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The varicella-zoster virus (VZV) origin of DNA replication (oriS) contains a 46-bp AT-rich palindrome and
three consensus binding sites for the VZV origin binding protein (OBP) encoded by VZV ORF51. All three OBP
binding sites are upstream of the palindrome in contrast to the sequence of the herpes simplex virus oriS,
which has required OBP binding sites upstream and downstream of the AT-rich region. We are investigating
the roles that sequences downstream of the palindrome play in VZV oriS-dependent DNA replication. Com-
puter analysis identified two GC boxes, GC box 1 and GC box 2, in the downstream region which were predicted
to be binding sites for the cellular transcription factor Sp1l. Electrophoretic mobility shift assay and supershift
assays showed that two members of the Sp family (Sp1 and Sp3) stably bind to GC box 1, but not to GC box
2. A predicted binding site for the cellular factor Yin Yang 1 (YY1) that overlaps with GC box 2 was also
identified. Supershift and mutational analyses confirmed the binding of YY1 to this site. Mutation of GC box
1 resulted in loss of Spl and Sp3 binding and an increase in origin-dependent replication efficiency in Dpnl
replication assays. In contrast, mutation of the YY1 site had a statistically insignificant effect. These results
suggest a model where origin-dependent DNA replication and viral transcription are coupled by the binding
of Spl and Sp3 to the downstream region of the VZV replication origin during lytic infection. They may also

have implications regarding establishment or reactivation of viral latency.

Varicella-zoster virus (VZV) is a member of the Alphaher-
pesvirus subfamily of the Herpesviridae family. VZV is the caus-
ative agent of two types of disease, chicken pox (varicella)
upon primary infection and shingles (zoster) after reactivation
from latency (1, 2). The VZV genome consists of 125 kbp
which encodes approximately 69 open reading frames (ORFs).
The viral genome is made up of long and short unique seg-
ments designated U; and Ug respectively, both of which are
bounded by inverted repeat sequences (11). The linear se-
quence of VZV genes is similar to that of herpes simplex virus
type 1 (HSV-1) and includes the coding sequences for ortho-
logues of the seven HSV-1 proteins required for origin-depen-
dent DNA replication (9).

The VZV genome contains two origins of DNA replication
(oriS) within the internal repeats (IRs) and terminal repeats
(TRs) bounding the Ug segment at sites analogous to those
within the HSV-1 genome. VZV, however, lacks the third
HSV-1 origin (oriL), which is located near the center of the
HSV-1 U, region (10, 11, 48, 49). HSV-1 oriL has been shown
to be dispensable for replication of HSV DNA (3, 53) but has
been implicated in HSV pathogenesis and reactivation from
latency (4). The equivalent region in the VZV genome is
comprised of a bidirectional promoter that regulates the tran-
scription of the VZV DNA polymerase catalytic subunit
(ORF28) and DNA binding protein (ORF29) genes (32, 54).

The architecture of the VZV and HSV-1 oriS regions differs
significantly (Fig. 1). The two VZV oriS regions contain an
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AT-rich palindrome and three consensus 10-bp binding sites
[5'-C(G/A)TTCGCACT-3'] for the VZV origin binding pro-
tein (OBP) encoded by VZV ORF51 located upstream of the
AT-rich palindrome (48, 50). These binding sites, designated
boxes A, B, and C are identical or nearly identical to the
consensus site for the HSV-1 U; 9 OBP with which the VZV
ORF51 OBP shares 54.8% similarity and 46.5% identity (8,
50). All three OBP binding sites in the VZV origin are ori-
ented in the same direction and are present on the same strand
of the viral DNA. Origin-dependent DNA replication in VZV
requires the AT-rich region and box A. Box C is not essential,
but its presence increases replication efficiency, while box B
appears to be completely dispensable (48, 50). Nothing is cur-
rently known regarding the role played by sequences down-
stream of the VZV minimal origin in viral DNA replication. A
partial (7 of 10 bp) OBP binding site is present downstream of
the AT-rich palindrome with the same orientation and on the
same strand as the upstream OBP boxes. However, gel shift
and DNase I protection assays failed to demonstrate VZV
OBP binding to this sequence (8, 50). In contrast, in the HSV-1
oriS_binding sites for the UL9 OBP (boxes I, II, and III) occur
both upstream and downstream of the AT-rich region. Boxes I
and II are located upstream and downstream on opposite
strands of the DNA and are oriented in opposite directions.
Box III is located upstream of box I but is oriented in the same
direction and occurs on the same DNA strand as box II. Mu-
tational analysis has shown that the minimal HSV-1 requires
the presence of both box I and box II and the central AT-rich
region (4, 12, 49, 52).

