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WES, whole-exome sequencing; WGS, whole-genome sequencing. 
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BACKGROUND & AIMS: Dietary exposure to aflatoxin is an important risk factor for 

hepatocellular carcinoma (HCC). However, little is known about the genomic features and 

mutations of aflatoxin-associated HCCs compared with HCCs not associated with aflatoxin 

exposure. We investigated the genetic features of aflatoxin-associated HCC that can be used 

to differentiate them from HCCs not associated with this carcinogen.  

 

METHODS: We obtained HCC tumor tissues and matched non-tumor liver tissues from 49 

patients, collected from 1990 through 2016, at the Qidong Liver Cancer Hospital Institute in 

China—a high-risk region for aflatoxin exposure (38.2% of food samples test positive for 

aflatoxin contamination). Somatic variants were identified using GATK Best Practices 

Pipeline. We validated part of the mutations from whole-genome sequencing and 

whole-exome sequencing by Sanger sequencing. We also analyzed genomes of 1072 HCCs, 

obtained from 5 datasets from China, the United States, France, and Japan. Mutations in 49 

aflatoxin-associated HCCs and 1072 HCCs from other regions were analyzed using the 

Wellcome Trust Sanger Institute mutational signatures framework with non-negative matrix 

factorization. The mutation landscape and mutational signatures from the aflatoxin-associated 

HCC and HCC samples from general population were compared. We identified genetic 

features of aflatoxin-associated HCC, and used these to identify aflatoxin-associated HCCs in 

datasets from other regions. Tumor samples were analyzed by immunohistochemistry to 

determine microvessel density and levels of CD34 and CD274 (PDL1). 

 

RESULTS: Aflatoxin-associated HCCs frequently contained C>A transversions, the sequence 

motif GCN, and strand bias. In addition to previously reported mutations in TP53, we found 

frequent mutations in the adhesion G protein-coupled receptor B1 gene (ADGRB1), which 

were associated with increased capillary density of tumor tissue. Aflatoxin-associated HCC 

tissues contained high-level potential mutation-associated neoantigens, and many infiltrating 

lymphocytes and tumors cells that expressed PDL1, compared to HCCs not associated with 

aflatoxin. Of the HCCs from China, 9.8% contained the aflatoxin-associated genetic features, 

whereas 0.4%–3.5% of HCCs from other regions contained these genetic features. 

 

Conclusions: We identified specific genetic and mutation features of HCCs associated with 

aflatoxin exposure, including mutations in ADGRB1, compared to HCCs from general 

populations. We associated these mutations with increased vascularization and expression of 

PDL1 in HCC tissues. These findings might be used to identify patients with HCC due to 

aflatoxin exposure, and select therapies.  

 

KEY WORDS: liver cancer, Aspergillus, risk factor, pathogenesis 
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Introduction 

Hepatocellular carcinoma (HCC) is the fifth most common and the second most lethal 

cancer in the world.1 Dietary aflatoxin exposure is an important environmental risk factor of 

HCC development.2 Aflatoxin, among the most potent naturally occurring human 

hepatocarcinogens, was classified as a “group 1” human carcinogen by the International 

Agency for Research on Cancer in 1994.3 Aflatoxin is produced primarily by the fungi 

Aspergillus flavus and A. parasiticus. Millions of people worldwide experience uncontrolled 

exposure to aflatoxin.4, 5 Aflatoxin contamination is common in improperly stored food such 

as maize, peanuts, and tree nuts.6 In some special cases, aflatoxin exposure clusters in 

high-risk regions where the combination of humid weather and improper food storage 

conditions expose the majority of the local population to aflatoxin, significantly increasing the 

incidence of HCC. Identification and removal of these risk factors has greatly decreased its 

incidence in young adults, indicating the importance of controlling aflatoxin as a preventative 

measure.7  

However, most aflatoxin-associated HCC cases arise mainly as a consequence of 

individual life style and occur sparsely in the general population. In addition, another 

aflatoxin exposure source with increasing importance is from improperly processed food, 

such as illegally recycled cooking oil8 Some fast food has been produced using such oil, too. 

Aflatoxin is one of the toxins found in such swill-cooked dirty oil. Such contaminations 

would expose the general population to aflatoxin and are not detectable by direct observation. 

In such cases, patients cannot always provide a clear history of aflatoxin exposure, and 

aflatoxin might be undetectable by the time HCC diagnostics come into play. It is difficult to 

define and identify such aflatoxin-associated HCC (AF-HCC) cases.  

Exposure to exogenous mutagens leads to carcinogenesis and the mutagens leave their 

special mutational signature as a “fingerprint” of the mutagenic process. The mutagenic 

potency of aflatoxin B1 (AFB1) has been studied in several species of animals, including 

rodents and nonhuman primates.9 The most famous driver mutation in human is the TP53 

R249S hotspot mutation.10,11 However, the mutagenic signature of this carcinogen at the 

genome-wide level in human remains largely unknown. It is not known whether the 

aflatoxin-associated subtype harbors mutations in driver genes that are canonical in common 

HCC or harbors some novel driver mutations with a special tumorigenic mechanism. 

