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Summary
Background Nasopharyngeal carcinoma (NPC) exhibits significant familial aggregation; however, its susceptibility
genes are largely unknown. Thus, this study aimed to identify germline mutations that might contribute to the risk
of familial NPC, and explore their biological functions.

Methods Whole-exome sequencing was performed in 13 NPC pedigrees with multiple cases. Mutations co-segre-
gated with disease status were further validated in a cohort composed of 563 probands from independent families,
2,953 sporadic cases, and 3,175 healthy controls. Experimental studies were used to explore the functions of suscepti-
bility genes and their disease-related mutations.

Findings The three rare missense mutations in POLN (DNA polymerase nu) gene, P577L, R303Q, and F545C, were
associated with familial NPC risk (5/576 [0¢87%] in cases vs. 2/3374 [0¢059%] in healthy controls with an adjusted
OR of 44¢84 [95% CI:3¢91-514¢34, p = 2¢25 £ 10�3]). POLN was involved in Epstein-Barr virus (EBV) lytic replication
in NPC cells in vitro. POLN promoted viral DNA replication, immediate-early and late lytic gene expression, and
progeny viral particle production, ultimately affecting the proliferation of host cells. The three mutations were
located in two pivotal functional domains and were predicted to alter the protein stability of POLN in silico. Further
assays demonstrated that POLN carrying any of the three mutations displayed reduced protein stability and
decreased expression levels, thereby impairing its ability to promote complete EBV lytic replication and facilitate cell
survival.

InterpretationWe identified a susceptibility gene POLN for familial NPC and elucidated its function.
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Research in context

Evidence before this study

Previous linkage studies have demonstrated the contri-
bution of certain chromosomal regions, such as 6p22,
4p15¢1�q12, 3p21¢31�21¢2, and 5p13¢1, to the risk of
familial NPC. To date, only a few studies have reported
the susceptibility genes for familial NPC in the Southern
Chinese population, including rare mutations in MST1R
and 12 other genes.

Added value of this study

This study identified a susceptibility gene POLN for
familial NPC, supporting that germline mutations in
DNA repair factors are associated with NPC risk. Func-
tional studies have uncovered the substantial function
of POLN in the course of EBV lytic replication and have
provided experimental evidence for the involvement of
germline mutations in EBV-related oncogenesis.

Implications of all the available evidence

Identification of susceptibility genes for NPC screening
in high-risk populations could contribute to earlier diag-
nosis and improved prognosis, especially in those with
a familial background. Clarifying the mechanism by
which the susceptibility gene contributes to NPC devel-
opment is helpful to deepen our understanding of the
aetiology of NPC.
Introduction
Nasopharyngeal carcinoma (NPC) is a malignancy aris-
ing from the epithelium of the nasopharynx,1 character-
ised by an extraordinary ethnic and geographical
distribution. It is rare in most parts of the world but is
endemic in Southern China (particularly in Guang-
dong), Southeast Asia, Northern Africa, and Alaska.2

Familial clustering has been widely reported,3 and more
than 10% of patients have a positive family history of
NPC in endemic regions.4,5 Familial NPC is defined as
a family with one or more NPC patients, in addition to
the proband within three generations.4 The risk dramat-
ically increased 4 to 10-fold among individuals with a
first-degree relative with NPC compared with those
without a family history.3 Familial NPC cases also have
a significantly younger age of onset than sporadic
cases.6 The geographical distribution and familial clus-
tering of NPC suggest that genetic factors may play a
critical role in its aetiology. Therefore, it is important to
identify genetic susceptibility genes for NPC screening
in high-risk populations, which would contribute to ear-
lier diagnosis and better prognosis.

Linkage studies have demonstrated the contribution
of some loci to the risk of familial NPC, including 6p22
(human leukocyte antigen locus),7 4p15¢1�q12,8 3p21¢
31�21¢2,9 and 5p13¢1.10 Recent efforts to identify addi-
tional cancer predisposition genes have emphasised the
importance of rare mutations.11 According to the
hypothesis that high penetrance and highly pathogenic
rare genetic mutations tend to be enriched in families
and co-segregate with cases,12 additional causative
mutations have been identified in a variety of tumors in
high-risk multiplex cancer families, including BRCA1
and BRCA2-negative breast cancer, colorectal cancer,
pancreatic cancer, non-medullary thyroid cancer and
Hodgkin lymphoma families.13-17 Until now, only a few
studies performed in NPC endemic areas have reported
the susceptibility genes for familial NPC, including rare
mutations in MST1R gene18 and 12 other genes.19 Addi-
tional susceptibility genes remain to be identified, and
the underlying mechanisms require further investiga-
tion.

The default infection programme of Epstein-Barr
virus (EBV) in pharyngeal epithelial cells is lytic
infection.20�22 During lytic infections, almost all viral
genes are expressed in an ordered cascade. First, the
immediate-early (IE) genes BZLF1 and BRLF1 are
expressed, which activates the expression of early genes.
Following viral DNA replication, late genes are
expressed.23 However, the burden of producing a large
number of progeny virus particles during lytic reactiva-
tion may induce cell death.24 Therefore, the role of EBV
life cycle in NPC tumorigenesis is complex. We recently
found that the EBV loads at the nasopharyngeal site are
correlated with each other among blood-relative pairs,
and a significantly high heritability was also observed25

within families with multiplex NPC cases, indicating
that host genetics interacts with EBV in the develop-
ment of NPC.

In this study, to identify germline mutations that
might contribute to the risk of familial NPC, we con-
ducted whole-exome sequencing (WES) of 13 NPC pedi-
grees, followed by validation in a cohort of familial
cases, sporadic cases, and healthy controls (n=6,890).
We found that rare POLNmutations are associated with
familial NPC risk. POLN encodes a DNA polymerase
with translesion DNA synthesis activity,26 and partici-
pates in cross-linking repair and homologous recombi-
nation.27 We further demonstrated the functional
www.thelancet.com Vol 84 October, 2022
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relevance of POLN in EBV lytic replication and the pos-
sible mechanism by which rare functional mutations
influence familial NPC risk.
Methods

Study populations and samples collection
The NPC multiplex families were recruited from “High-
risk Nasopharyngeal Carcinoma Family Screening Pro-
gram” in Sun Yat-sen University Cancer Center
(SYSUCC, Guangzhou, Guangdong, China). Patients
and their unaffected relatives from 13 high-risk families
were enrolled in this study. Each family had whole
blood or saliva samples available from at least two NPC
patients and at least one unaffected first-degree relative
(Figure S8). WES was conducted on available samples,
including 35 familial cases and 34 unaffected relatives
(Table S1).

