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Gamma-2 herpesviruses encode homologues of mammalian D-type cyclins (v-cyclins), which likely function
to manipulate the cell cycle, thereby providing a cellular environment conducive to virus replication and/or
reactivation from latency. We have previously shown that the v-cyclin of murine gammaherpesvirus 68 is an
oncogene that binds and activates cellular cyclin-dependent kinases (CDKs) and is required for efficient
reactivation from latency. To determine the contribution of v-cyclin-mediated cell cycle regulation to the viral
life cycle, recombinant viruses in which specific point mutations (E133V or K104E) were introduced into the
v-cyclin open reading frame were generated, resulting in the disruption of CDK binding and activation. While
in vitro growth of these mutant viruses was unaffected, lytic replication in the lungs following low-dose
intranasal inoculation was attenuated for both mutants deficient in CDK binding as well as virus in which the
entire v-cyclin open reading frame was disrupted by the insertion of a translation termination codon. This
replication defect was not apparent in spleens of mice following intraperitoneal inoculation, suggesting a cell
type- and/or route-specific dependence on v-cyclin–CDK interactions during the acute phase of virus infection.
Notably, although a v-cyclin-null virus was highly attenuated for reactivation from latency, the E133V v-cyclin
CDK-binding mutant exhibited only a modest defect in virus reactivation from splenocytes, and neither the
E133V nor K104E v-cyclin mutants were compromised in reactivation from peritoneal exudate cells. Taken
together, these data suggest that lytic replication and reactivation in vivo are differentially regulated by
CDK-dependent and CDK-independent functions of v-cyclin, respectively.

The eukaryotic cell cycle comprises a series of coordinated
events leading to cellular DNA and the segregation of the
replicated DNA to daughter cells. The transitions through this
cycle are controlled by the temporal and spatial activation of
highly conserved holoenzymes consisting of a short-lived reg-
ulatory cyclin subunit and a cyclin-dependent kinase (CDK) (5,
54, 55, 71). Quiescent (G0) cells stimulated by mitogens up-
regulate the highly redundant D-type cyclins (cyclins D1, D2,
and/or D3), which bind and activate CDK4 and/or CDK6 to
mediate progression of the cell cycle into and through the G1

phase. Cyclin D/CDK activity allows for the expression of E-
type cyclins, which bind and activate CDK2 to drive progres-
sion through the restriction point from the G1 phase into the S
phase. Cyclin A expression allows for the continued activation
of CDK2 and subsequently binds and activates CDK1 as S
phase progresses and the G2/M boundary is reached, at which
stage cyclin B levels are maximal for the regulation of mitosis
in conjunction with CDK1. The activities, localization, and
stability of these holoenzymes are further affected by protein-
protein interactions and posttranslational modifications that
act to positively or negatively modulate cyclin-CDK functions
in a sequential manner, highlighting the complex regulatory
network that ensures faithful cellular replication.

Manipulation of the host cell cycle is a common strategy
employed by many DNA viruses to ensure a cellular environ-

ment conducive to viral replication (64). Among the gamma-
herpesviruses, rhadinoviruses such as Kaposi’s sarcoma-asso-
ciated herpesvirus (KSHV), herpesvirus saimiri, rhesus
rhadinovirus, and murine gammaherpesvirus 68 (�HV68) all
encode homologues of cellular D-type cyclins (10, 32, 38, 49,
73). While these viral cyclins have been extensively studied in
a cellular context, their functions in relation to host-pathogen
interactions remain poorly understood. Due to its association
with human disease, KSHV v-cyclin has received significant
attention. KSHV v-cyclin preferentially binds CDK6 but also
binds CDK2 and CDK4 and is able to mediate the phosphor-
ylation of many substrates traditionally associated with CDK2,
thereby deregulating normal cell cycle progression in numer-
ous cell culture models (34, 43, 64, 71). Previously, we dem-
onstrated that when expressed as a transgene in mice, �HV68
v-cyclin promotes cell cycle progression in primary lympho-
cytes and is a potent oncogene (68). �HV68 v-cyclin binds and
activates CDK2 both in vitro and in vivo, binds CDK1 in vitro,
and mediates the phosphorylation of numerous G1- and S-
phase substrates (9, 66), all of which likely contribute to the
oncogenic potential of v-cyclin.

As one of the few identified rhadinoviruses naturally infect-
ing murid rodents, �HV68 has become the tool of choice for
analyses of gammaherpesvirus pathogenesis (23, 51, 62, 63,
72). Previously, we and others have shown that the v-cyclin of
�HV68 is a critical regulator of reactivation, as recombinant
viruses lacking v-cyclin do not efficiently reactivate from la-
tency (25, 70). Additionally, v-cyclin is required for the main-
tenance of latency in the absence of B cells, highlighting both
the need for v-cyclin-dependent reactivation and reseeding of
the latent non-B-cell compartment and the distinct genetic
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programs required in different cell types (69). The infrequent
detection of v-cyclin transcripts during latency (4, 42, 74) fur-
ther suggests a specific temporal role of v-cyclin, strengthening
the hypothesis that v-cyclin expression is a critical event in
�HV68 reactivation from latency.

When the mechanisms of v-cyclin-mediated reactivation are
considered, one attractive possibility is that the same functions
required for cell cycle manipulation are required to regulate
reactivation. However, previous findings demonstrated that
providing ex vivo cell cycle stimulation by multiple methods
does not fully ameliorate the reactivation defect of B cells
latently infected with v-cyclin-deficient virus (25, 47), suggest-
ing that cell cycle manipulation alone is insufficient to explain
the role of v-cyclin in regulating reactivation. To conclusively
determine the CDK-dependent functions of v-cyclin during
viral infection, we have generated two independent single-
amino-acid-substitution viral mutants, v-cyc[K104E] and v-cyc[E133V],
in which the v-cyclin does not bind or activate CDKs. Previous
characterization of these mutations by transient expression in
cultured cells indicated that these mutants do not bind or
activate cellular CDKs (66). Analysis of these mutants in the
context of the viral infection reveals that v-cyclin–CDK inter-
actions are required for acute infection in the lungs of mice
following intranasal infection but are at least partially dispens-
able for virus reactivation from latency. These data provide the
first evidence that the �HV68 v-cyclin is a multifunctional
protein encoding both CDK-dependent and CDK-indepen-
dent mechanisms of action that regulate virus replication and
persistence in the host.

MATERIALS AND METHODS

Tissue culture. NIH 3T12 (CCL-164), NIH 3T3 (CCL-163), and LA-4 (CCL-
196) cells were obtained from the ATCC. Cre-recombinase-expressing Vero cells
(Vero-CRE cells) were obtained from David Leib (Washington University
School of Medicine, St. Louis, MO). C57BL/6 mouse embryonic fibroblasts
(MEFs) were derived as previously described (76). LA-4 cells were maintained in
Ham’s F-12K medium supplemented with 15% fetal calf serum, 100 U penicillin/
ml, 100 mg of streptomycin/ml, and 2 mM L-glutamine. All other cells were
maintained in Dulbecco’s modified Eagle medium supplemented with 10% fetal
calf serum, 100 U of penicillin/ml, 100 mg of streptomycin/ml, and 2 mM L-
glutamine, unless otherwise specified. Vero-CRE cells were supplemented with
300 �g/ml hygromycin. All cells were maintained in tissue culture incubators at
5% CO2 and 37°C.

