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E

fforts to establish a definitive role for a given viral protein can
be confounded when the protein acts at multiple stages of the
infectious cycle. The only conventional protein kinase encoded by
human cytomegalovirus (HCMV), UL97, represents an example
of this challenge, particularly because it is a protein kinase. Phosphorylation is a crucial posttranslational modification influencing
myriad processes in eukaryotic cells. Further complicating matters, only a subset of phosphorylation events mediated by a viral
protein kinase are likely to be important for viral replication, and
evidence of such relevance is often defined by downstream effects
far removed from the initial conjugation of a phosphate group to
an amino acid side chain. Thus, identification of physiologically
important substrates is hardly trivial.
Studies of UL97 mutants and UL97 inhibitors have shown that
UL97 is important for viral replication (1–3) and have led investigators to implicate this viral protein kinase in numerous stages of
the infectious cycle, including viral DNA synthesis, encapsidation
of viral DNA, egress of nucleocapsids from the nucleus (nuclear
egress), and late events in assembly and morphogenesis (3–9).
Although purified UL97 is sufficient to phosphorylate certain proteins in vitro (6, 10–13) and UL97 is necessary for wild-type patterns of phosphorylation of several proteins in infected cells (6, 8,
10, 12–15), both sufficiency and necessity have been demonstrated for only a few substrates (6, 9, 12, 13, 15). To our knowledge, of these, only the nuclear lamina component lamin A/C and
the retinoblastoma tumor suppressor protein (pRb) have been
shown to be phosphorylated in a UL97-dependent manner on the
same sites in vitro and in infected cells (6, 15), which is necessary
but still insufficient evidence for these proteins being physiologi-
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cal substrates of UL97 (14). In the case of pRb, the sites phosphorylated are known to inactivate pRb function, thus relieving repression of promoters regulated by E2F family transcription factors
(15, 16). Moreover, pRb inactivation by UL97 is important for
viral replication, as a virus (⌬97-E7) (6) in which UL97 is replaced
by human papillomavirus type 16 (HPV16) E7, which inactivates
pRb by binding it and targeting it for degradation (17–19), replicates much better than a UL97-null mutant in quiescent (serumstarved) cells (8). In these cells, E7 complements the loss of UL97
for induction of E2F-responsive cellular genes encoding S-phase
proteins, such as nucleotide metabolism enzymes, and for efficient
viral DNA synthesis during HCMV infection (8). Thus, the pRbinactivating function of UL97 likely explains its role in viral DNA
synthesis. However, ⌬97-E7 replicates no better than a UL97-null
mutant in asynchronously dividing (serum-fed) cells (8). Thus,
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Human cytomegalovirus (HCMV) encodes one conventional protein kinase, UL97. During infection, UL97 phosphorylates the
retinoblastoma tumor suppressor protein (pRb) on sites ordinarily phosphorylated by cyclin-dependent kinases (CDK), inactivating the ability of pRb to repress host genes required for cell cycle progression to S phase. UL97 is important for viral DNA
synthesis in quiescent cells, but this function can be replaced by human papillomavirus type 16 E7, which targets pRb for degradation. However, viruses in which E7 replaces UL97 are still defective for virus production. UL97 is also required for efficient
nuclear egress of viral nucleocapsids, which is associated with disruption of the nuclear lamina during infection, and phosphorylation of lamin A/C on serine 22, which antagonizes lamin polymerization. We investigated whether inactivation of pRb might
overcome the requirement of UL97 for these roles, as pRb inactivation induces CDK1, and CDK1 phosphorylates lamin A/C on
serine 22. We found that lamin A/C serine 22 phosphorylation during HCMV infection correlated with expression of UL97 and
was considerably delayed in UL97-null mutants, even when E7 was expressed. E7 failed to restore gaps in the nuclear lamina seen
in wild-type but not UL97-null virus infections. In electron microscopy analyses, a UL97-null virus expressing E7 was as impaired as a UL97-null mutant in cytoplasmic accumulation of viral nucleocapsids. Our results demonstrate that pRb inactivation
is insufficient to restore efficient viral nuclear egress of HCMV in the absence of UL97 and instead argue further for a direct role
of UL97 in this stage of the infectious cycle.

Reim et al.

