
UCSF
UC San Francisco Previously Published Works

Title
SLC13A3 is a major effector downstream of activated β-catenin in liver cancer 
pathogenesis.

Permalink
https://escholarship.org/uc/item/7t27r8m2

Journal
Nature Communications, 15(1)

Authors
Zhao, Wennan
Wang, Xue
Han, Lifeng
et al.

Publication Date
2024-08-30

DOI
10.1038/s41467-024-51860-2
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/7t27r8m2
https://escholarship.org/uc/item/7t27r8m2#author
https://escholarship.org
http://www.cdlib.org/


Article https://doi.org/10.1038/s41467-024-51860-2

SLC13A3 is a major effector downstream of
activated β-catenin in liver cancer
pathogenesis

Wennan Zhao1, Xue Wang2,3, Lifeng Han4, Chunze Zhang5, Chenxi Wang4,
Dexin Kong6, Mingzhe Zhang1, Tong Xu1, Gen Li1, Ge Hu1, Jiahua Luo1,
Sook Wah Yee 7, Jia Yang 7, Andreas Stahl 2, Xin Chen 3,7 &
Youcai Zhang 1

Activated Wnt/β-catenin pathway is a key genetic event in liver cancer devel-
opment. Solute carrier (SLC) transporters are promising drug targets. Here, we
identify SLC13A3 as a drug-targetable effector downstreamofβ-catenin in liver
cancer. SLC13A3 expression is elevated in human liver cancer sampleswith gain
of function (GOF) mutant CTNNB1, the gene encoding β-catenin. Activation of
β-catenin up-regulates SLC13A3, leading to intracellular accumulation of
endogenous SLC13A3 substrates. SLC13A3 is identified as a low-affinity trans-
porter for glutathione (GSH). Silencing of SLC13A3 downregulates the leucine
transporter SLC7A5 via c-MYC signaling, leading to leucine depletion and
mTOR inactivation. Furthermore, silencing of SLC13A3 depletes GSH and
induces autophagic ferroptosis in β-catenin-activated liver cancer cells.
Importantly, both genetic inhibition of SLC13A3 and a small molecule SLC13A3
inhibitor suppress β-catenin-driven hepatocarcinogenesis in mice. Altogether,
our study suggests that SLC13A3 could be a promising therapeutic target for
treating human liver cancers with GOF CTNNB1 mutations.

Liver cancer is the third leading cause of cancer-related deaths
worldwide, with hepatocellular carcinoma (HCC) accounting for 75-
85% of all liver cancer cases1. Gain-of-function (GOF) mutations in
CTNNB1, the gene encoding β-catenin, have been detected in over 80%
of pediatric liver cancers and 20–40% of adult liver cancers2. Given the
crucial role of hyperactivatedWnt/β-catenin signaling in the stemness,
progression, metastasis, and drug resistance of liver cancer, various
Wnt/β-catenin inhibitors have been investigated for their potential in
liver cancer treatment3,4. However, none of these inhibitors have
achieved clinical approval because they typically target the β-catenin
complex or the pathways upstream of β-catenin, which unavoidably

results in on-target toxicities in normal cells2. Therefore, studies
focusingon the identificationofdrug-targetable effectors downstream
of β-catenin are urgently needed.

Solute carrier (SLC) transporters regulate the import and efflux of
diverse solutes,metabolites, ions, anddrugs across the cellmembrane.
SLC transporters serve as significant targets for drug development5.
Remarkable alterations in the expression patterns of SLC transporters
have been reported in various cancers, including liver cancer6. Solute
carrier family 13 member 3 (SLC13A3), also known as sodium-
dependent dicarboxylate transporter (NaDC3), is highly expressed in
the liver7. Bidkhori et al. identified three HCC subtypes (iHCC1-3)
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through a comprehensive analysis of The Cancer Genome Atlas-Liver
Hepatocellular Carcinoma (TCGA-LIHC) dataset, and demonstrated
that SLC13A3 mRNA expression is substantially high in the
iHCC2 subtype with a high incidence of CTNNB1 mutations8. Addi-
tionally, Charawi et al. reported that SLC13A3 is highly expressed in
CTNNB1-mutated HCCs9. However, the association of SLC13A3 with
β-catenin and the functional role of SLC13A3 in HCCs need further
elucidation.

In this work, we show that SLC13A3 is a drug-targetable effector
downstream of β-catenin. Our findings reveal that SLC13A3 expression
is upregulated in β-catenin-activated human HCCs. SLC13A3 plays a
pivotal role in regulating intracellular leucine, which promotes
β-catenin-driven hepatocarcinogenesis in mice. Additionally, we
demonstrate that SLC13A3 functions as a low-affinity transporter for
glutathione (GSH). Inhibiting SLC13A3 induces autophagic ferroptosis
in β-catenin-activated liver cancer cells and significantly impedes
β-catenin-driven hepatocarcinogenesis in preclinical models.

Results
SLC13A3 expression correlates with CTNNB1 GOF mutations in
human HCC specimens
To investigate the clinical significance of SLC13A3 in human HCC, we
analyzed SLC13A3mRNAexpression inpatient samples usingHCCDB, a
database archived 15 public HCC gene expression datasets (http://
lifeome.net/database/hccdb/home.html). Analysis of the HCCDB3
dataset revealed that SLC13A3 mRNA expression was upregulated in
cirrhotic tissues (n = 40) and further increased inHCC tissues (n = 268)
compared to healthy tissues (n = 6) (Supplementary Fig. 1a). SLC13A3
mRNA expression was significantly upregulated in HCC tissues
(n = 268) compared toparatumor adjacent tissues (n = 243).Analysisof
the other six HCCDB datasets, containing a total of 1046 HCC tissues
and 588 paratumor adjacent tissues, also showed a significant upre-
gulation of SLC13A3mRNA expression in HCC tissues (Supplementary
Fig. 1b). Co-expression network analysis of all HCCDB datasets
revealed a substantial interaction between SLC13A3 and several cano-
nical β-catenin target genes, such as LGR5, TBX3, and GLUL (Supple-
mentary Fig. 1c).

We further conducted a comprehensive analysis of SLC13A3
mRNA expression using TCGA-LIHC dataset. Among the top 20 genes,
SLC13A3 was the only SLC gene whose mRNA expression exhibited a
positive correlation with all three β-catenin target genes (LGR5, TBX3,
and GLUL) (Supplementary Data 1). Analysis through cBioPortal
revealed that the frequency of SLC13A3 genetic alteration (5.3%) was
comparable to that of TBX3 (6%) and LGR5 (6%) (Supplementary
Fig. 2a). Correlation analysis of SLC13A3 expressionwith HCC common
genetic events revealed that HCCs with high SLC13A3 expression were
mainly characterized by CTNNB1 mutations (Fig. 1a). Compared to
normal adjacent tissues (n = 50), SLC13A3mRNAexpressionwashigher
in CTNNB1 mutant HCCs (n = 96), but lower in non-CTNNB1 mutant
HCCs (n = 275) (Fig. 1b). Similar resultswereobservedwhen comparing
HCC tissues with their paired nontumorous tissues (Fig. 1c). In TCGA-
LIHC dataset, SLC13A3 mRNA expression correlated positively with
1324 genes (r ≥0.2) and negatively with 2087 genes (r ≤ −0.2) (Sup-
plementary Data 2 and 3). As anticipated, the canonical Wnt/β-catenin
targets were among the top 20 SLC13A3 positively correlated genes,
such as LGR5, CYP2E1, RHBG, TBX3, AXIN2, GLUL, and SP5 (Supple-
mentary Fig. 2b). KEGG pathway analysis showed that genes positively
correlated with SLC13A3 were significantly enriched in various meta-
bolic pathways, whereas genes negatively correlated with SLC13A3
were most significantly enriched in the “cell cycle” (Fig. 1d). This sug-
gests a potential role of SLC13A3 in HCC metabolism and growth.

We next examined SLC13A3 protein levels in 82 paired human
HCC and matched normal adjacent liver tissues using immunohis-
tochemistry (IHC). Among the 82 HCC tissues examined, nuclear β-
catenin expression was observed in 11 cases, cytoplasmic β-catenin

expression in 12 cases, and membranous β-catenin expression in 59
cases (Supplementary Fig. 2c). Notably, SLC13A3 protein levels were
higher in HCCs with cytoplasmic/nuclear β-catenin expression com-
pared to their paired normal counterparts (Fig. 1e and Supplementary
Fig. 2c). The cytoplasmic/nuclear expression of β-catenin corresponds
to the hyperactivation of Wnt/β-catenin signaling. We found that
cytoplasmic/nuclear accumulation of β-catenin was significantly
associated with SLC13A3 overexpression (R =0.9084, P <0.0001)
(Fig. 1f). Log-rank (Mantel–Cox) test analysis revealed that HCC
patients with high SLC13A3 protein levels had significantly reduced
overall survival compared to those with low SLC13A3 levels (Fig. 1g).
Altogether, these findings suggest that SLC13A3 expression is upre-
gulated in β-catenin-activated HCCs.

SCL13A3 is a direct downstream target of β-catenin
Based on the clinical findings, we hypothesized that SLC13A3 expres-
sion could be up-regulated by β-catenin activation. Firstly, the protein
level of SLC13A3 was examined in eight liver cancer cell lines (Sup-
plementary Fig. 3a). SLC13A3 protein levels were high in GOF CTNNB1
mutant cells (HepG2, Huh6, and SNU398), but low in non-CTNNB1
mutant cells. Secondly, the effect of β-catenin activationwas evaluated
in non-CTNNB1mutantHuh7 andHLF cells by either transfectionwith a
mutant CTNNB1-expressing plasmid or treatment with the β-catenin
activator lithium chloride. The forced expression of mutant CTNNB1
significantly increased the expression of SLC13A3 and two known
β-catenin target genes (TBX3 and GLUL) (Fig. 2a). Treatment with
lithium chloride also markedly increased the mRNA expression of
SLC13A3, TBX3, andGLUL (Supplementary Fig. 3b). Finally, the effect of
CTNNB1 knockdownwas examined in GOF CTNNB1mutant HepG2 and
SNU398 cells. Among the three CTNNB1-specific short hairpin (sh)
RNAs, the shCTNNB1#2had themost prominent knockdowneffect and
was thus used for subsequent experiments (Supplementary Fig. 3c).
qRT-PCR and western blot analyses revealed that knockdown of
CTNNB1 significantly reduced SLC13A3 expression in HepG2 and
SNU398 cells (Fig. 2b).

Upon activation, β-catenin accumulates in the nucleus and
binds to T-cell factor/lymphoid enhancer factor (TCF/LEF) tran-
scription factors to recruit coactivators, leading to the transcription
of β-catenin target genes. We located the 1.0 kb region upstream of
the transcription start site (TSS) in SLC13A3 promoter region using
the Eukaryotic Promoter Database (http://www.epd.isb-sib.ch), and
predicted the putative TCF4 binding sites using PROMO website
(https://alggen.lsi.upc.es/) (Supplementary Fig. 3d). A consensus
TCF-binding element (TBE, 5’-CTTTGTT-3’) was identified in the
promoter region (−243 to ~−237 bp upstream of the TSS). To
determine whether β-catenin regulates the promoter activity of
SLC13A3, we generated a series of luciferase reporter plasmids
containing different promoter regions (Fig. 2c). The reporter activ-
ity of the wild-type (WT) SLC13A3 promoter was significantly greater
than that of the empty vector in β-catenin-activated HEK293 cells. As
anticipated, deletion of the consensus TBE markedly decreased the
SLC13A3 promoter activity. We also identified a second putative β-
catenin binding site (−68 to −41 bp upstream of the TSS) in the
SLC13A3 promoter region. ChIP-PCR assay analysis in HepG2 cells
demonstrated the ability of β-catenin to recognize both binding
sites (Fig. 2d). In contrast, ChIP-PCR assay using anti-TCF4 antibody
revealed a strong band for the consensus TBE, but amuchweak band
for the second β-catenin binding site. As specific controls, no bands
were amplified with primers spanning −2100 to −2081 bp upstream
of the TSS in the SLC13A3 promoter region or with primers for the
GAPDH promoter region. Furthermore, in vitro EMSA assay was
performed to show that only the consensus TBE binds TCF4 protein
(Fig. 2e), indicating that the second β-catenin binding site was not a
typical TBE. Nonetheless, these findings suggest that β-catenin
/TCF4 can directly bind to the promoter of SLC13A3.
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SLC13A3 is known to transport the tricarboxylic acid (TCA) cycle
intermediates, particularly dicarboxylates7. To determine whether
β-catenin regulates the SLC13A3 activity, we investigated the global
metabolomic alterations after overexpression ofmutantCTNNB1 in non-
CTNNB1 mutant Huh7 cell (Huh7-EV vs Huh7-CTNNB1) and knockdown
of CTNNB1 in GOF CTNNB1mutant HepG2 cells (HepG2-shNC vs HepG2-

