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SUMMARY
Acetyl-coenzymeA (acetyl-CoA) plays an important role inmetabolism, gene expression, signaling, and other
cellular processes via transfer of its acetyl group to proteins and metabolites. However, the synthesis and
usage of acetyl-CoA in disease states such as cancer are poorly characterized. Here, we investigated global
acetyl-CoA synthesis and protein acetylation in a mouse model and patient samples of hepatocellular carci-
noma (HCC). Unexpectedly, we found that acetyl-CoA levels are decreased in HCC due to transcriptional
downregulation of all six acetyl-CoA biosynthesis pathways. This led to hypo-acetylation specifically of
non-histone proteins, including many enzymes in metabolic pathways. Importantly, repression of acetyl-
CoA synthesis promoted oncogenic dedifferentiation and proliferation. Mechanistically, acetyl-CoA synthe-
sis was repressed by the transcription factors TEAD2 and E2A, previously unknown to control acetyl-CoA
synthesis. Knockdown of TEAD2 and E2A restored acetyl-CoA levels and inhibited tumor growth. Our find-
ings causally link transcriptional reprogramming of acetyl-CoA metabolism, dedifferentiation, and cancer.
INTRODUCTION

Acetyl-CoA is a central metabolite required for many physiolog-

ical processes including histone and non-histone protein acety-

lation, metabolite acetylation, the TCA cycle, and de novo fatty

acid synthesis. Acetyl-CoA is produced via multiple pathways

including branched chain amino acid (BCAA) catabolism, fatty

acid oxidation (FAO), pyruvate catabolism, ketolysis, and other

minor biosynthesis pathways.1

Acetyl-CoA synthesis pathways are often up- or down-regu-

lated in cancer, in a cancer type-dependent manner. BCAA

catabolism is enhanced in pancreatic ductal adenocarcinoma

(PDAC) but reduced in hepatocellular carcinoma (HCC).2,3

Ovarian and breast cancer display increased expression of en-

zymes in FAO, whereas several other cancers, including lung

cancer, clear cell renal cell carcinoma (ccRCC), and HCC,

display reduced expression of FAO enzymes.4–7 Pyruvate catab-

olism is suppressed in several cancers, including head and neck

squamous cell carcinoma (HNSCC), ccRCC, and breast cancer.8
4246 Molecular Cell 82, 4246–4261, November 17, 2022 ª 2022 Else
Thus, individual acetyl-CoA synthesis pathways have been

shown to be altered in cancer. As mentioned above, enzymes

in BCAA catabolism or FAO can be reduced in HCC, likely to

maintain BCAAs and acylcarnitine levels.2,5 However, BCAA

catabolism and FAO are also major acetyl-CoA biosynthesis

pathways. Thus, alteration of these pathways could also impact

acetyl-CoA levels. Despite the fact that acetyl-CoA is a key

metabolite, it remains to be investigated whether global acetyl-

CoA synthesis and cellular acetyl-CoA levels change in cancer

cells. It is also unknown if acetyl-CoA impacts tumorigenesis

beyond histone modification.

The liver is a major metabolic organ that controls carbohy-

drate, lipid, and amino acid metabolism. Hepatocytes, the pri-

mary cells of the liver, dedifferentiate during tumorigenesis and

thereby cease to carry out many metabolic functions.9–11

Here, we sought to investigate cancer-associated reprogram-

ming of acetyl-CoA metabolism and its role in tumorigenesis

in HCC, the major subtype of liver cancer. We found that

all acetyl-CoA biosynthetic pathways are transcriptionally
vier Inc.
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repressed in HCC, by TEAD2 and E2A, resulting in reduced

acetylation of non-histone proteins and promotion of dedifferen-

tiation/stemness and tumorigenesis. Thus, global repression of

acetyl-CoA synthesis promotes oncogenicity via reduced pro-

tein acetylation.

RESULTS

Acetyl-CoA and non-histone protein acetylation are
decreased in HCC
To investigate acetyl-CoAmetabolism in HCC, we first examined

acetyl-CoA levels and protein acetylation in HCC patients and an

HCC mouse model. The HCC mouse model (hepatocyte-spe-

cific, albumin-Cre driven deletion of the tumor suppressors

Pten and Tsc1, hereafter referred to as L-dKO) displayed aggres-

sive, dedifferentiated liver tumors within 20 weeks of birth.12–14

Surprisingly, acetyl-CoA levels were decreased in tumor tissue

from HCC patients (Figure 1A) and L-dKO mice (Figure 1B),

compared with control tissues. Consistent with the decrease in

acetyl-CoA, total protein acetylation was significantly reduced

in patient (Figure 1C) and L-dKO tumors (Figure 1D), as

measured by immunoblotting tissue extracts with an antibody

recognizing acetylated lysine. Immunohistochemistry on tissue

of HCC patients and L-dKOmice confirmed that protein acetyla-

tion was strongly reduced in tumors compared with non-tumor

areas (Figures 1E and 1F). Thus, acetyl-CoA levels and protein

acetylation are decreased in HCC.

To quantify protein acetylation and to determine the identity of

the proteins whose acetylation changes in tumors, we analyzed

the acetylome and paired proteome of L-dKO tumors and control

livers (Figure S1A). We quantified 1,271 acetylated peptides

corresponding to 402 proteins, common to tumors and controls.

After normalization of the acetylome to the matching proteome,

211 peptides from 158 proteins were hypo-acetylated, whereas

only 63 peptides from 52 proteins were hyper-acetylated in

tumors (Figures 1G–1I, S1B–S1D, S2A, and S2B). Among

the proteins that were hypo-acetylated, most were metabolic

enzymes involved in, for example, glycolysis, amino acid

metabolism, the TCA cycle, and oxidative phosphorylation

(OXPHOS) (Figures S1E and S1F). Acetylation can impact a pro-

tein’s activity, specificity, localization, or stability (Figures 1I and

S1C).15–17 However, the effect of acetylation is unknown formost

proteins, including those proteins whose acetylation was

changed in tumors (Figures S2A and S2B). Our findings suggest

that reduced cellular protein acetylation may broadly impact

metabolism to promote oncogenicity.

We also quantified acetylation of 17 peptides from histones

H2, H3, and H4. Two peptides were hypo-acetylated and two

were hyper-acetylated, whereas the remaining 13 peptides

were unchanged in tumors (Figure S2C). We next probed with

antibodies that specifically recognize acetylated histones H3

and H4. There was little to no change in global acetylation of his-

tones H3 and H4 in patients and L-dKO tumors (Figure S2D)

compared with control livers. These findings suggest that specif-

ically non-histone protein acetylation is decreased in tumors.

The apparent lack of an effect on histone acetylation is likely

due to the fact that lysine acetyltransferases (KATs) in the nu-

cleus can use a local pool of acetyl-CoA derived from recycled
acetate.18 We note that the nuclear form of acetyl-CoA synthe-

tase 2 (ACSS2, also known as AceCS1) and nuclear acetyl-

CoA levels were unchanged in tumors, whereas the cytoplasmic

form of ACSS2 and cytosolic and mitochondrial acetyl-CoA

levels were decreased (Figures S2E and S2F).

Acetyl-CoA synthesis pathways are transcriptionally
inhibited in HCC
To gain insight on themechanism by which acetyl-CoA levels are

decreased, we analyzed the transcriptome and proteome from

both patient HCC needle biopsies19 and L-dKOmouse tumors.12

The HCC needle biopsies were paired with non-tumor liver bi-

opsies from the same patient. Transcriptomic analysis was per-

formed on 122 biopsies from 114 patients, of which a subset of

51 biopsies from 49 patients was subjected to proteomic anal-

ysis. The 122 biopsies and its subset included HCCs of different

etiologies and aggressiveness (see STAR Methods). Samples

from the L-dKO tumors were compared with liver samples

from wild-type littermate controls.

Our omics analyses revealed transcriptional downregulation of

all acetyl-CoA synthesis pathways (Figure 2A), including BCAA

catabolism, FAO, pyruvate catabolism, and ketolysis. BCAA

catabolism is a multi-step process that generates acetyl-CoA

from the degradation of leucine, valine, and isoleucine.20

mRNA and protein levels of BCAA catabolism enzymes were

decreased in tumor tissue from both HCC patients (Figure 2B)

and L-dKO mice (Figure 2C). This decrease in expression of

BCAA catabolism enzymes was particularly pronounced in

aggressive tumors, i.e., tumors classified as high grade in the

Edmondson-Steiner clinical scale (Figure 2B). The loss of

BCAA catabolism enzymes in tumors was confirmed by immu-

noblotting resected tumor tissue from HCC patients and

L-dKO mice (Figures 2D and 2E).

FAO shares several enzymes with BCAA catabolism and also

generates acetyl-CoA as a final product.21 FAO-specific en-

zymes, like the FAO enzymes shared with BCAA catabolism,

were decreased in tumors at the mRNA and protein levels

(Figures 2B and 2C). Again, the extent of downregulation corre-

lated with tumor severity as graded on the Edmondson-Steiner

scale (Figure 2B). Loss of FAO enzymeswas confirmed by immu-

noblotting (Figure 2D). Furthermore, acylcarnitine species, up-

stream metabolites in FAO, accumulated in L-dKO tumors

comparedwith control livers. Theobservedaccumulationof acyl-

carnitine species and depletion of FAO intermediate metabolites

indicate that the FAO pathway was indeed inhibited (Figure 2F).

Pyruvate catabolism is the third major pathway of acetyl-CoA

synthesis. Pyruvate, the final product of glycolysis, is converted

to acetyl-CoA by the pyruvate dehydrogenase complex (PDC).

Pyruvate dehydrogenase kinases (PDKs), of which PDK1 and

PDK2 are the two major isoforms in liver,22 phosphorylate and

inhibit PDC to prevent pyruvate catabolism.23 Specifically,

PDKs phosphorylate pyruvate dehydrogenase E1 component

subunit alpha (PDHA1) of PDC.24 In patient samples, PDK1

and PDK2 expression and PDHA1 phosphorylation were

increased in high Edmondson-Steiner grade tumors (Figure 2B).

In L-dKO tumors, PDK1 expression and PDHA1 phosphorylation

were increased, and PDC activity was decreased (Figures 2G

and 2H). Thus, pyruvate catabolism is attenuated in HCC.
Molecular Cell 82, 4246–4261, November 17, 2022 4247



Figure 1. Acetyl-CoA and protein acetylation are decreased in HCC

(A) Acetyl-CoA levels in liver tumor tissue (T) of HCC patients compared with adjacent non-tumor tissue (NT). n = 11. Student’s t test, *** p < 0.001.

(B) Acetyl-CoA levels in L-dKO tumors (T) compared with control liver tissue (CTRL). n = 12. Student’s t test, *** p < 0.001.

(C) Immunoblots of liver tumor tissue (T) from HCC patients compared with adjacent non-tumor tissue (NT). Calnexin serves as a loading control. n = 6, protein

acetylation on lysine residues (Ac-K).

(D) Immunoblots of L-dKO tumors compared with control liver tissue (CTRL). Ponceau S image serves as a loading control. n = 4 (CTRL) and 4 (two tumors per

L-dKO mouse).

(E) Immunohistochemistry analyses of tumor tissue (T) from HCC patients compared with adjacent normal tissue (NT). Scale bars, 200 mm.

