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Esophageal squamous cell carcinoma (ESCC) occurs with highest frequency in China with over 90% mortality, highlighting the
need for early detection and improved treatment strategies. We aimed to identify ESCC cancer predisposition gene(s). Our
study included 4,517 individuals. The discovery phase using whole-exome sequencing (WES) included 186 familial ESCC
patients from high-risk China. Targeted gene sequencing validation of 598 genes included 3,289 Henan and 1,228 moderate-
risk Hong Kong Chinese. A WES approach identified BRCA2 loss-of-function (LOF) mutations in 3.23% (6/186) familial ESCC
patients compared to 0.21% (9/4300) in the EXAC East Asians (odds ratio [OR] = 15.89, p = 2.48 x 10~ '°). BRCA2 LOF mutation
frequency in the combined Henan cohort has significantly higher prevalence (OR = 10.55, p = 0.0035). Results were
independently validated in an ESCC Hong Kong cohort (OR = 10.64, p = 0.022). One Hong Kong pedigree was identified to
carry a BRCA2 LOF mutation. BRCA2 inactivation in ESCC was via germline LOF mutations and wild-type somatic allelic loss via
loss of heterozygosity. Gene-based association analysis, including LOF mutations and rare deleterious missense variants
defined with combined annotation dependent depletion score 230, confirmed the genetic predisposition role of BRCA2

(OR =9.50, p = 3.44 x 10~°), and provided new evidence for potential association of ESCC risk with DNA repair genes (POLQ
and MSH2), inflammation (77C39B) and angiogenesis (KDR). Our findings are the first to provide compelling evidence of the
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Additional Supporting Information may be found in the online version of this article.
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2 BRCA2 LOF germline mutations associated with ESCC risk in Chinese

role of BRCA2 in ESCC genetic susceptibility in Chinese, suggesting defective homologous recombination is an underlying
cause in ESCC pathogenesis, which is amenable to therapeutic options based on synthetic lethality approaches such as

targeting BRCA2 with PARP1 inhibitors in ESCC.

What’s new?

Esophageal cancer occurs at unusually high rates in Henan, China, and prognosis is poor. These authors set out to find genes
associated with esophageal squamous cell carcinoma (ESCC) in this population. Based on whole exome sequencing, the
researchers showed that loss of function mutations in BRCA2 increase ESCC risk. They also found evidence suggesting an
association between ESCC and two other DNA repair genes, POLQ and MSH2. This is the first study of familial ESCC in a
genetically-enriched cohort of patients from Henan. Screening for BRCA2 mutations may improve cancer detection and

prognosis among patients with a family history of ESCC.

Introduction
Esophageal cancer (EC) is prevalent worldwide with 456,000
new cases annually, with about half occurring in Mainland
China. EC is ranked sixth for cancer mortality with 400,000
deaths in 2012." Preventive and screening measures for earlier
detection with biomarkers are needed for high-risk areas. In
Mainland China and Hong Kong, the major histological EC sub-
type is squamous cell carcinoma (SCC), while adenocarcinoma is
more common in Western countries. These two histological sub-
types have distinct etiologies and pathogenesis, reflected by their
different somatic mutational landscapes.” EC exhibits striking
geographical variations with more than 21-fold difference
between high-risk and low-risk regions. The high-risk region of
Northern China has an incidence >100/100,000% esophageal
SCC (ESCC) is a top cause of cancer mortality with distinct etio-
logic risk factors and host genetic susceptibilities.*® Synergistic
interaction of alcohol and smoking consumption and two func-
tional variants in ALDH2 and ADHIB polymorphisms increase
ESCC risk; genome-wide association study in Japanese suggests
alcohol/acetaldehyde metabolism plays an important etiologic
role in the ESCC pathogenesis in moderate-risk regions.* ESCC
genome-wide association study identify multiple low-penetrance
moderate-risk common genetic variants for its development in
Chinese.>® The extent of gene and environmental interactions
responsible for the underlying molecular pathogenesis during
ESCC development varies in different regions.">™°

BRCA2 was first identified as a cancer predisposition gene
(CPG) in breast cancer and later in ovarian, prostate and pancre-
atic cancers.”” BRCA2 is involved in homologous recombination
to repair DNA double-strand breaks and acts downstream of the
Fanconi anemia-BRCA pathway to repair DNA interstrand cross-
links. Bi-allelic BRCA2 inactivation causes Fanconi anemia.'® Fan-
coni anemia patients are characterized by early development of
cancers including ESCC.'" Although previous studies in Chinese
and Turkmen suggested BRCA2 may play a role in the genetic
susceptibility for familial ESCC, evidence for the association of
BRCA2 loss-of-function (LOF) mutations remains unclear.'*™'*

