
Human Cytomegalovirus UL50 and UL53 Recruit 
Viral Protein Kinase UL97, Not Protein Kinase 
C, for Disruption of Nuclear Lamina and Nuclear 
Egress in Infected Cells

Citation
Sharma, M., J. P. Kamil, M. Coughlin, N. I. Reim, and D. M. Coen. 2013. “Human Cytomegalovirus 
UL50 and UL53 Recruit Viral Protein Kinase UL97, Not Protein Kinase C, for Disruption of 
Nuclear Lamina and Nuclear Egress in Infected Cells.” Journal of Virology 88 (1): 249–62. 
https://doi.org/10.1128/jvi.02358-13.

Permanent link
http://nrs.harvard.edu/urn-3:HUL.InstRepos:41482941

Terms of Use
This article was downloaded from Harvard University’s DASH repository, and is made available 
under the terms and conditions applicable to Other Posted Material, as set forth at http://
nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA

Share Your Story
The Harvard community has made this article openly available.
Please share how this access benefits you.  Submit a story .

Accessibility

http://nrs.harvard.edu/urn-3:HUL.InstRepos:41482941
http://nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA
http://nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA
http://osc.hul.harvard.edu/dash/open-access-feedback?handle=&title=Human%20Cytomegalovirus%20UL50%20and%20UL53%20Recruit%20Viral%20Protein%20Kinase%20UL97,%20Not%20Protein%20Kinase%20C,%20for%20Disruption%20of%20Nuclear%20Lamina%20and%20Nuclear%20Egress%20in%20Infected%20Cells&community=1/4454685&collection=1/4454686&owningCollection1/4454686&harvardAuthors=58e70d44cfbd70820dbbb272a8dc0287&department
https://dash.harvard.edu/pages/accessibility


Human Cytomegalovirus UL50 and UL53 Recruit Viral Protein Kinase
UL97, Not Protein Kinase C, for Disruption of Nuclear Lamina and
Nuclear Egress in Infected Cells

Mayuri Sharma,a Jeremy P. Kamil,a* Margaret Coughlin,b Natalia I. Reim,a* Donald M. Coena

‹Department of Biological Chemistry and Molecular Pharmacologya and Department of Systems Biology,b Harvard Medical School, Boston, Massachusetts, USA

Herpesvirus nucleocapsids traverse the nuclear envelope into the cytoplasm in a process called nuclear egress that includes dis-
ruption of the nuclear lamina. In several herpesviruses, a key player in nuclear egress is a complex of two proteins, whose ho-
mologs in human cytomegalovirus (HCMV) are UL50 and UL53. However, their roles in nuclear egress during HCMV infection
have not been shown. Based largely on transfection studies, UL50 and UL53 have been proposed to facilitate disruption of the
nuclear lamina by recruiting cellular protein kinase C (PKC), as occurs with certain other herpesviruses, and/or the viral protein
kinase UL97 to phosphorylate lamins. To investigate these issues during HCMV infection, we generated viral mutants null for
UL50 or UL53. Correlative light electron microscopic analysis of null mutant-infected cells showed the presence of intranuclear
nucleocapsids and the absence of cytoplasmic nucleocapsids. Confocal immunofluorescence microscopy revealed that UL50 and
UL53 are required for disruption of the nuclear lamina. A subpopulation of UL97 colocalized with the nuclear rim, and this was
dependent on UL50 and, to a lesser extent, UL53. However, PKC was not recruited to the nuclear rim, and its localization was not
affected by the absence of UL50 or UL53. Immunoprecipitation from cells infected with HCMV expressing tagged UL53 detected
UL97 but not PKC. In summary, HCMV UL50 and UL53 are required for nuclear egress and disruption of nuclear lamina during
HCMV infection, and they recruit UL97, not PKC, for these processes. Thus, despite the strong conservation of herpesvirus nu-
clear egress complexes, a key function can differ among them.

Viruses that replicate and package their genomes in the nucleus
must have a mechanism by which they escape from the nu-

cleus during their exit from the cell. Herpesvirus nucleocapsids are
transported out of the nucleus through a process of envelopment
and de-envelopment across the nuclear membranes. This unusual
process is called nuclear egress (reviewed in references 1 to 3).
Although the molecular details of nuclear egress are not com-
pletely understood, all known alpha-, beta-, and gammaherpesvi-
ruses encode two highly conserved viral proteins— one a nuclear
membrane protein and the other a nucleoplasmic protein—that
form what is termed the nuclear egress complex (NEC) (3, 4).
Herpesviruses differ in their requirement for the viral NEC. Based
on studies using null mutant viruses, productive replication and
nuclear egress of alphaherpesviruses such as herpes simplex virus
1 (HSV-1) and pseudorabies virus (PrV) and of gammaherpesvi-
ruses such as Epstein-Barr virus (EBV) are impaired in the absence
of the NEC, but not completely abolished (5–10). In the betaher-
pesvirus human cytomegalovirus (HCMV), which is an impor-
tant human pathogen with limited treatment options (11–16),
null mutants for the homologous proteins (UL50 and UL53) are
replication incompetent (17, 18). Such mutants have been diffi-
cult to study due to a lack of complementing cell lines. For murine
cytomegalovirus (MCMV), elegant studies showed that condi-
tionally expressed dominant negative mutants of either of the ho-
mologous proteins, i.e., M50 or M53, resulted in defects in nuclear
egress (19, 20). However, to our knowledge, the nuclear egress
phenotypes of either HCMV or MCMV null mutants for these
proteins have not been examined.

A critical step in nuclear egress is disruption of the nuclear
lamina, which permits nucleocapsids to gain access to the inner
nuclear membrane. In alphaherpesviruses, the NEC is required
for this disruption (21, 22). However, whether this is true for

HCMV has yet to be determined. This disruption resembles the
phosphorylation-mediated depolymerization of nuclear lamina
that accompanies dissolution of the nuclear envelope during mi-
tosis. Cellular kinases that participate in this cell cycle process
include protein kinase C (PKC)—a family of 15 isoforms divided
into three subclasses, i.e., conventional (or classical), novel, and
atypical (23), some of which are primarily involved in lamin B
phosphorylation (24–26)—and cyclin-dependent kinase 1 (Cdk-
1), whose phosphorylation of lamin A/C on critical residues, in-
cluding serine 22, is crucial for lamina disassembly during mitosis
(27, 28). In an influential publication, it was reported that con-
ventional PKC is recruited to the nuclear lamina during MCMV
infection and colocalizes with the NEC in transfected cells (29).
Subsequently, it was shown that in HSV-1-infected cells, at least
two PKC isoforms (belonging to the conventional and novel sub-
classes) are recruited to the nuclear rim and that this is dependent
on the presence of the NEC components (30). Thus, a common
view is that PKC recruitment by the NEC is a crucial step in lamina
dissolution during herpesvirus nuclear egress, which informed a
study implicating atypical PKC in a cellular process akin to her-
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pesvirus nuclear egress in Drosophila melanogaster muscle cells
(31).

