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Introduction: Genome-wide association studies identified susceptibility loci in the major
histocompatibility complex region for hepatitis B virus (HBV)-related hepatocellular carcinoma
(HCC). However, the causal variants underlying HBV-related HCC pathogenesis remain elusive.
Methods: With a total of 1,161 HBV-related HCC cases and 1,353 chronic HBV carriers
without HCC, we imputed human leukocyte antigen (HLA) variants based on a Chinese
HLA reference panel and evaluated the associations of these variants with the risk of HBV-
related HCC. Conditional analyses were used to identify independent signals associated with
the risk of HBV-related HCC (P false-discovery rate (FDR) <0.20). A total of 14,930 variants
within the MHC region were genotyped or imputed.

Results: We identified two variants, rs114401688 (P = 1.05 x 107, Prpg = 2.43 x 1073) and
13115126566 (P = 9.04 x 107>, Pppr = 1.77 x 107"), that are independently associated with
the risk of HBV-related HCC. Single nucleotide polymorphism (SNP) rs114401688 is in
linkage disequilibrium with a previously reported SNP 1s9275319. In the current study, we
found that its association with HCC could be explained by HLA-DQB1*04 and HLA-
DRB1*04. SNP rs115126566 is a novel risk variant and may function by regulating
transcriptions of HLA-DPA1/DPB1 through enhancer-mediated mechanisms. HLA zygosity
analysis showed that homozygosity at HLA-DQBI1 gene is suggestively associated with
a higher risk of HCC (P = 0.10) and the risk was more pronounced in the older age group
(age =50, P = 0.03).

Discussion: Our findings further the understanding of the genetic basis for HBV-related
HCC predisposition in chronic HBV carriers.
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Introduction

Liver cancer is the sixth most common malignancy worldwide. Globally, it is
estimated that approximately 841,000 new liver cancer cases were identified in
2018. Liver cancer is also the fourth leading cause of cancer mortality in 2018,
resulting in approximately 781,000 deaths.' About 85-90% of primary liver malig-
nancies are hepatocellular carcinoma (HCC).> Approximately 85% of HCC in
China is hepatitis B virus (HBV)-related.” However, only a small fraction of
chronic HBV carriers develop HCC. Despite the fact that pathogenesis of HBV-
related HCC has not been fully understood,* host susceptibility is considered as
one of the important risk factors for the progression of HBV-related HCC among
chronic HBV carriers.®”’
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Genome-wide association studies (GWASs) have been
widely used to identify different risk loci of various
diseases.'™'" Twelve susceptibility loci of HBV-related
HCC have been identified over the past decade, of which
six variants are located in the major histocompatibility
complex (MHC) region.®*'*'* Human leukocyte anti-
gens (HLA), cell-surface proteins encoded from the
MHC region, play a pivotal role in cancer immune sur-
veillance and viral clearance in various virus-related can-
cers by presenting antigens to T-cells.'”>"'” Alleles and
polymorphisms of HLA may have diverse impacts on
antigen presentations in different processes and therefore
show disease-specific associations.'> HLA gene variation
is associated with risk of cancers, particularly for those
with infectious etiology.'® For instance, variants of HLA-
DPAI and HLA-DPBI have been associated with cervical
cancer, a cancer that is caused by human papillomavirus
(HPV) infection.'” As another example, HLA-A*11:01
could be a protective marker for nasopharyngeal carci-
noma caused by Epstein—Barr virus (EBV).?° These stu-
dies suggest the role of HLA polymorphisms in virus-
related cancer immune surveillance. Identification and
characterization of HLA polymorphisms may help to dee-
pen our understanding of cancer risk.

It is challenging to interpret MHC associations as it is
one of the most polymorphic regions in the human genome
with the strongest linkage disequilibrium (LD) and high
gene density. Recently, Zhou et al have performed a deep
sequencing of the entire MHC region in more than 10,000
Han Chinese healthy individuals.' This database provides
us with a high-quality reference to further infer the HLA
alleles in Han Chinese.?' In the present study, we per-
formed a fine-mapping analysis based on our previously
published GWAS by imputing HLA variations using this
Chinese HLA reference panel to dissect in detail the
genetic causal factors underlying HBV-related HCC
pathogenesis.