MATERIALS AND METHODS
Cells and viruses. MRC-5 human embryonic lung fibroblasts (CCL-171)
and Hs27 human foreskin fibroblasts (Hs27 HFFs) were obtained from
ATCC and cultured in Dulbecco’s modified Eagle’s Medium (DMEM;
Cellgro, Inc.) supplemented with 10% fetal bovine serum (FBS; SigmaAldrich or Atlanta Biologicals) and 20 g/ml gentamicin (Life Technologies) (complete medium). For serum starvation experiments, cells were
seeded in complete medium, allowed to attach for at least 2 h (see below
for times), washed twice in Dulbecco’s phosphate-buffered saline without
magnesium or calcium (DPBS; Cellgro) or in DMEM containing 0.1%
FBS and 20 g/ml gentamicin (0.1% FBS-DMEM), and maintained in
0.1% FBS-DMEM for 72 h prior to and during infection. For dividing
conditions, cells were seeded in complete medium, allowed to attach for at
least 4 h prior to infection (see below for times), and infected in 0.1%
FBS-DMEM for 2 h, after which inocula were removed, cells were rinsed
with DPBS, and the medium was replaced with 5% FBS-DMEM. Hs2719K cells were obtained from Hs27 HFF cells following retroviral transduction using a previously described vector, pLXSN-E1B19K, expressing
the adenovirus type 5 E1B-19K protein (28), a generous gift of Wolfram
Brune (University of Hamburg) and Igor Jurak (Harvard Medical
School). Hs27-19K cells were used to cultivate ⌬97-E7 viruses, as these
cells produce higher yields of this virus (J. P. Kamil, unpublished observation). HCMV strain AD169rv and its derivative viruses, ⌬97 and ⌬97E7, have been previously described (7, 15, 29). All HCMV infection ex-
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periments were performed at a multiplicity of infection (MOI) of 1 PFU/
cell, except for the immunofluorescence (IF) experiments, which were
performed at an MOI of 3 PFU/cell.
Western blotting. Western blotting was performed as previously described (7, 8). Briefly, MRC-5 cells were seeded at 3.5 ⫻ 105 cells per well
in 6-well cluster plates (Falcon) and allowed to attach for 4 h in complete
medium. Cells were then rinsed with DBPS, and medium was replaced
with 0.1% FBS-DMEM (serum starvation medium). After incubation in
serum starvation medium for 72 h, cells were mock infected or infected
with the indicated viruses. At various time points postinfection, cells were
lysed in 2⫻ sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) sample buffer (30) containing 1⫻ Halt phosphatase and
protease inhibitor cocktail (Thermo Scientific Pierce) and 5% ␤-mercaptoethanol, heated for 5 min at 95°C, and resolved on denaturing SDSPAGE gels (7, 8). Proteins were electrophoretically transferred to Protran
BA85 nitrocellulose membranes (Whatman) using a Criterion blotter
(Bio-Rad) and blocked in phosphate-buffered saline (3.2 mM Na2HPO4,
0.5 mM KH2PO4, 1.3 mM KCl, 135 mM NaCl, pH 7.4) (PBS) containing
0.1% Tween 20 (PBST) and 5% powdered milk (PM-PBST). Antibodies
specific for lamin A/C Ser22 (rabbit polyclonal; Cell Signaling Technology), total lamin A/C (goat polyclonal N-18; Santa Cruz Biotechnology),
retinoblastoma protein (pRb) (mouse monoclonal clone 4H1; Cell Signaling Technology), pRb phosphorylated at serine positions 807 and 811
(rabbit polyclonal; Cell Signaling Technology), beta-tubulin (rabbit
monoclonal; Epitomics), beta-actin (mouse monoclonal; Li-Cor), UL97
(7), UL44 (mouse monoclonal; Virusys), IE1-72 (mouse monoclonal
1B12; a generous gift of Tom Shenk, Princeton University), and pp150
(mouse monoclonal 36-14; a generous gift of Bill Britt, University of Alabama at Birmingham) were diluted into PM-PBST and used to probe
membranes for 1 h at room temperature. Membranes were then washed at
least three times, for 10 min per wash, in PBST and probed with anti-rabbit,
anti-goat, or anti-mouse horseradish peroxidase-conjugated secondary antibodies (Southern Biotechnology, Inc.) diluted 1:5,000 in PBST, washed again,
as above, and imaged by chemiluminescence (Supersignal Pico; Thermo Scientific Pierce), according to the manufacturer’s instructions.
qPCR. Real-time quantitative PCR (qPCR) was performed using a
previously described method (31). Details are provided in supplemental
materials and methods posted at https://coen.med.harvard.edu.
Immunofluorescence microscopy. For serum-starved conditions,
MRC-5 cells were seeded at 7 ⫻ 104 cells/well on glass coverslips in 24-well
plates and allowed to attach for 6 h prior to serum starvation for 72 h. For
dividing conditions, MRC-5 and HFF cells were seeded at 7 ⫻ 104 cells/
well on glass coverslips in 24-well plates and allowed to attach for 6 h
before infection. Cells were infected with wild-type AD169rv (WT), ⌬97,
or ⌬97-E7 viruses in triplicate at an MOI of 3 for 2 h. The inocula were
prepared in 0.1% FBS DMEM, and titers were confirmed by back titration. At 96 h postinfection, cells were rinsed with DPBS once and fixed
with 3.6% formaldehyde (Sigma) in DPBS for 10 min. Cells were washed
three times with DPBS and permeabilized with 0.2% Triton X-100 in
DPBS for 15 min. Cells were washed three times with DPBS and blocked
with 1% bovine serum albumin (BSA) in DPBS for 1 h. Primary antibodies were diluted in 1% BSA and incubated with fixed cells overnight at 4°C.
Lamin A/C goat polyclonal antibody N-18 (Santa Cruz Biotechnology)
was used at 1:10, and cytomegalovirus (CMV) ICP36 mouse monoclonal
antibody that recognizes UL44 (Virusys) was used at 1:100. Cells were
washed once with 0.1% Tween 20 for 5 min and then washed twice with
DPBS for 5 min. Secondary antibodies were diluted in 1% BSA and incubated with cells for 1 h. Alexa Fluor 568 donkey anti-goat IgG (Invitrogen)
and Alexa Fluor 488 chicken anti-mouse IgG (Molecular Probes) were
used at 1:1,000. Cells were incubated with 4=,6-diamidino-2-phenylindole
(DAPI) for 5 min and then washed once with 0.1% Tween 20 for 5 min
and twice with DPBS for 5 min. Coverslips were mounted on microscope
slides with ProLong Antifade (Invitrogen Molecular Probes). Mounted
slides were allowed to cure overnight and were then sealed. Fluorescence
microscopy was performed in the Nikon Imaging Center at Harvard Med-
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these results do not address which stages of viral infection require
activities of UL97 other than pRb inactivation in either dividing or
quiescent cells.
Of the several possible stages of viral replication at which an
activity of UL97 other than pRb inactivation might be required,
one that we considered was nuclear egress. Nuclear egress defects
correlate well with overall replication defects of UL97-null mutants in serum-fed cells (9). UL97 phosphorylates lamin A/C on
residues, including serine 22 (6), whose phosphorylation during
mitosis by CDK1/cyclin B has been shown to be crucial for disassembly of the nuclear lamina (20). Defects of ⌬97 mutants in
nuclear egress are associated with impaired phosphorylation on
this residue in infected cells and a failure of the nuclear lamina to
show the thinning, gaps, and morphological changes characteristic of wild-type HCMV infection (6, 21). Thus, a simple model is
that UL97 phosphorylates lamin A/C to promote disruption of the
nuclear lamina, permitting access of nucleocapsids to the inner
nuclear membrane during nuclear egress. However, it is also plausible that pRb inactivation by UL97 could be sufficient to promote
nuclear egress. Active pRb negatively regulates expression of
CDK1, which, in complex with cyclin B, as noted above, phosphorylates lamin A/C on Ser22 to promote disassembly of the nuclear
lamina during mitosis (20, 22–24). Indeed, CDK1 and cyclin B are
upregulated during HCMV infection (25–27). Although we found
that overall phosphorylation of lamin A/C could be reduced by
transient treatment with a UL97 inhibitor but not with a CDK
inhibitor (6), that experiment did not exclude a role for CDK1,
especially for Ser22 phosphorylation.
In this study, we sought to clarify whether the requirement for
UL97 in nuclear egress represents a downstream effect of UL97mediated pRb inactivation or a direct requirement for UL97 in
this process. We examined the kinetics of UL97 expression and
lamin A/C Ser22 phosphorylation, as well as the effects of expression of the pRb-inactivating protein, HPV16 E7, on nuclear egress
defects in UL97-null viruses. Our results indicate that a major
block for replication of ⌬97-E7 is nuclear egress and support a
direct role for UL97 in this process.

