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phase of the cell cycle

Mansuo Lu Hayashi**, Catherine Blankenship*, and Thomas Shenk*

Department of Molecular Biology, Princeton University, Princeton, NJ 08544-1014

Contributed by Thomas Shenk, December 31, 1999

Human cytomegalovirus blocks cell-cycle progression in the Gq
compartment upon infection of primary human fibroblasts. The
virus-coded UL69 protein can institute a G1 block when expressed
in cells in the absence of virus infection. We have constructed a
cytomegalovirus mutant, TNsubUL69, that lacks the UL69 coding
region. This virus grows slowly in fibroblasts, but produces a
wild-type yield after an extended delay. It grows with normal
kinetics in cells coinfected with a recombinant retrovirus, re-
troUL69, which expresses UL69 protein, demonstrating that its
growth defect results from the mutation in the UL69 gene. UL69
protein is packaged within virus particles, and it was possible for
us to produce two types of virus stocks. TNsubUL69+PUL5? |acks the
UL69 gene but contains UL69 protein in virus particles. It is
produced by growth in fibroblasts that are coinfected with re-
troUL69. TNsubUL69~PUL6? |acks the UL69 gene and protein. It is
produced by growth in fibroblasts that do not contain UL69
protein. The mutant virions lacking both the UL69 gene and protein
fail to induce a cell-cycle block with normal efficiency, whereas the
mutant particles lacking the gene but containing the protein can
institute the block. These results are consistent with the view that
the UL69 protein contributes to the cytomegalovirus-induced cell-
cycle block, and they suggest that UL69 protein delivered to cells
within virions can induce the block without the synthesis of
additional UL69 protein encoded by the infecting viral genome.

H uman cytomegalovirus (HCMV), a B-herpesvirus, is a
ubiquitous pathogen. Although HCMYV infection generally
is asymptomatic in healthy children and adults, it is the leading
viral cause of birth defects (1) and a major cause of morbidity
and mortality in immunocompromised individuals (2).

HCMV infection blocks cell-cycle progression in primary
human fibroblasts (3—6). The arrest occurs at multiple phases of
the cell cycle, including a point late in the G; compartment. We
have previously shown that expression of the HCMV UL69
protein in human tumor cells or primary fibroblasts blocks
cell-cycle progression (7). Cells expressing UL69 protein after
transfection with an expression plasmid or infection with a
recombinant retrovirus accumulate in the G; compartment of
the cell cycle. UL69 protein is a constituent of the virion (8) that
exhibits transcriptional regulatory activity (9, 10). The mecha-
nism by which UL69 institutes a cell-cycle block is not known.

In this paper, we describe the construction and analysis of a
UL69-deficient HCMV mutant, TNsubUL69. The mutant virus
lacking the UL69 gene and protein is defective for replication in
fibroblasts, producing a normal yield only after a significant
delay. The mutant virus lacking the UL69 gene and protein fails
to efficiently induce a G; block after infection of fibroblasts,
whereas the mutant virus lacking the UL69 gene but containing
UL6Y protein can institute the block. These results demonstrate
that UL69 protein contributes to the cell-cycle block observed
after infection with HCMV, and reveal that UL69 protein
delivered to cells within infecting virions is able to induce the
block without the synthesis of additional UL69 protein encoded
by the infecting genome.
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Materials and Methods

Cells and Viruses. The maintenance of primary human fibroblasts
and their infection with HCMV were as described previously (5).
HCMV strain Towne (11) was obtained from the American Type
Culture Collection. A plaque-purified derivative was prepared and
designated TNwt. TNsubUL69 was prepared by mutation of TNwt¢
by homologous recombination within human fibroblasts. Three
DNAs simultaneously were introduced into fibroblasts by electro-
poration: (i) Towne DNA isolated from TNwt virions; (if)
pUL69repEGFP, which contains the enhanced green fluorescent
protein (EGFP) coding region flanked by HCMV DNA segments
derived from the regions immediately upstream (AD169 sequence
100434-101235, ref. 12; the Towne strain has not been sequenced
but is highly related to the AD169 strain) and downstream (AD169
sequence 97216-98289) of the UL69 region that was targeted for
deletion; and (iif) pCMV71, which expresses the viral pp71 tegu-
ment protein that has been shown to enhance the infectivity of
HCMYV DNA (13). The resulting fluorescent plaques contained a
mixture of mutant and wild-type viruses. To purify the defective
mutant away from contaminating wild-type virus, virus from the
mixed plaques was used to infect fibroblasts that were infected
previously with a recombinant retrovirus, retroUL69 (7). The
defective retrovirus was produced in Phoenix A cells (14), and it
encodes the UL69 protein. Three sequential rounds of plaque
purification in the presence of the complementing retrovirus re-
sulted in the isolation of pure mutant virus. The deletion in
TNsubUL69 extends from bp 98290 to bp 100433 (AD169 sequence
numbers), removing the ATG and all but the 3'-terminal 91 bp of
the UL69 coding region, and the inserted EGFP coding region is
expressed under control of the UL69 immediate early promoter.
TNsubUL69 propagated in retroUL69-infected human fibro-
blasts contains UL69 protein, and the virus is designated
TNsubUL69PUL® TNsubUL69 propagated for one passage in
fibroblasts that are not infected with retroUL69 lacks the UL69
protein, and the virus is designated TNsubUL69~PYL%, The infec-
tious titers of these virus stocks were determined by plaque assay on
retroUL69-infected fibroblasts.