shCTNNB1) (Supplementary Fig. 4a, b). We found that the intracellular
concentrations of several SLC13A3 substrates, such asmalate, succinate,
and fumarate, were significantly increased with CTNNB1 overexpression
in Huh7 cells and decreased with CTNNB1 knockdown in HepG2 cells
(Fig. 2f). Collectively, these findings suggest that β-catenin regulates
both SLC13A3 expression and activity in liver cancer cells.
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SLC13A3 regulates intracellular glutathione and leucine in
β-catenin-activated liver cancer cells
Endogenous substrates of SLC transporters could be identified using
transfected HEK293 cells10. Analysis of Human Protein Atlas (HPA)
RNA-seq data indicated that SLC13A3 was minimally expressed in
normal HEK293 cells (Supplementary Fig. 5a). qRT-PCR analysis con-
firmed that all five SLC13A genes (SLC13A1-5) wereminimally expressed
in normalHEK293 cellswithCt values > 30 (SupplementaryFig. 5b).We
then constructed HEK293 cells overexpressing either empty vector
(HEK293-EV) or SLC13A3 (HEK293-SLC13A3), which were validated by
both qRT-PCR and western blot analyses (Supplementary Fig. 5c).
Functionally, HEK293-SLC13A3 cells had a significant increase in the
uptake activity of 14C-succinate compared to HEK293-EV cells (Sup-
plementary Fig. 5d). Next, the metabolomic profiles of HEK293-EV and
HEK293-SLC13A3 were compared using LC-MS-based metabolomics
(Supplementary Fig. 5e). We identified significantly overrepresented
metabolites in HEK293-SLC13A3 cells, including N-acetylaspartate, a
known substrate of SLC13A3 (Supplementary Data 4). Intriguingly,
glutathione (GSH) was among the most significantly increased meta-
bolites in HEK293-SLC13A3 cells. GSHwas reported to evoke potential-
dependent inward currents in X. laevis oocytes overexpressing
SLC13A3, indicating that SLC13A3 may transport GSH11. By utilizing
transfected HEK293 cells, we demonstrated that GSH inhibited
SLC13A3-mediated uptake of 14C-succinate in a dose-dependent man-
ner, with the IC50 of 1.89mM (Supplementary Fig. 5f). SLC13A3-
mediated uptake of isotopically labeled GSH displayed a saturation
kinetics with a Km of 1.24mM (Fig. 3a). Furthermore, GSH uptake at
physiologically relevant concentrations was substantially higher in
HEK293-SLC13A3 cells compared to HEK293-EV cells (Fig. 3b). These
findings suggest that SLC13A3 is a low-affinity GSH transporter.

To investigate the metabolic function of SLC13A3 in liver cancer,
we examined the metabolomic alterations in HepG2 cells following
SLC13A3 knockdown. We obtained five SLC13A3 shRNAs, and found
shSLC13A3#1 (sh#1) and shSLC13A3#2 (sh#2) showed prominent
knockdown effects (Supplementary Fig. 6a). We used sh#1 to establish
SLC13A3-knockdownHepG2 cells. Themetabolomic profiles of control
(shNC) and SLC13A3-knockdown HepG2 cells were determined using
LC-MS-based metabolomics (Supplementary Fig. 6b and Supplemen-
tary Data 5). Intriguingly, GSH was among the most significantly
decreased metabolites induced by SLC13A3 knockdown (Supplemen-
tary Fig. 6c). To further investigate the effect of SLC13A3 knockdown
on GSH, we utilized two SLC13A3 shRNAs (sh#1 and sh#2) to silence
SLC13A3 in GOF CTNNB1 mutant HepG2 and SNU398 cells (Supple-
mentary Fig. 6d). To determine if SLC13A3 knockdown altered exo-
genous GSH uptake, cells were pre-cultured in the medium with
dialyzed serum, followed by incubation in the complete medium.
Notably, SLC13A3 knockdown significantly impeded the GSH accu-
mulation in HepG2 and SNU398 cells (Supplementary Fig. 6d). To

determine if SLC13A3 knockdown altered endogenous GSH produc-
tion, the expression of genes involved in GSH synthesis and recycling
wasmeasured. Intracellular GSH can be generated fromboth recycling
of glutathione disulfide (GSSG), mediated by glutathione disulfide
reductase (GSR), and de novo synthesis, catalyzed by glutamine-
cysteine ligase (GCL, including a catalytic subunit GCLC and a mod-
ulatory subunit GCLM) and glutathione synthase (GSS). SLC13A3
knockdown had no significant effect on the mRNA expression of GSR,
GCLC, GCLM, or GSS in HepG2 cells, although it decreased GCLC and
GCLM expression in SNU398 cells (Supplementary Fig. 6e). To deter-
mine if SLC13A3 knockdown altered the precursors for endogenous
GSH synthesis, the intracellular amino acids were analyzed using the
metabolomics data from SLC13A3-knockdown HepG2 cells (Supple-
mentary Fig. 6c). SLC13A3 knockdown significantly decreased intra-
cellular glutamate and glutamine in HepG2 cells. These findings
suggest that SLC13A3 knockdown decreases intracellular GSH likely by
reducing both the activity of GSH uptake and the availability of GSH
synthetic precursors.

Metabolomic data analysis showed that SLC13A3 knockdown sig-
nificantly decreased 13 amino acids, including 4 essential amino acids
(EAAs), namely leucine, phenylalanine, tryptophan, and threonine
(Supplementary Fig. 6c). Among them, only leucine was found to be
decreased by CTNNB1 knockdown in HepG2 cells and increased by
CTNNB1 overexpression in Huh7 cells (Supplementary Fig. 4). There-
fore, we focused on the potential mechanism by which SLC13A3
regulated intracellular leucine. Mammalian cells need to take up EAAs
from extracellular milieu because they are unable to produce EAAs de
novo. Members of the SLC7 family (SLC7A5, SLC7A7, and SLC7A8), the
SLC43 family (SLC43A1 and SLC43A2), the SLC6 family (SLC6A14 and
SLC6A15), and the SLC38 family (SLC38A1–SLC38A11) have been
implicated in the uptake of EAAs12. Among these transporters, SLC13A3
knockdown significantly decreased the mRNA expression of SLC7A5
and SLC38A2 in bothHepG2 and SNU398 cells (Supplementary Fig. 7a).
SLC7A5 is an established leucine transporter. SLC7A5 dimerizes with
SLC3A2 to function as an antiporter protein that exports glutamine to
promote leucine uptake13. SLC38A2 and SLC1A5 can fuel SLC7A5-
mediated uptake of leucine by importing glutamine14,15. Interestingly,
SLC13A3 knockdown also suppressed the mRNA expression of SLC3A2
and SLC1A5 (Supplementary Fig. 7b). Western blot analysis confirmed
the decreased SLC7A5 and SLC3A2 proteins in SLC13A3-knockdown
cells (Fig. 3c and Supplementary Fig. 7c). Consistent with SLC7A5
downregulation, the cellular uptake of leucine was decreased in
SLC13A3-knockdown cells (Fig. 3d). These findings suggest that
SLC13A3 regulates intracellular leucine through SLC7A5.

To determine the potential mechanism for SLC13A3-mediated
regulation of SLC7A5, we first utilized PROMO website to predict the
putative transcription factors for the SLC7A5 promoter binding.
Among the 15 putative transcription factors, only MYC mRNA

Fig. 1 | Clinical correlation of SLC13A3 with CTNNB1 in human HCC tissues.
a Heatmap of SLC13A3 mRNA levels with common gene mutations based on the
analysis of TCGA-LIHC dataset. The mutation data was extracted from the cBio-
Portal forCancerGenomics (http://www.cbioportal.org).Heatmapwasdrawnusing
Complex heatmapanalysis.bRelative SLC13A3mRNA levels inCTNNB1mutantHCC
samples (n = 96 samples, blue), nontumoral tissues (NT) (n = 50 samples, red), and
non-CTNNB1 mutant HCC samples (n = 275 samples, purple) were determined by
analyzing RNA-seq data from TCGA-LIHC dataset. Statistical analysis was per-
formed using one-way ANOVA test. c Relative SLC13A3mRNA levels in nontumoral
tissues (NT) (n = 50 samples, red) as well as their paired CTNNB1 mutant
(n = 13 samples, blue) and paired non-CTNNB1mutant (n = 37 samples, purple) HCC
samples were determined by analyzing RNA-seq data from TCGA-LIHC dataset.
Statistical analysis was performed using two-tailed Student’s t-test. d Top 20 KEGG
pathways enriched in SLC13A3 positively correlated and negatively correlated
genes from TCGA-LIHC dataset were visualized by scatter plots. Statistical analysis
was performed using the two-sided hypergeometric test. Relative pathways

enriched by KEGG analyses were shown in vertical axis. Colors represented differ-
ent -Log10 (p value), and changed from green to red indicating increasingly sig-
nificant enrichment. eRepresentative IHC staining images of SLC13A3 in three HCC
cases with different location of β-catenin staining (Case #1, nuclear staining; Case
#2, cytoplasmic staining; Case #3: membranous staining). Scale bar, 100 μm.
f Pearson correlation test analyzing the relationship of SLC13A3 and β-catenin
immunohistochemistry (IHC) scores. SLC13A3 and β-catenin protein levels were
analyzed by IHC in HCC samples including 12 cases with cytoplasmic β-catenin
expression and 11 cases with nuclear β-catenin expression. IHC analyses of β-
catenin and SLC13A3 proteins were scored as follows: grade 0, score = 1–2; grade 1,
weak expression, score= 3–4; grade 2,moderate expression, score = 5–6; and grade
3, intense expression, score = 7–8. g Log-rank (Mantel–Cox) test of overall survival
from HCC patients with high (n = 23 samples, IHC scores > 3, blue) and low
(n = 59 samples, gray) SLC13A3 protein levels. The log-rank test was used to com-
pare overall survival between groups. Source data are provided as a Source
Data file.
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expression was significantly decreased by SLC13A3 knockdown in both
HepG2 and SNU398 cells (Supplementary Fig. 7d). qRT-PCR and wes-
tern blot analyses validated the down-regulation of MYC in SLC13A3-
knockdown cells (Fig. 3e). By contrast, MYC mRNA expression was
significantly upregulated by SLC13A3 overexpression (Supplementary
Fig. 7e). It should be noted that SLC7A512 and SLC3A216 are direct target
genes of c-MYC. As anticipated, MYC knockdown by siRNAs markedly
diminished the suppression of SLC7A5 and SLC3A2 in SLC13A3-

knockdown cells (Supplementary Fig. 7f). We also found that the
mRNA levels of several c-MYC target genes were decreased by SLC13A3
knockdown (Supplementary Fig. 7g). These findings suggest that
c-MYC mediates the down-regulation of SLC7A5 in SLC13A3-knock-
down cells.

Considering that GSH was depleted in SLC13A3-knockdown cells
and GSH depletion increases DNA methylation in hepatocytes17, we
explored whether DNA methylation contributed to the down-
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regulation of MYC. We found that SLC13A3 knockdown significantly
increased the expression of DNMT1, DNMAT3A and DNMT3B (Supple-
mentary Fig. 8a). Knockdown of DNMTs by siRNAs significantly atte-
nuated the down-regulation ofMYC and SLC7A5 in SLC13A3-knockdown
cells (Supplementary Fig. 8b and 8c). Methylated DNA immunopreci-
pitation (MeDIP) analysis revealed a marked increase in 5-methylated-
cytosine (5-mC) in the MYC promoter upon SLC13A3 knockdown
(Fig. 3f). Furthermore, methylation-specific PCR analysis revealed that
methylation of CpG islands in theMYC promoter region was increased
in SLC13A3-knockdown cells, but decreased in SLC13A3-overexpressing
cells (Supplementary Fig. 8d). Althoughmultiplemechanismsmight be
involved in MYC regulation, our findings suggest that SLC13A3 reg-
ulates MYC expression at least partially through DNA methylation.

Analyses of ChIP-seq and RNA-seq data from Apc-knockout and
Ctnnb1-knockout mouse hepatocytes revealed that mouse Slc13a3 is
also a direct target gene of β-catenin18. Additionally, we analyzed the
RNA-seqdata frompreviously establishedmouseHCCmodels induced
by various oncogenes, including AKT/β-catenin, c-Met/β-catenin, Nrf2/
β-catenin, c-Myc, and AKT/c-Met (Supplementary Fig. 9a). The mRNA
levels of both Slc13a3 and Slc7a5 were significantly elevated in mouse
liver tumors induced by c-Met/β-catenin, Nrf2/β-catenin, and AKT/β-
catenin, but not in AKT/c-Met driven HCC tissues. Slc7a5, but not
Slc13a3, was upregulated in c-Myc-driven HCC tumor. This is not sur-
prising because Slc7a5 is a target gene of c-Myc. Given the upregula-
tion of Slc13a3 and Slc7a5 in β-catenin-activated HCCs, we determined
whether leucine is critical for β-catenin-driven hepatocarcinogenesis.
We hydrodynamically injected mice with c-Met/β-catenin plasmids or
AKT/β-catenin plasmids to induce liver tumors. Micewere given either
a leucine deficient diet (Leu-) or leucine-supplemented drinking water
(Leu + ) (Fig. 3g). In both HCC models, mice from control and Leu+
groups had to be euthanized during the treatment course, whereas
mice from Leu- group survived longer (Fig. 3h). Based on liver weights
and histological analysis, tumor burden and cell proliferation were
higher in Leu+ group and lower in Leu- group compared to control
group (Fig. 3i, j and Supplementary Fig. 9b). These findings suggest
that leucine promotes β-catenin-driven hepatocarcinogenesis in mice.