Materials and Methods
Study Participants and Genotyping

A total of 2,514 chronic HBV carriers were included in the
present study, including 1,161 HBV-related HCC cases
and 1,353 chronic HBV carriers without HCC at recruit-
ment as controls (Supplementary Table 1). Detailed infor-

mation on these subjects was described elsewhere.’
Briefly, chronic HBV carriers were defined as individuals
who were positive for both HBV surface antigen (HBsAg)

and immunoglobulin G antibody to HBV core antigen for
at least 6 months. Diagnosis with HCC was based on (i)
positive images on angiogram, ultrasonography, computed
tomography and/or magnetic resonance imaging, com-
bined with an a-fetoprotein concentration of >400 ng/mL
and/or (ii) positive findings on cytological or pathological
examination. All patients did not have HIV or HCV anti-
bodies and other types of liver disease, such as primary
biliary cirrhosis, toxic hepatitis and autoimmune hepatitis.
Before participating in this study, informed consent was
obtained from all participants. The ethical committees of
all institutions involved in this study have approved the
study. This study was conducted in accordance with
Declaration of Helsinki principles.

Genome-wide scan was performed using Illumina
Human OmniExpress BeadChips at Genergy Biotech cov-
ering 733,202 SNPs, from which 6,271 SNPs located
within the MHC regions (29 to 34 Mb on chromosome
6, NCBI Build 37) were extracted.

Imputation of HLA Variants and Quality

Control

We performed HLA imputation using the software
SNP2HLA?** based on the reference panel of the Han
Chinese population (n = 10,689).>" A total of 29,948
HLA variants (ie, SNPs, HLA amino acid polymorphisms
and HLA alleles) were included in this reference panel.
We applied post-imputation quality control to filter
imputed HLA variants with minor allele frequency
(MAF) less than 5% and imputation quality (INFO) less
than 0.7 (Figure 1). ‘Best-guess’ genotypes were generated
by SNP2HLA for imputed variants. These variants are
major and minor alleles for biallelic variants or presence
and absence of each allele for multiallelic variants.**

Consistency Between Imputation Method
and Sequence-Based Typing (SBT)
Method

To validate the imputation performance, we compared the
imputed HLA alleles to the 4-digit HLA sequencing data
(obtained from sequence-based typing [SBT] approach) on
three HLA class II loci (ie, HLA-DQAI, -DQBI, and -
DRBI) for 936 subjects (478 HCC cases and 458 controls)
included in this study. Sensitivity, specificity, and accuracy
for each HLA allele obtained from SBT were investigated.
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1,161 HBV-related HCC cases VS. 1,353 chronic HBV carriers

Imputed by SNP2HLA with Han
< .
Chinese reference panel

431 classical HLA alleles, 1,139
2227 indels an

AA amino acids polymorphisms,
d 26151 SNPs

INFO <0.7 or MAF <0.05 (in cases
and controls) were removed

14,930 variants including 69 classical HLA alleles, 528 AA amino
acids polymorphisms, 14,333 SNPs

Conditional analysis with a cut-off of
Prpr <0.2

2 loci independently associated with HCC were identified:
rs114401688 (OR=0.62, P=1.05x1076, Pgpg=2.43x103)
rs115126566 (OR=1.30, P=9.56x1075, Prpr=1.77x10")

Figure | Schematic of the study design and workflow.

Association Analysis of HLA Variants with
HBV-Related HCC Risk

All the HLA variants were defined as biallelic variable
(including biallelic SNPs, two- and four-digit biallelic
classic HLA alleles, and biallelic HLA amino acid poly-
morphisms for respective residues). By assuming an addi-
tive model, logistic regression was used to evaluate the
association of HLA variants with HCC risk adjusting for
age and sex. Principal components were not included in
the analysis because no population substructure is
observed. Conditional analyses were used to identify the
independent signals, that is, the most significant variant
was included in the next model as covariates and repeated
the same step until no variants reached the study-wide
significance threshold, which was defined as Prpr < 0.20
in our study.

