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ABSTRACT

We have previously shown that the Epstein-Barr virus (EBV) likely encodes hundreds of viral long noncoding RNAs (vIncRNAs) that
are expressed during reactivation. Here we show that the EBV latency origin of replication (oriP) is transcribed bi-directionally during
reactivation and that both leftward (oriPtLs) and rightward (oriPtRs) transcripts are largely localized in the nucleus. While the oriPtLs
are most likely noncoding, at least some of the oriPtRs contain the BCRF1/vIL10 open reading frame. Nonetheless, oriPtR transcripts
with long 5" untranslated regions may partially serve noncoding functions. Both oriPtL and oriPtR transcripts are expressed with late
kinetics, and their expression is inhibited by phosphonoacetic acid. RNA sequencing (RNA-seq) analysis showed that oriPtLs and oriP-
tRs exhibited extensive “hyperediting” at their Family of Repeat (FR) regions. RNA secondary structure prediction revealed that the FR
region of both oriPtLs and oriPtRs may form large evolutionarily conserved and thermodynamically stable hairpins. The double-
stranded RNA-binding protein and RNA-editing enzyme ADAR was found to bind to oriPtLs, likely facilitating editing of the FR hair-
pin. Further, the multifunctional paraspeckle protein, NONO, was found to bind to oriPt transcripts, suggesting that oriPts interact
with the paraspeckle-based innate antiviral immune pathway. Knockdown and ectopic expression of oriPtLs showed that it contrib-
utes to global viral lytic gene expression and viral DNA replication. Together, these results show that these new viIncRNAs interact with
cellular innate immune pathways and that they help facilitate progression of the viral lytic cascade.

IMPORTANCE

Recent studies have revealed that the complexity of lytic herpesviral transcriptomes is significantly greater than previously ap-
preciated with hundreds of viral long noncoding RNAs (vIncRNAs) being recently discovered. Work on cellular IncRNAs over
the past several years has just begun to give us an initial appreciation for the array of functions they play in complex formation
and regulatory processes in the cell. The newly identified herpesvirus IncRNAs are similarly likely to play a variety of different
functions, although these functions are likely tailored to specific needs of the viral infection cycles. Here we describe novel tran-
scripts derived from the EBV latency origin of replication. We show that they are hyperedited, that they interact with a relatively
newly appreciated antiviral pathway, and that they play a role in facilitating viral lytic gene expression. These investigations are a
starting point to unraveling the complex arena of vIncRNA function in herpesvirus lytic replication.

he Epstein-Barr virus (EBV) is an oncogenic human herpesvi-
rus that infects 95% of the world’s population (1). Although
infection is typically asymptomatic, the virus will persist in the
host for the duration of its life. In most immunocompetent indi-

viduals, the virus poses little serious health risk and its presence is
unremarkable. Nevertheless, in some individuals, additional
events such as genetic alterations and/or immunosuppression lead
to life-threatening epithelial and immune cell cancers, including
lymphomas, carcinomas, and lymphoproliferative disorders (1).

A defining feature of herpesviruses is their use of two function-
ally distinct programs that together facilitate their long-lasting
tenure in the host, the replicative phase where infectious virus is
produced and a “latent” phase where other aspects of the virus
infection cycle are carried out. While 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 orchestration of viral gene expression and virus assembly
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during reactivation is probably the most complex task that the
virus performs during its infection cascade. In general, this pro-
cess is thought to be regulated primarily through protein coding
viral genes. Nevertheless, diverse roles for small noncoding RNAs
(ncRNAs) are known to play important roles in EBV infection and
have implications to EBV-mediated oncogenesis (2, 3). Recent
studies have found evidence for previously unknown viral long
noncoding RNAs (vIncRNAs) in EBV, Kaposi’s sarcoma-associ-
ated herpesvirus, MHV68, and herpes simplex virus that are ex-
pressed during the lytic cycle (4-9). For example, evidence from
ourlab (9, 10) and from Dresang et al. (4) indicates that EBV likely
expresses more than a hundred novel lytic noncoding RNAs. Fur-
ther, extensive alternative splicing is observed (9, 10), illustrating
the existence of even greater diversity in the repertoire of ex-
pressed coding and noncoding viral transcripts during this pro-
cess. These lytic vIncRNAs likely serve a diverse set of functions in
facilitating and coordinating the lytic cascade, from the regulation
of virus gene expression and DNA replication to virion packaging,
processing, and transport. Some lytic vIncRNAs may also serve
extended functions. For example, lytic IncRNAs that are poten-
tially packaged in virions may convey key signaling events or pro-
cesses necessary for initial infection of naive B cells or epithelial
cells.

Despite these possibilities, we have yet to learn the roles that
these vIncRNAs play in reactivation. We report here initial inves-
tigations into novel transcripts derived from the EBV latency ori-
gin of replication and show that they help facilitate progression of
the viral lytic cascade.

MATERIALS AND METHODS

Cell culture. EBV-positive Akata and Mutu cells were grown in RPMI
1640 medium (Thermo Scientific, catalog no. SH30027) supplemented
with 10% fetal bovine serum (FBS; Invitrogen-Gibco, catalog no. 16000-
069) and 0.5% penicillin-streptomycin (pen-strep; Invitrogen-Gibco, cat-
alog no. 15070-063). 293T cells were grown in Dulbecco modified Eagle
medium (DMEM)/High-Glucose medium (Thermo Scientific, catalog
no. SH30243) supplemented with 10% FBS and 0.5% pen-strep. All of the
cells were cultured at 37°C in a humidified, 5% CO, incubator.

Plasmid constructs. oriPtL sequence spanning nucleotides (nt) 7148
to 9452 of the Akata genome (11) was amplified by PCR and inserted into
the pMSCV-puro expression vector. ADARI (catalog no. SC119438) and
HDLBP (catalog no. SC116829) cDNA clones were purchased from Ori-
Gene and their ORFs were inserted in-frame into a 3XFLAG-containing
PMSCV-puro expression vector.