Generation of viral mutants. All recombinant viruses were generated from the
�HV68 bacterial artificial chromosome (BAC), a kind gift of Ulrich Kozinowski
(3). Initially, the kanamycin (Kan) cassette and flanking Flip recombinase (FRT)
sites from pCP15 (11) were amplified by PCR with primers adding an NcoI site
to the 5� end of the cassette and an NsiI site to the 3� end and subcloned into
pL3700 (70) cut with NcoI and NsiI. The resulting plasmid was cut with HinDIII
and BsrGI. The 3.2-kb fragment was gel purified twice and used to generate the
v-cycKAN BAC as previously described (50). v-cyc[K104E] and v-cyc[E133V] mu-
tants were generated by allelic exchange essentially as previously described (60).
pCMV-TAG2B-K104E and pCMV-TAG2B-E133V (66) were each digested with
NcoI and NsiI, and the 475-bp fragments were isolated by gel extraction. These
fragments were subcloned into pL3700 cut with NcoI and NsiI to generate
pL3700-K104E and pL3700-E133V, respectively. The resulting plasmids were cut
with NheI and SalI, and the 3.7-kb fragment was gel purified and cloned into the
suicide targeting vector pGS824 cut with NheI and SalI. O72.Stop was generated
by digesting pL7300.Stop (70) with NheI and SalI, and the 3.7-kb fragment was
cloned into the same sites of pGS284. All resulting plasmids were confirmed for
authenticity and orientation by restriction enzyme mapping. Bacterially mediated
allelic exchange was performed as previously described (18, 44, 60) by using
v-cycKAN BAC as the target for recombination. Potential mutant clones were
screened by PCR, restriction mapping, and Southern blotting. Marker rescue
viruses were generated by cloning the NheI-SalI fragment of pL3700 containing
wild-type sequences into the same sites of pGS284, and allelic exchange was

performed as described above using each mutant BAC as the target for recom-
bination. To generate viral stocks, it was necessary to remove BAC vector
sequences (2). Recombinant BAC DNA was isolated and transfected into Vero-
CRE cells, and viral supernatants were passaged through Vero-CRE cells a
second time and then used to generate large viral stocks in NIH 3T12 cells. Wells
were observed over time via fluorescence microscopy, and no green fluorescent
protein expression was observed, indicating the excision of BAC sequences. The
titers of all stocks were determined by plaque assay using NIH 3T12 fibroblasts
in three independent experiments.

Southern blotting. One microgram of BAC DNA of each recombinant was
digested with BamHI and EcoRI for diagnostic fragments of the v-cyclin region.
Additional diagnostic cuts were performed to assess the introduction, and sub-
sequent rescue, of specific mutations: HpaI for O72.Stop, NgoMIV for K104E,
and SpeI for E133V. Digests were electrophoresed on 0.9% agarose gels and
transferred by alkaline transfer onto Nytran nylon membranes (Turboblot;
Schleicher and Schuell, Keene, NH) according to the manufacturer’s recommen-
dations. Southern blots were probed with the BamHI-HinDIII fragment of
pL3700 for analysis of the v-cyclin region. The probe was 32P labeled by random
primer extension according to the manufacturer’s recommendations (Mega-
prime DNA labeling kit; Amersham International). Blots were hybridized at
68°C and washed with two changes of 2� SSC (1� SSC is 0.15 M NaCl plus 0.015
M sodium citrate)–0.1% sodium dodecyl sulfate followed by two changes of 0.2�
SSC–0.1% sodium dodecyl sulfate prior to exposure to film.

Immunoblotting and kinase assays. NIH 3T12 cells were infected at a multi-
plicity of 10 for 1 h and washed twice with phosphate-buffered saline (PBS), and
medium was replaced with complete medium for 24 h. Infected cells were
harvested by scraping and centrifugation, and cell lysates were made in ELB with
protease and phosphatase inhibitors (66). One hundred micrograms of total
protein was subjected to sodium dodecyl sulfate (SDS)-polyacrylamide gel elec-
trophoresis (PAGE) and transferred onto nitrocellulose membranes. Mem-
branes were incubated in blocking buffer (PBS with 0.05% Tween-20 [PBS-T]
and 5% nonfat milk) for 1 h at room temperature and then incubated with the
indicated antibody in blocking buffer overnight at 4°C. Blots were washed three
times in PBS-T and incubated with horseradish peroxidase-conjugated donkey
anti-rabbit, anti-mouse (Jackson Immunochemicals), or anti-chicken (Gallus Im-
munotech) secondary antibodies at a 1:5,000 dilution in blocking buffer for 1 h at
room temperature. Blots were washed three times in PBS-T, developed with
ECL-Plus reagent (Amersham Biosciences), and exposed to film. Primary anti-
bodies used were rabbit polyclonal anti-v-cyclin antiserum (68), chicken poly-
clonal anti-ORF59 (66), and mouse anti-�-actin (Sigma). Kinase assays were
performed essentially as previously described (66). Briefly, NIH 3T3 cells were
plated and allowed to grow to confluence. Cells were then serum starved for 72 h
in low-serum media containing 0.05% fetal calf serum. Cells were infected in
low-serum medium at a multiplicity of 10 for 1 h, washed twice with PBS, and
replaced with low-serum medium. Twenty-four hours postinfection, cells were
harvested, and lysates were made as described above. Three hundred micro-
grams of total protein was subjected to immunoprecipitation with agarose bead-
conjugated rabbit anti-CDK2 antibodies (M2; Santa Cruz) overnight at 4°C with
gentle orbital agitation. Beads were collected by centrifugation, washed four
times in ice-cold ELB with protease and phosphatase inhibitors, and washed
twice in kinase buffer. In vitro kinase reactions were performed using glutathione
S-transferase-C-terminal retinoblastoma protein (GST-pRb) fusion protein
(Santa Cruz) as an exogenous substrate. Reactions were terminated by the
addition of SDS running buffer and boiling for 10 min. Samples were subjected
to SDS-PAGE, and the gels were fixed and dried. Samples were then analyzed by
autoradiography using phosphorscreens and visualized using a Typhoon9410
apparatus (Amersham Biosciences). Relative kinase activity was determined
using ImageQuant software (Amersham Biosciences) by spot intensity analysis
normalized to mock infection. All lysate protein concentrations were calculated
from a standard curve of bovine serum albumin in lysis buffer with the DC
protein assay (Bio-Rad).

Plaque assays, in vitro growth, and determination of viral titers. Plaque assays
were performed on NIH 3T12 fibroblasts. Viral growth in vitro was determined
by infection of NIH 3T12 cells at a multiplicity of infection (MOI) of 10 PFU per
cell, with removal of the inoculum after 1 h of infection to measure a single cycle
of virus replication, or at 0.01 PFU per cell (NIH 3T12) or 0.05 PFU per cell
(LA-4) to measure multiple cycles of virus replication. Seventy-two hours prior
to infection, 2 � 105 LA-4 cells were plated in medium containing 1% fetal calf
serum, which allowed the growth of cells to confluence, followed by a cessation
of division as assessed by cell counting up to 10 days postplating (data not
shown). Cells and supernatants were collected at various times postinfection and
frozen at �80°C. Samples were then subjected to two cycles of freezing and
thawing, and virus was then quantitated by plaque assay (sensitivity, 50 PFU/ml).
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Organs for which virus titers were to be determined were thawed and homoge-
nized by mechanical disruption with four 1-min pulses in the presence of 1.0-mm
zirconia/silica beads (Biospec Products) in a Mini-Beadbeater-8 (Biospec Prod-
ucts). Samples were then diluted in cMEM and plated onto NIH 3T12 cells.
Infections were allowed to adsorb at 37°C for 1 h with occasional agitation and
overlaid with complete medium containing 20 g/liter methylcellulose (Sigma).
Plaques were visualized 6 to 7 days postinoculation by staining with neutral red
(Sigma) overnight.

Infections of mice and organ harvests. Female C57BL/6J mice (Jackson Lab-
oratory, Bar Harbor, Maine) were used at between 8 and 12 weeks of age. Mice
were placed under isofluorane anesthesia prior to both infection and sacrifice.
Intranasal inoculations were performed with 103 PFU of the indicated virus in a
volume of 20 �l of complete medium. Intraperitoneal inoculations were per-
formed by injection with 103 PFU in a volume of 0.5 ml of complete medium.
Upon sacrifice, spleens and lungs were harvested by sterile dissection. Organs for
determinations of titers were placed in 1 ml complete medium and frozen at
�80°C. Spleens for latency analysis were weighed and then placed into complete
medium, homogenized, and filtered, and erythrocytes were removed by ammo-
nium chloride lysis. Resident peritoneal exudate cells (PECs) were harvested by
peritoneal lavage with 10 ml of incomplete medium. For analysis of acute infec-
tion, each animal was analyzed independently. For analysis of latency parame-
ters, pooled splenocytes or PECs from four to five infected mice were used for
each independent experiment.