Association of HLA Zygosity with
HBV-Related HCC Risk

It is hypothesized that diversity in the HLA genes is
associated with disease outcomes — the heterozygote
advantage hypothesis. We also tested this hypothesis
by assessing the association between HLA zygosity

and HBV-related HCC using logistic regression mod-
els. Individuals were classified as homozygotes at
a given locus when imputed to carry the same 4-digit

allele for the two HLA alleles at that locus.

Functional Annotation of Independent

HBV-Related HCC Association
NESDA NTR Conditional eQTL Catalog (https://eqtl.
onderzoek.io/) was used to perform the expression
quantitative trait loci (eQTL) analysis in peripheral
blood for SNPs independently associated with HCC.
To investigate their cis-regulatory roles, we mapped
SNPs to H3K27AC ChIP-seq, DNase peaks, and tran-
scription factors binding sites using WASHU epigen-
ome browser (http://epigenomegateway.wustl.edu/

browser/).

Results
General Description of the Study

Population and Imputation Results

All participants were Han Chinese and recruited from
Qidong, an area with the highest incidence of HCC in
China (Supplementary Table 1). Based on the HLA
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reference panel of Han Chinese population (n =
10,689),>' we imputed 14,930 HLA variants from
1,161 HBV-related HCC cases and 1,353 CHB controls
using SNP2HLA software.””> Those HLA variants
included 14,333 SNPs, 69 two-/four-digit HLA alleles
and 528 amino acid polymorphisms (Figure 1).

We evaluated the sensitivity, specificity and accuracy
of HLA alleles imputed by SNP2HLA, against 12 HLA
alleles obtained based on SBT (Supplementary Table 2).

Overall, we found high concordance rates for all 12
HLA alleles obtained from SBT, with at least 95%
sensitivity, 97% specificity, and 97% accuracy.

Association and Conditioning Analyses
|dentified 2 Independent Signals Driving
HBV-Related HCC Risk

We conducted logistic regression analysis of the SNPs,
HLA alleles, and amino acid polymorphisms within the
MHC region assuming additive effects of the allele
dosages on the log-odds scale. We observed 566 signifi-
cant variants, including 522 SNPs, 7 HLA alleles (3 two-
digit HLA alleles and 4 four-digit HLA alleles) and 37
amino acid polymorphisms associated with HBV-related
HCC after the FDR correction (Pgpr < 0.2, Supplementary
Table 3). The regional association results are shown in
Figure 2A. The most significant association was observed
for SNP rs114401688 located in the MHC class II region
(0dds ratio [OR]= 0.62, P = 1.05 x 10°®, Pppr = 2.43 x
103, Table 1), which was in perfect LD with a previously
reported SNP 1s9275319 (> = 1).

We then conducted analysis conditioning on
rs114401688 and identified another SNP (rs115126566)
that satisfied the statistical significance after FDR correc-
tion (OR = 1.3, P = 9.56 x 107>, Pgpr = 1.77 x 107",
Figure 2B and Table 1). In our data, this SNP was not in
strong LD with any imputed HLA-alleles and has not been
reported previously, suggesting that this variant could be
novel in its association with HBV-related HCC risk.

After conditioning on rs114401688 and rs115126566,
no additional significant association was observed in the
MHC region (Figure 2C).

Functional Exploration of rs| 14401688
Risk

The SNP rs114401688 represented the same signal
1s9275319 (r* = 1) previously identified by our GWAS.®

However, to our knowledge, the causal variants of this
association have not been dissected in detail.

Although no statistical significance (P > 0.05) was
observed in conditioning analysis on the top SNP
(rs114401688, Supplementary Table 3), in analyses

without conditioning, the most significant association
was observed at HLA-DQB*04 (OR = 0.56, P = 443
x 107, Prpr = 2.43 x 1073, Table 2), followed by HLA-
DRB*04 (OR = 0.66, P = 1.96 x 107>, Pppg = 5.98 x
1073, Table 2). In our results, HLA-DQB*04 could be
tagged by residues Leu56, Glu70 and Asp71, which are
all located in a-helix wall of HLA-DQ peptide-binding
groove (Supplementary Table 4, Figure 3A). And HLA-
DRB*04 was in perfect LD with amino acid polymorph-

