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activates stellate cells. However, deletion

of TAp63 inhibits the activation of these
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SUMMARY
The p63 protein has pleiotropic functions and, in the liver, participates in the progression of nonalcoholic fatty
liver disease (NAFLD). However, its functions in hepatic stellate cells (HSCs) have not yet been explored.
TAp63 is induced in HSCs from animalmodels and patientswith liver fibrosis and its levels positively correlate
with NAFLD activity score and fibrosis stage. In mice, genetic depletion of TAp63 in HSCs reduces the diet-
induced liver fibrosis. In vitro silencing of p63 blunts TGF-b1-induced HSCs activation by reducingmitochon-
drial respiration and glycolysis, aswell as decreasing acetyl CoA carboxylase 1 (ACC1). Ectopic expression of
TAp63 induces the activation of HSCs and increases the expression and activity of ACC1 by promoting the
transcriptional activity of HER2. Genetic inhibition of both HER2 and ACC1 blunt TAp63-induced activation of
HSCs. Thus, TAp63 induces HSC activation by stimulating the HER2-ACC1 axis and participates in the devel-
opment of liver fibrosis.
INTRODUCTION

The p53 family of transcription factors includes not only p53 but

also p63 and p73, in which p63 and p73 share high-sequence

and structural similarities but can exert different biological effects

and act through different mechanisms.1–3 Despite being recog-

nized mainly for their role in the cell cycle and cancer, there is
Cell Repo
This is an open access article under the CC BY-N
increasing evidence that this family also influences different meta-

bolic pathways.4–6

p63 is expressed as two major isoforms: an TAp63 form that

contains anN-terminal transactivation (TA) domain, and anN-ter-

minal truncated (DNp63) isoform that lacks this domain.7,8 p63

acts as a master transcription factor of stem cell pluripotency

and is crucial in basal epithelial development, differentiation,
rts Medicine 5, 101401, February 20, 2024 ª 2024 The Author(s). 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).



Figure 1. TAp63 protein is increased in activated hepatic stellate cells (HSCs) of livers with fibrosis

(A) Representative dual immunofluorescence for a-SMA (red) and TAp63 (green) in control subjects (n = 3) and NAFLD patients with different stages of fibrosis

(n = 16). Nuclei were stained with DAPI (blue).

(legend continued on next page)
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andpreventionof senescence. In thedietary nonalcoholic steato-

hepatitis (NASH) mouse model, TAp63 is induced in the liver,

and its hepatic-specific knockdown ameliorates high-fat diet–

induced steatosis by reducing endoplasmic reticulum stress

and de novo lipogenesis.9 In line with this, its overexpression ac-

celerates the development of liver steatosis.9 However, a poten-

tial direct role of TAp63 in liver fibrosis remains unstudied.

The key effectors in liver fibrosis are hepatic stellate cells

(HSCs), which account for approximately 8%–14% of total cells

in a healthy liver. In response to liver injury, HSCs move from a

quiescent phenotype rich in vitamin A into activated myofibro-

blast-like cells with proliferative and migratory properties, a pro-

cess defined as transdifferentiation.10–12 Activation of HSCs is

considered a crucial event that promotes increased extracellular

matrix production and hepatic fibrosis, leading to the increased

risk of hepatocarcinoma development.13 It is reported that HSCs

activation relies, at least partially, on a direct role of acetyl coen-

zyme A (CoA) carboxylase (ACC) by stimulating de novo synthe-

sis of fatty acids.14 Specifically, ACC1 catalyzes the rate-limiting

step of de novo lipogenesis, conversion of acetyl CoA to ma-

lonyl-CoA, and anACC inhibitor calledGS-0976 is in clinical trials

for the treatment of NASH.15–18

In the present study, we show that TAp63 levels were

increased in HSCs from patients and animal models of NASH

and liver fibrosis. The specific deletion of TAp63 in HSCs

protected the mice against liver fibrosis. Overexpression of

TAp63 in HSCs promotes their activation by inducing human

epidermal growth factor receptor 2 (HER2) expression and

thereby ACC1 and mitochondrial activity, whereas its silencing

blunts transforming growth factor b1 (TGF-b1)-induced HSC

activation. These findings indicate that TAp63 plays a critical

role in the activation of HSCs, with implications in liver fibrosis

development.

RESULTS

TAp63 is increased in activated HSCs from patients and
mice with fibrosis
Immunofluorescence labeling in liver sections of control subjects

and NAFLD patients (anthropometric characteristics in Table S1)

showed that the TAp63, the most abundant isoform of p63, co-

localized with a-smooth muscle actin (a-SMA) in the liver of

NAFLD patients but not in the livers of control subjects (Fig-

ure 1A). Furthermore, the area of colocalization positively corre-

lated with fibrosis stage, NAFLD activity score (NAS), and serum

levels of AST and ALT (Figure 1B) (Spearman correlation test).

Correlation of TAp63-aSMA area with other variables is available

in Table S2. These results show that TAp63 is highly expressed in

activated HSCs and in proportion to the fibrosis stage.

We next investigated the immunofluorescence of hepatic

TAp63 in mice models of NASH and liver fibrosis. Specifically,

we used mice fed a methionine- and choline-deficient diet

(MCDD) for 6 weeks, mice fed a high-fat diet combined with
(B) Correlations of TAp63-stained area in a-SMA+ cells with fibrosis stage, NAS

(C) Representative dual immunofluorescence for a-SMA and TAp63 in liver sectio

treated with carbon tetrachloride (0.6 mL/kg intraperitoneally [i.p.]) once per wee

control group (n = 4).
choline deficiency (CDHFD) for 52 weeks, and mice treated

with CCl4. We found increased staining of TAp63 in a-SMA+ cells

in these three mouse models, compared to normal livers (Fig-

ure 1C). Overall, these results indicate that TAp63 protein levels

are consistently elevated in fibrosis in activated HSCs in both

humans and mice.

p63 is upregulated in activated primary cultures of
stellate cells from murine models and humans
We next examined p63 mRNA expression in primary mouse

HSCs (PmHSCs) isolated from different mice models of

fibrosis. p63 was consistently upregulated in activated

PmHSCs from mice fed an MCDD for 6 weeks or fed a

CDHFD for 52 weeks, or from mice treated with CCl4, in com-

parison to the quiescent PmHSCs obtained from the control

groups (Figures 2A–2C).

We then analyzed p63 expression in the process of tension-

mediated activation of HSCs in culture. Quiescent HSCs were

harvested from the livers of healthy rats, cultured on plates,

and allowed to activate over the course of 7 days. Stellate cells

cultured on uncoated rigid plastic plates become activated

within days, expressing fibrogenic markers such as collagen

I, proliferating and losing the retinoid-containing droplets as re-

ported elsewhere,19 and is widely used to study molecular

mechanisms20 and metabolic transformation14 during the acti-

vation of primary stellate cells in culture. In parallel to the upre-

gulation of fibrogenic markers, primary rat HSCs (PrHSCs)

showed progressively increased levels of p63 expression

(Figure 2D).

Toassesswhetherp63expressionalsochangedduring theacti-

vationof humanHSCs,we treatedprimary humanHSCs (PhHSCs)

with TGF-b1, a potent fibrogenic inducer. Notably, TGF-b1

increased the expression of p63 as well as that of the profibrotic

markers ACTA2, COL1a1, and COL1a2 (Figure 2E). We obtained

similar results with the human LX-2 cells, a widely used HSC cell

line for fibrosis21; in this case, the administration of TGF-b1

increased themRNAexpression of total p63,which reflects a spe-

cific increase in TAp63 but not DNp63, promoting consequently

elevated proteins of TAp63 together with profibrotic markers

(ACTA2, COL1a1, andCOL1a2) in a time-dependent manner (Fig-

ure 2F). Overall, these results indicated that TAp63 is consistently

elevated in activated HSCs in both humans and rodents.