Calcium phosphate transfection. Transfection of 293T cells for ret-
rovirus production and for oriPtLs/ADAR interaction experiment was
performed using the calcium phosphate method. Briefly, 293T cells were
seeded on 10-cm plates in 10 ml of DMEM/High-Glucose medium (sup-
plemented with 10% FBS and 0.5% pen-strep). The next day, the medium
was replaced with 8 ml of fresh supplemented DMEM. For each transfec-
tion, 500 pl of HBS (0.5% HEPES, 0.8% NaCl, 0.1% dextrose, 0.01%
anhydrous Na,HPO,, and 0.37% KCl at pH 7.2) was mixed with a total of
30 g of plasmid DNA. For oriPtL/ADAR experiment, 5 pg of each ex-
pression plasmid plus 20 pg of carrier pUHD10 plasmid were used. For
retrovirus production, 10 g of each packaging plasmid (pVPACK-Gp-dI
and pCI-VSV-G) and 10 pg of the oriPtL or empty vector control were
used. A 30-pl portion of 2.5 M CaCl, was added to each DNA-HBS mix-
ture, and the tubes were vortexed on a low setting. DNA-HBS-CaCl,
mixtures were incubated for 20 min at room temperature and added
dropwise to 293T cell cultures. The plates were gently rocked back and
forth and then transferred to a 37°C 5% CO, incubator. The following
day, the medium was aspirated and replaced with 10 ml of fresh medium.
Cells or supernatant (for retrovirus production) were harvested 48 h later.
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Induction of EBV lytic cycle. Akata and Mutu I cells were spun down
and resuspended at a concentration of 10° cells/ml in fresh RPMI 1640
medium (10% FBS, 0.5% pen-strep). Anti-human IgG (Sigma-Aldrich,
catalog no.12136) or anti-human IgM (Sigma-Aldrich, catalog no.10759)
was added to the Akata and Mutu I cell suspensions, respectively, to a final
concentration of 10 pg/ml. Treated and untreated cells were harvested 24
h later for RNA and/or protein isolation.

RNA preparation. Total RNA was isolated using TRIzol reagent (Life
Technologies, catalog no. 15596-018) or a miRNeasy minikit (Qiagen,
catalog no. 217004) according to the respective vendor’s protocols. Nu-
clear and cytoplasmic RNA was isolated using a cytoplasmic and nuclear
RNA purification kit (Norgen Biotek Corp., catalog no. 21000) according
to the vendor’s protocol. All RNA preparations were subjected to DNase
treatment using a DNA-free kit (Life Technologies, catalog no. AM1906).

Standard quantitative RT-PCR (qRT-PCR) and strand-specific
qRT-PCR. Standard reverse transcription (RT) was performed using an
iScript cDNA synthesis kit (Bio-Rad, catalog no. 170-8891) according to
the manufacturer’s protocol. Strand-specific RT was carried out using
modified gene-specific primers as described previously (12). cDNA was
synthesized at 65°C for 50 min using ThermoScript reverse transcriptase
(Life Technologies, catalog no. 12236-022) and treated with exonuclease I
(NEB, catalog no. M0293L) to remove the excess gene-specific primers.
qPCR analysis was performed using iQ SYBR Green Supermix (Bio-Rad,
catalog no. 170-8882) on a Bio-Rad CFX96 instrument as follows. cDNA
and 1-pl portions of 10 WM concentrations of the primers were mixed
with 10 pl of SYBR Green Supermix and nuclease-free H,O to a 20-pl
reaction volume. Polymerase was activated, and cDNA was denatured at
95°C for 5 min. cDNA was then amplified for 40 cycles with 15 s of dena-
turation at 95°C, 60 s of annealing/extension, and plate reading at 60°C.
Melting curve analysis was performed at temperatures from 60 to 90°C,
with 0.5°C increments per 5 s. Expression fold changes were calculated
using the comparative threshold cycle method (27247,

The modified strand-specific primers used for strand-specific RT were as
follows: PP4_GSP_L(oriPtL), GTGTTAGAGACAACCAGTGGAGTtataTaa
TGTCGGCGT; PP4_GSP_R(oriPtR), GACCAAGACAGGTGAACCATGcc
GeegCgCTCTATTTGT; PP5_GSP_L(oriPtLs), ATAGCACAATGCCACCA
CTGAACCaattaTTCAAATTTTA; PP5_GSP_R(oriPtRs), GCCTGCTTCTT
CATTCTCCTTCGTggcGCggcTAGAATAACTG; BCRF1_GSP_R, ACTCT
TGTTCTCACACGGCAGGAAtaTaTaaCACCTGCGCAGG; and ACTB,
GTACAGGTCTTTGCGGATGTttAtaTaACACTTCATG where lower-
case letters refer to sequence-modified bases. The primers used for gPCR
were as follows: PP1_F, CCTGGACACACAGTCTTAGTT; PP1_R, CCT
GCATGCCGTTTAATGATAG; PP2_F, CTCAGCGACCTCGTGAAT
ATG; PP2_R, CGATCTGGAGGACAAGTTACAC; PP3_F, GGGTTA
GCGAGGTTACAATCA; PP3_R, GGCCCATAAACAAAGACAAGTG;
PP4_F, GTGTTAGAGACAACCAGTGGAG; PP4_R, GACCAAGACAG
GTGAACCAT; PP5_F, ATAGCACAATGCCACCACTGAACCG; PP5_R,
GCCTGCTTCTTCATTCTCCTTCGT; ACTB_F, CACTCTTCCAGCC
TTCCTTC; ACTB_R, GTACAGGTCTTTGCGGATGT; ACTB_142_F,
CACACTGTGCCCATCTACGA; ACTB_142_R, CCATCTCTTGCTCG
AAGTCG; Zta_F, TGGGCACATCTGCTTCAA; Zta_R, AATGCCGGGC
CAAGTTTA; Zta_F (for time course), ACATTGGTGTTCCACAGCCT;
Zta_R (for time course), GGGGGATAATGGAGTCAACA; Rta_F, CCAT
ACAGGACACAACACCTCA; Rta_R, ACTCCCGGCTGTAAATTCCT;
BCRF1_F, ACCCTGAAGCCAAAGACCATGTAA; BCRF1_R, ACTCTT
GTTCTCACACGGCAGGAA; KCNQIOT1_F, TACCGGATCCAGGTT
TGCAGTACA; KCNQIOTI_R, GCTGATAAAGGCACCGGAAGGAAA;
ANRIL_F, CCCTCGTCGAAAGTCTTCCATTCT; and ANRIL_R, ATTCA
GCCTCCTGATTGGCGGATA.

oriPtL GapmeR knockdown/RNA sequencing. Customized GapmeRs
targeting oriPtL were purchased from Exiqon (sequences: OriPtL Gap 1,
GTAAAGCTGTGGAACA; OriPtL Gap 2, GCATTGGTGTAAGAGCQ).
oriPtLs and negative control GapmeRs (control A; Exiqon, catalog no.
300613-04) were transfected into Akata cells by Amaxa electroporation
using Nucleofector Solution R (Lonza, catalog no. VCA-1001) and pro-
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gram G-16 on a Nucleofector II device. Briefly, Akata cells were placed in
antibiotic-free RPMI medium 2 days before electroporation. For each
transfection, 2 X 10° cells in 100 wl of solution R were electroporated with
3 pl of negative control or oriPtLs targeting GapmeRs (200 pmol/pl) and
transferred to a six-well plate with 1.5 ml of medium per well. Transfec-
tions were performed in triplicate for the negative control and for each of
the two oriPtL targeting GapmeRs. After 24 h, 1.5 ml of fresh RPMI me-
dium and anti-human IgG (to a final concentration of 17 wg/ml) was
added to each well to induce EBV lytic reactivation. Cells were harvested
for RNA isolation 24 h postinduction. cDNA libraries were prepared from
ribodepleted RNA (Ribo-Zero; Epicentre, catalog no. MRZH11124) using
the strand-specific Illumina TrueSeq protocol (Illumina, catalog no. RS-
930-2001) and sequenced on an Illumina HiSeq 2000 instrument. Tripli-
cate samples were multiplexed per sequencing lane.

