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ABSTRACT Epstein-Barr virus (EBV) is a causative agent of a variety of lymphomas,
nasopharyngeal carcinoma (NPC), and ~9% of gastric carcinomas (GCs). An impor-
tant question is whether particular EBV variants are more oncogenic than others, but
conclusions are currently hampered by the lack of sequenced EBV genomes. Here,
we contribute to this question by mining whole-genome sequences of 201 GCs to
identify 13 EBV-positive GCs and by assembling 13 new EBV genome sequences, al-
most doubling the number of available GC-derived EBV genome sequences and pro-
viding the first non-Asian EBV genome sequences from GC. Whole-genome se-
quence comparisons of all EBV isolates sequenced to date (85 from tumors and 57
from healthy individuals) showed that most GC and NPC EBV isolates were closely
related although American Caucasian GC samples were more distant, suggesting a
geographical component. However, EBV GC isolates were found to contain some
consistent changes in protein sequences regardless of geographical origin. In addi-
tion, transcriptome data available for eight of the EBV-positive GCs were analyzed to
determine which EBV genes are expressed in GC. In addition to the expected latency
proteins (EBNA1, LMP1, and LMP2A), specific subsets of lytic genes were consistently
expressed that did not reflect a typical lytic or abortive lytic infection, suggesting a
novel mechanism of EBV gene regulation in the context of GC. These results are
consistent with a model in which a combination of specific latent and lytic EBV pro-
teins promotes tumorigenesis.

IMPORTANCE Epstein-Barr virus (EBV) is a widespread virus that causes cancer, in-
cluding gastric carcinoma (GC), in a small subset of individuals. An important ques-
tion is whether particular EBV variants are more cancer associated than others, but
more EBV sequences are required to address this question. Here, we have generated
13 new EBV genome sequences from GC, almost doubling the number of EBV se-
quences from GC isolates and providing the first EBV sequences from non-Asian GC.
We further identify sequence changes in some EBV proteins common to GC isolates.
In addition, gene expression analysis of eight of the EBV-positive GCs showed con-
sistent expression of both the expected latency proteins and a subset of lytic pro-
teins that was not consistent with typical lytic or abortive lytic expression. These re-
sults suggest that novel mechanisms activate expression of some EBV lytic proteins
and that their expression may contribute to oncogenesis.

KEYWORDS whole-genome sequencing, transcriptome, Epstein-Barr virus lytic
proteins, gastric cancer

pstein-Barr virus (EBV) is a common gammaherpesvirus that is the causative agent
of a variety of lymphomas as well as nasopharyngeal carcinoma (NPC) and gastric
carcinoma (GC) (1). Gastric carcinoma comprises 2% of cancers in Western countries,
and 9% of these are EBV infected. EBV-positive GCs have distinct molecular profiles and
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clinical features that distinguish them from other GCs, reflecting unique mechanisms by
which EBV induces cancer (2). However, the mechanisms by which EBV infection
promotes GC and other EBV-associated cancers are unclear.

EBV adopts both latent and lytic forms of infection. In latent infection, a small
proportion of the EBV genome is expressed, and cells become immortalized. These cells
can switch to a lytic infection that involves sequential expression of immediate early,
early, and late EBV proteins (~80 proteins in total), amplification of the viral genomes,
and virion production. EBV-induced tumors are monoclonal expansions of latently
infected cells, and many studies have focused on the contributions of the few EBV
latency proteins expressed in these cells. For example, EBV-positive GCs have been
reported to consistently express EBV nuclear antigen 1 (EBNA1) and can also express
latent membrane protein 1 (LMP1) and LMP2A proteins (3). However, there have been
many reports of some EBV lytic cycle proteins being expressed in EBV-induced tumors
(4-10). In addition, mutant viruses that are unable to switch to the lytic cycle have been
found to be impaired in their ability to induce EBV-mediated lymphoproliferative
disease in mice (11). Together, these reports have led to the suggestion that abortive
lytic EBV infection contributes to tumorigenesis (12) although a comprehensive analysis
of lytic protein expression in EBV-induced tumors is currently lacking. The importance
of expression of specific lytic proteins for cancer induction is consistent with studies on
Kaposi's sarcoma-associated herpesvirus (KSHV), the other human gammaherpesvirus,
in which specific lytic proteins appear to contribute to oncogenesis (13).

Another outstanding question concerning how EBV infection induces cancer is
whether specific EBV variants are more associated with cancer than others. Precedence
for this scenario exists for cancer induction by human papillomavirus (HPV), in which
there are specific variants (high-risk strains) that promote cancer while most variants
(low-risk strains) do not. This difference is due to the differing abilities of the encoded
HPV proteins to bind and interfere with the functions of cellular tumor suppressors
(14-17). For EBV, it is unclear whether there are high-risk and low-risk variants, but
evidence suggests that EBV that is isolated from tumors can differ in sequence and
properties from the widely studied blood EBV isolate (18). Efforts to generate EBV
genome sequences for comparison are under way and have resulted in EBV genome
sequences from NPC, Burkitt's lymphoma (BL), and Hodgkin lymphoma (HL) as well as
from the blood or saliva of healthy individuals (19-24). Comparisons of 10 EBV genomes
isolated from NPC tumors to those of the few previously sequenced EBV blood isolates
suggested that NPC isolates are most similar to each other and identified nonsynony-
mous mutations of potential biological significance in genes encoding both latent and
lytic proteins (22). However, the small number of EBV genome sequences analyzed has
limited any conclusions on the association of specific EBV mutations with cancer.

In order to increase the number of EBV genome sequences and examine the
relationship of GC EBV isolates to other EBV genomes, we analyzed whole-genome
sequencing (WGS) data of GC samples, resulting in the assembly of 13 new EBV genome
sequences. These were combined with 15 existing GC isolates and analyzed against 114
EBV genomes from other tumors, blood, and saliva to identify GC-associated EBV
nonsynonymous mutations that could potentially impact oncogenesis. In addition, we
analyzed whole-transcriptome data for these GC samples to determine EBV expression
profiles in GC, identifying distinct sets of EBV lytic proteins that are consistently
expressed in GC.

