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Whole-exome sequencing identifies multiple
loss-of-function mutations of NF-kB pathway
regulators in nasopharyngeal carcinoma
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Nasopharyngeal carcinoma (NPC) is an epithelial malignancy with
a unique geographical distribution. The genomic abnormalities
leading to NPC pathogenesis remain unclear. In total, 135 NPC
tumors were examined to characterize the mutational landscape
using whole-exome sequencing and targeted resequencing. An
APOBEC cytidine deaminase mutagenesis signature was revealed
in the somatic mutations. Noticeably, multiple loss-of-function
mutations were identified in several NF-kB signaling negative reg-
ulators NFKBIA, CYLD, and TNFAIP3. Functional studies confirmed
that inhibition of NFKBIA had a significant impact on NF-xB activity
and NPC cell growth. The identified loss-of-function mutations in
NFKBIA leading to protein truncation contributed to the altered
NF-xB activity, which is critical for NPC tumorigenesis. In addition,
somatic mutations were found in several cancer-relevant path-
ways, including cell cycle-phase transition, cell death, EBV infec-
tion, and viral carcinogenesis. These data provide an enhanced
road map for understanding the molecular basis underlying NPC.

nasopharyngeal carcinoma | somatic mutation landscape |
NF-«B signaling | whole-exome sequencing | APOBEC-mediated signature

asopharyngeal carcinoma (NPC) is a malignancy charac-

terized by geographic and etiologic features distinct from
other head and neck cancers. Although worldwide, NPC is rare,
it is highly prevalent in Southeast Asia and north Africa. The
predominant WHO subtype of NPC in Asia is nonkeratinizing
undifferentiated NPC. One critical etiological factor for NPC is
EBYV infection, marking it as one of the most important human
virus-associated cancers (1). It is well-accepted that host genet-
ics, EBV infection, and environmental factors together contrib-
ute to the pathogenesis of NPC.

NPC is a unique cancer that arises after the accumulation of a
number of critical genetic and epigenetic events that contribute to
tumor development (1). Previous studies suggest that the loss of
chromosomes 3p and 9p regions is an early event for the trans-
formation of the normal nasopharyngeal epithelium (2). The copy
number losses in chromosomes 11q, 13q, 14q, and 16q and copy
number gains in 11q and 12p are also frequently reported (1).
Moreover, methylome studies of clinical samples reveal widespread
methylation changes in NPC tumors (3). To characterize the genetic
events in NPC, Lin et al. (4) performed whole-exome sequencing
(WES) in NPC tumors and identified the somatic changes in
chromatin modification, ErbB-PI3K signaling, and autophagy
pathways. Interestingly, their study shows that 7P53 is the most
frequently altered gene in NPC; however, mutations in this gene
only account for 10.4% of the NPC cases. More than 40% of the
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cases have no alterations in the reported important cellular processes
and pathways. Therefore, the overall picture of genetic changes
underlying NPC tumorigenesis is still not fully elucidated. Thus, in
this study, we sought to further characterize the somatic mutations in
the Hong Kong NPC cases. We also used publicly available WES
data to identify yet more critical genetic events in NPC pathogenesis.
Improved understanding of the molecular changes in NPC provides
a basis for the rational development of targeted therapies.

Results

WES of NPC. We performed WES with 51 primary tumors and 8
recurrent tumors, 3 of which had matching lymph node metastatic
tumors, and used targeted resequencing for an additional 73
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Fig. 1. Somatic mutation rates and signatures in NPC. (A) Number of non-
silent somatic mutations in NPC tumors. (B) Trinucleotide contexts of somatic
mutations occurring at cytosine nucleotides in NPC. The font sizes of the
nucleotides at the 3’ and 5’ positions are proportional to their frequencies.
(C) Mutational signatures are displayed according to 96 substitution classi-
fication defined by the substitution class and sequence context immediately
before and after the mutated base (9). Vertical axis displays percentage of
mutations attributed to a specific mutation type. The trinucleotide contexts
of the mutated bases are shown on the x axis. (D) Expressions of APOBEC3A
and APOBE3B evaluated by gRT-PCR in an additional 22 tumor pairs.

