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Abstract

RNA polyadenylation (pA) is one of the major steps in regulation of gene expression at the posttranscriptional level. In this
report, a genome landscape of pA sites of viral transcripts in B lymphocytes with Kaposi sarcoma-associated herpesvirus
(KSHV) infection was constructed using a modified PA-seq strategy. We identified 67 unique pA sites, of which 55 could be
assigned for expression of annotated ~90 KSHV genes. Among the assigned pA sites, twenty are for expression of individual
single genes and the rest for multiple genes (average 2.7 genes per pA site) in cluster-gene loci of the genome. A few novel
viral pA sites that could not be assigned to any known KSHV genes are often positioned in the antisense strand to ORF8,
ORF21, ORF34, K8 and ORF50, and their associated antisense mRNAs to ORF21, ORF34 and K8 could be verified by 3’'RACE.
The usage of each mapped pA site correlates to its peak size, the larger (broad and wide) peak size, the more usage and
thus, the higher expression of the pA site-associated gene(s). Similar to mammalian transcripts, KSHV RNA polyadenylation
employs two major poly(A) signals, AAUAAA and AUUAAA, and is regulated by conservation of cis-elements flanking the
mapped pA sites. Moreover, we found two or more alternative pA sites downstream of ORF54, K2 (vIL6), K9 (vIRF1), K10.5
(vIRF3), K11 (vIRF2), K12 (Kaposin A), T1.5, and PAN genes and experimentally validated the alternative polyadenylation for
the expression of KSHV ORF54, K11, and T1.5 transcripts. Together, our data provide not only a comprehensive pA site
landscape for understanding KSHV genome structure and gene expression, but also the first evidence of alternative
polyadenylation as another layer of posttranscriptional regulation in viral gene expression.
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large DNA genome (~168 kb) encoding more than 90 genes for
production of viral structural and non-structural proteins, small
peptides, long non-coding RNAs (IncRNAs) and small regulatory
miRNAs [1,8-10]. Like many DNA viruses, KSHV has a complex

Introduction

Kaposi sarcoma-associated herpesvirus (KSHV), also referred as
human herpesvirus 8 (HHV-8), is a member of gammaherpervirus

subfamily [1]. KSHV infection in healthy individuals is well-
controlled by host immune system and other host factors, and
hence, it is usually asymptomatic. However prolonged immuno-
suppression may lead to occurrence of KSHV-induced malignan-
cies. KSHV has been linked to three malignancies including all
forms of Kaposi sarcoma, a complex solid tumor of endothelial
origin, and two rare B-cell lymphomas, primary effusion
lymphoma (PEL or body cavity-based large cell lymphoma) and
multicentric Castleman disease [2-4]. KSHV, like other herpes-
viruses, exhibits two distinguishable states of infection, latent and
lytic infection. During latency only a small fraction of viral genes
are expressed to facilitate the maintenance of viral genome, drive
cell proliferation, and mediate immune invasion. Various external
and internal stimuli cause a disruption of KSHV latency and
induction of KSHYV lytic infection with the expression of all viral
Iytic genes and replication of viral progeny [5—7]. KSHV has a
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gene organization and depends on host cell machinery for its gene
expression. However, a full compendium of viral genome
annotation is still unknown and the true nature of viral gene
expression and its regulation remains to be fully understood.
RNA polyadenylation (pA) of nascent transcripts is a critical
posttranscriptional step in maturation of eukaryotic transcripts
[11]. A primary role of RNA polyadenylation is to release newly
synthesized RNA from DNA template through endonuclease
cleavage and protect it from degradation by addition of a poly(A)
tail to the RNA 3’ end. The presence of a poly(A) tail also
promotes nucleocytoplasmic export and efficient protein transla-
tion of mRNAs [12,13]. RNA polyadenylation is carried out by a
large protein complex composed of at least 85 protein factors and
binds to specific sequences within nascent transcripts surrounding
the cleavage site [14]. An A/U-rich element upstream, recognized
by cleavage and polyadenylation specificity factor (CPSF), and an
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Author Summary

A genome-wide polyadenylation landscape in the expres-
sion of human herpesviruses has not been reported. In this
study, we provide the first genome landscape of viral RNA
polyadenylation sites in B cells from KSHV latent to lytic
infection by using a modified PA-seq protocol and
selectively validated by 3’ RACE. We found that KSHV
genome contains 67 active pA sites for the expression of
its ~90 genes and a few antisense transcripts. Among the
mapped pA sites, a large fraction of them are for the
expression of cluster genes and the production of
bicistronic or polycistronic transcripts from KSHV genome
and only one-third are used for the expression of single
genes. We found that the size of individual PA peaks is
positively correlated with the usage of corresponding pA
site, which is determined by the number of reads within
the PA peak from latent to lytic KSHV infection, and the
strength of cis-elements surrounding KSHV pA site
determines the expression level of viral genes. Lastly, we
identified and experimentally validated alternative poly-
adenylation of KSHV ORF54, T1.5, and K11 during viral lytic
infection. To our knowledge, this is the first report on
alternative polyadenylation events in KSHV infection.

U/GU-rich element downstream, recognized by cleavage stimu-
latory factor (CstF) [15,16], of the cleavage site are two major
determinants of RNA polyadenylation, although other auxiliary
cis-elements may be also involved in pA site definition [17,18].
After assembly of polyadenylation complex the pre-mRNA is
generally cleaved at “CA” dinucleotide followed by addition of a
poly(A) tail [19]. While the process of polyadenylation itself is well
characterized, the selection of pA site remains a puzzle. Recent
genome-wide studies on polyadenylation of host transcripts in
various organisms revealed highly promiscuous polyadenylation of
large population of RNAs from multiple pA sites [20-22]. As a
result, genes affected by alternative polyadenylation produce a
subset of transcripts with different coding potentals or 3’
untranslated regions (3° UTRs) [23].

