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Gene repression through epigenetic
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hepatocellular proliferation

Daisuke Aibara,1,2 Shogo Takahashi,1,3,* Tomoki Yagai,1 Donghwan Kim,1 Chad N. Brocker,1 Moshe Levi,3

Kimihiko Matsusue,2 and Frank J. Gonzalez1,4,*

SUMMARY

Peroxisome proliferator-activated receptor a (PPARA) is a key mediator of lipid
metabolism and inflammation. Activation of PPARA in rodents causes hepatocyte
proliferation, but the underlying mechanism is poorly understood. This study
focused on genes repressed by PPARA and analyzed the mechanism by which
PPARA promotes hepatocyte proliferation in mice. Activation of PPARA by
agonist treatment was autoregulated, and induced expression of the epigenetic
regulator UHRF1 via activation of the newly described PPARA target gene E2f8,
which, in turn, regulates Uhrf1. UHRF1 strongly repressed the expression of
CDH1 via methylation of the Cdh1 promoter marked with H3K9me3. Repression
of CDH1 by PPARA activation was reversed by PPARA deficiency or knockdown
of E2F8 or UHRF1. Furthermore, a forced expression of CDH1 inhibited expres-
sion of the Wnt signaling target genes such as Myc after PPARA activation, and
suppressed hepatocyte hyperproliferation. These results demonstrate that the
PPARA-E2F8-UHRF1-CDH1 axis causes epigenetic regulation of hepatocyte pro-
liferation.

INTRODUCTION

Peroxisome proliferator-activated receptor a (PPARA) is a ligand-activated nuclear receptor abundantly ex-

pressed in hepatocytes and an important mediator of lipid metabolism and inflammation (Brocker et al.,

2020; Dubois et al., 2017; Kamata et al., 2020). Chronic activation of PPARA causes hepatocellular prolifer-

ation and increases the incidence of hepatocellular carcinoma (HCC) in rodents (Brocker et al., 2017; Kim

et al., 2019; Morimura et al., 2006). The myelocytomatosis oncogene (Myc) contributes to PPARA agonist-

induced hepatocyte proliferation. Hepatocyte proliferation induced by MYC was verified in liver-specific

MYC-deficient mice treated with PPARA agonists. Interestingly, PPARA agonist-induced hepatocyte pro-

liferation was not fully protected by liver-specific deficiency of MYC (Qu et al., 2014). These results indicate

that PPARA may contribute to hepatocyte proliferation by regulating the expression of Myc and other

genes involved in cell proliferation.

The regulation of gene expression by PPARA is through a standard ligand-dependent mechanism used by

Type 2 nuclear receptors. PPARA forms a heterodimer with the retinoid X receptor a (RXRA), and when an

agonist ligand such as pirinixic acid (Wy14,643) or synthetic fibric acid derivatives (e.g., fenofibrate) binds to

PPARA, co-repressors are released and co-activators are recruited upon binding to the PPARA response

element (PPRE) of the target gene-enhancer/promoter region (Berger and Moller, 2002; Kang and Fan,

2020; Pawlak et al., 2015). The PPARA complex bound to the PPRE positively regulates the expression of

target genes (Berger andMoller, 2002; Penvose et al., 2019). Whereas activated PPARA positively regulates

target gene expression, some studies have shown that PPARA can negatively regulate gene expression

(Pawlak et al., 2015). However, themechanism of ligand-dependent negative regulation of gene expression

by nuclear receptors, including PPARA, that is, gene repression/gene silencing, is mechanistically poorly

understood.

Repression of E-cadherin/cadherin 1 (Cdh1) causes cell proliferation (Shang et al., 2017). In the current

study, Cdh1 was identified as a gene strongly repressed by PPARA, and the mechanism by which PPARA

controls cell proliferation through CDH1 repression was analyzed in mouse livers. The current study
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revealed the existence of a novel PPARA autoinduction pathway. In addition, PPARAwas found to indirectly

induce the epigenetic regulator ubiquitin-like, containing PHD and RING finger domains 1 (UHRF1) via a

newly described PPARA target gene encoding E2F transcription factor 8 (E2F8). UHRF1 induced by acti-

vated PPARA represses the expression of CDH1 via methylation of the Cdh1 promoter marked with histone

H3 containing the trimethylated lysine 9 (H3K9me3); knockdown of E2F8 or UHRF1-reversed CDH1 repres-

sion. Furthermore, forced expression of CDH1 repressed PPARA agonist-induced hepatocyte proliferation

by suppressing expression of the Wnt signaling target genes Myc, cyclin D1 (Ccnd1), and jun proto-onco-

gene (Jun). These results indicate that PPARA autoinduction enhances hepatocyte proliferation via the

E2F8-UHRF1-CDH1-Wnt signaling axis. In addition, this study providedmechanism by which nuclear recep-

tors repress gene expression.

RESULTS

Expression of CDH1 is strongly repressed by ligand-activated PPARA

Agonist activation of mouse PPARA promotes hepatocyte proliferation (Peters et al., 2012). However, the

mechanism of hepatocyte proliferation by PPARA is poorly understood (Kim et al., 2019). Epigenetic

silencing of certain tumor suppressor genes (TSGs) cause cell proliferation. To investigate the major

TSGs that are repressed by activated PPARA, RNA sequencing (RNA-seq) was performed on livers of Ppara

wild-type (Ppara+/+) mice treated for 48 h with two PPARA agonists used in previous studies (Kim et al.,

2019; Morimura et al., 2006), Wy14,643 and fenofibrate; Ppara-null (Ppara�/-) mice were used as a negative

control. A mix of total RNA from three to five mice was used per RNA-seq experiment and repeated three

times in each group (n = 10–15 mice per group). Both Wy14,643 and fenofibrate treatment induced expres-

sion of 370 genes and repressed expression of 248 genes, at a fold-change > 3 and a false discovery rate

(FDR) < 0.05, in Ppara+/+ mouse livers (Figures 1A, S1, and Table S1). The 370 genes induced by both

Wy14,643 and fenofibrate treatment included typical PPARA target genes such as cytochrome P450 family

four subfamily A polypeptide 10 (Cyp4a10), acyl-coenzyme A oxidase 1 (Acox1), acyl-CoA thioesterase 1

and 2 (Acot1 and Acot2) (Table S1). In addition, Wy14,643 treatment yielded more potent PPARA target

gene activation than fenofibrate treatment (Figures 1A, S1, and Table S1). Therefore, Wy14,643 was

used in the present study.

Haploinsufficient TSGs repressed by PPARA agonists were also investigated by the DAVID-GO (https://

david.ncifcrf.gov/) and previous lists (Inoue and Fry, 2017; Payne and Kemp, 2005). Cdh1 was identified

as a gene that was significantly repressed by activated PPARA (Figure 1B). To confirm the results of RNA

sequencing, qPCR (n = 4 mice per group) and western blotting (n = 3 mice per group) were performed us-

ing randomly selected mouse livers. Quantitative analysis showed that the expression of Cdh1 mRNA and

CDH1 in the Ppara+/+ mouse livers was significantly repressed by Wy14,643 or fenofibrate treatment by

more than 50% (Figures 1C–1E). On the other hand, the expression of Cdh1 mRNA and CDH1 in Ppara�/-

mouse livers was not significantly changed by Wy14,643 and fenofibrate treatment (Figures 1C–1E). These

results indicate that activated PPARA specifically represses the expression of CDH1.

The loss of CDH1 increases b-catenin nuclear signal transduction and upregulates expression of the Wnt

signaling target genes Myc, Ccnd1, Jun, and Axin2. Expression of these genes is involved in cell prolifer-

ation and differentiation (Shang et al., 2017). RNA-seq was performed to investigate the global effect of

PPARA repression of CDH1 on expression of the Wnt signaling target genes. The expression of the Wnt

signaling target genes were weakly induced in Wy14,643-treated Ppara+/+ mouse livers compared with

the direct bonafide PPARA gene targets, Cyp4a10, Acot1, Acot2, and Acox1 (Figure 1F). This result sug-

gests that the repression of CDH1 by PPARA may activate Wnt signaling and induce the expression of

its downstream genes.

Transcription regulators such as snail family zinc finger 1 and 2 (Snail1/Snail and Snail2/Slug), twist basic-

helix-loop-helix transcription factor (Twist) and zinc finger E-box binding homeobox (Zeb) were reported

to be involved in suppression of Cdh1 expression (Cheng et al., 2019). Expression of Snail1/2, Twist1/2,

Zeb1/2 mRNAs were measured to investigate the mechanism of Cdh1 repression. The levels of Snail1,

Twist1/2, Zeb1/2 mRNAs in Ppara+/+ mouse livers were not changed by Wy14,643 treatment (Figure 1F).

Snail2 mRNA expression in Ppara+/+ mouse livers was reduced to about 50% in all three samples by

Wy14,643 treatment (Figure 1F). Snail2 is a transcription repressor of Cdh1 (Hu et al., 2018; Villarejo

et al., 2014), and suppression of Snail2 expression has been reported to increase CDH1 expression

(Wang et al., 2010). However, both Snail2 and Cdh1 mRNA levels in Ppara+/+ mouse livers were strongly
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repressed by Wy14,643 treatment (Figures 1B, 1C, and 1F). These data suggest that repression of Cdh1

expression by PPARA is likely caused by factors other than Snail, Slug, Twist and Zeb. Thus, activated

PPARA may contribute to hepatocyte proliferation by repressing CDH1 expression and activating Wnt

signaling.