Before the advent of next-generation sequencing technological
advancements, to screen for BRCA2 mutations was a challenging
task due to its huge size; hence, earlier studies were limited by
sample size and the molecular tools. Large comprehensive studies
to identify high-penetrance ESCC susceptibility genes are lacking,
despite evidence for familial aggregation.'> Historical migrations
from north-central to southern China suggest that inherited
genetic factors contribute to ESCC development in high-risk
regions.">™"” This current study is the first to utilize a genetically
enriched cohort of patients with familial ESCC from high-risk
Henan, located near the Tai-Hang Mountain region in Northern
China, to identify high penetrance ESCC predisposition genes
using a comprehensive unbiased exome-sequencing strategy.

Materials and Methods

ESCC cases were confirmed by histopathology. Henan samples
were collected from high-risk Linxian and Anyang counties from
Linzhou Center Hospital and Yaocun Esophageal Cancer Hospital
(2001 to 2014). Approval for use of human blood and/or informa-
tion was obtained from the Committee for Ethical Review of
Research Involving Human Subjects at Zhengzhou University.
The study was conducted according to the Declaration of Helsinki
principles. Blood samples of ESCC cases from moderate-risk Hong
Kong (Queen Mary Hospital) were used for validation. These stud-
ies were approved by the HKU Institutional Review Board.
Informed written consent was obtained from all participants.
Table S1 summarizes the clinical information of all participants.

Study of familial ESCC: discovery by exome sequencing and
two-step validation by target capture sequencing of Henan
and Hong Kong ESCC

To identify possible CPGs, exome sequencing was used to analyze
186 familial ESCC patients, defined as families involving two gen-
erations with at least one first-degree relative developing ESCC in
addition to the proband, in the discovery phase from high-risk
Henan. Results were independently validated in Henan cohort
(1,935 cases and 1,168 controls) and Hong Kong cohort (338 cases
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and 890 controls). The samples in the validation phase were all
sequenced using a 598 gene-based capture design, except 42 Hong
Kong ESCC cases and 890 Hong Kong non-cancer controls,
which are from our previous genomic exome studies.'®"”

Library preparation and sequencing details are described in
the supplementary methods. Briefly, genomic DNA was frag-
mented by sonication before library preparation using the
KAPA HTP Library Prep Kit. Exome sequencing and targeted
598-gene capture utilized NimbleGen SeqCap EZ capture kits
(Roche, Basel, Switzerland). Table S2 contains the gene list for
target capture, which consisted of genes involved in DNA
repair pathways (as previously identified by whole-exome
sequencing with BRCA2 being the top candidate CPG); sho-
rtlisted cancer-related genes from familial ESCC studies with
LOF variants; and genes of interest based on our previous
functional and genomic studies with microarray differential
profiling for genes critical for ESCC carcinogenesis.”*>*

Bioinformatics analysis

Single nucleotide variants and small insertion and deletions were
called from the exome and target capture sequencing, as previously
described following the genome analysis toolkit guidelines.'®*’

=

Sanger sequencing validated 99.5% (182/183) germline variants.
Pathogenic variants are identified according to the recommenda-
tion from American College of Medical Genetics and Genomics.*®
Combined annotation dependent depletion (CADD) score”” was
used to assess damage effects of variants of unknown significance.
The rare variants of unknown significance with CADD score of
>30 (versionl.4) are considered deleterious variants. In order to
evaluate the deleterious effect of the BRCA2 missense substitutions,
Align-GVGD?® was utilized to classify all rare missense substitu-
tions into CO, C15, C25, C35, C45, C55, C65 categories with “prior
probabilities of pathogenicity.”® Analysis details are provided in
supplementary materials and methods.