RESULTS

Characterization of newly assembled GC EBV genomes. We analyzed whole-
genome sequencing (WGS) data of 201 gastric adenocarcinoma samples for their EBV
content, using 122 WGS samples available from The Cancer Genome Atlas ([TCGA]
Stomach Adenocarcinoma, project code STAD-US) (25) and 79 from the new Pan-
Cancer Analysis of Whole Genomes ([PCAWG] Stomach Adenocarcinoma, project codes
STAD-US and GACA-CN [gastric cancer-China]) from the International Cancer Genome
Consortium (ICGC) (26). We identified EBV genomes in 13 of these samples with
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TABLE 1 Comparison of the newly assembled EBV genomes to previous GC-derived EBV

genomes
Value for the GC EBV group (mean * SD)
Newly Previously derived genomes
assembled in the NCBI nucleotide
Sequence metric genomes database
Avg pairwise aligned sequence length? 170,771 * 3,668 164,756 *= 7,820
Avg sequence identity (%) 98 =2 95+ 5
Avg no. of SNVs 1,245 £ 220 1,201 £102
Avg no. of gaps 698 * 502 1,013 £ 848
Avg no. of ambiguous bases 1,824 = 2,419 6,461 * 8,152

9Calculated as the length of the GC-EBV query sequence that aligned to the EBV reference sequence, NCBI
accession number NC_007605.

sufficient read depth (average read depth of 125X) to assemble the EBV genome,
which was done using a reference-based approach.

To further assess the quality of our newly assembled GC EBV sequences, we
compared them to 15 GC EBV whole-genome sequences downloaded from the NCBI for
their average sequence lengths (calculated as the length of the GC-EBV query sequence
that aligned to the EBV NC_007605 reference sequence in NCBI), sequence identities,
number of single nucleotide variants (SNVs), number of gaps, and number of ambig-
uous bases. Comparisons of five sequence metrics in Table 1 show that the 13 newly
assembled GC EBV genome sequences are of similar quality to those previously
reported, with the exception of the number of ambiguous bases, which is significantly
lower in our newly assembled sequences.

Relationship of GC-derived EBV to other EBV isolates. We next investigated the
relationship between GC-derived EBV and all other currently available EBV genomes. To
generate the comparison group, we downloaded 126 EBV genome sequences from
NCBI: 72 from tumors and 54 derived from the blood or saliva of people without cancer,
as indicated in Table 2. The EBV blood isolates had been used to generate lympho-
blastoid cell lines (LCLs), and EBV sequences from three additional LCLs were obtained
from the study described in Santpere et al. (27) (cell lines NA19114, NA19315 and
NA19384). We then combined our 13 new GC-derived EBV sequences with the 15 GC
EBV sequences available in NCBI and compared these to the B95.8-Raji reference EBV
sequence commonly used for comparison (NCBI accession number NC_007605) (19).
This comparison identified a total of 4,172 SNVs and 112 insertions and 103 deletions
(indels).

We conducted a phylogenetic analysis on 142 whole EBV genomes, combining our
new GC EBV sequences with those from public databases (as indicated above and in
Table 2). Figure 1 shows that the majority of GC EBV isolates cocluster with the majority
of NPC EBV isolates. The similarity between GC and NPC EBV isolates is also evident in
the similar patterns of sequence changes within these isolates, as shown in Fig. 2. One

TABLE 2 Summary of EBV isolates analyzed

No. of sequences

Sample type From NCBI From another source? New assembly Total
Gastric carcinoma 15 0 13 28
Hodgkin lymphoma 8 0 0 8
Nasopharyngeal carcinoma 22 0 0 22
Burkitt's lymphoma 27 0 0 27
Lymphoblastoid cell line 32 3 0 35
Lymphoblastoid cell line from PTLD® 19 0 0 19
Healthy saliva 1 0 0 1
Infectious mononucleosis 2 0 0 2
Total no. of sequences 126 3 13 142

9EBV sequences downloaded from Santpere et al. (27).
bPTLD, posttransplant lymphoproliferative disease.
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m Mutation present
Mutation not present

NPC.JQ009376.2
NPC.KF992567.1
NPC.KF992564.1
NPC.KF992566.1
NPC.KF992571.1
NPC.HQ020558.1

B EBNA1 Leu533lle
B EBNAT His418Leu+
B EBNA1 lle528Val
B EBNAT Ala439Thr+
B EBNA1Glud11Asp
BRRF2 Thr374Ala+
B BSLF1 His77Arg+
B BPLF1 Asn2246Asp+
BPLF1 Met2177lle
B BOLF1 Asp1154Glu
B BFLF2 Asp7Glu
B BXLF2 Thi500Met+
B BcRF1 Met71lle
B LMP1Ala82GIy+
B LMP1 Phetddlle+
B LMP1 Arg13Pro+
B LMP1 Arg17Leu+
B LMP1Cys84Gly+
B LMP1GIn189Pro+
B LMP1 Asp150Ala+
B LMP1lle63Met+
B LMP1 Leus7Phe+
B  BSLF2 VaRsGly+
B BMLF1 Arg32GIn+
B BMLF1 Glyd24Ala+
B BFRF2Arg364Trp+
B BFRF2AIg462GIn+
B BKRF4 Gly169Val+
B BKRF4 His171Asn
B BKRF4 GIn162Pro+
H BKRF2Gly102Ser+
B BKRF2 Thr113Ser
B LMP1 His3Arg+
B EBNA3C Glu336Asp
B EBNA3BGIly36GIu+
B EBNA3AProd59Thr+
B EBNA3B Thi581Asn+
B EBNA3C GIn213His+
B EBNA3B GIn695Lys+
Il EBNA3AVal267lle
B EBNA3ATh357Ala+
EBNA3B Glu372Asp
B EBNA3C Tyi51Asp+
B EBNA3BAIad88Thr+
B  EBNA3C lle348Leu
B  BZLF1 GIn195His+
B BPLF1 Serd05Gly
B EBNA1 Thr85Ala+

FIG 2 Comparison of polymorphisms across GC and NPC EBV isolates. Amino acid changes across GC and NPC EBV sequences (compared to all other EBV
isolates) as shown in Tables 3 and 4 (columns headed GC + NPC vs all others) were subjected to row-wise (across isolates) and column-wise (across mutation
profiles) hierarchical clustering analysis; the Manhattan method was used for obtaining the distance matrix, and the complete-linkage method was used for
agglomerating the clusters. Using row-wise clustering, three main clusters were identified; the clusters in red and green indicate amino acid changes that occur
in most of the GC and NPC EBV sequences, and the cluster in blue indicates changes that occur in a subset of GC and NPC sequences. The sizes of the cluster
in red and green indicate that the majority of amino acid changes observed in GC also occur in NPC isolates. U.S. GC isolates from Caucasians are indicated

with a “C,” and the remaining samples are from Asians. Nonconservative amino acid changes are indicated with a plus symbol.

of the issues regarding the clustering and analysis of EBV sequences isolated from

FIG 1 Legend (Continued)

(green) are shown. In black are EBV isolates from LCLs, Burkitt's lymphoma (BL), and Hodgkin’s lymphoma (HL). The
geographical locations of the EBV isolates are also indicated. U.S. GC isolates from Caucasians are indicated with
a “C,” and the remaining samples are from Asians. The phylogenetic tree was rooted using a midpoint rooting.
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specific tumor types is the potential confounding effect due to their geographical
localizations. This is particularly an issue for NPC and BL since all NPC-derived EBV
genome sequences are from Asia while all BL-derived sequences are from Africa. Prior
to this study, all GC-derived EBV whole-genome sequences were also Asian. However,
10 of the EBV sequences we assembled were from American GC samples, and 5 of these
were from Caucasians. The phylogenetic tree shown in Fig. 1T shows that all of the Asian
GC isolates and a subset of the American GC isolates clustered with the NPC isolates,
indicating that they are most closely related. However, four of the five Caucasian
American GC isolates were not part of this cluster, suggesting that geography/and or
ethnicity is a factor in the close relationship between NPC and GC EBV sequences.