Expression of the epigenetic regulator UHRF1 is indirectly induced by PPAR activation

As the repression of CDH1 by activated PPARA through factors other than Snail, Slug, Twist and Zeb was

ruled out, epigenetic regulators that contribute to DNAmethylation and post-translational modification of

histones and contribute to gene repression (Cheng et al., 2019) were analyzed. The expression of mRNAs

encoding these regulators was analyzed in Wy14,643-treated Ppara+/+ and Ppara�/- mouse livers. Interest-

ingly, most of these listed epigenetic regulators were induced in Wy14,643-treated Ppara+/+ mouse livers

(Figures 2A and S1A). Among the DNA methylation-related genes, the expression of Uhrf1 mRNA in the

Ppara+/+ mouse livers was robustly induced by Wy14,643 treatment (Figures 2A and S1A). By quantitative

Figure 1. Ligand-activated PPARA strongly represses CDH1 expression

Ppara+/+ and Ppara�/- mice fed either control chow diet or a diet containing 0.1% Wy14,643 or 0.5% fenofibrate for 48 h.

(A) Venn diagrams of RefSeq transcripts were repressed byWy14,643 or fenofibrate (fold change <�3 at FDR <0.05) in Ppara+/+ and Ppara�/- mouse livers, as

determined by RNA-seq. n = 10–15 mice per group.

(B) Heatmap of tumor suppressor gene expression provided from RNA-seq analyses in Wy14,643-treated Ppara+/+ and Ppara�/- mouse livers. n = 10–15mice

per group. Color key, Log2 fold-change (FC).

(C) RT-qPCR analysis of Cdh1 mRNA in Wy14,643- or fenofibrate-treated Ppara+/+ and Ppara�/- mouse livers. n = 4 mice per group.

(D and E) Western blot analysis (D) and the quantification (E) of CDH1 protein in Wy14,643-treated Ppara+/+ and Ppara�/- mouse livers. n = 3 mice per group.

(F) Heatmap of gene expression in the CDH1-related gene and PPARA target genes provided from RNA-seq analyses of Wy14,643-treated Ppara+/+ and

Ppara�/- mouse livers. n = 10–15 mice per group. Color key, Log2 fold-change (FC). Each data point represents the meanG SEM Significant differences from

normal chow diet-treated each genotype mouse livers: *p < 0.001.
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analysis of the known PPARA target genesCyp4a10,Acot1/2, andAcox1mRNAs were used as positive con-

trols (Dongol et al., 2007; Kroetz et al., 1998; Rakhshandehroo et al., 2010). Expression of Uhrf1, Cyp4a10,

Acot1/2, andAcox1mRNAs in Ppara+/+ mouse livers was significantly induced byWy14,643 and fenofibrate

treatment (Figure 2B). In addition, expression of the UHRF1 protein in Ppara+/+ mouse livers was

Figure 2. Activated PPARA indirectly induces expression of the epigenetic regulator UHRF1

(A) Heatmap of epigenetic regulatory genes expression provided from RNA-seq analyses in Wy14,643-treated Ppara+/+ and Ppara�/- mouse livers. n = 10–15

mice per group. Mice fed either control chow diet or a diet containing 0.1% Wy14,643 for 48 h. Color key, Log2 fold-change (FC).

(B) qRT-PCR analysis of Uhrf1, Cyp4a10, Acot1/2, and Acox1mRNAs in Wy14,643- or fenofibrate-treated Ppara+/+ and Ppara�/- mouse livers. n = 4 mice per

group. Mice fed either control chow diet or a diet containing 0.1% Wy14,643 or 0.5% fenofibrate for 48 h.

(C and D)Western blot analysis (C) and the quantification (D) of UHRF1 protein inWy14,643-treated Ppara+/+ and Ppara�/- mouse livers. n = 3mice per group.

Mice fed either control chow diet or a diet containing 0.1% Wy14,643 or 0.5% fenofibrate for 48 h. The loading control GAPDH, detected on the same

membrane, is shown in Figure 1D.

(E) De novo motif extracted from PPARA ChIP-seq.

(F) PPARA ChIP-seq reads the peaks of Cyp4a10-PPRE, Acot1-PPRE, Acot2-PPRE, and Acox1-PPRE fromWy14,643-treatedmouse livers, but not the peaks of

the Uhrf1 gene. Mice were treated with Wy14,643 (50 mg/12 h/kg for 24 h) or vehicle by oral gavage and then administered either a normal diet or a 0.1%

Wy14,643-chow diet for 24 h. n = 3 mice per group. Each data point represents the meanG SEM Significant differences from normal chow diet-treated each

genotype mouse livers: *p < 0.01; **p < 0.001.
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Figure 3. Activated PPARA directly induces the expression of E2F8, the regulator of Uhrf1

(A) Volcano plot of 1362 gene expression encoding DNA-binding transcription activity (GO:0003700) provided from RNA-seq analyses in Wy14,643-treated

Ppara+/+ and Ppara�/- mouse livers. Mice fed either a control chow diet or a diet containing 0.1%Wy14,643 for 48 h. n = 10–15 mice per group. The color red

represents the differentially expressed genes based on p < 0.05 (false discovery rate = 5%; represented by black horizontal line) and 3-fold expression

difference (represented by two black vertical lines).

(B and C) qRT-PCR analysis of three exon 1 variants of the E2f8 (E2f8-1a, E2f8-1b, and E2f8-1c) mRNAs (B) and Total E2f8 mRNA (C) in Wy14,643- or

fenofibrate-treated Ppara+/+ and Ppara�/- mouse livers. Mice fed either a control chow diet or a diet containing 0.1% Wy14,643 or 0.5% fenofibrate for 48 h.

n = 4 mice per group. Significant differences from normal chow diet-treated each genotype mouse livers: *p < 0.01, **p < 0.001..

(D and E) Western blot analysis (D) and quantitation (E) of E2F8 protein in Wy14,643-treated Ppara+/+ and Ppara�/- mouse livers. Mice fed either a control

chow diet or a diet containing 0.1% Wy14,643 for 48 h. n = 3 mice per group. The loading control, GAPDH detected on the same membrane, is shown in

Figure 1D. Significant differences from normal chow diet-treated each genotype mouse livers: *p < 0.01.
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significantly elevated by Wy14,643 treatment (Figures 2C and 2D). On the other hand, the levels of Uhrf1

mRNA and UHRF1 protein in Ppara�/- mouse livers were not significantly changed by Wy14,643 treatment

(Figures 2C–2D).

To clarify the mechanism of UHRF1 regulation by PPARA, chromatin immunoprecipitation sequencing

(ChIP-seq) analysis was performed using livers from mice treated with Wy14,643. The enriched sequence

in the binding peak of PPARA was motif analyzed by Homer Software (Heinz et al., 2010), and a PPRE

was detected that exactly matches the consensus PPRE (Figure 2E, Dataset S1 and S2). The Cyp4a10,

Acot1, Acot2, and Acox1 genes were used as positive controls for PPARA binding peaks. Strong binding

peaks of PPARA were observed on the PPREs of Cyp4a10, Acot1, Acot2, and Acox1 in Wy14,643-treated

mouse livers (Figure 2F). On the other hand, no binding peak of PPARAwas observed in theUhrf1 promoter

region of other regions of the Uhrf1 gene (Figure 2F). These results indicate that activated PPARA indirectly

induces epigenetic regulator UHRF1.

Expression of E2F8, a regulator of UHRF1, is directly induced by activated PPARA

Several transcription factors such as E2F1 and E2F8, nuclear factor of kappa light polypeptide gene

enhancer in B cells 1, p105 (NFKB1), trans-acting transcription factor 1 (SP1) and forkhead box M1

(FOXM1) were reported to directly regulate Uhrf1 (Ashraf et al., 2017). The expression of these transcription

factor mRNAs was analyzed in Wy14,643-treated Ppara+/+ and Ppara�/- mouse livers. Of the 1,362 genes

encoding DNA-binding transcription activity (http://www.informatics.jax.org/, GO:0003700), the E2f8

gene was identified as a regulator of UHRF1 that is significantly induced by PPARA (Figure 3A). In addition,

E2F8 binds to the promoter region of UHRF1 positively regulating its expression (Park et al., 2015). There-

fore, regulation of the E2f8 gene by PPARA was analyzed. The E2f8 transcripts, E2f8-1a, E2f8-1b, and E2f8-

1c, were reported to be exon one splice variants (Maiti et al., 2005). Quantitative analysis revealed that E2f8

mutant mRNAs or their proteins in wild-type mouse livers were significantly induced by PPARA agonist

treatment. On the other hand, these inductions were not observed in Ppara�/- mouse livers (Figures 3B–3E).

