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SUMMARY
ARID1A is among the most commonly mutated tumor suppressor genes in hepatocellular carcinoma (HCC).
In this study, we conduct aCRISPR-Cas9 synthetic lethality screen using ARID1A-deficient HCC cells to iden-
tify approaches to treat HCC patients harboring ARID1A deficiency. This strategy reveals that the survival of
these ARID1A-deficient HCC cells is highly dependent on genes related to the tricarboxylic acid (TCA) cycle.
Mechanistically, ARID1A loss represses expression of key glycolysis-related gene PKM, shifting cellular
glucosemetabolism from aerobic glycolysis to dependence on the TCA cycle and oxidative phosphorylation.
Cuproptosis is a recently defined form of copper-induced cell death reported to directly target the TCA cycle.
Here, we find that ARID1A-deficient HCC cells and xenograft tumors are highly sensitive to copper treatment.
Together, these results offer evidence of the synthetic lethality between ARID1A deficiency and mitochon-
drial respiration impairment, suggesting that copper treatment constitutes a promising therapeutic strategy
for selectively targeting ARID1A-deficient HCC.
INTRODUCTION

Liver cancer is the third leading cause of cancer-associated

death and the sixth most common cancer type worldwide, with

hepatocellular carcinoma (HCC) accounting for over 90% of liver

cancer cases.1,2 Despite extensive research efforts, advanced

HCC cases often remain refractory to common multikinase

inhibitor or immune checkpoint inhibitor treatment strategies

owing to their high levels of genetic heterogeneity and the lack

of specific therapeutically targetable mutations.3 Accordingly,

there is a clear need to develop novel and effective approaches

to treat HCC.

Many newly developed antitumor drugs target oncogenic

driver genes that exhibit hyperactivity as a consequence of mu-

tations. However, HCC tumors rarely harbor targetable kinase

mutations.4 Tumor suppressor gene loss is another central

mechanism by which normal cells undergo malignant transfor-

mation. Although gain-of-function mutations in specific onco-
Cell Repor
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genes can generally be targeted relatively easily, efforts to target

loss-of-function mutations in tumor suppressor genes are more

complex. Synthetic lethality, however, has emerged as a prom-

ising means of identifying targets that can be leveraged to effec-

tively target and treat specific cancers.5 This approach is reliant

on the ability of certain cancer-specific mutations to lead to the

development of acquired vulnerabilities amenable to pharmaco-

logic intervention. These synthetic lethality-based strategies can

theoretically be extended to treatment approaches beyond

those targeting tumor-associated loss-of-function mutations.

AT-rich interactive domain-containing protein 1A (ARID1A) is a

switch in mating type/sucrose non-fermentation (SWI/SNF) com-

plex subunit that is among the most commonly mutated genes in

HCC, with 10%–15% of HCC cases harboring ARID1A muta-

tions.6,7 Mechanistically, ARID1A functions as a regulator of chro-

matin accessibility and associated transcriptional activity; thus,

loss of ARID1Aexpressionor function can have aprofound impact

on the chromatin landscape, altering transcriptional, epigenetic,
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metabolic, andDNAdamage responseactivity in tumor cells.8,9 As

ARID1A loss-of-function mutations are frequently observed in

many types of cancer, they represent attractive targets for syn-

thetic lethality-based intervention strategies. Several studies

haveshown thatARID1A-deficient tumorsare susceptible to treat-

ment with inhibitors of DNA damage repair10,11 and epigenetic

drugs such as EZH2 inhibitors.12 Evidence also suggests that ef-

forts to target the phosphatidylinositol 3-kinase (PI3K)/protein ki-

nase B (AKT) signaling pathway may provide some benefit in the

context of ARID1A deficiency.13 However, the efficacy of specific

synthetic lethality-based strategies may be dependent on the

associated genetic background in a given tumor type, and no

such studies focusing on HCC have been published. CRISPR-

based high-throughput screening strategies provide a robust

means of identifying promising synthetic lethality-related targets

in tumor cells.14 In the present study, a genome-wide CRISPR-

Cas9knockout-based screening approachwas thus used to iden-

tify genetic vulnerabilities in ARID1A-deficient HCC cells and

ultimately led to the identification of synthetic lethal interaction be-

tween ARID1A and the tricarboxylic acid (TCA) cycle.

Metabolic reprogramming-based approaches to cancer

treatment have recently emergedasa focusof intense research in-

terest. Tumorcells have longbeenknown toundergometabolic re-

programming such that their survival is largely reliant on glycolytic

activity.15 However, certain cancer cell types exhibit a higher de-

gree of dependence on other metabolic pathways to support their

survival and associated biosynthetic processes. For example,

inactivation of the SWI/SNF complex has been reported to lead

to dependency on glutamine metabolism in tumors such that

they are sensitive to clinically relevant glutamine inhibitor treat-

ment.16 The function of ARID1A as a regulator of tumor metabolic

activity, however, remains incompletelydocumented. In thisstudy,

ARID1A deficiency was found to drive reprogramming of glucose

metabolism to favor the TCA cycle and oxidative phosphorylation

(OXPHOS) over glycolytic activity. In addition, Tsvetkov and col-

leagues recently defined a form of copper-related cell death

termed cuproptosis, demonstrating a close link between copper

toxicity and mitochondrial activity.17 Notably, tumor cells with

higher levels of mitochondrial respiration activity exhibit greater

sensitivity to copper treatment than tumor cells reliant on anaer-

obicglycolysis. This typeofcell deathmay thus represent aneffec-

tive means of treating HCC patients with ARID1A deficiency.

RESULTS

Genome-wide CRISPR screening reveals that ARID1A-
deficient HCC cells are dependent on the TCA cycle
To define genes required for the survival of ARID1A-deficient

HCC cells, the Hep3B and HepG2 cell lines were used to estab-

lish ARID1A-deficient models via CRISPR-Cas9-mediated

knockout. ARID1A knockout (ARID1A-KO) was confirmed via

immunoblot analysis (Figure 1A). In addition, SNU 449 cells

harboring a loss-of-function mutation in the ARID1A gene

(p.E2033fs) were also used for our study (Figure 1B). The

short-term and long-term growth of parental and ARID1A-KO

cells was compared, revealing that ARID1A-KO Hep3B

and HepG2 cells exhibited increased growth consistent with

the increase in tumorigenicity (Figures S1A and S1B).18,19
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A genome-wide CRISPR-based screen for synthetic lethal

genes was next performed using ARID1A-KO (sg1) Hep3B cells

and the Toronto human knockout pooled library (TKOv3) consist-

ing of 70,948 guide RNAs (gRNAs) targeting 18,053 protein-cod-

ing genes (four single-guide RNAs [sgRNAs]/gene) (Figure 1C).

Parental wild-type (WT) Hep3B cells were also screened as a

control. More than 35 million cells infected with library-encoding

lentiviral particles were cultured for 3 weeks. Changes in the

relative abundance of individual sgRNAs between baseline (T0)

and day 21 (T21) were then compared via next-generation

sequencing (NGS), and a ranked list of fitness-related genes

required for cell survival was generated with the Model-based

Analysis of Genome-wide CRISPR-Cas9 Knockout (MAGeCK)

algorithm. Genes with p < 0.01 in both groups were identified

as essential genes required for cell survival irrespective of

ARID1A deficiency, and 265 genes meeting this criterion were

identified. Kyoto Encyclopedia of Genes and Genomes (KEGG)

enrichment analysis indicated that these genes were enriched

in essential cellular activity-related pathways, including cell cy-

cle, proteasome, ribosome, spliceosome, RNA transport, RNA

polymerase, and aminoacyl-tRNA biosynthesis (Figure 1D). In

contrast, those genes that did not affect WT cell survival

(p > 0.01) but were lethal in ARID1A-KO cells (p < 0.01) were

defined as synthetic lethal genes in the ARID1A-deficient back-

ground. With these criteria, 685 genes exhibiting greater lethality

in ARID1A-KO cells than in WT cells were identified. KEGG

enrichment analysis indicated that these genes were enriched

in the nucleotide excision repair, OXPHOS, TCA cycle, mismatch

repair, and glutathione metabolism pathways (Figure 1E). Syn-

thetic lethal effects between ARID1A and both glutathione meta-

bolism and mismatch repair-related genes have previously been

documented and studied in depth,10,11,16,20 an observation con-

firming the accuracy of our screening results. To ensure that

these effects were not cell-line-specific, synthetic lethality

screen was similarly conducted using HepG2 and SNU449 cells.

This approach confirmed that TCA cycle-related genes were

highly enriched in ARID1A-deficient but not ARID1A-proficient

cells. The screening results and connections among pathways

and genes were demonstrated using a Circos plot (Figure 1F).

