JVI

Journals.ASM.org

Global Bidirectional Transcription of the Epstein-Barr Virus Genome
during Reactivation

Tina O’'Grady,® Subing Cao,® Michael J. Strong,® Monica Concha,® Xia Wang,® Sandra Splinter BonDurant,® Marie Adams,”
Melody Baddoo,® Sudesh K. Srivastav,® Zhen Lin,® Claire Fewell,? Qinyan Yin,? Erik K. Flemington?®

Tulane Health Sciences Center and Tulane Cancer Center, New Orleans, Louisiana, USA® University of Wisconsin Biotechnology Center, Madison, Wisconsin, USA®

ABSTRACT

Epstein-Barr virus (EBV) reactivation involves the ordered induction of approximately 90 viral genes that participate in the gen-
eration of infectious virions. Using strand-specific RNA-seq to assess the EBV transcriptome during reactivation, we found ex-
tensive bidirectional transcription extending across nearly the entire genome. In contrast, only 4% of the EBV genome is cur-
rently bidirectionally annotated. Most of the newly identified transcribed regions show little evidence of coding potential,
supporting noncoding roles for most of these RNAs. Based on previous cellular long noncoding RNA size calculations, we esti-
mate that there are likely hundreds more EBV genes expressed during reactivation than was previously known. Limited 5’ and 3’
rapid amplification of cDNA ends (RACE) experiments and findings of novel splicing events by RNA-seq suggest that the com-
plexity of the viral genome during reactivation may be even greater. Further analysis of antisense transcripts at some of the EBV
latency gene loci showed that they are “late” genes, they are nuclear, and they tend to localize in areas of the nucleus where others
find newly synthesized viral genomes. This raises the possibility that these transcripts perform functions such as new genome
processing, stabilization, organization, etc. The finding of a significantly more complex EBV transcriptome during reactivation
changes our view of the viral production process from one that is facilitated and regulated almost entirely by previously identi-
fied viral proteins to a process that also involves the contribution of a wide array of virus encoded noncoding RNAs.

IMPORTANCE

Epstein-Barr virus (EBV) is a herpesvirus that infects the majority of the world’s population, in rare cases causing serious disease
such as lymphoma and gastric carcinoma. Using strand-specific RNA-seq, we have studied viral gene expression during EBV re-
activation and have discovered hundreds more viral transcripts than were previously known. The finding of alternative splicing
and the prevalence of overlapping transcripts indicate additional complexity. Most newly identified transcribed regions do not
encode proteins but instead likely function as noncoding RNA molecules which could participate in regulating gene expression,
gene splicing or even activities such as viral genome processing. These findings broaden the scope of what we need to consider to
understand the viral manufacturing process. As more detailed studies are undertaken they will likely change the way we view this
process as a whole.

that study were consistent with existing knowledge of reactivation

Epstein—Barr virus (EBV) is a human gammaherpesvirus that is
in that we observed abundant transcription of the lytic genes, as

prevalent in all human populations. Although infection is fre-

quently asymptomatic, it has been linked to a number of serious
diseases such as Burkitt’s lymphoma, nasopharyngeal carcinoma,
and posttransplant lymphoproliferative disorder (1). Like other
herpesviruses, EBV can exist in both lytic and latent phases, with
primary lytic infections often progressing to lifelong latent infec-
tions with generally sporadic subsequent episodes of lytic reacti-
vation (2).

Although latency is critical for long-term survival in the host,
spread from cell to cell and from host to host requires the lytic
phase during which virus is produced. The production and assem-
bly of viable infectious virions is probably the most complex pro-
cess in the virus infection cascade, requiring the orchestration of
hundreds of viral and cellular molecules. Currently, approxi-
mately 91 primarily protein coding viral genes are thought to be
induced for viral replication (3). In addition to the classic lytic
genes, it is now understood that the protein coding EBV latency
genes are also induced during reactivation and presumably con-
tribute to the production of viable virus (4-6).

We previously examined EBV transcription following B-cell
receptor engagement (to induce synchronous reactivation) in the
EBV positive Akata cell system using RNA-seq (6). The results of
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well as substantial transcription across the latency genes. Unex-
pectedly, we also observed coverage at the relatively few intergenic
regions, as well as at intronic regions. Closer analysis of one of
these intergenic regions using 5° RACE (rapid amplification of
cDNA ends) revealed at least two previously unknown transcripts
that overlap in opposing orientations. Our study led us to hypoth-
esize that the complexity of the EBV lytic transcriptome is greater
than previously appreciated. Here we address this hypothesis by
performing strand-specific RNA-seq to allow the attribution of
reads to their originating strand. In addition to sequencing librar-
ies from poly(A) selected RNA, we also sequenced libraries gener-
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ated from ribodepleted RNA to capture additional noncoding
RNAs that are not polyadenylated. Based on our analysis, we
found that most of the EBV genome is transcribed in both direc-
tions and that there are likely hundreds more lytic genes than
previously known, many of which are noncoding RNAs that per-
form as-yet-unknown functions in viral replication.

MATERIALS AND METHODS

Cell culture. Akata cells were grown at 37°C and 5% CO, in a humidified
incubator and were cultured in RPMI 1640 (Thermo Scientific, catalog
no. SH30027) plus 10% fetal bovine serum (FBS; Invitrogen-Gibco, cat-
alog no. 16000), and 0.5% penicillin-streptomycin (pen/strep; Invitro-
gen-Gibco, catalog no. 15070).