In this study, we performed whole-genome sequencing (WGS) and exome sequencing on 

49 AF-HCC samples collected from the classic high-risk area of Qidong in China.12 We 

identified and refined the mutational signature of aflatoxin, which is characterized by 

increased i) C>A transversions; ii) the sequence motif of GCN in C>A mutations; and iii) 

strand bias. Besides the canonical TP53 hotspot mutation, we found frequent mutations in 

ADGRB1, a potential novel driver gene, and in the noncoding region of CTCF/CBS. We 

further analyzed the genomics data from 1072 HCC cases in the general population and 

identified the aflatoxin-associated mutational signature and landscape in a significant fraction 

of these HCCs without known aflatoxin exposure, indicating the tumorigenic role of aflatoxin 
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in the general population. Furthermore, the AF-HCCs from the high-risk region and the 

general population both harbored high levels of potential mutation-associated neoantigens 

(MANAs) and had PD-L1 expression in infiltrating lymphocytes and tumor cells, indicating 

sensitivity to anti-checkpoint therapies. 

Materials and Methods 

Subjects and tissue samples 

We obtained the HCC tumor tissues and their matched normal tissues from 49 

individuals collected between1990 and 2016 at Qidong Liver Cancer Hospital Institute. The 

study protocol was approved by the institutional review board. AFB1 levels in the staple food 

(maize) sampled from Qidong were assayed by thin layer semiquantitative chromatography 

and 38.2% of food samples tested positive for aflatoxin contamination (Supplementary Table 

1). The individual levels of urine AFM1 were evaluated by high-pressure liquid 

chromatography (HPLC) after the pooled urine samples in eight months were 

immunoconcentrated (Supplementary Table 2). Supplementary Table 8 summarizes the 

general information for the HCC patients.  

HCC samples from The Cancer Genome Atlas (TCGA)13 and International Cancer 

Genome Consortium (ICGC)14 were included in Supplementary Tables 3 and 9. This study 

analyzed five datasets of HCCs in the general population. They came from the general 

population in China (CN-HCC), USA (US-HCC or TCGA-HCC), France (FR-HCC) and 

Japan (JP1-HCC and JP2-HCC). All 1072 samples from these five datasets were named 

TCGA/ICGC-HCC. Samples with the aflatoxin-associated signature (AF-model) identified 

from a general population were named “**-AF”. Those not harboring the aflatoxin signature 

were named “**-others”. For example, CN-AF denotes the HCCs with the aflatoxin signature 

from the general population in China, and CN-others refers to those without the aflatoxin 

signature (Supplementary Table 3). 

Exome sequencing and data analysis 

We sequenced the exome of around 21,000 protein-coding genes in 13 tumor DNA and 

matched normal DNA (Supplementary Table 5). We constructed genomic libraries and capture 

the coding sequences with the Agilent SureSelect Human All Exon 50Mb Kit and sequenced 

the captured libraries with the Illumina HiSeq genome analyzer. More details are in 

Supplementary Materials and Methods section. 

Whole-genome sequencing and data analysis 

We extracted genomic DNA with DNeasy Blood & Tissue Kit (cat# 69504, QIAGEN, 

Germany), following the manufacturer’s protocol. Genomic DNA was loaded on a 0.8% 

agarose gel for quality control. The DNA samples were used to construct a genomic library 

and sequenced by Hiseq X Ten (Illumina) with 150PE (pair-end sequencing). The average 

coverage of each base in the genome was 63 (range from 47 to 83) for the tumor and 38 
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(range from 31 to 43) for the normal samples. The average of Q30 (the quality value with 

99.9% accuracy) was 86% (range from 84 to 89%) (Supplementary Table 4). More details are 

in Supplementary Materials and Methods section. 

HBV integration analysis 

Human genome hg19 and viral genome (HBV, NC_003977.1) were downloaded from 

NCBI and included in the reference files when reads were mapped by BWA using the 

VirusFinder software (version 2.0)18. HBV integration analysis follows a four-step procedure: 

(1) read subtraction, (2) virus detection, (3) virus integration site detection, and (4) viral 

mutation detection. The confidence of HBV integrations was sorted by supporting reads (pair 

break point reads and softclip reads). 

Mutational signature analysis 

The mutational signature of 49 AF-HCC and 1072 TCGA/ICGC-HCC were analyzed 

using the Wellcome Trust Sanger Institute mutational signatures framework with the 

algorithm known as non-negative matrix factorization (NMF)19. We used a four-step 

procedure for mutational signature analysis: (1) converting mutation data into 96 mutational 

classes comprising the 6 mutation types (C>A, C>G, C>T, T>A, T>C, and T>G), 5′context 

(C, A, G, T), and 3′context (C, A, G, T) for all samples; (2) identifying the number of 

processes operative in 49 AF-HCC and 1072 TCGA/ICGC-HCC samples based on the 

signature stability  and Frobenius reconstruction errors obtained for K = 1 to 15 signatures; 

(3) deciphering the mutational signatures (Signature A, B, and C) of all samples with the 

number of processes operative from step 2 using NMF algorithm; (4) comparing Signature A, 

B, C with previously known signatures using cosine similarity through unsupervised 

hierarchical clustering of three mutational signatures identified in our series (Signature A, B, 

and C) and 30 mutational signatures previously identified in a pan-cancer study (Sig 1-30) 20. 

