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Summary

ARID1A, a SWI/SNF chromatin remodeling gene, is commonly mutated in cancer and 

hypothesized to be tumor suppressive. In some hepatocellular carcinoma patients, ARID1A was 

highly expressed in primary tumors but not in metastatic lesions, suggesting that ARID1A can be 

lost after initiation. Mice with liver-specific homozygous or heterozygous Arid1a loss were 

resistant to tumor initiation while ARID1A overexpression accelerated initiation. In contrast, 

homozygous or heterozygous Arid1a loss in established tumors accelerated progression and 

metastasis. Mechanistically, gain of Arid1a function promoted initiation by increasing Cytochrome 

P450 mediated oxidative stress, while loss of Arid1a within tumors decreased chromatin 

accessibility and reduced transcription of genes associated with migration, invasion, and 

metastasis. In summary, ARID1A has context-dependent tumor suppressive and oncogenic roles in 

cancer.

In Brief

Sun el al. uncover context-specific roles for the SWI/SNF component Arid1a in liver cancer, 

where elevated Arid1a promotes tumor initiation through CYP450-mediated oxidative stress, 

whereas reduced Arid1a in established tumors increases metastasis due to reduced expression of 

inhibitory factors.

Introduction

The underlying principles by which key chromatin remodelers regulate cancer initiation, 

growth, and metastasis are unclear. Genes encoding components of the SWI/SNF chromatin-

remodeling complex have been identified in genome sequencing efforts as some of the most 

commonly mutated genes in cancer, with ARID1A being the most frequently mutated 

SWI/SNF gene (Kadoch et al., 2013; Wu and Roberts, 2013). Because the majority of the 

mutations are loss-of-function, ARID1A is hypothesized to be a tumor suppressor 
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(Hohmann and Vakoc, 2014; Wu and Roberts, 2013). Approximately 10–15% of 

hepatocellular carcinoma (HCC) harbor loss of function mutations in this gene (Fujimoto et 

al., 2012; Guichard et al., 2012; Kan et al., 2013; Schulze et al., 2015). Recent work showed 

that Arid1a has tumor suppressor functions in chemical liver cancer models (Fang et al., 

2015).

Other observations suggest a more complex role for ARID1A in tumorigenesis and some 

SWI/SNF components are oncogenic in certain contexts (Jubierre et al., 2016; Kadoch and 

Crabtree, 2013). In HCC, Zhao et. al. showed that 83% of tumors have ARID1A 
overexpression when compared to adjacent tissues (Zhao et al., 2015). In endometrial 

cancer, primary tumors expressed wild-type ARID1A but metastatic subclones from the 

same patient harbored deleterious mutations, suggesting that perhaps ARID1A was required 

in early cancers (Gibson et al., 2016). Recent studies in mice showed that Arid1a loss 

impaired ovarian cancer formation (Zhai et al., 2015) and delayed colon cancer formation in 

the context of Apc mutations (Mathur et al., 2017). Given these conflicting data and the fact 

that epigenetic regulators often have context specific functions, we sought to delineate the 

roles of ARID1A in liver tumorigenesis.

Results

Homozygous Arid1a loss protected against tumor initiation in multiple mouse models

Because ARID1A is presumed to be a tumor suppressor gene, we reasoned that reduced 

expression would be associated with worse outcomes in patients. However, we found 

ARID1A expression levels negatively correlated with survival in HCC patients (Figure S1A) 

(Uhlen et al., 2017). While this may be due to normal variation of chromatin machinery 

expression associated with proliferation and other processes, these findings also suggest that 

there may be more complicated roles for ARID1A. To elucidate these roles, we generated 

liver-specific Arid1a knockout (Homo) mice using Cre driven by the Albumin promoter. As 

previously reported, neither wild-type (WT) nor Homo mice spontaneously developed liver 

tumors by one year of age (Sun et al., 2016). We excluded the possibility of truncated or 

alternatively spliced versions of ARID1A by probing with N- and C-terminal antibodies and 

six qPCR primer sets that span the entire protein (Figure S1B and S1C). Since human HCC 

most frequently develops in the setting of chronic liver injury, we used toxins to induce HCC 

in these mice. We injected the mutagen diethylnitrosamine (DEN) into WT and Homo mice 

at age p14, then induced chronic liver injury with biweekly carbon tetrachloride (CCl4) 

injections (Figure S1D). We found Homo mice formed significantly fewer and smaller 

tumors (p < 0.05 and 0.01, respectively; Figure S1E and S1F). Despite differences in overall 

tumor burden, there were no differences in histology and proliferation between genotypes 

(Figure S1G). To rule out the possibility that Arid1a was affecting toxin metabolism, we 

generated an alternative model where Arid1a was deleted after DEN mutagenesis. We 

injected DEN into two-week-old Arid1a+/+ and Arid1aFl/Fl mice followed two weeks later 

by injections of AAV8-TBG-Cre (hereafter called AAV-Cre) (Figure 1A and Figure S1H). 

Again, we found that Arid1aFl/Fl + AAV-Cre (KO) mice had fewer and smaller tumors on the 

liver surface, as well as fewer microscopic tumor nodules (all p < 0.05; Figures 1B–1G). 

Once formed, tumors with and without Arid1a had similar proliferation levels (Figure S1I). 
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Thus, Arid1a loss protected against HCC initiation in two different chemically-induced 

models.

To determine if genetic drivers might reveal additional insights, we employed a liver-specific 

tet-off cancer model based on MYC overexpression (LAP-tTA; TRE-MYC, referred 

hereafter as the LAP-MYC model; Figure 1H) (Shachaf et al., 2004). In human HCC, 

ARID1A mutations often co-exist with MYC amplification (Figure S1J). While all LAP-
MYC mice with intact Arid1a succumbed to their disease by 75 days, with a median overall 

survival (OS) of 57 days, all LAP-MYC; Arid1a Homo mice had dramatically less tumor 

burden and remained alive beyond 100 days (p < 0.0001; Figures 1I–1L). Heterozygous 

Arid1a loss led to an intermediate phenotype with median OS of 94 days (p < 0.001; Figure 

1I). Arid1a deletion was confirmed in both Het and Homo tumors on the DNA and protein 

levels (Figure 1M and 1N). As was the case in the chemical models, proliferation was 

similar after WT, Het, and Homo tumors were established (all p < 0.05; Figure S1K and 

S1L). To ensure that the driver oncogene in this model was not completely dependent on the 

presence of ARID1A and SWI/SNF, we performed ChIP-seq to quantify levels of MYC 

engagement with its transcriptional targets. Between WT, Het, and Homo tumors, there were 

no differences in genome-wide and individual gene binding by MYC (Figure S1M and 

S1N). Thus, we found that in this endogenous genetic model of liver carcinogenesis, Arid1a 
loss did not accelerate cancer initiation as would be expected if it were a tumor suppressor, 

but instead, was necessary for tumor initiation.

To test if ARID1A was sufficient to exert functionally relevant, pro-cancer effects, we 

performed an overexpression experiment by injecting LAP-MYC mice with adenoviruses 

carrying CMV driven Cre (as a control) or full length human ARID1A (Figures 2A–2C). 

After 14 days, mice with ARID1A overexpression showed increased abdominal girth and 

livers that were replaced with tumor, while control mice had almost no tumor burden (p < 

0.01; Figure 2D and 2E). ARID1A overexpressing LAP-MYC mice also had shorter survival 

(p < 0.01; Figure 2F). To mitigate the inflammatory effects of adenovirus infection and to 

prevent immune clearance of cells that harbored adenoviruses, we performed the same 

experiment in an immunodeficient Rag1−/−; LAP-tTA+/+; TRE-MYC background, and found 

similar results (Figures 2G and 2H). In agreement with loss-of-function studies, these data 

show that ARID1A can have tumor promoting roles.

