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Abstract

Lipid metabolism rearrangements in nonalcoholic fatty-liver disease (NAFLD) contribute to
disease progression. NAFLD has emerged as a major risk for hepatocarcinogenesis (HCC), where
metabolic reprogramming is a hallmark. Identification of metabolic drivers might reveal
therapeutic targets to improve HCC treatment. Here, we investigated the contribution of
transcription factors E2F1 and E2F2 to NAFLD-related HCC and their involvemnent in metabolic
rewiring during disease progression. In mice receiving a high-fat diet (HFD) and
diethylnitrosamine (DEN) administration, £2f1 and E2f2 expression was increased in NAFLD-
related HCC. In human NAFLD, E2F1 and E2F2 levels were increased and positively correlated.
E2fI”- and E2f2”- mice were resistant to DEN-HFD-induced hepatocarcinogenesis and associated
lipid accumulation. Administration of DEN-HFD in E2f1”- and E2/2”" mice enhanced fatty-acid
oxidation (FAO) and increased expression of Cpt2, an enzyme essential for FAO whose
downregulation is linked to NAFLD-related hepatocarcinogenesis. These results were
recapitulated following £2f2 knockdown in liver, and overexpression of E2f2 elicited opposing
effects. E2F2 binding to the Cpt2 promoter was enhanced in DEN-HFD-administered mouse
livers compared to controls, implying a direct role for E2F2 in transcriptional repression. In
human HCC, E2FI] and E2F2 expression inversely correlated with CPT2 expression.
Collectively, these results indicate that activation of the E2F1-E2F2-Cpt2 axis provides a lipid-

rich environment required for hepatocarcinogenesis.
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Statement of significance

Findings identify E2F1 and E2F2 transcription factors as metabolic drivers of hepatocellular

carcinoma, where deletion of just one is sufficient to prevent disease.



Introduction

Hepatocellular carcinoma (HCC) is the most common primary liver cancer (1), being the fifth
most frequent malignancy in men and the seventh in women globally (2). During the last decade,
nonalcoholic fatty liver disease (NAFLD), which affects ~80% of obese patients, has emerged as
as an important risk factor for cancer, including HCC (3). The therapeutic options for HCC are
still very limited (4) and there is no specific pharmacological treatment for NAFLD. NAFLD-
driven HCC has been associated with shorter survival time and more advanced tumor stage (5).

NAFLD begins with the simple storage of lipids within hepatocytes, which may progress to
hepatocellular ballooning and cell death, as well as to inflammation, leading to the development
of steatohepatitis (nonalcoholic steatohepatitis, NASH). Mechanisms involved in NAFLD
progression are still not fully understood. However, lipotoxicity derived from the accumulation
of certain lipids may induce inflammation and endoplasmic reticulum stress (6), both processes
involved in obesity-driven HCC (7).

A shared feature of HCC and NAFLD is the reprogramming in lipid metabolism. In cancer
cells, lipids are required as membrane components, signaling molecules and energy storage,
which allow their growth and proliferation. Many lipids are synthesized from acetyl-CoA and/or
the derived fatty acids (FA). The relevance of FA biosynthesis for cancer cell growth and survival
is well established (8). In HCC, in addition to the de novo synthesis of FAs (9), exogenous FAs
also support the growth of HCC cells (10). The relevance of lipid catabolism in cancer cells is
less clear. In obesity-driven HCC, fatty acid oxidation (FAO) is decreased as the result of the
carnitine palmitoyltransferase 2 (CPT2) downregulation, which contributes to carcinogenesis
(11). Overall, it is well established that the metabolic switch for malignant cell transformation
requires the coordinated modulation of several enzymes and transporters to ensure aberrant
proliferation (12). Therefore, the search for pivotal master regulators of lipid metabolism may
provide new insights into the mechanisms of liver pathogenesis and novel targets for therapy.

Cell cycle regulators play a dual role triggering proliferation and adapting metabolism in

response to external stimuli (13). Some of them have also been described as modulators of

5



metabolism in non-proliferative cells such as p53, whose deficiency is associated with
hepatosteatosis (14) or E2F1 (15-17), the most studied factor of the E2F family.

Here, we investigated the contribution of the cell cycle regulator E2F2 to NAFLD-related
HCC by using in vitro and in vivo models, as well as human samples. Metabolic fluxes, chromatin
immunoprecipitation and transcriptomic analyses were performed. Our study unveils a critical
function for E2F2 in the regulation of key metabolic enzymes that mediate NAFLD-related
hepatocarcinogenesis. Furthermore, we show that the regulation of this metabolic pathway is
shared with E2F1, arguing for both E2F1 and E2F2 factors as novel putative therapeutic targets

in NAFLD-related liver cancer.



Materials and Methods

Human samples

In this study 78 liver samples were included: non-obese healthy human liver samples (NL) (n=18)
from donors (Marqués de Valdecilla University Hospital, Santander, Spain) and liver samples
from obese patients (n=60) (Table S1) who underwent a liver biopsy with a diagnostic purpose
(Cruces University Hospital, Barakaldo, Spain). NAFLD was diagnosed according to Kleiner’s
criteria (18). Written consent was obtained from each patient included in the study. This research
project was performed in agreement with the Declaration of Helsinki and with local and national
laws. The Human Ethics Committee of each hospital and the University of Basque Country
approved the study procedures and a written informed consent was obtained before inclusion in

the study.

E2F1 and E2F2 expression analysis in TGCA-LIHC database

Level 3 RNA-seq and clinical datasets generated by TCGA-LIHC project were downloaded from
Firehose portal (Broad Institute). In total, 371 tumors and 50 surrounding normal tissues were
analyzed). For correlation studies, data normality of genes expression values was assessed by
D'Agostino & Pearson normality test. Subsequently, matched expression levels were evaluated

by Spearman correlation.

Animal models

Male E2f1 knockout (E2fI7), E2f2 knockout (E2f27"), E2f1/E2f2 double knockout (DKO) and
their respective wild type (WT) littermate control mice (mixed background C57BL/6J and
129/Sv) were produced at the UPV/EHU animal facility. C57BL/6J mice (Jackson Laboratory,
USA) were used for E2f2 knockdown or overexpression in the liver. Animal procedures were
approved by the Ethics Committee for Animal Welfare of the University of the Basque Country
UPV/EHU, in accordance with the European Union Directives for animal experimentation.
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HCC, with or without NAFLD background, was induced by an intraperitoneal injection of
the hepatic carcinogen diethylnitrosamine (DEN) (25 mg/kg of mice, Sigma-Aldrich, USA) in 14
day-old E2f1"" or E2f2"-, and WT mice (7). One month after weaning, mice were fed a high fat
diet (HFD) (DEN-HFD) or a chow diet (CD) (DEN-CD) for either 32 weeks and sacrificed at 9
months of age (HCC or NAFLD-related HCC model) or for 10 weeks and sacrificed at 3 months
of age (NAFLD model). A group of mice fed with HFD or CD alone was also included.

Liver-specific £2f2 knockdown or overexpression was performed in C57BL/6J mice through
the injection of recombinant adeno-associated viruses, serotype 8 (AAV8-shE2F2/AAVS-
shScramble for knockdown and AAV8-E2f2/AAV8-GfP for overexpression), diluted in saline
buffer. The in vivo Creb downregulation was performed with antisense oligonucleotides (ASO).
For this, DEN-HFD E2f2”- and DEN-HFD WT mice received an injection of ASO CREB or ASO

control (Ionis Pharmaceuticals, USA).

Statistical analysis

Data are represented as mean = SEM. Differences between groups were analyzed with Student’s
t test. Significance was defined as p<0.05. For correlation studies in human samples, data
normality was assessed by D'Agostino & Pearson normality test. Subsequently, matched gene

expression levels were evaluated by Spearman correlation. See figure legends for more details.

Data availability
The datasets and computer code produced in this study are available in the following databases:

— RNA-seq data: Gene expression Omnibus GSE117420

Additional methods are described in supplementary material.
Tables with the sequences of oligonucleotides (Table S2) and the dilutions and references of

antibodies (Table S3) are included in the supplementary material.



Results

E2F2 promotes hepatocarcinogenesis

Expression of £2F2 in human HCC was analyzed using the TCGA-LIHC cohort (19). We found
that E2F2 is upregulated in HCC tissue compared to the surrounding normal liver (SL) and that,
in general, its expression increases with tumor and disease stage (Fig. S1A), consistent with
previous reports (20,21). We next evaluated whether E2F2 is required for HCC development. For
this purpose, HCC tumors were induced in WT and E2f2”" mice through the administration of
DEN followed by a long-term HFD feeding regimen (a well-established NAFLD-driven HCC
model) for 32 weeks (Fig. S1B) (7). Similar to our observations in human HCC, the expression
of E2f2 was found upregulated in mouse HCC tumors compared to normal liver tissue (Fig. 1A).
Strikingly, E2f27- mice (Fig. SIC) were protected against hepatocarcinogenesis, as a nearly
complete reduction of liver tumors induced by HFD, by DEN or by DEN-HFD was observed in
these mice compared to controls (Fig. 1B). Moreover, liver to body weight ratio, serum alanine
aminotransferase (ALT) levels (Fig. 1C) and a reduced expression of several E2F target genes
involved in cell cycle progression (Fig. S1D; Fig. S1E) confirmed the protective features of E2f2-

" mice to NAFLD-driven HCC development.

Metabolic rearrangements in E2f2"- mice confer protection against hepatocarcinogenesis by
preventing lipid storage
A hallmark of NAFLD-related HCC is the lipid accumulation inside tumor hepatocytes (22).
Remarkably, the increased storage of triglycerides (TG) and cholesteryl esters (CE) observed in
NAFLD-driven HCC samples from WT mice was totally prevented in £2/2”- mice (Fig. 2A).
Furthermore, the lipid droplets found in livers of DEN-HFD WT mice, which are mainly located
within tumor hepatocytes, were absent in similarly treated £2/2” mice (Fig. 2B). These data
indicate an important role for E2F2 in the regulation of the hepatic lipid metabolism.

