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Summary. – This article is a brief summary of efforts to generate mutant herpesviruses for investigating 
and assigning gene functions of herpesviruses in replication and pathogenesis. While a full review of all her-
pesviruses is beyond the scope of this review, we focused our attention on the prototype of the herpesvirus 
subfamily – herpes simplex virus and murine gammaherpesvirus that serves as an excellent animal model to 
study human gammaherpesvirus pathogenesis. Furthermore, our present knowledge of essential, non-essential, 
and common genes of herpesviruses as well as of accessory genes that are currently being studied with the help 
of the bacterial artificial chromosome (BAC) system will also be discussed. This system facilitates the analysis 
of herpesviral genes with potential for use in gene therapy or as anti-cancer therapeutics.
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1. Introduction

To date, the family of herpesviruses comprises important 
human and many veterinary relevant pathogens encom-
passing more than 100 herpesviruses that infect vertebrates. 
A common feature of herpesviruses is their ability to infect 
the host for life. Classification of herpesviruses and sepa-
ration from other virus families was initially done on the 
basis of biological properties such as the propensity for 
latency in a certain cell type and the clinical manifestation 
of the virus. Later on, virion structure, cell tropism, virus 
host range, high complexity, and more recently, genome 
sequence data were taken into account as another impor-
tant feature by which herpesviruses stand out from other 
virus families. Viruses of the family Herpesviridae have 
been classified into three subfamilies, Alphaherpesvirinae, 
Betaherpesvirinae, and Gammaherpesvirinae. The alpha 
subfamily is estimated to have diverged from the beta and 
gamma subfamilies 200–220 million years ago (Roizman 
and Baines, 1991; Fu et al., 2008).

Regardless of subfamily, herpesvirus virions have similar 
ultrastructural morphology, which comprises an envelope, 
a capsid with icosahedral symmetry and a centrally located 
core with linear double-stranded DNA genomes ranging 
in length from 125 to 240 kbp. As there is currently more 
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sequence data on herpesviruses, comparison of the genomes 
enables the identification of core genes that are shared within 
subfamilies, and unique genes that resemble adaptation to 
fulfil host specific prerequisites. Eight human herpesviruses 
belong to all three subfamilies of herpesviruses: alphaher-
pesviruses – herpes simplex 1 and 2 (HSV-1, HSV-2), 
varicella-zoster virus (VZV), betaherpesviruses – human 
cytomegalovirus (HCMV), human herpesviruses 6 and 7 
(HHV-6, HHV-7), gammaherpesviruses – Epstein-Barr 
virus (EBV) and Kaposi΄s sarcoma-associated herpesvirus 
(KSHV)). Although the complete DNA sequence of each of 
the human herpesviruses has been elucidated, there remains 
much to be learned about the function of specific viral gene 
products. Furthermore, since most human herpesviruses 
are very species-specific, insights into viral mechanisms 
of pathogenesis must rely on the study of other related 
vertebrate herpesviruses, about which even less is known 
at the molecular level. Although human herpesviruses vary 
at primary sites of replication and clinical manifestations of 
infection, they share many molecular similarities. Besides 
well-known data about diseases of which causative agents 
are herpesviruses, more recent findings suggest that infection 
with some herpes viruses (HSV-1, HHV-6, EBV, and VZV) 
is a significant aetiological factor of some neurological dis-
eases (Hemling et al., 2003; Mancuso et al., 2007; Wozniak 
et al., 2009).

Since most human herpesviruses are very species-specific, 
insight into viral mechanisms of pathogenesis must rely on 
the study of other related vertebrate herpesviruses, about 
which even less is known at the molecular level. Due to 
recent advances in new sequencing technology, 49 herpesvi-
ruses genomes have been completely sequenced to date and 
stored in GenBank database (http://www.ncbi.nlm.nih.gov/
genomes) allowing for prediction of functions to genes via 
homology screening using computational biology methods 
as are sequence alignments, motif searches, and structure 
modelling. It is obvious that genome sequence comparison 
among herpesviruses will become even more significant in 
the coming years. Furthermore, more and more information 
about the hosts of herpesviruses available in the database may 
contribute to better understanding of how some genes might 
have been acquired by horizontal gene transfer, to abuse the 
host machinery for viral purposes (Holzerlandt et al., 2002). 
Comparison of conserved genes of different herpesviruses 
can help to identify important regions and motifs, as done 
e.g. for pUL89 of HCMV (Champier et al., 2007). Several 
programs allow for the search for patterns and motifs that 
can give valuable hints as to which process a gene is involved 
in or reveal functionally relevant sequences of a protein 
(Böttcher et al., 2006). To date, there are several genes with 
no clear homology to viral ones and their bioinformatic 
analysis will not provide any information about a putative 
biological role.