To gain more information about the GC/NPC cluster and how these EBV sequences
differ from other EBV sequences, we examined indels and nonsynonymous SNVs that
would result in amino acid changes in EBV proteins. One deletion was consistently
found: an in-frame deletion of 30 bases in the third exon of the LMP1 gene, resulting
in the deletion of 10 amino acids (from Gly343 to His352). This deletion was found in
82% of GC, 61% of NPC, 75% of HL, 48% of BL, and 32% of normal EBV isolates. This
deletion has been previously reported in some GC and NPC EBV isolates and was shown
not to affect the transforming potential of LMP1 (28-30). This LMP1 deletion appears to
be strongly influenced by geography and/or ethnicity as we found it in 100% of the
Asian GC isolates but in only one of the five American Caucasian GC isolates.

Nonsynonymous SNVs that are common in both GC (=50%) and NPC (=50%)
isolates and uncommon in all other EBV isolates (occurring in <25% and significantly
different, with an adjusted P value of <0.05) are shown in Tables 3 and 4 (columns
headed GC + NPC vs all others) for latent and lytic EBV proteins, respectively. The
majority of changes map to the latency proteins, including EBNA1 and LMP1 which are
expressed in both NPC and GC. Nonconservative amino acid changes are of particular
interest as these are the most likely to affect protein function (shown in boldface in
Tables 3 and 4). A graphical representation of the nonconservative amino acids changes
common in GC and NPC is shown for individual EBV genomes in Fig. 2, showing that
most of these changes occur together. Similar to the phylogenetic tree, these results
show coclustering of the Asian GC samples with the NPC samples but less so with
American GC samples.

Ten nonsynonymous mutations associated with GC and NPC were identified in
LMP1, all resulting in nonconservative amino acid changes within the first 189 amino
acids (Table 3). Six nonsynonymous mutations were identified in EBNA1, including
three nonconservative changes (Thr85Ala, His418Leu, and Ala439Thr) (Table 3). These
changes occur, on average, in 71% of GC and 99% of NPC isolates but are much less
common in lymphoma and normal EBV isolates (10% of BL, 0% of HL, and 7% of normal
EBV isolates; P value of <2e—10). Five of the nonsynonymous changes have been
previously reported to be associated with EBV isolated from NPC (30). Our analysis
shows that these changes are also significantly associated (P value of 0.05) with Asian
GC samples (19/23) but not with U.S. Caucasian GC samples (1/5), suggesting that these
changes may reflect strain prevalence in Asia. In addition, our analysis identified a
previously unreported nonconservative change in Thr85Ala in EBNAT that is found in
91% of NPC and 68% of GC isolates but in only 8% of other EBV isolates. Interestingly,
this change is found with similar frequencies in Asian (16/23) and American Caucasian
(3/5) GC isolates.

GC-associated EBV genome alterations. In order to identify EBV protein sequence
changes that might be involved in induction of GC, we investigated EBV protein
sequence changes that are common in GC and uncommon in LCLs. Since few of the
LCLs are from Asia whereas most of GC samples are Asian, there is the potential for a
strong geographical bias. To address this issue, we looked for EBV sequence changes
that were common in both Asian and American Caucasian GC isolates (=60% for each
group) and uncommon (<25%) in LCL isolates. This identified 11 significant nonsyn-
onymous SNV changes (adjusted P value of <0.05) as shown in Fig. 3. As shown in

January 2018 Volume 92 Issue 2 e01239-17

Journal of Virology

jviasm.org 6


http://jvi.asm.org

Journal of Virology

EBV Genomes and Transcripts in Gastric Carcinoma

*(S0°0 = YA4d) S21|0SI DdN UeISY JO %GZ> Ul pue §'G6g JO 9duanbas ay) 01 dANE|DI SDIL|OSI DD URISY JO 945/ = Ul punoy sabuey,
'8'56d JO duanbas ayy 03 pasedwod sdIR[OSI DD JO %O0L Ul punoy sabueyd,
'8'G6d JO 9duaNnbas ay) 01 dANEDI SDIR[OSI DD UBISEdINE) Pue UeISY Ylod JO 9%09= Ul punoy sabueyd,

(S0'0 = ¥a4) S21e|0S! D7 JO %ST> Ul ING §'S64 JO 2dUaNbaS 3Y) 01 SALIDI SIIR[OSI ID UISEINED PUE URISY Y30 JO %09=

ur punoy sabueyd,

"(S0'0= ‘[4@4] an[eA 4 paisnipe) s21ejosI AT 13Y3O [[B Ul %S7> Ul PUB §'S6g JO 2Uanbas 3y 03 dAie[I $93e[0SI DN PUB JD JO 9%0S Ul punoy sabueydg
‘PO Ul pajedipul dle sabueyd dAIIBAISSUOIUON,

141672495 1Y16z€19s 1Y16z€19S gTdN
1y16t€19S dsyeziAL 1YlypIas dsyeziAL 1YlpyiIas VZdW
1Y199€435 ‘19S8EENDT ‘BAYHEEUID ‘SIHZZEUID
'usy60€43S 419STLTAID ‘01d68LUID 3|ILSLN3]
‘e|yosLdsy ‘3[ibyLaYd O/I6CLI9N ‘BYd9ZLNaT 04d68LUID 01d68LUID ‘e|y0sLdsy ‘lIytLayd
1Y199€435 ‘USY60E49S nazzLa|l UA19013Yd ‘na1583| ‘AIDt8shd ‘elyosLdsy ‘@lrrLayd ‘AIDr8shd ‘AIDr8shd ‘AIDzgely 2ydLona
‘3l6Z L3N 1A19013Yd ‘NaT583)| ‘AIDzgely ‘usyopdsy ‘9)15znaT 'na1LLbay ‘oidgLbIy ‘AIpzgey ‘a11sZNa7 'naLLbay ‘oideLbay ‘1BINEI|| 'N3TLLBAY ‘0idELBIY ‘BaYESIH LdW1
upLOLND na78L €|l ‘dsy9een|D ‘SIHELZUID ‘dsyLSIAL DEVYNE3
sA1569ulD ‘usyL8SIYL
61ySL8UID ‘e|¥99p|eA ‘ayLggrely ‘dsyzeno ‘np9gh|n 4evNE3
195Z6%3Yd NITEEEI)|| ‘04d6LTNI 1Y165t04d "BIVLSEIYL 3|IL9TIBA VEVNE3
sK1r6561Y 9|IEESNAT ‘[BASTSAl “AYL6EVRIV
alzrayL ‘@JIrTSIYL ‘e|¥ssiyL ‘n[D8LAD ‘uiD9LN|D e|yssiylL ‘N1 LYSIH ‘dsyLLyN|D ‘@|yS8aYL LVNg3
bayogshd 19552£bay 'Bayogshd 044vd
4dN SA DD 2(%001) 8'569 SA DD p(%09=) 8'569 SA DD >T1271 SA DD qS43410 |[B SA DdN + DD ugl04d