(F) Immunohistochemistry analyses of L-dKO liver compared with control liver (CTRL). Black boundaries in L-dKO indicate a tumor (T). Outside of the black

boundaries indicates a non-tumor (NT). Scale bars, 200 mm.

(G) Number of proteins, peptides, and acetylated peptides were quantified in tumors and control tissue. Numbers in a big circle indicate total protein and peptide.

Numbers in the inner circle indicate acetylated proteins and peptides.

(H) Volcano plot of the �log10 false discovery rate (FDR) against the log2 fold change of the differentially regulated acetylation sites in tumors compared with

control tissue. Acetylation is normalized to protein expression. FDR < 0.05.

(I) Hypo-acetylated sites (Function of acetylation is studied. Acetylation site is either reported or unknown) in tumors compared with controls (less than �0.5

log2-fold change at least in two experiments). Acetylation is normalized to protein expression. Functional prediction of hypo-acetylated proteins in tumors

based on previous publications. Acetylation of lysine residues in bold blue is functionally known. Lysine residues in sky blue are functionally unknown, but

acetylation of those proteins is studied.
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We also investigated whether other, minor acetyl-CoA synthe-

sis pathways such as ketolysis, acetaldehyde oxidation, acetate

metabolism, and ATP-citrate synthase lyase (ACLY) are altered

in HCC. Ketolysis breaks down the ketone body b-hydroxybuty-
4248 Molecular Cell 82, 4246–4261, November 17, 2022
rate (b-HB) to produce acetyl-CoA in mitochondria.25 Two of the

three enzymes in the ketolysis pathway were decreased in both

patient and mouse tumors, as determined by transcriptomic,

proteomic, and immunoblot analyses (Figures 2B–2D). Loss of



(legend on next page)
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enzyme expression was more prominent in high Edmondson-

Steiner grade tumors compared with low Edmondson-Steiner

grade tumors (Figure 2B). Acetaldehyde is converted to acetate

by aldehyde dehydrogenase 2 (ALDH2),26 and acetate is con-

verted to acetyl-CoA by ACSS2 .27,28 Expression of both

ALDH2 and ACSS2 was significantly decreased in patient (Fig-

ure 2B) and L-dKO (Figure 2C) tumors, confirming previous find-

ings in human, HBV-associated HCC.29,30 The above findings

that major and minor acetyl-CoA biosynthesis pathways are

transcriptionally suppressed, particularly in aggressive tumors,

suggest that reduced acetyl-CoA levels may play a role in

HCC. We note that ACLY, which catalyzes the cleavage of mito-

chondria-derived citrate to produce acetyl-CoA and oxaloace-

tate, was unchanged in patient and mouse tumors (Figures 2B

and 2C). We also note that there are conflicting views on the

role of ACSS2 in HCC.30–33

TEAD2 and E2A inhibit acetyl-CoA synthesis genes
We next sought to determine the mechanism of the transcrip-

tional inhibition of acetyl-CoA synthesis pathways in tumors. It

has been reported that knockdown or pharmacological inhibition

of peroxisome proliferator-activated receptor alpha (PPARa)

reduced expression of some BCAA catabolism genes in human

hepatoblastoma HepG2 cells.2 In addition, PPARa induced

expression of CPT2 (encoding an enzyme involved in FAO) in

HepG2 cells.34 We observed decreased PPARa expression in

tumors of HCC patients and L-dKO mice (Figures S3A and

S3B). To determine whether PPARa broadly regulates BCAA

catabolism, FAO, and ultimately protein acetylation, we knocked

down and overexpressed PPARa in cells. CPT2 expression was

increased and decreased upon overexpression and knockdown

of PPARa, respectively (Figures S3C and S3D), confirming that

PPARa controls CPT2 expression. However, there was little to

no effect on expression of other acetyl-CoA synthesis genes or

on protein acetylation (Figures S3C and S3D). Thus, we specu-

lated that transcription factors other than PPARamediate global

regulation of acetyl-CoA metabolism.

Examination of the transcriptomes of patient tumors revealed

that expression of acetyl-CoA synthesis genes inversely corre-

lated with expression of the two transcription factors transcrip-

tional enhanced associate domain 2 (TEAD2) and transcription
Figure 2. Acetyl-CoA synthesis pathways are decreased in HCC

(A) Overview of acetyl-CoA metabolism.

(B) Summary of mRNA (transcriptome, trsx) and protein (proteome, prot) expre

oxidation (FAO), pyruvate catabolism, ketolysis, and acetyl-CoA synthesis enzym

prot) abundance in tumors (T) compared with adjacent non-tumor liver tissue (NT

Edmondson-Steiner grade low (EDL, grade I and II) and high (EDH, grade III and IV)

level and PDHA1-s293 phosphorylation.

(C) Summary of mRNA and protein expression changes in BCAA catabolism, FAO

abundance in tumors (T) compared with control liver tissue (CTRL), represented i

(D) Immunoblots of liver tumor tissue (T) from HCC patients compared with adjac

n = 5.

(E) Immunoblots of L-dKO tumors compared with control liver tissue (CTRL). Pon

L-dKO mouse).

(F) Non-targeted metabolomic analysis of L-dKO tumors (T) compared with co

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

(G) Quantification of PDK1, PDK2, PDHA1, and PDHA1-pS293 of tumors of L-dKO

total protein.

(H) Enzyme activity of PDC in tumors of L-dKO (T) compared with control liver tis
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factor E2-alpha (E2A, also known as TCF3) (Figures S3E and

S3F). Targeted analysis confirmed increased expression of

TEAD2 and E2A in tumors, in HCC patients and L-dKO mice

(Figures 3A–3D and S3G). JASPAR analysis revealed TEAD2

and E2A binding motifs in the promoter regions of eight and

fifteen acetyl-CoA synthesis genes, respectively (Figures S3H–

S3K). Seven of these genes have both motifs. TEAD2 and E2A

can act as transcriptional repressors,35–37 consistent with the in-

verse correlation in expression of acetyl-CoA synthesis genes

and the two transcription factors (Figures S3E and S3F). Alto-

gether, the above suggests that TEAD2 and E2A impact the

expression of acetyl-CoA synthesis genes in tumors.

To investigate the inhibition of acetyl-CoA synthesis genes by

TEAD2 and E2A, we performed knockdown or overexpression

studies in vitrousinghumanHCCSNU449cells andL-dKOmouse

tumor CB1 cells,14 both of which display reduced expression of

acetyl-CoA synthesis genes. Stable knockdown of TEAD2 with

short hairpin RNAs (shRNAs) restored expression of acetyl-CoA

synthesis genes (Figures 3E, S4A, and S4B). Furthermore,

acetyl-CoA levels and total protein acetylation increased upon

TEAD2 knockdown (Figures 3F, 3G, and S4C). Conversely,

enhancedexpressionofTEAD2 inSNU449andCB1cells reduced

expression of acetyl-CoA synthesis enzymes (Figures 3H, S4D,

andS4E), levels of acetyl-CoA (Figure3J), andglobal protein acet-

ylation (Figures 3I andS4F).Stable knockdownof the threeTEADs

(TEAD1, 3, and 4) other than TEAD2 did not affect expression of

acetyl-CoA synthesis enzymes or global protein acetylation

(Figures S4G and S4H). We note that expression of the other

TEADs was not changed in L-dKO tumors (Figure S4I). Thus,

TEAD2 represses expression of acetyl-CoA synthesis genes.

TEADs (TEAD1-4) often activate gene expression in concert

with the transcription factors yes-associated protein (YAP) and

transcriptional coactivator with PDZ-binding motif (TAZ).

Conversely, vestigial-like proteins (VGLL1-4) compete with

YAP and TAZ for TEAD binding, resulting in inhibition of YAP/

TAZ.38 Thus, we investigated whether YAP/TAZ or VGLLs

mediate TEAD2’s repression of acetyl-CoA synthesis genes.

We did not observe altered expression of YAP, TAZ, and VGLLs

in HCC patients other than a mild decrease of VGLL1 and in-

crease of VGLL3 expression (Figure S4J). mRNA levels of Vgll4

were unchanged in L-dKO tumors, whereas expression of Yap
ssion changes in branched chain amino acid (BCAA) catabolism, fatty acid

es of HCC patient biopsies. mRNA (transcriptome, trsx) and protein (proteome,

), represented in log2 based color code. Tumor aggressiveness is indicated by

. n = 73 (EDL) and 49 (EDH) formRNA level, n = 30 (EDL) and 21 (EDH) for protein

, ketolysis, acetyl-CoA synthesis enzymes in L-dKO tumors. mRNA and protein

n log2-based color code. n = 6 (CTRL) and 4 (three tumors per L-dKO mouse).

ent non-tumor tissue (NT). Calnexin and Ponceau S serve as a loading control.

ceau S image serves as a loading control. n = 4 (CTRL) and 4 (two tumors per

ntrol liver tissue (CTRL). n = 5 (CTRL) and 6 (L-dKO tumors). Multiple t test,

(T) compared with control liver tissue (CTRL). Phosphorylation is normalized to

sue (CTRL). n = 4. Student’s t test, ** p < 0.01.



Figure 3. TEAD2 and E2A regulate acetyl-CoA synthesis and protein acetylation

(A) TEAD2mRNA levels in liver tumor tissue (T) fromHCC patients compared with adjacent non-tumor tissue (NT). n = 73 (ED low) and 49 (ED high), Multiple t test,

* p < 0.05, *** p < 0.001.

(B) Tead2 mRNA levels in L-dKO tumors (T) compared with control liver tissue (CTRL). n = 6. Student’s t test, * p < 0.05.

(C) E2AmRNA levels in liver tumor tissue (T) from HCC patients compared with adjacent non-tumor tissue (NT). n = 73 (ED low) and 49 (ED high), Multiple t test,

*** p < 0.001.

(D) E2a mRNA levels in L-dKO tumors (T) compared with control liver tissue (CTRL). n = 6. Student’s t test, * p < 0.05.

(E and F) Immunoblots upon control (scrambled) and TEAD2 knockdown in SNU449 cells. Actin serves as a loading control. Protein acetylation on lysine res-

idues (Ac-K).

(G) Acetyl-CoA levels upon TEAD2 knockdown compared with control SNU449 cells (scrambled). N = 4 (scrambled) and 3–4 (TEAD2 knockdown). Multiple t test,

* p < 0.05, ** p < 0.01.

(H and I) Immunoblots upon control (vector) and TEAD2 overexpression in SNU449 cells.

(legend continued on next page)
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andTazwasdecreased and increased, respectively (Figure S4K).

We did not observe changes in YAP phosphorylation or VGLL4

expression upon knockdown or overexpression of TEAD2 in

SNU449 cells (Figure S4L). Furthermore, expression of acetyl-

CoA synthesis genes and global protein acetylation were un-

changed upon treatment with verteporfin, an inhibitor of YAP-

TEAD interaction (Figure S4M). Thus, repression of acetyl-CoA

synthesis genes by TEAD2 is independent of YAP/TAZ

and VGLLs.

Similar to the effect of TEAD2 on acetyl-CoA synthesis and pro-

tein acetylation, stable knockdown of E2A with shRNAs restored

expression of acetyl-CoA synthesis genes (Figures 3K, S5A, and

S5B). Furthermore, acetyl-CoA levels and total protein acetylation

increased upon E2A knockdown (Figures 3L, 3M, and S5C).

