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Despite the increasing prevalence of fatty liver diseases world-
wide, the molecular mechanism underlying their pathogenesis
remains poorly defined. This study examines the expression
and significance of tumor necrosis factor (TNF) receptor-asso-
ciated factor 6 (TRAF6) in the high-fat diet (HFD)-induced
mouse obesity model and the oleic acid/palmitic acid (OA/
PA)-induced cell model. After developing these models, we
measured the expressions of TRAF6, enhancer of the zeste ho-
molog 2 (EZH2), and peroxisome proliferator activated recep-
tor alpha (PPARa). The expression of TRAF6, EZH2, and
PPARa was manipulated to investigate their roles in choles-
terol accumulation through evaluating the plasma levels of to-
tal cholesterol (TC), high-density lipoprotein cholesterol
(HDL-C), and low-density lipoprotein cholesterol (LDL-C).
Co-immunoprecipitation (coIP) assay was used to determine
the interaction between TRAF6 and EZH2 and chromatin
immunoprecipitation (ChIP) assay to detect the enrichment
of EZH2 and H3K27me3 in microRNA-429 (miR-429) pro-
moter. We found that HFD resulted in elevated TRAF6 and
miR-429 in fatty liver and reduced EZH2 and PPARa.
TRAF6 mediated the ubiquitination of EZH2 and increased
miR-429 expression, and miR-429 targeted PPARa. TRAF6
increased cholesterol accumulation in liver cells in vitro via
the EZH2/miR-429/PPARa axis. Collectively, HFD upregu-
lates TRAF6 and ubiquitinates EZH2 to promote the miR-
429-dependent inhibition of PPARa, leading to cholesterol
accumulation in liver and the occurrence of fatty liver.

INTRODUCTION
The liver has a wide array of pivotal metabolic functions such as lipid
metabolism, which may be impaired in the context of obesity, as well
as fatty liver disease.1 Chronic liver disease is a disorder significantly
contributing to morbidity and mortality across the globe, which
frequently develops from chronic inflammation, eventually leading
to advanced liver disease accompanied by severe complications.2

Fatty liver (also known as hepatic steatosis) is widely recognized to
arise when lipid accumulation exceeds the rate of lipid disposal.3 Mul-
tiple causes can contribute to the occurrence of fatty liver, such as
alcoholism, chemotherapy, nonalcoholic fatty liver disease, abnormal
metabolism, and toxic injury, as well as infections.4 Disturbance of
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bile acid synthesis along with deregulated cholesterol efflux leads to
cholesterol accumulation in the liver, and the dysfunction of liver
lipid metabolism consequently results in progression to fatty liver
from lipid deposition in the liver via the steatosis process.5 The
biochemical mechanisms underlying an elevation in hepatic choles-
terol accumulation should be elaborated to develop new strategies
to prevent fat deposition in the liver.6

Signaling through the receptors in the tumor necrosis factor receptor
(TNFR) family is a critical player in the secondary complexes and
lipid rafts, which determine the metabolic fate of cells.7 Specifically,
membrane microdomains that are enriched with cholesterol are posi-
tively related to the expression of TNF receptor associated factor 6
(TRAF6), which is a E3 ubiquitin-protein ligase.8 Moreover, TRAF6
expression is stimulated in response to diet-induced obesity, corre-
sponding to boosted secretion of pro-inflammatory cytokines.9 Previ-
ous evidence has suggested that enhancement of TRAF6 expression
could augment ubiquitination of enhancer of the zeste homolog 2
(EZH2) leading to enhanced degradation, which results in a net
reduction in EZH2 expression.10 EZH2 is as a key element of poly-
comb repressive complex 2, which can catalyze H3K27me3 and
thus trigger transcriptional inhibition of target genes.11 Furthermore,
EZH2 has been documented to repress the expression of microRNA-
429 (miR-429), which is a member of the miR-200 family (miR-200b,
miR-200a, and miR-429).12 Importantly, there is upregulation of
miR-200 family members including miR-429 in the high-fat-diet
(HFD)-fed rodent model, which may underlie the molecular patho-
genesis of diet-induced nonalcoholic fatty liver disease.13 EZH2 is a
specific methyltransferase, which interacts with the activated peroxi-
some proliferator activated receptor (PPAR).14 Specifically, the artifi-
cial promotion of PPARa expression in nonalcoholic fatty liver
disease has been highlighted to restore lipid metabolism and to
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Figure 1. TRAF6 shows high expression in fatty liver caused by HFD

(A) The statistical plot for body weight, liver weight, and liver index in chow-fedmice and HFD-fedmice. (B) The scatterplot for FPG, FINS, and HOMA-IR in chow-fedmice and

HFD-fed mice. (C) H&E staining for liver tissues in chow-fed mice and HFD-fed mice (400�). (D) Oil red O staining for fatty liver tissues in chow-fed mice and HFD-fed mice

(200�). (E) The scatterplot for the contents of TG and TC in liver tissues of chow-fed and HFD-fed mice. (F) Histogram representing TNF-a levels in serum of chow-fed mice

and HFD-fed mice. (G) Western blot analysis of CPT1 protein expression in liver tissues of chow-fed and HFD-fed mice and its statistical diagram. (H) Filipin staining for the

fatty liver cell model (200�) and the quantitative histogram. (I) Nile red staining for the fatty liver cell model (200�) and the statistical histogram. (J) Histogram of FFA content in

liver cells after OA/PA induction. (K) The histogram for the content of TG and TC in the fatty liver cell model. (L) The expression of TRAF6 in fatty liver tissues of chow-fed and

HFD-fed mice as detected by immunohistochemistry (400�). (M) qRT-PCR determination of TRAF6 expression in fatty liver tissues of chow-fed mice and HFD-fed mice and

the statistical histogram. (N) The histogram for TRAF6 expression in the fatty liver cell model as detected by qRT-PCR. (O) The protein expression of TRAF6 in the fatty liver cell

model as detected by western blot analysis. These data were measurement data, expressed as mean ± standard deviation. Data between two groups were compared

utilizing independent sample t test, while data among multiple groups at variant time points were analyzed through repeated-measures ANOVA, followed by Bonferroni post

hoc test. Compared with chow or control, *p < 0.05, **p < 0.01, ***p < 0.001. In chow-fed mice and HFD-fed mice, each n = 10. In hepatocytes used as control and induced

with OA/PA, each n = 3.
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diminish hepatocyte apoptosis.15 On the basis of the aforementioned
literature, we propose the hypothesis that TRAF6, EZH2, miR-429,
and PPARa interact in the molecular pathogenesis of fatty liver.
Hence, we aimed to test this hypothesis by determining the ability
of TRAF6 to influence the progression of fatty liver in relation with
the EZH2-miR-429/PPARa axis.

RESULTS
TRAF6 showed high expression in fatty liver caused by HFD

First, we set out to explore the potential regulatory effect of TRAF6 on
the development of fatty liver disease, by first validating fatty liver
degeneration of HFD-model mice. The results showed that, compared
with chow-fed mice, the HFD-fed mice had significant increases in
body weight, liver weight, and liver index (Figure 1A, p < 0.01). More-
over, the plasma contents of serum triglyceride (TG), total cholesterol
712 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
(TC), and low-density lipoprotein cholesterol (LDL-C) increased,
while the ratio of high-density lipoprotein cholesterol (HDL-C)/
LDL-C decreased in the HFD-fed mice compared to chow-fed mice
(p < 0.001); there was no significant difference in content of HDL-
C (p > 0.05) between the chow-fed mice and the HFD-fed mice.

