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ABSTRACT Kaposi's sarcoma-associated herpesvirus (KSHV) is a large, oncogenic DNA
virus belonging to the gammaherpesvirus subfamily. KSHV has been extensively studied
with various high-throughput RNA-sequencing approaches to map the transcription
start and end sites, the splice junctions, and the translation initiation sites. Despite these
efforts, the comprehensive annotation of the viral transcriptome remains incomplete. In
the present study, we generated a long-read sequencing data set of the lytic and latent
KSHV transcriptome using native RNA and direct cDNA-sequencing methods. This was
supplemented with Cap Analysis of Gene Expression sequencing based on a short-read
platform. We also utilized data sets from previous publications for our analysis. As
a result of this combined approach, we have identified a number of novel viral tran-
scripts and RNA isoforms and have either corroborated or improved the annotation
of previously identified viral RNA molecules, thereby notably enhancing our comprehen-
sion of the transcriptomic architecture of the KSHV genome. We also evaluated the
coding capability of transcripts previously thought to be non-coding by integrating our
data on the viral transcripts with translatomic information from other publications.

IMPORTANCE Deciphering the viral transcriptome of Kaposi’s sarcoma-associated
herpesvirus is of great importance because we can gain insight into the molecular
mechanism of viral replication and pathogenesis, which can help develop potential
targets for antiviral interventions. Specifically, the identification of substantial transcrip-
tional overlaps by this work suggests the existence of a genome-wide interference
between transcriptional machineries. This finding indicates the presence of a novel

regulatory layer, potentially controlling the expression of viral genes.
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nfection with Kaposi's sarcoma-associated herpesvirus (KSHV), a gamma-2 herpesvirus,
is usually asymptomatic in healthy individuals, but it can lead to severe diseases in
patients with compromised immune systems, such as those with AIDS (1). KSHV is the
etiological agent of Kaposi's sarcoma (2), which is characterized by the formation of
aberrant blood vessels in the skin, mucous membranes, and internal organs (3). Beyond See the funding table on p. 16.
this, KSHV has also been associated with other forms of cancer, such as primary effusion Received 19 September 2023
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certain genomic regions (5). Its lifecycle comprises of a latent and lytic phase. Follow-  accessarticle distributed under the terms of the

ing infection of oral epithelial cells, KSHV eventually infects B lymphocytes, where it Ei‘:s:eCommonSAtt”bunon 40 International
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establishes latency, leading to a lifelong persistence in humans (6). KSHV can also
establish latency in several cultured cell lines (7). During latency, KSHV produces four
latent viral proteins, such as LANA, vCyclin, vFLIP, and Kaposin encoded by ORF73, ORF72,
ORF71, and by K12, respectively (8-10). Around 25 microRNAs (miRNAs) encoded by 12
precursor miRNAs (pre-miRNAs) (8, 11, 12) are also expressed during latency. LANA is
responsible for maintaining the episomal viral DNA in the nucleus of infected cells (13,
14). KSHV miRNAs have been shown to target cellular mRNAs (11, 12, 15) and play a role
in adjusting antiviral pathways (16) as well as influencing cellular growth. KSHV generates
another type of ncRNA, known as circRNAs whose expression is induced during lytic
infection (17, 18). The lytic cycle is initiated by the immediate early replication and
transcription activator protein RTA, encoded by the viral gene ORF50 (19, 20). A recent
study showed that the let-7a miRNA/RBPJ signaling pathway is also involved in the
regulation of KSHV lytic replication, which is competitively modulated by RTA and LANA
(21). RTA increases RBPJ levels by regulating let-7a, while LANA decreases RBPJ levels.
During the lytic cycle, KSHV also produces a significant amount of a long non-coding
RNA (IncRNA) called PAN, which overlaps with the K7 gene (22, 23).

KSHV transcripts have previously been examined using traditional techniques,
including Northern blot, quantitative PCR (qPCR), and microarray analyses (24-27).
Long-read sequencing (LRS) technologies have recently become important in viral
transcriptomics (28-35). Native RNA sequencing is widely regarded as the gold standard
in transcriptome research due to its ability to minimize the generation of spurious
transcripts that can occur during library preparation and sequencing with other
techniques. However, it is important to note that this technique also has certain
limitations. For instance, transcript truncation might occur due to digestion by RNase
enzymes or during RNA preparation, which can lead to false identification of transcrip-
tion start sites (TSSs). Using short-read sequencing (SRS) technology, high-resolution
transcriptome maps of KSHV have been produced, leading to the discovery of novel
bi-cistronic transcripts, splice variants, and gene expression dynamics during both latent
and lytic infection phases (36-39). Arias and colleagues demonstrated that the long
TSS isoforms can contain upstream open reading frames (UORFs) encoding regulatory
proteins (40). A recent RAMPAGE study (41) uncovered numerous previously unidentified
TSSs and their associated cis-regulatory elements (42). To date, the number of KSHV
introns has increased nearly 10-fold, and numerous new splicing events have been
detected for KSHV transcripts using ultra-deep SRS (43, 44).

