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The products of numerous open reading frames (ORFs) present in the genome of human cytomegalovirus
(CMV) have not been characterized. Here, we describe the identification of a new CMV protein localizing to the
nuclear envelope and in cytoplasmic vesicles at late times postinfection. Based on this distinctive localization
pattern, we called this new protein nuclear rim-associated cytomegaloviral protein, or RASCAL. Two RASCAL
isoforms exist, a short version of 97 amino acids encoded by the majority of CMV strains and a longer version
of 176 amino acids encoded by the Towne, Toledo, HAN20, and HAN38 strains. Both isoforms colocalize with
lamin B in deep intranuclear invaginations of the inner nuclear membrane (INM) and in novel cytoplasmic
vesicular structures possibly derived from the nuclear envelope. INM infoldings have been previously described
as sites of nucleocapsid egress, which is mediated by the localized disruption of the nuclear lamina, promoted
by the activities of viral and cellular kinases recruited by the lamina-associated proteins UL50 and UL53.
RASCAL accumulation at the nuclear membrane required the presence of UL50 but not of UL53. RASCAL and
UL50 also appeared to specifically interact, suggesting that RASCAL is a new component of the nuclear egress
complex (NEC) and possibly involved in mediating nucleocapsid egress from the nucleus. Finally, the presence
of RASCAL within cytoplasmic vesicles raises the intriguing possibility that this protein might participate in
additional steps of virion maturation occurring after capsid release from the nucleus.

Cytomegalovirus (CMV) is a highly prevalent betaherpesvi-
rus that can cause severe multiorgan disease in immunocom-
promised individuals (45). The ability of this virus to infect an
exceptionally wide variety of different cell types substantially
contributes to pathogenesis (5, 68). CMV tropism is largely
determined by a finely tuned interplay between cellular and
viral factors, many of which act at the earliest stages of infec-
tion (30, 68). We recently showed that the cellular protein
vimentin is required for efficient onset of infection in primary
human foreskin fibroblasts (HF). Interestingly, the degree of
reliance on the presence and integrity of vimentin intermediate
filaments is dependent on the virus strain, with the broadly
tropic strain TB40/E being more negatively affected than the
HF-adapted, attenuated strain AD169 (44).

Serial passage of clinical isolates in HF or in endothelial cells
(EC) has produced strains with different tropisms. The atten-
uated strains AD169 and Towne were developed as vaccine
candidates by propagation in HF for more than 50 (AD169)
and 125 (Towne) serial passages (19, 53, 61). During this pro-
cess, both strains, compared to clinical isolates, accumulated
multiple mutations and genomic deletions, resulting in the loss
of more than 19 open reading frames (ORFs) (8). The number
of serial passages in HF of another commonly used strain,

Toledo, has been more moderate (19, 54, 58). This, however,
did not prevent the emergence of numerous genomic muta-
tions, including the inversion of an �15-kb fragment (8, 16,
56). As a consequence of these changes, productive infections
by AD169, Towne, and Toledo are largely restricted to HF. In
contrast, propagation of clinical isolates in EC has yielded a
series of strains with more-intact genomes and broader tro-
pisms, such as TB40/E, VHL/E, and FIX (VR1814) (25, 60,
71). These strains retain the ability to grow in a wider variety
of cell types, including EC, epithelial cells, and dendritic cells
(DC), in addition to HF (23, 28, 59, 60, 68).

The UL128, UL130, and UL131A gene products were re-
cently identified as essential mediators of CMV infection of
EC and epithelial cells (26, 72, 73) and of virus transfer from
infected EC to monocyte-derived DC (23). Each of these pro-
teins is independently required for the broader tropisms of
EC-propagated CMV isolates (63, 64), and the presence of
mutations affecting their functionality has been directly linked
to the inability of AD169, Towne, and Toledo to initiate pro-
ductive infections in EC and epithelial cells (26, 72, 73).

We have shown that mature Langerhans-type DC differen-
tiated in vitro from CD34� hematopoietic progenitor cells are
highly permissive to direct infection with TB40/E or VHL/E,
with 48 to 72% of cells in culture expressing the viral imme-
diate-early genes IE1 and IE2 at 48 h postinfection (hpi) (28).
In contrast, only 2 to 5% and 0% of mature Langerhans cells
were IE1/IE2 positive after exposure to Towne and Toledo,
respectively. However, productive infection was detected in 12
to 17% of cells infected with AD169, despite the fact that this
strain lacks expression of the UL131A gene as a consequence
of a frameshift mutation (26). These results suggested the
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existence of additional viral genes with products involved in
mediating tropisms for specific cell types, such as DC. To
identify possible candidates, we compared the amino acid se-
quence of each ORF found in the genome of TB40-BAC4, a
sequenced clone of the TB40/E strain in a bacterial artificial
chromosome (BAC) (GenBank accession number EF999921)
(69), to the sequence of each ORF found in AD169 and
AD169-BAC (accession numbers X17403 and AC146999) (10,
49), Towne and Towne-BAC (accession numbers FJ616285,
AC146851, and AY315197) (17, 18, 49), and Toledo-BAC (ac-
cession number AC146905) (49). The product of a putative
ORF, originally identified by Murphy et al. and named con-
served ORF 29 (c-ORF29) (49), was considered of particular
interest because the amino acid sequence of the putative pro-
tein encoded by Toledo and Towne was extended by 79 resi-
dues compared to the putative protein encoded by TB40/E and
AD169. This led to our speculation that that the extended
version might result in a nonfunctional version of the
c-ORF29-encoded protein. We thus focused our studies on the
products of this ORF.

Here, we show for the first time that CMV c-ORF29 en-
codes a protein expressed at early to late times postinfection
(p.i.) and localizes to the nuclear rim in peculiar invaginations
of the nuclear lamina and in cytoplasmic vesicular structures at
late times p.i. Based on this localization pattern, we named this
gene product nuclear rim-associated cytomegaloviral protein,
or RASCAL. Surprisingly, no difference was observed in the
distributions of RASCAL during infection of HF with TB40/E
or Towne, suggesting that the intracellular trafficking of this
protein is not affected by the presence of the additional
residues at the C terminus of RASCAL from strain Towne
(RASCALTowne). Ectopic expression of RASCAL in human
embryo kidney 293T (HEK293T) cells further revealed that
this protein requires the presence of the nuclear egress com-
plex (NEC) member UL50 to reach the nuclear rim, while
coimmunoprecipitation (co-IP) assays provided evidence for
the existence of an interaction between RASCAL and UL50.
These findings suggest that RASCAL may be a new compo-
nent of the NEC with possible roles in remodeling the nuclear
lamina during nucleocapsid egress from the nucleus.

MATERIALS AND METHODS

In silico analysis. RASCAL amino acid sequences were analyzed using the
following programs: ClustalW2 (32), NetPhosK (4), NetNGlyc (http://www.cbs
.dtu.dk/services/NetNGlyc/), SignalP3.0 (2), Kyte-Doolittle hydropathy plot (31),
TMpred (http://www.ch.embnet.org/software/TMPRED_form.html), TopPred II
(11), dense alignment surface (DAS) (13), ESLpred (3), HSLpred (22), Tar-
getP1.1 (20), and SubLoc v1.0 (29).