The structural differences between the VZV and HSV-1 oriS
in terms of the positioning and orientation of the OBP binding
sites suggest that the mechanism and/or transacting factors
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FIG. 1. (A) Comparison of the architecture of the VZV and HSV-1 oriS origins of DNA replication. The positions of the OBP binding site
boxes on the two strands and their orientations are indicated. (B) Nucleotide sequence of VZV oriS showing the positions of the OBP binding sites
and potential binding sites for cellular factors in the region downstream of the AT repeats. The consensus Sp1 site within GC box 1 is shown in
bold type, and the YY1 site overlapping GC box 2 is underlined. min, minimal.

involved in initiation or regulation of origin-dependent DNA
replication may differ between HSV-1 and VZV. One possi-
bility raised by Stow et al. (50) is that cellular factors or as yet
unidentified viral proteins could bind downstream of the AT-
rich region in the VZV oriS to facilitate unwinding of the
origin and assembly of the viral DNA replication machinery.

There is precedence for this possibility based on work with
Epstein-Barr virus (EBV), HSV-1, simian virus 40 (SV40), and
human papillomavirus (HPV). The cellular transcription factor
Sp1 binds to the downstream region of EBV ORI, ;, and phys-
ically interacts with the EBV DNA polymerase catalytic and
accessory subunits, increasing their recruitment and resulting
in a positive effect on DNA replication (5, 15). Spl and the
related factor Sp3 bind to the upstream region of the HSV-1
oriS at a cis element, designated OscarL, and also have a
positive effect on origin-dependent DNA replication, although
the specific mechanism remains unknown (37). Several tran-
scription factors were found to stimulate SV40 DNA replica-
tion, including NF1, AP1, and Spl (16). Spl has also been
reported (13) to enhance replication of human papillomavirus
type 18 (HPVI1S). In contrast, the transcription factor Yin
Yang 1 (YY1) has been shown to suppress HPV DNA repli-
cation through interference with the function of the HPV E2
protein (25).

In the work presented here, we identified and authenticated
the presence of binding sites for cellular transcription factors
within the downstream region of the VZV oriS and tested the
effects of mutations of those sequences on VZV origin-depen-
dent replication. Our data show that the cellular factors Spl,
Sp3, and YY1 stably bind to different portions of the down-
stream region of the VZV oriS. YY1 appears to have no effect
on origin-dependent replication. However, mutation of the
Sp1/Sp3 site that ablates binding of these factors resulted in an
increase in replication in in situ Dpnl replication assays. This
indicates that Sp1 and Sp3 act to suppress VZV oriS-depen-
dent replication in contrast to what has been observed, as

described above, in other virus systems. Further, this repre-
sents the first documentation of a role for Sp3 in VZV infec-
tion.

MATERIALS AND METHODS

Cells and viruses. MeWo cells, a human melanoma cell line that supports the
replication of VZV, were grown in Eagle’s minimal essential medium supple-
mented with 10% fetal bovine serum as previously described (47). VZV strain
MSP was propagated in MeWo cell monolayers as described by Lynch et al. (29)
and Peng et al. (39).