HSC-specific depletion of TAp63 protects against liver
fibrosis in mice
Given that specifically TAp63 protein levels are increased in

human andmurine HSCs, we next evaluated the potential effects

of the depletion of TAp63 in HSCs in a mouse model of liver

fibrosis. To this aim, we crossed TAp63-floxed mice with bacte-

rial artificial chromosome transgenic mice, in which Cre expres-

sion is driven by lecithin-retinol acyltransferase,22 to generate

mice with a TAp63 knockout specifically in HSCs (HSC-TAp63-

KO). To induce liver fibrotic NASH, mice were fed a CDHFD
score, and serum AST and ALT levels (Spearman correlation test).

ns frommice fed anMCDD for 6 weeks (n = 4), a CDHFD for 52 weeks (n = 4), or

k for 6 weeks (n = 4). Untreated mice fed a standard chow diet were used as
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for 20 weeks. The depletion of TAp63 in HSCs significantly atten-

uated CDHFD-induced serum AST and hepatic collagen deposi-

tion, without affecting lipid accumulation (Figures 3A–3C). Like-

wise, HSC-TAp63-KO mice had reduced hepatic

hydroxyproline levels and lower expression of fibrotic markers

as compared to the control group (Figures 3B–3D). Similar re-

sults were obtained in mice fed an MCDD, with a reduction in

AST, collagen deposition, hydroxyproline levels, and expression

of fibrosis markers in HSC-TAp63-KO mice, compared to the

wild-type (WT) group (Figures 3E–3H). More important, we did

not detect changes in liver Ki67 and cleaved caspase-3 immuno-

histochemistry staining area (Figures S1A and S1B), or in serum

levels of triglycerides, nonesterified fatty acids, and cholesterol

(Table S3) between WT and HSC-TAp63-KO mice subjected

to the two models of liver fibrosis. The efficiency of the stellate

cell–specific deletion of TAp63 was corroborated by immunoflu-

orescence, showing TAp63 staining colocalization with a-SMA

in MCDD-fed WTmice but not in HSC-TAp63-KOmice, whereas

TAp63 was found in albumin-positive cells in both genotypes

(Figure S1C). This suggests that the observed fibrotic changes

were independent of hepatic proliferation, liver apoptosis,

and serum lipid alterations. Together, our results indicate

that the absence of TAp63 in HSCs protects against fibrosis

development.

Inhibition of p63 blocks in vitro HSC activation
Once we demonstrated that (1) TAp63 expression is induced in

activated HSCs, (2) HSCs-specific depletion of TAp63 in mice

can ameliorate liver fibrosis, and (3) that changes in total p63

specifically reflect variations in the predominant isoform

TAp63, we next investigated whether p63 directly mediates the

mechanisms governing HSCs activation. We silenced p63

expression with small interfering RNA (siRNA) against p63

(sip63) in TGF-b1-induced activated PhHSCs. TGF-b1 treatment

in PhHSCs increased the mRNA expression of p63 (Figure S2A),

the oxygen consumption rate (OCR), and the extracellular acid-

ification rate (ECAR), indicative of mitochondrial and glycolytic

functions, respectively (Figures 4A–4C, S2B, and S2C). p63 inhi-

bition strongly reduced the TGF-b1-induced increases of OCR

and ECAR (Figures 4A–4C, S2B, and S2C). Quantification of

the different metabolic parameters of mitochondrial and glyco-

lytic functions revealed that sip63 blunted TGF-b1-induced basal

respiration, ATP-linked respiration, maximal respiration, and

nonmitochondrial respiration, as well as basal and compensa-

tory glycolysis (Figures S2B and S2C). Furthermore, cells with

downregulated p63 showed suppressed levels of the TGF-b1-

induced HSC activation markers (Figure 4D). Similar to the re-
Figure 2. p63 is upregulated in activated primary cultures of stellate c

(A) Levels of p63 mRNA in PmHSCs isolated from mice fed an MCDD for 6 week

(B andC)Mice fed a CDHFD (n = 4) or SD for 52weeks (n = 4) (B), and (C) treatedw

once per week for 6 weeks.

(D) mRNA expression of p63 and fibrogenesis markers in PrHSCs activated in cu

(E) Expression of fibrotic markers and p63 in PhHSCs from a donor following the

(F) mRNA expression of fibrotic markers, total p63, TAp63, DNp63, and TAp63

(n = 5–6). Hypoxanthine phosphoribosyltransferase (HPRT) and glyceraldehyde

protein levels.

Data are mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001.
sults obtained in PhHSCs, inhibition of p63 in LX-2 cells almost

completely suppressed the increase in OCR and ECAR and the

expression of activation markers following TGF-b1 administra-

tion (Figures 4E–4H, S3A, and S3C).

We next aimed to determine the underlyingmechanism through

which p63 exerts its effects on HSC activation. It is widely re-

ported that p63 controls the expression and protein levels of

different genes involved in de novo lipogenesis, mediating part

of its metabolic and proliferative actions.4,9,23–26 For this, we

measured the mRNA expression of different markers of de novo

lipogenesis in TGF-b1-activated LX-2 cells with or without

silencing p63. We found that the silencing of p63 led to a signifi-

cant decrease in ACC1 expression, without affecting the expres-

sion of other genes involved in de novo lipogenesis, such as fatty

acid synthase (FAS), stearoyl-CoA desaturase-1 (SCD1) or sterol

regulatory element binding protein 1c, or other proteins involved

in lipolysis, particularly peroxisome proliferator activated receptor

a, peroxisome proliferator-activated receptor gamma coactivator

1a, carnitine palmitoyltransferase 1A, carnitine palmitoyltransfer-

ase 2, long-chain acyl-CoA dehydrogenase, medium-chain acyl-

CoA dehydrogenase, and short-chain acyl-CoA dehydrogenase

(Figure 4I). Interestingly, ACC1 plays a key role orchestrating the

energetic reprogramming of activated HSCs14 andmay constitute

a target against fibrotic NASH.14,18 In agreement with the reduced

mRNA expression of ACC1 following the knockdown of p63, we

found reduced enzymatic activity and protein levels of ACC1

(Figures 4J and 4K). We did not detect changes in the phosphor-

ylated form of ACC (p-ACC) or in the protein levels of the phos-

phorylated (active) form of AMP-activated protein kinase a

(AMPKa), suggesting that the reduced levels of ACC1 due to

sip63 were independent of the AMPK pathway (Figures 4K and

S3D). To note, no changes were found in levels of apoptotic,

glycolytic, or proliferation markers (Figures S3E–S3G), indicating

that the observed effects of sip63 on HSC activation occurred

independently of apoptosis, regulation of expression of glycolytic

enzymes, and cell proliferation. Altogether, these findings reveal

that inhibition of p63 in HSCs diminished the metabolic and fibro-

genic activation induced by TGF-b1.

Overexpression of TAp63 induces in vitroHSCactivation
After demonstrating that TAp63 inhibition was sufficient to

prevent HSC activation, we performed a gain-of-function exper-

iment by overexpressing TAp63 in LX-2 cells to investigate

whether this could activate HSCs. Our results showed that

the ectopic expression of TAp63 (Figure 5A) stimulated the

OCR and ECAR, indicative of an active and highly energetic

phenotype (Figures 5B–5D). At the molecular level, TAp63
ells from murine models or human patients

s (n = 3) or (as a control) a standard diet (SD) for 6 weeks (n = 3).

ith carbon tetrachloride (0.6mL/kg i.p.) (n = 3) or (as a control) with vehicle (n = 4)

lture (n = 4–8).

administration of 8 ng/mL TGF-b1 for 24 h (n = 8).

protein levels in human LX-2 (n = 5–6) treated with TGF-b1 for 0, 12, or 24 h

3-phosphate dehydrogenase (GAPDH) were used to normalize mRNA and
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overexpression also increasedmRNA and protein levels of ACC1

(Figures 5E and 5F) and the expression of fibrotic markers (Fig-

ure 5G). We did not detect changes in the expression of other

markers of lipid metabolism or protein levels of p-ACC

(Figures 5E and 5F). We also did not find changes in protein

levels of apoptotic markers, expression of glycolytic markers,

or proliferation, indicating that the observed effects of TAp63

on HSC activation occurred independently of apoptosis, tran-

scriptional regulation of glycolysis, and cell proliferation

(Figures S4A–S4C). Furthermore, to corroborate our previous re-

sults indicating that DNp63 is not involved in HSC activation and

that only TAp63 reflects the effects of total p63 on HSC activity,

we overexpressed the DNp63 isoform in HSCs, finding that this

DN isoform did not affect the expression of ACC1 or HSC activa-

tion markers (Figure S4D). Our data indicated that ectopic

expression of TAp63, but not DNp63, stimulated the metabolic

and fibrogenic activation of HSCs.

