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Genomic DNA synthesis is a universally conserved process for all herpesviruses, including human cytomeg-
alovirus (HCMYV). HCMYV ULT70 is believed to encode the primase of the DNA replication machinery, a function
which requires localization in the nucleus, the site of viral DNA synthesis. No host factors that interact with
UL70 have been reported. In this study, we provide the first direct evidence that UL70 specifically interacts with
Snapin, a human protein that is predominantly localized in the cytoplasm and is associated with cellular
vesicles. The interaction between UL70 and Snapin was identified in both the two-hybrid screen in yeast and
coimmunoprecipitation in human cells. The nuclear import of UL70 was decreased in cells overexpressing
Snapin and increased in cells in which the expression of Snapin was downregulated with anti-Snapin small
interfering RNA (siRNA) molecules, respectively. Furthermore, viral DNA synthesis and progeny production
were decreased in cells overexpressing Snapin and increased in the anti-Snapin siRNA-treated cells, respec-
tively. In contrast, no significant difference in the nuclear level of UL70, viral DNA synthesis, and progeny
production was found among the parental cells and cells that either expressed a control empty vector or were
treated with control siRNA molecules that did not recognize any viral or cellular transcripts. Our results
suggest that Snapin may play a key role in regulating the cellular localization of UL70 in HCMYV, leading to
modulation of viral DNA synthesis and progeny production.

Human cytomegalovirus (HCMV), the leading viral cause of
congenital abnormalities and mental retardation in newborns,
is a member of the herpesvirus family, which includes herpes
simplex virus 1 (HSV-1), Epstein-Barr virus (EBV), and Ka-
posi’s sarcoma-associated herpesvirus (KSHV) (24). The hall-
marks of HCMV pathogenesis include infection of a wide
range of tissues and cells, such as neuronal cells, and the
establishment of lytic and latent infection in many of these
tissues (7, 30). In lytic productive infection, the HCMV gene
products are expressed in a temporally regulated cascade con-
sisting of three sequential phases described as immediate-early
(IE), early (E), and late (L) phases (24). Genomic DNA rep-
lication, which occurs in the nucleus of infected cells (25),
represents one of the processes most highly conserved among
all herpesviruses and is the target for most of the current
FDA-approved antiherpesvirus therapeutic agents (6). Under-
standing the process of viral DNA replication is critical for
developing new strategies and novel compounds for the treat-
ment and prevention of HCMYV infection.

During lytic infection, HCMV synthesizes its genome from a
single origin (oriLyt) of replication using a rolling-circle mode
of DNA replication, and this process requires the activities of
specific viral proteins (24, 25). Six HCMV-encoded proteins,
which are also highly conserved in other herpesviruses, provide
the core functions for viral DNA replication: the DNA poly-
merase (UL54), the associated polymerase processivity factor
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(ULA44), the single-stranded DNA binding protein (UL57), the
helicase (UL105), the primase (UL70), and the primase-asso-
ciated factor (UL102) (24, 25).

Primase is a DNA-dependent RNA polymerase that synthe-
sizes a short RNA primer for the Okazaki fragments made by
DNA polymerase during discontinuous DNA replication (3,
45). In eukaryotic cells, primase is a heterodimer of a small and
a large subunit and usually forms a complex with DNA poly-
merase alpha (3). HCMV primase and its herpesvirus homo-
logues form a tight helicase-primase complex, which consists of
UL105, UL70, and UL102 in HCMV (21, 35, 36, 46). This
heterotrimeric complex possesses three main activities: pri-
mase, DNA-dependent NTPase, and 5'-3" helicase. The heli-
case tracks along the lagging strand and unwinds the DNA in
front of the replication fork, and the NTPase provides the
energy needed for unwinding (24, 25). It is believed that the
UL70 primase synthesizes short RNA primers for single-
stranded DNA, which the DNA polymerase UL54 extends via
deoxynucleoside triphosphate (AINTP) polymerization (44). Al-
though the precise role of each subunit needs further investi-
gation, it would be expected, by analogy with observations for
other herpesviruses (e.g., HSV-1), that an assembled subcom-
plex containing the UL105 and UL70 subunits retains all three
activities, while the UL102 subunit modulates these activities
(5, 13, 20, 21). UL70 is believed to contain the complete pri-
mase active site in terms of phosphodiester bond formation,
although it might not be able to initiate primer synthesis in the
absence of UL105 (44).

During lytic infection, viral DNA replication compartments,
which are the sites for both input viral genome deposition and
gene transcription, form dot-like subnuclear structures located
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TABLE 1. Plasmid constructs used in the study

Plasmid Description (positions [bp]) Reference/source
pGBKT?7 Cloning vector for protein expression fused with GAL4 DNA-binding domain in yeast Clontech
pACT2 Cloning vector for protein expression fused with GAL4 activation domain in yeast Clontech
pCMV-HA Cloning vector for protein expression fused with hemagglutinin (HA) tag in mammalian cell Clontech
pCMV-Myc Cloning vector for protein expression fused with c-Myc tag in mammalian cell Clontech
pGBKT7-UL70 pGBKT?7 containing HCMV UL70 full-length sequence (1-2841) This study
pGBKT7-UL70 (1-866aa) pGBKT?7 containing UL70 C-terminally truncated sequence (1-2600) This study
pGBKT7-UL70 (1-800aa) pGBKT?7 containing UL70 C-terminally truncated sequence (1-2400) This study
pGBKT7-UL70 (1-733aa) pGBKT?7 containing UL70 C-terminally truncated sequence (1-2200) This study
pGBKT7-UL70 (1-666aa) pGBKT?7 containing UL70 C-terminally truncated sequence (1-2000) This study
pGBKT7-UL70 (1-600aa) pGBKT?7 containing UL70 C-terminally truncated sequence (1-1800) This study
pGBKT7-UL70 (1-533aa) pGBKT?7 containing UL70 C-terminally truncated sequence (1-1600) This study
pGBKT7-UL70 (1-466aa) pGBKT?7 containing UL70 C-terminally truncated sequence (1-1400) This study
pGBKT7-UL70 (1-400aa) pGBKT?7 containing UL70 C-terminally truncated sequence (1-1200) This study
pGBKT7-UL70 (67-946aa) pGBKT?7 containing UL70 N-terminally truncated sequence (199-2841) This study
pGBKT7-UL70 (134-946aa) pGBKT?7 containing UL70 N-terminally truncated sequence (400-2841) This study
pGBKT7-UL70 (67-733aa) pGBKT?7 containing UL70 truncated sequence (199-2200) This study
pGBKT7-UL70 (67-866aa) pGBKT?7 containing UL70 truncated sequence (199-2600) This study
pCMV-Myc-UL70 pCMV-Myc containing HCMV UL70 full-length sequence (1-2841) This study
pCMV-Myc-UL70 (1-866aa) pCMV-Myc containing UL70 C-terminally truncated sequence (1-2600) This study
pCMV-Myc-UL70 (1-800aa) pCMV-Myc containing UL70 C-terminally truncated sequence (1-2400) This study
pCMV-Myc-UL70 (1-733aa) pCMV-Myc containing UL70 C-terminally truncated sequence (1-2200) This study
pCMV-Myc-UL70 (1-666aa) pCMV-Myc containing UL70 C-terminally truncated sequence (1-2000) This study
pCMV-Myc-UL70 (1-600aa) pCMV-Myc containing UL70 C-terminally truncated sequence (1-1800) This study
pCMV-Myc-UL70 (1-533aa) pCMV-Myc containing UL70 C-terminally truncated sequence (1-1600) This study
pCMV-Myc-UL70 (1-466aa) pCMV-Myc containing UL70 C-terminally truncated sequence (1-1400) This study
pCMV-Myc-UL70 (1-400aa) pCMV-Myc containing UL70 C-terminally truncated sequence (1-1200) This study
pCMV-Myc-UL70 (67-946aa) pCMV-Myc containing UL70 N-terminally truncated sequence (199-2841) This study
pCMV-Myc-UL70 (134-946aa) pCMV-Myc containing UL70 N-terminally truncated sequence (400-2841) This study
pCMV-Myc-UL70 (67-733aa) pCMV-Myc containing UL70 truncated sequence (199-2200) This study
pCMV-Myc-UL70 (67-866aa) pCMV-Myc containing UL70 truncated sequence (199-2600) This study
pCMV-Snapin pCMYV containing full-length human Snapin-encoding sequence (1-411) This study
pCMV-HA-Snapin pCMV-HA containing full-length human Snapin-encoding sequence (1-411) This study

