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A pool of murine cytomegalovirus (MCMYV) mutants was previously generated by using a Tn3-based
transposon mutagenesis approach (X. Zhan, M. Lee, J. Xiao, and F. Liu, J. Virol. 74:7411-7421, 2000). In this
study, one of the MCMYV mutants, Rvin155, which contained the transposon insertion in open reading frame
m155, was characterized in vitro for its replication in tissue culture and in vivo for its growth and virulence in
immunodeficient SCID mice. Compared to the wild-type strain and a rescued virus that restored the m155
region, the mutant is significantly deficient in growth in many organs of the infected animals. At 21 days
postinfection the titers of Rvm155 in the salivary glands, lungs, spleens, livers, and kidneys of the intraperi-
toneally infected SCID mice were lower than the titers of the wild-type virus and the rescued virus by 50-,
1,000-, 500-, 100-, and 500-fold, respectively. Moreover, the viral mutant was attenuated in killing the SCID
mice, as none of the SCID mice that were intraperitoneally infected with Rvm155 died until 38 days postin-
fection while all the animals infected with the wild-type and rescued viruses died at 27 days postinfection. Our
results provide the first direct evidence that a disruption of m155 expression leads to attenuation of viral
virulence and growth in animals. Moreover, these results suggest that m155 is a viral determinant for optimal

MCMY growth and virulence in vivo.

Human cytomegalovirus (HCMV) is a ubiquitous herpesvi-
rus that causes mild or subclinical diseases in immunocompe-
tent adults but may lead to severe complications in neonates
and immunocompromised individuals (18, 23). Disseminated
HCMV infection, common in AIDS patients, is usually asso-
ciated with gastroenteritis, pneumonia, and retinitis (8, 22).
HCMV infection continues to be a major cause of morbidity
and mortality in bone marrow and solid-organ transplant re-
cipients (18, 23). Studies on the functions of viral genes in
HCMYV replication in vivo are essential for understanding viral
pathogenesis and developing new strategies to combat the viral
infection. However, there are presently no suitable animal
models for HCMV infection. HCMV only propagates in hu-
man cells and grows slowly due to a long lytic replication cycle
(18, 23). These properties of HCMV have hampered the stud-
ies of HCMYV pathogenesis and gene function.

Infection of the mouse with murine cytomegalovirus
(MCMV) provides a valuable in vivo model for studying the
biology of CMV infection. This is because infection of mice by
MCMYV resembles in many ways its human counterpart with
respect to pathogenesis (11, 12, 18, 23). For example, tropism
for the spleen and liver is believed to be important in the
infection of both HCMV and MCMYV, as the spleen and liver
are the sites for primary acute infections as well as persistent
and latent infections (18, 23). The MCMV genome is 230 kb
long and is predicted to encode more than 170 open reading
frames, 78 of which have extensive homology to those of
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HCMV (4, 25). A clear understanding of the biology of
MCMYV and the function of its genes will provide insight into
the pathogenesis of HCMV.

Numerous studies have demonstrated the power of mu-
tagenesis in studying the function(s) of herpesvirus genes (for
reviews see references 18 and 28). By specifically mutagenizing
a gene and then analyzing the phenotype of the mutated virus
both in tissue culture and in animal models, it has been pos-
sible to map on the herpesvirus genome specific viral functions,
such as those involved in replication, tropism, virulence, and
other biological phenomena, such as viral immune evasion.
The construction of herpesvirus mutants has been possible by
using site-directed homologous recombination and transpo-
son-mediated insertional mutagenesis (5, 13, 19, 27, 32, 33, 36).
Herpesvirus genomes have also been cloned into a bacterial
artificial chromosome (BAC), and viral mutants have been
successfully generated from the BAC-based viral genome by
using a bacterial mutagenesis procedure (3, 7, 17, 29, 30, 35).
These studies have facilitated the identification of the func-
tions of viral genes in tissue culture and in animals.

Many of the CMV genes have been found to be dispensable
for growth in cultured cells. Their presence in the viral genome
indicates that they are likely needed to perform functions in-
volved in modulating the interactions between the virus and its
respective human or animal hosts. Some of these genes from a
particular CMV (e.g., MCMV) might have coevolved with its
respective host and interacted with specific components of the
host and, therefore, are unique and may not share significant
sequence homologies with CMVs from other species (e.g.,
HCMYV). Studies on the function of these species-specific viral
genes will provide insight into the general mechanism of how
CMYV interacts with its respective host and establishes infec-
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tion. For example, HCMV US11, which is dispensable for viral
replication, functions to downregulate the expression and pre-
sentation of the major histocompatibility complex (MHC) class
I molecules (37). Meanwhile, MCMV open reading frame
m157, a nonessential protein, modulates natural killer (NK)
cell functions during MCMYV infection (1). Thus, studies of
viral mutants carrying mutations in genes that are found to be
dispensable in tissue culture, including those species-specific
open reading frames, are invaluable to the understanding of
gene function in viral pathogenesis and virus-host interactions,
including tissue tropism and virulence.