A polyadenylation landscape of human herpesviruses has not
been reported at the genome-wide level. In this study, we
performed a genome-wide analysis on RNA polyadenylation of
KSHYV transcripts from B cells with latent or lytic viral infection by
using a modified polyadenylation- sequencing (PA-seq) technology
[24]. We identified that KSHV utilizes 67 active pA sites for the
expression of its latent and lytic genes and a few novel or
unannotated genes. We also found alternative RNA polyadenyl-
ation of several known KSHV genes and revealed pA site cis-
elements in regulation of KSHV gene expression.

Results

Identification of KSHV pA sites by PA-seq

To elucidate a role of RNA polyadenylation in KHSV gene
regulation, we performed a genome-wide analysis of viral pA sites
to monitor their usage during KSHV infection. Three KSHV-
positive B-cell lines (JSC-1, BCBL-1 and TREx BCBL-1), which
support both latent and lytic virus infection, were chosen in this
study. For each cell line, polyadenylation events were compared
between latent and lytic infection (Figure S1A). The cells with lytic
infection were harvested at 48 h after virus reactivation by
chemical induction to allow full viral replication cycle and
sufficient expression of viral late transcripts. We observed dramatic
reduction of cell viability associated with virus reactivation (31% vs
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88% for JSC-1, 50% vs 89% for BCBL-1 and 20% vs 82% for
TREx BCBL-1 cells [further referred as TREx]) by trypan blue
exclusion analysis. Poly (A)" RNA fraction from each sample was
used for preparing 3'-end ¢cDNA libraries with a modified PA-seq
method followed by Illumina paired-end sequencing [24,25]. In
total, we obtained more than 119 million of paired reads from all
samples (Figure S1B). KSHV- and human-specific reads were
extracted by alignment of obtained sequence reads to the reference
KSHYV (GenBank acc no U75698.1) and human (UCSC version
hg19) genomes. More than 100 million (~84%) of all reads were
uniquely mapped, with about 35 million (~29%) to KSHV and
approximately 65 million (~55%) to human genome. The
remaining 19 million (16%) are unmapped reads. As expected, a
remarkable correlation was noticed between KSHV-specific reads
and the stat of KSHV infection in all three cell lines, with less
KSHYV reads (0.10-0.47%) in the cells with viral latent infection
and much more KSHYV reads (20-77%) in the cells with KSHV
lytic infection (Figure S1B and S1C).

For KSHV pA site analysis we focused only on the sequence
reads uniquely mapped to KSHV genome and further clustered to
identify PA-peaks. We pooled KSHV sequence reads from all
samples and performed a peak calling analysis using F-seq
algorithm with significant enrichment over a background model
[26] and a threshold of >50 read counts per peak (Figure S2). As
expected, only a handful of PA-peaks were found in the cells with
latent KSHYV infection, but significantly more peaks were detected
in the cells with lytic KSHV infection (Figure S3A). To further
analyze the PA-peak distributions in the context of selected viral
genes and to ensure the PA-peaks obtained from our PA-seq
representative of authentic pA site regions, we looked into a PA-
peak distributed in a well-characterized ORF50 (RTA)/K8/K8.1
locus which encodes three collinear KSHV genes. Although each
gene in the locus has its own promoter, their transcripts are all
polyadenylated at a single pA site downstream of K8.1 (see
diagram in Figure S3B). We found a prominent PA-peak in all
lytic samples, but less so in the latent samples, overlapping with the
mapped pA site (Figure S3B) reported in previous studies [27,28].
No other PA-peaks were seen either upstream or downstream of
this pA site. These data indicate that PA-seq libraries were in high
quality and suitable for comprehensive analysis of viral pA sites.

Subsequently, we determined the nucleotide (nt) position with
the highest number of reads within individual peaks in the peak
calling analysis as a PA mode (Figure S2) and designated such a
PA mode as an unique pA site (T'able S1). We also determined a
PA peak from the peak start to the peak end, and the total number
of the reads within a PA peak was used to approximate the usage
of a pA site (Figure S2). With this approach we identified 67 pA
sites on both viral DNA strands of the KSHV genome (Figure 1A).
The pA sites mapped by PA-seq in this study were remarkably
close to several known pA sites previously mapped by traditional
methods both in terms of mapped nucleotide position and strand
specificity (Table S2).

A higher prevalence of pA sites shows strand bias, with 43 pA
sites in the minus strand and 24 in the plus strand of the KSHV
genome. The majority of the mapped pA sites are positioned in the
intergenic regions of KSHV genome, outside of annotated ORFs,
with exception of the pA sites in the coding regions of ORF7 at nt
7032 and ORF61 at nt 98274 and of K12 at nt 118012, 118032
and 118087.

