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BACKGROUND & AIMS: Dietary exposure to aflatoxin is an importankrfactor for
hepatocellular carcinoma (HCC). However, littlekisown about the genomic features and
mutations of aflatoxin-associated HCCs comparett WMICCs not associated with aflatoxin
exposure. We investigated the genetic featuredlatioain-associated HCC that can be used
to differentiate them from HCCs not associated whik carcinogen.

METHODS: We obtained HCC tumor tissues and matched nowituiver tissues from 49
patients, collected from 1990 through 2016, atQfaong Liver Cancer Hospital Institute in
China—a high-risk region for aflatoxin exposure .38 of food samples test positive for
aflatoxin contamination). Somatic variants wereniifeed using GATK Best Practices
Pipeline. We validated part of the mutations fromhole-genome sequencing and
whole-exome sequencing by Sanger sequencing. Weaaklyzed genomes of 1072 HCCs,
obtained from 5 datasets from China, the UnitedeSta-rance, and Japan. Mutations in 49
aflatoxin-associated HCCs and 1072 HCCs from otlegions were analyzed using the
Wellcome Trust Sanger Institute mutational sigreguiramework with non-negative matrix
factorization. The mutation landscape and mutatisigmatures from the aflatoxin-associated
HCC and HCC samples from general population wemapeosed. We identified genetic
features of aflatoxin-associated HCC, and usecketteglentify aflatoxin-associated HCCs in
datasets from other regions. Tumor samples weréyzath by immunohistochemistry to
determine microvessel density and levels of CD3#@D274 (PDL1).

RESULTS: Aflatoxin-associated HCCs frequently containedA@ransversions, the sequence
motif GCN, and strand bias. In addition to previgugported mutations iTP53 we found
frequent mutations in the adhesion G protein-calipbceptor B1 geneADGRBJ, which
were associated with increased capillary densityunfor tissue. Aflatoxin-associated HCC
tissues contained high-level potential mutatiorsasded neoantigens, and many infiltrating
lymphocytes and tumors cells that expressed PDathpared to HCCs not associated with
aflatoxin. Of the HCCs from China, 9.8% containkd &aflatoxin-associated genetic features,
whereas 0.4%—-3.5% of HCCs from other regions coathithese genetic features.

Conclusions: We identified specific genetic and mutation feasuo¢ HCCs associated with
aflatoxin exposure, including mutations MDGRBJ1 compared to HCCs from general
populations. We associated these mutations witte&sed vascularization and expression of
PDL1 in HCC tissues. These findings might be usedéntify patients with HCC due to
aflatoxin exposure, and select therapies.

KEY WORDS: liver cancer, Aspergillus, risk factor, pathogsise



Introduction

Hepatocellular carcinoma (HCC) is the fifth mostreoon and the second most lethal
cancer in the world.Dietary aflatoxin exposure is an important envinemtal risk factor of
HCC developmertt. Aflatoxin, among the most potent naturally ocaugri human
hepatocarcinogens, was classified as a “group Ihamucarcinogen by the International
Agency for Research on Cancer in 1§9Aflatoxin is produced primarily by the fungi
Aspergillus flavusandA. parasiticus Millions of people worldwide experience unconiedl
exposure to aflatoxifi® Aflatoxin contamination is common in improperlypstd food such
as maize, peanuts, and tree rfuts. some special cases, aflatoxin exposure clusters
high-risk regions where the combination of humidather and improper food storage
conditions expose the majority of the local pogatato aflatoxin, significantly increasing the
incidence of HCC. Identification and removal of gheisk factors has greatly decreased its
incidence in young adults, indicating the impor&nt controlling aflatoxin as a preventative
measuré.

However, most aflatoxin-associated HCC cases amsainly as a consequence of
individual life style and occur sparsely in the ge population. In addition, another
aflatoxin exposure source with increasing importaig from improperly processed food,
such as illegally recycled cooking bBome fast food has been produced using suctooil, t
Aflatoxin is one of the toxins found in such swithboked dirty oil. Such contaminations
would expose the general population to aflatoxid are not detectable by direct observation.
In such cases, patients cannot always provide ar d¢lestory of aflatoxin exposure, and
aflatoxin might be undetectable by the time HCQydizstics come into play. It is difficult to
define and identify such aflatoxin-associated HBE-HCC) cases.

Exposure to exogenous mutagens leads to carcinsigesed the mutagens leave their
special mutational signature as a “fingerprint” thE mutagenic process. The mutagenic
potency of aflatoxin B1 (AFB1) has been studieds@veral species of animaiscluding
rodents and nonhuman primafeShe most famous driver mutation in human is TR53
R249S hotspot mutatidft** However, the mutagenic signature of this carcinoge the
genome-wide level in human remains largely unknownis not known whether the
aflatoxin-associated subtype harbors mutationgiwvedgenes that are canonical in common
HCC or harbors some novel driver mutations witpecgl tumorigenic mechanism.