We next analyzed the transcriptome that underlies the resistance to develop HCC in DEN-

HFD treated E2f2”" mice. The most significantly upregulated pathway within the E2f2”" mice
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compared to WT was that concerning to “metabolism”, which included genes related to lipid
catabolism (Fig 2C). Among the downregulated genes, the most significantly altered pathways
were “Immune system”, “Signaling by Rho GTPases” and “Platelet activation, signaling and
aggregation” (Fig. S2A), which are linked to HCC development, as described recently (23). For
the validation of these results, we selected genes involved lipid oxidation (Fig. 2D and Fig. S2B)
and oxidative phosphorylation (Fig. S2B). The expression of several key genes involved in fatty
acid B-oxidation (FAO), typically downregulated in NAFLD-driven HCC in WT mice, were
increased in DEN-HFD E2/2”- mice (Fig. 2D and Fig. S2B) together with an elevated FAO rate
(Fig. 2E). Similar results were obtained when we compared FAO rates and the mRNA expression
levels between E2f27- and WT mice fed HFD alone (Fig. S2C and Fig. S2D). In concordance, a
comparison of the expression levels of genes involved in cell cycle, lipid oxidation and oxidative
phosphorylation in CD, HFD and DEN-HFD treated E2f2”" and WT mice showed that E2/2
deficiency results in changes with the same trend in the DEN-HFD and the HFD group (Fig. S2E)

In line with these findings, E2F2 knockdown (siE2F2) in cycling HepG2 cancer cells (Fig.
S3A) reduced significantly lipid droplet accumulation (BODIPY staining) and cellular TG levels
(Fig. 2F), and increased FAO rate (Fig. 2G), features that resemble those observed in the E2f27
mouse livers resistant to HCC. Concomitant to the extensive changes in metabolism, acute E2F2
silencing in HepG?2 cells had a subtle effect in the cell cycle, as shown by the approximately 5%
reduction in S/G2/M cells compared to siControl (Fig. 2H). Overexpression of E2F2 (pE2F?2) in
cycling HepG2 cells (Fig. S3A) led to a decreased FAO rate (Fig. S3B) together with a modest
induction of E2F target gene expression and cell cycle progression (Fig. S3C). Finally, we
overexpressed E2F2 in vivo in non-cycling mouse liver cells through the injection of recombinant
AAVS-E2f2 to healthy mice (Fig. S3D). Sustained liver E2f2 overexpression promoted a
substantial reduction in FAO rate when compared to control AAV8-GfP mice (Fig. S3E) without
inducing significant changes in cell cycle gene expression (Fig. S3F). The results suggest that
E2F2 is a prominent regulator of lipid metabolism in cancer and healthy liver cells. Interestingly,

this novel role of E2F2 appears to be independent of its classical role in cell cycle regulation.
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E2F2 deficiency in mice prevents nonalcoholic fatty liver disease

We next investigated whether E2F2 could also play a metabolic role in the onset of NAFLD. For
this, a short-term HFD-induced carcinogenic protocol was used (Fig. S1B) whereby mice were
sacrificed at an earlier time (3 vs 9 months of age), prior to tumor development and to induction
of cell cycle gene expression and Ki67 (Fig. S4A and Fig. S4B). A group of mice that received
the HFD alone was also included. Upon short-term HFD or DEN-HFD exposure, E2f2”" mice
were resistant to the TG accumulation (Fig. 3A) and lipid droplet storage (Fig. 3B), and
maintained lower levels of liver CE than their corresponding WT mice (Fig. 3A). The DEN-HFD
mediated increase in ALT values was totally prevented in £2/2” mice, in which the liver to body
weight was decreased (Fig. S4C). The initiation of inflammation (Fig. S4D) and the activation of
endoplasmic reticulum stress (Fig. S4E), usually linked with NAFLD progression, were also
attenuated in £2/2”" mice compared to the corresponding WT mice, as shown by the expression
of //1-f and the phosphorylation of elF2-a, respectively. Among all the genes involved in FAO
and oxidative phosphorylation that were found upregulated in E2/2”" mice under long-term DEN-
HFD exposure, only the expression of Ppargcla, Cpt2 and Acs/1 was increased after a short-term
administration (Fig. 3C, Fig.S5A and Fig. S5B). When mice were fed the HFD alone, mRNA
levels of Cpt2 and Ppargcla were also increased; however, those of 4Acsll (Fig. S5C), and of
some genes involved in oxidative phosphorylation were decreased (Fig. S5D). The FAO rate was
already elevated in short-term DEN-HFD E2/2”~ mice (Fig. 3D) and in mice fed the HFD alone
(Fig. SSE) to levels that were similar to those found after a long-term exposure. These changes in
FAO rate were not linked to changes in TOM20 protein levels, a marker of mitochondria (24,25),
or in PGCla, involved in mitochondrial biogenesis (26) (Fig. 3E). A significant upregulation in
FAO rate was also observed in primary hepatocytes isolated from DEN-HFD E2/27- mice
compared to their WT counterparts (Fig. 3F), which was coupled to increased mitochondrial
oxygen consumption rate (OCR) (Fig. 3G). This was not observed in CD fed £E2/2”- hepatocytes

(Figure S5F).
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E2F1, an E2F family member closely related to E2F2, plays an essential role in regulation
of glycolysis in liver, a process that provides compounds required for the de novo lipogenesis
(17). Given the relevance of glycolysis in NAFLD and HCC, we measured the extracellular
acidification rate (ECAR) upon glucose injection into a Seahorse analyser, as a readout of
glycolysis, in primary hepatocytes isolated from CD and DEN-HFD E2f2”~ and the corresponding
WT mice. While glycolysis was decreased in E2f2"" hepatocytes from CD fed mice when
compared to the corresponding WT hepatocytes (Fig. S6A), it remained unaltered in E2f27
hepatocytes from DEN-HFD mice (Fig. S6B). The expression of glucokinase (Gck) was
downregulated in CD and DEN-HFD E2f2” hepatocytes while that of piruvate kinase (Plkr)
remained unaltered (Fig. S6C).

One of the mechanisms involved in the generation of hepatosteatosis is the de novo
lipogenesis. E2F1 promotes de novo fatty acid synthesis through modulation of Acaca and Fasn
expression (17). Thus, we analyzed in E2/2”- mice the expression of genes involved in de novo
lipogenesis. The levels of malonyl-CoA, the product of the rate limiting reaction in the de novo
lipogenesis and an inhibitor of FAO, and the metabolic flux that regulates de novo synthesis of
TG from *H-acetate were also examined. Expression of Acaca and Fasn genes was increased in
untreated CD E2f2”" mouse livers when compared to corresponding normal controls (Fig. S6D).
However, their expression (Fig. S6D), as well as the liver concentration of malonyl-CoA (Fig.
S6E) and de novo lipogenesis of TG from acetate (Fig. S6F), were unchanged in DEN-HFD E2f2-
", indicating that this pathway is not involved in E2F2-mediated remodeling of lipid metabolism.

Another mechanism involved in lipid storage in NAFLD is the dysregulated VLDL secretion
(27). However, the hepatic expression (mMRNA) of Apob or Apoe (Fig. S6G), required for VLDL
assembly, and the in vivo hepatic TG secretion rate did not change in E2f2”- DEN-HFD mice (Fig.
S6H). Mice fed with HFD alone showed similar results, except for an increased expression of
Apob mRNA (Fig. S7TA-D). Altogether, these results indicate that the increased FAO rate is the
main mechanism involved in the resistance that £2/2”- mice exhibit to lipid storage upon NAFLD

induction.
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E2F2 represses FAQ in the liver by targeting Cpr2

Among the genes involved in FAO, Cpt2 was consistently upregulated in both short-term
and long-term DEN-HFD treated £2/2” mice, as well as in CD E2f2”" mice as compared to their
WT counterparts (Fig. 3C). To validate our results in another setting, liver-specific knockdown
of E2f2 was performed in CD WT mice with AAVS carrying specific small sShRNAs against E2/2.
In agreement with our results in £2f2 knockout animals, acute silencing of E2/2 led to increased
CPT2 protein levels and FAO rates (Fig. 4A and Fig. 4B).

Considering the established role for Cpt2 in the promotion of NAFLD-related HCC (11), we
evaluated its potential regulation by E2F2. Indeed, we found that £2F2 and CPT2 expression
inversely correlate in human HCC (TCGA-LIHC cohort) (Fig. 4C). Building on these results, we
evaluated if E2F2 could directly repress Cpt2 gene expression. The INSECT 2.0 tool revealed the
presence of several E2F binding sites in the Cpt2 gene, including one near the transcription
initiation site. Chromatin immunoprecipitation (ChIP) followed by amplification of this region of
the Cpt2 promoter showed an enrichment of E2F2 binding in DEN-HFD WT mice livers
compared to CD WT mice (Fig. 4D). In concordance, CPT2 protein levels were increased in
DEN-HFD E2f2”" mice compared to their WT controls (Fig. 4E). To assess more directly E2F2
binding activity in primary cells, we performed ChIP analyses after overexpressing E2f2 in
hepatocyte cultures, derived from WT mice, by treatment with adenoviruses carrying the specific
plasmid for it (Fig. S8A). Overexpression of E2f2 induced downregulation in Cpt2 mRNA levels
(Fig. S8B), concomitant with an enrichment of E2F2 in the promoter of Cpz2 (Fig. S8C). Similarly
to what has been described for E2F1 (17), there was also an enrichment of E2F2 in the promoters
of several genes involved in glycolysis (Fig. S8D). However, unlike E2F1, we did not find an
enrichment of E2F2 in the promoters of genes involved in fatty acid synthesis (Fig. S8C) or a
significant enrichment in those involved in mitochondrial activity (Fig. SSE).

Chromatin location and gene expression data collected from DEN-HFD mice and E2F2
overexpressing hepatocytes suggest a role for E2F2 as a direct repressor of liver Cpt2. To examine

further the mechanism of E2F2-mediated Cpt2 gene regulation, we assessed the contribution of
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PRB, given its well-established role in E2F-mediated target gene repression (16), pRB was
downregulated in hepatocytes isolated from DEN-HFD and CD WT mice (Fig. S9A). Contrary
to what was expected, downregulation of Rb decreased Cpt2 expression in hepatocytes from
DEN-HFD WT mice, while it did not induce changes in hepatocytes from CD WT mice (Fig.
S9B). Thus, these results suggest that pRB is not involved in E2F2-mediated Cpt2 gene
repression.

The Cpt2 gene promoter harbors a CREB binding site near an E2F site (Fig. S9C). Given
that E2F2 and CREB cooperate in regulating the expression of some target genes (28) and that
CREB is also involved in modulation of lipid metabolism (29) we assessed the contribution of
CREB to Cpt2 gene regulation. In DEN-HFD WT mice, in vivo administration of CREBI1
antisense oligonucleotides (ASO) lowered liver CPT2 protein levels and FAO rate (Fig. S9D). By
contrast, in DEN-HFD E2/2”" mice, reduced CREBI levels had no effect in CPT2 levels or FAO
rate (Fig. SOE). These results suggest that CREB1 modulates E2F2-mediated Cpt2 repression and

subsequent FAO reactions.