Assignment of mapped pA sites to KSHV genes

Our genome-wide pA site analysis allowed us to correlate each
mapped pA site to annotated KSHV genes and to identify novel
KSHYV gene(s). We assigned each pA site to a known viral gene or
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Figure 1. Genome-wide landscape of KSHV pA sites. (A) A diagram of KSHV genome with mapped viral pA sites (red triangles for plus strand
and blue triangles for minus strand). Each numbers represents the nucleotide position of an identified pA site. (B) Incidence of pA sites mapped to
single viral genes or in gene clusters (two or more genes per pA site). (C) Scatter plot depicting size distribution of viral 3’UTR length from the
termination codon of a gene adjacent to the mapped pA site immediately downstream. Median 3'UTR length was calculated from 50 pA sites
immediately downstream of protein coding ORFs.

doi:10.1371/journal.ppat.1003749.g001

gene cluster region based on the following criteria: (1) both of the coding region of the viral gene(s), and (3) the gene(s) assigned to a
gene(s) and the corresponding pA site must be on the same strand mapped pA site must be positioned upstream of the pA site. These
of viral genome, (2) the pA site must be positioned outside of the criteria assume that viral transcripts originated from a promoter(s)
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upstream of the gene will be polyadenylated from the first
available pA site downstream. Accordingly, we assigned 55 pA
sites to all known KSHV genes (Figure 1B, Table S3). The
remaining 12 pA sites unable to assign would indicate the presence
of transcripts from unknown KSHYV genes for further validation.
Interestingly, the majority of unassigned pA sites are positioned
antisense to known KSHV genes, suggesting the existence of
putative antisense transcripts to these viral genes [29]. Among
55 pA sites assigned to known KSHV gene transcripts, 20 are
positioned immediately downstream of a single KSHV gene for
polyadenylation of a monocistronic mRNA, and the remaining 35
have multiple upstream KSHV genes ranging from 2 to 5 for
polyadenylation of bicistronic or polycistronic transcripts
(Figure 1B). Interestingly, we found two or more pA sites mapped
to a region downstream of the same gene. These include two
alternative pA sites downstream of ORF54, K2 (vIL6), K9
(vIRF1), K10.5 (vIRF3), K11 (vIRF2), and K12 (Kaposin A), three
downstream of T'1.5 RNA and PAN (nut-1) RNA or in an internal
K12 region, and five downstream of wnct internal repeats
(Figure 1A). From protein-coding genes, ORF54 showed the
highest usage of alternative pA sites (~24%) followed by K10.5
(~17%) and K11 (~11%), but K2, K9, and K12 did so much less
frequently (Table S4). Thus, our analyses provide not only the first
comprehensive landscape of functional pA sites in the context of
KSHYV genome, but for the first time the alternative polyadenyl-
ation of KSHV transcripts during virus infection.

The 3'UTR length of KSHV transcripts

We next aimed to determine the length and composition of 3’
UTR for each KSHV protein-coding gene. The unassigned pA
sites and the pA site for viral non-coding RNA genes were
excluded from this analysis. A total of 50 pA sites were used to
calculate the 3'UTR length from a pA site to the adjacent
termination codon of the closest upstream ORF. We found that
the calculated 3’ UTR length of KSHV genes varies greatly in size
from 2 nts (ORF38) to 1925 nts (ORF62) (Table S3). The
distribution of KSHV 3'UTR is shown in Figure 1C, with a
median size of the 3"UTR in ~80 nts which is significantly shorter
than human 3’ UTR with a median size of ~300 nts [20].

Usage of KSHV pA sites during KSHV life cycle

Based on the number of sequence reads obtained at each pA
site, one can infer the relative steady-state level (pA site usage) of
the pA site-associated transcripts. The limitation of this approach
is cluster genes utilizing a single pA site, in which the number of
sequence reads reflects a combined level of all gene transcripts.
The pA site usage was compared from latent to lytic infection.
First, we determined each pA site usage in individual samples to
obtain a sample-specific pA site usage and then normalized the
number of sequence reads within each viral pA peak to the total
sequence reads mapped to KSHV and host genome in each
sample (Figure S4, Table S5). Combination of the normalized
sequence reads from all latent samples was compared with that
from all lytic samples (Figure 2A, 2B, Table S6). The pA site
122069 (+) of latent polycistronic RNA ORF73 (LANA), ORF72
(vCyclin), and K13 (VFLICE) was served as a reference (red bar in
Figure 2A-C). Surprisingly in the samples with latent infection, the
top 5 sites based on the pA site sequence counts were PAN (nut-1),
ORF2/K2 cluster, K12, ORF50/K8/K8.1 cluster, and T1.5
(Figure 2A) which supposed to be KSHV lIytic genes, but
spontancously reactivated in a small fraction of cells with latent
infection (Figure S3, Table S6). The usage of pA site for the
expression of ORF73/0ORF72/K13 ranked the 6th during the
latency. In the samples with lytic infection, the top 5 pA site usage
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was the pA sites for abundant expression of PAN, K12, ORF62-58
cluster, T1.5, and K4.2/4.1/4 cluster and usage of the reference
latent pA site for expression of ORF73/ORF72/K13 dropped to
the 41st. When the changes in utilization of each identified pA site
from lytic to latent infection were calculated, however, the usage of
mapped PpA sites for virus lytic gene expression became
remarkable, with more than 500-fold increase from latent to lytic
infection for ORF62, ORF24/23, ORF44, PAN, and KI2
(Figure 2C, Table S6). The smallest usage change (<10 fold)
during virus lytic infection was the pA sites for the expression of
ORF2/K2, K10.6/10.5, and ORF73/0ORF72/K13, and the
transcripts antisense to ORF50 (RTA) and K15/0ORF75
(Figure 2C, inset). The smallest change in the pA site usage was
the reference pA site of ORF73/0ORF72/K13, with only 2.1-fold
increase. Thus, these pA sites are truly used to express viral latent
genes. Notably, the peak sizes of pA sites vary considerably
ranging from 3 (pA site at nt 17227) to 98 nts (pA site at 29740)
(Table S7), and represents heterogeneity of the cleavage sites
within each mapped pA site [30]. This heterogeneity of a given pA
site, such as the pA site at nt 29740, nt 76738 or nt 122069,
remained invariable either from JSC-1 to BCBL-1 cells or from
latent to lytic infection (data not shown). Based on their bimodal
distribution (Figure 3A), we grouped 38 pA sites with a narrow
peak (=30 nts, with a median size of 17 nts), 24 pA sites with a
broad peak (>30, =45 nts, with a median size of 36.5 nts), and
5 pA sites with a wide peak (>45 nts, with a median size 61 nts)
(Figure 3A). Interestingly, we found a strong positive correlation of
PA site usage by sequence reads in the order from narrow (4,013
reads), broad (62,764 reads), to wide (425,475 reads) peaks with
Spearman correlation coefficient 7,=0.86 (Figure 3B, Table S8).
Because each transcript could produce only one read in PA-seq,
whereas RNA-seq relies on the read coverage on the entire region
of a transcript, the read count in a given PA peak of a pA site
simply reflects the abundance of the corresponding transcript.