Liver function related indexes revealed that, relative to the chow-fed
mice, the expression of alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) was markedly increased in the serum of
HFD-fed mice (Table 1, p < 0.001). Moreover, fasting plasma glucose
(FPG), fasting insulin (FINS), and homeostasis model assessment-in-
sulin resistance (HOMA-IR) were significantly higher in the HFD-fed
mice than in the chow-fed mice (Figure 1B, p < 0.001). Hematoxylin
and eosin (H&E) staining results displayed that, compared with the
chow-fed mice, HFD-fed mice showed fatty degeneration, ballooning



Table 1. Comparison of lipid metabolism related indexes in chow-fed and HFD-fed mice

Group TG (mM) TC (mM) HDL-C (mM) LDL-C (mM) HDL-C/LDL-C ALT (U/L) AST (U/L)

chow 1.04 ± 0.08 2.96 ± 0.31 2.95 ± 0.36 0.27 ± 0.03 11.15 ± 2.23 80.52 ± 13.39 93.80 ± 14.21

HFD 1.42 ± 0.15*** 6.04 ± 0.42*** 3.26 ± 0.32 0.82 ± 0.11*** 4.03 ± 0.58*** 130.48 ± 16.57*** 150.15 ± 20.46***

***p < 0.001 versus chow-fed mice. Measurement data were presented as the mean ± standard deviation, and data comparison between two groups was conducted using independent
sample t test. n = 10. HFD, high-fat diet; TG, triglyceride; TC, total cholesterol; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; ALT, alanine
aminotransferase; AST, aspartate aminotransferase; PPARa, peroxisome proliferator activated receptor alpha; sh-NC, short hairpin RNA-negative control.
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degeneration, and mixed inflammatory cell infiltration in lobules of
the liver tissues (Figure 1C). Oil red O staining showed a notable in-
crease in neutral fat content in the liver tissues of HFD-fed mice
compared to the chow-fed mice (Figure 1D, p < 0.001). Additionally,
the contents of TG and TC in liver tissues were significantly higher in
the HFD-fed mice than in the chow-fed mice (Figure 1E, p < 0.001).
These results confirmed successful construction of the fatty liver
model induced by HFD. Next, we found significantly increased levels
of TNF-a in serum of HFD-fed mice compared to chow-fed control
mice (Figure 1F, p < 0.001). To detect changes in enzymes associated
with fatty acid oxidation in primary hepatocytes, we further examined
the level of CPT1, which is critical in this process; the CPT1 level was
significantly lower in liver tissues of HFD-fed mice than in chow-fed
mice (Figure 1G, p < 0.001).

Subsequently, we verified the cell model of fatty liver induced by oleic
acid/palmitic acid (OA/PA) in primary human and mouse hepato-
cytes. Filipin staining showed that, following induction with OA/
PA, there was a notable increase in free cholesterol in the medium
(Figure 1H; Figure S1A, p < 0.001). Nile red staining results indicated
that the accumulated lipids and lipid droplets in cells were markedly
increased after OA/PA induction (Figure 1I; Figure S1B, p < 0.05).
The content of free fatty acid (FFA), TG, and TC in hepatocytes
also showed a marked elevation following induction with OA/PA.
These results confirmed the successful construction of the OA/PA-
induced cell model of fatty liver (Figures 1J and 1K; Figures S1C
and S1D, p < 0.01).

The results from immunohistochemistry and qRT-PCR illustrated
that the expression of TRAF6 was markedly higher in the HFD-fed
mice than in the chow-fed mice (Figures 1L and 1M, p < 0.01). Based
on the results from qRT-PCR and western blot analysis, the expres-
sion of TRAF6 was notably increased following induction with OA/
PA (Figures 1N and 1O; Figures S1E and S1F, p < 0.001). These results
suggest that TRAF6 is highly expressed in HFD-induced fatty liver
cells.

Silencing of TRAF6 inhibited the cholesterol accumulation in

hepatocytes

To further verify the effect of TRAF6 on the cholesterol accumulation
in hepatocytes, we first used qRT-PCR and western blot analysis to
detect the silencing efficiency of TRAF6, which showed significantly
reduced TRAF6 expression after treatment with short hairpin (sh)-
TRAF6-1 or sh-TRAF6-2 (Figures 2A and 2B, p < 0.001). To test
whether silencing TRAF6 affected the expression of other isoforms
of TRAF6, we detected the mRNA and protein expression of
TRAF1-5 and TRAF7 after silencing TRAF6 by qRT-PCR and
western blot. The results showed no significant difference in the
expression of TRAF1-5 and TRAF7 after sh-TRAF6-1 or sh-
TRAF6-2 treatment, compared to shRNA-negative control (sh-NC)
treatment (Figure S2). Next, we explored the effect of TRAF6 on
cholesterol accumulation in NCTC1469 and AML-12 cells. The re-
sults of filipin staining showed that the free cholesterol level was
notably reduced upon silencing of TRAF6 (Figure 2C; Figures S7A,
S3A, and S3E, p < 0.01). Nile red staining results demonstrated signif-
icantly lesser accumulation of lipids and lipid droplets in cells after
silencing TRAF6 (Figure 2D; Figures S8A, S3B, and S3F, p < 0.05).
Moreover, the level of FFA in hepatocytes increased noticeably (Fig-
ure 2E; Figures S3C and S3G, p < 0.001), while the levels of TC and TG
in hepatocytes displayed a marked decline upon silencing of TRAF6
(Figure 2F; Figures S3D and S3H, p < 0.01). These results indicate that
the silencing of TRAF6 is capable of inhibiting the cholesterol accu-
mulation in hepatocytes.

Cholesterol metabolism entails four main processes, namely endoge-
nous synthesis, exogenous uptake, efflux, and esterification. Next, we
used qRT-PCR and western blot to examine the effects of TRAF6 on
themRNA and protein expressions of sterol regulatory element-bind-
ing protein 2 (SREBP2), a key regulator of cholesterol synthesis, and
HMGCR and SM, the two rate-limiting enzymes in cholesterol
biosynthesis, the cholesterol absorption regulator NPC1L1, the
cholesterol efflux regulator ABC subfamily A member 1 (ABCA1),
the ABC subfamily G (ABCG) members 1, 5, and 8, and the choles-
terol esterification regulators ACAT1 and ACAT2. The results
showed that the mRNA and protein expression of SREBP2, HMGCR,
SM, ABCA1, ABCG1, ABCG5, and ABCG8 were significantly
decreased after silencing TRAF6, while the mRNA and protein
expression of NPC1L1, ACAT1, and ACAT2 were significantly
increased (Figures S4A and S4B). The above results indicated that
TRAF6 affected the homeostasis of cholesterol.

TRAF6 enhanced ubiquitination of EZH2

Next, we explored the possible interaction between TRAF6 and
EZH2. Immunohistochemistry showed notably lower EZH2 expres-
sion in HFD-fed mice than in chow-fed mice (Figure 3A). The results
from qRT-PCR and western blot analysis revealed that EZH2 expres-
sion wasmarkedly lowered in cells after OA/PA induction (Figures 3B
and 3C, p < 0.01). As shown by western blot analysis, the protein
expression of EZH2 was significantly increased by silencing of
TRAF6 (p < 0.001), while no significant difference was found after
Molecular Therapy: Nucleic Acids Vol. 24 June 2021 713
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Figure 2. Silencing of TRAF6 inhibits the cholesterol accumulation in hepatocytes

(A) The silencing efficiency of TRAF6 as detected by qRT-PCR. (B) The silencing efficiency of TRAF6 as detected by western blot analysis. (C) Filipin staining for hepatocytes

treated with sh-NC or sh-TRAF6 and the quantitative histogram. (D) Nile red staining results and the statistical histogram. (E) Histogram of free FFA content in hepatocytes

treated with sh-NC or sh-TRAF6. (F) The histogram for the contents of TG and TC in hepatocytes treated with sh-NC or sh-TRAF6. These data were measurement data,

expressed as mean ± standard deviation. Data among multiple groups were compared using one-way ANOVA followed by a Tukey’s test. *p < 0.05, **p < 0.01, and ***p <

0.001 compared with sh-NC. The cell experiment was repeated three times. In chow-fed mice and HFD-fed mice, each n = 10. In hepatocytes used as control and induced

with OA/PA, each n = 3.
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the addition of MG132 (Figure 3D, p > 0.05), and EZH2 mRNA
expression was unchanged after silencing of TRAF6 (Figure S5A, p
> 0.05). The results from co-immunoprecipitation (coIP) illustrated
that TRAF6 interacted with EZH2 (Figure 3E). In vivo ubiquitination
assays showed that silencing of TRAF6 caused a significant decrease
in the level of EZH2 ubiquitination (Figure 3F). These results support
the proposition that TRAF6 promotes the ubiquitination of EZH2.

EZH2 inhibited miR-429 expression through methylation

Subsequently, we investigatedwhether the high expression ofmiR-429
in fatty liver was attributable to the decrease of EZH2 expression.
Therefore, qRT-PCR was first used to detect the expression of miR-
429 and EZH2 in the mouse and cell models. The results revealed
that the expression of miR-429 was significantly higher in HFD-fed
mice than in chow-fed mice, while the expression of EZH2 was signif-
icantly lower (Figure 4A, p < 0.001). The expression of miR-429
showed a remarkable increase, while the expression of EZH2 exhibited
opposite changes following OA/PA induction (Figure 4B, p < 0.01).
qRT-PCR and western blot analysis were performed to detect the effi-
ciency of overexpressing EZH2, which displayed a marked increase in
the expressionof EZH2uponoverexpression (oe) of EZH2 (Figures 4C
and 4D, p < 0.001). The expression of miR-429 was detected by qRT-
PCR, the results of which showed that it was markedly diminished by
oe of EZH2 (Figure 4E, p < 0.01). Chromatin immunoprecipitation
714 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
(ChIP) assay results demonstrated that oe of EZH2 also notably
increased the enrichment of EZH2 and H3K27me3 (Figure 4F, p <
0.05). Afterward, to determine whether EZH2 level could prevent
OA/PA-induced accumulation of cholesterol/lipid, we overexpressed
EZH2 in model fatty liver cells and detected measured TC and TG
levels. Oe of EZH2 markedly reduced TC and TG levels (Figure 4G,
p < 0.05). Taken together, the above results elaborate that EZH2 binds
to miR-429 promoter to inhibit miR-429 expression by upregulating
H3K27me3, thereby reducing accumulated TC in hepatocytes.