Silencing of SLC13A3 induces autophagic ferroptosis in β-
catenin-activated liver cancer cells
The in vitro effect of SLC13A3 knockdown was determined using GOF
CTNNB1 mutant HepG2 and SNU398 cells. Both sh#1 and
sh#2 significantly suppressed the proliferation and colony formation
of HepG2 and SNU398 cells, which were rescued by SLC13A3 re-
expression (Fig. 4a andSupplementary Fig. 10a, b). Flowcytometry and

caspase activity assays revealed that SLC13A3 knockdown had no sig-
nificant impact on apoptosis (Supplementary Fig. 10c). Necrosulfona-
mide (NSA), a potent necroptosis inhibitor, and Z-VAD-FMK (ZVAF), a
potent apoptosis inhibitor, had little effect on the growth of SLC13A3-
knockdowncells (Supplementary Fig. 10d). In contrast, two ferroptosis
inhibitors, ferrostatin-1 (Fer-1) and liproxstatin-1 (Lip-1), significantly
increased the cell viability of SLC13A3-knockdown cells (Fig. 4b). Fer-
roptosis is characterized by lipid peroxidation and iron
accumulation19. We observed a substantial increase of lipid peroxida-
tion in SLC13A3-knockdown cells using the C11-BODIPY probe or by
measuring intracellular malonyl dialdehyde (MDA) (Fig. 4c). Transfer-
rin receptor 1 (TfR1) regulates the import of iron into the cell and is
considered a specific ferroptosis marker20. Western blot analysis
revealed that SLC13A3 knockdown increased TfR1 (Fig. 4d and Sup-
plementary Fig. 10e).

GSH functions as a key scavenger of reactive oxygen species
(ROS) and plays a crucial role in ferroptosis via GSH-glutathione per-
oxidase 4 (GPX4) axis21. Western blot analysis showed that GPX4 pro-
tein level was decreased in SLC13A3-knockdown cells (Fig. 4d and
Supplementary Fig. 10e). Consistent with GSH depletion in SLC13A3-
knockdown cells, we observed a significant increase in intracellular
ROS (Fig. 4e and Supplementary Fig. 11a). Notably, supplementation of
GSH or N-acetylcysteine (NAC) largely reversed the suppressed cell
viability of SLC13A3-knockdown cells (Supplementary Fig. 11b). Sor-
afenib is the first-line drug for advanced HCC. Sorafenib can induce
HCC cell ferroptosis via inhibition of SLC7A11, leading to cellular GSH
depletion and elevated ROS22. We found that SLC13A3 knockdown
enhanced the sensitivity of liver cancer cells to sorafenib, which could
be largely diminished by supplementation of GSH or NAC (Fig. 4f and
Supplementary Fig. 11c). Furthermore, SLC13A3 knockdown increased
the vulnerability of cells to ferroptosis modulators of GSH-GPX4 axis
(RSL3, buthionine sulfoximine, erastin) (Supplementary Fig. 11d).
These results suggest that SLC13A3 knockdown induces ferroptosis in
β-catenin-activated liver cancer cells.

Ferritin is the iron storage protein critical for cellular iron home-
ostasis. During ferroptosis, ferritin can be degraded by autophagy, a
process known as ferritinophagy23. ATG5 regulates the early stage of
autophagosome formation. We found that SLC13A3 knockdown
markedly decreased ferritin heavy chain 1 (FTH1) and increased ATG5,
suggesting the occurrence of ferritinophagy (Fig. 4d and Supplemen-
tary Fig. 10e). Notably, ATG5 knockdown by siRNAs decreased lipid
peroxidation and reversed the inhibitory growth of SLC13A3-knock-
down cells (Supplementary Fig. 11e, f). The autophagy inhibitors
chloroquine (CQ) and bafilomycin A1 (BafA1) also significantly

Fig. 2 | β-Catenin regulates the expression of SLC13A3 and intracellular
SLC13A3 substrates. a, bmRNA expression of TBX3, GLUL, and SLC13A3, as well as
protein levels of β-catenin and SLC13A3 in CTNNB1-overexpressing or CTNNB1-
knockdown HCC cells. Huh7 and HLF cells were transfected with pT3-EF1αH plas-
mid (empty vector, EV, gray) or pT3-EF1αH plasmid containing ΔN90-β-catenin
mutant fragment (CTNNB1, red). HepG2 and SNU398 cells were infected with
shRNA lentivirus using pLKO.1 plasmid containing either scramble shRNA (negative
control shRNA, shNC, gray) or shCTNNB1 (blue) sequences. Cells were collected at
24h for qRT-PCRand 48h forwestern blot. The experiments were performed three
times ondifferent days. Eachwesternblot representedonebiological replicate (two
technical repeats per group). Data are presented as the mean ± SEM (n = 3 inde-
pendent experiments). Statistical analysis was performed using two-tailed Stu-
dent’s t test. c Luciferase reporter assay for the identification of β-catenin binding
sites in the SLC13A3 gene promoter region (~1.0 kb from transcription start site,
TSS). A series of fragments in the SLC13A3 promoter region were schematized.
HEK293T cells were transfected with the respective promoter plasmid, pCMV-
renilla, and EV- or CTNNB1-overexpressing plasmid for 24h. Data are presented as
the mean ± SEM (n = 3 independent experiments). Statistical analysis was per-
formed using one-way ANOVA test. d Chromatin immunoprecipitation (ChIP)-PCR
detection of the SLC13A3 promoter. DNA was isolated by anti-β-catenin antibody

(orange), anti-TCF4 antibody (blue), or negative control IgG (gray). Input DNA
which equaled 10% total DNA samples prior to immunoprecipitation was used as
positive control. DNAs were respectively amplified using SLC13A3 promoter pri-
mers#1 (for binding site 1), #2 (for binding site 2), and #3 (spans −2100 to −2081 bp
upstreamof the TSS), aswell as negativeGAPDHprimers and positiveMYC primers.
Data are presented as the mean ± SEM (n = 3 independent experiments). Statistical
analysis was performed using two-tailed Student’s t test. e In vitro EMSA analysis of
TCF4 protein binding with two putative β-catenin binding sites in HepG2 nuclear
extracts. The protein and DNA interactions were abolished by adding unlabeled
wild-type probes, but could not be abrogatedbymutant probes. Left panel: Adding
anti-TCF4 antibody resulted in a supershift band to TCF4 protein. Right panel: No
supershift band after adding anti-TCF4 antibody. SLC13A3 probe #1 was for the
bind site 1, and SLC13A3 probe #2 was for the bind site 2. Each experiment was
independently repeated three times. f Relative intracellular levels of malate, suc-
cinate, and fumarate. The datawere obtained from the untargetedmetabolomics in
CTNNB1-overexpressing Huh7 cells (red) and CTNNB1-knockdown HepG2 cells
(blue). Data are presented as the mean ± SEM (n = 6 independent experiments).
Statistical analysis was performed using two-tailed Student’s t test. Source data are
provided as a Source Data file.
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decreased lipid peroxidation in SLC13A3-knockdown cells (Supple-
mentary Fig. 11g). Both western blot and fluorescence immunostaining
analyses revealed that SLC13A3 knockdown increased LC3B, a reliable
biomarker of autophagosome (Fig. 4d, Supplementary Figs. 10e, 11h).
By utilizing a fluorescent-tagged LC3B expression system, we demon-
strated that SLC13A3 knockdown markedly promoted autophagic
flux (Fig. 4g).

mTOR serves as a master regulator of autophagy, and mTOR
activation is commonly observed in β-catenin-activated liver tumors24.
We found that SLC13A3 knockdown significantly decreased pmTOR
and its downstream effectors, pp70S6K and P62 (Fig. 4d and

Supplementary Fig. 10e). Because leucine is a potent stimulator of
mTOR25 and is regulated by SLC13A3, we examined whether leucine
mediated the deactivation of mTOR in SLC13A3-knockdown cells.
Remarkably, leucine could significantly mitigate the effect of SLC13A3
knockdown on pmTOR and its downstream proteins (Supplementary
Fig. 11i). Moreover, leucine supplementation significantly restored the
growth of SLC13A3-knockdown cells (Supplementary Fig. 11j). Addi-
tionally, we found that leucine supplementation increased pmTOR in
β-catenin-driven mouse HCC tumors (Supplementary Fig. 9c). Taken
together, these findings suggest that ferroptosis induced by SLC13A3
knockdown is at least partially dependent on autophagy.
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Genetic inhibition of Slc13a3 suppresses β-catenin-driven hepa-
tocarcinogenesis in mice
To determine the in vivo effect of SLC13A3 knockdown, we first eval-
uated the impact of intratumor injection of shNC or shSLC13A3#1
lentivirus on subcutaneous HepG2 cell xenografts in mice. qRT-PCR
and IHC analyses validated the successful knockdown of SLC13A3 by
shRNA lentivirus in HepG2 xenografts (Supplementary Fig. 12a).
SLC13A3 knockdown significantly inhibited the growth of HepG2
xenografts, with a concomitant decrease in cell proliferation marker
Ki67 (Supplementary Fig. 12b, c). IHC and western blot analyses
showed that SLC13A3 knockdown had no effect on apoptosis (cleaved
caspase 3), but induced autophagy (decreased pmTOR, pp70S6K, and
P62; increased ATG5 and LC3B) and ferroptosis (increased 4HNE, the
aldehyde product of lipid peroxidation). Importantly, the ferroptosis
inhibitor liproxstatin-1 significantly reversed the growth inhibitory
effect of SLC13A3 knockdown on HepG2 xenografts (Fig. 5a).

Next, we determined the impact of Slc13a3 knockdown on
β-catenin-driven hepatocarcinogenesis in mice. We first showed that
hydrodynamic injection of the shSlc13a3#1 and shSlc13a3#2 lentivirus
mixture successfully decreased Slc13a3 expression in mouse liver
(Supplementary Fig. 13a). Subsequently, mice were subject to hydro-
dynamical injection of the shRNA lentivirus mixture together with c-
Met/β-catenin plasmids or AKT/β-catenin plasmids to induce liver
tumor (Fig. 5b). Staring from 7- or 8-weeks post-injection, all mice
treated with control shRNA lentivirus (shNC) exhibited large abdom-
inalmasses and eventually becamemoribund, whilemice injectedwith
shSlc13a3 lentivirus appeared healthy as of 15 weeks post-injection
(Fig. 5c, d).Consistently, shSlc13a3-treatedmicehad significantly lower
tumor burden than shNC-treated mice (Figs. 5e and 5f). Finally, we
investigated the molecular mechanisms underlying the tumor-
suppressing effect of shSlc13a3 lentivirus. The high immunoactivity
ofMYC-tagged β-catenin (MYC) in c-Met/β-catenin-driven liver tumors
and HA-tagged myr-AKT1 (HA) in AKT/β-catenin-driven liver tumors
implied their origin from the transfected cells (Fig. 5e, f). The immu-
noactivity of Ki67 and 4HNE revealed that Slc13a3 knockdown
decreased tumor cell proliferation and increased ferroptosis. As
anticipated, SLC13A3 and SLC7A5 protein levels were increased in
β-catenin-driven liver tumors of shNC-injected mice, but were
decreased in shSlc13a3-injected mice (Supplementary Fig. 13b). Con-
sistently, Slc13a3 knockdown decreased intracellular GSH and leucine
in β-catenin-driven mouse liver tumors (Supplementary Fig. 13c). Fur-
thermore, western blot analysis revealed that Slc13a3 knockdown did
not significantly altered apoptosis (cleaved caspase 3), but induced

autophagy (decreasedpmTORandP62, increasedATG5andLC3B) and
ferroptosis (increased TfR1) (Supplementary Fig. 13b). These findings
suggest that Slc13a3 knockdown by shRNA lentivirus impedes
β-catenin-driven hepatocarcinogenesis.

To further validate the role of SLC13A3, we utilized a CRISPR/Cas9
lentivirus system to knockout SLC13A3 in human HCC cells (Supple-
mentary Fig. 14a, b). As anticipated, SLC13A3 deficiency markedly
inhibited cell viability and colony formation of HepG2 and SNU398
cells, which could be rescued by SLC13A3 re-expression (Fig. 6a, b).
Western blot analysis revealed that SLC13A3 deficiency decreased
leucine transporters SLC7A5 and SLC3A2, and induced ferroptosis
markers (increased TfR1, decreased FTH1 and GPX4) (Fig. 6c). Sup-
plementationwith leucine, GSHorNACcould significantly increase the
viability of SLC13A3 deficient cells (Supplementary Fig. 14c). Further-
more, SLC13A3 deficiency decreased mRNA expression of MYC, with-
out significantly altering GSH synthetic genes (Supplementary
Fig. 14d). Subsequently, we utilized a CRISPR/Cas9 adeno-associated
virus 8 (AAV8) system to knockout Slc13a3 in mouse hepatocytes
(Supplementary Fig. 14e, f). Two weeks after AAV8 virus injection,
c-Met/β-catenin plasmids or AKT/β-catenin plasmids were injected to
induce HCC in mice (Fig. 6d). While AAV8-sgSlc13a3 could not com-
pletely deplete SLC13A3 protein in mouse liver, it significantly pro-
longed the survival of β-catenin-driven HCC mice, with reduced liver
tumor burden (Fig. 6e, f). Liver histological and IHC analysis revealed
that AAV8-sgSlc13a3 substantially decreased the cell proliferation
marker Ki67 (Fig. 6g). It should be noted that the experimental pro-
cedures were different between shRNA knockdown and sgRNA
knockout mouse studies. We hydrodynamically co-injected the shRNA
virus mixture along with β-catenin plasmids to induce liver tumors,
while sgRNA was injected two weeks prior to the hydrodynamic
injection ofβ-catenin plasmids. Taken together, thesefindings support
the therapeutic targeting potential of SLC13A3 in β-catenin-driven
hepatocarcinogenesis.