Cells and viruses. HF and HEK293T cells were gifts of E. S. Mocarski, Emory
University, Atlanta, GA, and were propagated in Dulbecco’s modified Eagle
medium supplemented with 10% fetal clone serum III (HyClone), 100 U/ml
penicillin, 100 �g/ml streptomycin, 4 mM HEPES, and 1 mM sodium pyruvate
(all from Gibco Invitrogen Corp.). HF were used between passages 17 and 27
postisolation. Human CMV strains AD169varATCC and TB40/E and the green
fluorescent protein (GFP)-tagged derivative of TownevarRIT3, Towne/GFP-IE2
(J. Xu, D. Formankova, and E. S. Mocarski, unpublished), were originally ob-
tained from the American Type Culture Collection, from C. Sinzger (Tübingen,
Germany), and from E. S. Mocarski (Emory University, Atlanta, GA), respec-
tively. Propagation and purification of all strains were performed as previously
described (28).

HF infection and cell transfection. HF were plated at a density of 5 � 104

cells/cm2 3 days prior to exposure to AD169, TB40/E, or Towne/GFP-IE2 at a
multiplicity of infection (MOI) of 3 or 5. Mock-infected samples were exposed to

culture medium alone. After virus adsorption at 37°C in 5% CO2 for 1 h, the
inoculum was removed, and cells were washed three times with medium prior to
incubation in fresh medium until they were harvested at different times p.i. For
phosphonoformic acid (PFA) treatment, HF were exposed to Towne/GFP-IE2
(MOI of 3) for 1 h at 37°C, washed, and further incubated in fresh culture
medium containing 300 �g/ml of PFA (Sigma, St. Louis, MO). HEK293T cell
transfection was performed using PolyFect (Qiagen) as per the manufacturer’s
guidelines.

mRNA isolation and RT-PCR. mRNA was isolated from mock-, TB40/E-, or
Towne/GFP-IE2-infected HF using the �MACS mRNA isolation kit (Miltenyi
Biotec, Bergisch Gladbach, Germany). First-strand cDNA synthesis was per-
formed using SuperScript III reverse transcriptase according to the manufactur-
er’s guidelines (Gibco Invitrogen Corp.). c-ORF29TB40/E was amplified with the
forward primer GCGGATCCTAATGGGGGAACGCC (labeled a � in Fig. 2A,
top) and the reverse primer GTGGATCCAGAGATGCGGAAAAGCC (la-
beled � b in Fig. 2A, top), c-ORF29Towne was amplified with the forward primer
GCGGATCCTAATGGGGGAACGCC (labeled a � in Fig. 2A, top) and the
reverse primer CCTCGAGAAAAGCACGCAAGC (labeled � c in Fig. 2A,
top), vimentin was amplified with the forward primer CGGATCCATGTCCA
CCAG and the reverse primer CGAATTCTTCAAGGTCAT, UL99 was ampli-
fied with the forward primer CGGATCCATGGGTGGCGAACTCT and the
reverse primer GGATATCTGAAAGGACAAGGGGGCG, and �-actin cDNA
was amplified with the forward primer GGTCATCACCATTGGCAATGA
GCGG and the reverse primer GGACTCGTCATACTCCTGCTTGCTG.

Plasmid construction. L-RASCALTB40/E (where the prefix “L” stands for
LNCX) was generated by excising GFP from LNCX-GFP (LGFP) (36) using
EcoRI and EcoRV and by replacing it with the RASCALTB40/E sequence am-
plified by PCR using a forward primer containing the EcoRI restriction site
(GGAATTCATGGGGGAACGCCGTGTG) and a reverse primer containing
the RASCALTB40/E stop codon and the EcoRV restriction site (GCGATATCT
TAAGATGCGGAAAAGCCA). L-RASCALTB40/E-GFP was generated by
cloning RASCALTB40/E, lacking its stop codon, in frame with the N terminus of
GFP using the EcoRI and BamHI restriction sites present in LGFP. The forward
primer used to make L-RASCALTB40/E-GFP was the same as that used to make
L-RASCALTB40/E. The reverse primer (GTGGATCCAGAGATGCGGAAAA
GCC) contained a BamHI restriction site and was designed to remove the
RASCAL stop codon. Hemagglutinin-tagged LNCX UL50 (LNCX UL50-HA)
was generated by amplifying the UL50 sequence from cDNA populations de-
rived from AD169-infected HF using the forward primer AGAATTCATGGA
GATGAACAAGGTT, containing an EcoRI restriction site, and the reverse
primer TTTTGTCGACTCAAGCGTAATCTGGAACATCGTATGGGTAGT
CGCGGTGTGCGGAG, containing the HA tag nucleotide sequence. This PCR
product was cloned into the pSC-B vector (Stratagene, La Jolla, CA) and
subsequently excised using EcoRI before being ligated into the EcoRI re-
striction site of LNCX (43). FLAG-tagged L-UL53 (L-UL53-FLAG) was
created by amplifying the UL53 sequence from cDNA populations derived
from TB40/E-infected HF using the forward primer AGAATTCATGTCTA
GCGTGAGCG, containing the EcoRI restriction site, and the reverse primer
TTTTGTCGACTCACTTGTCATCGTCGTCCTTGTAGTCAGGCGCACG
AATGCTGTTGA, containing the FLAG tag nucleotide sequence and the
SalI restriction site. The UL53-FLAG PCR product was ligated into the
EcoRI and SalI sites of LGFP after excision of the GFP coding sequence.

Generation of anti-RASCAL Abs. Polyclonal rabbit antibodies (Abs) were
raised by ProSci Inc. (Poway, CA) against the RASCAL peptide YAPFDSHR
RHVSELRGHRD conjugated to the keyhole limpet hemocyanin. Abs were
affinity purified and were provided at a final concentration of 1.7 mg/ml.

Immunoblot analysis. Cell pellets from mock-, TB40/E-, or Towne/GFP-IE2-
infected HF and from HEK293T cells nontransfected or transiently transfected
with L-RASCALTB40/E-GFP or with L-RASCALTB40/E were resuspended in 3%
sodium dodecyl sulfate (SDS) lysis buffer containing 125 mM Tris-HCl (pH 6.8),
3% SDS, 10 mM dithiothreitol, 0.4 mM phenylmethylsulfonyl fluoride, and
complete EDTA-free protease inhibitor cocktail (Roche). Cell lysates were
boiled at 100°C for 5 min, and cell debris were eliminated by centrifugation at
16,100 � g for 3 min. Protein concentrations were determined with the DC
protein assay kit (Bio-Rad). Protein extracts were then separated by electro-
phoresis on a 15% SDS-polyacrylamide gel and transferred to polyvinylidene
difluoride membranes. Membranes were blocked overnight at 4°C in blocking
buffer containing 10 mM Tris-Cl (pH 7.5), 100 mM NaCl, 5% milk powder, 0.1%
Tween 20 prior to incubation with rabbit anti-RASCAL Abs (1:1,000) or with
mouse anti-HA Abs (1:1,000) for 1 h at room temperature (RT). Membranes
were rinsed in wash buffer (10 mM Tris-Cl [pH 8.0], 150 mM NaCl, and 0.05%
Tween 20) and were incubated with horseradish peroxidase-conjugated goat
anti-rabbit IgG (1:4,000; Vector Laboratories) or goat anti-mouse IgG (1:5,000;
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Vector Laboratories) for 1 h at RT. For reprobing, membranes were incubated
in 62.5 mM Tris-Cl (pH 6.8), 100 mM �-mercaptoethanol, and 2% SDS at 50°C
for 30 min, rinsed with phosphate-buffered saline (PBS) containing 0.1% Tween
20, blocked overnight at 4°C, and incubated with preimmune rabbit serum
(1:1,000) followed by horseradish peroxidase-conjugated goat anti-rabbit IgG
(1:4,000), both for 1 h at RT. Signal was developed by enhanced chemilumines-
cence (ECL plus kit; GE Healthcare).