For HCMV, it has been proposed, as is the case for other her-
pesviruses, that UL50 and UL53 recruit PKC for disruption of the
nuclear lamina, based primarily on immunoprecipitation studies
with transiently expressed UL50 and UL53 and on yeast two-hy-
brid studies (32–34). In transfection studies, coexpression of
HCMV UL50 and UL53 in the absence of other viral proteins is
sufficient to cause disruptions in the nuclear lamina resembling
those observed during HCMV infection (35). However, during
HCMV infection, an HCMV protein kinase, UL97, mimics Cdk-1
for phosphorylation of lamin A/C on serine 22 and is required for
disruption of the nuclear lamina and efficient nuclear egress (36).
Accordingly, pharmacological or genetic ablation of UL97 pre-
vents nuclear lamina disruption in infected cells, despite the pres-
ence of UL50 and UL53. These observations have led to questions
about the role(s) of UL50 and UL53 in the presence or absence of
UL97 and during HCMV nuclear egress. Moreover, recruitment
of PKC to the nuclear lamina and interactions between UL50 and
UL53 and viral and/or cellular kinases during the authentic con-
text of HCMV infection have remained largely unexplored.
Whether UL97 is recruited to the nuclear lamina during lamina
disruption and nuclear egress has also not been determined.

To investigate the role of HCMV UL50 and UL53 in nuclear
egress, we generated bacterial artificial chromosome (BAC) con-
structs carrying null mutations for UL50 or UL53 and examined
the effects of these mutations on nuclear egress, disruption of the
nuclear lamina during infection, the subcellular distribution of
cellular and viral protein kinases during infection, and the possi-
ble interaction of UL50 and UL53 with the cellular kinases and/or
the viral kinase UL97. The results reveal important differences
between HCMV and other systems.

MATERIALS AND METHODS
Generation of recombinant and mutant viruses. (i) Null constructs and
rescued derivatives. The UL50 and UL53 null BACs were generated by
replacing methionine residues with stop codons and introducing frame-
shift mutations within the respective coding sequences (Table 1). These
changes were engineered into pBADGFP (37), an HCMV BAC containing
the green fluorescent protein (GFP) cassette under the control of the

major immediate early promoter of HCMV, using the “en passant” re-
combination method of Tischer and coworkers (38, 39). Briefly, PCR
primers (see the supplemental material at https://coen.med.harvard.edu)
were used to amplify an I-Sce–AphAI (Kanr) DNA sequence from plasmid
pEP-KanaS (38). The PCR product was gel purified and electroporated
into GS1783 cells harboring the bacmid pBADGFP. Kanamycin-resistant
integrates were resolved by heat shock and L-(�)-arabinose induction of
I-SceI, and the resulting BACs, 50N pBADGFP and 53N pBADGFP, were
sequenced to confirm the introduced changes. The rescued derivatives of
50N pBADGFP and 53N pBADGFP, termed 50NR pBADGFP and 53NR
pBADGFP, respectively, were generated by mutagenesis of the stop
codons back to the original residues in the UL50 and UL53 coding se-
quences. The bacmids carrying the rescued sequences were electroporated
into human foreskin fibroblast (HFF) cells (Hs27; ATCC CRL-1684)
(American Type Culture Collection, Manassas, VA) as described previ-
ously, with plasmids pCGN71 (40, 41), expressing the viral transcriptional
transactivator pp71, and pBRep-Cre, to generate the rescue viruses 50NR
BADGFP and 53NR BADGFP.

(ii) UL53-FLAG AD169 BACs. AD169-RV, a BAC clone of HCMV
strain AD169 (42), was used in the generation of UL53-FLAG virus (53-
F). Sequences encoding a single FLAG epitope tag (DYKDDDDK) were
fused to sequences encoding the C terminus of UL53 within the context of
the HCMV genome, and additional nucleotides were incorporated to re-
move the overlap between the UL53 and UL54 open reading frames
(ORFs) to prevent any changes in protein coding content of the UL54
gene. The two-step Red recombination method was used to introduce
these mutations (38, 39). Briefly, PCR primers 53CTFa1Fw (5=-3=) and
53CTFa1Rv (5=-3=) were used to amplify an I-Sce–AphAI (Kanr) DNA
sequence from plasmid pEP-KanaS (38). The PCR product was gel puri-
fied and used as a template for a second PCR, using primers 53CTFp2Fw
and 53CTFp2Rv. The resulting PCR product was gel purified and electro-
porated into GS1783 cells harboring the AD169-RV bacmid, and the pro-
cedure described above was followed to obtain the bacmid UL53-FLAG
AD169-RV. This bacmid was electroporated into HFF cells to generate the
virus 53-FLAG AD169-RV. The same strategy was then used to fuse se-
quences encoding the FLAG sequence to the C terminus of UL53 in the
wild-type (WT) pBADGFP and 50N pBADGFP backgrounds, generating
the constructs 53-F pBADGFP and 50N 53-F pBADGFP, respectively.

(iii) FLAG-UL97 BACs. The FLAG sequence was introduced at the N
terminus of the UL97 coding sequence by using the primers listed in the
supplemental material at our website (https://coen.med.harvard.edu) and
a previously described strategy (41) on the WT, 50N, and 53N pBADGFP
constructs, as well as the rescued derivatives, 50NR pBADGFP and 53NR

TABLE 1 Summary of HCMV AD169 BAC constructs

Construct Genetic background
Reference for
background construct Change(s) introduced

50N pBADGFP pBADGFP 37 UL50 residues Ala45, Met46, and Leu47 were mutated to stop codons,
and an additional nucleotide was added after the third stop codon
to introduce a translational frameshift

50NR pBADGFP UL50 Null pBADGFP This study Restored the WT UL50 coding sequence to the UL50 null construct
53N pBADGFP pBADGFP 37 UL53 residues Met81, Met82, and Met84 were mutated to stop

codons, and nucleotide 252 was deleted to introduce a translational
frameshift

53NR pBADGFP UL53 Null pBADGFP This study Restored the WT UL53 coding sequence to the UL53 null construct
53-F AD169-RV AD169-RV 42 FLAG sequence at C terminus of UL53
53-F pBADGFP pBADGFP 37 FLAG sequence at C terminus of UL53
50N 53-F pBADGFP UL50 Null pBADGFP This study FLAG sequence at C terminus of UL53
FLAG-97 pBADGFP pBADGFP 37 FLAG sequence at N terminus of UL97
50N FLAG-97 pBADGFP UL50 Null pBADGFP This study FLAG sequence at N terminus of UL97
53N FLAG-97 pBADGFP UL53 Null pBADGFP This study FLAG sequence at N terminus of UL97
50NR FLAG-97 pBADGFP UL50 Null Rescue pBADGFP This study FLAG sequence at N terminus of UL97
53NR FLAG-97 pBADGFP UL53 Null Rescue pBADGFP This study FLAG sequence at N terminus of UL97
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pBADGFP, to generate the constructs FLAG-97 pBADGFP, 50N
FLAG-97 pBADGFP, 53N FLAG-97 pBADGFP, 50NR FLAG-97
pBADGFP, and 53NR FLAG-97 pBADGFP, respectively. These bacmids
were electroporated into HFF cells as described above to generate the
respective BADGFP viruses.

Virus replication assays. To assess HCMV replication, 1 � 105 HFF
cells per well were seeded into 24-well plates 24 h before infection. At the
time of infection, the indicated virus was added to each well at the multi-
plicity of infection (MOI) indicated in the text. After incubation for 1 h at
37°C, the inoculum was removed and replaced with 1 ml of complete
Dulbecco’s modified Eagle’s medium (DMEM) (Gibco) containing 5%
fetal bovine serum (FBS) (Gibco). At the indicated time points, the me-
dium from each well (virus supernatant) was taken from the cells and
stored at �80°C until required. Dilutions of each virus supernatant were
titrated simultaneously onto fresh monolayers of HFF cells to determine
virus titers.