Lytic cycle induction. One day prior to induction, near-saturation cell
cultures were diluted with equal volumes of fresh RPMI 1640 (with 10%
FBS and 0.5% pen/strep). The next day, cells were spun down and resus-
pended at a concentration of 10° cells/ml in fresh RPMI 1640 (with 10%
FBS and 0.5% pen/strep) plus either 10 wg/ml of anti-IgG or no anti-IgG
(uninduced). Cells were harvested at 5 min, 30 min, 1 h,2h,4h, 8 h, 24 h,
and 48 h after induction, and RNA was isolated as described below.

For phosphonoacetic acid (PAA) experiments, cells were treated as
described above and at the time of anti-IgG addition were resuspended in
media that also contained either 200 g of PAA/ml or no PAA. Cells were
harvested 24 h after treatment, and RNA was isolated as described below.

RNA extraction. At each time point, total RNA was isolated by using
an RNeasy minikit (Qiagen, catalog no. 74104) or TRIzol reagent (Am-
bion, catalog no. 15596) according to the vendors’ protocols and treated
twice with RNase-free DNase (Qiagen, catalogno. 79254) according to the
vendor’s protocol. For nuclear and cytoplasmic RNA isolation, unin-
duced cells and cells induced for 24 h were isolated using a cytoplasmic
and nuclear RNA purification kit from Norgen Biotek (catalog no. 2100).

RNA sequencing. RNA samples were either poly(A) selected or ri-
bodepleted (Ribo-Zero; Epicentre, catalog no. MRZH11124) and pre-
pared using the TruSeq stranded protocol (Illumina, catalog no. RS-930-
2001). Ribodepleted samples underwent 101 base single-end sequencing
using an [llumina HiSeq 2000 instrument. Poly(A)-selected samples un-
derwent 2 X 101 base paired-end sequencing using an Illumina HiSeq
2000 instrument. Sequencing data have been deposited to NCBI Gene
Expression Omnibus (7) and are accessible through GEO series accession
number GSE52490.

Alignments. RNA-seq reads were aligned using indexes containing
both the human (hgl9 assembly) and the Akata EBV (Akata-NCBI acces-
sion number KC207813.1 [8]) genomes. Alignments were performed us-
ing both Novoalign version 2.08.02 (Novocraft; -o SAM —r R, default
options) and Bowtie version 2 (9) (-library-type fr-firststrand, default
options). Splice junctions were identified using TopHat version 2.0.6 (10)
(default options). In order to maintain consistency between single-end
RNA-seq data and paired-end RNA-seq data, only the first read of the
paired-end sequencing data was analyzed for the studies presented here.

Strand specificity calculation. Strand specificity was determined by
using eight highly expressed cellular genes with no known antisense tran-
scription (GAPDH, ACTB, RPL8, EEF2, RPS6, RPLP1, GNB2LI, and
PEN1). Initially, coverage data were loaded onto a genome browser, and
each gene was visually inspected for possible clusters of antisense reads
that might represent previously unannotated antisense transcripts. No
likely antisense transcript was detected for any of these genes. To calculate
strand specificity, signalmap files (the number of reads covering each
genomic coordinate) were generated for each strand of each gene from
Bowtie2/TopHat aligned files using IGVtools (11, 12). The gene signal-
map files were converted to exon signalmap files using the BedTools com-
mand intersectBed (13) and an exon bed file from the hgl9 assembly of
the human genome. At all nucleotide positions with 200 or more sense
reads, the number of antisense reads was divided by the number of sense
reads and multiplied by 100 to obtain the percent background antisense
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reads. The means and standard deviations were then calculated to deter-
mine the average and the variability of antisense background.

Calculation of percentage of reads mapped to EBV and induction
level. The number of reads with a primary alignment (SAM FLAG code 0
or 16) on the EBV genome was divided by the total number of reads with
a primary alignment on either genome and multiplied by 100. To allow
better comparison between poly(A) selected and ribodepleted data sets,
reads overlapping the EBER genes were removed in both directions prior
to calculating the percentage of reads mapped to EBV. The fold change
between induced and uninduced conditions was calculated by dividing
the percentage of reads mapped to EBV at 24 h postinduction by the
percentage of reads mapped to EBV at 0 min postinduction.

Determination of transcribed EBV genome loci. Signalmap files were
generated for each strand of the EBV genome from Bowtie2/TopHat
aligned files using IGVtools. For the purposes of this analysis, a nucleotide
position was considered to be transcribed if it met both of the following
criteria: (i) the number of reads aligning to the respective base was greater
than 4 and (ii) the number of reads aligning to that base was higher than
the expected antisense background from opposite strand reads (equals
opposite strand read numbers times average antisense background) plus
four standard deviations. Transcription was considered to be “known” if
the base was contained within a previously annotated exon (8).

Quantification of gene expression using strand information. Ex-
pression levels of known EBV and cellular genes were quantified from
Bowtie2/TopHat aligned files using SAMMate (14). Quantification was
made strand-specific by using a separate annotation file for each strand in
conjunction with a SAM file containing only reads aligning to the strand
matching the annotation file. To allow for direct comparison of RPKM
(reads per kilobase of transcript per million mapped reads) values gener-
ated for different strands, these RPKM values were multiplied by the ratio
of the sum of read counts for that strand (as determined by SAMMate) to
the total number of mapped reads for both strands of the two genomes (as
determined by Bowtie2/TopHat). The levels of antisense expression to
known genes were quantified using the annotation file for one strand
together with a SAM file containing only reads aligning to the opposite
strand. Antisense RPKM values were corrected as described above. Non-
strand-specific expression values for known genes were obtained in the
poly(A) selected data set by combining sense and antisense read counts for
each gene from strand-specific SAMMate output and dividing by the
gene’s transcript length in thousands and by the number of million
mapped reads.