As most TCA cycle-related genes were highly ranked in these

ARID1A-deficient HCC cells (Figures 1G and 1H), we elected

to study the synthetic lethal interaction between ARID1A and

TCA cycle-related genes in greater detail.

Validation of the synthetic lethal interactions between
ARID1A and TCA cycle-related genes
With respect to synthetic lethal gene pairs, cancers reportedly

upregulate one gene when the other gene experiences a loss

of function through a compensatory process. To confirm the syn-

thetic lethal interactions between ARID1A and genes associated

with the TCA cycle, the public database was next used to profile

gene expression, revealing that reductions in ARID1A mRNA

(Figure S2A) and protein levels21 (Figure 2A) were significantly

correlated with increases in the expression of the majority of

TCA cycle-associated genes across cancer types, including

HCC. The results of western blotting additionally revealed that

key TCA cycle proteins, including aconitase 2 (ACO2), dehydro-

genase complex flavoprotein subunit A (SDHA), and fumarate
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Figure 1. Genome-wide CRISPR screening identified a synthetic lethal interaction between ARID1A and the TCA cycle

(A) ARID1A-KO in Hep3B cells and HepG2 cell, as evaluated by immunoblotting.

(B) Immunoblot analysis of ARID1A in three HCC cell lines demonstrating the loss of ARID1A protein expression in SNU449 cells.

(C) CRISPR-Cas9 screening flowchart used in this study.

(D and E) KEGG enrichment analysis of key cellular activity genes (D) and synthetic lethal genes (E).

(F) Circos plots showing the CRISPR screen results. The outermost rim shows the rank of each gene in the screening results; significant screened hits are ranked

on the innermost rim (p < 0.05). Heatmap indicating the location of synthetic lethal TCA-related genes in the gene ranking list. The line plots show the �log10 p

values for the corresponding genes.

(G) A Sankey plot was used to demonstrate the connection of synthetic lethal TCA-related genes with the screening groups.

(H) Schematic of TCA cycle modules and the locations of synthetic lethal genes.
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Figure 2. ARID1A deficiency generated dependence on the TCA cycle-related genes in HCC

(A) A heatmap showing the protein levels of ARID1A, ACO2, SDHA, and FH in samples from HCC patients in CHCC-HBV database (n = 318).

(B and C) The protein expression levels of ARID1A and ACO2, SDHA, and FH were measured by immunoblotting in cells characterized by ARID1A deficiency and

proficiency.

(D) HCC specimens from 102 patients were subjected to IHC staining for ARID1A and SDHA; expression was scored by two pathologists. The results suggested a

strong correlation between ARID1A and SDHA expression. Scale bar, 100 mm.

(E) Kaplan-Meier curves demonstrating that low ARID1A and SDHA mRNA expression levels were correlated with better prognosis in HCC patients in the TCGA

cohort.

(F and I) Silencing of ACO2 (F) or SDHA (I) expression in Hep3B cells by siRNA. a-Tubulin was used as the loading control. The assessment of relative cell viability

rates was conducted following the transfection of siRNA in both parental and ARID1A-KO (sg1) Hep3B cells (mean ± SD; n = 6 independent experiments).

(legend continued on next page)
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hydratase (FH), were upregulated in ARID1A-KO HCC cells (Fig-

ure 2B). Notably, the upregulated levels of TCA cycle proteins

were rescued by restoring ARID1A expression in ARID1A-defi-

cient cells, suggesting that these increases were ARID1A

expression dependent rather than a potential off-target effect

(Figure 2C). Immunohistochemistry (IHC) experiments in 102 hu-

man HCC specimens also indicated that the ARID1A protein

level was significantly negatively correlated with the protein level

of SDHA, which was the top candidate TCA cycle-related gene

identified in this screen (Figure 2D). Synthetic lethal genes are

presumed to bemutually exclusive given that the loss of function

of both of these genes ultimately results in cell death. Of note,

patients included in The Cancer Genome Atlas (TCGA) database

exhibiting low expression levels of both ARID1A and SDHA,

ACO2, or FH exhibited better prognostic outcomes (Figures 2E

and S2B), although the relative rarity of mutations in TCA cy-

cle-associated genes in HCC precluded the establishment of

any causal or significant link (Figure S2C).

Next, these findings were further validated through in vitro

cell-based experiments using small interfering RNA (siRNA) con-

structs to knock down the expression of ACO2 and SDHA, as

they were TCA cycle-associated genes among the top candi-

dates identified in this CRISPR screen. Cell growth and cell death

rate were thenmonitored to assess the synthetic lethality pheno-

types associated with these genes. Consistent with the above

findings, knockdown of either ACO2 (Figures 2F and 2H) or

SDHA (Figures 2I and 2K) resulted in pronounced inhibition of

ARID1A-KO HCC cell proliferation relative to that of control cells.

When flow cytometry was used to examine the survival of these

cells, ARID1A-KO cells transfected with these siRNA constructs

were confirmed to exhibit markedly increased cell death rates as

compared to WT parental (Figures 2G and 2J). Together, these

data confirmed the existence of synthetic lethal interactions

between ARID1A and TCA cycle-associated genes.

ARID1A-deficient cells undergo reprogramming of
glucosemetabolism to rely on the TCA cycle rather than
glycolysis
Given that these screening analyses highlighted significant syn-

thetic lethal effects between ARID1A and TCA cycle-associated

genes, the role of ARID1A as a regulator of glucose metabolism

in HCC cells was next explored in further detail. Seahorse anal-

ysis was first performed using ARID1A-KO or SNU449 and

parental control cells and showed that glycolytic activity was

reduced in ARID1A-deficient cells, whereas the basal mitochon-

drial respiration and maximal respiration rates were increased

(Figures 3A, 3B, S3A, and S3B). To extend the findings from

Seahorse analysis, we systematically evaluated the mitochon-

drial status of ARID1A-WT and ARID1A-KO cells through various

approaches. Initially, we conducted an assessment into the

expression of OXPHOS proteins using the Total OXPHOS anti-

body cocktail. In comparison to ARID1A-WT cells, there was
(G and J) Cell death rates were determined after treatment with ACO2 (G) or SD

dependent experiments).

(H and K) Western blot results demonstrating efficient downregulation of ACO2 (H

cell viability rates were assessed subsequent to transfection with varying concentr

independent experiments).
a significant upregulation in OXPHOS protein levels within the

ARID1A-KO cell (Figure 3C). Employing high-resolution micro-

scopy, we further examined the morphological characteristics

of cellular mitochondria. This examination revealed that

ARID1A-KO cells exhibited elongated tubular mitochondria

alongside a reduction in the abundance of globular mitochondria

(Figures 3D and S3C). Upon assessment of the mitochondrial

membrane potential within these cells, we found that a signifi-

cant proportion of ARID1A WT cells had a low mitochondrial

membrane potential (Figure S3D). In a parallel vein, we assessed

the anti-tumor efficacy of IACS-010759 across the specified

cells. These combined findings indicate an increased mitochon-

drial state within ARID1A-deficient HCC cells. Finally, in line with

a prior investigation,22 our findings revealed synthetic lethal

interaction between ARID1A and the inhibition of OXPHOS

IACS-010759 (Figures 3E and S3E). Collectively, these data

establish a robust reliance of ARID1A-deficient HCC cells on

mitochondrial function and OXPHOS.

Next, a liquid chromatography-tandem mass spectrometry

(LC-MS/MS)-based untargeted metabolomics profiling study

was performed to more fully assess the effects of ARID1A-KO

on the metabolite profiles in Hep3B cells. Metabolite set enrich-

ment analysis (MSEA) of the differentially abundant metabolites

demonstrated a significant degree of enrichment in the galac-

tose metabolism, pyruvate metabolism, glycolysis, and TCA cy-

cle pathways (Figure 3F). Of note, glycolysis intermediates

including fructose 6-phosphate, glyceraldehyde 3-phosphate,

and phosphoenolpyruvic acid (PEP) accumulated at high

levels in ARID1A-KO cells together with increased TCA cycle in-

termediates and ATP production (Figure 3G). Validating the

above results, glycolysis intermediates PEP and lactate ex-

hibited elevated levels in ARID1A-proficient cells, in contrast to

ARID1A-deficient cells (Figure 3H). This finding was consistent

with the observed reduction in glycolysis and increase in mito-

chondrial respiration in these ARID1A-deficient HCC cells

observed in the Seahorse analysis described above. Stable

isotope tracing can be used to effectively monitor the energy

sources used by tumor cells, with the metabolite labeling ratio

providing insight regarding glycolytic and TCA cycle flux. Thus,

WT and ARID1A-KO Hep3B cells were incubated with 13C6-

glucose, and metabolites were extracted from these cells 24 h

later. After normalization to glucose levels, the levels of labeled

pyruvate and lactate were markedly reduced in the ARID1A-

KO group, whereas no significant changeswere evident for other

glycolytic metabolites (Figures 3I and 3J). Pyruvate is generated

through PEP dephosphorylation during glycolysis. Relative to

WT cells, ARID1A-KO cells exhibited a significantly decreased

pyruvate m + 3/PEP m + 3 ratio (Figure 3K), indicating that

ARID1A deficiency may influence pyruvate production to regu-

late glycolytic activity. In a parallel vein, the levels of TCA cycle

metabolites were increased (Figures 3J and S3F), along with a

notable increase in the citrate m + 2/pyruvate m + 3 ratio in
HA (J) siRNA in parental and ARID1A-KO Hep3B cells (mean ± SD; n = 3 in-

) or SDHA (K) after transfection of various concentrations of siRNA. The relative

ations of siRNA in parental and ARID1A-KO (sg1) Hep3B cells (mean ±SD; n = 6

Cell Reports Medicine 4, 101264, November 21, 2023 5
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Figure 3. ARID1A deficiency reprogrammed glucose metabolism from glycolysis to the TCA cycle

(A) Representative traces of extracellular acidification rate (ECAR) values obtained from a glycolytic stress test showing reduced glycolysis and glycolytic ca-

pacity in ARID1A-KO (sg1) Hep3B cells (mean ± SD; n = 6 independent experiments).