HPV16 E7 Does Not Replace HCMV UL97 for Nuclear Egress

RESULTS

A heterologous pRb inactivator complements loss of UL97 in
both dermal and lung fibroblasts. We previously found that a
heterologous pRb-inactivating protein, HPV16 E7, could substantially reverse the ⱖ100-fold replication defect of a UL97-null
HCMV deletion mutant (⌬97) in quiescent, serum-starved human foreskin fibroblasts (HFFs) but had little or no effect on the
smaller replication defect in serum-fed, asynchronously dividing
HFFs (8). Since inhibitors of UL97 kinase activity have been reported to show different effects on HCMV replication depending
on whether assays are performed in lung or dermal fibroblasts
(32), we sought to assess the ability of E7 to complement ⌬97
replication defects in serum-starved or dividing lung fibroblasts.
Under serum-starved conditions, we found that ⌬97 exhibited
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FIG 1 Replication of HCMV WT, ⌬97, and ⌬97-E7 viruses in MRC-5 cells
under different growth conditions. Serum-starved (maintained in medium
containing 0.1% FBS 72 h prior to infection) or dividing (maintained in medium containing 10% FBS) MRC-5 lung fibroblasts were infected with wildtype HCMV (WT), UL97-null HCMV (⌬97), or UL97-null HCMV expressing
HPV16 E7 (⌬97-E7) at an MOI of 1 in two independent experiments (A and
B). One experiment was performed in parallel with the immunofluorescence
(IF) experiments (A) and one in parallel with the EM experiments (B). Titers
(PFU/ml) were determined in triplicate at 120 h postinfection. Error bars
indicate standard deviations.