CLEM. Correlative light electron microscopy (CLEM) was used to
analyze GFP-positive cells after electroporations with either WT
pBADGFP, 50N pBADGFP, or 53N pBADGFP. On day 6 postelectropo-
ration, the cells were reseeded onto no. 2 glass-bottom P35G-2-14-C-grid
dishes (MatTek). On day 7, medium was aspirated from dishes and re-
placed with phosphate-buffered saline (PBS). A Nikon Ti inverted fluo-
rescence microscope (w/Perfect Focus model; HC PL APO �10/0.7 CS air
objective) was used to image the transfected cells with fluorescence as well
as in the reflection mode to visualize the cells and the grid. Samples were
then prepared for electron microscopy (EM) by fixing with 3% glutaral-
dehyde in 0.05 M cacodylate buffer, pH 7.0, for 20 min and rinsing 3 times
with the same buffer. Samples were postfixed with 1% osmium with 0.8%
potassium ferricyanide in buffer for 15 min on ice in a chemical hood and
then rinsed thrice with buffer and twice with distilled water. They were
stained with 1% aqueous uranyl acetate overnight at 4°C in the dark.
Samples were then rinsed with water and the gridded coverslips removed
from the dishes with “glass bottom fluid” (DCF-OS-30; MatTek) accord-
ing to the manufacturer’s directions. The samples were then dehydrated
in a graded ethanol series, using progressive lowering of the temperature
(43). After a final dip in fresh 100% ethanol followed by a dip in 100%
propylene oxide, they were infiltrated with a 2:1 propylene oxide-Epon
araldite solution followed by treatment with a 1:2 propylene oxide-Epon
araldite solution at room temperature for 30 min each. This was followed
by treatment with 100% Epon araldite for 1 h. The samples were then
mounted for polymerization at 65°C for 48 h. The glass coverslips were
removed from the embedded samples by scoring the glass with a diamond
pencil and then applying an ice cube until chips of glass could be removed.
GFP-positive cells and their grid coordinates previously imaged using
phase microscopy were identified, excised, and remounted for serial sec-
tioning at 75 nm on a Reichert Ultracut S ultramicrotome. Sections were
stained with uranyl acetate and then lead citrate before being viewed on a
TecnaiG2 Spirit BioTWIN microscope. Images were taken with an AMT
2k charge-coupled device (CCD) camera. Transmission EM was per-
formed in the Harvard Cell Biology EM Core Facility.

Immunofluorescence. A total of 1 � 105 HFF cells were seeded on
glass coverslips in a 24-well plate. Cells were mock infected or infected
with AD169-RV (MOI of 1) and were fixed at 72 h postinfection (p.i.).
Cells electroporated with the pBADGFP constructs were trypsinized and
reseeded on glass coverslips at 1 � 105 cells/well in a 24-well plate at 6 days
postelectroporation and were fixed and/or permeabilized on day 7. Meth-
anol fixation and permeabilization (for anti-UL50 or anti-UL53 staining)
were performed using ice-cold methanol for 20 min. Formaldehyde fixa-
tion was accomplished at room temperature with freshly made 4% form-
aldehyde in Dulbecco’s phosphate-buffered saline (DPBS). After washing
in DPBS, formaldehyde-fixed samples were permeabilized with 0.1% Tri-
ton X-100 dissolved in DPBS at room temperature (RT) for 10 min. The
cells were washed again with DPBS and incubated in 1% bovine serum
albumin (BSA) dissolved in DPBS for 1 h at RT. Mouse anti-FLAG anti-
body (Sigma) at 1:1,000, anti-lamin A/C (1:10) (N-18; Santa Cruz), anti-

pan-PKC, anti-PKC-�, or anti-PKC-� (1:10) (Santa Cruz), anti-Cdk-1
(1:100) (P0H1; Cell Signaling), or anti-UL44 (1:100) (Virusys) antiserum
was applied as indicated in the text and incubated for 1 h at RT. For
detection of UL50 and UL53, custom rabbit antisera against UL50 (amino
acids 1 to 169) and UL53 (amino acids 50 to 292), purified from Esche-
richia coli as described previously (44), were prepared and affinity purified
commercially (Open Biosystems, Huntsville, AL). These antibodies were
used at a dilution of a 1:100. Antiserum was removed by washing cells
three times with DPBS for 5 min each time, with rocking. This procedure
was repeated with the appropriate fluorescently labeled secondary anti-
bodies (anti-rabbit, anti-mouse, or anti-goat labeled with Alexa Fluor
488, 568, or 647; Molecular Probes). DAPI (4=,6-diamidino-2-phenylin-
dole) was applied in the last 10 min of the secondary antibody incubation.
After three washes with DPBS, the prepared coverslips were mounted on
microscope slides with ProLong antifade reagent (Invitrogen-Molecular
Probes). All imaging experiments were done at the Nikon Imaging Center at
Harvard Medical School, using a Nikon Ti microscope with a spinning disk
confocal laser at a magnification of �100. Images shown were obtained by
acquiring sequential optical planes in the z axis, using the MetaMorph pro-
gram. Statistical tests were performed using GraphPad Prism, version 6.

Immunoprecipitation of UL53-FLAG from HFF cells for Western
blotting. Two 150-mm plates of HFF cells (7 � 107 cells) were infected
with UL53-FLAG AD169-RV or, as a negative control, with AD169-RV, at
an MOI of 1 PFU/cell. At 72 h p.i., the cells were washed once with DPBS
and harvested into 3 ml of hypotonic buffer (10 mM HEPES [pH 7.4], 1
mM dithiothreitol [DTT], 1 mM MgCl2, 10 mM KCl, and protease inhib-
itor cocktail). After incubation on ice at 4°C for 15 min, the cells were
Dounce homogenized with 40 strokes. The homogenate was centrifuged
at 1,000 � g for 10 min. The supernatant was removed, and the nuclear
pellet was resuspended in 3 ml of lysis buffer (50 mM HEPES, pH 7.4, 1
mM DTT, 200 mM NaCl, 5 mM EDTA, 50 mM arginine, 0.5% Triton
X-100, EDTA-free protease inhibitor cocktail [Roche Applied Sciences,
Indianapolis, IN]). This was followed by end-over-end rotation at 4°C for
15 min. The homogenate was Dounce homogenized again with 40 strokes
and then centrifuged at 18,000 � g for 25 min. The supernatant was
precleared with 500 �l of anti-IgG resin (Sigma) for 2 h and then applied
to 300 �l of settled EZ-View anti-FLAG M2 affinity resin (Sigma) for 4 h
at 4°C with rotation. Beads were then washed 4 times with 3 ml of lysis
buffer for 15 min with rotation at 4°C. The protein was then eluted from
beads by low-pH elution using 270 �l of 0.1 M glycine, pH 2.5, and
incubation at room temperature for 15 min. This was followed by addi-
tion of 30 �l of neutralization buffer (0.5 M Tris, pH 7.4, 1.5 M NaCl) and
10% glycerol to the final volume of 300 �l. The eluate was stored in 100-�l
aliquots at �80°C until further analysis.