LD ex vivo reactivation analyses. The frequency of cells capable of reactivation
from latency was determined by limiting-dilution (LD) analysis as previously
described (12, 65, 70, 76–78). Briefly, PECs and splenocytes were harvested from
infected mice at the times indicated, and single-cell suspensions were generated.
Erythrocytes were removed from spleen samples by ammonium chloride lysis.
Cells were resuspended in cMEM and plated in serial twofold dilutions, starting
at 105 cells per well, onto MEF monolayers in 96-well tissue culture plates.
Twenty-four wells were plated per dilution, with a total of 12 dilutions per sample
per experiment. Wells were microscopically scored for cytopathic effect 21 days
postplating, after which samples were replated to confirm reactivation of infec-
tious virus. To detect preformed infectious virus, parallel samples were resus-
pended in hypotonic medium and subjected to mechanical disruption in the
presence of 0.5-mm-diameter silica beads. Disruption was carried out by four
1-min pulses in a Mini-Beadbeater-8 and was previously shown to kill �99% of
cells, with no significant effect on titers of preformed virus (76). Ex vivo stimu-
lation of splenocytes with anti-CD40 and anti-immunoglobulin G (IgG)/IgM
antibodies was performed as previously described (47).

Statistical methods. All data were analyzed using GraphPad Prism software
(GraphPad Software). Titer, spleen weight, and spleen cell number data were
statistically analyzed with the nonparametric Mann-Whitney test. Frequencies of
reactivation and viral-genome-positive cells were obtained from the cell number
at which 63% of wells scored positive for either reactivating virus or the presence
of the viral genome based on Poisson distribution; data were subjected to non-
linear regression analysis to obtain the single-cell frequency for each limiting-
dilution analysis.

RESULTS

Generation of v-cyclin mutant viruses. Previously, we and
others have shown that a disruption of the �HV68 v-cyclin
open reading frame (ORF), by either a large insertion or the
introduction of a premature in-frame translation termination
codon, severely attenuates the ability of recombinant viruses to
reactivate efficiently from latency (25, 70). To determine the
contribution of v-cyclin–CDK interactions and thus the contri-
bution of cell cycle regulation by v-cyclin to this process, spe-
cific loss-of-function mutations previously characterized in
vitro by our laboratory (66) were introduced into the v-cyclin
locus using the �HV68 genome cloned as a BAC and utilizing
methodologies and strategies described previously (1–3, 11, 44,
50, 60, 70). In addition to these loss-of-function mutants, we
regenerated the O72.Stop mutation, previously described by
our laboratory (70), to control for any phenotypic discrepan-
cies between BAC-derived mutants and those previously gen-
erated by homologous recombination in mammalian cells.

Each mutant was generated by the “rescue” of the v-cycKAN
BAC as described in Materials and Methods to yield a v-cyclin
allele containing either the O72.Stop, K104E, or E133V mu-
tation (v-cyc[STOP], v-cyc[K104], and v-cyc[E133V], respectively).
Multiple recombinants from independent bacterial matings
were identified by Kan sensitivity and screened by PCR and
Southern blot analysis to confirm proper recombination. Each
isolate was then rescued to the wild-type sequence by allelic
exchange. For each mutant, specific isolates and corresponding
marker rescues were selected at random from the panel of
confirmed isolates, and DNA was prepared for further analysis
and viral stock generation.

The structures of all mutant and marker rescue �HV68-
BACs were confirmed by Southern blot analysis on EcoRI- and
BamHI-digested DNA (Fig. 1). As expected, the ORF72 re-
gion probe hybridized to 10.8-, 5.2-, and 0.9-kb EcoRI frag-
ments of all DNAs analyzed except v-cycKAN, which hybrid-
ized to 10.8-kb and 6.5-kb EcoRI fragments, indicating the
insertion-deletion caused by the addition of the Kan cassette.
Similarly, the probe hybridized a 6.2-kb BamHI fragment of
v-cycKAN, while the remaining DNAs hybridized only a 5.2-kb
BamHI fragment. To confirm the specific mutations intro-
duced into each individual mutant, separate Southern blots
were performed with DNAs digested with HpaI (STOP),
NgoMIV (K104E), or SpeI (E133V). As expected, digestion
with each enzyme yielded hybridization patterns indicating the
introduction of the unique diagnostic restriction enzyme sites
and linked mutations and the absence of this pattern in marker
rescue isolates. DNAs were then transfected into Cre-recom-
binase-expressing Vero cells for Cre-mediated excision of BAC
sequences, followed by the generation of viral stocks as de-
scribed in Materials and Methods. Wild-type �HV68-BAC
DNA was used to generate the wild-type control virus used in
these studies.

Functional analysis of v-cyclin mutant viruses. To confirm
expression of the mutant v-cyclins, NIH 3T12 fibroblast were
infected at an MOI of 10 PFU/cell and harvested 24 h postin-
fection for immunoblot analyses. As expected, robust v-cyclin
expression was observed 24 h postinfection in samples infected
with the wild type, marker rescue, or CDK-binding-deficient
v-cyclin mutants, and this expression was absent from cells
either mock infected or infected with the v-cyc[STOP] mutant
virus (Fig. 2A). Expression of the early gene ORF59 was com-
parable among all infected samples, and �-actin confirmed the
equivalent loading of cell extracts. Cells infected with the
v-cyc[K104E] mutant appeared to express less v-cyclin protein
than did the wild type, marker rescue, or v-cyc[E133V].

Although the v-cyclin K104E and E133V mutations (as well
as many other analogous mutations) have been previously
characterized as having little or no difference from the wild
type with regard expression or stability, no v-cyclin point mu-
tants have been investigated in the context of an ongoing viral
infection, which could influence the stability of these mutants.
To investigate the expression and stability of the v-cyclin CDK
mutants, NIH 3T12 fibroblasts were infected at an MOI of 10
PFU/cell for 24 h, followed by treatment with cycloheximide to
halt protein synthesis. Samples were harvested for immunoblot
analyses at the indicated times posttreatment (Fig. 2B). These
analyses demonstrated that within 2 h of cycloheximide treat-
ment, there was a marked decrease in the protein level of the
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FIG. 1. Genomic structures of mutant viruses. (A) Schematic representation of �HV68 region encoding v-cyclin (ORF72) and surrounding
genes from bp 101654 to bp 105377, based on the �HV68 WUMS clone sequence (73). The ORF72 region probe is depicted above the wild-type
(Wt) �HV68 schematic and includes bp 101654 to bp 104035. The restriction enzyme sites shown were used for the generation of genomic clones
or probes, mutagenesis, or diagnostics and are represented as follows: B, BamHI; Bs, BsrGI; D3, HinDIII; E, EcoRI; H, HpaI; N, NgoMIV; Nc,
NcoI; Ns, NsiI; S, SpeI. (B and C) Southern blot analysis of wild-type (WT), mutant, and marker rescue viruses. BAC DNAs were purified, digested
with the indicated restriction enzyme, electrophoresed, blotted, and hybridized with the ORF72 region probe described above. Panels labeled
BamHI and EcoRI represent general diagnostic Southern analyses for all recombinants, while those labeled NgoMIV, HpaI, and SpeI are
diagnostic Southern blots for the specific mutants v-cyc[K104E], v-cyc[STOP], and v-cyc[E133V], respectively. MW STD, molecular weight standard.
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v-cyc[K104E] mutant, which was not seen with the other CDK-
binding mutant v-cyclin or v-cyclin expression from the marker
rescue virus infections. This indicates that in the absence of
new protein synthesis, the pool of K104E v-cyclin is rapidly
degraded, leading to the decreased steady-state protein levels
observed in Fig. 2A.

In addition to expression, it was necessary to confirm that
the K104E and E133V mutations were, in fact, loss-of-function
mutants during an infection. To show that the v-cyclin proteins
expressed by v-cyc[K104E] and v-cyc[E133V] viruses do not bind
and activate CDK2, contact-inhibited, serum-starved NIH 3T3
fibroblasts were infected, and cell lysates were made at 24 h
postinfection. Equivalent amounts of cell extracts were sub-
jected to immunoprecipitation with anti-CDK2–agarose beads,
and the precipitates were analyzed in an in vitro kinase assay
utilizing GST-pRb as an exogenous substrate. An equivalent
amount of protein from uninfected, actively dividing NIH 3T3
cells was used as a positive control for CDK2 kinase activity. As
shown in Fig. 2C, wild-type �HV68 was able to induce a nearly
threefold increase in relative kinase activity compared to un-
infected cells, whereas v-cyc[STOP], v-cyc[K104E], and
v-cyc[E133V] exhibited no significant increase in kinase activity
above the background level, indicating that these v-cyclin mu-
tants do not activate CDK2 during infection. This result con-
firms and extends our previous in vitro analyses of the v-cyclin
CDK-binding mutants (66).

v-Cyclin interaction with cellular CDKs is not required for
viral replication in vitro but is required for acute replication in
the lungs in vivo following low-dose intranasal inoculation.
Although previous studies have shown no in vitro growth de-
fect of v-cyclin-null viruses (25, 70), we sought to confirm this
finding and extend it to the viruses harboring v-cyclin mutants
that are unable to bind or activate cellular CDKs. Single-step
(MOI 	 10) and multistep (MOI 	 0.01) infections of NIH
3T12 fibroblasts demonstrated that, as expected, there was
no discernible kinetic defect in virus replication for the v-
cyc[STOP], v-cyc[K104E], or v-cyc[E133V] mutant, and all reached
titers comparable to those of the wild-type virus (Fig. 3A and
B). Similar results were obtained in contact-inhibited, serum-
starved LA-4 lung epithelial cells (Fig. 3C) (discussed below)
as well as in NIH 3T3 fibroblasts and quiescent MEFs (data
not shown).