TRAF6 promoted the expression of miR-429 and the cholesterol

accumulation in hepatocytes through ubiquitination of EZH2

We further verified that TRAF6 could increase the expression of miR-
429 and the cholesterol accumulation in hepatocytes via ubiquitina-
tion of EZH2. First, qRT-PCR and western blot analysis were used
to detect the efficiency of EZH2 silencing. The results showed that
the expression of EZH2 was significantly lowered upon treatments
either with sh-EZH2-1 or sh-EZH2-2 (Figures 5A and 5B, p <
0.001). Next, we found that silencing EZH2 did not affect the expres-
sion of other isoforms of proteins (Figures S5B and S5C). Because the
silencing efficiency of sh-EZH2-1 was higher than that of sh-EZH2-2,
the subsequent experiments were carried out using sh-EZH2-1. As
shown in western blot analysis, the expression of TRAF6 and EZH2
had a marked decline in response to silencing of TRAF6 (p <
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Figure 3. TRAF6 mediates ubiquitination of EZH2

(A) EZH2 expression in liver tissues of HFD-fed mice and chow-fed mice as detected by immunohistochemistry. (B) EZH2 expression after OA/PA induction as detected by

qRT-PCR. (C) EZH2 expression after OA/PA induction as detected by western blot analysis. (D) The histogram for TRAF6 and EZH2 expression as detected by western blot

analysis. (E) The interaction of TRAF6 with EZH2 as detected by coIP. (F) The level of EZH2 ubiquitination as detected by in vivo ubiquitination assay. These data were

measurement data, expressed as mean ± standard deviation. Data between two groups were compared utilizing independent sample t test, while data among multiple

groups were compared with the use of one-way ANOVA, followed by a Tukey’s test. *p < 0.05, **p < 0.01, ***p < 0.001 versus control or sh-NC. The cell experiment was

repeated three times. In tissue experiment, n = 10.

www.moleculartherapy.org
0.001), whereas the expression of EZH2 had a notable increase (p <
0.001), while that of TRAF6 remained unchanged in response to
silencing of both TRAF6 and EZH2 (Figure 5C, p > 0.05). Moreover,
qRT-PCR revealed that the expression of miR-429 was markedly
reduced by silencing of TRAF6 but increased by silencing of both
TRAF6 and EZH2 (Figure 5D, p < 0.001). We next used qRT-PCR
to confirm further that silencing TRAF6 could inhibit miR-429
expression in HFD-fed mice; results showed that depletion of
TRAF6 markedly decreased miR-429 expression in HFD-fed mice
(Figure S6, p < 0.001). Overall, TRAF6 could inhibit methylated
modification of miR-429 promoter via ubiquitination of EZH2,
thereby contributing to promoted net miR-429 expression.

To further verify the effect of TRAF6 on the cholesterol accumula-
tion in hepatocytes, we first used western blot analysis to determine
the expression of TRAF6 following the different treatments. The re-
sults showed that TRAF6 expression was markedly reduced after
silencing TRAF6 or combined treatment of silencing TRAF6 and
overexpressing miR-429 (Figure 5E, p < 0.001). In addition, the
expression of miR-429 was significantly reduced in the presence of
silenced TRAF6 (p < 0.001), but this expression could be rescued af-
ter treatment with a combination of silenced TRAF6 and overex-
pressed miR-429 (Figure 5F, p < 0.001). The results from filipin
staining displayed notably lower free cholesterol upon silencing
TRAF6 (p < 0.001), which could be rescued upon combined
silencing of TRAF6 and miR-429 oe (Figure 5G; Figure S7B, p <
0.001). The results of Nile red assay showed that silencing of
TRAF6 noticeably downregulated levels of free cholesterol and
reduced lipids and lipid droplets accumulated in the cells (p <
0.05), whereas upregulation of miR-429 increased the free choles-
terol level (Figure 5H; Figure S8B, p < 0.01). Silencing TRAF6 signif-
icantly enhanced the FFA level (p < 0.001), which could be reversed
by oe of miR-429 (Figure 5I, p < 0.01). Additionally, there were
marked declines in TC and TG after silencing of TRAF6, while
TRAF6 knockdown in combination with miR-429 oe reversed this
effect (Figure 5J, p < 0.01). These results demonstrate that TRAF6
could lead to elevated miR-429 expression and increased cholesterol
accumulation in hepatocytes through ubiquitination of EZH2.

miR-429 targeted and downregulated PPARa expression

Next, we used the online analysis website http://mirdb.org/ to explore
the targeting relationship between miR-429 and PPARa, which pre-
dicted that miR-429 had a targeted binding site with PPARa
mRNA 30 UTR (Figure 6A). Immunohistochemistry showed that
PPARa expression in HFD-fed mice was significantly lower than
that in chow-fed mice (Figure 6B). The results of qRT-PCR and west-
ern blot revealed that PPARa expression was notably reduced after
induction with OA/PA (Figures 6C and 6D, p < 0.01). The opposite
effects on expressions of miR-429 and PPARa suggest that miR-
429 may indeed target and inhibit PPARa expression. Next, qRT-
PCR displayed that the expression of miR-429 in HEK293T cells
was significantly increased in the presence of miR-429 mimic (Fig-
ure 6E, p < 0.01). Further, as demonstrated by dual luciferase reporter
gene assay in HEK293T cells, fluorescence activity of miR-429 was
notably reduced by co-transfection of miR-429 mimic and PPARa
wild-type (WT; p < 0.001) but remained statistically unaffected
Molecular Therapy: Nucleic Acids Vol. 24 June 2021 715

http://mirdb.org/
http://www.moleculartherapy.org


A B C

D E F G

Figure 4. EZH2-mediated methylation inhibits miR-429 expression

(A) miR-429 and EZH2 expression in liver tissues of HFD-fed mice and chow-fed mice as detected by qRT-PCR. (B) miR-429 and EZH2 expression after OA/PA induction as

detected by qRT-PCR. (C) The efficiency of EZH2 oe as detected by qRT-PCR. (D) The efficiency of EZH2 oe as detected by western blot analysis. (E) The expression of miR-

429 in the presence of oe-NC or oe-EZH2. (F) The enrichment of EZH2 and H3K27me3 at the promoter of miR-429. (G) Histogram of TG and TC levels in the cells in the

presence of oe-NC or oe-EZH2. These data were measurement data, expressed as mean ± standard deviation. Data between two groups were compared utilizing in-

dependent sample t test. *p < 0.05, **p < 0.01, ***p < 0.001 versus chow, control or oe-NC. The cell experiment was repeated three times. In tissue experiment, n = 10.
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upon co-transfection of miR-429 mimic and PPARa mutant (MUT;
Figure 6F, p > 0.05). qRT-PCR in HEK293T cells showed that the
expression of miR-429 was significantly increased by miR-429 mimic
but reduced by miR-429 inhibitor (Figure 6G, p < 0.01). The results of
qRT-PCR and western blot also revealed that the expression of
PPARa was notably decreased by miR-429 mimic but increased by
miR-429 inhibitor treatment (Figures 6H and 6I, p < 0.001). These re-
sults suggest that miR-429 can target PPARa to inhibit its expression.

miR-429 promoted cholesterol accumulation in hepatocytes by

downregulating PPARa expression

Furthermore, we investigated whether miR-429 could promote
cholesterol accumulation in hepatocytes by inhibiting the expression
of PPARa. First, the efficiency of PPARa silencing was detected using
qRT-PCR and western blot analysis. Results showed that the expres-
sion of PPARa was significantly inhibited by sh-PPARa-1 or sh-
PPARa-2 (Figures 7A and 7B, p < 0.001). qRT-PCR demonstrated
a marked decline in the expression of miR-429 upon either inhibition
of miR-429 or inhibition of miR-429 in conjunction with silenced
PPARa-1 or PPARa-2 (Figure 7C, p < 0.001). In addition, western
blot analysis showed that PPARa expression was markedly increased
by inhibition of miR-429 (p < 0.001), while this effect was reversed
after combined inhibition of miR-429 and PPARa-1 or PPARa-2
(Figure 7D, p < 0.001).

