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Abstract

Kaposi's sarcoma-associated herpesvirus is the etiologic agent of Kaposi's sarcoma and two B-cell malignancies. Recent advancements in
seqguencing technologies have led to high resolution transcriptomes for several human herpesviruses that densely encode genes on both strands.
However, for KSHV progress remained limited due to the overall low percentage of KSHV transcripts, even during lytic replication. To address
this challenge, we have developed a target enrichment method to increase the KSHV-specific reads for both short- and long-read sequencing
platforms. Furthermore, we combined this approach with the Transcriptome Resolution through Integration of Multi-platform Data (TRIMD)
pipeline developed previously to annotate transcript structures. TRIMD first builds a scaffold based on long-read sequencing and validates each
transcript feature with supporting evidence from lllumina RNA-Seq and deepCAGE sequencing data. Our stringent innovative approach identified
994 unique KSHV transcripts, thus providing the first high-density KSHV lytic transcriptome. We describe a plethora of novel coding and non-
coding KSHV transcript isoforms with alternative untranslated regions, splice junctions and open-reading frames, thus providing deeper insights
on gene expression regulation of KSHV. Interestingly, as described for Epstein-Barr virus, we identified transcription start sites that augment
long-range transcription and may increase the number of latency-associated genes potentially expressed in KS tumors.
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Introduction Africa and was originally identified in Kaposi’s sarcoma (KS)

Kaposi’s sarcoma-associated herpesvirus (KSHV), also known lesions from human immunodeficiency virus (HIV) infected
as human herpesvirus-8 (HHV-8) is endemic in sub-Saharan  patients (1). Transmission of KSHV is mostly mediated by
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saliva and sexual routes. In addition to KS, which is a pleo-
morphic and highly vascularized tumor, KSHYV is also etiologi-
cally associated with two lymphoproliferative diseases includ-
ing primary effusion lymphoma (PEL) and a subset of multi-
centric Castleman’s disease (MCD) in immunocompromised
patients (2,3). Similar to other herpesviruses, KSHV has two
replication phases, latent and lytic, and a fine balance of these
phases has been found essential for establishment of KSHV-
induced malignancies (4).

The double-stranded (ds) DNA of the KSHV genome is
~165-170 kb long and consists of unique coding sequences
and variable lengths of internal and terminal repeat regions.
In order to fully understand the molecular pathogenesis of
KSHV associated malignancies, it is crucial to annotate the
highly dense transcriptome of the KSHV genome, which has
added complexity due to active transcription of both DNA
strands. The foundation of the KSHV annotation was based
primarily on the detection of open reading frames (ORFs), de-
marcated by a canonical start codon (AUG) at the 5’ end and
a stop codon (UAA, UAG or UGA) at the 3’ end of a pro-
tein coding sequence (5). Genome-wide mapping and individ-
ual studies exploring the 3" untranslated regions of annotated
KSHV ORFs using techniques such as rapid amplification of
c¢DNA ends (RACE), and polyadenylation sequencing iden-
tified salient transcription termination sites for some anno-
tated ORFs (6,7). Northern blots, tiled microarrays and high-
throughput RNA sequencing (RNA-Seq) analysis of KSHV
gene expression in different cell lines further improved our
identification of coding and non-coding transcript features of
KSHYV (8,9). The most extensive short-read sequencing com-
bined with ribosome profiling performed by Arias et.al to
study the KSHYV transcriptome, mapped the transcription start
sites (TSSs) and polyadenylation sites for a significant num-
ber of pre-annotated KSHV ORFs along with identification
of novel transcripts (10).

Short-read sequencing methods are, however, recently be-
ing found to be inadequate for analyzing complex transcrip-
tomes and resolving multiple overlapping transcripts that
share the same promoter or polyadenylation sites. The occur-
rence of bidirectional transcription, polycistronism and alter-
native splicing from closely spaced genes within the KSHV
genome have collectively limited the short-read RNA-Seq
studies from completely identifying and distinguishing indi-
vidual KSHV transcripts. Third generation sequencing tech-
nologies that have the capability to produce substantially
longer reads are currently recognized as more proficient for
analyzing the complexity of coding and non-coding RNAs in
herpesvirus genomes (11,12). However, long-read RNA-Seq
methods have their own limitations, which mainly include
polymerase errors and truncated ends in sequencing products
(13).

Data integration from multiple sequencing platforms has
recently emerged as the most powerful approach for study-
ing complex transcriptomes of human viruses including Her-
pes Simplex Virus 1 (HSV1) and Human Cytomegalovirus
(HCMV) with high definition (14-16). In addition to the
identification of full-length novel transcripts, cross-platform
transcriptome studies have also demonstrated transcriptional
activity from unexpected genomic regions and frequent
readthrough transcription in gamma-herpesviruses includ-
ing Epstein-Barr virus (EBV) and Murine Herpesvirus 68
(MHV68) (17,18). This has been facilitated by the develop-
ment of an RNA-Seq data analysis tool named Transcript Res-
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olution by Integration of Multiplatform Data (TRIMD), that
determines complete transcript structures by integrating data
from three different sequencing platforms; including Illumina
short-read RNA-Seq, deepCAGE (Cap Analysis for Gene Ex-
pression) sequencing and Pacific Biosciences (PacBio) Single-
Molecule Real-Time (SMRT) long-read RNA-Seq (17). De-
spite various attempts to analyze the KSHV transcriptome,
we lack a high-resolution annotation of the KSHV transcrip-
tome that is inclusive of the complete transcript features and
alternatively spliced isoforms. There is also limited evidence of
KSHYV intergenic transcription or long-range transcripts from
the KSHV genome such as has been described for EBV (19,20).
We therefore, pursued a re-evaluation of the KSHV transcrip-
tome using third generation sequencing in combination with
short-read RNA-Seq with the aim of significantly updating the
KSHYV annotation and enhancing our understanding of KSHV
gene expression and regulation during lytic replication and
host pathogenesis.

Another major caveat limiting previous studies from iden-
tifying novel transcript features of KSHYV, is the very low
proportion of viral to host transcripts in the total RNA
isolated from KSHV infected cell lines. Many KSHV tran-
scripts that are expressed at moderate to low levels can
remain undetected from sequencing platforms due to the
presence of high levels of cellular transcripts, which domi-
nate the RNA pool. In order to achieve a high resolution
KSHV transcriptome, we have also applied hybridization-
based target enrichment approaches to increase the percent-
age of KSHV reads in both short- and long-read RNA-Seq
data (21).

In our study, we have reported a detailed genome-wide tran-
script structure resolution of the KSHV lytic transcriptome
performed by integrating RNA-Seq data from different se-
quencing platforms including SMRT long-read, deepCAGE
and Illumina short-read sequencing from the lytically induced
body-cavity-based lymphoma cell line, BCBL-1. Overall, our
high-resolution analysis of the KSHV transcriptome identified
numerous novel TSSs, polyadenylation sites and splice junc-
tions representing a total of 994 unique KSHV transcripts.
Moreover, most of the transcript features identified in previ-
ous studies were affirmed in our TRIMD analysis, indicating
high accuracy and improved depth of our approach. Finally,
we also validated interesting novel transcripts coming from
newly identified promoter regions by RT-PCR and Nanopore
single molecule sequencing.

Materials and methods

Cell culture and lytic reactivation of KSHV infected
cells

Body-cavity-based lymphoma cell line 1 (BCBL-1) cells (22)
were cultured in RPMI 1640 media supplemented with 10%
fetal bovine serum (FBS), 2 mM glutamine, 1 mM sodium
pyruvate, 100 U/ml penicillin and 100 mg/ml streptomycin
at 37°C under 5% CO,. iSLK cells (23) were cultured in
Dulbecco’s modified Eagle medium (DMEM) supplemented
with 10% FBS, 100 U/ml penicillin and 100 pg/ml strepto-
mycin, 1 pg/ml puromycin, 250 pg/ml G418 and 250 pg/ml
hygromycin at 37°C under 5% CO,. Lytic reactivation in
BCBL-1 cells was induced with 12-O-tetradecanoylphorbol-
13-acetate (TPA) (20 ng/ml) and sodium butyrate (2 mM),
while lytic reactivation in iSLK cells was induced by using a
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combination of doxycycline (1 pg/ml) and sodium butyrate
(1 mM).

RNA extraction

Total RNA was extracted from BCBL-1 or iSLK cells be-
fore and after lytic reactivation using TRIzol reagent (Invitro-
gen, Catalog No. 15596026) according to the manufacturer’s
protocol. For all sequencing purposes, RNA samples with a
RIN>= 8 were used (as indicated by the Agilent BioAnalyzer
or TapeStation analysis). If necessary, RNA samples were puri-
fied and concentrated using the ZYMO Research RNA Clean
and Concentrator kit (Zymo, Catalog No. R1015).

deepCAGE sequencing

For 5’ deepCAGE sequencing, single-end 50 bp nAnT-iICAGE
libraries (24) were prepared using RNA extracted from in-
duced (48 h) BCBL-1 cells. These libraries were then loaded on
the Illumina HiSeq 2500 instrument for sequencing. Library
preparation and sequencing were performed by DNAform,
Yokohama, Japan.