Previous studies have implicated autophagy as a critical

determinant of HSC activation by driving lipolysis.27 Thus, we

investigated whether the effects of p63 were dependent on auto-

phagy. We initially measured the levels of well-established

markers of autophagy in HSCs overexpressing TAp63 and failed

to detect any significant change in the mRNA or protein levels of

ATG5 and ATG7 (Figure S4E). Next, we monitored autophagic

flux by analyzing light chain 3-II (LC3-II) turnover, in the presence

or absence of the inhibitor of lysosome-mediated proteolysis,

chloroquine (CQ), for 6 h. As expected, CQ administration

induced LC3-II accumulation and the blockade of autophagy.

Interestingly, LC3-II accumulation was induced to similar levels

in both control plasmid- and TAp63 plasmid-treated cells, indi-

cating that the LC3 flux was not altered by TAp63 (Figure S4F).

Finally, we evaluated whether the inhibition of autophagy abro-

gates the impact of TAp63 on ACC1 and the induction of fibrosis.

To this aim, LX-2 cells overexpressing TAp63 were treated with

CQ. The overexpression of TAp63 led to the expected increased

expression in ACC1, COL1a1, COl1a2, and ACTA2. These ef-

fects were not blocked by the administration of CQ (Figure S4G).

Overall, all of these results indicate that the TAp63-induced

ACC1 levels and fibrogenesis are not mediated via autophagy.

ACC1 mediates the in vitro HSC activation induced by
TAp63
To evaluate the relevance of the ACC1-mediated actions of

TAp63 in HSCs, we used the pharmacologic allosteric ACC1/

ACC2 inhibitor GS-0976 (called firsocostat [FIR]), which is in clin-

ical trials for the treatment of individuals with NASH and
Figure 3. Deficiency of TAp63 in HSCs protects against liver fibrosis in

HSC-TAp63-KO or WT mice were fed a CDHFD for 20 weeks (n = 7).

(A) Serum levels of AST.

(B) Hepatic hydroxyproline levels.

(C) Liver sections stained with H&E (top), oil red O (center), and Sirius red (botto

(D) Expression of fibrosis markers in the liver. HSC-TAp63-KO or WT mice were

(E) Serum levels of AST.

(F) Hepatic hydroxyproline levels.

(G) Liver sections stained with H&E (top), oil red O (center), and Sirius red (botto

(H) Expression of fibrosis markers in the liver. HPRT was used to normalize mRN

Data are mean ± SEM. *p < 0.05; **p < 0.01.

See also Figure S1.
fibrosis.18 LX-2 cells overexpressing TAp63 were incubated in

medium supplemented with 0.5 mM FIR. After 24 h, TAp63 upre-

gulation stimulated both ACC1 expression and ACC enzymatic

activity; however, coadministration of FIR completely blocked

these effects (Figure 6A). FIR also suppressed the increases of

OCR and ECAR induced by TAp63, as shown in the mitochon-

drial and glycolytic flux assays (Figures 6B–6D and S5A). The

subsequent quantification of metabolic parameters revealed a

block in basal respiration, ATP-linked respiration, maximal respi-

ration, and basal and compensatory glycolysis (Figure S5A).

Moreover, the expression of fibrotic markers did not increase

in LX-2 cells overexpressing TAp63 that were treated with FIR

(Figure 6E). Similarly, genetic silencing of ACC1 by siRNA

completely prevented TAp63 from stimulating ACC1 expression

and enzymatic activity (Figure 6F), as well as mitochondrial and

glycolytic functions (Figures 6G–6I and S5B), or from upregulat-

ing activation markers (Figure 6J). Along the same line, the quan-

tification of metabolic parameters revealed that basal respira-

tion, ATP-linked respiration, maximal respiration, and basal

and compensatory glycolysis were blocked in LX-2 cells in which

ACC1 had been downregulated (Figure S5B). Given the robust

effect of TAp63 activity on ACC1 levels and the strong role of

ACC1 in mediating the actions of TAp63 on HSC activation, we

wanted to figure out whether TAp63 could directly regulate the

transcriptional activity of ACC1. However, a luciferase reporter

assay in the presence of TAp63 did not modify the activity of

ACC1 promoter, suggesting that the TAp63-induced ACC1

levels could be indirect (Figure S5C). Overall, these data indi-

cated that ACC1 mediates the effects of TAp63 in the metabolic

and fibrogenic activation of HSCs, but TAp63 is not directly regu-

lating ACC1 transcriptional expression.

HER2 regulates TAp63-induced ACC1 expression and
HSC activation
To investigate in depth the mechanistic link between TAp63

and ACC1, we measured the expression of different known

transcription factors controlling ACC1 expression, specifically

ChREBP,28 LXRa,29 and HER2.30 Since it was reported that

ACC1 activity was induced in activated HSCs14 and our results

indicated that TAp63 also increased the expression and activity

of ACC1, we measured the expression of ChREBP, LXRa, and

HER2 in HSCs treated with TGF-b1. HER2 mRNA expression,

but not ChREBP or LXRa, was upregulated by TGF-b1 and the

genetic silencing of p63 blunted TGF-b1-induced HER2 expres-

sion (Figure 7A). In line with this, the overexpression of TAp63 in

HSCs did not alter the levels of ChREBP and LXRa, but did
mice fed a CDHFD

m). Staining areas were quantified.

fed an MCDD for 6 weeks (n = 6–7).

m). Staining areas were quantified.

A levels.
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significantly increase HER2 mRNA (Figure 7B) and HER2 protein

levels (Figure 7C). Finally, the genetic silencing of HER2 blunted

the upregulation of ACC1 and fibrogenic markers in HSCs over-

expressing TAp63 (Figures 7D–7F). Altogether, our results indi-

cate that HER2 was positively regulated by TAp63 in HSCs

and that HER2 mediates both TAp63-induced ACC1 expression

and fibrogenic effect.

Three consensus elements for TAp63 are found in the first

�1,600 bp upstream from the start transcription site in the

Her2 promoter gene (http://alggen.lsi.upc.es/cgi-bin/promo_v3/

promo/promoinit.cgi?dirDB=TF_8.3) (Figure 7G). To evaluate the

possible transcriptional regulation of HER2 by TAp63, a luciferase

reporter assay in the presence of TAp63 was carried out using

plasmids containing the Her2 promoter region. LX-2 cells trans-

fected with TAp63 significantly increased luciferase activity in the

HER2 promoter fragment (Figure 7H).

We examined a public domain dataset containing single-cell

RNA-sequencing (RNA-seq) data to find evidence of HER2

expression in human HSCs. To this end, we analyzed a recent

single-cell RNA-seq dataset including people with normal liver

and cirrhotic livers31 and found that 191/2,094 cells (9.12%)

were HER2+ in the cirrhotic liver, in comparison with 122/892

cells (13.67%) HER2+ in the normal liver. Despite the similar

proportion of HSCs expressing HER2 in both cases, HER2

mRNA expression was very significantly increased in HSCs

from the cirrhotic liver compared to HSCs from the normal liver

(Figure 7I).

Next, we evaluated the expression of HER2 in primary human

HSCs. We were able to detect baseline HER2 expression in

HSCs, and its levels significantly increased after the treatment

with TGF-b1 (Figure 7J). All of these data show that HSCs ex-

press HER2 and that their expression is induced upon activation.

Once the expression of HER2 in human HSCs was confirmed,

we studied whether HER2 played a causal role in HSC activation

and induction of fibrogenesis. For this, we performed experi-

ments of gain- and loss-of-function of HER2 in vitro. We overex-

pressed HER2 by using a plasmid vector, as corroborated by

qPCR and western blot (Figure S6A). In parallel to the upregula-

tion of HER2, the mRNA expression of ACC1 and the fibrogenic

markers ACTA2, COL1a1, and COL1a2 was also significantly

induced (Figure S6B). Furthermore, the pharmacological inhibi-

tor of HER2, namely CP724714, blocked the TAp63-induced

activation of HSCs and ACC1 expression (Figure S6C).
Figure 4. Genetic inhibition of p63 attenuates themetabolic and fibroge
(A and B) OCR (A) and (B) ECAR in PhHSCs silencing p63 and treated with TG

(oligomycin [Oligo], phenylhydrazone [FCCP], rotenone/antimycin A [Rot/AA] and

and glycolytic function were calculated (n = 2–4).

