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Comprehensive virome analysis of RNA sequence (RNA-seq) data sets from 118 non-Hodgkin’s B-cell lymphomas revealed a
small subset that is positive for Epstein-Barr virus (EBV) or human herpesvirus 6B (HHV-6B), with one coinfection. EBV tran-
scriptome analysis revealed expression of the latency genes RPMS1, LMP1, and LMP2, with one sample additionally showing a
high level of early lytic expression and another sample showing a high level of EBNA2 expression. HHV-6B transcriptome analy-

sis revealed that the majority of genes were transcribed.

Herpesviridae is a large family of DNA viruses that can infect and
cause disease in humans. Epstein-Barr Virus (EBV) and human
herpesvirus 6 (HHV-6) are two members of this family that are highly
ubiquitous and have been associated with mononucleosis and exan-
thema subitum (roseola), respectively. In addition, EBV is a well-
known oncovirus that is associated with several malignancies, includ-
ing nasopharyngeal carcinoma, gastric carcinoma, and lymphomas.
HHV-6 is an emerging pathogen that has not been defined as an
oncogenic pathogen but has been variably associated with lympho-
mas using traditional detection methods (e.g., PCR, Southern blot-
ting, and immunohistochemistry [THC]) (1).

For many years, associations between cancers and infectious
agents have been made through epidemiological approaches and
methods such as IHC and PCR. Although IHC and PCR ap-
proaches have been important for the detection of infectious
agents in cancers, they have also led to false discovery and/or con-
troversy. Several groups, including ours, have utilized RNA se-
quencing (RNA-seq) for the discovery and investigation of infec-
tious agents; for example, Merkel cell virus was linked to Merkel
cell carcinoma (2), Fusobacterium was associated with colorectal
carcinoma (3, 4), EBV was studied with gastric carcinoma samples
(5), murine leukemia virus (MuLV) was detected in human B-cell
lines (6), and large sequencing databases were screened for onco-
viruses (7). Next-generation sequencing (NGS) approaches have
several advantages over previous detection methods for this type
of study. In addition to being highly sensitive, NGS is highly spe-
cific, since the sequence for each read represents a fingerprint for a
particular organism. Another key advantage is that a broad, rela-
tively unbiased assessment of all known organisms can be per-
formed in a single assay. This technology not only helps better
identify etiological agents, but it can also better define cancers
and/or specimens that are truly not associated with any known
viruses.

Previous associations between EBV and non-Hogkin’s lym-
phomas (8—11) prompted us to explore the links between diffuse
large B-cell ymphomas (DLBCLs) and human viruses using next-
generation sequencing. Using this approach, we comprehensively
assessed the virome of a large non-AIDS non-Hodgkin’s lym-
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phoma (NHL) RNA-seq cohort from the Cancer Genome Char-
acterization Initiative (CGCI).

EBV and HHV-6B are detected in a small percentage of dif-
fuse large B-cell lymphomas. RNA-seq data sets from 118 NHLs
(105 DLBCLs and 13 follicular lymphomas [FL]) (12) were down-
loaded from the NIH database of genotypes and phenotypes
(dbGap; http://www.ncbi.nlm.nih.gov/sites/entrez?db=gap) us-
ing accession code phs000235.v2.p1 (additional details pertaining
to the samples can be obtained through controlled access). Vi-
rome analysis of these polyA-selected RNA-seq data sets was per-
formed by running roughly 27 million reads from each sample
through our automated RNA-seq exogenous-organism analysis
software, RNA CoMPASS (G. Xu, M. J. Strong, M. R. Lacey, C.
Baribault, E. K. Flemington, and C. M. Taylor, submitted for pub-
lication). Within RNA CoMPASS, reads were aligned to the hu-
man reference genome, hg19 (UCSC), plus a splice junction data-
base (which was generated using the Make Transcriptome
application from Useq [13]; the splice junction radius was set to the
read length minus 4) using Novoalign version 3.00.05 (www
.novocraft.com) (-o SAM, default options). Nonmapped reads were
isolated and subjected to consecutive BLAST version 2.2.27 searches
against the human reference sequence (RefSeq) RNA database (an
additional “preclearing” step) and then the NCBI nucleotide (NT)
database to identify reads corresponding to known exogenous organ-
isms (14). Results from the NT BLAST searches were filtered to elim-
inate matches with an E value of less than 10e~°. The results were then
fed into MEGAN 4 version 4.70.4 (15) for visualization of taxonomic
classifications.