primary tumors (SI Appendix, Table S1). Paired blood samples
were also sequenced as references. RNA sequencing (RNASeq)
was performed in 10 tumor pairs with adequate quality and
quantity of RNA. The overall workflow is shown in SI Appendix,
Fig. S14. After removing duplicates, the mean target coverages of
tumor and blood samples were 70x and 49x in WES (12% average
duplication rate) and 190x and 68X in targeted resequencing (9%
average duplication rate), respectively. For tumor samples in WES,
72% of bases were covered at least 30X, and 50% of bases were
covered at least 50x (SI Appendix, Fig. S1B and Table S2). Overall,
1,374 nonsilent somatic mutations that change the protein se-
quences or involve splice sites in 1,242 genes were identified across
51 primary tumors, and 457 nonsilent somatic mutations in 438
genes were identified in recurrent and metastatic tumors by WES
(Fig. 14 and SI Appendix, Tables S3 and S4). Subsequently, in total,
186 nonsilent somatic mutations in 123 genes were identified across
73 primary tumors in targeted resequencing (SI Appendix, Table
S5). In our study, the median mutation rate of NPC is 0.9 somatic
mutations per megabase in coding regions (SI Appendix, Fig. S2).
Somatic mutations were verified by Sanger sequencing or RNASeq,
and a verification rate of 95% was achieved (S Appendix, Table S6).

To identify potential driver events in tumorigenesis, we combined
data from WES and targeted resequencing. MutSigCV (5) analysis
revealed two significantly mutated genes, NFKB inhibitor alpha
(NFKBIA) and tumor protein p53 (TP53) (g < 107'"°) (SI Appendix,
Table S7). The top 100 genes from MutSigCV ranking were used
for pathway and gene ontology analysis, which identified several
pathways/terms with enriched somatic mutations, including cell
cycle-phase transition, cell death, EBV infection, viral carcinogen-
esis, and the canonical NF-xB pathway (Fig. 2 and SI Appendix,
Table S8). Several mutated genes are in the regions with frequent
genomic losses previously reported in NPC (6-8), including 3p, 9q,
11q, 14q, and 16q (SI Appendix, Table S9).

APOBEC-Mediated Signature Observed in NPC Tumors. To identify the

mutational signatures in NPC, the nonnegative matrix factoriza-
tion approach was applied (9). Two mutational signatures were
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observed in NPC, including the ubiquitous signature in cancer
characterized by C > T transitions predominantly occurring at
NpCpG trinucleotides, which is generally attributed to spontane-
ous deamination of 5-methyl-cytosine, and the apolipoprotein B
mRNA-editing enzyme, catalytic polypeptide-like (APOBEC)-
mediated signature characterized by C > G and C > T mutations at
TpCpN trinucleotides, which has never been reported in NPC be-
fore (Fig. 1 B and C and SI Appendix, Fig. S3). The APOBEC family
of cytidine deaminases, particularly APOBEC3B and APOBEC3A,
has been suggested as a source of mutations in multiple human
cancers (10, 11). Consistently, RNASeq analysis showed up-regulation
of APOBEC3A, APOBEC3B, or APOBEC3A_B (APOBEC3A and
APOBEC3B deletion hybrid containing the promoter and coding
region of APOBEC34 and the 3’ UTR of APOBEC3B) in tumor
samples with APOBEC-mediated signatures observed (Fisher’s
exact test for enrichment, P = 0.028) (SI Appendix, Fig. S4).
Quantitative PCR of additional NPC tumors showed that
APOBEC3A or APOBEC3B was up-regulated in 86% (Fig. 1D).
The APOBEC-mediated signature may provide additional clues
for understanding the pathogenesis of NPC.

Multiple Truncating Mutations in NF-xB Pathway-Negative Regulators.
Strikingly, multiple loss-of-function [LOF; including stopgain,
frameshift insertions and deletions (INDELSs), and splicing] muta-
tions were detected in the NF-kB pathway-negative regulators, in-
cluding NFKBIA, CYLD lysine 63 deubiquitinase (CYLD), and
TNF alpha-induced protein 3 (TNFAIP3). In total, mutations in
these negative regulators occurred in 7.3% of NPC primary tumors
(Fig. 34 and SI Appendix, Fig. S5).