Conversely, enhanced expression of E2A in SNU449 and

CB1 cells reduced expression of acetyl-CoA synthesis genes

(Figures 3N, S5D, and S5E), levels of acetyl-CoA (Figure 3P),

and global protein acetylation (Figures 3O and S5F). Thus, E2A,

like TEAD2, negatively controls acetyl-CoA synthesis genes.

We next assayed the effect of TEAD2 and E2A overexpression

on promoter activity of selected acetyl-CoA synthesis genes, us-

ing luciferase reporter constructs containing approximately

1,000 bp promoter fragments of such genes, in SNU449 cells.

Overexpression of E2A, but not of TEAD2, repressed the pro-

moter of the acetyl-CoA synthesis gene ACAD8 (Figure S5G)

that is presumably a target only of E2A (Figure S3F). Overexpres-

sion of either E2A or TEAD2 repressed the promoters of the

acetyl-CoA synthesis genes ACAA2, CPT2, and IVD that contain

both E2A and TEAD2 bindingmotifs (Figure S5G). These findings

provide further evidence of transcriptional repression of acetyl-

CoA synthesis genes by TEAD2 and E2A and validate the above

correlation and JASPER analyses. We note that we did not

obtain a reporter construct containing the promoter region of

the single, TEAD2-specific acetyl-CoA synthesis gene ALDH2.

Consistent with the above observation that histone acetylation

was unchanged in tumors (Figure S2D), changes in TEAD2 and

E2A expression had no effect on histone H3 acetylation

(Figures 3F, 3I, 3L, 3O, S4C, S4F, S5C, and S5F). Our findings

suggest that TEAD2 and E2A inhibit acetyl-CoA synthesis genes

and thereby reduce acetyl-CoA levels and acetylation of non-

histone proteins.

TEAD2 and E2A promote cell proliferation
To evaluate the importance of TEAD2 and E2A in tumorigenesis,

we investigated whether TEAD2 and E2A affect HCC cell prolif-

eration. Indeed, TEAD2 or E2A knockdown reduced clonogenic

proliferation in SNU449 and CB1 cells (Figures 4A, 4B, S5H, and

S5I). Conversely, overexpression of TEAD2 or E2A enhanced

clonogenic proliferation (Figures 4C, 4D, S5J, and S5K). These

findings suggest that TEAD2 and E2A promote cancer cell

proliferation.
(J) Acetyl-CoA levels upon TEAD2 overexpression compared with control SNU44

(K and L) Immunoblots upon control (scrambled) and E2A knockdown in SNU44

(M) Acetyl-CoA levels upon E2A knockdown compared with control SNU449 ce

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

(N and O) Immunoblots of control (vector) and E2A overexpressing SNU449 cells

(P) Acetyl-CoA levels upon E2A overexpression compared with control SNU449
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To investigate whether the effect of overexpressing TEAD2

and E2A is due to reduced levels of acetyl-CoA and protein acet-

ylation, we restored acetyl-CoA levels by providing acetyl-CoA

replenishing reagent (ARR). ARR is amixture of keto acids (which

are substrates for BCAA catabolism), DCA (which activates pyru-

vate catabolism), and aceto-acetate (which is a substrate for ke-

tolysis). Exogenously added ARR increased cellular acetyl-CoA

and protein acetylation levels (Figures 4E–4H). ARR treatment

also reduced clonogenic proliferation of TEAD2 or E2A overex-

pressing cells without affecting proliferation of control cells

(Figures 4I and 4J). To investigate further the effect of acetyl-

CoA on proliferation, we manipulated acetyl-CoA levels by over-

expressing ACSS2 or knocking down PDK1/2 in HCC cells.

Consistent with decreased proliferation upon ARR treatment,

protein acetylation was increased and clonogenic proliferation

was reduced upon ACSS2 overexpression or PDK1/2 knock-

down (Figure S6). Altogether, these findings suggest that

TEAD2 and E2A promote cell proliferation by suppressing

expression of acetyl-CoA synthesis pathways, ultimately

reducing acetyl-CoA levels.

TEAD2 and E2A promote dedifferentiation
To evaluate further the importance of TEAD2 and E2A in tumor-

igenesis, we investigated their effect on dedifferentiation/stem-

ness. Upon combined overexpression of TEAD2 and E2A, we

observed enhanced hepatosphere formation in SNU449 cells

(Figures 5A and 5B). This observation led us to examine whether

combined overexpression of TEAD2 and E2A affects expression

of the dedifferentiation/stemness makers oncofetal Sal-like pro-

tein 4 (SALL4)39 and pluripotency transcription factors octamer-

binding protein 4 (OCT4), NANOG, and SOX2.10 Expression of

SALL4, OCT4, NANOG, and SOX2 was increased upon TEAD2

and E2A overexpression, in SNU449 cells (Figures 5C and 5D).

In addition, cancer stem cell markers, including epithelial cell

adhesion molecule (EpCAM) and CD44, and the epithelial-

mesenchymal transition (EMT) marker neuronal cadherin

(N-cadherin) were increased upon combined TEAD2 and E2A

overexpression. Conversely, hepatocyte differentiation markers,

including albumin and cytochrome P450 monooxygenases

(CYPs), were downregulated upon combined TEAD2 and E2A

overexpression (Figure 5D). We note that overexpression of

E2A alone also enhanced hepatosphere formation and dediffer-

entiation/stemness (Figures S7A–S7C), whereas overexpression

of TEAD2 alone had no effect on hepatosphere formation. Com-

bined overexpression of TEAD2 and E2A increased expression

of EMT markers in SNU449 cells compared with overexpression

of E2A alone (Figure S7D). Simultaneous overexpression of

TEAD2 and E2A enhanced hepatosphere formation in Huh1

and non-cancerous mouse AML12 hepatocytes (Figures S7E–

S7H), whereas overexpression of TEAD2 or E2A alone had no ef-

fect. Combined overexpression of TEAD2 and E2A increased
9 cells (vector). N = 3. Student’s t test, ** p < 0.01.

9 cells.

lls (scrambled). N = 4 (scrambled) and 2–4 (E2A knockdown). Multiple t test,

.

cells (vector). N = 3. Student’s t test, * p < 0.05.



Figure 4. TEAD2 and E2A regulate clonogenic proliferation via reduction of acetyl-CoA levels

(A) Clonogenic growth assay upon control (scrambled) and TEAD2 knockdown in SNU449 cells. N = 3. Multiple t test, * p < 0.05, *** p < 0.001.

(B) Clonogenic growth assay upon control (scrambled) and E2A knockdown in SNU449 cells. N = 7 (scrambled) and 5–7 (E2A knockdown). Multiple t test,

*** p < 0.001.

(C) Clonogenic growth assay upon control (vector) and TEAD2 overexpression in SNU449 cells. N = 7. Student’s t test, *** p < 0.001.

(D) Clonogenic growth assay of control (vector) and E2A overexpressing SNU449 cells. N = 6. Student’s t test, ** p < 0.01.

(E) Acetyl-CoA levels upon TEAD2 overexpression compared with control (vector) SNU449 cells with or without acetyl-CoA replenishing reagents (ARR). N = 3.

Multiple t test, * p < 0.05, ** p < 0.01, ## p < 0.01.

(F) Immunoblots upon control (vector) and TEAD2 overexpression in SNU449 cells with or without ARR. Actin serves as a loading control. protein acetylation on

lysine residues (Ac-K).

(G) Acetyl-CoA levels upon E2A overexpression in SNU449 cells compared with control (vector) with or without ARR. N = 3–4. Multiple t test, ** p < 0.01,

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

(H) Immunoblots upon control (vector) and E2A overexpression in SNU449 cells with or without ARR.

(I) Clonogenic growth assay upon control (vector) and TEAD2 overexpression in SNU449 cells with or without ARR. N = 6. Multiple t test, ** p < 0.01, *** p < 0.001,

# p < 0.05.

(J) Clonogenic growth assay of control (vector) and E2A overexpressing SNU449 cells with or without ARR. N = 6. Multiple t test, * p < 0.05, ** p < 0.01,

*** p < 0.001, # p < 0.05.

ll
Article
expression of EpCAM, N-cadherin, OCT4, and SOX2 in Huh1

cells compared with overexpression of TEAD2 alone (Figure S7I).

Thus, TEAD2 and E2A synergistically promote hepatosphere for-

mation and dedifferentiation/stemness in several HCC cell lines.

In an inverse approach, we investigated whether cancer cells

that have cancer stem cell characteristics (cancer stem-like

cells, CSCs) display increased expression of TEAD2 and E2A.
We isolated cells with the highest and lowest expression of

CD44 from a culture of CB1 cells, by flow cytometry (Figure 5E).

CD44, a plasmamembrane receptor, is highly expressed in stem

cells, including liver CSCs.40–43 CD44 high cells displayed higher

levels of TEAD2, E2A, and dedifferentiation markers, compared

with CD44 low cells. In addition, global protein acetylation and

expression of acetyl-CoA synthesis genes were reduced in
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Figure 5. TEAD2 and E2A promote dedifferentiation

(A) Immunoblots of control SNU449 cells (vector) and SNU449 cells overexpressing TEAD2 and E2A. Actin serves as a loading control. protein acetylation on

lysine residues (Ac-K).

(B) Bright field images of 3D- long term cultured SNU449 control cells (vector) and overexpressing TEAD2 and E2A. Scale bars, 100 mm.

(C) mRNA levels of E2A, TEAD2, and pluripotency transcription factors in control SNU449 cells (vector) and SNU449 cells overexpressing TEAD2 and E2A.

N = 3–4. Multiple t test, * p < 0.05, ** p < 0.01, *** p < 0.001.

(D) Immunoblots of control SNU449 cells (vector) and SNU449 cells overexpressing TEAD2 and E2A. Calnexin serves as a loading control.

(E) Top 25%of CD44 high or low subpopulations of CB1 cells isolated by fluorescence-activated cell sorting (FACS). Cells were labeledwith Alexa 555 conjugated

anti-CD44 antibody. Immunoblots of CD44 low and CD44 high CB1 cells were used to validate FACS.

(F) Immunoblots of CD44 low and CD44 high CB1 cells.

(G) mRNA levels ofOCT4,SOX2,Albumin,CYP1A2, andCYP3A4 in liver tumor tissue (T) fromHCCpatients comparedwith adjacent non-tumor tissue (NT). n = 73

(ED low) and 49 (ED high). Multiple t test, *** p < 0.001.

(H) Immunoblots of liver tumor tissue (T) from HCC patients compared with adjacent non-tumor tissue (NT). n = 5.

(I) mRNA levels of Epcam, Cd44, Albumin, and Cyp3a11 in liver tumors (T) from L-dKO compared with control livers (CTRL). n = 6 (pooled CTRL) and 4 (three

tumors per L-dKO mouse). Student’s t tests, *** p < 0.001.

(J) Immunoblots of L-dKO tumors compared with control livers (CTRL). n = 4 (CTRL and two tumors per L-dKO mouse). Ponceau S serves as a loading control.
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Figure 6. TEAD2 and E2A promote dedifferentiation and enhance metabolic fitness via reduction of acetyl-CoA levels

(A) Immunoblots of control SNU449 cells (vector) and SNU449 cells overexpressing TEAD2 and E2A with or without acetyl-CoA replenishing reagents (ARR)

treatment for 2 days. Calnexin serves as a loading control. Protein acetylation on lysine residues (Ac-K).

(B) Immunoblots of control Huh1 cells (vector) and Huh1 cells overexpressing TEAD2 and E2A with or without ARR treatment for 2 days.