isms at 5 positions, among which His13 and His33 are
located within the B-sheet floor of HLA-DR peptide-
binding groove (Supplementary Table 4, Figure 3B).
We found SNP rs114401688 was in strong LD with
HLA-DQB1*04 (r* = 0.59) and DRB1*04 (1> = 0.78).
When conditioning on HLA-DQB1*04 or DRB1*04, the
significance of rs114401688 experienced a dramatic

reduction (Table 3). Further, when jointly conditioning
on HLA-DQB1*04 and DRBI1*04, the significance of
rs114401688 was eliminated (Table 3).

Among the 4-digit HLA alleles, the most significant
association was observed at HLA-DQB1*04:01
(OR = 0.61, P = 1.70 x 10*, Pppr = 2.87 x 1072,
Table 2), followed by HLA-DQA1%*03:03, HLA-
DRB1*04:05 and HLA-B*46:01. SNP rs114401688
was in moderate LD with HLA-DQB1%04:01 (r* =
0.50), HLA-DQA1%*03:03 (r* = 0.41) and HLA-
DRB1*04:05 (r* = 0.49). Similarly, the significance of
all these HLA variants was eliminated when condition-
ing on rs114401688 (Supplementary Table 3).

Collectively, our results demonstrate that the associa-
tion between rs114401688 and HBV-related HCC may be
driven jointly by HLA-DQB*04 and HLA-DRB*04. And
both of these HLA alleles could be protective markers for
HBV-related HCC.

Functional Annotation of rsl 15126566
Risk

Meanwhile, as mentioned above, we did not identify any
HLA alleles or amino acid polymorphisms were in LD
(r* > 0.2) with rs115126566, which indicated that poly-
morphisms within HLA peptide-binding groove could not
account for the signal at rs115126566.
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Figure 2 Regional association plots of HLA loci independently associated with HBV-related HCC risk. Each dot represents the —log o P of HLA variants, including SNPs,
classical alleles and amino acid polymorphisms. The red horizontal dashed line represents Prpr = 0.20. (A) The top signal was SNP rs114401688. (B) After conditioning on
rs114401688, the most significant independent association was rs|15126566. (C) After conditioning on rs114401688 and rs| 15126566, no additional significant association

was observed in the MHC region.

Increasing evidence suggests that SNPs associated with
complex traits are more likely to be eQTLs.>?* To
explore the potential mechanisms underlying the associa-
tions between SNPs within the MHC region and HCC risk,
we conducted eQTL analysis for rs115126566. In the
public data from NESDA NTR Conditional eQTL

Catalog, we found that rs115126566 has been identified
as a strong eQTL for HLA-DPB1 (P = 3.75x10*%) and
HLA-DPALI (P = 1.05x10 *%) in peripheral blood.** Then,
we used Haploreg4.1 to explore the potential function of
rs115126566  (rs9277053). We found that SNP
rs116477415 (rs9277027), an SNP in a strong LD with
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Table | Associations of Two Independent Variants of HBV-Related HCC Genetic Susceptibility Among Chronic HBV Carriers

Variants Nearby Gene Effect Allele EAF® ORP (95% CI) p® PepRr®
Cases Controls
rs| 14401688 HLA-DQBI G 0.081 0.120 0.61 (0.51-0.75) 1.05 x 10°¢ 243 x 1073
rsl 15126566 HLA-DPAI A 0.280 0.120 1.29 (1.19-1.47) 9.04 x 10°° 2.37 x 1072
Note: "Adjusted for age and gender.
Abbreviation: *EAF, effect allele frequency.
Table 2 Associations of Top HLA Alleles of HBV-Related HCC Genetic Susceptibility Among Chronic HBV Carriers
Variants EAF® OR® (95% Cl) P° PepRr”
Cases Controls
HLA-DQBI*04 0.046 0.077 0.57 (0.44-0.72) 538 x 10°° 243 x 1073
HLA-DRB1*04 0.082 0.12 0.66 (0.54-0.80) 196 x 107° 598 x 103
HLA-DQBI1*04:01 0.041 0.064 0.61 (0.47-0.79) 1.70 x 107* 2.87 x 1072
HLA-DQA[#03:03 0.049 0.074 0.63 (0.50-0.81) 2.04 x 107 325 x 1072
HLA-DRB1*04:05 0.041 0.062 0.63 (0.48-0.81) 456 x 107* 512 x 1072
HLA-B*46:01 0.170 0.140 1.27 (1.08-1.49) 3.08 x 1073 148 x 107"

Note: bAdjusted for age and gender.
Abbreviation: *EAF, effect allele frequency.