Nuclear and whole-cell lysates. Nuclear extracts of VZV-infected and unin-
fected MeWo cells were prepared as previously described (29). Briefly, pelleted
cells were washed once with 30 volumes of phosphate-buffered saline. Packed
cells were resuspended in one packed cell volume of buffer A (10 mM HEPES
[pH 7.9], 1.5 mM MgCl,, 10 mM KCl, 0.5 mM dithiothreitol) at 4°C and allowed
to swell on ice for 15 min. Cells were then lysed by 10 rapid passages through a
25-gauge hypodermic syringe, and the homogenate was sedimented briefly at
12,000 X g. The crude nuclear pellet was resuspended in two-thirds of one
packed cell volume (determined at the time of cell harvest) of buffer C (20 mM
HEPES [pH 7.9], 25% [vol/vol] glycerol, 0.42 M NaCl, 1.5 mM MgCl,, 0.2 mM
EDTA, 0.5 mM phenylmethylsulfonyl fluoride, 0.5 mM dithiothreitol), and the
resulting solution was incubated on ice with stirring for 30 min. The nuclear
debris was pelleted by centrifugation for 5 min at 12,000 X g, and the supernatant
(nuclear extract) was dialyzed against buffer D (20 mM HEPES [pH 7.9], 20%
[volvol] glycerol, 0.1 M KCl, 0.2 mM EDTA, 0.5 mM phenylmethylsulfonyl
fluoride, 0.5 mM dithiothreitol) for 2 h. The dialyzed extract was then quick-
frozen in liquid nitrogen and stored at —70°C. Whole-cell lysates of VZV-
infected and uninfected MeWo cells were prepared as previously described (39).
Cells were grown to confluence in 100-mm petri dishes, washed with phosphate-
buffered saline buffer, and then suspended in lysis buffer (50 mM Tris-HCI [pH
7.5], 0.15 M NaCl, 1 mM EDTA, 0.1% Triton X-100, and protease inhibitor
cocktail [Roche, Mannheim, Germany] added per the manufacturer’s instruc-
tion). The lysates were collected and centrifuged for 5 min, and the supernatants
were stored at —70°C for subsequent use.

Immunoblot analyses. Whole-cell lysates of VZV-infected and uninfected
MeWo cells were analyzed by sodium dodecyl sulfate-10% polyacrylamide gel
electrophoresis and immunoblotting for the presence of Sp family members and
YY1 as described by Yang et al. (55). Antibodies against Sp1, Sp2, Sp3, Sp4, and
B-tubulin were obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
Antibody against Sp1 was also obtained from Upstate (Temecula, CA). Rabbit
polyclonal antibody against YY1 was generously supplied by Te-Chung Lee
(University at Buffalo). Reactive bands were visualized using goat anti-rabbit
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immunoglobulin G conjugated with horseradish peroxidase (Chemicon, Te-
mecula, CA) in conjunction with Supersignal West Pico chemiluminescence
substrate (Pierce, Rockford, IL). Quantification of the relative amounts of these
transcription factors normalized to B-tubulin in loading controls was performed
using a Bio-Rad GS700 imagining densitometer (Bio-Rad, Hercules, CA). Sta-
tistical significance was determined by a one-way analysis of variance, followed by
Tukey’s post hoc test.

Plasmids. The pVO2 plasmid containing a 259-bp fragment encompassing
nucleotides 5502 to 5760 of the TRs/IRs sequence of the VZV Dumas strain (10)
was generously supplied by Nigel Stow (MRC Virology Unit, Institute of Virol-
ogy, University of Glasgow). This fragment contains the VZV oriS region in-
cluding OBP boxes C and A, the AT-rich palindrome, and 125 bp of downstream
sequence. The pVO?2 parental plasmid, pAT153, was purchased from MoBiTec
(Goettingen, Germany).

Plasmids containing GC box 1 and YY1 and box A substitution mutations
within the oriS region were generated by mutation of pVO2 using the
QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA) using the
following primer sets: primers 5'-ATGTCGCGGTTTTATGGGGTGTTCGCG
GGCTTTTCACAGAATATA-3" and 5'-TATATTCTGTGAAAAGCCCGCG
AACACCCCATAAAACCGCGACAT-3' for GC box 1, primers 5'-ACAGAA
TATATATATTCCAAATTTAGCGGCAGGCTTTTTAAAATC-3" and 5'-G
ATTTTAAAAAGCCTGCCGCTAAATTTGGAATATATATATTCTGT-3’
for YY1, and primers 5'-GGCATGTGTCCAACCACCGTTAAAACTTTCTT
TCTATATATATAT-3' and 5'-ATATATATATAGAAAGAAAGTTTTAACG
GTGGTTGGACACATGCC-3' for box A. All primers were synthesized by IDT
(Coralville, IA). The positions and sequences of the mutations in the VZV oriS
sequence contained within the pVO2 plasmid used in transfections were verified
by sequencing at the Roswell Park sequencing facility.