»sdnoub ajejosi Aq (s)abueyd aduanbas jo uosuedwo)

$21e|0SI AgJ PaALSP-DD Ul Bulindd0 sabueyd aduanbas ulloid uale] AgT € 319VL

jviasm.org 7

Issue 2 e01239-17

January 2018 Volume 92


http://jvi.asm.org

Journal of Virology

Borozan et al.

“(S0°0 = YQ4) S318[0SI DN UBISY JO 9657 Ul PUB 8564 JO 2uanbas ay) 01 3ANEJS) S21.|0S] DD UBISY JO 9SG/ = Ul punoy sabuey),

'8'569 JO duanbas ayy 01 pasedwod s33L[0SI IO JO %O0L Ul punoy sabueyd,

'8'56d JO 9duaNnbas ay) 01 dANE[DI SDIR[OSI DD URISEdINE) PUE URISY Yl0d JO %09= Ul punoj sabueyd,

'(S0°0 = H@4) s21ejos! 107 JO %SZ> Ul Ing 8569 JO Souanbas 9Y1 01 9Al1e[a4 S91R|0OSI DD uelsedne) pue uelsy Yyloq Jo 9%09= Ul punoj wwm:mr_un.

"(S0°0= ‘Y@ anjeA 4 paisnlpe) sa1ejost AG3 JYI0 ||B Ul 9%GZ> Ul pUB 8'G6g JO 9dUSNbas ay) 01 dA[aI $81RJ0SI DN PUB DD JO 9%05= Ul punoy sabueydg

'PlOg Ul pa1edIpul dJe SaBURYD SAIIRAISSUOIUON»

SIHS6LUD 14129
1dBN00SYL z41Xg
01dz8pIas 744Ag
elY6TTIYL ely6ziYlL L4419
ApgzIen 74154
BayLLSIH 14159

e|yeopdsy ‘1950€v9Yd
elyeopdsy ‘1950£voYd ‘UDZ6ESAT 'NATSTELRS ‘BaYELESIH ‘sA1S8TUID e|YyLEIYL 74449
usyzys1as L4748
np9L9zsky Bay8TyLUID ‘|eASLELD|| Bay8zyLUID ‘|leASLE LRl ‘NDSLSSAT ‘AIDSOpIaS n|Dg15sAT ‘A|DS0TIS dsyovzzusy ‘d|ILLLTPW ‘AIDSOTISS 14749
ADLYTIRA AIDLYTIEA L4404
141896211 14189693|1 'BAYS6SSIH noYSLLdsy 14109
1356SA1D 19501 LL3Yd ‘4BSL6LUSY UIDIEN|D 13S0LLL3Yd ‘49SL6LUSY U[DIEN|D L4YNg
WA1p/34d ‘'sAIvLayd qz4INg
uipzebay ‘elyrzrAID L4TNE
e|yLyTayL elyLyTiyl €479
baygsiH 4114
3|lzL9usy ‘Bayserdil ‘uipLOZND 14118
usyLZLSIH ‘1eA69LAID ‘01dz9Lu|D Mg
ayioLayl ayloLajl 195€1 1YL ‘19szoLAID [N
1A19v3yYd 1K19¥34d S4199
By SSiH By SsIH S'€4199
SIHOSLUID SIHOSLUID €47199
e[yLLLIBA JBN6Y LA nosgdsy noggdsy 14199
UDS9LSIH UIDS9LSIH £4444

e|y69Ldsy
e|y69Ldsy ‘aydogLien NIDOYAID ‘0adyeuld ‘AIDLLSAD upzorbiy ‘daLyosbiy 74444
noLdsy 74749
uDOSZNAT ‘3|19t ZIeA AYLSER|I 14749
01dzTTIdS L44pg
dsylpLnD v41ad
IYlpELISs HaSEBIYd 1YLpELIaS ‘19SE83Yd €474

195£5€sAD

'N97169ZSIH "©|VSOLIYL ‘©|V6.L04d z47ad
3lILsna 14109
SIHLEEUID ‘elVEEIYL 3lILLIBN L44>9
e|yLS943S 14729
1PBN99ZNT €49ad
B1y96 1547 B1y96 1547 L4499
sk1LeBay ayieseely ‘sh1ebiy v4199
1eAPLLIDIN €4799-24799
e|YbbayL 19SETYOId '01dILPIDS r41ve
JOdN SsA DD 2(%001) 8'569 SA DD p(%09=) 8'S69 SA DD qS43Y30 [|& SA DdN + DD u101d

»sdnoib ajejosi Aq (s)abueyd ad>uanbas jo uosuedwod

s21e|0SI AG] PaALSP-DD Ul Bulinddo sabueyd aduanbas uidloid d1AI AT ¥ 319VL

jviasm.org 8

Issue 2 e01239-17

January 2018 Volume 92


http://jvi.asm.org

EBV Genomes and Transcripts in Gastric Carcinoma Journal of Virology

-
e =8 =
us [
o8 ZZES % 3= g
S2 Tmmg s =
@ R RS~ o )
> D P ET
f“ - \
[

BHRF1

BFLF2

“BFLF1

“BFRF14
BFRF1

BFREp

[ L ® *
2 3
s o = % =
& & 4 S P 2
g & & / T e2AT ¢ Z.
X o o« o~ m cane N
Q¥ & & & & Q m LA~ utiig O
s & &3 3 ® z 2
mmN < - a
Q 2 P >
zZ b
w w

FIG 3 Genome-wide analysis of EBV sequences and gene expression associated with gastric adenocarcinoma. An annotated Circos plot depicting EBV amino
acid changes common (=60%) in both Asian and Caucasian GC isolates relative to the sequence of B95.8 (blue track) or common (=60%) in both Asian and
Caucasian GC samples but uncommon in LCLs (green track) and RNA-Seq read coverage across the EBV (NCBI accession number NC_007605) reference genome
(gray track). For the EBV genome changes, nonconservative and conservative amino acid changes are indicated in red and blue, respectively; the BOLF1 insertion
is shown in yellow, and the LMP1 deletion is marked in green and labeled. In the outer track, the positions of EBV genes that are expressed (red) or not expressed
(blue), as well as the repeat regions excluded from the analysis (violet), are indicated.