We have recently applied a Tn3 transposon-mediated shut-
tle mutagenesis system to generate a pool of MCMV mutants
with specific open reading frames disrupted by transpositional
insertion (39). Our further characterization of one of the viral
mutants (i.e., Rvm09) in NIH 3T3 cells and in immunodefi-
cient SCID mice indicated that the presence of the transposon
sequence per se in the viral genome does not significantly affect
viral replication in vitro and viral growth and virulence in vivo
(40). In the present study, we report both in vitro and in vivo
characterization of a MCMYV mutant, Rvm155, which contains
a transposon insertion in open reading frame m155. Little is
presently known about the function of m155 in viral replication
and pathogenesis. Indeed, this open reading frame has not
been extensively characterized transcriptionally or translation-
ally. We provide the first direct evidence to suggest that a
disruption of the m155 open reading frame leads to attenua-
tion of viral virulence and deficient growth in vivo. When the
mutant virus was used to infect immunodeficient SCID mice
intraperitoneally, the viral titers in the salivary glands, lungs,
spleens, livers, and kidneys were significantly lower than those
in mice inoculated with the wild type virus and a revertant virus
that rescued the mutation and restored the m155 open reading
frame. In particular, the titers of the mutant found in the
spleens and livers of the infected animals at 21 days postinfec-
tion were less than 8 X 10" PFU/ml of tissue homogenate,
while those of the wild-type Smith strain were at least § X 10°
PFU/ml of tissue homogenate. Moreover, the viral mutant was
attenuated in killing SCID mice. These results suggest that
m155 is a viral determinant of MCMV pathogenecity and is
required for optimal viral virulence and growth in vivo.

MATERIALS AND METHODS

Cells and viruses. Mouse NIH 3T3 cells and STO cells (American Type
Culture Collection [ATCC], Rockville, Md.) were maintained in complete
growth medium consisting of Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% NuSerum (Becton Dickson, Bedford, Mass.), amino
acids, and antibiotics (Life Technologies Inc., Gibco BRL, Grand Island, N.Y.).
The wild-type Smith strain (ATCC), mutant Rvm155, and the rescued virus
Rqm155 were propagated in NIH 3T3 cells as described previously (40).

Growth analysis of the viruses in animals. We intraperitoneally infected 4- to
6-week-old CB17 SCID mice (National Cancer Institute, Bethesda, Md.) with
10* PFU of each virus and sacrificed the animals at 1, 3, 7, 10, 14, and 21 days
postinoculation. For each time point, we used at least three animals as a group
and infected them with the same virus. The salivary glands, lungs, spleens, livers,
and kidneys were harvested and sonicated as a 10% (wt/vol) suspension in a 1:1
mixture of DMEM and skim milk. The sonicates were stored at —80°C until
plaque assays were performed.

Organs harvested from the mice were titered for viral growth on NIH 3T3 cells
in 6-well tissue culture plates (Corning Inc., Corning, N.Y.). We first inoculated
the cells with 1 ml of the sonicated organs in 10-fold serial dilutions. After 1 h of
incubation at 37°C with 5% CO,, we washed the plates with complete medium
and then overlaid the cells with fresh complete medium containing 1% agarose
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and cultured them for 4 to 6 days before the plaques were counted under an
inverted microscope. We titered each sample in triplicate and recorded viral
titers as PFU per milliliter of organ homogenates. The limit of virus detection in
the organ homogenates was 10 PFU/ml of the sonicated mixture. Those samples
that were negative at a 10" dilution were designated a titer value of 10 (10')
PFU/ml.

Virulence assays. We studied the virulence of the viruses by determining the
mortality of the animals infected with the Smith strain, Rvm155, or Rqm155. The
CB17 SCID mice (5 animals per group) were infected intraperitoneally with 10*
PFU of each virus. We observed the animals twice daily and monitored the
mortality of the infected animals for at least 52 days postinfection and deter-
mined the survival rates.

Growth analysis of the viruses in vitro. The growth kinetics of the viruses was
determined as described previously (40). We grew NIH 3T3 cells to 50 to 60%
confluence and then inoculated the cells with the viruses at a multiplicity of
infection (MOI) of either 0.5 or 5 PFU per cell. At 0, 1, 2, 4, and 7 days
postinfection we harvested the infected cells together with medium and mixed
the cell lysates with an equal volume of 10% skim milk before sonication. We
subsequently determined virus titers by plaque assays in NIH 3T3 cells. The
values of the viral titers were the average of triplicate experiments.