Coimmunoprecipitation assays. HEK293T cells were transfected with LNCX
(control) or were cotransfected with L-RASCALTB40/E and LNCX UL50-HA at
a 1:3 molar ratio or with LNCX UL50-HA and L-UL53-FLAG at a 1:1 molar
ratio in T25 flasks. At 24 h posttransfection, cells were harvested in 500 �l of
co-IP buffer containing 50 mM Tris-HCl (pH 8), 100 mM NaCl, 5 mM EDTA,
0.5% NP-40, 1 mM phenylmethylsulfonyl fluoride, and complete EDTA-free
protease inhibitor cocktail (Roche) prior to the addition of 5 �g of mouse
monoclonal anti-HA Abs (Invitrogen) or of polyclonal anti-RASCAL Abs for 2 h
at 4°C under rotation. Extracts were incubated with 100 �l of protein A-Sepha-
rose bead slurry (Sigma) for 2 h at 4°C, pelleted, washed in lysis buffer containing
200 mM NaCl, and subjected to immunoblot analysis as described above.

Immunofluorescence staining analysis. Cells were fixed in 3.7% paraformal-
dehyde (Fisher Chemicals, Fairlawn, NJ) for 30 min at RT, permeabilized in
0.2% Triton X-100 (USB Corporation, Cleveland, OH) for 20 min on ice, and
blocked in 100% horse serum (HS; PML Microbiologicals, Wilsonville, OR) for
30 min at RT. Cells were then incubated with rabbit polyclonal anti-RASCAL
Abs (1:500) alone or in combination with monoclonal Abs directed against the
FLAG tag (1:1,000; clone M2; Sigma, St. Louis, MO), the HA tag (1:500;
Invitrogen), IE1/IE2 (1:500; fluorescein isothiocyanate [FITC]-conjugated
MAb810F; Chemicon, Temecula, CA), lamin B (1:50; Santa Cruz Biotechnology,
Santa Cruz, CA), or lamin A/C (1:50; Santa Cruz Biotechnology, Santa Cruz,
CA). Samples were washed in PBS-0.05% Tween 20 prior to incubation with
Alexa Fluor 594-conjugated goat anti-rabbit IgG Abs (1:500; Molecular Probes,
Eugene, OR) alone or in combination with FITC-conjugated goat anti-mouse
IgG Abs (1:100; Invitrogen, Carlsbad, CA). For control stainings, cells were
incubated with preimmune sera diluted 1:500 in 100% HS. For dual staining of
cells expressing UL50-HA and UL53-FLAG, samples were incubated with
mouse monoclonal anti-FLAG Abs and rabbit polyclonal anti-HA Abs (1:500;
Zymed), followed by FITC-conjugated goat anti-mouse IgG Abs and Alexa
Fluor 594-conjugated goat anti-rabbit IgG Abs. All Abs were diluted in 100% HS
and were incubated on samples for 1 h at RT. Nuclei were labeled with Hoechst
33342 (0.2 mg/ml; Molecular Probes, Eugene, OR) for 3 min at RT and were
mounted in 90% glycerol-10% PBS containing 2.5 g/liter of 1,4-
diazabicyclo(2,2,2)octane (DABCO; Alfa Aesar, Pelham, NH). Samples were
analyzed on a Zeiss Axioskop 2 magneto-optical trap fluorescence microscope
equipped with a QImaging Retiga 1300-coded monochrome 12-bit camera. Im-
ages were captured and pseudocolored using Northern Eclipse version 7.0 soft-
ware. Confocal images were acquired on a Zeiss LSM 510 META ConfoCor2
confocal laser scanning microscope equipped with Zeiss LSM 510 META image
processing software.

RESULTS

Identification of the ORF encoding RASCAL and in silico
analysis of the predicted amino acid sequence. The genomic
region of TB40-BAC4 corresponding to nucleotides 9100 to
11200 was screened for the presence of ORFs with the poten-
tial to encode proteins of at least 80 amino acids (aa) and
containing a 5� ATG codon. One ORF of 294 nucleotides
encoding a putative protein of 97 aa was found. As described
for c-ORF29 (48, 49), the sequence of this ORF was located on
the negative strand of the genome (nucleotides 9855 to 10148
in TB40-BAC4) and partially overlapped (206 nucleotides) the
5� end of the US17 gene (Fig. 1A, left). An ortholog of this
ORF was found in the Towne-BAC genome, spanning nucle-
otides 199167 to 199697 (in GenBank accession no.
AY315197) and overlapping the 5� end of the US17 gene by
442 nucleotides (Fig. 1A, right). In contrast to what was pre-
viously reported for c-ORF29 (48, 49), however, searches of
the nonredundant nucleotide collection databases using the
BLASTN algorithm failed to reveal the presence of a full-

length c-ORF29 ortholog in the genome of chimpanzee CMV.
A ClustalW2 global alignment of the predicted amino acid se-
quence of c-ORF29 from strain TB40-BAC4 (RASCALTB40/E)
with sequences from 13 other human CMV strains showed that
RASCAL is highly conserved and that not only strains Towne
and Toledo, but also two new CMV strains, HAN20 and
HAN38, carry a longer version of this protein, containing 79
additional amino acids (Fig. 1B). No significant homology be-
tween either isoform of RASCAL and proteins of cellular or
viral origin was detected in extensive searches of multiple
amino acid sequence databases.

Two potential phosphorylation sites with scores greater than
80% were identified in RASCALTB40/E by the NetPhosK soft-
ware, one of which was specific for protein kinase C (PKC) at
Thr 48 and the other for protein kinase A (PKA) at Ser 65.
One additional site for PKA was found in the longer version of
the protein at Ser 103 (Fig. 1B). A single potential N-glycosyl-
ation site was detected by the NetNGlyc software at residue
Asn 17 (Fig. 1B). However, the SignalP3.0 algorithm failed to
predict the presence of a signal sequence at the N terminus of
RASCAL, suggesting that this protein may not be recognized
by the glycosylation machinery in vivo.