NFKBIA is the top candidate from MutSigCV analysis, and
LOF mutations (E40fs-ins, E128X, Q165X, L236fs-ins, L236fs-
del, and R245fs-del) in this gene were detected in six primary
tumors. None of these mutations in this gene have been identi-
fied before. Two additional frameshift INDELs (L148fs-ins and
L163fs-del) were also seen in primary tumors in previous WES
studies of NPC (4, 12). Another negative regulator of the NF-xB
pathway having multiple LOF mutations is CYLD, which cleaves
the lysine 63-linked polyubiquitin chains from target proteins,
including NEMO [IkB kinase (IKK) complex], TNF receptor-
associated factor 2 (TRAF2), and TRAF6. By deubiquitination

Batch ["WES [ Targeted

Sex Male = Female

nFksiA T Stage |0 Wi WV
708 | Il |

TNFAIP3 missense
TP53 B stopgain

PTEN splicing
PTPRC II frameshift INDEL

non-frameshift INDEL
CEP192 I

DDB1
SFI1
cDcé
cDC73
PLCB1 [ |
ATM 1 1
DAPK1 [ |
AMBRA1 |
MAP3K11 1
HIPK1
VAV2 1
PPP1R15A
HDAC4 1
KMT2B
KMT2C 1
KMT2D 11 |
PAXIP1 [ ]
BAP1 [ |
SRCAP
ARID1A ||
UBN1 1

NF-kB

cell death cell cycle

chromatin
modification

Fig. 2. Landscape of somatic mutations in NPC. The matrix shows important
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side. Only genes with detectable expression in RNASeq analysis are shown.
Each column represents one tumor.
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of IKK and its upstream regulators, CYLD negatively regulates
NF-xB activation (13) (SI Appendix, Fig. S5C). Loss of CYLD
expression can be observed in different types of human cancers,
and it is now well-established that CYLD acts as a tumor sup-
pressor gene (14). Expression of CYLD was also down-regulated
in NPC (SI Appendix, Fig. S6 A and B). Four somatic mutations
of CYLD (D52fs-del, S323X, S371X, and R758Q), including
three LOF mutations, were detected in NPC primary tumors.
Interestingly, a frameshift INDEL (I769fs-ins) was also detected
in the mouse xenograft X666 as well as the C666 cell line (SI
Appendix, Fig. S6 C and D). None of the LOF mutations in
CYLD were previously identified, except the S371X, which was
reported in a previous head and neck cancer case (15). More-
over, a frameshift mutation (Y614fs-del) in the NF-xB inhibitor,
TNFAIP3, was detected in one NPC specimen, possibly leading
to malfunction of its inhibition activity. This gene is known to
modulate inflammatory signaling cascades and act as a critical
tumor suppressor in various lymphomas (16).

NFKBIA LOF Mutations Influence the WT NFKBIA Function. Because
NFKBIA was the top candidate from MutSigCV analysis and the
frequency of LOF mutations in this gene was the highest in NPC,
it was selected for additional functional investigation. NFKBIA
encodes IxBa, which belongs to the NF-kB inhibitor family
(IxkBs). Normally, NF-kB transcription factors are retained in the
cytoplasm through binding to IxBs. In response to various sig-
nals, IxkBs are phosphorylated by the IKK complex and degraded,
which allows NF-kB to translocate into the nucleus and activate
target genes (17) (SI Appendix, Fig. S5C). Our previous study
(18) suggested the tumor-suppressive role of IkBa in NPC cells.
Overexpression of the IxkBa superrepressor induces significant
in vitro and in vivo tumor-suppressive effects. We further in-
vestigated the effects of inhibition of IkBa in NPC cells by
shRNA knockdown of NFKBIA in both HONE1 and HK1 NPC
cell lines (Fig. 44). Consistent with previous findings, there were
significant increases of in vitro cell proliferation (Fig. 4B) and
colony-forming abilities (Fig. 4C) after NFKBIA knockdown.
This result further confirms the critical effect of IkBa in-
activation or inhibition in NPC tumorigenesis. Based on in silico
analysis (Fig. 4D) and site-directed mutagenesis followed by
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studies (4, 12).