Five potential PPREs were identified within the PPARA ChIP-seq peaks found in closeness, proximity to the

mouse E2f8 gene by JASPAR database (https://jaspar.genereg.net/) (Figures 3F and S1B). These E2f8-

PPREs showed greater than 69% homology with the consensus PPRE (Figure S1B). To identify which

PPREs are functional, each of the five E2f8 PPRE sites (PPRE-B1 to -B5) was inserted into pGL4.27 containing

the minimal promoter, and luciferase reporter gene expression assays were performed (Figures 3G and

S1C). Luciferase activity of E2f8-PPRE-B4 was induced approximately six-fold by PPARA/RXRA (Figure 3H).

E2f8-PPRE-B1, B2, B3, and B5 did not respond and the PPREs do not appear to functionally bind PPARA

(Figure 3H). In addition, E2f8-PPRE-B4 luciferase activity by PPARA/RXRA was further induced by

Wy14,643 treatment similar to a reporter construct containing a PPRE repeat from the rat Acox1 gene (Con-

trol-PPREx3) (Figure 3H). Two additional reporter constructs were created to further confirm binding of

PPARA to E2f8-PPRE4; one contained a triple repeat of the B4 PPRE (E2f8-PPREx3-B4) and the other con-

tained the same promoter insert with the E2f8-PPRE-B4 site removed (E2f8-deleted PPRE-B4) (Figures 3G

and S1D). Luciferase activity induced by PPARA/RXRA was significantly amplified when the E2f8-PPRE-B4

was present and completely abolished when the site was deleted (Figure 3I).

Next, ChIP-quantitative real-time polymerase chain reaction (ChIP-qPCR) using primers that specifically

recognize the E2f8-PPRE4 was used to confirm that PPARA specifically binds to the PPRE4 located in intron

2 of the E2f8 gene. Ppara�/- livers were used as a negative control to test for non-specific binding. The

Acot1 gene was used as a positive control for PPARA binding enrichment, and ribosomal protein L30

(Rpl30) was used as a negative control. The enrichment of PPARA binding to the E2f8 PPRE4 and Acot1

was significantly increased in Ppara+/+ mouse livers after Wy14,643 treatment (Figure 3J). On the other

Figure 3. Continued

(F) PPARA ChIP-seq read peaks in the E2f8 gene fromWy14,643-treated mouse livers. Mice were treated with Wy14,643 (50 mg/12 h/kg for 48 h) or vehicle by

oral gavage and then administered either a normal diet or a 0.1% Wy14,643-chow diet for 24 h. n = 3 mice per group.

(G) Schematic representation of the positions of the putative five PPRE sequences contained in the E2f8 gene. Reporter gene construct inserts are shown.

(H and I) Luciferase reporter assay using the PPREs of the E2f8 gene (H) and its deleted- or amplified-PPRE4 mutant (I) confirmed functional PPRE sequence.

n = 3 per group. Significant differences from cells without PPARA/RXRA expression plasmid or without Wy14,643: *p < 0.001.

(J) PPARA ChIP-qPCR assessed E2f8-PPRE4, Acot1-PPRE, and Rpl30 binding in liver samples from Ppara+/+ and Ppara�/- mice treated with Wy14,643. Mice

fed either a control chow diet or a diet containing 0.1% Wy14,643 for 48 h. n = 3–4 mice per group. Significant differences from normal chow diet-treated

mouse livers of different genotypes: *p < 0.05. Each data point represents the mean G SEM.
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hand, the enrichment of PPARA binding in E2f8-PPRE4 was not observed in Ppara�/- mouse livers

(Figure 3J).

To examine whether PPARA/RXRA directly binds to E2f8-PPRE4, electrophoretic mobility shift assay

(EMSA) using E2f8-PPRE4 probes was performed. PPARA/RXRA directly binds to PPRE of the rat Acox1

as a positive control (control-PPRE) (Makia and Goldstein, 2016) and E2f8-PPRE4 (Figure S1F). The binding

of PPARA/RXRA to E2f8-PPRE4 was supershifted by anti-PPARA IgG (Figure S1F). Taken together, these

data suggest that PPARA positively regulates E2f8 expression through a functional PPRE in intron 2,

thereby indirectly inducing UHRF1 expression.

UHRF1 induced by PPARA activation enhances methylation of the Cdh1 promoter marked

with H3K9me3

UHRF1 has several functional domains that coordinate the DNAmethylation and histone post-translational

modification machinery required for epigenetic silencing of genes (Alhosin et al., 2016). UHRF1 recruits

several enzymes, including DNA methyltransferase 1 (DNMT1) and histone deacetylase 1 (HDAC1), into

the promoter region of target genes via H3K9me3 (Bostick et al., 2007; Karagianni et al., 2008; Kim

et al., 2018; Unoki et al., 2004) as depicted in the model (Figure 4A). Therefore, the expression of

UHRF1-related genes was analyzed in livers of Wy14,643-treated Ppara+/+ and Ppara�/- mice. The expres-

sion of Dnmt1 mRNA, encoding the DNA methyltransferase DNMT1, was slightly induced in Wy14,643-

treated Ppara+/+ mouse livers (Figures 4B and S1A). The expression of Hdac1 encoding histone acetylase,

and SET domain bifurcated 1 (Setdb1), suppressor of variegation three to nine homolog 1 and 2 (Suv39h1/

2) mRNA encoding histone H3 and lysine 9-specific methyltransferase, showed almost no change in

Wy14,643-treated Ppara+/+ mouse livers (Figure 4B). These results indicate that gene repression by

UHRF1 depends on UHRF1 expression levels rather than DNMT1, HDAC1 or H3K9me3 expression levels.

UHRF1 was reported to localize to chromatin via binding to H3K9me3 (Karagianni et al., 2008; Kim et al.,

2018). Therefore, RNA-seq data from livers of agonist-treated mice and H3K9me3 ChIP-seq data obtained

from NCBI GEO Accession Number (GSE128073) were used to analyze the expression pattern of genes on

chromosome (Chr) eight where Cdh1 is located. Strong H3K9me3 ChIP-seq peaks were sandwiched be-

tween weak peaks, and were located within the 50 upstream region of Cdh1, Cdh3, and sphingomyelin

phosphodiesterase 3 (Smpd3) (Figure 4C). In addition, H3K9me3 ChIP-seq peaks were observed 50 up-
stream of the microRNA let7c-1 (Mirlet7c-1) and its host geneMir99a and the Mirlet7c-1 host gene (Mir99-

ahg) gene that are repressed by activated PPARA as shown in a previous study (Shah et al., 2007; Yagai

et al., 2021) (Figure S2A). These genes are significantly down-regulated in response to PPARA agonist treat-

ment (Figures 4D, S2B, and S3A).

To analyze protein expression and enzyme activity of methyltransferase complex, ChIP-qPCR, western blot

and methyl-DNA immunoprecipitation analyses were performed. Enrichment of UHRF1, DNMT1, and

HDAC1 in the promoter region of Cdh1 was increased by PPARA activation, but the enrichment of

H3K9me3 and SETDB1 was not changed (Figure 4E). Western blot results showed that only

UHRF1expression was induced by PPARA activation (Figures 2C and 2D), but the expression of DNMT1,

HDAC1, H3K9me3, and SETDB1 (Figures S4A and S4B) were not changed. In addition, 5-methylcytosine

(5-mC) enrichment in the Cdh1 promoter was induced in Wy14,643-treated Ppara+/+ mouse livers, but

not changed in Wy14,643-treated Ppara�/- mouse livers (Figure 4F). Taken together, these data suggest

that UHRF1 induced by the activation of PPARA binds to H3K9me3 and recruits DNMT1 to enhancemethyl-

ation of the Cdh1 promoter.

Knockdown of E2F8 or UHRF1 reverses the repression of CDH1 by activated PPARA

To confirm that the PPARA-E2F8-UHRF1 axis regulates CDH1 expression, the signal transduction pathway

was analyzed using E2F8 and UHRF1 knockdown livers. To knockdown E2F8 and UHRF1 in mouse liver,

short hairpin RNA (shRNA)-expressing adeno-associated virus (AAV) was used. The knockdown efficiency

of E2F8 and UHRF1 by AAV expressing E2f8-shRNA (shE2f8) and Uhrf1-shRNA (shUhrf1) was confirmed at

the mRNA and protein level. In Wy14,643-treated mouse livers, E2F8 and UHRF1 expression was strongly

repressed (more than 50%) by shE2f8 and shUhrf1, respectively (Figures 5A, 5B, 5E and 5F). In addition,

E2F8 or UHRF1 knockdown reversed the downregulation of Cdh1, Cdh3, Smpd3, Mir99ahg, and

Mirlet7c-1 mRNA and CDH1 protein by Wy14,643 treatment (Figures 5A–5C, 5E–5G, S2C, and S3B).

E2F8 or UHRF1 knockdown had little effect on Dnmt1 and Hdac1 mRNA expression (Figure S3B).
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Figure 4. PPARA activation causes methylation of the Cdh1 promoter marked on H3K9me3 in a UHRF1-dependent manner

(A) Model of gene repression by UHRF1.

(B) Heatmap of UHRF1-related gene expression provided from RNA-seq analyses in Wy14,643-treated Ppara+/+ and Ppara�/- mouse livers. Mice fed either

control chow diet or a diet containing 0.1% Wy14,643 for 48 h. n = 10–15 mice per group. Color key, Log2 fold-change (FC).