A Kyte-Doolittle hydropathy plot of RASCALTB40/E re-
vealed the presence of two regions of at least 17 aa with overall
hydrophobicity values greater than 1, one located at the N
terminus (aa 6 to 24) and the other at the C terminus (aa 79 to
97) (Fig. 1C, left, shaded boxes). Both were predicted to con-
tain a transmembrane domain (TMD) by three protein topol-
ogy prediction algorithms, TMpred, TopPred II, and DAS. The
amino acid sequences of these putative TMDs are highly con-
served in all strains (Fig. 1B, black lines). Although strains
Merlin, JP, and HAN13 carry a single amino acid replacement
of Leu 12 with Ile, HAN38 carries a Leu 13-to-Ser substitution,
and 3301 carries a Val 6-to-Met substitution, none of these
changes altered the outcome of the predictions. Two addi-
tional hydrophobic regions consisting of more than 17 aa were
detected in RASCALTowne (Fig. 1C, right, boxes with dashed
borders), but neither was predicted to be a TMD by all three
software programs.

RASCAL expression in infected and transfected cells. To
determine if c-ORF29 was expressed during infection, we per-
formed reverse transcriptase-PCR (RT-PCR) analyses of
mRNA extracts from mock-, TB40/E-, or Towne/GFP-IE2-
infected HF using the primers schematically depicted in the
top panel of Fig. 2A. A single product of approximately 300
nucleotides was detected in extracts from TB40/E-infected
cells amplified with primers a � and � b (Fig. 2A, bottom).
Mock-infected samples and control reaction mixtures lacking
the cDNA template were negative (Fig. 2A, bottom, and data
not shown). Although the sequence of primer � c is comple-
mentary to nucleotides 9621 to 9624 of the TB40/E genome, no
product was obtained when the same extracts were amplified
with primers a � and � c (not shown), suggesting that no
transcript spanning the region between these primers was pro-
duced in cells infected with TB40/E. In contrast, a single prod-
uct of about 550 nucleotides was observed in extracts from
Towne/GFP-IE2-infected cells amplified using primers a �
and � c (not shown). Sequence analysis of this PCR product
confirmed the presence of a T-to-C mutation at position 292,
resulting in the conversion of a TAA stop codon into a CAA
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codon coding for the amino acid Gln. RT-PCR analyses of
mRNA extracts from HF infected with TB40/E in the presence
of PFA revealed that c-ORF29 expression was reduced, but
not completely abrogated, in the absence of viral DNA repli-
cation (Fig. 2B). In contrast, no expression of the true late
gene UL99 was detected in PFA-treated cells (Fig. 2B). To-
gether, these data indicate that c-ORF29 is transcribed with
early-late kinetics during infection and confirm that the Towne
strain carries a longer version of this ORF.

To determine if c-ORF29 did encode a protein, affinity-
purified, polyclonal rabbit Abs were raised against residues 21
to 39 of the predicted RASCALTB40/E amino acid sequence.
The specificities of these Abs were tested using Western blot
analyses of protein extracts from HEK293T cells transiently
transfected with expression plasmids encoding RASCALTB40/E

only or RASCALTB40/E fused to the N terminus of the GFP
amino acid sequence (RASCALTB40/E-GFP). Two proteins
with expected molecular masses of approximately 11 kDa (Fig.

FIG. 1. Genomic location of the c-ORF29 gene and in silico analysis of the RASCAL amino acid sequence. (A) Schematic map of the
TB40-BAC4 (GenBank accession no. EF999921) and of the Towne-BAC (accession no. AY315197) genomic regions corresponding to nucleotides
9200 to 10200 (TB40/E) and 198750 to 199750 (Towne). The black horizontal line depicts the viral genome, with vertical lines positioned every
500 nucleotides. ORFs are represented by arrows pointing in the direction of transcription. (B) ClustalW2 alignment of RASCAL amino acid
sequences from 14 human CMV strains. Viral genome accession numbers are as follows: TB40-BAC, EF999921; PH-BAC, AC146904; TR-BAC,
AC146906; FIX-BAC, AC146907; 3157, GQ221974; 3301, GQ466044; HAN13, GQ221973; JP, GQ221975; Merlin, AY44689; AD169, X17403;
HAN38, GQ396662; HAN20, GQ396663; Toledo-BAC, AC146905; and Towne-BAC, AC146851. Dots and dashes indicate identical and absent
amino acids, respectively. The asterisks mark the specific amino acid predicted to be phosphorylated by PKA or PKC or to be N glycosylated
(N-glyc). The black lines underscore the putative TMDs. (C) Kyte-Doolittle (K-D) hydropathy plot of RASCALTB40/E and RASCALTowne amino
acid sequences, performed using a window size of 9 aa. The shaded boxes include the stretch of amino acids corresponding to the putative TMDs,
while the boxes with the dashed borders include the two additional hydrophobic regions of more than 17 aa detected in RASCALTowne.
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2C, asterisk) and 38 kDa (Fig. 2C, arrowhead) were detected in
extracts from cells transfected with expression plasmids encod-
ing RASCALTB40/E and RASCALTB40/E-GFP, respectively.
These proteins were not recognized by the anti-RASCAL Abs
in extracts from nontransfected cells (Fig. 2C) or by the pre-
immune serum (not shown). Moreover, the 38-kDa protein
was also specifically detected in membranes reprobed with
anti-GFP monoclonal Abs (not shown), indicating that this
polypeptide did contain both the RASCAL and the GFP
epitopes. Two additional bands of 15 and 20 kDa were ob-
served in extracts from both transfected and nontransfected
cells and were considered to be cellular proteins nonspecifi-
cally recognized by the anti-RASCAL Abs. Finally, two prod-
ucts with molecular masses of less than 15 kDa were observed
exclusively in cells expressing RASCALTB40/E-GFP, suggesting
that they might correspond to degradation products of the
fusion protein.

To assess if RASCAL was expressed in CMV-infected cells,
protein extracts from mock-, TB40/E-, and Towne/GFP-IE2-
infected HF were separated by SDS-polyacrylamide gel elec-
trophoresis (PAGE). The same membrane was probed with
anti-RASCAL Abs and, after being stripped, with preimmune
serum. A single band of approximately 11 kDa was detected in
extracts from TB40/E-infected HF and in extracts from
HEK293T cells expressing RASCALTB40/E, used as the control

(Fig. 2D, left, asterisks). This band was not detected in samples
from mock- and Towne/GFP-IE2-infected cells. In addition,
two proteins with molecular masses larger than 15 kDa but
smaller than 20 kDa were observed exclusively in extracts from
Towne/GFP-IE2-infected HF (Fig. 2D, left). While the larger
protein (Fig. 2D, left, square) is likely to correspond to
RASCALTowne (predicted molecular mass, 19.4 kDa), the
smaller protein remains uncharacterized. None of these bands,
including the nonspecific protein of approximately 15 kDa
recognized by the anti-RASCAL Abs in HF and HEK293T cell
extracts, was detected by the preimmune serum (Fig. 2D,
right).