Western blotting analysis (Fig. 4E), all six LOF mutations in
NFKBIA identified in our cohort were confirmed to induce
premature stop codons. Five of six mutations resulted in the
formation of truncated IkBa proteins with loss in the ankyrin
(ANK) domains that are important for the interaction between
the IkBa and NF-kB proteins (19). The effect of the IkBa in-
hibition on NF-xB activities was confirmed by using an NF-xB-
specific dual luciferase promoter assay. Inhibition of the IkBa
significantly increased NF-kB-specific promoter activities (Fig.
4F). The damaging effects of the mutations to the IkBa function
were investigated by examining the NF-kB-specific promoter
activities. Overexpression of the WT IkBa (IkBa-WT) and sev-
eral IxkBa mutants (E40fs-ins, E128X, Q165X, L236fs-ins,
L236fs-del, and L.245fs-del) in the 293T cells showed that IkBa-
WT significantly suppressed NF-«B activities, whereas the IkBa-
E40fs-ins, IkBa-E128X, and IkBa-Q165X resulting in dramatic
IxBa truncation failed to inhibit the NF-«xB activities (Fig. 4G).
For the IxkBa-L236fs-ins and IxkBa-1L.236fs-del mutants, there was
an enhanced NF-xB activity compared with the WT constructs,
but the NF-«xB activities were still slightly lower than the vector-
alone (VA) control. The IkBa-L245fs-del mutant, which has only
one-amino acid loss in the ANK domain, showed similar NF-kB
activities as the IxkBa-WT (Fig. 4G). The results provide func-
tional evidence to support the damaging effects of at least three
observed mutations to the IkBo protein function.

Other Important Genes/Pathways Dysregulated by Somatic Mutations in
NPC. In addition to NFKBIA, TP53 is another significantly mutated
gene in NPC. Previous evidence suggested that alterations of 7P53
were unlikely to be involved in NPC primary tumors (20). However,
TP53 is the most frequently mutated gene in our cohort, with 9 of
124 primary tumors (7.3%) harboring missense mutations. The
frequent mutations of 7P53 were also seen in the previous WES
study (10.4%, considering somatic SNPs and INDELS) (4). Almost
all somatic mutations fall into the DNA binding domain of 7P53,
including well-known hotspot and gain-of-function mutations (Fig.
3B and SI Appendix, Fig. S7A). Three tumor samples with TP53
missense mutations were subjected to immunohistochemical (IHC)
staining, and all showed high p53 expression (SI Appendix, Fig. STB).
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Fig. 4. Functional investigation of NFKBIA knockdown in NPC cells and the
truncating mutations identified in the IkBa protein. (A) Expression of IkBa
protein in both NPC HONE1 and HK1 cell lines after knockdown with two
independent sets of shRNA knockdown oligonucleotides. (B) Cell proliferation
assay of HONE1 and HK1 cells after NFKBIA knockdown. The relative cell
proliferation rate was compared with the corresponding scramble control.
(C) Colony formation assay of HONE1 and HK1 cells after NFKBIA knockdown.
(D) Schematic diagram illustrates the truncated site of each mutant of IkBa
protein by in silico analysis. NES, nuclear export signal. (E) Western blot results
illustrate the protein size of each mutant. The IkBa was tagged with an
N-terminal GFP tag. The GFP-IkBa-WT (61.9 kDa), GFP-E40fs-ins (35.659 kDa; this
mutant lost the epitope for the IkBa antibody recognition; therefore, it cannot
be detected by the IkBa-specific antibody), GFP-E128X (41.68 kDa), GFP-Q165X
(45.49 kDa), GFP-L236fs-ins (53.84 kDa), GFP-L236fs-del (53.04 kDa), and GFP-
R245fs-del (57.85 kDa) were detected by specific antibody against the (Upper)
IkBa and (Lower) GFP. IB, immunoblot. (F) NF-xB-specific dual luciferase promoter
assay in the 293T cell lines with NFKBIA knockdown. (G) NF-kB-specific dual
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Epigenetic regulators are frequently mutated in cancers, and so-
matic alterations of the chromatin modification pathway have been
implicated in NPC previously (4). Apart from previously reported
ARIDIA, BAP1, KMT2C, KMT2D, KMT2B, EP300, EP400, HUWE]I,
SRCAP, and UBNI, we also discovered mutations in new players,
including HDAC4, PAXIP1, CABIN1, DDBI1, and KAT6B (Fig. 2 and
SI Appendix, Fig. S8). To fully exploit the available sequencing data,
we combined the somatic mutations in WES samples from this study
and the previous study (4) (combined sample size = 116), and per-
formed MutSigCV analysis (SI Appendix, Table S10). NFKBIA and
TP53 remained the top candidates followed by BAPI, with g values
less than 0.2. Among the top 142 genes with P values less than 0.05,
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35 genes were identified in both studies. Noticeably, four of these
(TP53, NFKBIA, CD44, and CR2) are related to the EBV infection
pathway. CR2 is also known as CD21, which encodes a membrane
receptor for EBV on B lymphocytes (21). Mutations in CD44 were
also found in both the recurrent and lymph node metastatic
tumors from one NPC case.