E2f1 deficiency leads to Cpt2 upregulation and prevents NAFLD-related
hepatocarcinogenesis

E2F1 induces the expression of lipogenic genes, contributing to hepatosteatosis (17) and its
overexpression promotes hepatocarcinogenesis (30). However, it is unknown whether E2F1
regulates hepatic FAO in NAFLD-related HCC.

Our data confirm that E2F1 is upregulated in human HCC tissue compared to the
surrounding normal liver (SL) (Fig. S10A) within the TCGA-LIHC cohort, consistent with
previous reports (20,21). Accordingly, £2f1 levels were increased in mouse livers with NAFLD-
related HCC (DEN-HFD) (Fig. 5A), and E2f1”- mice showed protection against NAFLD-related
HCC development (Fig. 5B). Consistently, DEN-HFD E2f1” mice were also resistant to liver TG
storage (Fig. 5C). Following these results, we investigated the degree of similarity between the

transcriptome hallmark that underlies the protection against NAFLD-related HCC in E2fI”" and
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E2f2”" mice. The most significantly changed pathways within the upregulated genes in DEN-HFD
E2fI”" mice compared with the DEN-HFD WT controls were those related to metabolism of lipids
and fatty acids (Fig S10B), and among the downregulated genes were those related to “immune
system” and “platelet activation, signaling and aggregation” (Fig. S10C). The analysis of genes
commonly upregulated between DEN-HFD E2f1”"and DEN-HFD E2/2”" mice showed 704 genes
(Fig. 5D), most of them related to metabolic pathways and some to fatty acid metabolism (Fig.
SE).

The genes related to FAO and oxidative phosphorylation that were upregulated in DEN-HFD
E2f2”" mice (Fig. 2C and Fig. S2B), were also found upregulated in DEN-HFD E2fI” mice (Fig.
SF, Fig. S10D and Fig. S10E), including Cpz2 (Fig. 5F) together with the FAO rate (Fig. 5G).
Moreover, E2F1 and CPT2 correlated negatively in human HCC (TCGA-LIHC cohort) (Fig. 5H)
and Cpt2 was upregulated in 3 month-old CD fed E2fI”" mice (Fig. 5I). This effect was not the
result of a cross-regulation between E2f1 and E2f2, because livers of E2f1/E2f2 double knockout
(DKO) mice fed a CD exhibited levels of Cpt2 expression that were practically the sum of those
found in single knockout mice (Fig 5I). Moreover, during disease progression, expression of E2f1
was decreased in the £2f2”" mice as compared to their WT mice, implying that E2f/ does not
compensate for the loss of £2f2 (Fig. S10F and Fig. S10G). Taken together, these results suggest

that both E2F1 and E2F2 contribute independently to Cpt2 gene repression in the liver.

E2F1 and E2F2 protein levels are increased in human NAFLD

E2F1 and E2F2 expression positively correlated in human HCC from the TCGA-LIHC
cohort (Fig. 5J). Given our evidences that E2F1 and E2F2 play a major role as regulators of the
FAO rate involved in the development of NAFLD and NAFLD-related hepatocarcinogenesis, we
measured E2F1 and E2F2 protein levels in livers from a cohort of obese patients with and without
NAFLD (Table S1). A group of non-obese normal liver (NL) patients was also included. E2F2
levels were found increased in the liver of patients with NAFLD compared to NL (Fig. 6A). The

same profile was observed for E2F1 protein levels (Fig. 6B). E2F1 and E2F2 levels were higher
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in NL from obese patients than in NL from non-obese subjects. Correlation between both proteins

was observed in obese patients’ livers (Fig. 6C).
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Discussion

Altered lipid metabolism is a common feature of most cancers (8). In malignant cells,
rewiring of lipid metabolism provides lipids for the synthesis of membranes, activation of
signaling cascades and energy storage (31). In the case of liver carcinogenesis this setting is even
more complex. The liver controls metabolic homeostasis of the whole body, but when the uptake
of dietary lipids is overloaded, such as in obesity, the increased liver lipid input is not
compensated by pathways involved in lipid output, thus leading to NAFLD (32). NAFLD, with
its rising worldwide prevalence linked with obesity, represents a major risk for HCC development.
There is no pharmacological therapies for NAFLD and effective treatments for HCC are required.
Therefore, the prevention and/or restoration of the metabolic rewiring associated to NAFLD and
HCC represent novel attractive strategies. There is growing evidence of a regulatory axis between
cell cycle regulators and metabolic fluxes. Here, we investigated the etiopathogenic role of E2F1
and E2F2 transcription factors in NAFLD and NAFLD-related HCC, and their potential value as
targets for therapy in these health conditions.

We show that E2F2 is upregulated in NAFLD and NAFLD-related HCC, and that loss of E2F2
prevents the development of NAFLD and NAFLD-related HCC, implying an oncogenic role for
E2F2 in liver hepatocarcinoma, as has been described in other cancer types (33). The requirement
of E2F2 for liver regeneration after partial hepatectomy (34), supports its proliferative role in
liver. Biological pathways typically upregulated in HCC, such as platelet activation/signaling and
cell cycle, were downregulated in £2/2” mice administered with DEN-HFD, consistent with the
protection against HCC development in these mice. Importantly, we have uncovered a novel
E2F2-dependent mechanism for liver disease, by demonstrating that E2F2 is a key regulator of
lipid metabolism in liver and a driver of liver cancer in a manner that appears to be independent
of its cell cycle regulator function. The reprogramming in lipid metabolism is of high relevance
in cancer, but the specific metabolic pathways that sustain the supply of energy and/ or other

sources for cell survival is a feature to be determined for each cancer type. It will be important to
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evaluate to what extent other cancer types rely on E2F2-regulated metabolic pathways to support
cancer growth.

E2f2 knockout mouse livers and E2F2 knockdown HCC cell lines displayed similar
metabolic profiles, characterized by decreased TG concentration and increased fatty acid
oxidation (FAO) rate. The decreased lipid storage was associated to a transcriptome profile
characterized by the upregulation of genes involved in FAO. The relevance of FAO in cancer
cells is still not fully understood. Some cancers benefit from FAO (35) whereas others such as
NAFLD-related HCC exhibit the opposite response (11). The rate limiting step that controls FAO
is the carnitine-acylcarnitine shuttle, where FAs are converted to acylcarnitines through CPT1. In
turn, CPT2 will release them as acyl-CoAs into the mitochondrial matrix (36). It has been reported
that in NAFLD-related HCC, CPT2 levels are decreased, leading to decreased FAO rate and to
the accumulation of acylcarnitines (11). The decrease in FAO rate promotes lipid storage while
the accumulation of acylcarnitines promotes the activation of STAT3 and proliferation (11).
Increased lipid storage leads to lipotoxicity-induced hepatocyte cell death in some patients
promoting progression of NAFLD to NASH and even to HCC (37,38). However, HCC cells need
to survive in this lipid-rich environment, and decreased CPT2 expression is associated with
resistance of HCC cells to chronic exposure to palmitic acid (11). Thus, the upregulation of CPT2
and FAO, such as what we observe in the absence of E2F2, would prevent lipid accumulation, its
associated lipotoxicity and activation of an ER stress response, thereby hindering disease
development and progression. So far, the only known regulator of CPT2 is PPARa (39). Here,
we demonstrate by using ChIP assays and transcriptomic analyses that E2F2 binds to Cpz2
promoter and represses its expression, which is consistent with the fact that E2F2 inversely
correlates with CPT2 in human HCC. The mechanisms by which E2F factors may activate genes
involved in cell cycle while repress others involved in metabolism is still unresolved. It has been
shown that E2F family can function as direct repressors of transcription through their well-known
interaction with pRB (40) or independently via recruitment of corepressors such as BIN1 or KAP1
(41,42). Regarding metabolism genes, it has been reported that pRB is involved in E2F1-mediated
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mitochondrial gene repression (16). Conversely, our study shows that E2F2-mediated Cpt2 gene
repression in DEN- HFD treated or CD fed mice is independent of pRB. The identification of
putative E2F2 co-repressors involved in Cpt2 repression remains to be addressed in future studies.

E2F2 shares with E2F1 multiple target genes and cellular functions, but there is also target
specificity (43). In the liver, increased E2F1 and E2F2 levels positively correlate in human HCC
and in human NAFLD, suggesting that regulation of these two factors in liver disease might
respond to the same effectors. A role for E2F1 in hepatocarcinogenesis has been previously
reported, associated with an upregulated expression of E2F target genes involved mainly in cell
cycle and DNA repair (30). We now identify a novel regulatory pathway by which both E2F1 and
E2F2 contribute to NAFLD-related HCC development in mice, through a mechanism that
involves Cpt2 gene repression, FAO and mitochondrial activity. Of relevance, the upregulated
levels of Cpt2 in E2f1/E2f2 DKO mice were higher that the levels found in E2f1”" and E2f2”
mice, revealing a new overlapping role of E2F1 and E2F2 in the repression of Cpt2 in NAFLD-
related HCC. However, the lack of either E2f7 or E2f2 is enough to protect from NAFLD and
NAFLD-related hepatocarcinogenesis. This is an important issue given that the concomitant lack
of both E2F1 and E2F2, and subsequent overexpression of CPT2, would induce FAO to a level
that may generate ROS without resolving liver disease (44). However, supporting the fact that
E2F1 and E2F2 also regulate different target genes, our results here show that Acaca and Fasn
expression and de novo lipogenesis of TG from acetate are not regulated by E2F2, in contrast to
what has been described for E2F1 (17).

In sum, our data demonstrate that both E2F1 and E2F2 repress CPT2 expression, leading to
the generation of a lipid-rich environment required for hepatocarcinogenesis (Figure 7). However,
of note, the lack of just one of them is enough to prevent liver disease. These data identify E2F1
and E2F2 as new metabolic drivers that regulate the rewiring of metabolism in NAFLD-related

HCC, arising as novel targets for therapy.
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Figure Legends

Figure 1. E2F2 is required for hepatocellular carcinoma (HCC) development. Mice were
treated for 32 weeks to induce hepatocarcinogenesis and were sacrificed at 9 months of age. (A)
Analysis of hepatic £2f2 mRNA levels (n=6-8 mice per group). (B) Representative photographs
from WT and E2/2”- mouse livers (left) and quantification of tumor number and size (right) (n=7-
9 mice per group). (C) Liver-to-body weight ratio (n=6-9 mice per group) and ALT levels in liver
homogenates (n=6-9 mice per group). Values represent mean = SEM. Statistical analysis was
determined by Student’s two-tailed t-test. Significant differences between E2f2”- and WT mice
are denoted as *p <0.05, **p <0.01 and ***p <0.001, and differences between DEN-HFD and
CD are denoted as *p <0.05, #p <0.01 and **p <0.001. DEN, diethylnitrosamine; CD, chow diet;

HFD, high fat diet; ALT, alanine aminotransferase.

