα 
activation modulates YAP ubiquitination. This study 
aims to investigate the role of PPARα in regulating YAP 
ubiquitination and to elucidate the underlying molecular 
mechanisms, providing novel insights into the interac-
tion between PPARα and YAP.

Results
PPARα activation enhances YAP protein levels and activity
To investigate the effect of PPARα activation on YAP, 
HepG2 cells were treated with the PPARα classical 
agonist WY-14643. WY-14643 treatment significantly 
upregulated the expression of PPARα downstream tar-
get protein Acyl CoA oxidase 1 (ACOX1) (Fig.  1A–B), 
indicating the activation of PPARα. Consistent with our 
previous findings [13], the protein expression of YAP was 
upregulated while the protein expression of phosphoryl-
ated YAP (p-YAP) was downregulated after WY-14643 
treatment (Fig.  1A–B). Meanwhile, RT-qPCR results 

(See figure on next page.)
Fig. 1  PPARα activation enhances YAP protein levels and activity. A HepG2 cells were treated with 20 μM WY-14643 and the expression of YAP, 
p-YAP, and ACOX1 protein were detected by western blot. B The relative protein expression of YAP, p-YAP, and ACOX1. C HepG2 cells were 
treated with WY-14643 and the expression of ACOX1, YAP, and its downstream target genes were detected by RT-qPCR. D HepG2 cells were 
treated with WY-14643 and the expression of LATS1, p-LATS1/2, MST1, MST2 and p-MST1/2 protein were detected by western blot. E The relative 
protein expression of LATS1, p-LATS1/2, MST1, MST2 and p-MST1/2. F HepG2 cells were treated with MG132 (20 μM) and the expression of YAP 
protein was detected by western blot. G The relative protein expression of YAP. H The Vehicle group and the WY-14643 group cells were treated 
with CHX (50 mg/mL) and the expression of YAP protein was detected by western blot. I The relative protein expression of YAP. Data are presented 
as the mean ± S.D. * P < 0.05, ** P < 0.01, ns, not significant, compared with the Vehicle group
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Fig. 1  (See legend on previous page.)
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showed that both ACOX1 and the YAP downstream tar-
get genes, cysteine-rich angiogenic inducer 61 (CYR61) 
and connective tissue growth factor (CTGF), were signifi-
cantly upregulated after WY-14643 treatment (Fig.  1C), 
indicating that PPARα activation enhanced both YAP 
protein levels and activity. Furthermore, we utilized 
siRNA to knock down PPARα expression, and the knock-
down efficiency of PPARα was verified by RT-qPCR 
(Additional file  1: Fig. S1A). The knockdown of PPARα 
markedly abrogated the WY-14643-upregulated expres-
sion of YAP protein and its target genes (Fig.  1A–C). 
Notably, the mRNA level of YAP did not show significant 
change following PPARα activation (Fig. 1C), suggesting 
that PPARα activation may regulate YAP at the transla-
tional rather than the transcriptional level.

The phosphorylation of YAP, mediated by Hippo path-
way, is a well-established mechanism for regulating 
YAP activity [20]. We further assessed the expression 
of upstream kinases in the Hippo pathway. The results 
showed that the expression of MST1/2, LATS1/2, and 
their phosphorylated forms, p-MST1/2 and p-LATS1/2, 
were not significantly changed upon PPARα activation 
(Fig.  1D–E). These findings suggest that PPARα acti-
vation may not regulate YAP phosphorylation via the 
upstream phosphokinase of the Hippo pathway.

We further investigated whether PPARα activation 
impacts the stability of the YAP protein. HepG2 cells 
were treated with the proteasome inhibitor MG132 
for 0, 2, 4, and 8  h. The results showed that the YAP 
protein level was increased with prolonged treatment 
(Fig. 1F–G), suggesting that YAP was degraded through 
the proteasome pathway in HepG2 cells. Then we uti-
lized cycloheximide (CHX), a well-established inhibi-
tor of protein biosynthesis [21], to assess the effects of 
PPARα activation on YAP protein stability. The results 
showed that YAP protein degradation was significantly 
slower in the WY-14643 group compared to the Vehicle 
group (Fig. 1H–I), indicating that PPARα activation may 
enhance YAP protein stability by regulating its degra-
dation. Collectively, these findings demonstrated that 
PPARα activation increased both the levels and activity 
of YAP protein, underscoring its regulatory role in YAP 
stability and function.

