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Introduction

The viruses are considered to be the most frequently
occurring® obligate intracellular microorganisms on Earth
that do not reproduce by cell division and possess a non-
cellular organization?. The herpesviruses are also included
in this category, for which approximately one hundred
thirty distinct viral species have already been identified
and have been classified into three families, namely the
Orthoherpesviridae, the Alloherpesviridae, and the

Malacoherpesviridae®>.

The members of the Orthoherpesviridae family are
characterized by the possession of a large, enveloped,
linear double-stranded DNA genome, the genome size of
which may reach approximately 125-241 kb and which
contains 70-170 genes®*>®°. Three subfamilies are
included, namely the Alphaherpesvirinae, the
Betaherpesvirinae and the Gammaherpesvirinae380,
Among these, nine herpesviruses are currently recognized

as human pathogens. Approximately 90% of humanity is



infected with some type of herpesvirus. A lytic and a latent

cycle are characteristic of all herpesviruses®!1,

Viruses belonging to the Gammaherpesvirinae subfamily
are characterized by the establishment of lifelong latent
infection!? The development of latency, as well as the
investigation of the effects of non-coding RNAs
(ncRNASs) on lytic and latent infection, has been regarded
as a dynamically and rapidly expanding research field in
which the persistence of gammaherpesviruses in the
human population is examined. Included here are two
oncogenic human pathogenic gammaherpesviruses:
Epstein—Barr virus (EBV, or HHV four), belonging to the
lymphocryptoviruses, and Kaposi’s sarcoma-associated
herpesvirus (KSHV, or HHV eight), belonging to the
rhadinoviruses®**°. More than 200,000 new cancer cases
are attributed to them worldwide; therefore, they are
classified as first-class carcinogenic viruses by the
WHOQ?-18 Their transmission is primarily mediated via

saliva and occurs orally?’.

KSHV is  characterized as an  oncogenic

gammaherpesvirus that has been associated with three



distinct neoplastic diseases®®. A large double-stranded
DNA genome of approximately 165 kb is possessed,
comprising ~90 open reading frames (ORFs), and lifelong
infection is established following infection of B
lymphocytes. Similarly to other herpesviruses, a lytic and
a latent life cycle are exhibited by KSHV?-24, Currently,
no appropriate animal model against the virus is available,
nor is a perfect model for human viruses available; only a
single aspect of the disease can be represented. Therefore,
the establishment of an inexpensive and easily
manipulable model is considered important in order to
facilitate the understanding of pathogenesis and to enable

the development of antiviral therapies®.

Caviid gammaherpesvirus 1 (CaGHV-1), formerly
designated as guinea pig herpes-like virus (GPHLV), was
isolated from strain two guinea pigs in which spontaneous
acute lymphoblastic leukemia had developed®®2® Over
time, host tropism was successfully broadened; however,
the emergence of Murine gammaherpesvirus 68 (MHV-
68, Murid gammaherpesvirus 4) resulted in its

replacement, and it became established as the new model



organism  for  gammaherpesvirus  research?®?°,
Subsequently, the genome of CaGHV-1 was elucidated
and its phylogenetic affiliation was determined by

Stanfield and colleagues.

Following genome sequencing and bioinformatic
processing of the data, phylogenetic analyses
demonstrated that the virus belongs to the genus
Rhadinovirus within the Gammaherpesvirinae subfamily.
After de novo genome assembly, a genome size of 103,374
bp was determined, 75 ORFs were identified, and a GC
content of 35,45% was reported. Of the 75 ORF, sequence
homology with the human pathogenic KSHV was
exhibited by 63 ORFs. Furthermore, it was demonstrated
that phylogenetically CaGHV-1 is more closely related to
KSHV than MHV-68 therefore, further investigation of
the molecular mechanisms of CaGHV-1 as a relevant

model organism is justified®.

RNA sequencing is currently applied routinely. A highly
important role is fulfilled in transcriptomics; however,
short-read sequencing technologies are not suitably
applied for transcriptome assembly, splice isoform



identification, and novel gene annotation due to read-
length limitations®. In order to overcome these biases and
errors, long-read sequencing technologies, such as Oxford
Nanopore Technologies (ONT), have been introduced.
Sequenced reads exceeding 30 kb in length are
generated®%-32, This sequencing technology has also been
applied in viral transcriptome investigations*. Novel
transcriptomic complexities have been revealed, and
transcript isoforms have been identified, including splice

variants and transcriptional overlaps®**°.