Discussion

NPC is an intriguing model for investigating the complex in-
teraction between host genetics, environmental factors, and viruses
during tumorigenesis. The somatic mutations detected in tumors
reflect multiple mutagenic processes operative through cancer de-
velopment. Depending on the different carcinogenic agents and
DNA repair mechanisms, these mutagenic processes imprint dis-
tinct patterns on the cancer genome and are characterized by a set
of mutational signatures. Up to 21 mutational signatures have been
deciphered across human cancers, revealing multiple mutagenic
mechanisms, including exogenous agents, such as tobacco carcin-
ogens and UV light, as well as endogenous deficiency in DNA
repair mechanisms (9). In NPC, we now report the identification of
the APOBEC-mediated signature. This signature had not been
reported in the earlier WES study (4). However, we identified one
specimen in their study, which was an outlier with a high number of
C > T mutations at GpCpG trinucleotides, that obscured direct
observation of the signature composition. Moreover, using the
nonnegative matrix factorization approach (9), we identified the
APOBEC-mediated signature from that dataset (S Appendix, Fig.
S9). We reported an up-regulation of APOBEC3A4 and APOBEC3B
in the tumor samples with APOBEC-mediated signatures. A
trend of up-regulation of APOBEC3B in NPC tumors was also
shown in the previous WES study using a public microarray
dataset (22), although the difference did not reach the statistical
significance (P = 0.086, Mann—Whitney u test). The APOBEC
mutational process has been shown to foster subclonal expan-
sions and propagate intratumor heterogeneity in several cancers
(23). The subclonal driver mutations contribute to tumor main-
tenance, adaption, and immune escape (11). There have been
ongoing efforts to develop small molecule inhibitors to target
APOBEC3 family members (24). The APOBEC enzymes serve
as potential drug targets to suppress APOBEC-mediated muta-
genesis and attenuate tumor evolution and adaptation. Thus, it is
of interest that this characteristic signature is found in NPC.