A total of 351 additional familial cases, defined as
having at least one family member within third-degree
relatives suffering NPC, were recruited from SYSUCC
from 2008 to 2015 for Sanger sequencing. In addition
to the public database, an in-house WES database,
including 199 healthy individuals recruited from
Guangdong, China, was also used for mutation filtering
(Table S2).

For independent replication, 212 unrelated familial
cases and 2,953 sporadic cases were recruited from
SYSUCC from 2004 to 2017, and 3,175 healthy controls
were recruited from Guangdong China from 2009 to
2016 (Table S2). All patients were Han Chinese and
were histopathologically diagnosed.

Additionally, mRNA samples from 84 NPC tissues
and 12 non-cancerous nasopharyngeal tissues were
obtained from the SYSUCC biobank. Protein samples
were obtained from 8 additional NPC tissues and 5 non-
cancerous nasopharyngeal tissues. All NPC tissues were
pathologically classified as undifferentiated non-kerati-
nising tumours.
Sequencing and genotyping
Genomic DNA was extracted from peripheral blood and
saliva using an automated workstation (Chemagic Star,
Bonaduz, Switzerland) and quantified using the Pico-
Green reagent (Invitrogen, Cat#P11495, Carlsbad, CA,
USA). 2¢5 mg of DNA from each individual was frag-
mented using Covaris ultrasonicator (Woburn, MA,
USA). Indexed paired-end libraries were prepared using
the SureSelectXT Human All Exon Kit (V6) (Agilent,
Cat#5190-8863, Santa Clara, CA, USA). paired-end 150-
bp read-length sequencing was performed using Illu-
mina HiSeq 2500 technology (San Diego, CA, USA).

The WES data were analysed according to the recom-
mendations of GATK Best Practices.28 The sequence
reads were aligned to the human reference genome
www.thelancet.com Vol 84 October, 2022
(hg19/GRCh37) using the Burrows-Wheeler aligner29

and Picard tools (http://broadinstitute.github.io/picard/)
were used to sort the bam files and mark duplicates.
GATK was then used to conduct indel realignment, base
quality score recalibration, variant calling, and variant
quality score recalibration (VQSR).28 The sensitivity
thresholds for single-nucleotide polymorphisms (SNPs)
and indels were chosen at 99¢5% and 99%, respectively.
The quality of the mutations was checked by GATK and
plink to remove abnormal samples or contamination.
Genotypes with quality scores < 20 or read depths < 8
were treated as missing values. Heterozygotes with
alternative allele frequencies > 0¢75 or < 0¢25 were also
considered ambiguous calling. Mutations with missing
rates of > 20% were excluded from further analyses.
ANNOVAR30 was used to annotate the qualified muta-
tions.

For Sanger sequencing of POLN gene, we used the
Primer-BLAST online database (https://www.ncbi.nlm.
nih.gov/tools/primer-blast/) to design 26 pair primers
(Table S7) for all exons and exon-intron boundaries of
POLN. High fidelity DNA polymerase (Genestar, Bei-
jing, CHN) was used for PCR. Amplified DNA frag-
ments were sent for Sanger sequencing (Majorbio,
Shanghai, CHN). All sequencing results were aligned to
the POLN RefSeq sequence (NG_046934.1) using the
DNAMAN software for mutation detection. We applied
Sanger sequencing to validate the mutations identified
by WES and TaqMan genotyping assays (Figure S1),
and partial samples carried wild-type POLN identified
by TaqMan genotyping assay (Figure S9).

TaqMan SNP Genotyping Assay (Applied Biosys-
tems, ABI, Carlsbad, CA, USA) followed by the LightCy-
cler Real-Time PCR 480 system (Roche, Basel,
Switzerland) was used for genotyping, according to the
manufacturer’s instructions. Blank and positive controls
were used for each experiment. Probe sequences are
listed in Table S8. The 5 ml reaction system included
0¢25 ml primer plus probe, 1 ml DNA (25 ng), 2¢5 ml
TaqMan universal MMIX II with UNG (ABI,
Cat#4440046) and 1¢25 ml H2O. The reaction condi-
tions were as follows: incubation at 50 °C for 2 min,
polymerase activation at 95 °C for 10 min, and 40 cycles
of amplification at 95 °C for 15 s and 60 °C for 1 min.
Mutation selection
To identify candidate mutations that may play impor-
tant roles on NPC development, we first conducted a co-
segregation analysis on the 13 families to identify muta-
tions segregating with NPC onset, that is, shared by all
NPC cases but absent in the unaffected relatives in the
family. We then filtered the non-synonymous rare
mutations with minor allele frequency (MAF) < 0¢1%
in all public databases: 1000 Genomes (all population
and East Asians), gnomAD (all population and East
Asians with genome and exome data, respectively),
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ESP6500, ExAC (all population and East Asians with
and without TCGA data, respectively), the Kaviar data-
base, and our in-house WES database with 199 healthy
individuals. Among the resulting 145 rare non-synony-
mous co-segregating mutations, we used the dbNSFP
database in ANNOVAR to conduct functional predic-
tion. The mutations predicted as “damaging” in SIFT,
polyphen2 HVAR, and FATHMM and located in the
protein domain were further filtered. We performed a
literature search for target gene(s) with functional rele-
vance to cancer. A detailed mutation selection flowchart
is shown in Figure 1a.