(C) Graph depicting the effect of TGF-b1 or sip63 treatments on quiescent or ener

metabolism.

(D) Expression of fibrotic markers (n = 4).

(E and F) OCR I and (F) ECAR in LX-2 cells silencing p63 and treated with TGF-b

(G) Basal energetic metabolic states, based on quantification of ECAR and OCR

(H) Expression of fibrotic markers (n = 6).

(I) Expression of markers of lipid metabolism (n = 6).

(J and K) ACC activity (n = 4) (J), and (K) protein levels of ACC and p-ACC (n = 5) in

to normalize mRNA and protein levels.

Data are mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001.

See also Figures S2 and S3.
TAp63 induced activation of HSCs is dependent on p53
The interaction between p53 and p63 is extremely complex and

variable, as it is dependent on the cellular type and the status of

the cells.32 To address the relationship between p63 and p53 in

HSCs, we measured the mRNA expression and protein level of

p53 in LX-2 cells treated with TGF-b and found that p53 was

significantly increased (Figure S7A). Moreover, p53 was signifi-

cantly induced in LX-2 cells after the overexpression of TAp63

(Figure S7B). p53 protein levels were measured in LX-2 cells

treated with TGF-b and silencing TAp63. The results indicated

that TGF-b-induced p53 was blunted upon the inhibition of

TAp63 (Figure S7C). Finally, to address the potential causal

role of p53 in the profibrotic action of TAp63, we overexpressed

TAp63 in LX-2 cells and silenced p53. The findings showed that

the overexpression of TAp63 increased the mRNA expression of

p53, ACC1, and fibrotic markers. However, in the group in which

p53 was inhibited, the TAp63-induced expression of all of these

genes was blunted (Figure S7D). All of these results demonstrate

that p53 mediates the activation of HSCs induced by TAp63.

DISCUSSION

Mice with genetic deletion of p63 have profound developmental

alterations that lead to early death.33 In adult cells, the two clas-

sical functions of p63 are considered to be tumor suppression

and cell maintenance and renewal34; however, it is now well es-

tablished that p63 also regulates several metabolic pathways.35

Our findings here expand our current knowledge about themeta-

bolic actions of p63 and indicate that its expression is elevated in

activated HSCs from rodent liver fibrosis models as well as in pa-

tients with liver fibrosis. Deletion of p63, and in particular, the

TAp63 isoform, exclusively in HSCs has a protective fibrotic

role. The importance of TAp63 in fibrosis development is in

agreement with previous literature showing that hepatic TAp63

is highly expressed under the pathological conditions of fatty

liver9 and hepatocellular carcinoma.36 Therefore, it seems that

TAp63 could be involved in the progression of NAFLD until

reaching tumorigenesis, a process that remains to be completely

understood.37 In this regard, it is also important to note that the

involvement of p63 in the spectrum of NAFLD seems to be spe-

cifically linked to the TAp63 isoform becauseDNp63 lacks the TA

domain and has the opposite effect as does TAp63.38–40 Further-

more, DNp63 fails to change lipid content in hepatocytes9 or to
nic activation induced by TGF-b1 in PhHSCs and human LX-2 cell line
F-b1 for 24 h. Arrows indicate the time point at which metabolic modulators

2-deoxyglucose [2-DG]) were added to the assay. Parameters of mitochondrial

getic metabolic states, based on quantification of ECAR and OCR during basal

1 for 24 h.

during basal metabolism (n = 4–6).

LX-2 cells silencing p63 and treated with TGF-b1. HPRT andGAPDHwere used
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have any effects on fibrogenesis of stellate cells. This is likely

consistent with the fact that the expression of TAp63 and

DNp63 are regulated by different mechanisms in hepatocellular

carcinoma cell lines.41

Our results indicated that the effects of TAp63 in liver fibrosis

aremediated via rewiring energymetabolism inHSCs, asdemon-

strated by strong changes inmitochondrial respiration, glycolytic

flux, and fatty acid metabolism following the manipulation of

TAp63. Indeed, activated HSCs require energy obtained from

oxidative phosphorylation, and this is correlated with a higher

number of mitochondria42 as well as with increased mitochon-

drial activity.43 HSC activation has also been shown to require

glycolysis.42 In addition, fatty acid metabolism, and in particular,

de novo lipogenesis, is a critical feature in the activation of HSCs.

For instance, the in vitro or in vivo inhibition of ACC1 directly

blocks HSC activation, displaying antifibrotic activity.14 In agree-

ment with this, l-a-lysophosphatidylinositol (LPI), which also fa-

vors the progression of fibrosis, induces the increase of ACC in

HSCs, and the inhibition of this enzyme blocks LPI-induced

HSC activation and liver damage.44 In line with the relevant role

of de novo lipogenesis in HSC activation, aramchol, which is in

Phase IIb clinical trials to treat NASH,45 downregulates SCD1

in HSCs and attenuates cellular fibrogenesis.46 Our findings in

HSCs showed that silencing TAp63 decreased mitochondrial

function, glycolytic activity, and ACC1 activity, whereas TAp63

overexpression induced mitochondrial respiration, glycolytic

flux, and ACC1 activity. The blockade of ACC1 by genetic or

pharmacological tools completely blunted the ability of HSCs to

activate oxidative phosphorylation and glycolysis in response

to TAp63 overexpression and also normalized the expression of

fibrotic markers. This agrees with different reports describing a

role for ACCanddenovo lipogenesis asmodulators of glycolysis,

mitochondrial function, and cell activation. In particular, ACC in-

hibition in HSCs suppressed the activation of glycolysis and

oxidative phosphorylation induced by TGF-b1.14 Similarly, lung

fibroblasts required FAS to becomeactivated in vitro, and FAS in-

hibition blocked pulmonary fibrosis in vivo.47 In the present study

we showed that the modulation of glycolytic rate induced by

TAp63 via ACC1 is independent of a direct transcriptional regula-

tion of glycolytic makers. The mechanism by which the inhibition

of de novo lipogenesis blocks glycolysis in HSCs remains un-

known. Of note, although TAp63 regulates the rewiring of lipid

metabolism in activated stellate cells, the depletion of p63 in

HSCs in vivo did not alter the metabolic flux of serum lipids.

This apparent discrepancy of our results compared to other pub-

lications reporting that the ACC inhibitionmay increase serum tri-

glycerides levels could be explained by the target specificity;
Figure 5. Overexpression of TAp63 activates human LX-2 cells

(A) mRNA expression of TAp63 and DNp63 (n = 4–6), and protein levels of TAp6

(B) OCR.

(C and D) ECAR (C) and (D) basal metabolism in LX-2 cells overexpressing TAp6

FCCP, Rot/AA, and 2-DG) were added to the assay.

(E) Expression of markers of lipid metabolism (n = 4–6).

(F and G) Protein levels of ACC and p-ACC (n = 4) (F), and (G) mRNA levels of fibr

protein levels.

Data are mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001.

See also Figure S4.
whereas our approach targeted TAp63 specifically in HSCs, the

other studies targeted ACC in the whole liver, with an obvious

dominant action of hepatocytes,18 or directly targeted ACC in

the hepatocytes.48 Together, these findings suggest that de

novo lipogenesis may be used generally during the metabolic re-

programming underlying stellate cell activation.