PPARα activation regulates YAP ubiquitination 
modification
To investigate the effect of PPARα activation on the 
ubiquitination of YAP, plasmid transfection, and Co-IP 
experiments were performed. The findings revealed 
that WY-14643 treatment inhibited the overall ubiq-
uitination of YAP in HepG2 cells (Fig. 2A). We further 

examined the effects of PPARα activation on K63-linked 
and K48-linked ubiquitination, two types of YAP ubiq-
uitination modifications. Upon WY-14643 treatment, 
the K48-linked ubiquitination of YAP was reduced 
(Fig.  2B), whereas the K63-linked ubiquitination of 
YAP was increased (Fig. 2C). Fenofibrate, another well-
established PPARα agonist, was used to investigate the 
effect of PPARα activation on ubiquitination of YAP, 
and consistent results were observed (Additional file 1: 
Fig. S2A-C). Moreover, PPARα knockdown significantly 
enhanced the ubiquitination of YAP, and WY-14643 
treatment failed to suppress YAP ubiquitination in 
PPARα-knockdown cells (Fig.  2D). In conclusion, 
WY-14643 treatment modulated the ubiquitination of 
YAP in a PPARα-dependent manner.

The K63‑linked ubiquitination mediated by PPARα 
activation is associated with YAP nuclear localization
Previous studies have indicated that YAP nuclear locali-
zation is influenced by K63-linked ubiquitination at 
lysine residues 252, 321, and 497 [18, 22]. To further 
explore how PPARα activation induces YAP nuclear 
translocation, we investigated the association between 
YAP nuclear localization and its K63-linked ubiquitina-
tion following PPARα activation. We constructed sev-
eral YAP mutants to replace lysine residues at site 252 
(K252R), 321 (K321R), and 497 (K497R) with arginine 
(Fig. 3A). The K63-linked ubiquitination of these mutants 
was assessed in HepG2 cells after WY-14643 treatment. 
Compared to cells transfected with wild-type YAP, K63-
linked ubiquitination in the K252R, K321R, and K497R 
mutants was not enhanced by WY-14643 treatment 
(Fig. 3B). These results suggest that lysine residues 252, 
321, and 497 are critical for promoting K63-linked ubiq-
uitination of YAP following PPARα activation. To detect 
the nuclear localization of YAP, immunofluorescence 
staining was conducted. The nuclear-to-total fluores-
cence intensity ratio of YAP was used to quantify the 
effect of PPARα activation on YAP nuclear translocation. 
There was a significant increase in the nuclear distri-
bution of wild-type YAP and the YAP mutants K252R, 
K321R, and K497R after PPARα activation, but the YAP 
mutants K252R, K321R, and K497R showed a markedly 
reduced nuclear localization compared to wild-type YAP 
after WY-14643 treatment (Fig.  3C–D), indicating that 
mutation of the K63-linked ubiquitination sites impairs 
the ability of YAP to undergo nuclear translocation fol-
lowing PPARα activation. In summary, PPARα activation 
may regulate YAP nuclear localization by modulating its 
K63-linked ubiquitination.
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PPARα activation regulates K63‑linked ubiquitination 
of YAP via TRAF6
Tumor necrosis factor receptor-associated factor 6 

(TRAF6), an E3 ligase, promotes the nuclear localiza-
tion and activity of YAP by binding to it and regulating 
its K63 ubiquitination [18, 23]. To determine whether 