Figure 2. Rewiring of lipid metabolism in E2f2"- mice prevents the lipid-rich environment
for NAFLD-related HCC development. Mice were treated for 32 weeks to induce
hepatocarcinogenesis and were sacrificed at 9 months of age. (A) Liver TG and CE quantification
after 32 weeks of treatment (n=4-9 mice per group). (B) Representative liver sections stained with
H&E. (C) RNA was extracted from E2f2”- and WT liver homogenates and a gene expression
microarray analysis was carried out (n=4 mice per group). Differential gene expression between
both genotypes was analyzed and significant probes were assigned into pathways with Reactome
database. Biological pathways encompassing upregulated genes (p <0.001) in DEN-HFD E2/27-
mice vs DEN-HFD WT mice are shown (—log, of 0.001 is indicated with a red line). (D) Hepatic
mRNA levels of genes involved in lipid oxidation (n=7-8 mice per group). (E) Fatty acid B-
oxidation rate was determined in liver homogenates by measuring the amount of ['*C]-CO;
(complete oxidation of ['*C]-palmitate) and ['*C]-ASM (incomplete oxidation of ['*C]-palmitate)
(n=4 mice per group). (F) Lipid content analysis in HepG2 cells upon E2F2 knockdown with
siRNAs. Lipids were labelled with Bodipy Green dye and cell nucleus with DAPI. Representative

confocal micrographs of cells with or without oleic acid are shown (left). Cell TG content (right)
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(n=4-5 per group). (G) Fatty acid oxidation rate was determined in HepG2 cell cultures by
measuring the amount of ['*C]-CO, and ['*C]-ASM released by cells (n=4 per group). (H) Cell
cycle distribution analysis in HepG2 cells transfected with siE2F2 compared to siControl
transfected cells (n=6). Values represent mean = SEM. Statistical analysis was determined by
Student’s two-tailed t-test. Significant differences between E2f2” and WT mice are denoted as
*p <0.05, **p <0.01 and ***p <0.001, and differences between DEN-HFD and CD are denoted
as *p <0.05, #p <0.01 and **p <0.001. TG, triglyceride; CE; cholesteryl ester; CD, chow diet;

HFD, high fat diet; DEN, diethylnitrosamine; ASM, acid soluble metabolites.

Figure 3. E2F2 deficiency prevents NAFLD through the induction of fatty acid oxidation
rate. Mice were treated for 10 weeks to induce NAFLD and were sacrificed at 3 months of age.
(A) Liver TG and CE quantification (n=8-9 mice per group). (B) Representative liver sections
stained with H&E. (C) Hepatic mRNA levels of genes involved in lipid oxidation (n=7-8 mice
per group). (D) Fatty acid B-oxidation (FAO) rate was determined in liver homogenates by
measuring the amount of ["*C]-CO, and ["*C]-ASM (n=4 mice per group). (E) Western blot
analysis of TOM20 and PGCla protein levels in livers (n=6-8 mice per group). (F) Fatty acid f-
oxidation rate was determined as above in hepatocytes (n=5 per group). (G) Oxygen consumption
rate (OCR) in hepatocytes was measured using the Seahorse analyzer (n=11-12 per group). Values
represent mean + SEM. Statistical analysis was determined by Student’s two-tailed t-test.
Significant differences between £2/2”- and WT mice are denoted as *p <0.05, **p <0.01 and ***p
<0.001, and differences between DEN-HFD and CD are denoted as “p <0.05, *p <0.01 and *p
<0.001. TG, triglyceride; CE, cholesteryl ester; CD, chow diet; HFD, high fat diet; DEN,

diethylnitrosamine; ASM, acid soluble metabolites.

Figure 4. E2F2 represses CPT2 gene expression in the liver. (A) E2F2 and CPT2 protein levels
in CD WT mice after liver specific knockdown of E2f2 using AAV8s (n=6 mice per group). (B)

Fatty acid B-oxidation rate was determined in liver, after specific knockdown of E2f2 using
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AAVSs, by measuring the amount of ['*C]-CO, and ["*C]-ASM (n=6 mice per group). (C)
Negative correlation between E2F2 and CPT2 expression in HCC tumors from human samples
(data from the TCGA-LIHC project). Spearman correlation coefficient is shown. (D) Schematic
representation of Cpt2 gene promoter indicating the localization of a consensus E2F motif
detected with Insect 2,0 at a 0.88 threshold level. ChIP-q-PCR analyses of E2F2 target gene Cpt2
in WT (n=8-10 mice per group) and E2f2”" mice (n=3 mice). ChIP assays were performed using
anti-E2F2 and anti-IgG (negative control) antibodies. (E) CPT2 protein levels in liver (n=4 mice
per group). Values represent mean + SEM (mouse analyses) or mean = SD (human analyses).
Statistical analysis was determined by Student’s two-tailed t-test. Significant differences between
E2f27 and WT mice are denoted as *p <0.05, **p <0.01 and ***p <0.001, and differences
between DEN-HFD and CD are denoted as *p <0.05, #p <0.01 and **p <0.001. CD, chow diet;
HFD, high fat diet; DEN, diethylnitrosamine; ChIP, chromatin immunoprecipitation; AAVS,
adeno associated virus serotype 8; ASM, acid soluble metabolites; RSEM: RNA-seq by

expectation maximization.

Figure 5. E2F1 is required for NAFLD-related HCC and it regulates lipid oxidation through
a mechanism shared with E2F2. Mice were treated for 32 weeks to induce hepatocarcinogenesis
and were sacrificed at 9 months of age. (A) Analysis of hepatic £2f7 mRNA levels (n=6-8 mice
per group). (B) Representative photographs from WT and £2/7- mouse livers. (C) Liver TG and
CE quantification (n=4-6 mice per group). (D) Venn diagram showing the degree of overlap
between the number of differentially upregulated genes in DEN-HFD E2f1”" and DEN-HFD E2f2
~ mice. (E) RNA was extracted from E2f1”" and WT liver homogenates and a gene expression
microarray analysis was carried out (n=4 mice per group). Differential gene expression between
E2fI7- or E2f2”- and WT was analyzed and significant probes were assigned into pathways with
Reactome database. Biological pathways including common upregulated genes (p <0.001) are

shown (—log of 0.001 is indicated with a red line). (F) Hepatic mRNA levels of genes involved

in lipid oxidation (n=6-8 mice per group). (G) Fatty acid B-oxidation rate was determined in liver
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homogenates by measuring the amount of ['*C]-CO, and ['*C]-ASM (n=5 mice per group). (H)
Negative correlation between E2F1 and CPT2 expression in HCC tumors from human samples
(data from the TCGA-LIHC project). (I) Hepatic mRNA levels of Cpt2 in WT, E2f27", E2f17~ and
E2f1/E2f2 double knockout (DKO) mice (n=4-5 mice per group). (J) Positive correlation between
E2F] and E2F2 expression in HCC tumors from human samples (data from the TCGA-LIHC
project). Values represent mean £ SEM (mouse analyses) or mean = SD (human analyses).
Statistical analysis was determined by Student’s two-tailed t-test. Significant differences between
E2f27- and WT mice are denoted as *p <0.05, **p <0.01 and ***p <0.001, and differences
between DEN-HFD and CD are denoted as *p <0.05, #p <0.01 and *p <0.001. Spearman
correlation coefficient is shown. CD, chow diet; HFD, high fat diet; DEN, diethylnitrosamine;
TG, triglyceride; CE, cholesteryl ester; ASM, acid soluble metabolites; RSEM: RNA-seq by

expectation maximization

Figure 6. E2F1 and E2F2 are increased in human NAFLD. (A) Immunohistochemical analysis
of E2F2 in patients (n=78) with NAFLD or NL. (B) Immunohistochemical analysis of E2F1 in
patients (n=78) with NAFLD or NL. (C) Correlation analyses between E2F ] and E2F2 expression
in a human cohort of obese patients with and without NAFLD. A group of non-obese NL patients
was also included. Values represent the mean. Differences between NAFLD (obese) or NL (non-
obese or obese) are denoted by *p <0.05, **p <0.01 and ***p <0.001 (Student’s t test). Spearman

correlation coefficient is shown. NL, normal liver; NAFLD, non-alcoholic fatty liver.

Figure 7. Proposed model for the role of E2F2 and E2F1 in the development of NAFLD and
progression to HCC. Increased E2F1 and E2F2 activity in liver inhibits CPT2 expression, which
would hamper fatty acid oxidation rate from increasing in response to an elevated lipid flux. This
metabolic dysregulation would boost a lipid-rich environment with increased acylcarnitine levels,
thereby promoting the progression of liver disease, including Kupffer cell activation and the

recruitment of platelets. LSEC, liver sinusoidal endothelial cells; L, lymphocyte; P, platelet; N,
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neutrophil; KC, Kupffer cells; HSC, hepatic stellate cells; DS, Disse space; FAO, fatty acid

oxidation; NAFLD, non-alcoholic fatty liver disease; HCC, hepatocellular carcinoma.
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Figure 3
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Figure 6
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1. Supplementary material and methods

Human samples

This study comprised a total of 78 liver samples. Non-obese healthy human liver samples (NL)
(n=18) were from donors who died from stroke (Marqués de Valdecilla University Hospital,
Santander, Spain). Body mass index (BMI) in these donors was lower than 30 kg/m?. Analysis of
liver biopsies proved that livers were histologically normal and there was no evidence of hepatitis
B virus (HBV), hepatitis C virus (HCV) and human immunodeficiency virus (HIV). Samples
from obese patients (n=60) (Table S1) with a BMI higher than 30 kg/m? were obtained from liver
biopsies with a diagnostic purpose (Cruces University Hospital, Barakaldo, Spain). Among these
patients, 14 had histologically NL and 46 were diagnosed with non-alcoholic fatty liver disease
(NAFLD) according to Kleiner’s criteria (1). Inclusion criteria for obese patients were also based
on the absence of alcohol (< 20 g per day) or potentially hepatotoxic drug intake. They showed
negative serum tests for HBV, HCV and HIV. None of the patients suffered from autoimmune
medical conditions. Written consent was obtained from each patient included in the study. The
study was performed in agreement with the Declaration of Helsinki and with local and national
laws. The Human Ethics Committee of each hospital and the University of Basque Country
approved the study procedures and a written informed consent was obtained before inclusion in

the study

E2F1 and E2F2 expression analysis in TGCA-LIHC database

Level 3 RNA-seq and clinical datasets generated by TCGA-LIHC project (2) were downloaded
from Firehose portal (Broad Institute). In total, 371 tumors and 50 surrounding normal tissues
were analyzed). For correlation studies, data normality of genes expression values was assessed
by D'Agostino & Pearson normality test. Subsequently, matched expression levels were evaluated

by Spearman correlation.