Constitutive oriPtL expression/RNA sequencing. Stable oriPtL ex-
pressing Mutu I cell lines were generated through retroviral infection and
selection of infected pools. Briefly, 293T cells were seeded on 10-cm plates
in 10 ml of DMEM/High-Glucose medium (supplemented with 10% FBS
and 0.5% pen-strep) 1 day before transfection. Then, 10 g of each pack-
aging plasmid (pVPACK-Gp-dI and pCI-VSV-G) and 10 g of the oriPtL
or empty vector control (for a total of 30 g of DNA) were mixed and
ethanol precipitated at —20°C overnight to sterilize DNAs. On the day of
transfection, the medium on the 293T plates was replaced with 8 ml of
fresh supplemented DMEM. Plasmids were spun down, washed with 70%
ethanol, and resuspended with 30 pl of nuclease-free H,O. Plasmids were
added to 500 p.l of HBS (0.5% HEPES, 0.8% NaCl, 0.1% dextrose, 0.01%
anhydrous Na,HPO,, and 0.37% KCI at pH 7.2) for each transfection.
Thirty microliters of 2.5 M CaCl, was added to each tube and mixed by
vortexing on a low setting.

DNA-HBS-CaCl, mixtures were incubated for 20 min at room tem-
perature and added dropwise to 293T cell cultures; the plates were gently
rocked back and forth and then transferred to a 37°C 5% CO, incubator.
The following day, the medium was aspirated and replaced with 10 ml of
fresh medium. Virus-containing supernatant was collected 3 days post-
transfection and filtered through a 0.45-pm-pore-size SFCA filter to elim-
inate residual cells. Mutu I cells were prepared for infection by spinning
them down and resuspending them at 2 X 10° to 4 X 10° cells/ml in RPMI
(with 10% FBS and 0.5% pen-strep) plus 24 pg of Polybrene/ml. One
milliliter of Mutu I cell suspension was added to single wells of a six-well
plate. One milliliter of control or oriPtL virus preparations was added to
duplicate wells for each, and the plates were spun at 1,000 X g for 1 h,
followed by incubation in a 37°C 5% CO, incubator for 4 h. Cell suspen-
sions were transferred to 15-ml tubes, spun down, and resuspended in 4
ml of fresh RPMI (with 10% FBS and 0.5% pen-strep). The cells were
transferred to T-25 flasks and cultured in a 37°C 5% CO, incubator. Two
days later, 4 ml of fresh RPMI (with 10% FBS and 0.5% pen-strep) was
added, and 1 pg/ml puromycin was added to a final concentration of 1
pg/ml to start selection. Cells were maintained in RPMI (with 10% FBS,
0.5% pen-strep, and puromycin) for approximately 2 weeks to select for
infected pools. RNA was isolated from duplicate infected pools using TRI-
zol reagent (Life Technologies, catalog no. 15596-018). cDNA libraries
were prepared from ribodepleted RNA (Illumina, catalog no. RS-930-
2001) using the strand-specific Illumina TrueSeq protocol (Ribo-Zero;
Epicentre, catalog no. MRZH11124) and sequenced on an Illumina HiSeq
2000 instrument. Three samples were multiplexed per sequencing lane.

RNA immunoprecipitation. For each immunoprecipitation reaction,
2 X 107 Akata cells were treated with anti-human IgG for 24 h and then
harvested and washed once with phosphate-buffered saline (PBS). Cell
pellets were resuspended in 20 ml of 1% formaldehyde-PBS solution and
incubated for 10 min at room temperature on an end-to-end rotator.
Cross-linking reactions were quenched with 1/20 volume of 2.5 M glycine
for 5 min. Cells were washed once with 20 ml of cold PBS, resuspended in
1 ml of cold PBS, and transferred to 1.5-ml tubes. The cells were spun
down and lysed in 1.2 ml of radioimmunoprecipitation assay (RIPA) buf-
fer (Santa Cruz, catalog no. SC-24948) with supplements (12 pl of phen-
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ylmethylsulfonyl fluoride solution, 12 pl of sodium orthovanadate solu-
tion, 12 pl of protease inhibitor cocktail, and 6 pl of SUPERase-In RNase
inhibitor [Life Technologies, catalog no. AM2696]). Cell suspensions
were split equally into two 1.5-ml tubes and sonicated for 3 X 10 s (with
0.1-s on, 0.1-s off pulses) with 30-s intervals at 30% amplitude using a
Branson Digital sonifier 250. Sonicated samples were centrifuged at
16,100 relative centrifugal force for 10 min at 4°C, and the pellets were
discarded. Each vial of cell lysate was precleared with 50 pl of Dynabeads
Protein G (Life Technologies, catalog no. 10004D) overnight at 4°C on a
rotator. Precleared lysate pairs for each sample were pooled and divided
into aliquots in 1.5-ml tubes with 0.6 ml per tube. Fifty microliters of the
lysate was saved as the input sample for qPCR analysis. Five micrograms of
antibody-coated beads was then added to 0.6 ml of cell lysate. After 3 h of
incubation at 4°C, the beads were precipitated and washed six times with
RIPA buffer supplemented with 0.1 U of SUPERase:In/ml. To reverse
cross-linking, the beads were resuspended with 200 .l TE buffer (supple-
mented with 1 pl of 5M NaCl, 2.5 pl of proteinase K [20 mg/ml], and 1 pl
of SUPERase'In). Supplemented TE buffer was also added to the input
sample to a final volume of 200 pl. All samples were incubated at 65°C for
2 h. The samples were then chilled on ice and subjected to RNA isolation
using TRIzol. All RNA preparations were treated with DNase using the
DNA-free kit. qRT-PCR analysis was performed on these RNA samples.

The primary antibodies used for RNA immunoprecipitation were
RIPAb+ p54nrb/NonO (Millipore, catalog no. 03-113), rabbit anti-
ADARI antibody (Abcam, catalog no. ab168809), rabbit IgG control an-
tibody (Abcam, catalog no. ab37415), and mouse Anti-FLAG M2 anti-
body (Sigma, catalog no. F1804).

RNA FISH and immunofluorescence. Stellaris fluorescence in situ
hybridization (FISH) probes with CAL Fluor Red 610 fluorophore were
designed and purchased from Biosearch Technologies. oriPtL FISH was
performed according to the Biosearch Technologies online protocol for
suspension cells. Anti-human IgG-treated Akata cells were fixed, perme-
abilized, and incubated with 0.4 I of 25 M oriPtL probes overnight at
37°C. The cells were washed on the following day and incubated with
DAPI (4',6'-diamidino-2-phenylindole) for 1 h in the dark. Images were
taken with a 100/1.35 oil objective lens on a Leica DMRXA2 deconvolu-
tion upright microscope using Slidebook software.