RASCAL localizes at the nuclear envelope and in cytoplas-
mic vesicular structures during infection. To establish the
subcellular localization of RASCAL during infection, mock-,
AD169-, TB40/E-, and Towne/GFP-IE2-infected HF (MOI of
5) were harvested at 24, 48, 72, 96, 120, and 144 hpi. Cells were
stained with the preimmune serum or with the affinity-purified
anti-RASCAL Abs and with FITC-conjugated anti-IE1/IE2
Abs. Nuclei were highlighted with Hoechst 33342. No signal
was observed in mock-infected cells (Fig. 3A to C), indicating
that no cellular proteins were recognized nonspecifically by the
anti-RASCAL Abs in immunofluorescence staining assays.
Similarly, staining of infected cells with the preimmune se-
rum did not yield any specific signal (not shown). At 24 hpi,

FIG. 2. RASCAL expression in infected and transfected cells. (A, top) Schematic depiction of the primers used to amplify c-ORF29 by
RT-PCR from TB40/E- or Towne/GFP-IE2-infected HF. The � and � symbols depict the direction of polymerization. The sequence of primer
a � is complementary to nucleotides 1 to 13 of c-ORF29TB40/E and of c-ORF29Towne, the sequence of primer � b is complementary to nucleotides
277 to 291 of c-ORF29TB40/E and of c-ORF29Towne and to nucleotides 189 to 203 of US17, while the sequence of primer � c is complementary
to nucleotides 515 to 528 of c-ORF29Towne and nucleotides 427 to 440 of US17. (Bottom) RT-PCR analysis of c-ORF29 transcription in mock-
or TB40/E-infected HF at the indicated times p.i., using primers a � and � b. Amplification of vimentin’s cDNA was used as the PCR control.
(B) RT-PCR analysis of c-ORF29 and of UL99 transcription in HF infected with TB40/E in the presence (�) or absence (	) of PFA (300 �g/ml).
Amplification of �-actin’s cDNA was used as the PCR control. (C) Immunoblot analysis results of RASCALTB40/E expression in protein extracts
from HEK293T cells nontransfected or transfected with expression plasmids encoding RASCALTB40/E-GFP or RASCALTB40/E. The blot was
incubated with an anti-RASCAL polyclonal Ab as described in Materials and Methods. Expected molecular masses were 10.6 kDa for
RASCALTB40/E and 37.6 kDa for RASCALTB40/E-GFP. Asterisk, RASCALTB40/E; arrowhead, RASCALTB40/E-GFP. (D) Immunoblot analysis of
RASCAL expression in protein extracts from mock-, TB40/E-, or Towne/GFP-IE2-infected HF and in HEK293T cells expressing RASCALTB40/E.
The same membrane was incubated first with an anti-RASCAL polyclonal Ab (left) and subsequently with the preimmune serum (right) as
described in Materials and Methods. Expected molecular masses were 10.6 kDa for RASCALTB40/E and 19.4 kDa for RASCALTowne. Asterisk,
RASCALTB40/E; square, RASCALTowne.
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RASCAL fluorescence was barely detectable (not shown). By
48 hpi, a prominent cytoplasmic signal was observed in infected
cells, with a punctuate pattern more densely concentrated
around the nucleus (Fig. 3D to F). At 72 hpi, RASCAL accu-
mulation in a perinuclear ring was clearly detectable in a large
proportion of cells (Fig. 3G to I, arrow), and by 96 hpi most of
the RASCAL signal emanated from the nuclear rim, with very
little diffuse fluorescence remaining in the cytoplasm (Fig. 3J

to L). In some cells, RASCAL appeared to also concentrate in
cytoplasmic vesicular compartments distributed from the nu-
clear envelope to the cell surface (Fig. 3J to L, asterisk). At 96
hpi and, more prominently, at 120 hpi, RASCAL fluorescence
appeared to originate almost exclusively from peculiar struc-
tures likely located on the nuclear envelope and characterized
by a central “knot” with rod-like extensions (Fig. 3M to O,
arrowheads). These nuclear envelopes and the cytoplasmic

FIG. 3. RASCAL intracellular localization. Mock-infected (A to C) or Towne/GFP-IE2-infected HF (MOI of 5) (D to R) were harvested at
the indicated times p.i. and were stained with affinity-purified rabbit anti-RASCAL polyclonal Abs followed by Alexa Fluor 594-conjugated goat
anti-rabbit Abs. The signal emitted from the GFP-IE2 protein was further amplified with FITC-conjugated anti-IE1/IE2 Abs, and nuclear DNA
was stained with Hoechst 33342. The arrows point at RASCAL accumulation at the nuclear rim, the arrowheads indicate the peculiar structures
observed on the nuclear surface at late times p.i., and the asterisks mark the locations of the cytoplasmic RASCAL-positive vesicles. Original
magnification, �400.
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structures became clearly visible at 144 hpi (Fig. 3P to R), at a
time when few or no perinuclear rings were still detectable.
The same staining pattern was observed in AD169- and TB40/
E-infected cells (not shown), indicating that the presence of
the 79 additional amino acids in RASCALTowne did not inter-
fere with its localization.

To determine if the RASCAL protein was produced in the
absence of viral DNA replication, HF were infected with
Towne/GFP-IE2 (MOI of 3) in the presence or absence of
PFA. Cells were harvested at 24, 48, 72, 96, 120, and 144 hpi
and stained for RASCAL and for IE1/IE2. As expected, in-
tranuclear accumulation of IE1/IE2 at the sites of viral genome
replication (52) was observed exclusively in untreated HF (Fig.
4B and D). In these cells, RASCAL expression was detected
starting from 24 hpi, and signal accumulated at the nuclear rim,
on the nuclear envelope, and in cytoplasmic vesicles at late
times p.i. (Fig. 4A and C). In contrast, no RASCAL-specific
signal was detected in PFA-treated cells at each time p.i. (Fig.
4E and G and data not shown), suggesting that expression of
the RASCAL protein was reduced to levels below detection in
the absence of viral DNA replication.

RASCAL and lamin B colocalize at the nuclear lamina and
in cytoplasmic vesicular structures. To establish if RASCAL
was located at the nuclear lamina, confocal microscopy images
were acquired of TB40/E-infected HF harvested at 72 and 96
hpi and stained for RASCAL and lamin B or for RASCAL and
lamin A/C. TB40/E was used in place of Towne/GFP-IE2 in
these experiments to avoid interference between the GFP-IE2
nuclear fluorescence and the signal from Alexa Fluor 488-
conjugated secondary Abs. At 72 hpi, a clear overlay of the
RASCAL and lamin B signals was observed at the nuclear
envelopes of infected cells (Fig. 5A to C). While the lamin B
staining was uniformly distributed at the nuclear lamina (Fig.
5B), RASCAL appeared to accumulate in a more punctuate
pattern (Fig. 5A). RASCAL and lamin B colocalization was

also clearly detected in the structures observed in the nuclei of
infected cells at late times p.i. (Fig. 5D to F). These structures
were also observed in confocal images corresponding to the
midsections of nuclei, suggesting that they might correspond to
the extensive invaginations of the inner nuclear membrane
(INM) described in ultrastructural studies and in immunoflu-
orescence staining analyses of human- and mouse-CMV-in-
fected cells at late times p.i. (6, 7, 14, 24, 35, 50, 62, 67). To
determine if this was the case, images were acquired at three
different focal planes of a single nucleus, corresponding to the
top (Fig. 5G), middle (Fig. 5H), and bottom (Fig. 5I) sections
of the nucleus. Several of the RASCAL- and lamin B-positive
structures appeared to stretch from the top to the bottom of
the nuclear volume (Fig. 5G to I), indicating that they did
indeed represent deep, tunnel-like folds of the nuclear lamina
that penetrate through the entire volume of the nucleus. Ex-
tensive overlap was also detected between the RASCAL and
lamin A/C signals, although the majority of the lamin A/C
signal appeared to emanate from the central “knot” of the
invaginations and to be less intense along the rod-like exten-
sions (Fig. 5J to L). Confocal images of infected cells at 96 hpi
also revealed that both RASCAL and lamin B (Fig. 6A to C),
but not lamin A/C (Fig. 6D to F), were present in the cyto-
plasmic vesicle-like compartments appearing at late times p.i.,
suggesting that these proteins might remain associated even
when not localizing at the nuclear lamina. Higher-magnifica-
tion images of the nuclear rim uncovered the existence of close
connections between the vesicles and the nuclear envelope,
suggesting that these cytoplasmic structures may originate
from the nuclear membrane (Fig. 6G to I, arrowheads).