Fig. 2  PPARα activation regulates YAP ubiquitination. A-C HepG2 cells were co-transfected with Flag-YAP and HA-tagged ubiquitin (HA-Ub) 
plasmids (A)/mutant HA-Ub-K48 plasmids (B)/mutant HA-Ub-K63 plasmids (C) and then treated with 20 μM WY-14643. Before harvesting, all cells 
were treated with 20 μM MG132 for 6 h. YAP protein was immunoprecipitated using an anti-FLAG antibody, and ubiquitinated YAP proteins were 
detected using an anti-HA antibody. D PPARα-knockdown and control cells were co-transfected with Flag-YAP and HA-Ub plasmids, followed 
by treatment with 20 μM WY-14643. Before harvesting, all cells were treated with 20 μM MG132 for 6 h. YAP protein was immunoprecipitated using 
an anti-FLAG antibody, and ubiquitinated YAP proteins were detected using an anti-HA antibody
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Fig. 3  K63-linked ubiquitination mediated by PPARα activation is associated with YAP nuclear localization. A Three-dimensional structure diagram 
of YAP protein. B HepG2 cells were co-transfected with HA-Ub-K63, Flag-YAP, or mutant of Flag-YAP plasmids, followed by treatment with 20 μM 
WY-14643. Before harvesting, all cells were treated with 20 μM MG132 for 6 h. YAP protein was immunoprecipitated using an anti-FLAG antibody, 
and ubiquitinated YAP proteins were detected using an anti-HA antibody. C HepG2 cells were transfected with Flag-YAP (wild-type or K252R/
K321R/K497R) and then treated with 20 μM WY-14643 24 h. Immunostaining was performed using a YAP-specific antibody (green), with DAPI (blue) 
used for DNA staining. Scale bar = 20 μm. D Quantification of immunofluorescence data. ## P < 0.01, the WY-14643 group vs. the Vehicle group; ## 
**P < 0.01, the mutant Flag-YAP group vs. the Flag-YAP-WT group
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TRAF6 plays a key role in the regulation of K63-linked 
ubiquitination of YAP after PPARα activation, we con-
structed a TRAF6 knockdown cell model by transient 
transfection of TRAF6 siRNA in HepG2 cells. The knock-
down efficiency of TRAF6 was verified by RT-qPCR 
(Additional file 1: Fig. S3A). Notably, treatment with the 
PPARα agonist WY-14643 significantly increased YAP 
protein levels while reducing p-YAP protein levels. How-
ever, these effects were abolished in TRAF6-knockdown 
cells (Fig. 4A–B). Inhibition of TRAF6 almost completely 
abolished PPARα activation-induced K63-linked ubiqui-
tination of YAP (Fig.  4C) and suppressed the upregula-
tion of YAP downstream target genes CTGF and CYR61 
(Fig. 4D). Although previous studies have suggested that 
S-phase kinase-associated protein 2 (SKP2) also regulates 
K63-linked ubiquitination of YAP [22], these results indi-
cated that SKP2 knockdown did not significantly impact 
the K63-linked ubiquitination of YAP following PPARα 
activation (Additional file  1: Fig. S3C). The knockdown 
efficiency of SKP2 was confirmed by RT-qPCR, as shown 
in Fig. S3B. These findings indicate that TRAF6, but not 
SKP2, mediates PPARα activation-induced K63-linked 
ubiquitination of YAP.

Previous studies showed that TRAF6 interacted with 
the WW domain of YAP to regulate its ubiquitination 
[18], and we also observed that PPARα interacted with 
the WW domain of YAP (Additional file  1: Fig. S4). To 
determine whether PPARα activation affected the inter-
action between TRAF6 and YAP, we conducted a Co-IP 
experiment between TRAF6 and YAP. The results showed 
that PPARα activation did not enhance the interaction 
between TRAF6 and YAP (Fig. 4E), and the mechanism 
by which PPARα regulates YAP via TRAF6 required 
further elucidation. Overall, these results suggest that 
TRAF6 plays an important role in the regulation of K63-
linked ubiquitination of YAP by PPARα activation.

Discussion
Our previous study demonstrated that PPARα enhances 
the nuclear translocation and downstream target gene 
expression of YAP through its interaction with YAP, 
thereby promoting liver enlargement and regeneration 
in mice [13]. However, the precise mechanism by which 
PPARα regulates YAP activity remains unclear. In this 
study, we found that treatment with the PPARα ago-
nist WY-14643 enhanced YAP protein levels and activ-
ity. Mechanistically, we revealed that PPARα activation 
inhibited K48-linked ubiquitination of YAP and pro-
moted K63-linked ubiquitination of YAP. PPARα activa-
tion mediated K63-linked ubiquitination of YAP at K252, 
K321, and K497. The mutation of the K63-linked ubiq-
uitination sites inhibited PPARα-induced YAP nuclear 

translocation. Furthermore, PPARα activation regulated 
K63-linked ubiquitination in a TRAF6-dependent man-
ner. These findings demonstrate that PPARα activa-
tion leads to YAP activation through the regulation of 
TRAF6-driven K63-linked YAP ubiquitination (Fig. 5).