(B) Representative traces of oxygen consumption rate (OCR) values obtained from amitochondrial stress test, indicating increased basal respiration andmaximal

respiration rates in ARID1A-KO (sg1) Hep3B cells (mean ± SD; n = 6 independent experiments).

(C) The expression of OXPHOS protein levels was evaluated in both parental and ARID1A-KO Hep3B cells, utilizing the Total OXPHOS antibody cocktail.

(D) Representative mitochondrial images of ARID1A WT and ARID1A-KO (sg1) Hep3B cells stained with mitochondrial marker. Scale bar, 2 mm.

(E) Cell viability analyses were conducted on the specified cells subsequent to a 3-day treatment with IACS-010759 (mean ± SD; n = 6 independent experiments).

(F) MSEA demonstrating the differential metabolic pathways in ARID1A-KO (sg1) Hep3B cells.

(G) Different levels of glycolysis intermediates and TCA cycle intermediates in parental and ARID1A-KO (sg1) Hep3B cells (mean ± SD; n = 4 independent ex-

periments).

(H) Different levels of pyruvate and lactate were measured by quantitative kit in cells characterized by ARID1A deficiency and proficiency (mean ± SD; n = 3

independent experiments).

(I) Schematic representation of 13C-labeled glucose metabolism.

(legend continued on next page)
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ARID1A-KO cells (Figure 3L), suggesting the influx of pyruvate

into the TCA cycle and an increase in mitochondrial respiration.

Together, these findings indicated evident reductions in glyco-

lytic activity and increases in mitochondrial respiration in

ARID1A-deficient HCC cells, suggesting that loss of functional

ARID1A expression results in reprogramming of glucose meta-

bolism to favor the TCA cycle over glycolysis. Loss of expression

of TCA cycle-associated genes thus conferred pronounced

synthetic lethality on these ARID1A-deficient HCC cells.

ARID1A deficiency suppresses glycolytic activity
through inhibition of PKM transcription
The processes through which ARID1A deficiency promotes re-

programming of glucose metabolism in HCC cells were next

explored ingreaterdepth. Inaprior study,weconducted transcrip-

tomic analyses of HepG2 cells in which we knocked down the

expression of ARID1A.23 A further review of these data confirmed

that decreased ARID1A expression resulted in pronounced rewir-

ing of the transcriptomic landscape of metabolism-related genes.

KEGG enrichment analysis demonstrated that these differentially

expressed genes were enriched in the glycolysis, pyruvate

metabolism, OXPHOS, and glutathione metabolism pathways

(Figure 4A). Gene set enrichment analysis (GSEA) further indicated

that OXPHOS-pathway-related genes were significantly upregu-

lated in HepG2 cells with ARID1A knockdown (Figure S4A).

Notably, significantly reducedexpressionofPKM,whichcatalyzes

PEPdephosphorylation togeneratepyruvate,wasevident in these

ARID1A-KO cells (Figures 4B and S4B). Reinstating ARID1A

expression in ARID1A-deficient cells likewise yielded a downregu-

lation of PKM expression (Figure 4B). Likewise, a significant

reduction in PK activity was validated within the ARID1A-KO cells

(Figure4C). Further analysisof thepublicdatabase revealedapos-

itive correlation between the mRNA and protein levels of ARID1A

and PKM in HCC (Figure 4D). The decreases in PKM expression

observed in ARID1A-deficient HCC cells were consistent with

the dramatic reductions in pyruvate levels detected through sta-

ble-isotope-based tracing. The results of IHC experiments in 102

human HCC specimens also indicated that the ARID1A and

PKM protein levels were significantly positively correlated (Fig-

ure 4E). TheTCGAdatabasesuggestsa similar correlation alsoex-

ists for lung adenocarcinoma (Figure S4C). However, we did not

observe a notable downregulation of PKM upon ARID1A knock-

down in NCI-H1975 lung adenocarcinoma cell lines (Figure S4D).

We postulated that the effectiveness of ARID1A regulation might

depend on the underlying genetic context within a particular tissue

type. Taken together, these findings collectively imply thatARID1A

deficiency may lead to the downregulation of glycolytic activity

through suppression of PKM expression and pyruvate production

in HCC cells.

Next, the mechanisms through which ARID1A regulates PKM

expression were explored in greater detail. SMARCA4 is another

SWI/SNF complex subunit that has been reported to target meta-

bolic genes directly, thereby governing the regulation of glucose
(J) Fractional enrichment (normalized to glucose m + 6) of glycolytic intermediates

SD; n = 3 independent experiments).

(K and L) Decreased pyruvate m + 3/PEP m + 3 ratio (K) and increased citrate m

independent experiments).
metabolism.22,24 To determine whether ARID1A can directly regu-

late PKM,CUT&RUNwas used to assess the genomic localization

of the ARID1A protein in WT Hep3B cells. Our investigation re-

vealed the direct occupancy of the PKM promoter region by

ARID1A (Figures 4F, S4E, and S4F). Consistent with these results,

mining of published chromatin immunoprecipitation sequencing

(ChIP-seq) data confirmed the ability of ARID1A to directly target

PKM in HepG2 cells (Figure 4F). These findings suggest that

ARID1A may function as a transcriptional activator of PKM such

that loss of ARID1A expression suppresses PKM transcriptional

activity. ARID1A encodes an important component of the SWI/

SNF chromatin remodeling complex that broadly influences the

accessibility of chromatin and its associated transcriptional activ-

ity. Thus, loss of functional ARID1A expression may also repress

PKM transcription by resulting in altered chromatin accessibility.

Assay for transposase-accessiblechromatinwithhigh-throughput

sequencing (ATAC-seq) is an effective approach for surveying

chromatin accessibility in cells. ATAC-seq analysis of WT and

ARID1A-KO Hep3B cells was next performed and revealed signif-

icant decreases in PKM promoter chromatin accessibility in

ARID1A-KO cells (Figures 4G and S4G–S4I).

The transcription factor hypoxia-inducible factor 1 (HIF-1) can

bind to the PKM promoter as the primary regulatory protein acti-

vating the transcription of this gene. To induce the expression of

HIF-1a, cobalt chloride (CoCl2) was applied as a hypoxiamimetic

agent. Employing the CUT&RUN, We observed a substantial

decrease in the binding affinity of HIF-1a to the PKMpromoter re-

gion, irrespective of the expression level of HIF (Figures 4H and

S4–S4L). The results obtained through both qPCR and western

blotting demonstrated that ARID1A-KO cells did not display sub-

stantial alterations in HIF-1a expression. Nevertheless, the upre-

gulation of PKMwas diminished in ARID1A-KO cells under CoCl2
stimulation (Figure 4I). Similar results were validated within hyp-

oxic environments (Figure 4J). Moreover, in vitro explorations uti-

lizing three-dimensional (3D) culture systems exhibited a height-

ened fidelity in mimicking the intricate tumor microenvironment

in vivo compared to conventional two-dimensional (2D) cultures.

Under such conditions, a microenvironment marked by hypoxia

is establishedat thecentral coreof the tumor spheroids. It is note-

worthy that the 3D environments introduce a compromise in the

growth advantage conferred by ARID1A deficiency (Figure 4K).

In line with the above observations, the upregulation of PKM in

ARID1AWT cells wasmore pronounced under a 3D environment

(Figure 4L). Together, these findings indicate that ARID1A defi-

ciency drives the reprogramming of glucose metabolism from

glycolysis to dependence on the TCA cycle and mitochondrial

respiration at least partially via suppression of PKM transcription

and the associated decrease in glycolytic activity.