100- to 200-fold replication defects in MRC-5 lung fibroblasts
relative to wild-type AD169rv (two independent experiments are
shown in Fig. 1). These defects are similar to what we previously
observed in serum-starved HFFs (8). However, we found that the
severity of the replication defect in serum-starved HFFs depended
on the serum lot (J. P. Kamil and D. M. Coen, data not shown). In
an experiment performed in parallel with the one illustrated in
Fig. 1A, we found less pronounced defects of ⌬97 in serumstarved HFFs (⬃60-fold; see Fig. S1A at https://coen.med.harvard
.edu), which is consistent with a report indicating a greater effect
of a UL97 inhibitor on HCMV replication in lung embryo fibroblasts, such as MRC-5, than in dermal fibroblasts, such as HFFs
(32). As was the case in HFFs (see reference 8 and Fig. S1A at the
URL mentioned above), expression of E7 substantially reversed
the replication defect of ⌬97 under serum starvation conditions in
MRC-5 cells (⬃10-fold in both experiments whose results are
shown in Fig. 1), as well as the DNA synthesis defect (⬃7.5-fold;
see Fig. S2 at https://coen.med.harvard.edu). In serum-fed, asynchronously dividing MRC-5 cells, consistent with our findings in
HFFs (see reference 8 and Fig. S1B at https://coen.med.harvard
.edu), ⌬97 exhibited a smaller defect in virus production relative
to WT than in serum-starved cells, and expression of E7 did not
complement the loss of UL97 more than ⬃2-fold, if at all (Fig. 1).
From these experiments, we conclude that the pattern of ⌬97 replication defects and complementation by E7-expressing virus, in
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ical School using a Yokogawa CSU10 spinning disk confocal system on a
Nikon Ti inverted microscope equipped with a 60⫻ Plan Apo differential
interference contrast oil immersion 1.4 objective lens. Laser confocal images were acquired with a Hamamatsu ORCA-AG cooled charged-coupled-device (CCD) camera controlled with Metamorph/Universal Imaging software (Molecular Devices, Sunnyvale, CA). Serial optical sections
with a 0.25-m z-step size were collected and used to create three-dimensional (3-D) reconstruction images. The reconstructions were used to
determine the number of cells with gaps, where a discontinuity in fluorescence along the perimeter of a nucleus constituted a gap. Statistical tests
were performed using GraphPad Prism Version 5.0d software. For each
cell/serum condition, the number of infected cells counted for each experimental group was between 55 and 187. Two Fisher’s exact tests were
performed to compare each mutant to WT virus, and they were evaluated
with an ␣ level of 0.0253 (adjusted for the dual comparisons). All P values
were less than or equal to 0.0089.
Electron microscopy. Transmission electron microscopy (EM) was
performed in the Harvard Cell Biology EM Core Facility. For serumstarved conditions, MRC-5 cells were seeded at 3 ⫻ 105 cells/well in a
6-well plate and allowed to attach for 4 to 5 h prior to serum starvation.
For dividing conditions, MRC-5 and HFF cells were seeded at 3 ⫻ 105
cells/well in 6-well plates and allowed to attach for 4 to 5 h before infection. Cells were infected with WT, ⌬97, or ⌬97-E7 viruses in duplicate at
an MOI of 1 for 2 h. Inocula were prepared in 0.1% FBS DMEM, and titers
were confirmed by back titration. HFF and MRC-5 cells were fixed at 72
hours postinfection (hpi) and 96 hpi, respectively, in 1.25% paraformaldehyde–2.5% glutaraldehyde– 0.03% picric acid in 0.1 M sodium cacodylate buffer (pH 7.4). Cells were then washed in 0.1 M cacodylate buffer,
postfixed in 1% osmium tetroxide–1.5% potassium ferrocyanide for 1 h,
washed three times in water, incubated in 1% aqueous uranyl acetate for 1
h, washed twice in water, and subsequently dehydrated in grades of ethanol of 70% and 95% (10 min each) and 100% (twice, 10 min per wash).
Cells were removed from the dish into propylene oxide, pelleted, and
incubated overnight in a 1:1 mixture of propylene oxide and TAAB Epon
(Marivac Canada). The following day, the samples were embedded in
TAAB Epon and polymerized at 60°C for 48 h. Ultrathin sections (about
60 nm) were cut on a Reichert Ultracut S Microtome, picked up onto
copper grids stained with lead citrate, and examined with a TecnaiG2
Spirit BioTWIN. Images were recorded with an AMT 2k CCD camera. For
each of the nine conditions, 10 or 11 sections that each contained a whole
cell were randomly selected and fully photographed in parts with no overlap at a magnification of ⫻11,000. Viral particles in the nucleus, perinuclear space, or cytoplasm or outside the cell (extracellular) were counted
using the Adobe Photoshop CS4 count tool. Statistical tests were performed using GraphPad Prism version 5.0d software. For cellular location
(nuclear, perinuclear, cytoplasmic, or extracellular), capsid counts for the
three viruses (n ⫽ 10 or 11 cells) were analyzed by a Kruskal-Wallis test
followed by Dunn’s tests to compare each mutant to WT virus while
correcting for multiple comparisons.

Reim et al.
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FIG 2 Kinetics of lamin A/C phosphorylation during infection. (A) Serumstarved MRC-5 cells were infected with the indicated viruses, and lysates collected at the indicated time points were analyzed by Western blotting for reactivity to a phosphospecific antibody that recognizes lamin A/C when
phosphorylated at serine 22 (lamin A/C Ser22-P). The blots were also probed
using antibodies to lamin A/C (lamin A/C total), pRb phosphorylated at
serines 807 and 811 (pRb Ser807/811-P), pRb (pRb total), UL97, the 72-kDa
viral immediate early protein-1 (IE1), two viral late proteins (pp150 and
pp28), and beta-tubulin (tubulin) as a loading control. (B) Fold differences
in levels of lamin A/C phosphorylated at Ser22 in 12 hpi lysates of WT and
⌬97 were estimated by comparing the signal intensities from Ser22 phosphospecific antibody (lamin A/C Ser22-P) immunoreactivity on Western
blots with those of undiluted (neat) lysates alongside the indicated dilutions. Membranes were also probed with antibodies to lamin A/C (lamin
A/C total) and beta-actin (actin) as loading controls. The lamin A/C
Ser22-P signal intensity of undiluted (neat) ⌬97 lysate was weaker than that
of a 4-fold dilution (1/4) of WT lysate but slightly stronger than that of an
8-fold dilution (1/8) of WT lysate.