For the gene-based association analysis of genes with rare delete-
rious variants (RDVs), the Chi-square or Fisher’s exact test (two-
tailed) under the dominant mode was used to examine differences
in RDV frequencies (minor allele frequency <1%) between cases
and controls on the 2X2 contingency table constructed using the
number of cases with and without RDVs versus those in the con-
trols. An individual with multiple RDV's was only counted once in
the calculation. The p-value adjusted for Bonferroni correction,
considering the 598 genes, was the cutoff (p < 8.36 x 107°); other-
wise a p < 0.05 was considered statistically significant.
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Figure 1. Lollipop schematic diagrams of (a) BRCA2 germline LOF mutations and deleterious missense variants (CADD score 230) in Chinese
ESCC from Henan and Hong Kong, and (b) TTC39B, POLQ, MSH2 and KDR mutational spectra from Henan.
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4 BRCA2 LOF germline mutations associated with ESCC risk in Chinese

BRCA2 loss of heterozygosity (LOH)

Formalin-fixed paraffin-embedded tissue sections were stained
with hematoxylin and eosin to evaluate carcinoma content
for ESCC BRCA2 mutation-positive individuals. DNA
extraction using ARCTURUS® PicoPure® DNA Extraction
Kit (Thermo Fisher Scientific, Waltham, MA, USA) was
performed after manual macrodissection of cancer cells by
pathologists (A.L. and L.H.T.) according to manufacturer’s
instructions. PCR was performed with 5 pl extracted DNAs.
Sanger sequencing was performed to score the LOH at
mutated sites and to confirm germline LOF mutations and
recurrent RDVs identified in BRCA2.

Hong Kong
OR

0.022  10.64

9.71 6.80 x 1075 ¢

Inf 0.023 ¢
6.35x107°7
6.78 x 107107

4.50
7.37

OR

2/2058 (0.097%)
0/504 (0%)
9/4300 (0.21%)
11/8600 (0.13%)

10.55
Control

OR

Data availability

Sequence data were deposited at the European Genome-phenome
Archive (EGA), accession number EGAS00001003423. The data
that support the findings of our study are available from the
corresponding author upon reasonable request.

23/2459 (0.94%)
23/2459 (0.94%)
23/2459 (0.94%)
23/2459 (0.94%)

Henan
0.0035
Case

Results

Identified BRCA2 as top candidate cancer predisposition
gene for ESCC risk

In the exome analysis discovery phase, BRCA2 was ranked first in
the top candidate CPG list for shortlist prioritization for valida-
tion, based on number of LOF mutations identified. Germline
BRCA2 LOF mutations were detected with significantly higher
prevalence (odds ratio [OR] = 15.89, p = 2.48 X 1079 in familial
ESCC Henan patients (6/186, 3.23%) compared to East Asians in
the non-TCGA Exome Aggregation Consortium (ExAC) data-
base (9/4300, 0.21%).

In the validation phase, target capture sequencing of BRCA2
identified 13 additional BRCA2 LOF mutations in 1935 Henan
ESCCs (13/1935, 0.67% vs. 1/1168, 0.086%, p = 0.023, OR = 7.89)
(Fig. 1a and Table S3). Combining Henan cohorts showed
BRCA2 LOF mutations (19/2121, 0.90%) associated with high
ESCC risk (OR = 10.55, p = 0.0035, Table 1) compared to con-
trols (1/1168, 0.086%). The great effect (OR = 10.64, p = 0.022,
Table 1) was independently validated in a second cohort in Hong
Kong ESCC (4/338, 1.18%) and controls with no known cancers
(1/890, 0.11%). All BRCA2 LOF mutations were validated by
Sanger sequencing. Table 1 provides risk comparisons to other
public databases. With a total combined Henan and Hong Kong
sample size of 4,517 Chinese, this current study comprehensively
sequenced 598 genes and is the first to report the significant
higher prevalence of BRCA2 LOF mutations in Chinese ESCC
patients compared to controls (OR = 9.71, p = 6.80 x107°).
Table 2 summarizes the clinical information of patients with
BRCA2 LOF mutations.

The majority of the BRCA2 LOF mutations were unique
and occurred beyond the RAD51-binding domain localized to
the helical and DNA-binding domains (Fig. 1a, Fig. S1 and
Table S3). The protein truncating mutations occurring >50 bp
upstream of the final splice junction (mRNA coordinate approxi-
mately <9,600) are expected to cause nonsense-mediated decay,
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Hong Kong cohort (n = 1,228)

4/338 (1.18%)

Cases?
(n
4

=1,168)
4,517)

1/1168 (0.086%)

Controls
(n = 1,168)

Cases*
(n = 1935)
13

8,600)°

4,300)*

Henan cohort (n = 3,289) (Ncase = 2,121, Ny

19/2121 (0.90%)
Comparison of BRCA2 pathogenic variants in Chinese ESCC with public databases

Cohorts

(n = 186)

Cases
6

2Germline variants of 338 ESCC cases in total consisting of 296 DNA extracted from blood detected by target capture and 42 normal esophageal tissues of Hong Kong ESCC patients detected by

exome sequencing for somatic mutational landscape in Hong Kong ESCC patients'® were included.
3895 exome sequencing in-house database: 890 Hong Kong Chinese?® (80.1% degenerative disc disease, 12.5% congenital disorders, 5.6% epilepsy, 1.1% healthy individuals from Red Cross.