For Western blotting, 10 �l of a 1:1 mixture of the protein eluate and
2� Laemmli buffer and 30 �l of a 1:1 mixture of the flowthrough from the
beads were separated in a 10% gradient SDS-PAGE gel (Bio-Rad). The
proteins were transferred to a nitrocellulose membrane, blocked with 1%
milk in PBST (PBS with 1% Tween 20), and probed with the various
antibodies. The antibody dilutions were as follows: rabbit anti-UL50 (this
study), 1:100; rabbit anti-UL53 (this study), 1:100; rabbit anti-UL97 (41),
1:1,000; goat anti-lamin A/C (N-18; Santa Cruz), 1:200; rabbit or mouse
anti-pan PKC or rabbit anti-PKC-� or anti-PKC-� (Santa Cruz), 1:200;
and mouse anti-Cdk-1 (Cell Signaling), 1:800. Goat anti-mouse horserad-
ish peroxidase (HRP)-conjugated antibody, goat anti-rabbit HRP-conju-
gated antibody, or chicken anti-goat HRP-conjugated antibody (South-
ern Biotech) and chemiluminescence solution (Pierce) were used to
detect primary antibodies, and the images were obtained using film.

RESULTS
Construction and characterization of HCMV UL50 null and
UL53 null BACs. We wished to test whether UL50 and UL53 are
required for nuclear egress and lamina disruption in HCMV-in-
fected cells. Deletion of the entire coding region for either protein
without effects on other viral functions is not feasible, because
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both UL50 and UL53 overlap neighboring essential genes (the
C-terminal coding region for UL50 with that for UL49 and the N-
and C-terminal coding regions for UL53 with UL52 and UL54,
respectively) (Fig. 1A). Therefore, we engineered mutants in
which the second methionine and neighboring codons within
UL50 and UL53 were changed to stop codons and a nucleotide was
either added or deleted to shift the reading frame and lead to
generation of drastically truncated forms of UL50 (expressing
amino acids 1 to 43) and UL53 (expressing amino acids 1 to 80)
during infection (Fig. 1A and Table 1). Neither of these truncated
proteins is known to be sufficient for efficient binding to any potential
interaction partner. The mutations were introduced into a GFP-en-
coding BAC derived from strain AD169, namely, pBADGFP (37),
using two-step Red recombination to generate the UL50 null (50N
pBADGFP) and UL53 null (53N pBADGFP) bacmids. These two
bacmids were separately electroporated, alongside WT parental BAC
DNA, into HFF cells. In cells electroporated with wild-type
pBADGFP, spread of the GFP signal in the cell monolayer was ob-
served, which was followed by cytopathic effect (CPE) and release of
detectable levels of infectious virus. In contrast, there was no spread of
the GFP signal, CPE, or release of detectable infectious virus in cells
electroporated with either the 50N or 53N pBADGFP. Thus, the 50N
and 53N BADGFP viruses are nonviable.

To test whether these lethal phenotypes were due to the engi-
neered mutations, we generated rescued derivatives of the 50N
and 53N bacmids by restoring wild-type sequences to the UL50 or
UL53 coding region, resulting in bacmids designated 50NR
pBADGFP and 53NR pBADGFP (Table 1). Electroporation of
these BACs into HFF cells resulted in increasing numbers of cells

expressing GFP and in the development and spread of CPE. The
resulting viruses, 50NR BADGFP, and 53NR BADGFP, showed
replication kinetics comparable to those of the WT virus in a mul-
tiple-cycle growth curve (MOI � 0.1) (see Fig. S1A in the supple-
mental material at https://coen.med.harvard.edu). Thus, the en-
gineered UL50 and UL53 null mutations are lethal, consistent with
studies of UL50 and UL53 insertion mutants (17, 18).

Effect of null mutations on nuclear egress. We wanted to de-
termine if the 50N and 53N viruses exhibited defects in nuclear
egress. We first asked whether virus infection could progress to the
stage of replication compartment formation in the absence of
UL50 or UL53, as determined by electroporating cells with either
WT pBADGFP or the 50N or 53N pBADGFP construct and stain-
ing for a viral DNA polymerase subunit (UL44) and lamin A/C at
7 days postelectroporation (see Fig. S1B at https://coen.med
.harvard.edu). The sizes of the replication compartments demar-
cated by UL44 staining were similar in all three infections, suggest-
ing that the UL50 and UL53 null mutant viruses are defective at a
stage after DNA synthesis. We next utilized CLEM, which allows
analysis of cells by EM based on localization of cells expressing a
fluorophore (45). HFF cells electroporated with either 50N or 53N
pBADGFP were imaged using phase and fluorescence microscopy
on day 7 and then fixed for transmission EM. We then traced back
EM serial sections (60 �m) to the GFP-positive cells from the
phase-fluorescence microscopy images (Fig. 2A and E; a color
version is available in Fig. S2 at https://coen.med.harvard.edu), as
detailed in Materials and Methods. In the absence of either UL50
or UL53, abundant nucleocapsids representing all three forms (A,
B, and C) could be detected in the nucleus (Fig. 2D and H), but no

FIG 1 Construction of HCMV UL50 and UL53 null mutants. (A) Organization of the HCMV genome. TRL, terminal repeat long; UL, unique long; IRL/S, internal
repeat long and neighboring internal repeat short; US, unique short; TRS, terminal repeat short. Below the top schematic, the region of the viral genome from
UL49 to UL54 is expanded, showing the overlaps between UL49 and UL50 and between UL52, UL53, and UL54. Below this, the mutations introduced into the
UL50 and UL53 coding sequences for generation of 50N and 53N pBADGFP are shown. Amino acids that were mutated to stop codons (dashes) are underlined.
Extra nucleotides are shown in bold. nt, nucleotide; aa, amino acid. (B) Construction of HCMV UL53-FLAG AD169-RV. Fusion of sequences encoding the FLAG
tag to sequences encoding the C terminus of UL53 in a BAC of AD169 HCMV was performed. The UL52-UL53-UL54 region of the viral genome is expanded to
show the details of the UL53 C-terminal sequence overlap with UL54 in the original wild-type (WT) genome. The stop codons for UL53 and UL54 are indicated
by asterisks. The duplicated sequence is underlined, and the FLAG sequence is indicated in bold.
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capsids were detected in the cytoplasm in any of the sections. In
contrast, cells electroporated with the 50NR or 53NR pBADGFP-
rescued derivatives consistently displayed the presence of both
nuclear and cytoplasmic capsids (Fig. 2I and J). Although the
number of cytoplasmic capsids in cells electroporated with res-
cued derivative bacmids was not high (as is also the case in WT-
infected cells [46, 47]) and the number of cells analyzed was lim-
ited, these results indicate that both UL50 and UL53 are critical for
efficient nuclear egress of HCMV.