RNA cis-elements in regulation of viral polyadenylation
To investigate the regulatory elements responsible for polyad-
enylation of KSHV wviral transcripts, we analyzed flanking
sequences (£50 nts) of all 67 pA sites identified. Prevalence of
each nucleotide at individual position was calculated and followed
by motif analysis using WebLogo software (Figure 4A). A high
prevalence of “A” residues between 10 to 30 nts upstream of the
cleavage site was identified, representing the upstream A/U-rich
polyadenylation signal. The cleavage site itself was also enriched in
A residues, followed by a ~30 nt long, mostly U-rich element.
This distribution of RNA c¢is-elements around viral pA sites is in
agreement with what has been found in human transcripts [16].
To better understand the role of cis-elements in regulation of
KSHYV polyadenylation, we performed similar analyses separately
for three groups of pA sites with a narrow, broad, or wide peak
(Figure 4A). The profiles of pA sites with a narrow and broad peak
showed the highest similarity to the canonical pA site, with a
defined upstream A-rich and a downstream U-rich element. The
PA sites with a broad peak also exhibit a U-rich region further
upstream. However, there is no significant U-rich element
downstream of the pA site with a wide peak, nor other sequence
motifs could be seen. These differences in sequence context
surrounding the pA sites with different peaks could devote to their
notable abundance of the associated transcripts, and was further
reiterated by analysis of top 10 pA sites with the highest numbers
of sequence reads and bottom 10 pA sites with the lowest number
of sequence reads among all 67 pA sites. As shown in Figure 4B,
the top 10 pA sites show highly conserved polyadenylation signals
upstream and an U-rich region downstream. In contrast, the
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are canonical AAUAAA (69%) followed by AUUAAA (9%). The
usage of other non-canonical PAS for viral RNA polyadenylation

Analysis of upstream poly(A) signal (PAS) strength of KSHV pA
sites further reaffirmed this conclusion. The canonical (AAUAAA)
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human transcripts [20], about 12% of pA sites mapped in this
study have no PAS. Surprisingly, we found that most of the

upstream of the mapped 59 pA sites (Figure 5A, Table S9). Two
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non-canonical PAS were associated with a narrow peak and low
level of expression. In contrast, the broad and wide peaks use
predominantly canonical AAUAAA and AUUAAA PAS. This
became even more obvious with PAS in the top and bottom used
10 pA sites. We found that all top 10 pA sites, but only 60% of the
bottom 10 pA sites, contain the canonical AAUAAA (Figure 5B,
Table S10).

Experimental validation of selected KSHV pA sites

Given that the pA sites obtained by PA-seq, in general, showed
a high correlation with previously mapped KSHV pA sites, we
carried out a series of experiments to reconfirm several novel pA
sites discovered in this study by 3" RACE. These include the pA
site downstream of ORF27, the pA site mapped within the coding
region of ORF61, the alternative pA sites downstream of ORF54
and T'1.5, and a cluster of 5 unassigned pA sites downstream of the
onct internal repeats, in addition to the known pA sites and
unknown alternative pA sites of K11, K2/vIL6, and K12. Most of
the selected pA sites determined by PA-seq were verified by
sequencing the expected 3’ RACE products in the predicted size(s)
(Figure 6, Table S11). The alternative pA site at nt 25192 within
T1.5 IncRNA was not experimentally confirmed because of its
<1% usage among T'1.5 transcripts and lack of a searchable PAS
upstream, nor the alternative pA sites at nt 17227 for K2/vIL6
and at nt 117868 for K12 because of their lower level usage. We
were also unable to detect any 3'RACE product in the predicted
sizes from five pA sites downstream of vnct internal repeats, despite
their moderate usage based on the number of associated read
counts. These pA sites identified by PA-seq are in proximity to the
short internal 13-bp repeats region “onct”” between nt 29775 and nt
29942 of the KSHV genome. It is worth noting that four of the
five pA sites have no detectable PAS upstream and a pA site at the
nt 29615 has a non-canonical AAUAUA PAS. A reported pA site
at nt 18200 for an RNA antisense to K2 (vIL6) [29,31] which was
not revealed by PA-seq was also not detectable by 3" RACE in this
study (Figure 6).

We further verified the PA-seq-identified pA sites from the
mRNAs antisense to ORF21, ORF34, and ORF K8 by 3" RACE
and confirmed the production of the antisense RNAs in B cells
during viral lytic infection (Figure 7A). The read abundance of

PLOS Pathogens | www.plospathogens.org

these novel pA sites associated with each antisense RNA was
correlated, as predicted, to the amount (measured by band
intensity) of the 3" RACE products derived from its corresponding
RNA transcript (Figure 7B).