Our data indicating that ACC1mediates the fibrogenic actions

of TAp63 support the pivotal role for TAp63 on fatty acid meta-

bolism in a variety of contexts. Previous reports described that

this transcription factor stimulates the expression of lipogenic

enzymes that favor liver steatosis9 and also promotes cell sur-

vival through FAS.25 Besides the direct transcriptional actions,

TAp63 is also able to modulate the activity of enzymes involved

in fatty acidmetabolism via AMPK. In particular, TAp63 regulates

the expression of AMPK, which controls the activity of ACC

through inhibitory phosphorylation.24 In the present study, we

found that TAp63 overexpression induced increases in the enzy-

matic activity and protein andmRNA levels of ACC1, whereas its

knockdown reduced the activity, protein levels, and expression

of ACC1. However, TAp63 did not induce the transcriptional ac-

tivity of ACC1 in LX-2 cells, and the factor linking TAp63 to ACC1

seems to be HER2. For instance, TAp63 triggered the transcrip-

tional activity of HER2 and its downregulation or pharmacolog-

ical inhibition, avoiding TAp63-induced ACC1 expression and fi-

brogenic activity. Interestingly, HER2 has been demonstrated to

induce the expression of lipogenic enzymes in breast cancer

cells, thereby favoring their survival and proliferation.30 Indeed,

in the present study, we found that HER2 was consistently over-

expressed in HSCs from people with cirrhosis and HSCs from

murine models of fibrosis, and the ectopic expression of HER2

in HSCs was sufficient to activate the cells. HER2 gains are

potentially associated with NASH-induced hepatocellular carci-

noma as assessed using a single-cell microfluorescence in situ

hybridization approach.49 The existence of a functional HER2-

ACC1 axis also in HSCs supports the idea that this mechanism

also plays a relevant role in the activation of HSCs. However,

we did not detect changes in protein levels of phosphorylated

ACC nor in the phosphorylated (active) form of AMPKa following

the manipulation of TAp63. Together, our findings suggest that

TAp63 controls ACC1 via HER2 rather than via AMPK.

Our results also highlight the cell-type-specific metabolic roles

of p63; in the liver, the TAp63 expressed in hepatocytes pro-

motes fatty acid storage, whereas TAp63 expressed in HSCs

stimulates fibrosis. The cell-type-specific actions of p63 have

also been observed in cancer.50 Since liver tumor initiation is

often linked to fibrosis caused by HSCs, our results may indicate

that the increased levels of TAp63 in fibrosis could participate in
3 (n = 5–6) in LX-2 cell after overexpressing TAp63.

3 (n = 3). Arrows indicate the time point at which metabolic modulators (Oligo,

ogenic markers (n = 4). HPRT and GAPDH were used to normalize mRNA and
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cancer progression, a process during which p63 is known to be

highly expressed.51 Of note, p63+ cells have also been identified

in human cholangiocarcinoma and hepatocellular carcinoma.52

An interesting point is that TAp63 seems to require p53 to acti-

vate HSCs. We found that both TAp63 and TGF-b induced pro-

tein levels of p53 and the silencing of p53 blunts TAp63-induced

HSC activation. This is in line with previous research suggesting

that p53 is overexpressed in 35% of samples in liver biopsies in

patients with non-neoplastic liver disease, steatohepatitis, and

chronic hepatitis.53 Further in-depth studies will be necessary

to decipher the mechanisms of this interaction because despite

being part of the same family and showing structural similarities,

the roles of these two proteins are not always redundant and can

be different.54,55 The most representative example is probably

that, whereas p53-null mice develop normally and are viable,

p63-null mice have severely affected development.56,57 There-

fore, the complex interactions between p53 family members

are reflected by different functional implications.

Finally, our preclinical data are of potential clinical value

because we found a significant positive correlation between

TAp63 in activated HSCs and fibrosis stage in a well-character-

ized cohort of patients with NAFLD. Furthermore, TAp63 posi-

tively correlated with other parameters of liver injury, specifically

NAS score and serum AST and ALT. In addition, when using pri-

mary human HSCs and the human LX-2 cell line, the results were

very similar to thosewe observed in primary HSCs frommice and

rats, with increased p63 expression in situations of fibrosis.

In summary, the results presented here implicate TAp63 in the

progression of liver fibrosis in both humans and animal models

and suggest that it induced a metabolic rewiring in HSCs, which

involved triggering ACC1-HER2, mitochondrial function, and

glycolysis. In addition, the inhibition of p63 in HSCsmitigated liver

fibrosis in vivoand in vitro. Considering thatfibrosis oftenprecedes

liver tumor development, this study offers new insight into TAp63-

induced changes in the microenvironment of HSC activation and

to how this could havepotential consequences for tumor initiation.

Limitations of the study
Despite our in vitro findings pointing to a key role of HER2 in the

regulation of fatty acid metabolism in HSCs, we have not tested

whether the in vivo specific genetic manipulation of HER2 in

HSCs is equally efficient. Further studies are needed to investi-

gate whether HER2 maintains its capacity to modulate the tran-

scriptional activity of ACC1 and affect liver fibrosis in animal
Figure 6. Pharmacological or genetic inhibition of ACC1 blunts the me

(A) ACC1 mRNA levels (n = 6) and ACC activity (n = 4) in LX-2 cells overexpressi

(B) OCR (n = 3).

(C) ECAR (n = 4). Arrows indicate the time point at which metabolic modulators

(D) Graph depicting the effect of overexpression of TAp63 and administration of F

and OCR during basal metabolism.

(E) Expression of fibrogenic markers (n = 6).

(F) ACC1 mRNA levels (n = 6) and ACC activity (n = 4) in LX-2 cells overexpressi

(G) OCR (n = 2–3).

(H) ECAR (n = 4).

(I) Basal metabolism.

(J) Expression of fibrogenic markers (n = 6). HPRT was used to normalize mRNA

Data are mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001.

See also Figure S5.
models. In line with this, additional studies are necessary to

clearly elucidate the function of p53 as a regulator of the

HER2/ACC1 signaling pathway in HSCs as discussed above.
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17. Parlati, L., Régnier, M., Guillou, H., and Postic, C. (2021). New targets for

NAFLD. JHEP Rep. 3, 100346.

18. Loomba, R., Noureddin, M., Kowdley, K.V., Kohli, A., Sheikh, A., Neff, G.,

Bhandari, B.R., Gunn, N., Caldwell, S.H., Goodman, Z., et al. (2021). Com-

bination Therapies Including Cilofexor and Firsocostat for Bridging

Fibrosis and Cirrhosis Attributable to NASH. Hepatology 73, 625–643.
duced by TAp63 in human HSCs
expression in LX-2 cells (A) treated with TGF-b1 and silencing p63 (n = 6) and

ressing TAp63 are also shown (n = 5–6) (see also A).

3 following the silencing of HER2 (n = 6).

ter.

.

projection visualization of cirrhotic HSCs (n = 4) and normal HSCs (n = 4). HER2

T and GAPDH were used to normalize mRNA and protein levels.

Cell Reports Medicine 5, 101401, February 20, 2024 15



Article
ll

OPEN ACCESS
19. Friedman, S.L., Roll, F.J., Boyles, J., Arenson, D.M., and Bissell, D.M.

(1989). Maintenance of differentiated phenotype of cultured rat hepatic lip-

ocytes by basement membrane matrix. J. Biol. Chem. 264, 10756–10762.

20. De Minicis, S., Seki, E., Uchinami, H., Kluwe, J., Zhang, Y., Brenner, D.A.,

and Schwabe, R.F. (2007). Gene expression profiles during hepatic stel-

late cell activation in culture and in vivo. Gastroenterology 132,

1937–1946.

21. Xu, L., Hui, A.Y., Albanis, E., Arthur, M.J., O’Byrne, S.M., Blaner, W.S., Mu-

kherjee, P., Friedman, S.L., and Eng, F.J. (2005). Human hepatic stellate

cell lines, LX-1 and LX-2: new tools for analysis of hepatic fibrosis. Gut

54, 142–151.

22. Mederacke, I., Hsu, C.C., Troeger, J.S., Huebener, P., Mu, X., Dapito,

D.H., Pradere, J.P., and Schwabe, R.F. (2013). Fate tracing reveals hepatic

stellate cells as dominant contributors to liver fibrosis independent of its

aetiology. Nat. Commun. 4, 2823.

23. Liao, W., Liu, H., Zhang, Y., Jung, J.H., Chen, J., Su, X., Kim, Y.C., Flores,

E.R., Wang, S.M., Czarny-Ratajczak, M., et al. (2017). Ccdc3: A New P63

Target Involved in Regulation Of Liver Lipid Metabolism. Sci. Rep. 7, 9020.

24. Su, X., Gi, Y.J., Chakravarti, D., Chan, I.L., Zhang, A., Xia, X., Tsai, K.Y.,

and Flores, E.R. (2012). TAp63 is a master transcriptional regulator of lipid

and glucose metabolism. Cell Metabol. 16, 511–525.