2. Conservation of genes and protein function  
in herpesviruses

The number of protein coding genes, also according to 
their genome size, varies between the subfamilies whereby 
Alphaherpesvirinae and Gammaherpesvirinae have on av-
erage around 70–80 genes and Betaherpesvirinae around 
160–230 genes (Fu et al., 2008). There is a set of 43 highly 
conserved termed the ‘core genes΄, commonly found in all 
herpesviruses, and that are mainly involved in the basic 
and fundamental procedures of the viral life cycle. Their 
products include capsid proteins, DNA replication proteins, 
DNA packaging/cleavage proteins, envelope glycoproteins, 
as well as several others involved in virus entry into the cell, 
viral DNA replication and packaging of the genome and 
maturation of infectious particles (Davison, 2002). Although 
herpesviruses are extensively studied there are still genes on 
the list of core genes, the functions of which are unknown 
(McGeoch et al., 2006) 

Additional species and subfamily specific genes cover 
areas of cellular tropism, host shut-off or anti-apoptotic 
processes, evasion from the immune system and mainte-
nance of latency (Alcami and Koszinowski, 2000; Mori and 
Nishizama, 2005; Andoniou and Degli-Esposti, 2006; Matis 
and Kúdelová, 2001, 2005). It is very likely that most of the 
remaining genes of unknown function will belong to one of 
these groups. Not all of these genes are necessary for viral 
replication in the host, but shape the outcome of the infec-
tion (Dunn et al., 2003). 

3. Deletion mutagenesis as a tool to assign gene  
function of herpesviruses

To identify a function and role of specific wild type 
viral gene in replication and pathogenesis, the deletion or 
mutation of this gene as well as biological and biochemical 
assays of protein encoded is best elucidated by the genera-
tion of viral mutants studying their respective phenotypes 
while also computationally aligning them to homologue 
genes of known function. Specific viral sequences are 
subjected to mutagenesis, and following generation of 
recombinant viruses, the effect of the mutation(s) on 
the phenotype of the mutant virus may be assessed. This 
description of the virus has included quantifying gene 
expression in cell culture and also capability to replicate 
in a suitable animal model and to cause disease. Even 
though such studies have been laborious and technically 
difficult, a large number of mainly deletion mutants of 
herpesviruses with point mutations in individual genes 
or larger deletions in the genome prepared have provided 
an opportunity to describe the role of genes in growth 
and virulence.
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4. Elucidating herpesvirus biology with the help of 
studying HSV-1 mutants

HSV-1, discovered most likely first among the human 
herpesviruses, has been most intensively studied and is 
one of the most frequent and successful human pathogens. 
It grows rapidly in most types of cultured cells and can be 
handled more easily than other human herpesviruses. HSV-1 
and HSV-2 cause a variety of diseases. Acute gingivostoma-
titis is the most common clinical manifestation of primary 
infection with HSV-1 in children, although the majority of 
infected individuals develop only trivial symptoms or remain 
asymptomatic (Simmons, 2002). Ocular and genital HSV 
infections are less common but are important in terms of 
the quality of life due to regular recurrence of virus reacti-
vation. Recurrence in immunocompromised hosts however 
tends to be serious. Recurrent ocular herpes is the leading 
cause of corneal blindness, and genital herpes is one of the 
most common sexually transmitted diseases in industrial-
ized countries (Liesegang, 2001; Corey, 2002). The virus is 
also the causative agent of life-threatening diseases such 
as herpes encephalitis and neonatal herpes (Kúdelová and 
Rajčáni, 2013). The prognosis of these serious illnesses has 
improved due to the introduction of anti-herpesviral drugs, 
but mortality from disseminated infection and central nerv-
ous infection is still high (Simmons, 2002). Because of their 
clinical importance as infectious agents and the intriguing 
biological properties of HSV-1 and HSV-2, there is continu-
ing interest in understanding their pathogenesis.

The complete genomic DNA sequence of HSV-1 was 
published in 1988 and enabled the prediction of a total of 
70 distinct open reading frames (ORFs) (McGeoch et al., 
1988). 

To date, HSV-1 belongs to the best-characterized her-
pesvirus, of which the genes including their functions in 
vitro and in vivo are nearly fully described. Although ap-
proximately half of the HSV-1 genes are not essential for 
replication in cell cultures, all accessory gene products are 
thought to play indispensable roles in viral replication and 
dissemination in vivo. Intensive studies have been under-
taken to elucidate the functions and roles of an extensive 
and unique repertoire of gene products of HSV-1 involved 
in the regulation of gene expression, viral DNA replication, 
interaction with the host cell and immune evasion from the 
host immune system (Nishiyama, 1996; Dolan et al., 1998; 
Roizman and Sears, 1996). 