Alternative polyadenylation of KSHV T1.5 RNA

KSHV TI1.5 RNA is a long non-coding RNA, which is
transcribed from nt 24243 in the KSHV genome, next to the left
lytic origin of replication (orzz)(Figure 8A). The expression of T1.5
RNA is strongly inducible by viral transactivator RTA [32]. While
the expression of T1.5 is required for viral DNA replication, its
functional characteristics remain unknown [33]. Our study
showed that T1.5 RNA 1s one of the most abundant transcript
expressed during KSHV infection. The T1.5 RNA 3’ end was
mapped to nt 25440 [34] and we mapped it to nt 25441 by PA-seq
and by 3'RACE (Figure 6). In addition, we found that about 10%
of T1.5 transcripts were also polyadenylated from two additional
PA sites upstream of the nt 22541 pA site (Figure 8A), leading to
the production of ~300 nts shorter transcripts as verified by
Northern blot analysis of BCBL-1 total RNA (Figure 8B). Because
the antisense probe used in the assay was derived from a upstream
region of the mapped pA sites, this probe could detect all
transcripts running over this region: a strong band corresponding
to the reported size of the inducible T1.5 RNA, a smaller size band
(~1.2 kb) with weaker intensity representing the alternatively
polyadenylated T1.5 transcripts, and a much larger T6.1
transcript. The T6.1 RNA does not use T1.5 pA sites [34], but
rather a PAN pA site for its expression (Figure 1A).

T1.5 RNA contains a few short ORFs and has potential to
encode small peptides [34]. We thus assumed that T'1.5 might be
exportable to the cytoplasm. As expected, we demonstrated by
Northern blot analysis its partial presence in the cytoplasm
(Figure 8B). RNA FISH assays further showed T1.5 RNA
distribution both in the cytoplasm and nucleus of KSHV infected
PEL cells using an antisense RNA probe to the 3" end of T1.5
(Figure 8A, Figure S5). In these two assays, nuclear PAN RNA
served as a control (Figure 8B-C, Figure S5) and displayed, as
expected, predominantly in the nucleus overlapping with Hoechst
DNA staining [8,35]. Interestingly, the nuclear coexpression of
T1.5 and PAN RNA appears mutually exclusive. We found that
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doi:10.1371/journal.ppat.1003749.g004

the cells expressing high level of nuclear T'1.5 RNA display much
less nuclear PAN RNA or vice versa (Figure 8C). Compared with
the subcellular distribution profile of PAN RNA, we saw more B
cells with both cytoplasmic and nuclear distribution of T1.5 RNA
during virus lytic infection (Figure 8D).

Application of PA-seq to examine the expression of host
IL6 and GAPDH RNA in B cells with KSHV lytic infection

The usefulness of PA-seq was further extended to examine the
expression of a few host genes for its possible application to unveil

PLOS Pathogens | www.plospathogens.org

a pA site landscape of the host genome before and after KSHV
Iytic infection. Human IL6 (hIL6) and GAPDH were initially
chosen because B cells with lytic KSHV infection exhibit
increased expression of human IL6 [36,37], but decreased
expression of GAPDH (Figure 8B). As shown in Figure 9, the
results from PA-seq on GAPDH and hIL6 were comparable with
that from RT-qPCR. The decreased expression of GAPDH RNA
could be found by both methods in all three tested B cell lines
with KHSV lIytic infection and a significant increase of hIL6
expression in TREx BCBL-1 cells with lytic KSHV infection.

November 2013 | Volume 9 | Issue 11 | e1003749
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However, we did not see in either method an increased hIL6
expression in JSC-1 cells with butyrate (a very potent inducer)-
induced KSHV and EBV lytic coinfections, but observed the
increased hIL6 expression in BCBL-1 cells with valproate (a weak
inducer)-induced lytic KSHV infection by RT-qPCR. Human
IL6 is a cytokine highly sensitive to (vulnerable for) RNA
degradation and PA-seq detects the transcripts carrying an intact
3’-end poly (A) tail, while RT-qPCR detects only a small region
of the IL6 RNA. Thus, multiple factors could contribute to the
variations in detection of hIL6 gene expression from one cell line
to another.

PLOS Pathogens | www.plospathogens.org

Discussion

In this report we present the first viral genome landscape of
polyadenylation sites from three PEL cell lines with KSHYV latent
or lytic infection. The comprehensive pA site landscape for the
entire KSHV genome was revealed by using a modified PA-seq
strategy which conveys single nucleotide resolution and strand
specificity [24,25]. The mapped pA sites have been annotated to
all known KSHV genes and four putative novel genes in the
KSHYV genome. The steady-state expression level of every gene in
the KSHV genome from viral latent to lytic infection was
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determined by PA-seq and 3’'RACE are shown below each agarose gel, with numbers indicating the nucleotide positions of the mapped pA sites

(black arrows) in the KSHV genome.
doi:10.1371/journal.ppat.1003749.g006

quantified by PA-seq reads associated with each mapped pA site
and was used to distinguish viral latent genes from lytic genes. By
analyzing the flanking sequences of each mapped pA site, we
determined the regulatory elements governing viral RNA polyad-
enylation and gene expression. More importantly, we identified
several viral genes utilizing alternative polyadenylation as a
mechanism for their expression during KSHV infection. In
general, the mapped viral pA sites in this study have high
accuracy both in terms of nucleotide position and strand
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Figure 7. Validation of PA-seq-identified antisense RNAs to
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or ORF K8. See Figure 6 for more details. (B) Detection of 3’ RACE
products is correlated to the abundance of PA-seq reads derived from
specific antisense RNAs in individual B cell lines with latent and lytic
KSHV infection.