Dpnl replication assays. MeWo cells were transfected with Lipofectamine
reagent (Invitrogen, Carlsbad, CA) following the manufacturer’s instructions.
Four microliters of Lipofectamine reagent was used per microgram of trans-
fected DNA in each transfection. In transfections performed in 100-mm-diam-
eter petri dishes, 2.1 X 10° MeWo cells per dish were seeded in 12 ml of
complete growth medium. The cells were 80% confluent at the time of transfec-
tion. Three hours before transfection, the medium was replaced with fresh
medium. Replication experiments were performed as described by Stow and
McMonagle (49) and Stow and Davison (48). The cells were transfected with 5
pg of wild-type or mutant pVO2 plasmids. At 6 h posttransfection, cells were
superinfected with VZV strain MSP. VZV superinfections were performed by
adding a ratio of 0.4 infected cell per 1 uninfected cell of the infected cells to
each monolayer. Total cellular DNA was prepared 48 h after superinfection by
the addition of 5 ml of lysis buffer (10 mM Tris-HCI [pH 7.5], 1 mM EDTA, 0.5%
sodium dodecyl sulfate, 20 pg/ml RNase I) per dish. Lysates were transferred to
15-ml conical test tubes and incubated for 1 h at 37°C. Proteinase K in TE buffer
(10 mM Tris-HClI and 0.001 M EDTA) was added to a final concentration of 100
g per ml, and the NaCl concentration was adjusted to 0.15 M. The mixture was
then incubated at 50°C for 3 h. The DNA was isolated by phenol chloroform
extraction, followed by ethanol precipitation. The DNA was digested with Dpnl
and EcoRI as described by Stow and Davison (48) and analyzed by Southern blot
hybridization. Transfers were done using TurboBlotter kits obtained from What-
man, Inc. (Sanford, ME). The blots were probed with a 400-bp PCR product
prepared from pVO?2 using primers 5'-GTGCTCCTGTCGTTGAGGACCCG
G-3" and 5'-CCTCTGACTTGAGCGTCGATTTTT-3" and end labeled with[a-
32P)ATP using T4 kinase (Invitrogen, Carlsbad, CA). This fragment includes a
portion (nucleotide positions 1465 to 1864) of the pVO2 plasmid containing the
ColEl1 origin of replication and was designed to detect both intact DpnI-resistant
linearized pVO2 (3.9 kb) resulting from replication of the input plasmid and an
872-bp fragment resulting from the Dpnl-sensitive unreplicated input plasmid.
The resulting bands were quantified by PhosphorImager (Molecular Dynamics,
Sunnyvale, CA) analysis. The ratio of replicated plasmid to input plasmid rep-
resented the replication efficiency of the test plasmid. The data from represen-
tative experiments are presented as means of triplicate Dpnl replications. Error
bars indicate standard errors. Statistical significance was determined by a one-
way analysis of variance followed by Tukey’s post hoc test.

EMSA and supershift analyses. Thirty-base-pair oligonucleotide probes (IDT,
Coralville, TA) containing wild-type and mutant GC box 1 elements and 40-bp
probes containing wild-type and mutant YY1 and GC box 2 binding site elements
were used in electrophoretic mobility shift assays (EMSAs). Probes were end
labeled with [a-**P]ATP using T4 kinase (Invitrogen, Carlsbad, CA). For the GC
box 1 probes, 100 femtomoles of the 30-bp labeled probes containing wild-type
and mutant GC box 1 (~1 X 10° dpm) were incubated with 12 g of uninfected
or infected MeWo cell nuclear extract in a 10-pl reaction mixture in binding
buffer A [40 mM HEPES (pH 7.9), 100 mM NaCl, 10 mM MgCl,, 200 p.g/ml
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bovine serum albumin, 12% glycerol, 0.05% NP-40, 1 mM dithiothreitol, and 3
pg poly(dI-dC)]. For the GC box 2/YY1 probes, 100 femtomoles of 40-bp labeled
probes containing wild-type and mutant GC box 2 sequences or wild-type and
mutant YY1 binding sites (~1 X 10° dpm) were incubated with 12 pg of MeWo
cell nuclear extracts in a 10-pl reaction mixture in binding buffer B [10 mM
Tris-HCI (pH 8.0), | mM EDTA, 100 mM NaCl, 3 ug poly(dI-dC), 0.1% NP-40,
1 mM dithiothreitol, and 50 pg/ml bovine serum albumin]. The samples were
analyzed by electrophoresis on a 5% polyacrylamide (37.5:1 acrylamide/bisacryl-
amide) gel and then autoradiography.

