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ABSTRACT  18 

Kaposi's sarcoma-associated herpesvirus (KSHV) is a large, oncogenic DNA virus belonging to the 19 
gammaherpesvirus subfamily. KSHV has been extensively studied with various high-throughput RNA-20 
sequencing approaches to map the transcription start and end sites, the splice junctions, and the translation 21 
initiation sites. Despite these efforts, the comprehensive annotation of the viral transcriptome remains 22 
incomplete. In the present study, we generated a long-read sequencing dataset of the lytic and latent 23 
KSHV transcriptome using native RNA and direct cDNA sequencing methods. This was supplemented 24 
with CAGE sequencing based on a short-read platform. We also utilized datasets from previous 25 
publications for our analysis. As a result of this combined approach, we have identified a number of novel 26 
viral transcripts and RNA isoforms and have either corroborated or improved the annotation of previously 27 
identified viral RNA molecules, thereby notably enhancing our comprehension of the transcriptomic 28 
architecture of the KSHV genome. We also evaluated the coding capability of transcripts previously 29 
thought to be non-coding, by integrating our data on the viral transcripts with translatomic information 30 
from other publications. 31 

 32 

IMPORTANCE  33 

Deciphering the viral transcriptome of KSHV is of great importance because we can gain insight into the 34 
molecular mechanism of viral replication and pathogenesis, which can help develop potential targets for 35 
antiviral interventions. Specifically, the identification of substantial transcriptional overlaps by this work 36 
suggests the existence of a genome-wide interference between transcriptional machineries. This finding 37 
indicates the presence of a novel regulatory layer, potentially controlling the expression of viral genes.  38 

 39 

INTRODUCTION  40 

Infection with Kaposi's sarcoma-associated herpesvirus (KSHV), a gamma-2 herpesvirus, is usually 41 
asymptomatic in healthy individuals, but it can lead to severe diseases in patients with compromised 42 
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immune systems, such as those with AIDS (1). KSHV is the etiological agent of Kaposi's sarcoma (2), 43 
which is characterized by the formation of aberrant blood vessels in the skin, mucous membranes, and 44 
internal organs (3). Beyond this, KSHV has also been associated with other forms of cancer, such as 45 
primary effusion lymphoma and multicentric Castleman's disease (4). 46 

KSHV is an enveloped, dsDNA virus with approximately 90 protein-coding genes in its genome. 47 
Extensive non-coding RNA (ncRNA) expression has also been detected in certain genomic regions (5). 48 
Its lifecycle comprises of a latent and lytic phase. Following infection of oral epithelial cells, KSHV 49 
eventually infects B lymphocytes, where it establishes latency, leading to a lifelong persistence in humans 50 
(6). KSHV can also establish latency in several cultured cell lines (7). During latency, KSHV produces 51 
four protein-coding genes, comprising of LANA, vCyclin, vFLIP and Kaposin encoded by ORF73, 52 
ORF72, ORF71 and by K12, respectively (8–10). Around 25 microRNAs (miRNAs) encoded by 12 53 
precursor miRNAs (pre-miRNAs) (11–13) are also expressed during latency. LANA is responsible for 54 
maintaining the episomal viral DNA in the nucleus of infected cells (14, 15). KSHV miRNAs have been 55 
shown to target cellular mRNAs (11, 12, 16) and play a role in adjusting antiviral pathways (17) as well 56 
as influencing cellular growth. KSHV generates another type of ncRNA, known as circRNAs whose 57 
expression is induced during lytic infection (18, 19). The lytic cycle is initiated by the immediate early 58 
trans-regulator, known as RTA, encoded by ORF50 (20, 21). The let-7a miRNA/RBPJ signal is 59 
competitively modulated by RTA and LANA (22). RTA increases RBPJ levels by regulating let-7a, while 60 
LANA decreases RBPJ levels. During the lytic cycle, KSHV produces a significant amount of long non-61 
coding RNA (lncRNA) called PAN spanning the K7 gene (23, 24). 62 

KSHV transcripts have previously been examined using traditional techniques, including Northern blot, 63 
qPCR, and microarray analyses (25–28). Long-read sequencing (LRS) technologies have recently become 64 
important in viral transcriptomics (29–36). Native RNA sequencing is widely regarded as the gold 65 
standard in transcriptome research due to its ability to minimize the generation of spurious transcripts that 66 
can occur during library preparation and sequencing with other techniques. However, it is important to 67 
note that this technique also has certain limitations. For instance, transcript truncation might occur due to 68 
the digestion by RNase enzymes or during RNA preparation, which can lead to false identification of 69 
transcription start sites (TSSs). Using short-read sequencing (SRS) technology, high-resolution 70 
transcriptome maps of KSHV have been produced, leading to the discovery of novel bi-cistronic 71 
transcripts, splice variants, and gene expression dynamics during both latent and lytic infection phases 72 
(37–40). Aries and colleagues demonstrated that the long TSS isoforms can contain upstream ORFs 73 
(uORFs) encoding regulatory proteins (41). A recent RAMPAGE study (42) uncovered numerous 74 
previously unidentified TSSs and their associated cis-regulatory elements (43). To date, the number of 75 
KSHV introns has increased nearly tenfold, and numerous new splicing events have been detected for 76 
KSHV transcripts using ultra-deep SRS (44, 45).  77 

Despite the popularity of SRS, this technique is limited in its ability to assemble full-length transcripts 78 
and accurately identify the isoform profiles. LRS approaches, such as Oxford Nanopore Technologies 79 
(ONT), overcome these limitations. They offer single-molecule sequencing with the capability to detect 80 
full-length transcripts and allow the accurate identification of transcript isoforms, including splice and 81 
length variants (29). Despite extensive high-throughput RNA-sequencing efforts to profile viral 82 
transcripts, the KSHV transcriptome is still incomplete. Here, we employed nanopore sequencing 83 
alongside other techniques to provide a comprehensive annotation of the KSHV transcripts in primary 84 
effusion lymphoma cells. 85 