In this study, we performed whole-genome sequen@¥@S) and exome sequencing on
49 AF-HCC samples collected from the classic higk-area of Qidong in Chind. We
identified and refined the mutational signature affatoxin, which is characterized by
increased i) C>A transversions; ii) the sequencéfrd GCN in C>A mutations; and iii)
strand bias. Besides the canonig&53 hotspot mutation, we found frequent mutations in
ADGRB1 a potential novel driver gene, and in the noncodiegion of CTCF/CBS. We
further analyzed the genomics data from 1072 HC&egdn the general population and
identified the aflatoxin-associated mutational sigme and landscape in a significant fraction
of these HCCs without known aflatoxin exposurejdating the tumorigenic role of aflatoxin



in the general populatiorzurthermore, the AF-HCCs from the high-risk regiand the
general population both harbored high levels ofeptidl mutation-associated neoantigens
(MANASs) and had PD-L1 expression in infiltratingniphocytes and tumor cells, indicating
sensitivity to anti-checkpoint therapies.

Materials and Methods

Subjects and tissue samples

We obtained the HCC tumor tissues and their matchednal tissues from 49
individuals collected between1990 and 2016 at Qidoiner Cancer Hospital Institute. The
study protocol was approved by the institutionaie® board. AFB1 levels in the staple food
(maize) sampled from Qidong were assayed by thiarlaemiquantitative chromatography
and 38.2% of food samples tested positive for @fiatcontamination (Supplementary Table
1). The individual levels of urine AFM1 were evakew by high-pressure liquid
chromatography (HPLC) after the pooled urine sampli@ eight months were
immunoconcentrated (Supplementary Table 2). Suppieny Table 8 summarizes the
general information for the HCC patients.

HCC samples from The Cancer Genome Atlas (TC&And International Cancer
Genome Consortium (ICG&)were included in Supplementary Tables 3 and 9s Bhidy
analyzed five datasets of HCCs in the general @tom. They came from the general
population in China (CN-HCC), USA (US-HCC or TCGAZR), France (FR-HCC) and
Japan (JP1-HCC and JP2-HCC). All 1072 samples fitoese five datasets were named
TCGA/ICGC-HCC. Samples with the aflatoxin-assoadatggnature (AF-model) identified
from a general population were named “**-AF”. Thas&t harboring the aflatoxin signature
were named “**-others”. For example, CN-AF dendtes HCCs with the aflatoxin signature
from the general population in China, and CN-othefers to those without the aflatoxin
signature (Supplementary Table 3).

Exome sequencing and data analysis

We sequenced the exome of around 21,000 proteimgagknes in 13 tumor DNA and
matched normal DNA (Supplementary Table 5). We taoted genomic libraries and capture
the coding sequences with the Agilent SureSeleahatuAll Exon 50Mb Kit and sequenced
the captured libraries with the lllumina HiSeq gemo analyzer. More details are in
Supplementary Materials and Methods section.

Whole-genome sequencing and data analysis

We extracted genomic DNA with DNeasy Blood & Tisdtie (cat# 69504, QIAGEN,
Germany), following the manufacturer’s protocol. @mic DNA was loaded on a 0.8%
agarose gel for quality control. The DNA samplesemased to construct a genomic library
and sequenced by Hiseq X Ten (lllumina) with 15(0P&r-end sequencing). The average
coverage of each base in the genome was 63 (raoge47 to 83) for the tumor and 38



(range from 31 to 43) for the normal samples. Therage of Q30 (the quality value with
99.9% accuracy) was 86% (range from 84 to 89%) fleupentary Table 4). More details are
in Supplementary Materials and Methods section.

HBYV integration analysis

Human genome hgl9 and viral genome (HBV, NC_00397Awere downloaded from
NCBI and included in the reference files when reagse mapped by BWA using the
VirusFinder software (version 28) HBV integration analysis follows a four-step pedare:

(1) read subtraction, (2) virus detection, (3) sifiategration site detection, and (4) viral
mutation detection. The confidence of HBV integrat was sorted by supporting reads (pair
break point reads and softclip reads).