ARID1A deficiency increases HCC cell sensitivity to
cuproptosis
Cuproptosis is a recently described type of copper-induced cell

death in which cells exhibit characteristic destabilization of Fe-S
and TCA intermediates in parental and ARID1A-KO (sg1) Hep3B cells (mean ±

+ 2/pyruvate m + 3 ratio (L) in ARID1A-KO (sg1) Hep3B cells (mean ± SD; n = 3

Cell Reports Medicine 4, 101264, November 21, 2023 7
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cluster proteins and aggregation of lipoylation of TCA cycle pro-

teins. Thus, cuproptosis primarily affects cells that rely on the

TCA cycle and OXPHOS as their primary modes of energy pro-

duction. Given that most of the hits identified in our CRISPR

screen were Fe-S cluster proteins and that the ARID1A-deficient

HCC cells were found to be highly dependent on mitochondrial

respiration, we speculated that these ARID1A cells may be

more sensitive to cuproptotic cell death than WT cells. To test

this possibility, cells were exposed to a range of concentrations

of copper and the copper ionophore elesclomol, and the half-

maximal inhibitory concentration (IC50) values were found to be

significantly reduced in ARID1A-deficient cells (Figures 5A and

S5A). In the colony formation assay, ARID1A-KO cells exhibited

enhanced copper sensitivity over the 10-day treatment period

(Figures 5B and S5B). Elesclomol also significantly inhibited

the growth of tumor spheroids formed by ARID1A-KO Hep3B

cells but not WT cells cultured in ultra-low-attachment round-

bottom 96-well plates (Figure 5C). Then, we tried to determine

whether treatment with copper can reduce the expression of

TCA cycle proteins and found that copper treatment downregu-

lated the expression of ACO2, SDHA, and succinate dehydroge-

nase complex iron sulfur subunit B (SDHB). The degree of down-

regulation was positively correlated with the concentration of

copper (Figure 5D). To better explore the forms of cell death

induced in response to copper in these ARID1A-deficient cells,

ferrostatin-1 (a ferroptosis inhibitor), necrostatin-1 (a necrosis in-

hibitor), Z-VAD-FMK (an apoptosis inhibitor) and tetrathiomolyb-

date (a copper chelate) were applied to mitigate the induction of

cell death. Treatment with Z-VAD-FMK partially inhibited cop-

per-induced cell death in both WT and ARID1A-KO cells,

whereas neither ferrostatin-1 nor necrostatin-1 had an impact

on either cell type. However, tetrathiomolybdate significantly in-

hibited copper-induced cell death in cells (Figure S5C). This

pattern revealed that ARID1A deficiency increases the sensitivity

of HCC cells to cuproptosis but not to other types of cell death in

response to copper treatment. Mitochondrial respiration rates

were also assessed in copper-treated cells using a Seahorse

analyzer, and copper failed to significantly decrease basal respi-

ration but did moderately decrease the spare respiratory capac-

ity inWT cells. In contrast, significant decreases in both the basal

and spare respiratory capacities were evident in ARID1A-KO

Hep3B cells (Figure 5E).

Regarding the specific metabolic pathways involved in medi-

ating copper-related toxicity, Tsvetkov et al. posited that ferre-
Figure 4. ARID1A deficiency suppressed glycolysis by decreasing PKM

(A) KEGG enrichment analysis of genes with significantly altered expression in A

(B) Indicated cells were examined for expression of ARID1A and PKM by immun

(C) Measurement of PK activity in ARID1A-KO and control Hep3B cells (mean ±

(D) The mRNA and protein level of PKM was positively correlated with that of AR

(E) Representative images and quantitation of immunostaining for ARID1A and P

(F and G) Representative browser track of CUT&RUN or ChIP-seq (F) and ATAC

(H) Representative Integrative Genomics Viewer (IGV) tracks of the peak signals

(I and J) Quantitative PCR (qPCR) and immunoblot analysis revealed more pronou

stimulation (I) or hypoxia condition (J) (mean ± SD; n = 3 independent experimen

(K) Alterations in spheroid volume were monitored over a span of 10 days for sphe

independent experiments). Scale bar, 50 mm.

(L) qPCR and immunoblot analysis show amore conspicuous upregulation of PKM

culture system (mean ± SD; n = 3 independent experiments).
doxin 1 (FDX1) may be a key mediator of copper-induced cell

death. By removing the sulfur group fromcysteine, the iron-sulfur

cluster core complex results in the production of Fe-S clusters in

an FDX1-dependent manner. The elesclomol-Cu complex can

bind directly to FDX1 and inhibit its function in this Fe-S cluster

biosynthetic pathway.25 FDX1 also functions upstream, where

it regulates protein lipoylation. Copper can bind to lipoylated pro-

teins, ultimately leading to induction of cuproptosis. Loss of

FDX1 function can thus render cells resistant to copper treat-

ment. The increased copper sensitivity of ARID1A-deficient

HCC cells suggested that FDX1 and lipoylated proteins may be

upregulated in these cells. Consistent with this hypothesis, anal-

ysis of the TCGA database revealed that the expression of

ARID1A and FDX1 was negatively correlated in HCC and other

cancer types (Figure S5D). The results of western blotting further

confirmed that FDX1 and lipoylated proteins was upregulated in

ARID1A-KO cells (Figures 5F and 5G), and IHC staining for FDX1

and ARID1A in human HCC samples confirmed the strong nega-

tive correlation between two proteins (Figure 5H). Notably,

further review of our screening data confirmed that FDX1, its

ligand FDXR, and the isoenzyme FDX1L all exhibited clear syn-

thetic lethal effects with ARID1A (Figure S5E), indicating that

ARID1A-deficient HCC cells exhibit increased reliance on the

function of FDX1 for their survival. These results additionally

confirmed that ARID1A-deficient HCC cells aremore susceptible

to copper treatment, owing to the induction of cuproptosis.

Elesclomol can effectively treat ARID1A-deficient HCC
in vivo

Given the promising sensitizing effects observed in vitro in this

study, the potential therapeutic efficacy of the copper ionophore

elesclomol as a treatment for ARID1A-deficient HCC was further

explored in vivo using two different mouse model systems. First,

the potential difference in the antitumor efficacy of elesclomol

in vivo was explored in mice subcutaneously implanted with

WT or ARID1A-KO Hep3B cells (cell-derived xenograft [CDX]

models) (Figure 6A). In this model, elesclomol treatment was suf-

ficient to significantly inhibit the growth of ARID1A-KO tumors

without obviously affecting WT tumors (Figures 6B, 6C, and

S6B). These results confirmed the marked selectivity of this ther-

apeutic strategy for treating ARID1A-deficient HCC, with a corre-

sponding improvement in the survival of tumor-bearing mice in

the ARID1A-KO group (Figure 6D). Notably, ARID1A-KO signifi-

cantly increased the expression of the cell proliferation marker
transcription

RID1A-knockdown HepG2 cells.

oblot.

SD; n = 3 independent experiments).

ID1A in the public HCC dataset.

KM in HCC specimen sections (n = 102). Scale bar, 100 mm.

-seq (G) on the PKM locus in indicated cells.

in HIF-1a CUT&RUN peaks at the PKM genomic locus.

nced PKM upregulation in WT cells than in ARID1A-KO (sg1) cells under CoCl2
ts).

roids derived from ARID1A-KO (sg1) and control Hep3B cells (mean ± SD; n = 3

inWTHep3B cells compared to ARID1A-KO (sg1) cells within the context of 3D
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Figure 5. ARID1A deficiency sensitized cells to cuproptosis in vitro

(A) Cell viability of indicated cells after treatment with increasing concentrations of elesclomol (with 1 mM CuCl2 in medium) or CuCl2 (with 10 nM elesclomol in

medium) (mean ± SD; n = 6 independent experiments).

(B) Colony formation assay of HepG2 cells treated with different concentrations of elesclomol and CuCl2 for 10–15 days (mean ± SD; n = 3 independent ex-

periments).

(C) Longitudinal changes in the volume of spheroids formed from ARID1A-KO (sg1) and control Hep3B cells under elesclomol or vehicle (with 1 mM CuCl2 in

medium) treatment (mean ± SD; n = 3 independent experiments). Scale bar, 50 mm.

(D) ACO2, SDHA, and SDHB protein levels after treatment with different concentrations of elesclomol (with 1 mM CuCl2 in medium) or CuCl2 (with 25 nM ele-

sclomol in medium).

(E) Representative traces of OCR values after treatment with 10 nM elesclomol (with 1 mMCuCl2 in medium) indicating decreased basal respiration and maximal

respiration rates in ARID1A-KO (sg1) Hep3B cells (mean ± SD; n = 6 independent experiments).