“ExAC, BRCA2 variants exported from http://exac.broadinstitute.org/ on June 9, 2019, variants flagged “LoF flag” are not included.
>gnomAD, BRCA2 variants exported from https://gnomad.broadinstitute.org/ on June 9, 2019, variants flagged “LoF flag” are not included.

SFisher exact test.

Table 1. Significance of BRCA2 pathogenic variants for ESCC risk in Chinese
’Chi-square test.

*Nucleotide positions are based on BRCA2 transcript: NM_000059.

Combined Chinese Henan and Hong Kong cohorts (M

1,000 genomes EAS (control = 504)

EXAC EAS (control
gnomAD EAS (control

Gene
BRCA2

Int. J. Cancer: 00, 00—00 (2019) © 2019 UICC


http://exac.broadinstitute.org/
https://gnomad.broadinstitute.org/

Ko et al.

sonouadidg pue sd139Udn) IdOUR)

‘8upuanbas 1a8ueg Suisn padAjouss s1 800°TT0‘C ‘0T F T°Z9 S! 800°TT0°T Suipnjdul {800‘TTOC Sulpn)dul Jou gS F a8e wm.ﬁwéN

“Allwey swes,

S'015°65°65°6
(56 F €9 as F d8esany
Jayloiq pue Jayle4 4 3 SaA 6L 3lewa SJ8651°d:19P8ELT Y6/ T I:0TUOXD 1800T10C
191sis pue Jayle4 z € SaA S/ slew S48651°d:19P86 LT 76/ 1°2:0TUOXD 7ZIST0T
- - - umouxun 65 3leway Sy /) d:yId9POLTT I TTUOXD £60°800°C
- - - umouxun 7§ Sew Sy7€0TY"d:19p9019 0019 = TTUOXD 200°£00°C

ewoujdied Jejnjjadoleday

pue Jseaiq Ya| pue 1Sy - - umousun 69 9leway $)6897'd:19p9908~ G908 2:8TUOXD /80°600°T
sjuaned DJS3 MH
§'9 F 0°96 as F a3esdany
s13y3o1q 1apig T S SaA s alew sy81y¢l'd:1dnpsSzOT i/ zuoxe COY0H4PHY
SEINLINY 4 4 SaA 29 dlewa X9TeeN d:19/66Y2:Lguoxd Sg-Hd
- - - ON 29 9)eway X8T1EY d:178E6D G TUOXD €CTdSOH
- - - ON 89 3leway4 $)6891y'd:ydnp/90§-2: T TUOXD T60dS3HY
- - - ON 65 aew X075y di18552D 2:GTUOXD 678dSIHY
- - - ON 94 aleway SJ0€0€1°d:ydnpo606I:£TUOXD £95dS3HY
- - - ON 0S alew SJ0€0€1°d:ydnpO606I:£TUOXD 6T7dSIHY
- - - ON 1$ alew X$9020°d:1€619D72:TTUOXD /S€dS3HY
- - - ON 95 alew S4280ENd:ydnp/yz67:zuox C1TdS3HY
1aye4 z z SIA oy aew SJ6121°d:19p8s9™ £592:8U0X8 T690H4RHY
- umouun umouun S9A 95 aew X786¢S'd:D1568)2:7ZUOXD T/SOH43HY
1ayje4 4 z SaA 1 sew 3upyds L9S0H4PHY
- umouun umouun SOA 149 aew X6€123°d:1GT#99 T TUOXD SSSOHAPHY
1aye4 4 4 SaA A Jew S3z80€Nd:ydNp/yz6 iz UOXd 8900H42HY
SEININY 4 4 SaA 1 aew X0E6Ad:D06/TL2:TTUOXD €6 TOHAPHY
SETIN] 4 4 SaA VAS 3slewa SJ678TN"d:|9p8r S8 G758 :0TUOXD /8TOH43HY
SEININY z z S9A 5 3ew $30£0€1°d:ydnp6062:£uoX? L9TOH4PHY
layjow pue sayjed z € SaA VA slew X612¢S'd:99599)2: T TUOXD 6800H42HY
SETLIN] z z SaA s alew X€8173'd:1/7599 T TUOXD STOOH49HY
mucw_umn_ JDS3 ueusHy
9sed xapul 3y} Yium suoneiauas Ajlwey u) sased Aioysiy Ajjwey a8y 19puan sjuelieA O 2yJ¥g Jo uonesol al Juaned

s1aquaw Ajjwey pajraye
13y30 jo diysuoije)ay

J0 ‘ON

JJS3j0 "ON

SJueleA 407 Z¥D¥g Yim s1usned J)ST HH PUB UBUSH ©Z JO UojlewIolu} [e2{Ul) °Z 3)qeL