(C) Bright field images of Huh1 control cells (vector) and overexpressing TEAD2 and E2A in 3D culture with or without ARR treatment for one week. Scale

bars, 100 mm.

(D–G) ECAR (D), extracellular lactate levels (E), ATP levels (F), and ROS levels (G) in control SNU449 cells (vector) and SNU449 cells overexpressing TEAD2 and

E2A with or without acetyl-CoA replenishing reagents (ARR) treatment. Carbonyl cyanidem-chlorophenylhydrazone (CCCP) is used to stimulate maximal res-

piratory capacity by uncoupling proton pumping. N = 4–8. Multiple t test, * p < 0.05, ** p < 0.01, *** p < 0.001.
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CD44 high cells (Figure 5F). Consistent with the above effects of

TEAD2 and E2A in cell lines, we also observed increased expres-

sion of pluripotency transcription factors and decreased expres-

sion of hepatocyte differentiation markers in tumors of HCC pa-

tients and L-dKO mice (Figures 5G–5J). These findings provide

further evidence that TEAD2 and E2A promote stemness in

cancer.

Acetyl-CoA and protein acetylation inhibit
dedifferentiation
We next investigated whether increased stemness upon overex-

pression of TEAD2 and E2A is due to decreased levels of acetyl-
CoA and protein acetylation. Indeed, restoration of acetyl-

CoA levels, by supplementing the growth medium with ARR,

decreased expression of dedifferentiation genes, including plu-

ripotency transcription factors and cancer stem cell markers

(Figures 6A–6C and S8A–S8D). Thus, TEAD2 and E2A promote

dedifferentiation/stemness and proliferation via reduction of

acetyl-CoA levels. To determine whether the effect of decreased

acetyl-CoA levels on dedifferentiation may be due to hypo-acet-

ylation of pluripotency factors, we separately immunoprecipi-

tated total acetylated proteins, OCT4, and SOX2 from TEAD2

and E2A overexpressing SNU449 cells and L-dKO tumors.

OCT4 and SOX2 displayed reduced acetylation in TEAD2 and
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E2A overexpressing SNU449 cells (Figures S8E and S8F) and

L-dKO tumors (Figures S8G and S8H). This is consistent with

studies in ES cells which found that deacetylation of OCT4 and

SOX2 maintains pluripotency.44,45 Altogether, the above sug-

gests that dedifferentiation upon decreased acetyl-CoA levels

is due to hypo-acetylation of pluripotency factors.

Next, we investigated whether the observed hypo-acetylation

of metabolic enzymes contributes to tumorigenesis. TEAD2 and

E2A overexpression enhanced glycolytic activity and ATP levels

and decreased ROS levels, all of which were reversed upon ARR

treatment (Figures 6D–6G). Thus, decreased acetyl-CoA levels

may promote tumorigenicity by reducing acetylation of pluripo-

tency transcription factors and metabolic enzymes (Figures 1I,

6, S1E, S1F, S2B, S7, and S8).

TEAD2 and E2A promote tumor growth and correlate
with poor survival
To evaluate the effects of TEAD2 and E2A on tumor growth, we

performed subcutaneous xenograft experiments with liver can-

cer cells (Huh7) in which both TEAD2 and E2A were knocked

down. TEAD2 and E2A double-knockdown cells failed to form

tumors, compared with control Huh7 cells (Figures 7A–7D).

Thus, TEAD2 and E2A are important for tumor growth in vivo

and, as described above, for proliferation and stemness in vitro.

As shown above, TEAD2 and E2A negatively regulate acetyl-

CoA synthesis and thereby promote cell proliferation and stem-

ness, leading to tumorigenesis. We next asked whether TEAD2

and E2A expression correlates with survival of HCC patients.

Based on data from the The Cancer Genome Atlas (TCGA),

TEAD2 and E2A expressions negatively correlate with overall

survival (OS) and progression free survival (PFS) of HCCpatients.

Conversely, expression of acetyl-CoA synthesis genes positively

correlates with OS and PFS (Figure 7E). These correlations

further support the notion that TEAD2 and E2A promote tumori-

genesis via inhibition of acetyl-CoA synthesis.

Do our findings in HCC apply to other cancers? Examination of

TCGA data revealed that high TEAD2 and E2A expressions

negatively correlate with OS and PFS also in ccRCC, pancreas

adenocarcinoma, lung squamous cell carcinoma (LSCC), and

prostate adenocarcinoma (Figures S9A–S9D). Furthermore,

expression of acetyl-CoA synthesis genes positively correlates

with OS and PFS in these cancers (Figures S9A–S9D). We

confirmed that global protein acetylation is reduced in these can-

cers (Figures S9E–S9H). Thus, our findings appear to apply to tu-

mors of other origin, suggesting a general importance of reprog-

ramming of acetyl-CoA metabolism in tumorigenesis.

DISCUSSION

We show that transcriptional reprogramming of acetyl-CoA

metabolism by TEAD2 and E2A promotes HCC. More specif-

ically, acetyl-CoA levels and non-histone protein acetylation

are decreased in HCC due to TEAD2- and E2A-mediated

repression of acetyl-CoA synthesis genes. This in turn leads to

dedifferentiation, proliferation, and tumor growth. The proteins

that promote tumorigenesis when de-acetylated are likely meta-

bolic enzymes and pluripotency transcription factors, including

OCT4 and SOX2.
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How do low acetyl-CoA levels and hypo-acetylation of pro-

teins lead to cancer? First, previous studies in ES cells suggest

that pluripotency transcription factors, including OCT4 and

SOX2, are nuclear and transcriptionally active only when deace-

tylated. Conversely, increased cellular acetylation leads to

increased proteasomal degradation of SOX2.44,46 Thus, hypo-

acetylation of pluripotency transcription factors may promote

dedifferentiation and thereby maintain CSCs. We observed

hypo-acetylation of OCT4 and SOX2 and nuclear localization

of SOX2 in TEAD2 and E2A overexpressing SNU449 cells and

L-dKO tumors (Figures S8E–S8H). Second, key enzymes in

metabolic pathways, including glycolysis/gluconeogenesis,

TCA cycle, and urea cycle, are acetylated.47 Our acetylome anal-

ysis revealed that enzymes in glycolysis/gluconeogenesis, the

TCA cycle, amino acid metabolism, ketone body metabolism,

FAO, and OXPHOS are hypo-acetylated in liver tumors

(Figures S1E, S1F, and S2B). Hypo-acetylation of succinate de-

hydrogenase flavoprotein subunit (SDHA), glutamate dehydro-

genase 1 (GLUD1), malate dehydrogenase 2 (MDH2), and ATP

synthase subunit O (ATP5O) can increase TCA cycle activity

and OXPHOS.47–50 In addition, hypo-acetylation of phospho-

glycerate mutase 1 (PGAM1) can enhance enzyme activity and

thereby promote glycolysis.51 Reduced enzyme activity of

hypo-acetylated hydromethylglutaryl-CoA lyase (HMGCL) and

hydroxyacyl-CoA dehydrogenase (HADH) can further inhibit

leucine catabolism and FAO52,53 (Figure 1I). Furthermore, we

observed that TEAD2 and E2A overexpressing cells have

higher glycolytic activity and ATP levels, and lower ROS levels,

compared with control cells (Figures 6D–6G). These observa-

tions are in agreement with reports that over half of all mitochon-

drial proteins are acetylated, and hypo-acetylation of metabolic

enzymes (e.g., by SIRT3 overexpression) promotes cell prolifer-

ation and enhances ATP generation, glucose uptake, MNSOD

activity, and lactate production.54,55 In addition, it is reported

that knockdown of TEAD2 in ovarian serous carcinoma (OSC) in-

duces ferroptosis by increasing ROS.56 We note that metabolic

fitness is reduced in TEAD2 and E2A overexpressing cells

upon ARR treatment (Figures 6D–6G). Thus, low acetyl-CoA

levelsmay promote tumorigenesis via hypo-acetylation of plurip-

otency factors and metabolic enzymes.

Altered histone acetylation and increased expression of his-

tone deacetylases (HDACs) have been reported in many cancer

types.57,58 This led to the development and approval of pan-

HDAC inhibitors (HDIs) for the treatment of T cell lymphomas

and recurrent multiple myeloma.59 However, HDIs have shown

limited efficacy against solid tumors.60 Our findings suggest

that reduced acetyl-CoA levels and hypo-acetylation of non-his-

tone proteins (or metabolites) may be important in solid tumors,

whereas acetylation of histones is important in liquid tumors. We

also note that the acetylation status and its effect on the function

of non-histone proteins are largely unknown. Although approxi-

mately 13,000 and 11,000 acetylation sites have been identified,

in mouse and human cell lines,16,61,62 respectively, only about

100 acetylation sites have been functionally characterized.

We report that TEAD2 and E2A play an important role in HCC,

in both patients and mouse models. We observed that changes

in TEAD2 and E2A expression directly affect acetyl-CoA meta-

bolism and thereby cell proliferation. In vitro, knockdown of



Figure 7. Knockdown of TEAD2 and E2A inhibites HCC cell xenograft growth inmice, and expressions of TEAD2 and E2A correlate with poor
survival of HCC

(A) mRNA levels of TEAD2 and E2A upon control (scrambled) and TEAD2&E2A double-knockdown in Huh7 cells. N = 5–6. Multiple t test, *** p < 0.001.

(B) Clonogenic growth assay upon control (scrambled) and TEAD2&E2A double-knockdown in Huh7 cells. N = 8. Student’s t test, *** p < 0.001.

(C) Representative pictures of xenograft mice from subcutaneous injection of TEAD2 and E2A double-knockdown (right flank, black arrow) and control

(scrambled) expressing Huh7 cells (left flank, white arrow), n = 6.

(D) Tumor growth curves of subcutaneous xenografts derived from TEAD2 and E2A double-knockdown (black circle) and control (scrambled) expressing Huh7

cells (white circle) in mice. The tumor volume was monitored at predetermined time points and was measured by caliper, n = 6 (three tumors were harvested at

33 days and rest three tumors were harvested at 40 days).

(E) Kaplan-Meier survival estimate curves for TCGA-LIHC patients ranked by expression of TEAD2 and E2A, acetyl-CoA synthesis enzymes, and dedifferentiation

(stemness) markers. Overall survival for TEAD2 and E2A: n = 82 (high) and 243 (low), overall survival for average expression of acetyl-CoA synthesis enzymes:

n = 215 (high) and 110 (low), and overall survival for average expression of dedifferentiation (stemness) markers: n = 84 (high) and 241 (low). p value according to

the log-rank test. Progression free survival for TEAD2 and E2A: n = 84 (high) and 263 (low), progression free survival for average expression of acetyl-CoA

synthesis enzymes: n = 236 (high) and 111 (low), and progression free survival for average expression of dedifferentiation (stemness) markers: n = 85 (high) and

262 (low). p value according to the log-rank test.