Effect of null mutations on the subcellular distribution of
UL50 or UL53. HCMV UL50 and UL53 colocalize at the nuclear
rim both in transient-expression studies and during infection, and
localization of UL53 to the nuclear rim requires UL50 in transfec-
tion assays (35, 44, 48). To investigate the effect of the absence of
one of these proteins on the subcellular distribution of the other
during HCMV infection, we generated antisera by immunizing
rabbits with bacterially expressed versions of these proteins. We
also generated a virus expressing UL53 tagged with a FLAG
epitope (Fig. 1B). Sequences encoding a FLAG-epitope tag were
added to the C terminus of the UL53 coding sequence on the

AD169-RV BAC by employing a strategy similar to that used to
construct an HSV-1 UL31 null mutant (9). Briefly, we introduced
additional nucleotides to remove the overlap between the UL53
and UL54 ORFs, such that the FLAG tag would not alter the pro-
tein coding content of the UL54 gene (Fig. 1B). The replication
kinetics of the corresponding virus, 53-F AD169-RV (53-F), were
indistinguishable from those of untagged WT virus (MOI � 1)
(see Fig. S3A at https://coen.med.harvard.edu). To determine the
subcellular distribution of FLAG-tagged UL53, we mock infected
cells or infected them with 53-F AD169-RV (53-F). At 72 h postin-
fection, cells were fixed and stained with DAPI to visualize nuclei and
with FLAG antibody. We observed FLAG staining at the nuclear rim,
consistent with the FLAG tag not altering the subcellular distribution
of UL53 (see Fig. S3B at https://coen.med.harvard.edu).

Subsequently, we fused a sequence encoding the FLAG tag with
the sequence encoding the C terminus of UL53 in WT pBADGFP
and 50N pBADGFP, to generate 53-F pBADGFP and 50N 53-F
pBADGFP, respectively (Table 1). We then electroporated HFF
cells with either the WT 53-F, 50N 53-F, or 53N pBADGFP bac-
mid. At 7 days postelectroporation, the cells were fixed and stained

FIG 2 CLEM analysis of HCMV UL50 and UL53 null mutants. HFF cells were electroporated with UL50 null (50N) (A to D) or UL53 null (53N) (E to H)
pBADGFP or the rescued derivative 50NR (I) or 53NR pBADGFP (J) and were seeded on gridded coverslips. Phase and fluorescence microscopy was performed
on electroporated cells (A and E) on day 7 postelectroporation, and the cells were then processed for EM (B to D and F to J). The original GFP-positive cells (A
and E) were traced back, and serial sections were scanned for nuclear and cytoplasmic nucleocapsids, for each sample. The insets in panels B, C, F, and G indicate
regions magnified in the next panels (C, D, G, and H, respectively). Bars, 500 nm. N, nucleus; Cyt, cytoplasm; cB and cC, cytoplasmic B and C capsids,
respectively. Arrows A, B, and C point to examples of nuclear A, B, and C capsids.
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with DAPI to visualize nuclei and with the anti-FLAG or anti-
UL50 antibody to visualize UL53-FLAG or UL50, respectively. We
identified electroporated cells by the GFP signal and analyzed
them using confocal microscopy (see Fig. S4 at https://coen.med
.harvard.edu). In 53-F pBADGFP-electroporated cells, UL53-
FLAG was localized predominantly at the nuclear rim (see Fig. S4F
and H at the above URL). However, in the absence of UL50 (50N),
UL53-FLAG was distributed throughout the nucleus, with no
preferential localization at the nuclear rim (see Fig. S4J and L at the
above URL). In contrast, in both WT and 53N pBADGFP-electro-
porated cells, UL50 was comparably localized to the nuclear rim
(see Fig. S5M and N at the above URL), a result later confirmed by
costaining with UL50 and lamin B antisera (data not shown). In-
fection with the 50N-rescued derivative, 50 NR BADGFP, showed
WT localization of UL53 at the nuclear rim (see Fig. S6G to I at the
above URL). Additionally, we consistently detected bright stain-
ing in a region outside the nucleus, not observed in mock-infected
cells, with the affinity-purified rabbit anti-UL50 and anti-UL53
antisera (see Fig. S5 and Fig. S6 at the above URL). This could be
due to the proteins accumulating in the assembly compartment
(49), although we note that mouse anti-FLAG antibodies detected
only faint staining in this region in cells infected with UL53-
FLAG-expressing viruses (see Fig. S3 and S4 at the above URL).
Thus, during HCMV infection, as has been observed in trans-
fected cells (35, 44), UL50 was necessary for the localization of
UL53 to the nuclear rim, but not vice versa.

UL50 and UL53 are required for disruption of the nuclear
lamina during HCMV infection. Infection with HCMV induces

remodeling of the nuclear lamina, characterized by ruffling, thin-
ning, and generation of gaps (35, 36, 50). Although transfection
studies have shown that HCMV UL50 and UL53 are sufficient to
cause structural changes to the nuclear lamina (35), these proteins
are not sufficient to induce disruption of the nuclear lamina in
infected cells when UL97 is genetically or pharmacologically ab-
lated (36). Thus, to test the roles of these proteins in nuclear lam-
ina disruption in infected cells, we electroporated cells with WT,
50N, or 53N pBADGFP bacmid, stained cells with antibodies
against lamin A/C at day 7 postelectroporation, and visualized
GFP-positive cells by confocal microscopy (Fig. 3; a color version
is available as Fig. S7 at https://coen.med.harvard.edu). Electro-
poration of the WT BAC led to deformation of the nuclear shape,
characteristic ruffling and thinning of the nuclear lamina, and
generation of gaps visible by light microscopy (Fig. 3F and H). In
contrast, electroporation with either the UL50 or UL53 mutant
BAC (50N or 53N, respectively) resulted in cells with oval nuclei
and an almost intact nuclear lamina, similar in appearance to the
lamin A/C staining in mock-electroporated cells (Fig. 3B, J, and
N). Cells infected with the rescued derivatives of the null mutant
viruses showed nuclear lamina modifications similar to those of
WT virus-infected cells (see Fig. S6E, H, and K at https://coen.med
.harvard.edu). Thus, UL50 and UL53 are each required for disrup-
tion of the nuclear lamina in infected cells.

Distribution of cellular kinases PKC and Cdk-1 during
HCMV infection. Recruitment of PKC to the nuclear lamina by
UL50 and UL53 and their homologs has been proposed to be
required for disruption of the nuclear lamina during HCMV,

FIG 3 Nuclear lamina structure in the absence of HCMV UL50 or UL53. HFFs were mock electroporated (A to D) or electroporated with WT (E to H), UL50 null (50N)
(I to L), or UL53 null (53N) (M to P) pBADGFP. Cells were fixed on day 7 and stained with antibody against lamin A/C (B, F, J, and N), the nucleus was stained with DAPI
(C, G, K, and O), and cells were visualized using confocal microscopy, with GFP-positive cells (E, I, and M) identified by green fluorescence.
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HSV-1, and MCMV infections (29, 30, 32, 33). However, it has
not been demonstrated that such recruitment occurs during
HCMV infection. We compared the subcellular distribution of
PKC during HSV-1 and HCMV infections. We infected Vero cells
with HSV-1 (or mock infected them), as in the previous HSV-1
study (30), and stained these cells with an antibody that recognizes
all PKC isoforms (as used in the previous HSV-1 study [30]). We
also infected HFF cells with wild-type HCMV (or mock infected
them) and stained the cells with the same pan-PKC antibody. In
both cases, we used DAPI to stain nuclei. In the HSV-infected
cells, PKC localized predominantly to the nuclear rim (Fig. 4D and
F), which differs from the diffuse distribution in mock-infected
cells (Fig. 4A and C), as has been reported previously (30). Similar
results were found in HSV-1-infected HFF cells (data not shown).
In contrast, in HCMV-infected cells compared to mock-infected
cells, PKC localized primarily to a perinuclear region (Fig. 4J and
L). We observed staining of PKC in this region by using both
mouse and rabbit antibodies (see Fig. S8A and B at https://coen
.med.harvard.edu) and costaining of PKC staining with a viral
tegument protein, pp28 (see Fig. S8B at the above URL), consis-
tent with this region being the assembly compartment (49). Im-
portantly, there was no evident recruitment of PKC to the nuclear
rim in HCMV-infected cells above that seen in mock-infected cells
(compare Fig. 4G and J). In fact, if anything, there appeared to be
less PKC at the nuclear rim in HCMV-infected cells than in mock-
infected cells. We repeated these experiments with antisera that
recognized PKC isoforms � (classical PKC) and � (novel PKC),

which are recruited to the nuclear rim during HSV-1 infection
(30), and again saw no recruitment of these isoforms to the nu-
clear rim during HCMV infection above that observed in mock-
infected controls (data not shown).