The SLC13A3 inhibitor ACA suppresses the growth of human
HCC cells and prevents β-catenin-driven hepatocarcinogenesis
in mice
N-(p-amylcinnamoyl) anthranilic acid (ACA) has been used as an inhi-
bitor of SLC13A3 to explore its functions26,27. We found that ACA
markedly inhibited cell viability and colony formation of HepG2 and
SNU398 cells in a dose-dependent manner (Supplementary Fig. 15a).
ACA dose-dependently decreasedmRNA and protein levels of SLC13A3
(Supplementary Fig. 15b). The inhibitory effect of ACA on cell viability

Fig. 3 | SLC13A3 regulates intracellular glutathione and leucine in β-catenin-
activated liver cancer cells. a Cellular accumulation of 13C2,

15N-glutathione (GSH)
in HEK293 cells. HEK293-SLC13A3 and HEK-EV cells were incubated with isotope-
labeled GSH at concentrations from 10nM to 10mM for 20min. Saturable GSH
uptake was calculated using the difference of GSH accumulation in HEK293-
SLC13A3 and HEK-EV cells. The data were fit to a Michaelis–Menten equation. Data
are presented as the mean ± SEM for a representative experiment (n = 3 indepen-
dent experiments). b Cellular uptake of 13C2,

15N-glutathione (GSH) (5 and 10μM)
was significantly higher in HEK-SLC13A3 cells (red) compared to HEK293-EV cells
(gray). Cells were incubated in the uptake buffer containing GSH for 20min. Data
are presented as the mean ± SEM (n = 3 independent experiments). Statistical
analysis was performed using two-tailed Student’s t test. c Representative western
blots of SLC13A3, SLC7A5, and SLC3A2 in HepG2 and SNU398 cell. Stably control
(shNC) and SLC13A3-knockdown (sh#1) cells were established by infection with
shRNA lentivirus. Blots were representative of three independent experiments (two
replicates per group for each experiment). d Cellular uptake of 2mM leucine in
HepG2 and SNU398 cells. Stability control (shNC, gray) and SLC13A3-knockdown
cells (sh#1, blue) were incubated with 2mM leucine for 20min. Data are presented
as the mean± SEM (n = 3 independent experiments). Statistical analysis was per-
formed using two-tailed Student’s t test. e qRT-PCR and western blot analyses of
MYC expression in HepG2 and SNU398 cells. Stably control (shNC, gray) and

SLC13A3-knockdown (sh#1, blue and sh#2, dark blue) cells were established using
respective shRNA lentivirus. Data are presented as the mean± SEM (n = 3 inde-
pendent experiments). Statistical analysis was performed using one-way ANOVA
test. Blots were representative of three independent experiments. f Methyl-DNA
immunoprecipitation (MeDIP)-PCR detection of the MYC promoter methylation.
DNAwas immunoprecipitated with 5-methylcytosine antibody (blue) or IgG (gray),
and purified according to the manufacturer’s protocol. Input DNA prior to immu-
noprecipitationwas used as the positive control. Precipitated and input DNAs were
amplified using primers for the CpG islands in the MYC promoter region, and PCR
products were visualized by gel electrophoresis. Data are presented as the
mean ± SEM (n = 3 independent experiments). Statistical analysis was performed
using two-tailed Student’s t test. gMouse study design. Mice were given a leucine-
deficient diet (Leu-) or leucine-supplemented drinking water (1.5% leucine in
drinking water, Leu+). Liver tumor was induced by hydrodynamic tail vein injection
(HTVi) of c-Met/β-catenin plasmids or AKT/β-catenin plasmids. h Mice were
euthanized when they developed a high burden of liver tumors. The log-rank test
was used to compare overall survival between groups (Gray, control; Blue, Leu+;
Orange, Leu-). ns, non-statistically significant. i, j Representative gross liver images,
as well as H&E (hematoxylin-eosin) and Ki67 IHC staining images. Images were
representative shown out of 6 independent mice per group. Scale bar, 200 μm.
Source data are provided as a Source Data file.
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could largely be reversed by forced expression of SLC13A3 (Supple-
mentary Fig. 15c). Although ACA also inhibits SLC13A2 and SLC13A528,
it is noteworthy that SLC13A2 expression is low in liver tissues28. Con-
sistently, HPA analysis revealed almost undetectable SLC13A2 expres-
sion in liver cancer cells (Supplementary Fig. 15d). This indicates that
SLC13A2 is unlikely the target of ACA in suppressing HCC cell viability.
Interestingly, while SLC13A5mRNAwas highly expressed in HepG2 and
Huh7 cells, it was almost undetectable in other HCC cells, including
those with β-catenin activation (Supplementary Fig. 15d). The SLC13A5
specific inhibitor PF-0676128129 had no effect on cell viability of HepG2

cells, and SLC13A5 overexpression did not reverse the inhibitory effect
of ACA on cell viability (Supplementary Fig. 15e, f). This suggests that
SLC13A5 is also not the target for ACA in suppressingHCC cell viability.
Besides the SLC13A transporters, ACA has been reported to inhibit
PLA2, TRPM2, and AP2M130. HPA analysis revealed that TRPM2
expression was almost undetectable in liver cancer cells (Supplemen-
taryFig. 15d).While inhibitionofPLA231 andAP2M132 hasbeen shown to
suppress autophagy, ACA induced autophagy in HCC cells (Supple-
mentary Fig. 16). Furthermore, overexpression of PLA2, TRPM2, and
AP2M1 did not inhibit ACA cytotoxicity in HCC cells (Supplementary
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Fig. 15g), nor did ACA treatment alter their mRNA expression (Sup-
plementary Fig. 15h). Although we cannot completely rule out the
potential “off-target” effects of ACA, these findings suggest that ACA
inhibits HCC cell viability, at least partially, via SLC13A3.

To determine whether ACA exerts similar effects as SLC13A3
genetic inhibition, we characterized the potential mechanisms
underlying ACA-mediated cell growth inhibition. ACA had no sig-
nificant effect on apoptosis (Supplementary Fig. 16a). The growth
inhibitory effect of ACA could be rescued by inhibitors of autophagy
(bafilomycin A1 and chloroquine) and ferroptosis (liproxstatin-1 and
ferrostatin-1), but not by inhibitors of necrosis (NSA) or apoptosis
(Z-VAD-FMK) (Supplementary Fig. 16b). ACA-induced ferroptosis was
further evidenced by elevated lipid ROS (C11-BODIPY fluorescence)
(Supplementary Fig. 16c). Western blot analysis showed that ACA
induced autophagy (decreased pmTOR and P62, increased ATG5 and
LC3B) and ferroptosis (decreased FTH1 and increased TfR1) bio-
markers in a dose-dependent manner (Fig. 7a). Additionally, ACA
showed a synergistic effect with sorafenib on cell viability and colony
formation of HepG2 and SNU398 cells (Fig. 7b and Supplementary
Fig. 16d).

Next, we investigated the in vivo effect of ACA in mice. ACA did
not cause apparent toxicity in normal C57BL/6N or BALB/C nudemice
(Supplementary Fig. 16e). ACA (30mg/kg, i.p., every other day) effec-
tively suppressed the growth of subcutaneous HepG2 xenografts in
BALB/C nude mice, showing a synergistic effect with sorafenib
(Fig. 7c). Western blot and IHC analysis revealed that ACA induced
autophagy and ferroptosis in HepG2 xenografts (Fig. 7d and Supple-
mentary Fig. 16f). To further investigate the impact of ACA on
β-catenin-driven hepatocarcinogenesis, ACA (30mg/kg, every other
day) was administered intraperitoneally to C57BL/6N mice starting
from the 4th week post injection of c-Met/β-catenin and AKT/β-catenin
plasmids (Fig. 7e). While all vehicle-treated mice had to be euthanized
during the experimental course, ACA-treated mice appeared to be
healthy even after 15 weeks post plasmid injection (Fig. 7f). IHC and
western blot analysis indicated that ACA induced autophagy
(increased ATG5 and LC3B; decreased pmTOR and P62) and ferrop-
tosis (increased 4HNE and TfR1; decreased FTH1) (Fig. 7g and Sup-
plementary Fig. 16g). These findings indicate that ACA exerts similar
effects to genetic inhibition of SLC13A3 on β-catenin-activated liver
cancer.

Discussion
While many direct downstream targets of β-catenin have been identi-
fied, only a limited number of them have been suggested as potential
targetable genes for treating β-catenin-activated liver cancer. Gluta-
mine synthetase (GS) is a liver-specific downstream target ofβ-catenin,

and GS-mediated glutamine synthesis activates mTORC1 in CTNNB1-
mutated HCC24. However, mTOR is not a direct target of β-catenin and
could be modulated by multiple cascades. Consequently, the mTOR
inhibitor everolimus only shows limited efficacy against advanced
HCC33. Given the significance of SLC transporters as valuable targets
for drug development, we show that inhibition of SLC13A3, a direct
downstream target gene of β-catenin, effectively impedes β-catenin-
driven hepatocarcinogenesis (Fig. 7h).

The TCA cycle intermediates have a profound impact on cancer
development34. Three SLC13 family members, namely SLC13A2,
SLC13A3, and SLC13A5, are capable of transporting the TCA cycle
metabolites. Among them, SLC13A3 and SLC13A5 are highly expressed
in the liver7. Previous studies suggest that SLC13A5 regulates the
uptake of citrate in liver cancer, and its inhibition suppresses the
growth of HepG2 and Huh7 cells35,36. However, our data show that
β-catenin activation has no significant impact on SLC13A5 expression
(Supplementary Fig. 17a). Furthermore, both mRNA and protein levels
of SLC13A5 are significantly down-regulated in human HCCs (Supple-
mentary Fig. 17b, c). Thesefindings suggest that SLC13A5 is not an ideal
direct therapeutic target for liver cancer treatment. In contrast, we
show that β-catenin activation upregulates SLC13A3, leading to an
increase of intracellular SLC13A3 substrates (succinate and fumarate)
in liver cancer cells. Interestingly, the accumulation of succinate or
fumarate, caused by mutations in succinate dehydrogenase (SDH) or
fumarate hydratase (FH), has been implicated in tumor development
and progression34. Future studies are needed to determine whether
SLC13A3-mediated accumulation of succinate and fumarate can drive
oncogenic cascades in β-catenin-activated liver cancer.

Although inconsistent findings have been reported on the blood
level of leucine in HCC patients37, leucine appears to be upregulated in
HCC tumor tissues38, particularly in the NFALD type HCC39. Coin-
cidently, aberrated Wnt/β-catenin signaling is implicated in the pro-
gression from NFALD to HCC40. Leucine supplementation has been
shown to promote bladder carcinogenesis in rats41,42, and increase
pancreatic tumor growth in xenografted mice43. However, the in vivo
effect of leucine supplementationonHCC is yet to be fully understood.
Leucine is one of the branched-chain amino acids (BCAAs), which have
demonstrated controversial impacts on HCC tumorigenesis and pro-
gression. In two clinical studies, oral administration of BCAAs prevents
hepatocarcinogenesis in patients with cirrhosis44 and reduces early
recurrence after hepatic resection in HCC patients45. In contrast,
Ericksen et al. reported that BCAA supplementation markedly increa-
ses the incidence and metastasis of DEN-induced liver tumors in
mice46. Nevertheless, we show that SLC13A3 is a key regulator of
intracellular leucine, and identify a promoting effect of leucine on
β-catenin-driven hepatocarcinogenesis in mice.