Classifier development 

The whole-genome sequencing results from 36 AF-HCC cases from the high-risk region 

and 72 samples randomly selected from a cohort of 260 Japanese liver cancer patients were 

used to derive the classifier. The sample DO45299 in non-AF group was excluded due to an 

extremely high mutational burden observed in this sample. The mutational signatures were 

extracted from the 108 samples using the NMF method, and their exposure intensities in each 

sample were compared. The extracted Signature A, which is the one most similar to Signature 

24 in the COSMIC database, showed the highest intensities in the AF group.  

For the classifier, the status of AF exposure was used as the outcome variable, and the 

extracted Signature A was used as the predictor. We chose a logistic regression model to fit 

the data, using the R package {glmnet}. We assessed the performance of the classifier using 

cross-validation in the training set with a 30% sample hold-out procedure. Based on 200 

iterations, we calculated the area under the curve (AUC), sensitivity, and specificity. 

Determination of capillarization in HCC tumorous tissues 
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Immunohistological staining of CD34 was used to determine the microvessel density 

within the tumorous tissues.21 Details are in Supplementary Materials and Methods section. 

Determination of PD-L1 expression in HCC tissues 

We used 1:100 diluted rabbit monoclonal anti-human PD-L1 (Cat. No.13684, Cell 

Signaling, MA, USA) and 1:200 diluted mouse monoclonal anti-human CD45 (Cat. ZM-0183, 

ZSGB-Bio, Beijing, China) to examine the expression of PD-L1 in tumor cells and in immune 

cells. Details are in Supplementary Materials and Methods section. 

Analysis of mutations in the CBS region 

The transcription factor binding sites were defined as genomic regions covered by peaks 

in the ChIP-seq data from the HepG2 cell line in ENCODE data.22 The total size of the CTCF 

and RAD21 defined with ENCODE regions was approximately 28 Mb (about 1% of the 

whole genome) and close to 15 Mb (about 0.6% of the whole genome), respectively. The 

overlap between CTCF, RAD21 peaks, and ChIP-exo CBSs regions23 were about 1.2M 

(approximately 0.04% of the whole genome). 

To test the enrichment for mutations on CBS regions compared to the flanking regions, 

we compared the ratio of the total number of mutations to the total number of nucleotide 

positions in the CBS regions (−20 to + 20 nt) and in the flanking region (21 to 1,000 nt on 

either side, respectively) using a Fisher's exact test. We performed this test and fold change 

for CBS regions of six classes of mutation type (C>A, C>G, C>T, T>A, T>C and T>G) 

respectively. 

Mutant peptide MHC binding prediction 

Somatic frameshift insertions, frameshift deletions, and missense mutations were 

analyzed for potential MHC class I binding focusing on HLA-A, HLA-B, and HLA-C. First, 

all mutations in exomes were translated to amino acid alterations using the CCDS database 

from NCBI, and we identified 9-mer and 10-mer epitopes surrounding each mutation. Then 

we analyzed the predicted MHC Class I binding strength of each mutant amino acid 

fragments, using Immune Epitope Database (www.iedb.org). A predicted affinity of less than 

500 nm were considered to be potential binders. We repeated that same process for the 

complementary wild-type peptide for each mutant peptide, to further refine the total 

neoantigen burden. Mutation-associated neoantigen (MANA) was defined with two criteria: 

(1) it was a strong potential binder (2) its complementary wild-type peptide was a weak 

potential binder. 

Results 

Genome-wide study of AF-HCC cases 

We sequenced the genomes of 49 AF-HCC subjects collected in Qidong, a classic 

high-risk region of aflatoxin exposure in China12. The AFB1 level of staple food and the 
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AFM1 level of urine in Qidong tested far above the normal range before the 1980s 

(Supplementary Tables 1 and 2). We performed WGS on 36 samples and whole-exome 

sequencing (WES) on 13 samples and identified an average of 28,408 somatic single-base 

substitutions (SBSs) per genome or 738 per exome (Figure 1A and B). In both the genome 

scale and the exome scale, the mutation load was significantly higher than that in HCCs from 

the general population (P < .0001, unpaired t test; Figure 1A and B). The average number of 

somatic SBSs was 9 per Mb, ranging from 4.7 to 19.0 per Mb (Figure 3A). We compared the 

nonsynonymous mutation load of AF-HCCs with those in four tumor types that were 

associated with group 1 carcinogens (Figure 1C).24-26 UV-exposed melanomas (n = 7), 

smoking-associated lung cancers (n = 10), and Helicobacter pylori-associated gastric cancers 

(n = 8) harbored 336, 192, and 60 nonsynonymous SBSs per exome, respectively. The 

aflatoxin (242 nonsynonymous SBSs per exome) showed a strong mutagenic potential — at a 

level similar to UV or smoking and much stronger than H. pylori. 