(C) H3K9me3 ChIP-seq reads peaks in 50 upstream region of Cdh1 in mouse livers.

(D) Heatmap of gene expression in the H3K9me3 binding peak provided from RNA-seq analyses in Wy14,643-treated Ppara+/+ and Ppara�/- livers. Mice fed

either a control chow diet or a diet containing 0.1% Wy14,643 for 48 h. n = 10–15 mice per group.

(E and F) UHRF1, DNMT1, HDAC1, H3K9me3, or SETDB1 ChIP-qPCR (E) or methyl-DNA immunoprecipitation analysis (F) assessed Cdh1 promoter in liver

samples from Ppara+/+ and Ppara�/- mice treated with Wy14,643. Mice fed either control chow diet or a diet containing 0.1%Wy14,643 for 48 h. n = 3–4 mice

per group. Significant differences from normal chow diet-treated each genotype mouse livers: *p < 0.05.
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Next, ChIP-qPCR was used to confirm that UHRF1 binds to the promoter region of theCdh1,Cdh3, Smpd3,

and Mir99ahg genes; ribosomal protein L30 (Rpl30) was used as a negative control. The enrichment of

UHRF1 binding to the Cdh1, Cdh3, Smpd3, and Mir99ahg promoter region was significantly amplified in

Figure 5. Repression of CDH1 expression by ligand-activated PPARA is reversed by the knockdown of E2F8 or UHRF1

Mice were fed either control chow diet or a diet containing 0.1% Wy14,643 for 48 h.

(A and B) Western blot analysis (A) and the quantification (B) of E2F8, UHRF1, and CDH1 proteins in AAV-shRNA-Control (Control) or AAV-shRNA-E2f8

(shE2f8)injected mice treated with Wy14,643. n = 3 mice per group.

(C) qRT-PCR analysis of E2f8, Uhrf1, and Cdh1mRNA in AAV-shRNA-Control (Control) or AAV-shRNA-E2f8 (shE2f8) injected mice treated with Wy14,643. n =

4 mice per group.

(D) UHRF1 ChIP-qPCR assessed Cdh1 or Rpl30 promoter region binding in liver samples from AAV-shRNA-Control (Control) or AAV-shRNA-E2f8 (shE2f8)

injected mice treated with Wy14,643. n = 4 mice per group.

(E and F) Western blot analysis (E) and the quantification (F) of E2F8, UHRF1, and CDH1 proteins in AAV-shRNA-Control (Control) or AAV-shRNA-Uhrf1

(shUhrf1) injected mice treated with Wy14,643. n = 3 mice per group.

(G) qRT-PCR analysis of E2f8, Uhrf1, and Cdh1mRNA in AAV-shRNA-Control (Control)- or AAV-shRNA-Uhrf1 (shUhrf1)injected mice treated with Wy14,643.

n = 4 mice per group.

(H) UHRF1 ChIP-qPCR assessed Cdh1 or Rpl30 promoter region binding in liver samples from AAV-shRNA-Control (Control) or AAV-shRNA-Uhrf1 (shUhrf1)

injected mice treated with Wy14,643. n = 4 mice per group. Each data point represents the mean G SEM Significant differences from shE2f8-or shUhrf1-

treated mouse livers: *p < 0.05, **p < 0.01.
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Figure 6. PPARA autoinduction accelerates the E2F8-UHRF1-CDH1 pathway

(A) qRT-PCR analysis of Ppara mRNA in Wy14,643- or fenofibrate-treated Ppara+/+ and Ppara�/- mouse livers. Ppara+/+ and Ppara�/- mice fed either control

chow diet or a diet containing 0.1%Wy14,643 or 0.5% fenofibrate for 48 h. n = 4 mice per group. Significant differences from normal chow diet-treated each

genotype mouse livers: *p < 0.001.

(B and C) Western blot analysis (B) and the quantification (C) of PPARA protein in Wy14,643-treated Ppara+/+ and Ppara�/- mouse livers. Ppara+/+ and

Ppara�/- mice fed either a control diet or a diet containing 0.1% Wy14,643 for 48 h. n = 3 mice per group. Significant differences from normal chow diet-

treated each genotype mouse livers: *p < 0.01.

(D) qRT-PCR analysis of Ppara, Cyp4a10, Acox1, Acot1/2, E2f8, Uhrf1, and Cdh1mRNAs in livers of Ppara+/+ mice treated by gavage with Wy14,643 (50 mg/

kg). Livers were collected at t = 0, 1.5, 3, 6, 12, and 24 h. n = 4 mice per group. Significant differences from Wy14,643-treated mouse livers (0 h): *p < 0.05,

**p < 0.01, ***p < 0.001.

(E) PPARA ChIP-seq reads peaks in the Ppara and Acox1 genes fromWy14,643-treated mouse livers. Mice were treated with Wy14,643 (50 mg/12 h/kg for 24

h) or vehicle by oral gavage and administered either a normal diet or a 0.1% Wy14,643-chow diet for 24 h. n = 3 mice per group.
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control mouse livers byWy14,643 treatment (Figures 5D, 5H, S2D, and S3C). On the other hand, enrichment

of UHRF1 binding in the Cdh1, Cdh3, Smpd3, and Mir99ahg promoter region was observed to be signifi-

cantly reduced in shE2f8- or shUhrf1-treated mouse liver compared with Control (Figures 5D, 5H, S2D, and

S3C). These data suggest that the PPARA-E2F8-UHRF1 pathway negatively regulates CDH1 expression.

High expression through autoinduction of PPARA amplifies the E2F8-UHRF1-CDH1 pathway

To confirm that PPARA, E2F8, UHRF1, and CDH1 form a series of signal transduction pathways, the time

course of gene expression after PPARA ligand treatment was analyzed. First, PparamRNA and PPARA pro-

tein levels in Ppara+/+ and Ppara�/- livers were quantified. Ppara mRNA and PPARA protein expression in

Ppara+/+ mouse livers were induced by Wy14,643 or fenofibrate by approximately two-fold (Figures 6A–

6C). The single dose of Wy14,643 was administered between 1 and 3 p.m. The peak Ppara mRNA levels

were achieved only 3 h after a single dose of Wy14,643, whereas the expression of direct PPARA target

gene mRNAs that are highly responsive to PPARA activation, Cyp4a10, Acot1, Acot2 and Acox1, reach

peak levels 12 or 24 h after Wy14,643 dosing (Figure 6D). E2f8 and Uhrf1 mRNA levels were most highly

induced 6 h after a single dose of Wy14,643 (Figure 6D), whereas Cdh1 expression was markedly repressed

at 12 h after administration, following the induction of E2f8 and Uhrf1 (Figure 6D). Interestingly, Mirlet7-c1

and Mir99ahg expressions were highly repressed from 1.5 to 12 h after a single dose of Wy14,643 (Fig-

ure S2E). These data suggest that PPARA autoinduction forms a positive feedback loop that accelerates

the PPARA-E2F8-UHRF1-CDH1 signaling pathway.

To elucidate the mechanism of PPARA autoinduction by PPARA agonists, PPARA ChIP-seq was analyzed.

PPARA ChIP-seq peaks, found within the genomic region containing the Ppara promoter and gene body,

were found to contain six putative PPREs (Figures 6E, 6F and S1C). The PPRE found in the PPARA promoter

region showed over 69% homology to the PPRE consensus sequence (Figure S1C). To identify functional

PPREs, each Ppara PPRE (PPRE-B1 to -B6) was inserted into pGL4.27 containing the minimal promoter,

and reporter gene expression assays performed (Figure 6F). A reporter construct containing a PPRE repeat

from the rat Acox1 gene (Control-PPREx3), which was employed in previous studies (Brocker et al., 2020),

was used as a positive control to test for functional PPREs. Luciferase activity of Ppara-PPRE-B6 was induced

by PPARA/RXRA by approximately three-fold, but not in Ppara-PPRE-B1 to B5 (Figure 6G). In addition, the

induction of Ppara-PPRE-B6 luciferase activity by PPARA/RXRA was further induced byWy14,643 treatment

as in Control-PPREx3 (Figure 6G). The induction of Ppara-PPRE-B6 luciferase activity by PPARA/RXRA was

completely abolished when transfection was carried out with Ppara-deleted PPRE-B6 constructs

(Figure 6G).

Next, ChIP-qPCR using primers that specifically recognize the PPRE6 sequences, was performed to confirm

that mouse PPARA specifically binds to PPRE6 located in intron two of the Ppara gene; Ppara�/- livers were

used as a negative control to identify nonspecific binding. Acox1 was used as a positive control for the

PPARA binding enrichment. The enrichment of PPARA binding in Ppara-PPRE-B6 and Acox1 was signifi-

cantly amplified in Ppara+/+ livers by Wy14,643 treatment (Figure 6H).

To examine whether PPARA/RXRA directly binds to Ppara-PPRE6, EMSA using Ppara-PPRE6 probes was per-

formed. PPARA/RXRA directly bound to PPRE of the rat Acox1 (control-PPRE) and Ppara-PPRE6 (Figure S1F).