The majority of HSV-1 protein΄s functions have been 
determined by analyses of viral mutants. Chemical mutagens 
were used for the first generation of recombinant herpes-
viruses to create temperature sensitive mutants more than 
30 years ago (Schaffer, 1975). However, these temperature 
sensitive mutants usually had single or multiple mutations 
throughout the genome site, which made it difficult to map 

accurately and elucidate the function of specific viral gene 
products. More specialized techniques were then used to 
introduce site-specific mutations to the TK gene allowing its 
use as a positive selectable marker to generate mutant HSV-1 
and HSV-2 isolates (Post and Roizman, 1981). Building on 
this approach, a similar “positive selection” marker strategy 
was adapted for the generation of cytomegalovirus mutants, 
using the guanosyl phosphoribosyltransferase gene (Mo-
carski and Kemble, 1996). Studies on temperature-sensitive 
mutants by random screening aimed to answer one of the 
most fundamental questions to address when studying 
a viral gene is whether the gene is essential to the viral life 
cycle in tissue culture as well as tropism for a specific cell 
type (Sweet et al., 2007; Benyesh-Melnick et al., 1975; Akel 
and Sweet, 1993). 

The first targeted mutations in herpesviruses introduc-
ing deletion or disruption to genes of interest have been 
achieved by site-directed homologous recombination of 
plasmids with transfected viral DNA in tissue culture (Mo-
carski et al., 1980). However, this procedure is limited by the 
low frequency and specificity of recombination. Moreover, 
genes essential for a function in only a certain cell type in 
vitro, therefore determining tropism, have been identified 
by genome analysis of strains attenuated after propagation 
in specific cell lines (Hahn et al., 2004). This mutagenesis 
strategy accelerated analyses of gene function of HSV-1, but 
because the technique required thymidine kinase negative 
mammalian cells for repair of the mutated or deleted viral 
gene, it could be utilized only in studies on herpesviruses 
with a broad cell tropism. Furthermore, positive selection 
schemes utilizing a growth disadvantage to the recombinant 
virus have been shown to be suffering from limits in puri-
fication of a clonal population of mutant virus in that wild 
type virus is invariably present during the selection process. 
Although this problem can to some extent be overcome by 
the simultaneous incorporation of marker genes (e.g. lac 
Z cassette, green or red fluorescent protein into the selec-
tion procedure), selection against wild type virus remained 
technically very difficult and laborious. A huge amount of 
knowledge about role and function of genes of herpesviruses 
has been generated by the strategy mentioned above. Many 
HSV-1 genes have been described and understanding of their 
specific role in the pathogenesis in vivo has been expanded. 
This approach still remains the most widely used to study vi-
ral gene function in alphaherpesviruses and its modification 
has been utilized in other herpesviruses (HCMV, VZV, and 
EBV). Where HSV-1 is concerned, the roles of genes involved 
in mechanisms of virus entry into cells, virus induced cell 
fusion, virion envelopment, and egress e.g. glycoproteins D 
and B (gD and gB), the heterodimer gH-gL – all essential 
for replication in cultured cells as well as gK are identified 
by this strategy (Chouljenko et al., 2012; Melancon et al., 
2005). The genes involved in the mechanism of HSV-1 at-
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tachment (gC and gB) and spreading from cell-to-cell (gE/
gI complex) that remains largely unknown are also studied 
on del or null mutants (Ramachandran et al., 2008; Mingo 
et al., 2012). Furthermore, there are still many questions to 
be answered about the molecular mechanisms underlying 
the establishment and maintenance of herpesvirus latency 
and the reactivation of the virus from a latent state. Tight 
regulation of genes expressed during HSV-1 latency (latency 
associated transcript) and involved in latency establishment 
and maintenance is studied with the help of mutant viruses 
somehow deleted within the latency associated transcript 
region (Bertke et al., 2009). Similarly, mutants with deletion 
in sequence coding for ICP0 initiating lytic gene expression 
during latency are utilized in studies on features of latency-
reactivation cycle characteristic for herpesviruses (Everett 
et al., 2004). 