To corroborate this using a long-term and less immunogenic overexpression strategy, we 

used Sleeping Beauty transposons delivered via hydrodynamic transfection (HDT). We first 

validated the expression of a human pT3-ARID1A transposon (Figure 2I and 2J). Then, we 

induced MYC in LAP-MYC mice at 4 weeks of age, which exhibits delayed tumor initiation 

at around 10 weeks of age. Within one week after induction, we used HDT to deliver the 

SB2 transposase and the pT3-ARID1A transposon (Figure S2A) and found that ARID1A 
overexpression promoted tumor formation and liver/body weight ratios (Figure S2B). We 

also used this system to determine whether ARID1A could promote cancer initiation in the 

context of other oncogenic drivers. The CTNNB1 + MET, CTNNB1 + YAP, and 

myristoylated Akt + Nras(V12) HDT tumor models were each previously shown to drive 

HCC with defined latency (Chow et al., 2012; Tao et al., 2014; 2016). In all three models, 

Sun et al. Page 4

Cancer Cell. Author manuscript; available in PMC 2018 November 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the addition of human or mouse ARID1A overexpression increased tumor burden and liver/

body weight ratios (Figure 2K–2M).

Arid1a promoted liver cancer initiation by increasing reactive oxygen species

To explain how ARID1A accelerated tumor initiation, we probed underlying molecular 

changes downstream of Arid1a perturbation. RNA-seq data from the non-malignant, MYC-

expressing livers of Rag1−/−; LAP-tTA+/+; TRE-MYC mice with and without ARID1A 
overexpression showed the clustering of samples based on ARID1A expression, with 241 up 

and 190 downregulated genes (Figure 3A and Table S1). Gene Set Enrichment Analysis 

(GSEA) revealed that Hnf4a’s transcriptional targets were upregulated in tissues 

overexpressing ARID1A (Figure 3B). Hnf4a is known to drive the transcription of CYP450 
genes, a superfamily of monooxygenase enzymes that oxidizes exogenous and endogenous 

metabolites (Tirona et al., 2003; Wiwi and Waxman, 2005). Indeed, many CYP450 genes 

were increased in ARID1A overexpressing livers (Figure 3C) and decreased in Arid1a 
deficient livers (Sun et al., 2016). qPCR confirmed that CYP450 genes were down and 

upregulated in Arid1a loss and gain of function livers, respectively (Figure 3D and 3E). To 

determine if Cyp2e1 is directly downstream of Arid1a, we examined ChIP-Seq data 

generated from WT liver tissues and found that ARID1A and the SWI/SNF complex bound 

to multiple putative enhancers and the promoter of Cyp2e1 (Figure 3F). To quantify 

CYP450 activity, we injected acetaminophen (APAP) into Arid1a WT and Homo mice. 

APAP is oxidized by CYP450 to form NAPQI, a reactive metabolite that ultimately forms 

APAP protein adducts, which in turn cause hepatic necrosis. APAP protein adducts were 

lower in Arid1a Homo livers, indicating reduced CYP450 activity (Figure S3A).

Because Cyp2e1 is a generator of reactive oxygen species (ROS), which are well-known 

mediators of liver injury and hepatocarcinogenesis, we hypothesized that ARID1A promoted 

cancer initiation in part through its transcriptional control of Cyp2e1 expression, which in 

turn stimulated ROS production from endogenous metabolites. We quantified ROS levels in 

premalignant MYC overexpressing livers using a fluorescence flow cytometry assay based 

on the oxidation of 2’,7’-dichlorofluorescin-diacetate (DCFH-DA) and a confocal imaging 

assay staining for dihydroethidium (DHE). These methods showed that LAP-MYC; 
ARID1A overexpressing tissues had increased ROS (Figure 3G), while Arid1a Het and 

Homo hepatocytes had reduced ROS (p < 0.05; Figure 3H and Figure S3B–S3E). To 

determine if decreasing ROS mimicked Arid1a loss, we employed the antioxidant N-acetyl 

cysteine (NAC). NAC treatment reduced ROS (Figure S3F and S3G), tumor burden (Figure 

3I) and improved median OS of LAP-MYC; Arid1a WT mice from 55 to 81 days (p < 

0.0001; Figure 3J). These data are consistent with the known tumor inhibitory effects of 

NAC (P. Gao et al., 2007; Lin et al., 2013). In terms of effect size, the NAC curve mirrored 

the vehicle treated Arid1a Het curve, suggesting that NAC reproduced an antioxidant state 

similar to that of Arid1a haploinsufficiency.

To determine if reduced Cyp2e1 was responsible for the antioxidant and tumor protective 

effect, we attempted to counter the delayed tumor initiation by overexpressing Cyp2e1 in 

Arid1a Het mice. AAV-Cyp2e1 had little impact on LAP-MYC; Arid1a WT mice, while it 

accelerated death in Het mice (Figure 3K). AAV-Cyp2e1 treated Hets had increased liver to 
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body weight ratios and tumor burden than AAV-GFP treated Hets at 56 days of age (Figure 

3L and 3M). Mice injected with AAV-Cyp2e1 had increased Cyp2e1 expression (Figure 

S3H and S3I) as well as ROS (Figure 3N). This demonstrated that Cyp2e1 suppression, 

secondary to Arid1a loss, reduced oxidative stress and tumorigenesis. We also examined 

Cyp2c29, which is closely related to Cyp2e1, and found that it was also significantly up or 

downregulated in response to Arid1a overexpression or loss, respectively (Figures 3D and 

3E). Cyp2c29 could also rescue the delayed tumorigenesis of LAP-MYC; Arid1a Het mice 

(Figure S3J and S3K).

Dynamic Arid1a expression patterns in mouse and human HCC

Given the evidence for the pro-cancer activities of ARID1A, we explored the expression 

pattern of ARID1A in HCC to understand when and why deleterious mutations are found in 

HCC samples. We reasoned that if ARID1A were a simple tumor suppressor, then protein 

expression should be frequently reduced in cancer samples. In chemically-induced murine 

HCC, there was equivalent ARID1A protein expression in tumor compared to adjacent 

normal tissues (Figure S4A and S4B). In the LAP-MYC model, ARID1A was modestly 

overexpressed in tumor as compared to adjacent normal tissues (Figure S4C) and the 

absence of expression was confirmed in Homo livers (Figure S4D). We then performed 

ARID1A immunostaining in 34 human HCC samples whose intensities were graded as 

“none”, “weak”, “moderate”, or “strong” (Figure 4A). All adjacent non-cancerous 

background tissues had either weak or moderate staining (Figure 4B). 86% (29/34) of the 

tumor samples had strong or moderate expression and 15% (5/34) had no expression (Figure 

4C). ARID1A overexpression in HCC was also seen in other HCC databases (Figures S4E 

and S4F). These data were consistent with a previous report showing that 101/115 (88%) of 

HCC have higher or equal amounts of ARID1A expression as compared to adjacent liver 

(Zhao et al., 2015). Thus, ARID1A expression was frequently maintained or overexpressed 

in both mouse and human liver tumors, supporting the possibility that ARID1A has a 

promotional role in cancer development.

One explanation to rectify the mouse and human data is the possibility that ARID1A is 

required early in tumorigenesis but is then mutated, lost, or suppressed at later time points. 

This phenomenon was observed for ARID1A in endometrial cancer, where primary tumors 

expressed wild-type ARID1A but metastatic subclones harbored deleterious mutations 

(Gibson et al., 2016). Among common cancer driver genes, ARID1A was the only gene 

mutated in this subclonal fashion. To assess this scenario in human HCC, we screened over 

1500 patients and found 21 with paired primary and metastatic HCC samples. 7/21 (33%) 

showed substantial loss of ARID1A in the metastatic versus the primary lesion (Figure 4D). 

This indicated that late ARID1A loss was an observed event in the context of human HCC 

metastatic progression.