In the supershift assays, anti-Sp family antibodies (antibodies against the four
members of the Sp family [Spl, Sp2, Sp3, and Sp4]) obtained from Santa Cruz
Biologicals (Santa Cruz, CA) or anti-Sp1 antibodies (Upstate, Temecula, CA)
and rabbit polyclonal YY1 antiserum, generously supplied by Te-Chung Lee
(University at Buffalo) were added in 4-pg (Sp family) or 2-pl (YY1) aliquots to
reaction mixtures containing infected cell nuclear extracts and either GC box 1
or YY1/GC box 2 probes. All of the antibodies directed against the Sp family
members were described by the commercial suppliers as being positive in super-
shift assays. This was confirmed in control experiments using consensus GC
box-containing duplex probes (data not shown). The samples were then analyzed
by electrophoresis on a 5% polyacrylamide (37.5:1 acrylamide/bisacrylamide) gel
and autoradiography.

RESULTS

Identification of potential binding sites for cellular factors
in the downstream region of VZV oriS. The 125 bp immedi-
ately downstream of the AT-rich palindrome of the VZV
oriS, located within the IRs region of the genome, were
analyzed for the presence of cellular transcription factor
binding sites using the AliBaba2.1 and Patch programs (http:
/www.gene-regulation.com/pub/programs.html; Biobase). Two
GC-rich sequences, designated GC box 1 and GC box 2, were
identified 57 to 72 bp and 99 to 110 bp, respectively, 3’ to the
final TA pair in the minimal origin (Fig. 1B). Both contained
predicted binding sites for the ubiquitous cellular transcription
factor Spl. GC box 1 contains the canonical Spl binding
sequence (5'-GGGCGGG-3') first identified by Dynan and
Tjian (14) in the SV40 early promoter. GC box 2 contains an
alternative site (5'-GGAGCGG-3') predicted to bind Sp1. Sp1
is well documented to be involved in VZV replication based on
studies describing its role in several important VZV promot-
ers, including those regulating expression of VZV gl, gE, the
VZV major single-strand binding protein, and the VZV DNA
polymerase catalytic subunit (6, 19, 39, 43, 54). Sp1 has also
been shown to interact physically and functionally with the
VZV major transcriptional activator, IE62 (36, 39). In addi-
tion, there is a high incidence of predicted Spl binding sites
within VZV promoters (a minimum of 18) beyond those al-
ready authenticated (44).

A potential binding site (5'-CAAATGGAG-3’) for the cel-
lular transcription factor YY1 was also identified partially
overlapping GC box 2. This sequence is highly homologous to
a YY1 site identified in the HPV8 E6 promoter (5'-CAAAT
GGAC-3') and is also very similar to YY1 sites identified in
adeno-associated virus P5 promoter and the murine leukemia
virus long terminal repeat (26, 38). YY1 can act either as an
activator or a repressor and has been shown to be capable of
interacting with Sp1 (24, 45, 46). In contrast to Sp1, the role or
roles that YY1 plays in VZV transcription and the viral life
cycle are currently unknown. Based on the results from the
computer analysis, EMSA, supershift, and mutational analyses
were then performed in order to determine whether GC box 1,
GC box 2, and the YY1 site were bona fide binding targets for
the specific transcription factors.
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FIG. 2. EMSA and competition assays using a 30-bp oligonucleotide containing GC box 1 and the native flanking region in the presence of
uninfected and VZV-infected MeWo cell nuclear extracts. (A) Sequences of the two oligonucleotides used in the assays. NSC, nonspecific
competitor. (B) Typical data from EMSA experiments using the GC box 1 probe and uninfected and infected cell extracts. Lanes: FO, free
oligonucleotide; UI, uninfected nuclear extract; I, VZV-infected nuclear extract. (C) Competition assays using a 50-fold excess of cold GC box
1-specific competitor (SC) and nonspecific competitor (NSC). The nonspecific competitor included the upstream box A site and attendant flanking
sequence. The positions of the two consistently observed complexes in panels B and C are indicated by asterisks.

Spl and Sp3 bind to GC box 1. In the first series of exper-
iments, EMSAs were performed using a 30-bp duplex oligo-
nucleotide containing the 15-bp GC box 1 and upstream and
downstream flanking sequences (Fig. 2A). Shift patterns were
obtained using uninfected and VZV-infected MeWo cell nu-
clear extracts. Two complexes, one major and one minor, were
consistently observed with both infected and uninfected nu-
clear extracts, with the major complex being the slower migrat-
ing of the two (Fig. 2B). There was no difference in the shift
pattern, qualitatively or quantitatively, obtained with the two
nuclear extracts, suggesting that viral proteins and/or cellular
proteins whose expression or DNA binding properties were
significantly modified by VZV infection did not play a role in
the formation of the observed complexes. To test the specificity
of the formation of these two complexes, competition EMSA
experiments were performed using the unlabeled 30-bp GC
box 1 probe as the specific competitor and a 30-bp oligonucle-
otide containing the OBP box A sequence as the nonspecific
competitor. As shown in Fig. 2C, the cold specific competitor
efficiently competed away the formation of the two complexes,
while the presence of the nonspecific competitor had no effect
on the pattern of the shifted bands.