Another successful approach for mutational analysis of 
herpesvirus genes was the development of infectious clone 
technologies. Initial efforts to improve the efficiency for 
herpesvirus genomic manipulation involved the use of Es-
cherichia coli plasmid replicons known as cosmids. As these 
cosmid clones can only accommodate up to 45 kbp of foreign 
DNA, a series of vectors that cover the entire herpesvirus 
genome in overlapping segments were required to facilitate 
the generation of recombinant viruses. Co-transfection 
of the set of cosmids into permissive cells of choice was 
followed by homologous recombination between overlap-
ping gene segments of herpesviral genome resulting in the 
production of infectious virus particles. The phenotype of 
the virus progeny carrying mutations in genes of interest 
(nonessential for replication in vitro) can then be character-
ized by standard techniques of bacterial genetics. Specific 
mutations, insertions or deletions can be introduced into 
targeted genes and after transfection into cells and a generally 
homogeneous population of recombinant virus is generated. 
Typically, modifications were made to one fragment, fol-
lowed by the rescue of infectious virus by introducing the 
complementing cosmids into cells to generate infectious 
virus. The main advantage of this technique is an absence 
of any requirement for selection against wild type virus and 
any foreign DNA (since no selectable markers are needed), 
which means that isolating minor population from a vast 
excess of wild type virus is eliminated. This approach has 
been successfully used to generate recombinant HSV-1, 
VZV, murine cytomegalovirus, and EBV (Ehsami et al., 
2000; van Zijl et al., 1988; Tomkinson et al., 1993; Cohen 
et al., 1993). This approach appears to have represented 
a key step in the development of herpesviruses as biologi-
cal vectors. Although the cosmid approach to generation 
of recombinant herpesviruses has proved to be powerful 
e.g. in use of cosmid libraries of cytomegaloviruses, it has 
limitations in the presence of unwanted adventitious muta-
tions arising during many recombination events required 

for generation of full-length viral genome (6 for HSV-1 and 
9 for HCMV) following transfection (Kemble et al., 1996). 
A limited number of unique restriction sites suitable for 
generating targeted insertions, deletions, or substitutions 
to cloned viral fragments against a cosmid background is 
another disadvantage of this technique. 

Taken together, while all previous studies were successful, 
determining of function of viral genes was limited mainly 
by dependence on homologous recombination in virus-
susceptible cells and by difficulties in efficiently generating 
mutant viruses with altered or deleted genes essential for 
virus replication. These types of mutations required the co-
delivery of functional copies of the deleted genes to permit 
virus replication by using stably transformed cell lines that 
constitutively expressed the gene of interest or by using 
helper viruses. Limitations of methods for the generation 
of herpesvirus mutants mentioned above have largely been 
overcome by the development of techniques to maintain 
full-length viral genomes stably in E. coli. 

5. Studies on gene functions via application BAC system 
to herpesvirus genomes 

A breakthrough in study on herpesvirus genomes pro-
vided methodology for cloning large fragments of DNA 
based on the E. coli fertility factor or F plasmid firstly de-
scribed by Shizuya et al. (1992). The F plasmid is present as 
a circular supercoiled extrachromosomal single binary copy 
plasmid in the bacterial host, and importantly for the study 
of herpesvirus genomes, is capable of stable maintenance of 
large DNA fragments up to 600 kbp in length from complex 
genomic sources, which is sufficient to enable the genomes 
of all known herpesviruses. 

This cloning system, referred to as a bacterial artificial 
chromosome (or BAC) system allows the complete con-
struction of a mutant herpesvirus genome in a controlled 
manner prior to the reconstitution of infectious progeny 
(Messerle et al., 1997; Brune et al., 2000; Adler et al., 2003). 
A simple, random approach to identifying essential genes 
was the transposon-mediated mutagenesis of herpesviral 
genomes encoded in BACs, whereby transposon insertion 
sites were mapped by direct sequencing and the viability 
or non-viability of virus progeny was determined from the 
mutated genomes by reconstitution in tissue culture (Brune 
et al., 1999, 2000; Yu et al., 2003; Hobom et al., 2000; Smith 
and Enquist, 1999). Although originally utilized in order 
to generate a library of the human genome and a variety 
of plant genomes, BAC have proved extremely valuable for 
cloning and analysis of full-length viral genomes. In contrast 
to earlier methods, the generation of BAC mutants is a much 
quicker process. However, mutations affecting essential 
viral genes still require the gene product to be provided in 
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trans to generate infectious virions. While this approach 
was very successful for the identification of some essential 
genes (Ménard et al., 2003; Brune et al., 2001), complete 
analysis to identify a full repertoire of essential genes (at 
least for certain cell types in vitro) has to be done gene by 
gene (Dunn et al., 2003). However, the great advantage of 
BAC mutagenesis in vitro lies in rapid identification of gene 
function and expression at unprecedented rates.