Fig. 4 | SLC13A3 knockdown induces autophagic ferroptosis. a Growth curves
and colony formation of HepG2 and SNU398 cells. Stably control (shNC, gray) and
SLC13A3-knockdown (sh#1, blue) cells were established using shRNA lentivirus. For
re-expression study, cells were transfected with EV- (orange) or SLC13A3-over-
expressing (purple) plasmid for 24 h. Cell viability was determined at the indicated
time. Colony formation was measured by incubating cells in 12-well plates for
2 weeks. Data are presented as the mean ± SEM (n= 3 independent experiments).
Statistical analysis was performed using one-way ANOVA test. b Cell viability of
HepG2 and SNU398 cells. Stably control (shNC, gray bar) and SLC13A3-knockdown
(sh#1, blue bar and sh#2, dark blue bar) cells were treated with 1μM ferrostatin-1
(Fer-1) or 10μM liproxstatin-1 (Lip-1) for 48 h. Data are presented as themean± SEM
(n = 3 independent experiments). Statistical analysis was performed using one-way
ANOVA test. c Intracellular fluorescence of C11-BODIPY probe and malonyl dia-
ldehyde (MDA) levels in HepG2 and SNU398 cells. Stably control (shNC, gray) and
SLC13A3-knockdown (sh#1, blue and sh#2, orange) cells were incubated with 2%
FBS-PBS containing 5μM C11-BODIPY for 30min, and the fluorescence was deter-
mined using flow cytometric analysis. Data are presented as the mean± SEM (n = 3

independent experiments). Statistical analysis was performed using one-way
ANOVA test. d Representative western blots of HepG2 and SNU398 cells (n = 3
independent experiments). Stably control (shNC) and SLC13A3-knockdown (sh#1)
cells were established using shRNA lentivirus. e ROS levels in HepG2 and SNU398
cells. Stably control (shNC, gray bar) and SLC13A3-knockdown (sh#1, blue bar and
sh#2, dark blue bar) cells were incubated with 10 μMDCFH-DA for 30min, and the
fluorescence was measured. Data are presented as the mean± SEM (n = 3 inde-
pendent experiments). Statistical analysis was performed using one-way ANOVA
test. f Cell viability of SLC13A3-knockdown (sh#1, blue curve and sh#2, dark blue
curve) HepG2 and SNU398 cells in the presence of sorafenib at the indicated
concentrations (0, 1.25, 2.5, 5, 10 μM) for 48h. Data are presented as the mean ±
SEM (n = 3 independent experiments). Statistical analysiswasperformedusing one-
way ANOVA test. g Autophagosome formation wasmeasured usingmRFP-GFP-LC3
puncta inHepG2 and SNU398 cells (n = 3 independent experiments). Stably control
(shNC) and SLC13A3-knockdown (sh#1) cells were transfected with 1μg mRFP-GFP-
LC3 plasmid for 24h, and imaged using confocalmicroscopy (GFP, green; RFP, red;
merge, yellow). Source data are provided as a Source Data file.
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GSH is the most abundant thiol-containing compound in mam-
malian cells and has a primary role in regulating the antioxidant stress
and various signal transduction reactions. GSH dysregulation has been
implicated in tumor initiation, progression and treatment response47.
GSH is particularly concentrated in the liver (~10mM), which is the
major site of GSH synthesis. Notably, much of the GSH synthesized
inside hepatocytes is constantly exported into liver sinusoids48.

Because GSH is rapidly metabolized in the circulation leading to low
plasma GSH levels (~10μM), the re-uptake of GSH from the sinusoidal
space into hepatocytes is highly questionable. However, it should be
noted that the tumor microenvironment is totally different from nor-
mal tissue. For example, the extracellular pH in tumors including liver
cancer is usually acidic (pH=5.8-6.8)49. It is reported that the acidic pH
could dramatically alter the metabolism of GSH50. Therefore, the
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potential role of sinusoidal GSH re-uptake in liver cancer development
could not be excluded. In this study, we show that SLC13A3 is a low-
affinity GSH transporter and can transport GSH at physiologically
concentrations. SLC13A3 knockdown not only impedes the uptake of
GSH from the culture medium, but also decreases GSH precursor
amino acids through c-MYC-SLC7A5 signaling. Consequently, SLC13A3
is identified as a key regulator of intracellular GSH in β-catenin-
activated liver cancer cells.

The induction of ferroptosis presents a promising strategy for liver
cancer treatment. Sorafenib, a first-line drug for patients with advanced
HCC, is recognized as an inducer of ferroptosis. Combining sorafenib
with agents that increase ROS would enhance its antitumor effect on
HCC. Multiple compounds, including diclofenac51, terandrine52, and
artesunate53, have been demonstrated to augment sorafenib action in
HCC cells by elevating ROS. In our study, we demonstrate that SLC13A3
inhibition is an effective approach to deplete GSH, increase ROS, and
enhance sorafenib sensitivity in β-catenin-activated liver cancer cells.
Our findings support the involvement of the GSH-GPX4 axis in inducing
ferroptosis in SLC13A3-knockdown cells. However, other regulatorsmay
also play a role in SLC13A3-mediated ferroptosis. For instance, SLC13A3
knockdown increased sensitivity of HCC cells to auranofin (AF), an
inhibitor of thioredoxin reductase (Supplementary Fig. 11d). Interest-
ingly, the activation of the Wnt/β-catenin signaling has been shown to
promote ferroptosis resistance in various cancer cells54. The β-catenin
inhibitor ICG-001 significantly enhances sorafenib sensitivity in multiple
liver cancer cell lines55. Our findings suggest that targeting the down-
stream effector of β-catenin, such as SLC13A3, can also increase the
sensitivity to ferroptosis inducers in β-catenin-activated HCCs.

In conclusion, our study highlights the importance of SLC13A3 in
the regulation of ferroptosis in β-catenin-activated liver cancer. It is
important to clarify that we do not imply that only β-catenin-activated
liver cancer is sensitive to SLC13A3 inhibition. Rather, we believe that
β-catenin-activated liver cancer will exhibit specific sensitivity to
SLC13A3 inhibition. Inhibition of SLC13A3 is a promising strategy for
targeting the β-catenin signaling in liver cancers without causing sig-
nificant adverse effects.

Methods
Ethical statement
All protocols for animal studies were approved by Animal Ethics
Committee at the Institute of Radiation Medicine of the Chinese
Academy of Medical Sciences (CAMS) (No.IRM-DWLL-2021177). Mice
weremonitored daily for signs of HCC progression. Moribund animals
(the subcutaneous tumor reached a size larger than 2 cm in diameter
or liver weight reached 1/10 of body weight) were sacrificed. Animal
handling was in accordance with ARRIVE Guidelines 2.0 and CAMS
Guide for Care and Use of Laboratory Animals. Human hepatocellular
carcinoma tissue microarrays were obtained from Outdo Biotech Inc.
(Shanghai, China) with the approved protocol (No. YB M-05-02).
Informed consent was obtained from patients before tissue collection.

Plasmid constructs
The followingplasmidswereobtained fromAddgene (Cambridge,MA,
USA):mRFP-GFP-LC3 (#21074), pT3-EF1αHN90-beta-cateninwithMYC

tag (#86499), pT3-myr-AKT-HA with HA tag (#31789), pT3-EF1αH
c-Met (#86498), pCMV/sleeping beauty transposase (SB) (#34879),
and 3rd generation lentiviral packaging plasmids (pMDLg/pRRE#12251,
pMD2.G #12259, pRSV-Rev #12253). The shRNA sequences (Supple-
mentary Table 1) were synthesized by Genewiz (Tianjin, China) and
inserted into pLKO.1-TRC vector (Addgene #10879). The CDS regions
of geneswere amplified using cDNA templates fromhumanHepG2cell
line or mouse liver tissue, and cloned into pLenti-puro vector
(Addgene #39481). The primers for CDS amplification were listed in
Supplementary Table 2. All constructs were validated by sequencing.

Reagents and chemicals
Bafilomycin A1 (BafA1), chloroquine (CQ), necrosulfonamide (NSA),
Z-VAD-FMK (ZVAF), ferrostatin-1 (Fer-1), liproxstatin-1 (Lip-1), and
erastin were purchased from Selleck Chemicals (Houston, TX, USA).
PF-06761281, DL-buthionine-(S,R)-sulfoximine (BSO), RSL3, and aur-
anofin (AF) were obtained from MedChemExpress LLC (Shanghai,
China). Leucine, glutathione (GSH), and N-acetyl-L-cysteine (NAC)
were purchased from Solarbio Life Science (Beijing, China). Glu-
tathione-(glycine-13C2,

15N) was purchased from Sigma-Aldrich (St.
Louis, MO). N-(p-amylcinnamoyl) anthranilic acid (ACA) and sorafenib
for animal studies were synthesized by SuperLan Chemical Co., Ltd.
(Shanghai, China). 14C-Succinic acid (Moravek, Cat#MC 238) was
purchased from Moravek Biochemicals (Brea, CA, USA).

Cell culture
HepG2 (ATCC, HB-8065) and Huh7 (NICR, 1101HUM-PUMC000679)
cell lines were obtained from National Infrastructure of Cell line
Resource (Beijing, China). Human liver hepatocellular carcinoma cell
line Huh6 (TCHu181), SK-HEP-1 (TCHu109), and human embryonic
kidney cell line HEK293 (ATCC, CRL-1573) were obtained from Cell
Resource Center of Shanghai Institutes for Biological Sciences
(Shanghai, China). SNU398 cell line (ATCC, CRL-2233) was obtained
from Guangzhou Cellcook Biotech Co., Ltd. (Guangdong, China). Li-7
cell line was bought from Wuhan Boster Biological Engineering Co.,
Ltd. (Wuhan, China). SNU449 (ATCC, CRL-2234) and HLF cells were
kindly gifts from Dr. Xinhua Song at Capital Medical University (Beij-
ing, China). SNU398, SNU449, and Li-7 cells were maintained in RPMI-
1640 medium (Biological Industries, Kibbutz Beit-Haemek, Israel)
supplemented with 10% fetal bovine serum (FBS, Biological Industries,
Kibbutz Beit-Haemek, Israel) and 1% penicillin/streptomycin (P/S, Bio-
logical Industries, Kibbutz Beit-Haemek, Israel). SK-HEP-1 cells were
cultured inMEMmedium (Biological Industries, Kibbutz Beit-Haemek,
Israel) supplemented with 10% FBS and 1% P/S. Other cell lines were
maintained in Dulbecco’s Modified Eagle’s Medium (DMEM, Biological
Industries, Kibbutz Beit-Haemek, Israel) with 10% FBS and 1% P/S. All
cell lines were maintained in 37 °C with 5% CO2.

Lentivirus infection
A four-plasmid system was used for lentivirus production.
HEK293T cells (2.5×106) were plated in 60mm dishes pre-coated with
poly-D-lysine (0.1mg/mL dissolved in sterilized water) (Sigma-Aldrich,
St. Louis, MO). After 24 h, HEK293T cells were starved with 3mL of
opti-MEM (Gibco, Thermo Fisher Scientific, Gaithersburg, MD, USA)

Fig. 5 | Slc13a3 knockdown impedes β-catenin-driven hepatocarcinogenesis
in mice. a Tumor weights, tumor volumes, representative gross tumors and Ki67
IHC staining images of HepG2 xenografts in BALB/C nude mice. Knockdown of
SLC13A3was achieved by intratumor injectionwith shRNA lentivirus (shSLC13A3#1)
(Gray curve, shNC group; Blue curve, shSLC13A3 group). After shRNA lentivirus
treatment, mice were administered either vehicle or the ferroptosis inhibitor
liproxastatin-1 (Lip-1,10mg/kg, i.p., every two days). Data are presented as the
mean ± SEM (n = 6 independentmice per group). Statistical analysis was performed
using one-way ANOVA test. b Study design of β-catenin-induced HCC mouse
models. Micewere subjected to hydrodynamic tail vein injection (HTVi) of c-Met/β-

catenin plasmids or AKT/β-catenin plasmids, along with shNC (negative control
shRNA) or a mixture of two shSlc13a3 lentiviruses (shSlc13a3 #1 and shSlc13a3 #2).
c, d Survival curves. Mice were euthanized when they developed a high burden of
liver tumors (Gray, shNC group; Blue, shSlc13a3 group). The log-rank test was used
to compare overall survival between groups. e, f Representative gross liver images,
as well as H&E (hematoxylin-eosin) and IHC staining images of c-Met/β-catenin-
driven and AKT/β-catenin-driven mouse liver tumors with or without Slc13a3 len-
tivirus injection (shNC vs shSlc13a3). Images were representative shown out of at
least 6 independentmiceper group. Scalebar, 200μm. Sourcedata are provided as
a Source Data file.
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for 4 h. Three plasmids (1μg pMDLg/pRRE, 1μg pMD2.G, and 1μg
pRSV-Rev) and 3μg pLKO.1 plasmid (the indicated shRNA plasmid) or
pLenti-puro plasmid (overexpressing plasmid)weremixed in 250μLof
opti-MEM. Next, 18μL of transfection reagent PEI (Polyethyleneimine,
1mg/mL dissolved in sterilized water, pH 7.0 adjusted with 1M NaOH)
(Sigma-Aldrich, St. Louis, MO) was mixed with 250μL of opti-MEM.
After 5min incubation at room temperature, plasmid mixture and PEI

mixtureweremixed and incubated at roomtemperature for additional
20min, and then added into HEK293T cell culture for transfection.

After 16 h transfection, HEK293T cell culture medium was changed
toDMEMwith 10%FBScontainingno antibiotics. Lentivirusmediumwas
collected after 48hand72h, respectively, and thencentrifugedat 112× g
for 5min to remove cell debris. The lentivirusmediumwas concentrated
in 5 × PEG8000 (Beijing Dingguo Changsheng Biotechnology Co.,
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Beijing, China) overnight. After centrifuging at 4000 × g for 20min,
sediment was resuspended in phosphate-buffered saline (PBS, 1/10 of
original volume) and stored at -80 °C.