Previous studies that investigated the role of the �HV68
v-cyclin during acute infection in vivo yielded conflicting re-
sults (25, 70). We have previously shown that v-cyclin function
is dispensable for acute virus replication in the liver, lungs, and
spleen of C57BL/6 mice following high-dose (1 � 106 PFU)
intraperitoneal inoculation (70). However, another group (25),
using the same dose and route of infection, observed a repli-
cation defect in multiple tissues in BALB/c mice. We sought to
clarify and extend these findings by analyzing the replication of
v-cyc[STOP], v-cyc[K104E], and v-cyc[E133V] during the acute

FIG. 2. v-Cyclin protein expression and function. (A) Immunoblot
analysis of v-cyclin protein expression. NIH 3T12 fibroblasts were
lytically infected with wild-type �HV68 (WT), v-cyc[STOP], v-cyc[STOPMR],
v-cyc[K104E], v-cyc[K104MR], v-cyc[E133V], or v-cyc[E133MR] or were mock
infected. Cell lysates were collected at 24 h postinfection and subjected
to SDS-PAGE and Western analysis. Blots were sequentially probed
with rabbit polyclonal anti-v-cyclin antiserum (top panel), chicken
polyclonal anti-ORF59 (middle panel), and mouse anti-�-actin (bot-
tom panel). (B) Protein stability of mutant v-cyclin alleles. NIH 3T12
fibroblasts were lytically infected with v-cyc[K104E], v-cyc[K104MR],
v-cyc[E133V], or v-cyc[E133MR]. Twenty-four hours postinfection, 50
mg/ml cycloheximide (CHX) (�) or vehicle control (�) was added to
each well, and cell lysates were collected at the indicated times, in
hours, posttreatment. Equivalent protein amounts were subjected to
SDS-PAGE and Western analysis. Blots were probed sequentially with
rabbit polyclonal anti-v-cyclin antiserum (left panels) or mouse anti-
�-actin (right panels). (C) v-Cyclin mutants do not activate CDK2
activity during infection. Contact-inhibited, serum-starved NIH 3T3
fibroblasts were infected with wild-type �HV68, v-cyc[STOP],
v-cyc[K104E], or v-cyc[E133V] or were mock infected in low-serum me-
dium. Cell lysates were collected 24 h postinfection and subjected to
immunoprecipitation with rabbit polyclonal anti-CDK2 directly conju-
gated to agarose beads. Uninfected, actively dividing NIH 3T12 fibro-
blasts were similarly processed as a positive control. Immunoprecipi-
tates were used as active enzymes for in vitro kinase assays with
glutathione S-transferase–pRb as an exogenous substrate. Reactions

were terminated by the addition of loading buffer and boiling followed
by SDS-PAGE and autoradiography. Analysis (top panel) was per-
formed with ImageQuant software, with data normalized to mock
infection. Also shown (bottom panel) is a representative experiment
(one of two independent analyses).
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phase of virus infection following intranasal or intraperitoneal
inoculation. Initially, C57BL/6 mice were infected with 1,000
PFU of the indicated virus via intranasal inoculation, and acute
replication in the lung was assessed. Notably, viruses express-
ing mutant v-cyclin alleles displayed a severe, but not absolute,
defect in acute replication at multiple times postinfection (Fig.
4A and B). Importantly, the titers of all diluted viral inocula
were redetermined by plaque assay to ensure proper dosage
(data not shown). Statistical analyses revealed that differences
between each mutant virus and their specific marker rescue
viruses were significant (P values of 
0.05, as indicated in
figures). In addition, a comparison of the respective marker
rescue virus replication to wild-type virus replication demon-
strated that there were no statistically significant differences.
These results indicate that v-cyclin and, specifically, binding
and activation of CDKs by v-cyclin are required for efficient
replication in the lungs of infected mice following intranasal
inoculation. However, this replication defect was not evident
following high-dose (1 � 106 PFU) intranasal inoculation with
v-cyc[STOP] or v-cyc[K104E] (data not shown), indicating that the
dependence on v-cyclin function for acute virus replication in
the lungs is dependent on dose.

Additionally, mice were inoculated with 1,000 PFU via in-
traperitoneal injection and assayed for acute virus replication
in the spleen at days 4 and 9 postinfection. In these analyses,
only v-cyc[K104E] displayed a significant phenotype at day 4
compared to its marker rescue (Fig. 5A), suggesting a possible
modest defect at early times postinfection, although the repli-
cation of the v-cyc[STOP] and v-cyc[E133V] mutants was not
significantly different from that of marker rescue controls. The
observed differences between the behaviors of the two CDK-
binding mutant v-cyclins may be directly related to the de-
creased stability of the K104E mutant (Fig. 2B). Splenic titers
of mutant and marker rescue viruses were not significantly
different at day 9 postinfection (Fig. 5) or following high-dose
intraperitoneal inoculation (data not shown), as previously
suggested (70). Taken together, these data indicate that the
requirement for v-cyclin function during acute infection is both
dose dependent and route and/or cell type specific.

Since v-cyclin mutants deficient for CDK binding are defec-
tive in acute replication in the lungs but not the spleen, there
may be a cell-type-specific requirement for v-cyclin function.
To further investigate this, we assessed virus replication in the
lung epithelial cell line LA-4. LA-4 cells were contact inhib-
ited, growth arrested in low-serum medium, and then infected
to assay for multistep growth (MOI 	 0.05). As shown in Fig.
3C, there was no defect in the kinetics of replication of the
v-cyc[STOP], v-cyc[K104E], or v-cyc[E133V] mutant in quiescent
LA-4 cells in vitro. Thus, replication in the LA-4 epithelial cell
line does not recapitulate the growth defect observed in vivo.

v-Cyclin mutant viruses do not exhibit splenomegaly in im-
munocompetent mice. Inoculation of immunocompetent mice
with �HV68 results in a pronounced, transient splenomegaly
characterized by an enlargement of the spleen and elevated

FIG. 3. Growth of v-cyclin mutants is similar to that of wild-type
(WT) �HV68 in vitro. NIH 3T12 fibroblasts were infected with 10 PFU
(A) or 0.01 PFU (B) per cell of wild-type �HV68 (closed diamonds),
v-cyc[STOP] (closed squares), v-cyc[STOPMR] (open squares), v-cyc[K104E]

(closed circles), v-cyc[K104MR] (open circles), v-cyc[E133V] (closed trian-
gles), or v-cyc[E133MR] (open triangles). Inocula were removed, and
samples were washed with PBS and repleted with fresh medium 1 h
postinfection for determinations of single-step growth (A) or left for
multistep growth analysis (B). Samples were harvested at the indicated
times, and viral titers were determined by plaque assay. (C) Growth of
wild-type �HV68 and v-cyclin mutants in lung epithelial cells in vitro.
LA-4 lung epithelial cells were plated in low-serum medium, allowed
to grow to contact inhibition, and rested for 72 h. Cells were then in-
fected with 0.05 PFU wild-type �HV68 (closed diamonds), v-cyc[STOP]

(closed squares), v-cyc[K104E] (closed circles), or v-cyc[E133V] (closed
triangles) per cell in low-serum medium. Samples were harvested

at the indicated times, and viral titers were determined by plaque
assay. All data (A to C) are representative of two independent exper-
iments, with titers of each sample determined in duplicate.
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numbers of lymphocytes within the spleen. Although this re-
sponse to infection is not well understood, it has been shown to
be CD4-T-cell dependent (67). At day 16 after intranasal in-
fection, we noted a striking difference in the sizes of spleens
infected with wild-type or marker rescue control viruses com-
pared to those of spleens infected with the mutant v-cyclin
viruses (Fig. 6). Determination of spleen weights revealed a
significant difference in spleen weight in mice infected with
v-cyc[STOP], v-cyc[K104E], or v-cyc[E133V] compared to that of
mice infected with marker rescue controls (Fig. 6A). Cell num-
bers per spleen were determined (in triplicate) from pools of five

spleens following disruption and red blood cell lysis. Similar to
spleen weights, the number of cells/spleen was lower in mice
infected with v-cyc[STOP], v-cyc[K104E], or v-cyc[E133V] than in mice
infected with the marker rescue controls and wild-type virus (Fig.
6B). These data demonstrate that the development of splenomeg-
aly following low-dose intranasal infection with v-cyclin mutant
viruses is impaired and correlate with diminished acute virus
replication in the lungs at earlier times postinfection.