(F) Illustration highlights metabolic differences along with protein acetylation and dedifferentiation in normal hepatocyte and HCC cells.
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TEAD2 and E2A enhanced acetyl-CoA synthesis and reduced

cell proliferation, whereas overexpression of TEAD2 and E2A

suppressed acetyl-CoA synthesis and promoted cell prolifera-

tion (Figures 3, 4, and S3–S5). In vivo, knockdown of TEAD2

and E2A prevented tumor initiation and growth (Figures 7C and

7D). Thus, TEAD2 and E2A promote tumorigenesis via inhibition

of acetyl-CoA synthesis and protein acetylation. TEAD2 and E2A

were previously implicated in tumorigenesis, but via expression

of EMT related genes.63,64 The TEADs, of which there are four

isozymes, are mediators of the Hippo pathway that regulate

cell proliferation and organ size.65 Among the TEADs, only

TEAD2 was upregulated in HCC and negatively correlated with

the overall survival of patients.66 We report that TEAD2, but not

other TEADs, suppresses acetyl-CoA synthesis and thereby re-

duces acetyl-CoA levels and protein acetylation (Figures 3A, 3B,

3E–3J, and S4A–S4I). Furthermore, suppression of acetyl-CoA

synthesis genes by TEAD2 is independent of YAP/TAZ and

VGLLs (Figures S4J–S4M).

The role of E2A in tumorigenesis has been controversial. E2A

was first reported as a tumor suppressor in lymphoma.67,68 How-

ever, it was later shown to be upregulated in prostate cancer69

and cervical squamous cell carcinoma.70 Furthermore, E2A pro-

motes cell proliferation and tumor growth in LSCC but inhibits

cell proliferation in lung adenocarcinoma,71 suggesting that

E2A impacts tumorigenesis in a cancer type-dependent manner.

We observed that high TEAD2 and E2A expression negatively

correlates with patient survival in HCC and LSCC, but not in B

cell lymphoma and lung adenocarcinoma. In line with the obser-

vation that TEAD2 and E2A expression negatively correlates with

patient survival, expression of acetyl-CoA synthesis genes posi-

tively correlates with patient survival (Figures 7E, S9C, and S9G).

Our findings suggest that TEAD2 and E2A promote tumorigen-

esis via rewiring acetyl-CoA metabolism in several cancers. We

note that neither TEAD2 nor E2A was previously implicated in

acetyl-CoA synthesis.

Metabolic reprogramming is common and important in cancer

cells. We demonstrate that metabolic changes in HCC are due to

upregulation of TEAD2 and E2A, causing inhibition of acetyl-CoA

synthesis and, in turn, dedifferentiation/stemness (Figure 7F).

Previous reports suggest that the transcription factors TEAD2

and E2A maintain stem cell pools.29,72,73 We note that expres-

sion of TEAD2 and E2A is very low in hepatocytes compared

with mouse embryos and human ES cells (Figures S9I and

S9J).74,75 We observed that TEAD2 and E2A induce expression

of pluripotency transcription factors and cancer stem cell

markers via lowering acetyl-CoA levels (Figures 5, 6, S7, and

S8). Thus, our findings functionally link the dedifferentiated state

of stem cells and cancer cells.

Limitations of the study
Our study identified transcriptional suppression of acetyl-CoA

synthesis, reduction of acetyl-CoA levels, and hypo-acetylation

of non-histone proteins in HCC. Follow-up studies are required

to examine the function of hypo-acetylated proteins such as

metabolic enzymes and pluripotency transcription factors.

Furthermore, our study was conducted in HCC. Whether the

same transcriptional suppression of acetyl-CoA synthesis can

be generalized to other cancers remains to be addressed,
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although TCGAmRNA expression and patient survival data sug-

gest that it is common (Figures S9A–S9D). Shedding light on

these questions might uncover therapeutic options in targeting

TEAD2 and E2A and/or acetyl-CoA metabolism.
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Antibodies

Rabbit anti-acetylated lysine Cell Signaling Technology Cat# 9441; RRID:AB_331805

Rabbit anti-ACSL1 Cell Signaling Technology Cat# 9189; RRID:AB_10891616

Rabbit anti-ACSS2 Cell Signaling Technology Cat# 3658; RRID:AB_2222710

Rabbit anti-Albumin Cell Signaling Technology Cat# 4929; RRID:AB_2225785

Rabbit anti-CD44 Cell Signaling Technology Cat# 37259; RRID:AB_2750879

Alexa 555 conjugated anti-CD44 antibody Cell Signaling Technology Cat# 95235

Rabbit anti-Histone H3 Cell Signaling Technology Cat# 4499; RRID:AB_10544537

Rabbit anti-Histone H4 Cell Signaling Technology Cat# 2592; RRID:AB_2118614

Rabbit anti-Pan TEAD Cell Signaling Technology Cat# 13295; RRID:AB_2687902

Rabbit anti-SALL4 Cell Signaling Technology Cat# 5850; RRID:AB_10858883

Rabbit anti-SLUG Cell Signaling Technology Cat# 9585; RRID:AB_2239535

Rabbit anti-pYAP S127 Cell Signaling Technology Cat# 4911; RRID:AB_2218913

Rabbit anti-YAP Cell Signaling Technology Cat# 4912; RRID:AB_2218911

Rabbit anti-ACAA2 Abcam Cat# ab128911; RRID:AB_11143433

Rabbit anti-ACADSB Abcam Cat# ab99951; RRID:AB_10676013

Rabbit anti-acetylated lysine Abcam # ab21623, ab190479; RRID:AB_446436

Rabbit anti-EpCAM Abcam Cat# ab71916; RRID:AB_1603782

Rabbit anti-N-cadherin Abcam Cat# ab76011; RRID:AB_1310479

Rabbit anti-OCT4 Abcam Cat3 ab181557; RRID:AB_2687916

Rabbit anti-pPDHA1 S293 Abcam Cat# ab177461; RRID:AB_2756339

Rabbit anti-PDHA1 Abcam Cat# ab168379

Rabbit anti-E2A Abcam Cat# ab69999; RRID:AB_1271195

Rabbit anti-ACADVL Genetex Cat# GTX114232; RRID:AB_10620453

Rabbit anti-AUH Genetex Cat# GTX55527

Rabbit anti-IVD Genetex Cat# GTX114502; RRID:AB_10619570

Rabbit anti-HMGCL Genetex Cat# GTX109096; RRID:AB_1950501

Mouse anti-ACAD8 Santacruz Biotechnology Cat# sc390038

Mouse anti-ALDH2 Santacruz Biotechnology Cat# sc100496; RRID:AB_2242451

Mouse anti-CPT1 Santacruz Biotechnology Cat# sc393070

Mouse anti-CPT2 Santacruz Biotechnology Cat# sc377294

Mouse anti-CYP1A2 Santacruz Biotechnology Cat# sc53241; RRID:AB_629359

Mouse anti-CYP3A4 Santacruz Biotechnology Cat# sc53850; RRID:AB_782375

Mouse anti-HCD2 (ERAB) Santacruz Biotechnology Cat# sc136326; RRID:AB_10647087

Mouse anti-HIBADH Santacruz Biotechnology Cat# sc398288

Mouse anti-HIBCH Santacruz Biotechnology Cat# sc515355

Mouse anti-MCCC1 Santacruz Biotechnology Cat# sc365754; RRID:AB_10841913

Mouse anti-MCCC2 Santacruz Biotechnology Cat# sc390836

Mouse anti-NANOG Santacruz Biotechnology Cat# sc53850; RRID:AB_782375

Rabbit anti-OCT3/4 Santacruz Biotechnology Cat# sc5279; RRID:AB_628051

Mouse anti-PDK1 Santacruz Biotechnology Cat# sc515944

Mouse anti-PDK2 Santacruz Biotechnology Cat# sc517284

Mouse anti-PPARa Santacruz Biotechnology Cat# sc398394;RRID:AB_2885073

Rabbit anti-acetyl-Histone H3 Sigma-Aldrich Cat# 06-599
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Rabbit anti-acetyl-Histone H4 Sigma-Aldrich Cat# 06-866

Rabbit anti-ACAT1 Sigma-Aldrich Cat# HPA004428; RRID:AB_1078088

Rabbit anti-SOX2 Sigma-Aldrich Cat# HPA045725

Rabbit anti-E2A Sigma-Aldrich Cat# HPA30014

Rabbit anti-BDH1 Thermo Fisher Cat# MA5-15594; RRID:AB_11007633

Rabbit anti-ECHS1 Thermo Fisher PA5-30014

Rabbit anti-TEAD2 Thermo Fisher PA5-116018; RRID:AB_2900652

Mouse anti-Actin Millipore Cat# MAB1501; RRID:AB_2223041

Rabbit anti-SOX9 Millipore Cat# AB5535; RRID:AB_2239761

Rabbit anti-Calnexin Enzo Cat# ADI-SPA-860; RRID:AB_10616095

Rabbit anti-VGLL4 ATLAS antibodies Cat# HPA038614; RRID:AB_2676115

Goat anti mouse IgG HRP Jackson immunoresearch Cat# 115-035-174; RRID:AB_2338512

Goat anti rabbit IgG HRP Jackson immunoresearch Cat# 211-032-171; RRID:AB_2339149

Rabbit anti-TEAD2 Prof. Gerhard Christophori (University of

Basel, Switzerland)

N/A

Bacterial and virus strains

TCF3 (E2A) - Human, 4 unique 29mer

shRNA constructs in lentiviral GFP vector

Origene TL308904

TEAD2 - Human, 4 unique 29mer shRNA

constructs in lentiviral GFP vector

Origene TL308887

SMARTpool: ON-TARGETplus TCF3 siRNA Horizon L-009384-00-0005 5 nmol

SMARTpool: ON-TARGETplus

TEAD2 siRNA

Horizon L-012611-01-0005 5 nmol

Tead2 - Mouse, 4 unique 29mer shRNA

constructs in retroviral untagged vector

Origene TR502250

Tcf3 - Mouse, 4 unique 29mer shRNA

constructs in retroviral untagged vector

Origene TL510854

ORF expression clone for

TCF3(NM_001136139.2) (Lenti viral, CMV,

Purified plasmid)

GeneCopoeia EX-Y4553-Lv197

ORF expression clone for

TEAD2(NM_001256658.1) (Lenti viral, CMV,

Purified plasmid)

GeneCopoeia EX-Y5108-Lv126

ORF expression clone for mouse

TCF3(NM_001164147.1) (Lenti viral, CMV,

Purified plasmid)

GeneCopoeia EX-Mm29752-Lv126

ORF expression clone for mouse

TEAD2(NM_011565.2) (Lenti viral, CMV,

Purified plasmid)

GeneCopoeia EX-Mm05656-Lv126

MERCK mission shRNA bacterial stock for

human PPARa

Sigma-Aldrich TRCN0000001665, TRCN0000001667,

TRCN0000001668, TRCN0000244945

MISSION� pLKO.1-puro Non-Target

shRNA Control Plasmid DNA

Sigma-Aldrich SHC016

ON-TARGETplus Non-targeting

Control Pool

Horizon D-001810-10-05

Non-effective 29-mer Scrambled shRNA

Cassette in p-RFP-C-shLenti Vector, 5 ug

Origene TR30031

Control vector (with EGFP) for

pReceiver-Lv126

GeneCopoeia EX-EGFP-Lv126
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ORF expression clone for mouse

PPARA(L02932.1) (Lenti viral, CMV, Purified

plasmid)

GeneCopoeia EX-G0109-Lv126

MERCK mission shRNA bacterial stock for

human PDK1

Sigma-Aldrich TRCN0000006261, TRCN0000194672,

TRCN0000196728, TRCN0000196891,

TRCN0000006260

MERCK mission shRNA bacterial stock for

human PDK2

Sigma-Aldrich TRCN0000002314, TRCN0000002315,

TRCN0000002316, TRCN0000002317,

TRCN0000002318

Acetyl CoA synthetase (ACSS2)

