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1. Introduction

Viruses are the most common?® non-cellular obligate intracellular microorganisms? on Earth,
and reproduce without cell division. One of the largest taxonomic groups of viruses is the
herpesviruses, which belong to the order Herpesvirales® and infect vertebrates and a marine
mollusc, which were primarily identified based on the structure of their virions. Later, related
viruses were classified into subfamilies based on antigens and biological properties*. With the
advancement of technology, this was replaced by sequence-based comparison*-, which is used
as the primary approach for the taxonomic and phylogenetic systematization of new viruses.
Approximately 130 different virus species have been identified and classified into three

different families: Orthoherpesviridae, Alloherpesviridae, and Malacoherpesviridae®®.

Members of Orthoherpesviridae (formerly Herpesviridae) are large 150-200 nm enveloped
viruses with linear double-stranded DNA and a genome size of approximately 125-241 kbp?®8-
11 "and based on their organization, direct or inverted repeats may have been formed within the
gene or at the terminal end. The genome contains 70-170 genes®. The Orthoherpesviridae
family currently includes 118 herpesvirus species, of which nine are human pathogens®*213, It
is divided into three further subfamilies based on tropism, pathogenicity, and laboratory
cultivation, namely Alphaherpesvirinae, Betaherpesvirinae, and Gammaherpesvirinae®%1%1?,
Approximately 90% of humans are infected with some type of herpesvirus**. All herpesviruses
are characterized by a lytic and latent cycle®?3 The host cell was entered by the virion either
through membrane fusion or endocytosis via the cell surface. The capsid was transported to the
nuclear membrane, and the viral DNA was delivered into the cell nucleus. Here, the productive,
or lytic cycle was initiated, during which three regulated gene expression cascades are
distinguished: immediate-early (IE), early (E), and late (L). The lytic cycle is initiated by the
expression of IE genes. These genes encode regulatory proteins. Viral DNA replication and the
expression of late genes are required by E genes. Virion proteins are encoded by late genes®*°.
Virus DNA synthesis is carried out through a rolling circle replication mechanism, followed by
packaging into the capsid and release by exocytosis through the trans-Golgi network®815,
Primary infection is followed by a latent phase, during which no virion production occurs and

the latent virus is expressed, with occasional reactivation®819,



1.1. Gammaherpesvirues

Latent infection is established in the host organism by viruses belonging to the
Gammabherpesvirinae subfamily, similarly to other herpesviruses, followed by lifelong
persistence in the nucleus of infected cells as episomes or through integration into host cell
chromosomes. In gammaherpesviruses, latency is established in B or T cells, with the exception
of Bovine gammaherpesvirus (BoHV-4), by which monocytes/macrophages are infected®. The
establishment of latency, as well as the investigation of the effects of non-coding RNAs
(ncRNASs) on lytic and latent infection, has represented a dynamically and rapidly growing
research field, which investigates the persistence of gammaherpesviruses in human populations.
This includes two oncogenic human pathogenic gammaherpesviruses, Epstein-Barr virus
(EBV, or HHV-4), which belongs to the lymphocryptoviruses, and Kaposi’'s sarcoma-
associated herpesvirus (KSHV, or HHV-8), which belongs to the rhadinoviruses'’~*°. Multiple
proteins and non-coding RNAs are encoded by EBV and KSHV in order to counteract the
immune processes of the host organism®’. These viruses are classified as the World Health
Organization’s number one carcinogenic viruses??!, Approximately 200,000 new cancer cases
worldwide each year are attributed to these two viruses, representing a significant health
burden, particularly in countries with limited healthcare infrastructure?>?3, The viruses are
primarily spread through saliva via oral transmission, with B-cells being infected first in the
oropharynx and subsequently in the epithelial and submucosal lymphoid tissues of the
tonsils?>?3, Numerous lymphoproliferative and neoplastic diseases are caused by these viruses
(Figure 1),
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Figure 1. The role of EBV and KSHV in malignant tumorsé.

Several cancers, including Burkitt’s lymphoma, nasopharyngeal carcinoma, localized or non-
localized Hodgkin’s lymphoma, and post-transplant lymphoproliferative disease (PTLD), have
been linked to EBV. In addition, several non-malignant diseases, such as infectious
mononucleosis, oral hairy leukoplakia, and X-linked immunodeficiency, are caused by EBV.
Kaposi’s sarcoma, primary effusion lymphoma, and Castleman’s disease are caused by human

herpesvirus 8%,

A large number of cancers worldwide are caused by human gamma herpesviruses. However,
no FDA-approved vaccine against them is currently available. Their effectiveness in humans is
maintained by the use of different protein expression profiles in different cell types during
different cell cycles’. A decisive role in tumor virology is played by oncogenic human gamma
herpesviruses and B-cell differentiation. The understanding of these diseases is supported by

the study of virus-host interactions and the immune responses that drive pathogenesis?.

1.1.1. Kaposi’s sarcoma-associated herpesvirus (KSHV)

Kaposi’s sarcoma-associated herpesvirus (KSHV), also known as human herpesvirus 8 (HHV-
8), is classified as an oncogenic gammaherpesvirus that has been linked to three types of
neoplastic diseases. Kaposi’s sarcoma, which is described as an inflammatory, heterogeneous

endothelial cell tumor, is recognized as one of the most common types of cancer in HIV-positive
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individuals®. Primary effusion lymphoma, which is defined as a B-cell lymphoma affecting
body cavities, and multicentric Castleman’s disease, which is characterized as a
lymphoproliferative disorder causing pathological changes in the lymph nodes, are also
associated with KSHV infection?®°, The seroprevalence of the virus is observed to vary by
geographic region, with the highest rates being reported in sub-Saharan Africa?®2°=2, Due to
the reduced immune function caused by HIV infection, Kaposi’s sarcoma remains the most

common cancer in sub-Saharan Africa, as well as in the United States and Europe?.

Kaposi’s sarcoma-associated herpesvirus is described as a large double-stranded DNA virus
with a genome length of approximately 165 kb and around 90 open reading frames (ORFs), by
which B lymphocytes are infected and lifelong infection is established following latency. As is
typical for herpesviruses, a replicative lytic and a quiescent latent life cycle are also exhibited
by KSHV?829:3L.3334 Dyring latency, the linear genome is circularized and is maintained in the
cell nucleus as an episome. It has been demonstrated that several transcripts are expressed in
latently infected cells, including the latency-associated nuclear protein (LANA)® encoded by
ORF73, vCyclin encoded by ORF72, the viral FLICE protein (VFLIP) encoded by ORF71,
Kaposin encoded by ORFK12, and microRNAs (miRNAs) encoded by certain precursor
mMiRNAs (pre-miRNAs)?8-313436 a5 \well as the K1 and K15 genes encoding transmembrane
proteins, and viral IL-6 (vIL-6). Since latent genes are expressed in most infected tumor cells,
their contribution to tumorigenesis is assumed®. An extremely important role in the
establishment of latency is played by LANA. The binding of the viral episome to the host
chromosome in the cell nucleus is mediated by LANA, thereby allowing replication to occur
together with the host genome during normal cell division?®2%32, Numerous other functions are
attributed to it, such as the inhibition of tumor suppressors and the modulation of the host
immune response?®, and a transcriptional regulatory role is played in the inhibition of the
expression of the replication and transcription activator (RTA) protein. In addition, together
with v-Cyclin and v-FLIP, oncogenic processes and cell proliferation are influenced. During
the latent cycle, miRNAs encoded by precursor miRNAs (pre-miRNAS) participate in the
regulation of the viral cycle and the cell cycle by post-transcriptionally inhibiting the expression

of the RTA protein, thereby promoting viral persistence®®.

