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ABSTRACT  

Background & Aims: Metabolic syndrome can lead to the clinical manifestation of non-

alcoholic fatty liver disease (NAFLD) and hepatocellular carcinoma (HCC) as part of the 

natural history of NAFLD. Despite a strong causative link, NAFLD-HCC is often 

underrepresented in systematic genome explorations.  

Methods: Here, tumor-normal pairs from 100 subjects diagnosed with NAFLD-HCC were 

subject to next generation sequencings. Bioinformatic analyses were performed to identify 

key genomic, epigenomic and transcriptomic events associated with the pathogenesis of 

NAFLD to NAFLD-HCC. Establishment of primary patient-derived NAFLD-HCC culture 

was used as a representative human model for downstream in vitro investigations of 

underlying CTNNB1 S45P driver mutation. Syngeneic immunocompetent mouse model 

was used to further test the involvement of CTNNB1mut and TNFRSF19 in reshaping the 

tumor microenvironment. 

Results: Mutational process operative in NAFLD-liver inferred susceptibility to tumor 

formation through defective DNA repair pathways. Dense promoter mutations and 

dysregulated transcription factors accentuated activated transcriptional regulation in 

NAFLD-HCC, in particular the enrichment of MAZ-MYC activities. Somatic events common 

in HCCs arising from NAFLD and viral hepatitis B infection underscore similar driver 

pathways, although an incidence shift highlights CTNNB1mut dominance in NAFLD-HCC 

(33%). Immune exclusion correlated evidently with CTNNB1mut. ChIP-seq integrated with 

transcriptome and immune profiling showed for the first time a transcriptional axis of 

CTNNB1mut/TNFRSF19/repressed senescence-associated secretory phenotype-like 

(SASP-like) cytokines (including IL6 and CXCL8). This phenomenon could be reverted by 

Wnt-modulator ICG001. 
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Conclusions: The unique mutational processes in NAFLD-liver and NAFLD-HCC alludes 

to a “field effect”. Whereby, distinct aberrations and shift in driver events reveal a gain-of-

function role of CTNNB1 mutations in immune exclusion via TNFRSF19 inhibition of 

SASP-like features. 

 

LAY SUMMARY 

The increasing prevalence of metabolic syndrome in adult populations poised NAFLD-

induced HCC to be the major type of liver cancer of the 21st century. We showed a strong 

“field effect” in NAFLD-liver from mutational signatures detected and a mechanistic path 

of activated -catenin in reshaping the tumor-immune microenvironment. 
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INTRODUCTION 

The epidemiology of chronic liver disease is rapidly changing from a largely viral 

hepatitis driven landscape to predominantly metabolic syndrome, and its ensuing 

nonalcoholic fatty liver disease (NAFLD) which is increasing in prevalence (1,2). There is 

also evidence to suggest risk of developing hepatocellular carcinoma (HCC) in NAFLD is 

greater than hepatitis-related cirrhosis (3). Different from viral-associated HCC, more than 

50% of NAFLD-HCC do not have underlying liver cirrhosis, consequentially limited 

surveillance program in these individuals. In the past decade, we witnessed the generation 

of large amounts of molecular data across multiple modalities in HCC that have enabled 

charting of its genomic landscape, delineating molecular mechanisms and, ultimately, 

providing guidance for rationale treatments for this commonly fatal malignancy (4). 

However, NAFLD-HCCs are often underrepresented and a systematic exploration of this 

emerging group is lacking (5–7). In the same vein, our understanding towards genomic 

changes acquired in NAFLD-liver prior to neoplastic transformation and their relationship 

with mutations acquired after neoplastic transformation also remain largely limited.   

To fully investigate somatic mutations acquired in a background of NAFLD, we 

performed whole genome sequencing analysis in a discovery cohort of 17 NAFLD-HCC 

patients together with their matched NAFLD-liver and germline blood controls. Integration 

with transcriptome and methylation array data was also performed in the discovery cohort, 

followed by targeted deep sequencing in validation cohorts of tumor-nontumoral pairs of 

100 NAFLD-HCC and 103 HBV-HCC from the same ethnic group. Using primary NAFLD-

HCC derived tissues and preclinical models, we aim to address the following questions: a) 

what mutational processes are operative in NAFLD and the events that are conserved in 

NAFLDHCC; b) what are the drivers of NAFLD-HCC; c) how do these tumor-intrinsic 

alterations shape the microenvironment; and finally, d) what can be done to target these 

changes.  
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MATERIALS & METHODS 

Patient Cohorts  

Tumoral tissues and adjacent non-tumoral liver specimens from 100 Hepatocellular 

carcinoma (HCC) patients with non-alcoholic fatty liver disease (NAFLD) were collected 

from 4 hospitals, including Hong Kong (Prince of Wales Hospital and Queen Mary Hospital), 

Guangzhou (Sun Yat-sen University Cancer Center) and Beijing (Beijing 302 Hospital). All 

cases were histologically reviewed by experienced liver pathologists who confirmed a 

diagnosis of HCC and NAFLD based on clinical history. All patients were negative for 

hepatitis B surface antigen (HBsAg) in serum serology test. A separate cohort of tumor 

and matched nontumoral liver specimens were collected from chronic carriers of viral 

hepatitis B (HBV) infection. These 103 patients underwent curative surgery for HCC at the 

Prince of Wales Hospital, Hong Kong (Supplementary Tables S1-2). A diagnosis of HCC 

was confirmed in all cases by pathologists. Informed consent was obtained from recruited 

patients with the study procedure approved by The Joint Chinese University of Hong Kong-

New Territories East Cluster Clinical (CUHK-NTEC) Clinical Research Ethics Committee.   

 

Statistical Analysis  

Statistical analysis was performed in R (v3.0.2) and GraphPad Prism (v6.05). 