The mutations identified in 351 unrelated familial
NPC cases were filtered by population frequency using
the selection strategies aforementioned. Those located
in the protein domain and predicted as “damaging” in
SIFT, polyphen2 HVAR, and Mutation Taster were fur-
ther selected for the functional study.
Cell culture
HK1 EBV+ and Tet-BZLF1/CNE2 EBV+ NPC cells were
obtained from Professor Mu-Sheng Zeng (Sun Yat-sen
University, China).31,32 Tet-BZLF1/CNE2 EBV+ cells
conditionally expressed the exogenous protein Zta
under the control of a tetracycline-inducible promoter
(Figure S10). Both NPC cell lines were cultured in
RPMI 1640 medium (Gibco, Cat# 11875093, Carlsbad,
CA, USA) supplemented with 10% foetal calf serum
(Gibco, Cat#16140071). Geneticin (700 mg/ml) (G418)
(Sigma, Cat#G5013) was added to the culture medium
to maintain the EBV-positive rate. Human embryonic
kidney 293T (HEK-293T) cells used for virus packaging
were purchased from ATCC (ATCC, CRL-3216). HEK-
293T cells were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) (Gibco, Cat# 11965092) with 10%
foetal calf serum. All cells were cultured at 37 °C in an
incubator with a humidified atmosphere of 5% CO2 and
tested negative for mycoplasmas (Figure S11).
Plasmids, mutagenesis
POLN full-length cDNA (NCBI: NM_181808.3) was
obtained from Vigene Biosciences (Rockville, MD,
USA) and cloned into the pCDH-CMV-MCS-EF1-Puro
lentiviral vector using the ClonExpress Entry One Step
Cloning Kit (Vazyme, Cat#C112, Nanjing, Jiangsu,
CHN) for wild-type (WT) POLN expression plasmid
construction. We performed polymerase chain reaction
(PCR) to generate POLN P577L, F545C, and R303Q
mutants by site-directed mutagenesis of the WT POLN
expression plasmid with specific primers (Table S7) and
used Dpn1 restriction enzyme (Thermo Scientific,
Cat#ER1701, Waltham, MA, USA) to digest the WT
template. HA-tags were fused to the C-terminus of the
WT and mutant POLN plasmids. All plasmids were ver-
ified using DNA sequencing.
Lentivirus assembly and transduction
For lentiviral production, HEK-293T cells were co-trans-
fected with PMD2G, psPAX2, and pCDH POLN WT or
mutant plasmids using polyethyleneimine (PEI) (YEA-
SEN, Cat#40816ES02, Shanghai, CHN). The superna-
tant medium was refreshed 12 h after transfection.
Lentivirus particles were collected at 48 h and 72 h after
transfection. NPC cells were seeded in 6-well plates and
cultured until they reached approximately 70% conflu-
ency. Then, cells were transduced with the negative con-
trol, POLN WT, or mutant lentivirus particles at the
same multiplicity in the presence of 8 mg/ml of poly-
brene (Solarbio, Cat# H8761, Beijing, CHN). Real-time
quantitative polymerase chain reaction (RT-qPCR) and
western blotting were used to examine POLN expres-
sion (Figure S12, S5, S3 and S7).
RNA interference of POLN
The siRNA duplexes used to knockdown POLN were
purchased from RiboBio (Guangzhou, CHN). The com-
mercial transfection reagent Lipofectamine 3000 (Cat #
L3000075; Invitrogen) was used for cell transfection.
The siRNA sequences used are listed in Table S9.
siRNA efficacy was confirmed by RT-qPCR and western
blotting (Figure S13 and S4).
RNA extraction, reverse transcription, and real-time
quantitative polymerase chain reaction
Total RNA was extracted from cells and tissues using
TRIzol reagent (Invitrogen, Cat#15596026) following
the manufacturer’s protocol. Total RNA was reverse-
transcribed using the PrimeScript RT reagent Kit with
gDNA Eraser (TaKaRa, Cat#RR047A, Japan). RT-qPCR
was performed using a LightCycler 480 SYBR Green I
Master (Roche, Cat#04887352001) on a LightCycler
480 System (Roche). The primers used for POLN,
BZLF1, BRLF1, BKRF4, BOLF1, BLLF1, and GAPDH are
listed in Table S7. GAPDH was used as an internal con-
trol to normalise the relative expression of the genes.
The relative mRNA expression was calculated using the
comparative Ct method 2�DDCt.
Protein Extraction and Western Blot analysis
Proteins were extracted using a whole-cell lysis assay
(KeyGEN BioTECH, Cat#KGP2100, Nanjing, Jiangsu,
CHN). BCA Assay Reagent (Cwbiotech, Cat#CW0014S,
Beijing, CHN) was used to measure protein concentra-
tion. Protein lysates (20 mg) were electrophoresed on a
10% sodium dodecyl sulfate (SDS) (Aladdin,
Cat#S108346, Shanghai, CHN) polyacrylamide gel and
transferred onto PVDF membranes (Merck Millipore,
Cat#IPVH00010, Billerica, MA, USA). Membranes
were blocked with TBST (Solarbio, Cat#T1085) contain-
ing 5% non-fat dried milk (BIO-RAD, Cat#1706404,
Hercules, CA, USA) and incubated overnight at 4 °C
www.thelancet.com Vol 84 October, 2022



Figure 1. Identification of three POLN mutations associated with familial NPC. (a) Workflow for the identification and validation
of the association between POLN and familial NPC. (b) Pedigree of FA NPC family. DNA samples of individuals I-1, I-2, II-1, II-2, and II-
3 were extracted for WES. (c) The frequencies of the POLN P577L, R303Q, and F545C rare mutations in familial cases, sporadic cases,
and controls, respectively. Logistic regression analysis was conducted to compare the frequencies of all three mutations in familial
NPC cases with healthy controls after adjusting for age and sex.