15115126566 (r* = 0.98), was overlapped with the active
enhancer marker H3K27ac in immune cells, especially
B cells (Figure 4), which indicated that rs116477415
may regulate HLA gene expression in a tissue-specific
manner. Moreover, according to ChIP-seq data from the
database Encyclopedia of DNA Elements (ENCODE),

a peak could be observed in this region by Early B Cell
Factor 1 (EBF1) ChIP-seq (Figure 4), a key regulator of

B lineage specification and differentiation.”® In fact,

rs116477415 has been demonstrated as a B cell-specific
eQTL for HLA-DPAI
1.99x10°%).27

study (P =
that

in a previous

These evidences indicated

Figure 3 Three-dimensional ribbon models of HLA amino acid polymorphisms tagged by HLA-DQBI*¥04 and HLA*DRBI*04 (peptide binding grooves) associated with
HBV-related HCC risk. The protein structures of HLA-DQ (A) and HLA-DR (B) are based on Protein Data Bank entries 4Z7W and 5LAX, respectively. This figure was

prepared by using UCSF Chimera.
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Table 3 The Association of HBV-Related Risk at rs|14401688 After Conditioning on HLA-DQB1%04 and HLA-DRB|*04

CHR Variants Reference Allele Effect Allele OR® P?

6 rs| 14401688 A G 0.62 1.05 x 107
Conditional on HLA-DQB/*04

6 rs| 14401688 A G 0.72 3.06 x 1072
Conditional on HLA-DRBI*04

6 rs| 14401688 A G 0.6l 1.54 x 1072
Conditional on HLA-DQBI*04 and HLA-DRB[*04

6 rs| 14401688 A G 0.72 2,02 x 107"

Notes: *Adjusted for age and gender; *Statistically significant results.

rs115126566 may influence HBV-related HCC risk,
through SNP rs116477415, by regulating HLA class II
gene expression in B cells.

Association Analysis for Previously
Reported HLA Variants

Of the previously reported six SNPs within the MHC
region, associations with HBV-related HCC were con-
firmed for two SNPs, rs9272105 (P = 1.22 x 1077,
Supplementary Table 5),” and 1rs9275319 (in perfect
LD with rs114401688). Of note, the association with

rs9272105 was attenuated after conditioning on SNP
rs114401688 (ie, rs9275319, P>0.05).

Previous studies have reported 8 HLA-alleles
(DQAT1*03:01, DQAI1*06:01, DQB1*¥04:01, DR
B1*04:05, DRB1*09:01, DQB1*03:02/3, DQB1*04:02
and A*33:03) that were associated with HBV-related
HCC.”>?® Among those, we confirmed the associations
with HLA-DQB1*04:01 and HLA-DRB1*04:05 but not
others. This could be partly due to the modest sample
size and different distributions of HLA alleles across

ethnic groups.
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Association of HLA Zygosity with
HBV-Related HCC Risk

To test the heterozygosity advantage hypothesis,” we
evaluated the association of the HLA zygosity at class II
genes with the risk of HCC (Supplementary Table 6). We
found that the zygosity at HLA-DQBI is likely to be
associated with the risk of HBV-related HCC, with an
adjusted OR of 1.19 (0.97-1.46, P = 0.10). This effect
seems to be more pronounced in the older age group (> 50
vs < 50, P for heterogeneity = 0.14), with an adjusted OR
of 1.38 (95% CI: 1.04-1.84, P = 0.03).