Transposon shuttle mutagenesis of MCMYV and generation of MCMYV recom-
binant mutants. Following the procedures described by Zhan et al. (39), we
constructed a MCMV genomic subclone pool and carried out transposon-based
shuttle mutagenesis to generate a pool of viral DNA fragments containing a
Tn3-based transposon (Fig. 1A). To generate a library of MCMV mutants that
contained the transposon sequence, we cotransfected intact MCMV genomic
DNAs and plasmid DNAs containing the Tn3-gpt-MCMYV fragments into NTH
3T3 cells by using a calcium phosphate precipitation protocol (Gibco BRL). We
then selected the recombinant MCMYV mutants in the presence of mycophenolic
acid (MPA) (25 ng/ml; Gibco BRL) and xanthine (50 wg/ml; Sigma, St. Louis,
Mo.). The viral mutants were plaque purified six times in the presence of MPA
and xanthine, as described previously (39). To confirm the integration of the
transposon in the viral genome and to identify the genes that were disrupted by
the transposon insertion, we purified the viral DNA and directly sequenced the
DNA using the primer FL110PRIM (5'-GCAGGATCCTATCCATATGAC-3")
with the fmol cycle-sequencing kit (Promega, Inc., Madison, Wis.).

To construct the rescued virus Rqm155, we isolated the full-length genomic
DNA of Rvml155 from infected cells as described previously (39). Using a
calcium phosphate precipitation protocol (Gibco BRL), we cotransfected NIH
3T3 cells with the full-length intact Rvm155 viral genomic DNA (8 to 12 ng) and
PCR products that contained the m155 coding sequence (1 to 3 ng). The
recombinant virus was selected in STO cells in the presence of 25 pg of 6-thio-
guanine (Sigma)/ml and was purified by six rounds of amplification and plaque
purification, following the protocol described previously (9, 38). We prepared
viral stocks by growing the viruses in NIH 3T3 cells.

Southern and Northern analyses of recombinant viruses. Cells that exhibited
100% cytopathic effect were washed with phosphate-buffered saline (PBS) and
were subjected to proteolysis with a solution containing sodium dodecyl sulfate
(SDS) and proteinase K. We then purified the genomic DNA by extraction with
phenol-chloroform followed by precipitation with 2-propanol (34, 39). The DNA
was then digested with HindIII or EcoRI, separated on agarose gels (0.8%),
transferred to Zeta-Probe nylon membranes (Bio-Rad, Hercules, Calif.), and
hybridized with 3*P-labeled DNA probes specific for both the transposon and the
MCMYV sequences. We analyzed the results with a STORMS840 PhosphorImager.

For Northern blot analysis, we infected cells with viruses at an MOI of 5 and
harvested them at different time points postinfection. In experiments to assay the
expression of immediate-early (IE) transcripts, we pretreated cells with 100 pg of
cycloheximide (Sigma Co.)/ml and then infected them with viruses and harvested
these cells at 6 h postinfection. Total cytoplasmic RNA was isolated from NIH
3T3 cells infected with the viruses as described previously (15). Viral RNAs were
separated in 1% agarose gels that contained formaldehyde, were transferred to
nitrocellulose membranes, hybridized with the 3?P-radiolabeled DNA probes
that contained specific MCMV sequences, and finally were analyzed with a
STORMS840 PhosphorImager. Using PCR with viral DNA as the template, we
generated the DNA probes that were used for Northern analyses. The 5" PCR
primers used in the construction of DNA probes for the Northern analysis of
M25 and m155 transcripts were M25/1 (5'-AATCCATCTCCGCATCCGAACC
CTG-3') and m155-1 (5'-CGAGTATGTGCTCTCCTGCTCTTGAT-3'), re-
spectively. The 3’ PCR primers used were M25/2 (5'-CCTCAGACGGGATGC
TCAATGGCTT-3") and m155-2 (5'-TACAGACGACAGGTGTCAGACCAA
A-3"), respectively.
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FIG. 1. (A) Structure of the transposon construct used for mu-
tagenesis. TR, terminal repeat; Tet, tetracycline resistance gene; gpt,
gene that encodes guanine phosphoribosyltransferase (gpt); poly(A),
transcription termination signal. (B) Transposon insertion in the re-
combinant virus. The open arrow shows the coding sequence of open
reading frame m155; the filled bar represents the transposon sequence.
The orientation of the arrow represents the direction of translation
and transcription as predicted from the nucleotide sequence (25). The
numbers show the sizes of the DNA fragments of the viruses that were
generated by digestion with HindIII (H) or EcoRI (E). (C) Southern
analyses of the DNAs of the recombinant viruses. The DNA fractions
were isolated from cells infected with the wild-type (WT) virus,
Rvm155 (Rvm155), or Rqm155 (Rqm155). The DNA samples (20 pg)
were digested with either HindIII (H) or EcoRI (E), separated on
0.8% agarose gels, transferred to a Zeta probe membrane, and hybrid-
ized to a **P-radiolabeled DNA probe that contained the MCMV
DNA fragment that was inserted with the transposon sequence.