Int. ). Cancer: 00, 00-00 (2019) © 2019 UICC



(/]
(4]
':
)
=
)
o0
&
&3]
=]
=
<
(/]
e
2
=
)
O
.
)
&
<
®)

6 BRCA2 LOF germline mutations associated with ESCC risk in Chinese

while those further downstream are predicted to encode a trun-
cated BRCA2 protein resulting in cytoplasmic BRCA2 due to the
loss of the nuclear localization signals.’® Two recurrent BRCA2
LOF mutations, ¢.9090dupA:p.T3030fs identified in three and
€.9247dupA:p.V3082fs in two patients, constituted 26.3% (5/19)
of all LOF mutations detected in Henan ESCC cases.

The target sequencing approach enables comprehensive
coverage of both exonic BRCA2 and its regulatory regions
including the promoter together with the 5'/3' untranslated
regions. Two rare recurrent SNPs, one was exonic and the
other was located at 3’ untranslated region, showed signifi-
cantly higher prevalence in Henan ESCC. The first recurrent
variant ¢.G7522A:p.G2508S with OR of 7.75 (p = 0.026) was
detected in 0.66% ESCC patients (14/2,121) compared to

Dx 60s
Died 70

0.086% controls (1/1,168). G2508S, mapped to the BRCA2
helical domain, is predicted to be highly deleterious (CADD
score = 31). For a Hong Kong ESCC patient carrying the
G2508S variant, the matched formalin-fixed and paraffin-
embedded primary tumor demonstrated selective partial LOH
of the wild-type (WT) BRCA2 allele (Fig. S2a). The second
recurrent SNP, rs56003538 (chr13:32973297 A>QG), residing in
the BRCA2 3’ untranslated region, associated with a signifi-
cantly higher ESCC risk with OR of 7.20 (p = 0.025) in 0.61%
cases (13/2,121) compared to 0.086% controls (1/1,168). In
the Henan cohort; 22.06% (139/630) BRCA2 variants are rare
missense/non-frameshift small insertion and deletions/LOF
variants and 5.4% (34/630) are located at the 5/3’
untranslated regions (Table S4). In addition to CADD score,

/ 804 /
Dx 79

Died 80
2011008

(b)

Ca
oesophagus
// Ca
/ lung
Ca
A bladder
+
proband
7 / 78| +
%
Dx40s _ DxESCC 75
Died 40s Dx Ca Bladder 71
2015124
Blood
Tumor

BRCA2:exon10:c.1794_1798delATCTT:p.T598fs

Figure 2. (a) Pedigree with BRCA2 ¢.1794_1798del:p.T598fs deletion from Hong Kong. (b) Germline and tumor chromatopherograms by
Sanger sequencing confirm the presence of BRCA2 LOF mutation and the selective loss of the wild-type allele by LOH in the tumor of patient

2,015,124, [Color figure can be viewed at wileyonlinelibrary.com]

Int. J. Cancer: 00, 00—00 (2019) © 2019 UICC


http://wileyonlinelibrary.com

Ko et al. 7
Table 3. Potential CPGs identified by gene-based association analysis
Genes Case (WT) Case (RDV)* Control (WT) Control (RDV)* ORs p values
BRCA2 2,087 34 1,166 2 9.50 3.44 x 107
POLQ 2,091 28 1,163 5 3.11 0.016
TTC39B 2,110 11 1,168 0 Undefined 0.010
KDR 2,112 9 1,168 0 Undefined 0.031
MSH2 2,109 12 1,167 1 6.64 0.041
PALB2? 2,113 8 1,168 0 Undefined 0.057

'Based on rare deleterious variants (RDVs) defined by variants of unknown significance with CADD score =30 and pathogenic variants.
2PALB2 showed a trend of association but did not reach statistical significance.