Analysis of splenic latency following intranasal inoculation
provides evidence for a CDK-independent function(s) of the
�HV68 v-cyclin. Previous studies have not addressed a role for

FIG. 4. v-Cyclin interaction with CDKs is required for acute repli-
cation in the lung following intranasal (IN) inoculation. C57BL/6 mice
were infected with 1,000 PFU of wild-type (WT) �HV68 (closed dia-
monds), v-cyc[STOP] (closed squares), v-cyc[STOPMR] (open squares),
v-cyc[K104E] (closed circles) v-cyc[K104MR] (open circles), v-cyc[E133V]

(closed triangles), or v-cyc[E133MR] (open triangles) via intranasal in-
oculation. Lungs were harvested at 4 (A) and 9 (B) days postinfection,
and titers were determined by plaque assay. Data shown are compiled
from two to three independent experiments with four to five mice each.
Solid bars represent the means of each group, and the dashed line
indicates the limit of detection of the assay (50 PFU/organ). Statisti-
cally significant differences (P 
 0.05), as determined by nonparam-
etric Mann-Whitney analysis, are indicated.

FIG. 5. v-Cyclin interaction with CDKs is dispensable for acute
replication in the spleen following intraperitoneal (IP) inoculation.
C57BL/6 mice were infected with 1,000 PFU of wild-type (WT) �HV68
(closed diamonds), v-cyc[STOP] (closed squares), v-cyc[STOPMR] (open
squares), v-cyc[K104E] (closed circles), v-cyc[K104MR] (open circles),
v-cyc[E133V] (closed triangles), or v-cyc[E133MR] (open triangles) via
intraperitoneal injection. Spleens were harvested at 4 (A) and 9
(B) days postinfection, and lytic titers were determined by plaque
assay. Data shown are compiled from two to three independent exper-
iments with five mice each. Solid bars represent the means of each
group, and the dashed line indicates the limit of detection of the assay
(50 PFU/organ). Statistically significant differences (P 
 0.05) as de-
termined by nonparametric Mann-Whitney analysis are indicated.
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v-cyclin in the establishment of, and reactivation from, latency
following intranasal inoculation. Here, we have shown a dose-
dependent replication defect of v-cyclin mutant viruses (Fig. 4)
that correlates with differences in splenomegaly (Fig. 6) fol-
lowing inoculation via this route. To determine the capacity of
v-cyclin mutant viruses to reactivate 16 days after intranasal
infection, splenocytes were analyzed by employing a limiting-
dilution reactivation assay. Figure 7 depicts the frequency of
splenocytes 16 days postinfection (1,000 PFU via intranasal
inoculation) that spontaneously reactivate virus upon explant
into tissue culture. As expected, wild-type �HV68 (�1 in
2,000), v-cyc[STOPMR] (�1 in 2,000), v-cyc[K104MR] (�1 in
4,000), and v-cyc[E133MR] (� 1 in 1,800) all exhibited similar
reactivation frequencies. The frequency of reactivation for
v-cyc[E133V] (� 1 in 7,400) was approximately fourfold lower

than that for the control viruses, while v-cyc[STOP] (�1 in
85,000) and v-cyc[K104E] (�1 in 80,000) exhibited severe de-
fects in virus reactivation (ca. 40-fold reduced frequency of
cells reactivating virus). The discrepancy between the results
obtained with the v-cyc[E133V] and those obtained with the
v-cyc[K104E] mutant are discussed below (see Discussion).

In addition to analyzing virus reactivation from intact
splenocytes, we also analyzed mechanically disrupted spleno-
cytes (which eliminates any contribution of virus reactivation)
for the presence of preformed infectious virus in these sam-
ples. Notably, we detected the presence of preformed infec-
tious virus in many of these samples (Fig. 7). The origin of virus
at day 16 postinfection is unclear but could reflect either de-
layed clearance of acute virus replication and/or virus replica-
tion arising from reactivation events. On the basis of the ability
of the limiting-dilution assay to detect 0.2 PFU of �HV68 (76,
77), coupled with a very conservative estimate of 1 PFU per
productively infected cell (65), the presence of preformed in-
fectious virus in splenocytes of mice infected with wild-type
�HV68 corresponds to productive infection in at most 1 in
420,000 cells. Infections with v-cyc[STOPMR], v-cyc[K104MR], and
v-cyc[E133MR] all yielded similar levels of preformed infectious
virus (at most 1 in 470,000, 1 in 525,000, and 1 in 170,000
infected cells producing virus, respectively). Importantly, these
conservative estimates demonstrate that the frequency of cells
that were productively infected did not contribute significantly
to the measurements of the frequency of cells reactivating virus
in these analyses. Extrapolating the best-fit curve of the non-
linear regression analyses indicates that v-cyclin CDK-binding
mutant viruses displayed slightly lower levels of preformed
infectious virus than wild-type or marker rescue control viruses
(Fig. 7D). However, there were nearly undetectable levels of
preformed infectious virus present in v-cyc[STOP] mutant-in-
fected spleens, which was strikingly different than what was
observed with the CDK-binding mutants (v-cyc[K104E], 1 in
1.9 � 106; v-cyc[E133V], 1 in 9 � 105; and v-cyc[STOP], 1 in 3 �
107). It is notable that the v-cyc[STOP] mutant, which is highly
compromised for virus reactivation, is also highly compromised
for the presence of preformed infectious virus in the spleen at
day 16 compared to either wild-type virus or the CDK-binding
mutant viruses (Fig. 7D), even though the CDK-binding mu-
tant viruses exhibited a nearly identical defect in acute virus
replication in the lungs (Fig. 4). Thus, there may be a role for
virus reactivation in the ongoing virus replication detected in
the spleen at day 16 postinfection following low-dose intrana-
sal inoculation.

While the levels of preformed infectious virus do not signif-
icantly influence the results of ex vivo reactivation analyses
(Fig. 7), they severely interfered with determining the fre-
quency of splenocytes harboring viral genomes as determined
by LD-PCR analysis. Notably, attempts to remove cell-surface-
associated virus by treating splenocytes with acid and/or tryp-
sin, followed by washing input cells, prior to LD-PCR analysis
did not remedy this problem (data not shown). Only spleno-
cytes recovered from v-cyc[STOP]-infected mice, which had
nearly undetectable levels of preformed infectious virus,
yielded reliable LD-PCR results (ca. 1 in 1,000 viral-genome-
positive cells) (data not shown). Based on historical data, the
frequency of splenocytes harboring v-cyc[STOP] at day 16

FIG. 6. v-Cyclin mutant viruses do not induce splenomegaly by 16
days after intranasal infection. (A) Spleen weights of C57BL/6 mice 16
days after intranasal infection with 1,000 PFU of wild-type (WT)
�HV68 (n 	 8), v-cyc[STOP] (n 	 15), v-cyc[STOPMR] (n 	 15),
v-cyc[K104E] (n 	 10), v-cyc[K104MR] (n 	 10), v-cyc[E133V] (n 	 13), or
v-cyc[E133MR] (n 	 14). Statistically significant differences (P 
 0.05),
as determined by nonparametric Mann-Whitney analysis, are indi-
cated. SPL, splenocytes. (B) Cell number in spleens of infected mice.
Pooled samples of three to five spleens were analyzed for cell number
per spleen following organ disruption and erythrocyte lysis. Data rep-
resent two to three independent experiments. Error bars represent the
standard errors of the means.
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postinfection was ca. three- to fivefold lower than that rou-
tinely observed with wild-type virus infection at day 16 postin-
fection by this route and dose (18, 46, 79), indicating a minor
defect in the establishment of viral latency that does not ac-
count for the observed severe defect in virus reactivation (Fig.
7 and Table 1).