Comparison of novel EBV gene expression to cellular transcript lev-
els. Because exon boundaries and transcript sizes are unknown for the
novel EBV transcripts, RPKM values cannot be used to measure abun-
dance. To compare EBV transcription levels with cellular transcription
levels, per-base EBV read counts were first normalized by dividing by the
total number of million reads mapped to either genome. This value is
the reads per million mapped reads (RPM) at each position. To determine
the expression level of the top quartile of cellular genes, cellular gene
expression was quantified with SAMMate (14) as described above. The
strand-specific RPKMs for the plus and minus strand cellular genes were
combined, genes with fewer than two reads aligning were removed, and
the top quartile expression level was determined. To allow comparison of
per-base EBV read levels to the top quartile of cellular genes, the RPKM
value representing the 75th percentile of cellular genes was converted to
an RPM value by multiplying by 1,000 and dividing by the read length
(i.e., 101).

Detection of poly(A) tails in RNA-seq data. To detect poly(A) tails in
the RNA-seq data, reads with runs of five or more Ts at their 5" ends were
extracted from Novoalign generated SAM alignment files from ribode-
pleted RNA isolated from cells treated with anti-IgG for 24 h. All reads
with 5" poly(T)s were then aligned to the Akata genome using BLAST
version 2.2.28+ (15). Reads with mismatches at the first two or more
positions of the read were identified as candidate poly(A) tail reads. Map-
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FIG 1 Reactivation and sequencing strategy. Column charts represent fold change in the number of RNA-seq reads mapped to the EBV genome, excluding EBER
regions, at 0 and 24 h. For the calculation of strand specificity, see Materials and Methods.

ping data for this set of reads were then used to generate a BED file for
visualization on a genome browser.

5'and 3' RACE. 5’ and 3’ RACE (Rapid Amplification of cDNA ends)
was performed using the SMARTer RACE cDNA Amplification kit (Clon-
tech, catalog no. 634924). cDNA was prepared with Primer A or with
Random Primer Mix to detect polyadenylated and nonpolyadenylated
transcripts, respectively. Thermal cycling was performed according to the
manufacturer’s Program 2. RACE PCR products were cloned using a
TOPO TA cloning kit (Invitrogen, catalog no. K4575) and Sanger se-
quenced.

RACE primers. The primers and their corresponding sequences for
EBNA3A were as follows: 5" RACE primer 1, CCGGCGGCCAGGGTTT
GCAGTCTCCA; 5" RACE primer 2, ACGTGACACCTACGGCCACCTG
TGCA; 5" RACE primer 3, GCTCTCCGCGTCCTCACTTTCTTCCCG;
5" RACE primer 4, TGCCCTGTTCCGTTCGTTTGCCCGCT; 5" RACE
primer 5, TGCACAGGTGGCCGTAGGTGTCACGT; 5" RACE primer 6,
ACACCGATCACCAGACGACTCCCAC; and 5’ RACE primer 7, TCCC
ACCCCAGCCGGATCTCCCT. The primers and their corresponding se-
quences for EBNA3B were as follows: 3" RACE primer 1, GCCAGCACT
GTACGTTGTTGCATGCCG; 5' RACE primer 1, TGTGAACCCAACGC
AGGCTCCAGTGA; and 5 RACE primer 2, CACGTCGTGCTAGGTCA
CTTTCGGCAGA.

Calculation of coding potential. The coding potential of known and
novel transcripts was calculated using the Coding Potential Calculator
(16). For transcripts with ambiguous 5’ or 3’ ends, several sequences of
various lengths were used as input. Representative results are shown.

Strand-specific QRT-PCR. Strand-specific quantitative reverse tran-
scription-PCR (qRT-PCR) was performed according to the method of
Feng et al. (17) using 200 ng of total RNA from all anti-IgG-induction
time points, 200 to 300 ng of nuclear and cytoplasmic RNA (24 h time
point), or 300 ng of total RNA from PAA-treated cells (24 h time point).
cDNA was synthesized at 65°C for 50 min using sequence-modifying
primers and ThermoScript reverse transcriptase (Life Technologies, cat-
alog no. 12236-022) according to the manufacturer’s protocol. qRT-PCRs
were carried out using iQ SYBR green Supermix (Bio-Rad, catalog no.
170-8882) on a Bio-Rad CFX96 instrument as follows: 1 pl of cDNA
product was denatured for 3 min at 95°C and amplified for 40 cycles of
15-s denaturation at 95°C and 1-min annealing/extension at 60°C. Melt-
ing-curve analysis was conducted from 65 to 95°C with a ramp of 0.5°C/5
s to confirm strand specificity (see Fig. S1 in the supplemental material)
Transcript abundance was quantified using the comparative C method
(ZfAACT)'

Primers. The primers used in the present study were as follows (lower-
case letters indicate sequence-modifying bases): EBNA2, sequence-modify-
ing RT primer (GCAACCCCTAACGTTTCACCgggcCggGAACCGG) and
qPCR primers (GCAACCCCTAACGTTTCACC and CGGGGAAGAGAAT
GGGAGC); EBNA3B, sequence-modifying RT primer (TGGCATTGTACA
GATACCACGAgcggCgGACCAAAAC) and gPCR primers (TGGCATTGT
ACAGATACCACGA and CCGAAAGTGACCTAGCACGA); and actin,
sequence-modifying RT primer (GTACAGGTCTTTGCGGATGTttAtaTaA
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CACTTCATG) and qPCR primers (CACTCTTCCAGCCTTCCTTC and
GTACAGGTCTTTGCGGATGT).

qRT-PCR of Zta expression. cDNA was synthesized from RNA ex-
tracted from PAA-treated cells at the 24-h time point using the Super-
script I1I first strand synthesis system (Invitrogen, catalog no. 18080-051)
with oligo(dT) primers. qRT-PCRs were carried out using iQ SYBR green
Supermix (Bio-Rad, catalog no. 170-8882) on a Bio-Rad CFX96 instru-
ment as follows. First, 1 .l of cDNA product was denatured for 3 min at
95°C and amplified for 40 cycles of 15-s denaturation at 95°C and 1-min
annealing/extension at 60°C. Transcript abundance was quantified using
the comparative C,- method (274¢%), The primers GAAGCCACCCGA
TTCTTGTAT and CGACGTACAAGGAAACCACTAC were used to
evaluate Zta expression.