in or close to specific nuclear regions named nuclear domain
10 (ND10) sites (27). However, little is known about the path-
way by which the HCMYV replication machinery is assembled.
Equally elusive is how the UL70-encoded essential primase is
imported in the nuclear compartment where viral DNA repli-
cation occurs (33).

Extensive studies have been carried out to investigate hu-
man-HCMYV interactions and the host responses to HCMV
infection (24). For example, many HCMYV proteins, including
the DNA replication core proteins UL44, UL54, and ULS57,
which possess nuclear localization signal sequences (NLS),
have been found to interact with human cellular importin to
facilitate importation of the newly synthesized viral proteins
into the nucleus through the nuclear pore complex (1, 2, 14, 28,
29, 34). Currently there is no report of interactions of UL70 or
other herpesvirus primases with any host proteins. While it is
well known that the human primase forms a complex with
DNA polymerase alpha, few interactions of human or eukary-
otic primase with other eukaryotic proteins, including p53,
RAEI, and MRPL38, have been reported (22, 37, 39). The
interaction of p53 with the primase can help the polymerase-
primase complex elongate a primer with a mispaired 3’ end by
the exonuclease activity of p53, while other functions of these
interactions are still unknown (22).

In an effort to gain a better understanding of the viral DNA
replication process, in this study we performed a yeast two-
hybrid (YTH) screen to identify human proteins that poten-
tially interact with UL70. Our results provide the first direct

evidence that UL70 interacts with Snapin, a cellular vesicle-
associated protein that is localized predominantly in the cyto-
plasm (4, 8, 40). The level of UL70 in the nucleus, the site of
viral DNA synthesis, is reduced in cells overexpressing Snapin
and is increased in cells in which Snapin expression is down-
regulated. Furthermore, the level of viral DNA synthesis and
progeny production is decreased and increased in cells with
upregulated and downregulated levels of Snapin, respectively.
These results suggest that Snapin may play a key role in reg-
ulating the cellular localization of UL70, leading to modulation
of viral DNA synthesis and lytic productive infection.

MATERIALS AND METHODS

Construction of plasmids. The constructs generated in this study are listed in
Table 1. To generate pGBKT7-UL70 for the yeast two-hybrid screen and pCMV-
Myc-UL70 for expression in human cells, the coding sequence of HCMV UL70
was amplified by PCR from the DNA of Townega ¢ (10), using the primers 70-F
(5'-CATCATATGGGGTCGACGATGACGCTCGTTCTGTT-3') and 70-R
(5'-GGGGATCCGGTACCGTGGAAAGTGAGGCTCAGAC-3'), and then
inserted into Ndel/BamHI-digested pGBKT7 (Clontech, Mountain View, CA)
and Sall/KpnI-digested pCMV-Myc (Clontech), respectively. The constructs that
contained the sequences encoding different UL70 deletion mutants were gener-
ated by PCR using pGBKT7-UL70 as the template, followed by insertion of the
amplified PCR products into Ndel/BamHI-digested pGBKT7 for yeast two-
hybrid analysis and Sall/KpnI-digested pCMV-Myc for expression in human
cells. The resultant constructs were confirmed by restriction digestion profile and
sequencing. The constructs containing HCMV UL25 and UL83 sequences have
been previously described (41).

YTH analysis. Saccharomyces cerevisiae strain AH109, control vectors
pGADT7, pGADT?7-T, and pGBKT7-p53, and a human fetal brain cDNA library
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were obtained from Clontech (Mountain View, CA). The yeast strain containing
pGBKT7-UL70 was transformed with the library, and positive clones were se-
lected on synthetic dropout (SD) medium lacking four nutrients, tryptophan,
leucine, adenine, and histidine (SD-minus Trp/Leu/Ade/His [QDO]), and tested
for B-galactosidase activity by a colony-lift filter assay according to the manu-
facturer’s instructions and following the procedures described previously (41).
DNA constructs that contained the sequence coding for the interaction partners
of UL70 (designated pACT2-cDNA) from positive colonies were extracted from
yeast and rescued by transformation of competent DHS« Escherichia coli. Each
PACT2-cDNA plasmid rescued from E. coli was used to cotransform the yeast
with pGBKT7-UL70 or empty bait vector pGBKT7 as a control. The trans-
formed cells were plated on QDO and also subjected to a 3-galactosidase activity
test. Blue yeast colonies were selected, and the human gene sequences in the
pACT2-cDNA constructs from these selected colonies were determined with a
sequencing primer (5'-AATACCACTACAATGGAT-3").

Antibodies, viruses, and cells. The antibodies against human actin and Snapin
were purchased from Sigma, Inc. (St. Louis, MO) and Santa Cruz Biotech, Inc.
(Santa Cruz, CA), respectively. The monoclonal antibodies that react with the
HCMV proteins UL44, IE1, and UL99 have been described previously (43, 49).
Human foreskin fibroblasts (HFFs), astrocytoma U373MG cells, HeLa cells, and
293T cells were maintained in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% fetal bovine serum as described previously (17, 41).
HCMV (strain Towne and Towneg,c) was propagated in HFFs and U373MG
cells (10).