Mutational signature analysis

The mutational signature of 49 AF-HCC and 1072 TAGG&C-HCC were analyzed
using the Wellcome Trust Sanger Institute mutatiosignatures framework with the
algorithm known as non-negative matrix factorizatiNMF)'°. We used a four-step
procedure for mutational signature analysis: (Ijveoting mutation data into 96 mutational
classes comprising the 6 mutation types (C>A, GS&T, T>A, T>C, and T>G), 5 context
(C, A, G, T), and 8 context (C, A, G, T) for all samples; (2) identifgi the number of
processes operative in 49 AF-HCC and 1072 TCGA/IGGIT samples based on the
signature stability and Frobenius reconstructioore obtained for K = 1 to 15 signatures;
(3) deciphering the mutational signatures (Sigreatdy B, and C) of all samples with the
number of processes operative from step 2 using digérithm; (4) comparing Signature A,
B, C with previously known signatures using cosisieilarity through unsupervised
hierarchical clustering of three mutational signesuidentified in our series (Signature A, B,
and C) and 30 mutational signatures previouslytitied in a pan-cancer study (Sig 1-38)

Classifier development

The whole-genome sequencing results from 36 AF-l4&€&s from the high-risk region
and 72 samples randomly selected from a cohor60fJapanese liver cancer patients were
used to derive the classifier. The sample DO4529%®n-AF group was excluded due to an
extremely high mutational burden observed in tlhisygle. The mutational signatures were
extracted from the 108 samples using the NMF metaond their exposure intensities in each
sample were compared. The extracted Signature vt the one most similar to Signature
24 in the COSMIC database, showed the highestditiesiin the AF group.

For the classifier, the status of AF exposure wseduas the outcome variable, and the
extracted Signature A was used as the predictorchldse a logistic regression model to fit
the data, using the R package {gimnet}. We assetsegerformance of the classifier using
cross-validation in the training set with a 30% plamhold-out procedure. Based on 200
iterations, we calculated the area under the c{&lUC), sensitivity, and specificity.

Determination of capillarization in HCC tumorousgues



Immunohistological staining of CD34 was used toedeine the microvessel density
within the tumorous tissuéSDetails are in Supplementary Materials and Mettsatsion.

Determination of PD-L1 expression in HCC tissues

We used 1:100 diluted rabbit monoclonal anti-huniRxL1 (Cat. N0.13684, Cell
Signaling, MA, USA) and 1:200 diluted mouse monoaloanti-human CD45 (Cat. ZM-0183,
ZSGB-Bio, Beijing, China) to examine the expresadi®D-L1 in tumor cells and in immune
cells. Details are in Supplementary Materials arethdds section.

Analysis of mutations in the CBS region

The transcription factor binding sites were defimsdyenomic regions covered by peaks
in the ChIP-seq data from the HepG2 cell line inENDE dat&? The total size of the CTCF
and RAD21 defined with ENCODE regions was approxélya28 Mb (about 1% of the
whole genome) and close to 15 Mb (about 0.6% ofwhele genome), respectively. The
overlap between CTCF, RAD21 peaks, and ChIP-exo SCRgion&® were about 1.2M
(approximately 0.04% of the whole genome).

To test the enrichment for mutations on CBS regimorapared to the flanking regions,
we compared the ratio of the total number of matetito the total number of nucleotide
positions in the CBS regions (-20 to + 20 nt) amdhie flanking region (21 to 1,000 nt on
either side, respectively) using a Fisher's exestt MWe performed this test and fold change
for CBS regions of six classes of mutation type ACE>G, C>T, T>A, T>C and T>G)
respectively.

Mutant peptide MHC binding prediction

Somatic frameshift insertions, frameshift deletiomd missense mutations were
analyzed for potential MHC class | binding focusmmy HLA-A, HLA-B, and HLA-C. First,
all mutations in exomes were translated to amirid alterations using the CCDS database
from NCBI, and we identified 9-mer and 10-mer epés surrounding each mutation. Then
we analyzed the predicted MHC Class | binding gitlenof each mutant amino acid
fragments, using Immune Epitope Database (www.ggdh. A predicted affinity of less than
500 nm were considered to be potential binders. réyfeated that same process for the
complementary wild-type peptide for each mutant tidep to further refine the total
neoantigen burden. Mutation-associated neoantilyXN@A) was defined with two criteria:
(1) it was a strong potential binder (2) its compdmtary wild-type peptide was a weak
potential binder.

Results

Genome-wide study of AF-HCC cases

We sequenced the genomes of 49 AF-HCC subjectectedtl in Qidong, a classic
high-risk region of aflatoxin exposure in ChihaThe AFBL level of staple food and the



AFM1 level of urine in Qidong tested far above thermal range before the 1980s
(Supplementary Tables 1 and 2). We performed WGS3®rsamples and whole-exome
sequencing (WES) on 13 samples and identified anage of 28,408 somatic single-base
substitutions (SBSs) per genome or 738 per exorgrir@ 1A and B). In both the genome
scale and the exome scale, the mutation load wagfisantly higher than that in HCCs from
the general populatiorP(< .0001, unpaired t test; Figure 1A and B). Therage number of
somatic SBSs was 9 per Mb, ranging from 4.7 to p@:OMb (Figure 3A). We compared the
nonsynonymous mutation load of AF-HCCs with thosefdur tumor types that were
associated with group 1 carcinogens (Figure 4€).UV-exposed melanomas (n = 7),
smoking-associated lung cancers (n = 10), ldalicobacter pyloriassociated gastric cancers
(n = 8) harbored 336, 192, and 60 nonsynonymoussSBS$ exome, respectively. The
aflatoxin (242 nonsynonymous SBSs per exome) sh@aws&tbng mutagenic potential — at a
level similar to UV or smoking and much strongearthi. pylori.