FISH. Fluorescence in situ hybridization (FISH) was performed with
custom Stellaris RNA FISH probes (Biosearch Technologies) with CAL
Fluor Red 610 fluorophores according to the manufacturer’s protocol.
Ten million Akata cells were used for fixation and permeabilized for 2 h.
No antifade solution was used. All imaging was performed on a Leica
DMRXA2 deconvolution upright microscope. CAL Fluor Red 610 was
excited at between 530 and 585 nm, and emitted light was collected at
around 615 nm. Three-dimensional imaging of Akata cells was acquired
using a 100X/1.35 oil objective lens on a motorized XYZ-stage with a
Cooke SensiCAM camera using Slidebook software. Videos were created
using iMovie version 8.0.6.

RESULTS
Strand-specific sequencing of poly(A) selected and ribodepleted
RNAs from reactivated Akata cells. To investigate the lytic EBV
transcriptome, we first induced the lytic cascade in the EBV posi-
tive Burkitt’s lymphoma cell line, Akata, through B-cell receptor
engagement (using an anti-Ig antibody) (Fig. 1). After 24 h, we
prepared RNA from untreated and treated cells and subjected it to
either poly(A) selection (to obtain data from mRNA and other
polyadenylated transcripts) or ribodepletion (to additionally ob-
tain data from transcripts that are not polyadenylated). The Illu-
mina TruSeq stranded protocol was used to prepare strand-spe-
cific sequencing libraries which were loaded onto an Illumina
HiSeq 2000 instrument for 101-base sequencing reactions.

Despite the use of multiplex sequencing, we obtained more
than 45 million reads for each reaction which we considered suit-
able for cellular and viral transcriptome analysis (see Table S1 in
the supplemental material). After induction, we observed 540-
and 483-fold increases in the percentages of EBV reads in reac-
tions from the poly(A) selected and ribodepleted RNAs, respec-
tively, indicating robust reactivation (Fig. 1).

Critical for our study was the level of strand specificity for the
library preparations. While another method that we tested re-
sulted in only ca. 90% specificity (data not shown), the TruSeq
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stranded protocol gave a minimum of 99.87% in all four cases (see
Table S1 in the supplemental material). This high level of specific-
ity (=1.3 background reads for every 1,000 reads) allowed us to
discriminate between sense and antisense transcription in most
regions of the EBV genome.

Extensive bidirectional transcription of the EBV genome. Vi-
sualization of read coverage in reactivated cells revealed very little
antisense transcription at abundantly transcribed cellular genes
that we examined (see Fig. S2 in the supplemental material). In
contrast, we observed near-global transcription of both strands of
the EBV genome (Fig. 2). To date, only 76% of the EBV genome
has been annotated with exons and even more strikingly, only 4%
of it has been annotated with exons on both strands (Fig. 3A) (8).
The extensive bidirectional transcription seen in Fig. 2 therefore
raised the possibility that there are considerably more genes en-
coded by EBV than was previously known.

Despite the general appearance of significant transcription of
both strands of EBV, estimating true coverage requires ensuring
that read depth is greater than the predicted background from
transcription of the opposite strand (due to imperfect strand spec-
ificity). To take this into account, we categorized a nucleotide
position as transcribed if more than 4 reads mapped to it and if the
number of reads aligning to that position was higher than the
expected antisense background plus four standard deviations. Ap-
plying these criteria to data from the poly(A) selected RNA from
induced cells, we calculated that 91% of the EBV genome was
transcribed in at least one direction and >65% was transcribed in
both directions (Fig. 3A). Considering the possibility that EBV
contains previously unknown transcripts that are not polyadenyl-
ated, we performed a similar analysis using data from ribode-
pleted RNA from induced cells. In this case we calculated that 93%
of the genome was transcribed in at least one direction, while 80%
of the genome was transcribed in both directions (Fig. 3A). Given
that only 4% of the genome has been annotated with genes on
both strands, this analysis indicated that much more of the ge-
nome is transcribed than has been previously appreciated. The
finding of higher coverage using data from ribodepleted RNA
compared to poly(A) selected RNA suggests that many unanno-
tated transcripts are not polyadenylated.

At least 50% of the nucleotide positions meeting our criteria
for transcription, or upwards of 133,000 bases, did not fall within
previously described exons (Fig. 3B). Published catalogs of coding
and noncoding genes (8, 18, 19) report average and median tran-
scriptlengths ranging from 592 bp to approximately 2,900 bp (Fig.
3C). Using these values, we predicted the number of novel genes
by dividing the total number of novel transcribed bases by the
average or median gene sizes reported in different studies for dif-
ferent classes of genes. This approach is likely conservative, in part
because it does not account for possible overlapping genes ori-
ented in the same direction and it does not take into account gene
isoforms. Nevertheless, this analysis predicts that the observed
novel transcription could represent dozens to hundreds of viral
lytic genes that have not been previously described (Fig. 3C). For
example, assuming new transcript lengths near the Akata average
of 1,697 bp (8) leads to a rough prediction of 78 [poly(A)*] or 98
(ribodepletion) new genes, while assuming transcript lengths near
the average human long noncoding RNA (IncRNA) length deter-
mined by GENCODE (18) leads to a rough prediction of 225
[poly(A)™] or 280 (ribodepletion) new genes (Fig. 3C).