Categorical data were compared with Fisher Exact test or c2 test and continuous data 

were compared with Student t test or Mann-Whitney U test when appropriate. Survival 

analysis was performed by the Kaplan-Meier method and compared by the log-rank test. 

nSolver software was used to normalize NanoString PanCancer Immune Profiling results 

following manufacturer instructions. HCS Studio Cell Analysis Software was used to 

quantify gated cell signal intensities of fluorescence-based live & fixed cell images. 
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Data Availability statement 
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Please refer to Supplementary Materials & Methods for details on other 
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RESULTS 

Mutational process in NAFLD-liver and NAFLD-HCC  

To gain molecular insights into NAFLD-liver prior to neoplastic transformation and 

relationship to clonal events in NAFLD-HCC, we first performed whole-genome 

sequencing (WGS) of tumor-nontumoral liver pairs in 17 NAFLD patients and matched 

germline lymphocytes in 12 patients (Table S1). Nonsynonymous mutations in NAFLD-

liver were evident (2,529.83 ±730.3) albeit 8-fold less than NAFLD-HCC (20,464.42 

±3,155.56). Somatic mutations in NAFLD-livers were not shared in matching tumors, 

although few mutational signatures were preserved in both tumor-nontumoral pairs (Fig 

1A). Notably, NAFLD-liver showed a distinct mutational signature 3, which is related to 

DNA double-strand break-repair (Fig 1B) (8). To map the temporal changes from NAFLD-

liver to HCC, and within tumor, we defined progression patterns based on mutational 

abundance, diversity in mutational signatures and clonal/subclonal tumoral changes (Fig 

S1A). Intriguingly, major mutational signatures in NAFLD-liver correlated negatively with 

those in matching NAFLD-HCC; whereas mutation signatures within tumors exhibited 

strong positive correlation between early clonal and late subclonal events (Fig 1C). Since 

mutational signatures discovered in NAFLD-liver, in particular 12 and 16, are known to be 

associated with strong transcriptional strand bias (8), we next examined the extent of 

replication-coupled (Fig 1D) and transcriptional-coupled DNA repairs (Fig S1B) in 

introducing mutational strand bias. Strand asymmetrical scores revealed marked 

replicative asymmetries in NAFLD-liver but not tumor (Fig 1D, Fig S1C).  Our findings 

would suggest environmental metabolic factors could impinge on the liver genome creating 

mutations through DNA repair deficiencies. This ‘field effect’ could increase cancer risk. 

Once developed, endogenous cellular pressure attribute to clonal expansion and 

subclonal selections within tumor.   
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To highlight etiology-associated events conserved in NAFLD-HCC, we next 

compared genomic features between NAFLD-HCC and HCC from chronic hepatitis virus 

B (HBV) infection. We expanded our sequencing cohort to include 13 matched HBV-HCC 

and nontumoral liver. To achieve a comprehensive overview, we compared WGS, 

transcriptome and DNA methylation on each NAFLD and HBV sample. We inferred two 

unbiased divergence scores to reflect genetic and epigenetic evolutions in cancer 

development based on the degree of dissimilarity between subclonal and clonal mutational 

signatures as well as the proportions of subclonal epigenetic aberrations, respectively. 

Both divergence scores concurred in indicating a significantly higher level of genetic and 

epigenetic homogeneities within individual NAFLD-HCC tumor compared to HBV-HCC 

(Fig 1E-F). In addition, marked incidence of signature 8 in NAFLD-HCC denoted a unique 

feature related to NAFLD since this signature was undescribed in normal livers (Fig 1G 

and S1D) (9). Defective DNA repair has been implicated in generating mutational hotspots 

at active promoters in cancer genomes (10), this prompted our next investigation on 

mutational densities at the transcription start sites (TSSs) and flanking regions (+4 kb) of 

NAFLD-liver, NAFLD-HCC and HBV-HCC. Surprisingly, DNase 1-hypersensitive promoter 

sites showed three divergent profiles of mutational density. Briefly, NAFLD-HCC was 

characterized with a sharp increase in mutation density surrounding TSS sites compared 

to flanking regions; whereas diminution and absence of changes were found in NAFLD-

liver and HBV-HCC, respectively (Fig 1H). This highlights mutagenic effect from differing 

etiologies could impact on the HCC genome differently. Interestingly, 32 binding regions 

of transcription factors (including MAZ, YY1 and SP1) showed enriched mutational 

densities in NAFLD-HCC (Fig 1I). We further demonstrated SP1 mutations on TERT 

promoter could readily elevate transcription activity in-vitro (Fig S1E-F). Further 

interrogations of mutated promoter sites for cancer-associated activities by overlaying 

ENCODE-derived H3K4me3 signals in tumor-normal pairs and corresponding 
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transcriptome for perturbed gene expression network showed 86.2% of mutated TSS sites 

in NAFLD-HCC to be active promoters (Fig 1J). We initially defined binding sites of MAZ 

and MYC separately utilising the public ChIP-seq datasets on HepG2. Interestingly, we 

found colocalization of MYC signals in almost 25% of the 7,7693 MAZ binding sites. 

Among these target genes are known MYC downstream target genes, such as NRF2, 

TCEA2 and NPM1 (11–13). We further investigated the effect of MAZ and MYC co-binding 

on gene transcription, our results showed a significantly higher expression of MAZ-MYC 

target genes in the NAFLD group with MAZ mutated TFBS when compared with those 

cases with MAZ wild type binding sites (Fig S1G). We also observed significant 

upregulation of MAZ expression in NAFLD-HCC when compared with matched controls, 

as well as HBV-HCC (Fig S1H). This would suggest the likelihood of activated transcription 

following acquiring mutations in the MAZ promoter and the importance of MAZ-MYC 

signalling pathway in NAFLD tumorigenesis (Fig 1K and S1I-J). Our findings underscore 

an interaction between transcription initiation and nucleotide repair in NAFLD-HCC that 

stemmed from localized mutational density, particularly at active gene promoters.  