Probe design for target enrichment

For enrichment of KSHV specific RNAs from the total RNA
pools, we used the myBaits Custom Target Enrichment v4
kit (Arbor Biosciences, myBaits Custom RNA-Seq). Biotiny-
lated RNA baits, 70 nucleotides each, were custom designed
and manufactured by Arbor Biosciences across the full-length
KSHV genome (Genbank Accession: NC_009333.1) to pro-
vide a 2X coverage. These biotinylated RNA probes com-
plementary to the complete KSHV reference genome were
used for selective enrichment of KSHV specific RNAs. All the
reagents and protocols for target enrichment were also sup-
plied by Arbor Biosciences with the myBaits custom Kkit.

[llumina library preparation and enrichment for
KSHV

Libraries for short read Illumina sequencing were prepared
from uninduced and 48 h lytic reactivated BCBL-1 cells. Ribo-
somal RNA was depleted from total RNA using NEB rRNA
depletion kit (NEB, Catalog No. E6310) and following the
manufacturer’s protocol in three parallel reactions, each with
1 ug total RNA as input. NEBNext Ultra II Directional RNA
Library Prep Kit for Illumina (NEB, Catalog No. E7760) was
then used to prepare Illumina libraries from 50 ng of rRNA
depleted RNA samples (RIN > 7). Prepared libraries were
barcoded using index primers from NEB (NEB, Catalog No.
6440).

Two of the four 48 h induced Illumina libraries were hy-
bridized to KSHV probes for enrichment of KSHV specific
RNAs. Target enrichment was performed with KSHV probes
using the manufacturer’s protocol for the myBaits custom kit
(Arbor Biosciences, Product name: myBaits Custom RNA-
Seq). In brief, 350 ng of Illumina libraries (in 7 ul TE buffer)
were used as input to hybridize with 5.5 ul (concentration not
disclosed by company) of biotinylated RNA probes at 65°C
overnight (16 h) to form cDNA-probe hybrids. The hybridized
c¢DNA molecules were pulled-down using the streptavidin-
coated magnetic beads, washed to remove any non-specific
DNAs and eluted in 30 ul TE buffer. Enriched libraries were
re-amplified using NEBNext Ultra IT Q5 master mix (1X), IDT
library amplification primers (500 nM), and 15 ul (of total 30
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ul) enriched library as template in a PCR reaction of 50 ul, ac-
cording to the guidelines for amplification in the enrichment
protocol. Amplified enriched libraries were quality tested on
the bioanalyzer for size and concentration before sequencing.
All libraries were loaded in equal concentration to perform
paired-end sequencing on a NovaSeq 6000 instrument to ob-
tain 50 million reads per sample.

PacBio library preparation and enrichment for
KSHV

For PacBio Single-Molecule Real-Time (SMRT) long-read
RNA-Seq, full-length cDNAs were generated using 300 ng of
native and polyadenylated RNA from 48 h induced BCBL-1
cells as templates. Synthesis and amplification of full-length
c¢DNAs was performed with Low Input RNA: cDNA Synthe-
sis and Amplification kit (NEB, Catalog No. E6421) as per
the manufacturer’s guidelines. Full-length cDNAs were hy-
bridized with KSHV baits to capture the KSHV specific cD-
NAs. To enrich for KSHV RNAs, total or size-fractionated
full-length cDNAs were hybridized with KSHV genome spe-
cific baits (as mentioned above for Illumina library hybridiza-
tion) according to instructions of hybridization protocol for
myBaits custom, Arbor Biosciences (Arbor Biosciences, my-
Baits Custom RNA-Seq). Instead of using the Illumina li-
brary specific blockers provided in hybridization kit, we added
the Low Input RNA: ¢cDNA Synthesis and Amplification kit
primers (Supplementary Table S1) in the blocking reaction. It
is necessary to add these additional primers in the blocking
reaction to reduce probe binding to free primers and avoid
non-specific pull-down during enrichment. Enriched cDNA li-
braries (~40 ng) were then re-amplified using the library am-
plification kit (NEB, Catalog No. 6421). We performed size
fractionation on both enriched and non-enriched ¢cDNA li-
braries. SMRTbell adaptors (Iso-SeqTM) were added using
reagents from the PacBio SMRTbell Template Prep Kit 1.0-
SPv3 starting from 1 pg of cDNA. This procedure resulted in
250-300 ng of SMRT bell library (i.e. 25-30% vyield). The fi-
nal libraries were eluted in 15 ul of 10 nM Tris HCI, pH 8.0.
Library fragment sizes were estimated by the Agilent TapeSta-
tion (genomic DNA tapes), and this data was used for calculat-
ing molar concentrations. Overall, eight SEQUEL SMRT cells
were used: two with non-size-selected non-enriched RNA, two
with non-size-selected enriched RNA, two with 1.5-3 kb frac-
tion of enriched RNAs, two with > 3 kb fraction of enriched
RNAs and one SEQUEL II SMRT cell was used for sequenc-
ing >3 kb fraction of non-Enriched RNA libraries. Between
9-10 pM of library was loaded (diffusion loading) onto the
SMRT cell. For optimum read length and output, libraries
were sequenced on LR SMRT cell, using 4 h pre-extension,
20 h movies and v3 chemistry reagents. All other steps for se-
quencing were done according to the recommended protocol
by the PacBio SMRT Link Sample Setup and Run Design mod-
ules (SMRT Link 6.0). One SMRT cell run generated 500-650
thousand reads with an average polymerase read length of 50-

75 kb.

Alignments of deepCAGE and lllumina RNA-Seq to
the KSHV genome

Paired-end Illumina RNA-Seq data was mapped to the
KSHV reference genome (NC_009333.1), using STAR (25)
with default parameters. To align deepCAGE reads, we
used STAR with parameters -outFiltermultimapNmax 100
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and -outSAMprimaryFlag AllBestScore to identify start sites
in repeat regions.

Processing of PacBio SMRT reads and alignment to
the KSHV genome

For processing the PacBio SMRT RNA-Seq data into full-
length transcript isoforms, we individually performed the
steps recommended in the Iso-Seq3 pipeline developed by
PacBio for isoform analysis. In brief, the subreads obtained
from each sample were first processed into circular consensus
reads (CCS), followed by trimming of sequencing adapters to
obtain full-length (FL) reads. Next, FL reads with concatemers
or without poly(A) tails were eliminated to refine into full-
length non-concatemers (FLNC) reads. Finally, FLNCs ob-
tained from all the Iso-Seq samples were clustered (unpolished
by Quiver) into consensus full-length (CFL) sequences that
were mapped to the KSHV reference genome (NC_009333.1)
using GMAP (26).

Integration of RNA-Seq data for transcript structure
validation using TRIMD

Identification of complete KSHYV transcript structures was per-
formed using the Transcriptome Resolution of Multiplatform
Data (TRIMD) method (17) that verifies the sequence and
features of Iso-Seq CFLs, from the PacBio SMRT-Seq plat-
form, by using complementary high-throughput data from
deepCAGE and Illumina RNA-Seq platforms. In brief, CFL
start sites were calculated as the weighted average of CFL
start coordinates in each cluster of non-softclipped Iso-Seq
CFL 5’ ends mapping within 8 bp of each other. DeepCAGE
start site clusters were identified using Paraclu (27) requiring
a minimum of 30 tags/cluster, maximum/baseline density ra-
tio of minimum 2 units and cluster length of 1-20 bp. Iso-
Seq consensus start sites occurring in a minimum of 2 CFLs
and mapping within 3 bases of deepCAGE consensus start
sites were considered as validated. For identification of splice
junctions, TRIMD parameters were set to only validate Iso-
Seq CFL junctions (mapped by GMAP) that could be veri-
fied with a minimum of 3 Illumina reads (mapped by STAR).
For validation of polyadenylation sites, CFL polyadenylation
sites were first determined by calculating the weighted aver-
age of non-softclipped Iso-Seq CFL 3’ end clusters mapping
within 8 bp of each other. Illumina RNA-Seq reads contain-
ing a run of at least 5 As (plus strand) or 5 Ts (minus strand),
in their ends with at least 2 of these bases as softclipped
were used for polyadenylation site identification. Consensus
polyadenylation sites were then determined by calculating the
weighted average of the cluster of these poly(A)-tailed Illu-
mina reads that mapped within 8 bp of each other. Iso-Seq
consensus polyadenylation sites detected in at least 5 CFLs
and located within 10 bp upstream or 4 bp downstream of an
[llumina consensus polyadenylation site were then considered
as TRIMD-identified 3’ ends. Iso-Seq CFLs verified for their
TSSs, splice junction(s) (if any) and polyadenylation sites, with
supplementary data from one of the other two platforms, were
determined to be the final TRIMD-identified transcripts.