(NM_018677) Human Tagged ORF Clone

Origene RC204260

pGL4.10[luc2] luciferase reporter Promega PAE6651

pNL1.1.TK[Nluc/TK] Promega PAN1501

Biological samples

Human paraffin-embedded tissue slides Biomax BCN721b, BCN801, BCN963b

Human: gene expression from RNA

sequencing

Cancer Genome Atlas (TCGA) https://cancergenome.nih.gov

Chemicals, peptides, and recombinant proteins

PBS Sigma-Aldrich D8537

Puromycin Gibco A11138-03

Trypsin-EDTA Sigma-Aldrich T3924

FBS Gibco 10500064

1% penicillin/streptomycin Thermo Fisher 15140122

DMEM Sigma-Aldrich D5671

L- glutamine Gibco 25030081

1x EDTA-free protease inhibitor

Cocktail

Roche 11836170001

RNase inhibitor Promega N261B

Fast SYBR Green master mix Applied Biosystems 4385612

iScript cDNA synthesis kit Bio-Rad 1708891

Bovine serum albumin PanReac AppliChem A6588,0100

PMSF Merck 10837091001

SuperSignal West Femto Maximum

Sensitivity Substrate

Thermo Fisher 34095

SuperSignal West Pico

Chemiluminescent Substrate

Thermo Fisher 30480

T4 DNA Ligase NEB M0202S

RNeasy Mini Kit (50) Qiagen 74104

RNase-Free DNase Set (50) Qiagen 79254

Sequencing-grade modified trypsin Worthington N/A

Endoproteinase LysC Waco N/A

C18 reverse-phase SepPak-200mg

columns

Waters N/A

PhosSTOP Roche 04906837001

Nonessential amino acids Thermo Fisher 11140050

Sodium pyruvate Gibco 11360070

T-PER Thermo Fisher 78510

Sucrose Sigma-Aldrich S0389

Mannitol Merck 105980

(Continued on next page)

ll
Article

e3 Molecular Cell 82, 4246–4261.e1–e11, November 17, 2022

https://cancergenome.nih.gov


Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Tris Merck GE17-1321-01

EGTA Merck 324626

M-PER Thermo Fisher 78501

4% w/v formalin solution J.T. Baker N/A

EDTA Sigma-Aldrich E9884

Sodium azide Sigma-Aldrich S2002

Matrigel BD biosciences N/A

NaCl Merck S9888

TERGITOL� solution (NP-40) Sigma-Aldrich NP40S-100ML

Acetyl-lysine antibodies immobilized to

agarose beads

Immunochem ICP0388-5mg

Rabbit IgG control agarose Novus NBP-97118

Control agarose bead Thermo Fisher 2150

Protein A/G magnetic beads Pierce 88803

Purified rabbit IgG Bethyl P120-101

JetPRIME polyplus 101000046

X-tremeGENE 360 Sigma-Aldrich 8724121001

DMEM/F12 Gibco 11320033

Insulin-Transferrin-Selenium (ITS -G) (100X) Gibco 41400045

Dexamethasone Sigma-Aldrich D2915

Aceto acetate Sigma-Aldrich A8509

Keto valine Sigma-Aldrich 198994

Keto iso-leucine Sigma-Aldrich K7125

DCA Santacruz Biotechnology sc203275

Verteporfin Sigma-Aldrich SML0534

perchloric acid Merck 244252

Urea Applichem A1086

Trichostatin A (TSA) Sigma-Aldrich T1952

Dithiothreitol (DTT) Sigma-Aldrich D0632

2-Chloroacetamide (CAA) Sigma-Aldrich 22790

Trifluoroacetic acid (TFA) Applied Biosystems N/A

Bovine Serum Albumin Sigma-Alrdich A9647

ImmPACT NovaRED substrate,

peroxidase (HRP)

Vector Laboratories SK-4805

Hematoxylin and Eosin Vector Laboratories H-3502

Crystal violet Sigma-Aldrich HT90132

Critical commercial assays

Nano-Glo dual luciferase reporter assay kit Promega N1610

Acetyl-CoA assay kit Sigma-Aldrich MAK039

PDH enzyme activity microplate assay kit Abcam ab109902

Glycolysis assay Abcam ab197244

Luminescent ATP detection assay kit Abcam ab113849

Cellular ROS assay kit Abcam ab113851

VECTASTATIN Elite ABC HRP kit,

Peroxidase

Vector Laboratories PK-6104

Deposited data

HCC patients sequencing data Ng et al.19 EGAS00001005073, EGAS00001005074

HCC patients proteome data Ng et al.19 PRIDE (PXD025705, PXD025836)
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Mouse transcriptome sequencing data Dimitrakopoulos et al.12 SRP156216

Mouse proteome data Dimitrakopoulos et al.12 https://github.com/cbg-ethz/netics/tree/

master/mouse_data

Mouse acetylome data This paper PRIDE (PXD036203)

Raw data (immunoblots, microscopy

images)

This paper https://data.mendeley.com/datasets/

sn5fggcp9v/draft?a = 6ed164ed-0ca8-

4366-97e8-65afed2f85d5

https://doi.org/10.17632/sn5fggcp9v.1

Experimental models: Cell lines

Stable TEAD1,3,4 knockdown Huh7 cells Prof. Gerhard Christophori (University of

Basel, Switzerland)

N/A

HEK293T ATCC CRL-3216

SNU449 Prof. Diego Calvisi (University of

Sassari, Italy)

N/A

Huh1 and Huh7 Prof. Gerhard Christophori (University of

Basel, Switzerland)

N/A

CB1 Prof. Michael N. Hall, (University of Basel,

Switzerland)

N/A

Experimental models: Organisms/strains

Mouse: Tsc1loxP/ loxP; PtenloxP/ loxP; Alb-Cre

(L-dKO)

Guri et al.,13 Hindupur et al.14 N/A

Mouse: Tsc1loxP/ loxP; PtenloxP/ loxP (Control) Guri et al.,13 Hindupur et al.14 N/A

Mouse: NOD/SCID gamma-c (NSG) The Jackson Laboratory JAX:005557

Oligonucleotides

ACAA2 Forward primer TGCGTTTTGGAACCAAGC N/A

ACAA2 Reverse primer CATGCTGATCTGTTAATGATACCC N/A

ACAD8 Forward primer CTCCAAGTCCTGCCACA N/A

ACAD8 Reverse primer CCAGAGGCTCTCCAAACTGCTT N/A

ACADVL Forward primer TAGGAGAGGCAGGCAAACAGCT N/A

ACADVL Reverse primer CACAGTGGCAAACTGCTCCAGA N/A

ACAT1 Forward primer TTGATACATAACTCCGTTCCACA N/A

ACAT1 Reverse primer GACCATGGCTGTGCTGG N/A

ACSL1 Forward primer CTTCTGGTACGCCACGAGAC N/A

ACSL1 Reverse primer GTCGCTGTCAAGTAGTGCG N/A

Actin Forward primer GCGAGAAGATGACCCAGATC N/A

Actin Reverse primer CCAGTGGTACGGCCAGAGG N/A

AUH Forward primer CCAGTGAAGTTGGTCCTTTTGTC N/A

AUH Reverse primer GCTAAAGCCAGTTCAAGACCACC N/A

BDH1 Forward primer GAAAGTGGTGGAGATTGTCCGC N/A

BDH1 Reverse primer TGTAGGTCTCCAGGCTGGTGAA N/A

E2A Forward primer CCGACTCCTACAGTGGGCTA N/A

E2A Reverse primer CGCTGACGTGTTCTCCTCG N/A

ECHS1 Forward primer TTTTCTGCGATGATGTACTCAAA N/A

ECHS1 Reverse primer CTGCGTGTCCTGCTGTCCT N/A

GAPDH Forward primer AGCCACATCGCTCAGACA N/A

GAPDH Reverse primer GCCCAATACGACCAAATCC N/A

HIBCH Forward primer GGAGTTGGTCTCTCAGTCCATG N/A

HIBCH Reverse primer CCAAGTTTTCCTTGGAGTCGTGG N/A

HMGCL Forward primer TGCTGTCATGCAGGAAGTGCCT N/A
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HMGCL Reverse primer CTCCAAGTCCTGCCACA N/A

IVD Forward primer ACACCATTCCCTACCTGCACGT N/A

IVD Reverse primer ACATACTGCCGACACGCCATGA N/A

MCCC1 Forward primer AGCAGACCCTTCCACCAGGATT N/A

MCCC1 Reverse primer CACACGACCAGCTTCGCAATCA N/A

NANOG Forward primer CAAAGGCAAACAACCCACTT N/A

NANOG Reverse primer TCTGCTGGAGGCTGAGGTAT N/A

OCT4 Forward primer TTTTGGTACCCCAGGCTATG N/A

OCT4 Reverse primer GCAGGCACCTCAGTTTGAAT N/A

PDK1 Forward primer CATGTCACGCTGGGTAATGAGG N/A

PDK1 Reverse primer CTCAACACGAGGTCTTGGTGCA N/A

PDK2 Forward primer TGCCTACGACATGGCTAAGCTC N/A

PDK2 Reverse primer GACGTAGACCATGTGAATCGGC N/A

SALL4 Forward primer ACATCTCCGCGGTGGATGT N/A

SALL4 Reverse primer TGCTCCGACACTTGTGCTTG N/A

SOX2 Forward primer GAGCTTTGCAGGAAGTTTGC N/A

SOX2 Reverse primer GCAAGAAGCCTCTCCTTGAA N/A

TEAD1 Forward primer ATGCCAACCATTCTTACAGTGAC N/A

TEAD1 Reverse primer ACAGTTCCTTTAAGCCACCTTTC N/A

TEAD2 Forward primer GACGGCAGATTTGTGTACCG N/A

TEAD2 Reverse primer GAGACCTCGAAGACATAGGCG N/A

TEAD3 Forward primer TCATCCTGTCAGACGAGGG N/A

TEAD3 Reverse primer TCTTCCGAGCTAGAACCTGTATG N/A

TEAD4 Forward primer GAACGGGGACCCTCCAATG N/A

TEAD4 Reverse primer GCGAGCATACTCTGTCTCAAC N/A

mE2a Forward primer GGGTGCCAGCGAGATCAAG N/A

mE2a Reverse primer ATGAGCAGTTTGGTCTGCGG N/A

mGapdh Forward primer GCACAGTCAAGGCCGAGAAT N/A

mGapdh Reverse primer GCCTTCTCCATGGTGGTGAA N/A

mTead2 Forward primer GAAGACGAGAACGCGAAAGC N/A

mTead2 Reverse primer GATGAGCTGTGCCGAAGACA N/A

mTead3 Forward primer TGGACAAGGGTCTGGACAACG N/A

mTead3 Reverse primer AACCTTGAGGAGGAGGAGAAG N/A

mTead4 Forward primer ATTACCTCCAACGAGTGGAGC N/A

mTead4 Reverse primer CTGGCAAAGCTCCTTGCCAAA N/A

N/A

Recombinant DNA

pGL4.1[luc2]-ACAD8 promoter region This paper N/A

pGL4.1[luc2]-ACAA2 promoter region This paper N/A

pGL4.1[luc2]-CPT2 promoter region This paper N/A

pGL4.1[luc2]-IVD promoter region This paper N/A

Software and algorithms

GraphPad Prism 9 https://www.graphpad.com/scientific-

software/prism/

N/A

Fiji https://fiji.sc/#cite N/A

ZEN 2 (blue edition) Carl Zeiss N/A

FlowJo https://www.flowjo.com N/A

Tecan i-control, version 1.11.1.0 Tecan N/A
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Progenesis QI v2.0, Nonlinear dynamics

Limited

http://www.nonlinear.com/progenesis/ N/A

MaxQuant v1.0.13.13 http://www.coxdocs.org/doku.php?id =

maxquant:start

N/A

JASPAR http://jaspar.genereg.net/ N/A
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RESOURCE AVAILABILITY

Lead contact
Requests for information and reagents should be directed to and will be fulfilled by the lead contact, Michael N. Hall (m.hall@

unibas.ch).