Mutational signature of aflatoxin in HCC 

At both the genome and exome levels, the SBSs in AF-HCCs exhibited a mutagenic 

signature, with a dominant mutation pattern of C>A (equal to G>T) transversions (Figure 1D 

and Supplementary Figure 1A). To facilitate comparison of our WGS and exome data with 

that of the HCC samples from the public database, we focused our analysis on the SBSs in the 

coding regions. The C>A mutations showed a strong strand preference, with G>T mutations 

on nontranscribed strands occurring 2.12 times as frequently as those on transcribed strands 

(Figure 1E and Supplementary Figure 1B). In addition, we found a strong preference for a G 

in the base preceding the mutated C residue for both synonymous and nonsynonymous C>A 

mutations (Figure 1F; Supplementary Figures 1C and 3A). In HCC cases reported in the 

TCGA database, C>T (equal to G>A) transitions were the predominant change (28% of SBSs) 

and C>A transversions accounted for 21% of SBSs (Figure 1D). The strand bias of G>T 

mutations between nontranscribed and transcribed was 1.36 in the TCGA cases, compared 

with 2.05 in AF-HCCs (Figure 1E). Our analysis did not identify any significant preference in 

the context of the mutated C>A (Figure 1F). 

We further compared the proportion of the 96 mutational classes between the cases that 

were positive in the urine AFM1 test and those had not had the test. There is a strong 

correlation between the two groups not only in GCN, but also in almost all other classes 

(Supplementary Figure 12, R = 0.9780, P < 0.0001, Pearson Correlation). 

We extracted the mutational signatures from the AF-HCCs with Wellcome Trust Sanger 

Institute Framework software19, 27,28. We identified three signatures and compared them to the 

Signatures of Mutational Processes in Human Cancer in the COSMIC database20 (Figure 1G). 

Signature A, the dominant signature, showed a strong correlation to Signature 24 with a 

cosine correlation similarity of 0.94 (Figure 1G). Compared with Signature 24, Signature A 

showed more mutations in GCN>GAN, and fewer mutations in other classes of alterations 

(Supplementary Figure 8A). The other two signatures correlated with Signature 22 and 

Signature 5, with cosine similarities of 0.98 and 0.94, respectively (Supplementary Figure 7). 

We built a classifier based on Signature A, the most prominent mutational signature extracted 
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from the mutation data of AF-HCC tumors (see Methods). Tested in the training dataset of 36 

AF-exposed HCC and 72 randomly selected cases from a cohort of 260 Japanese liver cancer 

patients, the classifier had a ROC curve AUC of 0.963 (95% CI, 0.962–0.964). 

Mutational signature in individual AF-HCC cases 

In addition to the global mutational signature in the AF-HCC cohort, we examined the 

mutation patterns in each individual case. In 42 of the 49 AF-HCC cases, the majority (more 

than 40%) of mutations were C>A transversions (Figure 2A). The C>A fraction of AF-HCC 

was far higher than in the TCGA cohort, which had a median fraction of C>A mutation of 21% 

and a Standard Deviation (SD) of 6% (Figure 2B). These cases had significant strand 

preferences and an increased GCN pattern in C>A mutations (Figure 2C and D). In four cases, 

C>A transversions were not dominant (Figure 2A). However, C>T transitions were not 

dominant in these samples, either. Instead, A:T>T:A transversions predominated, with a 

preference for the CTG>CAG pattern (Supplementary Figure 2A) and a significant strand 

bias of 2.3 (Supplementary Figure 2B). This signature was similar to that associated with 

aristolochic acid (AA) in prior studies.2,29,30 We identified two cases that harbored both a C>A 

signature (characteristic of aflatoxin exposure) and a T>A signature (characteristic of 

AA-exposure; Figure 2A). The mutations in each signature showed the expected context and 

strand bias (Supplementary Figure 2A and B).  

The distributions of Signatures A, B and C showed a similar pattern. In 43 of the 49 

AF-HCC cases, Signature A dominated or contributed to at least one third of the mutations 

(Figure 1E). In the same four cases, Signature B was dominant (Figure 1E). In two cases, 

Signature A and B were both significant (Figure 1E). 

Contribution of C>A mutational signature to the driver mutations 

The AF-HCC samples displayed a characteristic pattern of mutated genes. Among them, 

TP53, AXIN1, TERT, and ADGRB1 had the highest mutation frequency in AF-HCC (Figure 

3A). Previous studies had reported TP53 mutations on HCCs from the general population. 