Identical RASCAL- and lamin B- or lamin A/C-positive
structures were also observed in HF infected with Towne/GFP-
IE2 or with AD169 (not shown).

RASCAL interacts with UL50 and requires its presence to
gather at the nuclear lamina. At early times p.i. (48 hpi),

FIG. 4. RASCAL expression in the absence of viral DNA synthesis. HF infected with Towne/GFP-IE2 (MOI of 3) in the presence or absence
of PFA (300 �g/ml) were harvested at the indicated times p.i. and stained with affinity-purified rabbit anti-RASCAL polyclonal Abs followed by
Alexa Fluor 594-conjugated goat anti-rabbit Abs and FITC-conjugated anti IE1/IE2 Abs. Original magnification, �400.
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RASCAL localizes mainly in a cytoplasmic punctuate pattern
(Fig. 3D to F). Relocalization to the nuclear rim occurs only
later in infection (72 hpi [Fig. 3G to I]), at a time when both
UL50 and UL53 are abundantly expressed and gathered at the
NEC. This suggested that RASCAL might require the pres-
ence of other NEC components to reach the nuclear lamina.
To test if, akin to UL53, RASCAL relocalization to the nuclear
lamina was mediated by UL50, three expression plasmids were
constructed, one containing RASCALTB40/E, one containing a
C-terminal FLAG-tagged version of UL53 (UL53-FLAG), and
one containing a C-terminal HA-tagged version of UL50
(UL50-HA), as described previously (14, 40). HEK293T cells

transfected with one of these constructs were stained with
rabbit anti-RASCAL Abs and with mouse anti-HA or mouse
anti-FLAG Abs. No signal was detected in cells expressing
UL50-HA or UL53-FLAG after being stained with anti-
RASCAL Abs (Fig. 7B and D), indicating that these Abs did
not cross-react with either protein. As previously shown (7, 41,
42), UL50-HA localized at the nuclear lamina and in cytoplas-
mic vesicular structures (Fig. 7A), while UL53-FLAG was pre-
dominantly nuclear, with some cytoplasmic dotted staining
(Fig. 7C). When expressed in the absence of CMV infection,
RASCALTB40/E did not accumulate at the nuclear rim but
displayed a punctuate cytoplasmic staining similar, although

FIG. 5. RASCAL colocalization with lamin B and with lamin A/C at the nuclear envelopes of infected cells. Confocal images of TB40/E-
infected HF (MOI of 5) harvested at 72 hpi (A to C) or 96 hpi (D to L) and stained with affinity-purified rabbit anti-RASCAL polyclonal Abs
followed by Alexa Fluor 594-conjugated goat anti-rabbit Abs (red), with monoclonal anti-lamin B Abs followed by FITC-conjugated anti-mouse
Abs (green), or with monoclonal anti-lamin A/C Abs followed by FITC-conjugated anti-mouse Abs (green). Bar size, 10 �m.
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not completely identical, to that observed in infected HF at 48
and 72 hpi (compare Fig. 7E to Fig. 3D and G). Coexpression
of UL50-HA and UL53-FLAG induced the relocalization of
UL53-FLAG to the endoplasmic reticulum and to the nu-
clear rim (Fig. 7F to H), as expected (7, 40). Expression of
RASCALTB40/E in the presence of UL53-FLAG did not modify
the localization of either protein (Fig. 7I to K), while coexpres-
sion of RASCALTB40/E and UL50-HA triggered the accumu-
lation of RASCALTB40/E in a UL50-positive, perinuclear re-
gion (Fig. 7L to N). These data indicate that the presence of
UL50, but not of UL53, is required to mediate RASCALTB40/E

tethering to the nuclear rim and suggest that RASCALTB40/E

may interact with UL50. Expression of RASCALTB40/E in the
presence of both UL50-HA and UL53-FLAG did not change
the localization pattern of either RASCALTB40/E or UL53, and
both proteins still accumulated at the nuclear lamina to-
gether with UL50 (not shown), suggesting that UL50 may
bind to RASCALTB40/E and UL53 via two different interaction
domains. To investigate if RASCAL did indeed interact with
UL50, protein extracts from HEK293T cells transfected with
LNCX or cotransfected with L-RASCALTB40/E and LNCX
UL50-HA were subjected to co-IP using anti-HA or anti-

RASCAL Abs. As a control, extracts from HEK293T cells trans-
fected with LNCX or cotransfected with LNCX UL50-HA and
L-UL53-FLAG were subjected to co-IP using anti-HA Abs. As
expected (7, 40, 41, 65), UL53-FLAG did coimmunoprecipi-
tate with UL50-HA (Fig. 8A, lane 4), while no signal was
observed in immunoprecipitates from control cells (Fig. 8A,
lane 3). Specific bands of about 44 kDa (UL50-HA) and 10
kDa (RASCAL) were detected in cell lysates (Fig. 8B, left,
lane 10) and in immunoprecipitates (Fig. 8B, left, lane 8, and
right, lane 14) from L-RASCALTB40/E- and LNCX UL50-HA-
cotransfected cells, irrespective of whether anti-HA or anti-
RASCAL Abs were used as immunoprecipitating reagents. No
bands were detected in extracts from control cells (Fig. 8B, left,
lanes 5, 6, and 9, and right, lanes 11 and 12). Together, these
data indicate that RASCAL and UL50 can be found in the
same complex and suggest that RASCAL is likely to be a new
NEC member.

DISCUSSION

In this report, we show that the putative CMV gene c-
ORF29 encodes a protein, RASCAL, displaying a dual local-

FIG. 6. RASCAL colocalization with lamin B but not lamin A/C in cytoplasmic vesicles. Confocal images of TB40/E-infected HF (MOI of 5)
harvested at 96 hpi and stained with affinity-purified rabbit anti-RASCAL polyclonal Abs followed by Alexa Fluor 594-conjugated goat anti-rabbit
Abs (red), with monoclonal anti-lamin B Abs followed by FITC-conjugated anti-mouse Abs (green) (A to F), or with monoclonal anti-lamin A/C
Abs followed by FITC-conjugated anti-mouse Abs (green) (G to I). The area magnified in panels D to F is framed by a square box in panels A
to C. Arrowheads indicate the points of close contact between the cytoplasmic vesicles and the nuclear lamina. Bar size, 5 �m.
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ization to the nuclear lamina and to cytoplasmic vesicles at late
times during infection. Accumulation of RASCAL at the nuclear
lamina requires the presence of UL50, and both proteins engage
in direct or indirect interactions, indicating that RASCAL is
likely to be a new component of the NEC. The occurrence of
lamin B-positive vesicular structures in the cytoplasm of in-
fected cells at late times p.i. has been previously reported (42,

47, 66), but the nature and function of these vesicles has not yet
been determined. The presence of RASCAL and lamin B within
these structures suggests that they may originate from the nuclear
envelope. We thus speculate that RASCAL may play a role in
facilitating the transition of nucleocapsids across the nuclear en-
velope and may have additional functions in promoting virion
maturation and trafficking toward the plasma membrane.