 86 

RESULTS 87 

Methods for the analysis of the KSHV transcriptome  88 

In this study, we employed a combined RNA sequencing approach to analyze the poly(A)+ fraction of 89 
both the lytic and latent KSHV transcriptomes in the transgenic PEL cell line iBCBL1-3xFLAG-RTA. 90 
Lytic reactivation was induced by adding doxycycline to the cells to express the 3xFLAG-RTA transgene, 91 
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the inducer of the lytic cycle (Figure 1). The lytic viral transcriptome was analyzed at 24 hpi at which 92 
time point all lytic genes have been shown to be expressed. Our investigations incorporated direct cDNA- 93 
and native RNA-based library preparation techniques for nanopore sequencing (dcDNA-Seq and dRNA-94 
Seq, respectively), along with Cap Analysis of Gene Expression sequencing (CAGE-Seq) which was 95 
carried out using an Illumina platform. The mapped reads were then subjected to transcript annotation 96 
applying the LoRTIA pipeline developed in our laboratory (46) (Figure 2). In this work, the LoRTIA 97 
program was employed for assessing the quality of sequencing adapters and poly(A) sequences, and 98 
filtering out false TSSs, TESs, and splice sites that could arise from RNA degradation, reverse 99 
transcription (RT), second strand synthesis, PCR amplification, or the sequencing reaction itself (46). The 100 
relevance of all eligible features was assessed against the Poisson or negative binomial distributions, and 101 
the p-value was adjusted using the Bonferroni correction method. Additional stringent filtering criteria 102 
were applied to enhance the confidence in the validity of the annotated LoRTIA transcripts (see below). 103 
In our pipeline, we also included a check for the potential presence of A-rich regions upstream of the 104 
transcriptional end sizes (TESs). Reads apparently originating from these regions were discarded as they 105 
may be indicative of false priming events. In order to further ensure that the annotated transcripts were 106 
not the result of possible internal priming events, we employed the talon_label_reads submodule of the 107 
TALON software package (47) for transcript annotation using the reads identified by the LoRTIA 108 
program. In this work, we also utilized datasets on KSHV from other publications (Supplemental File 1).  109 

 110 

Identifying transcriptional start and end sites 111 

The transcript ends were determined using LRS and CAGE-Seq methods, revealing an overrepresentation 112 
of PAN transcripts in the sample at 24 hpi (Figure 3 and Supplemental Figure 1). Other transcripts, such 113 
as K7, K8, K8.1, ORF11, K2, and K4 mRNAs also exhibit a comparatively high count of transcript ends. 114 
We compared the obtained results with previously published data from RAMPAGE (43), 3'RACE (48), 115 
and CAGE-Seq (41) studies. As a result, we identified 557 positions as TSS from the dcDNA-Seq 116 
samples, with 408 of them satisfying our criteria for transcript annotation. Remarkably, 38% of these 117 
positions (211 out of 557) were independently confirmed by RAMPAGE and 5' RACE with base pair 118 
precision (Supplemental Table 1, Supplemental Figure 2). In total, we identified 181 TESs using the 119 
LoRTIA software. Out of these, 146 were subsequently confirmed through dRNA sequencing. 120 
Additionally, we observed a poly(A) signal in 97 cases, positioned on average approximately 26.65 base 121 
pairs upstream of the TESs (Supplemental Table 1). Among the 181 detected TES positions, 106 were 122 
deemed suitable as 3' ends for transcript assembly. These TESs were also compared to already described 123 
transcript end positions. Notably, the TES positions exhibited significant overlap with the majority of pre-124 
existing annotated TESs, encompassing 94% (64 out of 68) within a 10 base pair range (Supplemental 125 
Table 1, Supplemental Figures 2). 126 

The application of advanced 5'-end sequencing technologies revealed that most, if not all, promoters use 127 
tightly clustered groups of TSSs for initiating transcription. Consequently, it would be more accurate to 128 
refer to this occurrence as ‘transcription start site clusters (TSSCs)’ (49, 50). Our study on KSHV 129 
corroborates the finding that transcription initiation represents a collection of bases. We found that this 130 
phenomenon could also be extended to transcription termination (Supplemental Figure 3). However, for 131 
the sake of simplicity, we employ the labels ‘TSS’ and ‘TES’, referring to the aggregate of individual 132 
TSSs or TESs within a short sequence. It is still unclear whether this variation has a functional role or if it 133 
just represents transcriptional noise. Many of the detected end positions may also be of technical origin 134 
(51). 135 

 136 

Characterization of the viral promoters  137 

In this part of the study, we identified the promoter elements using SeqTools, an in-house software. 138 
Specifically, we detected 81 TATA boxes, on average 31.23 bps upstream from the TSSs, and 116 GC 139 
boxes on average 69.03 bps upstream from the TSSs (Supplemental Table 1) using this pipeline. TSSs 140 
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with a TATA box are rich in G/A bases at their first positions, while C/T base richness is observed at 141 
position -1 (Figure 4). TSSs without a TATA box are G-rich both at the 0 and +1 positions. We identified 142 
20 CAAT boxes on average 117.35 bps away from the TSS. From the transcription factor IIB binding 143 
sites, we identified two sets of B recognition elements (BREs) proximately upstream of the TATA boxes: 144 
(1) 4 BREus on average 38.25 bps away from the TSS, and (2) 33 BREds on average 23.66 bps away 145 
from the TSS. We identified two downstream promoter elements (DPEs) on average 28 bps from the 146 
TSSs. In total, we identified 557 TSSs. Among these, 470 were confirmed by dRNA-Seq, 322 by CAGE 147 
sequencing, and the RAMPAGE data confirmed 190 TSSs (Supplemental Table 1).  148 

 149 

Transcriptional activity along the KSHV genome 150 

Unprocessed sequencing reads from both dcDNA-Seq and dRNA-Seq were used to display the 151 
transcriptional activity throughout the entire KSHV genome (Figure 5). This method enables the 152 
collection of a maximal number of transcription reads prior to any bioinformatic filtering. Given that LRS 153 
has a bias towards short reads, the per-point coverage is certainly not entirely accurate. Yet, it is 154 
noticeable that transcriptional activity spans the full length of the viral genome. It is assumed that with 155 
increased data coverage, transcriptional activity from every base on both DNA strands could be detected. 156 

 157 

Canonical mRNAs 158 

We performed annotation of the canonical mRNAs, which are defined as the most abundant RNA 159 
isoforms expressed by protein-coding genes (Figure 6; Supplemental Table 2). Notably, not all 160 
canonical transcripts were identified when subjected to our strictest set of conditions, which were the 161 
presence in three parallel cDNA samples, detection via dRNA-Seq, CAGE-Seq and RAMPAGE-Seq, as 162 
well as the presence of an upstream promoter. Consequently, we had to loosen some of the above 163 
constraints for the annotation of the missing transcripts. However, in some viral genes, no complete RNA 164 
molecules were detected at all, even under the less stringent criteria, probably due to the low level of gene 165 
expression (e.g. ORF7), and the large size of the transcript (e.g. ORF63, ORF64). 166 