In the next series of experiments, EMSAs were performed
using oligonucleotides containing mutations in the consensus
Sp1 binding site in the GC box 1 sequence. These included
deletion of the 7-base-pair Spl binding site and site-specific
mutagenesis which substituted the first two G residues with T

and C, respectively (Fig. 3A). Both of these mutations were
predicted to abolish Spl binding using the same computer
analysis that had initially identified the site. As shown in Fig.
3B, both the deletion and substitution mutations ablated for-
mation of both of the complexes formed with the wild-type
sequence.

Antibody supershift assays were then performed in order to
confirm that Spl was, in fact, present in the observed com-
plexes and to investigate whether any of the other three major
members of the Sp family of transcription factors (Sp2, Sp3,
and Sp4), all of which are capable of binding to GC-rich se-
quences (17, 42), were also present. The results are presented
in Fig. 3C and show that a significant fraction of the major,
slower-migrating complex was supershifted only in the pres-
ence of anti-Sp1 antibody. Two anti-Sp1-specific supershifted
complexes were consistently observed in these experiments.
One migrated slightly more slowly than the major complex did,
and the second, representing the majority of the supershifted
material, failed to enter the gel. The less-abundant faster-
migrating complex was completely supershifted only in the
presence of anti-Sp3 antibody. In the data presented in Fig. 3C,
a small amount of material failed to enter the gel in the pres-
ence of anti-Sp4 antibody. This occurred in three of five sep-
arate EMSA experiments, whereas the shifts observed with the
Spl and Sp3 antibodies occurred in all five experiments. In
contrast, no supershifts or losses of complexes were observed
in the presence of anti-Sp2 antibodies. Anti-YY1 antibody,
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FIG. 3. EMSA and supershift assays using wild-type, GC box 1 deletion, and substitution mutant duplex oligonucleotides. (A) Sequences of the
oligonucleotides containing deletions and site-specific mutations. The positions and limits of GC box 1 are boxed. The deleted sequence is
indicated, and additional flanking sequence added to maintain the 30-bp length for all probes is underlined. The site-specific mutations are
indicated in italics. (B) Typical EMSA results showing loss of binding to the two mutant probes. Lanes: FO, free oligonucleotide; I, VZV-infected
nuclear extract. (C) Supershift assays using the wild-type GC box 1 probe in the presence of infected cell nuclear extracts. Polyclonal antibodies
against Sp1, Sp2, Sp3, Sp4, and YY1 were used in the supershifts as indicated. The positions of the original complexes are shown by asterisks, and
the positions of the supershifted bands are shown by small black arrows. aSp1, anti-Sp1 antibody.

used here as a negative control, also showed no effect on
complex formation or migration. Thus, Spl is present in at
least one complex within the major supershifted band. Sp3
appears to be present exclusively in the complex represented
by the less-abundant, faster-migrating band. Sp4 may also be
associated with GC box 1 but to a much lower and less stable
extent than Sp1 and Sp3 under these experimental conditions.

YY1 binds to the predicted YY1 binding site. In the next
series of experiments, we wished to determine whether protein
complexes were formed with duplex oligonucleotides contain-
ing GC box 2 sequence and the predicted overlapping YY1
binding site. EMSAs were performed using a 40-bp probe
containing both sequences and 8-bp upstream and 15-bp down-
stream flanking sequences (Fig. 4A). Shifts were performed
with both uninfected and infected MeWo cell extracts. Three
major complexes were formed in the presence of both unin-
fected and infected cell nuclear extracts and displayed identical
migration positions (Fig. 4B). A decrease in the level of the
intermediate migrating complex with infected protein extracts
compared to uninfected protein extracts was frequently ob-
served in these experiments, suggesting that this complex is less
stable in the case of the infected cell extracts.