NPC, Nasopharyngeal carcinoma; WES, whole-exome sequencing.
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with POLN (1:1,000) (lifeSpan bioSciences, Lsbio, Rab-
bit, Cat#LS-C163843, Seattle, WA, USA), HA (1:1,000)
(Cell Signalling Technology, CST, Mouse, Cat#2367,
www.thelancet.com Vol 84 October, 2022
RRID:AB_10691311, Boston, MA, USA), BZLF1 (1:250)
(Santa Cruz Biotechnology, Mouse, Cat# sc-53904,
RRID:AB_783257, Dallas, TX, USA), BRLF1 (1:500)
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(Bioss, Rabbit, Cat#bs-4542R, Boston, MA, USA) and
a-Tublin (1:1,000) (Proteintech, Mouse, Cat#66031-1-
Ig, Wuhan, Hubei, CHN) antibodies. The membranes
were subsequently incubated with rabbit (1:5,000)
(ZSGB-BIO, Cat#ZB-2301, Beijing, CHN) or mouse
(1:5,000) (ZSGB-BIO, Cat#ZB-2305) secondary antibod-
ies conjugated to horseradish peroxidase and incubated
with ECL reagents (Merck Millipore, Cat#WBKLS).
Band intensities were quantified using Image Lab (Bio-
Rad).
Cycloheximide (CHX) chase assay
HK1 EBV+ and Tet-BZLF1/CNE2 EBV+ NPC cells were
seeded in 10 cm dishes and transduced with POLN WT
or mutant lentivirus, respectively. After 72 h, the cells
were seeded in 6-well plates and treated with 100 mg/
ml cycloheximide (CHX) (MCE, Cat#HY-12320, Shang-
hai, CHN). The protein was collected at four time
points: 0 h, 2 h, 4 h and 8 h, and the changes in POLN
were analysed by western blotting.
EBV lytic replication induction
To induce EBV lytic replication, 12-O-Tetradecanoyl-
phorbol-13-Acetate (TPA) (20 ng/mL) (CST, Cat#4174S)
with sodium butyrate (NaB) (3 mM) (Macklin, Cat#156-
54-7, Shanghai, CHN) (TPA/NaB) or doxycycline (DOX)
(0¢2mg/ml) (Sigma, Cat#D3072) was added to the cul-
ture medium of HK1 EBV+ or Tet-BZLF1/CNE2 EBV+
NPC cells, respectively. The cell assays were conducted
24 h after induction.
Cell Immunofluorescence
Cells were washed twice with phosphate buffered saline
(PBS) (Gibco, Cat#10010023), fixed with 4% parafor-
maldehyde (G-CLONE, Cat#PN4204, Beijing, CHN) for
30 min at room temperature (RT), and neutralised with
2 mg/ml glycine (Sigma, Cat#G8898). Subsequently,
the cells were permeabilised with 0¢5% Triton X-100
(Solarbio, Cat# P1080) for 10 min and blocked with 5%
BSA (MP, Cat#9048-46-8, Santa Ana, CA, USA) for 1
h, followed by incubation with POLN (1:250) (Thermo
Scientific, Rabbit, Cat# PA5-65162, RRID:
AB_2663861) and BMRF1 (1:250) (Abcam, mouse, Cat#
ab30541, RRID: AB_732194, Cambs, UK) primary anti-
bodies at 4 °C overnight. After three washes in TBST,
the coverslips were incubated with Alexa Fluor 555 goat
anti-mouse IgG (1:1,000) (CST, Cat# 4409, RRID:
AB_1904022) and Alexa Fluor Plus 647 donkey anti-
rabbit IgG (1:1,000) (Thermo Scientific, Donkey, Cat#
A32795, RRID: AB_2762835) for 1 h in a dark room.
The coverslips were washed three times and stained
with DAPI (Solarbio, Cat#C0065) for 5 min at RT. After
drying and mounting with ProLong Gold Antifade
Mountant (Invitrogen, Cat#P36930), the subcellular
localisation of POLN and BMRF1 proteins was analysed
using a confocal microscope (ZEISS, LSM880 with fast
airyscan, Oberkochen, Germany). ZEN Blue software
was used for the quantification of colocalisation
between BMRF1 and POLN.
Flow Cytometry
The cells were collected and washed twice with PBS.
The percentage of GFP -positive cells was evaluated by
flow cytometry (CytoFLEX 2; Becman, Brea, CA, USA)
using signal wavelength analysis.
EBV DNA extraction and copy number detection
Cell culture media used for determining extracellular
genome copies were treated with DNase I (Vazyme,
Cat#EN401/402) before DNA extraction to digest cell-
free DNA which was not detected in the DNase-resistant
viral particles. Total DNA was extracted from cells and
culture media simultaneously using the Blood/Cell/Tis-
sue Genomic DNA Extraction Kit (TIANGEN,
Cat#DP304, Beijing, CHN), following the man-
ufacturer’s protocol. EBV DNA copy numbers were
determined by RT-qPCR using primers targeting the
EBV BALF5 and b-Globin genes of the human genome
(Table S7). Standard sample ladders (102, 103, 104, 105

and 106 copies/ml) were used to generate a standard
curve. The relative EBV DNA copy number in cells was
expressed as the ratio of the copy number of the EBV
genome to that of the b-Globin DNA.
Cell Viability Assay
One thousand NPC cells were seeded in each well of a
96-well plate and cultured for one to five days. Ten
microlitres of Cell Counting Kit-8 (CCK8) (APExBIO,
Cat#K1018, Houston, TX, USA) solution was added to
each well. After incubation for 2 h, the absorbance was
measured at 450 nm using a spectrophotometre (BIO-
Tek epoch, Winooski, VT, USA).
Statistical analysis
Statistical analyses were performed using R (version
3.5.0) and GraphPad Prism (version 9.0.1). Logistic
regression adjusted for age and sex was used to compare
the mutation frequencies of mutations in familial NPC
cases or sporadic NPC cases with those in healthy con-
trols. Student’s t-test was conducted to compare the age
of onset between P577L carriers and non-carriers in
familial NPC cases. Experimental data are presented as
the mean§ standard deviation (SD) from three separate
experiments. A two-sided Student’s t-test was used to
compare data points between the two groups. Two-way
analysis of variance (ANOVA) was used to test the statis-
tical significance of the growth difference between the
two groups. The results were considered statistically sig-
nificant at p < 0¢05.
www.thelancet.com Vol 84 October, 2022
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This study was approved by the ethical review commit-
tees of Sun Yat-sen University Cancer Center, Guangz-
hou, China (YB2020-001-01). All subjects signed
informed consent. Our study conforms to the Regula-
tion of the People’s Republic of China on the Adminis-
tration of Human Genetic Resources (CJ1259).
Role of funding source
The funders had no role in collection, analysis, and inter-
pretation of the data or in the writing of this publication.
Results

POLN P577L mutation co-segregates with NPC onset
in FA family
WES was conducted on the available samples from 13
families recruited through “High�risk Nasopharyngeal
Carcinoma Family Screening Program” (see methods),
including 35 familial NPC patients and 34 healthy rela-
tives. The data quality and characteristics of the samples
are summarised in Tables S1 and S2, respectively. The
mean age at disease onset of 35 familial NPC patients
was 40¢03 years (SD 8¢47, range 24-65), which is youn-
ger than that reported for sporadic cases (46¢6 years)6.
The average sequencing coverage is 107X.