For cell infection, lentivirus medium was directly added into cell
culture (1:1 with fresh medium without antibiotics) for 24h. Stably gene
knockdown cells (HepG2-shNC and HepG2-shSLC13A3 cell lines,
SNU398-shNC and SNU398-shSLC13A3 cell lines) or overexpressing cells
(HEK293-EV and HEK293-SLC13A3 cell lines) were established by infec-
tion with respective lentivirus, and selected in the presence of 2μg/mL
puromycin (Sigma-Aldrich, St. Louis,MO) for 10days. For hydrodynamic
tail veil injection in mice, lentivirus was filtered with a 0.45 μm mem-
brane filter (Millipore Corporation, Burlington, MA) before injection.

Gene knockout by CRISPR/Cas9-sgRNAs
The sgRNA expression plasmids targeting human SLC13A3 (sgRNA:
GATGGTGACAATAGCCACGC) or mouse Slc13a3 (sgRNA: GGAAG-
GAGGATGAATATCGT) were constructed by ligating the correspond-
ing annealed guide oligonucleotides to pLenti-U6-sgRNA-EFFS-
spCas9-P2A-Puro plasmid co-expressing the Cas9. Lentiviruses were
packaged as mentioned above. Human HEK293 and mouse N2A cells
were infected with lentivirus, and genomic DNAs were extracted. PCR
primers (Human: F-CCCCTCTTTGGTCAAGTCCC, R-GGAGAAGCAGG
AAGGACCAC; Mouse: F-CACTGCACGTATGAGGAATGC, R-TCCACTC
TCCCTCTGCCTTT) were designed to span about 500 bp at the
upstream and downstream of the gRNA target site, respectively. DNA
was amplified with PCR primers, and the PCR products were subjected
to sequencing.

After sgRNA knockout effects were validated, human sgControl
and sgSLC13A3 lentiviruseswerepackagedusing a four-plasmid system
as mentioned above. HepG2 and SNU398 cells were infected with
sgControl and sgSLC13A3 lentivirus, and stably cells were selected in
the presence of 2μg/mL puromycin for 2 weeks. Western blot assay
was used to validate the knockout effects. For themouse study,mouse
sgControl and sgSlc13a3 sequences were constructed into pAV-TBG-
SaCas9-U6-gRNA plasmid. Adeno-Associated Virus serotype 8 (AAV8)
were packaged in HEK293 cells, and then injected into mice intrave-
nously with 5 × 1011 vg/mL (diluted with sterile PBS). After two weeks,
mouse livers were isolated, andwestern blot assaywas used to validate
the knockout effect.

Gene knockdown by siRNA reverse transfection
Before plating cells, 1μL of siRNA (6μM dissolved in DEPC water)
(Gene Pharma, Shanghai, China) was diluted into 50μL of opti-MEM,
andmeanwhile 1μL of LipofectamineTM RNAiMAX transfection reagent
(ThermoFisher Scientific, Gaithersburg,MD, USA) was diluted in 50μL
of opti-MEM. After incubation at room temperature for 5min, the
transfection reagent mixture was added into siRNA mixture, and
incubated at room temperature for additional 20min. Cells (1 × 105

/mL) were trypsinized, pelleted, resuspended in 500μL of DMEM or
RPMI-1640 medium (without antibiotics), and seeded into a 24-well
plate. The siRNA transfection mixture was then added into each well,
and mixed well by rocking the plate back and forth.

To determine the role of DNMTs in regulating c-MYC and SLC7A5,
stably SLC13 A3-knockdownHepG2 and SNU398 cells were transfected
with siRNAs ofDNMT1/3A/3B for 6 h, followed by culturing in complete
medium.

For lipid peroxidation detection, stably SLC13A3-knockdown
HepG2 and SNU398 cells were transfected with ATG5 siRNAs for 6 h,
followed by culturing in complete medium. The RNA and proteins
were extracted from cells after siRNA transfection for 24h and 48 h,
respectively. The siRNA sequences were listed in Supplementary
Table 3. Each experiment was repeated three times.

Cell viability assay and relative cell number assay
Cells were seeded in 96-well plates (5000 cells/well) for the indicated
treatments. Cell viability was determined by adding 0.1mg/mL (final
concentration) AlamarBlue cell viability reagent (Sigma-Aldrich, St.
Louis, MO) into cell culture medium for 4 h. The fluorescence was
measuredusing Tecan InfiniteM200Microplate Reader (TecanAustria
GmbH A-5082, GrÖdig, Austria) with excitation at 530 nm and emis-
sion at 590 nm. Each experiment was repeated three times.

To study the growth curve of SLC13A3 gene knockdown or
knockout cells, HepG2- and SNU398-shNC and shSLC13A3 or sgControl
and sgSLC13A3 cells were seeded into 96 well plate, followed by
transfection with empty vector (EV) or SLC13A3 overexpression plas-
mid, respectively. To determine the role of ATG5, cells were trans-
fected with negative control siRNA or ATG5 siRNA for 6 h, and then
cultured in the complete medium for the indicated time points. To
determine the effect of leucine, GSH or NAC on SLC13A3 knockdown
cells, stably SLC13A3-knockdown HepG2 and SNU398 cells were trea-
ted with 2mM leucine, 5mMGSH, or 2mMNAC for the indicated time
points.

To determine themechanism underlying the cell death, cells were
treated with various compounds (NSA, 5 and 10μM; ZVAF, 0.5 and
1μM; CQ, 1μM; BafA1, 100 nM; Fer-1, 1μM; Lip-1, 1μM) for 48 h. To
determine the cytotoxicity of ACA, cells were treated with various
concentrations of ACA (0, 3.125, 6.25, 12.5, 25, 50, 100 and 200μM)
alone or 20μM ACA together with sorafenib (0, 0.5, 1, 2, 4μM). To
investigate the potential off-target effect of ACA, stably SLC13A3-
knockdownHepG2 and SNU398 cells were transfected with respective
overexpressing plasmids (EV, PLA2, AP2M1, TRPM2, SLC13A3, or
SLC13A5) for 6 h, followed by ACA treatment at different concentra-
tion. To determine the effect of ferroptosis, HepG2 and SNU398
cells with or without SLC13A3 knockdown were treated with sorafenib
(0, 1.25, 2.5, 5, and 10μM), erastin (0, 1.25, 2.5, 5, and 10μM), RSL3 (0,
0.025,0.05, 0.1, and 0.5μM), BSO (0, 1.25,2.5, 5, and 10mM) or AF
(0, 1.25, 2.5, 5, and 10μM) for 48 h. The combination assay was per-
formed by adding 10μM sorafenib with 5mM GSH or 2mM NAC
together. The vehicle control was DMSO (final concentration <0.5%).

Colony formation assay
Cells were treated with the indicated compound for 24h, trypsinized,
pelleted and resuspended in cell culture medium (2000 cells/mL). Cell
suspension was mixed with 0.9% agar solution at 1:1 ratio, and then

Fig. 6 | Slc13a3deficiency inhibits thegrowthofβ-catenin-activatedHCCs. aCell
viability of HepG2 and SNU398 cells. Stably control (sgControl, gray curve) and
SLC13A3-deficient (sgSLC13A3, blue curve) cells were established by infection with
CRISPR/Cas9 sgControl or sgSLC13A3 lentivirus, respectively. For re-expression
study, sgControl and sgSLC13A3 cells were transfected with empty vector (EV, red)-
or SLC13A3-overexpressing (purple) plasmids for 24 h.Cell viabilitywasdetermined
at the indicated time points. Data are presented as the mean± SEM (n = 3 inde-
pendent experiments). Statistical analysis was performed using one-way ANOVA
test.bColony formationwasmeasured by incubating infected cells in 12-well plates
for 2 weeks. c Representative western blots of SLC13A3, SLC7A5, SLC3A2, FTH1,
TfR1, and GPX4 in sgControl and sgSLC13A3 HepG2 and SNU398 cells (n = 3

independent experiments, two replicates per group). d Mouse study design. Mice
were intravenously injected with AAV8-CRISPR/Cas9 sgControl or sgSlc13a3 virus.
After twoweeks, mice were subjected to hydrodynamic tail vein injection (HTVi) of
c-Met/β-catenin plasmids or AKT/β-catenin plasmids to induce liver tumors. eMice
were euthanized when they developed a high burden of liver tumors (sgControl,
gray curve; sgSlc13a3, blue curve). The log-rank test was used to compare overall
survival between groups. f Gross images of liver tumors in mice with or without
sgSlc13a3 injection. Images were representative shown out of 6 independent mice
per group. g Representative images of H&E and IHC staining. Images were repre-
sentative shown out of 6 independent mice per group. Scale bar, 200 μm. Source
data are provided as a Source Data file.
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plated into a 24-well plate (0.5mL/well). Cells were cultured for 2 weeks
with themediumchangedevery twodays. By the endof experiment, cell
medium was discarded and washed with PBS twice. Cell colonies were
stained with 200μL of crystal violet solution (Solarbio Life Science,
Beijing,China), and thephotographsof cell colonieswereanalyzedusing
Image J software (National InstitutesofHealth, Bethesda,MD,USA). Each
experiment was repeated three times.

Uptake assay
Cells were seeded into 12-well plates pre-coated with poly-D-lysine
(0.1mg/mL) for 24 h. For leucine uptake, after cells were incubated
with pre-warmed uptake buffer for 5min at 37 °C, uptake was initiated
by adding leucine (0, 2mM) for 20min at 37 °C. The uptake was
terminated by adding cold uptake buffer, and washed with cold PBS
three times. Cell lysates (in 200μL of water) were obtained after three
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freeze-thaw cycles (-80 °C to 37 °C). Cell extraction was performed by
mixing 180μL of lysates with 360μL of methanol, and centrifuged at
13400 x g for 20min at 4 °C. The supernatantwas subjected toUHPLC-
MS/MS. Total protein concentrations of cell lysates were measured
using the BCA protein assay kit (CoWin Biosciences, Beijing, China).
The concentrations in cell lysates were normalized with total protein.

For GSH uptake assay in HEK293 cells, HEK-EV and HEK-SLC13A3
cells were seeded into 12-well plates pre-coated with poly-D-lysine, and
then cultured for 24 h to allow adherence. Uptake of gluthathione-
(glycine-13C2,

15N) (0, 10, 50 nM; 0.2, 1, 10, 20, 100, 500μM; 1, 2, 10mM)
were conducted as mentioned above for 20min at 37 °C. Uptake was
terminated using cold uptake buffer. Cells were lysed, andmetabolites
were extracted by mixing 180 μL of cell lysates with 360μL of
methanol, and centrifuged at 13,400 × g for 20min at 4 °C. The
supernatant was subjected to UPLC-MS for GSH quantification. The
concentrations ofmetabolites in cell lysates were normalized with cell
number.

To determine the effect of GSH on succinic acid uptake, we first
generated transient SLC13A3-overexpressing HEK293 cells. Transient
transfection involved the use of a plasmid construct encoding SLC13A3
(Origene, Cat#: SC310225) and an empty vector control (pCMV6-
Entry), achieved through reverse transfection utilizing Lipofectamine
LTX transfection reagent (Thermo Fisher Scientific) following the
manufacturer’s protocol. The constructs were mixed with Lipofecta-
mine LTX in OptiMEM (Life Technologies), vortexed for 10 seconds,
allowed to stand at room temperature for 15min, and then added to
poly-D-lysine–coated 96-well plates (PerkinElmer, Cat# 6005040).
Each well received 100ng DNA and 0.2 μL of Lipofectamine LTX.
HEK293 cells were counted and seeded into wells at a density of
approximately 40,000 cells/0.1mLapproximately 48 h prior to uptake
studies. Prior to uptake studies, the culturemediumwas removed, and
cells were incubated in HBSS for 10–20min at 37 °C. An assay mixture
consisting of 14C-succinic acid (Moravek, Cat#MC 238, diluted 1:4000)
and varying concentrations of GSH (Sigma, Cat#G4251) was prepared
and incubated at 37 °C for 15min. Uptake reactionswere terminatedby
washing cells three timeswith 300μLof ice-coldHBSSbuffer, followed
by incubation in 100μL of MicroScint fluid (PerkinElmer) on a shaker
for 1 h. Radioactivity was measured using a liquid scintillation counter
(MicroBeta2® microplate counter, PerkinElmer).

Metabolomics assay
Cells were cultured in 10 cm dishes for 24 h, and harvested by scrap-
ping and counting cell number to8 × 106/sample. Sampleswerequickly
washed twice with cold PBS, and were extracted by directly adding
0.5mL of 70% methanol (in water). Cell lysate (n = 6 independent
dishes of each group) was obtained after repeating freeze/thaw (snap-
frozen in liquid nitrogen and warm at 37 °C) for three times. After
centrifuging at 13,400 × g for 20min at 4 °C, the supernatant was
collected. Untargeted metabolomics was performed in a Thermo
Fisher Scientific U3000UHPLC equippedwithQ ExactiveTMQ-Orbitrap

MS through HESI source (Thermo Fisher Scientific, Waltham, MA,
USA). Chromatographic separation was achieved on aWaters BEH C18
column (2.1 × 100mm, 1.7 μm) (Waters,Milford, MA, USA). Themobile
phases were A (100% acetonitrile) and B (0.1% formic acid in water)
with the linear gradient: phase A started with 98% at 0-2min,
decreased to 2% until 14min (2-14min), maintained at 2% for 3min (14-
17min), increased to 98% within 17–17.1min, and then kept at 98%
within 17.1–20min. The flow rate of the mobile phase was 0.3mL/min.
The column temperature was 40 °C. The injection volume was 5 μL.
The positive and negative IonSpray Voltage Floating (ISVF) of ioniza-
tion source conditions were 5 kV and −4.5 kV, respectively. The colli-
sion energy was ± 35 eV with ± 80 eV of the declustering potential. The
scanning mass range of m/z was 40–1000. A quality control (QC)
sample comprising an aliquot of every sample was used tomonitor the
stability of the instrument. QC sample was conducted between 5 sam-
ples throughout the analytical run.