To generate the U373-S and U373-C cell lines, DNAs of the constructs
pCMV-Snapin and the empty vector pCMV were cotransfected into U373MG
cells with DNA of the LXSN vector (17). At 48 to 72 h postinfection, neomycin
was added to the culture medium at a final concentration of 600 wg/ml. Cells
were subsequently selected in the presence of neomycin for 2 weeks, and neo-
mycin-resistant cells were cloned (18, 23). The levels of Snapin in individual cell
clones were determined by Western analysis.

Coimmunoprecipitation and Western blot analysis. Cells were cotransfected
with the DNAs of pCMV-Myc-UL70 and its derivative UL70 mutant constructs
and pCMV-HA-Snapin with the aid of Lipofectamine (Invitrogen, Carlsbad,
CA). At 48 h posttransfection, cell lysates were harvested and coimmunopre-
cipitation experiments were performed using the ProFound mammalian hemag-
glutinin (HA) tag immunoprecipitation/coimmuniprecipitation (IP/co-IP) and
c-Myc tag IP/co-IP Kkits, following the manufacturer’s protocol (Pierce, Rockford,
IL) (41).

To carry out Western analysis, the denatured polypeptides from cell lysates or
co-IP were separated by sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) and transferred electrically to nitrocellulose membranes.
Membranes were blocked in 5% dried milk in phosphate-buffered saline (PBS)
plus 0.2% Tween 20. Detection of tagged proteins was performed by incubation
with 1:5,000-diluted mouse anti-Myc or 1:500-diluted mouse anti-HA antibodies
(Santa Cruz Biotech, Santa Cruz, CA) and reacted in an enzyme-linked immu-
noassay with 1:2,000-diluted horse anti-mouse IgG antibody conjugated with
horseradish peroxidase (Vector Laboratories, Burlingame, CA). The membranes
were subsequently stained with a chemiluminescent substrate with the aid of
ECL Western blotting detection reagent kits (GE Healthcare) and quantitated
either by densitometry of the films exposed to the samples or with a Storm840
phosphorimager. The experiments were carried out in duplicate and repeated
three times. Quantitation was performed in the linear range of protein detection.

Transfection of siRNA into cells. Cells (2 = 1 X 10°) were seeded in 12-well
plates and transfected with chemically synthetic anti-Snapin siRNA (S-siRNA)
and control siRNA (C-siRNA) molecules (Santa Cruz Biotech, Santa Cruz, CA).
For each well, 3 pl 20 mM siRNA and 3 pl Lipofectamine (Invitrogen) were
diluted in 50 pl and 12 pl Opti-MEM (Invitrogen), respectively. After 5 min at
room temperature, both solutions were combined. After 20 min, 400 pl pre-
warmed Opti-MEM was added to each transfection reaction mixture, which was
subsequently added to the cells. At 10 h posttransfection, siRNA-containing
medium was removed. Cells were washed and incubated with complete DMEM
supplemented with 10% fetal bovine serum, and the transfection was repeated
once. Forty-eight hours after the second round of transfection, cells were either
infected or prepared for analysis by immunoblotting.

Immunofluorescence microscopy analysis. Cells that were grown on glass
coverslips were cotransfected with DNAs of the different constructs with the aid
of Lipofectamine (Invitrogen) (11). At 48 h posttransfection, cells were either
mock infected or infected with HCMV at a multiplicity of infection (MOI) of 1
to 5. At different time points postinfection, cells were fixed with 4% formalde-
hyde and blocked with 0.1% bovine serum albumin (BSA) and 0.1% sodium
azide in PBS and stained with primary antibodies, followed by incubation with
the secondary antibody Alexa Fluor 555 anti-mouse IgG or Alexa Fluor 488
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anti-rabbit IgG (Invitrogen). Nuclear staining was performed with 4',6-di-
amidino-2-phenylindole (DAPI) (Invitrogen). Images were captured with a
Nikon Eclipse TE300 microscope using a Spot RT Slider camera and imaging
software (Diagnostic Instruments, Inc., Sterling Heights, MI) (11). The digital
images were subsequently merged using the SimplePCI software program (Com-
pix Inc., Sewickley, PA).

Viral infection and assays for viral gene expression and growth. Cells (n = 1 X
10°) were either mock infected or infected with HCMV at a multiplicity of
infection (MOI) of 0.5 to 5 in an inoculum of 1.5 ml of DMEM supplemented
with 1% fetal bovine serum. The inoculum was replaced with DMEM supple-
mented with 10% fetal bovine serum after 2 h of incubation with cells. Protein
extracts were prepared from the infected cells at 12 to 72 h postinfection and
analyzed by Western blot experiments as described previously (43, 49).

To determine the level of viral growth, cells (n = 1 X 10°) were infected with
HCMYV at an MOI of 1. The cells and medium were harvested at 1, 2, 3, 4, 5, 6,
and 7 days postinfection, and viral stocks were prepared by adding an equal
volume of 10% (vol/vol) skim milk, followed by sonication. The titers of the viral
stocks were determined by infecting 1 X 10° human foreskin fibroblasts and
counting the number of plaques 10 to 14 days after infection. The values ob-
tained were averages from triplicate experiments.

Nuclear and cytoplasmic extract preparation. Cells that were either mock
infected or infected with HCMV were harvested at different time points postin-
fection and resuspended in buffer A (10 mM HEPES [pH 7.4], 10 mM KCI, 1
mM dithiothreitol, 0.6% NP-40) at 4°C for 10 min. After centrifugation at
1,000 X g for 5 min, the supernatant was collected as the cytoplasmic fraction and
the nuclear fraction was prepared by resuspending the remaining pellet in buffer
B (20 mM HEPES [pH 7.4], 150 mM NaCl, 1 mM dithiothreitol). Equal amounts
of nuclear and cytoplasmic extracts were used for immunoblotting of UL70,
actin, and histone H1.