 167 

Non-coding transcripts 168 

We have also identified lncRNAs and pre-miRNAs (Figure 6). Non-coding transcripts possess their own 169 
promoters and are located in intragenic (such as LAN), or intergenic positions, or they overlap mRNAs in 170 
an antiparallel manner [antisense RNAs (asRNAs)]. However, antiparallel segments at either end of the 171 
mRNAs can also be found. This occurs when nearby genes on opposite strands overlap in their 172 
transcriptional activity, either convergently or divergently. Transcript isoforms that have exceptionally 173 
lengthy 5′ untranslated region (UTR) may also be ncRNAs, given the substantial gap between the TSS 174 
and translation initiation sites (TISs), Despite the ambiguity in this matter, we depict them as protein-175 
coding transcripts in Figure 6. In addition to the previously published ncRNAs, we were able to identify 176 
new transcript isoforms of this type (Supplemental Table 2). 177 

 178 

Spliced transcripts 179 

For the identification of splice sites within the KSHV transcripts, we employed highly stringent criteria: 180 
we not only required their occurrence in a minimum of three different samples, but we also mandated the 181 
presence of splice donor and acceptor consensus sites (GT/AG) and detection by dRNA-Seq in addition to 182 
direct cDNA sequencing. The dRNA-Seq validation process included checking either splice sites or the 183 
entire RNA sequences. It is known that poxvirus transcripts do not undergo splicing (52). Therefore, 184 
alongside KSHV, we also performed dcDNA-Seq and dRNA-Seq using the monkeypox transcripts to 185 
determine whether the library preparation, or the sequencing protocols might yield false splicing. Our 186 
LoRTIA software did not identify any potential introns, thus confirming that the spliced transcripts we 187 
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observed in KSHV are not artifacts but rather of biological origin (supporting data not shown). We 188 
assume that the discarded, low-abundance spliced reads are also genuine spliced transcripts, even though 189 
they might not have a function. Furthermore, we noticed significant heterogeneity in the splicing sites, 190 
wherein the same splice donor site was paired with different acceptor sites, and vice versa (Supplemental 191 
Table 1). Another notable characteristic is that splice consensus sites are surrounded by numerous 192 
alternative splice sites in their proximity. Our annotated introns were compared to already described 193 
introns published by others (Supplemental Figure 2A). Here we listed 35 putative, hitherto undetected 194 
splice junctions based on dcDNA-Seq and dRNA-Seq (Supplemental Table 1). Fusion transcripts 195 
represent spliced sequences derived from at least two neighboring or proximate genes, encompassing 196 
chimeric UTRs or coding regions. In principle, the downstream partner in ORF fusions can be positioned 197 
in-frame or out-of-frame. In this work, we identified 10 genomic regions encoding fusion transcripts 198 
(Figure 6).  199 

 200 

Identifying 5' and 3' UTR isoforms of mRNAs 201 

Determining the exact boundaries of 5′ UTRs of RNAs represents a pivotal part of transcript annotation. 202 
Methods, such as Cap-selection, Terminase enzyme utilization, CAGE-Seq, 5′RACE, and RAMPAGE-203 
Seq analyses have limitations for validating particular TSSs with high degree of uncertainty. This issue 204 
presents a notable problem particularly for reads with low abundance and also for shorter reads (roughly 205 
300-1,500 base pairs), which appear to be more frequent in raw data due to the aforementioned biases. 206 
Therefore, we implemented even more stringent criteria for the annotation of these reads, which were as 207 
follows: we have raised the score cutoff for CAGE-Seq data to 50 counts. The likely consequence of our 208 
strict criteria system is that numerous low-abundance transcripts remained unidentified, e.g. mRNAs 209 
expressed from ORF7, ORF19, ORF20, ORF63, ORF64, and K15 Our findings indicated that the average 210 
length of 5′ UTRs in canonical transcripts was 549.66 bp (median 257 bp, SD=746.46), whereas the mean 211 
length of 3′ UTRs of canonical transcripts was 188.83 bp (median 78 bp, SD=353.12). It should be 212 
mentioned that the potential nested mRNAs with truncated in-frame ORFs (ifORFs) are not regarded as 213 
transcript isoforms. Given that these RNAs produce distinct protein molecules, they are addressed in the 214 
subsequent section. 215 

 216 

Non-canonical ORFs with putative coding function 217 

Nested genes reside within the coding regions of host genes. They share the same TES but possess 218 
different TSSs compared to canonical transcripts. Nested genes have shorter ifORFs, which if translated, 219 
would encode N-terminally truncated polypeptides. The existence of this transcript category is well-220 
documented in herpesviruses (29), which has also been identified in KSHV (53). To find evidence for the 221 
translation of novel ifORFs, we reanalyzed the RiboSeq data published by others (41) (Supplemental 222 
Figures 4 and 5). The latter study (41) detected several upstream ORFs (uORF), short ORFs (sORF), and 223 
some internal ORFs (intORF). To gauge the total protein-coding capacity of certain KSHV transcripts, we 224 
first identified all potential ORFs in the full-length viral mRNAs. We found 19,930 potential ORFs on the 225 
annotated transcripts that include either cognate or non-cognate start sites (Supplemental Figures 6 and 226 
7A). Only those transcripts were selected that contained an internal, co-terminal ORF (altogether 24 227 
ifORFs). Based on our analysis, we identified 24 ifORFs that contained annotated truncated ORFs: K10, 228 
K2, K3, K4, K5, K6, K9, ORF11, ORF16, ORF17, ORF17.5, ORF22, ORF27, ORF39, ORF45, ORF49, 229 
ORF50, ORF54, ORF55, ORF57, ORF58, ORF6, ORF69 and ORF70 (Supplemental Figure 7B).  230 

Subsequently, we reanalyzed the raw RiboSeq data published by others (41) aligning them with the 5'-231 
truncated transcript data from our LRS approach to obtain the translationally active sites on the viral 232 
mRNAs. This led us to identify multiple hidden translation initiation sites (TISs) within the canonical 233 
ORFs. We chose only the highest significant TISs (p<0.05) and associated them with the potential ifORFs 234 
of K2, K6, ORF11, ORF17, ORF17.5, ORF45, and ORF57. These genes use predominantly the canonical 235 
AUG and to a lesser extent the AUA non-canonical start codons and are terminated in-frame compared to 236 
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the given ORF. Our algorithm also detected TIS-peaks on the transcript isoforms of K3, K4, K5, K9, 237 
ORF16, ORF22, ORF27, ORF39, ORF49, ORF50, ORF54, ORF55, ORF58, ORF6, ORF69 and ORF70 238 
with notably high occurrence (however, their z-score significance values were slightly above the p-value 239 
at 24 hpi (Supplemental Table 2. Supplemental Figure 7C).  240 