Despite the popularity of SRS, this technique is limited in its ability to assemble
full-length transcripts and accurately identify the isoform profiles. LRS approaches,
such as Oxford Nanopore Technologies (ONTs), overcome these limitations. They offer
single-molecule sequencing with the capability to detect full-length transcripts and
allow the accurate identification of transcript isoforms, including splice and length
variants (28). Despite extensive high-throughput RNA-sequencing efforts to profile viral
transcripts, the KSHV transcriptome is still incomplete. Here, we employed nanopore
sequencing alongside other techniques to provide a comprehensive annotation of the
KSHV transcripts in primary effusion lymphoma cells.

RESULTS
Methods for the analysis of the KSHV transcriptome

In this study, we employed a combined RNA sequencing approach to analyze the poly(A)
* fraction of both the lytic and latent KSHV transcriptomes in the transgenic PEL cell
line iBCBL1-3xFLAG-RTA. Lytic reactivation was induced by adding doxycycline (Dox) to
the cells to express the 3xFLAG-RTA transgene, the inducer of the lytic cycle (Fig. 1).
The lytic viral transcriptome was analyzed at 24 hpi at which time point all lytic genes
have been shown to be expressed (27). Our investigations incorporated direct cDNA- and
native RNA-based library preparation techniques for nanopore sequencing (dcDNA-Seq
and dRNA-Seq, respectively), along with Cap Analysis of Gene Expression sequencing
(CAGE-Seq) which was carried out using an lllumina platform. The mapped reads were
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FIG 1 Induction of the KSHV lytic cycle. (A) Immunoblot analysis of the expression of KSHV proteins (RTA, ORF6, and LANA) in iBCBL1-3xFLAG-RTA cell line at
0 hpi (latency) and 24 hpi (lytic reactivation). Tubulin is used as a loading control. (B) quantitative reverse transcription PCR (qRT-PCR) analysis of the relative

expression of the immediate-early RTA, early ORF36, and late ORF25 viral mRNAs. The fold change shows the ratio of viral mRNA level at 24 hpi relative to 0 hpi.

The degree of statistical significance in the induction of viral gene expression was calculated by t tests (¥, P < 0.001 and n = 3).

then subjected to transcript annotation applying the LoRTIA pipeline developed in our
laboratory (45) (Fig. 2). In this work, the LoRTIA program was employed for assessing
the quality of sequencing adapters and poly(A) sequences and filtering out false TSSs,
transcriptional end sites (TESs), and splice sites that could arise from RNA degradation,
reverse transcription (RT), second strand synthesis, PCR amplification, or the sequenc-
ing reaction itself (45). The relevance of all eligible features was assessed against the
Poisson or negative binomial distributions, and the P-value was adjusted using the
Bonferroni correction method. Additional stringent filtering criteria were applied to
enhance the confidence in the validity of the annotated LoRTIA transcripts (see below).
In our pipeline, we also included a check for the potential presence of A-rich regions
upstream of the TESs. Reads apparently originating from these regions were discarded
as they may be indicative of false priming events. In order to further ensure that
the annotated transcripts were not the result of possible internal priming events, we
employed the talon_label_reads submodule of the TALON software package (46) for
transcript annotation using the reads identified by the LoRTIA program. In this work,
we also utilized data sets on KSHV from other publications [(5, 38, 40, 47-52); online
supplementary file 1].

Identifying transcriptional start and end sites

The transcript ends were determined using LRS and CAGE-Seq methods, revealing an
overrepresentation of PAN transcripts in the sample at 24 hpi (Fig. 3; Fig. S1). Other
transcripts, such as K7, K8, K8.1, ORF11, K2, and K4 mRNAs, also exhibit a compara-
tively high count of transcript ends. We compared the obtained results with previously
published data from RAMPAGE (42), 3'RACE (47), and CAGE-Seq (40) studies. As a result,
we identified 557 positions as TSS from the dcDNA-Seq samples, of which 478 represent
new findings. Remarkably, 38% of these positions were independently confirmed by
RAMPAGE and 5' RACE with base pair precision (Table S1; Fig. S2). Our research led to
the discovery of 181 TESs. Out of 181 TESs, 146 were subsequently confirmed through
direct RNA (dRNA) sequencing. Additionally, we observed a poly(A) signal in 97 cases,
positioned on average approximately 26.65 base pairs upstream of the TESs (Table S1).
Out of the 97 poly(A) signals identified, 47 had not been annotated before (Fig. S2).
The composition of both known and newly discovered poly(A) signals is listed in Table
S1. Among the 181 detected TES positions, 106 were deemed suitable as 3' ends for
transcript assembly. These TESs were also compared to already described transcript
end positions (38, 40, 47), and we found 106 hitherto undetected TESs, by which we
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FIG 2 Workflow. This visualization details the methods used for generating novel sequencing data and encompassing steps such as DNA extraction, library
preparation, RNA sequencing, and subsequent bioinformatics analyses. The flowchart illustrates each phase for clarity and order of execution.
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FIG 3 Transcriptional start sites of KSHV RNAs TSS distributions derived from CAGE-Seq, direct cDNA (dcDNA), and dRNA sequencing data. For dcDNA and dRNA
methods, the 0 hpi and 24 hpi samples are illustrated. For each nucleotide, the number of reads that started with their 5' ends at the given position was counted.
For the dcDNA-Seq, only reads with discernible directionality, identifiable by the presence of either 5' or 3' adapters, were included. For the dcDNA samples, data
from all three replicates were merged. The TSS signal strength values were subsequently aggregated in 100-nt segments to present the distributions of TSSs.
The y-axis limit was set to auto scale in (A) to 500 reads (B), and 50 reads (C). Gene (represented by arrows) and TSS distributions are differentiated by color: the
positive strand is marked in red, while the negative strand is in blue.
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approximately doubled the end positions of KSHV's mRNAs. Notably, the TES positions
exhibited significant overlap with the majority of pre-existing annotated TESs, encom-
passing 94% (64 out of 68) within a 10 base pair range (Table S1; Fig. S2).