Mutational signature of aflatoxin in HCC

At both the genome and exome levels, the SBSs itHBEs exhibited a mutagenic
signature, with a dominant mutation pattern of Gegual to G>T) transversions (Figure 1D
and Supplementary Figure 1A). To facilitate cormgxami of our WGS and exome data with
that of the HCC samples from the public databagefogused our analysis on the SBSs in the
coding regions. The C>A mutations showed a strarand preference, with G>T mutations
on nontranscribed strands occurring 2.12 timegexguéntly as those on transcribed strands
(Figure 1E and Supplementary Figure 1B). In addjtive found a strong preference for a G
in the base preceding the mutated C residue fdr §gtonymous and nonsynonymous C>A
mutations (Figure 1F; Supplementary Figures 1C A}l In HCC cases reported in the
TCGA database, C>T (equal to G>A) transitions wiheepredominant change (28% of SBSs)
and C>A transversions accounted for 21% of SBSgufEi 1D). The strand bias of G>T
mutations between nontranscribed and transcribexl @6 in the TCGA cases, compared
with 2.05 in AF-HCCs (Figure 1E). Our analysis dit identify any significant preference in
the context of the mutated C>A (Figure 1F).

We further compared the proportion of the 96 mateti classes between the cases that
were positive in the urine AFML1 test and those hadl had the test. There is a strong
correlation between the two groups not only in G®Nt also in almost all other classes
(Supplementary Figure 12, R = 0.9780s 0.0001, Pearson Correlation).

We extracted the mutational signatures from theH&Fes with Wellcome Trust Sanger
Institute Framework softwate?”?® We identified three signatures and compared tteethe
Signatures of Mutational Processes in Human Candéie COSMIC databa®(Figure 1G).
Signature A, the dominant signature, showed a gtimmrrelation to Signature 24 with a
cosine correlation similarity of 0.94 (Figure 1&ompared with Signature 24, Signature A
showed more mutations in GCN>GAN, and fewer mutetion other classes of alterations
(Supplementary Figure 8A). The other two signhaturesrelated with Signature 22 and
Signature 5, with cosine similarities of 0.98 an@4Q respectively (Supplementary Figure 7).
We built a classifier based on Signature A, thetrposminent mutational signature extracted



from the mutation data of AF-HCC tumors (see Mef)odiested in the training dataset of 36
AF-exposed HCC and 72 randomly selected casesdroohort of 260 Japanese liver cancer
patients, the classifier had a ROC curve AUC 068.85% CI, 0.962-0.964).

Mutational signature in individual AF-HCC cases

In addition to the global mutational signature e tAF-HCC cohort, we examined the
mutation patterns in each individual case. In 42hef49 AF-HCC cases, the majority (more
than 40%) of mutations were C>A transversions (Fg2A). The C>A fraction of AF-HCC
was far higher than in the TCGA cohort, which hadedian fraction of C>A mutation of 21%
and a Standard Deviation (SD) of 6% (Figure 2B)edéh cases had significant strand
preferences and an increased GCN pattern in C>Atious (Figure 2C and D). In four cases,
C>A transversions were not dominant (Figure 2A).wedeer, C>T transitions were not
dominant in these samples, either. Instead, A:T>Faksversions predominated, with a
preference for the CTG>CAG pattern (Supplementagure 2A) and a significant strand
bias of 2.3 (Supplementary Figure 2B). This sigrettwas similar to that associated with
aristolochic acid (AA) in prior studiés®>**We identified two cases that harbored both a C>A
signature (characteristic of aflatoxin exposured am T>A signature (characteristic of
AA-exposure; Figure 2A). The mutations in each atgre showed the expected context and
strand bias (Supplementary Figure 2A and B).