Aims

The transcriptome of Caviid gammaherpesvirus 1
(CaGHV-1) has not previously been characterized; only its
genome has been characterized; therefore, the aim of the
present study was the mapping of the transcriptome, as
well as the identification of viral gene regulatory regions,
thereby supporting Caviid gammaherpesvirus 1 as a
potential model organism for the investigation of human

gammaherpesviruses.

The objectives were as follows:

1. Native RNA and direct cDNA sequencing of the
CaGHV-1 virus were to be performed on a long-
read sequencing platform.

2. Transcription start sites (TSS) and transcription
end sites (TES) were to be identified, and the
elements regulating viral gene expression were to
be determined at nucleotide-level resolution.

3. The most frequently occurring (canonical)
transcripts, antisense RNAs, non-coding RNAs,



complex transcripts, and transcriptional overlaps
were to be annotated.

. The transcriptional activity of the replication and
transcription activator (RTA) encoded by the
ORF50 gene was to be examined, and it was to be
determined whether the CaGHV-1 ORF50
promoter can be activated by RTA proteins derived

from other gammaherpesviruses.



Materials and methods

Fibroblast 104C1 cells derived from guinea pig embryonic
tissue were infected with Caviid gammaherpesvirus 1
(CaGHV-1), and the infection was terminated at eight
different time points. Following total RNA isolation and
poly(A) selection, for the native RNA sequencing library,
all replicates of each time point were mixed in equal
proportions and were sequenced on the PromethION P2
Solo device of Oxford Nanopore Technologies (ONT). In
the case of the direct cDNA libraries, the samples were
assigned unique barcodes for their separation during
sequencing; therefore, a protocol modification was applied
at the library preparation step, since the manufacturer did
not provide a barcode step for the direct cDNA sequencing
protocol. Subsequently, the replicates of the first two early
time points were sequenced on the MinlON platform of
ONT, whereas the late time points were sequenced on the
PromethlON P2 Solo in order to avoid the potential

barcode hopping phenomenon.



The coding sequence of the CaGHV-1 ORF50 protein was
cloned into an expression vector. The N-terminally
3XFLAG-tagged CaGHV-1 RTA was transfected into
HEK239T cells. Subsequently, the previously generated
ORF50 promoter fragments were cloned into luciferase
reporter vectors, and the reporter plasmid was transfected
together with the RTA expression plasmid.

The raw reads obtained from sequencing were mapped to
the reference genome using the minimap2 program. For
the annotation of transcripts derived from the direct cDNA
data, the LORTIA software was used. For the
quantification of transcripts obtained from direct RNA
sequencing, the NAGATA software was applied, and for
visualization the IGV program was used.



Results

Based on the obtained results, 162 canonical transcription
start sites (TSSs) were identified. In addition, 92 potential
TATA boxes, 18 putative CAAT boxes, and 5 possible GC
boxes were annotated. Promoter elements were detected,
the majority of which contained a TATA box sequence
harboring the TATTWAA motif, which had previously
been demonstrated in Kaposi’s sarcoma-associated
herpesvirus (KSHV). An extremely high transcriptional
activity was indicated, as more than 1.5 million reads
confirmed the TSS of the PAN non-coding RNA.

A total of 140 canonical transcription end sites (TESS)
were identified, of which 131 were associated with
polyadenylation signals (PASs). Based on the
transcription start and end sites, 278 canonical transcripts
were ultimately identified. In order to explore the splicing
landscape of the viral transcriptome, 56 introns were
identified on the basis of the direct RNA data, which were
also confirmed by the direct cDNA sequencing data.

Introns were also identified within the coding regions of



two genes, ORF50 and ORF57, the structures of which
were conserved and corresponded to those of their
homologous genes in KSHV. Furthermore, 54
monocistronic, 60 multigenic, and 108 complex
transcripts were identified, indicating a high degree of
transcriptional complexity, primarily due to overlapping
transcripts and alternative splicing events.