Metabolomics multivariate analysis
Raw data were analyzed using Compound Discoverer 3.2 software
(ThermoFisher Scientific). The metabolites were identified by com-
paring with standards (including tR, MS, and MS2 information), in-
house database, and the METLIN database (http://metlin.scripps.edu/
index.php). All data were normalized and analyzed using SIMCA
14.1 software (Umetrics, Sweden). Orthogonal partial least square dis-
criminate analysis (OPLS-DA) was used to visualize the group differ-
ences. S-plot analyses were referred to VIP > 1 (variable importance in
projection value) for OPLS-DA and p <0.05 from t-test. Each point
represented a metabolite.

mRFP-GFP-LC3 transfection and confocal microscopy
Cells were seeded on cover glasses in 24-well plates (5 × 104 cells/well)
and cultured in the completemedium.Cellswere then transfectedwith
1μg mRFP-GFP-LC3 plasmid in 3μL of PEI (1mg/mL). After 24 h, cells
were fixed with 4% paraformaldehyde for 20min and washed with PBS
three times. Cells were mounted onto slice and imaged using Nikon
confocal microscopy (Nikon ECLIPSE 80i, Tokyo, Japan).

Immunofluorescence and confocal microscopy
HepG2/SNU398-shNC and -shSLC13A3 cells were seeded in 12-well
plates (6×105 /well) with round glass slide placed inside for 24 h. Cells
were fixed with 4% paraformaldehyde for 20min, washed with PBS
three times, permeabilizedwith 0.1% Triton-X-100 for 10min, and then
washed with PBS three times. Cells were blocked with 3% BSA for 2 h,
and then were incubated with LC3B antibody (1:1600, 3868S, Cell
Signaling Technology, San Antonio, TX, USA) at 4 °C overnight. After
being washed with 0.05% PBST for 3 times, cells were incubated with
secondary antibody (1:500, BA1105, Boster, Pleasanton, CA, USA) for
1 h at room temperature. After being washed with PBST for 3 times,
cells were stained with 0.1μg/ml DAPI (Sigma-Aldrich, St. Louis, MO)
for 5min. After PBST wash three times, cells were mounted onto slice

Fig. 7 | ACA suppresses the growth of β-catenin-activated HCCs.
aRepresentative western blots of pmTOR,mTOR, ATG5, p62, LC3B, FTH1, and TfR1
inHepG2 and SNU398 cells after treatmentwithACA (0, 5, 10, 20μM) for 48h (n = 3
independent experiments). b Cytotoxicity of 20μM ACA in HepG2 and SNU398
cells co-treated with sorafenib (0, 0.5, 1, 2, 4μM) for 48 h. The gray curve was the
vehicle control DMSO group, the blue curve was ACA group. Data are presented as
the mean ± SEM (n = 3 independent experiments). Statistical analysis was per-
formed using two-tailed Student’s t test. c Tumor volumes and weights of HepG2
xenografts after treatment with vehicle (Veh, 5%DMSO+ 40% PEG400+ 55% saline,
gray), ACA (30mg/Kg, i.p., once every two days, blue), sorafenib (Sor, 10mg/Kg,
i.p., once every two days, red), or combination of sorafenib and ACA (Sor+ACA,
30mg/kg ACA+ 10mg/kg Sorafenib, i.p., once every two days, orange). Data are
presented as the mean± SEM (n = 6 independent mice per group). Statistical ana-
lysis was performed using one-way ANOVA test. dGross images and representative

IHC staining images ofHepG2xenografts. Imageswere representative shownout of
6 independent mice per group. e Study design. Mice were subjected to hydro-
dynamic tail vein injection (HTVi) of c-Met/β-catenin plasmids or AKT/β-catenin
plasmids. Starting from3weeks post injection,micewere treatedwith vehicle (Veh,
5%DMSO+ 40%PEG400+ 55% saline) or ACA (30mg/Kg, i.p., once every twodays).
f Survival curves.Micewere euthanizedwhen they developed a high burden of liver
tumors (Gray curve, vehicle control group; Blue curve, ACA-treated group). The
log-rank test was used to compare overall survival between groups.
gRepresentative gross liver images, aswell as H&E and IHC staining images. Images
were representative shown out at least 7 independent mice per group. Scale bar,
200 μm. h Scheme summarizing the effect of SLC13A3 inhibition on intracellular
metabolic pathways that ultimately converge on autophagic ferroptosis in β-
catenin-activated HCC cells. Source data are provided as a Source Data file.
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and imaged using Nikon confocal microscopy (Nikon ECLIPSE 80i,
Tokyo, Japan).

Luciferase assay
HEK293T cells were plated in a 96-well plate (5 × 104 /well) overnight,
and transfected with plasmids (60 ng pGL4-CTNNB1, 30 ng pCMV-
renilla, and 60ng pCMV-hSLC13A3 promoter constructs). After 6 h
transfection, cellswere changedwith freshmediumcontaining 5%FBS.
After 24 h, cells were collected to determine firefly and renilla lucifer-
ase activities using the Dual-Glo luciferase assay system kit (Promega
Inc, Madison, WI, USA) in a Tecan Infinite M200 Microplate Reader
(Tecan Austria GmbH, A-5082 Grödig, Austria). The luciferase activity
was normalized with that of renilla.

Western blot
Total proteins were extracted from cells or tissues using RIPA lysis
buffer (Solarbio, Life Science, Beijing, China). For the isolation of
membrane proteins, cells were scraped, washed with PBS once, and
centrifuged at 300 g for 5min. The cell pellet was mixed with 100 μL
of 10% IGEPAL® CA-630 (Sigma-Aldrich, St. Louis, MO) and incu-
bated on ice for 10min. After centrifugation at 16,000 g for 15min,
the supernatant was discarded. The precipitated pellet was resus-
pended in 100 μL of lysis buffer (10mM Hepes, pH 8.0; 1.5 mM
MgCl2; 10mM KCl; 1 mM DTT; 50 × protease inhibitor) and then
incubated on ice for 30min. After centrifugation at 16,000 g for
15min, the supernatant containing membrane proteins was col-
lected. The concentrations of proteins were determined using a BCA
protein assay kit (CWBIO Bio Inc., Haidian, Beijing, China). Total
proteins were denatured by the addition of loading buffer (Sigma-
Aldrich, St. Louis, MO) and boiling at 100 °C for 5min, whereas
membrane proteins were treated with loading buffer without heat
treatment. Proteins were separated by electrophoresis on 8-12% SDS
PAGE, and transferred onto PVDF membranes (Merck Millipore,
Darmstadt, Germany). Membranes were blocked with 5% dried
skimmed milk for 2 h, followed by incubation with primary anti-
bodies overnight at 4 °C and secondary antibodies for 90min at
room temperature (see Supplementary Data 6 for antibody infor-
mation). The protein bands were visualized using the Amersham
Imager 600 (GE Healthcare, Marlborough, MA, USA) after reacting
with ECL Western blotting detection reagents (Advansta Inc., San
Jose, CA, USA). The relative protein levels were quantified using
Image J software. The statistical analysis data of all western blots are
summarized in Supplementary Fig. 18-22.

Real-time qPCR
Total RNA was extracted using TRIzol (Takara Biomedical Technology
Co., Ltd.,Beijing, China) according to the manufacturer’s protocol.
RNA was transcribed into cDNA using HiScript Q-RT SuperMix for
qPCR (VazymeBiotech, Nanjing, Jiangsu, China). Quantitative real-time
PCR was performed on an ABI Quant Studio 6 Flex Real-Time PCR
system (Applied Biosystems, Foster City, CA, USA) using Ultra SYBR
Mixture (CWBIO Bio Inc., Beijing, China). The comparative threshold
cycle (Ct) method was used to determine the fold change (2-ΔΔCt) in
mRNA levels of various genes. ThemRNA levelswere normalized to the
reference gene m36b4 or h36B4. Primer sequences were listed in
Supplementary Data 7.

Flow cytometric analysis
For apoptosis assay, 1×105 cells were harvested, washed with cold PBS
twice, resuspended in 200 μL of 1xbinding buffer, stained with 5μL of
Annexin V-FITC and 5 μL of PI (Annexin V-FITC/PI Apoptosis Detection
Kit, Suzhou Meilun Biotechnology Co., Ltd., Jiangsu, China) for 15min
at 4 °C. The percentage of cell apoptosis was determined using flow
cytometry (BD Biosciences AccuriC6, Becton, Dickinson and Com-
pany, Franklin Lakes, NJ, USA).

For C11-BODIPY staining assay, 1 × 105 cells were washed with PBS
three times, incubated with 200μL of 2% FBS-PBS (2μL of FBS in
198μL of PBS) containing 5μM C11-BODIPY (Thermo Fisher Scientific,
Gaithersburg, MD, USA) for 30min at 37 °C. Cells were washed with
PBS and then resuspended in 2% FBS-PBS for flow cytometric analysis.

Caspase 3/7 activity assay
Cells were seeded into white 96-well plates (5×104) and cultured
overnight for adherence. Caspase-3/7 activity was determined using
the Caspase-Glo 3/7 assay system kit (Promega, Madison, WI).

Chromatin immunoprecipitation (ChIP) assay
HepG2 cells were seeded in 10 cm dishes and cultured for 24h. ChIP
assays were performed following the manufacturer’s protocol using a
commercial ChIP kit (ab500, Abcam, Cambridge, MA). β-Catenin
antibody (8480S, Cell Signaling Technology, San Antonio, TX, USA),
TCF4 antibody (2569S, Cell Signaling Technology, San Antonio, TX,
USA) were used to pull down the associated DNAwhichwas sheared to
200-700 bp fragments. IgG was used as negative control in each
experiment. The immunoprecipitated DNA was isolated, purified, and
used as a template for PCR. ChIP-PCR and ChIP-qPCR were amplified
using primers specific to the SLC13A3 promoter (see Supplementary
Table 4 for primer sequences). The gel electrophoresis of PCR pro-
ducts was performed on 2% agarose gel, which was stained with
GelRed® Nucleic Acid Stain 10000X Water (SCT123, Thermo Fisher
Scientific, Gaithersburg, MD, USA) and imaged using BioDoc-It 220
imaging system (Ultra-Violet Products Ltd., CA, USA).

Methylated DNA immunoprecipitation (MeDIP) assay
HepG2-shNC and -shSLC13A3 cells were seeded into 10 cm dishes and
then cultured for 24 h. MeDIP assays were performed using a com-
mercial methylated DNA immunoprecipitation (MeDIP) ChIP kit
(ab117135, Abcam, Cambridge, MA). DNA was sheared by sonication
and incubated initially with anti-5-Methylcytosine antibody (in the kit)
or alternatively, with IgG as negative control. The immunoprecipitated
DNA was isolated and amplified by PCR using primers targeting
methylated islands across the c-MYC promoter (see Supplementary
Table 4 for primer sequences). ThePCRproductsweremeasuredusing
real-time PCR and agarose gel electrophoresis, respectively.

Methylation-specific PCR (MSP)
Genomic DNA from stably SLC13A3-knockdown HepG2 and SNU398
cells as well as stably SLC13A3-overexpressing HEK293 cells (HEK293-
EV and HEK293-SLC13A3) were extracted using a TIANamp geno-
mic DNA kit (Tiangen Biotech, Beijing, China) according to the man-
ufacturer’s instructions. One microgram of genomic DNA per sample
was applied using the EZ DNA methylation kit (Zymo Research Corp,
Irvine, US) according to the manufacturer’s instructions. Methylated
primers were designed using Website (http://www.urogene.org/cgi-
bin/methprimer/methprimer.cgi) and synthesized by GENEWIZ (Sup-
plementary Table 5). Each reaction was performed in a total reaction
volume of 20μL, containing 1μL of MSP primer mix (10μM), 1μL of
bisulfite-treated DNA, 0.4μL of dNTPs (10mM), and 0.5 U AmpliTaq
Gold DNA polymerase. The MSP thermal cycling program was as fol-
lows: 10min at 95 °C; 95 °C for 60 s, 65 °C for 60 s, and 72 °C for 60 s,
for a total of 50 cycles; with a final elongation step of 7min at 72 °C.