Coding potential analysis and annotation of
TRIMD-identified transcripts
To annotate the unique TRIMD-identified transcripts we first

performed a BLAST search for these transcripts against all
the previously annotated (NC_009333.1) ORFs using the
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NCBI_BLASTP tool. Transcripts revealing complete BLAST
matches to known coding ORFs were annotated as transcript
isoforms of the respective BLAST-hit gene, in ascending nu-
merical order for TSS occurrence. For example, transcript iso-
forms for ORF4 are annotated as ORF4-01, ORF4-02 and so
on. Transcripts identified as having more than one complete
ORF as BLAST-hits were annotated for the longest matching
ORE. For the remaining transcripts that reported no matches
or incomplete matches to the previously annotated ORFs, we
performed a computational analysis by TransDecoder (v5.5.0)
to evaluate their coding potential and identify the single-best
coding ORFs within these transcripts. We followed the param-
eters to retain all ORFs longer than 50 amino acids (-m 50)
with a canonical start codon (-no_refine_starts). The novel
identified ORFs were annotated according to their loci on the
NC_009333.1 reference and sequence overlap with previously
annotated genes. For example, novel ORFs with a sequence
overlapping ORF4 were annotated as ORF4a, ORF4b and so
on. ORFs identified with their sequences overlapping to the
N’ terminus of one gene and C’ terminus of a different down-
stream gene with in-frame coding sequence were annotated
as Fusion ORFs (fus.ORF). Transcripts that were not identi-
fied to have any coding potential with either BLAST or Trans-
Decoder were annotated as non-coding to overlapping ORF
(nc.ORF) or anti-sense transcripts (as.ORF).

cDNA preparation and Nested RT-PCR for transcript
validation

Total RNAs (2.5 ng) isolated from each sample were treated
with DNase I (NEB, Catalog No. M0303) to remove the ge-
nomic DNA. DNase treated RNAs were re-purified using phe-
nol chloroform extraction and then used as a template for
c¢DNA preparation with the Superscript IV (SSIV) First-Strand
Synthesis System (ThermoFisher, Catalog No. 18091200) us-
ing the random hexamers protocol as described in the user
manual for the SSIV kit.

For PCR validation of TRIMD-identified abundant tran-
scripts (Score/Number of Iso-Seq CFLs > 10) 1 ul of cDNA
(equivalent to 120 ng RNA) was PCR amplified (33X) with
Phusion High-Fidelity PCR Master Mix (NEB, Catalog No.
MO0531) and primers designed across the novel identified
exon-exon junction. For validation of rare TRIMD-identified
transcripts (Score < 10), we performed a nested PCR, using
1 ul of the first PCR product as template and a new set of
primers designed within the amplicon of the first PCR product
and across the splice junction. Resulting RT-PCR fragments
were validated by Sanger sequencing (Genewiz, Azenta Life
Sciences) from both forward and reverse primers.

Preparing libraries for nanopore direct RNA, direct
cDNA and PCR-cDNA sequencing

To prepare libraries for sequencing by Oxford Nanopore
Technology (ONT), total RNA was isolated from BCBL-1 and
WT-BAC16 infected iSLK cells after 0, 24 and 48 h of in-
duction of lytic replication. Poly(A)-tailed RNA was selected
from 75 pg of each RNA sample using the Dyna Beads mRNA
purification kit (Invitrogen, Catalog No. 61006). To prepare
direct-RNA sequencing libraries from poly(A)-selected BCBL-
1 RNAs (50 ng each), we used the SQK-RNA002 library
preparation kit by ONT and followed the guidelines of the
kit for preparing libraries. Direct-cDNA sequencing libraries
were prepared with 100 ng each of purified BCBL-1 mRNAs
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using the SQK-DCS109 kit by ONT according to the proto-
col described in the user manual. Libraries for PCR-cDNA se-
quencing were prepared using 1 ng of each of the purified mR-
NAs from uninduced and induced WT-BAC16 infected iSLK
cells. The SQK-PCB109 kit by ONT was used for PCR-cDNA
sequencing library preparation according to the guidelines for
poly(A)-selected RNA.

Sequence alignment for Nanopore sequencing data
All the ONT reads were basecalled and demultiplexed us-
ing Guppy, an ONT basecaller. ONT reads were aligned
to their respective genomes, i.e. NC_009333.1 for BCBL-
1 cell libraries and GQ994935.1 for iSLK cell libraries, us-
ing minimap2 with the appropriate parameters (-ax splice —
secondary = no -C 5). Alignment files were converted to Gene
Transfer Format (GTF) files for each library, using samtools
v1.10 and bedtools v2.29.2. Using SQANTI3 QC (28) we
identified reads in cDNA libraries categorized as antisense and
reoriented their alignments in the GTF files.

Converting TRIMD transcripts to GQ994935
coordinates

The sequences for TRIMD-identified transcripts on
NC_009333.1 coordinates were extracted using gffread
v.0.12.7. TRIMD transcript sequences were then aligned to
the GQ994935.1 genome using minimap2 and converted to
GTF files using samtools v1.10 and bedtools v2.29.2.

Comparing TRIMD-identified transcripts with
Nanopore sequencing data

SQANTI3 QC (28) was used to match the reads that aligned
to the KSHV genome in each of the nine ONT libraries to
classify their splice junction patterns relative to the TRIMD-
identified transcripts. Reads assigned as full-splice match
(FSM) have an exact match of all of their junctions with one
of the TRIMD-identified transcripts. The incomplete splice
match (ISM) category includes reads with consecutive junc-
tion matches to a TRIMD-identified transcript but missing
junctions on either the 5" or 3’ ends. Novel in catalog (NIC)
classification describes reads with all their junctions present
in the TRIMD transcriptome, however in a novel combina-
tion, and novel not in catalog (NNIC) class have reads with
splice junctions not identified in the TRIMD transcriptome.
The number of TRIMD junctions and junction chains detected
in each of the libraries was also counted by SQANTI3 QC.

Calculating relative abundance of unique ORFs
during latent and lytic cycle

The nanopore sequencing reads were compared to the
TRIMD-identified transcripts using SQANTI3 as described
above and full-splice matched reads were counted for all tran-
scripts. The respective counts were assigned to the unique
ORFs exhibited by each transcript and cumulative counts
were generated for each ORF to estimate the relative abun-
dance of each ORF isoform in BCBL-1 and iSLK-WT-BAC16
infected cells before (0 h) and after (24 and 48 h) lytic reacti-
vation. The ORFs that were not found to have novel isoforms
and that remained undetected in all samples were not included
in the counts table.
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Pediatric KS tissue RNA-Seq data analysis

The raw sequencing data for pediatric KS tissue samples
were obtained from the NCBIs Sequence Read Archive
(SRA BioProject PRJNA975091)(29). The raw sequence files
were mapped to KSHV genome reference NC_009333.1 with
STAR using the 994 TRIMD-identified transcripts as the an-
notation file. KSHV transcripts originating at nucleotide posi-
tion (nt.) 119010 and nt. 124005 with Reads Per Kilobase of
transcript per Million mapped reads (RPKM) values >3 in a
minimum of three samples were analyzed further for detect-
ing uniquely mapped reads across the splice-junction of these
transcripts with their splice donor bases (GU) at nt. 118906
and nt. 123842, respectively. The number of reads mapping
across the splice junction of transcripts were identified from
the ‘SJ.out.tab’ output of the STAR alignment, that summa-
rizes the high confidence splice junctions.

Results

Target enrichment of KSHV from BCBL-1 cells

BCBL-1 cells derived from primary effusion lymphoma (PEL),
naturally harbor KSHV and are a biologically relevant model
for studying KSHV during both the latent and lytic phases of
infection (22). In order to perform a high-resolution analy-
sis of the KSHV transcriptome, our prerequisite was to start
with a high percentage of KSHV transcripts in the total inputs
for RNA sequencing, which could not be increased in BCBL-
1 to >5% even after 48 h induction of lytic replication. The
reactivation of BCBL-1 cells was confirmed by validating the
increased expression of replication and transcription activator
(RTA) gene (Supplementary Figure S1A). To further increase
the percentage of KSHV reads in our RNA-Seq study, we per-
formed hybridization-based target enrichment of KSHV spe-
cific RNAs in our libraries for both short and long read se-
quencing approaches (Figure 1A and B).