The binding of PPARA/RXRA toPpara-PPRE6was supershiftedby anti-PPARA IgG (Figure S1F). Taken together,

these data indicate that PPARA binds to a functional PPREwithin its own promoter creating a positive feedback

loop that increases PPARA expression and further potentiates the PPARA-E2F8-UHRF1-CDH1 pathway.

Forced expression of CDH1 suppresses hepatocyte hyperproliferation by activated PPARA

The loss of contact inhibition is a characteristic of cells lacking CDH1, and transfection of CDH1 into cells

in vivo or in vitro was reported to reduce cell proliferation (Fujita et al., 2009; Gottardi et al., 2001; Navarro

et al., 1991; St Croix et al., 1998; Yang et al., 2010). Therefore, the effect of forced expression of CDH1 on

Figure 6. Continued

(F) Schematic representation of the positions of the putative five PPRE sequences contained in the Ppara gene. Reporter gene construct inserts are shown.

(G) Luciferase reporter gene assay using the PPREs of the Ppara gene and its deleted-PPRE6 mutant, and Acox1-PPRE repeat. n = 3 per group. Significant

differences from cells without PPARA/RXRA expression plasmid or without Wy14,643: *p < 0.001.

(H) PPARA ChIP-qPCR assessed Ppara-PPRE6 or Acox1-PPRE binding in liver samples from Ppara+/+ and Ppara�/- mice treated with Wy14,643. Mice fed

either a control chow diet or a diet containing 0.1%Wy14,643 for 48 h. n = 3 mice per group. Significant differences from Wy14,643-treated Ppara+/+ mouse

livers: *p < 0.05. Each data point represents the mean G SEM.
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hepatocyte proliferation by PPARA agonists was evaluated. Hepatic CDH1 expression and the tracking

green fluorescent protein (GFP) expression as a negative control, were confirmed by western blotting

48 h after tail vein injection of the CDH1 or GFP expression vectors (Figures 7A and 7B). Wy14,643 treatment

for mice was started 12 h after administration of the vector. Furthermore, no significant difference was

Figure 7. Hepatocyte hyperproliferation by ligand-activated PPARA is suppressed by the forced expression of CDH1

(A and B) Western blot analysis (A) and the quantification (B) of CDH1 and GFP proteins in pCMV3-GFP (Control) or pCMV3-CDH1 (CDH1) plasmids-injected

mice treated with Vehicle or Wy14,643. n = 3 mice per group.

(C–E) H&E, CDH1-IHC, and BrdU-IHC staining (C), BrdU positive cells (D), and liver/body weight (E) in pCMV3-GFP (Control) or pCMV3-CDH1 (CDH1)

plasmids-injected mice treated with Vehicle or Wy14,643. Scale bars represent 100 mm (200X).

(F) qRT-PCR analysis ofMyc, Ccnd1, and JunmRNAs in livers of pCMV3-GFP (Control) or pCMV3-CDH1 (CDH1) plasmids-injected mice treated with Vehicle

orWy14,643. Mice were treated with Wy14,643 (50 mg/12 h/kg for 36 h) or vehicle by oral gavage after injection each plasmid. Each data point represents the

mean G SEM n = 3–4 mice per group. Significant differences from normal chow treated Vehicle-Control-mouse livers or Wy14,643-Control-mouse livers:

*p < 0.05, **p < 0.01.

(G) Schematic of the mechanism by which mouse PPARA controls hepatocyte proliferation through the E2F8-UHRF1-CDH1 axis.
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observed in plasma hepatic aspartate aminotransferase (AST) and alanine aminotransferase (ALT) between

each group (Figure S5C).

Forced expression of CDH1 suppressed cell proliferation in Wy14,643-treated mouse livers confirming the

role of CDH1 during PPARA-induced hepatocyte proliferation. Histological examination of liver sections by

H&E (H&E) staining and immunohistochemistry (IHC) analysis showed characteristic hepatocyte swelling in

response to Wy14,643 treatment in control mice (Figure 7C). CDH1 staining by IHC and immunofluores-

cence (IF) analysis was primarily at hepatocyte-hepatocyte junctions as previously reported (Maeda andNa-

kagawa, 2015; Nakagawa et al., 2014; Schneider et al., 2014), andwas decreased significantly afterWy14,643

treatment when compared with controls (Figures 7C and S5D). Hepatic CDH1 expression was significantly

increased in injected mice (Figures 7A–7C and S5D). Measurement of 5-bromo-20-deoxyuridine (BrdU) up-

take into cells is a useful index for determining the extent of cell proliferation. The number of BrdU-positive

hepatocytes and the liver/body weight ratio were increased by Wy14,643 in control mice, but were signifi-

cantly suppressedbyCDH1overexpression (Figures 7C–7E andS5D). In addition, bothCDH1 andBrdUpos-

itive hepatocytes were observed predominantly around the large vein in the liver, andCDH1overexpression

reduced the number of BrdU-positive hepatocytes (Figures 7C and S5D). This result reveals that CDH1 and

BrdU co-localize. Interestingly, someof the overexpressedCDH1was localized to the same nuclei as BrdU in

Wy14,643-treated hepatocytes (Figure S5D). Nuclear CDH1 has been observed in some proliferating cells

(Zhao et al., 2019). Furthermore, the expressions of Wnt signaling target and proliferation marker genes

induced by Wy14,643 treatment as such as Myc, Ccnd1, Jun, proliferating cell nuclear antigen (Pcna) and

antigen identified by monoclonal antibody Ki 67 (Mki67) were significantly repressed by CDH1 overexpres-

sion (Figures 1F, 7F, S5A and S5B). These results suggest that the loss of CDH1 accelerates PPARA-induced

hepatocyte proliferation through increased expression of the Wnt signaling target genes.

DISCUSSION

Recently, PPARA is not only be involved in lipid metabolism and inflammation (Brocker et al., 2020; Dubois

et al., 2017; Wang et al., 2021), but also stimulates the proliferation of specific cell types such as mouse he-

patocytes (Brocker et al., 2017), human glioma cells (Gao et al., 2018), zebrafish neuronal cells, and glial pro-

genitor cells (Hsieh et al., 2018). However, the detailed mechanism by which PPARA stimulates cell

proliferation remains unclear. This study revealed that PPARA activation in mice creates a feedforward

loop where PPARA upregulates its own expression and causes hepatocyte proliferation via the E2F8-

UHRF1-CDH1 axis. Agonist-induced upregulation of PPARA in mice was observed in several studies (Bar-

bosa-da-Silva et al., 2015; Fischer et al., 2003; Fu et al., 2003; Kim et al., 2014; Kong et al., 2011; Li et al.,

2018a), supporting the PPARA autoinduction mechanism described in the current work. In addition, this

study found that the repression of CDH1 by PPARA was involved in stimulating cell proliferation via activa-

tion of Wnt signaling target genes such as Myc, Ccnd1, and Jun. These results suggest that alterations re-

sulting in elevated expression of PPARA cause cell proliferation via the E2F8-UHRF1-CDH1-Wnt signaling

axis.

of The present workingmodel suggests that the autoinduction of PPARA inmice induces UHRF1 expression via

E2F8, and the repression ofCDH1promotes hepatocyte proliferation by activation ofWnt signaling (Figure 7G).

E2F8, UHRF1, CDH1, and the Wnt signaling target genes Myc, Ccnd1, and Jun located downstream of this

PPARA signal, are all well-known genes involved in cell cycle regulation (Christensen et al., 2005; Shang et al.,

2017; Tien et al., 2011). Cell cycle disorganization leads to uncontrolled cell proliferation (Golias et al., 2004).

Therefore, the relationship revealed between E2F8, UHRF1, CDH1, andWnt signaling target genes represents

a potentially important signal transduction pathway that contributes to cell proliferation in mice.

This study revealed that E2f8 and Ppara are novel PPARA target genes and explained the mechanism by

which agonist binding to PPARA activates transcription of these genes. However, the involvement of cofac-

tors in transcriptional regulation of E2f8 and Ppara by PPARA remains unclear. Transcriptional activators of

hepatic PPARA, PPAR binding protein (PBP), and mediator subunit 1 (MED1) were shown to be essential for

PPARA agonist-dependent liver cancer/hepatocyte proliferation (Matsumoto et al., 2010). In addition, nu-

clear receptor corepressor (NCoR) and silencing mediator of retinoic acid and thyroid hormone receptor

(SMRT) are the major co-repressors involved in regulation of liver metabolism by PPARA (Kang and Fan,

2020). Therefore, transcriptional activation of E2f8 and Ppara by hepatic PPARA also likely involves the

recruitment of PBP/MED1 and release of NCoR/SMRT.
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During fasting, PPARA is activated by endogenous ligands such as N-oleoylethanolamine (OEA) and

N-palmitoylethanolamine (PEA) (Fu et al., 2003; Izzo et al., 2010; Lo Verme et al., 2005), leading to induction

of PPARA target gene expression (Kersten et al., 1999). E2F8 was reported to be induced in livers of fasted

mice (Chen et al., 2019). The present study demonstrated that the E2f8 gene is a direct hepatic PPARA

target gene and that E2F8 is induced by Wy14,643 and fenofibrate. These results indicate that the E2f8

gene is induced by PPARA synthetic ligands and endogenous ligands.