RNA editing analysis. Sequencing data for RNA editing analysis uti-
lized our previously published ribodepleted strand-specific RNA-seq data
from ribodepleted RNA from Akata cells induced for 24 h (9). Sequencing
data were aligned to an index containing the human reference genome
hg19 (Genome Reference Consortium GRCH37) plus the Akata EBV ge-
nome (GenBank accession no. KC207813.1) using Novoalign (Novo-
craft). Aligned EBV reads were extracted from the output files and sepa-
rated into sense and antisense read files. Pile-ups for each file were
generated using SAMtools (command options: “mpileup —f”) (13) and
run through VarScan v2.3.5 (14) to call variants at each nucleotide posi-
tion and to calculate the frequency of variants. Variants with a frequency
>0.01 were reported. Adenosine-to-guanine [A-to-G(I)] editing data
were extracted from the output files for downstream RNA editing analysis.
A-to-I variations within the repeat regions, IR1, IR2, and IR4, were omit-
ted due to a comparatively high general variation rate (relative to A-to-I
variations), likely due to genomic variations from one repeat to another.

oriPt secondary structure analysis. The oriP FR region falls within a
region that was previously predicted to form unusually stable and evolu-
tionarily conserved RNA secondary structure (33). One of the key features
used in this study was the thermodynamic z-score of overlapping 120 nt
windows. The z-score for the entire oriP FR region was recalculated ac-
cording to the following formula:

o

_ AGnaltivc B AGrandom
z — score =
o
where AG® .. is the predicted native Gibb’s free energy of folding,
AG®, 1 hdom 18 the average of the shuffled “mutant” sequences, and o is the

standard deviation of the set of fragment sequences. To model the puta-
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tive structure of this region, RNAalifold (15) was used to compute the
minimum energy structure formed by a set of aligned sequences from five
different EBV strains: Akata (KC207813.1, nt 7458 to 7927), EBV1
(NC_007605.1, nt 7450 to 7915), EBV2 (NC_009334.1, nt 7545 to 8014),
Mutu (KC207814.1, nt 7363 to 8087), and GD1 (AY961628.3, nt 7492 to
8148). The consensus structure was then manually refined to maximize
conservation and identify compensating mutations. A covariance model
built using INFERNAL (16) and used to scan herpesvirus genomes for
additional instances of the oriP FR structure model.

RNA-seq data analysis (GapmeR and oriPtL ectopic expression
studies). FASTQ files were aligned to human reference genome hg19 and
Akata EBV genome (11) using the sequence and junction aligner, TopHat
(18). Aligned EBV reads were pulled out from the Tophat output. EBV
reads and junctions were loaded on Integrative Genomics Viewer (IGV)
(19, 20) for visualization. Gene expression was quantified by SAMMate
(21).

Database accession number. The RNA-seq sequence data has been
deposited in the GEO database under accession number GSE68122.

RESULTS

Lytic transcription at the EBV latency origin of replication, oriP.
We recently found evidence for potentially hundreds of previously
unknown vIincRNAs that are expressed during the EBV lytic cycle
(9). Across the EBV latency origin of replication, we first observed
high level transcription in reactivated Akata cells using non-
strand-specific RNA-seq data (data not shown). Previous studies
showed that the BCRF1/vIL10 open reading frame is transcribed
not only from a proximal promoter but also from multiple up-
stream promoters located within and 5’ to oriP (Fig. 1A) (22-24).
Analysis of strand-specific RNA-seq data from induced Akata cells
showed strong rightward transcription across the BCRFI reading
frame, much of which likely originates from the proximal BCRF1
promoter (Fig. 1A). In addition, upstream rightward coverage is
observed that likely reflects the use of one or more of the upstream
promoters (Fig. 1A). Nevertheless, this strand-specific sequencing
data also revealed leftward transcription extending across the
BCRF1 reading frame and through the entire oriP region (Fig. 1A).
Strand specificity calculations as described previously (9) showed
fewer than 2 background reads per 1,000 reads, indicating that the
observed sense and antisense coverage appropriately represents
the levels of transcription on each strand. Higher leftward tran-
scription was observed in sequencing data from ribodepleted
RNA compared to poly(A)-selected RNA (Fig. 1A), suggesting
that many of these leftward transcripts are terminated through a
noncanonical termination mechanism. This contrasts with the
BCRF1 transcripts where higher coverage was observed in
poly(A)-selected RNA libraries (Fig. 1A). The higher poly(A)™
coverage for the BCRF1 transcripts is consistent with the use of a
common poly(A) signal located just downstream from the BCRF1
reading frame.

Despite the substantial length of the 5" sequences in the up-
stream initiated BCRF1 transcripts, no reading frames have been
previously annotated in these regions (that might be suggestive of
bicistronic BCRF1 mRNAs). Likewise, no reading frames have
been previously annotated in the leftward orientation throughout
the oriP/BCRF1 genomic region (Fig. 1A). Further, using the Cod-
ing Potential Calculator (CPC) (25) with the Akata reference ge-
nome (11), these regions were predicted to be noncoding (see Fig.
S1 in the supplemental material). The leftward transcripts, which
we will refer to here as oriPtLs, are therefore likely new vIncRNAs.
Further, we propose that the long 5" untranslated regions (UTRs)
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in the upstream initiated BCRF1 transcripts may also play non-
coding functions in EBV reactivation (see below), and we refer to
this group of upstream initiated transcripts as oriPtRs (Fig. 1).

oriP transcripts are viral late genes. As previously unknown
transcripts, we sought to determine some fundamental character-
istics of oriP transcripts that might guide insights into their func-
tion. Determining the expression timing of virus genes can imply
roles in temporally distinct components of the Iytic cascade. Using
strand-specific PCR (12) with the PP5 oriP primers shown in Fig.
1A, we found that expression of oriPtRs and oriPtLs peaked at 24
h postinduction, coinciding with expression of the EBV late genes,
VCA and gp350 (Fig. 1B). In contrast, the immediate-early and
early Zta, Rta, and BMLF1 genes were sharply induced as early as
2 to 4 h after induction. The late timing of oriPtRs and oriPtLs
expression was corroborated by an RNA-seq time course experi-
ment (see Fig. S2 in the supplemental material). Further, expres-
sion of both oriPtLs and oriPtRs was inhibited by the viral DNA
replication inhibitor phosphonoacetic acid (PAA) (Fig. 1C).
These data indicate that both the upstream initiated oriPtR tran-
scripts and the oriPtL transcripts are viral late genes, suggesting a
role in processes downstream from the early activation events of
immediate-early and early genes.