We examined the possibility that a haploinsufficient dose is an alternative mechanism for 

retaining ARID1A during initiation that also allowed for dose reduction during the course of 

progression. When we re-analyzed all previously identified ARID1A mutations from four 

HCC sequencing studies, we found only 4 of 65 tumor samples (6.1%) had biallelic 

ARID1A gene lesions (Fujimoto et al., 2012; Guichard et al., 2012; Kan et al., 2013; 
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Schulze et al., 2015) (Table S2). Furthermore, while copy number variation analysis of gene 

gain and loss in Schulze et al. identified recurrent homozygous deletions of CFH, IRF2, 
CDKN2A, PTPN3, PTEN, AXIN1 and RPS6KA3, only one of 30 samples (3.3%) with 

ARID1A mutations showed homozygous deletion (Schulze et al., 2015). A majority of HCC 

samples that had ARID1A mutations carried monoallelic alterations, thus suggesting that the 

ARID1A haploinsufficient state is a phenotypically relevant one.

Homozygous and heterozygous Arid1a loss in tumors promoted growth and metastasis

This encouraged us to ask if the impact of Arid1a loss is dependent either on timing or dose. 

Although LAP-MYC; Arid1a Homo mice had improved survival (Figure 1I), we 

hypothesized that this was due to differences in tumor initiation. To interrogate progression 

in isolation, we injected Ad-Cre into LAP-MYC; Arid1aFl/Fl and LAP-MYC; Arid1a+/+ 

mice with pre-existing tumors and 48 hours later, tumor fragments were harvested and 

transplanted into NSG mice, where Arid1a deleted tumors grew more rapidly (Figure 5A 

and 5B). Similar results were obtained with pre-formed LAP-MYC; Arid1a WT and Homo 

tumors (Figure 5A and 5B). This showed that Arid1a deletion accelerated tumor once 

tumors had formed, indicating that Arid1a promoted tumor initiation but its presence in later 

tumor stages impaired progression.

We also examined Ubc-CreERT and Mx-Cre; Arid1aFl/Fl inducible knockout mice to 

confirm that Arid1a loss after tumorigenesis promoted growth (Figure S5A). We gave DEN 

at p15 then performed magnetic resonance imaging (MRI) 7 months later to confirm the 

presence of tumors (Figure S5B). We then deleted Arid1a with either tamoxifen or poly I:C 

and waited another 4 months. Both inducible Cre models showed larger tumors after induced 

Arid1a deletion (Figure S5C–S5E), consistent with the LAP-MYC transplant data.

Next, we assessed the possibility that heterozygous ARID1A loss was sufficient to drive 

progression after the initiation of tumors. As mentioned earlier, LAP-MYC; Arid1a Het 

mice had improved survival as compared to WT mice in a pure FVB strain background 

(Figure 1I). In a mixed B6/129/FVB cohort with longer latency and incomplete penetrance, 

all Arid1a Het mice succumbed to disease while 22% of WT mice achieved long-term 

survival, suggesting unfavorable tumor biology in Arid1a Het mice (Figure 5C). In support 

of this, we observed metastatic disease in 8 of 32 LAP-MYC; Arid1a Het mice, while none 

of 25 Arid1a WT mice had metastatic spread (Figures 5D–F). To test the metastatic potential 

of established tumors, we isolated WT and Het tumor cells and injected them into 

circulation, after which Het cells caused higher rates of lung metastasis (Figure 5G).

We also asked if Arid1a suppression was associated with metastasis in the DEN model, so 

we injected AAV-Cre into Arid1aFl/+ mice two weeks after DEN mutagenesis (same schema 

as Figure 1A). After 11 months, we identified reduced primary tumor burden but increased 

distant metastatic spread in Arid1a Het mice (Figure 5H and 5I). In sum, these data showed 

that heterozygous loss of Arid1a potentiated metastasis in established tumors.

Arid1a haploinsufficiency alters global chromatin occupancy and metastasis genes

We next sought to determine how both heterozygous and homozygous Arid1a loss were 

sufficient to drive more aggressive cancer phenotypes. Arid1a heterozygosity led to protein 
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levels that were intermediate between WT and Homo samples (Figure 6A). Given the 

biochemical hypothesis that SWI/SNF remodels chromatin by using ATP to evict 

nucleosomes, we asked if both partial and complete Arid1a loss were sufficient to reduce 

chromatin density by performing ATAC-seq, a technique to assess chromatin accessibility. 

Compared to WT tumors, there were fewer ATAC-seq peaks in Het and Homo tumors 

(14489 vs. 11181 and 9609, respectively), indicating decreased chromatin accessibility 

across the genome upon Arid1a reduction (Figure 6B). When we examined the 3256 peaks 

uniquely called in WT tumors, we found similar levels of reduced accessibility in both Het 

and Homo tumors (Figures 6C and 6D). RNA-seq expression profiling was also performed 

to assess transcription associated with these epigenetic changes. Het and Homo tumor 

expression profiles were divergent from WT but clustered together, indicating that the 

transcriptional impact of partial or complete Arid1a loss was similar (Figure 6E and (Table 

S3). More genes were downregulated (442) than upregulated (193), an observation that was 

consistent with reduced chromatin access for transcription factors. Indeed, reduced 

chromatin accessibility is closely associated with a subset of these differentially regulated 

genes (Figures 6F). These data showed that the haploinsufficient dose of Arid1a was 

sufficient to exert a genome-wide impact on chromatin accessibility and gene expression to a 

similar extent as homozygous loss.

To identify specific molecular mechanisms of increased aggressiveness associated with 

Arid1a heterozygosity, we examined another set of RNA-seq expression profiles from mixed 

strain LAP-MYC; Arid1a WT and Het primary tumors prone to metastasis (Figure S6A–

S6C, Table S4). GSEA showed that cell cycle and E2F target genes were upregulated and 

liver-specific genes were downregulated, suggesting a more proliferative, less differentiated 

state (Figure 7A). GSEA also showed that programs associated with increased cell motility 

and metastasis were upregulated in Arid1a Het cancers (Figure 7B). In agreement with this 

analysis, we found that a high fraction of differentially expressed genes was associated with 

metastasis (73 of 383 differentially expressed genes (19%); Figure 7C).

To screen for functionally relevant metastasis genes, we first used shRNA to determine if 

ARID1A loss was sufficient to promote migration and/or invasion in HCC cells. We 

observed that ~70% ARID1A knockdown in human Huh7 cells (Figure 7D) resulted in 

greater migration (Figure 7E). To ensure that shRNAs were causing a relevant dose 

reduction of ARID1A, we examined Huh7 cells treated with distinct doses of ARID1A 

siRNA as well as ARID1A wild-type, heterozygous, and homozygous mouse H2.35 cells 

generated using Cas9 gene-editing (Figure S6D and S6E). Both sets of cells replicated the 

shRNA results in migration assays, indicating that shRNA knockdown faithfully modeled 

the dose dependent loss of ARID1A.

Next, we generated a lentiviral overexpression library of 52 candidate genes corresponding 

to genes implicated in progression/metastasis and downregulated in Het tumors (genes from 

Figure 7C). We confirmed that many of these genes were also downregulated in the setting 

of Arid1a knockdown in Huh7 (Figure S6F), and that lentiviral overexpression was effective 

(Figure S6G and S6H). We reasoned that the overexpression of some of these candidate 

metastasis suppressing genes would block the pro-migratory state of ARID1A deficient 

cells. This screen identified genes that satisfied three criteria: 1) significantly reduced the 
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migration of ARID1A knockdown cells, 2) had little to no effect on WT cells, and 3) 

abrogated the migratory differences between WT and ARID1A knockdown cells (Figures 7E 

and 7F). Among these genes, EMILIN1, MAT1A, IL1R1, and LCN2 were previously 

associated with metastasis suppression (Dagenais et al., 2017; Danussi et al., 2012; Wang et 

al., 2013; J. Zhang et al., 2013). To determine if these genes have direct interactions with 

ARID1A and SWI/SNF components in human HCC, we examined ChIP-Seq experiments 

from HepG2 cells performed by Raab et al. Both ARID1A and SNF5 showed physical 

interactions with the promoters of EMILIN1, MAT1A, IL1R1, LCN2, suggesting direct 

regulation (Figure 7G).