Tables 3 and 4 (columns headed GC vs LCLs), these SNVs corresponded to amino acid
changes in one EBV lytic protein (BPLF1) as well as eight nonconservative changes
in LMP1 and one nonconservative change in EBNA1. The EBNA1 sequence change
(Thr85Ala) and seven of the LMP changes are the same as those reported above to be
altered in the GC/NPC cluster compared to sequences of other EBV isolates. This
suggests that there are a small number of EBV sequence alterations in GC EBV isolates
that are independent of the geographical origin or ethnicity of the GC.

January 2018 Volume 92 Issue 2 e01239-17 jviasm.org 9


https://www.ncbi.nlm.nih.gov/nuccore/NC_007605
http://jvi.asm.org

Borozan et al.

We also asked whether there are changes in GC isolates that do not occur in NPC
isolates. To avoid a bias due to geography and/or ethnicity, we included only Asian GC
samples in this comparison since all NPC samples were Asian. We looked for amino acid
changes found in >75% of Asian GC isolates but in <25% of NPC (Tables 3 and 4, GC
vs NPC). The results showed only two conservative changes in the latency proteins (in
LMP2A and LMP2B) and several changes in 10 lytic proteins. This is consistent with the
above conclusions that Asian NPC and GC EBV isolates are very similar.

Finally, since the B95.8 EBV isolate is the most commonly studied and since protein
expression clones are typically based on this variant, it was of interest to determine
what changes in EBV proteins are common in GC isolates relative to the B95.8
sequence. Again, we looked for changes that occurred in =60% of Asian and in =60%
of Caucasian GC isolates to counter any geographical/ethnicity effects. Figure 3 shows
a graphic summary of the genetic variants from this comparison, which identified 87
nonsynonymous SNVs and two indels. Amino acid changes in 9 latency and 25 lytic
proteins are shown in Tables 3 and 4 (columns headed GC vs B95.8, 160%), respectively.
The indels were the LMP1 deletion indicated above and an insertion in BOLF1,
consisting of a glycine at amino acid 261 relative to B95.8 sequence. We also asked
whether there were any changes that occurred in 100% of GC samples relative to the
sequence of B95.8. This showed that a subset of the above GC-associated changes in
both latent and lytic proteins occurred in all GC-derived EBVs regardless of geography
(Tables 3 and 4, GC vs B95.8, 100%), including one change in EBNA1 (Thr524lle). This
change is common in many EBV isolates, indicating that the B95.8 reference sequence
is unusual at this position (30, 31). Thr524 is in the DNA binding/dimerization domain
in an a-helix important for contacting the DNA (32, 33) although the contribution of
Thr524 in DNA recognition has not been determined. In addition, all GC isolates have
the BOLF1 insertion at amino acid 261 indicated above. These sequence changes will
be important to incorporate when expression clones are generated to study the
functions and protein interactions of these EBV proteins in the context of gastric
infections.

EBV gene expression in gastric carcinoma. Another important question for un-
derstanding the mechanism of cancer induction by EBV is which EBV proteins are
expressed. Although many studies have focused on the EBV latent proteins that are
consistently expressed in tumors, there have been many reports of detection of lytic
proteins in a variety of EBV tumors although the profile of which EBV lytic proteins are
expressed and of their frequencies of expression is not clear. Of the 13 EBV-positive
gastric tumor samples that we used to assemble EBV genome sequences, eight had
whole-transcriptome data [on purified poly(A)-containing RNA] which we used to
determine the level of each EBV transcript (in reads per kilobase of transcript per million
mapped reads [RPKM]) using the EBV NC_007605 in NCBI as the reference genome. A
previous paper had also analyzed EBV transcripts in four GC samples but had not
reported the complete profile of EBV lytic protein transcripts (12). Therefore, we
attempted to reanalyze these data as well. However, we learned that TCGA had
determined that all four samples were from the same patient, and hence three out of
four of these duplicate samples (BR-4298, BR-4376, and BR-4271) were removed from
the TCGA database (https://portal.gdc.cancer.gov/). Analysis of the remaining sample
(BR-4253) showed a lower overall number of reads mapping to the EBV transcriptome
(4- to 18-fold less) than for the eight samples we analyzed, which would hinder
identification of low-abundance transcripts; hence, this sample was not included in our
further analyses.

The EBV transcriptome profiles for each of the eight GC samples are shown in Fig.
4A. Since it is well established that EBNA2, -3A, -3B, and -3C are not expressed in GC,
the average RPKM value for these transcripts was used as background in each sample,
and transcripts that were above this level in 7 or 8 of the 8 samples are shown in Table
5. As expected based on previous reports, EBNA1 transcripts were readily detected in
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FIG 4 EBV gene expression profiles for GC samples. (A) EBV transcriptome read coverage is shown for eight individual GC samples relative to the reference EBV
genome (NCBI accession number NC_007605; represented using a log, scale). The red bars in the top track indicate the location of the EBV repeat regions. The
annotation track at the bottom shows EBV expressed genes in red and nonexpressed genes in blue. (B) Expressed genes shown in Table 5 were subjected to
the row-wise hierarchical clustering analysis across eight EBV-positive GC transcriptome samples. Pearson correlation was used for obtaining the distance matrix,
and the complete-linkage method was used for agglomerating the clusters. The three main clusters shown in red, green, and blue indicate three different
groups of genes with highest correlations between their gene expression levels across samples.
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TABLE 5 EBV transcripts detected in GC samples?