  

Driver shift to activating CTNNB1mut  

To further chart the genomic landscape for genes driving NAFLD tumorigenesis, we 

analyzed tumor-nontumoral pairs from 100 NAFLD-HCC, and 103 HBV-HCC for 

comparison (Tables S1-2). Based on our WGS data, and TCGA (5), we formulated a panel 

of 1,112 HCC-related genes and promoter regions (upstream -3 kb and +500 bp from TSS) 

for targeted capture sequencing. A total of 26 significantly mutated genes was identified in 

NAFLD-HCC (Fig S2A-B and Tables S3-5), in which localized clonal mutations within 

CTNNB1 exon3 (28%), TP53 central DNA-binding Domain (18%) and hotspot promoter 

mutations in TERT (-124 and -146; 33%) ranked top events. Mutual exclusivity between 

CTNNB1 and TP53 mutations is a common feature in both NAFLD-HCC and HBV-HCC, 
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although an incidence switch is clearly observed (Fig 2A-B). CTNNB1mut is a dominant 

event in NAFLD-HCC (33% CDS), whereas TP53mut in HBV-HCC (62% CDS).  

 

Tumor-intrinsic CTNNB1mut correlate with an immune-excluded profile    

Given that CTNNB1mut is a hallmark of HCC (Fig 3A) and has been recently 

implicated in immune checkpoint blockade resistance (14), we next investigated signalling 

pathways that are advantageous for CTNNB1 mutants in tumor milieu. CIBERSORT-

generated immune profiles of NAFLD-HCC CTNNB1mut versus CTNNB1wt tumors showed 

a general depletion of CD8+ T cells and other antigen presenting cells such as Dendritic 

cells and M1 macrophages (Fig 3B). This CTNNB1mut profile could be validated in TCGA 

LIHC cohort (n=360) but not when grouped by TP53 status (Fig S3A). Further hierarchical 

clustering of 30 immune cell markers revealed 3 groups representing varying degrees of 

immune infiltration: Hot (18.521.7%), Intermediate (33.3-33.9%), and Cold (41.1-48.2%) in 

in-house and TCGA LIHC cohorts. Genetic anomalies studied enforced CTNNB1mut 

exclusivity in the Immune-Cold/Intermediate phenotypes, and pathways enriched within 

Immune-Hot environment, such as IL6/JAK-STAT, TGF/SMAD and IFN/Immune 

checkpoint blockade (Fig 3C and S3B). Immune-Cold/Intermediate HCC cases are also 

associated with inferior disease-free survival (Fig 3D). 

A closer look at the potential mechanism underpinning the observed CTNNB1mut-

specific immune evasion is the significant downregulation of senescence in both NAFLD- 

and HBV-HCC cohorts (Fig 3E, Table S6). Although hepatocyte senescence appears an 

almost universal phenomenon in chronic liver disease irrespective of etiology (15,16), we 

found that NAFLD-HCC was via oxidative stress-induced senescence (OS-IS), and HBV-

HCC (TCGA cohort) via oncogene-induced senescence (O-IS) (Fig 3F). We found that 

OS-IS was also associated with p38 MAPK/JNK activity, which has been previously 

reported (Fig 3E,G) (17,18). Unsupervised 2-way hierarchical clustering of p38 MAPK 

pathway genes showed that CTNNB1 mutations in the NAFLD-HCC inhouse cohort could 
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clearly segregate between the low and high expressing clusters, but this was not the case 

for TCGA LIHC data comprising of HBV-HCC (Fig S4A). In addition to the link between 

OS-IS and p38 MAPK, p38 MAPK is also required to trigger the senescence secretory 

phenotype (SASP) (19,20). Interestingly, both p38 MAPK upregulation and SASP have 

been alluded in NAFLD development (21,22). 

  

Modelling CTNNB1mut effects on oxidative stress-induced senescence under 

NAFLD conditions 

Somatic substitutions of CTNNB1 clustered mainly at Ser45 of the casein kinase 

priming site, Ser33/Ser37/Thr41 for GSK3β activated degradation and Asp32/Gly34 for 

ubiquitination. Functionally, these CTNNB1 mutants could spontaneously elevate 

promoter activity (Fig 4A), which implied essential roles for the encoded mutant proteins 

in gene transcriptions.  

To test our transcriptome findings in vitro, we established a patient-derived culture 

(pdc) from the tumoral tissue of our NAFLD-HCC series (NT18) that displayed S45P, the 

single most prominent CTNNB1 mutation of HCC (Fig S4B-C). We also utilized HBV-HCC 

cell line SNU398 with endogenous CTNNB1 S37C in addition to CTNNB1 wt Hep3B. Oleic 

acid (OA), reported to be among the highest FFAs distinctly accumulated in the livers and 

sera of NAFLD patients (23,24), was then used to mimic the NAFLD condition in vitro. We 

found that 125-250uM for 72 hours was sufficient to significantly increase lipid droplet and 

triglyceride accumulation in all 3 cell lines without inducing lipotoxicity (IC50 range: 280-

544uM) (Fig S5A-C). Escalating OA doses within the non-lipotoxic range was able to elicit 

dose-dependent senescence-like features such as marked cell cycle arrest (Fig S5D); 

upregulation of ROS (Fig 4B-C), SA-bGAL (Fig 4B-D) and p38 MAPK (Fig 4E) in Hep3B 

(CTNNB1 WT), but not in pdcNT18c (CTNNB1 S45P) and SNU398 (CTNNB1 S37C). This 

led us to believe that the phenomenon was indeed CTNNB1mut-specific. The 
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ROS/Senescence observed also ties in with the underlying deregulation of TC-NER at the 

genomic level and has been reported in cancer (25). Treatment with Wnt modulator 

ICG001 at IC50 levels (26), was sufficient to revert CTNNB1mut-mediated inhibition of 

senescence-like features (Fig 4D-E). Lipid accumulation itself was not affected by ICG001 

and vice versa (Fig S5E-F).  