From the filipin staining results, we found that inhibition of miR-429
led to markedly reduced free cholesterol levels, which were rescued
upon inhibition of both miR-429 and PPARa-1 or PPARa-2 (Fig-
ure 7E; Figure S7C, p < 0.001). The Nile red staining results showed
that inhibition of miR-429 significantly decreased the accumulated
716 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
lipid and lipid droplets in the cells, but that silencing of PPARa-1
or PPARa-2 reversed this trend (Figure 7F; Figure S8C, p < 0.05).
Furthermore, depletion of miR-429 significantly increased FFA levels
(p < 0.001), which could be reversed by silencing PPARa-1 or
PPARa-2 (Figure 7G, p < 0.01). Moreover, TC and TG were notably
decreased by inhibition of miR-429 (p < 0.05) but increased upon
combined inhibition of miR-429 and PPARa (Figure 7H, p < 0.01).
Collectively, miR-429 could inhibit PPARa expression and promote
cholesterol accumulation in hepatocytes.

TRAF6 promoted cholesterol accumulation in hepatocytes

through the EZH2/miR-429/PPARa axis

We next validated that TRAF6 could promote cholesterol accumula-
tion in hepatocytes through the EZH2/miR-429/PPARa axis. We first
performed western blot analysis and qRT-PCR to respectively detect
the expressions of TRAF6, EZH2, and PPARa protein and the expres-
sion of miR-429 following each treatment. The results displayed that
the expressions of TRAF6 and miR-429 were significantly reduced
upon silencing of TRAF6 (p < 0.001), accompanied by notably
increased expressionof EZH2 andPPARa (p < 0.01).However, further
treatment with co-silencing of TRAF6 and PPARa failed to alter the
expression of TRAF6, miR-429, and EZH2 (p > 0.05) but notably
decreased the expression of PPARa (Figures 8A and 8B, p < 0.01).

As displayed by filipin staining, the free cholesterol showed a decline
in the presence of silenced TRAF6 (p < 0.001), which could be
reversed upon silencing of both TRAF6 and PPARa (Figure 8C; Fig-
ure S7D, p < 0.001). The Nile red staining results displayed that
TRAF6 knockout markedly decreased the accumulated lipid and lipid
droplets, which could be counteracted by depletion of silencing of
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Figure 5. TRAF6 promotes the expression of miR-429 and cholesterol accumulation in hepatocytes through ubiquitination of EZH2

(A) The silencing efficiency of EZH2 as detected by qRT-PCR. (B) The silencing efficiency of EZH2 as detected by western blot analysis. (C) The expression of TRAF6 and

EZH2 after different treatment as detected by western blot analysis. (D) The expression of miR-429 after different treatment as detected by qRT-PCR. (E) The expression of

TRAF6 and EZH2 after different treatment as detected by western blot analysis. (F) The expression of miR-429 after different treatment as detected by qRT-PCR. (G) Filipin

staining for hepatocytes after different treatment. (H) Nile red staining for hepatocytes. (I) Statistical histogram of FFA content in the cells after different treatment. (J) The

histogram for the content of TG and TC in hepatocytes after different treatment. These data were measurement data, expressed as mean ± standard deviation. Data among

multiple groupswere compared with the use of one-way ANOVA, followed by Tukey’s test. *p < 0.05, **p < 0.01, ***p < 0.001 versus sh-NC or sh-NC +mimic-NC. #p < 0.05,

##p < 0.01, ###p < 0.001 versus sh-TRAF6 + sh-NC or sh-TRAF6 + mimic-NC. The cell experiment was repeated three times.
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PPARa (Figure 8D; Figure S8D, p < 0.05). Treatment of the cells with
sh-TRAF6 significantly increased FFA expression (p < 0.01), which
could be rescued by treatment of sh-PPARa (Figure 8E, p < 0.01).
Moreover, silenced TRAF6 markedly diminished TC and TG levels
(p < 0.01), which were increased by silencing of both TRAF6 and
PPARa (Figure 8F, p < 0.01). The aforementioned results suggest
that TRAF6 could regulate the EZH2/miR-429/PPARa axis, thereby
promoting the cholesterol accumulation in hepatocytes.

TRAF6 promoted the occurrence of fatty liver through the EZH2/

miR-429/PPARa axis

Finally, we verified the aforementioned findings in vitro using the
in vivomouse fatty liver model upon injection of adenovirus through
a tail vein. Western blot analysis and qRT-PCR revealed that
compared with chow-fed mice, HFD-fed mice exhibited significantly
increased TRAF6 and miR-429 expression (p < 0.05) and markedly
decreased EZH2 and PPARa protein expression (p < 0.05); the ex-
pressions of TRAF6 and miR-429 were reduced upon silencing of
TRAF6 (p < 0.001), accompanied by an increase in the EZH2 and
PPARa levels (p < 0.001). There were no significant effects on the ex-
pressions of TRAF6, miR-429, and EZH2 in response to silencing of
TRAF6 or upon co-silencing of TRAF6 and PPARa (p > 0.05), but co-
silencing of TRAF6 and PPARa caused decreased PPARa expression
(p < 0.001). Additionally, there was no significant difference in the
above indicators between mice treated with sh-NC and HFD-fed
mice (Figures 9A and 9B, p > 0.05).
In the next experiments, we found that body weight, liver weight, and
liver index were decreased significantly by silencing of TRAF6 in the
fatty liver mice (p < 0.001), all of which were rectified by silencing
both TRAF6 and PPARa (p < 0.001); there were no significant differ-
ences in the above indicators between mice treated with sh-NC and
those fed with HFD (Figure 9C, p > 0.05). Moreover, silencing of
TRAF6 notably reduced the serum contents of TG, TC, and LDL-C
(p < 0.001) and elevated the HDL-C/LDL-C ratio (p < 0.001) without
changing the content of HDL-C (p > 0.05); opposite effects were
found after silencing of both TRAF6 and PPARa, except that the
TG and HDL-C content were unchanged (p < 0.001). The liver func-
tion markers serum ALT and AST expression were notably decreased
upon silencing of TRAF6 (p < 0.001) but were increased upon
silencing of both TRAF6 and PPARa (p < 0.001); there was no signif-
icant difference in the serum ALT and AST expression between mice
treated with sh-NC and HFD-fed mice (Table 2, p > 0.05).

H&E and oil red O staining demonstrated that silencing of TRAF6
contributed to fatty liver degeneration, ballooning degeneration,
and decreased infiltration of mixed inflammatory cells in lobules in
the liver tissues, along with decreased neutral fat deposition. Howev-
er, these changes were counteracted after simultaneous silencing of
TRAF6 and PPARa; there was no significant difference in the above
indicators between mice treated with sh-NC and HFD-fed mice (Fig-
ures 9D and 9E, p > 0.05). Additionally, there was a significant decline
in the content of TG and TC upon silencing of TRAF6 (p < 0.001), but
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Figure 6. miR-429 targets and downregulates PPARa expression

(A) The targeted binding site betweenmiR-429 and PPARamRNA 30 UTR. (B) PPARa expression in HFD-fedmice and chow-fedmice as detected by immunohistochemistry.

(C) PPARa expression after induction with OA/PA as detected by qRT-PCR. (D) PPARa expression after induction with OA/PA as detected by western blot analysis. (E) The

efficiency of miR-429 oe as detected by qRT-PCR. (F) The targeting relationship between miR-429 and PPARa as verified by dual luciferase reporter gene assay. (G) The

overexpressing and silencing efficiency of miR-429 as detected by qRT-PCR. (H) The expression of PPARa after different treatment as detected by qRT-PCR. (I) The

expression of PPARa after different treatment as detected by western blot analysis. These data were measurement data, expressed as mean ± standard deviation. Data

among multiple groups were compared with the use of one-way ANOVA, followed by a Tukey’s test. **p < 0.01, ***p < 0.001 versus control or mimic-NC. ##p < 0.01, ###p <

0.001 versus inhibitor-NC. In tissue experiment, n = 10. The cell experiment was repeated three times.
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these markers were elevated after co-silencing of TRAF6 plus PPARa
(p < 0.001); there was no significant difference in the content of TG
and TC between mice treated with sh-NC and HFD-fed mice (Fig-
ure 9F, p < 0.001). Taken together, TRAF6 could promote fatty liver
development by regulating the EZH2/miR-429/PPARa axis.