The latency phase is exited by the virus in response to various stimuli, and entry into the
replication phase is achieved, leading to the production of new infectious virus particles and the
lysis of the infected cell*®. Similar to other herpesviruses, an orderly cascade of gene expression
regulation is followed during the lytic cycle of KSHV, which is classified into three kinetic



12

classes, namely immediate-early (IE), early (E), and late (L) genes. The immediate-early RTA
is encoded by the ORF50 gene and is responsible for the initiation of the lytic cycle. Binding
of the RTA protein to the RBP-Jk transcription factor is mediated, and upon activation, its own
promoter is activated, resulting in the expression of sufficient levels of RTA required to
maintain the lytic cycle®*%. One of the most abundant transcripts encoded by ORF-K7, a long
non-coding RNA referred to as polyadenylated nuclear RNA (PAN RNA), is suggested to play
a role in viral reactivation®**®%’ The early genes are required for DNA replication and gene
expression and are encoded by ORF9, ORF21, and ORF36, which encode DNA polymerase,
viral thymidine kinase, viral phosphotransferase, and bZIP, the viral interferon regulatory factor
(VIRF-1), viral IL-6 (v-1L-6), virus-encoded chemokines (v-CCL), and the viral G-protein-
coupled receptor. This is followed by the expression of late genes, during which virus particles
and viral maturation proteins are produced. This is followed by viral assembly in the cell
nucleus. The genome is incorporated into the capsids, a tegument is subsequently acquired in
the cytoplasm, an envelope is formed through the host membrane, and escape from the host cell

is achieved®®.

Since KSHV was first identified, substantial advances have been made in the understanding of
the virus’s mechanisms®. However, no suitable animal model for KSHV is currently available.
All existing models are limited to representing only parts of the disease and do not recapitulate
the entire infection cycle. Therefore, the creation of an inexpensive and easily manipulated
model is considered important, as it would facilitate a better understanding of pathogenesis and

enable the further development and testing of antiviral therapies*,

1.2. Model organisms of KSHV

Currently, no perfect model for human viruses is available; only one aspect of the disease is
represented, but not the entire infection cycle?*. Humans are regarded as the only natural hosts
of KSHV gammaherpesviruses®®4°. Due to the narrow host specificity of the virus, the
creation of animal models is greatly complicated. Several different approaches are being used

to overcome these limitations and to establish animal models3®4°,

First, non-human primates (NHPs) were experimentally infected with human pathogenic
gammaherpesvirus®®. Rhesus macaques were shown to be infectable with KSHV, however,
replication was observed to be very weak and no detectable viral gene expression was

annotated. In contrast, common marmosets (Callithrix jacchus) were found to be susceptible to
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KSHYV infection following inoculation and Kaposi’s sarcoma-like lesions were observed. In
addition, an antibody response and LANA expression were detected, and viral DNA was

identified in peripheral blood mononuclear cells and various tissues?%%-41,

In the second study, laboratory animals that had been naturally infected with the virus, or with
gammabherpesviruses related to KSHV infecting NHPs, were examined. These viruses are
characterized by a genome structure and properties similar to those of the human pathogenic
virus. Mouse models are also included in this group®#. The rhadinovirus subgroup of
gammaherpesviruses has been divided into two lineages. One lineage is rhadinovirus 1 (RV1),
which includes KSHV itself and an extinct mammalian virus referred to as retroperitoneal
fibromatosis herpesvirus (RFHV), which causes retroperitoneal fibromatosis and was isolated
from Kaposi’s sarcoma-like tumors in macaques with monkey AIDS?**3#  Similarity to
Kaposi’s sarcoma is observed in that cell proliferation is typically spindle-shaped. Conserved
genes, such as ORF73 (LANA), which is responsible for the maintenance of latency, are
encoded by both RFHV and KSHV, and additional genes involved in cell cycle regulation have
also been identified. Currently, this virus is considered to be the most closely related to KSHV;
however, RFHV has not been successfully cultured in vitro, which makes its use as a viral
model difficult®®*4%43, The other lineage is rhadinovirus 2 (RV2)40%, which is composed of
rhesus rhadinovirus (RRV) and herpesvirus saimiri (HVS)*. An aggressive infection is
exhibited by HVS in New World non-human primates (NHPs), resulting in fulminant
lymphoma. However, it is not considered a suitable model, because T cells are infected instead
of B cells, which are infected by KSHV?3¢. RRV is naturally harbored by rhesus macaques. Two
strains have been sequenced, RRV-H26-95 and RRV-17577. The former strain has not been
associated with any disease*®, whereas the 17577 strain, whose genome is highly homologous
to that of KSHV, although to a lesser extent than the previously described RFHV, has been
linked to disease®. Although RRV is widely distributed in macaque populations, disease is
rarely caused. However, under conditions induced by simian immunodeficiency virus (SI1V),
strain 17577414847 has been associated with B-cell lymphoma and Kaposi’s sarcoma-like

lesions™.

Murine gammaherpesvirus 68 (MHV-68, Murid gammaherpesvirus 4) is regarded as the
murine homologue of KSHV“8. Efficient replication is achieved in cell culture, infection is
readily established, and latency is formed in B cells?44%4%50 No visible symptoms are observed
in immunocompetent mice; however, lymphoproliferative disease and B-cell lymphoma can be

induced in immunodeficient mice. The greatest advantage and success of these models is
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attributed to the possibility of introducing mutations into the viral genome, thereby enabling
the investigation of tissue tropism, immune responses to MHV-68, or latency in the absence of

specific genes in the mouse?*4.

Thirdly, the group of humanized mice is described, in which immunodeficient mice are
implanted with functional human tissues or cells®. Immunodeficient strains have been
developed that serve as acceptors for the implantation of human cells®. SCID (severe combined
immunodeficiency) mice, and subsequently NOD/SCID mice, were first used for the
establishment of KSHV infection, either as a model of persistent infection in vivo or, more
recently, through infection of BLT-NSG mice (bone marrow, liver, and thymus), which allowed

the detection of lytic and latent viral DNA transcripts by measurement in different tissues*%>!-
53

In summary, non-human primates are considered the most suitable models for the study of
KSHV pathogenesis, as KSHV-like diseases, such as multicentric Castleman’s disease, B-cell
lymphoma, and persistent infection, are caused by infection with RRV, and RFHYV is regarded
as the virus most homologous to KSHV. However, the maintenance of these models is
extremely costly, and the number of infected animals is limited; therefore, alternative
approaches must be sought. Although insight into the pathogenesis of KSHV can be provided
by MHV68, it is not necessarily considered an ideal model for the study of KSHV-associated
cancers, as lymphoma development is rare. Lymphoproliferative disease can be induced as a
result of MHV68 infection; however, in humans, multicentric Castleman disease is a condition
associated with HIV infection. Humanized mouse models are also not suitable for the complete
reproduction of cancerous lesions®*. Current models are characterized by limitations that hinder
a comprehensive understanding of the virus and the diseases it causes®. Therefore, further
alternatives are required that are inexpensive to maintain, easy to manipulate, and suitable for
the testing of antiviral or anticancer agents?*. To this end, the investigation of Caviid

gammaherpesvirus 1 as a potential new model organism was initiated.

1.3. Caviid gammaherpesvirus 1 (CaGHV-1)

Caviid gammaherpesvirus 1, formerly known as Guinea pig herpes-like virus (GPHLV), was
isolated from the buffy coat layer of strain 2 guinea pigs, in which acute lymphoblastoid
leukemia developed spontaneously®*%. This virus was shown to replicate efficiently in rabbit

cells®**5, This indicated that a relatively narrow host specificity was exhibited; however, later
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attempts were successful in broadening the host tropism of the virus, allowing infection in vitro
in rat cells, African green monkey kidney cells (VERO), mink cells, and cat cells®**”. However,
with the emergence of MHV68, research on GPHLV was brought to an end, as murine
herpesvirus 68 became established as the new model organism for gammaherpesviruses, and,
to date, only comparative analyses have been conducted to describe the genetic differences
between Guinea pig herpes-like virus, GPCMV, and endogenous herpesviruses isolated from
guinea pigs®**8. Therefore, the complete genome sequence of GPHLV was revealed and its
phylogenetic affiliation was explored by Stanfield and colleagues (hereinafter, the currently

accepted nomenclature, CaGHV-1, is used for the virus).