To more fully validate these candidate genes, we performed additional in vitro and in vivo 
metastasis assays (Figure S6I–L and Figure 7H–J). Migration and transwell invasion assays 

in Huh7, Hepa1c1c7, and HepG2 HCC cells showed that ARID1A knockdown promoted 

invasion and migration, and that EMILIN1, MAT1A, IL1R1, and LCN2 suppressed these 

activities (Figure S6I–K). To evaluate these phenomena in vivo, we injected Hepa1c1c7 cells 

with and without shARID1A into the circulation of NSG mice and found that shARID1A 

promoted lung colonization (Figure 7H and 7I). Overexpression of LCN2, IL1R1, MAT1A, 

or EMILIN1 abrogated the increased lung colonization seen with ARID1A downregulation 

(Figure 7J and Figures S6L). Altogether, our data showed that Arid1a suppression resulted 

in impaired terminal differentiation, increased metastatic potential, and provide a molecular 

basis for the observed increased aggressiveness in Arid1a Het tumors (Figure 8).

Discussion

ARID1A is presumed to be a tumor suppressor based on loss-of-function mutational profiles 

observed in a broad variety of cancers (Hohmann and Vakoc, 2014; Wu and Roberts, 2013). 

Our data confirmed tumor suppressive functionality for Arid1a within established DEN-

induced tumors, corroborating the findings of Fang et al. We extended these findings to the 

MYC liver cancer model. Since Fang et al. evaluated DEN-induced tumor burden at 

relatively late stages, it is possible that there were differences in tumor initiation at much 

earlier stages. In addition, differences such as the use of chronic CCl4, AAV-Cre, or the 

microbiome in our models may have also contributed to potential differences. The advance 

in our study is that in multiple in vivo liver cancer models, ARID1A clearly has tumor 

promoting functions during the early phases of transformation. It is likely that contrasting 

results found in different cancer models underscores the context-dependency of Arid1a 
function.

By examining how ARID1A overexpression promoted carcinogenesis, we identified a 

mechanism that linked ARID1A, oxidative stress, and carcinogenesis through the CYP450 

system. We previously showed that Arid1a loss resulted in a hyper-regenerative state 

associated with increased proliferation and decreased maturation without spontaneous 

cancer formation (Sun et al., 2016). Reduced oxidative stress reconciles the observations of 

lower tissue damage and less HCC initiation in Arid1a null livers. Consistent with our 

findings, antioxidants have been shown to both antagonize tumor initiation and promote 

tumor progression (Lin et al., 2013; Piskounova et al., 2015).
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Clinical observations from human cancer samples also suggest complex roles for ARID1A. 

Human mRNA expression and mutation analyses suggest the possibility that there may be a 

role for wild-type ARID1A expression at some point in tumorigenesis. The pro-cancer 

functions identified here in tandem with human loss-of-function mutations could be 

reconciled by the fact that ARID1A activity changes depending on contextual variables such 

as timing and dose. Though late stage ARID1A mutations do occur, as we have shown, it is 

unlikely that ARID1A loss only occurs during metastasis. It is possible that ARID1A is lost 

immediately after tumor initiation, but it would be challenging to pinpoint the timing of such 

a mutational event.

Our work also showed that Arid1a haploinsufficiency was sufficient to drive key aspects of 

tumor progression and will be a relevant state to investigate in future mouse or human 

models. The fact that Arid1a heterozygosity promoted metastasis is consistent with previous 

studies that showed partial ARID1A loss in human gastric and liver cancer samples was 

associated with metastasis and that incomplete ARID1A knockdown in cancer cell lines 

promoted migration and invasion (He et al., 2015; Huang et al., 2012; Yan et al., 2014). 

While we provided in vivo evidence that this also occurred in genetically engineered mouse 

models and offered mechanisms by which this occurs, it is likely that the downregulation of 

many metastasis or growth suppressing genes collectively contribute to the phenotypic 

effects of ARID1A loss in tumors, and our study identified only a subset of such genes. 

Other possibilities are that ARID1A loss may be tumorigenic by protecting tumor cells from 

lowered ROS levels or by decreasing HNF4A expression.

It is not surprising that epigenetic machines such as ARID1A have highly context-specific 

functions. Aberrant SWI/SNF dependent chromatin-remodeling could in principle support 

the actions of both oncogenic and tumor suppressive networks, resulting in directionally 

opposite effects. The net carcinogenic effect likely stems from the context in which ARID1A 
mutations are found, such as tissue, cooperative mutations, timing, or dose. Previous studies 

of Brg1, the ATPase component of the SWI/SNF complex, showed that it has stage 

dependent functions in lung and pancreatic cancers (Glaros et al., 2008; Roy et al., 2015). 

Our study identified unexpected and potent roles for ARID1A in a series of liver cancer 

models, but cannot be used to stereotype ARID1A functions for all settings. These findings 

underscore the importance of considering stage, dose, and tissue context when evaluating the 

function of ARID1A and when contemplating therapeutic strategies to modulate epigenetic 

machinery in cancer.

STAR METHODS

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact Hao Zhu (hao.zhu@utsouthwestern.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Lines—H2.35 cells (Source: mouse, female, strain BALB/c) were cultured in 

Dulbecco’s modified Eagle Medium (Life Technologies) supplemented with 4% fetal bovine 
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serum and 200 nM dexamethasone. Hepa1c1c7 (Source: mouse, strain C57L) , Huh7 

(Source: human, male) and 293T (Source: human, male) cells were cultured in Dulbecco’s 

modified Eagle Medium (Life Technologies) supplemented with 10% fetal bovine serum. 

All cells were cultured at 37 °C in a humidified atmosphere with 5% CO2.

Mice—All mice were approved by and handled in accordance with the guidelines of the 

Institutional Animal Care and Use Committee at UTSW. In Arid1a floxed mice, induced 

deletion between the two loxP sites produced cells lacking exon 8 of Arid1a (see Table S1 

for primers), which resulted in a frameshift mutation and nonsense-mediated decay in the 

resulting transcript (X. Gao et al., 2008). The strain backgrounds of these mice were a mix 

of C57/B6, 129, and FVB, unless otherwise noted. All experiments were done in an age and 

sex controlled fashion unless otherwise noted in the figure legends.

DEN and CCl4 cancer model—Diethylnitrosamine (DEN, Sigma) was injected 

intraperitoneally (IP) at age p14 then chronic liver injury was induced with biweekly carbon 

tetrachloride (CCl4, Sigma) injections.

DEN and AAV-Cre cancer model—DEN was given to Arid1aFlFl and Arid1a WT mice 

at age p14 by IP injection. Two weeks later, 5×1010 genomic particles AAV8-Cre was 

injected to delete Arid1a.

LAP-MYC liver cancer model—LAP-MYC liver cancer model was driven by liver-

specific MYC overexpression. Tetracycline transactivator (tTA) expression was under the 

control of the liver activator protein (LAP). The c-MYC transgene was under the control of 

the tetracycline response element (TRE). Conditional deletion of Arid1a was induced with 

Alb-Cre. Doxycycline (Dox; 1 g/liter in water) was removed at birth to induce MYC.

Transposon liver cancer model—HCC inducing oncogenes (pT3-β-Catenin/pT3-MET/

pT3-YAP) were introduced with and without pT3-hARID1A or pT2-mArid1a along with 

SB2 into wild-type FVB mice. Livers were harvested at a fixed time after hydrodynamic 

transfection (HDT) to determine tumor burden. LAP-MYC mice were induced at 4 weeks of 

age, then between 4–5 weeks of age, HDT with either pT3-empty or pT3-hARID1A along 

with SB2 was performed.

Mx-Cre and Ubc-CreERT models—DEN was given IP to Arid1aFl/Fl and Mx-Cre; 

Arid1aFl/Fl mice or Ubc-CreERT; Arid1aFl/Fl mice at p15 then MRI was performed 7 months 

later to confirm the presence of tumors. Arid1a was deleted with either tamoxifen or poly 

I:C and 4 months later mice were sacrificed to determine tumor burden.