DISCUSSION
The development of fatty liver carries an increasing risk of cardiovas-
cular diseases, type 2 diabetes, and advanced liver diseases.16 Emerging
advances in understanding the molecular mechanism behind fatty
liver diseases have identified multiple therapeutic biomarkers that ul-
timately may help in the development of preventative methods or new
718 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
treatment options.17,18 Of note, aberrantly expressed E3 ubiquitin li-
gases may exert beneficial or detrimental functions in fatty liver by
regulating liver-related miRNAs and interaction with mRNAs.19,20

Additionally, TRAF6, an E3 ubiquitin ligase, has been documented
to modulate ubiquitination of pertinent targets and subsequently alter
liver function.21 Based on the present results, it is clear that a HFD up-
regulates the TRAF6-mediated ubiquitination of EZH2, which pro-
motes miR-429-mediated inhibition of PPARa, leading to cholesterol
accumulation in the liver and development of fatty liver.

Prior evidence provided by Gallot et al.22 has identified high expres-
sion of TRAF6 in response to a HFD and highlighted that ablation of
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Figure 7. miR-429 promotes cholesterol accumulation in hepatocytes by downregulating PPARa expression

(A) The silencing efficiency of PPARa as detected by qRT-PCR. (B) The silencing efficiency of PPARa as detected by western blot analysis. (C) The expression of miR-429 after

different treatment as detected by qRT-PCR. (D) The expression of PPARa after different treatment as detected by qRT-PCR. (E) Filipin staining for hepatocytes after different

treatment. (F) Nile red staining. (G) Statistical histogram of FFA content in the cells after different treatment. (H) The histogram for the content of TG and TC in hepatocytes after

different treatment. These data were measurement data, expressed as mean ± standard deviation. Data among multiple groups were compared with the use of one-way

ANOVA, followed by a Tukey’s test. *p < 0.05, **p < 0.01, ***p < 0.001 versus sh-NC or inhibitor-NC + sh-NC. #p < 0.05, ##p < 0.01, ###p < 0.001 versusmiR-429 inhibitor +

sh-NC. The cell experiment was repeated three times.
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TRAF6 in adipocytes caused a relative decline in the body weight gain
triggered by a HFD. Present results are consistent with these findings
in showing that a HFD resulted in upregulated expression of TRAF6
in the mouse model of fatty liver disease. Moreover, others have
shown that hydrogenated fat intake augments the expression of
TRAF6 in white adipose tissue.23 Furthermore, our present observa-
tions have revealed that shRNA-mediated silencing of TRAF6
impeded cholesterol accumulation in liver cells. The repression of
TRAF6 was previously revealed to abrogate nuclear factor kB (NF-
kB) transcriptional activity and the secretion of pro-inflammatory cy-
tokines.24 In the presence of HFD-induced liver inflammation and
fibrosis, enhanced hepatocyte TRAF6 expression resulted in pro-in-
flammatory and profibrogenic reactions, suggesting a supporting
role of TRAF6 in nonalcoholic steatohepatitis.25 Accordingly, the
downregulation of TRAF6 signaling might cause an appreciable
decline in the excessive inflammation induced by a HFD in obesity.26
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Figure 8. TRAF6 promotes cholesterol accumulation in hepatocytes through the EZH2/miR-429/PPARa axis

(A) The expression of TRAF6, EZH2, and PPARa after different treatment as detected by western blot analysis. (B) The expression of miR-429 after different treatment as

detected by qRT-PCR. (C) Filipin staining for hepatocytes after different treatment. (D) Nile red staining after different treatment. (E) Statistical histogram of FFA in the cells after

different treatment. (E) The histogram for FFA levels in the cells. (F) The histogram for the content of TG and TC in hepatocytes after different treatment. These data were

measurement data, expressed as mean ± standard deviation. Data among multiple groups were compared with the use of one-way ANOVA, followed by a Tukey’s test. *p <

0.05, **p < 0.01, ***p < 0.001 versus sh-NC. #p < 0.05, ##p < 0.01, ###p < 0.001 versus sh-TRAF6 + sh-NC. The cell experiment was repeated three times.
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We extended our mechanistic findings to determine how TRAF6
affected the progression of fatty liver disease. The experimental data
unveiled that TRAF6 accelerated the ubiquitination of methyltrans-
ferase EZH2 and diminished its net expression levels. There is prior
evidence that EZH2 is responsible for adipogenesis through repres-
sing the Wnt genes during adipogenesis.27 EZH2 plays an essential
role in the maintenance of both the proliferative and self-renewal ca-
pacities of hepatic stem/progenitor cells.28 In a rat model of nonalco-
holic fatty liver disease, the aberrant downregulation of EZH2 was
associated with lipid accumulation and pro-inflammatory reactions,
which accelerated the hepatic steatosis and inflammation.29

Additionally, we found in the present study that EZH2 bound to the
miR-429 promoter and repressed miR-429 expression by promoting
H3K27me3. This finding corroborates that of a previous study, which
demonstrated that TRAF6 facilitated ubiquitination and degradation
of EZH2 to diminish EZH2 and H3K27me3 levels, while the silencing
of TRAF6 reduced the EZH2 ubiquitination resulting an elevation in
720 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
EZH2 expression.10 A recent study highlighted that activated EZH2
depleted the levels of miR-200 family members (miR-200b, miR-
200a, and miR-429).30 The study of Wang et al.12 also illuminated
that EZH2 restricted miR-429 expression and that ablation of EZH2
could restore the miR-429 expression in vitro and in vivo. Hu
et al.31 suggested that leptin-triggered hepatic lipid metabolism and
increased liver weight were positively associated with elevated
miR-429. Further evidence has revealed that artificial ablation of
miR-200c could diminish the expression of genes related to hepatic
proinflammation and fibrosis in HFD-induced nonalcoholic steatohe-
patitis.32 Moreover, our present mechanistic investigation suggested
that miR-429 targeted and negatively regulated PPARa expression.
PPARa regulates reverse cholesterol transport by directly mediating
its downstream genes, which are the main structure proteins of
HDL-C and apolipoproteinA-I,33 and also indirectly regulates
ABCA1 through LXRa to promote reverse cholesterol transport.34

Previous evidence has also shown that PPARa is involved in bile
acid synthesis to promote cholesterol excretion35 and can regulate
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Table 2. Comparison of lipid metabolism related indexes in mice with different treatments

Group TG (mM) TC (mM) HDL-C (mM) LDL-C (mM) HDL-C/LDL-C ALT (U/L) AST (U/L)

HFD 1.30 ± 0.08 6.05 ± 0.12 3.29 ± 0.25 0.84 ± 0.13 4.01 ± 0.77 132.58 ± 14.51 155.39 ± 11.27

sh-NC 1.33 ± 0.19 6.10 ± 0.28 3.21 ± 0.29 0.85 ± 0.16 3.90 ± 0.76 127.25 ± 22.16 152.94 ± 18.32

sh-TRAF6 + sh-NC 1.02 ± 0.04*** 3.18 ± 0.23*** 3.09 ± 0.18 0.35 ± 0.06*** 9.12 ± 2.01*** 75.19 ± 9.37*** 85.63 ± 9.81***

sh-TRAF6 + sh-PPARa 1.32 ± 0.21### 5.95 ± 0.34### 3.12 ± 0.24 0.79 ± 0.10### 3.99 ± 0.48### 125.16 ± 13.28### 147.39 ± 12.02###

***p < 0.001 versus chow-fed mice. ###p < 0.001 versus sh-TRAF6 + sh-NC. Measurement data were expressed in the form of mean ± standard deviation. Data between two groups
were compared utilizing independent sample t test. n = 10.
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the key enzyme CYP7A1 in cholesterol metabolism to affect choles-
terol homeostasis.36 Consistent with those findings, PPARa is re-
ported to be responsible for maintaining lipid, cholesterol, and bile
acid homeostasis through mediation of genes participating in bile
acid synthesis such as CYP7A1 and CYP27A1.37 Others have un-
masked that a deficiency of PPARa expression caused significant exac-
erbation of fatty liver in HFD-fed mice, indicating a potential role of
PPARa as a therapeutic biomarker for nonalcoholic steatohepatitis.38

Emerging evidence has identified the involvement of fatty acid meta-
bolism with PPARa target genes and shown that PPARa activation
could alleviate steatosis, inflammation, and fibrosis in the liver of an-
imalmodels of nonalcoholic fatty liver disease.39 Partly in line with our
study, Li and other researchers40 found that lipid oxidative stress in
HFD-induced nonalcoholic fatty liver disease mice promotes an inter-
action between apoptosis signal-regulating kinase 1 (ASK1) and TNF
receptor factors including TRAF1, TRAF2, and TRAF6, leading to
ASK1 deubiquitination and thus increasing protein stability of
ASK1. Further, ASK1 could facilitate the occurrence of fatty liver by
activating the MKK3/6-p38-MKK4/7-JNK signal cascade. In line
with these results, we have substantiated that TRAF6 promoted
cholesterol accumulation in liver cells in vitro and fatty liver develop-
ment in vivo through the EZH2/miR-429/PPARa axis.