For virus propagation, VERO cells infected with the GPHLV LK-40 virus were used. Following
bioinformatic processing of the sequencing data, phylogenetic analyses demonstrated that the
virus is classified within the genus Rhadinovirus of the subfamily Gammaherpesvirinae®. After
complete genome sequencing, de novo assembly revealed that the genome size of Caviid
gammaherpesvirus 1 is 103,374 base pairs (bp) (GenBank: 0OQ679822.1), and that its GC
content is 35.45%. Prediction was performed and, based on these predictions, 75 open reading
frames (ORFs) were identified, of which 63 exhibit sequence homology with KSHV, which
belongs to the human pathogenic gammaherpesviruses (Figure 2)>+°,
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Figure 2. CaGHV-1 (previously known as GPHLV) genome. The genome size is 103,374 (bp).

The ORFs are highlighted in color, with genes homologous to KSHV shown in blue and virus-
specific genes shown in pink®.

The predicted ORFs were annotated using the NCBI Herpesviridae non-repetitive database.
Eighty-four percent of the previously described ORFs were shown to have significant relevance
to KSHV. The CaGHV-1 proteome was compared to the proteomes of viruses currently used
as model organisms for KSVH. These included RFHV, RRV, and MHV-68. The results
demonstrated that the Caviid gammaherpesvirus 1 proteome exhibited significantly greater
homology with KSHV than MHV-68, which has been used for the past 30 years (Figure 3)>.
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Figure 3. Phylogenetic analysis of KSHV model organism. Genetically, RFHV is closest to
KSHYV, and the GPHLV LK-40 virus strain is a closer relative to MHV-68 than KSHV, but if we
consider the distance between KSHV and CaGHV-1 and murine gammaherpesvirus 68, then

caviid gammaherpesvirus shows greater homology in the genome than MHV-68%*,

This is particularly evident for lytic antigens, in which the B glycoprotein (gB), H glycoprotein
(gH), and L glycoprotein (gL), encoded by the ORF8, ORF22, and ORF47 genes, respectively,
are shown to display a level of conservation comparable to that observed for gL in RRV in
CaGHV-1. It can therefore be assumed that Caviid gammaherpesvirus 1 is able to maintain the
tissue tropisms and entry mechanisms identified in RRV. Similarity to KSHV is extended to
most genes, including LANA and v-cyclin, which function as oncogenic factors, as well as
RTA. Evidence is thus provided that the characterization and further investigation of the

molecular mechanisms of CaGHV-1 as a relevant model organism are warranted®.

1.4. Long-read sequencing in transcriptomics

The transcriptome is defined as the total amount of RNA present in a cell at a given time,
process, or developmental stage. Its understanding is considered to be extremely important for
the characterization of functional elements of the genome, development and disease, and
molecular components. Its main purpose is defined as the categorization of all RNA species,
including the determination of MRNAS, ncRNAs, small RNAs, transcript ends, splicing events,
and gene expression®. RNA sequencing methods are now routinely applied. Although next-
generation sequencing (NGS) plays an extremely important role in transcriptomics, short-read
RNA sequencing cannot be applied adequately for transcriptome assembly, splice isoform
annotation, and the annotation of novel genes, as most eukaryotic mRNAs are approximately
1-2 kb in length®®. Bioinformatic methods can be applied for transcript assembly, however,

transcript isoforms derived from the same expressed gene cannot be reliably identified due to



18

size limitations. In addition, various biases have been identified, arising from PCR
amplification, GC content®?, or transcript quantification®. To overcome these errors and
distortions, single-molecule third-generation long-read sequencing technologies, such as
Pacific Biosciences (PacBio) and Oxford Nanopore Technologies (ONT), have been developed.
Read lengths of approximately 15 kb for PacBio and more than 30 kb for ONT are achieved by
these technologies®®3®4, Full-length sequencing of native RNA or complementary DNA
(cDNA) without amplification is enabled by ONT nanopore sequencing®*®. Features such as
differences in transcription start sites (TSSs) and poly(A) sites, as well as modifications of RNA
molecules, are identified within a single read, thereby enabling the differentiation of highly

similar transcripts. This has greatly expanded current knowledge of the transcriptome®®.

Based on nanopore sequencing, the pores are used as biosensors. These pores are embedded in
a biomembrane, by which a channel is provided between the two sides of the lipid membrane.
The pores were originally derived from a-hemolysin, which has a diameter of 2.6 nm.
Currently, an MspA octamer is used by Oxford Nanopore Technologies, which has an inner
diameter of 1 nm and represents a more stable and narrower pore suitable for higher single-
nucleotide resolution. The cis ionic solution on one side of the membrane is brought into contact
with the trans ionic solution through the nanopore. To ensure a stable electric field, electrodes
are positioned on both sides of the sequencer. The detection mechanism itself is connected to a
patch-clamp amplifier to record the ionic current signal, which has been miniaturized by ONT
into portable ASIC chip systems. An extremely important role in the regulation of translocation
speed is played by motor proteins. If the nucleic acid is translocated through the nanopore too
rapidly, the passing nucleotide cannot be detected; however, if translocation occurs too slowly,

excessive time is required for signal acquisition®-¢8,

Long-read sequencing technologies have already been applied for the investigation of viral
transcriptomes®®. By this technology, previously unexpected complexities in the transcriptional
landscape have been revealed, including the identification of transcript isoforms, novel splice

variants, and transcriptional overlaps™®"*.



19

2. Aims

Although the genome of Caviid gammaherpesvirus 1 (CaGHV-1) has been sequenced, its
transcriptome has not yet been characterized. Therefore, the aim of this study was to map the
CaGHV-1 transcriptome and to annotate viral gene regulatory regions, thereby supporting the
use of CaGHV-1 as a potential model organism for the investigation of human

gammaherpesviruses.
The specific objectives of the study were:

1. To map the CaGHV-1 transcriptome using long-read sequencing approaches, including
direct cDNA sequencing and native RNA sequencing, and to detect full-length viral RNA

molecules.

2. To identify transcription start sites (TSSs) and transcription end sites (TESSs) and to

annotate regulatory elements controlling viral gene expression at nucleotide resolution.

3. To identify canonical transcripts, antisense RNAs, and non-coding RNAs, and to

analyze transcriptional overlaps and overall transcriptome complexity.

4. To investigate the transcriptional activity of the ORF50-encoded replication and
transcription activator (RTA) and to assess whether the CaGHV-1 ORF50 promoter can be

activated by RTA proteins from other gammaherpesviruses.
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3. Materials and methods

3.1. Cells and virus infection

Fibroblast 104C1 cells derived from guinea pig embryonic tissue [(CRL-1405) ATCC] and
HEK293T cells [(Human Embryonic Kidney 293 cells SV40 T-antigen) ATCC] were cultured
in RPMI-1640 and DMEM (Dulbecco’s Modified Eagle Medium), respectively, supplemented
with 10% FBS (Fetal Bovine Serum) and penicillin/streptomycin. CaGHV-1 (ATCC) was
propagated in the 104C1 cell line, after which virions were concentrated by ultracentrifugation.
Subsequently, 2x10° cells were infected with CaGHV-1 at eight different time points (4 h, 8 h,
16 h, 24 h, 48 h, 72 h, 96 h, and 120 h).