Post-translational modifications are critical for regulat-
ing YAP activity, with phosphorylation being one of the 
key regulatory mechanisms [24]. When the Hippo signal-
ing pathway is activated, YAP can be phosphorylated at 
five serine residues (Ser61, Ser109, Ser127, Ser164, and 
Ser397) by LATS1/2 [10]. Among these, phosphorylation 
of YAP at Ser127 promotes its binding with cytoplas-
mic 14-3-3 proteins, preventing YAP from translocat-
ing into the nucleus [25]. In this study, we found that 
PPARα activation inhibited the phosphorylation of YAP 
at Ser127. YAP phosphorylation is primarily regulated by 
the upstream MST1/2 and LATS1/2 kinases [26]. There-
fore, we further examined the protein expression levels of 
upstream kinases in the Hippo pathway following PPARα 
activation. However, PPARα activation did not signifi-
cantly affect the expression of these upstream kinases. 
Further studies are needed to investigate how PPARα 
activation regulates YAP phosphorylation. In addition to 
phosphorylation, ubiquitination also plays a significant 
role in the regulation of YAP activity [27]. Different types 
of ubiquitin modifications result in distinct outcomes for 
YAP protein. Generally, K48-linked ubiquitination tar-
gets YAP for degradation via the 26S proteasome, thereby 
reducing its protein levels [28]. Conversely, K63-linked 
ubiquitination has been shown to enhance nuclear locali-
zation and transcriptional activity of YAP [29]. Our cur-
rent study showed that PPARα activation significantly 
inhibited K48-linked ubiquitination of YAP while pro-
moting K63-linked ubiquitination of YAP, indicating that 
PPARα activation may regulate YAP activity by modulat-
ing the balance between two types of YAP ubiquitination, 
ultimately leading to the activation of YAP signaling.

Various ubiquitin ligases regulate YAP ubiquitination 
at different sites, thereby influencing its activity [30]. 
Given that K63-linked ubiquitination of YAP has been 
demonstrated to promote its nuclear translocation and 
enhance its activity [29], we further examined the role 
of K63-linked ubiquitination in augmenting YAP pro-
tein levels and activity following PPARα activation. Our 
findings revealed that PPARα activation mediated K63-
linked ubiquitination of YAP at multiple lysine residues, 
including K252, K321, and K497. Mutation of these 
sites significantly inhibited PPARα-induced K63-linked 
ubiquitination of YAP and reduced its nuclear translo-
cation. These results suggest that PPARα activation may 
regulate YAP nuclear localization through K63-linked 
ubiquitination. It has been reported that the E3 ligase 
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Fig. 4  PPARα activation regulates the K63-linked ubiquitination of YAP via TRAF6. A The expression of YAP and p-YAP protein were detected 
by western blot. B The relative protein expression of YAP and p-YAP. C TRAF6-knockdown and control cells were co-transfected with Flag-YAP 
and HA-Ub-K63 plasmids, followed by treatment with 20 μM WY-14643. All cells were treated with 20 μM MG132 for 6 h before harvesting. The YAP 
protein was immunoprecipitated using an anti-FLAG antibody and the ubiquitinated YAP proteins were analyzed using anti-HA antibody. D The 
expression of YAP downstream target genes was detected by RT-qPCR. *P < 0.05; **P < 0.01, the WY-14643 group vs. the Vehicle group. E HepG2 
cells were cotransfected with Flag-YAP and GFP-TRAF6 plasmids and then treated with 20 μM WY-14643. The YAP protein was pulled down using 
an anti-FLAG antibody and the TRAF6 protein was analyzed using an anti-GFP antibody
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TRAF6 mediates YAP ubiquitination at K252, disrupt-
ing its interaction with angiomotin and promoting YAP 
nuclear translocation, highlighting the role of TRAF6 
in regulating YAP activation via ubiquitination [18]. 
We therefore further investigated the role of TRAF6 
in PPARα-mediated YAP ubiquitination. Interestingly, 
knockdown of TRAF6 mRNA significantly diminished 
PPARα activation-induced K63-linked ubiquitina-
tion of YAP, as well as the upregulation of YAP target 
genes, CTGF and CYR61. This suggests that PPARα 
activation may enhance K63-linked ubiquitination of 
YAP through modulation of TRAF6. Although SKP2, 
another E3 ligase, has also been reported to facilitate 
K63-linked ubiquitination of YAP [22], our findings 
indicated that SKP2 knockdown did not significantly 
affect K63-linked ubiquitination of YAP following 

PPARα activation, suggesting that SKP2 is not a major 
regulator of this modification in this context. Therefore, 
we hypothesize that other E3 ubiquitin ligases, beyond 
TRAF6, may contribute to the regulation of K63-linked 
ubiquitination at these specific residues in response to 
PPARα activation. However, further studies are needed 
to identify these potential regulators.