 

CTNNB1mut mediates immune exclusion via SASP  

In order to assess whether senescence-like features lead to SASP, NanoString 

Immune profiling was performed. To draw firm conclusions, pdcNT18 and Hep3B profiles 

were compared in Wnt inhibition by either siCTNNB1 or ICG001. A concordant set of 

chemokines were upregulated in CTNNB1S45P upon Wnt inhibition, but not in WT (Fig 5A). 

Functional clustering shows the overrepresented genes to be associated with the 

Senescence-associated secretory phenotype (SASP) (Reactome HSA-2559582 

P=0.0078), with IL6 being the major factor (27). Independent qPCR study also confirmed 

the ICG001-mediated augmentation of SASP cytokines under chronic exposure to OA (Fig 

5B). The relevance of major SASP marker IL6 in CTNNB1mut tumorigenesis was further 

corroborated in inhouse primary HCC tissues and TCGA dataset (Fig 5C, Fig S6A). 

Western blot using conditioned media also confirms that IL6 was indeed secreted after 

ICG001 treatment of pdcNT18 (Fig 5D).  

Immune-Cold microenvironment remains the root of challenge in treatment efficacy 

of immunotherapies to patients with HCC (28). To investigate the therapeutic potential of 

ICG001 in alleviating ‘cold’ features in CTNNB1mut tumor, we performed preclinical 

evaluations in-vitro and in-vivo. First, CD8+ T cell-enriched PBMCs from healthy donors 

showing at least 50% HLA-type matching at the serological levels were collected, activated 

and expanded (n=2-3 donors per cell line) (Fig. S6B-D). Chemotaxis assay using cell-free 

supernatant from CTNNB1mut cells pdcNT18 and SNU398 showed a significant increase 
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in CD8+ T cell migration in presence of ICG001, but no effect in CTNNB1wt Hep3B (Fig 5E 

and Fig S5E). The increase in ICG001-induced chemoattraction also led to significant T-

cell mediated apoptosis of CTNNB1mut cells as measured by caspase 3/7 of cancer cells 

upon coculture at a target effector ratio of 1:6 (Fig 5F). We repeated the experiments with 

OA and did not observe apparent difference from applying ICG001 alone (Fig 5E-F). Thus, 

enforcing a direct role for CTNNB1mut in mediating immune avoidance. 

 

CTNNB1mut controls a unique subset of genes that can be directly modulated by 

ICG001  

The question remains on whether specific mutant β-catenin proteins could exert 

previously unknown transcriptional impact such as immune suppression, in addition to 

more studied negative feedback, EMT and metabolism (29–32). We explored the concept 

for specific β-catenin-bound genomic loci that is transcriptionally regulated by CTNNB1mut 

using an integrated approach of ChIP-seq with transcriptome in patient-derived NAFLD-

HCC culture pdcNT18 (S45P) and SNU398 (S37C).  

Compared to Hep3B (CTNNB1wt), ChIP-seq analysis showed marked disparity in β-

catenin binding occupancies in pdcNT18 (CTNNB1S45P) and SNU398 (CTNNB1S37C) (Fig 

6A). These unique signals invariably also colocalized with active histone H3K27ac, which 

inferred a chromatin configuration for active transcription at the promoter-TSS regions (Fig 

6A). An overrepresentation of TCF7L2 consensus motif at the -catenin bound regions 

was validated by protein co-immunoprecipitation (Fig 4B-C, Fig S6F). High-affinity binding 

of TCF7L2 for nuclear mutant -catenin underscored this transcription factor cooperating 

at the coactivator complex of CTNNB1mut. Since TCF7L2/TCF4 in itself has also been 

implicated with NAFLD-associated risk factors such as diabetes (33), we prioritized ChIP-

seq candidates according to -catenin/TCF7L2 peak co-occupancy in addition to 

CTNNB1mut-specific mRNA upregulation using in-house data that intersected with TCGA 
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LIHC transcriptome (Fig 6D). Based on the resultant 26 candidates that are likely relevant 

in situ, StringDB-generated network further demonstrated significant interaction between 

5 of the candidates (P=0.000126) (Fig 6E). Besides 4 Wnt negative feedback regulators 

(AXIN2, NKD1, NOTUM, ZNRF3), 1 upregulated candidate TNFRSF19 involved in the p38 

MAPK/JNK signaling showed relevance to immune-mediated tumor clearance (Fig 6E-F) 

(34,35). We were able to further corroborate the preferential binding of CTNNB1mut to 

candidate targets by ChIP-qPCR (Fig 6G, Fig S6G). We also assessed the effect of OA 

on the binding affinity of CTNNB1mut to target genes (Fig 6G, Fig S6G). Our findings 

suggested a persistent effect from CTNNB1mut with or without OA that likely underscores 

β-catenin as a strong driver that potentially overrides the environmental effects of the 

NAFLD microenvironment (34). To determine whether the putative binding sites have 

promoter function, reporter assays of cloned regions showed significant luciferase activity 

for loci on TNFRSF19, and was generalizable across other hotspot mutant forms (Fig 6H). 

Validation in primary HCC cohort of paired tissues concurred in indicating a significant 

overexpression of TNFRSF19 in CTNNB1mut versus CTNNB1wt tumors, in addition to their 

matching non-tumor counterparts (Fig 6I, Fig S6H). Real time-qPCR also shows 

endogenous expression levels are significantly higher in CTNNB1mut cells pdcNT18 and 

SNU398 versus wt Hep3B regardless of exposure to OA (Fig 6J). These effects could also 

be subsequently rescued by ICG001 in the absence of apparent cytotoxic effect (Fig S6I, 

J). Altogether, mutant CTNNB1 can activate a discrete subset of target genes transcription 

through the control of β-cateninmut/TCF7L2 complex.  