doi:10.1371/journal.ppat.1003749.9007
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orientation, when compared with the known viral pA sites
identified by the conventional methods (Table S3) [8,34,38-42].
However, we were unable to verify a few pA sites previously
reported in other studies, including a pA site at nt 124061 for a C-
terminal truncated LANA [43] and a pA site at nt 18200 (+) for
the expression of a 0.7 kb transcript antisense to K2 (vIL-6)
[29,31]. The 0.7 kb transcript was discovered using custom-made
tiling arrays covering the entire KSHV genome [29,31] and a T'7-
Oligo(dT) primer for sample cDNA synthesis. The likelihood
internal priming of the oligo primer used in the study might create
aberrant synthesis of cDNA probes hybridizing to the tiling arrays.
In our study the detection of any pseudo pA sites resulting from
internal priming was largely avoided by exclusion of the sequence
reads upstream of an A-stretch in the KSHV genome. It is worth
noting that the expression of the 0.7 kb transcript antisense to K2
was originally discovered only in viral lytically-infected endothelial
iISLK.219 cells derived from Kaposi sarcoma, but not detected in
PEL-derived B cells [29]. In addition to assigning the known pA
sites and many novel viral pA sites from this study to the KSHV
genes being previously annotated, we also identified a few novel
viral pA sites (Table S3) that could not be assigned to any known
KSHV genes. These unassigned pA sites are often found in the
opposite strand to known KSHV genes, including ORF8, ORF21,
ORF'34, K8 and ORF50. Some of those antisense transcripts were
described in other reports [29] and the existence of these RNAs
antisense to ORF21, ORF34, and ORF K8 transcripts could be
confirmed by 3" RACE in this study (Figure 7). Their potential
roles in KSHYV biology are now under active investigation.
KSHYV has been evolved to use one pA site for the expression of
multiple genes in many regions of the genome. Supporting this
notion, our PA-seq analysis identified numerous regions of the
KSHYV genome with several viral genes (up to 5 genes) sharing a
common pA site (Figure 1B). As a consequence, many KSHV
genes are expressed as bicistronic or polycistronic transcripts with
along 3’ UTR covering the coding region (s) of downstream gene
(s). These RNA structures are vulnerable to viral and cellular
miRNAs [44-46] and all transcripts from the gene cluster regions
could be regulated even by a single miRNA. Others could avoid
this regulation by RNA splicing of the downstream ORIF(s) as
shown in ORF50/K8/K8.1 and K1 transcript [28,47,48]. Thus,
understanding the gene organization and pA site position is critical
for knocking-out or knocking-down studies of various virus genes
from the KSHV genome in order to make appropriate interpre-
tation on the function of individual viral genes in a cluster region.
The usage of each mapped pA site in this study was determined
by counting the sequence reads associated with each pA site to
approximate the steady-state expression level of the associated
gene(s). When the sequence-reads of a given pA site in viral lytic
infection were compared with that in viral latent infection, we
could distinguish pA site usage from viral lytic genes to viral latent
genes. The pA site for lytic gene expression could be used 100-fold
more in lytic infection than in latent infection, whereas the pA site
usage for latent gene expression displays only little increase (less
than 10-folds) in lytic infection. Two pA sites downstream of K12,
a classical viral latent gene, could be an exception because both
showed an increased usage in viral lytic infection. The increased
usage of two K12 pA sites is consistent with the finding that a lytic
inducible promoter could be activated for K12 expression [49].
Analysis of pA site usage in lytic viral infection also confirmed
PAN RNA being an extremely abundant RNA species, with
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doi:10.1371/journal.ppat.1003749.9008

sequence-read counts in the mapped pA site at nt 29740 (+) from ensure high-level expression at the lytic stage. When compared to
viral lytic infection alone representing more than 80% of the total the pA sites falling into a broad or wide peak, an RNA transcript
sequence-reads for all pA sites. carrying a pA site with a narrow peak was less expressed, with

Moreover, the efficient expression of viral RNA transcripts was fewer PA-seq sequence reads. Although this difference in the pA
found being related to the peak size of a pA site in this study. It sites with a narrow peak might be attributable partially to their
should note that each transcript could give rise to only one read in frequent usage of non-canonical PAS, there must be other
PA-seq. Thus, the read count in a PA peak simply reflects the unknown mechanisms governing the utilization of a pA site with
abundance of the corresponding transcript. In fact, more sequence a narrow peak, other than canonical vs non-canonical PAS per se.
reads are not expected to inflate the size of a PA peak, especially Previous reports showed that the PAS strength directly affects the
when the pA cleavage events are precise. Therefore, the positive overall level of mature transcripts [50,51] and is determined by
correlation we observed between the sizes of PA peaks and the conservation of RNA cis-elements UGUAN upstream and an run
expression levels of corresponding transcripts may suggest some of U/G downstream of the PAS AAUAAA. For example, the
degree of “slippage” in polyadenylation of viral transcripts to presence of a weaker early SV40 PAS leads to lower expression of
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a reporter gene than the construct containing a stronger SV40 late
PAS when both were driven by the same promoter [52].
Therefore, the PAS strength governing polyadenylation of
individual viral transcripts may provide additional level of
regulation to fine tune their proper expression during viral
infection. In addition, the length of the 3" UTR could be another
factor to affect RNA expression level. A shorter 3’ UTR in KSHV
transcripts would provide expression advantage of viral genes in
escaping from miRNA-mediated RNA degradation [53,54].
Recent studies unveiled highly prevalent alternative RNA
polyadenylation in various organisms and its profound role in
regulation of gene expression [23]. We identified several KSHV
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genes, including both non-coding and protein-coding genes,
exhibit alternative RNA polyadenylation (Table S4). These
alternative pA sites were previously ignored because of their
relatively lower prevalence and the conceptual bias toward the
longest detectable transcripts. All alternative pA sites identified in
our study were located in the 3" UTR of the respective transcripts
and thus, their utilization does not affect coding potential of these
variant transcripts. Notably, alternative polyadenylation was
identified in two most abundant viral IncRNAs PAN and T1.5,
each of which harbors three alternative pA sites. We experimen-
tally verified the two alternative pA sites for the expression of
corresponding T'1.5 transcripts in B cells with viral lytic infection
(Figures 6, 8). In addition, alternative polyadenylation of PAN
RNA expression had been reported in our earlier study [35].
Therefore, the role of alternative polyadenylation in PAN and
T1.5 expression will become an attractive subject for better
understanding the function of PAN and T'1.5 IncRNAs.