RESULTS

Generation of MCMV mutant Rvim155 containing a trans-
poson insertion at open reading frame m155 and its rescued
virus Rgqm155. We constructed a pool of MCMYV mutants with
an Escherichia coli Tn3-based transposon mutagenesis system
(39). In our mutagenesis procedure, a library of MCMV
genomic fragments was cloned in E. coli. A shuttle mutagenesis
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procedure was carried out on this MCMYV library in E. coli, as
described previously, to generate a pool of MCMV DNA con-
structs that contain a randomly inserted transposon in each
viral DNA fragment (39). The transposon contained the ex-
pression cassette encoding guanine phosphoribosyltransferase
(gpt) to allow selection of the transposon-containing MCMV
mutants in mammalian cells (Fig. 1A). We cotransfected NIH
3T3 cells with the full-length genomic DNA of the wild-type
virus (Smith strain) and the pool of MCMV genomic frag-
ments that contain the inserted Tn3-gpt sequence, allowing
homologous recombination to occur. The cells that harbored
the progeny viruses and expressed the gpt gene were selected
for growth in the presence of mycophenolic acid and xanthine
(9, 20, 34). After multiple rounds of selection and plaque
purification, we were able to isolate individual recombinant
viruses and determined the location of the inserted transposon
by directly sequencing the genomic DNA of the recombinants.

Figure 1A shows the structure of the transposon used to
generate MCMV mutants. In addition to the gpt expression
cassette, the transposon also contains an additional transcrip-
tion termination site that leads to transcription truncation of
the disrupted gene (39). In the constructed transposon, the gpt
expression cassette and the additional poly(A) signal in the
transposon are in opposite orientation. Thus, the expression of
nearby genes that may share a common poly(A) signal with the
transposon-targeted gene would not be disrupted (Fig. 1A).
One of the recombinant viruses, which contained the transpo-
son sequence inserted within open reading frame m155, was
designated Rvm155 and was further characterized (Fig. 1B).
Sequencing analyses of the junction between the transposon
and the viral sequence revealed that the location of the trans-
poson in Rvm155 is at nucleotide position 215228 in reference
to the genome sequence of the wild-type Smith strain (25) (Fig.
1B and data not shown).

Spontaneous mutations within the viral genome, including
deletion and rearrangement, have been observed in previous
studies on construction of viral mutants using a homologous
recombination approach (16 and G. Abenes, X. Zhan, M. Lee,
and F. Liu, unpublished data). Thus, it is possible that the
phenotype observed with Rvm155 might be due to some other
adventitious mutations in the genome of the viral mutant
rather than due to the disruption of the m155 open reading
frame. In order to exclude this possibility, we constructed a
rescued virus, Rqm155, which was derived from Rvm155 by
restoration of the wild-type m155 sequence in Rvm155 (Fig.
1B). Construction of the rescued virus was carried out by using
a procedure similar to that used for generating the viral mu-
tant. We cotransfected the full-length Rvm155 genomic DNA
and a DNA fragment that contained the m155 coding region
into NIH 3T3 cells, allowing for homologous recombination to
occur. We then grew the progeny viruses in STO cells in the
presence of 6-thioguanine, which selects against gpt expression
(9, 20). The rescued virus, designated Rqm155, which did not
express the gpt protein and no longer contained the transpo-
son, was isolated after multiple rounds of selection and plaque
purification.

Characterization of mutant virus Rvm155 and rescued virus
Rqm155 by Southern analysis. We examined the genomic
structure of Rvm155 and the location of the transposon inser-
tion in the viral genome by using a DNA probe containing both
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the transposon and the viral sequence (Fig. 1B and C). When
the viral DNA samples were digested with HindIII and sub-
jected to Southern analyses, a small fragment of 1.8 kb repre-
senting the gpt gene was detected, indicating the presence of
the transposon sequence within the viral genome (Fig. 1C, lane
1). This finding was further supported by the results of South-
ern analyses of the Rvin155 DNA samples digested with EcoRI
(Fig. 1C, lanes 4). The EcoRI-digested genomic fragment con-
taining the transposon was found to be larger than that of the
wild-type virus by 3.6 kb, which is the size of the transposon
(Fig. 1B and C).

The Southern blots also showed that the stocks of the mu-
tant virus were pure and free of the wild-type strain. This was
evident as the hybridizing DNA fragments from the mutant did
not comigrate with those of the wild-type Smith strain (Fig. 1C,
lanes 1, 3 to 4, and 6). For example, the hybridization patterns
of the Rvm155 and Smith strain DNAs digested with HindIII
gave rise to three (16.9, 7.7, and 1.8 kb) and one DNA band
(22.7 kb), respectively (Fig. 1C, lanes 1 and 3). We also ob-
served that the hybridized species (9.3 kb) of the EcoRI-di-
gested Rvm155 DNA migrated differently from that (5.7 kb) of
the wild-type viral DNA digested with the same enzyme (Fig.
1C, lanes 4 and 6). The sizes of the hybridized DNA fragments
(Fig. 1C) were consistent with the predicted digestion patterns
of the recombinant virus based on the MCMV genomic se-
quence (25) and the location of the transposon insertion in the
viral genome as determined by sequence analysis (Fig. 1B). By
ethidium bromide staining of the digested DNAs, we observed
that the restriction enzyme digestion patterns of the regions of
the mutant Rvm155 genomic DNA other than the transposon
insertional site appeared to be identical to those of the paren-
tal Smith strain (data not shown). Southern analyses using
probes covering the adjacent ORFs suggest that there is no
disruption of the adjacent gene sequences in Rvm155. These
observations imply that regions of the viral genome other than
that containing the transposon insertion remained intact in
Rvm155.