we also assessed the damaging effect of BRCA2 missense vari-
ants utilizing Align-GVGD scores (Table S5).°* All cases and
controls from Henan are grouped according the LOF and
Align-GVGD score; if one individual carries multiple variants,
then this individual will be classified into the group with high
score (LOF is assumed to have the highest score). Table S5
summarizes the number of individuals in each group between
cases and controls and the association result was calculated by
logistic regression, adjusted for gender and age.*” The deleteri-
ous missense variants (groups C55 and C65) are significantly
associated with ESCC risk in Henan (p = 0.014, OR = 6.10).
There is a linear trend of the log ORs of sequential C-scores
(p = 0.02, Table S5).*

One Hong Kong familial ESCC patient (2015124) carrying a
BRCA2 germline LOF mutation had two additional first-degree
family members in two generations having EC (Table 2 and
Fig. 2). His sister (2011008) developed ESCC and carried the
identical BRCA2 germline variant. Selective LOH of WT BRCA2
alleles was observed in formalin-fixed and paraffin-embedded
samples from both. BRCA2 is first inactivated by rare germline
deleterious LOF mutations. Further clinical relevance of BRCA2,
as the earliest causal factor in ESCC tumorigenesis, was demon-
strated by selective LOH of the WT allele, as the second mecha-
nism for inactivation of WT BRCA2 allele, supporting the
classical 2-hit tumor suppressor gene inactivation model. The fre-
quency of somatic WT allele inactivation by selective LOH in
matched formalin-fixed and paraffin-embedded tissues was sig-
nificantly higher in Hong Kong ESCC patients genotyped with
BRCA2 LOF mutations, compared to those with missense muta-
tions (4/4, 100% vs. 4/18, 22.2%, p = 0.0096) (Figs. 2b and
Figs. S2a and S2b). We conclude that in a subset of ESCC
patients, the germline BRCA2 LOF mutations may be important
drivers for ESCC genetic predisposition with germline allele being
functionally inactivated by the protein truncation and losing the
remaining WT copy by genomic deletion.

Potential cancer predisposition genes for ESCC risk by gene-
based association analysis

The secondary analysis considered RDVs, including the LOF
mutations and missense variants with CADD score of 230, using a
case-control association approach; the strongest association effect
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was detected for BRCA2 (OR =9.50, p =3.44 X 107°), which is the
only identified gene remaining significant after Bonferroni correc-
tion. At the gene level, Henan ESCC patients, 1.6%, (34/2121) har-
bored more BRCA2 RDVs compared to controls, 0.17%, (2/1168).
Table S6 and Table 3 show the details of deleterious RDVs of
BRCA2, TTC39B, POLQ, KDR, MSH2 and PALB?2 from the gene-
based association analysis. Figure 1b shows the schematic lollipop
of TTC39B, POLQ, KDR and MSH2 for RDVs detected in Henan
ESCC cases. Suggestive associations for four potential candidate
genes: Tetratricopeptide repeat domain 39B (TTC39B) (OR =
undefined, p = 0.010), Polymerase Q (POLQ) (OR = 3.1,
p = 0.016), Kinase insert domain receptor (KDR) (OR = undefined,
p =0.031) and Mut S homolog (MSH2) (OR = 6.62, p = 0.041) were
enriched with RDVs with nominal association with risk of ESCC
in Henan Chinese (p < 0.05).

Discussion

ESCC is a deadly cancer with over 90% mortality, highlighting
the need for improved prevention or early detection and treat-
ment strategies. Despite previous studies suggesting inherited
genetic components may be involved in ESCC development,
the underlying genetic factors remain unclear.>'>"” We
applied a next-generation sequencing approach for a large
sample size of Chinese ESCC patients (n = 2,459), aiming to
identify the CPG(s) for ESCC susceptibility. Logistic regres-
sion analysis for common SNPs in the current study detected
and validated the modest effect (rs2274223 and rs3765524,
OR = 1.6) of the PLCEI locus identified from our previous
genome-wide association study (Table S7).> The current study
comprehensively sequenced BRCA2 to provide the first report
of germline BRCA2 LOF mutation association with ESCC risk
in Chinese. BRCA2 LOF mutations were detected in 3.23%
(1:31) of 186 Henan familial ESCC in the discovery phase and
in 0.80% (1:125) and 1.16% (1:86) of the larger ESCC
populations in high-risk Henan and moderate-risk Hong
Kong validation cohorts. The fact that Fanconi anemia
patients may have early development of ESCC'®'" supports
our novel findings for the genetic susceptibility role of BRCA2
with ESCC risk. Although previous studies suggested BRCA2
may play a role in the genetic susceptibility for familial ESCC,
evidence for associations of LOF mutations of BRCA2
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remained unclear and was both contradictory in different eth-
nic groups and limited by small sample sizes (case sample size
<750)."*"* We now provide the first evidence of a germline
BRCA2 LOF mutation (c.1794_1798del:p.T598fs) observed in
a Hong Kong EC pedigree of three family members from two
generations developing EC (Fig. 2). It is classified as patho-
genic according to ClinVar (Table S3) and was present in the
Hong Kong proband, who developed ESCC and bladder carci-
noma, and his sister. In this family, another sibling developed
lung carcinoma and died young. Genotyping of the mutation
was also not possible in the father due to death or lack of con-
sent for surviving siblings. Further follow-up of the younger
family members in the next generation will be needed to dem-
onstrate ¢.1794_1798del:p.T598fs cosegregation with ESCC.