Human samples—34 HCC samples from Figure 4A were obtained from percutaneous 

biopsies from patients who underwent informed consent. HCC diagnosis and ARID1A 

staining intensity were confirmed by a board-certified pathologist specializing in 

gastrointestinal oncology (P.G.) in a blinded fashion. The study was performed under IRB 

#STU 062013-063. 21 paired primary and metastatic HCC from Figure 4D were obtained 

from the Department of Pathology at Zhongshan Hospital, Fudan University. All samples 

were re-evaluated independently by two pathologists (Y. Ji and F. Tian) before further 
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analysis. For all of the HCC samples used in this study, the mean age range for HCC patients 

was 57 years (range: 25–86) and 91% of the samples were male. The Ethics Committee of 

Zhongshan Hospital approved the collection and use of human samples.

METHOD DETAILS

Histology—Tissue samples were fixed in 4% paraformaldehyde (PFA) and embedded in 

paraffin. Primary antibodies used were Ki-67 (Abcam ab15580), p-H3 (Cell Signaling 

#9706), ARID1A (Sigma HPA005456), V5 (Cell Signaling 13202). Detection was 

performed with the Elite ABC Kit and DAB Substrate (Vector Laboratories), followed by 

hematoxylin counterstaining (Sigma).

Chemical injury experiments—CCl4 was diluted 1:10 in corn oil (Sigma) and 

administered with IP injections at 0.5 mL/kg (Beer et al., 2008). Mice were injected and 

monitored twice per week. Diethylnitrosamine was given IP at a dose of 25 mg/kg at two 

weeks of age. Mice were given 500 µl of 20 mg/ml tamoxifen by oral gavage for 2 

consecutive days to induce whole body Cre excision mediated by Ubc-CreERT.

N-acetyl cysteine—Mice were injected with N-acetyl cysteine (NAC; Sigma) at 200 

mg/kg mixed in PBS at 28 and 29 days of age. The mice were then maintained on NAC 

water (1 g/L), which was replaced every two to three days. The pH of the water was adjusted 

to 7.0–7.4.

siRNA transfection—siRNA oligonucleotides were synthesized from Life Technology 

(s15785). 3×105 Huh7 cells were plated in 6 well plate, cells were transfected with scramble 

or ARID1A siRNA using Lipofectamine RNAiMAX Transfection reagent (Life 

Technologies).

APAP adduct measurements—Mice were given 300 mg/kg by IP injections. 24 hr later, 

liver samples were collected, snap frozen, crushed, and powdered under liquid nitrogen. 

APAP-Cys adducts in a portion of the liver powder were quantified by high pressure liquid 

chromatography and electrochemical detection (HPLC-ECD) as described previously (Heard 

et al., 2011).

ROS detection—2,7-Dichlorofluorescin-diacetate (DCFH-DA)) (Life Technologies) is 

oxidized by ROS to form fluorescent 2,7-dichlorofluorescein (DCF) (Rosenkranz et al., 

1992). Primary hepatocytes were isolated as previously described (W.-C. Li et al., 2010). 

Cells were incubated with 10 µM DCFH-DA for 30 min in 37 °C , transferred to ice, an d 

underwent flow cytometry. The average intensity of DCF was used as a marker for 

intracellular ROS levels. For ROS detection in fresh tissues, dihydroethidium(DHE)(Sigma) 

staining for superoxide was performed (Owusu-Ansah et al., 2008). Cryosections (30 µm) 

were freshly cut and incubated with 10 µM DHE at 37°C for 30 min. Ethidium staining was 

visualized using laser confocal microscopy (LSM 780, Zeiss) at the UTSW Live Cell 

Imaging Facility. The red signal corresponded to levels of cellular superoxide anion and the 

intensities were quantified in five fields for each mouse by ImageJ.
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Adenoviruses and adeno associated viruses—5×1010 genomic particles of 

AAV8.TBG.PI.Cre.rBG (University of Pennsylvania Vector Core), 

AAV8.TBG.PI.eGFP.WPRE.bGH or AAV8.TBG.PI.Cyp2e1.rBG or 

AAV8.TBG.PI.Cyp2c29.rBG in 100µL of buffer were injected retro-orbitally. For ARID1A 
overexpression experiments, full-length human ARID1A (NM_006015.4) was cloned into 

an adenovirus serotype 5 construct containing a CMV promoter. Adenovirus carrying Cre 
and ARID1A (Vector Biolabs) were injected at a dose of 1×109 viral PFU/mouse.

Lentivirus production—Gateway donor vectors containing cDNA of candidate 

metastasis suppressor genes were obtained from The UTSW McDermott Sequencing Core. 

cDNAs of target genes were inserted from donor vectors into the plenti7.3 destination vector 

(Invitrogen) using Gateway LR Clonase II Plus enzyme mix (Invitrogen) as described in the 

manufacturer’s instructions. The integrity and fidelity of all constructs were verified by 

DNA sequencing. 293T cells were cultured in DMEM supplemented with 10% fetal bovine 

serum (Sigma) and were maintained at 37 °C in a humidified atmosphere with 5% CO2. For 

virus production, 3.5 µg of the appropriate plasmid and 3.2 µg of helper plasmids (2.7 µg of 

gag-pol and 0.5 µg of VSVg) were transfected into 293T cells cultured at 50% confluence in 

a 10 cm dish using Lipofectamine 3000 (Invitrogen) according to the manufacturer’s 

instructions. Viral supernatants were collected 48 hr after transfection and filtered through a 

0.45 µm filter.

Cell proliferation, migration and invasion assays—For proliferation, 2.5×104 cells 

were plated in triplicates in 12-well plates and cell numbers were counted for 3 days. For 

migration, 2×105 cells stably expressing either shRNA against Arid1a or GFP were plated 

into 6well plates the day before infection. When the cells reached ~70% confluence, 1 mL of 

lentiviral supernatant was added and removed 24 hr later. The cells were starved in DMEM 

supplemented with 2% FBS to inhibit proliferation. After at least 18 hr of starvation, a 

wound was created by scraping dry cells with a 200 µL pipette tip and the media was 

replaced with fresh DMEM with 2% FBS. Images were taken immediately after the scratch 

and 48 hr later. The wound sizes of were assessed using MRI Wound Healing Tool (http://

dev.mri.cnrs.fr/projects/imagej-macros/wiki/Wound_Healing_Tool) in ImageJ. The rate of 

migration was calculated as the change in wound areas. Invasion assays were performed 

using transwell filter chambers coated with matrigel (Corning). According to the 

manufacturer’s instructions, 5×104 cells in 500 µL serum-free DMEM were seeded in the 

upper chamber of a transwell and 750 µL medium supplemented with 20% FBS was added 

to the lower chamber. After 24 hr incubation, cells migrated through the membrane were 

fixed, stained, and counted with a light microscope.

Xenograft models—Hep1c1c7 cells were infected with lentivirus expressing shRNA 

against GFP or Arid1a and selected with 1 µg/mL puromycin. Then cells were infected with 

lentivirus overexpressing candidate genes and after 24 hr, cells were sorted for GFP to obtain 

transduced cells. The cells were then infected with a luciferase lentivirus which is used for in 
vivo bioluminescence imaging. Viability was confirmed before inoculation into NSG mice. 

For tail vein injections, 0.5×106 cells were used. Six weeks after tail vein injection, tumor 

burden in mice was evaluated with bioluminescence imaging. Primary LAP-MYC tumors 
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were dissociated as previously described (Piskounova et al., 2015). Briefly, the tumors were 

harvested and dissociated sterilely using a closed system tissue grinders (SKS Science) 

followed by enzymatic digestion using 200 U/mL collagenase IV (Worthington) for 20 min 

at 37°C. DNase (50–100 U/mL) was added to reduce clumping of cells during digestion. 