A total of 219,053 SNPs and indels were identified. By
focusing on mutations that were present in all cases but
not in any unaffected relatives within a family, co-segrega-
tion analysis was performed using a dominant model. As
shown in Figure 1a, after filtering out common and synony-
mous mutations, we identified 145 rare disease-segregating
mutations (MAF < 0¢1% in public databases) in 141 genes
(Table S3), including 129 nonsynonymous mutations, 11
INDELs mutations, and 5 stop-gain mutations. We then
narrowed down the candidate mutations to five mutations
(Table 1), which are located within important protein
domains and were predicted to be damaging mutations.
rs146182235 in POLN (NM_181808.4: exon16: c.C1730T: p.
P577L) had the highest rank score in all three in silico tools
(SIFT converted rankscore =0¢91, Polyphen2 HVAR rank-
score =0¢97, FATHMM converted rankscore = 0¢97)
(Table 1). This mutation was carried by all affected individu-
als in the FA family (Figure 1b; the ages of onset were 34,
39, and 25 years, respectively). The genotypes of the POLN
P577L mutation were validated using Sanger sequencing
(Figure S1). In addition, FA family members did not carry
any previously reported germline mutations in genes asso-
ciated with familial NPC18,19 (Table S4). POLN encodes
type A DNA polymerase, which is responsible for DNA rep-
lication and repair,27 and mutations in this gene were asso-
ciated with an increased risk of familial melanoma,33 lung
cancer,34 breast cancer,35 and prostate cancer.36 Therefore,
we selected POLN as the candidate gene associated with
the development of familial NPC.
www.thelancet.com Vol 84 October, 2022
POLN mutations identified in additional familial NPC
cases
Sanger sequencing of all POLN exons and exon-intron
boundaries was performed in 351 additional familial
NPC cases. The clinical characteristics of these samples
are described in Table S2. To investigate other muta-
tions in POLN, we integrated the 351 familial NPC cases
with the WES data of the 13 families, excluding the FA
family, and found a total of 40 mutations in POLN
among these 363 familial NPC cases (Table S5). Three
rare mutations were predicted to be damaging. We
detected one more POLN P577L mutation carrier
(female, age at onset: 42 years). Additionally, two addi-
tional POLN rare mutations, R303Q (exon6: c.G908A)
carried by a male patient diagnosed at 41 years of age
and F545C (exon15: c.T1634G) carried by a male patient
diagnosed at 42 years of age were found. Sanger
sequencing was performed to validate these mutations
(Figure S1).
POLN mutations are associated with an increased risk
of familial NPC
Genotyping of three POLN mutations (P577L, F545C,
and R303Q) was performed in an independent cohort of
212 familial NPC cases, 2,953 sporadic NPC cases, and
3,175 healthy controls (Table S2). The P577L mutation
was detected in five individuals, including one patient
with familial NPC (diagnosed at 43 years of age), three
sporadic patients (diagnosed at 68, 42, and 40 years of
age respectively), and one healthy control (60-year-old).
The R303Q mutation was detected in one sporadic
patient (diagnosed at 65 years of age) and one healthy
control (59-year-old). No additional F545C mutation was
detected in these samples. The genotypes of all muta-
tion carriers were validated using Sanger sequencing
(Figure S1).

Combining all the independent samples included in
this study (576 independent familial cases [13 for WES,
563 for validation], 2,953 sporadic cases, and 3,374 healthy
controls), the POLN rare damaging mutations showed a
significantly higher frequency in familial NPC cases (5/
576, 0¢87%) than in healthy controls (2/3374, 0¢059%)
with an adjusted OR of 44¢84 (95% CI:3¢91-514¢34, logistic
regression, p = 2¢25£ 10�3) (Figure 1c). Additionally, these
rare damaging mutations showed a relatively higher fre-
quency in sporadic NPC cases (4/2953, 0¢135%) than in
healthy controls (2/3374, 0¢059%) with an adjusted OR of
2¢41 (95% CI:0¢44-13¢21, logistic regression, p = 0¢31). We
also observed a younger age of onset in the familial
patients carrying P577L (mean age:39¢67 years) than in
those not carrying this mutation (mean age: 47¢95 years,
Student’s t-test, p = 0¢096).

We further analysed WES data from publicly avail-
able NPC studies18,19,37-40 to investigate the mutations
of POLN in NPC cases (Table S6). POLN P577L,
R303Q, and F545C mutations were not detected in these
7
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studies. However, we found 14 additional POLN rare
mutations in 19 NPC cases, including one synonymous
mutation, six missense mutations, one frameshift
mutation, and six intronic mutations.
POLN is involved in the completion of EBV lytic
replication
POLN was reported to interact with DNA repair factors
Rad51 and PCNA,27 which have been shown to be
involved in EBV DNA replication.41,42 To investigate the
function of POLN in EBV DNA replication, we exam-
ined the subcellular localisation of POLN and BMRF1
(DNA processivity factor, completely coincided with the
newly synthesized EBV DNA43) in two EBV-positive
NPC cell lines, HK1 EBV+ and Tet-BZLF1/CNE2 EBV+.
After lytic replication induction, we found that POLN
was colocalised with the BMRF1 protein (Manders’
Colocalization Coefficients: HK1 EBV+: 0¢91, Tet-
BZLF1/CNE2 EBV+: 0¢87) (Figure 2a and Figure S2a),
suggesting that POLN may tend to be located in EBV
replication compartments. Thus, we examined whether
POLN expression affected EBV DNA replication. The
two cell lines contained an exogenous recombinant EBV
strain that expressed enhanced green fluorescent pro-
tein (GFP). We overexpressed POLN in both cell lines
and observed that cells overexpressing POLN showed a
higher percentage of GFP-positive cells than the control,
with and without lytic replication induction (Figure 2b
and Figure S2b). We further confirmed this result by
quantifying the intracellular EBV DNA copy number
using RT-qPCR. Overexpression of POLN increased
the intracellular EBV genome copy number
(Figure 2c and Figure S2c). Next, we used two siR-
NAs to knock down the expression of POLN in the
two cell lines, and found that the knockdown of
POLN decreased the percentage of GFP-positive cells
(Figure 2d and Figure S2d) and the intracellular
EBV genome copy number (Figure 2e and Figure
S2e). These results suggested that POLN plays a sub-
stantial role in EBV DNA replication.