Using Southern analysis, we also examined the genomic
structure of the rescued virus Rqml55. Analysis of the
Rgm155 DNA samples digested with HindIII and EcoRI
showed that the sizes of the hybridized DNA fragments for
Rqm155 were identical to those of the hybridized fragments
for the wild-type Smith strain and were different from those for
Rvm155 (Fig. 1C), indicating that Rqm155 did not contain the
transposon sequence and that the m155 region was restored.
Using ethidium bromide staining of the digested DNAs, we
also observed that the restriction enzyme digestion patterns of
the regions of the rescued Rqm155 genomic DNA samples
other than the m155 region appeared to be the same as those
of the parental Rvm155 (data not shown). These results sug-
gest that the regions of the Rqm155 genome other than the
ml155 region are identical to those of Rvml155 and that
Rqm155 represents a rescued virus for Rvm155.

Examination of the viral transcripts expressed from the
m155 region of Rvm155 and Rqm155. Because of the presence
of the two transcription termination signals within the trans-
poson (Fig. 1A), we anticipated that the transcription from the
m155 region of Rvm155 is disrupted and that the region of the
m155 open reading frame downstream from the transposon
insertion site will not be expressed. To determine whether this
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FIG. 2. Northern analyses of the expression of the m155 transcript.
At 24 h postinfection, RNA fractions were isolated from 10° NIH 3T3
cells that were mock infected (lanes 1 and 5) or infected (MOI, 5) with
the wild-type virus (WT) (lanes 4 and 8), Rvm155 (lanes 2 and 6), and
Rqm155 (lanes 3 and 7). Equal amounts of RNA samples (25 ug) were
separated on agarose gels that contained formaldehyde, transferred to
a nitrocellulose membrane, and hybridized to a **P-radiolabeled probe
that contained the sequence of M25 (M25 probe) (lanes 1 to 4) or
m155 (m155 probe) (lanes 5 to 8).

is the case, we isolated cytoplasmic RNAs from cells infected
with the mutant virus at different time points (e.g., 4, 12, and
24 h) postinfection and carried out Northern analysis to exam-
ine the expression of the transcripts from the m155 open read-
ing frame downstream from the transposon insertion site (Fig.
2). The probe (the 3’ probe) used in this analysis contained the
DNA sequence complementary to the 3’ m155 coding region
that is within 300 nucleotides downstream of the site of the
transposon insertion. We detected a ~2-kb RNA species in
cells that were infected with the wild-type Smith strain (Fig. 2,
lane 8). This ~2-kb RNA species was also readily detected in
cells infected with the Smith strain by using a DNA probe (the
5’ probe) complementary to the 5’ terminal sequence of the
m155 open reading frame that is within 150 nucleotides down-
stream of the ml155 translational initiation site (data not
shown). These results suggest that this ~2-kb RNA species
represents the transcript expressed from the m155 open read-
ing frame. However, using the 3’ probe, which is complemen-
tary to the m155 coding region downstream from the site of the
transposon insertion, we failed to detect this transcript in the
RNA fractions isolated from cells infected with Rvm155 (Fig.
2, lane 6). Thus, transcription from the m155 region down-
stream from the transposon insertion site appeared to be dis-
rupted in Rvm155. Meanwhile, we detected the expression of
the m155 transcript in the RNA fractions from cells infected
with the rescued virus Rqm155 (Fig. 2, lane 7). In these ex-
periments we used the level of MCMV M25 transcript (6, 39)
as the internal control for the expression of the m155 tran-
script. As shown in Fig. 2, we found that the levels of the M25
transcript detected in cells that were infected with Rvm155 and
Rqm155 were similar to that of the m155 transcript in cells
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FIG. 3. Growth of MCMV mutants in cultured NIH 3T3 cells. NIH 3T3 cells were infected with each virus at a MOI of either 0.5 PFU (A) or
5 PFU per cell (B). At 0, 1, 2, 4, and 7 days postinfection, we harvested cells and culture media and determined the viral titers by plaque assays
on NIH 3T3 cells. The error bars indicate the standard deviations. The values of the viral titer represent the average obtained from triplicate

experiments.

infected with the Smith strain (Fig. 2, lanes 2 to 4). These
observations suggest that the transposon insertion in Rvm155
disrupted the transcript expressed from the m155 open reading
frame, whereas the wild-type expression of the transcript was
restored in Rqm155. The detection of a single transcript from
the m155 region using both the 5" and 3’ probes suggests that
only the m155 transcript is expressed from the region and that
there is no overlapping transcript. During a 36-h time course
study, the m155 transcript was detected from cells after 10 h
postinfection but not from cells that were treated with cyclo-
heximide, implying that m155 is expressed at early and late but
not IE times.