As the TRIMD pipeline utilizes long-reads as a scaffold
for building annotated transcript structures; it necessitates se-
quencing them with more coverage and greater depth. Be-
cause the PacBio SMRT library molecules are circular with
U-shaped adapters ligated to the ends of the multimerized ¢D-
NAs, these molecules cannot be efficiently enriched by target
selection through hybridization. Hence, we developed an al-
ternative library construction workflow whereby target selec-
tion was performed on complete cDNA libraries before the
adapters were ligated. This approach prevented intramolec-
ular hybridization of circular molecules affecting target hy-
bridization efficiency (Figure 1B). The purified KSHV enriched
full-length cDNAs were then re-amplified before adapter liga-
tion. The KSHV-enriched and amplified circular SMRT library
molecules were sequenced on both Sequel or Sequel Il SMRT
cells, providing deeper coverage.

We then compared the percentage of KSHV mapped reads
before and after target enrichment, with all samples sequenced
at a similar depth. In the Illumina RNA-Seq data, <1% of to-
tal reads from uninduced BCBL-1 cells mapped to the KSHV
genome, which increased to 5.4% in the induced BCBL-1
samples (Figure 1C). Our target enrichment was successful
as the percentage of KSHV mapped reads increased signifi-
cantly to 88.1% in the induced BCBL-1 samples. Similarly,
the percentage of SMRT reads mapping to the KSHV refer-
ence increased substantially from 3.4% to 65% after enrich-
ment (Figure 1D, S1B). The coverage of long-reads across the
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entire KSHV genome was comparable indicating that the en-
richment protocol did not introduce any bias in the selection
of transcripts (Supplementary figure S1B). A summary of all
read numbers pre- and post- target selection is provided in
Supplementary Table S2.

We note that target selection was instrumental to our study
since the percentage of viral reads in KSHYV lytic replication is
significantly lower than in models used for EBV and MHV68
TRIMD transcriptome analysis (17,18).

Integration of data from different RNA-Seq
platforms using TRIMD

In order to perform global genome-wide resolution of the
KSHYV transcriptome we used TRIMD, a pipeline that inte-
grates data from three different sequencing platforms for iden-
tifying complete transcript structures. PacBio SMRT reads
processed into consensus full-length sequences (CFLs) formed
the basis of transcript structure analysis by serving as a scaf-
fold in the TRIMD pipeline for identification of transcript
structure. TRIMD was used to validate CFL 5’ ends by in-
tegrating deepCAGE sequencing data, and to validate splice
junctions and 3’ ends using the short-read RNA-Seq data. The
CFLs with validated transcript ends and splice junctions (if
present) with supporting data from more than one sequenc-
ing platform were finally classified as complete transcripts by
TRIMD analysis (Figure 2A).

Briefly, deepCAGE sequencing was performed on non-
enriched libraries, while Illumina and SMRT sequencing was
performed on both, the KSHV-enriched and non-enriched
RNA-Seq libraries (Figure 2B). SMRT reads obtained from all
PacBio library samples were first processed into CFLs using
the Iso-Seq pipeline. The processed sequences from all plat-
forms were then individually mapped to the KSHV reference
genome (NC_009333.1). Overall, 0.8 x 10° of 9.4 x 10° to-
tal reads from deepCAGE sequencing mapped to the KSHV
genome. Of the total 144 x 10° reads from Illumina se-
quencing, 75.2 x 10° mapped to the KSHV genome, while
0.11 x 10° of the total 0.86 x 10° Iso-Seq CFLs mapped to the
KSHYV reference. We found that despite the size fractionation
of full-length cDNAs followed by equal loading of all fractions
on individual SMRT cells, the length-distribution of SMRT se-
quencing was biased towards smaller sequences with less than
three percent of Iso-Seq CFLs >4 kb mapping to the KSHV
genome (Supplementary figure S1C). We observed that the
numbers of both short- and long-reads mapping to the viral
genome robustly increased due to the target enrichment pro-
cess when compared to the previously used inputs for TRIMD
analysis of EBV and MHV68 (17,18). The KSHV mapped Iso-
Seq CFLs also indicated a remarkable coverage of the genome
by our long-read sequencing data (Supplementary figure S2).
Finally, the KSHV mapped reads from all platforms were in-
tegrated using the TRIMD pipeline to identify complete tran-
script structures. An example for identification of complete
ORF10 transcript isoforms from various CFLs that mapped
to the ORF10 gene (Supplementary figure S3) is illustrated
in Figure 2C. This example depicts the identification of tran-
script ends and a splice variant of ORF10 from integration of
all three sequencing datasets using TRIMD (Figure 2C).

Genome-wide resolution of the KSHV lytic
transcriptome

In addition to TRIMD’s fundamental verification of the
Iso-Seq CFL features with supporting evidence from short-
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read sequencing data, we further improved the confidence of
TRIMD-identified transcripts by following stringent param-
eters at different steps for identification of individual tran-
script features (see methods). Specifically, validation of tran-
script 5’ ends required their detection in at least two CFLs
and identification of splice junctions in CFLs required valida-
tion by a minimum of three Illumina reads. In summary, our
analysis resulted in identification of 255 TSSs with a total of
56 novel and 199 TSSs annotated previously by short-read
sequencing methods or most recently by a direct-cDNA se-
quencing method (Figure 3A) (10,12). Further adding to the
precision of our data, 129 of TSS loci identified by TRIMD
coincide with the transcription start site clusters (TSCs) iden-
tified by the RAMPAGE method, which combines template-
switching and cap-trapping for identifying TSCs (30). We have
also identified a total of 560 splice junctions (85% novel) and
183 polyadenylation sites (59% novel) for KSHV lytic tran-
scripts, with each feature supported by evidence from two se-
quencing platforms (Figure 3B-C). The splice junctions iden-
tified from our study are also inclusive of 193 of 387 splice
junctions identified recently in a study focused on identify-
ing ORF57-dependent RNA splicing in KSHV (31). A de-
tailed comparison of TRIMD-identified transcript features to
previous KSHV annotations and transcript feature studies is
shown in Supplementary Table S3. While the stringent param-
eters followed in our analysis resulted in enhanced transcript
resolution, it also resulted in the lack of detection for some
previously annotated transcripts; for example the Antisense-
to-Latency Transcript (ALT) transcript, which is more than
10 kb in length, or limited detection of features as identi-
fied recently by the direct-cDNA sequencing approach (8,12).
In summary, the step-wise feature validation of Iso-Seq CFLs
by TRIMD identified 994 unique transcripts representing the
lytic transcriptome of KSHV in BCBL-1 cells (Figure 3D,
Supplementary Table S3). The utility and stringency of our
approach is further supported by the fact that the unique tran-
script structures are represented by 81% of 5’ ends, 60% of
3’ ends and 46% of all mapped splice-junctions, all validated
individually by data from multiple sequencing platforms
(Figure 3A-C).

The identification of transcript isoforms with novel tran-
script features, as summarized in Supplementary Table S3,
demonstrates that a large number of KSHV genes have multi-
ple TSSs and exhibit alternatively spliced isoforms. Overall,
we identified TSSs and polyadenylation sites for 77 of the
86 KSHV ORFs as annotated in GenBank, along with many
new alternatively spliced transcript isoforms. The nine KSHV
ORFs that could not be verified for complete transcript struc-
tures by TRIMD include ORF7, ORF17, ORF19, ORF20,
ORF29, ORF63, ORF64, ORF75 and K135.

Overlapping transcripts share transcript features in
KSHV

We further analyzed the distribution of transcript features in
TRIMD-identified transcripts. From a total of 206 TSSs that
were associated with TRIMD transcripts, 142 were shared by
more than one transcript (Figure 4A). We observed that TSSs
on the plus strand exhibited a higher prevalence within the
initial 100 kb of the KSHV genome, preceding the right origin
of lytic replication (ori-lytR) and the latency-associated region
(Figure 4B). Conversely, TSSs on the minus strand were pre-
dominantly distributed near ori-lytR and the genome segment
spanning from the RTA to the LANA encoding region. Over-


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae540#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae540#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae540#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae540#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae540#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae540#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae540#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae540#supplementary-data

Nucleic Acids Research, 2024, Vol. 52, No. 13

A Sequencing Platform Transcript Feature Identification

TSS ID Cluster

CHATCRELE matching

Splice Junction ID

PacBio CFLs exact matching

7727

BCBL-1 48 h induced RNA

lllumina RNA Sequencing:
KSHV-Enriched X 2
Non-Enriched X 2

deepCAGE Sequencing:
Non-Enriched

PacBio SMRT RNA Sequencing:
Enriched X 2

Non-Enriched X 2

- Iso-Seq
llumina RNA- Poly(A) site ID Enriched (1.5-3Kb) X2
Seq cluster matching Enriched (>3 Kb) X 2
Non-Enriched (>3Kb)
KSHV ORF10
M.UE;ﬂbp ) ‘!im;ﬂbp | 1E‘U[:U bp 1?‘0[:0 bp GenBank | |
== = » » » » » » » » » » » » Annotation B
.—~, T
P! !
‘ J Pl | | Iso-Seq 5’ End Peaks Iso-Seq 3’ poly(A) site Peaks i
. ;..llu RN EUITRES SRTTVNT P
| \IHI\I I:IH\IH\H | IIso-SeqS’Ends Iso-Seq3’Ends| [ ‘I H:I [ TR
| 5
1 : 1
! CAGE 5’ Cluster Peaks lllumina poly(A) site Peaks o
1 1
1y i
i 3
! I CAGE 5’ Ends lllumina 3’ Ends I n L
I 1
L | I TRIMD-identified TSS 5’ End TRIMD-identified poly(A) 3’ Ends I L | M !