Viral IE genes BZLF1 and BRLF1 play critical roles in
the initiation of lytic replication of EBV,44 both of which
were upregulated in POLN-overexpressing cells
(Figure 2f and Figure S2f, S3), and downregulated in
POLN knockdown cells (Figure 2g and Figure S2g, S4).
The expression of EBV true late genes is strictly depen-
dent on viral DNA replication.23 Our results showed
that the expression of true late genes BKRF4, BOLF1,
and BLLF1 was up-regulated at least 1.5-fold in both cells
which overexpressed POLN with and without EBV reac-
tivation, and the knockdown of POLN decreased their
expression (Figure 2h and Figure S2h). POLN promotes
EBV DNA replication and increases viral true late gene
expression, which encouraged us to investigate whether
POLN affects progeny viral particle production. The
amount of DNase-resistant extracellular viral particles
www.thelancet.com Vol 84 October, 2022



Figure 2. POLN is involved in the completion of EBV lytic replication. POLN was overexpressed or knocked down in HK1 EBV+
cells, twenty-four hours after induction of EBV lytic replication by TPA/NaB, cells were harvested. (a) Immunofluorescence (left panel)
was performed to show the location of BMRF1 (red) and POLN (green) in HK1 EBV+ cells, DAPI (blue). The picture on the right panel
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Figure 3. POLN inhibited the proliferation of NPC cells and showed lower expression in NPC tissues. (a) The effect of POLN
overexpression on cell proliferation in HK1 EBV+ and Tet-BZLF1/CNE2 EBV+ cells. Data were presented as mean § SD (N = 4),
***p< 0¢001 (two-way ANOVA). (b) The effect of POLN knockdown on cell proliferation in HK1 EBV+ and Tet-BZLF1/CNE2 EBV+ cells.
Data were presented as mean § SD (N = 4), ***p < 0¢001 (two-way ANOVA). (c) The mRNA expression level of POLN was measured
by RT-qPCR in non-cancerous nasopharyngeal tissues (N, n=12) and NPC tissues (T, n=84), data were presented as mean § SEM. (d)
Expression analysis of POLN mRNA in normal nasopharyngeal tissues (N, n=10) and NPC tissues (T, n=31) from GSE12452, data were
presented as mean§ SEM. (c, d) Student’s t-test was used for the statistical analysis. ***p< 0¢001, **p< 0¢01. (e) The protein expres-
sion level of POLN in non-cancerous nasopharyngeal tissues (N, n=5) and NPC tissues (T, n=8) was measured by western blot.

SEM, Standard error of mean; ANOVA, Analysis of variance.
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in cell culture supernatants was evaluated and the
results showed that the extracellular EBV DNA copy
number was increased when POLN was overexpressed
and decreased when POLN was knocked down
(Figure 2i and Figure S2i). These findings revealed that
POLN was involved in the completion of EBV lytic repli-
cation.
POLN inhibits the proliferation of NPC cells and shows
lower expression in NPC tissues
In epithelial cells, the latent infection and abortive/
incomplete lytic infection of EBV in host cells have been
showed the scatterplot of colocalisation between BMRF1 and POL
GFP-positive cells. (c) The effect of POLN overexpression on the in
knockdown on the proportion of GFP-positive cells. (e) The effect o
bers. (f) The effect of POLN overexpression on the mRNA expressio
knockdown on the mRNA expression level of EBV IE genes BZLF1 a
on the mRNA expression level of EBV true late genes BKRF4, BOLF1,
on the extracellular EBV genome copy numbers. (b-i) Data were pre
05, ns: not significant (Student’s t-test).

EBV, Epstein-Barr virus; SD, Standard deviation; WT, wild type.
shown to contribute to NPC carcinogenesis.24,45 In com-
plete lytic cycle, productively infected cells eventually
lyse, resulting in the inhibition of cell proliferation.24

Based on the finding that POLN plays a role in complete
lytic reactivation and viral production, we subsequently
evaluated the effect of POLN on NPC cell proliferation.
CCK8 assay showed that overexpression of POLN signif-
icantly inhibited the proliferation of NPC cells
(Figure 3a), whereas knockdown of POLN promoted the
proliferation of NPC cells (Figure 3b).

Next, we examined POLN mRNA expression in 12
non-cancerous nasopharyngeal tissues and 84 NPC tis-
sues using RT-qPCR and found lower POLN expression
N. (b) The effect of POLN overexpression on the proportion of
tracellular EBV genome copy numbers (d) The effect of POLN
f POLN knockdown on the intracellular EBV genome copy num-
n level of EBV IE genes BZLF1 and BRLF1. (g) The effect of POLN
nd BRLF1. (h) The effect of POLN overexpression or knockdown
and BLLF1. (i) The effect of POLN overexpression or knockdown
sented as mean § SD (N = 3), ***p < 0¢001, **p < 0¢01, *p < 0¢
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in NPC tissues (Figure 3c). We also obtained gene
expression data from GEO datasets (https://www.ncbi.
nlm.nih.gov/geo/) (GSE12452).46 Consistently, POLN
was lower levels in NPC tissues (n=10) than in normal
nasopharyngeal tissues (n=31) (Figure 3d). To further
confirm this finding, we examined POLN protein
expression in five non-cancerous nasopharyngeal sam-
ples and eight clinical NPC samples by western blotting,
and found lower POLN protein expression in NPC tis-
sues (Figure 3e).
The three rare damaging mutations impaired the
POLN protein stability and decreased the protein
expression
POLN is a 100.3-kDa protein with 900 amino acids and
two functional domains, DnaQ_like_exo and DNA_po-
l_A_theta (Figure 4a). The three identified amino acids
were located within the functional domains and showed
high evolutionary conservation in five orthologous pro-
teins (Figure 4b). We used INPS (http://inps.biocomp.
unibo.it) to predict the thermodynamic free energy
change for the three mutations and found decreased sta-
bility in the mutant protein. We further performed
molecular modelling of the 194-859 amino acid region
of POLN (PDB 4XVK) (https://www.rcsb.org/structure/
4XVK) using the PyMOL software to evaluate the poten-
tial structural changes induced by the mutations
(Figure 4c). Arg 303 (basic) was thought to be involved
in a salt bridge interaction with Asp 335 (acidic) (dis-
tance: 2¢5 A� ), and the Arg to Gln (R303Q) mutation was
predicted to impair this interaction (Figure 4d). Substi-
tution of Pro with Leu (P577L) was predicted to induce
the loss of conformational constraint ability and, there-
fore, may destabilise the protein structure. P577L and
F545C are located near the DNA-binding site (residues
573-576 and 543-544, respectively) and were predicted to
weaken the interaction with DNA (8¢5 A� for Pro577 ver-
sus 9¢3 A� for Leu577; 4¢6 A

�
for Phe545 versus 6¢9 A

�
for

Cys545) (Figure 4e-4f). Phe545 is involved in the forma-
tion of p-p stacking interactions with DNA, and the sub-
stitution of Phe with Cys was predicted to impair this
interaction. In summary, the three identified amino
acid substitutions were predicted to impair POLN pro-
tein stability and slightly decrease its DNA-binding
ability.