Next, we aimed to explore how PPARα influences 
YAP through TRAF6. Previous studies have reported 
that TRAF6 interacts with the WW domain of YAP, 
regulating its ubiquitination. Our results also showed 
that PPARα interacted with the WW domain of YAP, 
leading us to hypothesize that PPARα activation might 
also affect the interaction between TRAF6 and YAP. 
However, PPARα activation did not enhance the inter-
action between TRAF6 and YAP. Future studies should 

Fig. 5  Mechanistic diagram of K63-linked ubiquitination of YAP after PPARα activation
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investigate the effects of PPARα activation on TRAF6 
protein expression and enzyme activity to clarify the 
specific role of TRAF6 in YAP regulation following 
PPARα activation.

Several issues still require further investigation. While 
we have demonstrated the mechanism of PPARα-
regulated YAP ubiquitination in cell models, further 
validation in animal models is essential to confirm its rel-
evance in physiological and pathological processes, such 
as liver enlargement and regeneration. Additionally, YAP 
undergoes various other post-translational modifications, 
including acetylation, SUMOylation, and methylation 
[10]. We previously reported that another nuclear recep-
tor, PXR, regulated YAP activity by modulating its post-
translational modifications, including Sirt2-dependent 
deacetylation and K63-linked ubiquitination, while inhib-
iting K48-linked ubiquitination [31]. Future research 
should investigate the role of posttranslational modifica-
tions in the regulation of YAP by PPARα activation, as 
well as whether these modifications interact temporally 
or spatially.

Conclusions
In conclusion, this study uncovers a potential mecha-
nistic link between PPARα activation and the regula-
tion of YAP through post-translational modifications. 
PPARα activation significantly modulates YAP ubiquit-
ination, thereby influencing its expression and activity. 
These findings provide new insights into the regulation 
of YAP following PPARα activation and highlight TRAF6 
as a potential target among ubiquitination regulators for 
future investigation.

Methods
Cell culture
The HepG2 cells were purchased from the American 
Type Culture Collection (ATCC). For routine culture, 
the cells were maintained in Dulbecco’s modified Eagle’s 
medium (DMEM) supplemented with 10% fetal bovine 
serum and 1% antibiotics (penicillin–streptomycin) and 
incubated in a cell incubator at 37℃ with 5% CO2. Strict 
aseptic techniques were followed when handling the 
cells, and all culture ware was sterilized prior to use.

Plasmids and siRNA
Plasmids containing HA-ubiquitin (wild-type: #17608; 
K48: #17605; K63: #17606), GFP-TRAF6 (#48711), 
FLAG-YAP1 (#66853) and YAP mutants were obtained 
from the Miao Ling plasmid platform (Miaoling Biologi-
cal Technology, Wuhan, China). All constructs were con-
firmed by DNA sequencing before further application. 
The siRNA kit (PPARα, TRAF6, and SKP2) was obtained 
from the RiboBio (RiboBio, Guangzhou, China).

Transfection
For plasmid transfection, the cells were inoculated into 
10 cm cell culture dishes at 70% density and then experi-
mented with Lipofectamine 2000 (Thermo Fisher Scien-
tific) according to the manufacturer’s instructions.

For siRNA transfection, the cells were seeded into 
6-well plates at 40% confluence. Cells were then trans-
fected with gene-specific siRNA or control siRNA 
(20 nM) by using Lipofectamine RNAi MAX transfection 
reagent (Thermo Fisher Scientific) according to the man-
ufacturer’s instructions.