25. Sabbisetti, V., Di Napoli, A., Seeley, A., Amato, A.M., O’Regan, E., Ghebre-

michael, M., Loda, M., and Signoretti, S. (2009). p63 promotes cell survival

through fatty acid synthase. PLoS One 4, e5877.

26. Huang, Y., Bell, L.N., Okamura, J., Kim, M.S., Mohney, R.P., Guerrero-

Preston, R., and Ratovitski, E.A. (2012). Phospho-DNp63a/SREBF1 pro-

tein interactions: bridging cell metabolism and cisplatin chemoresistance.

Cell Cycle 11, 3810–3827.

27. Tsuchida, T., and Friedman, S.L. (2017). Mechanisms of hepatic stellate

cell activation. Nat. Rev. Gastroenterol. Hepatol. 14, 397–411.

28. Dentin, R., Benhamed, F., Hainault, I., Fauveau, V., Foufelle, F., Dyck,

J.R.B., Girard, J., and Postic, C. (2006). Liver-specific inhibition of

ChREBP improves hepatic steatosis and insulin resistance in ob/ob

mice. Diabetes 55, 2159–2170.

29. Talukdar, S., and Hillgartner, F.B. (2006). The mechanism mediating the

activation of acetyl-coenzyme A carboxylase-alpha gene transcription

by the liver X receptor agonist T0-901317. J. Lipid Res. 47, 2451–2461.

30. Yoon, S., Lee, M.Y., Park, S.W., Moon, J.S., Koh, Y.K., Ahn, Y.H., Park,

B.W., and Kim, K.S. (2007). Up-regulation of acetyl-CoA carboxylase

alpha and fatty acid synthase by human epidermal growth factor receptor

2 at the translational level in breast cancer cells. J. Biol. Chem. 282,

26122–26131.

31. Filliol, A., Saito, Y., Nair, A., Dapito, D.H., Yu, L.X., Ravichandra, A., Bhat-

tacharjee, S., Affo, S., Fujiwara, N., Su, H., et al. (2022). Opposing roles of

hepatic stellate cell subpopulations in hepatocarcinogenesis. Nature 610,

356–365.

32. Melino, G. (2011). p63 is a suppressor of tumorigenesis and metastasis in-

teracting with mutant p53. Cell Death Differ. 18, 1487–1499.

33. Keyes,W.M.,Wu, Y., Vogel, H., Guo, X., Lowe, S.W., andMills, A.A. (2005).

p63 deficiency activates a program of cellular senescence and leads to

accelerated aging. Genes Dev. 19, 1986–1999.

34. Costanzo, A., Pediconi, N., Narcisi, A., Guerrieri, F., Belloni, L., Fausti, F.,

Botti, E., and Levrero, M. (2014). TP63 and TP73 in cancer, an unresolved

"family" puzzle of complexity, redundancy and hierarchy. FEBS Lett. 588,

2590–2599.

35. Candi, E., Smirnov, A., Panatta, E., Lena, A.M., Novelli, F., Mancini, M., Vit-
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Acetyl-CoA carboxylase, ACC Abcam Cat# ab45174; RRID:AB_867475

Phospho- acetyl-Coa Carboxylase (Ser 79), pACC Cell Signaling Cat# 3661; RRID:AB_330337

Phospho-AMPKa (Thr172) Cell Signaling Cat# 2535; RRID:AB_331250

Cleaved caspase 3 Cell Signaling Cat# 9664; RRID:AB_2070042

Cleaved caspase 7 Cell Signaling Cat# 9491; RRID:AB_2068144
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HER2/ErbB2 (29D8) Cell Signaling Cat# 2165; RRID:AB_10692490
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p53 Cell Signaling Cat# 2527; RRID:AB_10695803
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ATG7 (EPR6251) Abcam Cat# ab133528; RRID:AB_2532126

LC3A/B Cell Signaling Cat# 4108; RRID:AB_2137703

HSP90 (AC-16) Santa Cruz Cat# sc-101494; RRID:AB_1124018
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Human: Primary Stellate Cells (PhHSCs) Lonza Cat# HUCLS-1M

Experimental models: Organisms/strains
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Plasmid: Tap63alpha-FLAG David Sidransky59 RRID:Addgene_27008

Plasmid: deltaNp63alpha-FLAG David Sidransky59 RRID:Addgene_26979

Plasmid: HER2 wt Mien-Chie Hung60 RRID:Addgene_16257

Plasmid: p-luciferase/HER2/ACC1 Vector builder N/A

(Continued on next page)

e1 Cell Reports Medicine 5, 101401, February 20, 2024



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

ImageJ 1.52p software Schneider et al. https://imagej.nih.gov/ij/

Prism Software Version 8.0.2 (GraphPad) Dotmatics https://www.graphpad.com/features

Agilent Seahorse Analytics 1.0.0–520 Agilent https://www.agilent.com/en/product/

cell-analysis/real-time-cell-metabolic-

analysis/xf-software/agilent-seahorse-

analytics-787485#technology

Article
ll

OPEN ACCESS
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to andwill be fulfilled by the lead contact, RubenNogueiras (ruben.

nogueiras@usc.es).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human samples
The study population included 16NAFLD patients who underwent a liver biopsy according to the routine decisions in the clinical prac-

tice or at the time of bariatric surgery in Marqués de Valdecilla University Hospital (Santander, Spain). Inclusion criteria for NAFLD

patients were based on an alcohol intake lesser than 30 g/day for men and lesser than 20 g/day for women, the presence of bi-

opsy-proven steatosis with/without necroinflammation and/or fibrosis, and no evidence of hepatitis B and/or C virus infection as

well as human immunodeficiency virus (HIV) infection. Hepatic histopathological analysis was performed according to the scoring

system of Kleiner et al.61 Four histopathological features will be semi-quantitatively evaluated: grade of steatosis (0, <5%; 1, 5%–

30%; 2, >30%–60%; 3, >60%), lobular inflammation (0, no inflammatory foci; 1, <2 inflammatory foci per 200x field; 2, 2–4 inflam-

matory foci per 200x field; 3, >4 inflammatory foci per 200x field), hepatocellular ballooning (0, none; 1, few balloon cells; 2, many

cells/prominent ballooning), and stage of fibrosis (from 0, none to 4, cirrhosis). The characteristics of NAFLD patients are described

in Table S1. Liver samples with histologically normal liver (NL) obtained from 3 subjects during bariatric surgery were used as subject

controls (mean age 38.3 ± 5.2 and BMI 46.9 ± 4.4).

The study was performed in agreement with the Declaration of Helsinki, andwith local and national laws. The Cantabria’s Research

Ethics Committee approved the study procedures (internal code: 2018.139 and 2019.087). All the study subjects signed the corre-

sponding written informed consent.

Animals and diets
8 weeks old male C57BL/6J mice were housed in air-conditioned rooms (22�C–24�C) under a 12:12 h light/dark cycle and had ad

libitum access to standard diet (SD), methionine-and choline-deficient diet (MCDD) (A02082002BR, Research Diets), choline-defi-

cient and high fat diet (CDHFD) (D05010402; 45% fat, Research Diets) for the specified times. Carbon tetrachloride (06–3545, Strem

Chemicals) was administered by i.p. injection at a dose of 0.6 mL/kg once a week for 6 weeks to induce liver fibrosis in mice, using

corn oil as vehicle.58 Animal experiments were conducted in accordance with the standards approved by the Faculty Animal Com-

mittee at the University of Santiago de Compostela, and the experiments were performed in agreement with the Rules of Laboratory

Animal Care and International Law on Animal Experimentation.

HSCs conditional knockout mice for TAp63
The ablation of TAp63 in the HSCs was obtained in our lab by crossing TAp63-floxed mice with Lecithin retinol acyltransferase (Lrat)-

Cre mice,22 resulting in mice with Cre recombinase expression under the control of Lrat (HSCs specific) promotor.
Cell Reports Medicine 5, 101401, February 20, 2024 e2



Article
ll

OPEN ACCESS
METHOD DETAILS

Histological procedures
Oil Red O staining

Frozen liver samples were cut in 8mm sections with a cryostat and stained in filtered Oil Red O for 10 min. After being washed in

distilled water, sections were counterstained with Mayer’s hematoxylin for 3 min and mounted in aqueous mounting (glycerin jelly).