Materials availability
All unique/stable reagents and data generated in this study are available from the lead contact without restriction.

Data and code availability
Original western blot and microscopy images have been deposited at Mendeley Data, which are publicly available as of the date of

publication. Proteomic, transcriptomic, and metabolomic data has been deposited to ERAS, PRIDE, SRP, github, and Mendeley.

Links are provided in the key resources table.

This paper does not report original code.

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
Liver-specific Tsc1 and Pten double-knockout mice were obtained by crossing Tsc1loxP/ loxPmice with PtenloxP/ loxPmice expressing

Cre recombinase under the control of hepatocyte-specific albumin promoter. Age-matched littermate Tsc1loxP/ loxP PtenloxP/ loxPmice

without the Cre gene were used as controls. Mice had a mixed genetic background (C57BL/6J, 129/SvJae, BALB/cJ). Mice were

housed in temperature and humidity-controlled conditions, in a 12h light/dark cycle. All experiments were conducted on male

mice. Prior to all experiments, mice were fasted overnight. All relevant ethical regulations were followed. The tumors were harvested

at 20 weeks of age. Also, the condition of mice was monitored according to a score sheet as stipulated by the Institutional Animal

Care and Use Committee (IACUC), Kantonales Veterin€aramt of Kanton Basel-Stadt. For all animal experiments, respecting animal

ethics rules, a minimal number of animals was used as required to get a statistically meaningful result. All animal experiments

were performed under the federal ethical guidelines and were approved by the Kantonales Veterin€aramt of Kanton Basel-Stadt.

Human and mouse HCC cell lines
SNU449 cell line was kindly provided by Prof. Diego Calvisi (University of Sassari, Italy). Huh1 and Huh7 cell lines were kindly

provided by Prof. Gerhard Christophori (University of Basel, Switzerland). CB1 cells were established from 20 week old L-dKO

tumors in our laboratory.14 All cell lines used in the study were tested and found free of mycoplasma contamination. All cell lines

were grown in DMEM high glucose media supplemented with 10 % FBS, glutamine, nonessential amino acids, sodium pyru-

vate, and penicillin-streptomycin. Ultra-low attachment six-well plates (Corning, 3471) were used for hepatosphere forma-

tion assay.

Patient material and ethics
All relevant ethical regulations were followed in this study. Human tissues were obtained from patients undergoing diagnostic liver

biopsy at the University Hospital Basel, between 2008 and 2018. Written informed consent was obtained from all patients. The study

was approved by the ethics committee of the northwestern part of Switzerland (Protocol Number EKNZ 2014-099). Ultrasound-

guided needle biopsies were obtained from tumor lesion(s) and the liver parenchyma at a site distant from the tumor, following a co-

axial liver biopsy technique that allows obtaining several biopsy samples through a single biopsy needle tract as described.76 Clinical

disease staging was performed using the Barcelona Clinic Liver Cancer system.77 Biopsies frommulticentric tumors (i.e., genetically

independent primary tumors) but not intra-hepatic metastases were included. In total, 122 HCC biopsies and 115 non-tumoral tis-

sues from 114 patients were included in the study, including 6 patients from whom 2 synchronous multicentric tumor biopsies and 1

patient from whom 3 multicentric tumor biopsies were obtained. Regarding etiology, main etiologies were chronic alcoholism
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(alcoholic liver disease, ALD) (68 patients), HBV or HCV infection (43 patients), and non-alcoholic fatty liver disease (NAFLD) (19 pa-

tients). None of the patients had received systemic or locoregional therapies for liver cancer prior to biopsy. Two patients were treated

with curative surgery or ablation andwere biopsied after HCC recurrencewas diagnosed by imaging. The ethics committee approved

all experiments with resected human tissue samples (EKNZ, approval No. 361/12).

METHOD DETAILS

Immunoblot analysis
Liver tissues were homogenized in T-PER supplemented with 1 mM PMSF, 13 Complete Mini Protease Inhibitors, 13 PhosSTOP

using a Polytron (PT 10-35 GT). For subcellular fractionation, homogenized liver lysates were solubilized with buffer A (225mL

mannitol, 75mM sucrose, 30mM tris-Cl pH 7.4, 0.5mM EGTA) and incubated on ice 10min. The nuclear pellet was obtained after

centrifugation (200g, 5min, at 4�C) and solubilized in M-PER buffer after three times washing with PBS. The mitochondrial pellet

was obtained after centrifugation (12000g, 15min, at 4�C) and solubilized in M-PER buffer after three times washing with PBS.

The cytoplasmic fraction was recovered after centrifugation (15000g, 10min, at 4�C).
For the lysis of cells, an M-PER buffer was used. Equal amounts of homogenates were separated by SDS–PAGE and transferred

onto a nitrocellulose membrane (GE Healthcare)

H&E staining and immunohistochemistry (IHC)
The livers were fixed in 4% w/v formalin solution, dehydrated, and embedded into paraffin wax blocks. Embedded tissues were cut

into 4mm thick sections placed on superFrost slides (Thermo Scientific) and stained with hematoxylin and eosin (H&E). IHC was per-

formed using the acetyl-lysine antibodies. For tumormicroarray (TMA) analysis, we used human paraffin-embedded tissue slides and

performed IHC using anti-acetyl-lysine antibodies.

Fluorescence activated cell sorting (FACS)
Confluent CB1 cells were dissociated with trypsin and washed twice in FACS buffer (PBS, 2%FBS, 5mMEDTA, 0.1% sodium azide).

Cells were labeled with Alexa 555 conjugated anti-CD44 antibody at 4�C for 20min. Cells were washed twice in FACS buffer and

filtered with a 0.2mm syringe filter. Brightly and weakly stained cells were separated as gated by FACS (BD FACSAria� Fusion

Flow Cytometers) and were designated as CD44 high or CD44 low cells, respectively.

HCC xenografts in NOD/SCID gamma-c (NSG) mice
Xenograft experiments were performed with male NSG mice (8-week-old). 3x106 Huh7 cells were resuspended in Matrigel and in-

jected into a mouse’s right (double-knockdown cells) and left (control cells) flank. Tumor size was measured every 2-5 days using

a caliper slide rule. Tumor volume was calculated as follows: Tumor volume = 3.14159 x (longest diameter x shortest diameter2)/

6. Tumors were harvested when they reached more than 450 mm3 in volume (33 days or 40 days after injection). Tissue samples

were snap frozen or fixed in formalin. The animal experiments were performed strictly according to Swiss federal ethical guidelines

and were approved by the Kantonales Veterin€aramt of Kanton Basel-Stadt.

Immunoprecipitation (IP)
Frozen L-dKO tumors and livers from littermate controls were pulverized in a metal mortar cooled on dry ice. Powdered tissues were

resuspended in 50mMTris-HCl (pH 8.0), 100mMNaCl, 1mMPMSF, 1mMEDTA, 0.5%NP-40, 1x completemini protease inhibitor, 1x

PhosSTOP (hereafter referred to as IP buffer) and homogenized using a Polytron at 15000rpm for 30sec. Lysates are incubated at 4�C
on a rotator for 20min and centrifugated at 15000g for 10min at 4�C to remove cell debris. Protein concentration in the supernatant

was determined using the BCA assay. Tissue lysates from three different animals were pooled. For immunoprecipitation from

SNU449 cells, the same IP buffer and process were used. For immunoprecipitation of acetylated proteins, anti-acetyl lysine anti-

bodies immobilized on agarose beads were used. 100ul of beads were incubated with 1mg of lysate in 1ml of IP buffer for four hours

at 4�Cwith gentle rotation. After washing 4 times, the bound acetylated proteins were eluted with 2x Laemmli buffer and resolved by

SDS-PAGE for subsequent immunoblot analysis. Rabbit IgG control agarose was used as the negative control. Before IP, the lysates

were pre-cleared with a control agarose bead. For immunoprecipitation of OCT4 or SOX2 proteins, 1mg of lysate was incubated with

20ml of antibody for two hours at 4�Cwith gentle rotation. Next, 20ml of Pierce protein A/Gmagnetic beads were added and incubated

overnight at 4�Cwith gentle rotation. After four washes, bound protein was eluted with 2x Laemmli buffer and resolved by SDS-PAGE

for subsequent immunoblot analysis. Purified rabbit IgGwas used as the negative control. Lysates were pre-cleared with protein A/G

magnetic beads for one hour at 4�C with gentle rotation.

Stable TEAD2 or E2A overexpression or knockdown cells
For lentivirus generation, 2x106HEK293T cells were seeded in a 10cmdish inDMEMsupplementedwith 10%FBS the day before trans-

fection. Cells were transfected by JetPRIME.Mediumwas exchangedwith freshmedium six hours after transfection. After 24hours and

48hours, the supernatant was recovered and filtered with 0.2 mm filters and used to infect HCC cell lines. Stable transfected cell lines

were obtained by puromycin or blasticidin selection. After antibiotic selection, single-cell clones were generated for further use.
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Stable PDK1 and PDK2 knockdown cells
Lentiviral particles were generated as described above. Stable cell lines were obtained by puromycin selection.

Transient ACSS2 overexpression cells
Cells were transfected by JetPRIME and harvested after 48 hours. For clonogenic growth assay, Cells were transfected every third

day and harvested after one week.

Transient transfection and luciferase reporter constructs
Transient gene transfection was carried out to assess the effect of TEAD2 and/or E2A on luciferase reporters in SNU449 cells. 104

cells were seeded in 96 well plate and transfected with the firefly pGL4.10[luc2] luciferase reporter vector containing a�1000bp pro-

moter region of an acetyl-CoA synthesis gene (ACAD8, ACAA2,CPT2, or IVD) together with pNL1.1.TK[Nluc/TK] internal control vec-

tor, by X-tremeGENE 360. Nano-Glo dual luciferase reporter assay kit was used to measure the reporter activity according to the

manufacturer’s instructions 48 hours post-transfection. Luciferase activity was normalized by using a pNL1.1.TK[Nluc/TK] internal

control.

Cell treatments
For acetyl-CoA replenishing reagent (ARR) treatment, cells were cultured in DMEM supplemented with 2mM aceto acetate, 2mM

keto valine, 2mM keto isoleucine, and 4mM DCA. For verteporfin treatment, cells were cultured in DMEM supplemented with 5 or

10uM verteporfin for 24 hours.

Clonogenic growth assay and crystal violet staining
CB1 (103 cells per well) and other HCC cell lines (104 cells per well) were seeded in a six-well plate and stained with crystal violet (2%

crystal violet in 20% methanol) after seven days (n R 3). Absorbance was measured at 560 nm on a Tecan Infinite M1000 machine.