oriPtLs are nuclear RNAs. To help guide conceptualization of
possible oriPt functions, we determined their cytoplasmic/nuclear
distribution. Strand-specific qRT-PCR was used to quantify the
abundance of oriPtR and oriPtL transcripts in nuclear and cyto-
plasmic RNA preparations from Akata cells induced for 24 h. The
cellular transcripts, KCNQ1OT1 and ANRIL, were used as nuclear
RNA controls, and ACTB was used as a cytoplasmic RNA control.
Using the PP4 oriP primers (Fig. 1A), both oriPtR and oriPtL
transcripts showed nuclear enrichment with a greater degree of
enrichment being observed with oriPtL (Fig. 1D). The nuclear
localization of oriPtLs was further supported by fluorescence in
situ hybridization (Fig. 1E). The finding of nuclear enriched right-
ward oriP transcripts using the PP4 primers raises the possibility that
at least some BCRF1 transcripts, specifically those with extended 5’
UTRs, may be localized in the nucleus. Using primers within the
BCREF1 reading frame, we detected a lower nuclear/cytoplasmic ratio
than was observed with the PP4 primers, but these levels were still
higher than that observed for the cytoplasmic ACTB RNA (Fig. 1D).
These data are consistent with the idea that the localization of BCRF1
transcripts is mixed, with proximal promoter initiated transcripts be-
ing transported to the cytoplasm for translation and upstream initi-
ated BCRF1 transcripts being retained in the nucleus, where they may
have discrete noncoding functions.

oriP transcripts are hyperedited. While visualizing RNA-seq
alignment data from induced Akata cells, we noticed a strikingly
high density of adenosine to guanine (A-to-G) conversions, indic-
ative of adenosine to inosine (A-to-I) RNA editing, on both
strands of the Family of Repeats (FR) region of oriP (Fig. 2; see also
Table S1 in the supplemental material). Although substantially
less pervasive, we also noted evidence of A-to-I editing at the oriP
dyad symmetry (DS) element (Fig. 2). Notably, evidence of A-to-I
editing was observed in both the BHRFI and the BamHI A mi-
croRNA clusters (Fig. 2A and C and see Table S2 in the supple-
mental material), with some of these sites having been previously
reported (11, 26, 27). Among all of these regions, the most perva-
sive RNA-editing was observed within the FR region, where 66
and 73% of adenosines showed evidence of editing in the right-
ward and leftward transcripts, respectively. Further, the extent of
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Expanded view of high-density editing at the FR repeats. (C) Expanded genome view of RNA-editing at the BART and BHRF1 microRNA loci.

editing at individual residues is as high as 74% in rightward tran- Evidence that FR containing oriPtL and oriPtR transcripts can
scripts and as high as 68% in leftward transcripts. This extensive  form evolutionarily conserved long hairpin structures. RNA edit-
editing of rightward and leftward transcripts is consistent with the  ing classically occurs through the action of the adenosine deami-
classification as “hyperedited” RNAs (28, 29). nase acting on RNA (ADAR) family of enzymes that recognize

FIG 1 Novel lytic transcripts expressed from the EBV latency origin of replication, oriP. (A) Evidence for bidirectional transcription at the oriP locus.
Strand-specific RNA-seq coverage data for poly(A)-selected RNA (upper panel) and ribodepleted RNA (lower panel). Rightward-pointing arrows in the top
coverage window refer to previously published start sites for transcripts containing the BCRF1 reading frame. The two boxed arrows refer to start sites that are
upstream from the genomic region depicted in this figure. Genome features are indicated below the coverage data. PCR primers used throughout the present
study are indicated as PP1 through PP5. Gap1l and Gap2 refer to the target sequences of the anti-oriPtL GapmeRs used for functional studies (Fig. 6). Short red
bars indicate the FISH probes used for the data shown in panel E. (B) qRT-PCR time course analysis of selected immediate-early, early, and late EBV lytic genes
and oriP transcripts during reactivation. Strand-specific qRT-PCR was performed for oriPtRs (PP5) and oriPtLs (PP5). (C) oriPtRs and oriPtLs are sensitive to
PAA treatment. Strand-specific qRT-PCR was performed using strand-specific PP5 primers. (D) Relative expression levels of oriPtRs and oriPtLs in the nucleus
and cytoplasm analyzed by strand-specific qRT-PCR (PP4 primers). ACTB was analyzed as a cytoplasmic transcript control, and KCNQ1OT1 and ANRIL were
analyzed as nuclear transcript controls. (E) FISH showing primarily nuclear localization of leftward oriPts.
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FIG 3 oriPt secondary structures. (A) Consensus hairpin structures were pre-
dicted in the FR region of oriP across five EBV strains (Akata, B95-8, G876,
Mutu, and GD1) and macacine herpesvirus 4 (MHV4). The average pairwise
sequence identity (APSI) was calculated for the regions where the hairpin
structures were identified in the six virus strains. The z-scores were calculated
for the hairpin structures in sense (Fwd) and antisense (Rev) transcripts in
each virus. (B) Predicted hairpin structures for oriPtR (left) and oriPtL (right)
with associated folding free energy values. Editing frequencies for each aden-
osine through each hairpin are shown (an expanded view is depicted in Fig. S3
in the supplemental material for visualization in greater detail). Heat maps
show relative average editing for A’s, U’s, G’s, and C’s located at positions —2,
—1, 0, and +1 relative to the edited adenosine residue (0 position).
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double-stranded RNA regions (30), commonly through long hair-
pin structures, e.g., those found in the 3" UTRs of humans (31)
and nematodes (32). Interestingly, a previous bioinformatics scan
of the EBV genome discovered evidence for thermodynamically
stable (likely functional) RNA secondary structure in the FR re-
gion (33). Initial secondary structure predictions in this region
posited two mid-sized hairpins (33); however, with the addition of
our recently sequenced Akata strain genome (11), it was possible
to remodel the structure here to form very large (470-nt) hairpin
structures in both forward and reverse strands (Fig. 3). Interest-
ingly, in each hairpin the FR repeat sequences are annealed to-
gether in stems (see Fig. S3 in the supplemental material), al-
though a functional significance for a double-stranded RNA
version of a double-stranded DNA motif is unclear.

The metric used for measuring propensity to form structure,
the thermodynamic z-score (34), has equally large magnitude in
both strands: —4.3. This number predicts that the native sequence
is ~4 standard deviations more thermodynamically stable than
expected for random sequences with equal dinucleotide compo-
sition, suggesting that evolution is acting to preserve base pairing
here. Indeed, we were able to build consensus structures and
alignments for the Akata strain versus four other EBV strains
(B95-8, AG876, Mutu, and GD1) and use these models to search
for structural homologs in other lymphocryptoviruses (using the
INFERNAL package [16, 35]). This search returned highly similar
(~70% conserved) hairpins in a syntenic region of the rhesus
lymphocryptovirus (rLCV) genome (also known as Macacine her-
pesvirus 4): NC_006146.1 (nt 7512 to 7936). Overall conservation
of the hairpin structure (in EBV strains and rLCV) is high in both
strands (82.4 and 87.6% for the forward and reverse strands, re-
spectively). Furthermore, both hairpin models are supported by
compensatory mutations (double point mutations preserving
base pairs) and consistent mutations (single point mutations pre-
serving base pairs). The predicted z-score and overall folding en-
ergy (AG®) in each homologous sequence are of a magnitude sim-
ilar to that for the Akata strain (in both strands). These results
suggest that evolution has “tuned” this region to fold in both
strands and that it is acting to preserve these hairpins to perform
some important conserved function.