Cells were filtered with a 70 mm cell strainer to obtain single cell suspensions. 1×106 cells 

were injected into NSG mice through the tail vein. For xenograft experiments, LAP-MYC; 
Arid1a+/+ or LAP-MYC; Arid1aFl/Fl mice were given IV Ad-Cre (2 × 109 PFU/mouse 

delivered IV) after tumors were clearly established. 48 hr later, 30 mm3 tumor fragments 

were implanted in the subcutaneous tissue of the flanks of NSG mice. The tumor volumes 

were measured starting one week post-transplant and established as the baseline. The growth 

of each tumor was calculated relative to its own baseline.

RNA extraction and RT-qPCR—Total RNA was isolated using Trizol reagent 

(Invitrogen). cDNA synthesis was performed with 1µg of total RNA using iScript II Reverse 

Transcription Kit (Biorad). See Table S5 for primers used. Gene expression levels were 

measured using the DDCt method as described previously (H. Zhu et al., 2010).

Western blot—Tissue was lysed in Tissue Protein Extraction Reagent (Thermo Fisher). 

Western blots were performed in the standard fashion. The following antibodies were used: 

ARID1A (Sigma HPA005456 and LifeSpan Biosciences LS-C287870), Cyp2e1 (Abcam 

ab28146), β-Actin (Cell Signaling 4970), Tubulin (Cell Signaling 3873), Vinculin (Cell 

Signaling 13901), V5 (Cell signal 13202), anti-rabbit IgG, HRP-linked antibody (Cell 

Signaling 7074) and anti-mouse IgG, HRP-linked antibody (Cell Signaling 7076).

RNA-Seq—RNA was extracted from LAP-MYC; Arid1a WT, Het and Homo liver tumor 

tissues or normal tissues from Rag1−/−; LAP-MYC mice injected with Ad-Cre or Ad-

ARID1A with the Qiagen miRNeasy Mini kit. RNA-seq libraries were prepared with the 

Ovation RNA-Seq Systems 1–16 (Nugen) and indexed libraries were multiplexed in a single 

flow cell and underwent 75 base pair single-end sequencing on an Illumina NextSeq500 

using the High Output kit v2 (75 cycles) at the UTSW Children’s Research Institute 

Sequencing Facility.

ATAC-Seq—ATAC-Seq libraries were constructed using 10 mg of frozen tumor tissue. 

Frozen tissues were crushed into powder in liquid nitrogen. Tissue was suspended in 1 ml 

ice-cold PBS, then centrifuged at 2000 g for 5 min at 4°C. The superna tant was removed 

and the pellet was resuspended in 1 ml LB1 buffer (50 mM HEPES, pH 7.5, 140 mM NaCl, 

1 mM EDTA, pH 8.0, 10% glycerol, 0.5% NP-40, 0.25% Triton X-100). Tubes were rocked 

at 4 °C for 10 min. Sample were transferred to a 2 ml glass douncer, and tissue was dounced 

with a loose pestle and transfer to a 1.5 ml tube, which was then centrifuged at 2000 g for 5 

min at 4 °C . The supernatant was resuspended in 1 ml cold PBS and filtered using a 40 µm 

cell strainer. Nuclei were counted with a cell counter and 5×104 nuclei were used for the 

transposition reaction. Transposed DNA fragments were purified using a MinElute Kit 

(Qiagen) and PCR-amplified using PCR primer1 and a barcoded PCR primer 2 (Nextera 

DNA Sample Preparation Kits - Index Kit). PCR conditions: 72 °C for 5 min, 98 °C for 30 s, 

followed by 11 cycles of 98 °C for 10 s, 63 °C for 30 s and 72 °C for 60 s. Amplified 
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libraries were purified with a MinElute Kit and library quality was assessed using the 

TapeStation system (Agilent). All libraries were sequenced by 75 bp paired-end reads using 

the NextSeq500 system at the Children’s Research Institute at UTSW Sequencing Facility.

ChIP-Seq—Chromatin Immunoprecipitation (ChIP) was performed as described 

previously with some modifications (Xu et al., 2010). Briefly, 0.5–1 g frozen liver tissue was 

minced quickly with a razorblade into small pieces < 0.5 cm3. Tissue was crosslinked in 1% 

formaldehyde for 20 min at room temperature in PBS and quenched using 125 mM glycine 

for 10 min at RT. Tissue was dounced in ice-cold PBS first with the loose and later with the 

tight pestle. This was filtered using a 40 µm cell strainer and then centrifuged at 2000 rpm 

for 5 min. Cold PBS was used to wash 2x and suspended to count nuclei. 1×107 nuclei were 

used for the ChIP assay. Chromatin was sonicated to around 500 bp in buffer 0 (10 mM Tris-

HCl, 1 mM EDTA, 0.1% sodium deoxycholate, 0.1% SDS, 1% Triton X-100, 0.25% 

sarkosyl, pH 8.0) with 0.3 M NaCl. Sonicated chromatin was incubated with 5 µg antibody 

at 4 °C. Antibody against c-MYC (Santa Cruz, SC764X) was used. After overnight 

incubation, protein A/G Dynabeads (Invitrogen) were added to the ChIP reactions and 

incubated for 4 additional hr at 4 °C to collect the immunoprecipitated chromatin. 

Subsequently, Dynabeads were washed 2x with 1 ml of buffer 0, 2x with 1 ml of buffer 0.3 

(buffer 0 with 0.3 M NaCl), 2x with 1 ml of LiCl buffer (10 mM Tris-HCl, 1 mM EDTA, 

0.5% sodium deoxycholate, 0.5% NP-40, 250 mM LiCl, pH 8.0), and 2x with 1 ml of TE 

buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0). The chromatin was eluted in SDS elution 

buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCl, pH 8.0) followed by reverse crosslinking 

at 65 °C overnight. ChIP DNA was treated with RNaseA (5 g/ml) and protease K (0.2 mg/

ml), and purified using QIAquick Spin Columns (Qiagen). The purified ChIP DNA was used 

for library preparation. ChIP-seq libraries were prepared using NEBNext ChIP-Seq Library 

Prep Master Mix Set for Illumina Kit. And library quality was assessed using the 

TapeStation system (Agilent). All libraries were sequenced with 75 bp paired-end reads 

using the NextSeq500 Systerm at the Children’s Research Institute at UTSW Sequencing 

Facility.

QUANTIFICATION AND STATISTICAL ANALYSIS

RNA-Sequencing Data Analysis—Raw sequencing reads were trimmed to remove 

adaptors and low quality sequences (Phred score < 20) using trim galore package (http://

www.bioinformatics.babraham.ac.uk/projects/trim_galore/). The sequence reads were 

aligned to the GRCm38/mm10 with HiSAT2 (Kim et al., 2015). After duplicates removal by 

SAMtools (H. Li et al., 2009), read counts were generated for the annotated genes based 

GENCODE V20, using featureCounts (Harrow et al., 2012; Liao et al., 2014). Differential 

gene analysis was performed use edgeR, using FDR < 0.05 as cutoff.(McCarthy et al., 2012; 

Robinson et al., 2010) Heatmaps to visualize the data were generated by using GENE-E 

(Robinson et al., 2010). GSEA analysis was performed with a pre-ranked gene list by log 

fold change (Subramanian et al., 2005).

ATAC-Seq Analysis—Sequences were aligned with Bowtie2 (Langmead and Salzberg, 

2012). Using 3 to 4 replicates for each genotypic condition, we obtained an average of 27 

uniquely mapped fragments. Peaks were called using MACS2 (Y. Zhang et al., 2008) with p-
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value = 1e-5 cuttoff in 200 bps smoothing window. Replicate concordance for each 

condition were measured by calculating IDR (Irreproducibility Discovery Rate) by IDR 

package (Q. Li et al., 2011). Overlapping peaks were identified and annotated using 

ChIPpeakAnno package (L. J. Zhu, 2013; L. J. Zhu et al., 2010). Normalized bigwig files for 

browser tracks visualization and heatmaps were generated by deepTools (Ramírez et al., 

2016).