Animals and housing conditions

Male E2/2 knockout (E2f277), E2f1 knockout (E2f177), E2f1/E2f2 double knockout (DKO) and
their wild type (WT) littermate mice (mixed background C57BL/6J and 129/Sv) were produced
at the UPV/EHU animal facility. C57BL/6]J mice (Jackson Laboratory, USA) were used for £2/2
knockdown in the liver. The animals were housed in groups with an artificial 12 hours light (8:00
to 20:00)/12 hours dark cycle, under controlled temperature and humidity conditions and allowed
free access to food and tap water. Animal procedures were approved by the Ethics Committee for
Animal Welfare of the University of the Basque Country UPV/EHU, in accordance with the

European Union Directives for animal experimentation.

HCC and NAFLD-related HCC were induced by an intraperitoneal injection of the hepatic
carcinogen diethylnitrosamine (DEN) (25 mg/kg of mice, Sigma-Aldrich, USA) in 14 day-old
E2f27- or E2f1"- and WT mice (3). After weaning, at 1 month of age, mice were fed a high fat
diet, DEN-HFD group, or a chow diet, (DEN-CD group) for 32 weeks and sacrificed at 9 months
of age. Age-matched groups were administered vehicle alone (saline buffer) combined with HFD

or CD.

For progressive NAFLD, administration of DEN was performed as described above and the HFD
was administered for 10 weeks until mice were sacrificed at 3 months of age. Age-matched mice

administered vehicle alone combined with HFD or CD were also included.

Liver-specific E2f2 knock-down or overexpression was achieved in 2-month-old C57BL/6J mice
fed a CD after infection with recombinant adeno-associated viruses serotype 8 (AAVS). Mice
were sacrificed one month later. Specifically, the knockdown of E2f2 in the liver was achieved
by an intraperitoneal injection (a volume of 100 ul with 10'° PFU/mL) of 44V8-EGFP-U6-
mshE2F2 (named as AAV8-shE2F2); the control mice received an intraperitoneal injection of
AAV8-shScramble. For E2f2 overexpression, an intravenous injection (a volume of 100 ul with

10'2 PFU/mL) of AAV8-Alb-mE2F2 (named as AAV8-E2f2) was carried out. Mice injected with



AAVS-Alb-EGFP (named as AAV8-Gfp) were used as controls. Recombinant AAVS vectors were

obtained from Viral Vector Production Unit, Universitat Autonoma de Barcelona.

The in vivo Creb downregulation was performed with antisense oligonucleotides (ASO). For this,
DEN-HFD E2/2”- and WT mice were treated with an intraperitoneal injection of ASO CREB or
ASO control (50 mg/kg of mice per week) (Ionis Pharmaceuticals, USA) during four weeks. Mice

were sacrificed at 3 months of age.

Analysis of metabolic fluxes in animal models
Fatty acid p-oxidation rate

Fatty acid oxidation in liver homogenates was assessed as described before (4). Fresh liver pieces
were homogenized in a Potter homogenizer (5 strokes) in cold buffer (25 mM Tris-HCl, 500 nM
sucrose, | mM EDTA-Na, pH 7.4) and sonicated for 10 seconds. Then, the homogenates were
centrifuged at 420 xg for 10 minutes at 4 °C. Approximately 500 pg of protein from the
homogenates supernatant was used for the assay in a volume of 60 pl. The reaction started by
adding 340 ul of assay mixture (500 uM palmitate/0.4 uCi [1-'*C] palmitate (Perkin Elmer Inc,
USA) per reaction) to the samples which were incubated with shaking for 30 minutes at 37 °C in
eppendorf tubes with a Whatman paper circle in the cap. The reaction was stopped by adding 200
pl of 1 M perchloric acid and 45 pl of 1 M NaOH was added to impregnate the Whatman cap.
After 1 hour at room temperature, the Whatman caps were removed and the associated
radioactivity was measured in a scintillation counter. The Eppendorf tubes were centrifuged at
21.000 xg 10 minutes at 4 °C and 400 pl from the supernatant were collected and the radioactivity
was counted in a scintillation counter. The supernatant contained the acid soluble metabolites

(ASM) and the Whatman caps captured the released COs.



de novo lipogenesis of TG

de novo lipogenesis in tissue was performed as previously described (5) with slight modifications.
Freshly isolated tissue slices (40 mg) were incubated in high glucose Dulbecco’s Modified Eagle
Medium (DMEM) with insulin (150 nM), 20 uM acetate and 20 uCi/ml [*H]- acetic acid for 4
hours. Tissue slices were homogenized in saline buffer and lipids were extracted and quantified

as described below.

Hepatic TG secretion rate

Hepatic TG secretion rate was measured in vivo in two-hour fasted mice treated with an
intraperitoneal injection of Poloxamer P-407. TG concentration was measured immediately prior
to injection and 6 hours following injection with a commercial kit (A. Menarini Diagnostics,

Italy).

Tissue and serum extraction

Unless otherwise specified, mice were fasted for 4 hours and subsequently euthanized with
sodium pentobarbital (Abbott Laboratories, Spain) injected intraperitoneally (60 mg/kg of mice).
Tissues were collected and washed in cold PBS and rapidly weighed. If applicable, tumors in liver
were counted and measured with a caliper. Next, tissues were sliced immediately into several
pieces to be used in metabolic assays and fixed with formalin (Sigma-Aldrich, USA) or OCT
(Tissue-Tek® O.C.T. Compound, Sakura® Finetek) for histological analysis or to be frozen in
liquid nitrogen and stored at -80 °C for biochemical analyses. Blood was drawn and allowed to
clot at room temperature for 30 minutes. Next, the serum was obtained after two centrifugations:
the first one at 2,000 xg for 30 minutes at 4°C and the second one at 10,000 xg for 10 minutes at

4°C.



HepG?2 cell line culture

For each experiment, a new aliquot of newly bought human hepatoma cell line HepG2 (ATCC,
USA) was acquired. Cells were cultured in maintenance medium (1 g/L glucose containing
Eagle’s minimum essential medium (EMEM), ATCC, USA) supplemented with 100 IU/ml
penicillin, 100 pg/ml streptomycin, 2 mM L-glutamine and 10 % (v/v) fetal bovine serum (FBS)

at 37 °C and 5 % CO; and were used with a maximum of 5-6 passages.

E2F2 knock-down in HepG2 cell line

Knock-down experiments were performed by reverse transfection of siRNA oligonucleotides.
Pre-designed E2F2-specific siRNA (siE2F2) (#4392420, from Ambion, USA) and non-target
negative control siRNA (siControl) (Ambion, USA) were used. Lyophilized siRNAs were
resuspended in nuclease-free sterile water at 50 mM and the stock solutions were stored at -20
°C. Work solutions were prepared for immediate use at 1 mM. siRNA (final concentration 12 nM
for western blot and 18 nM for lipid and metabolic fluxes assays), OptiMEM Reduced Serum
(Gibco, USA) and RNAIMAX lipofectamine (Invitrogen Life Technologies, USA) were
incubated in the culture dishes for 20 minutes at room temperature. Afterwards, HepG2 cells
resuspended in gene silencing medium (1 g/L glucose containing EMEM supplemented with 2
mM L- glutamine and 10 % (v/v) FBS) were added to siRNA-containing dishes and cultured for

48 hours.

E2F2 overexpression in HepG2 cell line

Overexpression experiments were performed by reverse transfection with the mammalian

expression plasmid pRc-CMV-HA-E2FpE2F2 (pE2F2) and its empty vector control.



Plasmid transfection was performed with 2.5 ug of DNA per well in 6-well plates as explained
above for gene knock-down. Briefly, OptiMEM Reduced Serum (Gibco, USA), plasmid and
RNAIMAX lipofectamine (Invitrogen Life Technologies, USA) were incubated in the culture
dishes for 20 minutes at room temperature. Afterwards, HepG2 cells resuspended in gene
transfection medium (1 g/L glucose containing EMEM supplemented with 2 mM L- glutamine

and 10 % (v/v) FBS) were added to plasmid-containing dishes and cultured for 24 hours.

Cell cycle analysis

HepG2 cells were cultured in Dulbecco's modified Eagle medium (DMEM) containing 10% FBS
and supplemented with antibiotics (100 units of penicillin/ml and 100 pg/ml of streptomycin) at
37°C in a humidified atmosphere containing 5% CO,. The cells were transfected with siControl
or siE2F2 RNAs and synchronized in G2/M with nocodazole (250 ng/ml nocodazole (Sigma) 24
hours post-transfection). After 24 h of treatment with nocodazole, cells were washed and released
from the G2/M cell cycle arrest. 24 h later the cells were washed twice with ice-cold phosphate-
buffered saline (PBS), fixed in 70% cold ethanol for 1 h, and labeled with 5 pg/mL propidium
iodide (PI) containing 250 ug/mL ribonuclease A (Roche) for 1 h at room temperature. Cells were

analyzed by flow cytometry.

Primary mouse hepatocyte isolation, culture and gene overexpression and silencing

For experiments with hepatocytes, primary cells were isolated from mixed background C57BL/6J
and 129/Sv WT and E2f27". Livers were washed by perfusion with carbogenated Krebs-Henseleit
(KH) medium supplemented with Ca,", and with carbogenated KH medium supplemented with
0.05% (w/v) ethyleneglycoltetraacetic acid (EGTA) (Sigma-Aldrich; USA) successively. Then,
an enzymatic digestion was performed with carbogenated KH supplemented with 300 ug/ml
collagenase type A and 60 pg/ml trypsin inhibitor (Roche; Switzerland). After perfusion and

digestion, livers were mechanically disaggregated and cells were washed with complete media.



Isolated viable hepatocytes were seeded over collagen and fibronectin-coated culture dishes for

cell adhesion. Cells were finally cultured at 37 °C in a humidified atmosphere of 5% CO..

Overexpression of E2f2 in primary hepatocytes was achieved by infection with adenovirus
(VectorBuilder) expressing £2f2 (Ad-E2f2) for 1.5 hours and harvesting 36 hours post-treatment.

Adenovirus expressing GFP was used as control.

For Rb knock-down in primary hepatocytes, predesigned Rb-specific siRNA (siRB) was used
(#4390824, Ambion, USA) was used to a final concentration of 0.2 uM. DharmaFECT was used
as transfection reagent (Horizon, United Kingdom). Hepatocytes were treated with siRNAs for

12 hours and harvested 48 hours post-treatment.