The software Tecan i-control, version 1.11.1.0, was used according to the manufacturer’s instructions. Blank was set with a stained

6-well plate without cells. Multiple reads were read per well (15 3 15 reads), and a border of 3,000 mmwas left in each well. The num-

ber of flashes was set to 25 with 10ms of settle time.

RNA isolation and quantitative reverse transcriptase PCR
Total RNA was isolated with TRIzol Reagent and RNeasy Kit. RNA was reverse transcribed to cDNA using an iScript cDNA Synthesis

Kit. Quantitative real-time PCR analysis was performed using Fast SYBR Green and q3TOWER (Analytik Jena). Relative expression

levels were determined by normalizing eachCt value toGapdh expression for mice andActin orGAPDH for human samples andHCC

cell lines using the DDCt method. For each gene at least three independent biological replicates were used. Primer pairs used in this

study are listed in STAR Methods, key resources table.

Metabolites and enzyme activity assays
Acetyl-CoA was measured using an assay kit. Cells or tissues were harvested in assay buffer provided by the assay kit and homog-

enized. The protein was precipitated with perchloric acid (PCA). After centrifugation, the supernatant was recovered and neutralized

by adding potassium bicarbonate until the pH of the sample was in the range of 6-8, and the precipitant was removed by centrifu-

gation. The supernatant was used to determine acetyl-CoA concentration in more than triplicate with the acetyl-CoA assay kit ac-

cording to the manufacturer’s instructions. Pyruvate dehydrogenase complex (PDC) enzyme activity was measured using a PDH

enzyme activity microplate assay kit. Tissues were harvested in the provided detergent solution and protein concentration was

measured using the BCA assay. The same amount of protein was used for each PDH activity measurement according to the man-

ufacturer’s instructions.

For ECAR, ATP, and ROS measurements, cells were seeded in 96 a well plate at recommended density, and measurements were

performed using a glycolysis assay, luminescent ATP detection assay kit, and cellular ROS assay kit, respectively, according to the

manufacturer’s instructions. For extracellular lactatemeasurement, 5x105 cells were seeded in a 12well plate, and 2ul of conditioned

medium was used for measurement using lactate pro 2 (Axonlab) after 24 hours.

Mouse proteome and transcriptome
12 frozen tumors from four L-dKO mice and six frozen control livers from littermates were used for proteomic and transcriptomic

analysis.12,14 For subsequent analysis, we computed the log2-fold-change in protein abundance in tumors compared to control

livers.

Mouse acetylome
Frozen L-dKO tumors and control livers from littermate control mice (CTRL) were pulverized in a metal mortar cooled on dry ice.

Powdered tissues were resuspended in 8M urea (containing 50mM Tris-HCl (pH 8.0), 150mM NaCl, 1mM PMSF, 1x Complete

Mini Protease Inhibitors, 1x PhosSTOP, 2mM TSA) and homogenized using a Polytron at 15000rpm for 30sec. Lysates are incu-

bated at 4�C on a rotator for 20min and centrifugated at 15000g for 10min at 4�C to remove cell debris. Protein concentration in
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the supernatant was determined using Bradford assay. Tissue lysates from three or four different animals was pooled and

reduced with 10mM dithiothreitol (DTT) for one hour at 37�C, cooled for 5–10min at room temperature, and alkylated with

50mM 2-Chloroacetamide (CAA) for 30min at room temperature in dark. The urea concentration was reduced to 3M by diluting

with 50mM Tris-HCl, pH 8.0. Proteins were treated with endoproteinase LysC (1:100; w/w) at 37 �C for four hours. The urea

concentration of the LysC digest was reduced to 1M. Later, trypsin digestion (1:50; w/w) was performed overnight at 37 �C.
Digestion was stopped by adding 0.5% trifluoroacetic acid (TFA) (v/v) that lowered the pH of the solution to below pH 2.0. Later,

the digest was centrifuged at 10,000g for 10min at room temperature and the supernatant was desalted on a C18 reverse-phase

SepPak-200mg column. The peptides were dried in a SpeedVac and resuspended in IP buffer. Acetylated lysine peptides were

enriched using acetyl lysine antibody immobilized to agarose beads in a 1:20 antibody:peptides ratio. The samples were incu-

bated overnight at 4�C with gentle rotation and then rinsed three times with IP buffer and three times with water, followed by

elution with 0.1% TFA. Eluted peptides were desalted before analysis. Aliquots containing either 1ug of peptides were sub-

jected to label-free quantification-based LC-MS analysis. The setup of the mRPLC-MS system was as described previously.78

Chromatographic separation of peptides was carried out using an EASY nano-LC 1200 system (Thermo Fisher Scientific),

equipped with a heated RP-HPLC column (75 mm x 37 cm) packed in-house with 1.9mm C18 resin (Reprosil-AQ Pur, Dr.

Maisch). Peptides were analyzed per LC-MS/MS run using a linear gradient ranging from 95% solvent A (0.15% formic acid,

2% acetonitrile) and 5% solvent B (98% acetonitrile, 2% water, 0.15% formic acid) to 30% solvent B over 90minutes at a

flow rate of 200nl/min. Mass spectrometry analysis was performed on an Orbitrap Fusion Lumos Tribrid LC-MS platform equip-

ped with a nanoelectrospray ion source (Thermo Fisher Scientific). Each MS1 scan was followed by high-collision-dissociation

(HCD) of the most abundant precursor ions using a cycle time of 3seconds with a dynamic exclusion for 20seconds. For MS1,

4E5 ions were accumulated in the Orbitrap cell over a maximum time of 100ms and scanned at a resolution of 240,000 FWHM

(at 200m/z). MS2 scans were acquired in the build in ion trap using a normalized collision energy of 30%, a target setting of

10E4 ions and an accumulation time of 25ms. Singly charged ions and ions with unassigned charge state were excluded

from triggering MS2 events. The mass isolation window was set to 1.4m/z and one microscan was acquired for each spectrum.

The acquired raw-files were imported into the Progenesis QI software (v2.0, Nonlinear Dynamics Limited), which was used to

extract peptide precursor ion intensities across all samples applying the default parameters. The generated mgf-files were

searched using MASCOT against a decoy database containing normal and reverse sequences of the predicted SwissProt en-

tries of mus musculus (www.ebi.ac.uk, release date 2016/11/15) and commonly observed contaminants (in total 33,984

sequence entries) generated using the SequenceReverser tool from the MaxQuant software (Version 1.0.13.13). The search

criteria were set as follows: full tryptic specificity was required (cleavage after lysine or arginine residues, unless followed by

proline); three missed cleavages were allowed; carbamidomethylation (C) was set as fixed modification; oxidation (M) and acet-

ylation (K) were applied as variable modifications; mass tolerance of 10 ppm (precursor) and 0.6 Da (fragments). The database

search results were filtered using the ion score to set the false discovery rate (FDR) to 1% on the peptide and protein level,

respectively, based on the number of reverse protein sequence hits in the datasets. The relative quantitative data obtained

were normalized and statistically analyzed using our in-house script as above.78 The mass spectrometry proteomics data

have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier

PXD036203 and 10.6019/PXD036203.

Metabolomics of mouse liver tissues
Snap-frozen liver samples from CTRL and L-dKO mice were collected and weighed. (WT: n=5, weight mean = 53.7mg,

stdev =4.2 mg; L-dKO: n=6, weight mean = 55mg, stdev = 11.4.) Sample weights did not differ significantly between the two groups

(two-tailed t-test, unequal variances p-value = 0.81). Metabolite extraction was performed previously described.45 Tissue samples

were kept on dry ice and homogenized in 1ml of 70% ethanol using a Tissue Lyser 2 (Qiagen) with a stainless steel bead at maximum

speed for one minute. Metabolites were extracted from the homogenized samples by adding 7ml of 70% ethanol heated to 75�C for

2minutes and subsequently cooled in ice water. Extracts were separated from cell debris by centrifuging at 2500g at 4�C for 10mi-

nutes, dried in a SpeedDry Vacuum Concentrator (Christ), and resuspended in double-distilled water (ddH2O) corresponding to the

measured weight, and then diluted 1:10 in ddH2O prior to mass spectrometric analysis. Untargetedmetabolomics was performed by

flow injection analysis on an Agilent 6550 quadrupole instrument time-of-flight mass mass spectrometer as described previously.79

The instrument was operated in positive mode, high-resolution (4GHz) mode. The injection sequence of samples was randomized,

and all samples were injected in duplicates. Mass spectrometry datawere pre-processed to collapse the time dimension, centroided,

and merged into a single data matrix. Based on their accurate mass and the Human Metabolome Database reference list, Ions were

annotated, allowing tolerance of 0.003 amu and multiple common ESI adducts. Annotated ions were then filtered for H+ adducts.

Proteome of patient tumor tissue
Fresh liver biopsies from 49 HCC were immediately snap-frozen in liquid nitrogen and processed as previously described13,80 and

used for proteomic analysis.19 HumanHCC biopsies weremeasured by sequential window acquisition of all theoretical mass spectra

(SWATH), in which data-independent acquisition is coupled with spectral library match.81 log2-fold-changes of protein abundance in

tumors compared to non-tumor tissues from the same patient were computed for further analysis.
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RNA-sequencing and data processing of patient samples
RNA-seq library prep was performed with 200ng total RNA using the TruSeq Stranded Total RNA Library Prep Kit with Ribo-Zero

Gold (Illumina) according to the manufacturer’s specifications. log2-fold-changes of normalized RSEM gene counts of tumors

compared to matched non-tumor livers were computed for further analysis. RNA-sequencing data19 of the human HCCs are avail-

able at the European Genome-phenome Archive under accession EGAS00001005074.

Patient survival analyses
For patient survival analysis, RNA seq data from 325 HCC, 350 RCC, 488 HNSCC, 461 LSCC, 520 CRC, and 348 RNCC were

retrieved from The Cancer Genome Atlas dataset (TCGA, Provisional) using the cbioportal (http://www.cbioportal.org, accessed 1

April 2021) website. Up-regulation of TEAD2/E2A and upregulation of dedifferentiation (stemness) markers (average expression of

CD44, SALL4, OCT4, NANOG, SOX2, and SOX4) were defined as z-scoreR 0.5. Down-regulation of acetyl-CoA synthesis enzymes

(average expression of IVD, MCCC1,MCCC2, AUH, HMGCL, ACADSB, ECHS1, HIBCH, HIBADH, HCD2, ACAA2, ACSL1, ACADVL,

HADH, ACAT1, BDH1, ALDH2, and ACSS2) was defined as z-score % � 0.5.

Correlation with TEAD2 or E2A and binding site prediction
Pearson’s correlation coefficient was used to test for associations of acetyl-CoA synthesis enzymes with TEAD2 or E2A using the

transcriptomes of HCC patients. Potential binding sites for TEAD2 or E2A in the promoters of acetyl-CoA synthesis genes were iden-

tified with the JASPAR database (http://jaspar.genereg.net/).

QUANTIFICATION AND STATISTICAL ANALYSIS

To determine the statistical significance between the two groups, an unpaired two-tailed Student’s t-test or multiple t-tests was per-

formed. Statistical analyses and data plotting were performed using GraphPad Prism 9 (GraphPad Software). Unless mentioned

otherwise, statistical significance was defined as <0.05. An unpaired t-test assuming Gaussian distribution was used to compare

between two groups. Data represent mean ± SEM. Sample numbers are indicated in each figure legend.
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