The application of advanced 5'-end sequencing technologies revealed that most,
if not all, promoters use tightly clustered groups of TSSs for initiating transcription.
Consequently, it would be more accurate to refer to this occurrence as “transcription start
site clusters (TSSCs)" (53, 54). Our study on KSHV corroborates the finding that transcrip-
tion initiation represents a collection of bases (55). We found that this phenomenon
could also be extended to transcription termination (Fig. S3). However, for the sake of
simplicity, we employ the labels “TSS” and “TES,” referring to the aggregate of individual
TSSs or TESs within a short sequence. It is still unclear whether this variation has a
functional role or if it just represents transcriptional noise. Many of the detected end
positions may also be of technical origin (56). In total, we identified 557 TSSs. Of these,
470 were confirmed by dRNA-Seq, 322 by CAGE-Seq, and the RAMPAGE data confirmed
190 TSSs (Table S1).

Characterization of the viral promoters

In this part of the study, we identified promoter elements using SeqTools, an in-house
software. Specifically, we detected 81 TATA boxes, on average 31.23 bps upstream from
the TSSs, and 116 GC boxes on average 69.03 bps upstream from the TSSs (Table S1)
by using this pipeline. From the 81 detected TATA boxes, 50 TATA elements seemed
to be previously undescribed (Fig. S2; Table S1). TSSs with a TATA box are rich in G/A
bases at their first positions, while C/T base richness is observed at position —1 (Fig. 4).
TSSs without a TATA box are G-rich both at the 0 and +1 positions. We identified 20
CAAT boxes on average 117.35 bps away from the TSS. From the transcription factor IIB
binding sites, we identified two sets of B recognition elements (BREs) nearby, upstream
of the TATA boxes: (i) four upstream BREs on average 38.25 bps away from the TSS and
(i) 33 downstream BREs on average 23.66 bps away from the TSS. We identified two
downstream promoter elements on average 28 bps from the TSSs.

Transcriptional activity along the KSHV genome

Unprocessed sequencing reads from both dcDNA-Seq and dRNA-Seq were used to
display the transcriptional activity throughout the entire KSHV genome (Fig. 5). This
method enables the collection of a maximal number of transcription reads prior to
any bioinformatic filtering. Given that LRS has a bias toward short reads, the per-point
coverage is certainly not entirely accurate. Yet, it is noticeable that transcriptional
activity spans the full length of the viral genome. It is assumed that with increased
data coverage, transcriptional activity from every base on both DNA strands could be
detected.
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FIG 4 TSS consensus sequences identified in KSHV. The nucleotide composition of TSSs was identified
in this study. (A) Genomic surrounding of TSSs with TATA box within a £5 bp interval. The first letter of
TSSs (position 0) is enriched with G/A bases. (B) Genomic surrounding of TSSs without TATA box within a
+5 bp interval. The 0 and +1 TSS positions are enriched with G bases. Base frequencies are depicted by
WebLogo.
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FIG 5 Transcriptional activity along the KSHV genome. This figure shows the dcDNA and dRNA sequencing data sets derived from the 0 hpi and 24 hpi samples.
The value associated with each nucleotide was determined by tallying the number of reads overlapping that specific position. In the dcDNA-Seq, only those
reads were considered where the orientation was discernible via the detection of either 5' or 3' adapters. The data from the three replicates of dcDNA-Seq were
merged. These numbers were then grouped in 100-nt intervals to form the distributions displayed. Panel (A) restricts its y-axis to auto scale, while panel (B) sets
a limit of 5,000 reads, and panel (C) sets a limit of 500 reads. Gene orientations are differentiated by color: the positive strand is represented in red, and the
negative strand in blue.
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Canonical mRNAs

We performed annotation of the canonical mRNAs, which are defined as the most
abundant RNA isoforms expressed by protein-coding genes (Fig. 6; Table S2). Notably,
not all canonical transcripts were identified when subjected to our strictest set of
conditions, which were the presence in three parallel cDNA samples, detection via
dRNA-Seq, CAGE-Seq and RAMPAGE-Seq, as well as the presence of an upstream
promoter. Consequently, we had to loosen some of the above constraints for the
annotation of the missing transcripts. However, in some viral genes, no complete RNA
molecules were detected at all, even under the less stringent criteria, probably due to the
low level of gene expression (e.g., ORF7) and the large size of the transcript (e.g., ORF63
and ORF64).