Two unusual clusters of pA sites located downstream of the
internal repeat regions were identified by PA-seq, but could not be
validated by 3" RACE in this study. The first cluster is located in
the minus strand of the KSHV genome, downstream of “vnct” 13-
bp repeats and composed of 5 individual pA sites within a ~250-
bp region from nt 29376 (-) to 29615 (-). The second cluster of
three pA sites from 118012 (-) to 118087 (-) is also located in the
minus strand downstream of “zppa” repeat region containing two
23-bp repeats (Figure 1A). These pA sites are located within the
coding region of K12, but no transcripts associated with these
mapped pA sites were detected in previous studies [40]. None of
them has a canonical PAS upstream. The sequence reads detected
by PA-seq are more likely associated with cryptic transcription
from the internal regions [55]. However, these transcripts are
unstable and their degradation by cellular exosome is initiated by
addition of a short pA tail, which is mediated by a non-canonical
PA polymerase and is therefore is not dependent on PAS [56].
These transcripts with the rapid turnover may not be detectable by
3'RACE, but could be picked up by our high sensitive PA-seq.

Materials and Methods

Cells

Primary effusion lymphoma cells lines (JSC-1 [KSHV+, EBV+],
BCBL-1 [KSHV+ only] and TREx BCBL-1-vector and —RTA
[BCBL-1 derived]) [57,58] were used in this study The viral lytic
replication was induced for 48 h by 3 mM sodium butyrate (Bu)
for JSC-1 cells, 0.6 mM sodium valproate (VA) for BCBL-1 cells,
or 1 pg/ml doxycycline (DOX) for both TREx BCBL-1-vector
and —RTA cells. Total RNA was isolated by TRIzol (Invitrogen)
and genomic DNA contamination was removed by RNeasy Mini
kit (Qiagen) using on-column DNase I digestion step.

PA-seq

The 3’end library for each sample was constructed using a
modified PA-seq strategy [25,24]. Briefly, 10 pg of DNA-free total
RNA from each sample described above was sheared into 200—
300 nt fragments by heating (94°C for 3 minutes) with magne-
sium. After precipitation a reverse transcription was carried out
using a modified oligo(dT) primer (5'-bio-T;dUTTTVN-3', ‘bio’
denotes duo biotin group, ‘dU’ stands for deoxyuridine, V’
represents any nucleotide except T and ‘N’ denotes any
nucleotide). After second strand synthesis, resulted dsDNA was
pulled down by Dynabeads MyOne C1 (Invitrogen) and
dephosphorylated with APex Heat-Labile Alkaline Phosphatase
(Epicentre) enabling PCR strand specificity for selective adaptor
ligation. Dephosphorylated dsDNA was released from beads by
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USER enzyme digestion (NEB) and end-repaired, followed by an
“A” base addition at the ends. Notably, only the first-stand cDNA
contains a 5" phosphate, and thus can be ligated to bar-coded
Hllumina paired-end Y linker without a nick. The usage of a dUTP
in the oligo(dT) primer and the de-phosphorylation step reinforce
strand-specificity, and allow precisely mapping of pA cleavage site
at singe-base resolution. Ligation products between 250 bp and
450 bp were gel purified and PA-seq libraries were generated by
16-cycle PCR with Phusion Hot Start High-Fidelity DNA
Polymerase (Finnzymes). The obtained libraries were subjected
to two technical replicate sequencing by an lllumina HiSeq2000
sequencer.

Sequence analysis

Obtained raw reads were first aligned to KSHV genome
(GenBank acc no U75698.1), EBV B95-8 strain genome
(GenBank acc no V01555.2) and human genome (UCSC version
hg19) by Burrows-Wheeler Alignment tool (BWA) [59] allowing
two mismatches and processed by SAMtools [60]. All uniquely
mapped KSHV-specific sequence pairs were used for down-
stream analyses. First the distribution of obtained reads along
KSHYV genome was visualized using IGV genome browser (www.
broadinstitute.org/igv/) to assure their suitability for pA site analysis.
Individual KSHV pA sites were then designated by peak calling
using F-Seq program [26] on combined libraries. The PA-seq
peaks above the threshold of 50 reads were considered as true
peaks. The peaks were further refined by removing pseudo pA
sites resulting from “internal priming” due to continuous “A-
stretch” in the template. After the peak calling the sequence
reads were assigned back to individual samples to obtain the
reads-counts for both latent and lytic infection. To obtain a
relative expression level the total reads-counts were normalized
per million to overall reads mapped to both KSHV and human
[61].

Sequence motifs analysis

The sequence surrounding the mapped pA sites was covered
from 50 nts upstream and 50 nts downstream of each identified
PA site for the motif analysis. The percentage of occurrence for
each nucleotide was calculated, plotted and smoothed with the
loess function in R software (R version 2.12.1). Polyadenylation
signals (PAS) occurred within 50 nts upstream of pA site were
assigned manually. Graphical representation of sequence conser-
vation was generated by Weblogo v3 (http://weblogo.berkeley.
edu/) [62,63].

3’ RACE

Transcript 3" end was identified by SMARTer RACE ¢cDNA
Amplification Kit (Clontech). The primer sequences used in
3'RACE are listed in Table S11. The obtained 3'RACE products
were sequenced directly or after cloning in pCR2.1-TOPO vector
(Invitrogen).