The high degree of secondary structure at the FR regions likely
provides a key configuration for recognition by RNA editing en-
zymes (36). We also assessed the average percent editing for each
of A, U, G or C for the two preceding bases and for the following
base across both the rightward transcript and the leftward tran-
script to determine recognition biases. This analysis generally
showed consistency with previous studies (28, 29, 37), with A/U
enrichment at the —1 position, U enrichment at the —2 position,
and A enrichment at the +1 position.

Molecular interaction between oriPtLs and ADAR during re-
activation. There are currently three known members of the
ADAR family in humans: ADAR, ADARB1, and ADARB2. Using
RNA-seq data generated for the functional studies outlined below,
we determined the mRNA levels of each member of this family in
the two EBV-positive Burkitt’s lymphoma cell lines: Akata and
Mutu. Of the three members of the ADAR family, only ADAR
transcripts were detected in either cell line (Fig. 4A).

We next tested whether ADAR can interact with oriPtLin 293T
cells cotransfected with a FLAG-tagged ADAR expression vector
and an oriPtL retroviral expression vector (depicted in Fig. 1A).
Cell extracts were prepared 3 days posttransfection and subjected
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cells. Duplicate FLAG, FLAG-ADAR, and FLAG-HDLBP cotransfections with
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Fig. 1A). (C) Endogenous oriPts coimmunoprecipitate with endogenous
ADAR during reactivation in Akata cells. Triplicate induced Akata cells induc-
tions were immunoprecipitated with control or anti-ADAR antibodies and
analyzed for oriPts by qRT-PCR using the indicated three oriPt primer pairs
(shown in Fig. 1A).
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tions were immunoprecipitated with control or anti-NONO antibody, and
oriPt enrichment was assessed by qRT-PCR using the indicated primer pairs.

to immunoprecipitation with an anti-FLAG antibody. RNA was
prepared from the immunoprecipitated complexes, and qRT-
PCR was used to assess enrichment of oriPtL transcripts. Using
PCR primers for three different regions of oriP, oriPtL transcripts
were found to be enriched in FLAG-ADAR transfected cells but
not in cells transfected with an empty vector or cells transfected
with a vector expressing a FLAG-tagged HDLBP gene (Fig. 4B).

To determine whether endogenous ADAR binds oriPts under
reactivation conditions, Akata cells were induced for 24 h, and
ADAR-containing complexes were immunoprecipitated with an
anti-ADAR antibody. oriPts were enriched in each biological rep-
licate of anti-ADAR immunoprecipitations (Fig. 4C), indicating
that oriPt RNAs interact with ADAR during reactivation, likely
explaining the observed hyperediting of these transcripts.

oriPtL interacts with the paraspeckle complex assembly fac-
tor, NONO. Previous studies have shown that some hyperedited
nuclear RNAs are sequestered to subnuclear compartments called
paraspeckles through specific interactions between the key paras-
peckle assembly factor, NONO, and poly(I)-containing tran-
scripts (36). The presence of paraspeckles in cells is highly tissue
specific and depends exquisitely on tissue specific expression of
the 23-kb nuclear paraspeckle scaffolding RNA, NEAT1_2 (38,
39). A short form of NEATI, referred to as NEAT1_1 (Fig. 5A)
likely also plays a role in assembly but appears to be less critical
than NEAT1_2 (38, 39). Interestingly, NEAT1/paraspeckles ap-
pear to have innate immunity functions in viral infection (40-42)
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FIG 6 Involvement of oriPtL in reactivation. (A) Changes in oriPtL expression in GapmeR-transfected Akata cells (left panel) and in retrovirally transduced
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(raw values for each are shown in Table S4 in the supplemental material). (C) oriPtL knockdown reduces viral lytic DNA replication.

through infection-mediated induction of NEAT1 and the result-
ing paraspeckle formation (40). As is commonly the case for suc-
cessful viruses, at least HIV is known to have adapted to utilize this
pathway to regulate its own infection cascade (42).

Although we did not observe substantial differences in NEAT1
expression between EBV positive and EBV negative Akata cells
(data not shown), both NEAT1_1 and NEAT1_2 are expressed in
Akata cells and in Mutu cells (Fig. 5A and B and see Table S3 in the
supplemental material). Further, key protein factors that are re-
quired for paraspeckle assembly, including NONO, are also ex-
pressed in these cell lines (Fig. 5B and see Table S3 in the supple-
mental material). As an initial investigation into a possible
interaction between oriPts and this antiviral/stress response path-
way, we assessed whether oriPt associates with NONO during re-
activation. As shown in Fig. 5C, endogenously expressed oriPt
transcripts were found to be enriched in NONO containing com-
plexes during reactivation. These results show a physical interac-
tion between oriPt and paraspeckle factors, raising the possibility
that oriPts interact with this antiviral/stress response pathway in
some way.

oriPtL transcripts support viral lytic gene expression and
DNA replication. The substantial expression of oriPtL during
reactivation and its association with specific nuclear factors
support the contention that these transcripts play a role in
remodeling the nuclear signaling environment, presumably
supporting some aspect of the viral lytic replication phase. A
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contrasting model is that these are spuriously generated tran-
scripts that play no role in the lytic cascade but whose ADAR
modification and possibly paraspeckle sequestration is part of
an antiviral response. To distinguish between these two oppos-
ing models, we investigated whether oriPtL plays a role in viral
gene expression and/or viral DNA replication.

Since the small interfering RNA (siRNA) machinery is primar-
ily localized in the cytoplasm, there is some question as to the
ability of siRNAs to degrade nuclear transcripts. We therefore ex-
plored the application of antisense LNA-DNA-LNA GapmeR oli-
gonucleotides (43), which degrade their target RNAs through nu-
clear localized RNase H activity. We tested five oriPtL GapmeRs
and, while most of them showed good inhibition of oriPtL expres-
sion, two of the better-performing GapmeRs (Gapl and Gap?2,
shown in Fig. 1A) were selected for functional experiments.