Six intORFs have previously been identified in KSHV (41). Yet, based on our LRS data, three of them 241 
would be more aptly termed as uORFs due to their short length and the presence of a longer downstream 242 
ORF within the same transcript. We determined that the intORF within ORF10 is not transcribed 243 
separately but rather in conjunction with the downstream ORF11, resulting in a 5'UTR variant. Similarly, 244 
the intORF of K8.1 seems to act as an uORF for the transcript associated with the second exon of the 245 
K8.1 gene, which is transcribed independently (Supplemental File 1). 246 

 247 

Coding potential of ‘non-coding’ KSHV sequences 248 

Another question we also explored is whether the long ncRNAs of KSHV possess any coding potential. 249 
We detected asRNAs in the genomic region encoding IE genes and other tandem areas of the KSHV 250 
genome. Previously, these regions were believed to be non-coding. To assess the coding capability of 251 
these genomic segments, we re-examined the original RiboSeq data (41) and identified the ribosomal 252 
footprints on the KSHV transcripts. Additionally, a proteomic study of lytic KSHV infection employing 253 
RNA-tiling array and protein LS-MS/MS method had been conducted (54). By linking these datasets, we 254 
were able to associate with viral peptide sequences that had no previously identified corresponding 255 
mRNAs. In-depth reanalysis of these proteomic datasets revealed that a portion of these unlinked viral 256 
peptides may be encoded by the asRNAs and complex transcripts that are multigenic RNAs containing at 257 
least one ORF in an opposite orientation (Supplemental Table 3). 258 

 259 

An OriLyt-spanning protein coding transcript 260 

We identified a cluster of replication-associated RNAs (raRNAs) (55) overlapping the KSHV OriLyt-L 261 
with a shared TSS at the genomic location 24,178. This position is adjacent to a TSS previously 262 
documented by others (41, 56). Moreover, this locus contains a TATA-like element 29 bp upstream of the 263 
TSS (57). They have been categorized as non-coding in our first survey. However, in all six 264 
independently analyzed RiboSeq samples (41), a pronounced TIS peak is observed at the intergenic repeat 265 
region, positioned at the genomic location 24,214, which lies between K5 and K4.2, suggesting the 266 
existence of a novel, OriL-spanning sequence with the potential for encoding a 233 amino-acid long 267 
polypeptide. Furthermore, four peptide sequences from the KSHV proteomic dataset (54) are mapped to 268 
this intergenic area (Supplemental Table 3). These peptides are aligned in-frame with the recognized 269 
sORF that are terminated at genomic position 24,915 (Supplemental Figure 8). A search in the database 270 
of conserved protein domains, utilizing the in silico translated sequence of the 233 amino acids, showed a 271 
subtle similarity to eukaryotic PolyA-binding protein superfamily (3.97 e-4) and to DNA Polymerase III 272 
subunits gamma and tau (2.43 e-8). A BLASTP query revealed the highest resemblance to either 273 
hypothetical or not yet characterized proteins (with bit scores of 132 and 102) and mucin-like proteins 274 
(scoring 112). 275 

 276 

Transcriptional overlaps  277 

Gene pairs can adopt parallel (→→), convergent (→←), or divergent (←→) orientations. If the canonical 278 
transcripts of gene pairs form transcriptional overlaps (TOs) with each other, we refer to it as a 'hard' 279 
overlap. On the other hand, a 'soft' TO occurs when only the longer TSS or TES variants form overlaps, 280 
but not the canonical transcripts. Figure 3C (along with Figure 7) and Supplemental Table 4 shows that 281 
out of 13 canonical transcripts encoded by convergent gene pairs, 8 form hard TOs, while the remaining 282 
transcripts produce varying degrees of soft TOs. Divergent gene pairs predominantly generate hard head-283 
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to-head TOs (10 out of 12 gene pairs), with 2 instances of soft TOs. Notably, both convergent and 284 
divergent gene pairs with hard TOs exhibit more extensive overlaps due to transcriptional read-through or 285 
the generation of long TSS isoforms, respectively. Furthermore, we observed that in co-oriented viral 286 
genes, the TSS of downstream genes is in many cases located within the ORF of the upstream gene. It is 287 
important to mention that our data underrepresent divergent TOs because a significant proportion of TSSs 288 
are not detected in transcription reads due to sequencing biases favoring short sequences. Similarly, the 289 
extent of convergent overlaps is also underestimated because RNA polymerase tends to read through the 290 
poly(A) site, resulting in an extended nucleic acid stretch that gets later truncated at the TES. 291 

 292 

Viral transcripts expressed during latency 293 

We have also analyzed the viral gene expression in non-induced (latent) iBCBL1-3xFLAG-RTA cells. 294 
While we were able to identify the four latency transcripts, we also detected viral transcripts that are 295 
typically expressed during the lytic phase, such as the PAN RNA whose amount was significantly higher 296 
compared to other viral RNAs (Figure 5). This observation is attributed to the spontaneous reactivation 297 
of the virus in a number of latently infected cells. Indeed, Landis and colleagues employing single-cell 298 
RNA sequencing to study KSHV latency detected such variability in gene expression within the latently 299 
infected PEL cell population (58). 300 

 301 

DISCUSSION 302 

Over the last couple of years, sequencing technologies have significantly advanced. This rapid 303 
development, spearheaded by third-generation LRS techniques, instigated a fundamental transformation 304 
in the study of cellular and viral transcriptomes (29, 59–63). Investigations have demonstrated that the 305 
transcriptomic composition of viruses is considerably more intricate than initially thought (64). A broad 306 
array of overlapping transcripts has been unveiled in every herpesvirus family (55, 65). 307 

Through the creation of a LRS dataset and the application of a robust transcript annotation pipeline, we 308 
effectively annotated numerous novel TSSs, TESs, introns and transcripts, and confirmed or amended 309 
previously annotated KSHV RNAs in the lytic phase (24 hpi) and during latency. We successfully 310 
identified long 5′UTR isoforms, complex transcripts, various alternative splice variants, and chimeric 311 
RNA in the KSHV transcriptome. Our splice detection results from dRNA-Seq align with other published 312 
datasets to differing extents, with only a restricted subset of introns (19) being common across all the 313 
examined data (Supplemental Figure 2A).  314 