Non-coding transcripts

We have also identified IncRNAs and pre-miRNAs (Fig. 6). Non-coding transcripts possess
their own promoters and are located in intragenic (such as PAN) or intergenic posi-
tions, or they overlap mRNAs in an antiparallel manner [antisense RNAs (asRNAs)].
However, antiparallel segments at either end of the mRNAs can also be found. This
occurs when nearby genes on opposite strands overlap in their transcriptional activity,
either convergently or divergently. Transcript isoforms that have exceptionally lengthy 5’
untranslated region (UTR) may also be ncRNAs, given the substantial gap between the
TSS and translation initiation sites (TISs). Despite the ambiguity in this matter, we depict
them as protein-coding transcripts in Fig. 6. In addition to the previously published
ncRNAs, we were able to identify new transcript isoforms of this type (Table S2).

Spliced transcripts

For the identification of splice sites within the KSHV transcripts, we employed highly
stringent criteria; we not only required their occurrence in a minimum of three differ-
ent samples but also mandated the presence of splice donor and acceptor consensus
sites (GT/AG) and detection by dRNA-Seq in addition to direct cDNA sequencing. The
dRNA-Seq validation process included checking either splice sites or the entire RNA
sequences. It is known that poxvirus transcripts do not undergo splicing (57). Therefore,
alongside KSHV, we also performed dcDNA-Seq and dRNA-Seq using the monkeypox
transcripts to determine whether the library preparation or the sequencing protocols
might yield false splicing. Our LoRTIA software did not identify any potential introns,
thus confirming that the spliced transcripts we observed in KSHV are not artifacts but
rather of biological origin (supporting data not shown). We assume that the discarded,
low-abundance spliced reads are also genuine spliced transcripts, even though they
might not have a function. Furthermore, we noticed significant heterogeneity in the
splicing sites, where the same splice donor site was paired with different acceptor sites
and vice versa (Table S1). Another notable characteristic is that splice consensus sites
are surrounded by numerous alternative splice sites in their proximity. We detected
altogether 100 introns, which were compared to already described introns published
by others (40, 44). Altogether, 19 introns were common in all of the analyzed four
data sets and 14 introns overlapped with any of three data sets (Fig. S2). Here, we
listed 35 putative, hitherto undetected splice junctions based on dcDNA-Seq and
dRNA-Seq (Table S1). Fusion transcripts represent spliced sequences derived from at least
two neighboring or proximate genes, encompassing chimeric UTRs or coding regions.
In principle, the downstream partner in ORF fusions can be positioned in-frame or
out-of-frame. In this work, we identified 10 genomic regions encoding fusion transcripts
(Fig. 6).

Identifying 5' and 3' UTR isoforms of mRNAs

Determining the exact boundaries of 5 UTRs of RNAs represents a pivotal part of
transcript annotation. Methods, such as Cap-selection, Terminase enzyme utilization,
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CAGE-Seq, 5'RACE, and RAMPAGE-Seq analyses, have limitations for validating particular
TSSs with high degree of uncertainty. This issue presents a notable problem particularly
for reads with low abundance and also for shorter reads (roughly 300-1,500 base pairs),
which appear to be more frequent in raw data due to the aforementioned biases.
Therefore, we implemented even more stringent criteria for the annotation of these
reads, which were as follows: we have raised the score cutoff for CAGE-Seq data to
50 counts. The likely consequence of our strict criteria system is that numerous low-
abundance transcripts remained unidentified, e.g., mMRNAs expressed from ORF7, ORF19,
ORF20, ORF63, ORF64, and K15 genes. Our findings indicated that the average length of
5" UTRs in canonical transcripts was 549.66 bp (median 257 bp, SD = 746.46), whereas
the mean length of 3’ UTRs of canonical transcripts was 188.83 bp (median 78 bp, SD
= 353.12). It should be mentioned that the potential nested mRNAs with truncated
in-frame ORFs (ifORFs) are not regarded as transcript isoforms. Given that these RNAs
produce distinct protein molecules, they are addressed in the subsequent section.

Non-canonical ORFs with putative coding function

Nested genes reside within the coding regions of host genes. They share the same
TES but possess different TSSs compared to canonical transcripts. Nested genes have
shorter ifORFs, which, if translated, would encode N-terminally truncated polypeptides.
The existence of this transcript category is well-documented in herpesviruses (28), which
has also been identified in KSHV (58). To find evidence for the translation of novel
ifORFs, we reanalyzed the RiboSeq data published by others (40) (Fig. S4 and S5). The
latter study (40) detected several uORF, short ORFs (sORF), and some internal ORFs
(intORF). To gauge the total protein-coding capacity of certain KSHV transcripts, we first
identified all potential ORFs in the full-length viral mRNAs. We found 19,930 potential
ORFs on the annotated transcripts that include either cognate or non-cognate start
sites (Fig. S6 and S7A). Only those transcripts were selected that contained an internal,
co-terminal ORF (altogether 24 ifORFs). Based on our analysis, we identified 24 ifORFs
that contained annotated truncated ORFs: K10, K2, K3, K4, K5, K6, K9, ORF11, ORF16,
ORF17, ORF17.5, ORF22, ORF27, ORF39, ORF45, ORF49, ORF50, ORF54, ORF55, ORF57,
ORF58, ORF6, ORF69, and ORF70 (Fig. S7B).