3.2. Cloning and luciferase reporter assay

Following PCR amplification of the ORF50 protein-coding sequence of Caviid
gammaherpesvirus 1, the amplicon was cloned into the pCDH-CMV-MCS-EF1-puro
expression vector using In-Fusion cloning (Takara). The N-terminally 3xFLAG-tagged
CaGHV-1 RTA (Replication and Transcription Activator) was expressed as a protein in
HEK293T cells by PEI (polyethylenimine) (Polysciences)-mediated transfection. ORF50
promoter fragments were cloned into the pGL4.15 luciferase reporter vector (Promega) using
In-Fusion cloning following amplification. For reporter assays, 100 ng of reporter plasmid was
transfected together with 400 ng of the RTA expression plasmid. Increasing amounts of
expression plasmid (50 ng, 100 ng, 200 ng, and 400 ng) were used for transfection in order to
evaluate the effects of varying RTA levels. The experiments were performed as previously

described.”

3.3. RNA Isolation and Poly(A) selection

Total RNA was isolated using TRIzol™ Reagent (Invitrogen), modified and combined with the
RNeasy® Kit (Qiagen). Following removal of the growth medium, 1 ml of TRIzol™ reagent
was added to the infected cells, and after homogenization of the lysate, incubation was
performed for 5 minutes. After lysis, 200 ul of chloroform was added, and the samples were
thoroughly mixed by shaking. Following incubation for 2-3 minutes, samples were centrifuged
for 15 minutes at 12,000 x g at 4°C, resulting in separation into an upper aqueous phase, an

interphase, and a lower phenol-chloroform phase. For RNA purification, the RNeasy® protocol
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was applied. Absolute ethanol was added to the upper aqueous phase containing RNA ata 1:1
ratio and mixed by pipetting. The samples were then transferred to RNeasy spin columns placed
in 2 ml collection tubes and centrifuged for 15 seconds at > 8,000 x g. Genomic DNA was
digested using DNase I, followed by two additional washing steps in which 500 ul of RPE
buffer was added to the column-bound RNA and centrifuged for 15 seconds at > 8,000 x g.
Total RNA was subsequently eluted from the column according to the previously described
centrifugation steps, and RNA concentration was measured. Samples were stored at -80°C until
further processing. Following quantitative and qualitative assessment, polyadenylated RNA
was isolated using the Poly(A) RNA Selection Kit V1.5 (Lexogen) with a minor modification,
whereby the maximum input RNA amount was increased from 5 pg to 10 pg, and all steps were
proportionally scaled to the increased input amount in order to achieve a higher poly(A) RNA
yield. After washing of the oligo(dT)-containing magnetic beads (MB) and elution in
Hybridization Buffer (HYB), total RNA samples were denatured at 60°C for 1 minute in a
thermocycler to disrupt secondary structures and enhance hybridization efficiency. Denatured
RNA samples were mixed with pre-washed magnetic beads at a 1:1 ratio and incubated in a
thermomixer at 25°C for 20 minutes at 1,250 rpm, allowing hybridization of 3’-polyadenylated
RNAs to the oligo(dT) beads. Following incubation, samples were placed on a magnetic rack,
and after clarification of the supernatant, it was removed and discarded. Beads were
resuspended in 100 pl of Bead Wash Buffer (BW) and mixed for 5 minutes in a thermoshaker
at 25°C and 1,250 rpm, followed by magnetic separation. This washing step was repeated twice,
resulting in the removal of RNAs lacking poly(A) tails. Beads were subsequently resuspended
in 12 pl of RNase-free water and incubated for 1 minute at 70°C to elute RNA from the beads.
After placement on a magnetic rack, the purified eluates were transferred to new Eppendorf
tubes. RNA concentration was measured, and samples were stored at -80°C until further

downstream applications.

3.4. Direct RNA sequencing

The Oxford Nanopore Technologies (ONT) Direct RNA sequencing SKQ-RNAO004 kit was
used for sequencing native RNA molecules. During sequencing library preparation, RNA
pooled from three biological replicates at eight time points was ligated to the Reverse
Transcription Adapter (RTA) by the addition of T4 DNA Ligase (2M U/ml) (NEB) and
NEBNext® Quick Ligation Reaction Buffer 5X (NEB), and RNaseOUT™ Recombinant

Ribonuclease Inhibitor (Invitrogen) was added to inhibit RNase activity, followed by
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incubation for 10 minutes at room temperature. Subsequently, the master mix required for
reverse transcription was prepared using 10 mM dNTPs (NEB), 5X First Strand Buffer (Thermo
Fisher Scientific), and 0.1 M DTT (Thermo Fisher Scientific). The RNA with the previously
ligated RT Adapter was mixed with the master mix, after which SuperScript™ III Reverse
Transcriptase (Thermo Fisher Scientific) was added for cDNA synthesis. The reaction was
incubated in a thermal cycler at 50°C for 50 minutes, followed by incubation at 70°C for 10
minutes to terminate the reaction. Agencourt RNACIlean XP beads (Beckman Coulter™) were
added to the RNA-cDNA hybrid, after which the samples were placed on a magnetic rack,
washed with 70% ethanol, and eluted in Nuclease-Free Water (NFW). In the subsequent step,
the purified RNA-cDNA hybrid was ligated by the addition of the RNA Ligation Adapter
(RLA), NEBNext Quick Ligation Reaction Buffer, and T4 DNA Ligase. Following the
enzymatic reaction, the samples were washed with Wash Buffer (WSB) and eluted in RNA
Elution Buffer. Finally, after concentration measurement, the prepared sequencing library was
sequenced on a PromethlON P2 Solo device using an RNA flow cell (FLO-PRO004RA).

3.5. Direct cDNA sequencing

For direct cDNA sequencing, the ONT Ligation Sequencing V14-Direct cDNA Sequencing Kit
(SQK-LSK114) was used in combination with the Ligation Sequencing gDNA-Native
Barcoding Kit 24 V14 (SQK-NBD114.24), as no barcode kit is provided by the manufacturer
for sample separation during sequencing with the cDNA kit. RNAs derived from three parallel
samples at eight time points (4 h, 8 h, 16 h, 24 h, 48 h, 72 h, 96 h, 120 h) were incubated for 5
minutes at 65°C in a thermocycler with 10 mM dNTPs and 2 uM VN Primer, which binds to
the RNA poly(A) tail and initiates first-strand cDNA synthesis, followed by placement on a
pre-cooled freezer block for 1 minute. In parallel, the master mix required for reverse
transcription was prepared from 5x RT Buffer (Thermo Fisher Scientific), RNaseOUT,
Nuclease-Free Water (NFW), and 10 uM Strand-Switching Primer (SSP). This master mix was
added to the cooled samples, which were incubated in a thermal cycler at 42°C for 2 minutes,
followed by a further incubation at 42°C for 90 minutes after the addition of 1 ul Maxima H
Minus Reverse Transcriptase (Thermo Fisher Scientific). Enzyme inactivation was
subsequently performed at 85°C for 5 minutes, followed by cooling to 4°C. Native RNA
molecules were then digested by the addition of 1 ul RNase Cocktail Enzyme Mix (Thermo
Fisher Scientific) and incubation at 37°C for 10 minutes. AMPure XP beads (AXP) were added

for purification of the single-stranded cDNA, after which the samples were pelleted on a



23

magnetic rack, washed with 80% ethanol, and eluted in NFW. Following RNA degradation, 10
uM PR2 Primer, 2% LongAmp Taq Master Mix (NEB), and NFW were added to the samples
for second-strand cDNA synthesis, followed by a single-cycle PCR reaction. The cycling
conditions were as follows: 1 cycle at 94°C for 1 minute (denaturation), 1 cycle at 50°C for 1
minute (annealing), and 1 cycle at 65°C for 15 minutes (extension), followed by cooling to 4°C.
After an additional ethanol wash, the NEBNext® Ultra™ II End Repair/dA-Tailing Module
(NEB) was added to the double-stranded cDNA to generate blunt ends by filling in or trimming
5" and 3’ overhangs, followed by the addition of deoxyadenosine (dA) to the 3’ blunt ends via
terminal deoxynucleotidyl transferase (TdT) activity. NFW was subsequently added, and
incubation was performed in a thermal cycler at 20°C for 5 minutes and then at 65°C for 5

minutes. After a final ethanol wash, concentration measurement was performed.