The distributions of Signatures A, B and C showesinailar pattern. In 43 of the 49
AF-HCC cases, Signature A dominated or contributedt least one third of the mutations
(Figure 1E). In the same four cases, Signature B éaninant (Figure 1E). In two cases,
Signature A and B were both significant (Figure.1E)

Contribution of C>A mutational signature to the v mutations

The AF-HCC samples displayed a characteristic patiemutated genes. Among them,
TP53 AXIN], TERT, andADGRB1had the highest mutation frequency in AF-HCC (Fégur
3A). Previous studies had report€®53 mutations on HCCs from the general population.
However, theTP53mutation frequency was much higher in AF-HCC (8d)6and the major
genotype was the R249S hotspot mutation (Figurar@hSupplementary Table B)Hotspot
SBS mutations in the TERT promoter region, as wslIHBV integration near the TERT
promoter region, were frequent in AF-HCCs, whichreveimilar to those in the general
populations in previous studies (Supplementary feidi0f%. Several potential driver genes,
previously unidentified in HCC, were found to hawetated in the AF-HCC cases. Nine of
the 49 samples harbored mutations in the AdhesioPr@ein-Coupled Receptor Bl
(ADGRB1 also known as brain-specific angiogenesis inbibitl, BAl1) gene®*3* ADGRB1
had a significantly higher mutation frequency in-AEC (18.4%) than in HCCs from the
general population (TCGA/ICGC-HCC; 1.5%, n = 10R< .0001, Fisher's exact test)
(Figure 3B and C). We also identified four mutasom ADGRB2and twoin ADGRB3
respectively. All together, 30.6% (15/48F-HCCs were mutant in theDGRBfamily genes
(Supplementary Table 7).

We found no histological differences between thehiéectures and the cytology of the



tumors withADGRBmutations and the wild-typ8@DGRB Interestingly, more CD34-positive
cells presented in thADGRBmutant tumor tissues than BRDGRBwild-type samplesK
= .005,unpaired t test; Figure 3D and E).

The C>A mutational signature was the major contdbto some of the driver mutations
in the AF-HCC samples. 33 out of the BR53 mutations were C>A changes (Figure 3A). In
the ICGC database, on the other hand, nine ofdpaen SBS hotspot mutations TiP53
were C>T mutations, and none of them were C>A rartaiSupplementary Figure 3B). In
addition, seven of the ninADGRB1 mutations in AF-HCC displayed this specific C>A
signature. Altogether, 84 (57%) of the 148 potén8BS driver mutations were typical
changes of the aflatoxin-associated signaturengtyosupporting the hypothesis that the
exposure to aflatoxin was the causative eventdedltancers.

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

The C>A pattern was also a dominant contributothef mutations in the noncoding
regions of transcription binding sites such as CTCECTC-binding factor)/cohesin-binding
sites (CBS) (Figure 4). By analyzing transcriptiactor binding motifs identified in
chromatin immune-precipitation sequencing (ChIP}sgafa from an HCC cell lin&, we
identified a 2.15-fold enrichment in CTCF/CBS migas in the AF-HCC samples (Figure
4A: P = 3.29 X 10, Fisher's exact test). Interestingly, the C>A matawas the dominant
contributor of the CTCF/CBS mutations (Figure 4C—€IBS is an important mutation target
in the noncoding region of multiple cancer typesind aflatoxin-associated exposure
provided a mechanism to explain the accumulatiomwfations in CBS in AF-HCC cases. In
other transcription factors, such as MAFK (MAF BZIRanscription Factor K), we did not
observe any significant increase in the mutatieqdency (Figure 4B? = .55, Fisher's exact
test).

HCC with aflatoxin signature in the general popidat

We further analyzed the genomes of 1072 HCCs fr@&A and ICGC to find those
with an aflatoxin fingerprint. Strikingly, 9.8% dhe HCCs in China showed a typical
mutational signature of aflatoxin (CN-AF; Figure Avhich differed significantly from the
rest of the HCCs (CN-others; Figure 5C-F). Thisgsabp, defined by its mutational
signature, showed a mutational landscape highlysistant with the AF-HCCs. The
distribution of TP53genotypes, including the R249S mutation, the n2d9RC>A mutation,
the non-C>A mutation, and its wild type, was simita those from the AF-HCCs and
significantly different from the rest of the HCOSidure 5B and Supplementary Table 7). In
the Chinese population, 4 of the 24 samples witlllar partial aflatoxin signature harbored
ADGRB1mutations, while only 4 out of the rest of the 1&fnples had mutations in this
gene (Supplementary FigureB:= .02, Fisher's exact test).