Assaying the level of intracellular HCMV genome. Quantitative real-time PCR
(qPCR) analysis of viral DNA was carried out as described elsewhere (15).
Briefly, DNA was isolated from mock-infected or HCMV-infected cells using a
DNeasy tissue kit (Qiagen) according to the manufacturer’s instructions. The
levels of intracellular viral DNAs were quantified with a primer pair (P53 [5'-G
TCAGCGTTCGTGTTTCCCA-3'] and P33 [5'-GGGACACAACACCGTAAA
GC-3']) and a probe for amplifying the HCMV ULS83 sequence. The TagMan
probe (5'-6-carboxy-fluorescein [FAM]JCCCGCAACCCGCAACCCTTCATG
[TAMRA]-3") was purchased from Applied Biosystems Inc. (Foster City, CA)
and was labeled at the 5" end with FAM and at the 3’ end with the fluorescent
quencher TAMAR. The number of viral genomes was normalized to the number
of cellular copies of B-actin with a previously described set of primers and probe
(15). Unknown sample values were determined on the basis of a standard curve
of known copy numbers of UL83 (Townegac) and B-actin (pB-actin). Amplifi-
cation was performed in a 50-pl reaction mixture (which contained 21 pl of DNA
extract, 25 ul of 2X TagMan Universal PCR master mix [Applied Biosystems
Inc.], 1 pl of each primer at 10 wM, and 2 pl of the fluorogenic probe at 5 pM)
using either the iCycler real-time PCR detection system (Bio-Rad, Hercules,
CA) or an ABI 7500 device (Applied Biosystems Inc., Foster City, CA). Thermal
cycling conditions were as follows: 50°C for 2 min, 95°C for 15 min, and 45 cycles
of 95°C for 30 s and 60°C for 1 min. The PCR results were derived from three
independent experiments.

RESULTS

Identification of potential interaction of Snapin with UL70
by yeast two-hybrid analysis. We previously determined the
genomic sequence of an HCMV Towne strain that was cloned
into a bacterial artificial chromosome (BAC) vector (19) and
was maintained as a single-copy bacterial artificial chromo-
some (BAC)-based plasmid in E. coli (10). When introduced
into human cells, the viral DNA sequence of this construct,
Towneg s, produces infectious progeny and retains wild-type
growth characteristics in vitro. These results suggested that the
genome sequence of Towneg, encodes a collection of func-
tional viral genes responsible for viral replication and infection
(10, 12). Construct pGBKT7-UL70, in which the DNA se-
quence encoding the UL70 open reading frame (ORF) was
amplified by PCR using the DNA of Towneg, as the tem-
plate and inserted into the pGBKT?7 yeast expression vector,
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(A) BD-UL70 + AD-vector

(B) BD-vector + AD-Snapin

(C) BD-UL70 + AD-Snapin

(D) BD-p53 + AD-T

DDO QDO x-gal

FIG. 1. Identification of the UL70-Snapin interaction by yeast two-
hybrid analysis. Yeast strain AH109 was cotransformed with the com-
bination of one BD and one AD plasmid as indicated (A to D).
Transformed yeast cells containing both plasmids were first grown on
SD-minus Trp/Leu plates (DDO) to maintain the two plasmids, and
then colonies were replica plated on SD-minus Trp/Leu/Ade/His
plates (QDO) and also subjected to a B-galactosidase activity test
(x-gal) by filter lift staining. No interactions were identified between
BD-UL70 and the control empty vector AD-vector (A) or between the
control empty vector BD-vector and AD-Snapin (B). Positive interac-
tions were identified between BD-UL70 and AD-Snapin (C), as well as
BD-p53 and AD-T (D), which served as a positive control.

was generated. The inserted UL70 sequence was further con-
firmed by sequencing analysis (data not shown).

The GALA4-based yeast two-hybrid system was employed to
identify cellular partners that potentially interact with HCMV
UL70. To identify cellular factors that potentially interact with
UL70, the yeast two-hybrid screen was performed by transfor-
mation of S. cerevisiae AH109 containing pGBKT7-UL70 with
a cDNA library derived from human fetal brain. Those yeast
cells that grew on synthetic dropout (SD) medium lacking four
nutrients, tryptophan, leucine, adenine, and histidine (SD-mi-
nus Trp/Leu/Ade/His [QDO]) and yielded blue signals in a
colony-lift filter test for B-galactosidase activity were identified
and defined as primary positive clones. One of the positive
constructs, pACT2-SNAPIN, which contained the full-length
coding sequence of Snapin, was consistently found to interact
with UL70 in our yeast two-hybrid screens (Fig. 1C). Of nearly
1.5 X 107 independent cDNA clones tested, 13 yeast colonies
yielded positive results, 3 of which contained plasmid con-
structs with the full-length coding sequence of Snapin. Snapin
is a ubiquitous and predominantly cytoplasmic protein known
to associate with several soluble N-ethylmaleimide-sensitive
factor attachment protein receptors (SNARESs), which are cen-
tral components of the cellular vesicle and fusion machinery (4,
8, 40). The vectors did not appear to be responsible for the
observed interactions since no positive signals were found in
the interactions between BD-UL70 and AD-vector or between
BD-vector and AD-Snapin (Fig. 1A and B). BD-p53 contains
the sequence coding for the murine p53 protein fused to the
binding domain (BD) of GAL4, while AD-T contains the se-
quence coding for the simian virus 40 (SV40) large T-antigen
fused to the activation domain (AD) of GAL4. Murine p53 and
SV40 T-antigen interacted with each other and served as a
positive control (Fig. 1D).

Identification of the interaction of Snapin with UL70 in
human cells by coimmunoprecipitation. A coimmunoprecipi-
tation (co-IP) assay was employed to validate the results from
the yeast two-hybrid approach and to determine whether the
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FIG. 2. Coimmunoprecipitation of viral proteins and Snapin. Hu-
man U373MG cells were cotransfected with a combination of two
plasmids expressing HA- and Myc-tagged proteins. The input protein
samples (80 pg) (Input) (lanes 1, 4, 7, and 10) and samples (15 pg) that
were either immunoprecipitated with anti-Myc [IP (anti-Myc)] (lanes
2,5,8, and 11) or anti-HA antibodies [IP (anti-HA)] (lanes 3, 6, 9, and
12) were separated on SDS-containing polyacrylamide gels and as-
sayed with Western blot analysis using anti-Myc (A) or anti-HA
(B) antibodies, respectively.

identified interaction between UL70 and Snapin occurs in hu-
man cells. In these experiments, the sequences coding for
UL70 and Snapin were cloned into the mammalian expression
vectors pPCMV-Myc and pCMV-HA to generate the constructs
pCMV-Myc-UL70 and pCMV-HA-Snapin, in which each
OREF was expressed as a fusion protein with an amino-terminal
Myc or HA epitope tag, respectively. Human astrocytoma
U373MG cells were transfected with the mammalian expres-
sion constructs and were harvested at 48 h. Protein samples
were separated electrophoretically on SDS-containing gels,
transferred electrically to membranes, and reacted with
anti-HA and anti-Myc antibodies. HCMV UL70 and Snapin
were detected as proteins of about 100 and 15 kDa, respec-
tively (Fig. 2), consistent with their coding sequences of 947
and 137 amino acids, as predicted from the HCMV Towneg
and human genomic sequences (4, 8, 10, 40).