BRCA2 family lineages with the same mutation have great
phenotypic heterogeneity, resulting in the development of multi-
cancer phenotypes.””"** One 69-year old female Hong Kong
ESCC patient with the ¢.8065_8066del variant also developed
multiple cancers: right breast carcinoma at 36 years and left
breast and hepatocellular carcinoma at 68 and 71 years, respec-
tively. The variant is located at the oligonucleotide fold (OB1) in
exon 18 and is predicted to encode a truncating variant being
degraded by nonsense-mediated decay. Interesting patterns of
phenotypic heterogeneity are observed for Caucasian BRCA1/2
families, but were unknown for Chinese or Asian families.>' In
Chinese, data from the Hong Kong Hereditary Breast Cancer
Family Registry recorded 104 of 3,002 families (3.46%) with
probands having either breast and/or ovarian cancers, who also
had a family history of EC.>>** Twelve of these carried BRCA
mutations and 8 families had a confirmed linkage between
BRCA mutation with EC (5/8 had BRCAI mutations and 3/8
had BRCA2 mutations, unpublished data). None of the BRCA2
LOF mutations in the current study were present in the existing
Hong Kong Hereditary Breast Cancer Family Registry database.
One limitation of the current study is the lack of details for his-
tory of other cancers for the Henan ESCC patients carrying the
BRCA2 LOF mutations. Further follow-up studies in the BRCA2
carriers in these Chinese ESCC pedigrees will improve the
understanding of the cancer penetrance and expressivity, that is,
the types of cancers, of BRCA2.

The majority of the unique BRCA2 LOF mutations (13/19,
68.4%) observed in ESCC did not overlap with the breast cancer
clustered regions and ovarian cancer clustered regions.”’ Most
LOF mutations (12/19, 63.2%) distributed beyond the BRC
repeats affect the helical domain and DNA binding domains
(Fig. 1a and Fig. S1). BRCA2 not only plays a role in homolo-
gous recombination, but also prevention of R-loops, which
result in replication stress and genomic instability leading to
cancer.”® Further functional characterization of the observed
BRCA2 LOF mutations regarding R-loop formation is expected
to improve mechanistic understanding of the molecular etiology
of ESCC.

The prevalence and spectrum of BRCA2 mutations vary sub-
stantially in different geographical regions and ethnicities, which

result in phenotypic variations.*® The pathogenic role and biologi-
cal significance of K3326X in BRCA2 remain unclear and contro-
versial in cancer. It is generally considered benign for breast and
ovarian cancers; our study also suggests that the K3326X is infre-
quent in Henan and Hong Kong ESCC patients (0.04%, 1/2459
Chinese ESCC patients), in line with a previous smaller Chinese
ESCC study."” In contrast, a deleterious effect of BRCA2 K3326X
(rs11571833) with OR ranging from two to five was observed in
familial pancreatic cancer,” upper aerodigestive tract SCC,*® lung
SCC* and ESCC in Turkmen,'>"* predominantly being detected
in cancers of squamous cell in origin, including oral cavity,
larynx, esophagus and lung. The deleterious effect of K3326X
in ESCC varied among different ethnic groups was present in
European, Latin American and Indian populations, but rare in
Asians, including the Japanese and Chinese populations.'>'**®
Further studies are required to study the variable role of K3326X
on ESCC risk among different ethnic groups. The landscape of
germline BRCA2 mutations varies among ESCC patients from
different ethnic groups. Interestingly, the current study is the first
to report the association of high ESCC risk (OR = 7.75) in Henan
Chinese with the BRCA2 G2508S rare recurrent deleterious vari-
ant and the novel rare recurrent 3’ untranslated region BRCA2
SNP, rs56003538 (OR = 7.20). The missense variant G2508S with
CADD score 31 is scored 55 by Align-GVGD. It accounts for the
majority (15/24, 62.5%) of ESCC patients classified in the pooled
deleterious missense variants group (C55 and C65), which is sig-
nificantly associated with ESCC risk (OR = 6.1, 24 cases vs. 2 con-
trols, p = 0.014, Table S5). Interestingly, these rare missense
substitutions in BRCA2 are explaining a similar fraction of ESCC
as the protein truncating variants. The association of G2508S with
ESCC risk should be interpreted with caution, as a functional
study showed G2508S reduced activity with the homology-
directed repair assay, but had limited impact on its activity with
the poly(ADP ribose) polymerase inhibitor assay and ssDNA
binding activity.** BRCA2 G2508S, interestingly, is not only asso-
ciated with ESCC in Henan Chinese with high ORs, but also with
moderate risk in breast cancer in the Asian population.** Further
studies are required to assess the specific association of G2508S
and rs56003538 with ESCC risk in Chinese or Asian ESCC
populations.