Conclusions

Taken together, our findings indicate that the TRAF6-mediated
EZH2/miR-429/PPARa axis is likely to prove critical for a better un-
derstanding of the development of fatty liver andmay guide the devel-
opment of targeted therapies. TRAF6 upregulated the ubiquitination
of EZH2 and promoted miR-429-mediated inhibition of PPARa,
leading to cholesterol accumulation in the liver and the occurrence
of fatty liver (Figure 10). Although TRAF6-based therapeutics are
in their infancy, the present findings are encouraging in suggesting
that TRAF6 is indeed a potential therapeutic target and holds some
promise for clinical translation for the treatment of fatty liver diseases.
We note that we used a glucose concentration of 2 g/L in the Wil-
liams’medium, which is much lower than that in Dulbecco’s modified
Figure 9. TRAF6 promotes the occurrence of fatty liver through the EZH2/miR

(A) The expression of TRAF6, EZH2, and PPARa after different treatment as detected

detected by qRT-PCR. (C) The statistical plot for body weight, liver weight, and liver index

treatment (200�). (E) Oil red O staining for fatty liver tissues in mice with different treatme

mice and HFD-fed mice. These data were measurement data, expressed as mean ± st

way ANOVA, followed by a Tukey’s test. *p < 0.05 versus chow-fed mice. ###p < 0.00
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Eagle’s medium (DMEM). In the next step of this project, we shall un-
dertake experiments with normal glucose concentrations.

MATERIALS AND METHODS
Ethics statement

The study was approved by the medical ethics committee of The Fifth
Affiliated Hospital, Southern Medical University. All animal experi-
ments were performed strictly in accordance with recommendations
in the Guide for the Care and Use of Laboratory Animals of the Na-
tional Institutes of Health.

Animal model establishment

60male 57BL/6J mice (8 weeks old), purchased from the experimental
animal center of Southern Medical University (Guangzhou, P.R.
China), were reared with free access to food and water, with alterna-
tive 12-h light/dark cycles at 22�C with 70% relative humidity. 10 of
these mice were fed a chow diet (conventional laboratory diet: 10%
kcal fat, Slacom, Buenos Aires, Argentina, #M01), and 50 mice
were fed a HFD (60% kcal fat diet, D12492, Research Diets, New
Brunswick, NJ, USA) for 12 consecutive weeks. At the 10th week of
feeding, 40 HFD-fed mice were randomly assigned into four groups
with 10 mice in each group; one group was not injected with adeno-
virus, but the other three groups were injected with the corresponding
adenovirus (1 � 109 plaque-forming units [PFUs], sh-NC, sh-
TRAF6 + sh-NC, sh-TRAF6 + sh-PPARa) via tail vein through
Invivofectamine 2.0 (Invitrogen, Carlsbad, CA, USA) that has high
transfection efficiency in the liver in vivo. After adenovirus injections
for 2 weeks, mice were fasted for 1 night, whereupon their blood was
collected and FPG was measured utilizing a blood glucose meter
(ACCU-CHEK Performa, Roche Diagnostics GmbH, Mannheim,
Germany). Serum was collected through centrifugation at 4�C and
3,000 rpm for 15 min and used for assays of TC, HDL-C, LDL-C,
ALT, AST, and FINS. Next, liver tissues were collected, weighed,
and stored at �80�C for further use. The weight of mice was
measured every week, and the liver index was calculated as the ratio
of liver weight to body weight. Based on the relationship between FPG
-429/PPARa axis

by western blot analysis. (B) The expression of miR-429 after different treatment as

in micewith different treatment. (D) H&E staining for liver tissues inmicewith different

nt (200�). (F) The scatterplot for the content of TG and TC in liver tissues of chow-fed

andard deviation. Data among multiple groups were compared with the use of one-

1 versus sh-NC. $$$p < 0.001 versus sh-TRAF6 + sh-NC. n = 10.



Figure 10. HFD increases the expression of TRAF6

TRAF6 reduces the expression of EZH2 by enhancing the

ubiquitination of EZH2, which inhibits H3K27me3 to pro-

mote miR-429 expression. miR-429 inhibits the expres-

sion of PPARa in the cytoplasm, leading to the develop-

ment of fatty liver.
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and FINS, HOMA-IR was calculated as follows: HOMA-IR = FPG
(mmol/L) � FINS (mU/L)/22.5. All adenoviruses for mouse infec-
tions were purchased from Shanghai Sangon Biotechnology
(Shanghai, P.R. China), and primer sequence synthesis, plasmid con-
struction, and virus purification were also completed by that com-
pany. The experimental steps were carried out according to the
instructions.

Cell treatment

C57BL/6J male mice (aged 8 weeks old) were anesthetized with 1%
pentobarbital sodium (P3761, Sigma-Aldrich Chemical Company,
St. Louis, MO, USA). Next, the portal vein was dissected to expose
the inferior vena cava, followed by heart catheterization. Hank’s
balanced salt solution (14170112, GIBCO, Carlsbad, CA, USA) con-
taining 0.2 g/L ethylenediamine tetraacetic acid (EDTA) was infused
into the mice at a rate of 14 mL/min at 37�C for 5 min, followed by
infusion of 0.1% type IV collagenase (17104019, GIBCO, Carlsbad,
CA, USA) at a rate of 7 mL/min for 5 min. The hepatocytes were
dispersed in DMEM (10569044, GIBCO, Carlsbad, CA, USA) supple-
mented with 2% fetal bovine serum (FBS; 10099141, GIBCO, Carls-
bad, CA, USA), 100 mL/mL penicillin, and 100 mg/mL streptomycin
(15070063, GIBCO, Carlsbad, CA, USA), as well as 4.5 g/L glucose.
After the hepatocytes were filtered through a 40 mm filter (Falcon;
Becton Dickinson, Franklin Lakes, NJ, USA), the cell suspension
was centrifuged twice for 5 min each time. After trypan blue dye
exclusion, the survival rate of the isolated hepatocytes was about
85%–95%. Hepatocytes were seeded in a 6-well plate (Corning Glass
Works, Corning, NY, USA) at a density of 8� 105 cells/well and then
cultured in a 37�C incubator with 5% CO2 along with Williams’ me-
dium E (W4125, Sigma-Aldrich Chemical Company, St. Louis, MO,
USA) that contained 0.11 g/L sodium pyruvate, 1� ITS-X (51500056,
GIBCO, Carlsbad, CA, USA), 100 U/mL penicillin, 100 mg/mL strep-
tomycin, 10% FBS, and 2 g/L glucose.

To construct a nonalcoholic fatty liver cell model, we dissolved OA
(O1008, Sigma-Aldrich Chemical Company, St. Louis, MO, USA)
Molecular
and PA (292125, Sigma-Aldrich Chemical Com-
pany, St. Louis, MO, USA) in 0.1 M NaOH at
70�C and then stored them at �20�C. On the
day before use, OA/PA working solution was
prepared with 1% serum-free bovine serum al-
bumin (BSA; B2064, Sigma-Aldrich Chemical
Company, St. Louis, MO, USA). After 24 h of
adenovirus infection, hepatocytes used for cell
model establishment were treated with
1.32 mM OA + 0.66 mM PA for 48 h, while hepatocytes used as con-
trol were cultured under the same condition except with addition of
1.32 mM OA + 0.66 mM PA. Before the OA/PA treatment, 10
different MOI adenoviruses were used to infect hepatocytes for 24
h. The adenoviruses included sh-NC, sh-TRAF6-1 (sh-TRAF6), sh-
TRAF6-2, oe-NC, oe-EZH2, sh-EZH2-1 (sh-EZH2), sh-EZH2-2,
sh-TRAF6 + sh-NC, sh-TRAF6 + sh-EZH2, sh-NC + mimic-NC,
sh-TRAF6 + mimic-NC, sh-TRAF6 + miR-429 mimic, mimic-NC,
miR-429 mimic, inhibitor-NC, miR-429 inhibitor, sh-PPARa-1 (sh-
PPARa), sh-PPARa-2, inhibitor-NC + sh-NC, miR-429 inhibitor +
sh-NC, miR-429 inhibitor + sh-PPARa, and sh-TRAF6 + sh-PPARa.
All adenoviruses for cell infection were purchased from Shanghai
Sangon Biotechnology (Shanghai, P.R. China), and synthesis of the
primer sequences, plasmid construction, and virus purification were
completed by that company. The experimental steps were carried
out in strict accordance with the instructions.