Our co-IP experiments showed that UL70 was found to be
associated with Snapin in U373MG cells transfected with con-
structs expressing the Myc-tagged UL70 and HA-tagged Sna-
pin proteins (Fig. 2). Protein lysates from the transfected cells
were first immunoprecipitated with either anti-Myc or anti-HA
and then immunoblotted with antibodies against the Myc and
HA epitope tags. Myc-tagged UL70 was coprecipitated with
HA-tagged Snapin (Fig. 2, lanes 6 and 11). In contrast, in
control experiments, we observed no significant binding or
coprecipitation between Myc-tagged UL70 and HA-tagged
ULS83 of HCMYV, which is not known to interact with UL70 and
serves as a negative control (lanes 1 to 3 and 7 to 9) (41). These
results confirmed the specificity of the co-IP assay and suggest
that the UL70-Snapin interaction may occur in human cells
during HCMYV infection. Similar results were also found in
HeLa cells and HCMV-infected U373MG cells transfected
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FIG. 3. Coimmunoprecipitation of transiently expressed viral pro-
teins and endogenous cellular Snapin. Human U373MG cells were
transfected with a plasmid expressing the Myc-tagged viral protein
UL70 or UL25 and then infected with HCMV (MOI = 1) at 48 h
posttransfection. Cellular lysates were prepared at 48 to 72 h postin-
fection. The input protein samples (50 pg) (Input) (lanes 1, 4, 7, and
10) and samples (10 pg) that were either immunoprecipitated with
anti-Myc [IP (anti-Myc)] (lanes 2, 5, 8, and 11) or anti-Snapin [IP
(anti-Snapin)] antibodies (lanes 3, 6, 9, and 12) were separated on
SDS-containing polyacrylamide gels and assayed with Western blot
analysis using anti-Myc (A) or anti-Snapin antibodies (B), respectively.

with the constructs expressing the Myc-tagged UL70 and HA-
tagged Snapin proteins (data not shown).

Snapin is a cytoplasmic protein expressed at a substantial
level in neuronal cells (4, 8, 40). To further confirm the asso-
ciation between UL70 and endogenous Snapin in human cells
and in the presence of HCMV infection, U373MG cells were
transfected with mammalian expression constructs expressing
Myec-tagged UL70 as well as the HCMV UL25 protein and
then infected with HCMV. UL25 was not known to interact
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with Snapin and was used as a negative control in the experi-
ments. Protein lysates from the cells were first immunoprecipi-
tated with either anti-Myc or anti-Snapin and then immuno-
blotted with antibodies against the Myc epitope tag and Snapin
(Fig. 3). Myc-tagged UL70 was coprecipitated with endoge-
nous Snapin (Fig. 3, lanes 6 and 11). In contrast, in control
experiments, we observed no significant binding or coprecipita-
tion between Myc-tagged UL25 and Snapin (lanes 1 to 3 and 7 to
9). Similar results were also observed in uninfected cells that were
transfected with pCMV-Myc-UL70 (data not shown). These re-
sults confirm the specificity of the co-IP assay and further suggest
that UL70 may interact with Snapin in human cells in the absence
and presence of HCMV infection.

Important roles of the amino-terminal domain of UL70 in
the interaction with Snapin. To further investigate the associ-
ation of UL70 and Snapin and to map the domains of UL70
required for this association, we constructed a series of UL70
truncation mutants (Fig. 4). Yeast two-hybrid analyses were
carried out to investigate the binary interactions of these UL70
mutants and Snapin. Furthermore, a series of mammalian ex-
pression constructs (Table 1), which encoded the Myc-tagged
UL70 truncation mutants, were generated (Fig. 4). These con-
structs were then coexpressed with the HA-tagged Snapin in
U373MG cells, and the interactions between HA-tagged Sna-
pin and different Myc-tagged UL70 mutants were examined in
coimmunoprecipitation experiments. The results, summarized
in Fig. 4, indicate that the minimal UL70 mutant that binds to
Snapin contains amino acids 1 to 533 and that a deletion of the
amino-terminal sequence from amino acid 1 to 67 of UL70
abolishes the binding. Thus, the amino-terminal sequence of
UL70 is essential for its interaction with Snapin.

Cellular localization of UL70 and Snapin in human cells. If
UL70 is associated with (or binds to) Snapin in cells, it is
expected that these proteins would localize within the same
cellular compartments. To determine whether this is the case,
cells were transfected with constructs expressing HA-tagged
Snapin and Myc-tagged UL70, and the cellular localization of
the expressed proteins was studied using immunofluorescence

YTH co-IP
UL70 (1-946aa)(WT) ! —946 + +
UL70 (1-866aa) L —866 + +
UL70 (1-800aa) L —800 + +
UL70 (1-733aa) | ————————————— + +
UL70 (1-6662a) ! —— + +
UL70 (1-600aa) | e —————© + *
UL70 (1-533aa) i _533 + &
UL70 (1-466aa) L _466 N
UL70 (1-400aa) L s
UL70 (67-733aa) e ————————— -
UL70 (67-866aa) 67—866 -
134 946

ULT0 (134-946aa)

ULT0 (67-946aa) L

946

FIG. 4. Schematic diagram of UL70 and its deletion mutants that interact with Snapin as identified by the two-hybrid screen in yeast (YTH)
and coimmunoprecipitation (co-IP) in U373MG cells. The interactions that were positive and negative in the two-hybrid screen or co-IP were

marked as “+” and “—,” respectively.
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FIG. 5. Localization of UL70 and Snapin expressed in human cells.
Cells were transfected with constructs containing the sequences of the
Myc-tagged UL70 or HA-tagged Snapin, fixed at 48 h posttransfection,
stained with antibodies, and visualized using a microscope. The images
of Myc-tagged UL70 (a), HA-tagged Snapin (b), and the nuclei stained
with DAPI (c) were used to generate the composite images (d).

(d) Merge

microscopy. Snapin has been previously found to be localized
predominantly in the cytoplasm and is associated with intra-
cellular vesicles (4, 8, 40). In our experiments, both Myc-tagged
UL70 and HA-tagged Snapin were found to be localized pre-
dominately in the cytoplasm in UL373MG cells (Fig. 5). Cy-
toplasmic localization for both proteins was also observed in
HeLa cells (data not shown). Cells that had not been exposed
to antiserum recognizing Snapin, HA, or Myc epitopes showed
no obvious fluorescence, indicating that the staining seen in
cells is not due to a nonspecific cross-reaction of the secondary
antibody with a viral or cellular protein. These observations are
consistent with our results of the UL70-Snapin interactions
from the two-hybrid screens in yeast and the co-IP experiments
in human cells. Furthermore, these results provide direct evi-
dence to suggest that UL70 is localized primarily in the cyto-
plasmic compartment in uninfected cells.