(F and G) Immunoblotting revealed significant FDX1 (F) and lipoylated proteins (G) upregulation in ARID1A-KO HCC cells.

(H) Images of FDX1 and ARID1A IHC staining in HCC specimen sections (n = 102). Scale bar, 100 mm.
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Figure 6. Clinically applicable elesclomol was effective in ARID1A-deficient HCC

(A) Schematic representation of the experimental design and reference time of the CDX model experiment.

(B and C) Longitudinal variations in tumor volume (B) and the ultimate tumor weight measurements (C) were examined in mice treated with elesclomol or vehicle

controls (mean ± SD; n = 6 independent experiments).

(D) After treatment cessation, mice from the elesclomol treatment groups were followed for survival analysis by the Kaplan-Meier method (n = 6 independent

experiments).

(E) Schematic representation of the experimental design of the PDX model experiment.

(F) The expression of ARID1A in ARID1A WT and ARID1A mutant HCC specimens and PDX models. Scale bar, 100 mm. ARID1A enlarged, 25 mm.

(G) Tumor volumes and weights of mice bearing tumors of PDX models treated with elesclomol or vehicle controls.

(H) Representative images of Ki67, SDHA, and FDX1 staining in PDX tumor samples harvested from mice in the vehicle and elesclomol treatment groups. The

H-score was then quantified (mean ± SD; n = 6 independent experiments). Scale bar, 100 mm.
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Ki67 in tumors formed from ARID1A-KO Hep3B cells, while

reduced expression of PKM was also observed in the xenograft

tumors (Figure S6A). Given that ARID1A loss-of-function muta-

tions are commonly observed in human HCC patients, patient-
derived xenograft (PDX) mouse models were further established

to test whether these naturally occurring mutations are similarly

associated with dependency on the TCA cycle (Figure 6E). IHC

staining and whole-exome sequencing were used to confirm
Cell Reports Medicine 4, 101264, November 21, 2023 11
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the ARID1A mutation status of these HCC patient specimens

(Figure 6F). IHC staining and immunoblots were used to as-

sessed the ARID1A expression of the dissociated tumor derived

from the PDX model (Figures 6F and S6C).

Consistent with the cell-line-based results, elesclomol treat-

ment significantly reduced the tumor burden in mice bearing

PDX tumors harboring an ARID1A nonsense mutation (p.E193*)

compared with tumors expressing WT ARID1A (Figure 6G).

IHC staining of these tumors additionally revealed that elesclo-

mol treatment significantly decreased the SDHA, FDX1, and

Ki-67 levels in these tumors (Figure 6H). Importantly, these

mice tolerated elesclomol well, without significant weight loss

or apparent morphological changes inmajor organs as assessed

via H&E staining (Figures S6D and S6E). Elesclomol or other cop-

per ionophores may thus be promising tools for treating patients

with ARID1A-deficient HCC.

DISCUSSION

Advanced genomic profiling technologies have increasingly

enabled the identification and characterization of driver muta-

tions and genes associated with cancer onset and progres-

sion,26 allowing clinical efforts to design small-molecule inhibi-

tors or blocking antibodies that target activated oncogenes to

achieve clinical benefit. ARID1A has long been known to be a tu-

mor-suppressor gene that is frequently mutated in HCC and

other cancer types. Tumor suppressor genes are generally

much harder to target than oncogenes; thus, the clinical utility

of this knowledge has been limited to date. Synthetic lethality

strategies, however, offer an opportunity to define therapeutic

targets for cancers driven by mutations in tumor suppressor

genes. In this study, we conducted an unbiased CRISPR-Cas9

screen to identify synthetic lethal interaction between ARID1A

and the TCA cycle. Specifically, ARID1A deficiency resulted in

reprogramming of glucose metabolism from glycolysis to mito-

chondrial respiration. Based on these results, we proposed

that efforts to target the TCA cycle or OXPHOS may lead to

the development of a viable means of treating ARID1A-deficient

HCC. These results provide a promising approach for the

personalized and efficacious treatment of these cancer patients.

Tumor cells undergometabolic reprogramming to adapt to the

increasing demand for energy necessary to support their high

level of biosynthetic activity. Metabolic activity has been a major

focus of cancer treatment research since theWarburg effect was

first documented.While aerobic glycolysis is the primary glucose

metabolism pathway active in most cancer cells, accumulating

evidence indicates that certain cancer cells generate energy pri-

marily through reliance on othermetabolic pathways, particularly

in the setting of dysregulated oncogene and tumor suppressor

expression. For example, cancers harboring inactivating muta-

tions in the TCA cycle enzyme FH contain defective mitochon-

dria, and inhibiting phosphogluconate dehydrogenase (PGD) in

these FH-mutant tumor cells can effectively suppress their pro-

liferative activity.27 In this study, the survival of ARID1A-deficient

HCC cells was found to rely heavily on mitochondrial respiration;

thus, targeting the TCA cycle may be an attractive treatment

strategy. ARID1A deficiency has previously been reported to

activate Ang2-dependent angiogenesis and to be correlated
12 Cell Reports Medicine 4, 101264, November 21, 2023
with an increase in vascular density in HCC tumors, with these

vessels being required to supply adequate levels of oxygen,

consistent with the present results.28 Recent studies further

found that loss of the SWI/SNF complex component

SMARCA4 similarly led to increased oxygen consumption and

mitochondrial respiration in lung tumor cells,22,24 suggesting

that other processes that interfere with the function of the SWI/

SNF complex may similarly drive reprogramming of glucose

metabolism in cancer. Approximately 20% of solid tumors are

thought to harbor a mutation in at least one component of the

SWI/SNF complex,29 although further research is necessary to

determine whether these tumors harbor targetable vulnerabil-

ities associated with mitochondrial respiration.

Multi-omics profiling of ARID1A-deficient HCC cells was

further performed to clarify the mechanistic basis for glucose

metabolism reprogramming following loss of ARID1A expression

and to explore the link between ARID1A and transcriptional

repression of PKM. Pyruvate kinase is a critical enzyme involved

in the regulation of tumor metabolism, and the ability of ARID1A

to suppress PKM transcription activates a metabolic switch

that results in suppression of glycolytic activity and increased

dependence on mitochondrial respiration, as confirmed by the

altered metabolome profiles in these HCC cells. Consistent

with the present findings, prior research revealed that ARID1A

can function as a transcriptional repressor for GLS1, such that

loss of ARID1A expression increased the expression of GLS1

and rendered cells dependent on glutamine metabolism.16 The

expression of various metabolic genes can also be regulated

by other SWI/SNF complex subunits, including BRG1 and

SMARCA4, thereby facilitating metabolic reprogramming.22,30

These results suggest that the SWI/SNF complex may serve as

a fundamental, evolutionarily conserved mediator of the efficient

expression of key metabolism-related genes. HIF-1a has previ-

ously been shown to directly target PKM, leading to its transcrip-

tional upregulation and the induction of glycolytic activity.

Through a CUT&RUN analysis, ARDI1A deficiency was herein

found to impair HIF1a binding to the PKM promoter region,

thus suppressing its upregulation and the associated HIF1a-me-

diated induction of glycolysis. HCC is often treated through

transcatheter hepatic arterial embolization (TAE) and transcath-

eter hepatic arterial chemoembolization (TACE) strategies, in

which tumor vessels are embolized,31 thereby exposing tumor

cells to ischemic and hypoxic stress that can promote HIF-1a ac-

tivity and the induction of glycolysis. These events enable these

cells to survive and proliferate under these hypoxic conditions

and represent a major mechanism underlying tumor therapeutic

resistance. Here, ARID1A deficiency was found to interfere with

the relationship between HIF-1a upregulation and glycolysis,

rendering HCC cells reliant on oxygen consumption to survive.

This finding raises the possibility that patients with ARID1A-defi-

cient HCC may exhibit greater sensitivity to TAE or TACE, given

that these strategies further limit intratumor oxygen availability

and OXPHOS.

Copper is an important enzymatic cofactor necessary for the

maintenance of normal cellular activity in mammals. However,

intracellular copper levels are extremely low because even small

concentrations of free intracellular copper can have harmful ef-

fects.32 Efforts to target copper homeostasis have thus been
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proposed as a means of treating various cancers, although no

clinical trial employing copper ionophores or chelators has

demonstrated improved patient survival outcomes.33 Thus,

further identification of copper-sensitive cancer subtypes may

provide a more informed basis for cancer treatment. Tsvetkov

and co-workers recently clarified the mechanisms underlying

copper-mediated cytotoxicity by determining that copper can

directly bind to lipoylated TCA cycle components, thereby re-

sulting in lipoylated protein aggregation, iron-sulfur cluster pro-

tein loss, and consequent cell death through a process termed

cuproptosis. Given that copper treatment can directly target

the TCA cycle, cells that rely on mitochondrial respiration

exhibit a 1,000-fold increase in copper sensitivity compared to

cells with active glycolytic processes. Given their pronounced

dependence on mitochondrial respiration, ARID1A-deficient

cells were, unsurprisingly, highly sensitive to copper treatment.