However, the TP53 mutation frequency was much higher in AF-HCC (81.6%), and the major 

genotype was the R249S hotspot mutation (Figure 3A and Supplementary Table 6).31 Hotspot 

SBS mutations in the TERT promoter region, as well as HBV integration near the TERT 

promoter region, were frequent in AF-HCCs, which were similar to those in the general 

populations in previous studies (Supplementary Figure 10)32. Several potential driver genes, 

previously unidentified in HCC, were found to have mutated in the AF-HCC cases. Nine of 

the 49 samples harbored mutations in the Adhesion G Protein-Coupled Receptor B1 

(ADGRB1, also known as brain-specific angiogenesis inhibitors 1, BAI1) gene.33,34 ADGRB1 

had a significantly higher mutation frequency in AF-HCC (18.4%) than in HCCs from the 

general population (TCGA/ICGC-HCC; 1.5%, n = 1072; P < .0001, Fisher's exact test) 

(Figure 3B and C). We also identified four mutations in ADGRB2 and two in ADGRB3, 

respectively. All together, 30.6% (15/49) AF-HCCs were mutant in the ADGRB family genes 

(Supplementary Table 7). 

We found no histological differences between the architectures and the cytology of the 
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tumors with ADGRB mutations and the wild-type ADGRB. Interestingly, more CD34-positive 

cells presented in the ADGRB-mutant tumor tissues than in ADGRB-wild-type samples (P 

= .005, unpaired t test; Figure 3D and E). 

The C>A mutational signature was the major contributor to some of the driver mutations 

in the AF-HCC samples. 33 out of the 41 TP53 mutations were C>A changes (Figure 3A). In 

the ICGC database, on the other hand, nine of the top ten SBS hotspot mutations in TP53 

were C>T mutations, and none of them were C>A mutation (Supplementary Figure 3B). In 

addition, seven of the nine ADGRB1 mutations in AF-HCC displayed this specific C>A 

signature. Altogether, 84 (57%) of the 148 potential SBS driver mutations were typical 

changes of the aflatoxin-associated signature, strongly supporting the hypothesis that the 

exposure to aflatoxin was the causative event in these cancers. 

Contribution of the C>A mutational signature to the mutations in noncoding region 

The C>A pattern was also a dominant contributor of the mutations in the noncoding 

regions of transcription binding sites such as CTCF (CCCTC-binding factor)/cohesin-binding 

sites (CBS) (Figure 4). By analyzing transcription factor binding motifs identified in 

chromatin immune-precipitation sequencing (ChIP-seq) data from an HCC cell line,22 we 

identified a 2.15-fold enrichment in CTCF/CBS mutations in the AF-HCC samples (Figure 

4A; P = 3.29 × 10-7, Fisher's exact test). Interestingly, the C>A mutation was the dominant 

contributor of the CTCF/CBS mutations (Figure 4C–H). CBS is an important mutation target 

in the noncoding region of multiple cancer types,23 and aflatoxin-associated exposure 

provided a mechanism to explain the accumulation of mutations in CBS in AF-HCC cases. In 

other transcription factors, such as MAFK (MAF BZIP Transcription Factor K), we did not 

observe any significant increase in the mutation frequency (Figure 4B; P = .55, Fisher's exact 

test). 

HCC with aflatoxin signature in the general population 

We further analyzed the genomes of 1072 HCCs from TCGA and ICGC to find those 

with an aflatoxin fingerprint. Strikingly, 9.8% of the HCCs in China showed a typical 

mutational signature of aflatoxin (CN-AF; Figure 5A), which differed significantly from the 

rest of the HCCs (CN-others; Figure 5C–F). This subgroup, defined by its mutational 

signature, showed a mutational landscape highly consistent with the AF-HCCs. The 

distribution of TP53 genotypes, including the R249S mutation, the non-R249 C>A mutation, 

the non-C>A mutation, and its wild type, was similar to those from the AF-HCCs and 

significantly different from the rest of the HCCs (Figure 5B and Supplementary Table 7). In 

the Chinese population, 4 of the 24 samples with a full or partial aflatoxin signature harbored 

ADGRB1 mutations, while only 4 out of the rest of the 139 samples had mutations in this 

gene (Supplementary Figure 5; P = .02, Fisher's exact test). 

In the USA, 3.5% of HCCs harbored the aflatoxin signature; the ratio in France was 1.7% 

(Figure 5G; Supplementary Figure 4; Supplementary Table 3). The lower incidence did not 

compromise the typicality of the positive cases. Three of the seven AF-HCC cases (43%) in 

the US harbored the canonical TP53 R249S hotspot mutation (Figure 5C), while only 5 of the 
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other 195 HCC cases harbored the R249S mutation (P = .004, Fisher's exact test). Three of 

the four cases with the aflatoxin signature in France harbored TP53 R249S mutations, and the 

other case had a ADGRB1 mutation. On the other hand, France had only one TP53 R249S 

mutation (P < .0001, Fisher's exact test) and one ADGRB1 mutation (P < .03, Fisher's exact 

test) in the rest of the 230 cases. Two independent studies in Japan showed consistently low 

incidence of AF-HCC (Figure 5G), indicating that the difference was mainly due to 

environmental factors instead of genetic background. 