Hematoxylin and Eosin and staining

Liver samples were fixed in 4% formaldehyde for 24 h and then dehydrated and embedded in paraffin. Sections of 4mmwere cut with

a microtome and stained using a standard Hematoxylin and Eosin alcoholic procedure according to the manufacturer’s instructions

(BioOptica). Then, sections were rinsed with distilled water, dried at 37�C for 30 min andmounted with permanent (non-alcohol, non-

xylene based) mounting media.

Sirius Red staining

Samples fixated in paraffin were dewaxed, hydrated and stained in PicroSirius staining red for 1 h. Then, samples were washed with

distilled water, dehydrated in three changes of 100%ethanol and cleared in xylene andmounted in a resinousmedium. In these three

histological staining techniques, up to 4 representative microphotographs of each animal were taken with a BX51microscope equip-

ped with a DP70 digital camera (Olympus). Lipids in Oil Red O- stained sections, collagen depositions in Sirius Red-stained sections

and positive area in immunohistochemistry were quantified using ImageJ 1.52p software.

Immunohistochemistry

For ki67 and cleaved caspase 3 inmunohistochemistry staining, samples fixated in paraffin were dewaxed, hydrated, pre-treated in

PTLink TE buffer pH 9 and blocked with 3% peroxidase for 10 min. Sections were then incubated with the primary antibody

(dakoM7248, DAKO, 1:500) (9664, Cell Signaling, 1:100) overnight and at room temperature, followed by an incubation with the sec-

ondary antibody (EnVision, DAKO) for 30 min at room temperature. After that, DAB developer was used for 1 min and sections were

counterstained with Mayer’s hematoxylin for 10 min, dehydrated and mounted.

Immunofluorescence

For TAp63-aSMA and TAp63-Albumin immunofluorescence staining, samples dewax were pre-treated in PTLink Citrate Buffer pH 6.

Next, sections were washed three times in TBS 0.1M for 5 min and incubated in blocking solution (2% donkey serum +0.3% Triton

X-100 + 0.25% BSA) in TBS 0.1M for 60 min. Then, sections were incubated with the primary antibodies TAp63 (938102, Biolegend)

(1:500) and aSMA (ab124964, Abcam) (1:200) and Albumin (ab7940, Abcam) (1:200) in blocking solution for 24 h at 4�C. After incu-
bation with the primary antibody, sections were rinsed with TBS 0.1M three times for 5 min each and then incubated in the solution

(0.3% Triton X-100 + 0.25% BSA in TBS 0.1M) with the secondary antibodies: Cy3 donkey anti-rabbit (711-165-152, Jackson

ImmunoResearch Labs) and Cy5 donkey anti-mouse (715-175-151, Jackson ImmunoResearch Labs) (1:1000) or Alexa 555 anti-

Sheep (A21436, Thermo) (1:1000) for 60 min at room temperature. Sections were then washed and coverslipped with Fluorogel

coverslip mounting solution.

In these three immunostaining techniques, up to 7 representative microphotographs of each human sample (up to 4, in the case of

animal samples) was taken with a Thunder Imager tissue microscope (Leica Microsystems). Leica Las X 3.7.4 software was used for

acquisition and analysis of immunohistochemistry/immunofluorescence staining. ImageJ 1.52p software was used for the quantifi-

cation of the staining area.

Hydroxyproline assay
Hepatic collagen content was evaluated by measuring the levels of hepatic hydroxyproline with the Hydroxyproline Assay Kit

(MAK008, MERCK) following the manufacturer’s instructions. Briefly, liver samples were hydrolyzed in concentrated hydrochloric

acid at 120�C for 3 h, and evaporated to dryness under vacuum. We added chloramine T/oxidation buffer mixture and incubated

it for 5min at room temperature, then DMAB reagent for 90min at 60�C. Absorbance was read at 560 nm and the amount of hydroxy-

proline was calculated against the standard curve concentration.

Serum levels of metabolites
During the sacrifice of mice, whole trunk blood was collected and then spun for 15 min at 6000xg and 4�C. The supernatant was

transferred to a new tube to obtain the serum. AST activity (41273, Spinreact) was measured by spectrophotometry in a

ThermoScientific Multiskan GO spectrophotometer.

Isolation and culture of murine HSCs
Both primary mouse HSCs (PmHSCs) and primary rat HSCs (PrHSCs) were obtained by in situ perfusion of the liver with

collagenase digestion following the Lefferts method.62 To isolate PpmHSCs, male BALB/cByJ mice were anesthetized

with isoflurane (in O2), the abdomen was opened, and a catheter was inserted into the cava vein. Liver was perfused with

buffer 1 [Leffert buffer, 1 mM EGTA] (37�C, oxygenated) and portal vein was cut. Subsequently, liver was perfused with buffer

2 [Leffert buffer] and buffer 3 [Leffert buffer, 2 mM CaCl2, 1 g/L collagenase type I (Worthington)] (37�C, oxygenated). After the
perfusion, liver was placed in a Petri dish containing buffer 2 supplemented with 1% BSA and disaggregated with forceps. Di-

gested liver was filtered through sterile gauze. Then, HSCs were isolated either from healthy control, mice treated with carbon
e3 Cell Reports Medicine 5, 101401, February 20, 2024
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tetrachloride, mice fed an MCDD or mice fed a CDHFD as previously described.58 Briefly, after hepatic disaggregation, cell

suspension was differentially-centrifuged at 400 rpm for 2 min. Hepatocytes-enriched pellet was removed and parenchymal

cell-enriched supernatant was subjected to a density Percoll gradient (24% on top of 32%) (Percoll Plus, GE Healthcare)

and selective adherence. The fraction enriched in HSCs was cultured in RPMI 1640 medium without serum and supplemented

with 1% Antibiotic-Antimycotic (15240062, Gibco) overnight. Finally, the medium was replaced with fresh medium supple-

mented with 20% FBS for 24 h, and PmHSCs were collected for mRNA extraction. To obtain PrHSCs, a Sprague-Dawley rat

was used. After the isolation of PrHSCs by density gradient followed by selective adherence, cells were kept in RPMI 1640 me-

dium without serum overnight. Then, the medium was replaced with fresh medium supplemented with 20% FBS. Activation of

PrHSCs was induced by the maintenance in culture for 1, 3 or 7 days. At these time points, PrHSCs were collected for mRNA

extraction.

Culture of primary human HSCs (PhHSCs)
PhHSCs (HUCLS1, Lonza) were cultured in collagen I-coated plates and maintained in Human Stellate Growth Medium (MCST250,

Lonza), at 37�C in a humidified atmosphere containing 5% CO2, following the manufacturer’s instructions.

Human LX-2 culture
The human LX-2 HSC line (SCC064, MERCK) was grown in Dulbecco’s Modified Eagle’s Medium (DMEM) high glucose (D5796,

MERCK) supplemented with 2% (v/v) FBS and 1% (v/v) Glutamine-Penicillin-Streptomycin solution.21

Gene silencing in primary human HSCs (PhHSCs)

Primary human HSCs (PhHSCs) were transfected with specific small-interference RNA (siRNA) to knockdown the expression of total

p63 (siGENOME SMARTPool, L-003330-00-0005, Dharmacon). The transfection was performed using Lipofectamine 2000 (11668-

019, Invitrogen). Briefly, cells were seeded in 6-wells plates. Then, 0.05 nmol of siRNA diluted in 300mL of optiMEM (31985070, Life

Technologies) was mixed with 4 mL of Lipofectamine 2000 diluted in 294 mL of optiMEM; the mixture was added into each well, re-

sulting in a final volume of 600 mL. The mediumwas replaced with fresh medium after 6 h, and cells were collected after a total of 48 h

to check the efficiency of silencing by Real Time PCR.