 

Underlying molecular mechanism of CTNNB1/TNFRSF19-mediated immune evasion 

Given that SASP-associated cytokines (IL6, IL8/CXCL8, CXCL9, CXCL5) and 

CTNNB1mut activated transcription target TNFRSF19 showed strong inverse correlations 

(Fig 6K), we attempted verification of their biological relation in vitro.  
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shRNA-mediated silencing of TNFRSF19 in CTNNB1mut cells (pdcNT18) was 

established (Fig 7A). shTNFRSF19 did not affect lipid accumulation (Fig 7B). However, 

growth inhibition and distinct morphologically changes associated with senescence-like 

features could be observed (Fig 7C-D). This also correlated with significantly higher 

−Galactosidase levels in shTNFRSF19 (Fig 7E) and was also associated with increased 

p38 MAPK total levels as well as nuclear localization (Fig 7F). Underlying SASP-

associated cytokines were also significantly reinvigorated after shTNFRSF19 (Fig 7G). 

The above effects could be recapitulated with or without exposure to oleic acid (Fig 7A-

G). Altogether, the results suggest that TNFRSF19 is indeed the molecular link for 

CTNNB1mut-mediated immune evasion. TNFRSF19 inhibits p38MAPK, which in turn 

could not trigger SASP-like features. The suppression of SASP-associated cytokines leads 

to an unfavourable environment for immune cells, hence allowing CTNNB1mut tumors to 

evade the host’s anti-tumour immune response. 

 

Immune exclusion could be reverted in syngeneic mouse models treated with 

ICG001 and anti-PD1 

An immune-competent syngeneic mouse model, Hepa1-6 cells stably expressing 

either –Control or -CTNNB1S45P was established and confirmed to recapitulate CTNNB1mut 

associated phenotypes found in human cells in vitro (Fig S7A-F). To address the NAFLD 

context, a normal diet (ND) and choline-deficient high fat diet (CHFD) arm was also 

included using immunocompetent C57BL/6 mice models (Fig S8A-C). CHFD has been 

previously shown to mimic NAFLD conditions in vivo (36). Ad libitum feeding of the 

C57BL/6 mice for 3 months was able to achieve NAFLD in all mice, with majority showing 

moderate steatosis in addition to increase body weight (Fig S8A-C). These mice on CHFD 

for at least 3 months were subsequently used in all of downstream in vivo experiments of 

orthotopic implantation and treatments.  
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Orthotopic injection of Hepa1-6 with CTNNB1 S45P resulted in significantly larger 

tumor volumes versus their Vector control counterpart (Fig 8A). This was also supported 

by higher ki67(+) staining in vitro (Fig S8D) and in vivo (Fig S8E) in equal sized tumor 

xenografts (12-15mm3). CHFD further exacerbated the tumor growth for Hepa1-6 (S45P), 

which supports our hypothesis that CTNNB1mut may confer slight advantage under NAFLD 

conditions. The overall mean engraftment rate was 91.58% and no statistical significance 

in the engraftment rates between the 4 groups. This led us to believe that the difference 

in tumour volumes observed are not due to the variation in engraftment rates, but more 

likely from the inherent immune evasiveness and proliferative advantages of CTNNB1-

S45P. CD8+ cytotoxic T cells as well as Macrophages are themselves recruited under 

SASP-mediated tumor clearance and have been implicated in antiPD1 response 

(17,34,37), so we have also performed Opal multiplex staining for CD8, M1 (F4/80+iNOS+) 

& M2 (F4/80+CD206+) on the FFPE liver sections to assess the effect of the treatments 

in situ. Multiplex staining shows that Hepa1-6 (S45P) indeed had reduced CD8+ and M1 

within the tumor interface (Fig 8B). AntiPD1 treatment showed significant albeit modest 

response to S45P under ND, which was less prominent under CHFD (Fig 8C). This could 

be explained in part by the significantly lower mRNA expression of PD1, CTLA4, and TIGIT 

in NAFLD-CTNNB1mut versus non-NAFLD (HBV)-CTNNB1mut primary patient HCC tumors 

(Fig S8F), which suggests that CD8+ T cells are depleted regardless of etiology, but 

potentially less exhausted in NAFLD-CTNNB1mut tumors than their non-NAFLD 

counterparts. The reduced efficacy of anti-PD1/PDL1 treatment in NASH-HCC patients 

has also been recently reported (38).  In any case, it is only upon administering AntiPD1 

and ICG001 in combination did we observe robust tumor regression marked by the strong 

influx of CD8+ T cells and an increased M1/M2 ratio within the tumor, regardless of diet 

(Fig 8D, Fig S8G). 
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TNFRSF19 knockdown in vivo reverted CTNNB1S45P-mediated immune exclusion 

To establish whether knockdown of TNFRSF19 can indeed rescue the immune 

exclusion effect from CTNNB1-S45P, animal orthotopic injections were performed as 

previously described. Mice were randomized based on their body weights under their 

respective dietary groups (Fig S9A). Similar tumor volumes at Day 8 were selected to 

ensure comparable delivery of siRNA. We directly administered either siTNFRSF19 or 

siControl intratumorally at Day 8 and observed significant tumor burden reduction at Day 

14 for siTNFRSF19 versus siControl groups regardless of diet (Fig 8E-F). Significant KD 

of tumoral TNFRSF19 expression was confirmed by qPCR (Fig 8G). TNFRSF19 levels 

also significantly and positively correlated with tumor volume (Fig 8H). Furthermore, 

siTNFRSF19-mediated attenuation in tumor volume also concurred with an elevated CD8+ 

levels (Fig 8I, Fig S9B).  