Subsequently, we reanalyzed the raw RiboSeq data published by others (40) aligning
them with the 5'-truncated transcript data from our LRS approach to obtain the
translationally active sites on the viral mRNAs. This led us to identify multiple hidden
TISs within the canonical ORFs. We chose only the highest significant TISs (P < 0.05) and
associated them with the potential ifORFs of K2, K6, ORF11, ORF17, ORF17.5, ORF45, and
ORF57. These genes use predominantly the canonical AUG and to a lesser extent the AUA
non-canonical start codons and are terminated in-frame compared to the given ORF. Our
algorithm also detected TIS-peaks on the transcript isoforms of K3, K4, K5, K9, ORF16,
ORF22, ORF27, ORF39, ORF49, ORF50, ORF54, ORF55, ORF58, ORF6, ORF69, and ORF70
with notably high occurrence (however, their z-score significance values were slightly
above the P-value at 24 hpi (Table S2; Fig. S7C).

Six intORFs have previously been identified in KSHV (40). Yet, based on our LRS data,
three of them would be more aptly termed as uORFs due to their short length and the
presence of a longer downstream ORF within the same transcript. We determined that
the intORF within ORF10 is not transcribed separately but rather in conjunction with the
downstream ORF11, resulting in a 5'UTR variant. Similarly, the intORF of K8.1 seems to act
as an UORF for the transcript associated with the second exon of the K8.1 gene, which is
transcribed independently (Supplemental File 1).

Coding potential of “non-coding” KSHV sequences

Another question we also explored is whether the long ncRNAs of KSHV possess any
coding potential. We detected asRNAs in the genomic region encoding immediate-early
(IE) genes and other tandem areas of the KSHV genome. Previously, these regions were
believed to be non-coding. To assess the coding capability of these genomic segments,
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we re-examined the original RiboSeq data (40) and identified the ribosomal footprints on
the KSHV transcripts. Additionally, a proteomic study of lytic KSHV infection employing
an RNA-tiling array and protein LC-MS-MS method had been conducted (49). By linking
these data sets, we were able to associate viral peptide sequences that had no previ-
ously identified corresponding mRNAs. In-depth reanalysis of these proteomic data sets
revealed that a portion of these unlinked viral peptides may be encoded by the asRNAs
and complex transcripts that are multigenic RNAs containing at least one ORF in an
opposite orientation (Table S3).

An OriLyt-spanning protein-coding transcript

We identified a cluster of replication-associated RNAs (raRNAs) (59) overlapping the KSHV
OriLyt-L with a shared TSS at the genomic location 24,178. This position is adjacent to a
TSS previously documented by others (40, 50). Moreover, this locus contains a TATA-like
element 29 bp upstream of the TSS (48). They have been categorized as non-coding
in our first survey. However, in all six independently analyzed RiboSeq samples (40),
a pronounced TIS peak is observed at the intergenic repeat region, positioned at the
genomic location 24,214, which lies between K5 and K4.2, suggesting the existence of
a novel, OriL-spanning sequence with the potential for encoding a 233 amino-acid long
polypeptide. Furthermore, four peptide sequences from the KSHV proteomic data set
(49) are mapped to this intergenic area (Table S3). These peptides are aligned in-frame
with the recognized sORF that are terminated at genomic position 24,915 (Fig. S8). A
search in the database of conserved protein domains, utilizing the in silico translated
sequence of the 233 amino acids, showed a subtle similarity to eukaryotic PolyA-binding
protein superfamily (3.97 e-4) and to DNA Polymerase Ill subunits gamma and tau (2.43
e-8). A BLASTP query revealed the highest resemblance to either hypothetical or not yet
characterized proteins (with scores of 132 and 102) and mucin-like proteins (scoring 112).

Transcriptional overlaps

Gene pairs can adopt parallel (—»—), convergent (—<), or divergent (<—) orientations.
If the canonical transcripts of gene pairs form transcriptional overlaps (TOs) with each
other, we refer to it as a “hard” overlap. On the other hand, a “soft” TO occurs when
only the longer TSS or TES variants form overlaps but not the canonical transcripts.
Fig. 3C (along with Fig. 7) and Table S4 show that out of 13 canonical transcripts
encoded by convergent gene pairs, 8 form hard TOs, while the remaining transcripts
produce varying degrees of soft TOs. Divergent gene pairs predominantly generate hard
head-to-head TOs (10 out of 12 gene pairs), with two instances of soft TOs. Notably,
both convergent and divergent gene pairs with hard TOs exhibit more extensive overlaps
due to transcriptional read-through or the generation of long TSS isoforms, respectively.
Furthermore, we observed that in co-oriented viral genes, the TSS of downstream genes
is in many cases located within the ORF of the upstream gene. It is important to
mention that our data underrepresent divergent TOs because a significant proportion
of TSSs are not detected in transcription reads due to sequencing biases favoring short
sequences. Similarly, the extent of convergent overlaps is also underestimated because
RNA polymerase tends to read through the poly(A) site, resulting in an extended nucleic
acid stretch that gets later truncated at the TES.