Iso-Seq Splice Junctions

Illumina Splice Junctions

[} AN, ) )

TRIMD-identified Splice Junctions

TRIMD-identified
ORF10 transcript
isoforms

Figure 2. TRIMD method for transcriptome resolution. (A) Workflow showing the steps of the TRIMD pipeline integrating data from multiple sequencing
platforms for identifying complete transcript structures. (B) BCBL-1 48 h RNA samples used for each sequencing platform. (C) An example validation of
KSHV ORF10 transcript isoforms using TRIMD representing individual feature validation in dotted blocks.

all, 29 loci on the KSHV genome were observed as highly dom-
inant sites of transcription initiation, with >10 transcripts
originating from each of these TSSs (Supplementary Table
S4). Furthermore, we have identified three genomic loci with
high promoter activity augmenting long-range transcription
of multiple genes (Supplementary figure S4). These include,
two TSSs in the latency-associated region at nucleotide posi-
tions (nt.) 119010 and 124005, which together give rise to
more than 32 novel transcripts that are spliced into a variety
of coding and non-coding genes located all across the KSHV
genome, with some genes located at 40-100 kb from the re-
spective TSS (Supplementary figure S4A-B). Another TSS at

nt. 27048 associated with 24 transcripts including isoforms
of distal genes, RTA, K8 and K8.1, is predicted to augment
long-range transcription (Supplementary figure S4C).
Similarly, we examined the distribution of 228 splice junc-
tions and observed that >100 splice junctions are shared
amongst multiple KSHV transcripts (Figure 4C). Splice junc-
tions that are shared by more than 20 transcripts each,
are another interesting finding of our study revealing po-
tential novel protein isoforms. We found that splice junc-
tions on the minus strand were more abundant and with
introns of varying lengths, including both short and ex-
tremely long ones, with some extending between 10 to 100 kb
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Figure 3. KSHV lytic transcriptome resolved by TRIMD. (A-C) Identification of novel and previously annotated TSSs (A), splice junctions (B) and
polyadenylation sites (C) by TRIMD analysis of KSHV lytic transcriptome from 48 h induced BCBL:1 cells. The inner circles display the numbers of each
feature represented in the complete full-length transcript isoforms validated by TRIMD. (D) An integrated genome viewer (IGV) snapshot of
TRIMD-identified KSHV transcripts (lower panel) mapped to the KSHV reference genome (NC_009333.1) (top panel). The figure is limited to display the
most comprehensive view on IGV (maximum zoom-out), and complete details of transcriptome are provided in Supplementary Table S3.
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(Figure 4B, Supplementary figure S5). In contrast, the oc-
currence of splice junctions on the plus strand was less fre-
quent, mostly observed between K3 and the RTA region (Fig-
ure 4B, Supplementary figure S5). The distribution pattern of
polyadenylation sites (3’ ends) was comparable to the patterns
observed for 5 ends, in that only 25 of the 110 3’ ends repre-
sented in complete transcripts are unique to single transcripts,
while 85 are shared between multiple transcripts (Figure 4D).
The most prevalent plus strand 3’ end sites were located down-
stream of the RTA coding region, while on the minus strand
the density of 3’ ends, was highest in the region around the K2
gene (Figure 4B).

Annotation of TRIMD-identified unique KSHV
transcripts

Furthermore, by performing a BLAST search against anno-
tated genes and computational analysis to predict the coding
potential of TRIMD-identified transcripts (detailed in meth-
ods), we have annotated 85% of transcripts as monocistronic
or polycistronic isoforms of 138 unique coding sequences
(Supplementary figure S6A, Supplementary Table S3). These

include 77 GenBank annotated and 61 novel predicted ORFs
from our study. As observed for other transcript features, most
of the ORFs were found to be shared between multiple tran-
scripts, with 445 transcripts identified as monocistronic and
402 as bicistronic or polycistronic harbouring 2—-6 potential
coding sequences (Supplementary figure S6B). The remaining
149 TRIMD-identified transcripts (15%) could not be linked
to any complete coding sequence and therefore were catego-
rized as long non-coding RNAs (IncRNAs), substantially in-
creasing the annotation of KSHV IncRNAs.

We note that a subset of transcripts annotated as cod-
ing with complete BLAST hits to coding ORFs were iden-
tified as non-coding by coding potential analysis tools due
to longer 5'UTRs. However, to simplify the annotations, we
continued to designate these transcripts as coding protein
isoforms. Additionally, we observed that several TSSs asso-
ciated with TRIMD-identified coding transcripts have been
previously demonstrated to associate with translation of up-
stream ORFs including ORF6Y, ORF11Y, K5Y, ORF21Y,
ORF28Y, ORF34U, ORF38V, ORF47Y, ORF61Y, ORF71Y
and ORF75Y detected using ribosomal profiling of KSHV mR-
NAs (10). Previous identification of ORF35.1 and ORF35.2 as
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upstream ORFs to ORF35 by Kronstad et al., provides thor-
ough insights into the KSHV gene expression regulation by
upstream translated ORFs that have the potential to suppress
translation from proximal downstream ORFs and enhance
translation of distal downstream ORFs (32). With reference to
these studies, we predict that many of the TRIMD-identified
polycistronic transcripts, may exhibit additional regulatory
mechanism for translation of each ORF by the activity of
potential upstream ORFs or small ORFs (smORFs) in the 5’
UTRs of these transcripts.

Identification of long-range KSHV transcripts

Our TRIMD-based transcriptome analysis identified long-
range transcription across 40-100 kb large genomic regions,
specifically from the latency associated regions on the right,
spanning to lytic genes situated at the left end (Figure 3D).
Thus far, long-range transcription has only been identified in
EBV for expression of EBNA1 from the Cp promoter near the
oriP locus (19,20,33). A recent study by Majerciak et.al. has
previously reported limited evidence of long-range transcrip-
tion in KSHV (31).

Surprisingly, our study has revealed three predominant
TSSs at nt. 27048, 119010 and 124005 that are associated
with long-range transcription which through both differential
termination (readthrough of polyadenylation sites) and differ-
ential splicing give rise to more than 60 transcript isoforms en-
compassing nearly 20% of the KSHV ORFs (Supplementary
figure S4, S5). Interestingly, among the transcripts transcribed
from the two promoters in the latency regions we found tran-
scripts encoding for KSHV E3 Ubiquitin ligases, K3 and K3,
KSHV TATA-binding protein homolog, ORF24, and viral In-
terferon Regulatory Factor (vVIRF1-4) proteins (Figure SA). In
order to further verify the molecular existence of the long-
range transcripts, we performed strand-specific nested RT-
PCRs to amplify newly identified splice junctions (Figure 5B)
of both high and low expressed isoforms. We investigated the
existence of these transcripts in BCBL-1 uninduced and in-
duced cells and verified the novel splice variants for K3 and
KS transcripts, which were found to originate nearly 100 kb
upstream from either of the two strong latency promoters
(Supplementary Figure S7A-C). K3 and K5 long-range tran-
scripts were detected only in induced cells. In contrast, we de-
tected vIRF3a and vIRF4a isoforms in both uninduced and
induced BCBL-1 cells, suggesting that these genes can con-
tribute to both the latent and lytic phases of KSHV replication
(Figures 5C, S7D). The existence of the ORF24 transcript iso-
form originating from near the left inverted repeat proximal
to ori-lytR was also verified by nested PCR in uninduced and
induced cells, albeit at much lower levels in uninduced cells
(Figure 5D). The former result was surprising since ORF24
is a virally-encoded ortholog of a TATA-box binding protein
that is required for transcription of late lytic genes containing
noncanonical TATA boxes (34). To rule out that the transcript
detected during latency in BCBL-1 cells was not due to spon-
taneous reactivation of a small number of cells, we repeated
the RT-PCR validation of this transcript in iSLK cells that are
strictly latent and still detected the ORF24 isoform in unin-
duced cells (Supplementary figure S7E).