Multiple pathways that are potentially relevant to NPC are
dysregulated by somatic mutations, including cell cycle-phase
transition, cell death, EBV infection, viral carcinogenesis, and the
NF-«xB pathway. It is of interest that 7P53 is the most frequently
mutated gene in NPC, although earlier studies had reported only
infrequent 7P53 mutations in this cancer (20). Using the powerful
WES approaches, we now detect mutations in 7.3% of NPC bi-
opsies. However, this frequency is still low compared with other
human cancers, in which a much higher frequency of T7P53 mu-
tations is observed (25). Interestingly, the overall frequency of
somatic mutations in NPC is rather low, which may be intrinsic to
NPC and may, in part, be because of the fact that, in addition to
the somatic changes, widespread epigenetic alterations are ob-
served in NPC, another important mechanism contributing to
NPC tumorigenesis. In our earlier studies, we detected a higher
frequency of promoter hypermethylation in NPC compared with
many other human cancers. The frequent methylation may be
contributed, in part, by the ability of EBV to play an important
role in reprogramming host gene expression. The essential con-
tributing role of EBV in the tumorigenesis process is compelling
and warrants additional investigation to unravel the molecular
genetic basis of NPC in which host genetics and EBV infection
play an important causal role. Integration of “omics” data from
WES, methylome, and transcriptome analyses is expected to fur-
ther contribute to elucidating this interplay between host and vi-
rus. It is also possible that the commonly observed infiltration of
intratumoral lymphocytes in NPC may limit the ability to detect
some somatic mutations that are present in only a small fraction of
the population of the cancer cells.
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NF-«B signaling has been extensively implicated in NPC, with
constitutive activation detected in NPC cell lines and primary tumors
(26). Several mechanisms have been proposed for NF-«xB signaling
activation in NPC. The EBV oncoprotein LMP1 activates both the
canonical and noncanonical NF«B pathways in NPC (27). In ad-
dition, somatic alterations in NF-kB pathway regulators have been
reported in NPC, including frameshift and missense mutations of
TRAF3, TRAF2, and TNFAIP3 in 3 of 33 (9.1%) primary tumors,
large deletions of NFKBIA and TRAF3, and frameshift mutation of
TRAF3 in NPC xenografts and cell line (26). These genetic alter-
ations potentially contribute to the altered NF-kB activity in NPC. In
this study, multiple LOF mutations in NF-xB-negative regulators
were identified. The NFKBIA LOF mutations induce truncation of
IxBa and cause the loss of ANK domains, which are important for
IxBa binding with NF-«B. Disruption of this binding by truncating
mutations promotes nuclear translocation of NF-kB, thus activating
the transcription of downstream targets. The impact of the muta-
tions on the regulation of the NF-xB activities was validated, and
IxBa mutants showed decreased ability to inhibit the NF-kB activity.
In addition, another crucial NF-kB-negative regulator, CYLD, has a
C-terminal deubiquitinase domain. The loss of this important domain
caused by the LOF mutations results in the defective deubiquitination
ability of CYLD and greatly affects its tumor-suppressive function.

NFKBIA mutations are observed in various cancers, whereas
LOF mutations of NFKBIA are rare in the solid tumors (SI Ap-
pendix, Fig. S104). Across The Cancer Genome Atlas data com-
prised of over 11,000 solid tumors, only three LOF mutations were
detected in this gene (E302X, breast cancer; R140X, melanoma;
and X112 _splice, glioma) (28). Our study shows that the prevalence
of NFKBIA mutations, especially LOF mutations, is high in NPC.
In addition to NPC, previous studies indicate that EBV is associ-
ated with a subset of Hodgkin’s lymphoma, diffuse large B-cell
lymphoma (DLBCL), and gastric cancers (29, 30). Constitutive NF-
kB activation is a hallmark of Hodgkin’s lymphoma and also ob-
served in a subset of clinical samples in DLBCL and gastric cancer
(31, 32). Interestingly, the increased prevalence of NFKBIA muta-
tions is also observed in DLBCL (6.3%; 3 of 48 cases) (28) and
Hodgkin’s lymphoma (37.5%; 6 of 16 cases) (33). Moreover,
NFKBIA LOF mutations are reported in 2.1% of DLBCL cases
and 18.8% of Hodgkin’s lymphomas. Likewise, LOF mutations of
TNFAIP3 are also present at a high frequency in DLBCL cases
(12.5%; 6 of 48 cases) (SI Appendix, Fig. S10B), and LOF mutations
in CYLD are often reported in gastric and head and neck cancers
(SI Appendix, Fig. S10C). The other NF-xB regulator, TRAF3, is
reported to have LOF mutations in NPC (26). In addition, LOF
mutations in TRAF3 are also found in head and neck and gastric
cancers (15, 34). It is interesting to speculate whether the genetic
alterations in these NF-xB regulators may be one of the mecha-
nisms underlying the dysregulation of NF-kB signaling in several
virus-associated malignancies; however, more rigorous studies
would be needed to determine the verity of this possibility. Impor-
tantly, our findings provide an opportunity for potential therapeutic
exploitation in NPC. Previous studies indicate that the NF-xB
pathway is a potential therapeutic target in cancer treatment (35).
Given the frequency of aberrant activation of this pathway in NPC,
NF-B signaling inhibitors may be promising therapeutics for NPC.
Our study provides an enhanced road map for understanding the
molecular basis underlying NPC and has identified targetable sig-
naling pathways for targeted therapies in NPC.