Seahorse analysis in primary mouse hepatocytes

Glycolysis. Mouse hepatocytes were isolated and glycolysis experiments were performed as
previously described (6). Briefly, hepatocytes were seeded onto Seahorse XF24 cell culture
microplates (Seahorse Bioscience) at 20000 cells per well in complete media. After 4 hours of
attachment, hepatocytes were glucose starved overnight. Cells were then washed and placed in an
unbuffered DMEM-based medium containing 2 mM glutamine for 1.5 hours. Next, glucose 25
mM was injected into the cells directly with the Seahorse apparatus and ECAR measurement was
performed. The normalized data were expressed as mpH per minute, per amount of protein.

Oxygen Consumption Rate (OCR). OCR of primary mouse hepatocytes was measured at 37°C
by high resolution respirometry, with the Seahorse Bioscience XF24-3 Extracellular Flux
Analyzer. Primary mouse hepatocytes were cultured onto XF24 cell culture microplates (Seahorse
Bioscience) at 20000 cells per well in complete media. After 4 hours of attachment, cells were
washed and new complete media was added overnight. Next day, cell culture media was replaced
by new media of MEM without bicarbonate containing 10 mM sodium pyruvate, 10
mM glutamine and 1X non-essential amino acids. Cells were then placed on a CO; free incubator,

at 37°C, for at least one hour. Meanwhile, the XF assay cartridge (Seahorse Bioscience) was



prepared. Pharmacologic inhibitors were used with the following final concentration: oligomycin
1 mM, an inhibitor of ATP synthase; carbonyl cyanide 4-trifluoromethoxyphenylhydrazone
(FCCP) 0.3 mM, an uncoupling agent that allows maximum electron transport, and Rotenone 0.5
mM/Antimycin 0.5 mM mix for inhibition of mitochondrial respiration. Once the cartridge was
ready, cells were placed within the Seahorse Bioscience XF24 and upon the sequential delivery
of the inhibitors, changes in the OCR were measured. The normalized data were expressed as

pmol of O, per minute, per amount of protein quantified by crystal violet staining.

Analysis of fatty acid p-oxidation rate in cell cultures

Fatty acid oxidation rate in cells cultures was performed as follows. HepG2 cells were first
incubated in pre-treatment media (EMEM, 1 % glutamine, 0.5 % BSA fatty acid free, 1 g/L
glucose and 1mM oleic acid ) for 24 hours followed by a 4 hours incubation with 0.2 mM
palmitate containing 0.5 pCi/ml ['*C]-palmitate (Perkin Elmer Inc, USA) in low glucose medium.
For primary hepatocytes, cells were incubated for 12 hours in pre-treatment media (DMEM, 1 %
glutamine, 0.5 % BSA fatty acid free, 1 g/L glucose) followed by a 4 hour incubation as with
HepG2 cells. Culture medium was collected in a tube containing Whatman filter paper soaked
with 0.1 M NaOH in the cap and 500 ul of 1 M perchloric acid were added to the medium. Samples
were incubated during one hour at room temperature. The acidified medium was centrifuged at
21000 xg for 10 minutes to remove particulate matter. The radioactivity of CO, captured by the
filter papers and the radioactivity in acid-soluble metabolites (the supernatants of the culture

media) was measured by a scintillation counter.

Cytochemistry of neutral lipids

Sterilized circular coverslips were used to seed 7.5x10* cells. Then, cells were washed three times
with saline buffer and were fixed with formaldehyde 3.7 % (v/v) (Panreac, Spain). For cell

permeabilization, sample was incubated in 0.25 % (v/v) Triton (Sigma-Aldrich, USA) in saline



buffer for 5 minutes at room temperature. Afterwards, three washes were performed and cells
were blocked with 10% (v/v) FBS (Biochrom, UK) for 15 minutes. Neutral lipid droplets were
stained with BODIPY 493/503 green lipophilic fluorescent dye (1:200) (Invitrogen Life
Technologies, USA) for 2 hours. Subsequently, coverslips were washed 3 times in order to
remove the remaining dye and cell nuclei were incubated with DAPI blue fluorescent probe
(Sigma-Aldrich, USA) (1:1000 in PBS) for 5 minutes. All the steps were carried out at room
temperature. Finally, coverslips were mounted with aqueous mounting media (Dako, Denmark).
Optical images were taken with Olympus Fluoviwe FV500 confocal microscopy in the SGlker

Microscopy Service from the UPV/EHU.

Quantification of lipids

Pieces of livers (30 mg) were homogenized in 10 volumes of ice-cold saline buffer in a Potter
homogenizer (20 strokes). For quantification in HepG2 cells, 1.5x10° cells were directly scraped
in 1 ml of distilled H,O. In both cases, lipids were extracted from 1.5 mg of protein (7), separated
by thin layer chromatography (TLC) and quantified as described (8). For total quantification of
CE in tissue, TLC plates were stained with a solution of 10 % CuSO4 (w/v) in 8% H3PO4 (v/v)
and an image of the plate was digitalized with GS-800 densitometer (Bio-Rad Laboratories,
USA). Quantification was performed with Quantity One software (Bio-Rad Laboratories, USA).
A part of the lipid extract was also dissolved in isopropanol (Scharlau Chemicals, Spain) and TGs
were measured with a commercial kit (A. Menarini Diagnostics; Ripolli, Italy) following

manufacturer’s protocol.

Quantification of ALT

ALT was measured in serum obtained from the inferior vena cava of mice with a commercial

colorimetric method following the manufacturer’s instructions (Spinreact, Spain).



Malonyl Coenzyme A determination

Quantitative determination of endogenous mouse malonyl coenzyme A concentrations in tissue
homogenates was assessed with a commercial ELISA kit following the manufacturer’s

instructions (MyBiosource USA).

RNA isolation and quantitative real-time polymerase chain reaction (RT-qPCR)

Total RNA was isolated by using Trizol Reagent (Invitrogen; Carlsbad, CA, USA) according to
the manufacturer’s protocol (RNA was precipitated with chloroform and isopropanol, washed
with 80% ethanol, and finally dissolved in RNase-free water). For liver samples, 30 mg of tissue
were homogenized in 1 ml of Trizol Reagent with Polytron PT 1200 homogenizer in an ice bath
for 30 seconds. For cellular samples, cells were directly scraped in 1 ml of Trizol Reagent. In both
cases, 1.8 ug of total RNA extracted was subjected to DNase treatment (Invitrogen, USA) and
c¢DNA synthesis was performed with SuperScript I1I First-Strand Synthesis System for RT- PCR
kit (Invitrogen, USA) following the manufacturer’s protocol. First strand cDNA was synthesized
in the presence of random primers and RNase OUT to prevent RNA contamination in the sample.
RT-qPCR was performed in the SGlker Genomic Service from the UPV/EHU, using the BioMark
HD system in combination with Dynamic Array Integrated Fluidic Circuits (IFC) (Fluidigm
Corporation, USA). The protocol used was Fluidigm’s Fast Gene Expression Analysis using
EvaGreen on the BioMark HD System version D1. Target and reference genes were specifically
preamplified with Multiplex PCR Master (Qiagen, Netherlands) (95 °C 15 minutes, 14 cycles of
95 °C for 15 seconds and 60 °C for 4 minutes). 50 nM of primers were used. Afterwards,
remaining primers were removed with Exo I (Thermo Scientific, USA) following the
manufacturer instructions. Samples were diluted 1:5 with 0.1 mM EDTA containing TE buffer
and were loaded onto 96.96 Dynamic Array IFC. SsoFastTM EvaGreen® Supermix with Low
ROX (Bio-Rad, USA) was used for amplification. GE Fast 96x96 PCR + Melt v2 protocol was

followed for PCR. All genes were run in duplicate. Finally, the stability of candidate reference



genes for normalization was assessed with NormFinder and GeNorm algorithms (9) using GenEx
software (MultiD 5.2 version). For mice samples, glyceraldehyde- 3-phosphate dehydrogenase
(Gapdh), cyclophilin A (Ppia), TATA box binding protein (Tbp) and actin (Actb) expression were

used to calculate the normalization factor. Primers sequences are described in Table S2.

Microarray analysis

Microarray data have been deposited in NCBI's Gene Expression Omnibus (GEO) database and

are accessible through accession number GSE117420.

Firstly, RNA integrity was assessed on an Agilent 2100 Bioanalyzer with Agilent RNA 6000
Nano chips (Agilent Technologies, USA). RNA samples were labeled and hybridized following
standard Protocol “One-Color Microarray-Based Gene Expression analysis (Low Input Quick
Amp Labeling)" Version 6.5 (Agilent Technologies, USA). In brief, 50 ng of total RNA were
retrotranscribed with AffinityScript Reverse Transcriptase (Agilent Technologies, USA), using
Oligo dT primers coupled to T7 promoter. Double stranded cDNA synthesized by AffinityScript
RT was in vitro transcribed by T7 RNA pol in the presence of Cy3-CTP to generate amplified
and labeled cRNA. Labeled samples were then purified with silica-based RNeasy spin columns
(Qiagen, Germany). Yield and specific activity of each reaction was determined by quantifying
the cRNA in the NanoDrop 1000 spectrophotometer. A sample was considered valid when yield

was > 0.825 ug and specific activity was 3-6 pmol/pg.

Samples were then analyzed using Agilent SurePrint G3 Mouse GE 8x60 K microarrays (Design
ID 028005) (Agilent Technologies, USA), in which 55,681 mouse features are represented. 600
ng of labeled cRNA samples were hybridized at 65 °C for 20 hours. Arrays were scanned on a
G2565CA DNA microarray scanner and images were processed using Agilent Feature Extraction
Software (vs. 10.7.3.1). Default parameters for one-color gene expression microarrays were used
for image analysis, data extraction, background correction, and flagging of non-uniform features,

population outliers in replicated features and with no significant intensities in Cy3 channel. Raw



data from Feature Extraction software was subsequently processed on GeneSpring GX 12.5
(Agilent Technologies, USA). Data were normalized by quantile normalization and mean
centering. Data with non-uniform features, population outliers or features whose intensities were
not significantly above the background signal in all samples of 1 out of any 4 conditions were
excluded from the analysis. Differential gene expression between both mice strains was analyzed
with LIMMA statistical package using MultiExperiment Viewer (MeV) vs. 4.7.1
(http://www.tm4.org/mev/) application. A multi-class comparison has been done. The adjusted p-
values (adj-p-value) were obtained applying Benjamini-Hochberg method (False discovery rate,
FDR) for multiple test correction. Genes with and adj-p-values < 0.05 in the comparisons of
interest have been selected for further functional Analysis. To assess the biological relevance of
each list, pathway enrichment analysis was performed using the ClueGO (v2.3.3) application, a
plugin of the Cytoscape platform (http://www.cytoscape.org, Vv3.4.0). Reactome
(http://www.reactome.org) pathway database was used for gene biological assessment. Enriched
term selection was based on the Benjamini-Hochberg corrected p-value (Right-sided

hypergeometric test) < 0.05 criterion.