levels of phosphorylated pRb (Fig. 2A) relative to those in mockinfected cells, ⌬97-infected cells, and ⌬97-E7-infected cells, here
monitored using an antibody specific for pRb dually phosphorylated at Ser807 and Ser811 (pRb Ser807/811-P). Moreover, the time
course of phosphorylation of pRb, which is an established substrate of UL97 (15, 16), in WT-infected cells correlated with that of
lamin A/C, consistent with both these proteins being direct substrates of UL97 (Fig. 2A). Also, there was substantially higher expression of the late viral proteins pp150 and pp28 in cells infected
with WT or ⌬97-E7 than in cells infected with ⌬97 (Fig. 2A),
consistent with the DNA synthesis phenotypes of these viruses
(see reference 8 and Fig. S2 at https://coen.med.harvard.edu).
Thus, phosphorylation of lamin A/C at Ser22 depends on UL97,
especially at early times, and correlates with the kinetics of UL97
expression, while HPV16 E7 does not rescue the loss of UL97 for
phosphorylation of lamin A/C in HCMV-infected cells. These results are consistent with direct phosphorylation of lamin A/C on
Ser22 by UL97 in infected cells.
Virus-induced alterations in the nuclear lamina are not restored by expression of E7. We have previously found that phos-
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serum-starved cells versus under serum-fed, dividing-cell conditions, were similar in MRC-5 lung fibroblasts and HFFs. Notably,
for both dividing and serum-starved MRC-5, as was true for HFFs
(see reference 8 and Fig. S1 at the URL mentioned above), a residual defect in virus production was not reversed by expression of E7
(Fig. 1).
Lamin A/C phosphorylation correlates with UL97 expression. We asked whether at least part of the remaining defect in
virus production by the E7-expressing virus was due to a defect in
nuclear egress. An important step in nuclear egress is disruption of
the nuclear lamina, which, during HCMV infection, requires
UL97 (6, 9, 21). In particular, UL97 is required for WT levels of
phosphorylation of the nuclear lamina component lamin A/C on
serine 22 (Ser22) (6). In dividing, uninfected cells, this residue is
crucial for lamina dissolution following CDK1/cyclin B phosphorylation during mitosis (6, 20). Ser22 can be phosphorylated
by purified UL97 in vitro (6, 20), suggesting that UL97 directly
phosphorylates it during infection to mediate disruption of the
nuclear lamina. However, an alternative hypothesis is that UL97dependent Ser22 phosphorylation during infection is due to UL97
phosphorylation of pRb, which induces the expression of CDK1
(22–24). To address these hypotheses, we analyzed mock-infected
MRC-5 cells and cells infected with WT, ⌬97, and ⌬97-E7 by
Western blotting with various antibodies, including an antibody
that recognizes Ser22-phosphorylated lamin A/C. To increase the
sensitivity of our assays, the cells in these experiments were serum
starved for 72 h prior to infection to decrease levels of CDK activity and thus levels of phosphorylated Ser22. Indeed, mock-infected MRC-5 cells showed low levels of Ser22 phosphorylation
(Fig. 2A). Upon infection with WT HCMV, no increase in phosphorylation of Ser22 was detected at 3 hpi, but a marked increase
was observed by 6 hpi with further increases through 72 hpi when
the experiment was terminated (Fig. 2A). Similarly, UL97 expression was not detected at 3 hpi but was detected by 6 hpi and
increased through the end of the experiment. Thus, UL97 expression correlated with increases in phosphorylation of Ser22. Levels
of lamin A/C were consistent throughout the experiment
(Fig. 2A). In cells infected with either ⌬97 or ⌬97-E7, meaningful
increases in Ser22 phosphorylation were not observed until 48
hpi, more than 40 h later than in WT-infected cells (Fig. 2A).
Starting at 48 hpi, we detected UL97-independent phosphorylation of lamin A/C, but even at these times, WT-infected cells displayed higher levels of lamin A/C Ser22 phosphorylation than
UL97-null viruses. Comparing a dilution series of lysates prepared
at 12 hpi, there was at least 4-fold more Ser22-phosphor
ylated lamin A/C in WT-infected cells than in ⌬97-infected cells
(Fig. 2B). This result confirms and extends our previous findings,
in which iTraq quantitative mass spectrometry found 2- to 4-foldhigher levels of Ser22 phosphorylation in lamin A/C isolated from
WT-infected cells than from UL97 mutant-infected cells at 72 hpi
(6). The quantitative differences between our present and previous results likely reflect UL97-independent induction of Ser22
phosphorylation at late times.
As noted above, ⌬97-E7 infection did not appear to increase
phosphorylation of lamin A/C at Ser22 above that seen in ⌬97infected cells (Fig. 2A). However, as expected, ⌬97-E7 infection
resulted in a dramatic reduction in pRb levels, as monitored using
an antibody to pRb (pRb total), compared to those in ⌬97- or
WT-infected cells (Fig. 2A). Importantly, as previously observed
(8, 15, 16), in WT-infected cells there was a substantial increase in