The E2f8 transcripts, E2f8-1a, E2f8-1b, and E2f8-1c, are exon 1 splice variants, and these transcripts encode

the amino acid sequence of the same protein (Maiti et al., 2005). In the current study, the expression of E2f8-

1a, E2f8-1b, and E2f8-1c mRNA and total E2F8 protein was induced by PPARA activation. Therefore, all

three variants of E2f8 actively regulate the downstream UHRF1-CDH1 signal. Also, in this study, E2f8

mRNA levels were not at different levels in Ppara+/+ and Ppara�/- mouse livers. Because overexpression

or knockout of E2F8 leads to cell cycle disruption (Deng et al., 2010; Kent et al., 2016), E2f8 transcription

in Ppara�/- mouse livers may be tightly regulated by unknown factors. On the other hand, E2F8 protein

levels were decreased in Ppara�/- mouse livers. The lack of a correlation between E2f8 mRNA and E2F8

protein levels may involve the E3 ubiquitin ligase complex for E2F8 such as anaphase promoting

complex/cyclosome (APC/C) and SCF (Skp1-Cul1-F-box protein)Cyclin F (Cohen et al., 2013; Wasserman

et al., 2020). Analysis of transcription factors controlling expression of E2F8, and the relationship between

E2F8 and these E3 ubiquitin ligases in Ppara�/- mouse livers, warrant further study.

UHRF1 is a master regulator of the epigenome that allows crosstalk between DNAmethylation and histone

codes (Sidhu and Capalash, 2017). UHRF1 has various functional binding domains such as H3K9me3 (Kar-

agianni et al., 2008; Rothbart et al., 2012), DNMT1 (Sharif et al., 2007), HDAC1 (Unoki et al., 2004) and meth-

ylated CpG (Unoki et al., 2004). Localization of UHRF1 is dependent on H3K9me3 (Karagianni et al., 2008;

Kim et al., 2018) and recruiting DNMT1 and HDAC1 contributes to DNA methylation and heterochromatin

formation (Bostick et al., 2007; Unoki et al., 2004). UHRF1 interacts with the maintenance DNAmethyltrans-

ferase DNMT1 during the DNA replication phase and plays an essential role in inheritance of the DNA

methylation pattern from parent cells to daughter cells (Li et al., 2018b; Nishiyama et al., 2013; Taylor

et al., 2013). On the other hand, recruitment of UHRF1 to the gene promoter region contributes to the

repression of gene expression (Babbio et al., 2012; Beck et al., 2018; Daskalos et al., 2011; Kim et al.,

2009; Rajakumara et al., 2011). Overexpression of UHRF1 was reported to repress the expression of certain

genes (Beck et al., 2018). In addition, it was shown that UHRF1 contributed to the silencing of Cdh1 (Babbio

et al., 2012). Accumulation of HDAC1 on the Cdh1 promoter contributes to silencing of Cdh1 via histone

acetylation (Aghdassi et al., 2012; von Burstin et al., 2009). In this study, UHRF1 induced by PPARA activa-

tion recruited not only HDAC1 but also DNMT1 to the Cdh1 promoter marked with H3K9me3, and

repressed CDH1 expression via DNA methylation. These results support a mechanism by which PPARA

can repress genes marked with H3K9me3 in a UHRF1-dependent manner.

Several mechanisms were proposed to explain how nuclear receptors cause ligand-dependent repression of

target gene expression (Bartlett et al., 2019; Santos et al., 2011). PPARA represses gene expression by binding

with specific transcription factors (Pawlak et al., 2015).However, repression of genes byPPARAactivation cannot

be explained by this mechanism. The current studies revealed that ligand-activated PPARA represses gene

expression via methylation of the gene promoter marked with H3K9me3 by inducing the epigenetic regulator

UHRF1 via E2F8. In addition,Cdh1,Cdh3, Smpd3,Mir99ahg, andMirlet7c-1 located in the gene regionmarked

byH3K9me3wereall repressed. These results suggest thatUHRF1 is able to repressmultiplegenesmarkedwith

H3K9me3 in a genome region-specific manner. This gene repression mechanism by ligand-activated PPARA

may be widely applied to gene repression by other nuclear receptors.

Increased c-MYC expression is observed owing to chronic PPARA activation in mice (Peters et al., 2012).

This study demonstrated that PPARA promoted Myc expression by activating Wnt signaling via the

E2F8-UHRF1-CDH1 axis. Previous studies have shown that PPARA contributes to down-regulation of the

Mirlet7c-1 gene that targets and destabilizes Myc mRNA, which in turn causes increased MYC expression

(Shah et al., 2007). From the combined analysis of PPARA ChIP-seq and H3K9me3 ChIP-seq, an H3K9me3

binding peak was found in the 50 upstream region of theMirlet7c-1 gene, but a binding peak for PPARAwas

not observed. This indicates that PPARA does not directly down-regulate Mirlet7c-1 expression but indi-

rectly represses it through the E2F8-UHRF1 axis. In addition, RNA-seq data revealed that mouse PPARA

activation represses more than 300 genes. Thus, the PPARA-E2F8-UHRF1 axis in rodents may contribute
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to increased hepatocyte proliferation through global gene repression including targets such asMirlet7c-1

and Cdh1.

The repression ofMirlet7c-1 by PPARA was not completely reversed in the livers of mice in which E2F8 and

UHRF1 were knocked down. This result means that PPARA represses the expression of Mirlet7c-1 through

multiple mechanisms, not just the E2F8-UHRF1 pathway. The slight induction of epigenetic regulators

other than UHRF1 by PPARA agonist supports this view. In addition, knockdown of E2F8 and UHRF1 in

chow diet-treated mouse livers did not significantly induce Cdh1, Cdh3, Smpd3, Mir99ahg, and

Mirlet7c-1. All of these genes are TSGs in the liver, and the loss of their expression is involved in the devel-

opment and progression of HCC (Chirshev et al., 2019; Hu et al., 2016; Li et al., 2019; Revill et al., 2013;

Zhong et al., 2018). Therefore, in chow diet-treated mouse livers, the expression of these genes is main-

tained at high levels and may not be sufficiently affected by induction owing to the loss of the PPARA-

E2F8-UHRF1 pathway.

In summary, the present study demonstrated that PPARA represses CDH1 expression marked on H3K9me3

via the E2F8-UHRF1 axis and promotes cell proliferation via the CDH1-Wnt signaling axis. Furthermore, in

this study, PPARA repressedmany genes such as Smpd3, which encodes an important enzyme for ceramide

production involved in lipidmetabolism and inflammation (Chen and Cao, 2017;Wu et al., 2021). Therefore,

the gene repression mechanism by PPARA found in this study may contribute not only to cell proliferation

but also to various physiological functions of PPARA such as lipid metabolism and inflammation.

Limitations of the study

Whereas this study focused on specific genes involved in cell proliferation, such as Cdh1, the results sug-

gested that the repression of gene expression of PPARA through hypermethylation of gene promoters

marked by H3K9me3 may be a more generalized phenomenon. Thus, future studies should investigate a

wider range of genes that are repressed by the PPARA-H3K9me3 axis by analyzing DNA and histone

methylation patterns throughout the genome. As the studies in this report involved mouse models, it is

not certain whether the results will fully translate to PPARA signaling in humans.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-PPARA Abcam Cat# ab24509; RRID: AB_448110

Rabbit monoclonal anti-RXRA Cell Signaling Technology Cat# 3085; RRID:AB_11140620

Rabbit polyclonal anti-E2F8 Abclonal Cat# A1135; RRID: AB_2758519

Mouse monoclonal anti-UHRF1 Santa Cruz Biotechnology Cat# sc-373750; RRID: AB_10947236

Rabbit monoclonal anti-UHRF1 Cell Signaling Technology Cat# 12387; RRID: AB_2715501

Rabbit monoclonal anti-CDH1 Cell Signaling Technology Cat# 3195; RRID: AB_2291471

Mouse monoclonal anti-ACTB Santa Cruz Biotechnology Cat# sc-47778; RRID: AB_626632

Rabbit polyclonal anti-GAPDH MilliporeSigma Cat# ABS16; RRID: AB_10806772

Rat monoclonal anti-BrdU Abcam Cat# ab6326; RRID: AB_305426

Mouse monoclonal anti-GFP Medical & Biological Laboratories Cat# M048-3; RRID: AB_591823

Mouse monoclonal anti-H3K9me3 Active Motif Cat# 61013; RRID:AB_2687870

Rabbit polyclonal anti-SETDB1 Proteintech Cat# 11231-1-AP, RRID: AB_2186069

Mouse monoclonal anti-DNMT1 Abcam Cat# ab13537, RRID:AB_300438

Rabbit monoclonal anti-HDAC1 Abcam Cat# ab7028, RRID:AB_305705

Mouse monoclonal anti-5-mC Abcam Cat# ab10805, RRID:AB_442823

Bacterial and virus strains

AAV8-E2f8-shRNA This paper N/A

AAV8-Uhrf1-shRNA This paper N/A

Chemicals, peptides, and recombinant proteins

Wy14,643 APExBIO Technology LLC Cat# A4305

Fenofibrate MilliporeSigma Cat# F6020

Critical commercial assays

SimpleChIP Plus Enzymatic Chromatin IP Cell Signaling Technology Cat# 9005

ALT assay kit Catachem Inc Cat# V164

AST assay kit Catachem Inc Cat# V154

Deposited data

Raw and analyzed data (RNA-seq, PPARA ChIP-seq) This paper GSE154277

H3K9me3 ChIP-seq - GSE128073

Experimental models: Cell lines

Mouse: Hepa-1c1c7 cells ATCC Cat# CRL-2026

Experimental models: Organisms/strains

Mouse: C57BL/6 Charles River Laboratories Strain Code: 027

Mouse: Ppara wild-type (Ppara+/+), Ppara-null (Ppara�/-) Brocker et al., 2020 N/A

Oligonucleotides

E2F8-PPREx3; see Figure S1 This paper N/A

Oligo DNA sequences for RT-qPCR, ChIP-qPCR, Methyl-DNA

immunoprecipitation, AAV shRNA construction, EMSA probes,

and luciferase reporter construction; see Table S2

This paper N/A

Recombinant DNA

AAV-shRNA-Ctrl Yu et al., 2015 N/A

pSG5-mouse PPARA Addgene Cat# 22751

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the Lead Contact, Frank J. Gonzalez (gonzalef@mail.nih.gov).