High expression of novel EBV transcripts. To determine
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whether these novel viral transcripts represented low-level spuri-
ous transcription rather than functionally significant transcripts,
we compared their expression levels to known cellular transcripts
(for calculation method see Materials and Methods). Analysis of
the poly(A) selected RNA data revealed that 42% of novel tran-
scribed bases were expressed at levels higher than the top quartile
of expressed cellular genes, while 96% were expressed at levels that
were above the cellular median (Fig. 3B and data not shown).
Analysis of the ribodepleted RNA data showed even higher levels
of novel transcription, with 82% of bases being expressed in the
top quartile of cellular genes and 97% being expressed above the
median (Fig. 3B and data not shown). This suggests that the novel
Iytic transcripts in general are abundantly transcribed and that
nonpolyadenylated transcripts in particular show very high lytic
expression levels. Taken together, these data indicate that tran-
scriptional coverage of the EBV genome upon reactivation is both
extremely deep and much more broad than has been previously
reported.

Antisense transcription at latency loci. In addition to finding
novel transcription through introns and intergenic regions, we
observed abundant transcription in the antisense direction of the
majority of known genes. The level of antisense transcription was
not uniform and did not mirror sense transcription levels, sug-
gesting distinct antisense gene structures. Although the antisense
transcription spanned most lytic genes, viral latency genes gener-
ally exhibited considerably higher antisense to sense transcription
ratios especially when we used data from ribodepleted RNA (Fig.
4A). From a technical standpoint, this illustrates the importance
of using strand-specific protocols when determining expression
levels of EBV genes, since nonstranded protocols can lead to sig-
nificantly over-represented transcript abundance for many genes
(Fig. 4B). From a functional standpoint, this suggests that the
unexpected finding of comprehensive latent gene expression dur-
ing reactivation by Elliot Kieff’s and Mei-Run Chen’s groups in
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2006 (4, 5) may be a simplified picture of the functional role of
these regions during reactivation.

Time course analysis of antisense transcription. Because ex-
amining the transcriptome only at 0 h (uninduced) and 24 h (fully
induced) presents a snapshot of the lytic cascade, we performed a
time course experiment, extracting RNA at 0 min, 5 min, 30 min,
1h,2h,4h,8h,24 h, and 48 h after BCR activation. RNA was
extracted, ribodepleted, prepared using the Illumina TruSeq
stranded protocol and loaded onto an Illumina HiSeq 2000 instru-
ment for 101-base sequencing reactions. We obtained excellent
strand specificity and appropriate EBV induction levels for each
time point (see Table S1 in the supplemental material).

We used sense gene exon coordinates to calculate strand-spe-
cific RPKM values for sense and antisense transcription for all
known EBV gene loci. The immediate-early (IE), early (E), late
(L), and latent (LT) gene classes showed expression dynamics that
are consistent with those previously observed using microarray
technology (5) (Fig. 4C). Analysis of antisense expression showed
that a majority of antisense transcription at all classes of genes is
concordant with late and latent sense transcription, although
there is an earlier increase in antisense transcription across from at
least some genes within the late category (green line in Fig. 4C).
This indicates that while some of these novel transcripts are prob-
ably early, many should likely be classified as late.

Antisense transcription at EBNA2, EBNA3A, EBNA3B, and
EBNA3C. The sense and antisense RNA-seq read coverage at the
EBNA2, EBNA3A, and EBNA3B loci is depicted in Fig. 5A, 6A,
and 7A. In all cases, antisense coverage is considerably higher than
sense coverage, and this difference is greater when visualizing
reads from ribodepleted RNA relative to reads from poly(A) se-
lected RNA. This is especially true for EBNA2, where the ratio of
antisense to sense RPKM values is 2.4 for the poly(A) selected
RNA and 52.0 for the ribodepleted RNA. This indicates that these
loci, which are known to produce protein-coding polyadenylated
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transcripts in the sense direction, encode abundant antisense tran-
scripts that largely lack poly(A) tails.

Noncoding antisense transcripts at EBNA2, EBNA3A, and
EBNA3B. The analysis of transcript sequences per se can facilitate
initial functional predictions by revealing features such as open
reading frames, homologous domains and known sequence mo-
tifs. As a first step toward the functional classification of these
novel transcripts, we investigated the coding potential of antisense
transcripts across the EBNA2, EBNA3A, and EBNA3B latency
gene loci using the Coding Potential Calculator (16). The only
open reading frames identified in these regions were found to be
short, unreliable and with no homology to any proteins in the
UniProt reference clusters. As a result, the coding potential scores
for all transcripts indicated a high probability that they are non-
coding RNAs (Fig. 5A, 6A, and 7A and data not shown).

February 2014 Volume 88 Number 3

Global Bidirectional Transcription of EBV

A novel reading frame within the antisense EBNA3C region.
Sequence analysis of the EBNA3C region from the Akata genome
revealed a 766-nucleotide open reading frame opposite the last
coding exon of EBNA3C (see Fig. S3 in the supplemental mate-
rial). This open reading frame shows substantial RNA-seq cover-
age from both polyadenylated and ribodepleted RNA, with the
read depth increasing near the 5" end of the open reading frame
and decreasing near the 3" end. It is conserved between the EBV
strains B95-8 and AG876 (see Fig. S3 in the supplemental mate-
rial), supporting the possibility that it may code for a functional
protein.