Analysis of Mutant Virus Phenotype. To determine the effect of
wild-type and mutant viruses on cell-cycle progression, primary
human fibroblasts were infected at a multiplicity of 10 plaque-
forming units (pfu) per cell. Cultures were treated with nocodo-
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Fig. 1. Construction and analysis of TNsubUL69. (A) A substitution mutant
was produced in which a 2,144-bp segment within the UL69 coding region
extending from sequence position 98290 to 100433 (AD169 sequence num-
bers) was replaced with the EGFP coding region. (B) Human fibroblasts were
infected with wild-type virus (TNwt), mutant virus grown in the presence of
helper retrovirus (TNsubUL69*PUL69), or mutant virus grown for one cycle in
the absence of helper retrovirus (TNsubUL697PUL69), and UL69 protein was
assayed by Western blot using a UL69-specific monoclonal antibody («-UL69)
at72 h afterinfection. The late protein, pp28, was assayed as a control by using
a pp28-specific monoclonal antibody (a-pp28). The expression of late viral
gene products is reduced in mutant virus-infected cells. (C) Virus particles were
partially purified and virion proteins were assayed by Western blot.

@]

zole (100 ng/ml) and phosphonoacetic acid (250 wg/ml) at 12 h
after infection to institute a cell-cycle block at G,/M and to
prevent HCMV DNA replication. At 30 or 48 h after infection,
cells were removed from culture dishes by trypsinization and
fixed with 70% ethanol at —20°C for 3 h. They were resuspended
in PBS containing propidium iodide (50 pg/ml) and ribonucle-
ase A (100 pg/ml), their DNA content was determined by
fluorescence-activated cell sorter (FACS) analysis using a FAC-
Scan (Becton Dickinson), and data analysis was performed with
CELLQUEST software (Becton Dickinson).

Southern, Northern, and Western blot analyses to monitor
viral DNA, mRNA, and protein accumulation, respectively, were
performed as described previously (15). For analysis of virion
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Fig. 2.  Growth kinetics of wild-type and mutant viruses. Human fibroblasts

were infected at a multiplicity of 10 pfu per cell (A) or 0.01 pfu per cell (B) with
TNwt (m), TNsubUL69*PULES (@), TNsubUL69PUL6? (A), or TNsubUL69~PULEd plus
retroUL69 (). Cultures were harvested at the indicated times after infection, and
infectious virus was assayed by plaque assay on retroUL69-infected fibroblasts.
Similar results were obtained in two independent experiments.

proteins, virus particles were partially purified by centrifugation
through a sorbitol cushion (16). The UL69-specific monoclonal
antibody used for the Western blots has been described (7).

Results

Construction and Propagation of a Mutant Lacking the UL69 Coding
Region. A substitution mutant carrying the EGFP coding region
in place of the majority of the UL69 coding region was produced
by homologous recombination within infected human fibroblasts
(Fig. 14). The substitution mutant, termed TNsubULG69, was
defective, and it was propagated in fibroblasts that previously
were infected with a recombinant retrovirus, retroUL69, ex-
pressing the UL69 protein. Analysis of the mutant virus DNA by
Southern blot confirmed that the variant lacks the UL69 coding
region and contains the EGFP marker (data not shown). Ex-
tracts of cells produced at 72 h after infection with retroUL69
plus TNsubULG69 contained UL69 protein (Fig. 1B, lane 2), as
did mutant virions produced in the coinfected cells (Fig. 1C, lane
2). When mutant virions containing the UL69 protein were used
to infect fibroblasts in the absence of the ULG69-expressing
retrovirus, no UL6Y protein was detected in extracts of infected
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Fig. 3. Effect of wild-type and mutant viruses on cell-cycle progression. Human fibroblasts were mock-infected or infected at a multiplicity of 10 pfu per cell

with TNwt, TNsubUL69*PULE, or TNsubUL69PYL?, Cultures were treated with nocodozole and phosphonoacetic acid 12 h later. Cells were harvested, fixed, and
stained at either 30 or 48 h after infection, and then they were subjected to FACS analysis. The proportions of cells in G4, S, and G; were determined by using
CELLQUEST software. As a control, mock-infected cells that were not treated with drugs (MOCK 0 h) were also analyzed.