ChIP-Seq Analysis—Sequences were aligned to mouse genome (mm10) by bowtie2 

(version 2.2.3, see Langmead and Salzberg, 2012) with parameter “–sensitive”, we perform 

filtering by (1) removing alignments with mapping quality less than 10 and (2) removing 

duplicate reads identified by Picard MarkDuplicates (version 1.92, http://

broadinstitute.github.io/picard). Then enriched regions (peaks) were identified using 

MACS2 (Zhang et al., 2008) (version 2.0.10.20131216), with a q-value cutoff of 0.05. Peak 

regions were annotated by HOMER (Heinz et al., 2010).

Statistical Analysis—The data in most figure panels reflect multiple experiments 

performed on different days using mice derived from different litters. Two-tailed Student’s t-
tests (two-sample equal variance) were used to test the significance of differences between 

two groups. Kaplan-Meier method was used to estimate survival curves, which were 

compared using the log-rank test. In all figures, statistical significance is represented as 

mean ± SEM, * (p < 0.05), ** (p < 0.01), *** (p < 0.001), ****(p < 0.0001).

DATA AND SOFTWARE AVAILABILITY

The raw sequencing data reported in this paper has been deposited into the NCBI GEO 

database under accession number GSE95541 and includes the RNA-seq data (GSE95537) 

and ATAC-seq data (GSE95530) and ChIP-seq data (GSE102607).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

1. ARID1A promotes cancer initiation by increasing CYP450 mediated 

oxidative stress.

2. ARID1A was frequently overexpressed in primary HCC but lost in metastatic 

clones.

3. In established tumors, Het and Homo loss promoted progression and 

metastasis.

4. Arid1a loss increased chromatin occupancy, downregulated metastasis 

suppressors.

Sun et al. Page 21

Cancer Cell. Author manuscript; available in PMC 2018 November 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Significance

ARID1A is one of the most commonly mutated genes in human cancer, including liver 

malignancies. As it is altered in a loss of function manner, it is widely presumed that 

ARID1A is a tumor suppressor gene. However, there is data suggesting that the gene has 

tumor promoting effects in certain contexts. Using a broad panel of genetic and chemical 

models of liver cancer, we show that ARID1A has both oncogenic and tumor suppressive 

functions. Our findings provide a more nuanced understanding of the carcinogenic 

function of this frequently altered gene in cancer.
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Figure 1. Arid1a loss protected against chemical and MYC-induced HCC initiation
(A) Wild-type (WT) and Arid1aFl/Fl (KO) mice were injected with DEN at p14, then Arid1a 
was deleted with AAV-Cre at p28. 10–11 months after AAV-Cre, the mice were sacrificed.

(B) Representative gross image of WT and KO livers. Scale bar = 10 mm.

(C) H&E histology of tumor nodules. “T” denotes tumor. Scale bar = 100 µm.

(D) Number of visible tumors on liver surface (n = 6 WT and 6 KO mice).

(E) Tumor volume (n = 6 WT and 6 KO mice).

(F) Quantification of pre-malignant or malignant nodules on H&E sections (n = 6 WT and 6 

KO mice, three 40x fields/per mouse).
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(G) Liver to body weight ratios (n = 6 WT and 6 KO mice).

(H) Schema to generate LAP-MYC; Arid1a WT, Het, and Homo mice.

(I) Kaplan-Meier curves of LAP-MYC; Arid1a WT, Het, and Homo mice on a pure FVB 

background.

(J) Representative gross images of LAP-MYC; Arid1a WT and Homo livers at p49. Scale 

bar = 10 mm.

(K) Liver to body weight ratios (n = 7 WT and 9 Homo mice)

(L) H&E histology of tumor and normal adjacent tissue at p49. “T” denotes tumor. Scale bar 

= 200 µm.

(M) This genotyping protocol is used to detect Arid1a WT, floxed, and exon 8 excision 

mediated by Cre within LAP-MYC tumors.

(N) ARID1A IHC in LAP-MYC; Arid1a WT, Het, and Homo tumors. Scale bar = 100 µm.

Two-tailed Student’s t-tests (two-sample equal variance) were used to test the significance of 

differences between two groups. Kaplan-Meier method was used to estimate survival curves, 

which were compared using the log-rank test. All data in this figure are represented as mean 

± SEM, * (p < 0.05), ** (p < 0.01), *** (p < 0.001). See also Figure S1.
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Figure 2. ARID1A overexpression accelerated oncogenesis in multiple HCC models
(A)LAP-MYC mice injected at p28 with adenovirus carrying Cre recombinase (Ad-Cre) or 

human ARID1A (Ad-ARID1A) under a CMV promoter and sacrificed at p42.

(B) Western blot of liver tissues from LAP-MYC mice 5 days after Ad-Cre or Ad-ARID1A 
injection. Antibody detects human and mouse ARID1A proteins.

(C)ARID1A IHC in LAP-MYC tumors. Scale bar = 100 µm.

(D) Girth of LAP-MYC abdomens injected with Ad-Cre or Ad-ARID1A. Box plots show 

the minimum, lower quartile, median, upper quartile, and maximum abdominal 

circumference values (n = 6 and 7 mice, respectively).
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(E) Gross images of LAP-MYC livers injected with Ad-Cre or Ad-ARID1A. Liver weights 

and liver to body weight ratios quantified on the right (n = 6 and 6 mice). Scale bar = 10 

mm.

(F) Kaplan-Meier curve of LAP-MYC mice injected with Ad-Cre or Ad-ARID1A.

(G) Kaplan-Meier curve of immunodeficient Rag1−/−; LAP-MYC mice injected with Ad-

Cre or Ad-ARID1A.

(H)ARID1A expression in Rag1−/−; LAP-MYC livers 14 days after adenovirus injection, as 

measured by qPCR.

(I) ARID1A protein expression in H2.35 cells as measured by V5 and ARID1A antibodies. 

Sleeping Beauty transposase (SB2) construct and pT3-hARID1A transposon were co-

transfected using standard methods.

(J) V5 Immunostaining for V5-ARID1A 7 days after HDT in WT livers. Scale bar = 50 µm.

(K) Gross images from pT3-β-Catenin + pT3-MET +/− pT3-hARID1A experiment 23 days 

after HDT (n = 4 pT3-empty and 10 pT3-hARID1A). Scale bar = 10 mm. V5 staining shows 

exogenous ARID1A expression. Scale bar = 100 µm. On the right, box plots show the 

minimum, lower quartile, median, upper quartile, and maximum liver vs. body weight ratios.

(L) Images from pT3-β-Catenin + pT3-YAP +/− pT3-hARID1A experiment 23 days after 

HDT (n =7 and 7). Scale bar = 10 mm. V5 staining shows exogenous ARID1A expression. 

Scale bar =100 µm. On the right, box plots show the minimum, lower quartile, median, 

upper quartile, and maximum liver vs. body weight ratios.

(M) Images from pT3-Myr-Akt1 + pT3-Nras(V12) +/− pT2-mArid1a experiment 28 days 

after HDT (n = 9 pT2-empty and 10 pT2-mArid1a). Scale bar = 10 mm. On the right, box 

plots show the minimum, lower quartile, median, upper quartile, and maximum liver vs. 

body weight ratios.

Two-tailed Student’s t-tests (two-sample equal variance) were used to test the significance of 

differences between two groups. Kaplan-Meier method was used to estimate survival curves, 

which were compared using the log-rank test. All data in this figure are represented as mean 

± SEM, * (p < 0.05), ** (p < 0.01). See also Figure S2.
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Figure 3. ARID1A drives oxidative stress via CYP450 expression, thereby promoting MYC 
induced liver cancers
(A) Differentially expressed genes from an RNA-seq experiment comparing normal liver 

tissues from Rag1−/−; LAP-MYC + Ad-Cre and Ad-ARID1A overexpression (n = 3 and 3 

mice, red is higher and blue is lower expression).

(B) GSEA for Hnf4a target gene enrichment in ARID1A overexpressing livers.

(C) Differentially expressed CYP450 family genes.

