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Open reading frame 73 (ORF 73) is conserved among the gamma-2-herpesviruses (rhadinoviruses) and, in
Kaposi’s sarcoma-associated herpesvirus (KSHV) and herpesvirus saimiri (HVS), has been shown to encode
a latency-associated nuclear antigen (LANA). The KSHV and HVS LANAs have also been shown to be required
for maintenance of the viral genome as an episome during latency. LANA binds both the viral latency-
associated origin of replication and the host cell chromosome, thereby ensuring efficient partitioning of viral
genomes to daughter cells during mitosis of a latently infected cell. In gammaherpesvirus 68 (�HV68), the role
of the LANA homolog in viral infection has not been analyzed. Here we report the construction of a �HV68
mutant containing a translation termination codon in the LANA ORF (73.STOP). The 73.STOP mutant virus
replicated normally in vitro, in both proliferating and quiescent murine fibroblasts. In addition, there was no
difference between wild-type (WT) and 73.STOP virus in the kinetics of induction of lethality in mice lacking
B and T cells (Rag 1�/�) infected with 1,000 PFU of virus. However, compared to WT virus, the 73.STOP
mutant exhibited delayed kinetics of replication in the lungs of immunocompetent C57BL/6 mice. In addition,
the 73.STOP mutant exhibited a severe defect in the establishment of latency in the spleen of C57BL/6 mice.
Increasing the inoculum of 73.STOP virus partially overcame the acute replication defected observed in the
lungs at day 4 postinfection but did not ameliorate the severe defect in the establishment of splenic latency.
Thus, consistent with its proposed role in replication of the latent viral episome, LANA appears to be a critical
determinant in the establishment of �HV68 latency in the spleen post-intranasal infection.

The gammaherpesviruses include the human pathogens Ep-
stein-Barr virus (EBV) and Kaposi’s sarcoma-associated her-
pesvirus (KSHV, or human herpesvirus 8). These viruses es-
tablish life-long infection of the host and are associated with a
number of malignancies. To better understand gammaherpes-
virus pathogenesis, we and others have studied infection of
mice with murine gammaherpesvirus 68 (�HV68, also referred
to as MHV-68), a member of the �2-herpesvirus family based
on genome sequence (17).

The pathogenesis of �HV68 has been reviewed recently (32,
41). Briefly, �HV68 infection of inbred mice results in an
acute, productive infection of multiple organs and a CD4�

T-cell-dependent splenomegaly (4, 36). Acute virus replication
is largely cleared by 2 to 3 weeks postinfection (34, 42). Sub-
sequently, �HV68 is present in its persistent, latent form, dur-
ing which time the �HV68 genome is maintained in infected
cells in the absence of detectable preformed infectious virus.
�HV68 establishes a latent infection in B cells, macrophages,
and dendritic cells and persists in lung epithelial cells (10, 33,
34, 44).

Sequence analysis of the �HV68 genome identified 80 ATG-
initiated open reading frames (ORFs) predicted to encode
proteins of at least 100 amino acids in length (39). The majority
of these ORFs are homologous to known genes present in
other gammaherpesviruses (39). ORF 73 of �HV68 is pre-
dicted to encode a latency-associated nuclear antigen (LANA)

(39). Transcript analyses of infected fibroblasts have suggested
that the �HV68 LANA is an immediate-early gene, as ORF
73-specific transcripts were detected in the presence of cyclo-
heximide (27). In a reverse transcription-PCR screen for viral
genes expressed during latency, the �HV68 LANA was found
to be expressed preferentially in peritoneal cells following in-
traperitoneal infection of B-cell-deficient mice (40). Addition-
ally, following intranasal infection with �HV68, transcription
of ORF 73 was detected in the lungs but not spleens of infected
animals (30).