Gene silencing in LX-2 cells
LX-2 cells were transfected with specific small-interference RNA (siRNA) to knockdown the expression of total p63 (siGENOME

SMARTPool, L-003330-00-0005, Dharmacon), ACC1 (siGENOME SMARTPool, L-004551-00-0005, Dharmacon) or HER2 (siGENOME

SMARTPool, L-003126-00-0005, Dharmacon). Control groupwas administeredwith a non-targeting siRNA (siGENOMENon-Targeting

siRNA Pool, D-001206-13-05, Dhamacon). The transfection was performed using Lipofectamine 2000 (11668-019, Invitrogen). Briefly,

cellswereseeded in6-wellsplates. Then, 0.05nmolof eachsiRNAdiluted in300mLofoptiMEM(31985070, LifeTechnologies)wasmixed

with 6 mL of Lipofectamine 2000 diluted in 294 mL of optiMEM; themixturewas added into eachwell, resulting in a final volumeof 600 mL.

Themediumwas replacedwith freshmediumafter 6 h, and cells were collected after a total of 48 h to check the efficiency of silencing by

Real Time PCR.

Gene overexpression in vitro

For plasmid transfection in human LX-2 cells, we used a DNA plasmid containing the sequence necessary to increase the expression

of pTAp63 (27008, Addgene), DNp63 (26979, Addgene),59 HER2 (16257, Addgene)60 and an empty plasmid as control. 6 mL of Lip-

ofectamine 2000 diluted in 250 mL of optiMEMweremixedwith 1 ng of plasmid DNA diluted in 250 mL of optiMEM. Next, 500 mL of this

mixture was added into each well and incubated for 6 h. Themediumwas replaced with fresh medium, then cells were collected after

a total of 24 h to check the efficiency of overexpression by Real Time PCR.

Metabolic flux assays
Mitochondrial respiration and glycolytic flux were evaluated by monitoring the oxygen consumption rate (OCR) and the extracellular

acidification rate (ECAR), respectively, by high-resolution respirometry with the Seahorse Bioscience XFp Extracellular Flux Analyzer

(Agilent Technologies). 2.0 x 104 cells were seeded per well in a XFp cell culture microplate (103022-100, Seahorse Bioscience, Agi-

lent Technologies). Previous to the assay, medium was removed, and replaced with pre-warmed assay medium, composed of Sea-

horse XF DMEM medium (103575-100 Seahorse Bioscience, Agilent Technologies) containing 1 mM sodium pyruvate, 2 mM

L-glutamine and 10 mM glucose, and cultured at 37�C in room air. After equilibration in assay medium for 1 h, five basal measure-

ments of OCR and ECAR were performed. Next, we sequentially added into cells wells the modulators of respiration oligomycin

(Oligo, 1.5 mM), carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP, 1 mM) and rotenone/antimycin (Rot/AA, 0.5 mM) to

evaluate the mitochondrial function (Cell Mito Stress Test Kit, 103010-100, Seahorse Bioscience, Agilent Technologies); or Rot/

AA followed by 2-Deoxyglucose (2-DG, 50mM) to evaluate the glycolytic function (Glycolytic Rate Assay Kit, 103346-100, Seahorse

Bioscience, Agilent Technologies). The following key parameters of mitochondrial function were calculated according to the manu-

facturer’s user guide: basal respiration, ATP-linked respiration, proton leak, maximal respiration, spare capacity and non-mitochon-

drial oxygen consumption (Cell Mito Stress Test Kit); basal glycolysis and compensatory glycolysis (Glycolytic Rate Assay Kit). All
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results were normalized to protein content. Data of OCR during basal metabolism of Cell Mito Stress Test and ECAR during basal

metabolism of Glycolytic Rate Assay were used in the graphs depicting the quiescent or energetic state of HSCs under different

conditions.

TGFb1 treatment
LX-2 cells transfected with sip63 or siCTL were incubated with medium supplemented with recombinant human TGFb1 (100-21,

PreproTech) at a concentration of 8 ng/mL or vehicle for 24 h.44

Firsocostat administration
Pharmacological inhibition of ACC was carried out by using Firsocostat, an allosteric ACC1/ACC2 inhibitor, also known as GS-0976

(HY-16901, MedChemExpress).18 Firsocostat was administered in LX-2 cells at a concentration of 0.5 mM.14

CP724714 administration
Pharmacological inhibition of HER2/ErB2 was carried out by using a potent and selective inhibitor, also known as CP724714

(PZ-0335, Sigma-Aldrich). CP724714 was administered in LX-2 cells at a concentration of 50 nM (IC50).

Autophagic flux
Autophagic flux was determined by analyzing LC3-II turnover by preventing lysosomal degradation, using 60 mM chloroquine (CQ)

(H0915, Sigma-Aldrich) for the last 6 h of the experiments.63 LC3-flux was calculated by subtracting the densitometry value of

normalized LC3-II in the sample treated with CQ, by the value in the control sample (vehicle-treated). LC3-II flux was expressed rela-

tive to their respective controls.

ACC activity assay
Enzymatic activity of ACC was determined in LX-2 extracts by measuring Malonyl-CoA levels with the Mouse Malonyl coenzyme A

ELISA Kit (MBS705127, MyBioSource) according to manufacturer’s instructions. Briefly, 3 x 105 LX-2 cells were homogenized in

50 mL of PBS, and then the protein extract was used in each well for the sequential incubation steps in the provided 96-well plate.

Absorbance was read at 450 nm and the amount malonyl-CoA calculated against the standard curve concentration, normalizing

the results to protein content.

Cell proliferation
The evaluation of cell viability in vitro was performed with a (3(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (MTT) test

(M2003,MERCK). First, LX-2 cells were seeded in a 96-well plate. Next, LX-2 cells were transfectedwith either pTAp63 or sip63. After

24 h, LX-2 downregulating p63 were exposed to TGFb1 for 24 h. Finally, MTT and the solubilization of formazan were added, and the

cell viability in each well was measured in terms of optical density at a wavelength of 570 nm.

In vitro luciferase assay in cells
For luciferase assays, LX-2 cells were transfected in 24-well plates containing Lipofectamine 2000, 1 ng of TAp63 and control pcDNA

overexpression vectors, 1 mg of each luciferase reporter plasmids p-luciferase, pHER2-luciferase and pACC1-luciferase for 24 h.

Luciferase was measured in a Mithras LB 940 apparatus (Berthold Technologies, Bad Wildbad, Germany).

Real-time PCR
RNA was extracted using Trizol reagent (15596018, Invitrogen) according to the manufacturer’s instructions. 100 ng of total RNA

were used for each RT reaction, and cDNA synthesis was performed using the M-MLV Reverse Transcriptase (28025013,

ThermoFisher) and random primers. For real-time PCR, we used a QuantStudio 5 Real-Time PCR Instrument (Applied Biosystems)

following themanufacturer’s instructions and SYBR green PrecisionPLUS reagent (PPLUS-LR, PrimerDesign). The PCR cycling con-

ditions included an initial denaturation at 95�C for 3 min followed by 40 cycles at 95�C for 5 s and 60�C for 32 s. The oligonucleotide

specific primers are shown in Table S4. All reactions were performed in duplicate. Expression levels were normalized to HPRT for

each sample and expressed in relation (%) to the control group.

Western blot
Western blots were performed as previously described.9 Briefly, total protein lysates from liver (20 mg) or cells (5 mg) were sub-

jected to SDS-PAGE, electrotransferred onto polyvinylidene difluoride membranes and probed with the antibodies indicated in

the key resources table. For protein detection, horseradish peroxidase-conjugated secondary antibodies and chemiluminescence

(Amersham Biosciences) were used. Membranes were exposed to radiograph film (Super RX Fuji Medical X--ray Film, Fujifilm) and

developed with developer and fixing liquids (AGFA) under appropriate dark room conditions. Protein expression was quantified by

densitometric analysis with ImageJ 1.52p software. Protein levels were normalized to GAPDH for each sample and expressed in

relation to the control group. Uncropped blots accompanied by the location of molecular weight markers are shown in Appendix

Figure 1.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Data are expressed as mean ± standard error mean (SEM). Statistical significance was determined by two-tail Student’s t test when

two groups were compared or ANOVA and post-hoc Bonferroni test when more than two groups were compared. To study the cor-

relation between gene expression and different parameters, Spearman’s correlation coefficients (r) were used. p < 0.05 was consid-

ered significant for all the analysis. Details for each analysis including test, p value, and number analyzed can be found in the figure

legends or figures themselves. Analyses were performed with the Prism Software Version 9.5.1 (GraphPad).
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