Our research significantly expanded the number of KSHV TSS and TES in comparison to previously 315 
published data (Supplemental Figures 2B and C, Supplemental File 1). Although LRS techniques have 316 
made advancements in accuracy, the reliable end-to-end identification of transcripts continues to pose a 317 
challenge (51). To guarantee the credibility of our results, we applied strict filtering standards and cross-318 
checked our discoveries with validated data from additional research studies. We employed the LoRTIA 319 
pipeline, a tool developed in our lab, for the annotation of KSHV transcripts. To provide further 320 
validation of our findings, we utilized CAGE analysis, along with RAMPAGE, 3'RACE and RiboSeq 321 
data generated by other researchers. It is important to note that our strict filtering may have resulted in the 322 
loss of several rare bona fide transcripts.  323 

Our research also uncovered an incredibly intricate network of TOs. Herpesvirus gene clusters 324 
comprising co-oriented genes are known to produce parallel transcriptional overlaps due to their shared 325 
transcription termination. Our approach revealed that most convergent and divergent gene pairs create 326 
'hard' overlaps, where their canonical transcripts overlap with each other.  327 

Furthermore, our findings indicate that the entire KSHV genome is transcriptionally active, including 328 
both DNA strands as also shown by previous studies. Nevertheless, the question arises whether all these 329 
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transcripts serve functional roles, or whether some of them are the results of a transcriptional interference 330 
mechanism (64), or perhaps, they are just transcriptional noise (66).  331 

We identified several new nested transcripts that include co-terminal intORFs. We define ‘ifORF’ as a 332 
form of the intORF, which is detected within monocistronic transcripts in in-frame position. For ifORFs 333 
located within the 5′UTR of RNAs encoded by the upstream genes in a multicistronic transcript, it is 334 
difficult to determine whether they are just long 5′UTR isoforms of the downstream gene, or if these 335 
ifORFs are actually translated. It is an important issue, since in the latter scenario, the downstream gene 336 
would not undergo translation due to the absence of requested sequences and molecular mechanisms that 337 
would allow this process. Whether these putative 5′ truncated ORFs have true coding capacity and are all 338 
biological products remain to be determined.  339 

The initiation codons for ifORFs are substantiated by notable TIS signals. ORF57 is one of the essential 340 
regulatory KSHV genes, which encodes the IE63 homologue of HSV-1 (ICP27). We confirmed the long 341 
isoform of its transcripts described originally by Northern-blot analysis (25) and found several internal, 342 
short isoforms as well. The K3 and K5 gene products are involved in the modulation of host cell’s 343 
immune response (67). The K3 gene possesses an intORF (41), and we successfully associated it with 344 
multiple transcript isoforms. Despite the many nested transcripts identified within K5, we did not detect 345 
‘strong’ TIS signals, which indicates that not all embedded transcripts function as potential protein-346 
coding mRNA. 347 

A limited number of factors orchestrate the first steps of the KSHV lytic infection (68). We detected the 348 
highest TSS variability of transcript isoforms in ORF50-(ORF49)-K8-K8.1 locus, and the highest intron 349 
variability in the K2-ORF2-K3-ORF70 genomic region (Supplemental File 1, Supplemental Figure 4) 350 
involved in immune evasion. 351 

The OriLyt-L region of KSHV holds significant interest due to the existence of repeats that provide a 352 
binding site for RTA. Transcriptional activity and TES have already been detected in this region by 353 
several independent experiments (41, 48, 54, 56, 69). However, they could not determine the exact 354 
structure of these mRNAs. In this region, the K4.1 mRNA and another labeled as T1.5 was identified 355 
using Northern-blot (56, 69). Close to the 3'end of these transcripts, a short potential protein, termed 356 
OLAP, has been previously predicted (57) and a TIS signal was detected (41). Here, we not only 357 
identified these transcripts but also discovered a subset that includes a new, extended isoform of an 358 
OriLyt-L-spanning RNA. The ORF identified here is also corroborated by RiboSeq and LS-MS/MS data 359 
(41, 54). However, we were unable to identify the 6-kb long, OriLyt-L spanning transcript T6.1 (57). 360 

Several KSHV asRNAs have previously been identified (54, 57, 70). Notably, the 10-kbp long antisense 361 
latency transcript (ALT) might play a role as a primary regulator of OriLyt-R latency locus.  Contrary to 362 
the earlier hypothesis suggesting that ALT exists without other isoforms (71), we identified shorter 363 
versions of ALT. Moreover, we also discovered other asRNA isoforms to which we could associate viral 364 
peptide fragments that were previously not assigned to any viral transcripts (54). This led us to propose 365 
that these asRNAs might be the original source for these peptides. Although peptides encoded by 366 
antisense RNAs have been observed in KSHV (72) and other herpesviruses (73, 74), their precise 367 
function continues to be an area of active debate (75). 368 

Gammaherpesviral ncRNAs modulate host immune reactions through various mechanisms (76, 77). 369 
Among ncRNAs, the newly characterized circRNAs are produced by back-splicing (18, 78). The new 370 
introns identified in our study might serve as a source for circRNAs. The full coding capacity of the 371 
KSHV transcriptome still requires deeper exploration. While the LC-MS/MS method has challenges in 372 
detecting low-abundance proteins, employing advanced protein sequencing methods on nanopore arrays 373 
could address this issue (79, 80).  374 

Taken together, the information generated by integrating the data obtained from our combined methods 375 
has expanded our understanding of the viral transcriptome architecture of KSHV. Our results illustrate 376 
that the lytic transcriptome of the KSHV is even more complex than it was initially described. Our study 377 
underscores the significance of utilizing a combined multiplatform strategy in transcriptomics. 378 
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 379 

MATERIALS AND METHODS  380 

Cell culture, RT-qPCR and immunoblot analyses  381 

The iBCBL1-3xFLAG-RTA cell line, a KSHV-positive primary effusion lymphoma (PEL) (81), was 382 
grown in RPMI 1640 medium supplemented with 10% Tet System Approved FBS (TaKaRa), 383 
penicillin/streptomycin, and 20 μg/ml of hygromycin B. To initiate KSHV lytic reactivation, one million 384 
iBCBL1-3xFLAG-RTA cells were treated with 1 μg/ml of doxycycline (Dox) for a 24-hour period. For 385 
assessing KSHV gene expression via RT-qPCR, cDNA was produced using the iScript cDNA Synthesis 386 
kit (Bio-Rad), followed by SYBR green-based real-time quantitative PCR analysis with gene-specific 387 
primers. The relative expression of viral genes was determined using the delta-delta Ct method, with 18S 388 
serving as the normalization factor. The primer sequences were previously reported by Toth et al. (82). 389 
The immunoblots employed the following antibodies: anti-FLAG (Sigma F1804), anti-ORF6 (provided 390 
by Dr. Gary S. Hayward from Johns Hopkins University), and anti-Tubulin (Sigma T5326). 391 