Homologs of the putative �HV68 LANA are found in
KSHV (16, 24), herpesvirus saimiri (HVS) (7), and rhesus
rhadinovirus (2). In KSHV and HVS, the LANA protein has
been shown to be required for maintenance of the viral ge-
nome as an episome during long-term in vitro culture (3, 7, 14).
The LANA protein of KSHV was found to bind both the
latency-associated origin of replication and members of the
cellular origin recognition complex (3, 14, 18, 19). These find-
ings have led to the hypothesis that LANA tethers the viral
genome to host chromosomes, thus ensuring that the viral
genome is passed on to daughter cells during division of the
latently infected cell (3, 8, 14, 18, 29). An analogous function is
encoded by the EBNA-1 protein of EBV (5, 9, 20, 25, 28, 45,
46). The putative �HV68 ORF 73 gene product is significantly
smaller than the KSHV LANA (314 versus 1,162 amino acids),
being closer in size to the HVS ORF 73 gene product (407
amino acids) (39). Importantly, the structure of the �HV68
ORF 73 transcript has not been determined, and it is possible
that ORF 73 is extended through splicing of additional coding
exons. Currently, there are no functional data demonstrating
that the �HV68 ORF 73 gene product is involved in replication
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of the latent viral episome in proliferating cells. However,
there is good evidence that the �HV68 episome is faithfully
maintained in replicating cells (35, 37), indicating that �HV68
has evolved a mechanism to ensure replication of the viral
episome during latent infection of proliferating cells. In addi-
tion, we have observed punctate nuclear staining of a FLAG
epitope-tagged �HV68 ORF 73 in Cos-1 cells transiently trans-
fected with an ORF 73 expression vector (N. J. Moorman and
S. H. Speck, unpublished results), similar to that seen with the
KSHV LANA. This is consistent with the hypothesized role of
the �HV68 ORF 73 gene product in replication of the latent
viral episome.

In addition to its role in viral episome maintenance, the
LANA protein of KSHV has been found to play a role in
transcription of both cellular and viral genes. LANA was
shown to transactivate the human immunodeficiency virus long
terminal repeat as well as its own promoter (15, 26), while
acting as a repressor when tethered to a heterologous DNA
binding domain. Cell lines constitutively expressing LANA
were also found to induce a number of cellular genes by DNA
microarray analysis, many of which are interferon-regulated in
the normal host cell (26). In addition, expression of LANA was
found to modulate expression from two EBV latency-associ-
ated promoters (13), suggesting that LANA may modulate
EBV gene expression in coinfected primary effusion lymphoma
(PEL) tumors.

In light of the above data, we undertook to determine what
role the �HV68 LANA plays in the life cycle of �HV68, both
in vitro and in vivo, employing a null mutant containing a
premature translation stop codon in ORF 73.

MATERIALS AND METHODS

Viruses and tissue culture. Viral stocks were generated by transfecting �HV68
bacterial artificial chromosome (BAC) clones into Vero-Cre cells. Following the
appearance of cytopathic effect, wells were harvested and used to infect Vero-
Cre cells to generate high-titer viral stocks. NIH 3T12 and MEF (mouse embry-
onic fibroblast) cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal calf serum (FCS), 100 U of penicillin per
ml, 100 mg of streptomycin per ml, and 2 mM L-glutamine (complete DMEM).
Cells were maintained in a 5% CO2 tissue culture incubator at 37°C. MEFs were
obtained from either BALB/c or C57BL/6 mouse embryos as described previ-
ously (42). Vero-Cre cells were a gift from David Leib. Cells were passaged in
DMEM supplemented with 10% FCS and 300 �g of hygromycin B/ml.

Construction of �HV68 73.KAN and 73.STOP viruses. The �HV68 genome
cloned as a BAC was a kind gift of Ulrich Koszinowski (1). For the generation
of the 73.KAN virus, a kanamycin resistance cassette (KanR) was inserted into
ORF 73. The KanR cassette was amplified from the vector pCP15 with primers
containing BstEII sites. The products were purified and then ligated into the
unique BstEII site of the vector pL3700 to create the vector pL73.KAN. pL3700
contains nucleotides 101654 to 105377 of the �HV68 genome. The �HV68
sequence of pL73.KAN was liberated with a BamHI, XbaI digest, purified, and
transformed into DH10B Escherichia coli cells containing the �HV68 BAC and
a temperature-sensitive RecA expression plasmid, p2650. This plasmid contains
a temperature-sensitive origin of replication and is lost at temperatures greater
than 42°C. Following transformation, the cells were allowed to recover at 37°C
for 2 h and then plated on Luria-Bertani (LB) medium plus chloramphenicol
(Cam) and Kan and incubated overnight at 42°C. The �HV68 Bac provides Camr

in this selection process, while only genomes which have also recombined the
KanR cassette into ORF 73 will be doubly resistant. Clones were streaked onto
LB plus ampicillin (Amp) plates to confirm the loss of p2650 to ensure no further
recombination took place. Individual clones were then grown in LB plus Cam
and Kan, and DNA was isolated by using the modified Qiagen Midi Prep kit as
described in the manufacturer’s protocol. Correct insertion of the KanR cassette
was confirmed by Southern blotting.