Replication of Rvin155 and Rqm155 in vitro in tissue cul-
ture. In order to determine whether these viruses had any
growth defects in vitro, we studied the growth rates of the
recombinant viruses in NIH 3T3 cells. Cells were infected with
the viruses at both low and high MOI, and their growth rates
were assayed in triplicate experiments. We found no significant
difference in growth rates among Rvm155, Rqm155, and the
Smith strain. For example, the peak titers of Rvm155 were
similar to those of the Smith strain and Rqm155 under both
high- and low-MOI infections (Fig. 3). Previous studies have
shown that viral mutants with large deletions of 9 to 15 kb of
DNA sequence that may encompass the m155 region repli-
cated in NIH 3T3 cells as efficiently as the Smith stain (2, 31).
Our results are consistent with these previous observations that
m155 is probably not essential for viral growth in vitro.

Virulence of recombinant viruses Rvm155 and Rqm155 in
immunodeficient animals. It has been shown that immunode-
ficient animals are extremely susceptible to MCMYV infection
(10, 21, 24, 26). For example, the CB17 SCID mice, which lack
functional T and B lymphocytes, are extremely sensitive to viral
infection and can succumb to as few as 10 PFU of MCMV (21,
24). In contrast, immunocompetent animals such as BALB/c
mice, when infected with wild-type MCMYV, are usually asymp-
tomatic unless given a very high viral inoculation dose (e.g., >5
X 10° PFU). Thus, analysis of viral replication in the immu-
nodeficient SCID mice serves as an excellent model for deter-

mining the virulence of different MCMYV strains and mutants
and for studying the mechanism of how they cause pathogen-
esis and opportunistic infections in animals. To determine
whether the m155 open reading frame plays a significant role
in CMV virulence, we examined the ability of the mutant virus
Rvm155 to kill SCID mice by comparing the survival rates of
animals infected with Rvm155, Rqm155, and the wild-type
Smith strain. For each virus, we intraperitoneally injected 5
SCID mice with 10* PFU of Rvm155, Rqm155, or the Smith
strain. All the mice that were infected with either Smith strain
or Rqm155 died within 26 to 27 days postinfection (Fig. 4). In
contrast, none of the animals infected with Rvm155 died until
38 days postinfection (Fig. 4). This observation indicated that
Rvm155 was attenuated in viral virulence in killing SCID mice.
Previous studies in our laboratory have shown that the viru-
lence of a viral mutant (i.e., Rvm09) carrying the transposon

Number of animals

Days of infection

FIG. 4. Survival rate of the SCID mice infected with the Smith
strain, Rvm155, and Rqm155. CB17 SCID mice (5 animals per group)
were infected intraperitoneally with 10* PFU of each virus. Survival of
mice was monitored for at least 53 days postinfection, and survival
rates were determined.
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FIG. 5. Titers of MCMYV mutants in the salivary glands (A), lungs (B), spleens (C), livers (D), and kidneys (E) of the CB17 SCID mice that
were infected intraperitoneally with 10* PFU of each virus. At 1, 3, 7, 10, 14, and 21 days postinfection, we sacrificed the animals (3 mice per group);
collected the salivary glands, lungs, spleens, livers, and kidneys; and sonicated these organs. We subsequently determined the viral titers in the
tissue homogenates by standard plaque assays in NIH 3T3 cells. The limit of detection was 10 PFU/ml of the tissue homogenate. The viral titers
represent the average obtained from triplicate experiments. The error bars indicate the standard deviation, and those that are not evident indicate
that the standard deviation was less than or equal to the height of the symbols.

sequence was similar to that of the wild-type Smith strain in
killing SCID mice, suggesting that the presence of the trans-
poson sequence per se within the viral genome does not sig-
nificantly affect MCMYV virulence (40). Thus, our results sug-
gest that disruption of the m155 open reading frame attenuates
viral virulence and that m155 is important to MCMYV virulence
in SCID mice.

Growth of Rvm155 and Rqm155 in immunodeficient ani-
mals. To determine whether the disruption of m155 signifi-
cantly affects viral replication in animals and to investigate the
function of m155 in vivo, we studied the pathogenesis of the
mutant virus as well as the wild-type Smith strain and rescued
mutant Rqm155 in SCID mice. We examined the replication of
Rvm155 in different organs of the animals during a 21-day
infection period before the mortality of the infected animals
became apparent. In these experiments we intraperitoneally
injected SCID mice with 10* PFU of each virus (Rvm155,
Rqm155, or the wild-type Smith strain). At 1, 3, 7, 10, 14, and
21 days postinfection, 3 mice from each virus group were sac-
rificed and the salivary glands, lungs, spleens, livers, and kid-
neys were harvested. By assaying the viral titers in the organs,
we determined the levels of viral growth in these five organs.
The titers of Rqm155 in each of the organs examined were
similar to those of the Smith strain (Fig. 5). However, the titers
of the mutant virus Rvm155 were consistently lower than those
of the wild-type virus at every time point examined. At 21 days
postinfection, the titers of Rvm155 in the salivary glands, lungs,
spleens, livers, and kidneys of the infected animals were lower

than the titers of the wild-type virus by 50-, 1,000-, 500-, 100-,
and 500-fold, respectively (Fig. 5). Our results suggest that
Rvm155 is deficient in growth in the organs of the immuno-
deficient animals. Previous studies have shown that the pres-
ence of the transposon sequence per se within the viral genome
does not significantly affect viral growth in SCID mice in vivo
(40). Thus, these results suggest that the attenuated growth of
Rvm155 in these organs is probably due to the disruption of
m155 and that open reading frame m155 may be required for
optimal growth of MCMYV in these organs in immunodeficient
hosts.