The development of BACs has revolutionized molecular 
cloning of large DNA molecules and they are now widely 
used in many applications, including investigation into 
herpesvirus biology. Messerle et al. (1997) extended this 
technique to the herpesvirus family by cloning the complete 
genome of murine cytomegalovirus into a BAC. Since this 
initial study, the genomes of at least 27 herpesviruses of hu-
man and veterinary importance and their derivatives have 
been used to create infectious clones using BAC technologies 
(icBAC) reviewed by Tischer and Kaufer (2012) including 
HSV-1 (Saeki et al., 1998), VZV (Yoshii et al., 2007), HCMV 
(Borst et al., 1999), and KSHV (Zhou et al., 2002). BACs with 
genomes of human herpesviruses are summarized in Table 1. 
This method is currently used in a large number of studies on 
essential as well as nonessential herpesviral genes (Brune et 
al., 1999, 2000; Adler et al., 2003; Yu et al., 2003). The prin-
cipal advantage of BACs is the stability of insert propagation 
over multiple generations. Easy manipulation of the BAC 
constructs within the E. coli host has rapidly led to the prefer-
ence for BACs over traditional cloning systems (O΄Connor et 
al., 1989; Shizuya et al., 1992; Monaco et al., 1994; Delecluse 
et al., 1998; Borst et al., 1999). Protocols for cloning of viral 
genomes as BACs are now widely published. 

Besides many animal herpesviruses (Table 2), murid 
herpesvirus 4 (murine gammaherpesvirus strain 68 (MHV-
68)) used as a model to study human gammaherpesvirus 
pathogenesis was cloned into BAC (Adler et al., 2000) and 
successfully used to determine the function of some genes 
as mentioned below. More recently, BAC technology has 
also been extended to other DNA viruses including poxvi-
ruses (Wang and Osterrieder, 2011; Domi and Moss, 2002; 

Cottingham et al., 2008; Roth et al., 2011), and to RNA 
viruses including coronaviruses and flaviviruses, through 
the development of infectious cDNA clones (Almazán et al., 
2000; Yun et al., 2003).

In addition to BAC, two other vectors- yeast origin 
(YAC) and mammalian artificial chromosome capable of 
maintaining very large DNA inserts of up to 1Mbp are used 
to clone large foreign genomic DNA. Since the latter have 
numerous disadvantages, including instability, chimaerism 
and handling difficulties such as shearing of DNA (Monaco 
and Larin, 1994), BACs are undoubtedly the system of 
choice for studying herpesviruses. The essential property 
is in the context of herpesvirus biology, as the genomes of 
many of these viruses contain a variety of repetitive sequence 
elements that could promote instability. However, many 
studies done for the past three decades have successfully 
propagated icBAC over multiple passages with high fidelity 
without detecting rearrangements, thus can be utilized in 
genome sequencing, identification of the causative genetics 
of disease and the development of disease models. Further-
more, a BAC clone can help progress the effects of in vitro 
passage of virus isolates. The mechanism of attenuation of 
the virulence of a herpesvirus usually achieved by repeated 
passage in susceptible cells (Churchill et al., 1969; Osborn 
and Walker, 1971; Takahashi et al., 1974) via apparent ac-
cumulation of mutations, for example in the development 
of an attenuated strain for use as a vaccine, can be followed 
with the help of icBAC. Alternatively, BACs can support rapid 
characterization of viral genes through random transposon 
mutagenesis. This is particularly useful in initial studies into 
newly isolated, little studied viruses (Estep et al., 2007) where 
full genomic sequence data is still unknown. 

Isolated cloned herpesviral genes can be used to study the 
function in non-infected cells, for example as is done for the 
protein localization of a library of HSV-1, HSV-2, HCMV, 
and EBV genes shown by Salsman et al. (2008). Neverthe-
less, analysis of protein functions and localization in the 
context of the infection is indispensable, and mutation and 
tagging of the target gene has to be done in the viral genome. 

Table 1. Summary of the human herpesvirus genomes which have successfully been cloned to date as bacterial artificial  
chromosomes (BACs) in E. coli 

Subfamily Formal name Acronym Common name Acronym Genome size
(kbp) Year published

α
Human herpesvirus 1 HHV-1 Herpes simplex virus 1 HSV-1 152 1998
Human herpesvirus 1 HHV-2 Herpes simplex virus 2 HSV-2 155 2004

ß
Human herpesvirus 3 HHV-3 Varicella-zoster virus VZV 172 1998
Human cytomegalovirus 5 HHV-5 HCMV 229 1999

γ

Human herpesvirus 6 HHV-6 159 2009
Human herpesvirus 4 HHV-4 Epstein-Barr virus EBV 172 2002

Human herpesvirus 8 HHV-8 Kaposi΄s sarcoma-associa-
ted virus KSHV 137 2007
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Table 2. Summary of the animal herpesvirus genomes which have successfully been cloned to date as bacterial artificial  
chromosomes (BACs) in E. coli 

Subfamily Formal name Acronym Common name Genome size
(kbp) Year published

α Suid herpesvirus 1
Gallid herpesvirus 2
Bovine herpesvirus 1

Equid herpesvirus 1
Canid herpesvirus 1
Meleagrid herpesvirus 1
Gallid herpesvirus 3
Equid herpesvirus 4
Felid herpesvirus 1
Cercopithecine herpesvirus 9