Given the differences between our results for HCMV-infected
cells and those for other systems, we next compared the distribu-
tions of PKC and another cellular kinase, Cdk-1, which plays an
important role in lamin A/C phosphorylation during mitosis (28,
51, 52), between HCMV-infected and mock-infected cells. This
time we costained for lamin B to demarcate the nuclear lamina
(Fig. 5). For both kinases, we found points of colocalization with
lamin B staining, although there were very few such points of
Cdk-1 colocalization with lamin B in either mock-infected or in-
fected cells, and only in a small fraction of cells (Fig. 5B, panels ii
and iii, and C). On the other hand, consistent with previous results
showing overexpression of Cdk-1 in HCMV-infected cells (53,
54), the Cdk-1 signal was stronger in the cytoplasm of infected
cells than in mock-infected cells (Fig. 5B, panels i and ii). Com-
paring 21 infected cells with 21 mock-infected cells, again, if any-
thing, we found fewer infected cells than mock-infected cells
showing colocalization of PKC with nuclear lamina, although the
difference was not statistically significant (Fig. 5C). Additionally,
there was generally less intense staining for PKC at the nuclear rim
in infected cells than in mock-infected cells (Fig. 5A, compare
panels i and iii with panels iv and vi). We also found no statistically
significant difference between mock-infected cells and infected
cells in colocalization of Cdk-1 to the nuclear lamina (Fig. 5C).
Thus, we found no evidence of recruitment of either PKC or
Cdk-1 to the nuclear lamina in HCMV-infected cells. Interest-
ingly, in HCMV-infected cells, there was generally less disruption
of lamin B staining in terms of thinning and gaps than of lamin
A/C staining (compare Fig. 5A, panel viii, B, panel iii, and Fig. S8A
at https://coen.med.harvard.edu with Fig. 3F and Fig. S6 and S7 at
the same URL).

Based on transfection experiments, PKC has been suggested to
be recruited to the nuclear lamina through interaction with UL50
(32). To ascertain if the absence of UL50 or UL53 affects the dis-
tribution of PKC in infected cells, HFF cells electroporated with
WT pBADGFP, 50N pBADGFP, or 53N pBADGFP were com-
pared for pan-PKC staining. The absence of either UL50 or UL53
did not lead to any observable differences in the distribution of
PKC at the nuclear rim in the GFP-positive cells (Fig. 6). Thus, we
found no evidence for UL50- or UL53-dependent recruitment of
PKC in HCMV-infected cells.

A subpopulation of UL97 localizes to the nuclear rim, de-
pending on UL50 and UL53, during HCMV infection. Since we
found that neither PKC nor Cdk-1 is recruited to the nuclear rim
during HCMV infection, we investigated whether the viral protein
kinase UL97 is. Because various antibodies against UL97 did not
work well in preliminary immunofluorescence assays (data not
shown), we fused a sequence encoding a FLAG epitope to se-
quences encoding the N terminus of UL97 in the WT, 50N, and
53N pBADGFP bacmids, as well as in their rescued derivatives
(Table 1). We electroporated HFF cells with these bacmids, and 7
days later, we fixed the cells, stained them with anti-FLAG and
anti-lamin B antibodies, and analyzed the GFP-expressing cells by
confocal microscopy. As previously shown for UL97 during
HCMV infection (50), FLAG-UL97 was distributed mainly
throughout the nucleus in cells electroporated with WT
pBADGFP or the rescued derivatives, with some staining in the

FIG 4 PKC distribution in HSV-1- or HCMV-infected cells. Vero cells were
mock infected [Mock (V)] (A to C) or infected with HSV-1 (D to F) at an MOI
of 1, and HFFs were mock infected [Mock (H)] (G to I) or infected with
HCMV (J to L) at an MOI of 1. Vero cells were fixed at 16 h, and HFFs were
fixed at 72 h postinfection. Samples were stained with a pan-PKC antibody
(red) and DAPI (blue) and visualized by confocal microscopy.
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cytoplasm as well. However, a small portion of the FLAG staining
colocalized with lamin B in discrete foci (Fig. 7A, panels vi, viii,
and ix, and data not shown). Notably, in a number of cells elec-
troporated with 50N pBADGFP, all of the FLAG staining was in-
terior to the lamin B staining (Fig. 7A, panel xiv). To quantify the
results, FLAG and lamin B colocalization in optical sections from
10 GFP-positive cells from electroporation with either the 50N or
53N pBADGFP construct were compared to those from 10 GFP-
positive cells electroporated with 50NR or 53NR pBADGFP, re-
spectively, and were assessed in terms of the percentage of cells
showing such colocalization (Fig. 7B). The absence of UL50 led to
significant decreases in the percentage of cells showing any ob-
servable colocalization of FLAG-UL97 with the lamina (P �
0.0163) (Fig. 7B). We also counted the number of foci of FLAG-
UL97 and lamin B colocalization in these optical sections. The
50N-infected cells either showed no colocalization or had fewer
foci of colocalization than any of the WT-infected or 50NR-in-
fected cells (Fig. 7C), and the difference between the 50N mutant
and its rescued derivative (and WT) was highly significant (P 	
0.0001).

In cells electroporated with 53N pBADGFP, all cells exhibited
colocalization of FLAG-UL97 and lamin B (Fig. 7A, panels xvi,
xviii, and xix, and B). However, there were generally fewer such
points of colocalization between UL97 and lamin B in optical sec-
tions of 53N-infected cells compared with those in cells infected
with WT or 53NR (Fig. 7A and C). Although these differences
were less dramatic than those for 50N-infected cells versus WT- or
50NR-infected cells, they were still highly significant (P � 0.0025)
(Fig. 7C). These data suggest that a subpopulation of UL97 is
recruited to the nuclear lamina, dependent on UL50 and, to a
lesser extent, UL53 in infected cells.

We also investigated whether UL97 colocalizes with UL50 and
UL53 in infected cells. We observed foci of colocalization of a
subpopulation of UL97 with both UL50 (Fig. 8A, panel iii) and
UL53 (Fig. 8A, panel vii) at the nuclear rim in cells infected with
FLAG-UL97 AD169-RV. Thus, localization of UL97 to the nuclear
rim is associated with colocalization with UL50 and UL53.