To enable sample separation during sequencing, barcode adapters containing unique dT tails
were ligated to the previously generated 3’ dA tails using Blunt/TA Ligase Master Mix (NEB),
followed by incubation at room temperature for 20 minutes, after which the reaction was
terminated by the addition of EDTA. Following the addition of AXP beads and purification of
the barcoded cDNA, samples originating from early time points (4 h, 8 h) and late time points
(16 h, 24 h, 48 h, 72 h, 96 h, 120 h) were pooled separately. Native Adapter (NA) sequencing
adapters were then ligated to the pooled samples using Quick T4 DNA Ligase (NEB) and
NEBNext® Quick Ligation Reaction Buffer 5X. After incubation at room temperature for 20
minutes, AXP beads were added and the samples were washed with Short Fragment Buffer
(SFB), followed by elution of the completed sequencing libraries in Elution Buffer (EB). After
concentration measurement, libraries from early time points were sequenced on an ONT
MinlON Mk1B device using an R10.4.1 flow cell and a FLO-PRO114M flow cell due to
potential barcode hopping, whereas libraries from late time points were sequenced on a
PromethlON P2 Solo device using a FLO-PRO114M flow cell.

3.6. Bioinformatic analysis

The raw signals generated by nanopore sequencing were translated into nucleotide base
sequences (A, C, T, G) using the Dorado-0.8.2 basecaller developed by ONT. The resulting raw
reads were mapped to the reference genome (GenBank: OQ679822.1) using the minimap?2
software with the following parameters: -Y -C5 -ax splice -cs. SeqTools
(https://github.com/moldovannorbert/seqtools) was used for statistical calculations and

promoter element detection.
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For the annotation of transcripts derived from direct cDNA sequencing data and for the
identification of transcription start sites (TSS), transcription end sites (TES), and introns, the
Long-read RNA-Seq Transcript Isoform Annotator (LoRTIA) v0.9.9 software package
(https://github.com/zsolt-balazs/LoRTIA), which was developed by our research group, was
applied. The first program used was Samprocessor.py, by which erroneous reads originating
from false priming, template switching, and RNA degradation were removed. The script was
executed with the following settings: -five_adapter GCTGATATTGCTGGG -five_score 14 -
check_in_soft 15 -three_adapter AAAAAAAAAAAAAAA -three_score 14 input output. In the
subsequent analysis, potential transcription start site (TSS) positions were identified using the
command Stats.py -r genome -f r5 -b 10. For the determination of transcription end site (TES)
positions, the command Stats.py -r genome -f r3 -b 10 was applied. Intron annotation was
performed using the Stats.py -r genome -f in command, with introns identified from direct RNA
sequencing data and confirmed using direct cDNA sequencing data. Random 5’ and 3’ positions
originating from RNA degradation were filtered based on a Poisson distribution, for which the
GFF_creator.py -s poisson -0 script was used, and significance levels were corrected using the
Bonferroni correction. Finally, transcript identification was carried out using the command

Transcripts_annotator_two_wobbles.py -z 20 -a 10.

In addition, TES positions were identified from direct RNA sequencing data using the
corresponding module of the ONT Dorado software package, applying default settings for the
determination and identification of poly(A) tail lengths. Transcript annotation was performed
using the NAGATA software’®. The IntaRNA program was applied to assess the extent of
replication origin-associated RNAs (raRNAs) and RNA-RNA interactions’.

The Matplotlib library was used for the visualization of nucleotide distributions and line
graphs. The Integrative Genomics Viewer (IGV) was applied for transcriptome visualization”.
The Bedtools getfasta package
(https://bedtools.readthedocs.io/en/latest/content/tools/getfasta.html) was used to extract
nucleotide sequences based on the specified genome coordinates obtained from the reference
FASTA file.
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4. Results

4.1. Basic analysis of the CaGHV-1 transcriptome from sequencing data

Of the 71,651,155 reads generated by direct cDNA sequencing, 5,260,508 were mapped to the
viral genome. The average length of these sequences was 575.33 nt. In the case of direct RNA
sequencing, 1,208,372 viral reads were obtained from a total of 9,833,760 reads, with an
average length of 1,013.77 nucleotides (Figure 4.). Erroneous Transcription Start Site (TSS)
and Transcription End Site (TES) ends originating from false priming, reverse transcription
artifacts caused by RNA degradation, as well as erroneous introns resulting from sequencing
were filtered out and excluded by the LoRTIA program. For the 5’ end, following adapter
alignment evaluated using the Smith-Waterman algorithm, the first nucleotide differing from
the adapter sequence was marked as a potential TSS. During TES identification, the last
nucleotide not matching the homopolymer A was designated as a potential TES. False ends
originating from template switching or false priming, which were preceded by at least three
adenines within the homopolymer A region, were removed, thereby reducing false positive
results. As an additional filtering criterion, in the case of direct cDNA sequencing, a TSS was
required to be present in at least three samples; otherwise, it was excluded. For TESs,
confirmation of the 3’ end in the direct RNA sequencing dataset was required. Reads with fewer
than two occurrences or with coverage below one percent were also filtered out. Introns were
validated based on direct RNA sequencing data and were further verified using direct cDNA
sequencing data. Among the most frequently occurring transcript isoforms or canonical
transcripts of the virus, 278 were annotated, and the exact locations of the coding sequences

were also determined.
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Figure 4. Statistical data. These plots show the percentage of virus and host cell reads in the
dcDNA and dRNA sequencing data compared to the total reads. The figure on the right shows
the numerical composition of transcript types, omitting two categories which are a ncRNA and
a putative canonical RNA.

4.2. Promoters and TSSs identification

In comparison with the approximate eukaryotic consensus sequence’®, reduced conservation
was observed for the initiator sequence of transcription start sites (TSSs) in the Caviid
gammaherpesvirus 1 genome (Py ANU/A). Predominance of G/A nucleotides was detected at
the transcription start site, with guanine being extremely frequent at position +1, whereas T/C
nucleotides were most frequently observed at position -1 upstream of the TSS (Figure 5.). The
dominant occurrence of guanine nucleotides has previously been identified in other herpesvirus
species, including Bovine herpesvirus 1 (BoHV-1)"" and Epstein-Barr virus (EBV)8, as well

as in the VP5 promoter initiator (Inr) element of Herpes simplex virus 1 (HSV-1)79,
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Figure 5. Analysis of Caviid gammaherpesvirus 1 TSSs. It shows the distribution of nucleotide
frequency in a section ranging from -50 to +10 base pairs, where G/A nucleotides are dominant

at positions +1 and +2, and C/T nucleotides appear in greater numbers at position -1.

A total of 162 canonical transcripts and 92 potential TATA boxes were identified in the Caviid
gammaherpesvirus 1 genome, with an average distance of 30.80 nucleotides from the TSS. In
addition, five putative GC boxes were annotated at an average distance of 42 nucleotides, and
18 potential CAAT boxes were identified at an average distance of 112.33 nucleotides upstream
of the TSS. T/A nucleotide-rich promoter elements were detected at positions -20 and -40
(Suppl. Table S03, Torma et al. 2025). Most of these promoter regions were found to contain a
TATA box sequence with a TATTWAA motif, which has previously been demonstrated in
KSHV to play an important role in the initiation of late gene transcription’*8L. In this analysis,
a large number of transcript ends were annotated, including the mRNAs of ORF75, ORF25,
ORF26, and ORF59; however, the transcription start site of a non-coding RNA exhibited the
highest read count, confirmed by 1,661,506 reads, indicating high transcriptional activity
(Figure 6.).
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Figure 6. Distribution of TSSs on the CaGHV-1 genome. The distribution of 5' transcript ends

determined by the LORTIA program is indicated by red color for positive strand (+) and blue

color for strand negative (-) in the coverage boxes, and the height of the lines shows the amount

of Transcription Start Site on a log10 scale. The locations of TATA boxes are also indicated by

downward and upward arrows in the coverage diagram. Coding sequences (CDS) are indicated

by large red 5'-3' and blue 3'-5' arrows below the boxes. Replication-associated RNAs