FIG. 7. Localization of UL50-HA, UL53-FLAG, and RASCALTB40/E in transfected cells. (A to D) Confocal images of HEK293T transiently
transfected with expression plasmids encoding UL50-HA (A and B) or UL53-FLAG (C and D) and stained with mouse anti-HA Ab (A), mouse
anti-FLAG Abs (C), or affinity-purified rabbit anti-RASCAL polyclonal Abs (B and D) followed by FITC-conjugated goat anti-mouse Abs (green)
or Alexa Fluor 594-conjugated goat anti-rabbit Abs. (E to M) Confocal images of HEK293T coexpressing UL50-HA and UL53-FLAG (E to F),
UL53-FLAG and RASCALTB40/E (H to J), or UL50-HA and RASCALTB40/E (K to M). Cells were stained with rabbit anti-HA and mouse
anti-FLAG Abs followed by Alexa Fluor 594 goat anti-rabbit Abs (green) and FITC-conjugated goat anti-mouse Abs (red) (E to G), with
mouse anti-FLAG and rabbit anti-RASCAL Abs followed by FITC-conjugated goat anti-mouse Abs (green) and Alexa Fluor 594-conjugated
goat anti-rabbit Ab (red) (H to J), or with mouse anti-HA and rabbit anti-RASCAL Abs followed by FITC-conjugated goat anti-mouse Abs
(green) and Alexa Fluor 594-conjugated goat anti-rabbit Abs (red) (K to M). Bar size, 10 �m.
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Akin to all herpesviruses, CMV genome replication and
encapsidation occur in the nuclei of host cells (45). Release of
newly assembled nucleocapsids into the cytoplasm necessarily
entails crossing of the nuclear envelope, in a process presumed
to involve an initial envelopment of nucleocapsids by budding
through the INM, followed by a de-envelopment step as virions
traverse the outer nuclear membrane (ONM) (34, 37, 38, 50,
67). The INM is structurally supported by the nuclear lamina,
a dense fibrillar network composed of A- and B-type lamins
and their partners (57). Localized destabilization of this struc-
ture is required for virions to gain access to the INM and is
mediated by components of the NEC, a multiprotein complex
composed of the viral proteins UL50, UL53, and UL97 and of
the cellular proteins p32, lamin B receptor (LBR), and protein
kinase C (PKC) (41). UL50 is a key mediator of the NEC
formation and directly interacts with UL53, p32, and PKC (41).
Recruitment of UL53 and PKC to the nuclear lamina is strictly
dependent on the presence of UL50, while p32 can reach this
location also via interactions with LBR (7, 40, 41). UL50 also
acts to enhance the accumulation at the NEC of the viral
kinase UL97, although UL97 recruitment is largely mediated
by binding to p32 (35).

Similar to UL53 and PKC, RASCAL localization to the
nuclear rim is dependent on UL50 (Fig. 7L to N). RASCAL
and UL50 could also be coimmunoprecipitated (Fig. 8B), in-
dicating the existence of direct or indirect interactions between
the two proteins. Thus, RASCAL may either be a new UL50
binding partner or may be recruited to the NEC via interac-
tions with PKC and/or p32.

Both RASCAL and UL53 were able to reach the nuclear
lamina when coexpressed in the presence of UL50 (not
shown), indicating a lack of competition between these two
proteins for binding to UL50. Thus, if the RASCAL-to-UL50
link is direct, two distinct binding domains must exist on the
surface of UL50, one for RASCAL and one for UL53. Al-
though our data do not exclude the possibility of an interaction

between RASCAL and UL53, complete overlap of signals em-
anating from each of these proteins was not observed in the
cytoplasm of cotransfected cells, and expression of UL53-
FLAG did not result in the relocation of RASCAL to the
nucleus (Fig. 7I to K). We thus believe that the formation of
RASCAL-UL53 complexes is unlikely to occur.

Quite interestingly, no differences were observed in the in-
tracellular localization of RASCALTB40/E and RASCALTowne

during infection, despite the fact that the RASCAL version
encoded by Towne is substantially longer than that encoded by
TB40/E (Fig. 1 and 2). As both proteins accumulate at the
NEC, the domains required for this localization must be lo-
cated within the first 97 aa of RASCAL, while the presence of
the 79 additional amino acids in RASCALTowne does not con-
tribute to, or interfere with, the recruitment process. We thus
speculate that the two proteins, although similarly localized,
will prove to be functionally different and that these differences
will be dependent on their ability to interact with specific
cellular and/or viral proteins in addition to the components of
the NEC. Studies are currently in progress to identify the exact
domains required for the tethering of RASCALTB40/E and
RASCALTowne to the nuclear lamina and to isolate the poten-
tial binding partners of each protein.

Extensive overlap of the RASCAL and lamin B signals was
observed at the nuclear rim and in intranuclear invaginations
of the INM in TB40/E-, Towne/GFP-IE2-, or AD169-infected
HF (Fig. 5A to I and data not shown). Substantial infoldings of
the INM have been described in a number of ultrastructural
studies of CMV-infected cells, and the presence of UL50,
UL53, and UL97 at these sites was documented by immuno-
electron and immunofluorescence microscopy (6, 7, 14, 24, 35,
50, 62, 67). These invaginations were shown to be sites of
nucleocapsid budding across the INM and were proposed to
enhance the efficiency of virion egress from the nucleus by
increasing the surface area of the INM and by acting as chan-
nels for the unhindered transport of primary enveloped virions

FIG. 8. Determination of RASCAL’s interaction with UL50 by co-IP. (A) Immunoblot analysis of protein extracts from HEK293T cells
transiently transfected with LNCX or cotransfected with L-RASCALTB40/E and LNCX UL50-HA. Proteins were denatured in 3% SDS lysis buffer
(lysate) or were subjected to co-IP with anti-HA Abs (left) or with anti-RASCAL Abs (right) prior to separation on 10% (UL50-HA) or 15%
(RASCALTB40/E) SDS-PAGE gels. An aliquot corresponding to 2% of the original co-IP buffer volume was loaded onto the gels as the input
control (input). Membranes were probed with anti-HA (1:500) or anti-RASCAL (1:1,000) Abs. (B) Immunoblot analysis of protein extracts from
HEK293T cells transiently transfected with LNCX or cotransfected with LNCX UL50-HA and L-UL53-FLAG. Proteins were denatured in 3%
SDS lysis buffer (lysate) or were subjected to co-IP with anti-HA Abs, prior to separation on 10% SDS-PAGE gels. Membranes were probed with
anti-HA (1:500) or anti-FLAG (1:500) Abs. Expected molecular masses were 43.9 kDa for UL50-HA, 10.6 kDa for RASCALTB40/E, and 43.3 kDa
for UL53-FLAG.
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toward the ONM (6). Confocal microscopy imaging of cells
stained for RASCAL and lamin B clearly showed that both
these proteins are located at sites found deep within the nu-
clear volume (Fig. 5D to I). In contrast, lamin A/C colocaliza-
tion with RASCAL was less prominently in the nuclear invagi-
nations and more evident at the openings of the INM channels
(Fig. 5J to L). Although these staining pattern differences
could potentially be due to some variation in the binding effi-
ciency of each Ab, it is also conceivable that they might reflect
functional differences between the two types of lamins (57).
Together, these results strongly suggest that RASCAL is asso-
ciated with the INM and provide further support to the hy-
pothesis that RASCAL is a new component of the NEC.