HEK293T cells, human normal hepatocyte HL-7702, mouse normal
hepatocyte NCTC 1469, and AML-12 purchased from American
Type Culture Collection (ATCC, VA, USA), were cultured in high-
glucose DMEM (10569044, GIBCO, Carlsbad, CA, USA) supple-
mented with 10% FBS (10099141, GIBCO, Carlsbad, CA, USA) and
1% penicillin streptomycin (15070063, GIBCO, Carlsbad, CA,
USA) and incubated in a cell incubator at 37�C with 5% CO2.

Enzyme-linked immunosorbent assay (ELISA)

Serum of mice in each group was collected, and TNF-a expression
was measured according to the instructions of the TNF-a ELISA kit
(MTA00B, R&D Systems, USA). In brief, the absorbance (A) values
of each well at 450 nm were measured using a multimode microplate
reader (Synergy 2, BioTek, USA), and optical density of each well was
measured and normalized to the blank control. Regression equation
of the standard curve was calculated by taking the concentration of
the standard substance as x-coordinate and the value of A as y-coor-
dinate. Then, the value of sample A was substituted into the equation
to calculate the concentration of the target protein.
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Table 3. Primer sequences for qRT-PCR

Target gene Primer sequence (50-30)

TRAF6
F: AAAGCGAGAGATTCTTTCCCTG

R: ACTGGGGACAATTCACTAGAGC

TRAF1
F: GCCACCTCTATCCACCAGA R:
ACAATGCCTGTCCGTGCAAA

TRAF2
F: CTGTCCCTCTTCTTTGTGG R:
CATTAAGGTCACCTTCTGGT

TRAF3
F: AGTCAGGTTCCGATGATCG R:
GACAAGTGTGCACTCAACTC

TRAF4
F: CTACGTCATCTACAGGGCC R:
CAAGTGTGCAGGTAGATCAC

TRAF5
F: CAATGGCTTATTCAGAAGAGCA R:
CCAAGGAAATGGAGTTGCC

TRAF7
F: ATGAGCTCAGGCAAGAGTG R:
CGTTTCCATTCTGGTCCCT

EZH1
F: GATGGAAAGCAGGATGACAG R:
GTTCTCGATACCTTCAATAGCA

EZH2
F: AGTGACTTGGATTTTCCAGCAC

R: AATTCTGTTGTAAGGGCGACC

miR-429 TAATACTGTCTGGTAATGCCGT

PPARa
F: AACATCGAGTGTCGAATATGTGG

R: AGCCGAATAGTTCGCCGAAAG

b-actin
F: GGCTGTATTCCCCTCCATCG

R: CCAGTTGGTAACAATGCCATGT

miR, microRNA; TRAF6, TNF receptor associated factor 6; EZH2, enhancer of the zeste
homolog 2; F, forward; R, reverse.
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Determination of metabolites

After transfection, liver cells or tissues of mice were collected in phos-
phate-buffered saline (PBS) and sonicated. TC and FFA were
extracted with chloroform/isopropanol/NP-40 (7:11:0.1 v/v/v) or
chloroform-Triton X-100 (1% Triton X-100). Then, the organic phase
(substrate) was collected for vacuum drying followed by 10min-high-
speed revolution in a microcentrifuge to remove trace amounts of
chloroform. The extracts were dissolved again for further
experimentation.

TC (A111-1-1), FFA (A042-1), HDL-C (A112-1-1), and LDL-C
(A113-1-1) in serum, liver homogenate, and hepatocytes were deter-
mined, followed by detection of ALT (C009-3-1), AST (c010-3-1),
and FINS (H203) in serum. All the detection kits were purchased
from NanJing JianCheng Bioengineering Institute (Nanjing, P.R.
China).

H&E, oil red O, and filipin staining

Liver tissues were fixed overnight in 4% paraformaldehyde solution,
dehydrated in 20% sucrose water, and then frozen and embedded
for examination by optical coherence tomography. Afterward, the tis-
sues were sectioned, stained with oil red O and filipin, paraffin-
embedded, and then stained with H&E to detect the pathological
changes of liver tissues. In brief, the complete sections were dried at
724 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
room temperature, fixed at room temperature for 30 s, stained with
hematoxylin (at 60�C) for 60 s, and immersed in 1% hydrochloric
acid alcohol differentiation solution. Following eosin staining for
3 min, the sections were dehydrated with 70%, 80%, and 95% ethanol
and then anhydrous ethanol for 5 min each and then cleared 3 times
with xylene for 5 min each. Finally, the sections were sealed with gum
and observed and photographed under a microscope (BX63,
Olympus, Tokyo, Japan).

Oil red O staining was performed to detect lipid accumulation in he-
patocytes. In brief, the treated hepatocytes were washed with PBS,
fixed with 4% paraformaldehyde for 5 min, and then incubated in
60% isopropanol solution containing 0.5% oil red O for 30 min.
Finally, the hepatocytes were observed and photographed under a mi-
croscope (BX63, Olympus, Tokyo, Japan).

Free cholesterol in liver tissues and hepatocytes was detected by filipin
staining. The samples were fixed in 4% paraformaldehyde for 30 min.
Fresh filipin solution prepared with a filipin fluorescence staining kit
(GMS80059.1 v.A, Genemed Biotechnologies, South San Francisco,
CA, USA) was applied to stain the samples for 30 min. Phenylenedi-
amine/glycerin was added to the samples, which were then fixed with
a coverslip. The experimental steps were carried out according to the
instructions of the kit. Image-Pro software was used to quantify the
fluorescence intensity.

Nile red assay

The accumulated lipids and lipid droplets in cells were detected with
the Nile red assay. Nile red powder (N1142, Thermo Fisher Scientific,
Rockford, IL, USA) was dissolved into 1 mM in dimethyl sulfoxide
(D2650, Sigma-Aldrich Chemical Company, St. Louis MO, USA)
and stored at�20�C for later use. Liver cells after different treatments
were cultured using medium added with 1 mM Nile red dye (diluted
from 1 mM stock solution) in the dark for 10 min followed by two
PBS washes. Then, the cells were fixed with 4% paraformaldehyde
at room temperature for 30 min, washed twice with PBS, and photo-
graphed under a microscope (BX63, Olympus Optical, Tokyo, Japan).

qRT-PCR

Trizol (16096020, Thermo Fisher Scientific, USA) was utilized to
extract total RNA from tissues or cells. miRNA was synthesized using
a miRNA first strand complementary DNA (cDNA) synthesis kit
(B532451, Shanghai Sangon Biotechnology, Shanghai, P.R. China)
and mRNA using a mRNA first strand scDNA synthesis kit
(D7168L, Beyotime Biotechnology, Shanghai, P.R. China) following
the manufacturer’s instructions. qRT-PCR was carried out with a
qRT-PCR kit (Q511-02, Vazyme Biotechnology, Nanjing, P.R. China)
in strict accordance with the instructions. The internal inference for
miR-429 was U6, while that for TRAF6, EZH2, and PPARa was
b-actin. A miRNA reverse transcription kit provided U6 primers
and general downstream primers. Primer sequences for TRAF6,
EZH2, PPARa, and b-actin were designed and provided by Shanghai
Sangon Biotechnology (Shanghai, P.R. China; Table 3). The 2–DDCt

method was applied to calculate the fold changes in gene expression.
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Western blot analysis