Materials availability

Plasmids generated in this study are available from the lead contact without restriction.

Data and code availability

d RNA-seq and ChIP-seq data in this study have been deposited at GEO and publicly available at of the

date of publication. Other raw data reported in this paper will be shared by the lead contact upon

request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

All animal studies and procedures were carried out in accordance with the Institute of Laboratory Animal

Care international guidelines and approved by the National Cancer Institute Animal Care and Use Commit-

tee. Ppara wild-type (Ppara+/+), Ppara-null (Ppara�/�) and C57BL/6J male mice were used for this study.

Mice were housed in a pathogen-free animal facility under a standard 12-h light/dark cycle (lights on at

7 AM) with free access to water and control chow diet (Bio-Serv, Frenchtown, NJ), 0.1% Wy14,643 (Bio-

Serv) or 0.5% fenofibrate (Bio-Serv). For gavage administration, Wy14,643 (APExBIO Technology LLC,

Houston, TX) was dissolved in 0.5% carboxymethyl cellulose (MilliporeSigma) and administered to mice

at 50 mg/kg. All experiments were started with 6- to 9-week-old mice.

METHOD DETAILS

Cell culture

Hepa-1c1c7 (Hepa-1) mouse hepatoma cells (ATCC, Manassas, VA) were maintained at 37�C in a humidi-

fied atmosphere of 5% CO2 in Dulbecco’s Modified Eagle Medium containing 10% Fetal Bovine Serum

(FBS) and 1% of penicillin/streptomycin mixture (Thermo-Fisher Scientific, Waltham, MA).

RNA-seq analysis

RNA sequencing (RNA-seq) was performed using livers of Wy14,643 or fenofibrate treated Ppara+/+ and

Ppara�/- mice. RNeasy Plus Mini Kit (Qiagen, Valencia, CA, USA) was used to extract total RNA from livers

from six different treatment and control groups: Ppara+/+ and Ppara�/- mice fed either control diet or a diet

containing 0.1%Wy14,643 or 0.5% fenofibrate for 48 h. All mice were killed between 1 and 3 PM. The purity

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

pSG5-mouse RXRA Leid et al., 1992 N/A

pCMV3-mouse CDH1 Sino Biological Cat# MG50671-CF

pCMV3-EGFP Sino Biological Cat# AG13105-CF

pGL4.27 Promega Cat# E8451

phRL-TK Promega Cat# E6241

Software and algorithms

GraphPad Prism GraphPad software https://www.graphpad.com/

JASPAR database - https://jaspar.genereg.net/

Integrated Genome Browser - https://www.bioviz.org/

Image J - https://imagej.nih.gov/ij/
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and concentration of extracted RNAwere measured by 4200 TapeStation system (Agilent). Library prep fol-

lowed by RNA-seq was carried out by the National Cancer Institute Sequencing Facility. The RNA-seq li-

brary was prepared by use of the TruSeq Stranded mRNA Library Prep (Illumina). The library was analyzed

by the Illumina HiSeq 2500 (Illumina). Sequencing files can be uploaded to NCBI GEO Accession Number

GSE154275 as a part of the SuperSeries(GSE154277).

RT-qPCR

Total RNA was extracted from liver tissues using TRIzol reagent (Themo-Fisher Scientific) according to the

manufacturer’s instructions. A total of 1 mg total RNA was reverse transcribed into cDNA using qScript

cDNA synthesis kit (Quantabio, Beverly, MA). The total RNA was treated with DNase I (Thermo-Fisher sci-

entific) before reverse transcription. Reverse transcription quantitative real-time polymerase chain reaction

(RT-qPCR) was performed using the PerfeCTa SYBR Green Supermix (Quanta Bio) in the QuanStudio 7 Flex

System (Thermo-Fisher Scientific). Values were quantified with the comparative CT method, normalized to

those of 18S ribosomal RNA (Rn18s) mRNA. Primer sequences are shown in Table S2.

Western blot analysis

Liver tissue was homogenized in radio immunoprecipitation assay lysis buffer (MilliporeSigma) containing

the Halt Protease and Phosphatase Inhibitor Cocktail (Thermo-Fisher Scientific). The homogenates were

centrifuged at 10,000 g for 10 min at 4 �C to obtain liver lysates, and protein concentrations measured

with the Pierce BCA Protein Assay Kit (Thermo-Fisher Scientific). The liver lysates (20 mg protein) were

dissolved in Laemmli sample buffer (Bio-Rad) with 5% 2-mercaptoethanol. The samples were loaded in

4%–15% Criterion TGX precast gels (Bio-Rad) followed by electrophoresis and transfer to PVDF mem-

branes using a Trans-blot turbo transfer system (Bio-Rad). The protein transferred PVDF membrane was

blocked in 5% nonfat milk followed by incubation with primary antibodies using anti-PPARA (Abcam;

ab24509, 1:500), anti-E2F8 (Abclonal; A1135, 1:500), anti-CDH1 (Cell Signaling Technology; #3195,

1:1000), anti-RXRA (Cell Signaling Technology; #3085, 1:1000), anti-SETDB1 (Proteintech; 11231-1-AP,

1:1000) or anti-HDAC1 (Abcam; ab7028, 1:1000) rabbit antibodies, or anti-UHRF1 (Santa Cruz biotech-

nology; sc-373750, 1:500), anti-GFP (Medical & Biological Laboratories; M048-3, 1:1000), anti-H3K9me3

(Active Motif; 61,013, 1:1000) or anti-DNMT1 (Abcam; ab13537, 1:1000) mouse antibodies for overnight

at 4�C. The b-actin (ACTB) or glyceraldehyde-3-phosphate dehydrogenase (GAPDH) band was obtained

by reprobing the membranes with anti-ACTB (Santa Cruz biotechnology; sc-47778, 1:1000) mouse mono-

clonal antibody or GAPDH (MilliporeSigma; ABS16, 1:1000) rabbit polyclonal antibody used as a loading

control. Goat anti-rabbit IgG-HRP (Santa Cruz biotechnology; sc-2357, 1:5000) or Goat anti-mouse IgG-

HRP (Santa Cruz biotechnology; sc-2005, 1:5000) were used as the secondary antibodies. Each band inten-

sity was quantified using ImageJ software (NIH, Bethesda MD), normalized by those of the loading control,

and expressed as fold change relative to control wild-type mice.

ChIP-seq and ChIP-qPCR

Chromatin immunoprecipitation (ChIP) assays were performed using a SimpleChIP Plus Enzymatic Chro-

matin IP Kit-Magnetic Beads (Cell Signaling, #9005) according to the manufacturer’s protocols. For

PPARA ChIP-sequencing (ChIP-seq) analysis, mice were treated with Wy14,643 (50 mg/12 h/kg for 24 h)

or vehicle (0.5% carboxymethylcellulose) by oral gavage, and administered either a normal diet or a

0.1% Wy14,643-chow diet for 24 h n = 3 mice per group. All mice were killed between 1 and 3 PM. For

ChIP-qPCR analysis, mice were fed either a control chow diet or a diet containing 0.1% Wy14,643 for 48

h. n = 3-4 mice per group. All mice were killed between 1 and 3 PM. Control mouse livers or Wy14,643-

treated mouse livers were treated with 1.5% formaldehyde (MilliporeSigma) for 15 min at room tempera-

ture. The isolated nuclei were digested with micrococcal nuclease for 25 min at 37�C and sonicated by

Ultrasonic Processor (Cole-Parmer) to break the nuclear membrane on ice. Anti-PPARA IgG (Abcam;

ab24509), anti-UHRF1 IgG (Cell Signaling; #12387), anti-DNMT1 IgG (Abcam; ab13537), anti-HDAC1 IgG

(Abcam; ab7028), anti-H3K9me3 (Active Motif; 61013) and anti-SETDB1 (Proteintech; 11231-1-AP) was

used to immunoprecipitate each protein binding DNA fragments. In a previous study, the specificity of

PPARA antibody (Abcam; ab24509) was confirmed by western blot analysis using mouse liver nuclear ex-

tracts (Brocker et al., 2017). Normal Rabbit IgG (Cell Signaling, #2729) was used as a control IgG. The

precipitated chromatin was digested with proteinase K for 2 h at 65 �C, and DNA was purified using a

spin column. The purity and concentration of extracted DNA were measured by 4200 TapeStation system

(Agilent Technologies). Library prep followed by PPARA ChIP-seq was operated by National Cancer Insti-

tute Sequencing Facility. The ChIP-seq library was prepared by NextSeq 500 Kit v1 (Illumina). The library
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was analyzed by Illumina NextSeq 500 instrument (Illumina). Sequencing files are available under NCBI

GEO Accession Number GSE154276 as a part of the SuperSeries(GSE154277). ChIP-seq data (wig files)

were quantified and analyzed using the Integrated Genome Browser (IGB, pronounced Ig-Bee). ChIP-

qPCR was performed using the PerfeCTa SYBR Green Supermix in the QuanStudio 7 Flex System. Values

were quantified with the fold enrichment method. Primer sequences were shown in Table S2.