Effects of up- and downregulation of expression of Snapin
on cellular localization of UL70. UL70 is required to be in the
nuclei, where viral DNA synthesis occurs during HCMV infec-
tion. Thus, our findings that UL70 interacts with the cytoplas-
mic Snapin protein and is localized primarily in the cytoplasm
in uninfected cells raise the possibility that Snapin may seques-
ter UL70 and affect its cellular localization through binding. It
is conceivable that overexpression of Snapin, a predominantly
cytoplasmic protein, may lead to an accumulation of UL70 in
the cytoplasm. To study the effect of overexpression of Snapin
on the cellular localization of UL70, we constructed a stable
U373MG cell line, U373-S, which constitutively expressed Sna-
pin, and a control cell line, U373-C, which contained the empty
expression vector. Western blotting of HCMV-infected cell
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lysates indicated an ~5-fold-elevated level of Snapin in U373-S
cells compared to that in the parental U373MG and control
U373-C cells (Fig. 6A). The constructed cell lines and the
parental U373MG cells were indistinguishable in terms of their
growth and viability for 3 months (data not shown), suggesting
that the overexpression of Snapin did not result in significant
cytotoxicity.

To determine the localization of UL70 in HCMV-infected
cells, the constructed cell lines were transfected with pCMV-
Myc-UL70 and then infected with HCMV. An MOI of 1 to §
was used to ensure that most cells were infected. Indeed, 1E1
expression was detected in a majority of the cells when cells
were strained with an anti-IE1 antibody (data not shown).
HCMYV infection appeared to promote nuclear import of
UL70 in U373MG cells since a substantial amount of UL70
signal was found in the nuclei at 48 to 72 h postinfection
compared to results for the uninfected cells (compare Fig. 6B,
a to ¢, to Fig. 5a to c). In the presence of HCMV infection, the
localization of UL70 in the Snapin-expressing U373-S cells was
significantly different from that in the parental U373MG cells
and the control U373-C cells. At 48 h postinfection, UL70 was
found exclusively in the cytoplasm of U373-S cells (Fig. 6B, d
to f). In contrast, both nuclear and cytoplasmic expression of
UL70 was found in the U373MG (Fig. 6B, a to ¢) and U373-C
(data not shown) cells. These results suggest that overexpres-
sion of Snapin leads to a reduction of nuclear import of UL70
and an accumulation of UL70 in the cytoplasm.

Since overexpression of Snapin leads to the cytoplasmic ac-
cumulation of UL70, it is conceivable that downregulation of
Snapin expression may promote nuclear import of UL70. To
determine whether this is the case, U373MG cells were
cotransfected with pCMV-Myc-UL70 and siRNA molecules
that were designed either to recognize the Snapin mRNA
(S-siRNA) or not to recognize any viral or cellular transcripts
(control siRNA [C-siRNA]) and then either mock infected or
infected with HCMV at 48 h posttransfection. Downregulation
of Snapin expression mediated by siRNA has been shown to
have no effect on cell viability (4, 40). Western blotting of
transfected cell lysates indicated that the level of the Snapin
protein was reduced by more than 80% in cells transfected with
S-siRNA compared to that in cells transfected with control
C-siRNA (Fig. 6A, lanes 2 and 3). In the presence of HCMV
infection, the localization of UL70 in the S-siRNA-treated
cells was predominantly nuclear, while both nuclear and
cytoplasmic expression of UL70 was found in the parental
U373MG cells and the control-siRNA treated cells (Fig. 6B, g
to i, and data not shown). These results suggest that down-
regulation of the expression of Snapin reduces the cytoplasmic
accumulation of UL70 and increases its nuclear localization.

To confirm the effects of Snapin expression on the localiza-
tion of UL70, we determined the distribution of UL70 by cell
fractionation and Western blot analysis (Fig. 6C). Different
cells (e.g., U373-C and U373-S cells and cells treated with
C-siRNA or S-siRNA) were first transfected with pCMV-Myc-
UL70 and then infected with HCMV and subjected to differ-
ential centrifugation into nuclear and cytoplasmic fractions.
The purity of the fractions was confirmed by immunoblotting
for histone H1 (nuclear marker) and actin (cytoplasmic
marker) (Fig. 6C). In parental U373MG cells that were trans-
fected with pCMV-Myc-UL70 and infected with HCMV, 60%
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FIG. 6. Effect of up- and downregulation of the expression of Snapin on the cellular distribution of UL70. (A) Western blot analysis of the levels
of Snapin and Myc-tagged UL70 in the parental U373MG cells (U373) (lane 1), the Snapin-expressing U373-S cells (U373-S) (lane 4), or U373MG
cells that were transfected with either anti-Snapin siRNA (S-siRNA) (lane 3) or control siRNA (C-siRNA) (lane 2). The expression of cellular actin
was used as the internal control. Cells were transfected with pCMV-Myc-UL70 in the presence and absence of siRNAs. Forty-eight hours after
transfection, cells were infected with HCMV at an MOI of 1. Protein samples were prepared at 48 to 72 h postinfection. (B) Immunofluorescence
microscopy of the cellular localization of UL70 in the parental U373MG cells (U373), the anti-Snapin siRNA-treated cells (S-siRNA), or the
Snapin-expressing cells (U373-S). Cells were infected with HCMV (MOI = 5) at 48 h posttransfection, fixed at 48 to 72 h postinfection, stained
with antibodies, and visualized. The images of Myc-tagged UL70 (green) (a, d, and g) and the nuclei stained with DAPI (blue) (b, e, and h) were
used to generate the composite images (c, f, and i). (C) Effect of Snapin on the distribution of UL70 in nuclear and cytoplasmic fractions. Different
cells (e.g., parental U373MG cells, U373-S, and S-siRNA-treated cells) were transfected with pCMV-Myc-UL70 in the absence and presence of
siRNAs. At 48 h posttransfection, cells were infected with HCMV (MOI = 1). At 48 to 72 h postinfection, cells were harvested and separated into
nuclear and cytoplasmic fractions. Equivalent amounts of each fraction were analyzed by immunoblotting with anti-Myc. The purity of the nuclear
and cytoplasmic fractions was assayed by immunoblotting with anti-histone H1 and anti-actin, respectively. The analyses were repeated three times.

The standard deviation is indicated by the error bar (C, right panel).

of UL70 was found in the nuclei while 40% was in the cyto-
plasm (Fig. 6C). Similar results were also found in control cells
that either contained the empty expression vector (U373-C
cells) or were treated with siRNA molecules designed not to
recognize any viral or cellular transcripts (C-siRNA) (Fig. 6C,
right panel). However, downregulation of the expression of
Snapin resulted in an increase (more than 95%) in the level of
UL70 in the nuclear fractions in the S-siRNA-treated cells.
Less than 5% of UL70 was found in the nuclear fractions in
cells overexpressing Snapin (i.e., U373-S cells) (Fig. 6C). These
observations confirm our results from the immunofluorescence
microscopy experiments and suggest that Snapin plays an im-
portant role in the cellular localization of UL70.