Complex transcript structures at EBNA3 loci. In a previous
EBV RNA-seq study (6), analysis of novel intergenic transcripts
using 5" RACE revealed a more complex transcription pattern
than we initially gleaned by simple visualization of coverage data.
As an initial assessment of transcript structure(s) within the
EBNA3A and EBNA3B regions, we performed 5" and 3’ RACE
using RNA isolated from cells induced for 24 h. Multiple primers
were used for each analysis, and only ends generated from at least
two different primers were considered candidate transcriptional
start or stop sites [except in the case of the 3’ RACE experiment for
an antisense EBNA3B transcript, in which only one primer was
used but there was additional support for termination in the form
of poly(A) containing reads and a canonical polyadenylation sig-
nal (see below)].

For the EBNA3A locus, we performed 5" RACE on sense tran-
scripts as well as antisense transcripts. Analysis of sense transcrip-
tion revealed a considerably more complex picture than has pre-
viously been noted: we detected two novel start sites and a novel
splice junction, each of which was supported by more than one 5’
RACE primer (Fig. 6A, uppermost gel). These RACE products
were all detected using cDNA synthesized from poly(A) primers,
indicating the presence of poly(A) tails on the transcripts. The
novel splice junction contains the canonical GT-AG splice donor/
acceptor dinucleotides and was detected in RNA-seq reads from
both poly(A) selected and ribodepleted RNA harvested from cells
induced for 24 h (see Fig. S6 in the supplemental material). The
junction extends from within the BLLF1 locus to a location in the
last exon of EBNA3A, completely bypassing the first coding exon
of EBNA3A. The resulting transcript is predicted to code for a
protein that is largely in the same reading frame as canonical
EBNA3A but it contains unique N-terminal amino acids. Multiple
other novel splice junctions in this locus were also detected in the
RNA-seq reads, several of which were found at read depths sub-
stantially greater than those of the annotated EBNA3A splice junc-
tions (see Fig. S6 in the supplemental material).

Two transcription start sites were also found for antisense tran-
scripts in the EBNA3A region, and one transcription start site was
found for an EBNA3B antisense transcript (Fig. 6A and 7A). The
two start sites for EBNA3A antisense transcripts are separated by
only 45 bp and generate overlapping transcripts. Both are sup-
ported by TATA boxes: the first start site (Fig. 6A, bottom anti-
sense transcript) is 25 bp downstream of a classical TATAAA mo-
tif, while the second start site (Fig. 6A, top antisense transcript) is
24 bp downstream of the sequence TATACAA. These TATA box
motifs are conserved in the EBV strain B95-8 (see Fig. S7A in the
supplemental material).

As an additional method to detect 3’ ends in polyadenylated
transcripts we extracted RNA-seq reads with runs of 5 or more Ts
and at least two mismatches at their 5" end from RNA isolated
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from 24-h-induced cells. When aligned to the Akata genome with
BLAST, the positions of these reads showed good concordance
with known lytic polyadenylation sites (see Fig. S4 in the supple-
mental material). We also observed a pileup of poly(T) reads cor-
responding to the end of an EBNA3B antisense transcript detected
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with one 3’ RACE primer (Fig. 7A). Further, the poly(T) reads and
the end of the 3" RACE fragment coincide with a canonical poly-
adenylation signal (AAUAAA motif and a downstream UG-rich
element), which is conserved in both the B95-8 and the AG876
strains of EBV (see Fig. S7B in the supplemental material).
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EBNA3A transcripts.

We also observed a pileup of poly(T) reads, indicating a poten-
tial 3’ end of an EBNA3A antisense transcript. Primers located
upstream of these reads produced 5" RACE products from cDNA
generated with either random primers or poly(A) primers,
whereas a primer located downstream of these reads produced a 5’

February 2014 Volume 88 Number 3

RACE product only from ¢cDNA generated with random primers
(Fig. 6A and data not shown). This provides evidence of a poly-
adenylated transcript overlapped by a transcript that is not poly-
adenylated.

Despite our findings of multiple transcript ends for EBNA3A
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and EBNA3B by RACE, it is clear that RNA-seq read coverage
extends well beyond these start and stop sites (Fig. 5A, 6A, and
7A). Further, not shown are longer RACE fragments with ambig-
uous ends further connoting the presence of a greater number of
distinct transcripts than we were able to definitively identify. The
presence of multiple transcription start sites in both directions,
overlapping transcripts and alternate splicing of known tran-
scripts paints a very complex portrait of lytic viral transcription
and indicates that the number of novel transcripts might be con-
siderably higher than those predicted by simple calculations based
on average known transcript lengths (as was done for the predic-
tions shown in Fig. 3C).

Time course of antisense EBNA2, EBNA3A, and EBNA3B
transcript expression. To determine the phase of the lytic cascade
where the EBNA2, EBNA3A, and EBNA3B antisense transcripts
function, we calculated RPKM values using their respective sense
exon coordinates across our induction time course. As was the
case for most latent genes, the sense EBNA3A and 3B RPKM val-
ues peaked at 24 h, while the sense EBNA2 RPKM values were
highest at 48 h, a finding consistent with observations made by
Yuan et al. by microarray (5) (Fig. 5B, 6B, and 7B). Antisense
RPKM values peaked at 24 h for all three genes, reaching values
that were much higher than those of the sense transcripts (Fig. 5B,
6B, and 7B). These results were validated for EBNA2 and EBNA3B
antisense transcription using the strand-specific qRT-PCR
method developed by Feng et al. (17) (Fig. 5C and 7C).