Journal of Virology

Protein Fold change Mean expression level No. of GC

Protein name classification® in expression© (RPKM [95% Cl])< samples© P value FDRe
BALF5 Lytic (E) 4448 131,767 (117,871, 145,663) 8 1.63E-007 1.71E-006
BALF4 Lytic (L) 301.8 89,419 (76,790, 102,049) 8 1.21E-006 6.35E-006
LF2 Lytic (E) 269 79,696 (69,882, 89,509) 8 4.74E-007 3.32E-006
BNLF2b Lytic (E) 88.4 26,175 (5,452, 46,897) 7 2.21E-002 2.92E-002
BILF1 Lytic (E) 75.6 22,398 (13,281, 31,515) 8 1.04E-003 3.11E-003
LF1 Lytic (E) 70.6 20,918 (14,421, 27,415) 8 2.16E-004 9.06E-004
BNLF2a Lytic (E) 62.3 18,461 (4,734, 32,187) 8 1.79E-002 2.68E-002
BALF3 Lytic (E) 60.1 17,791 (17,160, 18,421) 8 1.00E—008 1.71E—006
EBNAT1 Latent 36.8 10,901 (4,393, 17,409) 8 7.59E—003 1.59E—002
BARF1 Lytic (E) 20.4 6,029 (1,864, 10,195) 8 1.54E—002 2.48E—002
BALF2 Lytic (E) 16.6 4,919 (2,370, 7,468) 8 4.59E—003 1.20E—002
BALF1 Lytic (E) 14.1 4,170 (1,049, 7,291) 8 2.27E—002 2.92E—002
LF3 Lytic (L) 12.1 3,572 (2,391, 4,752) 8 3.93E—004 1.38E—003
LMP1 Latent 10.5 3,104 (1,109, 5,098) 7 1.41E—002 2.46E—002
BNRF1 Lytic (L) 9.7 2,873 (1,354, 4,392) 8 6.23E—003 1.45E—002
BZLF1 Lytic (IE) 8.1 2,403 (1,002, 3,804) 8 1.07E—002 2.05E—002
BKRF4 Lytic (E) 7.1 2,103 (582, 3,623) 7 2.68E—002 2.96E—002
LMP2A Latent 5 1,486 (506, 2,466) 7 2.56E—002 2.96E—002
BKRF3 Lytic (E) 4.2 1,237 (490, 1,984) 7 2.36E—002 2.92E—002
BPLF1 Lytic (L) 34 1,021 (287, 1,755) 8 5.30E—002 5.57E—002
BRLF1 Lytic (IE) 2 595 (129, 1,061) 7 1.56E—001 1.56E—001

aTranscripts that are present at levels higher than the average values for EBNAs 2, 3A, 3B, and 3C in 7 or 8 samples are shown. P values were calculated by comparing
for each gene its gene expression across 8 samples to the baseline (mean, 296 [95% confidence interval = 91, 502] RPKM).

bPhase of infection in which protein expression is expected. IE, immediate early; E, early; L, late lytic phase.
cAbove baseline value.

aCl, confidence interval.

eThe false discovery rate (FDR) is the P value adjusted for multiple testing.

all samples. We also detected variable levels of LMP1 transcripts and low levels of
LMP2A transcripts in 7 out of 8 samples.

In addition to latency genes, we identified 18 EBV lytic genes that were consistently
expressed (in 7 or 8 out of 8 samples) (Table 5). The expression pattern was not
consistent with a lytic or abortive lytic infection because subsets of both early and late
EBV proteins were expressed. For example, a subset of only early genes necessary for
viral DNA replication were expressed; transcripts for BALF5 (DNA polymerase) and
BALF2 (single-stranded DNA binding protein) were readily detectable in all samples,
whereas transcripts for BMRF1 (polymerase processivity factor), BSLF1 (primase), BBLF4
(helicase), and BBLF2/BBLF3 (primase accessory protein) were not consistently de-
tected. These results suggest that lytic DNA replication would not occur. However, this
does not prevent the expression of specific late lytic genes that would normally be
transcribed after DNA replication as transcripts for four late genes (BALF4, LF3, BNRF1,
and BPLF1) were consistently detected. Together, the expression profiles suggest that
EBV lytic gene expression in GC is regulated differently than in a lytic infection.

For the expressed genes shown in Table 5, we show in Fig. 4B the agglomerative
hierarchical clustering of their expression patterns across 8 samples using the Pearson
correlation distance measure. Three clusters (shown in red, green, and blue) were
identified. All 13 genes in the red and green clusters map to a ~40-kb region of the
genome between LF3 and BNRF1, which includes LMP1 and LMP2A (Fig. 4A). This
region contains the most highly expressed genes (i.e.,, BALF5, BALF4, BALF3, BALF2,
BILF1, LF1, LF2, BNLF2a, and BNLF2b) (Table 5), defining a region of the genome that
is activated. We note that the read coverage across the BALF4 and BALF5 transcripts
could also be associated with the expression of the RPMS1 and A73 genes (situated on
the opposite strand from BAFL4/5); however, our analysis shows that portions of BALF4
and BALF5 transcripts that do not overlap the RPMS1 and A73 (BART) transcripts are
expressed. Among genes in the green cluster, a subset of six genes (BARF1, BALF2,
BALF1, BNRF1, LMP1, and LMP2A) have the strongest positive correlation (mean
Pearson’s r = 0.85 versus r = 0.53 for overall correlations of genes in the green cluster),
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TABLE 6 Association of GC sequence changes with T cell epitopes

CD8 HLA restriction

Protein group and name  Amino acid change = CD4 HLA restriction affected (position or locus)” affected (position or locus)®
Latent proteins
EBNA1 Thr85Ala 71-85
Glu411Asp 403-417 B53, B35.01
His418Leu DR4
Ala439Thr 429-448, 434-458
Thr524lle DP3, DR1, DR7/DR11, 519-533, 519-543, 518-530, 515-528, B8
509-528
lle528Val DP3, DR1, DR13, DR7/DR11, 519-533, 519-543 B7
Leu533lle DR13, DR14, 519-533, 519-543 B7
Arg594Lys 589-613, 594-613
LMP1 Arg13Pro DR7, DR9

Arg17Leu DR7, DR9
Leu25lle DR7, DR9
Asp46Asn 38-46
Ala82Gly 68-83 B40
Leu126Phe A2
Met129lle A2
Phel44lle 130-144
GIn189Pro DR16
Gly212Ser DQ2, DQB1*0601, 212-226

LMP2A Ser444Thr A25

Lytic protein
BZLF1 GIn195His C6, B8
Ser542Asn B61

9Epitope coordinates (amino acids) are used to indicate affected epitopes that are lacking HLA restriction names.

suggesting that they may be coordinately regulated. The blue cluster includes EBNA1
and seven lytic genes, five of which (BPLF1, BZLF1, BRLF1, BKRF3, and BKRF4) are spread
over the EBV genome outside the activated 40-kb region and two genes (BNLF2a and
BNLF2b) that belong to it. BNLF2a and BNLF2b have high positive correlation (mean
Pearson’s r = 0.92 versus r = 0.45 for overall correlations of genes in the blue cluster)
and cluster apart from the rest of the genes in this cluster. Among the genes outside
the 40-kb activated region, three genes (BZLF1, BPLF1, and EBNA1) show the highest
expression correlation (Pearson’s r = 0.93). In contrast, BKRF3 and BKRF4, which are
localized close to the EBNAT gene, show poor correlation with EBNA1 expression (mean
Pearson’s r = 0.1), which suggests that they are not coregulated with EBNA1.