(D)CYP450 mRNA levels in LAP-MYC; Arid1a WT and Homo livers (n = 6 and 6 livers), 

as measured by qPCR.
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(E)CYP450 mRNA levels in ARID1A overexpressing livers that are expressing MYC (n = 6 

and 6 livers), as measured by qPCR.

(F) ChIP-seq tracks on the murine Cyp2e1 locus for H3K27ac (marking active enhancers 

and promoters), V5-ARID1A, and Cebpα (a known transcriptional activator of CYPs). Red 

and blue mark significant peaks over input.

(G) ROS levels in LAP-MYC + Ad-Cre vs. Ad-ARID1A livers, as measured by the DHE 

assay. Scale bar = 50 µm.

(H) ROS intensity fold change from DCFH-DA assays performed in normal hepatocytes 

from LAP-MYC; Arid1a WT, Het, and Homo mice.

(I) Representative gross images of LAP-MYC; Arid1a WT livers treated with vehicle or 

NAC and sacrificed at p45. Scale bar = 10 mm. Histology of LAP-MYC; Arid1a WT livers 

treated with vehicle or NAC. Tumor are outlined (n = 6 and 6 mice). Scale bar = 500 µm.

(J) Kaplan-Meier plot of LAP-MYC; WT and Arid1a Het mice treated with vehicle or NAC.

(K) Kaplan-Meier plot of LAP-MYC; WT and Arid1a Het mice treated with AAV-GFP or 

AAV-Cyp2e1.

(L) Liver to body weight ratios for LAP-MYC; Arid1a WT and Het mice treated with AAV-

GFP or AAV-Cyp2e1 and sacrificed at p56.

(M) Representative gross images of LAP-MYC; Arid1a Het mice + AAV-GFP or AAV-

Cyp2e1, sacrificed at p56. Scale bar = 10 mm.

(N) Representative fluorescent images of livers from these mice, as measured by DHE assay. 

Scale bar = 50 µm.

Two-tailed Student’s t-tests (two-sample equal variance) were used to test the significance of 

differences between two groups. Kaplan-Meier method was used to estimate survival curves, 

which were compared using the log-rank test. All data in this figure are represented as mean 

± SEM, * (p < 0.05), ** (p < 0.01), *** (p < 0.001). See also Figure S3 and Table S1.
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Figure 4. ARID1A expression in human HCC
(A) Representative H&E histology and ARID1A staining in human HCC samples, scored as 

0 (none), 1+ (weak), 2+ (moderate), and 3+ (strong). Scale bar = 100 µm.

(B) Representative picture of adjacent non-malignant liver showing 1 to 2+ ARID1A 

staining. Scale bar = 100 µm.

(C) Proportion of human HCC with each level of ARID1A staining.

(D) ARID1A staining in human primary HCC and metastatic samples. 21 paired samples 

were analyzed, and four representative pairs with loss of expression in metastases are shown. 

Scale bar = 100 µm.
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See also Figure S4 and Table S2.
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Figure 5. Homozygous and heterozygous loss of Arid1a in established liver cancers promoted 
progression and metastasis
(A) Schema for assessing the influence of Arid1a loss in established tumors. LAP-MYC; 
Arid1a+/+ or Arid1aFl/Fl mice were given Ad-Cre (2 × 109 PFU/mouse delivered IV) after 

tumors were established in the endogenous model. Tumor fragments were transplanted into 

NSG flanks and growth was measured. A second approach involved transplanting 

established LAP-MYC; Arid1a WT or Arid1a Homo (Alb-Cre mediated) tumors.

(B) Growth rate of tumor fragments (n = 10 tumors in each group were measured and each 

line represents one tumor). Tumor genotyping for Arid1a locus shown below for the Ad-Cre 

experiment.
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(C) Kaplan-Meier plot of LAP-MYC; WT and Arid1a Het mice in the mixed strain 

background.

(D)LAP-MYC; Arid1a Het mice developed metastases to the peritoneum, mesenteric lymph 

nodes, and lungs (yellow arrowheads). Scale bar = 10 mm.

(E) Histology of gut (40x, scale bar = 500 µm) and lung (200x, scale bar = 100 µm) 

metastases from LAP-MYC; Arid1a Het mice.

(F) Mice with distant metastases in the LAP-MYC model. Intrahepatic metastases were not 

included.

(G) Gross (Scale bar = 5 mm) and H&E images (Scale bar = 200 µm) of lung metastases 

from NSG mice injected IV with LAP-MYC; Arid1a WT or Het cancer cells.

(H) Tumor burden in livers and lungs of Arid1a+/+ and Arid1aFl/+ mice given DEN at p14 

and AAV-Cre at p28. Mice were examined at 11 months of age. Scale bar = 10 mm for livers 

and scale bar = 5 mm for lungs.

(I) Mice with distant metastases in the DEN model. Intrahepatic metastases were not 

included.

Kaplan-Meier method was used to estimate survival curves, which were compared using the 

log-rank test. All data in this figure are represented as mean ± SEM, ** (p < 0.01). See also 

Figure S5.
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Figure 6. Partial and complete Arid1a loss increased chromatin occupancy and altered gene 
expression to similar extents
(A) ARID1A protein expression in LAP-MYC tumors.

(B) ATAC-seq peaks in LAP-MYC; Arid1a WT (n = 4), Het (n = 4), and Homo (n = 3) 

tumors. Total peaks called are in parentheses.

(C) 3256 ATAC-seq peaks uniquely called in WT tumors are visualized here.

(D) The global view of chromatin accessibility for these 3256 tracks.

(E) RNA-seq of LAP-MYC; Arid1a WT (n = 4), Het (n = 4), and Homo (n = 4) tumors from 

pure FVB mice. Of 634 differentially expressed genes, 193 were up and 442 were 

downregulated.

(F) ATAC-seq peaks for 153 genes that are differentially expressed after Arid1a loss. See 

also Table S3.
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Figure 7. Arid1a haploinsufficiency promoted gene expression programs that supported cell 
migration, invasion, and distant lung colonization
(A) GSEA for upregulation of cell cycle and E2F target gene pathways and downregulation 

of liver-specific genes.

(B) GSEA showed upregulation of metastasis and cell migration pathways.

(C) Differentially expressed genes associated with metastasis from mixed strain background 

LAP-MYC; Arid1a WT and Het tumors (n = 8 and 8 mice, red is higher and blue is lower 

expression).

(D) Knockdown of ARID1A protein with shRNAs in human Huh7 HCC cells.
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(E) In vitro migration assay for shGFP and shARID1A in Huh7, with empty vector and 

EMILIN1 cDNA lentiviral overexpression. 40x images show wound size at time 0 and 48 hr 

after scratch. Scale bar = 500 µm.

(F) Relative change in area covered by cells between time 0 and 48 hr.

(G) ChIP-Seq data showing binding of EMILIN1 MAT1A, LCN2, and IL1R1 loci by 

ARID1A and SNF5 over input in human HepG2 hepatoma cells (data from Raab et al.).
(H) Schema for evaluation of metastasis suppressor genes. Murine Hepa1c1c7 cells with 

shARID1A knockdown and lentiviral rescue were transplanted IV into NSG mice, then 

organs were harvested and luciferase imaged after 6 weeks.

(I) Gross images of tumor burden in the livers and lungs of NSG mice 6 weeks after 

Hepa1c1c7 cells were injected IV. On right, number of gross tumors on organ surfaces (n = 5 

mice for shGFP, n = 8 mice for shARID1A). Scale bar = 10 mm for livers and scale bar = 5 

mm for lungs.

(J) Quantification of lung macromets from n = 5 (shGFP) and 7 (shARID1A) mice per 

group.

Two-tailed Student’s t-tests (two-sample equal variance) were used to test the significance of 

differences between two groups. All data in this figure are represented as mean ± SEM, * (p 

< 0.05), ** (p < 0.01), *** (p < 0.001). See also Figure S6 and Table S4.
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Figure 8. Model for oncogenic and tumor suppressive activities of ARID1A
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