In the USA, 3.5% of HCCs harbored the aflatoximaimgre; the ratio in France was 1.7%
(Figure 5G; Supplementary Figure 4; Supplementayiel 3). The lower incidence did not
compromise the typicality of the positive casesteEhof the seven AF-HCC cases (43%) in
the US harbored the canonid@53R249S hotspot mutation (Figure 5C), while onlyf5he



other 195 HCC cases harbored the R249S mutafien .004, Fisher's exact test). Three of
the four cases with the aflatoxin signature in EeaharboredP53R249S mutations, and the
other case had ADGRB1mutation. On the other hand, France had only TiR83 R249S
mutation P < .0001, Fisher's exact test) and &i2GRB1mutation P < .03, Fisher's exact
test) in the rest of the 230 cases. Two indepensteidies in Japan showed consistently low
incidence of AF-HCC (Figure 5G), indicating thatethdifference was mainly due to
environmental factors instead of genetic background

Based on the mutational signature extracted frdnofalhe AF-HCC samples and the
1072 HCCs in these general populations, we set thypeahold to identify AF-HCC cases in
the general population without known aflatoxin esyp@ history (Supplementary Figure 11).
The threshold was: the proportion of Signature 24 greater than 45%, and the total number
of SBSs was greater than 70. With these criterie, found that the percentage of
aflatoxin-associated HCCs in the general populatisare 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 evallizhe levels of MANAs in these
tumors. The AF-HCCs from the high-risk region and-&Fs from the general population
both harbored significantly more MANAs than thewouaterparts (Figure 6A and B). The
AF-HCC samples showed an increased expression dflPiD both infiltrated immune cells
(CD45-positive) and tumor cells (Figure 6C). Theceatage of PD-L1-positive cells in
CD45-positive cells in AF-HCC was significantly higr than that in HCCs from the general
population (GP-HCC; Figure 6D).

Discussion

Exposure to exogenous mutagens leads to carcinsigeaad the mutagens leave their
special mutational signature as their unique idientiof the mutagenic proce$s.Some
hotspot mutations in frequently mutated driver gelike TP53 have been associated with
exposure to individual mutagens. However, it remdiifficult to determine the association of
a cancer case to a mutagen based simply on thdygenof a hotspot or a driver gene.
Genome-wide sequencing of tumors identifies manyatians and provides the statistical
power to define the detailed characteristics ofrtiwtational signature preciséfyThe precise
signature makes it possible to detect the involvenaé a mutagen in sporadic cancers not
previously known to be associated with the mutagéh.

In our study, we sequenced the genomes of 49 weéled AF-HCC samples from a
high-risk region where the aflatoxin exposure ha&erb widely validated in staple foods,
blood and urine tests, and public health stutif@Some of the samples had clear evidence of
aflatoxin exposure in the urine test. The resthef $amples did not have available blood or
urine results, but their genomes showed highly lamiutational signatures to those with



such evidence (Figures 1G and 2A-E). The similasis not only in the major mutational
classes of the signature, but also in almost alla® classes. This genetic evidence supports
the former studies that the HCC cases in our carerhighly consistent in aflatoxin exposure.
This history of aflatoxin exposure is very diffictib validate in general population, which is
different from other risk factors like drinking smoking. To our knowledge, this is the first
genome-wide study on HCC cases in a cohort withragidence of aflatoxin exposure.

The dominant signature is similar to Signaturevi2dich earlier studies have indicated as
being associated with aflatoxin expostreTaken together, our study clearly identifies
Signature A (or Signature 24) as the mutationahatigre of aflatoxin exposure. Compared
with Signature 24, signature A showed more prefegein GCN>GAN mutations, and
harbored less mutations in other classes of alb@sa(Supplementary Figure 8). In this case,
our data from AF-HCCs in a high-risk region couddime the signature with more AF-HCC
cases and more dominance of aflatoxin exposureeiptocess of carcinogenesis. Studies on
more cohorts of AF-HCCs in other regions at higlk fior aflatoxin exposure could further
validate the signature in highly intensive exposafraflatoxin. To our knowledge, this study
is the first to validate the genome-wide aflatogignature for human cancers in cases with a
clinical history of aflatoxin exposuré.

We obtained the precise signature because of the humber of mutations from WGS,
and we identified the HCCs with the same signafuma the general population. The HCCs
selected simply by the mutational signature from ¢ieneral population was harboring the
same mutational landscape as the AF-HCCs in higjhnegion, but different from the rest
HCCs in the general population that were not hangathe aflatoxin signature. Furthermore,
we evaluated the incidence of AF-HCCs in the gdnpogulations from four different
countries all over the world. By direct observatiminthe characteristics of SBS mutations
(percentage of C>A mutations among all mutatioisGEGN>GAN mutations among C>A
mutations, and the strand bias), we found thairntbielence of aflatoxin-associated HCCs in
all HCCs in the general populations was 9.8, 3.3, 4nd 0.4% in China, the USA, France,
and Japan, respectively. Analysis based on thdidraof mutational signatures showed a
similar result with 8.6, 2.5, 2.1, and 0% of AF-HED the general population in China, the
USA, France, and Japan, respectively.

The dramatic difference between the two Asian csh¢China and Japan) strongly
suggests that the different distribution among toesm was mainly a consequence of
environmental factors rather than genetic backgioufrurthermore, five out of the seven
AF-HCC cases identified in the USA had Asian oriédn ancestry. They may have been
exposed to aflatoxin in their country of origin.