Based on the mutational signature extracted from all of the AF-HCC samples and the 

1072 HCCs in these general populations, we set up a threshold to identify AF-HCC cases in 

the general population without known aflatoxin exposure history (Supplementary Figure 11). 

The threshold was: the proportion of Signature 24 was greater than 45%, and the total number 

of SBSs was greater than 70. With these criteria, we found that the percentage of 

aflatoxin-associated HCCs in the general populations were 8.6, 2.5, 2.1, and 0% in China, the 

USA, France, and Japan, respectively.  

 

Increased MANAs and PD-L1 expression in AF-HCCs 

As AF-HCCs harbored a high mutation load, we evaluated the levels of MANAs in these 

tumors. The AF-HCCs from the high-risk region and CN-AFs from the general population 

both harbored significantly more MANAs than their counterparts (Figure 6A and B). The 

AF-HCC samples showed an increased expression of PD-L1 in both infiltrated immune cells 

(CD45-positive) and tumor cells (Figure 6C). The percentage of PD-L1-positive cells in 

CD45-positive cells in AF-HCC was significantly higher than that in HCCs from the general 

population (GP-HCC; Figure 6D).  

Discussion 

Exposure to exogenous mutagens leads to carcinogenesis, and the mutagens leave their 

special mutational signature as their unique identifier of the mutagenic process.19 Some 

hotspot mutations in frequently mutated driver genes like TP53 have been associated with 

exposure to individual mutagens. However, it remains difficult to determine the association of 

a cancer case to a mutagen based simply on the genotype of a hotspot or a driver gene. 

Genome-wide sequencing of tumors identifies many mutations and provides the statistical 

power to define the detailed characteristics of the mutational signature precisely.30 The precise 

signature makes it possible to detect the involvement of a mutagen in sporadic cancers not 

previously known to be associated with the mutagen.29,30 

In our study, we sequenced the genomes of 49 well-defined AF-HCC samples from a 

high-risk region where the aflatoxin exposure had been widely validated in staple foods, 

blood and urine tests, and public health studies.6,35 Some of the samples had clear evidence of 

aflatoxin exposure in the urine test. The rest of the samples did not have available blood or 

urine results, but their genomes showed highly similar mutational signatures to those with 
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such evidence (Figures 1G and 2A-E). The similarity was not only in the major mutational 

classes of the signature, but also in almost all the 96 classes. This genetic evidence supports 

the former studies that the HCC cases in our cohort are highly consistent in aflatoxin exposure. 

This history of aflatoxin exposure is very difficult to validate in general population, which is 

different from other risk factors like drinking or smoking. To our knowledge, this is the first 

genome-wide study on HCC cases in a cohort with clear evidence of aflatoxin exposure. 

The dominant signature is similar to Signature 24, which earlier studies have indicated as 

being associated with aflatoxin exposure36. Taken together, our study clearly identifies 

Signature A (or Signature 24) as the mutational signature of aflatoxin exposure. Compared 

with Signature 24, signature A showed more preference in GCN>GAN mutations, and 

harbored less mutations in other classes of alterations (Supplementary Figure 8). In this case, 

our data from AF-HCCs in a high-risk region could refine the signature with more AF-HCC 

cases and more dominance of aflatoxin exposure in the process of carcinogenesis. Studies on 

more cohorts of AF-HCCs in other regions at high risk for aflatoxin exposure could further 

validate the signature in highly intensive exposure of aflatoxin. To our knowledge, this study 

is the first to validate the genome-wide aflatoxin signature for human cancers in cases with a 

clinical history of aflatoxin exposure.19, 36  

We obtained the precise signature because of the huge number of mutations from WGS, 

and we identified the HCCs with the same signature from the general population. The HCCs 

selected simply by the mutational signature from the general population was harboring the 

same mutational landscape as the AF-HCCs in high-risk region, but different from the rest 

HCCs in the general population that were not harboring the aflatoxin signature. Furthermore, 

we evaluated the incidence of AF-HCCs in the general populations from four different 

countries all over the world. By direct observation of the characteristics of SBS mutations 

(percentage of C>A mutations among all mutations, of GCN>GAN mutations among C>A 

mutations, and the strand bias), we found that the incidence of aflatoxin-associated HCCs in 

all HCCs in the general populations was 9.8, 3.5, 1.7, and 0.4% in China, the USA, France, 

and Japan, respectively. Analysis based on the fraction of mutational signatures showed a 

similar result with 8.6, 2.5, 2.1, and 0% of AF-HCCs in the general population in China, the 

USA, France, and Japan, respectively.  