Methyl-DNA immunoprecipitation

Methyl DNA immunoprecipitation was performed as described previously (Luo et al., 2019). Genomic DNA

of mouse livers was isolated using DNeasy Blood & Tissue Kit (QIAGEN) and was sheared by sonication to

between 200 and 500 base pairs. The sonicated DNA was denatured at 95�C for 10 min. For each IP, 2 mg of

denatured DNA was diluted in 500 mL IP buffer (0.05% Triton X-100 and 140 mM NaCl) with 2 mg anti-5-

methylcytosine (5-mC) antibody (Abcam; ab10805) or Normal Rabbit IgG (Cell Signaling, #2729) and incu-

bated overnight at 4�C. To collect the immune complex, 25 mL of protein G Dynabeads (Invitrogen) was

added to each IP reaction mixture and incubated at 4�C for additional 4 h. Beads were immobilized using

the magnetic rack and washed 3 times with an IP buffer. The immune complexes were eluted by incubation

in a 500 mL proteinase K digestion buffer (0.5% SDS, 50 mM Tris-HCl, and 10 mM EDTA pH8.0) containing

5 mL/mL proteinase K solution (stock concentration, 20 mg/mL) at 50�C for 2 h. DNA was purified using

MinElute Reaction Cleanup Kit (QIAGEN) and subjected to qPCR. Values were quantified with the fold

enrichment method. Primer sequences were shown in Table S2.

Luciferase reporter assay

Luciferase reporter vectors were constructed by cloning the Ppara-PPRE-(B1-B6), Ppara-deleted PPRE-B6,

E2f8-PPRE-(B1-B5), and E2f8-deleted PPRE-B4 sequences into an pGL4.27 vector (Promega) by HindIII and

KpnI. These sequences used are listed in Table S2. The E2f8-PPREx3-B4 construct was prepared by inverse

PCR (Figure S1C). Primer sequences are listed in Table S2. Hepa-1 cells were seeded at a density of

1.0 3 105 cells/well in 24-well plates at 12 h prior to transfection. Hepa-1 cells were transfected with plas-

mids using PEI Max transfection reagent (Polysciences) according to the manufacturer’s instructions. Typi-

cally, each well contained 1 mL of 1 mg/mL PEI Max transfection reagent, 0.2 mg of pSG5-PPARA (Addgene;

mouse/#22751) and RXRA (Leid et al., 1992) expression vectors, 0.1 mg of luciferase reporter vectors, and

0.01 mg of phRL/TK (Promega) as an internal control for transfection efficiency. After adding 50 mM

Wy14,643 or vehicle (0.1% DMSO), cells were transfected for 6 h at 37�C in an atmosphere of 5% CO2.

The cells were then incubated for 42 h. During transfection and agonist or 0.1% DMSO treatment,

Hepa-1 cells were cultured in DMEM containing 10% FBS and 1% of penicillin/streptomycin mixture. The

luciferase assay was performed using the Dual-Luciferase Reporter Assay System (Promega, Madison,

WI). Luciferase activity was measured using a Veritas Microplate Luminometer (Turner BioSystems).

EMSA

Electrophoretic mobility shift assay (EMSA) was performed as described previously (Aibara et al., 2019; Ai-

bara et al., 2018). For the supershift assay, samples were incubated with 0.5 mg of anti-PPARA IgG (Abcam;

ab24509) for 30 min after the binding reactions. The gels were exposed to an imaging plate (Fujifilm, Tokyo,

Japan) and visualized using an FLA-7000 imaging analyzer (Fujifilm). Probe sequences for the EMSA assay

were shown in Table S2.

AAV experiments

Adeno-associated virus (AAV)-short hairpin RNA (shRNA)-control (ctrl) was a gift from Hongjun Song (Yu

et al., 2015). AAV gene delivery vectors were constructed by cloning the E2f8 and Uhrf1 guide sequence

into an AAV-shRNA-Ctrl (Addgene, Watertown, MA) by BamHI and BglII. The shRNA sequences used

are listed in Table S2. AAV2/8 viruses were produced, purified, and titrated according to themanufacturer’s

instructions (Addgene). Briefly, AAV2/8 viruses were generated by transfection of HEK293FT cells with the

pAAV2 insert containing either shRNA control, shRNA-E2f8, or shRNA-Uhrf1 and under control of the

mouse U6 promoter, and flanked by serotype-2 inverted terminal repeats, pXR1 containing the rep and

cap genes of AAV serotype-8, and pHelper encoding the adenovirus helper functions. Cell lysates were

subjected to three rounds of freeze/thaw and then treated with 5 mL of benzonase (MilliporeSigma) for

45 min at 37 �C and clarified by centrifugation. Virus was purified by iodixanol gradient ultracentrifugation

and titrated by qPCR. C57BL/6J mice were tail-vein injected with AAV-shRNA-Ctrl (as negative control)

AAV-shRNA-E2f8, AAV-shRNA-Uhrf1 at 1 3 1012 gc/mouse in 200 mL of saline. Before injection, mice
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were exposed to heat lamp to dilate the tail vein and then placed in a restrainer permitting access to the tail

vein. The tail was sterilized with 70% ethanol, and injection carried out in the lateral vein, using 27-gauge

needles. Three weeks after infection, mice were treated with a control chow diet or 0.1%Wy14,643 for 48 h.

Biochemical analysis for serum ALT and AST

Serum samples were subjected to commercial serum alanine aminotransferase (ALT) and aspartate amino-

transferase (AST) assay kit (Catachem, Bridgeport, CT) and monitored at 340 nm for 10 min with a micro-

plate reader (BioAssay Systems, Harvard, CA).

Hepatocyte proliferation

C57BL/6J mice were tail-vein injected with pCMV3- CDH1 (Sino Biological, mouse/MG50671-CF, ) or EGFP

(Sino Biological, Aequorea Victoria/AG13105-CF) using PEI Max transfection reagent (PEI, Polysciences)

according to a method modified from Magin-Lachmann et al. (2004). Briefly, plasmid/PEI complexes

were prepared as follows (amounts are given per mouse). For pre-complexing with PEI, 40 mg plasmids

were diluted with 100 mL saline and 80 mg PEI were diluted in 100 mL saline. The plasmid and PEI

dilutions were mixed and incubated for least 30 min at room temperature. C57BL/6J mice were slowly in-

jected in the tail vein with a total volume of 200 mL of plasmids/PEI complexes. Twelve h after injection, mice

were treated with a total volume of 200 mL of Wy14,643 (50 mg/12 h/kg for 36 h) or vehicle (0.5% carboxy-

methylcellulose) by oral gavage and treated with a total volume of 200 mL of 1 mg 5-bromo-20-deoxyuridine
(BrdU, Abcam) by intraperitoneal injection once daily for 36 h. Forty-eight h after administration of plas-

mids/PEI complexes, mice were killed, and fresh liver tissue was immediately fixed in 10% phosphate-buff-

ered formalin for 24 h. IHC and IF analysis for BrdU and CDH1, and hematoxylin and eosin (H&E) staining

were performed by HistoServ, Inc. (Germantown, MD) using BrdU antibody (Abcam; ab6326) and CDH1

antibody (Cell Signaling; #3195).

Slide imaging was performed using a Keyence BZ-X700 series all-in-one microscope with both 320 objec-

tives, 3200 magnification, respectively. BrdU-positive cells were counted at least four sections per mouse

and at 3-4 mouse livers per group by using Image J software (NIH, Bethesda MD). Relative BrdU-positive

cells were showed BrdU-positive cells/total number of cells in area of 200 mm2.

Database analysis

H3K9me3 ChIP-seq data was downloaded from NCBI GEO Accession Number (GSE128073). Integrated

Genome Browser (IGB, pronounced Ig-Bee) were used to analyze the ChIP-seq data.

QUANTIFICATION AND STATISTICAL ANALYSIS

All results are expressed as means G SEM. Significance was determined by t-test or one-way ANOVA with

Bonferroni correction using Prism software (GraphPad Software, La Jolla, CA, USA). A p-value less than 0.05

was considered significant and statistical significance is indicated in the figure legends.
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