v-Cyclin–CDK interaction is not required for reactivation
from latently infected PECs. To avoid issues associated with
diminished acute virus replication, we assessed virus reactiva-
tion following the establishment of latency in C57BL/6 mice
that were inoculated with 1,000 PFU of wild-type or mutant
viruses via intraperitoneal injection. As shown in Fig. 5, there
is at most only a modest impact of the v-cyclin mutants on
acute virus replication in the spleen following this dose and this
route of virus inoculation. Virus reactivation from latency was
assessed from splenocytes and PECs at day 42 postinfection
(Fig. 8). In the absence of stimulation, we observed only a very
low frequency of splenocytes spontaneously reactivating virus
(Fig. 8A). However, of interest, the v-cyc[E133V] mutant exhib-
ited the highest frequency of spontaneously reactivating
splenocytes, while the v-cyc[STOP] mutant exhibited nearly un-

detectable levels of virus reactivation. This observation pro-
vides further support for the presence of a CDK-indepen-
dent function(s) of v-cyclin. We have previous demonstrated
that splenocyte reactivation can be augmented by treating
latently infected splenocytes with anti-CD40 and anti-IgG/
IgM (47). Using this stimulation protocol, we did not ob-
serve any defect of CDK-binding mutants in reactivation
from splenocytes, while v-cyc[STOP] still exhibited a reacti-
vation defect (Fig. 8B).

Analysis of the reactivation of PECs 42 days postinfection
revealed a defect in the reactivation of v-cyc[STOP] (�1 in
120,000) compared to wild-type �HV68 (�1 in 9,500), consis-
tent with previous findings (25, 70). However, there was little
or no effect on the frequency of PECs reactivating virus from
mice infected with either CDK-binding-deficient mutant vi-
ruses (v-cyc[K104E], �1 in 14,700; v-cyc[E133V], �1 in 13,800).
Taken together, these data suggest that while v-cyclin expres-
sion plays a critical role in virus reactivation, the ability of
v-cyclin to bind and activate CDKs is largely dispensable for
efficient reactivation from latency.

FIG. 7. Analysis of splenocyte reactivation following intranasal infection provides evidence for a CDK-independent function(s) of the
�HV68 v-cyclin. C57BL/6 mice were infected with 1,000 PFU of (A) v-cyc[STOP], (B) v-cyc[K104E], (C) v-cyc[E133V], or the corresponding
marker rescue virus via intranasal (IN) inoculation. Sixteen days postinfection, splenocytes (SPL) were harvested, made into single-cell
suspensions, and subjected to twofold limiting dilutions on MEF indicator monolayers for determinations of the ex vivo frequencies of cells
reactivating from latency. Mechanically disrupted cells were plated in parallel. Curve fit lines were derived by nonlinear regression analysis,
and symbols represent means and standard errors of the means (error bars) of data from individual experiments as indicated. The dashed
line (63%) represents the value used to calculate the frequency of reactivating cells as indicated by a Poisson distribution. Data represent
three independent experiments, with each experiment containing cells pooled from four to five mice. (D) Graphical representation of
preformed infectious virus from limiting-dilution assays (A to C). WT, wild type; CPE, cytopathic effect. Bars for each sample represent
twofold dilutions of mechanically disrupted splenocytes.
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DISCUSSION

All known gamma-2 herpesviruses encode a v-cyclin that
possesses an expanded repertoire of CDK binding compared
to cellular homologues (34, 43, 64, 71). We and others previ-
ously demonstrated that the v-cyclin of �HV68 is required for
efficient reactivation from latency (25, 70), is required for the
maintenance of latency in the absence of B cells (69), and
serves as a potent oncogene in transgenic mice (68). In this
report, we demonstrate that the CDK-dependent functions of
the �HV68 v-cyclin are critical for acute replication in the
lungs of infected mice following intranasal inoculation (Fig. 4)
but are largely dispensable for reactivation from latency (Fig. 7
and 8).

It is interesting that the K104E mutation generated here is
analogous to the mutations previously used in numerous stud-
ies of cellular and viral cyclins (15, 20, 24, 35, 36, 52, 66).
Generally, these mutants are utilized as loss-of-function mu-
tants or to elucidate CDK-independent functions. However,
none of these mutants, including the �HV68 v-cyclin, have
been studied in the context of an ongoing viral infection, when
the protein synthesis, processing, and degradation machinery
of the cell is likely usurped by the virus. The K104E mutation
comprises a lysine-to-glutamate substitution at a highly con-
served residue within the cyclin box, the region of cyclins crit-
ical for CDK engagement (37). Structural determination of the
�HV68 v-cyclin (9) indicates that this residue participates in
protein-protein interactions between v-cyclin and CDK2 by
forming several hydrogen bonds between the two proteins but
that it also forms an intramolecular salt bridge with the gluta-
mate at amino acid 133 (E133) within the CDK-interacting
surface of the protein. Although both K104E and E133V mu-
tations disrupt the salt bridge between residues 104 and 133,
our analyses demonstrate that a substitution of a negatively
charged residue for K104 is more deleterious to the stability of
the protein during infection than the substitution of a valine
for E133 (Fig. 2B). Notably, infection of contact-inhibited,
growth-arrested fibroblasts with v-cyc[K104E] or v-cyc[E133V]

demonstrated a failure to activate CDK2 kinase activity above
background levels (Fig. 2C), consistent with our previous dem-
onstration that these mutant v-cyclins fail to bind either CDK2
or CDC2/CDK1 (66).

CDK-dependent v-cyclin function during acute virus repli-
cation. We show here that efficient acute replication in the
lungs requires CDK-dependent functions of the �HV68 v-
cyclin following low-dose intranasal inoculation (Fig. 4). Pre-
vious analyses of v-cyclin-deficient viruses yielded conflicting
results with respect to the role of v-cyclin in acute virus repli-
cation. Hoge and colleagues (25) previously concluded that
v-cyclin is required for acute replication in the spleen following
intraperitoneal inoculation and is necessary for efficient repli-
cation in multiple tissues, with the latter being based on a
competition assay with wild-type �HV68 in severe combined
immunodeficiency (SCID) mice. However, we have previously
shown that acute replication of v-cyclin-deficient virus is com-
parable to that of wild-type virus in liver, spleen, and lungs
following high-dose (1 � 106 PFU) intraperitoneal inoculation
of immunocompetent mice (70). In addition, the latter studies
also demonstrated that the kinetics of lethality, at multiple
doses, in SCID mice were identical for v-cyc[STOP] and wild-
type virus following intraperitoneal inoculation (70). Based on
our recent results, we think it is likely that the absence of a
replication defect of v-cyclin null virus in our previous studies
was the result of employing a high inoculating dose of virus,
which masked a replication defect. Indeed, we also failed to
observe a replication defect in the lungs following intranasal
infection or spleens following intraperitoneal infection with
v-cyc[STOP] or v-cyc[K104E] at high doses (1 � 106 PFU) (data
not shown). However, this makes reconciling the findings of
Hoge et al. (25) problematic, since those studies also used a
high inoculating dose of virus (1 � 106 PFU).