Chromatin immunoprecipitation

For chromatin immunoprecipitation (ChIP) analyses in liver, 30 mg of the tissue were first
homogenized in saline buffer with a Dounce homogenizer. The tissue solution was crosslinked
by addition of formaldehyde to 1% final concentration. In case of cells, hepatocytes were directly
crosslinked on the culture plate. Crosslinking proceeded at room temperature for 7 minutes and
was stopped with glycine to 0.125 M final concentration. Cell pellets were collected by
centrifugation of the tissue solution or the cell suspension and they were lysed on ice for 10
minutes with a cell lysis buffer containing 20 mM Tris-HCI pH 8.0, 85 mM KCI, 0.5% NP-40,
and 1X of protease inhibitor cocktail (Roche). Nuclei were collected by centrifugation and
disaggregated with a Dounce Homogenizer in Nuclear lysis buffer containing 10 mM Tris-Cl pH

8.0, 1 mM EDTA, 1% SDS and 1X protease inhibitor cocktail. Nuclei solution was finally



incubated for 10 minutes on ice. Chromatin was sonicated on a Diagenode Bioruptor to an average
length of 200-500 bp. After microcentrifugation, the supernatant was diluted 10-fold in ChIP
dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.1 mM EDTA, 20 mM Tris-Cl pH 8.0, and 167
mM NaCl). Inmunoprecipitation of crosslinked-Protein/DNA was achieved by using protein G
magnetic beads (ThermoFischer, pre-washed with saline buffer/1%BSA) which were incubated
at 4°C for 3 hours in a rotation mixer with E2F2 (Santa Cruz, sc-9967) as antibody of interest and
normal mouse IgG (BD Pharmingen, 557273) as negative control. Next, samples were incubated
with magnetic beads-antibody at 4° C overnight with rotation. Protein G bead-antibody/chromatin
complexes were recovered and washed once with Low Salt Wash Buffer (20 mM Tris-CI pH 8.0,
0.1% SDS, 1% Triton X-100,2 mM EDTA, 150 mM NacCl), High Salt Wash Buffer (20 mM Tris-
Cl pH 8.0, 0.1% SDS, 1% Triton X-100, 2 mM EDTA, 500 mM NaCl), LiCl Wash Buffer (10
mM Tris-Cl pH 8.0, 0.25 M LiCl, 1% IGEPAL, 1% Na- deoxycholate, 1 mM EDTA) and finally
with TE buffer. The elution of the complexes was carried out with a buffer containing 100mM
NaHCOs and 1% SDS. Crosslinking was reversed by addition of NaCl to a final concentration of
200 mM in addition to use a buffer for RNA removing and protein digestion (250 mM Tris-HCl
pH 6.5, 62.5 mM EDTA pH 8.0, 5 mg/ml Proteinase K and 62.5 ug/ml RNase A) followed by an
overnight incubation at 65°C. After cooling the samples down, beads were separated using a

magnet.

The DNA was extracted and purified with Quiagen QIAquick PCR purification kit. Quantification
of immunoprecipitate-enriched DNA sequences was performed by real-time PCR or Fluidigm
system as described below. PCR primers were designed considering the INSECT 2.0 predicted
binding sites for E2F2 in the regulatory region of genes of interest. Primers sequences are detailed

in Table S2.



Western blotting

The liver tissue was homogenized with the corresponding homogenization buffer (10 mM NaF,
1% (v/v) NP-40, 2 mM NazVO4 150 mM NaCl, 50 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), 10 % (v/v) glycerol (Merck-Millipore, Germany), 10
mM NasP,07, 2 mM EDTA-Na;, 2 mM phenylmethanesulfonyl fluoride (PMSF), 0.1 mM
leupeptin (Fisher Scientific, USA), pH 7.4). The protein concentration was determined in
supernatants by a commercially available Bicinchoninic Acid (BCA) Reagent (ThermoFisher
Scientific, USA) following manufacturer’s protocol. Next, the protein lysates were subjected to
SDS-PAGE and PageRuler Plus Protein Ladder (ThermoFisher Scientific, USA) was used as
molecular weight marker. The separated proteins were transferred and immobilized onto
nitrocellulose membranes (AmershamTM ProtranTM, 0.2 um, GE HealthCare, UK) by wet
eletroblotting using Mini Trans-Blot cell (Bio-Rad, USA). Membranes were then blocked with
blocking buffer for 1 hour at room temperature and incubated with commercial primary antibody
overnight at 4 °C. Next day, membranes were incubated in 5 % (w/v) BSA in TBST containing
secondary antibody conjugated to horseradish peroxidase (HRP) for 1 hour at room temperature.
Immunoreactive proteins were detected by ECL Western blotting detection chemiluminiscence
Reagent (GE Healthcare, UK) and exposed to RX-N X-Ray film (Fujifilm, Japan). Subsequently,
the film was developed and fixed with photography liquids (AGFA, Belgium). For quantification,
Quantity One software (Bio-Rad) was used and the antibodies that were used are detailed in Table

S3.

Hematoxylin and eosin staining

Liver pieces were fixed in 10% (v/v) non-buffered formalin (Sigma-Aldrich, USA) for 24 hours
at 4 °C and were kept in 50% (v/v) ethanol (Scharlau Chemicals, Spain) until they were
paraffinized. The paraffin blocks were prepared and cut in 5 pm-thick sections with the

microtome. They were picked up in poly-lysine treated microscope slides (Thermo Scientific,



USA) and fixed overnight at 37 °C. Paraffin embedded section was deparaffinized in xylene
(Sigma-Aldrich, USA), rehydrated with decreasing ethanol solutions (Scharlau Chemicals, Spain)
and washed with distilled water (dH,O). After that, it was stained with ShandonTM Harris
Hematoxylin (Thermo Scientific, USA) for 2.5 minutes and washed with dH,O. Sample was
decolorized by immersion in 0.5% (v/v) HCl (Merck-Millipore, Germany) and washed with
dH,O. Then, tissue was counterstained with Eosin-Y Alcoholic (Thermo Scientific, USA) for 25
seconds, washed and dehydrated with increasing ethanol solutions. Finally, samples were
mounted using DPX mounting medium (Sigma-Aldrich, USA). Representative micrographs were

taken under 20x from upright optical microscope.
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3. Supplementary figure legends

Figure S1. E2F2 expression is increased in human HCC. (A) Analysis of E2F2 expression in
HCC patients. E2F2 expression was evaluated in different tumor and disease stages in TCGA-
LIHC cohort. (B) Schematic representation of NAFLD-driven HCC induction in mice. (C) E2F2
protein levels in WT and E2f2”- mice (n=7). (D) Mice were treated for 32 weeks to induce
hepatocarcinogenesis and were sacrificed at 9 months of age. Hepatic mRNA levels of genes
involved in cell cycle progression (n=6-8 per group). (E) Mice were fed a high fat diet for 32
weeks and were sacrificed at 9 months of age. Hepatic mRNA levels of genes involved in cell
cycle progression in HFD treated livers (n=7-10 per group). For human samples analysis, data
normality was evaluated by D’Agostino-Pearson omnibus test. Subsequent group-based
comparisons of non-normal data were performed using Mann-Whitney U test. Significance was
defined as *p<0.05, **p <0.01 and **p <0.001. For mouse studies, values represent mean + SEM.

Significant differences between CD and DEN-HFD are denoted as #p <0.05, ##p <0.01, and ###p



<0.001. (Student’s t test). Differences between WT and E2f2”" are indicated by *p <0.05, **p
<0.01 and ***p <0.001 (Student’s t test). CD, chow diet; HFD, high fat diet; DEN,
diethylnitrosamine; HCC, hepatocellular carcinoma; SL, surrounding liver; RSEM, RNA-seq by

expectation maximization.

Figure S2. Transcriptomic signature in 9-month-old DEN-HFD treated E2f2”- mice. Mice
were treated for 32 weeks to induce hepatocarcinogenesis and were sacrificed at 9 months of age.
(A) RNA was extracted from liver homogenates and a gene expression microarray analysis was
carried out (n=4 mice per group). Differential gene expression between both genotypes was
analyzed and significant probes were assigned into pathways with Reactome database. Biological
pathways including downregulated genes (p <0.001) in DEN-HFD E2f2”"mice vs DEN-HFD WT
mice are shown (-log, of 0.001 is indicated with a red line). (B) Hepatic mRNA levels of genes
involved in lipid oxidation and oxidative phosphorylation (n=7-8 mice per group). (C) WT and
E2f27 mice were fed a high fat diet for 30 weeks and were sacrificed at 9 months of age. Fatty
acid B-oxidation rate was determined in liver by measuring the amount of ['*C]-CO, and [*C]-
ASM (n=6 mice per group). (D) Hepatic mRNA levels of genes involved in lipid oxidation and
oxidative phosphorylation in HFD fed mice (n=7-10 mice per group). (E) Heatmap showing
relative expression of genes involved in cell cycle and metabolism in CD, HFD and DEN-HFD
9-month-old WT and E2f2”" mice. All data are relative to the CD WT group values. The statistical
study of differences was performed in each genotype between the HFD and the CD group (1) and
between the DEN-HFD and the HFD group (2). Heatmaps were generated using GraphPad Prism
8. Values represent mean + SEM and statistical analysis was determined by Student’s two-tailed
t-test. Significant differences between E2f2”- and WT mice, pE2F2 and pCMV or siControl vs
siE2F2 are denoted as *p <0.05, **p <0.01 and ***p <0.001. Differences between DEN-HFD
and CD are denoted as “p <0.05, #p <0.01 and **p <0.001. CD, chow diet; HFD, high fat diet;

DEN, diethylnitrosamine; ASM, acid soluble metabolites; NS, non-significant.