The other set of long-range transcripts was identified in
the forward orientation and were observed to splice pri-
marily into RTA (ORF50), K8 and K8.1 transcript isoforms
(Supplementary figure S4C). RT-PCR across the novel splice
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junction of the ORF50a transcript isoform, spanning the
nearly 50 kb intron, further confirmed the existence of this
junction in iSLK-WT-BAC16 infected cells before and after
induction of lytic replication (Supplementary figure S7F). Fur-
thermore, we also performed Sanger sequencing of all am-
plified PCR products to verify the exact sequence of novel
identified exon-exon junctions ruling out any potential arte-
fact stemming from our bioinformatic analysis or off-target
PCR amplification (Supplementary file S2). The Sanger se-
quencing of exon-exon junctions from nested RT-PCR prod-
ucts validated the existence of transcript variants that all ini-
tiate between 40-100 kb upstream of their respective coding
sequences.

Alternative coding sequences of annotated KSHV
genes

It is noteworthy that many of the KSHV transcript iso-
forms, which we demonstrated in the former section includ-
ing vIRF3a, vIRF4a and ORF50a, are also coding variants of
the annotated KSHV ORFs. By utilizing the combination of
NCBI-BLAST and TransDecoder for annotation (see meth-
ods), we identified coding isoforms for both early and late
genes as listed in Supplementary Table S3. For instance, we
identified six coding isoforms of ORF4, including three splice
variants, with the C-terminus sequence conserved in all iso-
forms. (Supplementary figure S8A). Evidence for alternative
splicing in the coding sequence of ORF4 has also been re-
ported previously by transcription profiling of ORF4 in PEL
cells (35). We tested for one of these splice junctions using
strand-specific RT-PCR, as mentioned above, and found that
the ORF4a/4d spliced isoforms are present only in the in-
duced BCBL-1 cells while the unspliced ORF4 isoforms are
present in both induced, and uninduced BCBL-1 cells, albeit at
lower levels (Supplementary figure S8B). However, it remains
elusive if the identified amplicons are derived from either full-
length (ORF4/4b) or the N-terminus truncated (ORF4a/4d)
ORF4 isoforms.

Our high-resolution transcriptome analysis has also iden-
tified six alternative coding isoforms of K8.1, a viral gly-
coprotein (36-38), which is a structural component of the
KSHYV virion that facilitates virus entry by adhering to cell
surface receptors (Figure 6A). The identified K8.1 isoforms
included all previously annotated isoforms suggesting high ef-
ficacy of our annotation (39,40). By performing multiple se-
quence alignment of all K8.1 protein isoforms, we have de-
marcated the identical and divergent domains of each cod-
ing isoform. We deciphered that four of the identified K8.1
coding isoforms including K8.1, K8.1b, K8.1¢ and K8.1d
exhibit the same amino-acid sequence on their N-terminus,
while only K8.1d and K8.1 share the same amino-acid se-
quences on their C-terminus (Figure 6B, S9A). The other two
K8.1 isoforms completely lack the N-terminus amino-acids
of the annotated K8.1 protein. The identification of >50
transcript variants and six coding isoforms of K8.1, suggests
that the heterogenous expression of K8.1 isoforms may con-
tribute to different entry mechanisms in different cell types or
conditions.

Nevertheless, a downstream phenotypic analysis of the al-
ternative coding sequences will be required to evaluate the
functional importance of the identified K8.1 coding isoforms.
In addition to coding isoforms of K8.1, TRIMD revealed al-
ternative coding sequences for various other KSHV ORFs,
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including five coding isoforms of the K8-bZip protein that
functions in viral replication and seven coding isoforms of the
vIRF4 protein, which is a crucial protein required by KSHV
for host immune modulation during its life cycle (Figures 6C,
S9B). To gain more insights into all the mono- and poly-
cistronic K8.1 transcripts, we further analyzed the distribution
of TSSs associated with K8.1, K8/K8.1 and RTA/K8/K8.1
transcripts, and determined that TSSs for K8.1 transcription
are distributed over 20 different loci on the KSHV genome,
with two TSSs located >5 kb upstream and one TSS de-
termined as the predominant forward strand TSS situated
nearly 50 kb upstream of the K8.1 gene loci (Figure 6D).
We observed the highest Iso-Seq read-depth of K8.1 tran-
scripts from the canonical TSS (76 000 nt), as identified ear-
lier by Tang et al. (40), and variable read-depths from other
TSSs previously unidentified. The broad distribution of TSSs
associated with K8.1 transcripts suggests that there is al-
ternative usage of promoters by KSHV to encode essential
genes.

We also detected a coding isoform of KSHV LANA
(ORF73) protein, that exhibits the same N-terminal domain
as LANA but has a different sequence of amino-acids on its
C-terminal (Figure 6E). Previously, N-terminal truncated cyto-
plasmic isoforms of LANA have been characterized to inhibit
c¢GAS-STING-dependent induction of interferon for promot-
ing reactivation of KSHV (41). In contrast, the novel LANA
isoform (ORF73a) identified from our study is a C-terminal
truncated LANA generated by alternative splicing of a LANA
precursor transcript, having the C-terminal and central repeat-
region spliced out during mRNA processing.

Identification of fusion-ORFs, alternative UTRs for
annotated ORFs and long non-coding
antisense-to-ORF transcript isoforms

We further evaluated TRIMD unique transcripts for novel fea-
tures other than alternative coding sequences. We observed
that the complex KSHV transcriptome with multiple over-
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from the same TSS loci. (E) Coding isoform of the LANA (ORF73) protein identified by TRIMD analysis.

lapping transcripts also encodes fusion-ORFs, defined as the
in-frame coding sequences comprising of N-terminus from
one protein and C-terminus from another protein. Specifically,
we identified fusion ORFs for K3-ORF2, ORF47-ORF45 and
two distinct fusion ORFs for ORF59-vIRF4 (Figure 7A-C).
While these observations are potentially further expanding
the KSHV proteome, any validation and functional studies
of these potentially multifunctional proteins is beyond the
scope of this report. Identification and validation of more than
one TSS and termination sites for most coding genes is an
important finding from our analysis. For instance, we iden-
tified four different poly-A sites of transcripts encoding K1
(Figure 7D). In addition to transcripts with novel ORFs and
fusion-ORFs, we also identified non-coding transcripts anti-
sense (as) to coding-ORFs including as-ORFS5 S, as-vIRF4, as-
ORF11 and as-K6 (Figure 7E, F). Our robust target enrich-
ment approach for KSHV reads in sequencing data enhanced
the identification of the transcript isoforms with alternative
untranslated regions (UTRs), transcripts encoding for fusion

ORFs and novel non-coding antisense transcripts not previ-
ously reported.

Comparing TRIMD-identified transcripts with
nanopore sequencing of KSHV transcripts

In order to further verify the TRIMD high-resolution tran-
scriptome and to decipher long KSHV transcripts that could
not be identified with our stringent TRIMD approach, we next
performed an Oxford Nanopore Technology (ONT)-based
high-throughput sequencing of KSHV transcripts in both
BCBL-1 and iSLK-WT-BAC16 infected cells. As nanopore
technology facilitates end-to-end sequencing of full-length
transcripts, we used the nanopore direct-RNA and direct-
c¢DNA platforms for sequencing BCBL-1 cells, and nanopore
PCR-cDNA sequencing for obtaining reads from infected
iSLK cells. While our TRIMD transcripts represent the lytic
transcriptome of KSHV, we performed the nanopore sequenc-
ing of BCBL-1 and iSLK cells during both latent (0 h) and lytic
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phases at 24 and 48 h post induction, to enable a comparison
of latent and lytic transcriptomes. In total, we obtained 2—4
million reads with direct-RNA seq, 0.8-1.6 million reads for
direct-cDNA seq and 7-11 million reads with PCR-cDNA seq.
We observed that the percentage of KSHV mapped reads was
less than 1% in the uninduced cells for all sequencing plat-
forms (Figure 8A). The mapped reads percentage increased to
2.4-2.6% and 7.4-9.1% in direct-RNA and direct-cDNA seq,
respectively, of induced BCBL-1 cells. In contrast, we obtained
36.8-52.5% KSHV mapped reads from PCR-cDNA sequenc-
ing of lytically reactivated iSLK-WT-BAC16 cells (Figure 8A).
The rationale behind performing PCR-cDNA sequencing for
iISLK-WT-BAC16 cells was to obtain long-reads with exces-
sive depth, as we have not utilized other sequencing platforms
for analyzing the KSHV transcriptome from iSLK cells. The
higher percentage of viral reads in iSLK cells is a result of
transactivation by the RTA transgene under a tetracycline in-
ducible promoter (23).