To investigate the influence of oriPtL on viral gene expression,
Akata cells were nucleofected in triplicate with no GapmeR, a
control GapmeR, Gapl, and Gap2. After 24 h, the control
GapmeR, Gapl and Gap2 transfected cells were treated with anti-
IgG to induce reactivation. After another 24 h, the cells were har-
vested, and RNA was prepared. qRT-PCR showed that Gap1 and
Gap2 inhibited oriPtL induction by ~4-fold (Fig. 6A). These
RNAs were then subjected to strand-specific TruSeq 100 base sin-
gle-end Illumina sequencing. Sequencing reads were aligned to a
human plus virus genome index, and strand-specific gene expres-
sion was quantified using SAMMate (21) (see Table S4 in the
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supplemental material for viral gene expression values). The aver-
age fold inductions were calculated for induced cells transfected
with control, Gap1l, and Gap2 GapmeRs (Fig. 6B). The statistical R
package, EBseq (44), was used to test for differentially expressed
genes across the four conditions: uninduced, induced cntl-Gap-
meR, induced Gap1, and induced Gap2. Of the 15 possible differ-
ential gene expression patterns, we specifically investigated genes
called as statistically significant in the pattern showing change in
induced cells and an intermediate change in both GapmeR trans-
fected conditions (pattern 14, see Table S5 in the supplemental
material). Twenty viral genes were identified as statistically signif-
icantly associated with this pattern (see Table S5 in the supple-
mental material) and, in these cases, the expression was higher in
induced cells, with an intermediate expression in induced cells
treated with Gapl or Gap2 (Fig. 6B). In addition, although not
determined to be statistically significant in this analysis, most EBV
genes found to be induced by reactivation conditions were found
to be induced to a lower level in cells treated with Gap1 and Gap2
(Fig. 6B). Although the observed changes in this group of EBV
genes further support a role for oriPtL in facilitating viral tran-
scriptional increases, statistical significance was likely not
achieved because of variance in biological replicates combined
with the moderate decreases in gene expression in the presence of
the oriPtL GapmeRs. It is notable that the moderate nature of the
decreases likely result from the combination of incomplete abro-
gation of oriPtL transcripts (4-fold decreases) and potential com-
pensatory functioning of the oriPtR transcripts. Nevertheless, the
findings that the expression of most induced viral genes were de-
creased in the presence of both oriPtL GapmeRs provide strong
support that oriPtL plays a role in supporting EBV lytic gene ex-
pression.

To further assess a role for oriPtL in supporting the expression
of viral lytic genes, we transduced Mutu cells with an empty con-
trol retrovirus or a retrovirus containing the oriPtL sequences and
selected cells for stable integration for ~2 weeks. oriPtL-trans-
duced cells expressed >150 times the levels of oriPtL in uninduced
cells (Fig. 6A), and RNA-seq analysis showed that the expression
of most viral RNAs was higher in duplicate oriPtL transductants
(Fig. 6B and see Table S5 in the supplemental material). Lastly, we
found that Gap2 inhibited the increase in endogenous viral ge-
nomes in induced Akata cells 96 h after induction (Fig. 6C), sug-
gesting that oriPtL, in addition to playing a role in viral lytic gene
expression, contributes to the production of progeny viral ge-
nomes.

DISCUSSION

Pervasiveness and functional significance of lytic vIncRNAs.
Tiling array experiments by Dresang et al. (4) suggested the pres-
ence of additional previously unknown antisense transcripts ex-
pressed during EBV reactivation. In recent studies from our lab (9,
10, 45), we estimated that there are hundreds of previously un-
known viral long noncoding transcripts expressed during the EBV
Iytic cycle. One possible viewpoint is that these are spurious tran-
scripts resulting from the open chromatin environment of highly
transcribed viral genomes during reactivation. Nevertheless, here
we show that leftward oriP derived vIncRNAs help facilitate Iytic
viral gene expression. Our investigations of other newly identified
vincRNAs have shown that they also seem to play roles in modu-
lating the replicative environment; through similarly regulating
viral gene expression (M. Concha et al., unpublished data) and
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through sequestration of microRNAs (M. J. Strong et al., unpub-
lished data). We therefore support the contention that most of
these new vIncRNAs likely function in processes facilitating the
viral replication cascade.

Although IncRNAs are well known as chromatin regulators,
their protein scaffolding properties make them suitable candi-
dates in other cellular processes that require protein bridging
and/or the assembly of various types of regulatory factories. Nev-
ertheless, the breadth of their repertoire of activities is likely
poorly appreciated at this time. During viral replication, a vast
number of diverse tasks are carried out, raising questions about
possible new vIncRNA functions in processes, such as pathway
signaling and virus assembly, trafficking, and secretion. In line
with there being varied possibilities, we found that some
vIncRNAs are localized primarily in the nucleus while others are
predominantly localized in the cytoplasm (data not shown). Many
of the vIncRNAs that we have identified to date appear to be ex-
pressed with late kinetics, supporting possible roles in down-
stream assembly events. Further, we hypothesize that some
vIncRNAs are likely packaged in virions where they may play
structural roles in maintaining virion integrity and/or where they
may provide rapid signaling responses following de novo infection
of naive cells.

Are upstream initiated BCRF1 transcripts IncRNAs? Al-
though not expressed as abundantly as the leftward oriP tran-
scripts, the previously described upstream initiated BCRF1 tran-
scripts (22-24) are similarly likely to perform functions in the
reactivation cascade, and we propose that these roles are distinct
from making BCRF1 protein. Since long 5" UTRs tend to be inef-
ficient substrates for translation, it is more likely that the 5" ex-
tended BCRF1 transcripts have noncoding functions. PCR analy-
sis using primers that recognize the upstream initiated BCRF1
transcripts show significant nuclear localization, suggesting that
these transcripts likely perform nuclear noncoding functions.
Primers hybridizing to the BCRF1 reading frame show a lesser
degree of nuclear localization likely reflecting the detection of
both upstream initiated nuclear localized BCRF1 transcripts and
cytoplasmic localized downstream initiated transcripts (which are
presumably recruited to ribosomes for translation). So why do the
upstream initiated transcripts even include the BCRF1 reading
frame? Poly(A) site sharing seems to be relatively common in vi-
ruses. For example, the BRLF1 gene uses the poly(A) signal from
the BZLF1 gene (46). We have also observed additional examples
of extended 5" UTRs for other EBV genes (C. O’Grady et al., un-
published data). It is therefore likely that the BCRF1 locus is just
one of a repertoire of many loci where upstream initiated tran-
scripts play primarily noncoding functions despite the presence of
downstream reading frames. This does not exclude the possibility
that some of these may have cryptic internal ribosomal entry sites,
but this may be the exception rather than the rule.

Regulation of lytic viral gene expression by oriPtL. Remark-
ably, most EBV genes that were induced during reactivation in
Akata cells were inhibited by the oriPtL GapmeRs (Fig. 6B and see
Table S4 in the supplemental material). Notably, although oriPts
are expressed with late kinetics, the expression of immediate-early
and early genes were also found to be supported by oriPtL. Al-
though seemingly contradictory, this may indicate that oriPtL
plays a role in sustaining the expression of this earlier classes of
genes and/or that oriPtLs can also support initial reactivation
through export mechanisms involving packaging of the tran-
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scripts in either virions or microvesicles. In contrast to the influ-
ence on EBV lytic genes, oriPtL GapmeRs did not inhibit the ex-
pression of most cellular genes, and they did not inhibit the
expression of the few EBV genes that are not induced during re-
activation; for example, the polymerase III-transcribed genes,
EBERI and EBER2. Although these observations show specificity
(to primarily viral lytic genes), this raises the possibility that
oriPtLs operate through modulating a central upstream stimuli
and/or that it operates broadly on genes through a common reac-
tivation inducible regulatory context.