Figure S3. E2F2 overexpression in liver induces fatty acid oxidation but does not alter
mRNA levels of cell cycle genes. (A) Confirmation of E2F?2 after knock-down (siE2F2) and
overexpression (pE2F2) in HepG2 cell line (n=6 per group). (B) Fatty acid p-oxidation rate was
determined in cells by measuring the amount of ['*C]-CO, and ['*C]-ASM (n=5 per group). (C)
mRNA levels of MCM3 in HepG2 cells transfected with pE2F2 compared to their controls (n=5-
6 per group) (left) and cell cycle distribution analysis in these cells (n=8 per group) (right). (D) in
vivo E2F2 overexpression in the liver was achieved by injection of recombinant AAV8-E2/2 in
mice. Confirmatory overexpression of E2F2 at the protein and mRNA levels is shown (n=4 mice
per group). (E) Fatty acid B-oxidation rate was determined in liver by measuring the amount of
['*C]-CO; and ['*C]-ASM (n=4-5 mice per group). (F) Hepatic mRNA levels of genes involved
cell cycle (n=4 mice per group). Values represent mean + SEM. Statistical analysis was
determined by Student’s two-tailed t-test. Significant differences between AAV8-Gfp and AAVS-
E2f2 are denoted as *p <0.05, **p <0.01 and ***p <0.001. AAVE; Adeno associated virus

serotype 8; ASM, acid soluble metabolites.

Figure S4. Loss of E2f2 protects liver from inflammation and ER stress. Mice were treated
with DEN and fed a high fat diet for 10 weeks and were sacrificed at 3 months of age. (A) Hepatic
mRNA levels of genes involved in cell cycle regulation (n=5-8 mice per group). (B) Ki67
immunostaining analysis (n=5-7 mice per group). Representative images of £2/27- and WT mice
livers are shown. (C) ALT analysis in liver homogenates (n=6-8 mice per group) and liver to body
weight ratio (n=9 mice per group). (D) Hepatic mRNA levels of genes involved in inflammation
(n=7-8 mice per group). (E) Western blot analysis of the main proteins involved in endoplasmic
reticulum stress in liver (n=6 mice per group). Values represent mean + SEM. Significant
differences between CD and DEN-HFD are denoted as #p <0.05, ##p <0.01, and ###p <0.001.
(Student’s t test). Differences between WT and E2/2 are denoted as by *p <0.05, **p <0.01 and

**%p <0.001 (Student’s t test). CD, chow diet; HFD, high fat diet; DEN, diethylnitrosamine.



Figure S5. E2F2 regulates fatty acid p-oxidation rate in liver. Mice were treated with DEN
and fed a high fat diet for 10 weeks and were sacrificed at 3 months of age. (A) Hepatic mRNA
levels of genes involved in lipid oxidation (n=7-8 mice per group). (B) Hepatic mRNA levels of
genes implicated in oxidative phosphorylation (n=7-8 mice per group). (C) Mice were fed a high
fat diet for 10 weeks and subsequently sacrificed at 3 months of age. Hepatic mRNA levels of
genes involved in lipid oxidation (n=7-8 mice per group). (D) Hepatic mRNA levels of genes
involved in oxidative phosphorylation (n=7-8 mice per group). (E) Fatty acid B-oxidation rate was
determined in liver by measuring the amount of ['*C]-CO, and ['*C]-ASM (n=4-5 mice per
group). (F) Oxygen consumption rate (OCR) in hepatocytes was measured using the Seahorse
analyzer (n=11-12 per group) Values represent mean + SEM. Significant differences between CD
and DEN-HFD are denoted as #p <0.05, ##p <0.01, and ###p <0.001. (Student’s t test).
Differences between WT and E2f27" are denoted as *p <0.05, **p <0.01 and ***p <0.001
(Student’s t test). CD, chow diet; HFD, high fat diet; DEN, diethylnitrosamine; ASM, acid soluble

metabolites.

Figure S6. E2F2 does not regulate glycolysis or de novo lipogenesis in DEN-HFD treated
mouse livers. Mice were treated with DEN and fed a high fat diet for 10 weeks and were
sacrificed at 3 months of age. (A) Extracellular acidification rate (ECAR) was determined after
glucose treatment in primary cultures of hepatocytes isolated from chow diet fed mice using a
Seahorse analyzer (n=6 per group). (B) ECAR was determined after glucose treatment using a
Seahorse analyzer in primary cultures of hepatocytes isolated from DEN-HFD treated mice
(n=11-12 per group). (C) Hepatic mRNA levels of glycolysis rate-limiting genes (n=6-8 mice per
group). (D) Hepatic mRNA levels of genes involved in de novo lipogenesis (n=6-8 mice per
group). (E) Malonyl-CoA levels in liver (n=6-7 mice per group). (F) de novo lipogenesis of TG
was quantified by the amount of [*H]-acetate incorporated into TG (n=5 mice per group). (G)
Hepatic mRNA levels of genes involved in VLDL metabolism (n=7-8 mice per group). (H)
Hepatic TG secretion rate (n=5 mice per group). Values represent mean + SEM and statistical

analysis was determined by Student’s two-tailed t-test. Significant differences between DEN-



HFD and CD are determined by *p <0.05, #p <0.01 and *#p <0.001. Differences between E2/27
and WT mice are denoted as *p <0.05, **p <0.01 and ***p <0.001. CD, chow diet; HFD, high

fat diet; DEN, diethylnitrosamine; TG, triglyceride; VLDL, very-low density lipoprotein.

Figure S7. E2F2 does not regulate de novo lipogenesis or VLDL secretion in HFD fed mouse
livers. Mice were fed a high fat diet (HFD) for 10 weeks and were sacrificed at 3 months of age.
(A) Hepatic mRNA levels of genes involved in de novo lipogenesis (n=7-8 mice per group). (B)
de novo lipogenesis of TG was quantified by the amount of [*H]-acetate incorporated into TG
(n=4-5 mice per group). (C) Hepatic mRNA levels of genes involved in VLDL metabolism (n=7-
8 mice per group). (D) Hepatic TG secretion rate (n=3-4 mice per group). Values represent mean
+ SEM and statistical analysis was determined by Student’s two-tailed t-test. Significant
differences between E2f27- and WT mice are denoted as *p <0.05, **p <0.01 and ***p <0.001;
HFD, high fat diet; TG, triglyceride; ASM, acid soluble metabolites; VLDL, very-low density

lipoprotein.

Figure S8. Analysis of E2F2 enrichment in promoters of metabolism-regulating genes by
chromatin immunoprecipitation (ChIP). E2F2 overexpression in cultured primary hepatocytes
was achieved through the infection of an adenovirus carrying E2f2 gene (Ad-E2f2). (A)
Confirmation of E2F2 overexpression at the protein and mRNA levels (n=6 per group). (B)
mRNA levels of Cpt2 upon Ad-E2f2 treatment (n=6 per group). (C) Analysis of E2F2 binding
activity to promoters of genes related to fatty acid metabolism (n=4 per group). (D) Analysis of
E2F2 binding activity to promoters of genes related to glycolysis (n=4 per group). (n=4 per
group). (E) Analysis of E2F2 binding activity to promoters of genes related to mitochondrial
function (n=4 per group). Values represent mean = SEM and statistical analysis was determined
by Student’s two-tailed t-test. Significant differences between Ad-Gfp and ad-E2/2 are denoted

as *p <0.05, **p <0.01 and ***p <0.001.



Figure S9. CREB cooperated with E2F2 in the regulation of Cpr2. (A) Rb knock-down was
carried out in primary hepatocytes using siRNA transfection. Confirmation of RB knock-down at
the protein and mRNA levels (n=6 per group). (B) Cpt2 mRNA levels after Rb knock-down in
hepatocytes derived from DEN-HFD WT (n=5 per group) or CD WT mice (n=6 per group). (C)
Predicted CREB binding site in the promoter of CP72 according to Ensembl Genome Browser.
(D) Mice were treated for 10 weeks to induce liver disease and subsequently sacrificed at 3 months
of age. Liver CREB1 and CPT2 protein levels (n=4-6 mice per group) in DEN-HFD WT mice
treated with ASOs (left). Fatty acid B-oxidation rate was determined by measuring the amount of
[**C]-CO; and ['*C]-ASM in liver homogenates of DEN-HFD WT mice treated with ASOs (n=4-
6) (right). (E) Liver CREB1 and CPT?2 protein levels (n=5-8 mice per group) in DEN-HFD E2f2
" mice treated with ASOs (left). Fatty acid p-oxidation rate was determined by measuring the
amount of [**C]-CO, and ["*C]-ASM in liver homogenates of DEN-HFD E2f2” mice treated with
ASOs (n=5-6 mice per group) (right). Values represent mean = SEM. Significant differences
between Control ASO and CREB ASO or siControl and siRb are denoted as *p <0.05, **p <0.01
and ***p <0.001 (Student’s t test). CD, chow diet; HFD, high fat diet; DEN, diethylnitrosamine;

ASM, acid soluble metabolites; ASO, anti-sense oligonucleotide.

Figure S10. E2F1 deficiency leads to an increased expression of genes involved in lipid
oxidation in mice. (A) Analysis of E2F] expression in HCC patients. E2F] expression was
evaluated in different tumor and disease stages in TCGA-LIHC cohort. (B) Mice were treated for
32 weeks to induce hepatocarcinogenesis and subsequently sacrificed at 9 months of age. RNA
was extracted from liver homogenates and a microarray analysis was carried out (n=4 mice per
group). Differential gene expression between £2f17 and WT was analyzed and significant probes
were assigned into pathways with Reactome database. Biological pathways including upregulated
genes (p <0.001) in mice are shown (—log, of 0.001 is indicated with a red line). (C) Biological
pathways including downregulated genes (p <0.001) in mice are shown (—log, of 0.001 is
indicated with a red line). (D) Hepatic mRNA levels of genes involved in oxidative

phosphorylation lipid oxidation in 9-month-old mice (n=7-8 mice per group). (E) Hepatic mRNA



levels of genes implicated in lipid oxidation (n=7-8 mice per group) in 9-month-old mice. (F)
E2f1 mRNA levels in 3 month-old £2/2” mouse livers (n=4-8 mice per group). (G) E2f] mRNA
levels in 9 month-old £2/2”- mouse livers (n=4-8 mice per group). For human samples analysis,
data normality was evaluated by D’Agostino-Pearson omnibus test. Subsequent group- based
comparisons of non-normal data were performed using Mann-Whitney U test. Significance was
defined as *p<0.05, **p <0.01 and **p <0.001. For mice studies, values represent mean = SEM.
Significant differences between CD and DEN-HFD are denoted as #p <0.05, ##p<0.01, and ###p
<0.001. (Student’s t test). Differences between WT and E2f27 are denoted as *p <0.05, **p <0.01
and ***p <0.001 (Student’s t test). CD, chow diet; HFD, high fat diet; DEN, diethylnitrosamine;
HCC, hepatocellular carcinoma; SL, surrounding liver; RSEM, RNA-seq by expectation

maximization.
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