Several experimental differences between the studies of
Hoge et al. (25) and those of van Dyk et al. (70) may have
contributed to the reported discrepancy with regard to the role
of v-cyclin in acute virus replication. First, the studies of Hoge
et al. (25) were carried using 4- to 6-week-old BALB/c mice,
while the studies of van Dyk et al. (70) were carried out using
7- to 10-week-old C57BL/6 mice. Thus, both mouse age and
strain may impact acute �HV68 replication. Second, the mu-
tation strategies used by Hoge et al. (25) and van Dyk et al.
(70) to ablate v-cyclin expression differed in important ways.
Hoge and colleagues (25) inserted a �-galactosidase expression
cassette between the EcoRI sites within and downstream of the

TABLE 1. Summary of acute virus replication and reactivation from latency

Virus

Mean log10 titer� SEMa Frequency of ex vivo reactivationb

Following i.n. administration
in lung

Following i.p. administration
in spleen Day 16

splenocytes

Day 42

Day 4 Day 9 Day 4 Day 9 Splenocytes Stimulated splenocytes PECs

Wild-type �HV68 3.63 � 0.20 3.71 � 0.33 2.40 � 0.13 3.80 � 0.07 1/2,000 LDc 1/109,000d 1/9,500
STOP 2.37 � 0.19 2.61 � 0.25 2.42 � 0.11 3.08 � 0.15 1/85,000 LD 1/250,000d 1/120,000d

STOPMR 3.72 � 0.24 4.33 � 0.33 2.75 � 0.15 3.51 � 0.11 1/2,000 LD 1/87,000 NDe

K104E 2.01 � 0.13 2.36 � 0.14 2.27 � 0.12 3.45 � 0.08 1/80,000 LD 1/105,000d 1/14,700
K104MR 3.12 � 0.23 3.72 � 0.25 2.86 � 0.09 3.64 � 0.09 1/4,000 LD 1/90,000 ND
E133V 2.03 � 0.16 2.31 � 0.25 2.68 � 0.18 3.38 � 0.12 1/7,400 1/260,000 d 1/61,000 1/13,800
E133MR 3.24 � 0.24 3.76 � 0.30 3.21 � 0.37 3.59 � 0.20 1/1,800 LD 1/94,000 ND

a i.n., intranasal; i.p., intraperitoneal.
b Determined from the mean of three to six independent experiments with splenocytes or PECs pooled from four to five mice per experimental group.
c LD, below the limit of detection of the assay (cannot be reliably extrapolated).
d Value extrapolated from the best-fit curve of nonlinear regression.
e ND, not determined.
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v-cyclin open reading frame, an insertion/deletion that not only
disrupted the v-cyclin ORF but also deleted 208 bp down-
stream of the v-cyclin ORF and placed the expression cassette
in the opposite orientation of the v-cyclin gene. The latter gives
rise to transcripts that are antisense to the adjacent ORF73
(encoding the LANA homologue of �HV68). This is notable
since we have recently reported the existence of ORF72 (v-
cyclin) and ORF73 (LANA homologue) transcripts that are
generated from a shared promoter distal to both ORFs (4). As
such, the mutation generated previously by Hoge et al. (25)
may alter the polyadenylation of the ORF73 (LANA) tran-
script, interfere with transcription of ORF73 via an antisense
mechanism, and/or affect the splicing of transcripts generated
in this region of the viral genome. Finally, the insertion/dele-
tion introduced by Hoge et al. (25) may have impacted the
function of the adjacent lytic origin of replication (OriLyt).
The region of the �HV68 genome from bp 100723 to 101974
has been defined as containing the minimal cis elements re-
quired for OriLyt-directed plasmid replication, although near-
maximal levels of replication were achieved by the inclusion of
sequences from bp 100723 to 103120 (17). While the insertion
engineered by Hoge and colleagues does not disrupt the min-
imal sequence, use of the EcoRI site at bp 102216 places the
cassette within 250 bp of the minimal origin and well within
the sequences required for maximal replication. In summary,
the deletion introduced by Hoge and colleagues ablates the
v-cyclin poly(A) site and sequences proximal to OriLyt and as
such may have phenotypic consequences beyond that of delet-
ing the v-cyclin gene. The v-cyclin mutant used by van Dyk et
al. (70) to analyze acute virus replication also contained an
inserted �-galactosidase expression cassette. However, in con-
trast to the v-cyclin mutant described previously by Hoge et al.
(25), this insertion was completely contained within the v-
cyclin gene, and the expression cassette was oriented in the
same direction as the v-cyclin gene.

Notwithstanding the differences in the role of v-cyclin in
acute virus replication following high-dose intraperitoneal in-
oculation discussed above, our current analyses of v-cyc[STOP],
v-cyc[K104E], and v-cyc[E133V] viruses described here, utilizing a
lower inoculating dose (1,000 PFU) and alternate route of
administration (intranasal inoculation), conclusively demon-
strate that a CDK-dependent mechanism(s) of v-cyclin is re-
quired for efficient acute virus replication in the lungs of mice
(Fig. 4). However, this requirement for v-cyclin function was
not required for acute virus replication in the spleens of mice

FIG. 8. Reactivation from latently infected splenocytes and PECs
does not require v-cyclin–CDK interactions following intraperitoneal
inoculation. C57BL/6 mice were infected with 1,000 PFU of wild-type
(WT) �HV68, v-cyc[STOP], v-cyc[STOPMR], v-cyc[K104E], v-cyc[K104MR],
v-cyc[E133V], or v-cyc[E133MR] via intraperitoneal (IP) injection. (A and
B) Forty-two days postinfection, splenocytes (SPL) were harvested and
subjected to twofold limiting dilutions on MEF indicator monolayers
for determinations of the ex vivo frequency of cells reactivating from
latency in the absence (A) or presence (B) of anti-IgG/IgM and anti-
CD40 stimulation. Mechanically disrupted cells were plated in parallel,
and preformed infectious virus was undetected in all cases (data not
shown). C57BL/6 mice were infected with 1,000 PFU of wild-type
�HV68 (closed diamonds), v-cyc[STOP] (closed squares), v-cyc[K104E]

(closed circles), and v-cyc[E133V] (closed triangles) via intraperitoneal
injection. Data represent three to four independent experiments, with

each experiment containing cells pooled from four to five mice. (C)
Forty-two days postinfection, PECs were harvested and subjected to
twofold limiting dilutions on MEF indicator monolayers for determi-
nations of the ex vivo frequency of cells reactivating from latency.
Mechanically disrupted cells were plated in parallel, and preformed
infectious virus was undetected in all cases (data not shown). Curve fit
lines were derived by nonlinear regression analysis, and symbols rep-
resent means and standard errors of the means (error bars) of data
from individual experiments as indicated. The dashed line (63%) rep-
resents the value used to calculate the frequency of reactivating cells as
indicated by a Poisson distribution. Data represent independent ex-
periments (wild-type �HV68, n 	 6; v-cyc[STOP], n 	 4; v-cyc[K104E],
n 	 6; v-cyc[E133V], n 	 4), with each experiment containing cells
pooled from four to five mice. CPE, cytopathic effect.
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infected at the same dose administered via intraperitoneal
inoculation (Fig. 5).

The v-cyclin mutant viruses are not the only �HV68 mutants
that replicate normally in tissue culture, but they exhibit al-
tered replication in vivo under some experimental conditions.
A significant difference in �HV68 growth in vitro and in vivo
has been previously reported for a �HV68 mutant lacking
ORF21, the thymidine kinase gene (13). While there is no
indication that thymidine kinase and v-cyclin participate in a
shared signaling pathway, they are both postulated to be nec-
essary for viral replication in quiescent, nondividing cells. Both
are defective for replication in the lungs of infected mice fol-
lowing intranasal inoculation but exhibit normal growth in
vitro, even when infecting quiescent fibroblasts or late-passage
MEFs. This result is strikingly different from those obtained
for infections performed with recombinant viruses defective
for essential �HV68 genes (e.g., ORF50 [45, 50], ORF31 [19,
30], and ORF45 [28, 29]), which display severe growth atten-
uation in vitro and in vivo and require trans complementation
for lytic growth. Thus, genes carried by �HV68 that manipulate
cellular processes benefiting the virus may often be required
only in specific cell types and/or during specific stages of in-
fection in vivo.