(raRNAs) are shown in green, while non-coding RNAs are shown in red.
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4.3. Polyadenylation signals and TESs identification

During the analysis, data derived from direct cDNA sequencing were used for the determination
of the 3’ ends of the viral genome, which were confirmed using direct RNA sequencing data. A
total of 140 canonical transcription end sites were identified, of which 131 were associated with
polyadenylation signals, with an average distance of 25.94 nucleotides between TESs and PASs
(Suppl. Table S04, Torma et al. 2025) (Figure 7.). The PASs were predominantly located within

a 50-nucleotide upstream region.
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Figure 7. Distribution of TESs on the CaGHV-1 genome. The distribution of 3' transcript
endpoints identified by LoRTIA software is indicated by red for positive (+) and blue for
negative (-) strands in the coverage fields; the height of the lines represents the number of
transcription endpoints on a log10 scale. The locations of PAS are also indicated by downward

and upward arrows in the coverage diagram.

4.4. ldentification of introns and splice junctions occurring in viral transcripts

Direct cDNA sequencing data were used to confirm the splicing patterns of the CaGHV-1
transcriptome obtained from direct RNA sequencing data. Elevated levels of spliced transcripts
were attributed to alternative splicing events, which were distributed across multiple genomic
regions, including GPHLV-11, ORF20-21, ORF29, ORF31-ORF29b, ORF54-ORF57, and
ORF63-ORF67. Furthermore, 56 introns were confirmed by both sequencing approaches;
however, 280 introns were detected exclusively from direct cDNA sequencing data and were
therefore considered likely artifacts generated during sequencing library preparation. To ensure
the accuracy of the direct RNA sequencing data, they were compared with direct RNA
sequencing data obtained from monkeypox virus, which does not undergo splicing. As no false
splice sites were identified in the transcriptome, the data generated by native RNA sequencing
and subsequent bioinformatic analyses were considered to be accurate. Additional validation
was provided by introns identified using the NAGATA program, which confirmed all introns
detected by the LORTIA program and additionally identified six low-abundance splice sites that
lacked the consensus sequence characteristic of canonical splicing. These results demonstrated
that the detected spliced transcripts were of biological origin and that the majority of them likely

represent transcriptional noise.

In MRNAS, most introns were found to be confined to UTRs. In contrast, introns detected within
the coding regions of the ORF50 and ORF57 genes resulted in altered amino acid compositions
at the N-terminal ends of the encoded proteins. Further analysis revealed that ORF29 was
composed of two exons, which spanned four genes in the antisense direction, namely ORF30,
ORF31, ORF32, and ORF33. This intron arrangement was shown to display conserved
homology with KSHV; however, in comparison with HVS-1 and PRV, which belong to the
alphaherpesvirus family and possess a homologous UL15 gene, only two genes were
transcribed®?84. Several intron-containing non-coding RNAs were identified in the G4 and G5
regions of the genome, in which small ORFs were present, although their functional roles have

not yet been determined. In addition, a non-coding replication origin—associated RNA located
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in the vicinity of the OriLyt-R region was annotated, within which introns were detected.
Furthermore, ncRNAs were annotated in the ORF63 and ORF64 gene regions, where splicing

events occurred in the antisense portions of complex transcripts.

4.5. Monaocistronic and Polycistronic transcripts

In viral transcriptomics, transcripts are commonly classified based on the number and relative
orientation of the open reading frames (ORFs) they contain. Monocistronic transcripts encode
a single ORF, whereas polycistronic transcripts encompass two or more ORFs arranged in
tandem in the same orientation. Complex transcripts are defined as transcription units that
contain ORFs or transcript segments with different orientations, resulting in bidirectional,

overlapping, or antisense configurations.

During the analyses, 54 monocistronic, 60 multigene, and 108 complex mRNA transcripts were
annotated as the most frequently occurring transcript variants associated with individual viral
genes (Supp. Table S06, Torma et al.). One of the most abundant canonical transcripts was
identified as ORF17.5, which is located within ORF17, contains a 5'-truncated open reading
frame, and was detected more frequently than the full-length transcript. This phenomenon was
not unique, as this embedded gene was also shown to be expressed by orthologous genes of
viruses belonging to the alpha-, beta-, and gammaherpesvirus families®. In addition, an
overlapping transcript was identified that initiated at the end of the G12 gene, spanned the
genome junction, and terminated within the GPHLV-11 gene. Canonical polycistronic
transcripts were annotated that contained at least two or more ORFs arranged in tandem in the
same orientation. In contrast, complex transcripts were characterized as bidirectional, with at
least one transcript oriented in the opposite direction. The longest multigene transcript was
found to span a total of seven genes in the ORF4-ORF10 region, whereas the longest complex
transcript encompassed 16 genes and shared a promoter with the PAN non-coding RNA, which
is located between ORF17 and ORF33 in the viral genome.

Three short open reading frames located in the 5" untranslated region, referred to as upstream
ORFs, were identified upstream of the CaGHV-1 ORF35 gene, which has already been
annotated in KSHV as ORF35-ORF37. In addition, the downstream gene of the ORF72—
ORF71 polycistronic transcript was translated through a specific termination-reinitiation
mechanism (Figure 8.)%¢%7. However, in comparison with KSHV, the uORFs identified in

Caviid gammaherpesvirus 1 were located at a greater distance from the ATG start codon.
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Figure 8. uUORFs in the CaGHV-1 genome. Three uORFs identified upstream of the ORF35

gene.

4.6. Non-Coding transcripts

Large numbers of long 5'-UTR variants, antisense transcripts (asRNAs), and transcripts located
in intergenic regions were contained within the ncRNA population. One of the most abundant
non-coding RNAs was identified as polyadenylated nuclear RNA (PAN), similarly to
KSHV®8  pPresumably, non-coding RNAs were represented by polygenic transcripts with
large distances between the ATG start codon and transcription end sites, or by transcripts in
which the most upstream genes of complex transcripts were positioned in the opposite
orientation. A total of 44 asRNAs were identified, of which 33 antisense RNAs were associated
with a single gene, 10 with two genes, and one asRNA with three genes (Figure 9.). The ratio
of overlapping antisense RNA/MRNA pairs was also calculated (Supp. Table S06B, Torma et
al.). Of the 26 TATA boxes identified, 15 were found to contain the TATTWAA motif. Based
on further statistical analyses, the shortest non-coding RNA was determined to be 104
nucleotides in length, whereas the longest ncRNA was 3,788 nt long and was identified in the
ORF63-ORF64 gene region. The average length of ncRNAs was calculated to be 758.78
nucleotides. Several antisense RNAs were annotated in the ORF63-ORF64 and ORF75
genomic regions, where they were detected in large numbers in both spliced and unspliced

forms, similarly to observations made in the closely related Murine gammaherpesvirus 68%.
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Figure 9. Canonical transcripts of the Caviid gammaherpesvirus 1 genome. The 5'-3'
orientation of mMRNAs and non-coding RNAs is shown in pink, while the 3'-5' orientation is
shown in blue. Antisense RNAs and raRNAs are shown in green. Transcripts that showed

different splicing patterns were represented as independent canonical transcripts.