We performed a cycloheximide (CHX) chase experi-
ment to analyse the protein stability of the WT and
mutant POLN. Consistent with the results of the above
in silico analysis, the three mutants showed shorter deg-
radation half-lives than WT POLN (Figure 4g-4h). More-
over, we performed a western blot assay to assess the
effect of mutations on protein expression and found a
reduction in POLN protein expression levels in all three
mutant types, compared to WT POLN (Figure 4i). More-
over, the R303Q and P577L mutated POLN protein
showed lower expression levels than those of the F545C
www.thelancet.com Vol 84 October, 2022
mutation. Both bioinformatics and experimental results
suggested that the three mutations impaired POLN pro-
tein stability by shortening its degradation half-life.
The three rare damaging mutations impair the
function of POLN in EBV lytic replication and NPC cells
proliferation
We have observed that POLN is involved in EBV lytic
cycle, including the process of EBV DNA replication, IE
genes and true late genes expression, as well as progeny
EBV particles production. As the three mutations have
been shown to decrease the protein stability and expres-
sion of POLN, we further investigated whether these
mutations impair its function. We overexpressed WT
POLN and mutant POLN harbouring R303Q, P577L,
and F545C in HK1 EBV+ and Tet-BZLF1/CNE2 EBV+
cell lines, using lentiviruses at the same multiplicity.
The mRNA expression levels of the WT and mutant
POLN were similar (Figure S5). Twenty-four hours after
lytic replication induction, we examined the percentage
of GFP-positive cells and measured intracellular EBV
DNA titrations together with DNase-resistant extracellu-
lar viral particles. Expression of each of the three mutant
POLN resulted in a lower percentage of GFP-positive
cells (Figure 5a and Figure S6a) and lower intracellular
EBV DNA copy numbers (Figure 5b and Figure S6b)
than those detected in WT POLN. Consistently, a
decreased extracellular viral particle EBV genome copy
number was detected in NPC cells overexpressing
mutant POLN (Figure 5c and Figure S6c). Compared to
WT POLN, mutant POLN decreased the expression of
IE genes BZLF1 and BRLF1 (Figure 5d and Figure S6d,
S7), and true late genes BKRF4, BOLF1 and BLLF1
(Figure 5e and Figure S6e). The results of the cell viabil-
ity assay showed that the mutations weakened the inhib-
itory effect of POLN on the proliferation of NPC cells
(Figure 5f and Figure S6f). The P577L and R303Q muta-
tions showed a greater effect than the F545C mutation.
These results suggest that the three rare mutations
could impair the function of POLN in promoting EBV
lytic replication and inhibiting cell proliferation, which
indicates the important role of these mutations in NPC
development.
Discussion
Using co-segregation and association analyses in multi-
plex NPC families and an independent validation cohort
of familial cases, sporadic cases, and healthy controls
(N=6,890), we identified three germline mutations,
P577L, R303Q, and F545C of POLN, which confer sus-
ceptibility to familial NPC. By integrating bioinformat-
ics analysis and functional assays, we showed that
compared with WT POLN, the three mutations
decreased the protein expression and stability of POLN,
11
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Figure 4. The efficacy of mutations on POLN protein. (a) Top, schematic representation of POLN gene (reference sequences:
NM_181808.4), which was composed of 26 exons, the solid black rectangles indicated exons and the gray horizontal bars introns.
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impaired the function of POLN in EBV lytic replication,
and promoted cell proliferation.

We and others have identified genetic mutations in
some DNA repair genes that are associated with NPC
susceptibility, such as those involved in base excision
repair (XRCC1,47,48 OGG1,49-51 APEX152), homologous
recombination repair (XRCC3,53 RAD51L1,54 XRCC255),
nucleotide excision repair (ERCC1,56,57 XPC,57,58

XPD57,59,60). Previous studies have reported that DNA
repair factors, such as DNA mismatch repair factors,42

homologous recombinational factors,41 and translesion
DNA synthesis factors61-63 are involved in EBV lytic rep-
lication. Interestingly, EBV hijacks DNA damage
response transducers to orchestrate its life cycle.64

POLN is also a DNA repair factor and is mainly respon-
sible for translesion DNA synthesis26 and DNA cross-
link repair.65 The cellular condition of the S-phase cell
cycle appears to favour viral lytic replication.66 The
expression level of POLN is the highest in the S-phase
cell cycle.27 In addition, EBV lytic replication-related
DNA repair factors Rad51 and PCNA can interact with
POLN, and this interaction only occurs in the S phase.27

These findings indicate that the DNA repair factor
POLN may participate in EBV lytic replication.

Lytic or latent infection or abortive lytic infection that
contributes to EBV-associated oncogenesis remains
obscure. In EBV-associated lymphoma, lytic infection
may contribute to oncogenesis, and deletions in the viral
genome, such as the BART region, were found to pro-
mote EBV lytic reactivation.67 However, for EBV-associ-
ated epithelial cancers, deletions in the EBV genome
are rare, and BART-encoding miRNAs are highly
expressed, which promotes latent EBV infection. Tradi-
tionally, EBV in NPC was classified as latency II, in
which EBNA1, LMP1, and LMP2A are expressed at the
protein level, but antibody levels for lytic antigens (Zta,
Rta, and VCA) increased in NPC sera, suggesting that
lytic infection may contribute to NPC carcinogenesis. In
addition to IHC which detects protein expression,
mRNA detection by RT-PCR and recent single-cell RNA
sequencing has revealed EBV antigen expression in
NPC. In one study of NPC biopsies, all eight samples
were positive for the IE gene BZLF1, but only five of the
eight samples tested positive for the early gene BMLF1
Bottom, schematic of the POLN protein (reference sequences: NP_8
and DNA_pol_A_theta (blue). Dashed lines indicated the location
sequence alignment of POLN ortholog protein across six species (C
the site of the identified amino acid substitution (indicated by the
194-859 amino acid region of POLN (PDB 4XVK). The position of m
PyMOL software (Version 1.7.0.0) was used for visualization. (d-f)
P577L, R303Q, and F545C mutations. The WT and mutated residu
arrow line showed the interaction distance. (g-i) HK1 EBV+ and Tet
lentivirus or mutant POLN lentivirus harbouring R303Q, P577L, and
4 h and 8 h, and the protein was collected. (g) The changes of HA (P
of CHX chase assays. Image J was used to analyze the grayscale of
protein. (i) In western blot assay, endogenous and exogenous PO
respectively.
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expression, and none tested positive for another early
gene BBLF2/3 by RT-PCR assays.68 In NPC single-cell
sequencing, both latent genes (LMPs and EBNA1) and a
few lytic genes (A73, BARF0, BNFR1, and BALF4) were
expressed, but no mRNAs of late lytic genes were
detected.69 Thus, NPC tumours harbour cells undergo-
ing an incomplete or abortive lytic phase, in which
some early lytic genes are expressed but no viral par-
ticles are produced. Therefore, abortive/incomplete lytic
infection of epithelial cells is highly likely to contribute
to NPC carcinogenesis. The gene we identified, POLN,
facilitated complete lytic reactivation and viral produc-
tion, and its mutations failed to support EBV produc-
tion, which is in line with the in vivo scenario. For
individuals carrying these three mutations, EBV may
also be prone to latent infection or abortive lysis in epi-
thelial cells, facilitating the survival and malignant
transformation of EBV-infected epithelial cells
(Figure 6).