The 73.STOP virus was generated by allelic exchange in E. coli, essentially as

described by Smith and Enquist (31). Briefly, the region of the �HV68 genome
from genomic coordinates 101654 to 105377 was cloned into the suicide vector
pGS284. The pGS284 vector contains an ampicillin cassette and the levansucrase
gene for positive and negative selection, respectively. Nucleotides 104779 to
104773 were modified from 5�-ATGCCT-3� to 5�-GTCTAGA-3�, resulting in the
introduction of a stop codon and a frameshift mutation. The resulting plasmid
was named pGS73STOP. pGS73STOP was transfected into S17�pir E. coli cells.
These bacteria were then mated to GS500 E. coli (RecA�) cells. Cointegrants
were selected on LB plus Cam and Amp plates and allowed to resolve by
overnight growth in LB plus Cam only. Following resolution, bacteria were
plated on LB plus Cam and 7% sucrose plates to select for recombinants which
had lost plasmid sequence. Individual colonies from these plates were grown in
LB plus Cam, and the incorporation of the STOP mutation was determined by
Southern blotting.

Mice, infections, and organ harvests. C57BL/6 mice were purchased from
Jackson Laboratory and used between 8 and 12 weeks of age. Mice were placed
under isofluorane anesthesia prior to infection as well as before sacrifice by
cervical dislocation. Intranasal infections were performed with 103 PFU of virus
in a volume of 20 �l of complete DMEM. Upon sacrifice, spleens were placed in
0.5 ml of complete DMEM on ice and frozen at �80°C. Sentinel mice were
assayed every 3 months and were negative for adventitious mouse pathogens by
serology.

Plaque assays. Plaque assays were performed using NIH 3T12 monolayers
under noble agar overlay as described previously (42), with the following alter-
ations. NIH 3T12 cells were plated in six-well plates at 2 � 105 cells per well the
day prior to infection. Organs for which titers were to be determined were
thawed and homogenized by mechanical disruption in a Mini-Beadbeater 8
(Biospec Products, Bartlesville, Okla.), and then 10-fold dilutions were made in
complete DMEM and plated onto NIH 3T12 cell monolayers. Infections were
performed in a 100-�l volume, and plates were rocked every 15 min for 1 h at
37°C. Samples were overlaid with 3 ml of a 1:1 mixture of 3% noble agar and 2�
MEM supplemented with 20% FCS and a 2� concentration of antibiotic and
L-glutamine. An additional 2 ml of noble agar, 2� MEM mixture was added 3
days postplating. Monolayers were stained between day 6 and 8 by the addition
of 2 ml of neutral red overlay (0.01% neutral red in serum-free DMEM). After
18 to 24 h, plaques were counted. The limit of detection for this assay is 10 PFU
per organ.

Limiting dilution ex vivo reactivation assay. Detection of �HV68 reactivation
from latency was performed as previously described (42, 43). Briefly, splenocytes
were harvested either on day 16 or 42 postinfection and single cell suspensions
were generated. Erythrocytes were lysed with ammonium chloride, resuspended
in complete DMEM, and plated in a series of twofold dilutions, starting at 105

cells per well, onto MEF monolayers in 96-well tissue culture plates. After 21
days, wells were scored microscopically for the presence of cytopathic effect. In
some cases, samples were replated on fresh MEF monolayers to confirm the
presence of infectious virus. Twenty-four wells were plated per dilution with a
total of 12 dilutions per sample per experiment. To detect preformed infectious
virus, parallel samples were resuspended in 1/3� DMEM in the presence of
0.5-mm silica beads and subjected to four rounds of 1-min mechanical disruption
in a Mini-Beadbeater 8 as previously described. This disruption procedure kills
�99% of cells, with at most a twofold effect on the titer of preformed infectious
virus (42). Disrupted cells were plated in a similar series of twofold dilutions.