Next, we used SQANTI3 QC (28) for transcript classifica-
tion, to categorize the unique transcripts identified by TRIMD
with reference to full-length reads obtained from each of the
nanopore sequencing data. We found that >50% of unique
TRIMD transcripts could be identified as full splice match
(FSM), including each splice junction, to ONT reads from in-
duced samples, compared to <50% FSM observed for ONT
reads from uninduced cells (Figure 8B). Additionally, we ob-
served that 15-20% of unique TRIMD transcripts were clas-
sified as fusion by SQANTI3 QC, suggesting that these tran-
scripts mapped across more than one ONT read. The classifi-
cation of unique TRIMD transcripts, with ONT reads as ref-
erence, suggested that the integration of KSHV-enriched mul-
tiplatform sequencing data by the TRIMD pipeline has vali-
dated many more splice junctions compared to those identified
by ONT long-read processing. Furthermore, we also classified
the ONT full-length reads with reference to TRIMD unique
transcripts. Interestingly, we found that >96% of ONT reads
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to TRIMD-identified lytic transcripts.

from all induced samples and 83-93% of ONT reads from all
uninduced samples were classified as full-splice match (FSM)
to the TRIMD-identified KSHV transcripts (Figure 8C). This
further established that our approach for KSHV transcrip-
tome analysis provides a much higher resolution of the com-
plex bidirectional and overlapping KSHV transcriptome. Fur-
thermore, the expansive set of unique splice junctions iden-
tified by our TRIMD analysis include almost all splice junc-
tions that have been identified previously or in our data by
ONT sequencing (12). However, the mapping of ONT reads
to the KSHV reference genome also identified a number of
long KSHV transcripts (>4 kb), which were not detected in
our TRIMD approach.

We also analyzed the nanopore sequencing data to estimate
the relative abundance of novel identified splice variants of an-
notated ORFs during latent and lytic cycles in both BCBL-1
and iSLK cells (Supplementary Table S5). The counts of ONT
reads identified as full-splice-match by SQANTI3 to unique

OREF isoforms demonstrate differential expression of coding
variants during the latent and lytic phases of KSHYV, thus pro-
viding preliminary evidence to explore the functional role of
alternative coding isoforms.

Detection of TRIMD-identified long-range

transcripts in pediatric KS tissue samples

To further comprehend the significance of TRIMD-identified
transcripts, we analyzed recently published RNA-Seq data
of pediatric KS tissue samples (29). With our rationale to
test the presence of long-range identified transcripts in KS
samples, we mapped the RNA-Seq data from 16 samples to
KSHYV using the TRIMD-identified transcripts of interest as
a reference (Figure 9A). We observed that four samples had
reads spanning the splice junction of TRIMD-identified K3
and K4 transcript isoforms, with the TSSs of these transcripts
in the latency associated region at nt. 119010, splice donor
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Figure 9. Pediatric KS tissue samples exhibiting long-range KSHV transcripts. (A) IGV panel displaying different short and long-range spliced transcripts
originating from the two TSSs located in the latency region. (B, C) Number of pediatric KS tissue samples (SRA BioProject PRINA975091) that were
detected positive for RNA-Seq reads uniquely mapping across the splice junction (SJ) of TRIMD-identified long-range transcripts with (B) TSS at nt.
119010 and splice donor bases (GU) at nt. 118906 and (C) TSS at nt. 124005 and splice donor bases (GU) at nt. 123842.

site at nt. 118906 and splice acceptor sites at 100 and 80
kb upstream, respectively (Figure 9B). Additionally, we de-
tected splice junction covering-reads for K5, ORF24, vIRF4b,
ORF65 and ORF66 long-range transcript isoforms in more
than six samples, with 75% of total samples found positive for
reads spanning the splice junction of vIRF4b-14 (Figure 9B).
Similarly, we observed the presence of several long-range tran-
scripts with TSS at nt. 124005 and splice donor at nt. 123842
in the KS tissue samples, with isoforms of vIRF3a, K12 and
ORF71 detected in 8 or more samples (Figure 9C). The detec-
tion of TRIMD-identified transcripts in clinical samples of KS
underscores the significance of our analysis.

Discussion

Our approach of target enriched transcript structure analy-
sis of the KSHV transcriptome by integration of data from
different sequencing platforms with TRIMD has enabled
the de-complexification of KSHV transcripts at a very high-
resolution. We report validation of 994 unique KSHV tran-
scripts from induced BCBL-1 cells (Supplementary Table S3).
It is noteworthy, that in addition to the identification of
a plethora of novel KSHV transcripts, our unique set of
KSHV transcripts also represents previously reported tran-
script features that were identified by single molecule or high-
throughput analysis of KSHV transcripts. Overall, our lytic

transcriptome is represented by 206 TSSs, 110 polyadenyla-
tion sites and 228 splice junctions, with a potential to encode
for 147 unique ORFs exhibiting canonical start codons (AUG)
(Figure 3). Prior investigations into the KSHV transcriptome
have delineated the transcription initiation and termination
sites for multiple KSHV ORFs (9,10,12,30). Although these
studies have substantially contributed to our comprehension
of KSHYV transcripts, they exhibited differential efficiency in
discerning the alternative UTRs and splice variants across dis-
tinct KSHV transcripts. The TRIMD method for transcript
structure identification used in our study, overcomes these lim-
itations by applying both Illumina and SMRT sequencing data
to build transcript structures with high confidence.

The precise identification of TSS, 3’ ends of polycistronic
transcripts, and alternative splice junctions in previously an-
notated and novel transcripts, has remained relatively under-
explored due to the limited sequencing coverage. To inves-
tigate the lytic KSHV transcriptome, previous studies have
used the TREX-BCBL-1 and iSLK-WT-BAC infected cells,
which expresses the doxycycline-inducible RTA transactiva-
tor throughout the lytic cycle, leading to higher gene expres-
sion but also does not 100% recapitulate the kinetics of im-
mediate early, early and late genes during the replication cycle
(23,42). Our analysis on BCBL-1 induced with TPA and NAB
yielded only 1-5% of KSHV mapped reads. The percentage
of KSHV mapped reads significantly increased to 88.1% and
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65% after target enrichment for the short and long read RNA-
Seq platforms, respectively. Furthermore, target enrichment
prior to integration of data from different sequencing plat-
forms, strongly enhanced the validation of both high and low
expressed transcripts by TRIMD, detection of which has re-
mained limited in previous annotations (12). This approach
can be utilized in the future for identification of KSHV tran-
scriptomes in other cell lines and importantly in clinical KS tis-
sue samples, that has remained highly challenging with small
RNA-Seq platforms (43).

Similar to EBV and MHV68, KSHV displays a high de-
gree of 3’ poly(A) signal readthrough transcripts, which result
in numerous polycistronic transcripts with common 3’ ends.
Previously, the genome wide 3’ RACE approach to map 3
UTRs for all KSHV ORFs, reported only a subset of shared
polyadenylation sites for genes clustered in close proxim-
ity (7). Furthermore, modified poly(A) sequencing of KSHV
with Illumina platform identified a total of 55 polyadeny-
lation sites, of which 20 were found associated to single
genes and the others were associated to multiple genes (6).
Our validation of novel 3’ UTRs has identified monocistronic
transcript isoforms for various previously annotated as ei-
ther bicistronic or polycistronic genes due to lack of identi-
fication of individual 3’ UTRs. For instance, the RTA tran-
script has previously been described as a polycistronic tran-
script with three ORFs encoding RTA, K8 and K8.1. In
contrast, we have identified an early 3’ end for RTA tran-
scription along with three other 3’ ends identified associ-
ated with K8, K8/K8.1 and RTA/K8/K8.1 transcripts, indi-
cating that KSHV has the potential to generate both mono-
cistronic and polycistronic transcripts for clustered genes.
Similarly, we identified monocistronic isoforms of K1, ORF21,
ORF56, ORF62, ORF72 and K14, and proximal polyadeny-
lation sites for additional ORF clusters including K4.2/K4.1,
ORF34/35/36 and ORF62/61/60 not previously identified
(6,7,9,12). The use of transcript isoforms with different 3’
UTR lengths may suggest differential stability of mRNAs and
potential control of gene expression by miRNA regulation.

Furthermore, within the set of TRIMD-identified KSHV
transcripts, we observed various novel transcript isoforms that
share the same TSS but distinct 3’ ends due to differential
readthrough across poly(A) signals. The most prominent ex-
amples of such transcripts are the multiple short- and long-
range transcripts that arise from three predominant TSSs near
ori-lytR or ori-lytL (nt. 27048, 119010 and 124005) and ter-
minate at different distant genomic loci that are alternatively
spliced from these long pre-mRNAs (Supplementary figure
S4). Transcription initiation from these TSSs in combination
with alternative usage of polyadenylation sites strongly indi-
cate the potential of KSHV to transcribe additional coding and
non-coding RNAs from a single promoter. Importantly, we
validated the expression and structure of some of these novel
transcripts during both latent and lytic replication, which po-
tentially increases the repertoire of latency-associated genes.