HPV16 E7 Does Not Replace HCMV UL97 for Nuclear Egress

FIG 3 Gaps in nuclear lamina. MRC-5 cells were mock infected (A and E) or infected with WT HCMV (B and F), mutant ⌬97 (C and G), or mutant ⌬97-E7 (D

phorylation of lamin A/C on Ser22 is associated with disruption of
the nuclear lamina in HCMV-infected cells and that both depend
on UL97 (6). However, that did not demonstrate that phosphorylation on Ser22 is necessary and sufficient for disruption of nuclear lamina in HCMV-infected cells or that inactivation of pRb
by UL97 might suffice for that disruption. Therefore, we investigated whether heterologous pRb inactivation by HPV16 E7 can
replace UL97 for this disruption. To this end, we mock infected or
infected quiescent or dividing MRC-5 cells with WT, ⌬97, or
⌬97-E7 virus. At 96 hpi, we stained the cells with anti-lamin A/C
antibodies and analyzed the stained cells using spinning disk confocal microscopy. To confirm infection and highlight the nuclei,
we costained with antibody against UL44, a viral DNA polymerase
subunit that localizes to the periphery of viral replication compartments (the sites of viral DNA synthesis) within the nucleus (6,
33, 34). As a control, we also analyzed infections of dividing HFFs,
to compare our results with those in our previous study (9). For
this experiment and the electron microscopy experiment below,
we present our data with HFF cells, which confirm our earlier
findings (6, 9), in the form of supplemental figures (see Fig. S3 and
S4 at https://coen.med.harvard.edu).
Examples of results with MRC-5 cells are shown in Fig. 3. As
observed with dividing HFF cells (see reference 6 and Fig. S3 at
https://coen.med.harvard.edu), confocal images of mock-infected MRC-5 cells revealed oval and relatively uniform lamin A/C
staining patterns (Fig. 3A and E). In strong contrast, as seen previously and concurrently with HFF cells (see reference 6 and Fig.
S3 at the URL mentioned above), WT-infected MRC-5 cells exhibited deformed and less uniform patterns of lamin A/C staining,
with areas of thinning and visible gaps in roughly one-quarter to
one-third of the cells (Fig. 3B and F and Fig. 4). In cells infected
with either ⌬97 or ⌬97-E7, lamin A/C staining was more akin to
that in mock-infected cells, being less deformed and more uniform (Fig. 3C, D, G, and H). We examined numerous cells for
each infection condition and found that gaps were 3- to 9-fold less
frequent in cells infected with either ⌬97 or ⌬97-E7 than in cells
infected with WT, and these differences were statistically significant (Fig. 4).
In most WT-infected cells, anti-UL44 antibody stained the periphery of large replication compartments (Fig. 3B and F), consistent with efficient viral DNA synthesis. Interestingly, in some cells
infected with any of the viruses (examples can be seen in Fig. 3C,
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D, and G), anti-UL44 antibody stained relatively small replication
compartments, consistent with less-efficient DNA synthesis.
However, large compartments were present in the vast majority of
serum-starved or dividing cells infected with WT virus or ⌬97-E7
but not in the majority of serum-starved cells infected with ⌬97,
consistent with the DNA synthesis defect of this mutant (see Table
S1 at https://coen.med.harvard.edu).
From these experiments, we conclude that expression of a pRbinactivating protein does not complement a UL97-null mutant for
disruptions of the nuclear lamina.
Expression of HPV16 E7 fails to rescue the nuclear egress
defect of UL97-null HCMV. To directly assess whether E7 expression can restore efficient nuclear egress to a UL97-null mutant, we
conducted transmission electron microscopy (EM) analysis of serum-fed, dividing versus serum-starved, quiescent MRC-5 cells
infected with WT, ⌬97, or ⌬97-E7 virus (examples of images are
shown in Fig. 5). We also included infections in dividing HFFs
since we had previously done EM analyses of nuclear egress using
those conditions (9). We randomly selected sections in which we
could visualize cells “in their entirety,” meaning that each section

FIG 4 Quantification of gaps in the nuclear lamina. Serial optical sections
from the experiment illustrated in Fig. 3 were collected and used to create
three-dimensional reconstruction images to determine the number of cells
containing gaps for each combination of cell conditions (serum-starved or
dividing) and viruses (WT, ⌬97, and ⌬97-E7). Differences between a mutant
and WT virus were analyzed by Fisher’s exact test. Significant differences (P ⫽
0.0041 and 0.0089, comparing WT virus to ⌬97 and ⌬97-E7, respectively, in
dividing cells) are indicated with single asterisks, and highly significant differences (P ⬍ 0.0001, comparing WT virus to either of the two mutant viruses in
serum-starved cells) are indicated with double asterisks.
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and H) at an MOI of 3 under serum-starved (A to D) or dividing (E to H) conditions. At 96 hpi, cells were stained for UL44 (red) and lamin A/C (green). Serial
optical sections were acquired by confocal microscopy, and 3-D reconstruction images are shown. Gaps in lamin A/C staining in WT-infected cells in panels B
and F are shown by the white arrows. White bars indicate the distance in the images that corresponds to 40 m.
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(MOI ⫽ 1) with WT (A, D, H, I), ⌬97 (B, E), or ⌬97-E7 (C, F, G) and processed for electron microscopy at 72 hpi (dividing cells) or 96 hpi (serum-starved
cells). (A to C) Images of the nuclei of infected cells; (D to F) images of the cytoplasm of infected cells; (G and H) images of particles in the space between
the inner and outer nuclear membranes (perinuclear space [PNS]); (I) image that includes an extracellular particle and a bar indicating the distance in the
images that corresponds to 500 nm. In panels A to D and G to I, arrows point to nonenveloped capsid forms (marked by letters A, B, and C) and enveloped
capsid forms (eA, eB, or eC).