The localization of oriPtLs to the nucleus is consistent with a
potential regulatory role in gene expression. Our attempts to iden-
tify associations between oriPtL and viral chromatin using a
ChIRP assay (47), however, failed to show high-confidence bind-
ing (data not shown). This raises the possibility that oriPtL oper-
ates through less direct mechanisms.

Imamura et al. (40) showed that herpes simplex virus 1
(HSV-1) and influenza virus infections induced NEAT1 expres-
sion, resulting in the formation of paraspeckles. In their study,
paraspeckle assembly caused a redistribution of the otherwise dif-
fuse and/or scattered localization of the immune gene transcrip-
tional repressor, SFPQ, to paraspeckles. Sequestration of the
SFPQ repressor led to the derepression of a panel of immunoregu-
latory genes, including antiviral factors such as interleukin-8 (IL-
8), CCL5, RIG-1, and MDAS. These findings reinforce the conten-
tion that the NEAT1/paraspeckle pathway is a cellular antiviral
pathway. Notably, SFPQ functions to a large extent as a het-
erodimer with NONO (48). Since viruses often hijack antiviral
pathways and remodel them to accommodate their own needs, we
considered the possibility that oriPtL might alter the function
and/or localization of SFPQ/NONO complexes in a way that
causes derepression of Iytic gene expression. We searched the EBV
genome for the SFPQ binding sequence identified in the IL-8 gene
(40) and found 17 sites scattered throughout the genome (see Fig.
S4 in the supplemental material), with one of these located just
upstream from oriP (see Fig. S4 in the supplemental material). It
remains to be determined, however, whether SFPQ function is
altered in the presence of oriPtL in a way that leads to derepression
at these SFPQ and/or other cryptic SFPQ binding sites throughout
the EBV genome.

Like SFPQ, NONO is a multifunctional DNA-binding protein
that plays a role in transcriptional regulation (49-53). Although
NONO is a known transcriptional activator (49, 50, 54), it, like
SFPQ, can play a repressive role (51). A study by Liu et al. (51)
showed that dephosphorylation of NONO by the phosphatase,
PP1, can disrupt its interaction with Sin3A and HDAC]I, changing
it from a transcriptional inhibitor to a transcriptional activator.
We were able to identify 17 unique NONO binding sites in the
EBV genome (see Fig. S4 in the supplemental material), three of
which are in or near the oriPtL and oriPtR transcript regions (see
Fig. $4 in the supplemental material). It is interesting to consider
the possibility that the binding of oriPtL to NONO either alters its
structure directly, inhibits the ability of kinases to phosphorylate
NONO or alters its interaction with PP1 or other factors in a way
that transforms NONO from a transcriptional repressor into a
transcriptional activator. In such a scenario, the candidate binding
sites shown in Fig. S4 in the supplemental material and/or other
cryptic NONO binding sites may be transitioned from repressor
to activator cis response elements, thereby inducing local viral Iytic
gene expression.
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Irrespective of the exact mechanism of action of oriPtL in mod-
ulating lytic gene expression, it is notable that ChIRP pulldowns of
oriPtL transcripts did not show enrichment of NEAT1 transcripts
(data not shown). This is probably significant because it suggests
that oriPtL is not simply sequestered to paraspeckles as part of a
cellular antiviral response. Instead, oriPtL likely interacts with this
pathway in a way that ultimately leads to alterations in cellular
signaling that helps facilitate virus production.

In addition to its roles in facilitating paraspeckle structures and
in transcriptional regulation, NONO also regulates splicing
through its association with the carboxyl-terminal domain of
RNA polymerase II during the elongation process (52). NONO is
also involved in polyadenylation (55, 56), and it plays a role in
DNA damage response (57, 58). We previously reported extensive
alternative splicing at the EBV LMP2 gene locus under reactiva-
tion conditions that was not observed in type III latency (10). The
mechanisms driving LMP2 alternative splicing during reactiva-
tion are unknown at this time. Considering the hypothesis that a
lytic gene facilitates LMP2 alternative splicing, we tested whether
the ratio of noncanonical to canonical LMP2 splicing changed in
the presence or absence of oriPtL GapmeRs. This analysis, how-
ever, showed no notable differences under these conditions (data
not shown). Whether this experimental design is adequate to ap-
propriately address a possible role for oriPtL and/or NONO in
LMP2 alternative splicing or whether alternative splicing is con-
trolled through some other viral or cellular factors is unclear at
this time.

Does the interaction between oriPtL and ADAR have addi-
tional consequences besides editing of oriPtL? The extensive A-
to-1 editing that we observed in these transcripts (Fig. 2 and 3) and
their structural similarity to other massive hairpin substrates of
ADAR (30-32) suggests recruitment of ADAR as a possible func-
tion of the oriP hairpins. ADAR normally undergoes nucleocyto-
plasmic shuttling (59, 60), but an abundant nuclear RNA such as
the oriPts could play a role in sequestering ADAR during lytic
reactivation, thereby leading to aberrant partitioning of this im-
portant host protein. Interestingly, the nuclear localization signal
of human ADAR partially overlaps one of its double-stranded
RNA-binding domains and interactions with RNA substrates
were shown to affect its nucleocytoplasmic distribution (61). If the
oriP hairpins are affecting ADAR shuttling in lytic infection, there
could be wide-ranging effects on the host cell. For example, ADAR
editing is estimated to occur in ~10% of human transcripts (62):
editing occurs in 3" UTRs, where it may affect localization and
translation (36); in coding regions, where it can alter amino acid
codons (63); in pri-miRNA hairpins, where it affects miRNA pro-
cessing (64) and target specificity (65, 66); and in introns, where it
can affect splicing (67), for example.

Final thoughts. We have identified novel oriP-derived leftward
vIncRNAs that are involved in facilitating viral lytic gene expres-
sion. These transcripts seem to integrate into the nuclear antiviral
NEAT1/paraspeckle pathway, possibly in a way that supports the
lytic cascade. However, we have only scratched the surface regard-
ing the possible functional significance of this interaction, or more
specifically the interaction with ADAR and/or NONO. With
NONO in particular having so many known functions, it will be
interesting to explore whether the binding of oriPts to NONO
influences one or more of these activities. For example, is there any
role in altering polyadenylation of viral versus cellular genes? Lytic
replication in many ways establishes a DNA damage-like setting
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(for example, with the presence of de novo genome ends derived
from replicating DNA). Does the interaction between oriPtL and
NONO alter how the cell responds in these settings, and/or does
NONO or an oriPtL complex play any role in cleavage or process-
ing of concatenated genomes. It will be interesting to explore the
many possible functions of NONO and/or oriPtL in the viral rep-
lication cascade in the coming years.
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