Association of GC sequence changes with T cell epitopes. Previous studies have
identified epitopes in EBV proteins recognized by CD4* and CD8*" T cells (34). To
determine how immune recognition might be altered in GC EBV isolates, we looked at
the sequence changes in all of the EBV proteins that we found to be expressed in GC
to determine if the amino acid changes correspond to known T cell epitopes. We
included all of the changes identified in the second to fourth columns of Tables 3 and
4., By using the NCBI entry NC_007605 (B95.8-Raji) as the reference sequence and the
epitope information from Taylor et al. (34), this analysis showed that 21 of these amino
acid changes within five different expressed EBV proteins mapped to known epitopes
(Table 6). In particular, most of the amino acid changes found to be common in both
Asian and American Caucasian GC but uncommon in LCLs (Tables 3 and 4, GC vs LCL)
mapped to T cell epitopes.

DISCUSSION

Whether particular EBV variants are more oncogenic than others is an important
question and one that requires analysis of many EBV whole-genome sequences from
tumors and healthy people in different geographical locations. We have contributed to
this question by generating 13 new EBV sequences from gastric carcinoma, including
10 samples from the United States, 5 of which are from Caucasians. These are the first
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reported non-Asian GC-derived EBV genome sequences, enabling initial studies on the
effect of geography/ethnicity on GC-derived EBV sequences. We have combined these
new EBV sequences with all preexisting EBV whole-genome sequences to conduct the
most extensive sequence analysis to date of EBV isolates.

Whole-genome phylogenetic tree analysis showed that most GC isolates are most
closely related to NPC isolates; however, there was a strong geographical or/and ethnic
component in that few American Caucasian EBV isolates were part of this cluster. We
also identified a variety of amino acid sequence changes common to GC and NPC
isolates but uncommon in other EBV isolates. Many of these result in nonconservative
amino acid changes in subsets of the EBV proteins, which might affect their functions
and/or host protein interactions, thereby promoting oncogenesis. Of particular interest
are the multiple nonconservative amino acid changes in LMP1 and EBNAT, both of
which are expressed in NPC and GC. All of the 10 nonconservative changes in LMP1 are
within the first 189 amino acids of LMP1, corresponding to the transmembrane region,
which can impact the ability of LMP1 to activate the NF-«B pathway (35). EBNAT was
found to have three nonconservative sequence changes (Thr85Ala, His418Leu, and
Ala439Thr, all of which are outside the DNA binding domain) that are common in both
NPC and GC but uncommon in other EBV isolates. His418Leu and Ala439Thr were
previously reported as common changes in NPC isolates (30), but the Thr85Ala change
has not been previously identified.

We also identified EBV sequences that are usually different in GC isolates, regardless
of geography or ethnicity, compared to EBV genomes that are not from tumors (LCLs).
These changes were seen in only three EBV proteins (EBNAT, LMP1, and BPLF1) and,
according to our transcriptome analysis, all are consistently expressed in GC. This raises
the intriguing possibility that these changes may impact GC by altering the functions
or host interactions of these proteins. Interestingly, the changes in EBNA1 and LMP1
largely fell within known T cell epitopes, suggesting that immune pressure could be
partially responsible for the sequence changes.

The EBNAT1 change is Thr85Ala, which falls in a region of EBNA1 required for
transcriptional activation of other EBV latency genes (36-38) and therefore could affect
this important EBNA1 function. Eight nonconservative amino acid changes were iden-
tified in the transmembrane region in the first 189 amino acids of LMP1, all of which
were also found to be common in NPC (identified in the isolate analysis of GC plus NPC
versus other EBV isolates). BPLF1 is a deubiquitinase that has been found to contribute
to innate immune evasions by interfering with Toll-like receptor signaling (39), as well
as by contributing to B cell transformation (40). The roles of the two BPLF1 amino acids
that are commonly altered in GC isolates (Lys515Gly and Ser405GLy) have yet to be
determined.

Another important question in understanding how EBV induces GC is determining
which EBV proteins are expressed. While the EBV latency proteins that are expressed in
GC have been well characterized, there have also been reports of the presence of EBV
lytic transcripts and proteins in the absence of a full lytic infection (12). However, a
comprehensive analysis of EBV transcripts in GC has not been reported. For eight of the
GC WGS samples from which we generated EBV genome sequences, transcriptome
sequencing data (RNA-Seq) were also available, enabling the determination of which
EBV genes are transcribed in the context of GC. We detected consistent expression of
three latency proteins, EBNA1, LMP1, and LMP2A. This was expected although the
frequency of LMP2A expression was higher than the previously reported 50% detection
rate (41).

In addition, we identified specific subsets of lytic genes that are consistently
expressed in GC. The expression profiles do not fit with conventional EBV lytic infection
or abortive lytic infection since specific subsets of early and late genes are expressed.
Consistent with previous studies on EBV expression in GC (2, 12), we observed a cluster
of genes (BAFL3, BALF4, BALF5, BILF1, LF1, LF2, and BNLF2a) that were highly activated.
This cluster of highly activated genes has also been reported in NPC and Burkitt's
lymphoma although BALF5 transcripts are not detected in Burkitt's lymphoma (6-8).
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However, in addition to this cluster, we now identify several other transcripts from lytic
genes, from immediate early, early, and late gene classes, that are consistently ex-
pressed at levels similar to those of LMP1 and LMP2A. In a lytic infection, expression of
the late genes requires viral DNA replication. However, in the GC samples analyzed
here, several of the early viral proteins needed for viral DNA replication are not
expressed, and yet a subset of late genes (5) are expressed. Our data suggest that there
are novel mechanisms of regulating expression of specific lytic genes in the context of
GC. Interestingly, the transcription of BPLF1 was previously shown to be regulated in a
manner distinct from that of most late genes (42), which may enable its expression in
the absence of lytic infection, as we have observed in the GC samples.

Several lytic EBV proteins that are expressed in GC have functions that could
contribute to tumorigenicity. As mentioned above, BPLF1 interferes with Toll-like
receptor signaling in innate immunity and can promote cell transformation (39, 40). In
addition, BARF1 is known to stimulate the proliferation of GC cells (43, 44). The highly
expressed BILF1 is a seven-transmembrane, constitutively active, G protein-coupled
receptor with transforming activity (45, 46). BILF1 and BNLF2a have also been shown to
cooperate in immune evasion by inhibiting the presentation of viral antigens (47).
Similarly, LF2 has been found to antagonize type | interferon signaling, suggesting that
it would be important for avoiding host immune responses (48). BALF1 is a Bcl-2
homologue that increases tumorigenicity and cell survival (49) and has also been
reported to be expressed in Burkitt's lymphoma cell lines and NPC samples (50). Finally,
BNRF1 induces centrosome amplification leading to chromosome instability and there-
fore would be expected to increase the risk of oncogenesis (51). Overall our data
support a model in which expression of specific EBV lytic proteins contributes to
tumorigenesis in gastric and perhaps other cancers.