We next wished to determine whether any of the Sp family
members or YY1 bound to this sequence. Supershift experi-
ments with antibodies against Sp1, Sp2, Sp3, and Sp4 indicated
that, in contrast to our results with GC box 1, none of these
factors bound to the probe containing GC box 2 (data not
shown). Supershifts with anti-YY1, however, consistently re-

sulted in loss of the fastest-migrating band in the case of the
wild-type sequence and with probes containing deletion and
substitution mutations predicted to disrupt the binding of Spl
(Fig. 5). In each of these cases, signal was present in the well,

YY1 GC Box2

40bp GCBox2 5’/ATATATATTCCAAATGEGAGCGGCAGGCTTTTTAAAATCGA-3’

B FO ut I

FIG. 4. Results of EMSA experiments using a 40-bp probe containing
GCbox 2 and the YY1 site in the presence of uninfected and VZV-infected
cell nuclear extracts. (A) Sequence of the 40-bp probe showing the positions
of GCbox 2 and the YY1 site. The YY1 site is underlined. (B) Typical results
showing the presence of three shifted complexes. Lanes: FO, free oligonu-
cleotide; U, uninfected nuclear extract; I, VZV-infected nuclear extract. The
positions of the three shifted complexes are indicated by asterisks.
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FIG. 5. EMSA and supershift assays using wild-type, GC box 2 deletion, GC box 2, and YY1 substitution mutant probes. (A) Sequences of the
oligonucleotides containing deletions and site-specific mutations. The positions and limits of GC box 2 are boxed. The YY1 site is underlined. The
deleted sequence in GC box 2 is indicated, and additional flanking sequence added to maintain the 40-bp length for all probes is underlined.
(B) Results of EMSA and supershift assays using wild-type, GC box 2 deletion, GC box 2, and YY1 substitution mutant probes. Lanes: FO, free
oligonucleotide; I, VZV-infected nuclear extract. YY1, anti-YY1 antibody. The YY1-specific band that is lost with both anti-YY1 antibody
supershifts and the probe containing the YY1 site substitution mutation are indicated by asterisks.

suggesting that the supershifted complex could not enter the
gel. Finally, site-specific mutation of the YY1 site led to loss of
the fastest-migrating band, and here, no signal was seen in the
well in the presence of anti-YY1 antibody.

Thus, our results show that YY1 binds to the predicted YY1
binding site, whereas there is no evidence either by supershift
assays or by mutational analysis that any members of the Sp
family bind to this portion of the downstream region of VZV
oriS. The site-specific and deletion mutations narrow the YY1
site to 5'-CCAAATGG-3’" and indicate that the two 3'-termi-
nal guanine residues are critical for YY1 binding. The persis-
tence of the two slower-migrating bands suggests that their
formation involves the flanking regions, rather than the core
elements mutated. This was confirmed in competition experi-
ments where the cold 40-bp probe successfully competed away
all three complexes (data not shown).

VZV infection lowers the level of Sp4 present in MeWo cells.
We next examined the levels of Spl, Sp2, Sp3, and Sp4 and
YY1 present in uninfected and infected whole-cell extracts by
immunoblotting. Our results (Fig. 6) show that all four Sp
family members and YY1 are expressed in MeWo cells. Quan-
tification of the relative amounts of these factors using three
sets of paired uninfected and infected cell extract preparations
showed that there was no statistically significant difference in
the levels of Sp1 (P = 0.373), Sp2 (P = 0.254), Sp3 (P = 0.563),
and YY1 (P = 0.373) in infected versus uninfected MeWo cell
extracts. Also, infection did not alter the levels of the two
shorter forms of Sp3 of very similar molecular weights that are

generated via internal translation initiation start sites (20). In
contrast, a highly significant (P = 0.002) 40 to 50% decrease in
the level of Sp4 in infected versus uninfected cell extracts was
observed.

Mutation of the Sp1/Sp3 site results in an increase in origin-
dependent DNA replication. Previous work from the Schaffer
laboratory (37) showed that mutation of upstream binding sites
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FIG. 6. Immunoblot analysis examining the relative levels of Spl,
Sp2, Sp3, Sp4, and YY1 present in uninfected (UI) and infected
(I) whole-cell extracts. Equivalent amounts of protein were added in

the uninfected and infected lanes. B-Tubulin was used as a loading
control.
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FIG. 7. Results of Dpnl oriS-dependent replication assays. (A) Southern blot analysis of control assays with wild-type pVO2, pVO2 containing
a triple point mutation of the core box A CGC triplet, and the parental pAT153 plasmid lacking VZV oriS. The upper band (R) indicates the
position of Dpnl-resistant DNA resulting from replication within the MeWo cells. The lower band (U) indicates the position of unreplicated input
plasmid. (B) Typical results showing Southern blot analysis of the effects of site-specific mutation of GC box 1 and the YY1 site. (C) Histogram
summarizing the data from three independent Dpnl replication assays analyzed 48 h after VZV superinfection. Error bars indicate standard errors.
Statistical significance was determined by a one-way analysis of variance followed by Tukey’s post hoc test. Mut, mutant.