To enforce TNFRSF19 association with immune exclusion in primary HCC patients, 

CIBERSORT-generated immune abundance scores was correlated with TNFRSF19 

expression. In concordance with our mouse models, we also found a negative correlation 

between CD8+ T cells and TNFRSF19 expression in both NAFLD- and non-NAFLD-HCCs, 

although this inverse association is more apparent in NAFLD-HCC (Fig S9C). We also 

observed negative correlation between TNFRSF19 and CD4+ memory resting cells & 

gamma delta T (γδT) cells in NAFLD-HCC, but not in non-NAFLD-HCC (Fig S9C). This 

could warrant further studies as liver-resident γδT cells responding to the microbiota are 

associated with NAFLD (39) in addition to other immune cell types affecting the anti-tumor 

immune response, such as CD4+ T cells (40,41).  

Overall, our findings support the rescuing effects of silencing TNFRSF19 in 

CTNNB1-S45P, thereby strengthening the tumour intrinsic CTNNB1/TNFRSF19 axis in 

immune evasion. 
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DISCUSSION  

The increasing prevalence of metabolic syndrome in many Western and Asian 

countries (2,42) has put a large population of individuals at risk of developing NAFLD that 

can cause progressive liver damage and development of HCC. Our WGS profiles reveal 

an accumulation of spontaneous DNA damage in NAFLD-liver and distinct mutational 

signatures, such as signature 3 which is reported to arise from ROS accumulation during 

chronic inflammation of cirrhosis or steatohepatitis (43). It is plausible that persistent 

metabolic pressure creates a feed-forward loop that allows accumulation of transcriptional-

coupled DNA damage. Our subsequent analysis suggests that dynamic changes in 

mutational processes from NAFLD-liver to HCC would be more likely attributed to 

differential endogenous cellular pressures rather than drastic changes in environmental 

exposures upon tumor initiation.  

With regard to operative mutation signatures, our results indicate that only signature 

8 was markedly higher in NAFLD-HCC than HBV-HCC. Although the underlying etiology 

for this signature is unknown, a recent study indicates that it could arise from replication 

errors, and has higher burden in context of late and fast DNA replication marked by 

ineffective mismatch and nucleotide excision repair (44). Interestingly, this study also 

shows LICA-FR & LIRI-JP HCC cohorts which are secondary to alcohol and HCV-HCC 

cases to harbour relatively higher contributions of signature 8 over other cancer types 

(6,7,44). In the same vein, NAFLD, HCV & Alcohol HCC etiologies also coincide with 

higher incidences of CTNNB1 over TP53 driver mutations. Indeed, a recent NGS study by 

Pinyol et al on NAFLD-HCC has reported the same top driver genes as our study (TERT, 

CTNNB1, TP53, ACVR2A) (45). While Pinyol et al. focused on tumor suppressor gene 

ACVR2A and its biological effects in vitro, we pursued CTNNB1 more extensively given its 

oncogenic and unique prevalence in HCC compared to other cancer types (Fig 3A). The 

study by Pinyol et al. also mainly focused on the clinicopathological correlation of the 

mutation/transcriptomic profiles which lays out important groundwork in the understanding 
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of NAFLD-HCC. They have also described CTNNB1 mutations associated with the 

Immune excluded class in their supplementary data. However, our study delves deeper 

into the underlying mechanism particularly of the CTNNB1mut/TNFRSF19 axis using not 

only in silico, but also in vitro and in vivo NAFLD-HCC models and rescue experiments.  

In the context of our study as a whole, we hypothesize that CTNNB1mut is 

advantageous in the context of chronic insults that trigger oxidative stress induced 

senescence and p38 MAPK activation. Not only is senescence essential for the 

surveillance of preneoplastic hepatocytes, but its paracrine effects are also known to be 

one of the key contributors of field cancerization (46–49). Aside from NAFLD, such 

scenarios also take place under long-term exposure to stressors like alcohol and HCV 

(15,16). This may partially explain why the incidence of CTNNB1 mutations are 

comparable across these etiologies (6,7). It is also plausible that although CTNNB1mut 

could give rise to HBV-HCC, TP53 mutations could be more potent in the context where 

cells need to tolerate additional DNA damage or chromosomal instability from viral DNA 

integration; as is the case for HBV (50,51). Tipping the balance between extent and 

duration of damage incurred by such events could be the reason for the shift between 

these 2 drivers.   

Multi-omics integration suggests that CTNNB1mut tumors portray immune exclusion 

of cytotoxic CD8+ T cells and other innate and adaptive systems. Guided by HCC primary 

tissue data and representative preclinical models, we were able to pinpoint TNFRSF19 as 

a direct target of mutant CTNNB1 responsible for tumor-intrinsic cancer immunoediting. 

The unique ability of TNFRSF19 to curb SASP-associated IL6 and other chemokines 

expressions is instrumental in inciting an immune excluded tumor microenvironment. From 

a therapeutic standpoint, the ability to leverage CTNNB1mut dependency on TNFRSF19 

without interfering with endogenous and essential Wnt functions in surrounding wildtype 

cells is promising (52). In fact, second generation ICG001 (PRI-724) has been in clinical 
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trials in oncology indications (NCT01606579, NCT01302405 and NCT01764477). 

CTNNB1mut-specific transcriptional activation of TNFRSF19 could be leveraged by ICG001 

to induce SASP-like features. Whereby, the ICG001-mediated switch towards a pro-

inflammatory microenvironment could set the stage for a robust anti-tumor response by 

immune checkpoint inhibitors, such as Anti-PD1. In addition, recent landmark 

achievements in siRNA therapeutics show that systemic delivery of RNAi therapeutics to 

the liver is now a clinical reality (53) and could open up opportunities to develop innovative 

RNAi strategies against the CTNNB1mut/TNFRSF19 axis.   
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ABBREVIATIONS 

NAFLD (Non-alcoholic fatty liver disease), HBV (Hepatitis B virus), CTNNB1 (Catenin 

Beta 1), PD1 (Programmed Cell Death 1), TNFRSF19 (Tumor Necrosis Factor Receptor 

Superfamily Member 19), WGS (Whole genome sequencing), SNV (Single nucleotide 

variant), CNV (Copy number variant), INDEL (Insertion/Deletion), FPKM (Fragments per 

kilobase million), SASP (Senescence-associated secretory phenotype), pdcNT (Patient-

derived culture of NAFLD-HCC Tumor), Wt (Wildtype), Mut (Mutant) 
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FIGURE LEGENDS  

Figure 1. Mutational process in NAFLD-Liver and NAFLD-HCC.   