Dependence of EBNA2 and EBNA3B antisense gene expres-
sion on viral DNA replication. Because antisense EBNA2,
EBNA3A, and EBNA3B expression kinetics were consistent with
late gene expression, we used the viral DNA polymerase inhibitor
phosphonoacetic acid (PAA) (20) to determine whether EBNA2
or EBNA3B expression was dependent on viral DNA replication.
Akata cells were treated with anti-IgG and PAA, RNA was ex-
tracted after 24 h, and strand-specific qRT-PCR was used to mea-
sure abundance. We observed 82 and 97% inhibition of antisense
EBNA2 and EBNA3B transcription, respectively, in PAA-treated
versus untreated cells (Fig. 5D and 7D). This level of inhibition
was substantially more than that observed with the immediate-
early BZLF1 transcript and is comparable to that of late genes
BBRF2, BOLF1, and BDLF1 observed by Lu et al. after PAA treat-
ment. Sense EBNA2 transcription, in contrast, is known to be
resistant to PAA treatment, while sense EBNA3B transcription is
susceptible (4).

Cellular localization of novel transcripts. The subcellular lo-
calization of noncoding RNA transcripts can suggest function,
with cytoplasmic IncRNA often playing a role in mRNA stability,
translation, or protein trafficking, and nuclear IncRNA frequently
functioning in an epigenetic regulatory capacity (21). To deter-
mine the localization of novel transcripts antisense to EBNA2 and
EBNA3B, we conducted strand-specific qRT-PCR on RNA ex-
tracted from both nuclear and cytoplasmic fractions of cells
treated with anti-IgG for 24 h. Both EBNA?2 antisense transcripts
and EBNA3B antisense transcripts are 9-fold more abundant in
the nucleus than in the cytoplasm (Fig. 5E and 6E). To further
investigate cellular localization, we used FISH probes specific to
EBNA2, EBNA3A, and EBNA3B antisense transcripts (see Fig. S5
in the supplemental material). All transcripts localized within the
nucleus (Fig. 5F, 6C, and 7F; see also Videos S1, S2, and S3 in the
supplemental material).

Novel EBV splice junctions. Although EBV latency genes are
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spliced, only a few lytic genes are thought to contain more than a
single exon. We used the junction mapper TopHat to locate splice
junctions using RNA-seq data from cells induced for 24 h. TopHat
reports only candidate junctions with the canonical GT-AG splice
donor/acceptor dinucleotides, and we limited our reporting to
junctions supported by at least five reads from the poly(A) selected
RNA data or ten reads from the ribodepleted RNA data (because
approximately twice as many reads from the ribodepleted RNA
aligned to the EBV genome; see Table S1 in the supplemental
material). Surprisingly, we identified approximately five times
more splice junctions than have been previously annotated in la-
tent or lytic genes combined (Fig. 8). All of the previously known
lytic splice junctions were identified in the data sets from both
poly(A) selected and ribodepleted RNA. Many annotated latency
splice junctions were also detected but there were also several la-
tent gene splice junctions that were not detected by these criteria.
Although the latency gene loci are transcribed at this time point,
the absence of their canonical splice junctions in the RNA-seq
reads may reflect alternative splicing of latent genes during lytic
reactivation. The EBNA3A locus, for example, contains several
novel splice junctions at read depths comparable to or greater than
the canonical splice junctions (see Fig. S6 in the supplemental
material).

Several canonical splice junctions in the EBNA genes are within
the W repeat region; although all known W splice junctions were
detected by TopHat, the repeated nature of this region prevents
the attribution of the donor or acceptor sequence from any par-
ticular junction read to a specific repeat. Because of this ambigu-
ity, splice junctions with donors or acceptors in the W repeat
region were excluded from further analysis. In total, 58 new splice
junctions were identified that were supported by data from both
poly(A) selected and ribodepleted RNA. An additional 94 novel
splice junctions were supported by data from either the ribode-
pleted or poly(A) selected RNA (Fig. 8B). In both data sets, the
majority of junctions detected have not been previously annotated
(Fig. 8C).

DISCUSSION

Using strand-specific RNA-seq, we have revealed complex bidi-
rectional transcription throughout nearly all of the EBV genome
during the lytic cascade. Although novel lytic transcription has
previously been described in the few small intergenic regions of
the EBV genome by both RNA-seq (6) and microarray (5), the use
of strand-specific libraries has allowed us to also detect extensive
antisense transcription at nearly every EBV gene. These newly
identified transcripts are generally highly expressed, with their
expression levels being comparable to the most abundant cellular
genes.