cells (Fig. 1B, lane 3) or in the resulting virions (Fig. 1C, lane 3).
Thus, it was possible to generate two types of mutant virus
stocks. TNsubUL69 PULY Jacks the UL69 gene but contains
UL69 protein in virus particles, whereas TNsubUL69~PUL6?
particles lack both the UL69 gene and protein.

The growth kinetics of the mutant in human fibroblasts was
evaluated at two input multiplicities of infection. At a multiplicity
of 10 pfu per cell, the yield of TNsubUL69PUL was reduced by
a factor of 20-50 in comparison to the wild-type virus, TNwt,
through day 5 after infection; by day 7, the mutant yield was reduced
by a factor of 10 relative to the wild type (Fig. 24). The growth
defect of TNsubUL69 PULS? was fully complemented by prior
infection of fibroblasts with retroUL69 (Fig. 2A4). The efficient
complementation demonstrated that the growth defect displayed
by TNsubUL69PUL results from the deletion of the UL69 gene
and not from other alterations of the mutant virus genome. At this
multiplicity, TNsubUL69 PULY orew with wild-type kinetics (Fig.
2A), revealing that protein contained within the virion is sufficient
to mediate the essential UL69 function throughout the viral growth
cycle. At a lower multiplicity of infection, 0.01 pfu per cell,
TNsubUL69PULY produced a yield that was reduced by a factor of
2000 on day 9 (Fig. 2B). The mutant ultimately achieved a wild-type
yield, but long after the wild-type parent. Thus, the lack of UL69
dramatically slows viral replication, but does not prevent the mutant
from eventually producing a wild-type yield. Prior infection of
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fibroblasts with retroUL69 accelerated the replication of
TNsubUL69PULY to wild-type kinetics (Fig. 2B), confirming that
the phenotype of the mutant results from the lack of UL69 protein.
Like TNsubUL69PULS TNsubUL69TPULS? exhibited delayed
growth kinetics when used to infect cells at a multiplicity of 0.01 pfu
per cell (Fig. 2B). This result is in contrast to infection at a
multiplicity of 10 pfu per cell, where TNsubUL69+PUL replicated
with wild-type kinetics (Fig. 24). We interpret this result to indicate
that insufficient UL69 protein is delivered to cells within virions at
a low multiplicity of infection, which results in delayed growth.

UL69 Contributes to the Gq Block in HCMV-Infected Cells. As noted
above, we previously have reported that UL69 protein blocks
cell-cycle progression in the G; compartment when it is expressed
in cells that are not infected with HCMV (7). To test whether UL69
protein is required for the G; block observed within infected cells
(4-6), we evaluated the ability of TNsubUL69+PYLS® and
TNsubUL69~PUL to inhibit cell-cycle progression (Fig. 3). At 12h
after mock infection or infection at a multiplicity of 10 pfu per cell,
cultures of fibroblasts were treated with nocodozole to block
cell-cycle progression at the G,/M boundary and with phospho-
noacetic acid to prevent viral DNA replication. This procedure
enabled us to measure the portion of cells that remained in G; by
FACS analysis without the confounding effects of additional cells
cycling into the compartment or the accumulation of viral DNA. At
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Fig.4. Effects of wild-type and mutant viruses on cell-cycle progression. The
bar graph compares the number of fibroblasts in Gq versus S + G, for cultures
that were either mock-infected or infected, treated with nocodozole and
phosphonoacetic acid 12 h later, and then harvested and analyzed after an
additional 36 h (at 48 h after infection). The primary data used to generate this
graph are displayed in Fig. 3.