RNA isolation, poly(A) selection, and measurement of nucleic acid quality and quantity 392 

Supplemental Text contains the comprehensive protocols. 393 

Direct cDNA sequencing  394 

Libraries were generated from the poly(A)+ RNA fractions without PCR amplification using the ONT's 395 
Direct cDNA Sequencing Kit (SQK-DCS109) following the ONT manual. In summary, RNAs were 396 
mixed with ONT VN primer and 10 mM dNTPs and incubated at 65°C for 5 minutes. Next, RNaseOUT 397 
(Thermo Fisher Scientific), 5x RT Buffer (Thermo Fisher Scientific), and ONT Strand-Switching Primer 398 
were added to the mixtures, which were then incubated at 42°C for 2 minutes. The Maxima H Minus 399 
Reverse Transcriptase enzyme (Thermo Fisher Scientific) was added to the samples to create the first 400 
cDNA strands. The reaction took place at 42°C for 90 minutes, and the reactions were stopped by heating 401 
the samples at 85°C for 5 minutes. The RNAs from the RNA: cDNA hybrids were eliminated using the 402 
RNase Cocktail Enzyme Mix (Thermo Fisher Scientific) in a 10-minute reaction at 37°C. 403 

The second strand of cDNAs was synthesized using LongAmp Taq Master Mix [New England Biolabs 404 
(NEB)] and ONT PR2 Primer. The PCR condition applied was: 1 minute at 94°C, 1 minute at 50°C, and 405 
15 minutes at 65°C. Subsequently, end-repair and dA-tailing were performed with the NEBNext End 406 
repair/dA-tailing Module (NEB) reagents at 20°C for 5 minutes, followed by heating the samples at 65°C 407 
for 5 minutes. Adapter ligation was conducted using the NEB Blunt/TA Ligase Master Mix (NEB) at 408 
room temperature for 10 minutes. The ONT Native Barcoding (12) Kit was employed to label the 409 
libraries, which were then loaded onto ONT R9.4.1 SpotON Flow Cells (200 fmol mixture of libraries 410 
was loaded onto one flow cell). AMPure XP Beads were utilized after each enzymatic step, and samples 411 
were eluted in UltraPure™ nuclease-free water (Invitrogen). 412 

Native RNA sequencing 413 

For the dRNA-seq experiments, an RNA mixture (pooled biological replicates) was prepared, which 414 
included RNA from Poly(A)+ samples. The T10 adapter containing oligo dT for RT priming and the 415 
RNA CS for monitoring sequencing quality (both from the ONT kit) were added to the RNA mix, along 416 
with NEBNext Quick Ligation Reaction Buffer and T4 DNA ligase (both from NEB). The reaction 417 
incubated for 10 minutes at room temperature. Subsequently, 5x first-strand buffer, DTT (both from 418 
Invitrogen), dNTPs (NEB), and UltraPure™ DNase/RNase-Free water (Invitrogen) were added to the 419 
samples. Finally, the SuperScript III enzyme (Thermo Fisher Scientific) was combined with the sample, 420 
and the RT reaction was conducted at 50°C for 50 minutes, followed by enzyme heat inactivation at 70°C 421 
for 10 minutes. 422 

The RNA adapter (from the ONT kit) was ligated to the RNA: cDNA hybrid sample using the NEBNext 423 
Quick Ligation Reaction Buffer and T4 DNA ligase at room temperature for 10 minutes. RNAClean XP 424 
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Beads were employed after each subsequent enzymatic step. Two flow cells were utilized for dRNA-seq, 425 
with 100 fmol of the sample loaded onto each. 426 

Cap Analysis of Gene Expression (CAGE)  427 

The CAGE™ Preparation Kit (DNAFORM, Japan) was employed according to the manufacturer's 428 
guidelines (see Supplemental Text for the details). 429 

ONT sequencing data analysis 430 

The Guppy software (v3.4.5) was utilized for basecalling ONT-MinION sequencing reads. Reads with a 431 
quality filter of 8 (default) were mapped to the reference genome using minimap2, applying settings: -ax 432 
splice -Y -C5 -cs. Mapping statistics were calculated using the ReadStatistics script from Seqtools 433 
(https://github.com/moldovannorbert/seqtools). The LoRTIA toolkit (alpha version, accessed on 20 434 
August 2019, https://github.com/zsolt-balazs/LoRTIA) was employed for identifying TESs, TSSs, and 435 
introns, and reconstructing transcripts based on these features. The LoRTIA workflow with default 436 
settings included: 1) for dRNA and dcDNA sequencing: -5 TGCCATTAGGCCGGG --five_score 16 --437 
check_in_soft 15 -3 AAAAAAAAAAAAAAA --three_score 16 s Poisson–f true; and 2) for o(dT)-438 
primed cDNA reads: -5 GCTGATATTGCTGGG --five_score 16 --check_in_soft 15 -3 439 
AAAAAAAAAAAAAAA --three_score 16 s Poisson–f true. 440 

A read was accepted if the adapters were accurate, polyA tails were present and no false priming events 441 
were detected by LoRTIA. For introns, only those present in dRNA sequencing were accepted, as this 442 
method is regarded as the 'Gold Standard' for identifying alternative splicing events. Some transcripts 443 
were manually included if they were a long TSS variant of already accepted TSSs. MotifFinder from 444 
Seqtools was employed to find promoter elements around the accepted TSSs. 445 

Illumina CAGE sequencing data analysis 446 

 Read quality was assessed using FastQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc). 447 
Reads were trimmed using TrimGalore (https://github.com/FelixKrueger/TrimGalore) with the following 448 
settings: -length 151 -q. The STAR aligner (version 2.7.3.a) was employed to map the reads to the KSHV 449 
strain TREx reference genome (GQ994935.1), utilizing --genomeSAindexNbases 8 and default 450 
parameters. The CAGEfightR R package was used to identify TSSs and TSS clusters with a minimum 451 
pooled value cutoff of 0.1 (pooledcutoff=0.1). 452 

Downstream data analysis and visualization 453 

Data analysis downstream was conducted and figures were created as described in Supplemental text. 454 

Data availability: 455 

Basecalled sequencing FastQ files used in this study have been deposited to in European Nucleotide 456 
Archive (ENA) under the following Bioproject accession number: PRJEB60022 and link: 457 
https://www.ebi.ac.uk/ena/browser/view/PRJEB60022. Accession numbers and statistics of files 458 
containing the CAGE and MinION mapped reads are summarized in Supplemental Table 5. 459 