Effect of up- and downregulation of the expression of Snapin
on HCMV DNA synthesis and lytic infection. It is expected
that a change of the UL70 level in the nucleus as a result of
altered expression of Snapin may affect the level of HCMV
DNA synthesis and lytic infection. This is because UL70 en-
codes the viral primase essential for HCMV DNA replication,
which occurs in the nuclei (24). To determine the effect of
altered expression of Snapin on HCMYV infection, we exam-

ined the profiles of viral gene expression by assaying the pro-
duction of viral proteins of different kinetic classes during
replication in cells where the expression of Snapin had been
altered.

Different cells (e.g., U373-C and U373-S cells and cells
treated with C-siRNA or S-siRNA) were infected with HCMV
and then harvested at several time points postinfection. Pro-
tein levels were assayed by Western blot analysis. At 48 to 72 h
postinfection, a reduction of more than 80% in the expression
of Snapin was found in cells treated with S-siRNA molecules,
while the level of Snapin in U373-S cells was about 5-fold
higher than that in U373MG cells (Fig. 6A and data not
shown). The up- and downregulation of the expression of Sna-
pin did not appear to affect the protein levels of either the
immediately-early viral gene product IE1 or the early gene
product UL44 (Fig. 7A). However, a decrease in the protein
level of UL99 was detected in the Snapin-expressing U373-S
cells, while an increase in the level of UL99 was found in cells
treated with S-siRNA molecules (Fig. 7A). UL99 is the prod-
uct of a viral late gene, whose expression is dependent upon
viral DNA synthesis (24). We speculated as to whether the
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FIG. 7. Effect of Snapin on HCMV gene expression (A) and viral
genomic synthesis and production (B). (A) Western blot analysis of the
levels of HCMV IE1, UL44, and UL99 in the parental U373MG cells
(U373) (lane 1), the Snapin-expressing U373-S cells (lane 4), or
U373MG cells that were transfected with either anti-Snapin siRNA
(S-siRNA) (lane 3) or control siRNA (C-siRNA) (lane 2). The expres-
sion of cellular actin was used as the internal control. At 48 h post-
transfection, cells were infected with HCMV at MOI of 1. Protein
samples were prepared at 48 to 72 h postinfection. (B) To assay the
level of intracellular viral DNA, cells were harvested at 72 h postin-
fection. To assay the level of viral production, total infection cultures
were collected at 5 days postinfection and viral titers were determined.
The values of the relative levels of HCMV DNA and titers, which are
the means from triplicate experiments, represent the ratios of the
levels of viral DNA or titers in different cells to those in the parental
U373MG cells (U373), respectively. The analyses were repeated three
times, and the standard deviation is indicated by the error bar.

change in UL99 levels in these cells might be an effect of
modulation of viral DNA synthesis as a result of a change in
the nuclear UL70 level due to altered expression of Snapin.

Two sets of experiments were carried out in these cells to
determine whether this is the case. In the first set of experi-
ments, total intracellular DNAs were isolated and the levels of
viral DNA synthesis were assayed. The number of viral ge-
nomes present in each sample was determined by quantitative
real-time PCR (qPCR), normalizing the copy number of the
viral UL83 sequence to the copy number of the cellular B-actin
gene sequence. At 72 h postinfection, a reduction of more than
90% in the number of copies of UL83/B-actin was observed in
the Snapin-expressing U373-S cells while an increase of about
3.5-fold was found in cells treated with anti-Snapin S-siRNA
molecules (Fig. 7B). In contrast, we observed no significant
difference in the number of copies of UL83/B-actin among the
parental U373MG cells, the empty expression vector-contain-
ing U373-C cells, and the control C-siRNA-treated cells (Fig.
7B). These results suggest that up- and downregulation of
Snapin expression reduces and increases HCMV DNA synthe-
sis, respectively.

In the second set of experiments, viral progeny production in
these cells was determined. Virus stocks were prepared from
the infected cultures (cells and culture medium together) at
1-day intervals through 7 days after infection, and their titers
were determined. At 5 days after infection, a reduction of at
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least 20-fold in viral yield was observed in the Snapin-express-
ing U373-S cells, while an increase of about 5-fold was found in
cells treated with S-siRNA molecules (Fig. 7B). In contrast, we
observed no significant difference in viral yield among the
parental U373MG cells, the empty expression vector-contain-
ing U373-C cells, and the control C-siRNA-treated cells (Fig.
7B). These results suggest that altered expression of Snapin
modulates viral lytic replication and production.

DISCUSSION

Genomic DNA replication is a universal and essential pro-
cess for herpesvirus infection (24, 31). Each component of the
DNA replication machinery, including the primase-helicase
complex, which in HCMV consists of UL70, UL102, and
UL105, is highly conserved among all herpesviruses (5, 13, 26,
42, 47). Understanding the potential interactions of these vi-
rally encoded proteins, as well as their interactions with human
proteins, is critical for elucidating the mechanism of herpesvi-
rus genomic DNA synthesis and for developing novel strategies
for the treatment and prevention of herpesvirus infections. In
this study, we have provided the first direct evidence that the
HCMYV UL70 protein specifically interacts with human Snapin.
This interaction was identified by our results from the two-
hybrid screen in yeast and coimmunoprecipitation in human
cells. We also showed that the level of UL70 in the nucleus, the
site of viral DNA synthesis, is reduced in cells overexpressing
Snapin with an expression vector and is increased in cells in
which Snapin expression is downregulated with siRNA mole-
cules specifically recognizing the Snapin mRNA transcript.
Furthermore, the level of viral DNA synthesis and progeny
production was decreased and increased in cells with upregu-
lated and downregulated levels of Snapin, respectively. In con-
trast, no significant differences in the levels of UL70 in the
nuclei, viral DNA synthesis, and HCMV particle production
were found in the parental cells and those that expressed the
empty expression vector or were treated with control siRNAs
that did not recognize any viral or cellular transcripts. These
results suggest that Snapin functions to bind to UL70 and
reduce its nuclear import and availability for viral DNA syn-
thesis, leading to a decrease in viral DNA replication and
particle production.