4.7. Replication origin-associated RNAs

Several transcripts were identified in the vicinity of the replication origin, the majority of which
were designated as replication origin—associated RNAs (raRNAS), representing a distinct class
of non-coding RNAs. raRNAs have previously been identified in KSHV and EBV®L. The
replication origins of Caviid gammaherpesvirus 1 were annotated based on sequence alignment
using the KSHV reference genome and by mapping previously described KSHV replication
origins onto the CaGHV-1 genome. Multiple non-coding RNAs were identified that overlapped
the OriLyt-L region with their 5’ untranslated regions and terminated coterminally with K3
transcripts. In addition, a long transcript was identified that terminated coterminally with PAN
and fully transcribed the replication origin. In the OriLyt-R genomic region, a transcription end

site isoform expressed by ORF72 was identified, the 3’ untranslated region of which completely
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overlapped the replication origin. At this stage, it remained unclear whether this transcript plays
a role in translation or solely influences the process of DNA replication. The promoter regions
of these RNAs were directly associated with OriLyt-R, and transcripts derived from the OriLyt-
R region predominantly utilized the TATTWAA promoter motif. This consensus sequence was
recognized by the LTF1 transcription factor encoded by the ORF24 gene, by which RNA
polymerase 1l binding was rendered more efficient, thereby promoting global transcriptional
regulation. Consequently, it was assumed that, during the late phase of infection, binding of
LTF1 to the replication origin could influence DNA replication. The presence of long, complex
transcripts overlapping the entire lytic origin within the genomic region was also demonstrated,
as well as non-overlapping antisense RNAs located in the vicinity of OriLyt-R but associated
with ORF69. A latent replication origin could not be detected in Caviid gammaherpesvirus 1;
however, its existence cannot be excluded. For the prediction of in silico RNA/RNA
interactions involving replication origin—associated RNAs (raRNAs), analysis performed using
the IntaRNA program indicated that three raRNAs located in the OriLyt-L region exceeded the
literature-defined threshold (—30 kcal/mol). Accordingly, potential interaction partners were
identified as ORF9, ORF50, ORF64, and ORF73. To determine whether these high interaction
scores possess true functional relevance, further investigations are required (Supp. Table S06,

Torma et al.) (Figure 10.).
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Figure 10. raRNAs. In the regions around the two replication origins OriLyt-L and OriLyt-R,
the red arrows indicate ncCRNAs, the green arrows indicate rRNAs, and the blue arrows indicate
monocistronic and multigene RNAs. The intensity of the colors indicates the frequency of the
transcripts, which have been classified into four categories: 1(1-9), 2(10-49), 3(50-199),
4(>200).

4.8. Transcriptional overlaps

Based on the overlap of raw reads obtained from direct RNA sequencing, transcripts of genes
with different orientations, including convergent (— «), divergent («— —), and tandem (— —
or « «) arrangements, were found to overlap, indicating a high degree of complexity in the
viral transcriptional pattern (Figure 11.). Similar transcript overlaps have previously been

demonstrated in EBV and KSHV34%, This observation indicated that the viral genome is
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transcriptionally highly active. Convergent canonical transcript groups were identified in which
the 3’ ends overlapped and were therefore classified as “hard” overlaps, where both transcripts
were completely or largely overlapping. Examples included ORF18-19, ORF22-23, ORF27,
ORF29b, ORF38-39, ORF40-42, ORF54-55, ORF64-65, G2-ORF72, and ORF74-75. In
addition, convergent transcript clusters were annotated in which the 3’ ends did not terminate
within each other; these were designated as “soft” overlaps, such as those observed between
ORF10-K3, ORF44-45, G4-ORF52, and ORF57-58. In such genomic configurations,
transcriptional readthrough was inferred to occur, resulting in occasional overlaps between

tandem, convergent, or divergent gene pairs.
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Figure 11. CaGHV-1 transcription overlaps. CaGHV-1 transcriptional overlaps. The upper
part of the figure shows the coverage scale on a log2 scale, which indicates global
transcriptional activity. The 5'-3' orientation is marked in pink, and the 3'-5' orientation is
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marked in blue. The lower two-thirds of the figure show transcript overlaps, which are formed

by divergent and convergent genes.

4.9. Replication and Transcription Activator (RTA) transcriptional activity and

comparison

The RTA protein is a transcription factor conserved among gammaherpesviruses and is encoded
by the ORF50 immediate-early (IE) gene, by which viral lytic reactivation from latency is
regulated®-°" and the ORF50 promoter, together with Iytic genes, is activated. The results
demonstrated that the most abundant mRNAs of the Caviid gammaherpesvirus 1 ORF50 gene
contained four exons and originated from two adjacent transcription start sites. RTA, consisting
of 643 amino acids encoded by the first two exons, was expressed as a 90 kDa protein. To
investigate the transcriptional activity of Caviid gammaherpesvirus 1 RTA (gpRTA), a 3 kb
DNA fragment of the viral promoter was cloned upstream of the ORF50 translation start site
into a luciferase reporter vector. Transfection of HEK293T and 104C1 guinea pig fibroblast
cell lines with increasing amounts of the 3XFLAG-gpRTA expression plasmid demonstrated
that the ORF50 promoter was significantly activated by gpRTA in both cell lines in a
concentration-dependent manner. To further examine the effect of gpRTA, the ORF50
promoter was truncated to 2 kb and 1 kb regions. Subsequent experiments showed that, in
HEK293T cells, comparable activation was observed for the 3 kb, 2 kb, and 1 kb promoters,
whereas in the fibroblast cell line, activation of the 2 kb promoter was reduced to approximately
one quarter of that observed for the 3 kb promoter, indicating cell type— and/or species-specific
differences. Additional luciferase assays were performed to assess gpRTA-mediated promoter
induction in comparison with other gammaherpesvirus homologues. The 3 kb ORF50 promoter
of Caviid gammaherpesvirus 1 was compared with the corresponding replication and
transcription activators of EBV, KSHV, HVS, MHV68, CaGHV-1, and RRV. While gpRTA
efficiently induced the Caviid gammaherpesvirus 1 ORF50 promoter in both HEK293T and
fibroblast cell lines, the homologous proteins exhibited differential promoter activation patterns
between the two cell types (Figure 12.). In conclusion, gpRTA was shown to be functionally

similar to its homologues with respect to its ability to induce its own promoter.
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Figure 12. Transcriptional activity of CaGHV-1. (A) ORF50 gene structure with four exons.
(B) Expression of the 90 kDa 3 xFLAG-tagged RTA protein in HEK293T cells. (C) Detection
of the inducibility of the ORF50 promoter region in HEK293T and guinea pig fibroblast 104C1
cell lines. (D) Assessment of the effect of RTA on shorter regions of the ORF50 promoter. (E)
Detection of RTA protein expression by Western blotting. (F) Analysis of the transcriptional
activity of RTAs from different gammaherpesviruses on the CaGHV-1 ORF50 promoter region
in the two different cell lines. Significance values determined by t-tests (n = 3) are interpreted

as follows: ns = not significant, * = P < 0.05, ** = P < 0.01, *** = P < 0.001.
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5. Discussion

To generate a comprehensive transcriptome atlas of Caviid gammaherpesvirus 1, data obtained
from Oxford Nanopore Technologies direct cDNA and direct RNA sequencing were analyzed
using the NAGATA and LoRTIA bioinformatics pipelines. Numerous canonical
monocistronic, multigene, fusion, and complex transcripts were identified, including intergenic
transcripts such as PAN, non-coding RNAs, antisense RNAs, replication origin—associated
RNAs, and transcripts containing truncated open reading frames. Cis-regulatory elements were
annotated at single-nucleotide resolution, including transcription start sites and promoter
elements, and polyadenylation signals, 3’ cleavage sites, and splice junctions were also
identified. To eliminate reads containing false 5’ ends resulting from erroneous template
switching and to accurately identify transcription start sites, the LORTIA program was applied.
Additional filtering criteria were introduced to further reduce false-positive ends, such that a
transcription start site was accepted only if it was detected in all three biological replicates. As
a result of this stringent filtering strategy, 99 TATA boxes and 165 transcription start sites were
identified. The TATTWAA motif, which has previously been identified in other beta- and
gammaherpesvirus species, including CMV, EBV, and KSHV, was detected upstream of
several transcription start sites®®. The TATTWAA consensus sequence functions as a binding
site for LTF1 and the viral transcriptional activator (vVTA), which are essential for the
transcription of viral late genes®l. Furthermore, the initiator (Inr) pattern was found to be
consistent with results previously reported for other herpesviruses, indicating that the