SuHV1
GaHV2
BoHV1

EHV1
CaHV1
HVT
GaHV3
EHV4
FeHV1
SVV

Pseudorabies virus
Marek΄s disease virus type 1
Infectious bovine rhinotracheitis virus

Equine abortion virus
Canine herpesvirus
Herpesvirus of turkey
Marek΄s disease virus type 2
Equine rhinopneumonitis virus
Feline rhinotracheitis virus
Simian varicella virus

143
178
135

150
160
160
164
146
136
125

1999
2000
2002

2002
2006
2006
2009
2006
2010
2011

ß Murid herpesvirus 1
Caviid herpesvirus 2
Macacine herpesvirus 3

MuHV1
CavHV2
McHV3

Mouse cytomegalovirus
Guinea pig cytomegalovirus
Rhesus cytomegalovirus

230
233
221

1997
2001
2003

γ Murid herpesvirus 4
Saimiriine herpesvirus 2 
Bovine herpesvirus 4
Alcelaphine herpesvirus1
Macacine herpesvirus 5
Macacine herpesvirus 4

MuHV4
SaHV2
BoHV4
AlHV1
RRV
rhLCV

Murine herpesvirus 68
Herpesvirus saimiri
Movar virus
Malignant catarrhal fever virus
Rhesus rhadinovirus 
Rhesus lymphocryptovirus

119
113
109
131
133
171

2000
2003
2005
2006
2007
2011

The principles of reverse genetics might offer manifold ap-
proaches to analysis of mutations which abolish localization 
or binding to partners and therefore can give further hints 
to its function in a pathway.

BACs are currently widely used in transgenic and knock 
out studies and are being used to monitor gene expression 
and target specific tissues in vivo. Due to the diverse appli-
cations for BACs, they will continue to be a cornerstone of 
virological research.

6. Elucidating gammaherpesvirus biology with the help 
of studying mutants of murine gammaherpesviruses 

The subfamily Gammaherpesvirinae contains a large scale 
of herpesviruses infecting mammals including two human 
herpesviruses EBV and KSHV associated with lymphomas 
and nasopharyngeal carcinoma (Rickinson and Kieff, 2001) 
as well as lymphoproliferative disorders and Kaposi΄s sar-
coma (Schulz, 1998). These viruses are limited in study by 
restricted host range and an absence of an appropriate animal 
model (Davison et al., 2009; Kúdelová and Rajčáni, 2009). 
Hence, murine gammaherpesvirus infection of mice serves 
as probably the most amenable animal model for studying 
the pathogenesis of human lymphoproliferative disorders 
caused by gammaherpesviruses. From five murine gamma-
herpesvirus isolates recovered from small free-living rodents 
Cletrionomys glareolus (MHV-60, MHV-68, and MHV-72) 
and Apodemus flavicollis (MHV-76 and MHV-78) (Blaškovič 

et al., 1980) and further three (MHV-Šumava, MHV-4556, 
and MHV-5682) isolated later (Kožuch et al., 1993), MHV-68 
was first the genome sequence of which was fully identified 
(Virgin et al., 1997). Based on DNA sequence homology, 
its 63 genes were found homologous to herpesvirus saimiri 
and KSHV and many of them to EBV. In 2000, it was classi-
fied as Murid herpesvirus 4 (MHV-4) strain 68 (synonyms 
mouse herpesvirus strain 68 and murine gammaherpesvirus 
68 (MHV-68)) into a new species, Murid herpesvirus 4, the 
genus Rhadinovirus, the subfamily Gammaherpesvirinae 
(van Regenmortel et al., 2000). To date, MHV-68 is the most 
studied murine gammaherpesvirus (Speck and Virgin, 1999; 
Virgin and Speck 1999; Rajčáni and Kúdelová, 2007). Pilot 
studies using laboratory mice inoculated by intranasal route, 
showed that MHV-68 spreads to the lungs, where it replicates 
in alveolar cells as well as vascular endothelial cells. From 
the lungs, the virus spreads via the bloodstream to spleen 
and bone marrow and to the mediastinal lymph nodes via 
lymphatics (Rajčáni et al., 1985). An IM-like syndrome 
(similar to EBV) may develop during acute infection, when 
primed T/CD8 lymphocytes eliminate the B cells expressing 
non-structural early viral proteins (Blackman et al., 2000). 
Similar to other gammaherpesviruses, MHV-68 establishes 
long-term latency in B lymphocytes (spleen, lymph nodes), 
macrophages, dendritic cells but also in lung endothelial 
cells (Stewart et al., 1998, Sunil-Chandra et al., 1992, 1993). 
Lymphoproliferative disease and solid tumors (lymphomas) 
were described in Balb/c mice infected with MHV-68 as well 
as other strains (Flaño et al., 2002; Mistríková and Rajčáni, 
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2008). A chronic leukemia-like syndrome associated with 
spleen enlargement and extremely a high number of periph-
eral blood leukocytes was also noted.