the time of drug addition, 59.7% of mock-infected human fibroblast
cells resided in the G compartment (Fig. 3, Mock 0 h). At 30 h after
infection, when the culture had been maintained in nocodozole for
18 h, 31% of mock-infected cells were in G; (Fig. 3, Mock 30 h),
reflecting the movement of cells out of G; and through S and G,
to the drug-induced block. When TNwt-infected cells were sub-
jected to the same 18-h drug treatment, 42.5% of the culture
remained in G, (Fig. 3, TNwt 30 h). The increase in the number of
cells in the G; compartment in TNwz-infected as compared with
mock-infected cells is caused by the ability of HCMYV to institute a
G block (4-6). In contrast to the result with TNwt, only 33% of
TNsubUL69 PYL%infected cells remained in G; (Fig. 3,
TNsubUL69PUL® 3() h), indicating that the G; block was not
instituted efficiently in the absence of UL69 protein. Whereas
mutant virions lacking UL69 protein were less effective than
wild-type virus in holding cells in G, mutant virus particles
containing the UL69 protein behaved like the wild-type parent (Fig.
3, TNsubUL69PULS 30 h),

TNsubUL69~PULY also held cells in G less efficiently than did
TNwt in a second experiment, where nocodozole was again
added at 12 h after infection but cells were maintained in the
drug for 36 h before FACS analysis (Fig. 3, TNsubUL69~PUL6?
48 h). The TNsubUL69 PUL% cell-cycle phenotype readily is
apparent when the number of cells in G; is compared with the
portion of the culture in S + G (Fig. 4). Mock-infected cultures
contain fewer cells in G; than in the S + G, compartments,
whereas the ratio is reversed in TNwt-infected cultures. The
TNsubUL69PYL ratio is more similar to the mock-infected
ratio than the TNwt-infected G,/(S + G) ratio. In the exper-
iment analyzed at 48 h after infection, mutant virus containing
UL69 protein, TNsubUL69"PUL® | was intermediate between
wild type and mutant virions lacking the protein in its ability to
hold cells in Gy (Fig. 3, TNsubUL69"PULS 48 ).

We conclude that UL69 protein contributes to the G; block
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Fig. 5. Accumulation of wild-type and mutant HCMV DNA. Human fibro-
blasts were infected at a multiplicity of 10 pfu per cell with TNwt (m),
TNsubUL69*PUL6? (@), or TNsubUL69PULE? (A). Cells were harvested at the
indicated times after infection, viral DNA accumulation was assayed by South-
ern blot using 32P-labeled HCMV DNA as a probe, and radioactivity was
quantified with a phosphorimager. Similar results were obtained in two
independent experiments.

that is induced by infection with HCMV. Further, when cells are
infected at a multiplicity of 10 pfu per cell, the UL69 protein in
virions is sufficient to induce a block in a substantial portion of
infected cells. Wiebusch and Hagemeier (17) recently have
reported that U V-irradiated virus is not able to block cell-cycle
progression. It is unlikely that UL69 protein contained within
virus particles was inactivated by this treatment. Conceivably,
UL69 protein must reach an intracellular threshold level to block
cell-cycle progression, and more of the virion-associated UL69
protein was delivered to the infected cells in our experiments.

UL69 Is Required for Efficient HCMV Replication and Late Gene
Expression. Viral DNA accumulation was monitored by Southern
blot analysis after infection of fibroblasts with the wild-type or
mutant virus at a multiplicity of 10 pfu per cell (Fig. 5). A
substantial delay was evident in TNsubUL69 PUL%.infected
cells, but, given sufficient time, viral DNA accumulated to a
wild-type level in mutant-infected cells. TNsubUL69PUL ex-
hibited a more modest defect in the accumulation of viral DNA
than did the mutant particles lacking UL69 protein.

Viral mRNA accumulation was monitored by Northern blot
assay after infection at a multiplicity of 10 pfu per cell (Fig. 6).
Similar amounts of immediate-early, UL123 (IE1) and TRSI,
and early, UL44 and UL54, mRNAs accumulated after infection
with mutant as compared with wild-type viruses. However, late
mRNAs accumulated to substantially reduced levels in
TNsubUL69PUM-infected cells. UL82 (pp71), UL83 (pp65),
and UL99 (pp28) mRNAs were reduced by factors of 24, 9, and
11, respectively. It is possible that late viral mRNAs accumulate
to normal levels after a delay, but this possibility has not been
tested. Late mRNA accumulation was also deficient in
TNsubUL69+PUL infected cells, but to a lesser extent than that
observed for TNsubUL69~PUL6Y,

Our results demonstrate that UL69 protein is required for
efficient DNA replication and late mRNA accumulation. UL69
protein delivered to infected cells in mutant virions can partially
alleviate both of these defects.
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Fig. 6. Accumulation of wild-type and mutant HCMV mRNA. Human fibro-
blasts were infected at a multiplicity of 10 pfu per cell with TNwt (white bars),
TNsubUL69*PULE? (gray bars), or TNsubUL69PULE? (black bars), and polyade-
nylated RNA was prepared at 6 h (UL123, TRS1), 24 h (UL44, UL54), or 72 h
(UL82, UL83, UL99) to monitor immediate-early, early, and late mRNAs, re-
spectively. Viral mRNA was assayed by Northern blot using 32P-labeled gene-
specific probes, and radioactive bands were quantified with a phosphorim-
ager. Similar results were obtained in two independent experiments.