The radioimmunoprecipitation assay (RIPA) lysate containing phe-
nylmethanesulfonyl fluoride (PMSF) (P0013B, Beyotime Biotech-
nology, Shanghai, P.R. China) was applied to lyse tissues and cells,
with the total protein extracted according to the instructions provided
on the kit (P0028, Beyotime Biotechnology, Shanghai, P.R. China).
After that, 8%–12% sodium dodecyl sulfate (SDS) gels were prepared.
After electrophoretic separation, the proteins were transferred from
the gel to a polyvinylidene fluoride membrane (1620177, Bio-Rad
Laboratories, Hercules, CA, USA), followed by blockade with 5%
skim milk or 5% BSA at room temperature for 1 h. Next, the mem-
brane was incubated overnight at 4�Cwith primary rabbit anti-mouse
to b-actin (ab8227, 1:5,000, Abcam, UK), TRAF6 (ab33915, 1:1,000,
Abcam, UK), TRAF1 (4710, 1:1,000, Cell Signaling Technology,
P.R. China), TRAF2 (ab126758, 1:1,000, Abcam, UK), TRAF3
(ab239357, 1:1,000, Abcam, UK), TRAF4 (ab108991, 1:1,000, Abcam,
UK), TRAF5 (41658, 1:1,000, Cell Signaling Technology, P.R. China),
TRAF7 (11780-1-AP, 1:1,000, Proteintech, USA), EZH1 (ab189833,
1:1,000, Abcam, UK), PPARa (ab215270, 1:1,000, Abcam, UK),
SREBP2 (ab30682, 1:1,000, Abcam, UK), HMGCR (ab174830,
1:1,000, Abcam), SM (12544-1-AP, 1:1,000, Proteintech, USA),
NPC1L1 (NB400-128, 1:1,000, Novus Biologicals, UK), ABCA1
(ab66217, 1:1,000, Abcam, USA), ABCG1 (ab52617, 1:1,000, Abcam,
UK), ABCG5 (27722-1-AP, 1:1,000, Proteintech, USA), ABCG8
(ab223056, 1:1,000, Abcam, UK), ACAT1 (ab168342, 1:1,000, Ab-
cam, UK), and ACAT12 (ab131215, 1:1,000, Abcam, UK), as well
as mouse anti-mouse EZH2 (3147, 1:1,000, Cell Signaling Technol-
ogy, China) and CPT1 (ab128568, 1:1000, Abcam, UK). The next
day, the membranes were incubated at room temperature for 1 h
with horseradish peroxidase (HRP)-labeled secondary goat anti-rab-
bit to immunoglobulin G (IgG; ab6721, 1:5,000) or rabbit anti-mouse
to IgG (ab6728, 1:5,000). All the aforementioned antibodies were pur-
chased from Abcam (Cambridge, MA, USA), except for EZH2 (Cell
Signaling Technology, Beverly, MA, USA). The membrane was
immersed in enhanced chemiluminescence (ECL) reaction solution
(1705062, Bio-Rad Laboratories, Hercules, CA, USA) at room tem-
perature for 1 min. The excess liquid was removed, and the mem-
brane was covered with plastic wrap. Exposure imaging was
performed on the protein bands using the Image Quant LAS 4000C
gel imager (GE Company, NY, USA). b-actin was used as the internal
reference for the total protein, and the ratio of gray value of target
band to that of internal reference band was considered to be the rela-
tive protein expression.

Immunohistochemistry

The paraffin-embedded liver tissue sections were baked at 60�C for
20 min and immersed in xylene solution (twice, 15 min each).
Following treatment with anhydrous alcohol hydration (twice,
5 min each), the sections were successively hydrated in 70% and
95% alcohol for 10 min each. Each section was then immersed with
3%H2O2 for 10min at room temperature to block endogenous perox-
idase. Following addition of citric acid buffer, the sections were boiled
in a microwave oven for 3 min, treated with antigen repair solution,
and allowed to stand at room temperature for 10 min. Following
blockade with normal goat serum blocking solution (Shanghai San-
gon Biotechnology, Shanghai, P.R. China) at room temperature for
20 min, the sections were incubated overnight at 4�Cwith diluted pri-
mary rabbit anti-mouse antibodies to TRAF6 (ab33915, 1:1,000),
EZH2 (5246, 1:300, Cell Signaling Technology, Beverly, MA, USA),
and PPARa (ab215270, 1:1,000). The following day, the sections
were incubated with goat anti-rabbit to IgG (ab6721, 1:5,000) for
30 min, and then stored in a 37�C incubator for 30 min along with
streptavidin biotin-peroxidase complex (Vector Laboratories, Burlin-
game, CA, USA). A diaminobenzidine color developing kit (Sigma-
Aldrich Chemical Company, St. Louis, MO, USA) was used for color
development for 6 min. After 30 s of staining in hematoxylin, the sec-
tions were dehydrated with 70%, 80%, 90%, and 95% ethanol and
then anhydrous ethanol for 2 min, respectively. Finally, the sections
were cleared with xylene (twice, 5 min each) and observed under
an upright microscope (BX63, Olympus, Tokyo, Japan).

coIP

The interaction between endogenous TRAF6 and EZH2 protein was
detected by coIP. The cells were lysed with Pierce IP buffer (1% Triton
X-100, 150mMNaCl, 1mMEDTA, and 25mMTris HCl pH 7.5), fol-
lowed by addition of protease and phosphatase inhibitors. The lysate
was incubated overnight at 4�Cwith rabbit anti-mouse toEZH2 (5246,
1:300, Cell Signaling Technology, Beverly, MA, USA) and rabbit anti-
body to IgG (ab172730, 1:100, Abcam, Cambridge, MA, USA). The
following day, the lysate was supplemented with protein G beads Dy-
nabeads (Thermo Fisher Scientific, Rockford, IL, USA), followed by
slow rotation at 4�C for 8 h, and then western blot analysis.

In vivo ubiquitination assay

For the determination of endogenous EZH2-ubiquitin (Ub), 10 mM
MG132 (HY-13259, MedChemExpress, Monmouth Junction, NJ,
USA) was added to cells infected with virus, followed by incubation
for 6 h. Cells were lysed in RIPA buffer containing 1% SDS and
treated with ultrasound. IP reaction was carried out; EZH2 (5246,
1:300, Cell Signaling Technology, Beverly, MA, USA) was co-incu-
bated overnight with diluted cell lysate at 4�C. The following day, pro-
tein G beads were added to the cells for incubation of 8 h at 4�C.
Following three rinses in IP buffer, rabbit anti-mouse to Ub
(ab7780, 1:1,000, Abcam, Cambridge, MA, USA) was used in western
blot analysis to detect the ubiquitination level of EZH2.

ChIP

ChIP was conducted using a ChIP kit (P2078, Beyotime Biotech-
nology, Shanghai, P.R. China) according to the instructions of the
kit. Rabbit antibody against IgG (ab172730, 1:100, Abcam, Cam-
bridge, MA, USA) was added to the NC group, rabbit anti-mouse
against EZH2 (5246, 1:200, CST, Beverly, MA, USA) to the anti-
EZH2 group, and rabbit anti-mouse against (ab192985, 1:100, Ab-
cam, Cambridge, MA, USA) to the anti-trimethylation of histone 3
lysine 27 (H3K27me3) group. Finally, the precipitated miR-429 pro-
moter was analyzed utilizing qRT-PCR. The miR-429 ChIP primer
was F: 50-GCTGTGGGTCTGTGGGGTCT-30; R: 50- TTTGGAGC
AATGAAGGGACC-30.
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Dual luciferase reporter gene assay

Through the online analysis website (http://mirdb.org/), we predicted
the targeting binding site between miR-429 and PPARa mRNA 30

UTR. WT and MUT PPARamRNA 30 UTR gene fragments (PPARa
WT and PPARa MUT) binding to miR-429 were synthesized and
respectively introduced into a pGL3-basic vector (E1751, Promega,
Madison, WI, USA). After restriction endonuclease digestion, T4
DNA ligase (M0204S, New England Biolabs, Beverly, MA, USA)
was used to insert the target fragments into the pGL3 vector. The
Renilla luciferase and constructed luciferase reporter plasmids were
co-transfected into HEK293T cells with mimic-NC and miR-429
mimic, respectively. The cells were collected and lysed after 48 h of
transfection in a 37�C incubator with 5% CO2 and saturated humid-
ity. The luciferase activity was detected on the Glomax 20/20 Lumin-
ometer detector (E5311, Promega, Madison, WI, USA) using a dual
luciferase reporter gene assay kit (E1910, Promega, Madison, WI,
USA). With Renilla luciferase activity as the internal reference, the
relative luciferase activity (Ratio) was regarded as the ratio of lucif-
erase activity (RLU1) to luciferase activity (RLU2): Ratio = RLU1/
RLU2. All vectors were constructed by Shanghai Sangon Biotech-
nology (Shanghai, P.R. China).

Statistical analysis

The SPSS 21.0 (IBM, Armonk, NY, USA) was employed for data
analysis. Measurement data were expressed in the form of mean ±

standard deviation. Data between two groups were compared utiliz-
ing independent sample t test, while data among multiple groups
were compared with the use of one-way analysis of variance (-
ANOVA), followed by a Tukey’s test. Data among multiple groups
at variant time points were analyzed through repeated-measures
ANOVA or two-way ANOVA, followed by Bonferroni post hoc
test. A value of p <0.05 was regarded as a statistically significant
difference.
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