Real-time PCR for the quantitation of viral genomes present in infected
tissues. To determine the relative number of viral genomes present in tissues,
DNA was extracted from tissue using the Qiagen DNeasy kit. DNA was quan-
titated in a fluorometer, and 0.5 �g of DNA was included in each PCR. The PCR
mix consisted of 5 mM MgCl2, a 200 �M concentration each of dATP, dGTP,
and dCTP, 400 �M dUTP, a 900 nM concentration of each primer, 250 nM
probe, 0.5 U of AmpErase UNG, and 2.25 U of AmpliTaq. The total reaction
volume was 50 �l. PCR primers for ORF 50 were 5�-GGC CGC AGA CAT TTA
ATG AC-3� and 5�-GCC TCA ACT TCT CTG GAT ATG CC-3�. The sequence
of the Taqman probe used was 5�-(6-carboxyfluorescein) ATT TGG GCG CAA
TGT GTT GGA TGA A-3�. To control for variation in input DNA, glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH)-specific PCR was also performed
on each sample. The same PCR mixture was used for the GAPDH-specific PCR
with the primers 5�-CCT GCA CCA CCA ACT GCT TAG-3� and 5�-GTG GAT
GCA GGG ATG ATG TTC-3�. The Taqman probe for the GAPDH reactions
was 5�-(6-carboxyfluorescein) CAC TCA GAA GAC TGT TGA TGG CCC
CTC-3�. A two-step PCR was used which consisted of the following steps: 2 min
at 50°C, 10 min at 95°C, and 50 cycles of 95°C for 15 s, followed by 60°C for 30 s.
The same PCR conditions were used for both the ORF50 and GAPDH reac-
tions. The number of copies of ORF50 and GAPDH in each sample was deter-
mined by comparison to a series of standard curve reactions using a plasmid
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control containing appropriate sequences. The standard curve dilutions used
represented a range from 108 to 101, in serial 10-fold dilutions, and were per-
formed in a background of 0.5 �g of splenic DNA from naive mice. All real-time
PCRs were performed on a Becton Dickinson iCycler. All samples were analyzed
in a minimum of two reactions. Data points represent the log square means of
the replicate samples.

Statistical analyses. All data were analyzed using GraphPad Prism (GraphPad
Software, San Diego, Calif.). Titer data were statistically analyzed using the
nonparametric Mann-Whitney test. The frequencies of reactivation and genome-
positive cells were statistically analyzed using the paired t test. To accurately
obtain the frequency for each limiting dilution, data were subjected to nonlinear
regression (using a sigmoidal dose curve with nonvariable slope to fit the data).
Frequencies of reactivation and genome-positive cells were obtained by calcu-
lating the cell density at which 63% of the wells scored positive for reactivating
virus based on a Poisson distribution.

RESULTS

Disruption of ORF 73. Traditionally, homologous recombi-
nation in mammalian cells has been used for the generation of
herpesvirus mutants. With the introduction of the �HV68 ge-
nome cloned as a BAC (1), the process of generating mutant
viruses has been greatly simplified. We have taken advantage
of two systems, one described by Cherepanov and Wackerna-
gel (6) and the other by Smith and Enquist (31), to introduce
mutations into ORF 73. We initially inserted a kanamycin
selection cassette into ORF 73 by using targeted homologous
recombination in an E. coli DH10B strain containing the
�HV68-BAC and a RecA expression plasmid containing a
temperature-sensitive origin. Thus, at 37°C RecA is expressed
and the plasmid is maintained, thereby allowing recombination
to take place between homologous sequences. Following trans-
formation the bacteria were allowed to recover for 2 h at 37°C
and then plated on LB plates containing chloramphenicol and
kanamycin overnight at 42°C. At 42°C the RecA expression
plasmid is incapable of replication and thus is lost from the
bacteria. Chloramphenicol resistance was provided by the
�HV68 BAC. Chloramphenicol- and kanamycin-resistant col-
onies were individually grown and analyzed by Southern blot
analyses for appropriate insertion of the kanamycin resistance
cassette to generate �HV68 LANA.KAN (see Discussion, be-
low).

To generate a more subtle mutation in ORF 73, we utilized
the allelic exchange method described by Smith and Enquist
(31). This system utilizes a suicide donor vector, pGS284, to
incorporate a mutation and a counterselection marker to drive
removal of vector sequences. Thus, pGS284 contains an ampi-
cillin resistance cassette for positive selection and the levansu-
crase gene, sacB, for negative selection (31). In addition, the
pGS284 vector is derived from a vector based on the RP4oriT
and the R6K origin of replication of pGP704 (22) and will not
replicate in E. coli strain GS500. Bacteria containing the
pGS284 suicide vector, into which the desired ORF 73 target-
ing sequences had been cloned, were mated to the RecA� E.
coli strain (GS500) containing the �HV68 BAC. GS500 cells,
in which the pGS284 targeting plasmid had recombined by a
single crossover event with the �HV68 BAC, were ampicillin
and chloramphenicol resistant. Resolution of the single cross-
over was allowed to occur by overnight growth in LB medium
containing only chloramphenicol to ensure maintenance of the
�HV68 BAC. Cultures were then plated onto LB plates con-
taining chloramphenicol and 7% sucrose to select for �HV68-