Discussion

Our results lead to three principal conclusions. First, it is possible
to complement fully the growth of mutant HCMV in human
fibroblasts by using a recombinant retrovirus. Second, UL69 is
required for HCMYV efficiently to induce a G; block within infected
cells. Third, UL69 protein packaged in virus particles is sufficient
to induce a G; block and to generate a normal yield of virus when
cells are infected at a relatively high multiplicity. It is not necessary
to express UL69 protein from the infecting viral genome.

TNsubULG9 is profoundly defective when used to infect cells
at a low multiplicity of infection in the absence of UL69 protein
(Fig. 2B). The defect is not absolute. Given time, the mutant
virus produces an infectious yield similar to that of the wild-type
virus. It was not practical to generate a derivative of human
fibroblasts containing a constitutively expressed UL69 gene,
because expression of the gene is toxic and because the primary
cells have a limited lifespan. However, TNsubUL69 produced
plaques and grew with normal kinetics (Fig. 2) on fibroblasts that
first were infected with retroUL69. The full complementation
demonstrates that the TNsubUL69 phenotype results entirely
from the lack of UL69, obviating the need to produce and
analyze a revertant virus.
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Complementation of TNsubULG69 led to an interesting and
useful complexity. Because UL69 protein is a constituent of the
virion (8), mutant virions that are produced in a complementing
infection contain UL69 protein (Fig. 1C, lane 2).
TNsubUL69PUL% particles contain UL69 protein but lack the
UL69 gene. Because TNsubUL697PULS can be propagated in
the absence of complementation, it is possible to produce
TNsubUL69PUL? which is lacking detectable amounts of
the protein (Fig. 1C, lane 3) and lacking the gene.
TNsubUL69PUL orows as well as TNws when fibroblasts are
infected at a multiplicity of 10 pfu per cell, but it grows slowly
when fibroblasts are infected at a multiplicity of 0.01 pfu per cell.
Thus, the mutant replicates normally if sufficient UL69 protein
is delivered to the cell as a constituent of the virion. It is not
necessary to produce UL69 protein from the genome during the
late phase of infection to generate a normal virus yield.

TNsubUL69PUL® exhibited a slowed replication cycle (Fig.
2B) and failed to block efficiently cell-cycle progression in the Gy
compartment (Fig. 3). The alteration in cell-cycle regulation was
predicted by our earlier work (7) in which we demonstrated that
ULG69 protein blocks cell-cycle progression when it is expressed
in the absence of HCMYV infection. However, our present results
do not rule out the possibility that a subset of cells infected with
TNsubUL69~PULS remain blocked in G;. It has been reported
recently that the HCMV IE2 protein can block cell-cycle pro-
gression (17). TNsubUL69PYLY produces normal levels of IE2
mRNA (Fig. 5), and it is possible that TE2 protein is responsible
for a residual but incomplete cell-cycle block in cells infected
with TNsubUL69PULS? Ag yet, the mechanism by which UL69
institutes a G; block is unknown.

TNsubUL69 PYL-infected cells contained normal levels of
the immediate-early and early viral mRNAs that were tested
(Fig. 5). However, viral DNA replication was delayed (Fig. 4),
and the expression of the late mRNAs that were tested was
reduced (Fig. 5). We do not know yet the mechanistic basis for
these defects. UL69 might act directly to facilitate viral DNA
replication and late gene expression. Although UL69 is not
known to have a direct role in DNA replication (18, 19), it does
exhibit transcriptional regulatory activity (9, 10). Further, UL69
is related in its sequence to the herpes simplex virus ICP27
protein (12), and ICP27 is known to mediate the cytoplasmic
accumulation of intronless mRNAs (20). It is possible that UL69
directly influences late HCMV mRNA accumulation at a post-
transcriptional level. However, UL69 cannot substitute for
ICP27 in a herpes simplex virus infection (9), so a direct role for
the HCMYV protein in mRNA biogenesis remains uncertain.

Conceivably, the defect in DNA replication and late gene
expression results from the inability of TNsubUL69PUL% to
induce a block in the G; compartment of the cell cycle. Future
studies will be needed to test this hypothesis.
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