Code availability  460 

The LoRTIA software suite and the SeqTools are available on GitHub.  461 

LoRTIA: https://github.com/zsolt-balazs/LoRTIA  462 

R scripts: https://github.com/Balays/Rlyeh 463 

R workflow: https://github.com/Balays/KSHV_RNASeq 464 
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Figure Legend 728 

 729 

Figure 1. Induction of KSHV lytic infection  730 

(A) Immunoblot analysis of the KSHV ORF6 protein and the housekeeping protein tubulin of the host 731 
cell at 0h and 24h post induction in iBCBL1-3xFLAG-RTA cells.  732 

(B) Quantitative RT-PCR analysis of immediate-early RTA, early ORF36 and late ORF25 viral 733 
mRNAs at 0h and 24h post induction.  734 

 735 

Figure 2. Workflow 736 

This visualization details the methods used for generating novel sequencing data, encompassing steps 737 
such as DNA extraction, library preparation, RNA sequencing, and subsequent bioinformatics analyses. 738 
The flowchart illustrates each phase for clarity and order of execution. 739 

 740 

Figure 3. Transcriptional start sites of KSHV RNAs 741 

TSS distributions derived from CAGE-Seq, dcDNA, and dRNA sequencing data. For dcDNA and dRNA 742 
methods, only the 24 hpi samples are illustrated. For each nucleotide the number of reads that started with 743 
their 5' ends at the given position were counted. For the dcDNA-Seq, only reads with discernible 744 
directionality, identifiable by the presence of either 5' or 3' adapters, were included. For the dcDNA 745 
samples, data from all three replicates were merged. The TSS signal strength values were subsequently 746 
aggregated in 100-nt segments to present the distributions of TSSs. The y-axis limit was set to auto scale 747 
in (A) to 500 reads (B), and 50 reads (C). Gene (represented by arrows) and TSS distributions are 748 
differentiated by color: the positive strand is marked in red, while the negative strand is in blue. 749 

 750 

Figure 4. TSS consensus sequences identified in KSHV 751 

The nucleotide composition of TSSs was identified in this study.  752 

(A) Genomic surrounding of TSSs with TATA box within a ± 5 bp interval. The first letter of TSSs 753 
(position 0) is enriched with G/A bases.  754 

(B) Genomic surrounding of TSSs without TATA box within a ± 5 bp interval. The 0 and +1 TSS 755 
positions are enriched with G letters.  756 

Base frequencies are depicted by WebLogo. 757 

 758 

Figure 5. Transcriptional activity along the KSHV genome 759 

This figure shows the dcDNA and dRNA sequencing datasets derived from the 0 hpi and 24 hpi samples. 760 
The value associated with each nucleotide was determined by tallying the number of reads overlapping 761 
that specific position. In the dcDNA-Seq, only those reads were considered where the orientation was 762 
discernible via the detection of either 5' or 3' adapters. The data from the three replicates of dcDNA-Seq 763 
were merged. These numbers were then grouped in 100-nt intervals to form the distributions displayed. 764 
Panel (A) restricts its y-axis to auto scale, while panel (B) sets a limit of 5 000 reads, and panel (C) sets a 765 
limit of 500 reads. Gene orientations are differentiated by color: the positive strand is represented in red, 766 
and the negative strand in blue. 767 

 768 

Figure 6. Canonical KSHV transcripts 769 
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Canonical mRNAs, defined as the most abundant RNA isoforms, are represented by black/gray arrows, 770 
while the other transcript isoforms are shown as blue arrows. Fusion transcripts are depicted by yellow 771 
arrows. The non-coding transcripts are symbolized with red arrows. The miRNAs are shown by red 772 
arrowheads. Green arrows represent asRNAs. For those transcripts where no complete RNA molecules 773 
were detected, the absent portions of the RNA molecules were denoted with striped lines. The relative 774 
abundance of viral transcripts is denoted by varying shades: 1: 1-9 reads, 2: 20-49 reads, 3: 50-199 reads, 775 
4: 200-999 reads, 5: >1000 reads. 776 

 777 

 778 

 779 

Figure 7. Transcriptional overlaps  780 

The diagram displays raw reads for both dcDNA and dRNA without any added selection criteria (upper 781 
panels) alongside the genome. Meanwhile, the lower panel showcases reads that passed the quality 782 
filtering by LoRTIA and possess the correct adapters. This illustration highlights the pronounced 783 
transcriptional overlaps, notably between transcripts oriented divergently and to a lesser extent, 784 
convergently. Genes and RNAs transcribed from left to right (on the + strand) are marked in red, while 785 
those transcribed from right to left (on the − strand) are colored blue. 786 

 787 

SUPPLEMENTAL MATERIAL 788 

 789 

Supplemental Figures 790 

 791 

Supplemental Figure 1. Transcriptional end sites of KSHV RNAs  792 

In this figure, the TES distribution aligned with the KSHV genome annotation is illustrated, highlighting 793 
each ORF. Panels A and B illustrate the coverage from the dcDNA and dRNA sequencing datasets 794 
derived from the 24 hpi samples, respectively. For each nucleotide the TES signal strength value was 795 
calculated by counting the reads that have their 3' ends aligning with that specific position. In the context 796 
of the dcDNA-Seq, reads were only included if their orientation could be identified through the presence 797 
of either 5' or 3' adapters. The dcDNA-Seq data of the three replicates were merged. Subsequently, the 798 
TES signal strength values were clustered in 100-nt intervals to represent the distributions. The y-axis in 799 
panel (A) tops out at 2000 reads, whereas in panel (B) it is limited to 200 reads. Gene orientations are 800 
color-coded: red for the positive strand and blue for the negative strand. 801 

 802 

Supplemental Figure 2. Introns, TSSs and TESs of KSHV transcripts 803 

A. The Venn-diagram displays the count of introns sourced from published data and compares them with 804 
our findings obtained through dRNA and dcDNA sequencing. 805 

B. The onion-diagram illustrates the cumulative count of annotated 5′ read ends utilized in the transcript 806 
assembly as TSS. End positions of reads from dRNA and CAGE samples were counted within a +/-10 bp 807 
window. 808 

C. The oligo(dT)-based dcDNA-Seq and dRNA-Seq yield comparable 3′ ends for mRNAs.  809 

 810 

Supplemental Figure 3. Heterogeneity of transcription initiation and termination  811 
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The figure is composed of six panels, illustrating a wide variety of TSS (A1, B1 and C1) and TES (A2, 812 
B2 and C2) distributions along three genomic regions. The upper panel (A1-A2) shows the K2-ORF2 813 
genomic region, the middle panel shows the region around K4 (B1-B2), while the bottom panel (C1-C2) 814 
shows the K7-PAN region. The x-axes show the genomic position, while the y-axes represent the number 815 
of either 5-prime ends, or 3-prime ends of reads in that position for the TSS or TES panels, respectively. 816 
For each panel, there are three sub-panels in different scales: the leftmost panels have no y-axis limit, the 817 
middle panels have a limit of 500 reads, while the rightmost panels have 50 reads. Genes depicted on the 818 
figure show examples for both TSS and TES clustering, which phenomenon is independent from the 819 
sequencing method.  820 