BAC recombinants that had lost the pGS284 vector sequences
and then were further screened for sensitivity to ampicillin.
Ampicillin-sensitive, sucrose-resistant colonies were then
grown and analyzed by Southern blot analyses for incorpora-
tion of the translation stop codon into ORF 73. This approach
was used to replace the kanamycin cassette in the �HV68
73.KAN virus with a mutant ORF 73 in which the methionine
codon at amino acid 30 was mutated to a translation stop
codon. In addition to the introduction of a translation stop
codon, an extra nucleotide was inserted following the stop
codon to introduce a reading frameshift, thus preventing ex-
pression of a functional LANA protein via either translational
read-through or reversion of the stop codon. The introduced
changes in ORF 73 also created a novel XbaI site which was
used as a genetic marker in the Southern blotting shown in Fig.
1. The �HV68 73.KAN virus was also rescued to wild-type
(WT) sequence using allelic exchange to ensure no spurious
mutations were incorporated during the recombination pro-
cess. This virus is referred to as �HV68 73.MR.

As shown in Fig. 1B, both the WT and marker rescue viruses
gave the expected pattern of hybridizing bands in the BamHI
(5,249-bp), PstI (13,561-, 1,296-, and 1,164-bp) and XbaI
(9,314-bp) digests. Notably, the insertion of the kanamycin
cassette in the 73.Kan virus was readily apparent in both the
PstI (increase in size of the 1,296-bp fragment to 1,803 bp) and
XbaI (decrease in size of the 9,314-bp fragment to 8,959 bp
plus the addition of a 1,708-bp fragment) digests (Fig. 1B). In
addition, in the 73.Kan virus, the expected increase in the size
of the BamHI fragment was apparent (from 5,250 bp to 6,601
bp). In the 73.STOP virus, which was generated from the
73.KAN virus, the WT banding pattern was restored for the
BamHI and PstI digests; however, the introduction of the
translation stop codon resulted in the introduction of a novel
XbaI fragment (9,314-bp fragment replaced by 8,017- and
1,298-bp fragments) (Fig. 1B).

To generate viral stocks for subsequent infections, BAC
DNA prepared from 73.STOP, 73.MR, and WT bacterial cul-
tures was transfected into a Vero cell line that constitutively
expresses Cre recombinase (Vero-Cre). By virtue of the loxP
sites surrounding the BAC vector sequences, Cre-mediated
excision of the BAC vector occurred during growth in this cell
line. The virus from these transfections was then used to pre-
pare large, high-titer viral stocks in Vero-Cre cells. The viral
stocks were screened for the presence of BAC vector se-
quences by both PCR and Southern blotting, and both assays
confirmed the complete removal of all BAC vector sequences
(data not shown).

�HV68 73.STOP replicates comparably to WT �HV68 in
vitro. The ability to generate 73.STOP virus stocks of com-
parable titer to WT and 73.MR virus stocks from transfec-
tion of infectious �HV68-BAC DNA into Vero-Cre cells
demonstrated that ORF 73 is not essential for viral replica-
tion. To quantitatively assess whether the �HV68 LANA
plays a role in �HV68 replication in vitro, 73.STOP, 73.MR,
and WT viruses were compared in a multistep growth assay
in vitro on murine fibroblast NIH 3T12 monolayers. Cells
were infected at a multiplicity of infection (MOI) of 0.05.
Wells were harvested at the indicated time points, and the
titer was determined by plaque assay on NIH 3T12 cells. As
shown in Fig. 2A, all viruses replicated equivalently at all
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time points measured. Thus, the �HV68 LANA protein is
not required for efficient virus replication in vitro.