Genome of MHV-68 contains a unique sequence of 
118,237 bp that is flanked by multiple copies of a 1,213 bp 
terminal repeat (Virgin et al., 1997). To date, a full sequence 
of MHV-76 has been identified (Macrae et al., 2001). Partial 
sequencing of the ends of MHV-Šumava genome revealed at 
the left end a ~9.3 kbp deletion similar to that in MHV-76 
but also an ~1.5 kbp deletion present at the right end not 
found in other murine gammaherpesviruses (Blaškovičová 
et al., 2007). Furthermore, partial sequencing of about one 
fifth of genome of MHV-72 and MHV-4556 determined di-
vergence in some genes from MHV-68 (Halásová et al., 2011; 
Kúdelová et al., 2012). According to sequence homology of 
MHV-68 coded polypeptides to other herpesviruses, most 
of them have homologs in all herpesvirus subfamilies but 
a lot of them only within members of the gammaherpesvirus 
subfamily. At least 16 proteins are murine gammaherpesvi-
rus specific (designed as M genes) most likely having roles 
important in virus relation to a specific host.

A key study to determine genes of MHV-68 essential in 
vitro growth was done by the Song group in 2005 with the 
help of signature-tagged mutagenesis (Song et al., 2005). 
Besides previously described essential genes common 
in all subfamilies of herpesviruses, (Table 3) they identi-
fied two genes with unknown function (ORF33, ORF42) 
and such genes homologous only to β- and γ-subfamily 
(ORF31, ORF32, ORF34, ORF53, ORF55, ORF66) or only 
to γ- subfamily (ORF35, ORF52). Moreover, several genes 
nonessential with unknown function were determined 
(ORF10, ORF11, ORF18, ORF23, ORF27, ORF58) which 
have homologs mostly only in γ-subfamily.

These findings aroused great interest in MHV-68 and huge 
work has been done elucidating the function of its genes 
in the past last two decades. MHV-68 genes common with 
other herpesviruses but also those identified as unique are 
studied by traditional methods as well as BAC technology 
to answer to the most recent issues related to gammaher-
pesvirus pathogenesis concerning mechanisms of latency, 
reactivation from latency and tumorigenesis. MHV-68 genes 
transcribed during latency and reactivation as ORF73/LANA 
(a homologue to KSHV coded LANA1) and ORF50 (KSHV/
Rta homologue) as well as genes coding cell genes homologs 
(M11/bcl-2, ORF72/v-Cyclin and ORF74/v-GPCR) serve as 
useful models for better understanding of their homologs 
in important human gammaherpesviruses. For example, 
ORF73.STOP mutant grew well in vitro and induced an 
acute phase of infection in vivo. In the lungs of mice, the stop 
mutant exhibited a delayed replication and a severe defect 
in the establishment of latency in splenocytes (Moorman et 
al., 2003; Forrest et al., 2007). To investigate the function of 
vCyclin encoded by ORF72, a recombinant vCyclin.Lac.Z de-

Table 3. MHV-68 ORFs coding for essential in vitro growth proteins 
and their homologs in herpesvirus subfamilies 

Name Function (localization) Common in
subfamilies*

ORF 6 ssDNA binding protein α, β, γ
ORF 7 Transport protein α, β, γ
ORF 8 Glycoprotein B, (virion) α, β, γ
ORF 9 DNA polymerase α, β, γ
ORF 17 Capsid protein α, β, γ
ORF 19 Tegument protein α, β, γ
ORF 19 Tegument protein α, β, γ
ORF 22 Glycoprotein H, (virion) α, β, γ
ORF 24 HCMV UL87-like, (virion) β, γ
ORF 25 Major capsid protein, (virion) α, β, γ
ORF 26 Capsid protein, triplex-2, (virion) α, β, γ
ORF 29b Packaging protein, (virion) α, β, γ
ORF 29a Packaging protein, (virion) α, β, γ
ORF 39 Glycoprotein M α, β, γ
ORF 40 Helicase-primase γ
ORF 43 Capsid protein α, β, γ
ORF 44 Helicase-primase α, β, γ

ORF 45 IRF-7 binding protein homologue, 
(virion) γ

ORF 48 (virion) γ
ORF 50 Transcriptional activator γ
ORF 56 Helicase-primase α, β, γ
ORF 57 Posttranscriptional regulator α, β, γ