Viral transcripts expressed during latency

We have also analyzed the viral gene expression in non-induced (latent) iBCBL1-3xFLAG-
RTA cells. While we were able to identify the four latency transcripts, we also detected
viral transcripts that are typically expressed during the lytic phase, such as the PAN
RNA whose amount was significantly higher compared to other viral RNAs (Fig. 5). This
observation is attributed to the spontaneous reactivation of the virus in a number
of latently infected cells. Indeed, Landis and colleagues employing single-cell RNA
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sequencing to study KSHV latency detected such variability in gene expression within
the latently infected PEL cell population (60).

DISCUSSION

Over the last couple of years, sequencing technologies have significantly advanced.
This rapid development, spearheaded by third-generation LRS techniques, instigated
a fundamental transformation in the study of cellular and viral transcriptomes (28, 61-
65). Investigations have demonstrated that the transcriptomic composition of viruses
is considerably more intricate than initially thought (66). A broad array of overlapping
transcripts has been unveiled in every herpesvirus family (59, 67).

Through the creation of an LRS data set and the application of a robust transcript
annotation pipeline, we effectively annotated numerous novel TSSs, TESs, introns, and
transcripts and confirmed or amended previously annotated KSHV RNAs in the lytic
phase (24 hpi) and during latency. We successfully identified long 5'UTR isoforms,
complex transcripts, various alternative splice variants, and chimeric RNA in the KSHV
transcriptome. Our splice detection results from dRNA-Seq align with other published
data sets to differing extents, with only a restricted subset of introns (19) being common
across all the examined data (Fig. S2).

The most recent extensive reannotation of the KSHV transcriptome was carried out by
Arias and colleagues in 2014. We have not only corroborated their discoveries but also
integrated our data with theirs and with findings from other studies (42-44). As a result,
we were able to increase the number of TSS and TES positions of KSHV genes by an order
of magnitude. Furthermore, by employing LRS techniques, we managed to connect the
end positions of viral mRNAs and to identify alternative splice sites.

Our research significantly expanded the number of KSHV TSS and TES in compari-
son to previously published data (Fig. S2B and C; Supplemental File 1). Although LRS
techniques have made advancements in accuracy, the reliable end-to-end identification
of transcripts continues to pose a challenge (56). To guarantee the credibility of our
results, we applied strict filtering standards and cross-checked our discoveries with
validated data from additional research studies. We employed the LoRTIA pipeline, a tool
developed in our lab, for the annotation of KSHV transcripts. To provide further validation
of our findings, we utilized CAGE analysis, along with RAMPAGE, 3'RACE, and RiboSeq
data generated by other researchers. It is important to note that our strict filtering may
have resulted in the loss of several rare bona fide transcripts.
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Our research also uncovered an incredibly intricate network of TOs. Herpesvirus
gene clusters comprising co-oriented genes are known to produce parallel TOs due to
their shared transcription termination. Our approach revealed that most convergent and
divergent gene pairs create “hard” overlaps, where their canonical transcripts overlap
with each other.

Furthermore, our findings indicate that the entire KSHV genome is transcriptionally
active, including both DNA strands as also shown by previous studies. Nevertheless, the
question arises whether all these transcripts serve functional roles, or whether some of
them are the results of a transcriptional interference mechanism (66), or perhaps, they
are just transcriptional noise (68).

We identified several new nested transcripts that include co-terminal intORFs. We
define “ifORF” as a form of the intORF, which is detected within monocistronic tran-
scripts in in-frame position. For ifORFs located within the 5'UTR of RNAs encoded by
the upstream genes in a multicistronic transcript, it is difficult to determine whether
they are just long 5’UTR isoforms of the downstream gene or if these ifORFs are
actually translated. It is an important issue since, in the latter scenario, the downstream
gene would not undergo translation due to the absence of requested sequences
and molecular mechanisms that would allow this process. Whether these putative 5
truncated ORFs have true coding capacity and are all biological products remain to be
determined.

The initiation codons for ifORFs are substantiated by notable TIS signals. ORF57
is one of the essential regulatory KSHV genes, which encodes the IE63 homolog of
HSV-1 (ICP27). We confirmed the long isoform of its transcripts described originally by
Northern-blot analysis (24) and found several internal, short isoforms as well. The K3 and
K5 gene products are involved in the modulation of host cell’s immune response (69).
The K3 gene possesses an intORF (40), and we successfully associated it with multiple
transcript isoforms. Despite the many nested transcripts identified within K5, we did not
detect “strong” TIS signals, which indicate that not all embedded transcripts function as
potential protein-coding mRNA.