Electrophoretic mobility shift assay (EMSA)
Cell nuclear extracts of HepG2 cells were subjected to EMSA assay
by using the nuclear extraction protocol. Protein concentrations
were determined using a BCA protein assay kit (CWBIO Bio Inc.,
Beijing, China). Both 5′- and 3′- biotin-labeled wild-type SLC13A3 probe
#1 (5′-ctagtacctgctttgttggggtatggt-3′) or mutated probe #1 (5′-ctag-
tacctgtatttgtggggtatggt-3′), wild-type SLC13A3 probe #2 (5′-
tccgtgctgttctcgtgatagcgagtgagttctcacgagatctgatggt-3′) or mutated
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probe #2 (5′-tccgtgctgttctcgtgacagagcttgagttctcacgagatctgatggt-3′)
were obtained from GENEWIZ (Tianjin, China). The reaction mixtures
(1μg HepG2 nuclear protein, 1 pmol probes annealed on 95 °C for
5min in a heat block, 1μg poly d(I-C), 2μL of 5X Binding Buffer, 1.0 µL
of TF probe, 2.0 µL of cold TF probe for competitive group, 1.5μL of
anti-TCF4 antibody for supershift band) were incubated according to
manufacturer’s protocol and then loaded on a 6% native poly-
acrylamide gel in 0.5% TBE buffer and blotted onto Biodyne™ B Nylon
Membrane (0.45 μm, Thermo Fisher Scientific, Gaithersburg, MD,
USA). After 10min of UV cross-linking, the interaction between the
biotin-labeled SLC13A3 probes and the TCF4 protein was detected
using LightShift™ chemiluminescent EMSA kit (20148, Thermo Fisher
Scientific, Gaithersburg, MD, USA).

Lipid peroxidation assay (MDA level)
The malondialdehyde (MDA) concentrations in cell lysates (prepared
by repeated freeze-thaw in liquid nitrogen) were measured using a
commercial lipid peroxidation (MDA) assay kit (Jiancheng Biological
Technology, Nanjing, Jiangsu, China) according to the manufacturer’
instructions. MDA concentrations were then normalized with protein
concentrations which were measured using a BCA protein assay kit
(CWBIO Bio Inc., Beijing, China).

Lipid peroxidation assay (C11-BODIPY detection)
Cells were seeded into white 24-well plates (1 × 105) and cultured
overnight for adherence. Cells were treated with autophagy inhibitors
(CQ, 1μM; BafA1, 100 nM) for 24 h or transfected with ATG5 siRNA for
24 h. Cells werewashedwith PBS three times, incubatedwith 500μL of
1μM C11-BODIPY in 2% FBS-PBS for 15min at 37 °C. Cells were then
washed with PBS and measured by Tecan Infinite M200 Microplate
Reader with excitation at 510 nm and emission at 590 nm. Each
experiment was repeated three times.

Reactive Oxygen Species (ROS) measurement
Stably SLC13A3-knockdown HepG2 and SNU398 cells were established
asmentioned above. Cells were seeded into 96-well plates (1 × 104cells/
well) and cultured overnight. After cells were washed with DMEM
medium for three times, they were cultured in DMEM with DCFH-DA
(10μM in DMEM medium) at 37 °C for 30min. The ROS level was
assessedusing a reactive oxygen species assay kit (JianchengBiological
Technology, Nanjing, Jiangsu, China) following the manufacturer’s
instructions by Tecan InfiniteM200Microplate Reader with excitation
at 488 nm and emission at 525 nm. Fluorescent images were taken by
Nikon confocal microscopy (Nikon ECLIPSE 80i, Tokyo, Japan).

Glutathione (GSH) measurement
Stably SLC13A3-knockdown HepG2 and SNU398 cells were established
asmentioned above. Cells were seeded into 96-well plates (1 × 104cells/
well) and cultured overnight for adherence (cultured in DMEM+ 10%
dialyzed FBS). After cells were washed with cold PBS three times, they
were cultured in DMEM with 10% FBS complete medium. GSH was
quantified at 0, 10, 20, 40 and 60min. The level of GSH was assessed
using a reduced glutathione (GSH) assay kit (Jiancheng Biological
Technology, Nanjing, Jiangsu, China) following the manufacturer’s
instructions by measuring the OD value at 420 nm.

Animals
BALB/C male nude mice and C57BL/6N male mice (6-8 weeks old)
from Beijing Vital River Laboratory Animal Technology Co., Ltd (Beij-
ing, China) were housed in a certified animal facility (temperature:
23 ± 2 °C, humidity: 55 ± 10%, 12 h dark/light cycles) at CAMS, with ad
libitum access to water and standard diet (233 g/Kg protein, 59 g/Kg
fat). The diet (Catalogue NO.1022) was obtained from Beijing HFK
BIOSCIENCE CO., LTD (Beijing, China). Because we did not observe
obvious differences of SLC13A3 expression between male and female

human HCC tissues, we chose to use male mice for the present study.
All protocols were approved by CAMS Animal Ethics Committee
(No.IRM-DWLL-2021177). Animal handling was in accordance with
ARRIVEGuidelines 2.0 andCAMSGuide for Care andUse of Laboratory
Animals.

For HepG2 cell xenograft study, HepG2 cells (1 × 107 cells per
mouse) were subcutaneously injected to the left back of male BALB/C
nudemice (6-8 weeks old). Tumor volumewasmeasured using vernier
caliper. When tumor volume reached about 50mm3 (volume=length x
width2/2), mice were administered shRNA lentivirus (shNC, negative
control shRNA lentivirus; shSLC13A3, SLC13A3 specific shRNA lenti-
virus, 4 mice per group) via intratumor injection three times in two
days. Tumor volumes and body weights were measured every
three days.

For the ferroptosis inhibitor study, HepG2 cells (1 × 107 cells per
mouse) were subcutaneously injected to the left back of male BALB/C
nude mice (6-8 weeks old, n = 6, 4 groups). When tumor volume
reached about 50mm3 (volume=length xwidth2/2) about 2weeks post-
transplantation,mice were subjected to intratumor injection of shRNA
lentiviruses (shNC, netagtive control shRNA; shSLC13A3, SLC13A3
shRNA) as mentioned above. After the injection, mice were intraper-
itoneally injected with 10mg/kg Liproxstatin-1 (dissolved in saline
containing 1%DMSO) or vehicle once every two days for 4weeks. Body
weights and tumor volumes were measured every three days.

For toxicity study of ACA, 6–8-week-old male BALB/C nude mice
andmale C57BL/6Nmice (n = 4 ~ 5mice per group) were administered
either vehicle (saline with 5% DMSO and 40% PEG400) or 60mg/kg
ACA (i.p., once every two days) for 2 weeks. Body weights were mea-
sured every three days.

For ACA treatment in HepG2 cell xenografts, 6-8 weeks old male
BALB/C nude mice were divided into 4 groups. When tumor volume
reached about 50mm3, mice were treated with vehicle (saline with 5%
DMSO and 40% PEG400), 30mg/kg ACA, 10mg/kg sorafenib, or
30mg/kg ACA and 10mg/kg sorefenib (n = 6 mice per group). Body
weights and tumor volumes were measured every three days.

For ACA treatment in β-catenin-drivenmouse liver tumormodels,
6-8 weeksmale C57BL/6Nmice were transfected with c-Met/β-catenin
plasmids (2mL of saline containing 20μg pT3-EF1αH c-Met plasmid,
20μgpT3-EF1αHN90-beta-catenin plasmid, and 1.6μgpCMV/sleeping
beauty transposase plasmid) or AKT/β-cateninplasmids (2mLof saline
containing 20μg pT3-EF1αH myr-AKT-HA plasmid, 20μg pT3-EF1αH
N90-beta-catenin plasmid, and 1.6μg pCMV/sleeping beauty transpo-
sase plasmid) via hydrodynamic tail vein injection within 5 to 7 sec-
onds. Starting from the 4th week post-injection, mice were
intraperitoneally administered 30mg/kgACAor vehicle (salinewith 5%
DMSO and 40% PEG400) once every two days (n = 7–10 mice
per group).

For shRNA lentivirus treatment, 6-8 weeks male C57BL/6N mice
were co-administered c-Met/β-catenin plasmids or AKT/β-catenin
plasmids together with shNC or shSlc13a3 lentivirus via hydrodynamic
tail vein injectionwithin 5 to 7 seconds (n = 6–10mice per group).Mice
were sacrificed when they were in critical condition.

For leucine treatment, leucine deficient diet was purchased from
Jiangsu Xietong Pharmaceutical Bio-engineering Co., Ltd. (Catalogue
No.#20231028, Jiangsu, China). Leucine control diet was obtained
from the same company which contained 180.2 g/Kg total L-amino
acids. Leucine supplementation was achieved by adding 1.5% (w/v)
leucine powder (Solarbio Life Science, Beijing, China) in drinking
water. Male C57BL/6N mice (6-8 weeks) adapted to respective diets
two days prior to transfectionwith c-Met/β-catenin plasmids or AKT/β-
catenin plasmids via hydrodynamic tail vein injection. Mice were
sacrificed when they were in critical condition (n = 6 mice per group).

For Slc13a3 knockout treatments, 6-8 weeks old male C57BL/6N
mice were intravenously injected with adeno-associated virus (AAV-8,
sgControl or sgSlc13a3, n = 6 mice per group). Two weeks post-virus
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infection, mice were transfected with c-Met/β-catenin plasmids or
AKT/β-catenin plasmids via hydrodynamic tail vein injection. Mice
were sacrificed when they were in critical condition.

H&E and immunohistochemistry (IHC)
Tissue samples were fixed in 10% buffered formalin and embedded in
paraffin, and cut into 5 μm sections. For H&E staining, sections were
deparaffinized, rehydrated, and stained with haematoxylin and eosin
(Baso, Zhuhai, Guangdong, China). For IHC staining, sections were
deparaffinized, rehydrated, and then antigens were recovered in
10mM citrate buffer (pH 6.0) for 10min in a microwave oven. H2O2

(3%)was used to block endogenous peroxidase, followed by PBSwash.
After sections were blocked in 5% goat serum (Spark Jade, Qingdao,
Shandong, China) at room temperature for 10min, they were incu-
bated with primary antibodies for Ki67 (CST, Shanghai, China, 1:800),
SLC13A3 (Atlas Antibodies, Stockholm, Sweden, 1:200), cleaved cas-
pase 3 (Cell Signaling Technology, San Antonio, TX, USA, 1:200), MYC-
tag (Cell Signaling Technology, San Antonio, TX, USA, 1:200), HA-tag
(Cell Signaling Technology, San Antonio, TX, USA, 1:200), or 4HNE
(R&D Systems, Minneapolis, MN, USA) overnight at 4 °C. The infor-
mation of antibodies used for IHC was shown in Supplementary
Table 6. The sections were then washed with PBS, incubated with
peroxidase-labeled secondary antibodies (Absin, Shanghai, China,
1:1000) at 37 °C for 2 h, and washed with PBS. Sections were stained
with 3,3’-diaminobenzidine (Spark Jade, Qingdao, Shandong, China)
and then counter-stained with hematoxylin (BaSO, Zhuhai, Guang-
dong, China). The quantification was performed using Image Pro Plus
software version 6.0 and the statistical analyses were shown in Sup-
plementary Fig. 19 and Supplementary Fig. 21.

Human subjects
Human hepatocellular carcinoma tissue microarrays were obtained
from Outdo Biotech Inc. (Shanghai, China), which contained 82 HCC
cases with corresponding adjacent normal tissues. The sex and/or
gender, number and age of participants in human project were pro-
vided in Source Data files. HCC patients donated organs voluntarily
and informed consent was obtained from patients before tissue col-
lection. The company has approved human hepatocellular carcinoma
tissue microarrays (No. YB M-05-02). IHC staining was performed as
described above. The tissue microarrays were digitized using Aperio
scanners (AperioXT, LEICA,Germany). The results of IHC stainingwere
assessed blindly by Dr. Wei Zhang, a certified pathologist at Tianjin
Medical University (Tianjin, China), according to the staining area and
intensity. IHC analyses were scored as follows: grade 0, score = 1–2;
grade 1, weak expression, score = 3–4; grade 2, moderate expression,
score = 5–6; and grade 3, intense expression, score = 7–8.

Blood biochemistry analyses
Serum ALT (alanine aminotransferase), AST (aspartate amino-
transferase), ALP (alkaline phosphatase), and BUN (blood urea nitro-
gen) were determined using commercial kits (Jiancheng Biological
Technology, Nanjing, Jiangsu, China).

Statistics and reproducibility
All data were expressed as the mean ± SEM (standard error of mean).
Statistical comparisons were made using one-way analysis of variance
(ANOVA) for more than two groups or Student’s t test for comparison
between two groups. Statistical significance was considered with P
value of 0.05 or less. P values were marked in the corresponding fig-
ures. Survival comparisons were performed using a Log Rank test.
Pearson correlation and linear regression were used to determine the
correlation in clinical samples. All statistics were performed using
GraphPad Prism 8, version 8.0 (GraphPad Software Inc., La Jolla, CA).
For normalization, data points of one experiment were either nor-
malized to the untreated control or divided by the global mean of the

individual experiment. We defined one n as one independent biolo-
gical experiment. The statisticsmethods were provided in Source data
files in individual Excel sheet.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The public data from TCGA dataset are available at https://portal.gdc.
cancer.gov/ and www.cbioportal.org/. The data supporting the find-
ings of this study are available within the article and its Supplementary
Information Files. Source data are provided with this paper.
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