Most of the samples analyzed contained low levels of bacterio-
phage sequences, which likely represent either environmental
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FIG 1 EBV and HHV-6B detection in diffuse large B-cell lymphomas. (A) Virus branch of the taxonomy trees for the five virus-positive DLBCL samples. (B)
Numbers of viral reads per million human mapped reads. (C) Cluster analysis of EBV transcripts along with a bar graph representing the ratio of EBV
Iytic-to-latent gene expression for each positive sample.
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contamination or quality control spike-ins (Fig. 1A). Of the 118
samples analyzed, 113 showed no evidence of eukaryotic viral
polyadenylated-RNA expression, suggesting a different mecha-
nism for tumor progression in these cases. Nevertheless, five
DLBCL samples were positive for EBV (4 samples, 3.4%) or
HHV-6B (2 samples, 1.7%), with one of these samples,
SRS405443, being coinfected (Fig. 1A).

The findings for virus-positive samples were further analyzed
by combining all sequencing runs for each EBV-and/or HHV-6B-
positive tumor and aligning them directly to the human reference
genome (hgl19; UCSC) plus the Akata strain of the EBV genome
(GenBank accession number KC207813) (16) and the HHV-6B
genome (GenBank accession number NC000898). Alignments
were performed using the Spliced Transcripts Alignment to a Ref-
erence (STAR) version 2.3.0 aligner (default options) (17). From
this analysis, samples SRS405439 and SRS405443 were found to
have the highest EBV read numbers (432 and 37 reads per million
human mapped reads, respectively), while samples SRS405392
and SRS405456 had relatively low EBV read numbers (3 and 0.5
reads per million human mapped reads, respectively) (Fig. 1B).
Samples SRS405408 and SRS405443 showed 19 and 99 HHV-6B
reads per million human mapped reads, respectively (Fig. 1B).

Viral transcriptome analysis. In a recent study, we showed
that gastric carcinomas with high EBV read numbers exhibited
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signaling effects on cellular and microenvironmental pathways
that were not observed for samples with either low or no EBV gene
expression (5). Cluster analysis of these EBV-positive samples
based on EBV gene expression alone showed unique clustering of
the samples with high-versus-low EBV read counts. The distinct
EBV gene expression patterns in these two groups suggested dis-
tinct infection types, which may partly explain differences in sig-
naling effects. To similarly assess global differences in EBV gene
expression patterns in the EBV-positive DLBCL samples, we per-
formed cluster analysis. Transcript quantification of EBV genes
was performed using SAMMate (18). Transcript counts and reads
per kilobase per million mapped reads (RPKMs) were imported
into Multiple Experiment Viewer (MeV) (19) for hierarchical
clustering analysis. The Manhattan distance matrix was computed
for the samples and used as input for hierarchical clustering using
the complete linkage-clustering algorithm. The samples with low
EBV read counts, SRS405392 and SRS405456, were found to clus-
ter together (Fig. 1C). Visualization of reads across the EBV ge-
nome using the Integrative Genomics Viewer (IGV) (20) showed
latency-gene peaks in the two samples with high EBV read counts
(Fig. 2A). In contrast, only scattered reads were observed across
the entire genome in the two samples with low EBV read counts
(data not shown). This observation is illustrated by the finding of
high lytic-to-latent read ratios in the samples with low EBV read
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FIG 2 Viral transcriptome. (A) EBV genome coverage data for EBV-positive DLBCLs. The y axis represents the number of reads at each nucleotide position. The