UL97, but neither PKC nor Cdk-1, detectably coimmunopre-
cipitates with HCMV UL50-UL53. We next investigated whether
the localization of UL97 to the nuclear rim and its colocalization

FIG 5 Cellular distribution and nuclear rim localization of cellular kinases PKC and Cdk-1 during HCMV infection. (A) HFFs were mock infected (i to iv) or
infected with HCMV (v to viii) at an MOI of 1. At 72 h p.i., cells were fixed and stained for lamin B (green) and PKC (red). The samples were visualized using
confocal microscopy. (B) HFFs were mock infected (i) or infected with HCMV (ii and iii) at an MOI of 1. At 72 h p.i., cells were fixed and stained for lamin B
(green) and Cdk-1 (red). The insets indicate magnified (�3) sections of the respective images. (C) Cells showing colocalization (shaded bars) or no colocalization
(unshaded bars) for the cellular kinases and lamin B were counted among the infected (I) and mock-infected (M) samples. The data were analyzed using
two-tailed Fisher’s exact test, and the P values for the differences between the mock-infected and infected samples are shown.
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with UL50 and UL53 correlated with a physical association of the
UL50 and UL53 complex with UL97. To this end, we used the
UL53-FLAG AD169-RV virus (53-F) in immunoprecipitation ex-
periments. Nuclear extracts from HFF cells infected with either
53-F or the untagged WT virus were immunoprecipitated using
an antibody recognizing FLAG bound to beads. Immunoprecipi-
tated proteins were eluted from beads by using low pH, and the
eluate and unbound proteins (flowthrough) were separated by
SDS-PAGE and examined by Western blotting using antibodies
against UL50, UL53, UL97, PKC, and Cdk-1 (Fig. 8B). Immuno-
reactive bands corresponding to UL50 and UL53-FLAG were de-
tected in eluates from 53-F-infected cells but not the WT virus-
infected cells. UL97 protein kinase was also detected in the eluate
from cells infected with the tagged but not untagged virus. Neither
Cdk-1 nor PKC was found in either eluate, although both were
readily detected in the unbound fraction (Fig. 8B). For PKC de-
tection, we again used antisera recognizing all PKC isoforms (30),
as well as the specific anti-PKC-� and anti-PKC-� antibodies de-
scribed above for the immunofluorescence studies (Fig. 8B and
data not shown). Thus, these results are consistent with our im-
munofluorescence data, suggesting that the UL50-UL53 complex
preferentially associates with the viral kinase UL97 rather than
with PKC or Cdk-1.

DISCUSSION

HCMV UL50 and UL53 are homologs of proteins from other
herpesviruses that form a complex, the NEC, involved in nuclear
egress (reviewed in references 3 and 55). Despite the medical im-

portance of HCMV, whether UL50 and UL53 actually function
during nuclear egress in HCMV-infected cells has not been re-
ported previously. In this study, using null mutant viruses and
CLEM, we showed that these two proteins are indeed crucial for
efficient nuclear egress during infection, and thus deserve the
name HCMV NEC. We further demonstrated that UL50 is re-
quired for localization of UL53 to the nuclear rim and that both
UL50 and UL53 are required for disruption of the nuclear lamina.
We then found that a subpopulation of the viral protein kinase,
UL97, colocalizes with the nuclear lamina, dependent on UL50
and, to a lesser extent, UL53, and associates with the NEC in im-
munofluorescence and coimmunoprecipitation experiments.
UL97 is required for proper phosphorylation of lamin A/C, dis-
ruption of the nuclear lamina, and efficient nuclear egress in in-
fected cells (36, 46, 47, 50). Thus, our results support a model in
which one function of the HCMV NEC is to recruit UL97 to
the nuclear rim, where it phosphorylates lamin A/C to disrupt the
nuclear lamina so that viral nucleocapsids can gain access to the
inner nuclear membrane for budding into the perinuclear space.

We were initially surprised to find no evidence for recruitment
of PKC to the nuclear lamina during HCMV infection given re-
ports demonstrating such recruitment during nuclear egress of
MCMV and HSV-1 (29, 30) and studies in support of such recruit-
ment for lamina disruption by the HCMV NEC (29, 32, 33, 50).
Reviewing the latter studies, an early report found that a PKC
inhibitor present throughout infection reduced incorporation of
phosphate into lamins during HCMV infection (29). However,
that inhibitor is cytotoxic (data not shown) and/or could have

FIG 6 Cellular distribution of PKC in the absence of HCMV UL50 or UL53. HFFs were mock electroporated (A to D) or electroporated with WT (E to H), UL50
null (50N) (I to L), or UL53 null (53N) (M to P) pBADGFP. Cells were fixed on day 7 and stained with antibody against PKC (red), and the nucleus was stained
with DAPI (blue). Cells positive for GFP (green) were visualized by confocal microscopy.
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affected UL97 expression or activity. In a second study, yeast two-
hybrid assays detected interactions of PKC isoforms ε and 
 with
UL50, but puzzlingly, coimmunoprecipitation and immunofluo-
rescence assays of transfected cells showed associations with an
overexpressed GFP fusion of a different PKC isoform, PKC-�
(33). Regardless, these studies did not examine HCMV-infected
cells. A third study did report a coimmunoprecipitation experi-
ment (using a PKC-� monoclonal antibody) with HCMV-in-
fected cells that detected low levels of an immunoreactive species
roughly the size of UL53 in the immunoprecipitate (32). However,
this study did not document the presence of PKC in the immuno-
precipitate or the use of a standard isotype control and did not
report whether UL50 was present (i.e., whether any association
was with the NEC rather than UL53 alone) (32). A fourth study

suggested an important role for PKC in infected cells based on
residual levels of lamina disruption in some cells infected with a
UL97 mutant HCMV that appeared to be reduced further by treat-
ment with an inhibitor with activity against both UL97 and PKC
(50). However, this compound inhibits serine-threonine kinases
generally (56), and the quantitative comparison was performed at
3 weeks postinfection; lacked a control of mock-infected cells,
some of which exhibit lamina disruption (data not shown); and
was not subjected to a statistical analysis. Thus, although these
previous results were all consistent with the possibility that the
HCMV NEC could recruit PKC for lamin phosphorylation, they
neither demonstrated such recruitment in infected cells nor
showed that PKC was important for disruption of the nuclear
lamina during HCMV infection.

FIG 7 Cellular distribution of UL97 in the absence of HCMV UL50 or UL53. (A) HFFs were mock electroporated (i to iv) or electroporated with WT (v to ix),
UL50 null (50N) (x to xiv), or UL53 null (53N) (xv to xix) pBADGFP expressing FLAG epitope-tagged UL97. HFFs were also electroporated with rescued
derivatives 50NR and 53NR. Cells were fixed on day 7 and stained with antibodies against FLAG (red) and lamin B (green). GFP-positive cells were located by
confocal microscopy. Panels ix, xiv, and xix represent magnified (�3) sections of the insets in the panels to their left. White arrows point at regions of
colocalization. (B) For statistical analysis, 10 infected (GFP-positive) cells from each electroporation were analyzed for whether they showed any points of
colocalization (shaded bars) between FLAG-UL97 and lamin B or no observable colocalization (unshaded bars). The difference between the data for cells infected
with 50N versus 50NR was analyzed using one-tailed Fisher’s exact test, and the P value is shown. (C) The number of foci of FLAG-UL97 and lamin B
colocalization was counted in representative optical sections of 10 cells/sample. Differences in these data between cells infected with a mutant versus its rescued
derivative were analyzed using one-way analysis of variance (ANOVA) followed by Sidak’s multiple-comparison test, and P values are shown.
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Furthermore, we found no evidence for the recruitment of
Cdk-1 to the nuclear lamina during HCMV infection. Our failure
to detect recruitment of PKC or Cdk-1 is consistent with our ob-
servations here of minimal effects of HCMV infection on the
thickness of lamin B staining and with previous results, including
the failure to detect phosphorylation of lamin A/C on sites phos-
phorylated by PKC (36), the failure of a Cdk inhibitor to decrease
lamin A/C phosphorylation in HCMV-infected cells (36), and the
failure of a dominant negative Cdk-1 to decrease HCMV replica-
tion (57). We note that although phosphorylation of specific res-
idues on lamins—most notably serine 22 of lamin A/C (which is
phosphorylated by UL97 [36])—is sufficient for lamina depoly-
merization (51), there is evidence that PKC phosphorylation of
lamins is not (27, 28). We also note that the anti-PKC antibody
that we used detects all PKC isoforms (30) and that we readily
detected PKC recruitment to the nuclear lamina in HSV-infected
cells by using the same antibody. In summary, we conclude that
the HCMV NEC mainly recruits and interacts with UL97, not
PKC, during infection.