The distribution of AF-HCC in the general populatias calculated by our genomics
method was consistent with the figures from epidéogy studies™’ In light of the
genome-wide nature of these studies and the censisto epidemiological studies, there is
little doubt that exposure to aflatoxin or a mutagégth similar effects to aflatoxin played a
pathogenic role in the development of these cancers



Besides the aflatoxin signature, we also identifled>A dominated signature. This
Signature B, or Signature 22, had been identifiecbincers associated with AA exposure. The
AA-rich herb, Caulis aristolochiae manshuriensigswvidely used in Chinese traditional
medicine regimens for a variety of symptoms, intlgdhose associated with liver diseases
— until 2002, when it was largely replaced with @mw@akebiae without AA. These HCC
cases might be associated with AA taken before 2862he genome-wide study provided a
guantitative identification of aflatoxin-associatedses, we can also classify the cases that
harbored a partial aflatoxin signattinehigh-risk or general populationk the AF-HCCs, we
identified two cases harboring both aflatoxin- #&#& associated signatures, and the C>A or
T>A mutations showed the expected context and dtoéas of each signature. The proportion
of Signature A and Signature B were greater tha &b each case (Figures 1G and 2E).
Aflatoxin exposure may have played a partial roldéhie carcinogenesis of these cases, and
the aflatoxin signature was mixed with some otligmatures. Genome-wide studies provide a
precise way to identify such mixed signatures.

Our study also identified the characteristic motatiandscape of AF-HCC. Frequently
mutated driver genes include previously implicajedes likeTP53 AXIN1andTERT There
are also several genes that have not been report¢dCs in previous studies. Among them,
ADGRBL1is the most frequently mutated in the aflatoxissaciated cohorADGRB1belongs
to an orphan G-protein-coupled receptor (GPCR)aully comprising three brain-specific
angiogenesis inhibitory gen&sThe other two members of this subfamiyDGRB2 and
ADGRB3 are also recurrently mutated in AF-HCC samplesygtemic analysis of multiple
tumor types has identifietdDGRB3as a driver geni lung cancef® Although lung cancer
and some other tumor types have a #8RGRB1and ADGRB2mutations, the mutation
frequency was low and it was hard to determine hdrethese mutations were driver
mutations or just randoffi.In this study, we identified frequent mutations AIDGRB1in
AF-HCC. We also identified freque®tDGRB1 mutations in the HCCs from the general
population harboring the aflatoxin-associated digrea

Previous studies have shown that the expressi®tD@RB1 occurs especially in brain
tissues and that it inhibits experimental angiogeneand tumor formatioit:*® The
thrombospondin type 1 repeats (TSR) domain of ADGREnds to CD36 receptors of
microvascular endothelial cell membranes, whicntleads to endothelial cell apoptoSis.
Interestingly, the GSE1133 data of expression limgfiby microarray (Gene Expression
Omnibus database) shows t#ddGRB1has a similarly high level of expression in theeti
as in the brain (Supplementary Figur&9n our study, CD34-staining for neovascularizatio
showed significantly higher capillarization in tAdOGRB mutated HCC tumorous tissues
than in those with the wild typADGRBgenes (Figure 3D and E). These data suggest that
ADGRB1 could play a role similar to the one it @ay brain tissues and thADGRB1
alterations could contribute to the tumorigene$i8fe-HCC by supporting angiogenesis. Our
study identified frequePADGRB1mutations and its association with angiogenesdicating
that ADGRB1could be a novel driver gene. The function andeuliming mechanism of
ADGRB mutations in HCC need to be further studied faieptial targets to improve HCC
therapy®®



In recent studies, the nonsynonymous mutation luathel MANA load were associated
with increased PD-L1 expression levels and werengtrpredictive markers of anti-PD1
therapy in melanoma, lung cancer, and other turgpest®**** The mutation load of
AF-HCC was comparable to that in UV-associated naiza and smoking-associated lung
cancer (Figure 1C). The AF-HCCs from high-risk aggheral populations both harbored
significantly more MANAs. The PD-L1 expression wagher in the lymphocytes and tumor
cells of the AF-HCCs. Taken together; our resuitdidate that an immune checkpoint
inhibitor could potentially offer an efficient tregry for AF-HCCs from the high-risk region
and the general population.