Methods

Sample Acquisition. Tumor and blood samples were collected by the Area of
Excellence Hong Kong NPC Tissue Bank from Queen Mary, Queen Elizabeth,
Princess Margaret, Tuen Mun, and Pamela Youde Nethersole Eastern Hos-
pitals. Informed consent for sample collection was obtained according to
protocols approved by the Institutional Review Board of The University of
Hong Kong. The quality of tumor samples was examined by tissue sectioning
and H&E staining to estimate the tumor content (S/ Appendix, Fig. S11 and
Table S1). Only the best quality samples with 30-90% tumor content were
chosen for subsequent study. DNA was extracted from the fresh-frozen bi-
opsies and peripheral blood lymphocytes using the AllPrep DNA/RNA Micro
Kit (Qiagen) and the QlAamp DNA Blood Mini Kit (Qiagen), respectively. The
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genomic DNA was analyzed on 0.7% agarose gels for quality control. The
quantity and quality of the genomic DNA were assessed by Nanodrop 1000
(Thermo Scientific) and Qubit (Life Technologies), respectively.

Power of Study Design. In the discovery stage, we aimed to detect the mutated
genes with a mutation rate of 5%. The power estimation was performed using
the method described previously (36). The probability that no sample has any
mutation in gene G is (1 — XV, where N indicates the number of samples se-
quenced in the study, and x indicates the fraction of all tumor samples having
gene G mutated. The probability of observing gene G mutated at least once was
1 — (1 — )", which is 93% for 51 discovery samples, assuming x = 5%. Likewise,
the probability of observing gene G mutated twice or more was 1 — (1 — x)V —
N(1 = x)™ ~ Yx, which is 73% for 51 discovery samples, assuming x = 5%.

WES and Targeted-Resequencing Data Analysis. The procedure of library
preparation and sequencing for WES and targeted resequencing is found in S/
Appendix, S| Materials and Methods. Sequencing reads were quality checked
and aligned to the human genome (hg19) with BWA (37). Picards were
applied to sort output bamfiles and mark duplicates. GATK (38) was applied
for paired local realignment around INDELs, base quality recalibration, and
variants discovery according to GATK Best Practices recommendations (39,
40). Quality of germline variants was checked by GATK and PLINK (41, 42) to
remove unmatched tumor pairs and abnormal samples having either low-
sequencing coverage or an extremely high number of germline variants or
contamination. All of the samples in this study passed this process of quality
check. Somatic SNPs and INDELs were called using MuTect (43) and VarScan2
(44), respectively. Somatic mutations were kept if there were no fewer than
five reads supporting a mutant allele in tumor samples or the mutant allele
frequency was more than 10%. Somatic mutations were further filtered if
they are present in public databases (1000G and ESP6500) or in-house con-
trols (>1,000) with minor allele frequency more than 1%. Recurrent somatic
mutations and low-quality mutations (mutant allele frequency less than 10% or
fewer than five reads supporting mutant allele in tumor samples) in recurrently
mutated genes were manually checked in Integrative Genomics Viewer (IGV)
alignment to further remove false positives based on mapping quality, base
Phred quality score, and quality of adjacent regions. The WES data from the
previous study (4) were also analyzed following the same pipeline.