 821 

Supplemental Figure 4. Total transcriptome of KHSV  822 

Canonical mRNAs, defined as the most abundant RNA isoforms, are represented by black/gray arrows, 823 
while the other transcript isoforms are shown as blue arrows. The non-coding transcripts are symbolized 824 
with red arrows. Truncated transcripts are indicated by orange arrows. The miRNAs are shown by red 825 
arrowheads. Green arrows represent asRNAs. For RNA molecules without detected complete sequences, 826 
the missing sections of the transcripts were indicated with striped lines. The relative abundance of viral 827 
transcripts is denoted by varying shades: 1: 1-9 reads, 2: 20-49 reads, 3: 50-199 reads, 4: 200-999 reads, 828 
5: >1000 reads. 829 

 830 

Supplemental Figure 5. Comparison of TIS and TSS distribution along the entire viral genome 831 

Panels (A) and (B) display the TSS distribution from CAGE-Seq and the TIS distribution from RiboSeq, 832 
respectively. For each nucleotide a signal strength value was calculated by counting the reads with their 5' 833 
ends at that position. These values were subsequently summed within 100-nt windows to produce the 834 
displayed distributions. For panel (A), the y-axis is capped at 1000 counts for CAGE-Seq and 5000 835 
counts for RiboSeq. In panel (B), the limits are 1000 counts for CAGE-Seq and 5000 counts for RiboSeq. 836 
The distributions are the KSHV genome annotations with ORFs shown beneath. Gene orientations are 837 
color-coded: red for the positive strand and blue for the negative strand.  838 

 839 

Supplemental Figure 6. The coding capacity of KSHV 840 

The figure shows the widths of all the predicted ORFs in the KSHV genome according to their start 841 
codons. Each point represents a single ORF, with the y-axis showing its width (nt) and the x-axis its start 842 
codon. Points are colored with blue in the case of canonical ORFs (all of them starting with ATG), 843 
otherwise they are colored with light brown. The upper panel (A) shows those ORFs that are coterminal 844 
with a canonical ORF, while the lower panel (B) shows those that are not. 845 

 846 

Supplemental Figure 7. Ribosome footprint signals on 5′-truncated transcripts  847 

Panel (A) shows the potential coding capacity of the different annotated transcripts according to their 848 
types, including mono-, bi-, polycistronic, and 5′ truncated transcripts. 849 

Significant RiboSeq footprint signals on 5′-truncated transcripts in the 24h CHX RiboSeq sample. Panel 850 
(B) shows the signal strength of the predicted ifORFs encoded by the truncated transcripts. Each point 851 
represents a single predicted ORF for each transcript. The x-axis shows the name of the host ORF, while 852 
the y-axis shows the ratio of the TIS strength around the predicted ORF, and that of its host ORF. The 853 
TIS signal for each in-frame ORF was calculated as the sum of the read counts around +/- 2 nts of its start 854 
position. Panel (C) shows the result of the significant TIS peak detection on the 5′ truncated transcripts. 855 
Each point represents a TIS peak. The x-axis shows the canonical ORFs, while the z-score of each TIS 856 
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peaks are depicted on the y-axis. Red points represent peaks with insignificant, while blue points 857 
represent peaks with significant p-values (significance cutoff = 0.05).  858 

 859 

Supplemental figure 8. A novel OriLyt-spanning protein-coding transcript 860 

We found that a group of transcripts overlaps the direct repeats at the intergenic region of OriLyt-L 861 
(indicated by green color). Annotated features, like promoter, TSS and TES are marked as well as 862 
footprints of the Ribo-Seq signals obtained by Arias and colleagues (41) (upper panel). Peptides from 863 
data published by Dresang colleagues. (54) are marked as green arrows. 864 

 865 

Supplemental Tables 866 

 867 

Supplemental Table 1. Comparing our KSHV TSS and TES data with findings from other 868 
publications 869 

A: TSS: Here, we list all TSS positions (sourced from our cDNA samples) that met our criteria based on 870 
the TSS annotation (detailed in the Methods section). Their alignment with CAGE, RAMPAGE, and 871 
dRNA coordinates is indicated. Additionally, any identified cis-regulatory elements are also included in 872 
this table. 873 

B: TES: In this table, we list all positions that satisfied our criteria for TES annotation. The TESs 874 
presented here originate from the cDNA and dRNA samples, and any alignment with other coordinates is 875 
highlighted. Additionally, other identified polyA signals are included in this table. 876 

C: Intron: Here, we enumerate all splice junctions according to their strand and coordinates in reference to 877 
the genome: GQ994935.1. 878 

 879 

Supplemental Table 2. List of the KSHV transcripts 880 

This table presents the genome coordinates, aligned to the reference genome GQ994935.1. The 881 
abundance of the different transcript types are as follows: A: mRNAs, B: non-coding RNAs, C: truncated 882 
transcripts, D: spliced transcripts, E: complex transcripts. For inclusion in the table, a transcript needed to 883 
appear in a minimum of two dcDNA samples, dRNA, or CAGE samples. 884 

 885 

Supplemental Table 3. Peptides and transcripts 886 

Dresang and co-workers (54) compiled the peptide sequences from their LC-MS/MS experiments that 887 
were detected in both lytic and latent infections of the BCBL-1 cell line. The table presents peptides that 888 
were associated with annotated transcripts. 889 

 890 

Supplemental Table 4. Transcriptional overlaps 891 

This table summarizes the transcriptional read-throughs between neighboring gene pairs according to 892 
their orientation: A: convergent, B: divergent, or C: parallel. 893 

 894 

Supplemental Table 5. Accession numbers of sequencing files 895 

Sequenced reads are uploaded into ENA. This table summarizes the sample accession numbers, read 896 
accession numbers and basic statistics of mapped reads: A: MinION sequencing; B: Illumina sequencing. 897 
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 898 

Supplemental File 1. Transcriptomic landscape of KSHV. The file contains all of the detected 899 
transcripts by this analysis complemented with previously published features of KSHV transcriptome in 900 
GFF, GenBank and in Geneious file format. Files are available from the Figshare link: 901 
https://figshare.com/account/articles/24139197 902 

 903 
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