Requirement for HCMV NEC during nuclear egress as re-
vealed by CLEM. To our knowledge, CLEM has not previously
been used to study cells infected with a nonviable virus or, for that
matter, any virus, although it has been used in transfected cells to
study activities of RNA virus proteins (58, 59). By using CLEM to
analyze null mutants, we avoided using conditional knockdown of
viral protein expression or dominant negative mutants, with their

potential drawbacks of leakiness or activities that would not occur
with null mutants. In this regard, it is interesting that the UL53
null mutant did not exhibit any obvious overrepresentation of
capsids lacking DNA, in contrast to dominant negative MCMV
M53 mutants (60). On the other hand, HSV and EBV mutants null
for the UL53 homolog also showed overrepresentation of empty
capsids (9, 61). Thus, in contrast to what is seen with these other
herpesviruses, HCMV UL53 does not appear to be crucial for ge-
nome packaging, although we cannot exclude a subtler role. Al-
though using CLEM to analyze null mutants has important limi-
tations, particularly in terms of the number of cells that can readily
be examined, it should be valuable for characterization of other
nonviable mutant viruses.

Specific roles of UL50 and UL53 in disruption of nuclear lam-
ina. The UL50-dependent colocalization of UL97 with the nuclear
lamina suggests that UL50’s role in lamina disruption might sim-
ply be to recruit UL97. This would be consistent with a report that
coexpression of UL50 and UL97 following transfection resulted in
increased numbers of cells with altered nuclear lamina relative to
cells in which UL97 was transfected alone (32), although in this
previous analysis, lamina alterations were not quantified in vec-
tor-transfected cells or cells expressing UL50 alone. Perhaps UL50
and UL97 interact directly. However, such an interaction was not
detected in coimmunoprecipitates by use of a virus expressing
affinity-tagged UL97 (41) or in transient-transfection and yeast
two-hybrid studies (33). UL50 and UL97 were found to interact
with the host protein p32 in yeast two-hybrid assays, leading to a
model in which UL50 recruits UL97 via p32 (32, 33). However,
p32 is notorious for promiscuously interacting with many diverse
proteins (62, 63). The precise mechanism of recruitment of UL97
to the nuclear lamina deserves further study.

While UL53 was not strongly required for UL97 colocalization
with the nuclear lamina, its absence modestly but significantly
decreased such colocalization. It is possible that this modest effect
nevertheless explains the role of UL53 in lamina disruption. It is
also possible that UL53 somehow positively regulates the function
of UL97. Regardless, the roles of the HCMV NEC subunits during
nuclear egress, including recruitment of UL97 to the nuclear lam-
ina, appear to have no cellular substitutes.

Modifications to the nuclear lamina in the absence of UL97.
Expression of UL50 and UL53, like that of their counterparts in
HSV-1, PrV, Kaposi’s sarcoma-associated herpesvirus (KSHV),
and MCMV, in the absence of any other herpesvirus protein, in-
duces modifications to the nuclear lamina in transfected cells (7,
21, 29, 35, 64), while in HCMV-infected cells, in the absence of
UL97 activity, there are no visible disruptions of the nuclear lam-
ina above those seen in mock-infected cells (36, 47). Thus, UL50
and UL53 are sufficient for modification of the nuclear lamina in
transfected cells, whereas they are necessary but not sufficient in
infected cells. We caution that the modifications to the nuclear
lamina in transfected cells (7, 21, 29, 35) may differ qualitatively
and quantitatively from those in infected cells. Alternatively, over-
expression of the HCMV NEC might drive an otherwise ineffi-
cient process in transfected cells. This process might also operate
in HCMV-infected cells when UL97 is inactivated, as nuclear
egress and viral replication do continue, albeit inefficiently. Al-
though this process might conceivably involve PKCs, Cdk-1 may
be a better candidate for modification of the lamina in these set-
tings. Consistent with this idea, UL97-independent increases in
phosphorylation of lamin A/C on serine 22 have been detected in

FIG 8 Association of UL97 with UL50 and UL53. (A) HFFs were infected with
FLAG-UL97 BADGFP at an MOI of 1. At 72 h p.i., cells were fixed and stained
for FLAG (green) and either UL50 (red) (i to iv) or UL53 (red) (v to viii). The
samples were visualized using confocal microscopy. The insets indicate mag-
nified (�3) sections of the respective images. Arrows show areas of colocaliza-
tion. (B) Nuclear lysates were obtained at 72 h p.i. from HFF cells infected with
HCMV AD169-RV (WT) or UL53-FLAG AD169-RV (53F) at an MOI of 1.
Lysates were precleared and incubated with anti-FLAG M2 monoclonal anti-
body-conjugated agarose beads. Bound proteins were eluted using low pH and
analyzed by Western blotting using antibodies against the proteins indicated to
the right of the panel.
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HCMV-infected cells, which may help to explain low-level nu-
clear egress in the absence of UL97 (36, 47). In addition, we found
that a Cdk inhibitor reduced HCMV-induced deformation of the
nucleus, which is an indirect indication of nuclear lamina modi-
fication, while a pan-PKC inhibitor had little, if any, effect (un-
published results).

PKC and nuclear egress in other systems. At the risk of being
provocative, our failure to find evidence for recruitment of PKC to
the nuclear lamina during HCMV infection led us to consider the
evidence for NEC-dependent recruitment of PKC in cells infected
with HSV-1 and MCMV. In both cases, clear recruitment of cer-
tain PKCs to the nuclear rim during infection has been shown (29,
30), with strong evidence for NEC-dependent recruitment of PKC
during HSV-1 infection (30). To our knowledge, no studies (e.g.,
using conditional dominant negative mutants) have examined
whether the NEC is required for recruitment of PKC in MCMV-
infected cells. However, there is evidence linking PKCs to nuclear
egress, especially for HSV-1 (30, 65), and, more recently, to export
of ribonucleoprotein (RNP) complexes from muscle cells during
synaptic development in Drosophila (31). Interestingly, in the
Drosophila system, alterations in the nuclear lamina do not appear
to entail gaps like those seen in HSV-1- and HCMV-infected cells
(21, 36, 50, 66–68) but, rather, remodeling of the lamina so that it
surrounds the RNPs (31). Thus, important differences can be dis-
cerned among various systems of nuclear egress. We speculate that
despite the sequence and functional conservation of the HSV-1
and HCMV NECs, the HSV-1 NEC evolved to recruit one or more
PKCs, while the HCMV NEC evolved to recruit the viral protein
kinase UL97 for lamina disruption during nuclear egress.
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