A limited number of factors orchestrate the first steps of the KSHV lytic infection
(70). We detected the highest TSS variability of transcript isoforms in ORF50-(ORF49)-K8-
K8.1 locus and the highest intron variability in the K2-ORF2-K3-ORF70 genomic region
(Supplemental File 1; Fig. S4) involved in immune evasion.

The OriLyt-L region of KSHV holds significant interest due to the existence of repeats
that provide a binding site for RTA. Transcriptional activity and TES have already been
detected in this region by several independent experiments (40, 47, 49, 50, 71). However,
they could not determine the exact structure of these mRNAs. In this region, the K4.1
mRNA and another labeled as T1.5 were identified using Northern-blot (50, 71). Close
to the 3'end of these transcripts, a short potential protein, termed OLAP, has been
previously predicted (48), and a TIS signal was detected (40). Here, we not only identified
these transcripts but also discovered a subset that includes a new, extended isoform of
an OriLyt-L-spanning RNA. The ORF identified here is also corroborated by RiboSeq and
LC-MS-MS data (40, 49). However, we were unable to identify the 6 kb long, OriLyt-L
spanning transcript T6.1 (48).

Several KSHV asRNAs have previously been identified (48, 49, 72). Notably, the 10-kbp
long antisense latency transcript (ALT) might play a role as a primary regulator of OriLyt-R
latency locus. Contrary to the earlier hypothesis suggesting that ALT exists without other
isoforms (71), we identified shorter versions of ALT. Moreover, we also discovered other
asRNA isoforms to which we could associate viral peptide fragments that were previously
not assigned to any viral transcripts (49). This led us to propose that these asRNAs might
be the original source for these peptides. Although peptides encoded by antisense RNAs
have been observed in KSHV (51) and other herpesviruses (73, 74), their precise function
continues to be an area of active debate (75).

Gammaherpesviral ncRNAs modulate host immune reactions through various
mechanisms (76, 77). Among ncRNAs, the newly characterized circRNAs are produced
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by back-splicing (17, 78). The new introns identified in our study might serve as a source
for circRNAs. The full coding capacity of the KSHV transcriptome still requires deeper
exploration. While the LC-MS-MS method has challenges in detecting low-abundance
proteins, employing advanced protein sequencing methods on nanopore arrays could
address this issue (79, 80).

Taken together, the information generated by integrating the data obtained from
our combined methods has expanded our understanding of the viral transcriptome
architecture of KSHV. Our results illustrate that the lytic transcriptome of the KSHV is even
more complex than it was initially described. Our study underscores the significance of
utilizing a combined multiplatform strategy in transcriptomics.

MATERIALS AND METHODS
Cell culture, RT-qPCR, and immunoblot analyses

The iBCBL1-3xFLAG-RTA cell line, a KSHV-positive primary effusion lymphoma (81),
was grown in RPMI 1640 medium supplemented with 10% Tet System Approved FBS
(TaKaRa), penicillin/streptomycin, and 20 pg/mL of hygromycin B. To initiate KSHV
lytic reactivation, one million iBCBL1-3xFLAG-RTA cells were treated with 1 pg/mL of
doxycycline for a 24-hour period. For assessing KSHV gene expression, total RNA was
extracted from cells with TRIzol (ThermoFisher), and 1 pg of total RNA was reverse
transcribed using the iScript cDNA Synthesis kit (Bio-Rad), followed by SYBR green-based
real-time quantitative PCR analysis with gene-specific primers. The primer sequences
were previously reported by Toth et al. (82). The relative expression of viral genes
was determined using the delta-delta Ct (22*“") method (83), with 18S serving as the
normalization factor according to the following formula: AACt = ACt(24hpi) — ACt(ohpi) =
[Ct(target gene 24hpi) — Ct(18s 24hpi)] — [Cttartget gene ohpi) = Ct(18s ohpi)l- The fold change
reflects the ratio of viral gene expression level at 24 hpi relative to the viral gene
expression during latency (0 hpi). The immunoblots employed the following antibod-
ies: anti-FLAG (Sigma F1804), anti-ORF6 (provided by Dr. Gary S. Hayward from Johns
Hopkins University), anti-LANA (ABI 13-210-100), and anti-Tubulin (Sigma T5326).

RNA isolation, poly(A) selection, and measurement of nucleic acid quality and
quantity

Supplemental Text contains the comprehensive protocols.

Direct cDNA sequencing

Libraries were generated from the poly(A)* RNA fractions without PCR amplification
using the ONT’s Direct cDNA Sequencing Kit (SQK-DCS109) following the ONT manual.
In summary, RNAs were mixed with ONT VN primer and 10 mM dNTPs and incubated
at 65°C for 5 minutes. Next, RNaseOUT (Thermo Fisher Scientific), 5% RT Buffer (Thermo
Fisher Scientific), and ONT Strand-Switching Primer were added to the mixtures, which
were then incubated at 42°C for 2 minutes. The Maxima H Minus Reverse Transcriptase
enzyme (Thermo Fisher Scientific) was added to the samples to create the first cDNA
strands. The reaction took place at 42°C for 90 minutes, and the reactions were stopped
by heating the samples at 85°C for 5 minutes. The RNAs from the RNA:cDNA hybrids
were eliminated using the RNase Cocktail Enzyme Mix (Thermo Fisher Scientific) in a
10-minute reaction at 37°C.