To further assess 73.STOP virus growth in vitro, we infected
growth-arrested MEF cultures. Confluent (contact-inhibited)

MEFs were rested for 2 weeks prior to infection with 73.STOP,
73.MR, or WT virus. MEFs were infected for a single-step
growth assay at an MOI of 5, and virus growth was assessed
over a 48-h time period postinfection (Fig. 2B). Notably, no

FIG. 1. Construction of 73.KAN, 73.STOP, and 73.MR viruses. (A) �HV68-BAC (1) was used to generate the 73.KAN, 73.STOP, and 73.MR
mutants. The WT BAC was mutagenized by RecA-mediated recombination to include a kanamycin resistance cassette in ORF 73. The Kan
cassette was replaced by allelic exchange with the ORF 73 coding sequence containing a translation stop codon 30 amino acids into the coding
frame. In addition, immediately following the introduced stop codon an extra base was added, resulting in a reading frameshift. The sum of these
two mutations generates a unique XbaI site in ORF 73. To control for spurious mutations generated during insertion of the Kan cassette, 73.MR
was created by replacing the Kan cassette in ORF 73 in the 73.KAN virus with the WT ORF 73 sequence. (B) Southern blot analyses of 73.STOP,
73.MR, and WT virus. Insertion of the STOP/XbaI cassette resulted in a unique band of 1,708 bp in the 73.STOP lane. The rescue of the kanamycin
resistance cassette insertion is demonstrated by comparison of the PstI digests of 73.STOP and 73.MR. The probe contains sequence from genomic
coordinates bp 101,654 to 105,377. B, BamHI; P, PstI; and X, XbaI.
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difference in the growth of the 73.STOP mutant compared to
that of either WT or 73.MR virus was observed.

�HV68 73.STOP is compromised for viral replication in
vivo. While not required for in vitro replication, it is possible
that the �HV68 LANA may be required for efficient virus
replication in vivo. To examine in vivo replication of the
73.STOP mutant, we initially examined induction of lethality in
severely immunocompromised Rag 1 knockout mice (Rag
1�/�) which lack B and T lymphocytes. Rag 1�/� mice were
infected with 1,000 PFU of either 73.STOP or 73.MR virus via
intranasal inoculation and monitored daily thereafter for sur-
vival (Fig. 3). No statistically significant difference in the in-
duction of lethality was observed between 73.STOP and 73.MR
under these experimental conditions. To further examine
73.STOP mutant replication in vivo, we infected normal im-

munocompetent C57BL/6 mice intranasally with 1,000 PFU of
73.STOP, 73.MR, or WT virus and examined acute virus rep-
lication in the lungs at days 4 and 9 postinfection (Fig. 4A).
Surprisingly, while virus replication could readily be detected
at day 4 in the lungs of mice infected with either 73.MR or WT
virus, no virus was detected in the lungs of 73.STOP virus-
infected mice (Fig. 4A). However, at day 9 73.STOP virus
replication could readily be detected in the lungs of infected
mice, although at a three- to fourfold-lower level than in WT-
and 73.MR-infected animals (Fig. 4A). Increasing the inocu-
lating dose of virus from 1,000 PFU to 106 PFU revealed acute
replication of the 73.STOP virus in the lungs of infected mice
at day 4 postinfection (Fig. 4B). However, the observed levels
of 73.STOP virus replication at day 4 were still reduced �10-
fold compared to that with 73.MR. It is unclear why the ob-
served defect in acute virus replication in C57BL/6 mice is not
reflected in a delayed kinetics in lethality in Rag 1�/� mice. It
is possible that the restriction in 73.STOP virus replication in
C57BL/6 mice is not present in Rag 1�/� mice. Alternatively,
the replication of the 73.STOP mutant may not be impaired in
all tissues. Since we do not know precisely why the Rag 1�/�

mice die from �HV68 infection, it is difficult to further assess
this issue.

The �HV68 LANA is required for efficient establishment
and reactivation from latency. To assess the ability of the
73.STOP mutant to establish latency, we examined splenic
latency in C57BL/6 mice following intranasal inoculation with
1,000 PFU of 73.STOP, 73.MR, or WT �HV68. At early times
(day 16) postinfection, no reactivation of 73.STOP virus was
observed from splenocytes (Fig. 5A). In contrast, at day 16
postinfection ca. 1 in 3,000 splenocytes reactivated 73.MR or
WT virus. To determine whether the failure to detect reacti-
vation of the 73.STOP mutant virus reflected a defect in the
establishment of latency or a defect in reactivation, we deter-
mined by real-time PCR the amount of viral genome present in
the spleens of mice infected with 73.STOP versus either 73.MR
or WT virus (Fig. 5B). This analysis demonstrated that there
was �200-fold less viral DNA present in the spleens of mice

FIG. 2. �HV68 LANA is not required for virus replication in vitro. (A) NIH 3T12 monolayers were infected at an MOI of 0.05 with the
indicated virus. Wells were harvested at the indicated time points, and virus titers were determined on NIH 3T12 cells as described in Materials
and Methods. The data were compiled from two independent experiments. (B) MEF monolayers were infected at an MOI of 5.0 with the indicated
virus. Wells were harvested at the indicated time points, and virus titers were determined on NIH 3T12 cells as described in Materials and Methods.
The data were compiled from two independent experiments. The standard error of the mean is shown for both panels A and B.