(A) The mutation abundance (upper) and signatures (lower) operative per case.  

(B) Signatures specific to NAFLD-Liver, NAFLD-HCC, and both (left to right).  

(C) Progression patterns of mutational process along with tumorigenesis.  

(D) Inferred mutational strand asymmetries with respect to DNA replication in NAFLD-

Liver and NAFLD-HCC. Baseline represents the relative asymmetry ratios generated 

across the entire genome (left). Average replicative asymmetries (right).  

(E) Boxplot of mutational signature diversity.  

(F) Boxplot of methylation diversity. Paired t test was applied, *P<0.05; **P< 0.01.  

(G) Signature 8 contribution between NAFLD- and HBV- HCC.  

(H) Mutational density profiles TSS ±4k for NAFLD-Liver, NAFLD-HCC and HBV-HCC. 

(I) Enrichment of mutational density in varied transcription factor binding sites with x-axis 

representing relative enriched folds and y-axis representing adjusted p-values.  

(J) Activated promoters in NAFLD-HCC. Binding density profiles of H3K4me3 around 

TSSs for core activated (solid line) and inactivated promoters (dash lines).  

(K) Core promoter network in HCC. Each colored node represents a transcription factor 

and gray edges represent transcription factor associated genes. Colors of 

transcription factor were distributed in a spectrum with two ends representing NAFLD-

HCC specific (red) and HBV-HCC (blue). 

  

Figure 2. Driver shift to activating CTNNB1mut  

(A) Mutually exclusive (ME) and co-occurring (CO) driver alterations based on MutSigCV 

and GISTIC (q<0.05) of target capture validation cohort (n=203) were calculated using 

Fisher exact test and deemed significant if P<0.05. Genes prioritized by their ME with 

top drivers TP53 and CTNNB1 (in bold). 
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(B) Grid depicting functional enrichment of significantly altered SNV, INDEL and CNVs 

into 7 pathways. Fisher exact test of individual genes to determined sig. difference 

between NAFLD- and HBV-HCC cohorts (*Bold text represent P<0.05).  

 

Figure 3. Tumor-intrinsic CTNNB1mut correlate with an immune-excluded profile    

(A) CTNNB1mut mutation incidences across TCGA datasets affecting both genders and 

>100 reported cases.  

(B) CIBERSORT (LM22 signature matrix) immune fraction scores grouped by 

CTNNB1mut status (mut=9, wt=18).  

(C) Unsupervised 2-way hierarchical clustering of 30 markers indicative of DC resting, 

M1, M0, CD8 and CD4 memory resting T cells (upper). Underlying mutations & 

pathways overrepresented among the 3 clusters (lower). Genes in bold represent 

Fisher 2x3 test P<0.05. IM=Intermediate.  

(D) Survival analysis of TCGA LIHC cases grouped by their immune status was 

performed by the Kaplan-Meier method and compared by the log-rank test. 

(E) Volcano plot summarizing all GSEA generated results of tumor tissues grouped by 

CTNNB1 mutation status. Underlying pathways showing either differences or 

similarities in between both cohorts are colour coded. Cutoff is made at Normalized 

P<0.05. NES=Normalized enrichment scores. 

(F-G) Gene set enrichment analysis (GSEA) of CTNNB1mut vs wt Tumors (NAFLD-HCC 

left, TCGA HBV-HCC right). Significantly deregulated pathways unique to 

CTNNB1mut are shown above. Enrichment plot (upper panel) profile of the running 

enrichment score & positions of gene set members on the rank ordered list (lower 

panel). NES=normalized enrichment score.  
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Figure 4: Modelling CTNNB1mut effects on oxidative stress-induced senescence 

under NAFLD conditions  

(A) Schematic diagram of CTNNB1 mutations identified (in-house n=203) in comparison 

to LIHC (n=372) and INSERM (n=243) cohorts (upper). TOP/FOP ratio of mutations 

(lower).  

(B) Relative average cell intensity of BODIPY (top), CellROX (middle) & SA-

galactosidase (bottom) at increasing concentrations of oleic acid (dilution factor of 3) 

after 72 hours. Error bars represent mean±SEM from replicate imaging sets.  

(C) Representative fields from HCS quantification. Scale bar represents 100uM. BODIPY 

(green) and CellROX (red) were taken from live cell imaging, whereas Gal (yellow) 

was captured from fixed cells.  

(D) Mean cell intensity of SA-bGal & (E) total p38 MAPK with or without ICG001 and Oleic 

acid after 72 hours. Scale bars represent 100uM. Error bars represent mean+SEM 

from replicate imaging sets. Representative images are shown on the bottom. 

 

Figure 5. CTNNB1mut-mediated immune exclusion is due SASP inhibition. 

(A) NanoString immunoprofiling of pdcNT18(S45P) and Hep3B(WT) after treatment with 

either ICG001 (upper) or siRNA against CTNNB1 (lower). Differential response is 

shown as fold-change relative to respective controls. Genes highlighted are implicated 

in senescence-associated secretory phenotype (SASP).  

(B) Relative expression of SASP-associated cytokines after ICG001 treatment with or 

without exposure to OA. GAPDH as endogenous control. 

(C) IL6 expression of in-house paired tumor and non-tumor tissues grouped by 

CTNNB1mut status. Student t tests were performed *P<0.05, **P<0.01.  

(D) Immunoblot of IL6 from equal volume of cellfree conditioned media of pdcNT18 or 

Hep3B. Values represent amount of protein loaded.  
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(E) Relative transwell migration based on fluorescence readout of migrated CD8+T cells 

labeled with Calcein AM from the insert to the reservoir.  