Twelve Henan patients carrying BRCA2 LOF mutations
(12/19, 63.2%) were identified from families with at least two
first-degree relatives developing ESCC. The average age of
familial ESCC patients at diagnosis of ESCC was only slightly
younger (55.0 vs. 56.6) than that of patients without an ESCC
family history. Our current study observed a slight delay of
ESCC age of onset compared to the peak age 40-50 of a pro-
spective study of breast cancer risk in female BRCA2 mutation
carriers.*' However, interestingly the average age at diagnosis
of the 19 Henan and 4 Hong Kong ESCC patients with
BRCA2 LOF mutations showed a difference of nearly 10 years,
with 55.0 years in Henan and 64.3 years in Hong Kong
(Table 2). The average later age onset for the four Hong Kong
ESCC patients with BRCA2 LOF mutations (64.3) did not
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differ much from the ESCC patients for non-BRCA2 carrier
(64.4). The delayed age of onset in Hong Kong ESCC patients
carrying BRCA2 LOF mutations may be partly due to modifi-
able environmental protective risk factors, such as chronic
nutritional deficiencies of folate, interacting differentially for
ESCC development in geographically distinct regions.** It is
interesting to note that ESCC and pancreatic cancers are both
gastrointestinal tract cancers that occur more frequently in
males, have a later age of onset and lack consistent evidence
for a hormonal basis compared to breast and ovarian cancers.
Larger sample size studies are needed to substantiate these
observations.

The gene-based association analysis confirmed that BRCA2
has the strongest association after correction for multiple test
adjustment. Suggestive evidence for the potential association
of two other DNA repair genes, MSH2 and POLQ, further
reinforces the importance for maintenance of genomic stabil-
ity. POLQ is involved in DNA damage response needed for
translesion synthesis and alternative non-homologous end-
joining (alt-NHE]) for DNA double-strand break repair.43
The demonstration of the potential genetic predisposition role
of POLQ in cancer is novel. Since both BRCA2 and POLQ are
involved in DNA double-strand break repair, the findings sug-
gest that defective homologous recombination may be an
essential underlying causal genetic factor in ESCC pathogene-
sis. PALB2, a partner and colocalizer to BRCA2, complexes
with BRCA2 for stabilization and facilitation of DNA repair.
Despite a trend of higher frequency of Henan ESCC patients
carrying PALB2 LOF variants (5/2121 vs. 0/1168, p = 0.17),
this did not reach statistical significance. The gene-based asso-
ciation analysis showed a trend of higher frequency of eight
RDVs (including five LOF and three missense variants with
CADD score >30) identified in Henan ESCC cases, while none
were detected in the controls (8/2121, 0.38% vs. 0/1168, 0%,
p = 0.057, Table 3). A larger study with improved methods to
define variant of unknown significance is required to provide
further evidence for the contribution of PALB2 in ESCC risk.
MSH?2 functions in mismatch repair. Microsatellite instability
study suggested microsatellite instability-low (30.6%) predom-
inates over microsatellite instability-high (8.1%) in ESCC and
that microsatellite instability may play a role in ESCC carcino-
genesis.** The nominal association of KDR and TTC39B with
ESCC risk may provide novel insights and clues to suggest the
involvement of angiogenesis and inflammation in ESCC
development. KDR encodes vascular endothelial growth factor
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