The dramatic difference between the two Asian cohorts (China and Japan) strongly 

suggests that the different distribution among countries was mainly a consequence of 

environmental factors rather than genetic background. Furthermore, five out of the seven 

AF-HCC cases identified in the USA had Asian or African ancestry. They may have been 

exposed to aflatoxin in their country of origin. 

The distribution of AF-HCC in the general population as calculated by our genomics 

method was consistent with the figures from epidemiology studies.35,37 In light of the 

genome-wide nature of these studies and the consistency to epidemiological studies, there is 

little doubt that exposure to aflatoxin or a mutagen with similar effects to aflatoxin played a 

pathogenic role in the development of these cancers. 
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Besides the aflatoxin signature, we also identified a T>A dominated signature. This 

Signature B, or Signature 22, had been identified in cancers associated with AA exposure. The 

AA-rich herb, Caulis aristolochiae manshuriensis, was widely used in Chinese traditional 

medicine regimens for a variety of symptoms, including those associated with liver diseases 

— until 2002, when it was largely replaced with Caulis akebiae without AA. These HCC 

cases might be associated with AA taken before 2002. As the genome-wide study provided a 

quantitative identification of aflatoxin-associated cases, we can also classify the cases that 

harbored a partial aflatoxin signature in high-risk or general populations. In the AF-HCCs, we 

identified two cases harboring both aflatoxin- and AA- associated signatures, and the C>A or 

T>A mutations showed the expected context and strand bias of each signature. The proportion 

of Signature A and Signature B were greater than 25% in each case (Figures 1G and 2E). 

Aflatoxin exposure may have played a partial role in the carcinogenesis of these cases, and 

the aflatoxin signature was mixed with some other signatures. Genome-wide studies provide a 

precise way to identify such mixed signatures.  

Our study also identified the characteristic mutation landscape of AF-HCC. Frequently 

mutated driver genes include previously implicated genes like TP53, AXIN1 and TERT. There 

are also several genes that have not been reported in HCCs in previous studies. Among them, 

ADGRB1 is the most frequently mutated in the aflatoxin- associated cohort. ADGRB1 belongs 

to an orphan G-protein-coupled receptor (GPCR) subfamily comprising three brain-specific 

angiogenesis inhibitory genes.38 The other two members of this subfamily, ADGRB2 and 

ADGRB3, are also recurrently mutated in AF-HCC samples. A systemic analysis of multiple 

tumor types has identified ADGRB3 as a driver gene in lung cancer.33 Although lung cancer 

and some other tumor types have a few ADGRB1 and ADGRB2 mutations, the mutation 

frequency was low and it was hard to determine whether these mutations were driver 

mutations or just random.33 In this study, we identified frequent mutations of ADGRB1 in 

AF-HCC. We also identified frequent ADGRB1 mutations in the HCCs from the general 

population harboring the aflatoxin-associated signature. 

Previous studies have shown that the expression of ADGRB1 occurs especially in brain 

tissues and that it inhibits experimental angiogenesis and tumor formation.39,40 The 

thrombospondin type 1 repeats (TSR) domain of ADGRB1 binds to CD36 receptors of 

microvascular endothelial cell membranes, which then leads to endothelial cell apoptosis.41 

Interestingly, the GSE1133 data of expression profiling by microarray (Gene Expression 

Omnibus database) shows that ADGRB1 has a similarly high level of expression in the liver 

as in the brain (Supplementary Figure 9)42. In our study, CD34-staining for neovascularization 

showed significantly higher capillarization in the ADGRB mutated HCC tumorous tissues 

than in those with the wild type ADGRB genes (Figure 3D and E). These data suggest that 

ADGRB1 could play a role similar to the one it plays in brain tissues and that ADGRB1 

alterations could contribute to the tumorigenesis of AF-HCC by supporting angiogenesis. Our 

study identified frequent ADGRB1 mutations and its association with angiogenesis, indicating 

that ADGRB1 could be a novel driver gene. The function and underlining mechanism of 

ADGRB mutations in HCC need to be further studied for potential targets to improve HCC 

therapy.43 
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In recent studies, the nonsynonymous mutation burden and MANA load were associated 

with increased PD-L1 expression levels and were strong predictive markers of anti-PD1 

therapy in melanoma, lung cancer, and other tumor types.13,44,45 The mutation load of 

AF-HCC was comparable to that in UV-associated melanoma and smoking-associated lung 

cancer (Figure 1C). The AF-HCCs from high-risk and general populations both harbored 

significantly more MANAs. The PD-L1 expression was higher in the lymphocytes and tumor 

cells of the AF-HCCs. Taken together; our results indicate that an immune checkpoint 

inhibitor could potentially offer an efficient therapy for AF-HCCs from the high-risk region 

and the general population. 