(F) Representative composite images of 1:6 cocultured cancer cells (brightfield), CD8+ T 

cells (blue) and apoptosis indicator Caspase 3/7 (green) at 16 hours. Caspase 3/7 

intensity of cancer cells was gated using CellTracker. Intensities shown are relative to 

their respective 1:0 target effector ratio. Error bars represent Mean+SEM from at least 

2 matching donors. Paired t-test was deemed significant at *P<0.05, **P<0.001, 

***P<0.001, ****P<0.0001. 

 

Fig. 6. CTNNB1mut controls a unique subset of genes 

(A) Binding intensity heat maps of -Catenin and H3K27ac genomic occupancy -10kb to 

+10kb from peak summits of patient-derived culture (pdc) NT18(S45P), 

SNU398(S37C) and Hep3B(WT) cells.  

(B) Normalized binding intensity of TCF7L2 colocalizing with -Catenin-bound sites.  

(C) Immunoblot of -Catenin and TCF7L2 (coIP: -Catenin nuclear fraction).  

(D) Venn diagram of ChIP-seq candidates showing CTNNB1mut-specific mRNA 

expression upregulation using inhouse NAFLD-HCC (left) & TCGA (right) tumors. 

(E) StringDB-generated network of CTNNB1mut putative targets.  

(F) IGV-generated binding profiles for Catenin and H3K27Ac of top 3 candidate targets. 

(G) -Catenin ChIP-quantitative PCR validation of TNFRSF19 binding site under normal 

(without Oleic acid) or NAFLD conditions (+150-200uM Oleic acid). 

(H) Dual-luciferase reporter assay of TNFRSF19 binding sites. -Catenin binding sites in 

L02 was co-transfected with different mutant forms of CTNNB1. Error bars represent 

mean±SEM of n=3 independent experiments. Student t test deemed significant at 

*P<0.05, **P<0.01. 
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(I) Candidate gene mRNA expression in paired HCC tissues grouped by CTNNB1mut 

status relative to endogenous control GAPDH/18s (n=22-23 pairs each). Unpaired and 

paired Student t tests were deemed significant at *P<0.05, **P<0.01 for unmatched 

(Mut vs wt) and matching (T vs N) samples, respectively. 

(J) Endogenous mRNA expression of candidate targets TNFRSF19 in pdcNT18 (S45P), 

SNU398 (S37C) and Hep3B (WT) relative to endogenous control GAPDH. Error bars 

represent mean±SEM from n=3 independent experiments. Paired Student t test 

deemed significant at *P<0.05, **P<0.01.  

(K) Expression correlation heatmap between Catenin ChIP-seq (TNFRSF19) and 

SASP-associated chemokines grouped by CTNNB1mut status of LIHC tumors.  

 

Figure 7. Underlying molecular mechanism of CTNNB1/TNFRSF19-mediated 

immune evasion.  

(A) qPCR expression of TNFRSF19 after shRNA-mediated knockdown in pdcNT18. 

GAPDH was used as endogenous control.  

(B) Mean BODIPY intensity relative to controls and their corresponding representative 

images after 72 hours of treatment with/without Oleic Acid.  

(C) Cell proliferation measured by doubling time.  

(D) Phase contrast imaging of cells with or without oleic acid (200uM). Arrows indicate 

senescence-associated morphology changes.  

(E-F) -Gal & p38 MAPK mean intensity and their corresponding representative images. 

(G) mRNA expression of cytokines associated with SASP. Student t-test was performed 

on replicate experiments and deemed significant at *P<0.05, **P<0.1, ***P<0.001. 

 

Figure 8. Immune exclusion could be reverted in syngeneic mouse models treated 

with ICG001 and anti-PD1 

Jo
urn

al 
Pre-

pro
of



33  

  

(A) Tumor volumes of C57BL/6J mice orthotopically injected with Hepa1-6 cells stably 

expressing either CTNNB1(S45P) or Vector control (n=12-13 each) under normal 

(ND) or choline-deficient high fat (CHFD) diets. Representative xenografts with 

histologically confirmed HCC are shown on the right. Statistical t test was significant 

if *P<0.05.  

(B,D) Mean density of either CD8+, M1 (F4/80+iNOS+) cells, M1/M2 ratio within the tumor 

area (n=3-4 for each group). Error bars represent mean±SEM from a minimum of 5 

fields captured from each mouse, with n=3-4 mice per group. Student t test was 

performed and deemed significant at *P<0.05, **P<0.01. Dashed line depicts tumor 

interface. 

(C) Liver tumor volumes & representative images of mice treated with either single agent 

ICG001 / AntiPD1, or in combination. Mice were randomized based on body weight 

prior to treatments. ICG001 was administered via osmotic pump and AntiPD1 via 

intraperitoneal injection (ip). 

(E) Liver tumor volumes of Hepa1-6 CTNNB1(S45P) intratumorally injected with either 

siControl or siTNFRSF19 under ND or CHFD (n=11-15 each group).  

(F) Representative xenografts from each group.  

(G) TNFRSF19 KD efficiency assessed at the mRNA level. GAPDH was used as 

endogenous control.  

(H) Pearson correlation scatter plot between tumor volume and their respective 

TNFRSF19 expression. 

(I) Mean density of CD8+ cells within the tumor area (n=3-4 for each group). Error bars 

represent mean±SEM from a minimum of 5 fields captured from each mouse, with 

n=3-4 mice per group. Student t test was performed and deemed significant at 

*P<0.05, **P<0.01. Dashed green line depicts tumor interface. 
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HIGHLIGHTS 

- Unique mutational processes in NAFLD-liver and NAFLD-HCC alludes to a field 

effect 

- Distinct aberrations and driver shift to activating CTNNB1 mutations in NAFLD-

HCC 

- Tumor-intrinsic role of CTNNB1 in immune exclusion via TNFRSF19 inhibition 

on SASP-like features 
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