Snapin, a predominantly cytoplasmic protein originally
found in neuronal cells, is ubiquitously expressed in other types
of cells, such as adipocytes (4, 8, 40). In neuronal cells, it is a
component of the SNARE complex of proteins that is required
for synaptic vesicle docking and fusion (8). In other types of
cells, Snapin is also found to interact with components of the
biogenesis of lysosome-related organelles complex 1 (BLOC-
1), which is a ubiquitously expressed multisubunit protein com-
plex required for normal biogenesis of specialized organelles of
the endosomal-lysosomal system, such as melanosomes and
platelet-dense granules (32, 38). It has not been reported that
Snapin interacts with any viral proteins. How Snapin interacts
with UL70 is currently unknown. Our results suggest that the
binding of Snapin sequesters UL70 in the cytoplasm and re-
duces its nuclear import, leading to an inhibition of HCMV
DNA synthesis and particle production. It will be interesting to
determine whether such inhibition, mediated by Snapin inter-
action with UL70, constructs an antiviral defense for the ben-



11740 SHEN ET AL.

efit of the host or represents a means of viral temperance (10)
for the benefit of HCMV, which is well known for its ability for
highly controlled replication during persistent and latent infec-
tions.

Our findings with respect to the Snapin-UL70 interaction
may have general implications regarding the pathways for
localization and assembly of the components of DNA rep-
lication machinery of herpesviruses. Each component of the
tripartite helicase-primase complex is highly conserved in all
herpesviruses (16, 24, 31). For example, this complex is
encoded by UL52 (helicase), UL5 (primase), and ULS (pri-
mase-associated factor) in HSV-1, by BBLF (helicase),
BSLF1 (primase), and BBLF2/3 (primase-associated factor)
in EBV, and by ORF44 (helicase), ORF56 (primase), and
ORF40/41 (primase-associated factor) in KSHV (5, 13, 26,
42, 47). Proper localization of each component of the heli-
case-primase complex in the nucleus, where viral DNA syn-
thesis occurs, is essential for viral infection, and its process
is believed to be conserved among all herpesviruses (24).
For HSV-1, when expressed individually in human cells,
ULS, ULS, and UL52 were localized in the cytoplasm (5, 9,
20). However, when all three were expressed in the same
cells, these proteins were localized in the nuclei. Similar
results were also observed in the localization of BBLF,
BSLF1, and BBLF2/3 of EBV (13). In KSHV, when ex-
pressed individually in cells, ORF56 (primase), ORF44, and
ORF40/41 were localized in the cytoplasm (42). However,
these three proteins were localized in the nuclei only when
they were coexpressed with other core components of the
viral DNA replication machinery, including the DNA poly-
merase, the polymerase processivity factor, and single-
strand DNA binding protein (42). UL70 has been shown to
interact with UL102 and UL105 (21). However, little is
currently known about how UL70 (and its counterparts in
other viruses) interacts with UL102 and UL105 (and their
counterparts in other viruses) to achieve proper localization
in the nuclei. No cellular factors that interact with these
proteins have been reported. In this study, we provide the
first direct evidence that UL70, when expressed alone in
human cells, is exclusively localized in the cytoplasm. This is
consistent with the cytoplasmic localization pattern of its
counterpart in HSV, EBV, and of KSHV when these pro-
teins were expressed alone in the absence of other viral
proteins (9, 13, 48). Furthermore, we showed for the first
time that UL70 specifically interacts with Snapin, which is
localized predominantly in the cytoplasm. Snapin may play a
key role in the cellular localization of UL70 by binding to
and sequestering this protein in the cytoplasmic compart-
ment. Whether Snapin also interacts with the counterparts
of UL70 in other viruses is currently unknown. Our results
indicate that Snapin binds to the amino-terminal domain of
UL70, which is highly conserved among the primases en-
coded by herpesviruses (46). It will be interesting to deter-
mine whether Snapin also interacts with the amino-terminal
domains of these primase proteins.

In addition to that of Snapin, the coding sequences of sev-
eral human proteins have also been found to be present in the
yeast colonies that are positive in the YTH screen experiments.
Further studies, including additional and independent experi-
ments (e.g., coimmunoprecipitation), are needed to confirm
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the interactions of these proteins with UL70. Confirmation and
future investigation of these interactions will provide insight
into how host proteins affect UL70 function during HCMV
infection.

Using several different types of cells, including U373MG,
293T, and HeLa cells, we showed that UL70 potentially inter-
acts with Snapin in co-IP experiments. Furthermore, the roles
of Snapin in UL70 localization and HCMV infection were
investigated using U373MG cells. U373MG cells, which are
derived from neuronal tissues infected naturally with HCMV
in vivo, are highly permissive to HCMYV replication and have
been widely used to study HCMV infection (24). It may be
important to test the role of Snapin in fibroblasts that are fully
permissive and commonly used to study HCMV infection.
However, it is technically difficult to carry out similar experi-
ments in fibroblasts, since the poor efficiency of transfection in
these cells resulted in a low level of UL70 and anti-Snapin
siRNA. Moreover, fibroblasts are primary cells and therefore
have a limited number of passage. It is difficult to generate a
fibroblast cell line that constitutively and stably expresses high
levels of Snapin after a substantial number of passages. In
contrast, U373MG cells are immortalized, and therefore we
can easily generate U373MG cell lines that constitutively ex-
press stable and high levels of Snapin. Further experiments in
fibroblasts and other cells permissive to HCMV infection
should elucidate the role of Snapin in these cells.

Our results indicate that overexpression of Snapin reduces
the nuclear import of UL70 and increases its accumulation in
the cytoplasm. The mechanism of how UL70 is retained in the
cytoplasm is currently unknown. It is conceivable that Snapin
sequesters UL70 in specific cytoplasmic compartments so that
UL70 is not available for interaction with other viral or cellular
protein carriers for nuclear transport. Meanwhile, downregu-
lation of the expression of Snapin increases nuclear import of
UL70 and decreases its cytoplasmic accumulation. These ob-
servations suggest that the proper cellular localization of UL70
in either the cytoplasm or nucleus is in a delicate balance and
may be dictated by the cellular expression level of Snapin.
There are no known nuclear localization signals (NLS) in
UL70, although we cannot completely exclude the possibility
of any potential unknown and hidden NLS. Currently, the
mechanism of how UL70 is imported into the nucleus is un-
known. It is conceivable that a specific cellular carrier(s) for
nuclear transport competes with Snapin for binding of UL70.
When Snapin expression is reduced, binding of UL70 to the
cellular nuclear carrier(s) is favored, leading to increased nu-
clear import of UL70. In contrast, Snapin, when overex-
pressed, interacts with and sequesters UL70, leading to its
accumulation in the cytoplasm. This hypothesis is supported by
our observations that up- and downregulation of Snapin pro-
motes cytoplasmic and nuclear accumulation of UL70, respec-
tively. It will be interesting to determine whether the cellular
localization of the homologues of UL70 in other viruses also
employ similar cellular pathways. These and future studies of
the interactions of the herpesvirus primase proteins with other
viral and cellular proteins will provide significant insight into
the mechanism of proper localization and assembly of the
helicase-primase complex during lytic infection of herpesvi-
ruses.
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