Immunoprecipitation and pulldown assays
Protein–protein interactions within the cells were ana-
lyzed based on previously reported methods [31]. Cells 
were washed with PBS before lysis in CHAPS buffer 
(120 mM NaCl, 20 mM NaF, 1 mM EDTA, 25 mM Tris–
HCl, pH 7.5, 0.33% CHAPS) containing protease inhibi-
tors (Roche). The lysates were centrifuged at 12,000 rpm 
for 10 min at 4 ℃. The supernatants were incubated with 
Flag antibody for 3 h at 4 ℃, followed by incubation with 
protein A/G agarose beads (Thermo Fisher Scientific) for 
another 6 h at 4 ℃. After washing three times with lysis 
buffer, the proteins were denatured in loading buffer con-
taining 5% (v/v).

RNA isolation and qPCR
Cells were harvested in TRIzol (Invitrogen) for total RNA 
extraction, and cDNA was obtained by reverse tran-
scription of RNA using TransScript One-Step gDNA 
Removal and cDNA Synthesis SuperMix Kit (TransGen 
Biotech). SYBR Premix Ex TaqTMα (TaKaRa) was used 
to carry out real-time qPCR analyses with QuantStudio 
6 Flex and QuantStudioTM Real-time PCR software. The 
primers used for human YAP mRNA transcription were 
as follows: 5′-CCT GCG TAG CCA GTT ACC AA-3′ 
(forward) and 5′-CCA TCT CAT CCA CAC TGT TC-3′ 
(reverse); for human CTGF mRNA transcription were as 
follows: 5′-CAG CAT GGA CGT TCG TCT G-3′ (for-
ward) and 5′-AAC CAC GGT TTG GTC CTT GG-3′ 
(reverse); for human CYR61: 5′-CTC GCC TTA GTC 
GTC ACC C-3′ (forward) and 5′-CGC CGA AGT TGC 
ATT CCA G-3′ (reverse); for human ACOX1: 5′-GGA 
ACA ACG GAA AAG CGA GAA-3′ (forward) and 
5′-GAA ACC TCG GCA CAT CCA CA-3′ (reverse); 
and for human 18 s: 5′-GTG ACG TTG ACA TCC GTA 
AAG A-3′ (forward) and 5′-GCC GGA CTC ATC GTA 
CTC C-3′ (reverse). The fold changes in mRNA levels 
were calculated by the ΔΔCt method.

Analysis of protein ubiquitination
HepG2 cells were transfected with 5  µg YAP plasmid 
together with 5 µg HA-Ub, HA-Ub-K48, or HA-Ub-K63. 
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About 6  h later, cells were treated WY-14643 for 24  h. 
The cells were treated with 20 µM MG132 for 6 h before 
being harvested directly. The supernatant was collected 
and immunoprecipitated by FLAG antibody. Western 
blotting with HA antibody was used to detect the ubiq-
uitinated of YAP.

Immunofluorescence staining
HepG2 cells were cultured on the cell climbing plate to 
the appropriate density, washed with PBS for 3 times, 
fixed with 4% paraformaldehyde for 15  min, and pen-
etrated with 0.5% Triton X-100 at room temperature for 
20 min. Normal goat serum was closed at room tempera-
ture for 30 min, and the slide was incubated with 1% BSA 
diluted primary antibody at 4℃ overnight. After wash-
ing with PBS, the slides were incubated with Alexa Fluor 
488 coupled secondary antibody (1:100 dilution) for 1 h. 
DAPI was added to avoid light for 5  min, and then the 
slide was cleaned and installed. The acquired images are 
then viewed under a fluorescence microscope, and the 
images are processed using Image J.

Western blot
Standard western-blot assays were used to analyze pro-
tein expression in cells. The following antibodies were 
used for assays: anti-Flag (AE092, Abclonal, 1:1000), anti-
HA (3724, CST, 1:1000), anti-YAP (14074, CST 1:1000), 
anti-CYR61 (14479, CST 1:1000), anti-CTGF (10095, 
CST, 1:1000), anti-ACOX1 (10957, Proteintech, 1:1000), 
and anti-β-Actin (AC038, Abclonal, 1:10,000). Protein 
signals were detected with an ECL kit (‌Millipore Corpo-
ration, USA) and immunoblotting intensity was quanti-
fied using Image J.

Statistical analysis
All statistical analyses were performed using GraphPad 
8.0. The values were presented as means ± standard devi-
ation (SD) and two-tailed unpaired Student’s t-tests were 
used for statistical analysis. Results were considered sig-
nificant when P < 0.05 (*P < 0.05, **P < 0.01).
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