As a multifactorial disease, a complex interplay
between host genetics, EBV infection, and environmen-
tal factors has been shown to be involved in NPC. Many
lines of evidence indicate that host heredity interacts
with EBV infection and plays a critical role in disease
development. We previously reported that human
genetic variants of homologous recombination repair
genes are associated with EBV antibody titres in healthy
Cantonese.70 Recently, we found that nasopharyngeal
EBV loads are positively correlated between relative
pairs from NPC multiplex families and have signifi-
cantly high heritability.25 EBV infection status could
modulate the role of genetic polymorphism in NPC.71

However, laboratory evidence of the interaction between
the etiological factors of NPC is lacking. Our functional
experiments validated that POLN participates in the
completion of EBV lytic replication. In spontaneous lytic
infection (low-level lytic activation) or induced lytic
infection (high-level lytic activation), POLN function
was impaired by the deleterious mutations identified in
familial NPC.

We performed an integrated study combining bioin-
formatics analysis and functional experiments to
explore germline mutations in NPC and demonstrated
how rare mutations in the POLN exon region contribute
61524.2) showing its different domains, DnaQ_like_exo (green)
of mutations. (b) Amino acid conservation analysis. Multiple
lustalW, BioEdit software) showed evolutionary conservation at
red arrow). (c) 3D representation of the crystal structure of the
utated residues was highlighted in pink ball, DNA in orange,
The interaction and distance modification resulting from the
es were colored by gray and red, respectively. The red double
-BZLF1/CNE2 EBV+ cells were transduced with vector, WT POLN
F545C mutations. (g-h) Cells were treated with CHX for 0 h, 2 h,
OLN) protein were analyzed by western blot. (h) Quantification
each band. Dotted line indicated 50% of normalized HA (POLN)
LN expressions were detected using POLN or HA antibodies,
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Figure 5. Mutations impaired the function of POLN in EBV lytic replication and cell proliferation. (a-e) HK1 EBV+ cells were
transduced with vector, WT POLN lentivirus and mutant POLN lentivirus harbouring R303Q, P577L, and F545C mutations, 24 h after
induction of viral lytic replication by TPA/NaB, cells were harvested. (a) The effect of POLN mutations on the proportion of GFP-posi-
tive cells. (b) The effect of POLN mutations on the intracellular EBV genome copy numbers (c) The effect of POLN mutations on the
extracellular EBV genome copy numbers. (d) The effect of POLN mutations on the mRNA expression level of EBV IE genes BZLF1 and
BRLF1. (e) The effect of POLN mutations on the mRNA expression level of EBV true late genes BKRF4, BOLF1, and BLLF1. (a-e) Data
were presented as mean § SD (N = 3), ***p < 0¢001, **p < 0¢01, *p < 0¢05, ns: not significant (Student’s t-test). (f) CCK8 assay was
used to detect the proliferation of HK1 EBV+ cells expressing vector, WT POLN, and mutant POLN. Data were presented as mean §
SD (N = 4), ***p < 0¢001, **p < 0¢01 (two-way ANOVA). Black asterisk: compared with vector, red asterisk: compared with WT POLN.
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to NPC susceptibility. Our results provide experimental
evidence of the interaction between host genetics and
EBV infection in NPC carcinogenesis, highlighting the
importance of DNA repair factors in EBV lytic replica-
tion and carcinogenesis. However, this study had sev-
eral limitations. First, whether POLN mutations are
linked to NPC in other populations remains unknown.
Our analyses were restricted to participants of Han Chi-
nese ancestry, which limits the generalisability of our
findings to diverse populations. Second, we did not
have direct evidence to support POLN as a bona fide
polymerase for EBV, as in vitro viral DNA replication
assays were lacking; alternatively, whether POLN partic-
ipates in EBV lytic activation in an enzymatic activity-
independent manner was unclear, as none of the muta-
tion sites were located in DNA-binding or catalytic sites
of POLN but greatly affected POLN protein stability.
Third, whether POLN mutations also involved in other
www.thelancet.com Vol 84 October, 2022



Figure 6. A proposed schematic for the molecular mechanism of POLN and the rare damaging mutations. Primary EBV infec-
tion of nasopharyngeal cells harbouring WT POLN finally resulted in host cell death, however, when EBV primarily infect nasopharyn-
geal cells harbouring three mutations, the reduced EBV DNA replication, viral structural proteins expression and progeny viral
particles release would contribute to the survival of EBV-infected host cells, which may promote the tumorigenesis of NPC.
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EBV-associated cancers, such as EBV-positive gastric
cancer and EBV-related lymphomas like Burkitt’s lym-
phoma and NK/T cell lymphoma, were currently
unknown. Finally, to clarify whether somatic mutations
in POLN affect NPC development through the “two-hit”
model, paired blood and NPC tissue samples are needed
to analyse the impact of POLN somatic mutations on
gene expression and tumour characteristics.

In summary, our study identified a susceptibility
gene POLN for familial NPC, and highlighted its func-
tion in regulating EBV lytic replication. Our study sup-
ports the assumption that DNA repair factors play an
important role in NPC development and that the inter-
action between the etiological factors of NPC is impor-
tant for tumourigenesis.
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