FIG. 3. �HV68 LANA is not required for virus-induced lethality in
Rag1�/� mice. The 73.STOP mutant kills B6.Rag1-deficient mice with
the same kinetics as 73.MR virus. B6.Rag1-deficient mice were in-
fected with 1,000 PFU of the indicated virus via intranasal inoculation
and assessed daily for survival. The data were compiled from two
independent experiments each containing four to five mice per group.
The standard error of the mean is shown.
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infected with the 73.STOP mutant, demonstrating that LANA
function is required for the efficient establishment of splenic
latency. Because the 73.MR virus was directly generated from
the 73.KAN mutant (see Materials and Methods) (Fig. 1) and
not by rescuing the mutation in 73.STOP, it is possible that the
phenotypes exhibited by 73.STOP arise from a spurious distal
mutation rather than the mutation introduced into ORF 73. To
assess this possibility, we assayed the ability of the 73.KAN
mutant, as well as an independent 73.STOP mutant virus
(73.STOP#2) to establish latency. As shown in Fig. 5A and B,
the results obtained with the 73.KAN and 73.STOP#2 mutants
were indistinguishable from those observed with the 73.STOP
mutant. Thus, these results conclusively map the failure to
efficiently establish latency in the spleen to the mutations in-
troduced into ORF 73.

By day 42 postinfection little reactivation could be detected
from either WT-, 73.MR-, or 73.STOP-infected splenocytes
(Fig. 5C). Analysis of viral DNA in the spleens of 73.STOP-
infected mice revealed a slight increase compared to day 16
levels, while the amount of WT and 73.MR DNA slightly
decreased over this time period (Fig. 5D). However, there
remained �30-fold less 73.STOP DNA in the spleens of these
mice compared to the WT or 73.MR groups. Whether the
73.STOP genomes detected at day 42 reflect latently infected
splenocytes or the remnants of lytic virus replication in the
spleen is unclear. The latter is an important consideration,
since even at the peak of viral latency only a small percentage
(�1.0%) of viral genome-positive splenocytes reactivate in the
ex vivo reactivation assay. In addition, it is important that the
number of viral genomes present in 73.STOP-infected samples
was at or near the limit of detection for this assay and, thus, the
observed levels of 73.STOP viral genome in the spleens of

these animals may be overestimated by the real-time PCR
analyses.

To assess whether the failure to efficiently establish splenic
latency with the 73.STOP mutant could be accounted for by
the observed defect in acute virus replication (see above), we
infected C57BL/6 mice with 106 PFU of virus. As discussed
above, we have shown that the defect in virus replication at day
4 postinfection in the lungs can be partially overcome by inoc-
ulating the mice with a higher dose. Notably, increasing virus
dose did not lead to a detectable increase in the frequency of
splenocytes reactivating 73.STOP virus (Fig. 6A) or the fre-
quency of cells harboring viral genome (Fig. 6B). Thus, al-
though 106 PFU of 73.STOP virus leads to substantial acute
virus in the lungs at day 4 postinfection (ca. fivefold higher
than WT virus replication following inoculation with 1,000
PFU [Fig. 4]), the 73.STOP mutant still failed to establish
detectable latency in the spleen.