Compared to polyadenylation sites, the identification of
TSSs for KSHV transcripts in previous studies has been more
efficient with a high overlap with our data set (9,10,12,30).
However, we have identified a total of 206 TSSs many of
which are shared among different transcripts. In total, we
have identified at least one TSS for nearly all GenBank anno-
tated KSHV ORFs, along with many novel alternative TSSs
for the majority of KSHV genes (Figure 3D, Supplementary
Table S3, S4).
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The occurrence of transcript isoforms with alternative
TSSs further implies that KSHV utilizes advanced regulatory
mechanisms to control the expression of coding and non-
coding genes. Because each TSS can be regulated by differ-
ent upstream promoters, the occurrence of cellular and vi-
ral TATA-binding proteins (TBPs) and their respective bind-
ing elements near the transcript 5’ ends can impact the
gene expression from each site. Interestingly, we found that
a few TSS validated in our data are more proximal to
ORF24, the KSHV TATA-binding protein homolog, bind-
ing motif (TATTWAA) than the canonical TATA box, sug-
gesting that ORF24 could mediate the recruitment of RNA
Polll at these sites (34,44). TRIMD-identified several iso-
forms of ORF4, ORF9, ORF17.5, ORF26, ORF32, ORF38,
ORF39, ORF435, K8.1, ORF59, ORF65, ORF67 which are
examples of transcripts with 5" ends more proximal to an
upstream ORF24 binding motif compared to host TATA
boxes.

The detection of transcript isoforms generated from multi-
ple TSSs during lytic replication suggests that active transcrip-
tion from nearly all putative TSSs is carried out by KSHV
during lytic replication, with quantitative bias towards aug-
menting transcription from a few very strong promoters. For
example, we have identified an alternative TSS upstream of
the Kaposin (K12) ORFs, that was previously described to be
driven from a common promoter expressing ORF71, ORFF72
and Kaposins during latency (45,46), which is active during
lytic replication and gives rise to multiple transcripts.

5" UTRs regulate translation efficiency as well as cellular
localization of mRNAs. For example, it has been shown that
longer 5" UTRs harbor sequences for binding to regulatory
proteins, such as poly(C)-motifs for nuclear retention (47,48).
Consistent with this, MHV68 ORFs with long 5 UTRs were
significantly enriched for poly(C) binding protein (PCBP1,
PCBP3) motifs, and ORFSS5 isoforms with long 5’ UTRs were
exclusively present in the nucleus while ORF535 isoforms with
the shortest 5’ UTRs were distributed between cytoplasmic
and nuclear fractions (18). Therefore, we predict that KSHV
transcripts with shorter 5 UTRs are efficiently exported for
translation. For instance, we have identified various mono and
polycistronic transcripts containing the K3 (MIR1), ORF2
and K2 (vIL6) coding sequences, with many of these isoforms
generated from different TSSs. A similar example is cited for
RTA/K8/KS8.1 transcripts that were associated with nearly 20
TSSs (Figure 6D). While most of these transcripts have coding
frames for all three genes, the coding potential for individual
OREFs is predicted as highest for transcripts that have shorter
UTRs, meaning high proximity of TSSs and polyadenylation
sites to start and stop codons, respectively (49,50). These
also include a large number of newly identified non-coding
RNAs some of which may exert their potential function in the
nucleus.

We identified two predominant TSSs near the latency as-
sociated region and one predominant TSS between K5 and
K6 that generate long-range readthrough transcripts, with dif-
ferent polyadenylation sites and alternative splicing of long
introns (Supplementary Figure S4). Evidence of readthrough
transcription has been reported earlier from EBV, MHV68
as well as HSV genomes, that increase the transcriptional di-
versity of these viruses, during both latency and lytic replica-
tion (17,18). Indeed, the first identified latency-associated gene
augmented by long-range transcription is the EBV EBNA1
gene transcribed from a nearly 100 kb long pre-mRNA
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(19,20,33). Interestingly, we have identified multiple long-
range transcripts from the KSHYV latency region. Additionally,
read through transcription of Kaposin and the miRNA locus
augmented by the LANA TSS through multiple polyadenyla-
tion signals has previously been described for KSHV (45). This
mechanism allows for differential expression levels of differ-
ent latency-associated genes expressed from a single promoter.
Two prominent transcriptional hubs situated in the latency
region are found to generate numerous multiply-spliced mR-
NAs. Alternative splicing of these transcripts generates mR-
NAs for multiple KSHV genes including K3, K5, ORF24,
vIRF3 and vIRF4 (Supplementary Figure S4A, B). The iden-
tification of these novel transcripts from TSSs that are located
40-100 kb upstream of their respective ORFs potentially ex-
pands the role of these lytic genes in the context of latency.
Albeit, we note that some of these transcripts are expressed
at low levels. As we have validated the presence of some of
these transcripts like ORF24 during latency by RT-PCR and
Sanger sequencing, it would be interesting to develop and per-
form more sensitive assays to identify additional rare tran-
script isoforms including K3 and K5 from these regions, in
latent cell populations and KS-tissue samples. Interestingly,
a previous study has reported K3- and K5-dependent MHC
class I down-regulation in latently infected cells under con-
ditions where their respective transcripts were not detectable
(51).

Among the most valuable insights obtained from our target
enriched TRIMD analysis of KSHV transcripts is the iden-
tification of expanded splicing events occurring throughout
the KSHV genome. Splice variant isoforms for transcripts
that classically represent different phases of KSHV replica-
tion including, immediate early (RTA, ORF45, K4.2), early
(K8/K8.1), delayed early (K3, K5, ORF57, ORF37), late lytic
(ORF6, ORF44) and latent (LANA, vELIP, vCyclin, vIRF3)
phases of KSHV replication have been identified at a very high
resolution by our analysis (Figure 3D, Supplementary Table
S3). We observed that differential splicing of mRNA precur-
sors can generate a large number of unique KSHYV transcripts
that potentially can be translated into identical, overlapping,
or completely distinct proteins; thereby expanding the KSHV
proteome.

Interestingly, some alternative splicing events identified
within the coding sequences of previously annotated ORFs
are also predicted to encode for proteins that may or may not
share overlapping sequences with currently annotated ORFs,
thus classified as coding protein isoforms or completely novel
ORFs. For instance, we found that alternative splicing of
vIRF4 transcripts can generate seven different coding variants
of vIRF4 that need to be further characterized at the protein
level (Supplementary Figure S9B). The KSHV replication as-
sociated protein (RAP) or K-bZIP (K8), contributes to KSHV
replication and gene expression, and induces G1 cell cycle ar-
rest during the lytic cycle. K8 has been previously identified
to be transcribed from two distinct promoters, with one for
transcription during the immediate early phase and the sec-
ond during the delayed early phase, both of which are further
processed into several spliced transcript isoforms (52). Like-
wise, evidence of differential splicing of K8.1 mRNAs and its
coding variants has been reported earlier by different groups
(40). However, in addition to identification of multiple TSSs
associated with RTA/K8/K8.1 and K8/K8.1 transcripts, we
have identified a high number of splice variants of these tran-
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scripts that have potential to encode two alternative coding se-
quences of RTA, five isoforms of K8 and six isoforms for K8.1.
This observation, in conjunction with previous reports, fur-
ther highlights the sensitivity of our high-resolution transcrip-
tome analysis. The alternative coding sequences identified in
our study only represent the full-length coding sequences with
canonical start codons. Various downstream analyses can be
performed on these transcripts to further identify the potential
roles of KSHV upstream ORFs (uORFs), short ORFs (sORFs),
internal ORFs and ORFs with non-AUG start codons, as pre-
viously identified for KSHV by the ribosome profiling method
(10).

Human herpesviruses, including KSHYV, are known to have
evolved many strategies to evade host immune responses dur-
ing primary infection and establishment of cellular latency
for lifelong persistence in their hosts. One of these mech-
anisms includes transcriptional modulation. While we have
obtained different annotations for KSHV transcripts, the ex-
tensive complexity of the KSHV transcriptome was not fully
appreciated in previous studies due to low coverage and the
use of single sequencing platforms. To overcome these limi-
tations, we combined multiple short and long-read sequenc-
ing techniques with state-of-the-art target enrichment from
BCBL-1 cells and our stringent TRIMD data analysis pipeline
(17). In addition to the identification of many unique tran-
script features, we have annotated these transcripts with re-
spect to their coding potential suggesting the existence of
many new protein isoforms. Furthermore, the detection of
long-range KSHV transcripts in pediatric KS samples signi-
fies the clinical relevance of KSHV transcriptome annotation.
Our high-density annotations have laid a rich foundation for
future studies of newly identified coding and long non-coding
RNAs towards a better understanding about their functional
roles during KSHV replication, latency and pathogenesis.
Target enriched long-read sequencing of KS tissue samples
can further enhance the identification of transcripts with
splice junctions and long-range KSHV transcription, to gain
more valuable insights into the pathogenesis of KS in future
studies.
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