Thus, these results provide a promising foundation for the

personalized treatment of patients with ARID1A-deficient HCC

through the induction of cuproptosis and also emphasize the

value of ARID1A as a biomarker when selecting patients likely

to benefit from copper therapy.

In conclusion, the present results highlighted a relationship

between ARID1A and TCA cycle-related genes that confers syn-

thetic lethality on HCC cells. Subsequent multi-omics profiling

demonstrated that loss of ARID1A results in metabolic reprog-

ramming such that these tumor cells are reliant on the TCA cycle

rather than glycolysis. Thus, the use of copper to target the TCA

cycle is a promising effective means of treating patients with

ARID1A-deficient HCC.

Limitations of the study
While we have extensively verified the pivotal role of PKM in

driving metabolic reprogramming within ARID1A-deficient HCC

cells. It is noteworthy that other key regulators of metabolism,

including HK2, HIF2A, GLUT1, and GLS1, have been demon-

strated to participate in the metabolic switching induced by

altered SWI/SNF subunits.16,22,24 Hence, it is essential to explore

further mechanisms underlying this metabolic reprogramming in

HCC cells induced by ARID1A deficiency. Approximately 20%

of solid malignancies are estimated to harbor mutations in at least

one component of the SWI/SNF complex. It is valuable to explore

the presence of similar metabolic shifts in other types of tumors.

Significantly, our findings indicate that the effectiveness of

ARID1A regulation might depend on the underlying genetic

context within a particular tissue type. This inconsistency might

necessitate a more thorough investigation. Finally, although we

have validated the tolerability and efficacy of elesclomol in preclin-

ical models, it remains essential to emphasize the need for further

investigation into the safety profile of copper treatment.
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Data and code availability
d All sequence data have been deposited in the GEO database under accession number GSE228179.

d This study did not generate any novel code.

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

request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines
Hep3B, HepG2, 293T, and NHI-H1975 cell line were obtained from the Cell Resource Center, Peking UnionMedical College (which is

part of the National Science and Technology Infrastructure, the National Biomedical Cell-Line Resource, NSTI-BMCR. http://

cellresource.cn). SNU449 cell lines was acquired from the American Type Culture Collection (ATCC). Hep3B, HepG2, SNU449

and 293T were cultured in Dulbecco’s modified Eagle’s (DMEM) high glucose medium (DMEM; Gibco) supplemented with 10%

FBS and 1%penicillin/streptomycin in a 5%CO2 37�C incubator. NHI-H1975 cell line was cultured in RPMI 1640 (RPMI-1640; Gibco)

supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin.

Murine xenograft models
All mouse studies were conducted in accordance with the Institute of Biophysics, Chinese Academy of Science’s Policy on the Care

and Use of Laboratory Animals. Nod-SCID and NOG mice were purchased from Charles River.

CDX models were established by Hep3B ARID1A WT or Hep3B ARID1A-KO (sg1) cells (1 3 107 cells in 200 mL PBS) were im-

planted subcutaneously into 6–8 weeks old female Nod-SCID mice. After a 1-week period during which tumors were allowed to

develop, the mice were randomized into groups (n = 6 mice/group) and treated three times per week for three weeks with either

vehicle control (DMSO) or elesclomol (10 mg/kg b.w.). Tumor growth was monitored by slide caliper 3 times a week.Tumor volume

was calculated as follows: tumor volume = (length3 width2)/2. The survival endpoint for this assay was a maximum tumor diameter

of >20 mm.

PDXmodels were established using HCC tissue samples harvested from patients who had provided written informed consent and

undergone surgical liver tumor resection. These tumor tissues were minced into small (�5 mm3) pieces that were directly subcuta-

neously implanted into 6–8 weeks old female NOG mice. The resultant xenograft tumors were passaged three times and used for

subsequent experiments. As described above, mice were treated three times per week for three weeks using elesclomol

(10 mg/kg b.w.). Tumors were then surgically resected, and the tumor burden was assessed based on the measurement of tumor

weight.

METHOD DETAILS

CRISPR/Cas9 mediated gene knockout
CRISPR knockout was achieved by using a lentiviral vector encoding the Cas9 plasmid (AddGene; #52962) to establish cells stably

expressing Cas9. The lentiviral plasmid for knockout of ARID1A was obtained from GenePharma. Lentiviral production was per-

formed by using polyethylenimine (Proteintech; #PR40001) to cotransfect 293T cells in 10 cm plates with 10 mg of the targeting

plasmid, 7.5 mg of psPAX2 (Addgene; #12260), and 2.5 mg of pMD2.G (Addgene; #12259). Initially, HCC cells were infected

with the appropriate lentiviral particles in the presence of polybrene (10 mg/mL) (Sigma‒Aldrich; #TR-1003) for 24 h, after which

100–200 mg/mL hygromycin B was used to select for successfully transduced cells. The ARID1A knockout efficiency was confirmed

via western blotting. The structures of the lentiviral vectors are presented in Figure S1A. The ARID1A knockout sgRNA sequences

were as follows:

ARID1A-sgRNA1: 50- CAGCAGAACTCTCACGACCACGG -3’ (Exon 1).

ARID1A-sgRNA2: 50- CCTGTTGACCATACCCGCTGGGG -3’ (Exon 3).

CRISPR/Cas9 screening
The TKOv3 library comprising 70,948 sgRNAs targeting 18,053 genes was a gift from Jason Mofat (Addgene #125517). Protocols

provided by the Mofat laboratory were used for library amplification and viral preparation. In brief, cells stably expressing Cas9

were infected at a low multiplicity of infection (0.2–0.3) with this lentiviral library to achieve approximately 500-fold coverage in

each group, and the cells were incubated with 2–5 mg/mL puromycin for 3 days to select for successfully transduced cells. A portion

of the transfected cells was harvested at baseline (T0), while the remaining cells were expanded for 21 days prior to collection (T21). A

TIANamp Genomic DNA Kit (#DP304; TIANGEN) was used to isolate DNA from these cells based on the provided instructions, with

sgRNA barcode sequences amplified via PCR(New England Biolabs; #M0544S), followed by deep sequencing of the resultant
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products. The resultant sgRNA reads were mapped to appropriate sgRNA sequences using Bowtie2, after which a ranked list of

fitness-related genes required for the survival of these cells was generated using the MAGeCK algorithm.

siRNA-mediated gene knockdown
All siRNA duplexes and negative control constructs were obtained from GenePharma (Beijing, China). Cells were transfected with

either ACO2, SDHA, or ARID1A siRNA constructs using Lipofectamine 2000 (Invitrogen; #11668019) based on the provided instruc-

tions. Western blotting was used to assess the knockdown efficiency 48h post-transfection. The siRNA sequences used in this study

are listed in Table S1.

ARID1A overexpression
The pLenti-puro-ARID1A plasmid was a kind gift from Ie-Ming Shih (Addgene; #39478) and lentiviral production was performed as

described above. The resultant lentiviral particles were used to transduce SNU449 and Hep3B KO (sg1) cells, 2–4 mg/mL puromycin

was used to select for cells overexpressing ARID1A. ARID1A overexpression was confirmed by western blotting.

Cell viability assays
For short-term viability assays, cells were plated in 96-well flat-bottom plates (2500–10000 cells/well) and allowed to adhere for 12h

prior to treatment. Presto Blue Cell Viability Reagent (Invitrogen; #A13262) was used to assess cell viability based on the provided

instructions, with the absorbance at 570 nm in each well measured using a microplate reader (EnSpire; PerkinElmer, CA, USA).

Cell viability was calculated by normalizing the absorbance to that of DMSO-treated controls.

Clonogenic assays were performed by plating wells in 6-well or 12-well plates (800/well and 300/well, respectively) followed by

drug treatment for 10 days beginning 24 h following seeding or until visible colonies composed of more than 50 cells were identified.

Cells were then fixed using 10% formaldehyde and stained using 0.4% crystal violet. At least three replicate samples were analyzed

for all assays.

Flow cytometry
Flow cytometric analysis was performed to determine the cell death rate or mitochondrial membrane potential. Cells were collected

and washed twice with ice-cold PBS and then incubated with JC-1 Dye (Dojindo; #MT09) or PE Annexin V and 7-AAD(Biolegend;

#640934) for 15 min. Finally, cell death rate and mitochondrial membrane potential was detected using FCM (BD Biosciences)

and analyzed using FlowJo software.

IncuCyte imaging
Cells were seeded in 96-well plates and images were taken every 12 h using the IncuCyte Live-Cell Analysis Imaging System. Cell

proliferation was determined based on cell confluence.