MATERIALS AND METHODS

EBV identification using whole-genome sequencing data. The CaPSID (Computational Pathogen
Sequence Identification) bioinformatics platform (52) (developed by our group) was used to identify EBV
in whole-genome sequencing data of gastric adenocarcinoma samples, with additional filtering and
alignment steps described below. For each whole-genome-sequenced sample, BAM (53) files containing
reads aligned to the human reference sequence (GRCh37/hg19) were downloaded from The Cancer
Genome Atlas ([TCGA] Stomach Adenocarcinoma, project code STAD) (25) and from the new PanCancer
Analysis of Whole Genomes ([PCAWG] Stomach Adenocarcinoma, project codes STAD-US and GACA-CN)
from the International Cancer Genome Consortium (ICGC) (26). Reads that did not map to the human
reference were extracted and filtered for low complexity and quality and then aligned in single-end
mode using the Bowtie2 aligner (54) to a database containing a complete set of 5,652 NCBI RefSeq viral
reference sequences (including the EBV reference sequences NC_007605 and NC_009334) and a filter
reference database composed of 5,242 bacterial and 1,138 fungal reference sequences that was
downloaded from the NCBI (55). In order to improve the sensitivity and specificity with which viral
sequences were detected, reads that did not map to any reference with Bowtie2 were realigned against
the same RefSeq viral reference database, using a more sensitive SHRiMP2 aligner with the ability to
perform local alignments (56). To reduce the number of potential false positives, we then applied filtering
criteria using CaPSID’s average gene coverage metric (average gene coverage of >90%) to identify
samples in which EBV was present with the highest confidence.

EBV genome assembly. For each individual sample that was identified as harboring EBV (as
described in the previous section), reads that did not map to the human reference were realigned (using
Bowtie2 and SHRiIMP2 as described above) to an initial reference sequence database composed of 57
complete EBV sequences downloaded from the NCBI. Following this realignment step, reads with
ambiguous alignments were reassigned to the most probable EBV genome of origin using a statistical
model based on the read alignment scores as described in Hong et al. (57). Based on the information
about the most probable EBV genome of origin, the read depth coverage, and the overall EBV genome
coverage, 13 samples in total were selected for the EBV genome reference-based assembly. Twelve of
these adenocarcinoma samples harboring EBV can be downloaded from the ICGC data portal (https://
dcc.icgc.org/repositories/) using their unique file identification numbers: FI13619, FI49302, FI24570,
F128165, FI35962, F148909, FI31442, FI33260, FI19435, FI49266, FI17300, and FI51320; the additional TCGA
sample, TCGA-D7-5577-01A-01D-1598-02, can be downloaded from the Genomic Data Commons (GDC)
data portal (https://portal.gdc.cancer.gov/). Of these 13 samples, 11 had read depth of coverage ranging
between 54X and 176X, 1 sample had a read depth of 14X, and 1 sample had a read depth of 3.4X but
even genome coverage (3.4X = 1.4X). For each of these 13 samples, the top-ranked EBV reference
sequence to which the majority of the reads aligned was then used as the input reference sequence for the
reference-based assembly. The reference-based assembly was performed using SAMtools (53) for variant
calls (with the read base quality parameter threshold set to -Q15), followed by the FastaAlternateRef-
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erenceMaker (a tool available from the Genome Analysis Toolkit [GATK]) (58) to generate the newly
assembled EBV reference sequence.

EBV gene expression analysis. Additional transcriptome sequencing (RNA-Seq) data [on purified

poly(A)-containing RNA] available for 8 out of 13 whole-genome gastric adenocarcinoma (primary solid)
sequenced samples that tested positive for EBV were downloaded from PCAWG (26) (Stomach Adeno-
carcinoma, project code STAD-US [25]). RNA-Seq samples used in this study can be downloaded from the
ICGC data portal (https://dcc.icgc.org/repositories/) using their unique file identification numbers:
FI35960, FI33258, FI17298, FI31440, FI19433, FI48907, FI128163, and FI49264. Reads that did not map to
the human reference were extracted and filtered for low complexity and quality and then aligned to the
NCBI EBV reference genome NC_007605 using the Bowtie2 alignment algorithms in single-end mode as
previously described in Borozan et al. (59). RNA-Seq analysis and transcript read quantification were
performed using the R Biocondoctor packages (60). Levels of gene expression (in units of reads per
kilobase of transcript per million mapped reads [RPKM]) were calculated using the formula RPKM =
(10° X Q)/(N X L), where C is the number of reads mapped to a gene, N is the total number of mapped
reads in the experiment, and L is the transcript length in base pairs. For each gene, transcripts in this
study were defined over gene coding sequence (CDS) regions. P values were calculated using a
two-sample t test with the alternative hypothesis set to “greater” as implemented in the R function t.test
(61). P values were then adjusted for multiple testing in order to control for the false discovery rate (FDR)

using the Benjamini-Hochberg method as implemented in the R stats package (61).
Mutation analysis. For each EBV sequence, the lists of single nucleotide variants (SNVs) and

insertions and deletions (indels) was generated by performing pairwise sequence alignments to the NCBI
reference EBV genome (NC_007605) using the EMBOSS Stretcher algorithm (62). Genetic variations
among EBV genomes were determined by considering the complete set of variants (i.e., substitutions,
insertions, and deletions) using a combination of bioinformatics tools including the VCFtools (63) and
custom Python scripts. The statistical significance of the number of occurrences of each variant found in
EBV sequences isolated from GC samples was evaluated by comparing it to the number of occurrences
of the same variant across EBV sequences found in other cancers or healthy blood and saliva using
Fisher's exact test as implemented in the R stats package (61). P values calculated using Fisher’s exact test
were then adjusted for multiple testing in order to control for the false discovery rate (FDR) using the
Benjamini-Hochberg method as implemented in the R stats package (61). Variants considered significant
were annotated using the genetic variant annotation and effect prediction toolbox (snpEff) (64) using the
NCBI NC_007605 genome as the reference database. Variants that occurred in the repeat regions of the
NCBI reference sequence NC_007605 were discarded from further analysis. Phylogenetic analysis and
visualization were performed using FastTree-2 (65) and FigTree software (http://tree.bio.ed.ac.uk/
software/figtree). The phylogenetic tree (Fig. 1) was rooted using a midpoint rooting. The annotated
circular plot of the EBV genome (Fig. 3) was made by using the Circos visualization tool (66).

Accession number(s). Sequence data for the 13 GC EBV genomes were submitted to GenBank under

accession numbers MG021314 (GC-variant-1), MG021305.1 (GC-variant-2), MG021315 (GC-variant-3),
MGO021317 (GC-variant-4), MG021308 (GC-variant-5), MG021307 (GC-variant-6), MG021312 (GC-variant-7),
MGO021316 (GC-variant-8), MG021310 (GC-variant-9) MG021311 (GC-variant-10), MG021309 (GC-variant-
11), MG021313 (GC-variant-12), and MG021306 (GC-variant-13).
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