Our initial estimates for the number of transcripts represented
by novel transcription (Fig. 3C) were obtained by simply dividing
the number of transcribed bases by average or median transcript
lengths reported in the literature. Our most conservative estimate
of at least 48 new genes was based on the number of transcribed
bases (identified using poly(A) selected RNA) divided by the av-
erage length of human protein coding transcripts reported by
John Rinn’s lab in 2011 (19). Nevertheless, the use of poly(A) data
for this analysis is probably not appropriate because it is not in-
clusive of nonpolyadenylated transcripts. We estimate the identi-
fication of 57 new genes if we apply the above criteria to the ri-
bodepleted data, and this is probably more appropriate as our
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most conservative estimate (Fig. 3C). Notably though, long non-
coding RNA transcripts are on average shorter than protein cod-
ing transcripts, and we found that 97.5% of EBV bases from ri-
bodepleted RNA that show novel transcription do not fall within
protein coding regions predicted by the eukaryotic virus version
of the gene prediction software GeneMarkS (22). Considering that
most of the novel transcripts are noncoding, and taking into ac-
count the number of transcribed bases identified using ribode-
pleted RNA, we predict that there may be as many as 280 more
genes encoded by EBV than have been previously identified (Fig.
3C). Even this number is likely an underestimate because our
calculations do not account for transcript overlaps or alternative
splicing. As we have found previously (6) and as we have seen in
the present study (Fig. 6A), detailed analysis of predicted EBV
gene regions generally reveals significantly greater complexity
than is discernible by simple visualization of RNA-seq reads. Fur-
ther, here we have provided evidence of extensive novel splicing
during reactivation (Fig. 6A and 8 and see Fig. S6 in the supple-
mental material). Currently, 94 genes and splice variants (exclud-
ing miRNAs) are annotated in the Akata genome: we have found
evidence that the actual number of EBV genes is likely higher by
severalfold. This is consistent with studies in human cytomegalo-
virus (HCMV) and Kaposi’s sarcoma herpesvirus (KSHV) that are
beginning to shed light on the extent of antisense and intergenic
transcription in herpesviruses (23-25).

Noncoding and antisense transcripts have been shown to per-
form a wide array of functions in eukaryotic cells, such as the
regulation of splicing (26) and DNA replication (27), protein lo-
calization (28), and transcriptional control (29). Several func-
tional long noncoding herpesviral RNAs have been previously dis-
covered: for example, the long noncoding KSHV transcript,
polyadenylated nuclear RNA (PAN), has recently been shown to
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be critical for inducing the lytic transcription program of KSHV
(30) while the noncoding latency-associated transcripts in herpes
simplex virus repress lytic gene expression by modifying chroma-
tin structure (31). Given the increasingly known pervasive nature
of long noncoding RNAs in regulating cellular gene expression
(21), it seems likely that many of the EBV IncRNAs similarly play
arole in altering EBV chromatin and activating early and late gene
expression. On the other hand, some of these may play a role in
viral lytic DNA replication, possibly through scaffolding of pro-
tein complexes in a manner similar to RNAs that bind EBNA1 and
cellular factors during EBV latency replication (32).

As an early step toward determining the functions of some of
these new transcripts we investigated the subcellular localization
of EBNA2, EBNA3A, and EBNA3B antisense transcripts. Strand-
specific qRT-PCR in cytoplasmic and nuclear fractions revealed
enrichment of the EBNA2 and EBNA3B antisense transcripts in
the nucleus (Fig. 5E and 7E) and FISH experiments similarly
showed nuclear staining of the EBNA2, EBNA3A, and EBNA3B
antisense transcripts (Fig. 5F, 6C, and 7F; see also Videos S1, S2,
and S3 in the supplemental material). Close inspection of the
staining pattern for these transcripts shows a marked concentra-
tion within subnuclear regions of less intense DAPI (4',6'-di-
amidino-2-phenylindole) staining. This suggests that they are lo-
cated within the BMRF1 cores of viral replication compartments,
which have been identified as storage centers for newly synthe-
sized viral genomes (33, 34). The localization of these transcripts
to nuclear compartments containing viral DNA is consistent with
a possible role in altering gene expression or DNA replication.
However, the expression of both EBNA2 and EBNA3B antisense
transcripts peak at 24 h, and their expression is substantially re-
duced by the DNA replication inhibitor PAA, indicating that they
are “late” genes. Other late gene products, such as the glycopro-
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teins encoded by the BLRF1 and BLLF1 genes, are largely involved
in virion structure and packaging (5). Intriguing possible roles for
these genes could involve structural determination and packaging
of virus. For example, heteroduplex-based binding of EBV In-
cRNAs to the viral genome could mark or tag the DNA for pack-
aging, condensation, or nuclear export of the new viral genomes.
Alternatively, noncoding transcripts may be involved in directing
the second, “rolling circle” phase of viral DNA replication. This is
still consistent with inhibition by PAA, since inhibition of the first
phase of DNA replication may be sufficient to impact the expres-
sion of later genes. Indeed, Lu et al. observed 30 to 50% PAA
inhibition of at least two genes involved in replication (4).

Although the EBNA antisense transcripts that we studied here
appear to be noncoding, there is also the possibility that they (or
other EBV IncRNAs) encode small peptides. Several studies sug-
gest that small proteins translated from short open reading frames
are abundant in mammalian genomes (35, 36). Interestingly, one
antisense KSHYV transcript that was previously annotated as non-
coding has been found to encode a small peptide which plays a role
in regulating its antisense partner, the KSHV replication and tran-
scriptional activator RTA (37).

In addition to detecting abundant antisense transcription, we
also observed a high level of complexity in the transcription of
annotated genes. We identified a large number of previously un-
known splice junctions, many of which appear to produce novel
transcripts of known genes such as EBNA3A (Fig. 6A and 8; see
also Fig. S6 in the supplemental material). Also, although we
found evidence of splicing at most annotated splice junctions, we
observed substantial RNA-seq read coverage throughout most of
the introns. This could represent novel unspliced transcript vari-
ants of known genes, or additional transcripts such as stable in-
tronic sequence RNA (38). Finally, we have identified multiple
novel transcription start sites in the EBNA3A locus (Fig. 6A).
HCMYV has recently been demonstrated to make use of multiple
transcription start sites to produce different polypeptides from its
protein-coding loci (39): this may be a common strategy among
herpesviruses to maximize the coding potential of their genomes.
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