nucleotide composition of the TSS surrounding region is conserved?’:"8:%,

The LoRTIA program was applied for the annotation of 3’ ends. To avoid false priming events
and erroneous ends resulting from template switching, only those transcription end sites that
were detected in all three samples and contained at least three adenines at the 3’ end were
accepted. This filtering strategy was further reinforced by validation using native RNA
molecules derived from direct RNA sequencing, thereby reducing false-positive results. Based
on these criteria, a total of 143 transcription end sites were identified, a large proportion of
which contained the conserved AAUAA sequence characteristic of eukaryotic mRNAs. This
motif has previously been demonstrated in other herpesvirus subfamilies, suggesting that 3’ end

cleavage is modulated by host cellular mechanisms%:10%,

RNA molecules overlapping the lytic replication origin have been observed in several DNA

viruses. Examples include RNA 4.9, the most abundant viral RNA in human cytomegalovirus
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(HCMV) of the betaherpesvirus subfamily, which has been shown to play a role in viral
replication, as well as the T1.5 transcript expressed in KSHV, a gammaherpesvirus, which is
involved in the maintenance of cell survival and the modulation of immune processes'%%1%3,
Replication origin—associated RNAs (raRNAs) were also annotated in the OriLyt-L and OriLyt-
R regions of Caviid gammaherpesvirus 1. Some raRNAs were found to originate directly from
the replication origin, whereas others overlapped the Ori region and were identified as short
non-coding RNAs or long multigene transcripts that included regulatory elements of
neighboring genes. One of these overlaps extended to PAN from ORF8, which is notable
because PAN is a long transcript; therefore, the use of the PAN polyadenylation site instead of
an earlier termination site raises questions. One possible explanation is that, during the
transcription of these long RNAs, conflicts may arise between DNA and RNA polymerases,
and such overlaps may inhibit gene transcription, thereby contributing to the temporal and
spatial separation of replication and transcription processes'%4. Another notable finding was that
the TATTWAA consensus sequence required for late gene transcription was present in the
OriLyt-R region, which has been shown to be involved in both DNA replication and
transcriptional regulation. A more detailed investigation of these mechanisms may open new
avenues for fundamental research and support the development of novel antiviral intervention

strategies.

Several introns were identified based on data obtained from direct cDNA and direct RNA
sequencing of CaGHV-1, both within untranslated regions (UTRs) of MRNA-coding transcripts
and within non-coding RNAs. A splicing pattern similar to that observed in KSHV and MHV68
was detected in spliced transcripts, including the ORF50 transcript, which initiates and regulates
the transition from the latent to the lytic phase of the viral life cycle, as well as ORF64%%105:106,
Furthermore, a high degree of transcript isoform diversity was identified for ORF73, which
encodes the latency-associated nuclear antigen (LANA), the expression of which is essential
for the establishment and maintenance of latency following infection’.

Numerous polycistronic, complex, and antisense transcripts were also identified, the majority
of which overlapped within the viral genome, thereby demonstrating its high transcriptional
complexity. Depending on their orientation, overlapping genes were classified as convergent,
divergent, or tandem. These transcriptional overlaps were not restricted to internal genomic
regions but also occurred at the terminal regions of the genome and spanned the circular genome
junction, indicating that overlapping RNA expression was not limited solely to protein-coding

genes.
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Based on the homology of gene organization between the human pathogen KSHV and Caviid
gammaherpesvirus 1, the CaGHV-1 ORF50 gene, which is conserved across all
gammaherpesviruses, was cloned. This gene encodes the replication and transcription activator
(RTA) transcription factor, by which entry of the virus into the lytic cycle is triggered*®. One
of the most important functions of RTA is the binding to and activation of the ORF50 promoter,
thereby establishing a positive feedback loop that enhances the expression of RTA itself as well
as other lytic genes. The results demonstrated that the Caviid gammaherpesvirus 1 ORF50
promoter was strongly activated by the CaGHV-1 replication and transcription activator (RTA).
In addition, homologous RTA transcription factors derived from other gammaherpesviruses
were also shown to induce the CaGHV-1 ORF50 promoter, suggesting functional similarities
in transcriptional activation among these viruses. Further studies are required to determine the
extent and nature of these functional similarities between CaGHV-1 RTA and RTAs of human
gammaherpesviruses, particularly with respect to the modulation of host and viral gene

expression and the influence on protein degradation pathways.

The transcriptional mechanisms characteristic of gammaherpesviruses, which are mediated by
viral proteins and non-coding RNAsS, have been evolutionarily conserved and are considered to
play a key role in shaping the biological properties and processes of gammaherpesviruses.
Through these conserved mechanisms, effective viral replication and long-term latent
persistence within the host organism are ensured, thereby enabling viral adaptation. One such
example is polyadenylated nuclear RNA (PAN), a non-coding RNA that is most abundantly
expressed during the lytic cycle of KSHV and plays an essential role in the regulation of viral
gene expression. PAN has previously been identified in other gammaherpesviruses, including
RRV and EHV-237109110  Apglyses of PAN ncRNAs derived from KSHV and RRV have
revealed low sequence homology; however, functional interchangeability has been
demonstrated®®. An important observation is that, although MHV68 lacks a PAN homologue,
Caviid gammaherpesvirus 1 encodes PAN. This feature provides a unique opportunity to
investigate the biological significance of PAN directly, both during infection and in

pathogenesis, using a small animal model.

Based on the results obtained and the currently available knowledge, the identification of
canonical transcripts, genes, and gene regulatory regions of Caviid gammaherpesvirus 1,
together with the assessment of its tumorigenic potential, is considered to provide an excellent
foundation for the establishment of CaGHV-1 as a novel model organism for the investigation
of human gammaherpesvirus pathogenicity. Furthermore, the development of chimeric
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CaGHV-1 strains capable of expressing KSHV glycoproteins could potentially enable the
development of a vaccine against KSHV. Such model systems are expected to offer valuable
opportunities for therapeutic development, thereby increasing the relevance of CaGHV-1 in

both basic research and translational medicine.
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6. Summary

In this study, the transcriptome of Caviid gammaherpesvirus 1 (CaGHV-1) was mapped using
long-read sequencing combined with various bioinformatic programs, and the transcriptional
activity of the replication and transcription activator (RTA) gene, which shows homology with
other gammaherpesviruses and is encoded by ORF50, was investigated.

Following transcriptome mapping, numerous coding monocistronic, polycistronic, and
complex mRNAs, as well as non-coding RNAs, including antisense, 5'-truncated, and
replication origin—associated transcripts, were identified. In addition, cis-regulatory elements
regulating the expression of individual genes were detected. Overlapping transcripts with
different orientations were also identified, which, together with previous results, suggest that

the CaGHV-1 genome represents a large-scale, transcriptionally complex gammaherpesvirus.

One of the most abundant non-coding RNAs, PAN, which is important for KSHV lytic viral
gene expression and replication, was identified in CaGHV-1. Importantly, PAN was found to
be absent from MHV-68, which further reinforced the role of CaGHV-1 as a potential model

organism.

Based on the results of functional studies of CaGHV-1 RTA encoded by the ORF50 gene,
activation of its own promoter was demonstrated, and homologous RTAs from other
gammaherpesviruses were also shown to activate the CaGHV-1 ORF50 promoter, indicating
functional similarity. This was reflective of the evolutionary conservation of transcriptional

mechanisms.

Taken together, these results confirm that CaGHV-1, which shows homology with the human
pathogen KSHV, offers new opportunities for studying the pathogenesis of human
gammaherpesviruses as a new model organism, due to its non-human pathogenicity, less narrow

host specificity, and tumorigenic effect.
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