3D culture system
To generate spheroids, ARID1A-KO or vehicle cells suspended in complete DMEMmediumwere seeded in 96-well round-bottomed

ultra-low attachment microplate (Corning) or 60 mm Ultra-Low Attachment Culture Dish (Corning). The plates were incubated for a

duration of 10 days, with images captured daily. Spheroid volumes were assessed using a modified ellipsoidal formula. , spheroid

volume = (length 3 width2)/2.

Western blotting
Lysis buffer (KeyGen BioTECH; #KGP250) was used to extract total protein from cells on ice, after which these lysates were sepa-

rated via 12.5% SDS‒PAGE (70 min, 120 V) and transferred on ice onto PVDF membranes (Merck Millipore; #IPVH00010) using

transfer buffer containing 10–20%methanol (1–2.5 h, 300 mA). The membranes were blocked using 5% nonfat milk prior to incuba-

tion with appropriate primary and secondary antibodies and imaging with a chemiluminescent substrate (Merck Millipore;

#WBKLS0100) and Bio-Rad Gel Doc 2000 analytical software. The membranes were then stripped with Western Blot Fast Stripping

Buffer (EpiZyme; # PS107) and incubated with the next antibodies as appropriate.

Antibodies specific for the following proteins were used for western blotting: ARID1A (Cell Signaling Technology; #12354; 1:1,000

dilution), ACO2 (Abcam; #ab129069; 1:1,000 dilution), SDHA (Abcam; #ab14715; 1:1,000 dilution), SDHB (Abcam; #ab175225;

1:1,000 dilution), FH (Abcam; #ab233394; 1:1,000 dilution), PKM(Abcam; #ab150377; 1:1,000 dilution), FDX1 (Proteintech Group

Inc.; #12592-1- AP; 1:1,000 dilution), HIF-1 alpha (Abcam; #ab179483; 1:1,000 dilution), Total OXPHOS Human WB Antibody Cock-

tail (Abcam; #ab110411; 1:1,000 dilution), Lipoic Acid (Abcam; # ab58724; 1:1,000 dilution)and a-tubulin (Abcam; #ab7291; 1:5,000

dilution).

IHC staining
HCC tissue samples were obtained from 102 patients undergoing surgical treatment at Peking University International Hospital.

These patients had not undergone any cancer-related treatment prior to surgery. An Immuno-Histo Stainer was used for IHC staining.

IHC scoring of tissue samples from these patients was independently performed by two pathologists, with the total immunostaining
Cell Reports Medicine 4, 101264, November 21, 2023 e4
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score computed bymultiplying the percentage and intensity scores. ARID1A expression was classified as low,medium or high based

on the IHC score.

Primary antibodies against the following proteins were used: ARID1A (Abcam; #182560; 1:250 dilution), SDHA (Abcam; #ab14715;

1:250 dilution), PKM (Abcam; #ab150377; 1:250 dilution), and FDX1 (Proteintech Group Inc; #12592-1- AP; 1:200 dilution).

Mitochondrial staining
Cells were subjected to staining with the mitochondria-specific dye MitoBright LT Deep Red(100 nM) (Dojindo; MT11) for 30 min.

High-resolution mitochondrial images were acquired utilizing the Leica TCS SP8 STED 33 confocal microscope (Objective: HC

PL APO CS2 100x/1.40 OIL; STED Laser: 775nm). The captured images were deconvoluted using LAS X software (4.5.0) (Leica).

The area of mitochondria was quantified using Fiji software (https://imagej.net/software/fiji/downloads).

Seahorse analysis
An XFe96 Extracellular Flux (XF) Analyzer (Seahorse Bioscience) was used tomeasure the oxygen consumption rate (OCR) and extra-

cellular acidification rate (ECAR). The day before this experiment, cells were seeded in XF96 Cell Culture Microplates (10,000 cells/

well). The following day, the medium was replaced with XF Glycolysis Stress Test Assay Medium or XF Cell Mito Stress Test Assay

Medium, and the cells were incubated for 1 h in a 37�C CO2-free incubator to allow the equilibration of pH and temperature values.

Glycolytic stress testing was performed by sequentially injecting glucose, oligomycin, and 2-deoxy-D-glucose at final concentrations

of 10 mM, 2 mM, and 50 mM, respectively. Mitochondrial stress testing was performed by sequentially injecting oligomycin, FCCP,

and a mixture of antimycin and rotenone at final concentrations of 2 mM, 1 mM, and 4 mM, respectively. OCR and ECAR values were

normalized based on cell numbers after completion of these experiments.

Metabolic analyses
For untargeted metabolomics, cells were collected in an EP tube and resuspended with ice-cold 80% methanol, followed by soni-

cation for 5 min at centrifugation at 14,000 xg at 4�C. Supernatants were subsequently freeze-dried, dissolved using 10%methanol,

and injected into an LC‒MS/MS system. Raw data were processed with Compound Discoverer 3.1 (Thermo Fisher) to facilitate peak

alignment, peak selection, and quantitation for individual metabolites. Differentially abundant metabolites were identified based on a

threshold value of <0.05 and a fold change ofR1.5. Metabolite set enrichment analysis (MSEA) was conducted with MetaboAnalyst

5.0 (https://www.metaboanalyst.ca) to assess the enrichment of these differentially abundant metabolites.

Metabolic flux analyses were performed by seeding cells in standard growthmedia for 24 h, after which these cells were rinsed two

times with PBS and media was exchanged for glucose-free media for 12 h. This media was subsequently exchanged for media con-

taining 20 mM of U-13C glucose (99% pure, Cambridge Isotope Laboratories; #CLM-1396). After incubation for 36 h, cells were

rinsed two times using chilled saline and metabolite extraction and analysis were performed as above.

The MS measurement of isotopologue distribution is analyzed via a Thermo Q-Exactive plus hybrid quadrupole–orbitrap mass

spectrometer coupled to a Thermo Vanquish UPLC system.Data processing and ion annotation based on accurate mass were per-

formed in TraceFinder 5.0 (Thermo Fisher) and Xcalibur 4.0 (Thermo Fisher).Correction for natural abundance is required prior to

meaningful interpretation. The correction used both general applicable correctionmatrix based on Eqn and isotopic correctionmatrix

that was generated by treating a control group of unlabeled sample.

L-lactate and pyruvate assay
L-lactate and pyruvate levels were determined using The L- Lactate Assay Kit (Abcam, # ab65331) and the Pyruvate Assay Kit

(Abcam, # ab65342), respectively, according to the provided instructions. The samples were measured using a microplate reader

and the amount of lactate was calculated according to a standard curve with normalization to the number of cells.

PK activity assay
A Pyruvate Kinase Assay (#ab83432; Abcam) was used based on the provided instructions. In brief, 2x106 cells were extracted with 4

volumes of assay buffer and centrifuged to yield a clarified extract. Then, 50 mL of the reaction mixture was added per well, and the

absorbance at 570 nm was measured at baseline (T1) and following incubation for 20 min in the dark at 25�C (T2). An increase in the

signal was considered to result from PK-mediated pyruvate generation. PK activity was then calculated based on the provided

instructions.

ATAC-seq
ATAC-seq was performed as described in prior reports. In brief, 13 104 cells cultured under normal conditions were harvested and

rinsed two times with chilled PBS, and unfixed nuclei from these cells were tagged for 30 min with tn5 transposase (TruePrep DNA

Library Prep Kit V2 for Illumina) at 37�C. Library fragments were then generated through 10–12 PCR cycles, and sequencing was then

conducted with an Illumina NovaSeq 6000 instrument. Bowtie2 was used to align the clean paired-end reads to the reference

genome (GRCh38/hg38), and peak distributions on genes of interest were visualized with IGV. Two biological replicates were per-

formed for each sample group.
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CUT&RUN
CUT&RUN was conducted using a CUT&RUN Assay Kit (Cell Signaling Technology; #86652). In brief, 1 3 105 freshly cultured cells

were harvested, rinsed two times with cold PBS, and washed once with 1 mL of wash buffer. Concanavalin A Bead Activation Buffer

was also used to wash Concanavalin A Magnetic Beads two times. For each reaction, 10 mL of these activated beads was added to

washed cells prior to the addition of 1 mg of antibody and incubation for 2 h at 4�C. The tubes were then transferred to amagnetic rack

to separate the beads from the liquid fraction. The beads were rinsed using 1 mL of digitonin buffer, and 50 mL of pAG-MNase

premix was added to each reaction prior to incubation for 1 h at 4�C. After the addition of 3 mL of cold calcium chloride to activate

the pAG-MNase in each tube, the samples were incubated for an additional 30min at 4�C. Then, 150 mL of 13 Stop Buffer was added

to each sample prior to incubation for 10 min at 37�C. The tubes were then centrifuged for 2 min at 16,000 x g and 4�C and placed

onto magnetic racks until the solution had clarified. Supernatants containing enriched chromatin samples were then transferred into

new tubes, and DNA was purified from these samples with DNA Purification Buffer and Spin Columns. A DNA Library Prep Kit for