The second strand of cDNAs was synthesized using LongAmp Taq Master Mix [New
England Biolabs (NEB)] and ONT PR2 Primer. The PCR condition applied was: 1 minute at
94°C, 1 minute at 50°C, and 15 minutes at 65°C. Subsequently, end-repair and dA-tailing
were performed with the NEBNext End repair/dA-tailing Module (NEB) reagents at 20°C
for 5 minutes, followed by heating the samples at 65°C for 5 minutes. Adapter ligation
was conducted using the NEB Blunt/TA Ligase Master Mix (NEB) at room temperature for
10 minutes. The ONT Native Barcoding (12) Kit was employed to label the libraries, which
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were then loaded onto ONT R9.4.1 SpotON Flow Cells (200 fmol mixture of libraries was
loaded onto one flow cell). AMPure XP Beads were utilized after each enzymatic step, and
samples were eluted in UltraPure nuclease-free water (Invitrogen).

Native RNA sequencing

For the dRNA-seq experiments, an RNA mixture (pooled biological replicates) was
prepared, which included RNA from Poly(A)+ samples. The T10 adapter containing
oligo dT for RT priming and the RNA CS for monitoring sequencing quality (both from
the ONT kit) was added to the RNA mix, along with NEBNext Quick Ligation Reaction
Buffer and T4 DNA ligase (both from NEB). The reaction was incubated for 10 minutes
at room temperature. Subsequently, 5x first-strand buffer, Dithiothreitol (DTT) (both
from Invitrogen), dNTPs (NEB), and UltraPure DNase/RNase-Free water (Invitrogen) were
added to the samples. Finally, the SuperScript Il enzyme (Thermo Fisher Scientific) was
combined with the sample, and the RT reaction was conducted at 50°C for 50 minutes,
followed by enzyme heat inactivation at 70°C for 10 minutes.

The RNA adapter (from the ONT kit) was ligated to the RNA:cDNA hybrid sample using
the NEBNext Quick Ligation Reaction Buffer and T4 DNA ligase at room temperature for
10 minutes. RNAClean XP Beads were employed after each subsequent enzymatic step.
Two flow cells were utilized for dRNA-seq, with 100 fmol of the sample loaded onto each.

Cap analysis of gene expression

The CAGE Preparation Kit (DNAFORM, Japan) was employed according to the manufac-
turer’s guidelines (see Supplemental Text for the details).

ONT sequencing data analysis

The Guppy software (v3.4.5) was utilized for basecalling ONT-MinION sequencing reads.
Reads with a quality filter of 8 (default) were mapped to the reference genome
using minimap2, applying settings: -ax splice -Y -C5 -cs. Mapping statistics were
calculated using the ReadStatistics script from Seqtools (https://github.com/moldovan-
norbert/seqtools). The LoRTIA toolkit (alpha version, accessed on 20 August 2019,
https://github.com/zsolt-balazs/LoRTIA) was employed for identifying TESs, TSSs, and
introns and reconstructing transcripts based on these features. The LoRTIA workflow with
default settings included: (i) for dRNA and dcDNA sequencing: —5 TGCCATTAGGCCGGG—
five_score 16—check_in_soft 15-3 AAAAAAAAAAAAAAA—three_score 16 s Poisson-f
true; and (ii) for o(dT)-primed cDNA reads: —5 GCTGATATTGCTGGG—five_score 16—
check_in_soft 15-3 AAAAAAAAAAAAAAA—three_score 16 s Poisson—f true.

A read was accepted if the adapters were accurate, polyA tails were present, and
no false priming events were detected by LoRTIA. For introns, only those present in
dRNA sequencing were accepted, as this method is regarded as the “Gold Standard”
for identifying alternative splicing events. Some transcripts were manually included if
they were a long TSS variant of already accepted TSSs. MotifFinder from Seqtools was
employed to find promoter elements around the accepted TSSs.

lllumina CAGE-Seq data analysis

Read quality was assessed wusing FastQC (https://www.bioinformatics.babra-
ham.ac.uk/projects/fastqc). Reads were trimmed using TrimGalore (https://github.com/
FelixKrueger/TrimGalore) with the following settings: -length 151 -q. The STAR aligner
(version 2.7.3 .a) was employed to map the reads to the KSHV strain TREx reference
genome (GQ994935.1), utilizing --genomeSAindexNbases 8 and default parameters. The
CAGEfightR R package was used to identify TSSs and TSS clusters with a minimum
pooled value cutoff of 0.1 (pooledcutoff = 0.1).
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Downstream data analysis and visualization

Data analysis downstream was conducted, and figures were created as described in
Supplemental Text.
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