A further complication in attempting to recapitulate cellular
conditions in vitro for monitoring virus growth in quiescent
cells has been brought into focus by recent studies on the
nature of cellular quiescence, which indicate that analyses of
virus replication in growth-arrested fibroblast and tumor cell
lines may be naı̈ve. By analyzing the transcriptional profile of
fibroblasts forced into quiescence by three different methods,
Coller and colleagues (14) previously demonstrated a minimal
genetic program of quiescence comprised of a subset of genes
similarly up- or down-regulated by each treatment. A major
feature of this program is the enforced nondividing state of the
cells, which ensures both the reversibility of cell cycle arrest
and, perhaps more importantly, the suppression of terminal
differentiation. To date, we have repeatedly failed to recapit-
ulate the replication defect observed in vivo in growth arrested
fibroblast and epithelial cell lines, indicating a disconnect be-
tween viral replication in the lungs of infected mice and in cells
arrested in culture. Indeed, as shown here, there was no defect
in the growth of �HV68 v-cyclin mutants in quiescent murine
lung epithelial cells in vitro (Fig. 3C and 4). A major difference
my lie in the differentiation state of these cells and the role that
differentiation my play in dictating/determining the cellular
requirements for viral replication. As discussed previously by
Coleman and colleagues (13), infection via intranasal inocula-
tion exposes �HV68 to superficial surfaces of the lung only
and, thus, the most differentiated epithelial layer, where the
most stringent genetic and biochemical requirements for viral
replication are likely necessary. This hypothesis is supported by
evidence that high-dose inoculation with v-cyclin-deficient/de-
fective viruses reveals no defect in lung replication, conditions
which may lead to more infected cells as well as a broader
spectrum of cell types infected. Furthermore, LA-4 lung epi-
thelial cells, a tumor cell line isolated from a urethane-induced
lung adenoma, even when subjected to contact inhibition and
serum starvation, two potent inducers of quiescence, are capa-
ble of reentering the cell cycle, since their transformation likely
blocks terminal differentiation. This capacity to reenter the cell

cycle may allow the replication of v-cyclin-deficient/defective
viruses in these cells in vitro by complementation with cellular
cyclins, whereas these viruses are unable to efficiently replicate
in healthy, noncycling, terminally differentiated lung epithelial
cells in vivo, where it is likely that there is a complete absence
of a CDK-dependent v-cyclin function(s) required to prepare a
cellular environment for viral replication. It has been demon-
strated that human cytomegalovirus permissiveness in some
cell types is dependent on terminal differentiation, and in dif-
ferentiated cells, the virus is able to drive cell cycle progression
from G0 by the manipulation of cell cycle regulators in an
immediate-early 1 (IE-1)-dependent manner (56, 57, 61).
Taken together, these data suggest that herpesviruses have
developed strategies for detecting differences or changes in the
cellular differentiation state and likely have differential genetic
requirements for replication in, maintenance of, or reactiva-
tion from latency in cells of various differentiation states. Thus,
we speculate that the requirement for CDK-dependent v-cyclin
functions during acute in vivo replication may be dependent on
the differentiation status, in addition to the type, of infected
cells. Further work will be necessary to determine the role of
differentiation in the genetic requirements for �HV68 replica-
tion.

CDK-independent function(s) of v-cyclin in virus reactiva-
tion from latency. Analysis of the early establishment of splenic
latency was complicated by the presence of relatively high
levels of preformed infectious virus at day 16 after low-dose
intranasal infection. In mechanically disrupted samples, wild-
type and marker rescue viruses showed significantly higher
levels of preformed infectious virus than v-cyc[STOP], while
v-cyc[K104E] and v-cyc[E133V] displayed intermediate pheno-
types (Fig. 7). Since this is not likely due to a defect in viral
replication in the spleen (Fig. 5), and the phenotype does not
segregate with CDK binding and activation, it is possible that
analysis at this time point reveals a transitional phase in splenic
infection when wild-type and marker rescue viruses are achiev-
ing peak infection and when v-cyclin-deficient viruses are ini-
tiating only splenic infection due to diminished acute replica-
tion in the lungs. An alternative explanation is that preformed
infectious virus at this time arose from recently reactivated
virus and contributes to the amplification of latency in the
spleen prior to full immune control of the infection. Reactiva-
tion from intact samples (Fig. 6) shows that despite detectable
levels of preformed virus (which do not appreciably influence
reactivation numbers) (see Results), v-cyc[E133V] reactivates
similarly to its marker rescue virus, while v-cyc[K104E] demon-
strated the same defect in reactivation from latency seen with
v-cyc[STOP]. This result was striking for two reasons: (i)
v-cyc[E133V] yielded a different result than v-cyc[K104E], and (ii)
v-cyc[E133V] reactivation was roughly comparable to that ob-
served with wild-type and marker rescue virus controls. With
respect to the first point, it seems likely that the observed
differences in reactivation frequency between v-cyc[K104E] and
v-cyc[E133V] are due largely to the instability of the v-cyc[K104E]

mutant, as demonstrated in Fig. 3. Indeed, in this analysis, the
v-cyc[K104E] mutant appears to behave like the v-cyclin null
virus mutant (v-cyc[STOP]). However, analysis of PEC latency
following intraperitoneal inoculation demonstrated that the
v-cyc[K104E] mutant is functional in some settings. With respect
to the second point, the ability of the v-cyc[E133V] mutant to

VOL. 80, 2006 CDK-INDEPENDENT FUNCTION OF �HV68 v-CYCLIN 11957



reactivate from latency at levels comparable to those of the
wild-type and marker rescue viruses provides evidence of a
CDK-independent function(s) of the v-cyclin playing a role in
virus reactivation from splenocytes. Further support for a
CDK-independent function(s) of the v-cyclin in viral reactiva-
tion came from the analysis of reactivation from latently in-
fected PECs at day 42 postinfection following low-dose intra-
peritoneal inoculation (Fig. 8C). In this case, both the
cyc[K104E] and v-cyc[E133V] mutants were nearly indistinguish-
able from wild-type virus.

The finding that the regulation of virus reactivation is de-
pendent largely on a CDK-independent function of the �HV68
v-cyclin provides new insight into the function of v-cyclins and
the mechanisms required for reactivation. Previously, we and
others showed that stimulating proliferation of infected
splenocytes postexplant with lipopolysaccharide (25) or anti-
CD40-IgG/IgM (47) does not fully complement the reactiva-
tion defect of v-cyclin-deficient viruses, suggesting that cell
cycle induction is insufficient to overcome the defect in virus
reactivation observed with v-cyclin null virus. Here, we dem-
onstrate that the regulation of reactivation by v-cyclin is a
CDK-independent event, as mutant v-cyclin viruses defective
for CDK binding (and presumably cell cycle activation) remain
reactivation competent at levels similar to those of wild-type-
or marker rescue-infected PECs and splenocytes (Fig. 7 and 8).
These results strongly support the existence of a CDK-inde-
pendent function(s) of v-cyclin, which plays a critical role in
virus reactivation from latency.

Based on a growing body of evidence, significant precedence
for such a role is clear, as cellular D-, E-, and A-type cyclins
have been linked to transcriptional regulation (6, 15, 20). Of
particular note, cyclin D1 has been shown to act as a transcrip-
tional repressor of Myb-like proteins (22, 26), p300 (21),
MyoD (58, 59), DMP1 (27), STAT3 (7, 8), SP1 (53), thyroid
(39) and androgen (33) receptors, and peroxisome prolifera-
tor-activated receptor gamma (75). It has also been implicated
as an activator of the estrogen receptor (48, 80) and a cofactor
for P/CAF, NcoA, AIB-1, GRIP-1, histone deacetylase 3, and
TAF(II)250 (reviewed in reference 15). Generally, these func-
tions are independent of CDKs, as shown by use of a cyclin D1
K114E mutant (analogous to the v-cyclin K104E mutation),
kinase-defective CDKs, or cellular CDK inhibitors. Cyclin D3
is implicated in the modulation of hATF5 in a CDK-indepen-
dent manner (40) and the vitamin D receptor in a CDK-
competitive manner (31). With respect to viral cyclin functions,
the KSHV v-cyclin directly represses STAT3 transcriptional
activity to overcome growth inhibition caused by oncostatin-M
in transiently and stably transfected cells (16, 41). In addition,
we have preliminary data indicating that the �HV68 v-cyclin
can modulate the activation of reporter constructs that are
responsive to specific cellular and viral transcription factors in
a CDK-independent manner (our unpublished observations).
Finally, a recent study has shown that knock-in mice harboring
a cyclin D1 mutant defective in activating CDK4 and CDK6
kinase activity still retain functions necessary for several cyclin
D1-dependent compartments, including mammary gland de-
velopment (36). However, these mice are resistant to transfor-
mation by exogenous oncogenes, as are cyclin D1-deficient
mice (36). The latter analyses provide compelling evidence for

the existence of critical CDK-independent functions of at least
some cellular cyclins.

In summary, there appear to be strong parallels between the
function of �HV68 v-cyclin and both cellular cyclin D1 and
KSHV v-cyclin. Further analyses are necessary to characterize
the CDK-independent functions of this v-cyclin and the role
that they play in virus reactivation.
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