Discussion
MHC is an extremely polymorphic region and is con-
sidered as the most gene-dense region in the human
genome.'> Recent studies have successfully identified
several susceptibility variants within the MHC region
in many diseases, and fine-mapping has been proved to
be a powerful analysis in these studies.***° In the pre-
sent study, we imputed the HLA variants based on the
newly developed Chinese Han reference panel,”’ and
identified 2 variants that independently confer risk for
HBV-related HCC. SNP rs114401688 was in perfect LD
with the top signal in our previous GWAS, rs9275319.°
Our findings also suggest that SNP rs115126566, an
intergenic variant, may explain the HBV-related HCC
risk associated within the MHC region among the
Chinese Han population.

Previous GWAS have reported rs114401688 was
a validated risk locus for HBV-related HCC and chronic
HBV infection.®*! However, the causal variants for this
locus have not been deciphered so far. The SNP
rs114401688 is highly correlated with several HLA alleles
and amino acid polymorphisms. In the current study, con-
ditional analysis suggested that this previously reported
HBV-related HCC susceptibility locus could be explained
by HLA-DQB1*04 and HLA-DRBI1*04. Therefore, both
of these HLA alleles could be protective markers for
HBV-related HCC. We also found that HLA-DQBI*04
(OR = 0.78, P = 1.56x10 %) and HLA-DRBI*04 (OR =
0.71, P = 1.85x107°) were also inversely associated with
chronic hepatitis B (CHB) risk (unpublished data),*
which was consistent with previous studies, which iden-
tify 1s9275319 as a protective marker for chronic HBV
infection.*>** In addition, the associations between HLA-
DQBI1*04:01 and HLA-DRBI1*04:05 and HBV-related
HCC risk have been observed by ours and one previous

GWAS in Chinese Han.” Such associations need to be
replicated to validate their independent effect on HBV-
related HCC.

In contrast, the association between rs115126566 and
HCC risk is independent of all HLA alleles of interest. In
addition, we did not observe any LD between rs115126566
and other reported HBV-related HCC risk-associated var-
iants. Several studies reported that HLA genes expression
could also affect immune response, in which the SNP may
play a role as cis-regulatory element.”>*> These studies
prompted us to decipher the association of these SNPs
beyond polymorphism in HLA peptide-binding groove.
Our eQTL analysis showed that the rs115126566 might
cis-regulate the expression of HLA-DPA1 and HLA-DPBI1
in peripheral blood. If replicated, further studies are
needed to understand its role in HCC development.
These results may pave the way to understand the under-
lying mechanisms of HBV-related HCC mediated by HLA
variants. "’

Our findings also support the heterozygote advantage
hypothesis in the case of HBV-related HCC, particularly in
the older age group. It is expected that heterozygotes are
able to recognize and bind a more diverse set of peptides
than homozygotes, leading to more T cell clonal expansion
and more efficient-specific cytotoxic T lymphocyte
responses against infections.*®** The observed association
with HBV-related HCC for HLA-DQBI gene is in line
with results from a Taiwan study (unpublished work) and
further suggests an important role of HLA-DQBI gene on
the progression of HCC among CHB.

Strengths of this study include its large sample size and
setting in a region that is ethnically homogeneous. Based
on the newly developed reference panel, to the best of our
knowledge, this is the first study among the Chinese popu-
lation that comprehensively assessed the risk of both HLA
class I and class II genes in association with HBV-related
HCC among chronic HBV carriers. However, there are
some limitations. First, we lacked replication set to vali-
date the significant findings. Second, information on HLA
alleles and amino acid polymorphisms were obtained by
imputation, thereby misclassification cannot be ruled out.
Third, although this is the largest study so far studying the
HLA association with HCC, our sample size is still modest
to identify rare variants and HLA alleles in 4-digit resolu-
tion. Fourth, the functional annotation of rs114401688 and
rs115126566 in this study need further experimental

characterization.
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Conclusions

In summary, our fine-mapping analysis using HLA impu-
tation with the large-scale population-specific reference
panel identified one novel locus that is independently
associated with HBV-related HCC risk among chronic
HBYV carriers in China. Our results provide deeper insight
into the disease biology of HBV-related HCC. Future
studies focusing on biological mechanisms underlying
the HLA-HCC association are warranted.
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