The stability of the genome and transposon insertion of
Rvm155 during viral replication in SCID mice. Previous stud-
ies have shown that MCMYV mutants with an insertional se-
quence may not be stable and can generate spontaneous mu-
tations during replication in vitro and in vivo (16 and G.
Abenes, X. Zhan, M. Lee, and F. Liu, unpublished data).
Indeed, a viral mutant with a spontaneous deletion at the viral
3’-terminal region encompassing m155 has been reported after
extensive passage of the virus in tissue-cultured cells (2). It is
possible that the transposon sequence in Rvm155 is not stable
during viral replication in SCID mice, and the introduction of
an adventitious mutation may be responsible for the observed
phenotypes of the virus in the immunodeficient animals. To
exclude this possibility, we harvested the salivary glands and
the lungs from the Rvml155-infected SCID mice at 21 days
postinfection. We subsequently infected NIH 3T3 cells with
the sonicated tissue homogenates. Viral DNAs were purified
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FIG. 6. The stability of the transposon insertional mutation of
Rvm155 in CB17 SCID mice. We isolated viral DNAs from cells that
were infected with Rvm155 (MOI < 0.01) and allowed to grow in
culture for 5 days (P0) (lane 3) or from cells that were infected with the
virus collected from the lungs (LU, lane 1) and salivary glands (SG,
lane 2) of the infected SCID mice 21 days after intraperitoneal inoc-
ulation with 10* PFU of Rvm155. Southern analyses of the viral DNA
fractions digested with HindIII are shown. The **P-radiolabeled probe
was derived from the same plasmid that was used for Southern anal-
yses of Rvm155 shown in Fig. 1 and contained the transposon and the
m155 sequence. The DNA of the wild-type virus (WT) is shown in lane
4.

from the infected cells, and their restriction profiles were an-
alyzed in agarose gels. Moreover, we also performed Southern
analysis of the Rvm155 viral DNAs with a DNA probe that
contained the transposon and the m155 open reading frame
sequence. We found no change in the hybridization patterns of
Rvm155 after viral growth in animals for 21 days (Fig. 6).
Moreover, ethidium bromide staining of the digested viral
DNAs suggests that the overall HindIII digestion patterns of
Rvm155 DNA isolated from either infected cultured cells or
animals were identical to those of the original recombinant
virus Rvm155 (data not shown). These observations imply that
the transposon insertion in Rvm155 is stable and the genome
of Rvm155 remains intact during replication in the infected
SCID mice.

DISCUSSION

In this study, we have characterized the virulence and growth
of a recombinant virus in vitro in cultured NIH 3T3 fibroblasts
and in vivo in SCID mice. This viral mutant, Rvm155, con-
tained an insertional mutation in open reading frame m155.
Our results provide the first direct evidence to suggest that
disruption of the m155 open reading frame results in attenu-
ated virulence and reduced growth of the virus in SCID mice.
Moreover, the results presented in this study suggest that m155
functions in supporting efficient viral replication in vivo and is
required for optimal viral virulence in immunodeficient hosts.

Our results indicate that the transposon sequence is present
in the Rvm155 genome and disrupts the coding sequence of
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open reading frame m155 (Fig. 1B). It is possible that the
functional m155 protein product might still be synthesized
from the transposon-disrupted region. However, several lines
of evidence strongly suggest that this is not the case. First, the
transposon sequence was inserted into the coding sequence of
the m155 open reading frame (Fig. 1B). Second, transcription
from the region downstream from the transposon insertion site
was not detected in cells infected with the mutant virus (Fig. 2).
These results indicate that the region of the target open read-
ing frame downstream from the transposon insertion site,
which includes more than 70% of the m155 coding sequence,
was not expressed. Thus, it is likely that no functional m155
protein was expressed from the viral mutant. The growth rate
of Rvm155 in NIH 3T3 cells was similar to that of the Smith
strain (Fig. 3). These results provide evidence that the carboxyl
264-amino-acid sequence of m155 is not essential for viral
replication in vitro. Moreover, these results are consistent with
previous observations (2, 31) that m155 is probably dispensable
for MCMYV growth in vitro in NIH 3T3 cells.

The function of m155 is presently unknown. Our results
showed that Rvm155 was deficient in replication in the salivary
glands, lungs, spleens, livers, and kidneys of the SCID mice
that were intraperitoneally infected. For example, at 21 days
postinfection, the titers of Rvm155 in the salivary glands, lungs,
spleens, livers, and kidneys of the infected SCID mice were
lower than the titers of the wild-type virus by 50-, 1,000-, 500-,
100-, and 500-fold, respectively (Fig. 5). Moreover, no death
occurred among the SCID mice infected with Rvm155 up to 38
days postinfection, while all mice infected with the Smith strain
or Rqm155 died within 27 days postinfection (Fig. 4). These
results strongly suggest that m155 is a viral determinant for
MCMYV growth in vivo and for viral virulence in killing SCID
mice.