DISCUSSION

The function of �HV68 LANA homologs in other gammher-
pesviridae has been extensively studied in vitro. As discussed
above, these functions include episomal maintenance of the
viral genome during latent infection, modulation of transcrip-
tion of both cellular and viral genes, and interaction with the
cellular origin recognition complex (3, 8, 12, 13, 15, 18, 19, 21,
26). The studies presented here were designed to assess the
role of the putative �HV68 LANA homolog during lytic and
latent infection in vivo. We determined that the putative
�HV68 LANA is not required for efficient lytic viral replication
in vitro but does appear to play a role in acute virus replication
in vivo. The latter was a surprising result and suggests that

FIG. 4. �HV68 LANA is required for efficient acute virus replication in the lungs following intranasal inoculation. (A) Mice were infected with
1,000 PFU of the indicated virus via intranasal inoculation. Lung tissue was harvested at the indicated time points and titers were determined on
NIH 3T12 cells as described in Materials and Methods. The data were compiled from two independent experiments containing four to five mice
per group. (B) Mice were infected with 106 PFU of the indicated virus via intranasal inoculation. Lung tissue was harvested at day 4, and titers
were determined on NIH 3T12 cells as described in Materials and Methods. The data were compiled from a single experiment containing five mice
per group.
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either (i) some aspect of LANA function which is not required
for virus replication in vitro augments virus replication in vivo
(e.g., a function which alters the innate immune response to
�HV68 infection); or (ii) establishment of latency in some cell
type(s) followed by reactivation contributes to acute virus rep-
lication in vivo. Distinguishing between these possibilities will
likely be difficult.

As expected, �HV68 LANA function appears to be critical
for establishment of latency in vivo. Following intranasal in-
fection, the �HV68 73.STOP virus was found to establish or
maintain latency at a reduced level compared to WT to 73.MR
virus at both early (day 16) and late (day 42) times postinfec-
tion. The 73.STOP virus reactivated at a much lower frequency
than either WT or 73.MR at early times postinfection, presum-
ably as a result of the decreased number of latently infected
splenocytes. It was not possible to determine differences in
reactivation at late times postinfection, as splenocytes do not

reactivate to sufficient levels to accurately assess the frequency
of cells reactivating virus in this assay. The detection of low
levels of viral genome at day 42 in the spleens of mice infected
with the 73.STOP mutant could reflect either (i) the remnants
of virus replication in the spleen or (ii) latent infection of a
noncycling cell population (e.g., splenic macrophages). In the
latter case, if the sole role of LANA is to maintain the latent
viral genome in dividing cells, then it may be dispensable in
latency reservoirs that never divide post-establishment of
�HV68 latency. Overall, these data are consistent with the
proposed role of the �HV68 LANA in latent viral genome
replication. Studies are currently under way to elucidate the
role of the �HV68 LANA in episomal maintenance.

The impact of mutating the other known genes (M11 [v-
bcl2], gene 72 [v-cyclin], and gene 74 [v-GPCR]) in this region
of the viral genome on establishment and reactivation from
latency has been well characterized. Notably, the phenotype of

FIG. 5. �HV68 LANA is required for efficient establishment or maintenance of latency following intranasal infection. Mice were infected with
1,000 PFU of the indicated virus in 20 �l of complete DMEM. (A and C) Limiting dilution assays were performed on splenocytes plated on MEF
indicator monolayers as described in Materials and Methods. (B and D) Real-time PCR analysis was performed to determine the number of viral
genomes present per 0.5 �g of splenic DNA. Input DNA was standardized using a separate real-time PCR assay specific for the cellular GAPDH
gene on the same DNA sample. The data were compiled from at least two independent experiments, each containing four or five mice per group.
The standard error of the mean is shown.
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the ORF 73 mutant does not overlap with the phenotype
observed with null mutations in any of these genes (11, 23, 38).
Indeed, unlike ORF 73, none of these genes appears to be
required for efficient establishment of viral latency (11, 23, 38).

Finally, in addition to its role in episomal maintenance, the
KSHV LANA has been shown to modulate transcription from
a number of promoters. Both cellular and viral promoters have
been found to be modulated by KSHV LANA expression.
KSHV LANA was shown to upregulate transcription from its
own promoter and from a number of cellular promoters, many
of which drive expression of interferon-inducible genes (26). In
addition, KSHV LANA was also found to activate transcrip-
tion from the human immunodeficiency virus long terminal
repeat and from the EBV latency-associated promoters Cp and
Qp (13, 15). The ability of the KSHV LANA to modulate
transcription is dependent on its ability to bind DNA se-
quences in these promoters. In light of this information, the
loss of transcriptional regulatory functions that may be pro-

vided by the �HV68 LANA could also contribute to the severe
latency defect observed with the 73.STOP mutant. Perhaps
changes in cellular gene expression induced by �HV68 LANA
are required for the establishment or maintenance of latent
viral genomes in infected cells. Clearly, further analyses of the
impact of the �HV68 LANA on viral and cellular gene expres-
sion are required to address this issue.
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