modified EBV Akata genome was split between the BBLF2/3 and the BGLF3.5

lytic genes rather than at the terminal repeats to accommodate coverage of splice

junctions for the latency membrane protein LMP2. The scale for sample SRS405439 is set to a maximum read level of 2,000 reads, with scales for the inset displays
set to maximum read levels of 100 and 300 reads. The scale for sample SRS405443 is set to a maximum read level of 100 reads. Blue features represent lytic genes,
red features represent latent genes, green features represent potential noncoding genes, aquamarine features represent microRNAs, and black features represent
nongene features (e.g., repeat regions). (B) HHV-6B genome coverage data for HHV-6B-positive DLBCLs. The scale for sample SRS405408 is set to a maximum

read level of 15 reads, while the scale for SRS405443 is set to 50 reads.

counts versus those with high EBV read counts (Fig. 1C, bottom).
The lack of distinct latency-gene expression along with the ob-
served overall low EBV transcript levels for the samples with low
EBV read numbers raises the possibility that the finding of EBV in
these samples is less consequential than it is in samples SRS405439
and SRS405443, possibly reflecting low-level reactivation in infil-
trating latent B-cells.

Detailed analysis of gene expression in the two EBV-positive
samples with higher read counts showed expression of the EBV
latency genes RPMS1, LMP1, and LMP2 in both cases (Fig. 2A). In
contrast to the similarities in expression of these genes, expression
of EBNA2 differed; sample SRS405443 expressed EBNA2 and
sample SRS405439 did not (Fig. 2A). On the other hand, sample
SRS405439 was unique in the detection of lytic transcripts with a
disproportionately high level of the immediate early/early genes
BZLF1 and BMLF1 relative to the levels of the bulk of other lytic
genes (Fig. 2A). This predominant expression of early genes with-
out other lytic genes is suggestive of an abortive lytic cycle, which
has previously been linked to tumor progression (5, 21, 22). In
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contrast to the hallmark distinctive expression of EBV latency
genes in samples SRS405439 and SRS405443, HHV-6B gene ex-
pression showed a broader expression profile across the entire
genome, consistent with lytic transcription (Fig. 2B).

In conclusion, based on the samples tested here, most non-
AIDS NHLs are free of known eukaryotic viruses expressing poly-
adenylated RNAs. In the two EBV-positive DLBCL samples,
SRS405439 and SRS405443, the high read numbers in conjunc-
tion with the finding of clear expression of oncogenic latency
genes (23-26) are consistent with an etiological role for EBV in
these cases. In contrast, it is much less clear whether EBV contrib-
utes to the tumor phenotype in the two samples with lower read
numbers where there is a lack of pronounced oncogenic latent-
gene expression. Similarly, the general observation of broad lytic
HHV-6B gene expression in the two HHV-6B-positive samples
rather than expression of any particular potentially oncogenic la-
tency gene suggests that at a minimum any contribution of
HHV-6B to tumor progression likely occurs through a different
mechanism (e.g., through a mechanism involving persistent
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smoldering stimulation of an inflammatory response to HHV-6B
Iytic antigens).

It is possible that moderate disease-related immunosuppres-
sion could lead to HHV-6B reactivation in HHV-6B-positive tu-
mors, which may or may not contribute to the tumor phenotype.
The finding of EBV and HHV-6 coinfection in one case raises the
possibility that this patient may in fact have some level of immu-
nosuppression. The expression of the highly immunogenic
EBNA2 gene in this case further supports the suspicion of immu-
nosuppression. Despite this possibility, it seems likely that EBV
latency genes contribute to tumor progression (23-26) in this pa-
tient. Whether HHV-6B plays a role in tumor progression or
whether expression is just a bystander effect of possible immuno-
suppression is unclear and will require further investigation. Re-
gardless, HHV-6B is a component of the tumor microenviron-
ment and it is appropriate to consider its presence in potential
future tailored therapeutic design.
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