Although expression of UL50 and UL53 was reported to be
sufficient for the remodeling of the nuclear lamina and for the
formation of INM invaginations in COS7 cells (7), the pres-
ence of nuclear foldings was not observed in HeLa (40) or in
HEK293T (Fig. 7F to H) cells coexpressing these proteins.
Expression of RASCALTB40/E in the presence of UL53 (Fig. 7I
to K), UL50 (Fig. 7L to N), or both (not shown) also did not
induce the formation of INM folds, indicating that RASCAL
expression on its own, or in conjunction with UL50 and UL53,
is not sufficient to trigger the development of these structures.
These data suggest that the generation of INM invaginations in
the absence of infection may be cell type dependent and may
be affected by the intracellular content and availability of PKC,
a kinase whose activity is required to enhance the disassembly
of the nuclear lamina during mitosis (12) and during egress of
herpes simplex virus type 1 (HSV-1) and of murine and human
CMV (33, 40, 46, 47, 51). In addition to PKC, the viral kinase
UL97 is recruited to the nuclear lamina (35) and substantially
contributes to its phosphorylation-mediated dissolution (27,
35, 41, 42, 55). The presence of these two kinases at the NEC
fostered the speculation that they might phosphorylate specific
NEC components. Although no significant posttranslational
modification was detected for UL53 in infected HF (14), phos-
phorylation of both UL50 and UL53 was reported to occur
after in vivo labeling of transfected cells with 33P (40), and
phosphorylation of UL50 was shown to be mediated by PKC
(40).

We did not observe substantial changes in the SDS-PAGE
mobility of RASCALTB40/E from either infected or transfected
cells (Fig. 2C and D), despite the predicted presence of po-
tential phosphorylation sites for both PKC and PKA (Fig. 1B).
Protein phosphorylation, however, has been reported to in-
crease, decrease, or leave unaffected the apparent molecular
weights of proteins separated on SDS-PAGE gels. It is thus
conceivable that both RASCALTB40/E and RASCALTowne

might indeed be phosphorylated. The potential presence of
this modification might explain the appearance of a faster-
migrating band in protein extracts from Towne-infected cells
(Fig. 2D), particularly considering that the amino acid se-
quence of RASCALTowne is predicted to contain two additional
phosphorylation sites compared to that of RASCALTB40/E. Fur-
ther analyses are in progress to clarify this issue.

While expression of UL53 was reported to occur with late
kinetics (14), c-ORF29 transcription was observed starting
from 6 hpi (Fig. 2A), and its protein product was detected at
low levels starting from 24 hpi, with signal intensities mark-
edly increasing at later times (Fig. 3). These data suggest

that RASCAL accumulation in infected cells may begin before
synthesis of UL53 and, possibly, of UL50, while RASCAL
gathering at the nuclear rim occurs exclusively at late times p.i.,
when both UL50 and UL53 are present within the NEC. c-
ORF29 transcription was reduced, but not completely abol-
ished, in the absence of viral DNA replication (Fig. 2B), while
signal from the protein product of c-ORF29 became com-
pletely undetectable by immunofluorescence staining analysis
of PFA-treated cells (Fig. 4). These results suggest that, as with
the synthesis of another NEC component, UL97, RASCAL is
expressed with early-late kinetics, requiring viral DNA repli-
cation for maximum expression (39).

As previously mentioned, the c-ORF29 and US17 nucleotide
sequences partially overlap. Although the kinetics of US17
gene expression have not been studied in detail, the presence
of early transcripts hybridizing to the US17 gene region was
detected in microarray studies of viral gene expression in
Towne-infected HF (9). Interestingly, however, synthesis of the
US17 protein was observed starting from 72 hpi and was en-
tirely inhibited by treatment with PFA (15). These data suggest
that, although both the US17 and c-ORF29 genes are located
on the negative strand of the genome and have partially over-
lapping sequences, their transcription may be controlled by
different promoters.

While expression of both UL50 and UL53 is absolutely nec-
essary for the production of viral progeny from infected cells
(18, 74), growth of two distinct US17 deletion mutant viruses in
HF was not impaired (18, 74). As the c-ORF29 and US17
nucleotide sequences extensively overlap, it is likely that dele-
tion of c-ORF29 will also not lead to dramatic reductions in
mutant virus yields, at least in HF. Although the absence of
RASCAL expression might still affect the efficiency of virion
egress in HF, we expect that more dramatic effects may be
observed in cell types other than HF.

Substantial overlap of the RASCAL and lamin B, but not
lamin A/C, signals was observed in cytoplasmic vesicles distrib-
uted from the nucleus to the cytoplasm of infected HF at late
times p.i. (Fig. 3J, M, and P, 4A and C, and 6A to F). Although
the existence of similar vesicles has been mentioned in previ-
ous analyses of human- or murine-CMV-infected cells stained
for lamin B (47, 66), their origin and nature has not yet been
established and is the subject of ongoing investigations. Our
confocal microscopy images indicate that they are likely to
originate from the nuclear envelope (Fig. 6), an assumption
further reinforced by the fact that they do appear to contain
lamin B. It is currently unclear, however, whether they consist
of a single or of a double membrane and if they are derived
from the INM, the ONM, or both. As these structures have
been noticed before in cells expressing exogenous UL50 (7), it
is possible that they may contain additional NEC components
and possibly even nucleocapsids. If so, they may constitute a
completely novel, alternative route of virion maturation and
transport from the nucleus to the cell surface. Alternatively,
they may represent sites of viral particle degradation, similar to
the nuclear envelope-derived, four-layered structures de-
scribed in the cytoplasm of HSV-1-infected HF (1), which were
recently shown to be autophagosomes (21).

The presence of RASCAL at these sites raises the intriguing
possibility that RASCAL might remain associated with virions
during egress, possibly becoming a tegument component.
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UL50 was reported to be an envelope glycoprotein in pro-
teomic analyses of the CMV particles (70), and UL53 was
shown by immunoelectron microscopy to be a tegument pro-
tein (14), although this localization was not confirmed by the
proteomic study (70). It is thus conceivable that RASCAL may
accompany newly formed nucleocapsids during their journey
from the nucleus to the periphery, perhaps by triggering the
formation of nucleus-derived vesicles. If so, RASCAL may
indeed function as a new determinant of viral tropism by en-
hancing virion egress from specific cell types or, if included in
the tegument, by promoting entry of viral particles into unin-
fected cells.
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