included the nucleus and cytoplasm, and analyzed 10 or 11 of
these whole-cell sections for each virus-cell condition. In each
whole-cell section, virus particles were scored as being in the nucleus (Fig. 5A to C), in the perinuclear space (seen only occasionally [Fig. 5G and H]), in the cytoplasm (Fig. 5D to F), or outside
the cell (Fig. 5I) and counted (Fig. 6 shows MRC-5 results; see Fig.
S4 for HFF results at https://coen.med.harvard.edu).
Under all conditions, WT, ⌬97, and ⌬97-E7 infections showed
roughly similar levels of nucleocapsids in the nucleus (Fig. 5A to
C), i.e., ⬃80 to ⬃160 nucleocapsids per whole-cell section on
average (Fig. 6; see Fig. S4 at the URL mentioned above). Viral
particles were found in the cytoplasm and outside nearly all WT-
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infected cells examined (Fig. 6; see Fig. S4 at the URL mentioned
above). In contrast, no cytoplasmic or extracellular particles were
found in most cells infected with ⌬97 or ⌬97-E7 (Fig. 6; see Fig. S4
at the URL mentioned above). Moreover, the mean numbers of
particles found in the cytoplasm of mutant-infected cells were
significantly reduced relative to those in WT-infected cells in both
serum-starved (6-fold for ⌬97 and 30-fold for ⌬97-E7) and dividing cells (30-fold for ⌬97 and 90-fold for ⌬97-E7) (Fig. 6), as
observed for dividing HFF cells previously (9) and concurrently
(see Fig. S4 at the URL mentioned above). Additionally, the numbers of particles found outside serum-starved MRC-5 cells infected with both mutant viruses were significantly lower than
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FIG 5 Electron microscopy analysis. Dividing MRC-5 cells (A to F and I), dividing HFF cells (G), or serum-starved MRC-5 cells (H) were infected

HPV16 E7 Does Not Replace HCMV UL97 for Nuclear Egress

DISCUSSION

those infected with WT (4-fold for ⌬97 and ⬎60-fold for ⌬97-E7)
(Fig. 6). Significant reductions in extracellular particles were also
observed in dividing HFF cells infected by the mutant viruses (see
Fig. S4 at the URL mentioned above). There were few, if any,
meaningful differences in the numbers of cytoplasmic and extracellular particles following infection with ⌬97 or ⌬97-E7 in either
serum-starved or dividing MRC-5 cells (Fig. 6). If anything, there
were more such particles in cells infected with ⌬97 than in cells
infected with ⌬97-E7. Therefore, expression of a heterologous
pRb inactivator, HPV16 E7, failed to rescue nuclear egress during
UL97-null mutant infection either of serum-starved, quiescent or
of serum-fed, dividing MRC-5 cells.
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FIG 6 Viral particle distributions. Ten or eleven thin sections representing
whole serum-starved (SS) MRC-5 cells (A) or dividing MRC-5 cells (MRC-5
D) (B) from the experiment illustrated in Fig. 5, infected with each of the three
viruses, as indicated, were analyzed for the number of viral particles that were
nuclear, perinuclear, cytoplasmic, and extracellular. The mean number of particles in each condition is indicated with a horizontal line. For each location,
the data were analyzed by a Kruskal-Wallis test followed by Dunn’s tests to
compare each mutant to WT virus while correcting for multiple comparisons. Significant differences are shown by asterisks above brackets: *, P ⬍
0.05; **, P ⬍ 0.01; ***, P ⬍ 0.001.