Illumina (#56795; Cell Signaling Technology) was utilized to prepare an NGS sequencing library, which was then subjected to

150 bp paired-end sequencing with an Illumina NovaSeq 6000 instrument. Bowtie2 was used to map the reads to the GRCh38/

hg38 reference genome, and SAMtools was used to remove duplicate PCR sequences. Enriched peaks were identified using the

MACS2 peak calling algorithm, and peak distributions along genomic regions of interest were assessed using Integrative Genomics

Viewer (IGV). Two biological replicates were analyzed for each sample group.

qPCR and CUT&RUN–qPCR analyses
TRIzol (Invitrogen) was used to extract total cellular RNA based on the provided instructions, after which PrimeScript RT Master Mix

(TaKaRa; # RR036A) was used to prepare cDNA. All qPCRs were performed in a 20 mL volume containing TB Green reagent

(#RR820A; TaKaRa). b-Actin was used for normalization of mRNA expression. CUT&RUN–qPCR was used to quantify ARID1A

and HIF-1 enrichment at the PKM promoter. Enrichment results were analyzed by calculating the amount of immunoprecipitated

DNA as a percentage of the input DNA for individual samples. The primers used in these analyses are listed in Table S1. The

DDCt method was used to quantify gene expression.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyseswere performed usingGraphPad Prism 9. Differences between groupswere evaluated using Student’s t test, with

p < 0.05 as the significance threshold. Statistical significance was denoted as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

Methods for statistical tests, number of independent experiments, and definition of error bars were indicated in figure legends. All

experiments were repeated at least three times unless otherwise noted in the legend. Correlational relationships were examined us-

ing Spearman correlation analysis, while the Kaplan‒Meier method with the log rank test was used to analyze survival-related data.
Cell Reports Medicine 4, 101264, November 21, 2023 e6
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Supplementary Figure S1. ARID1A deficiency enhanced tumorigenicity in HCC, related to Figure 1 
(A) Growth curves measured by IncuCyte® Live-Cell Analysis Imaging System in ARID1A knockout and control cells (mean ±SD; 
n=3 independent experiments). 
(B) Colony formation and quantification in parental and ARID1A knockout cells cultivated for a duration of 10 to 15 days (mean ±SD; 
n=3 independent experiments).
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Supplementary Figure S2. ARID1A deficiency engendered a reliance on genes associated with the TCA cycle, related to 
Figure 2
(A) ARID1A expression was significantly correlated with an increase in the expression of TCA cycle genes across multiple cancer 
types. 
(B) Kaplan–Meier curves demonstrating that low ARID1A and ACO2 or FH mRNA expression levels were correlated with better 
prognosis in HCC patients in the TCGA cohort.
(C) Alterations in SWI/SNF subunit and TCA-related genes in HCC within the TCGA dataset.
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Supplementary Figure S3. ARID1A loss in HCC cells results in impaired glycolysis and increased dependence on mitochon-
drial respiration, related to Figure 3
(A-B) Seahorse glycolysis stress test and mito stress test in indicated cell lines (mean ±SD; n=6 independent experiments).
(C) Quantification of mitochondrial area in parental and ARID1A-KO (sg1) Hep3B cells (mean ±SD; n=3 independent experi-
ments).
(D) JC-1 staining was conducted to evaluate the mitochondrial membrane potential in parental and ARID1A-KO (sg1) Hep3B cells 
(mean ±SD; n=6 independent experiments).
(E) Colony formation assay of parental and ARID1A knockout cells treated with IACS-010759 for 10–15 days (mean ±SD; n=3 
independent experiments).
(F) Fractional labelling of TCA cycle intermediates (mean ±SD; n=3 independent experiments).
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Supplementary Figure S4. ARID1A deficiency suppressed PKM transcription, related to Figure 4
(A) GSEA revealed that the oxidative phosphorylation pathway-associated genes were significantly upregulated in HepG2 
ARID1A-knockdown cells. 
(B) Expression of glycolysis-related genes in control and ARID1A knockdown HepG2 cells, as determined by RNA-seq analysis (n=3 
independent experiments). 
(C) The mRNA level of PKM exhibited a positive correlation with that of ARID1A in the TCGA lung adenocarcinoma dataset,
(D) Parental and ARID1A knockdown NCI-H1975 lung cancer cells were examined for the expression of PKM by immunoblotting
(E) Heatmap displaying the ARID1A Cut&Run reads distribution at the transcription start sites (TSS) in Hep3B cells.
(F) Cut&Run-qPCR analysis of recruitment of ARID1A at the promoters of PKM. (mean ±SD; n=3 independent experiments).
(G) Heatmap of ATAC-seq reads distribution.
(H) Heatmap presents the clustering of ATAC-seq. 
(I) Signal intensity plot demonstrating genome-wide comparison of chromatin accessibility.
(J) Heatmap showing the Cut&Run reads distribution at the transcription start sites (TSS) of HIF-1α under varying growth conditions. 
(K) Heatmap displaying clustering of Cut&Run binding peaks of HIF-1α under different growth conditions.
(L) Cut&Run-qPCR analysis of HIF-1α recruitment to the promoter of PKM under different growth conditions in parental and 
ARID1A-KO cells (mean ±SD; n=3 independent experiments).
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Supplementary Figure S5. ARID1A deficiency sensitized cells to cuproptosis in vitro, related to Figure 5 
(A) The reduction in elesclomol (with 1 μM CuCl2 in media) IC50 values could be mitigated through the restoration of ARID1A in 
ARID1A-KO (sg1) Hep3B or SNU449 cells (mean ±SD; n=6 independent experiments). 
(B) Colony formation assay of Hep3B cells treated with different concentrations of elesclomol and CuCl2 for 10–15 days (mean ±SD; 
n=3 independent experiments). 
(C) Parental and ARID1A-KO (sg1) Hep3B cells were treated with 25 nM elesclomol (with 1 μM CuCl2 in media) together with or 
without inhibitors (Z-VAD-FMK, 10 μM; Necrostatin-1, 10 μM; Ferrostatin-1, 10 μM; Tetrathiomolybdate, 10μM) for 48h, cell viabili-
ty was subsequently evaluated (mean ±SD; n=3 independent experiments). 
(D) Analysis of the TCGA database revealed the negative correlation between ARID1A and FDX1 mRNA expression across multiple 
cancer types. 
(E) Dot plot showing noteworthy synthetic lethality observed between FDX1, FDXR, and FDX1L with ARID1A.
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Supplementary Figure S6. Elesclomol suppressed the growth of ARID1A-deficient HCC tumours in vivo, related to Figure 6
(A)Staining and quantification of ARID1A, PKM, and the cell proliferation marker Ki67 in xenograft tumours harvested from CDX 
model mice (mean ±SD; n=3 independent experiments) ,Scale bar = 100 µm. ARID1A Enlarged, 25 µm.
(B)Alterations in mouse body weights following treatment with elesclomol in CDX model (mean ±SD; n=6 independent experiments).
(C) The expression of ARID1A in dissociated tumor derived from the PDX model was assessed.
(D)Alterations in mouse body weights following treatment with elesclomol in PDX model (mean ±SD; n=6 independent experiments).
(E) Representative images of H&E staining of heart, lung, liver, spleen, and kidney samples from vehicle or elesclomol treated PDX 
model mice, Scale bar = 100 µm.



Supplementary Tables S1. List of primer sequences used in this study, related to STAR methods

Primers used for RT-PCR Forward Reverse

β-actin GAGAAAATCTGGCACCACACC GGATAGCACAGCCTGGATAGCAA

PKM CTGAAGGCAGTGATGTGGCC ACCCGGAGGTCCACGTCCTC

Primers used for Cut&Run-qPCR Forward Reverse

PKM TGCTGGCATGAGGAAAGAGG TGTGCTTGTCTGCACGTAGG

siRNA sequences Forward Reverse

SDHA#1 GGCAGGGUUUAAUACAGCATT UGCUGUAUUAAACCCUGCCTT

SDHA#2 CACACCUUAUAUGGAAGGUTT ACCUUCCAUAUAAGGUGUGTT

ACO2#1 CAGGUGCAAUCGUGGAAUATT UAUUCCACGAUUGCACCUGTT

ACO2#2 GGGAGAAGAACACAAUCGUTT ACGAUUGUGUUCUUCUCCCTT

ARID1A GCAGGAGCUAUCUCAAGAUTT AUCUUGAGAUAGCUCCUGCTT
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