It is possible that other adventitious mutations, which may
be generated during the construction and growth of the recom-
binant virus in cultured cells or in animals, rather than the
disruption of the m155 open reading frame are responsible for
the observed change in the levels of replication of the mutant.
However, several lines of evidence strongly suggest that this is
unlikely. First, the wild-type phenotypes for growth and viru-
lence in the infected mice were restored in Rqm155 upon
restoration of the wild-type sequence into Rvm155 (Fig. 1, 4,
and 5). Furthermore, the restoration of the wild-type pheno-
types in Rqm155 occurred together with the restoration of the
m155 mRNA expression (Fig. 2). These observations suggest
that the transposon insertion rather than an adventitious mu-
tation is responsible for the observed attenuation of Rvm155
replication and virulence in vivo. Second, our previous studies
indicated that a virus mutant (i.e., Rvm09) with transposon
insertion at the m09 open reading frame replicated as effi-
ciently in SCID mice as the wild-type virus (40). Moreover,
mutant Rvm09 exhibited a level of virulence in killing SCID
mice similar to that of the wild-type virus. Thus, the transposon
sequence per se in the viral genome does not significantly affect
viral replication and virulence in the infected animals (40).
Third, our results showed that the genome and the transposon
insertion in the viral mutant were stable during replication in
animals. We found no change in the hybridization patterns of
the DNAs from the mutant viruses that were recovered from
the salivary glands and lungs of the infected animals after 21
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days of infection (Fig. 6 and data not shown). Moreover, the
HindIII digestion patterns of the Rvm155 mutant DNAs, other
than the transposon insertion region, appeared to be identical
to those of the wild-type virus DNA (data not shown). The
transposon does not appear to disrupt the expression of adja-
cent genes, as only the m155 mRNA is expressed from the
m155 region and there is no overlapping transcript. Thus, the
observed change of the level of Rvm155 replication and viru-
lence in the infected mice is probably due to the disruption of
the m155 expression as a result of the transposon insertion.

Our results are consistent with previous observations of viral
mutants that contained large deletions at the 3'-terminal re-
gion that encompass the m155 open reading frame. These
mutants, which contained a deletion of a 9.6- and 15.8-kb
sequence at the 3'-terminal region, respectively, exhibited at-
tenuated growth in spleens and salivary glands of the infected
BALB/c mice (2, 31). However, whether these mutants are
deficient in growth in immunodeficient mice has not been
reported. Equally unclear is whether their virulence in killing
animals is attenuated. Meanwhile, these mutants contained
large sizes of the deletions in their genomes, which resulted in
removal of multiple open reading frames. It is not known
whether the observed attenuated phenotypes are due to the
mutation of multiple genes or a single specific open reading
frame (2, 31). Our results provide direct evidence that a single
mutation at the m155 open reading frame results in a signifi-
cant reduction of viral growth and virulence in vivo. Moreover,
our study indicates for the first time that m155 is important for
viral growth and for viral killing in SCID mice.

Little is presently known about the molecular mechanism of
m155 in supporting viral growth and virulence in vivo. Indeed,
to our knowledge neither the transcript nor the protein prod-
uct coded by m155 has been extensively characterized. In our
experiments a transcript of about 2,000 nucleotides was found
to be expressed from the m155 open reading frame. During a
36-h time course study, the m155 transcript was found to be
expressed after 10 h postinfection and was not expressed at IE
time. The m155 open reading frame belongs to the MCMV
m145 gene family and has been predicted to encode a putative
membrane glycoprotein (25). The MCMV m145 gene family,
consisting of 11 open reading frames, includes m145, m146,
m150, m151, m152, m153, m154, 155, m157, m158, and m17.
Previous studies have shown that two members of the MCMV
m145 gene family (i.e., m152 and m157) are dispensable for
MCMYV replication in vitro in tissue culture but play an im-
portant role in modulating host immune response (1, 14). Spe-
cifically, m152, which encodes a glycoprotein designated gp40,
downregulates MHC class I expression at the plasma mem-
brane of the infected cells. Moreover, m152 also modulates NK
cell activation by downregulating H-60, the high-affinity ligand
for the NK cell receptor NKG2D (14). The m157 open reading
frame also encodes a membrane glycoprotein that contains an
MHC class I-like domain and can be considered as a nonclas-
sical MHC-like molecule. The m157-encoded product has re-
cently been shown to bind to different NK cell receptors,
thereby activating or inhibiting NK cell responses (1). It will be
interesting to determine whether m155 may also function in a
similar way to modulate immune responses, such as NK cell
response, and support optimal viral growth and virulence in
vivo. Further studies on in vitro and in vivo replication of
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Rvm155 and other viral mutants will provide further insight
into the functions of viral genes in vivo in MCMYV virulence
and pathogenesis.
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