We identified candidate genes for targeted resequencing that fulfilled the
following criteria: (i) genes that harbor nonsilent somatic mutations in at
least two NPC tumors or have LOF (i.e., stopgain, splicing, or frameshift
INDELs) mutations (ii) excluding problematic genes or variant locations,
which are likely to be false positive signals in WES (45), and (iii) excluding
genes that are not expressed in NPC and normal nasopharynx tissues based
on RNASeq data of 10 tumor/normal pairs (mean fragments per kilobase per
million less than one and not expressed in 50% of the samples). This filtering
process generated 211 potential candidate genes. Together with candidate
genes in our genetic susceptibility study of NPC (46), in total, 346 genes were
subjected to targeted resequencing in additional NPC cases.

Mutation Verification. Mutations were verified by either Sanger sequencing or
RNASeq data from the same tumor pairs. For Sanger sequencing, PCR am-
plification was performed using FastStart Tag DNA polymerase with 50 ng
genomic DNA as template. Primer sequences are listed in S/ Appendix,
Table S11.

Mutational Signature Analysis. Mutational signatures were deciphered using
the nonnegative matrix factorization approach supplied in the Wellcome
Trust Sanger Institute Mutational Signature Framework (9).

Driver Events ldentification. Somatic mutations (including nonsilent, silent,
and noncoding mutations) in 346 genes from tumors in both WES and tar-
geted resequencing were input for MutSigCV (5) analysis and supplied with
DNA replication time and chromatin state (open/closed) for each gene as
well as level of transcription activity in NPC inferred from RNASeq data.
Combined MutSigCV analysis of WES data from this study and the previous
WES study followed similar procedures.

IHC Staining. IHC staining for p53 was performed using Anti-Human p53
Protein (Clone DO-7; Code No. M 7001; Dako) as previously described (18).

Real-Time Quantitative RT-PCR. The quantitative RT-PCR (qRT-PCR) was per-
formed by using the FastStart Universal SYBR Green Master Mix (Roche) with
gene-specific primers and GAPDH-specific primers as the control. Primer
sequences are in S/ Appendix, Table S11.
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Cell Culture and Expression Constructs. The NPC EBV-negative HONE1 and HK1
and 293T cell lines were cultured with DMEM and supplemented with 5%
(vol/vol) FBS, 5% (volivol) newborn calf serum, and 1% (vol/vol) penicillin/
streptomycin (Life Technologies). The NFKBIA knockdown oligonucleotides
were cloned into the pLKO.1-TRC cloning vector (gift from David Root,
Broad Institute, Cambridge, MA; no. 10878; Addgene) (47), and the knock-
down of NFKBIA gene was performed as described (18). For the expression
of the WT and mutant constructs, the WT N-terminal GFP-tagged NFKBIA
was cloned into the pCR3.1 expression vector (pCR3.1-GFP-NFKBIA; Life Tech-
nologies). The mutant constructs were established by using the site-directed
mutagenesis method with the GeneArt Site-Directed Mutagenesis Sys-
tem (Life Technologies).

In Vitro Cell Proliferation and Colony Formation Assays. For the cell proliferation
assay, in total, 3,000 cells were seeded into each well of a 96-well cell culture plate
as previously described (48). The cell proliferation rate was measured by adding
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide solution to the
cells and incubating for 3 h. The media were removed, and DMSO was used to
dissolve the dye; results were measured by the microplate reader (Biotek). The
colony formation assay was performed as described (18); in total, 8,000 cells were
seeded into each well of a six-well cell culture plate. After incubation, the cells
were fixed with formaldehyde and stained with the Giemsa.
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Western Blotting. The Western blot experiments were performed as described
(48). The antibodies against the IkBa and GFP proteins (Cell Signaling) were
used to detect the expression of the targeted proteins, and the antibody
against the p84 protein (GeneTex) was used as a loading control.

NF-kB-Specific Dual Luciferase Promoter Assay. The pT-FER reporter harbors
the NF-xB binding elements. The binding of the NF-xB will result in activation
of expression of the firefly luciferase. The EF1a promoter on the same vector
drives the Renilla luciferase expression to serve as a normalization control.
The NF-kB reporter gene consists of five repeats of the NF-kB consensus se-
quence (5-TGGGGACTTTCCGC-3’) linked with a TATA box sequence. The
promoter assay was performed in 293T cells, which has constitutive NF-xB
activation, as we previously described (49).
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