ORF 62 Assembly, DNA maturation, tri-
plex-1, capsid protein, (virion) γ

ORF 63 Tegument protein γ
ORF 64 Tegument protein α, β, γ
M9 (ORF 65) Small capsid protein, (virion) γ
ORF 67 Tegument protein β, γ
ORF 68 Glycoprotein α, β, γ
ORF 75c Tegument protein/ FGARAT, (virion) γ

*Based on data available at www.biochem.ucl.ac.uk/bsm/virus_database/.

letion/insertion construct was constructed and mutant was 
significantly compromised in capacity to reactivate from 
latency (van Dyk et al., 1999, 2000). The MHV-68 ORF74/
vGPCR was reported to induce the transformed phenotype 
in transfected 3T3 cells comparable to that of LMP-1, the 
known EBV oncogene. The splenocytes of mice infected with 
the ORF74del MuHV-4 mutant showed significantly reduced 
reactivation from latency (Lee et al., 2003). 

The properties of some proteins encoded by MHV-68 
draw attention due to hopes that they are explored for 
vaccination or in gene therapy of immunological and 
lymphoproliferative diseases. For example, the use of viral 
chemokine-binding protein M3 protein, a pan-chemokine 
antagonist, in experimental animal model to overcome 
cellular inflammatory responses induced by recombinant 
oncolytic vesicular stomatitis virus in hepatocellular carci-
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noma lesions resulted in prolonged therapeutical effect and 
animal survival with a 50% cure rate (Wu et al., 2008). Sub-
sequently, such proteins are studied using expression vectors 
suitable for the preparation of protein in bulk in mammalian, 
insect or E. coli cells. To clarify broad chemokine binding 
activities of M3 protein, baculovirus and pET expression 
system was used (Alexander et al. 2002; Pančík et al., 2013). 
Furthermore, recombinant lentivirus expressing ORF20 
helped to describe the ability of protein encoded to induce 
arrest in the G2/M phase of cell-cycle, followed by apoptosis 
(Nascimento and Parkhouse, 2007). Recombinant MHV-68, 
carrying a cassette for the expression of heterologous pro-
teins (e.g. the non-structural protein NS3 of Hepatitis C virus  
(MHV-68-NS3), are also used to address the question of 
whether the insertion of a defined foreign sequence interferes 
with the biological properties of the recombinant virus in 
vivo, to analyze the underlying mechanism, and whether 
MHV-68 could be potentially used as a gene delivery vector 
(El-Gogo et al., 2008).

Thus, study on a relatively novel gammaherpesvi-
rus – MHV-68 could serve as an example of simultaneous ap-
plications of the traditional and the most modern approaches 
to elucidating herpesvirus biology. Earlier studies introduced 
stop codons, antibiotic resistance sequences (mostly tetracy-
cline and kanamycin), LacZ cassette, or β-galactoside gene 
to interrupt the gene of interest e.g. M1-M3 genes (Clambey 
et al., 2000; Jacoby et al., 2002; Herskowitz et al., 2005; van 
Berkel et al., 2002), gp150 gene (Stewart et al., 2004), M11 
gene (Gangappa et al., 2002), ORF20 (Nascimento et al., 
2011), ORF26-28 (May et al., 2005a,b), ORF50 (May et al., 
2004; Pavlova et al., 2003), ORF72 (Hoge et al., 2000; van 
Dyk et al., 2000). Later on, cloning into BAC was preferred 
as in the case of K3 (Stevenson et al., 2002), ORF11 (Boname 
et al., 2005), ORF18 (Arumugaswami et al., 2006), ORF24 
(Wong et al., 2007), ORF31 (Jia et al., 2004), ORF33 (Guo 
et al., 2009), ORF45 (Jia et al., 2005), ORF52 (Bortz et al., 
2007) and many others. 

In conclusion, it seems that the combination of both ap-
proaches at least for some genes may advance identification 
of their roles and functions in vitro and in vivo.

7. Conclusions

Herpesviruses are medically important pathogens for 
humans and animals. Various individual properties of her-
pesviruses, cell tropism, different forms of maintenance of 
their genome in hosts and different effects on the cell cycle 
can be assigned using a wide range of recent and desired 
applications of BAC technology to forward reverse genet-
ics. Herpesviruses have a large genome size, with numerous 
nonessential genes which make herpesviruses attractive 
for gene therapy, as nonessential genes can be substituted 

with therapeutic genes. Since the analysis of nonessential 
genes for replication is still dependent on the construction 
of complementing cell lines, an increase in knowledge of 
the gene functions of herpesviruses can be expected in the 
offing, thus promising new possibilities in the use of herpes-
viruses in gene therapy and vaccine development (Meseda 
et al., 2004).
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