The non-coding RNAs included intergenic transcripts
(PAN), antisense transcripts, and presumably several long
5" UTR mRNA variants. A total of 44 antisense RNAs
were annotated, of which 26 contained TATA boxes, and
among these, 15 harbored the TATTWAA motif
characteristic of late gene promoters of KSHV. Among the
non-coding RNAs, replication origin-associated RNAs
(raRNAS) represented a distinct category. Several RNAS
were identified whose promoter regions were located
directly adjacent to OriLyt-R, and long complex RNAs
were also detected in the region that completely
overlapped the lytic origin. A high degree of
transcriptional complexity was exhibited by the viral



genome, as numerous convergent, divergent, and tandem
transcriptional overlaps characterized the genome.
Similarly extensive overlaps were observed in KSHV.

During the analyses, it was found that the most abundant
MRNAs of the CaGHV-1 ORF50 gene were initiated from
two adjacent transcription start sites and contained four
exons. The results also demonstrated that the replication
and transcription activator (RTA) efficiently induced the
CaGHV-1 ORF promoter in both cell lines, whereas the
RTASs of other gammaherpesviruses exhibited differential
promoter activation in the two cell lines. In summary,
functional similarity was exhibited by RTA to its
homologs in gammaherpesviruses with respect to the
ability to induce its own gene promoter.



Discussion

In this study, data derived from ONT direct RNA and
direct cDNA sequencing, as well as the bioinformatic
software LORTIA and NAGATA, were applied for the
mapping of the  transcriptome of  Caviid
gammaherpesvirus 1 (CaGHV-1). A large number of
canonical monocistronic, multigenic, and complex
transcripts were identified. Intergenic (PAN) and non-
coding RNAs, RNAs containing truncated ORFs,
antisense RNAs, and replication origin-associated RNAs

were also included.

In numerous TSSs, the TATTWAA motif was detected,
which has previously been demonstrated in other beta- and
gammaherpesviruses®. A large proportion of TESs
contained the AAUAAA consensus  sequence
characteristic of eukaryotic mRNAs, which has also been

demonstrated in other herpesvirus subfamilies.

raRNAs were identified in both the OriLyt-L and OriLyt-
R regions of CaGHV-1. Among these, transcripts directly

originating from the replication origin were detected.



raRNAs overlapping the Ori region were also identified.
An interesting observation was that the TATTWAA
consensus sequence required for late gene transcription
was present in the OriLyt-R region, indicating interactions
between DNA replication and transcriptional regulation.
Numerous introns were detected within the coding UTR
regions of MRNAs, as well as within non-coding RNAs.
A splicing pattern similar to that observed in Kaposi’s
sarcoma-associated herpesvirus (KSHV) and Murine
gammaherpesvirus 68 (MHV-68) was observed in spliced
transcripts, such as ORF50, which is responsible for the
transition from latency to the lytic cycle, and ORF643"°,
n addition, a high degree of isoform diversity was
identified in ORF73 encoding LANA, the expression of
which plays one of the most important roles following
infection in the establishment and maintenance of
latency*°. Numerous multigenic and complex transcripts
were identified, with large portions of genes overlapping

across the genome, further confirming its complexity.

The CaGHV-1 ORF50 promoter was activated by the
CaGHV-1 RTA, and it was also induced by RTAs derived



from other gammaherpesviruses, indicating functional
similarity in transcriptional activation. The transcriptional
mechanisms characteristic of gammaherpesviruses,
mediated by viral proteins as well as non-coding RNAs,
are evolutionarily conserved and play key roles in the
establishment of the biological characteristics and
processes of gammaherpesviruses. An example is the PAN
non-coding RNA, which is highly abundant during the
Iytic cycle of KSHV and plays an important role in the
regulation of viral gene expression, as has also been
demonstrated in other gammaherpesviruses, such as
Rhesus rhadinovirus (RRV) and Equid herpesvirus 2
(EHV-2)*4_ 1t is of particular importance that although
PAN is absent from MHV-68, it is encoded by CaGHV-1,
thereby providing an opportunity for the first investigation
of its biological significance and pathogenesis in a

potential model organism.

The elucidation of the genes and gene regulatory regions
of CaGHV-1, together with its tumorigenic capacity,

would provide an excellent opportunity for its application



as a prospective model organism in the investigation of the

pathogenicity of human gammaherpesvirus infections.
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