Northern blot

Total RNA was isolated using TRIzol reagent. The cytoplasmic
and nuclear fractions of RNA were isolated as described [64].
Obtained RNA (5 pg) was separated on agarose gel and analyzed
by Northern blot analysis with **P labeled oligo probes: oVM 208
(5'-CGTGGCTGTGCTTCTCATCAT-3") for TI1.5 IncRNA,
oJM7 (5'-GTTACACAACGCTTTCACCTACA-3") for PAN
IncRNA, 0ZMZ270 (5'-TGAGTCCTTCCACGATACCAAA-
3") for GAPDH and oST197 (5'-AAAATATGGAACGCTT-
CACGA-3') for U6 snRNA.
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RNA FISH

The single stranded sense and antisense RNNA probes were
prepared by FISH Tag RNA Multicolour Kit (Invitrogen) by
vitro transcription using DNA fragment of KSHV genome (nt
24906-25375 for T1.5 and nt 29018-29481 for PAN IncRNAs) as
templates. The hybridization was performed as previously
described [65]. After immobilization the cells were fixed with
2% paraformaldehyde, permeabilized with 0.5% Triton X-100
and blocked with hybridization buffer (50% formamid, 5xSSC,
0.1% Tween-20, 50 pg/ml heparin, 100 pg/ml salmon DNA).
The hybridization was carried out overnight at 55°C. The nuclei
were counterstained with Hoechst dye. The pictures were
collected using a Zeiss LSM510 META laser-scanning microscope
(Zeiss).

RT-gPCR

Total cell RNA isolated by TRIzol (Invitrogen) was treated with
Turbo DNA-free DNase to remove DNA. Five micrograms of
total cell RNA was used to synthesize ¢cDNA using SuperScript
First-Stand Synthesis System (Invitrogen). The GAPDH and
human IL6 (hIL6) transcript levels were determined by RT-qPCR
using 4C, method [44,66,67].

Supporting Information

Figure S1 PA-seq analysis of KSHV transcripts. (A) Three
KSHV-infected PEL (primary effusion lymphoma)-derived B-cell
lines were used in PA-seq analysis during virus latent infection (left
column) or lytic infection (right column). (B) Total numbers of
sequence reads from each sample mapped to KSHV genome
(Genbank acc no U75698.1) or human genome (UCSC version
hg19). The other unassigned reads including those mapped to
EBV genome (Genbank acc no V01555.2) (3233 reads or 0.02% in
latent and 1998744 reads or 13.11% in lytic infection of JSC-1
cells) are shown as others. (C) A bar graph depicting % distribution
of the sequence reads from each sample assigned to KSHV or
human genome or others unassigned reads.

(TIF)

Figure S2 Determination of KSHV pA sites by F-seq
analysis. Diagram shows PA peak (red line) identified by F-seq
analysis of viral sequence reads (blue bars) aligned to the KSHV
genome. The PA mode, a nucleotide position with the highest
number of reads within the peak, was designated as a pA site. The
peak size is a distance from nucleotide position of the beginning to
the end of the peak within which a pA site is assigned. The total
number of all reads within the peak represents usage of the pA site.

(TIF)

Figure 83 Visual distribution of KSHV-specific sequence
reads obtained by PA-seq across viral genome. (A) Positions
and frequency (scaled to maximal 500) of the sequence reads
derived from B cells with latent (blue bars) or lytic (red bars)
infection were visualized on KSHV genome by IGV software
(http:/ /www.broadinstitute.org/1gv/). Green lines in the middle repre-
sent positions of reported KSHV genes. (B) A zoom-in to the locus
containing ORF50 (RTA)-K8-K8.1 gene cluster where the
sequence reads distribute in a plus (+) strand of the KSHV genome.
Below is a diagram of previously reported gene structure and
primary transcripts associated with this gene locus. Boxes represent
an ORF with positions of mapped promoters (arrows) and a pA
cleavage site (CS). The reads in latent infection represent
spontaneous reactivation of this locus in a very small fraction of
BCBL-1 cells and BCBL-1-derived TREx cells.

(TTF)
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Figure S4 Illustration of pA site mapped to the KSHV
genome in individual B cell lines with latent (blue) or
lytic (red) KSHV infection. Scaled bars for ecach pA site
represent normalized PA-seq reads per million.

(TIF)

Figure S5 Localization of KSHV T1.5 and PAN IncRNAs
in PEL cells. Specificity of each probe described in Figure 8 was
tested in doxycycline-treated TREx cells by RNA FISH
experiment as described in experimental procedures. The specific
signal was observed only in TREx-RTA cells but not in TREx-
vector cells.

(TIF)

Table S1 Positions and strand specificity of all KSHV
PA sites determined by F-seq analysis of combined six
PA-seq libraries.

(PDF)

Table S2 The pA sites mapped by PA-seq in selected
KSHY viral transcripts are comparable to the pA sites

previously mapped by traditional methods.
(PDF)

Table 83 Utilization of identified pA site with individual
or cluster of KSHV genes. Adjacent 3'UTR length calculated
as a distance between mapped KSHV sites to an immediately
upstream KSHV ORF. N/A-not applicable.

(PDF)

Table S4 KSHYV genes contain alternative pA sites which
can be used during virus infection. Individual pA site usage
(%) was calculated from total number of sequence reads for all pA
sites In a given gene transcript.

(PDF)

Table S5 Normalized pA site reads mapped to the
KSHV genome in individual B cell lines with latent or
lytic KSHYV infection.

(PDF)
Table S6 The usage of individual KSHV pA sites during
latent and lytic infection from combined datasets of
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