Our study adds support to the idea that genomioeseing can inform epidemiologic
studies. Since China has one of the high-incidgagrilations of HCC, this study points out
the importance of managing HCC by controlling tixpasure of the general population to
environmental carcinogens. In addition, it dematss that a genome-wide study of
individual HCC cases from the general populatiom peecisely identify the HCCs associated
with aflatoxin exposure — that is, those which cbioénefit from anti-checkpoint therapy.
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Figure Legends

Figure 1. Mutational signature of aflatoxin in AF-HCC sangl¢A) Mutation counts in the
whole genome of AF-HCCs and HCCs from the geneavplfation in Japan (JP2-HCCPB)(
Mutation counts in the exome of AF-HCCs and HC@snfthe general population in TCGA
database (TCGA-HCC).C) The nonsynonymous mutation load in four tumoreg/p
associated with exposure to Group 1 human carcitod®) Percentage of the six possible



mutation classes in the exome of AF-HCC and TCGACH(E) The proportions of the six
possible SBSs found on transcribed strand (TS,sléft) and nontranscribed strand (NTS,
right side) in AF-HCC and TCGA-HCC.FJ Sequence contexts of C>A mutations of
AF-HCC and TCGA-HCC. The height of each base ind&dhe probability that the base
appears in the position around the mutated cytosinge middle.(G) Patterns of three
signatures (Signature A, B, and C) observed in #HEC genomes using the Wellcome
Trust Sanger Institute mutational signatures fraor&w

Figure 2. Mutational signature of individual AF-HCC case#) Distribution of the six
mutation classes in the 49 individual AF-HCC ca¢B3$.Scatter plot of the percentage of
C>A mutations in all SBS mutations in the exomeA6fHCC and TCGA-HCC. Q) Scatter
plot of the percentage of C>A mutations with GChhtexts in all C>A mutations in coding
regions. D) Scatter plot of the strand bias of C>A mutatiamghe coding regions of the
AF-HCC and TCGA-HCC samples. This paper expredsedlata as mean+SEM in a scatter
plot. (E) Proportion of signature observed in each AF-HCGdas.

Figure 3. Recurrently mutated genes in AF-HC®) The mutational spectrum of AF-HCC.
(B) Diagrams of the mutations in tRdDGRB1gene of 10 AF-HCC samples and 3 samples
with the ADGRB1gene mutations from TCGA/ICGC-HCC samples witlatafkin-associated
mutational signature (black trilateral, missenseation; red trilateral, stop gain mutation{)(
The mutation frequency #&DGRB1lin AF-HCCs and in HCCs from the general population
(D) Representative pictures of CD34 staining in tl@CHissues with (IeftADGRBMut) or
without (right, ADGRBWT) ADGRB(ADGRB1 ADGRB2,0r ADGRB3 mutation. Scale bar

= 500um. (E) Quantification of vessel density in the microdcojelds (n = 9 forADGRB
mutant and n = 21 foADGRBwild type) revealed by CD34, and data representnt®gM
determinants.

Figure 4. Mutation rate in transcription factor binding sit¢A—B) Mutation rate of SBSs in
CBS and MAFF transcription factor binding sites ahdir flanking regions. The relative
positions of the binding sites are labeled on thax}. C—H) Mutation rate of SBSs in the
six mutation classes in the CBS region and itskftagnregion.

Figure 5. Aflatoxin-associated HCC cases in the general ladpn. (A) The scatter plots of
the individual mutational pattern in HCCs in their@se population (CN-HCC). The red
spots represent the AF-HCC cases from the highreiglon. The green spots (CN-AF) cluster
with AF-HCC cases (red) and keep apart from theabthe CN-HCC cases (blueB)(The
distribution of TP53mutations in HCCs with the aflatoxin signaturenfrthe high-risk region
(AF-HCC) and the general population (CN-AF, US/FR}Aand those in HCCs from the
general population without the aflatoxin signat{(€&l-Others and US/FR-Othersf«E) The
percentage, context, and strand bias of C>A mutatio the 16 CN-AF cases clustered with
AF-HCC and the rest of the CN-HCC casé9. Mutation count in the exome of 16 CN-AF
cases clustered with AF-HCC and the rest of theHING cases.@) Aflatoxin-associated
HCC cases identified from 1072 HCCs of the genpogulation without known aflatoxin
exposure.



Figure 6. Mutation-associated neoantigens (MANAs) and imnimistochemistry of PD-L1
expression in AF-HCC.A) MANA of the CN-AFs and CN-OthersB] MANA of 49
AF-HCC and 50 TCGA-HCC case<)(Representative images of PD-L1 (brown dots) and
CD45 (red dots) staining of aflatoxin-associatedd4drom Qidong (AF-HCC, ID: HQ27,
top) and the HCCs from the general population (GFCH ID: GP363544, bottom). The
yellow dashed line separates tumor (T) and str¢@jatissues. Scale bar, 1(fth. (D) Based

on the numbers of CD45-positive cells in 3 indegendields under 20x magnification, the
average percentage of PD-L1-positive cells in ed¢he HCC cases. Each dot represents one

case.
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