Our study adds support to the idea that genomic sequencing can inform epidemiologic 

studies. Since China has one of the high-incidence populations of HCC, this study points out 

the importance of managing HCC by controlling the exposure of the general population to 

environmental carcinogens. In addition, it demonstrates that a genome-wide study of 

individual HCC cases from the general population can precisely identify the HCCs associated 

with aflatoxin exposure — that is, those which could benefit from anti-checkpoint therapy. 
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Figure Legends 

Figure 1. Mutational signature of aflatoxin in AF-HCC samples. (A) Mutation counts in the 

whole genome of AF-HCCs and HCCs from the general population in Japan (JP2-HCC). (B) 

Mutation counts in the exome of AF-HCCs and HCCs from the general population in TCGA 

database (TCGA-HCC). (C) The nonsynonymous mutation load in four tumor types 

associated with exposure to Group 1 human carcinogens. (D) Percentage of the six possible 
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mutation classes in the exome of AF-HCC and TCGA-HCC. (E) The proportions of the six 

possible SBSs found on transcribed strand (TS, left side) and nontranscribed strand (NTS, 

right side) in AF-HCC and TCGA-HCC. (F) Sequence contexts of C>A mutations of 

AF-HCC and TCGA-HCC. The height of each base indicates the probability that the base 

appears in the position around the mutated cytosine in the middle. (G) Patterns of three 

signatures (Signature A, B, and C) observed in 49 AF-HCC genomes using the Wellcome 

Trust Sanger Institute mutational signatures framework. 

Figure 2. Mutational signature of individual AF-HCC cases. (A) Distribution of the six 

mutation classes in the 49 individual AF-HCC cases. (B) Scatter plot of the percentage of 

C>A mutations in all SBS mutations in the exome of AF-HCC and TCGA-HCC. (C) Scatter 

plot of the percentage of C>A mutations with GCN contexts in all C>A mutations in coding 

regions. (D) Scatter plot of the strand bias of C>A mutations in the coding regions of the 

AF-HCC and TCGA-HCC samples. This paper expressed the data as mean+SEM in a scatter 

plot. (E) Proportion of signature observed in each AF-HCC samples. 

Figure 3. Recurrently mutated genes in AF-HCC. (A) The mutational spectrum of AF-HCC. 

(B) Diagrams of the mutations in the ADGRB1 gene of 10 AF-HCC samples and 3 samples 

with the ADGRB1 gene mutations from TCGA/ICGC-HCC samples with aflatoxin-associated 

mutational signature (black trilateral, missense mutation; red trilateral, stop gain mutation). (C) 

The mutation frequency of ADGRB1 in AF-HCCs and in HCCs from the general population. 

(D) Representative pictures of CD34 staining in the HCC tissues with (left, ADGRB-Mut) or 

without (right, ADGRB-WT) ADGRB (ADGRB1, ADGRB2, or ADGRB3) mutation. Scale bar 

= 500 µm. (E) Quantification of vessel density in the microscopic fields (n = 9 for ADGRB 

mutant and n = 21 for ADGRB wild type) revealed by CD34, and data represent mean±SEM 

determinants. 

Figure 4. Mutation rate in transcription factor binding sites. (A–B) Mutation rate of SBSs in 

CBS and MAFF transcription factor binding sites and their flanking regions. The relative 

positions of the binding sites are labeled on the X axis. (C–H) Mutation rate of SBSs in the 

six mutation classes in the CBS region and its flanking region.  

Figure 5. Aflatoxin-associated HCC cases in the general population. (A) The scatter plots of 

the individual mutational pattern in HCCs in the Chinese population (CN-HCC). The red 

spots represent the AF-HCC cases from the high-risk region. The green spots (CN-AF) cluster 

with AF-HCC cases (red) and keep apart from the rest of the CN-HCC cases (blue). (B) The 

distribution of TP53 mutations in HCCs with the aflatoxin signature from the high-risk region 

(AF-HCC) and the general population (CN-AF, US/FR-AF) and those in HCCs from the 

general population without the aflatoxin signature (CN-Others and US/FR-Others). (C–E) The 

percentage, context, and strand bias of C>A mutations in the 16 CN-AF cases clustered with 

AF-HCC and the rest of the CN-HCC cases. (F) Mutation count in the exome of 16 CN-AF 

cases clustered with AF-HCC and the rest of the CN-HCC cases. (G) Aflatoxin-associated 

HCC cases identified from 1072 HCCs of the general population without known aflatoxin 

exposure. 
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Figure 6. Mutation-associated neoantigens (MANAs) and immunohistochemistry of PD-L1 

expression in AF-HCC. (A) MANA of the CN-AFs and CN-Others. (B) MANA of 49 

AF-HCC and 50 TCGA-HCC cases. (C) Representative images of PD-L1 (brown dots) and 

CD45 (red dots) staining of aflatoxin-associated HCCs from Qidong (AF-HCC, ID: HQ27, 

top) and the HCCs from the general population (GP-HCC, ID: GP363544, bottom). The 

yellow dashed line separates tumor (T) and stromal (S) tissues. Scale bar, 100 µm. (D) Based 

on the numbers of CD45-positive cells in 3 independent fields under 20× magnification, the 

average percentage of PD-L1-positive cells in each of the HCC cases. Each dot represents one 

case. 
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