Phosphorylation is a crucial posttranslational modification in eukaryotes, affecting a wide and varied array of processes. It is, therefore, not surprising that HCMV mutants that are null for the virus’s sole conventional protein kinase, UL97, show defects in
multiple processes during infection (3–6, 8, 9, 15, 16, 35). We
sought to address whether two of these processes—DNA synthesis
and nuclear egress—involve distinct UL97 protein kinase substrates. In particular, we asked whether phosphorylation and inactivation of pRb by UL97, which is important for viral DNA
synthesis (8), is also important for nuclear egress. This question
arose because inactivation of pRb is known to induce CDK1,
which ordinarily phosphorylates lamin A/C on Ser22 to promote
disassembly of the nuclear lamina during mitosis. Phosphorylation of lamin A/C and disruption of the nuclear lamina also occur
during herpesvirus nuclear egress. Although we had previously
shown UL97-dependent phosphorylation of lamin A/C on Ser22
both in vitro and during infection (6), the role of UL97 in nuclear
egress might merely represent an indirect effect of pRb inactivation by UL97. However, in this study, we found that the kinetics of
lamin A/C Ser22 phosphorylation during WT HCMV infection
correlate with UL97 expression, consistent with a direct role of
UL97, and are severely delayed in UL97 mutants, even in mutant
⌬97-E7, which expresses the pRb-inactivating protein, HPV16 E7.
Similarly, disruptions of the nuclear lamina that occur during WT
infection and nuclear egress are markedly reduced in UL97 mutants, even in mutant ⌬97-E7. Thus, a major block in the replication of the E7-expressing UL97-null mutant is nuclear egress.
We conclude that UL97 phosphorylation of pRb plays little if
any role during nuclear egress. Rather, our results, combined with
those of previous studies (6, 9, 21, 36, 37), favor the notion that
UL97 directly phosphorylates lamin A/C, promoting the disruption of nuclear lamina. Such disruption, in turn, would permit
nucleocapsids to gain access to the inner nuclear membrane for
subsequent steps of nuclear egress. However, we cannot rule out
roles for phosphorylation of lamin A/C other than disrupting nuclear lamina in promoting nuclear egress. Such potential other
roles are brought to mind by the recent finding of a protein kinaserequiring cellular process akin to herpesvirus nuclear egress, in
which the Drosophila homolog of lamin A/C forms granules with
ribonucleoprotein complexes that localize to the inner nuclear
membrane (38). Additionally, we cannot exclude the possibility
that UL97 has roles in nuclear egress other than phosphorylation
of lamin A/C. We are currently investigating these possibilities.
Although UL97 is clearly required for increases in lamin A/C
Ser22 phosphorylation during the first 48 h of WT infection, we
observed UL97-independent increases in lamin A/C Ser22 phosphorylation at later times (48 to 72 hpi) during infection. The
most likely explanation for this phosphorylation is HCMV-induced CDK1 activity. Levels of CDK1 and cyclin B are known to
increase during HCMV infection (25–27). Regardless, the UL97independent phosphorylation of lamin A/C may help explain why
UL97 is not absolutely essential for nuclear egress. One might
speculate that because nuclear egress is such an important stage
during HCMV replication, HCMV may have evolved more than
one mechanism (perhaps even somewhat redundant mechanisms) to induce disruption of nuclear lamin polymers. Identification of the viral gene products responsible for these late, UL97-
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UL97 phosphorylation of just two substrates—pRb and lamin
A/C—may account for most of the contribution of this enzyme in
promoting the production of infectious HCMV strain AD169 in
fibroblasts.
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independent increases in lamin A/C phosphorylation should
provide further insights into viral nuclear egress.
Our results, combined with previous work (2, 3, 8, 9), indicate
that UL97 is required for efficient viral DNA synthesis in quiescent
cells and for efficient nuclear egress in both quiescent and dividing
cells. These two stages are crucial for production of infectious
HCMV. Do the effects of UL97 mutations on DNA synthesis and
nuclear egress account for the effects of these mutations on the
yield of infectious virus? Before addressing this question, we note
that in most whole-cell sections infected with mutant viruses, we
found no cytoplasmic or extracellular particles, so that average
values for nuclear egress defects reflect particles counted from very
few cells. Additionally, we observed considerable variability in
counts of these particles from one whole-cell section to another,
which might indicate that UL97 mutations could have greater effects on nuclear egress in some cells and smaller effects in others.
Nevertheless, with these caveats in mind, we have previously
found that, on average, the nuclear egress defect of ⌬97 appears to
largely account for the defect in virus yield in dividing HFF cells
(9), and we have confirmed this result here. In dividing MRC-5
cells, we found that ⌬97 exhibits an ⬃30-fold defect in nuclear
egress on average. In a yield assay performed in parallel with the
EM nuclear egress study, we found an ⬃80-fold defect in production of infectious virus. (An independent assay showed an ⬃30fold defect in production of infectious virus). Thus, the nuclear
egress defect appears to account for all but a few-fold of the yield
defect. It seems plausible that the modest viral DNA synthesis
defects in dividing cells exhibited by ⌬97 (9; J. P. Kamil, data not
shown) account for the remaining defect in production of infectious virus in these cells. Consistent with this notion, the nuclear
egress defect of ⌬97-E7 appears to fully account for its yield defect
in dividing MRC-5 cells, while this virus exhibits little if any DNA
synthesis defect in these cells (data not shown).
In quiescent MRC-5 cells, we found that ⌬97 exhibited an
⬃7.5-fold defect in viral DNA synthesis and an ⬃6-fold defect, on
average, in nuclear egress. Aside from the caveats mentioned
above, we do not know whether these two effects would be simply
multiplicative in their impact on viral yield. Assuming that they
would be, these effects do not appear to account for the 100- to
200-fold defect of this mutant in virus yield, especially as the 200fold defect was observed in an experiment conducted in parallel
with the EM experiment assessing nuclear egress. This raises the
possibility that there are UL97-dependent steps of viral replication
other than DNA synthesis and nuclear egress that are important
for production of infectious virus in quiescent MRC-5 cells. Possible candidates for such steps include late events in virus assembly
and morphogenesis (4, 5, 35). Interestingly, ⌬97-E7 replicated to
6- to 10-fold-higher titers than ⌬97 in quiescent MRC-5 cells,
consistent with rescue of the ⬃10-fold viral DNA synthesis defect
of ⌬97 by E7. However, the residual defect in yield of ⌬97-E7 in
quiescent MRC-5 cells (⬃20-fold) can be fully explained by its
nuclear egress defect (on average ⬃30-fold). This further raises
the possibility that pRb phosphorylation by UL97 is important for
steps other than DNA synthesis, which are in turn important for
production of infectious virus in quiescent MRC-5 cells. Indeed,
Prichard et al. have proposed that pRb phosphorylation by UL97
is important to counteract the formation of nuclear aggresomes
that are hypothesized to interfere with virus production (16). E7expressing, UL97-null viruses should be valuable for exploring
these possibilities. Regardless, our results raise the possibility that
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