for Spl and Sp3 resulted in an increase in origin-dependent
DNA replication in Dpnl resistance replication assays using a
plasmid containing the HSV oriS. Analogous experiments
were performed in the work reported here in order to deter-
mine the effects of mutation of the Sp1/Sp3 site in GC box 1
and the downstream YY1 site. These experiments were per-
formed by transfection of the pVO2 plasmid (48, 50) contain-
ing the VZV oriS sequence (OBP boxes C and A, the AT-rich
palindrome, and the 125-bp downstream region) into MeWo
cells followed by VZV superinfection at a ratio of 0.4/1 in-
fected to uninfected cells. The cells were harvested 48 h after
superinfection, and the state of the oriS-containing plasmid
DNA was analyzed by Dpnl digestion, followed by separation
on agarose gels and Southern blot hybridization. Blots were
probed with a 400-bp pVO2 fragment that allowed clear dif-
ferentiation between replicated (unmethylated, Dpnl-resis-
tant) progeny DNA and unreplicated (methylated Dpnl-sensi-
tive) input plasmids.

Control Dpnl replication assays using pVO?2 containing the
wild-type VZV oriS showed a clear and readily detectable
signal at the position predicted for the replicated DNA (Fig.
7A). In contrast, assays performed under the same conditions
using the parent pAT153 plasmid lacking the VZV oriS re-

sulted in no signal at the position of the replicated DNA. For
a second negative control, pVO2 containing a three-base sub-
stitution in the box A OBP binding site was used. This also
resulted in a loss of the replicated DNA band in agreement
with the results of Stow et al. (50) who showed via deletion that
box A is required for oriS-dependent DNA replication. Indi-
vidual point mutations at the CGC positions were shown by
Chen and Olivo (8) to eliminate OBP binding. Thus, these data
confirm the long-held supposition that OBP binding to box A
is required for VZV oriS-dependent DNA replication even in
the presence of box C.

In the next series of experiments, triplicate Dpnl assays were
performed using wild-type pVO2 and pVO?2 plasmids contain-
ing the site-specific mutations within GC box 1 and the YY1
site which ablated Sp1/Sp3 and YY1 binding, respectively. As
shown in Fig. 7B and C, mutation of GC box 1 increased the
level of origin-dependent replication two- to threefold, and this
difference was statistically significant (P = 0.035). In contrast,
the YY1 substitution mutation had no statistically significant
effect (P = 0.162) on the efficiency of origin-dependent repli-
cation under these conditions. Similar results were obtained in
experiments where cells were harvested 36 h after VZV super-
infection. A statistically significant (P = 0.011) 2.5- to 3.5-fold
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increase in replication efficiency was observed with the GC box
1 mutation, whereas variation from wild-type levels observed
with the YY1 mutation was not significant (P = 0.103).

DISCUSSION

We have examined the roles of specific cellular transcription
factor binding sites on the efficiency of replication from the
VZV DNA replication origin. This replication origin desig-
nated oriS, is present within the inverted repeat sequences
surrounding the unique short (Ug) region of the VZV genome.
The structure of the VZV oriS is distinctly different from that
of the oriS of HSV-1. While both contain an AT-rich palin-
drome 45 to 46 bp in length, the arrangement of binding sites
for the HSV and VZV OBPs differs significantly. Specifically,
the HSV oriS contains experimentally verified OBP binding
sites oriented in opposite directions upstream and downstream
of the AT-rich region (12, 49, 52, 53). In contrast, the three
experimentally verified OBP binding sites within the VZV oriS
are all located upstream of the AT-rich palindrome (8, 50).
Furthermore, Stow and Davison (48) showed that a plasmid
containing only the proximal OBP binding site, the AT-rich
palindrome, and 125 bp of sequence downstream from the
AT-rich sequence were sufficient for origin-dependent replica-
tion in Dpnl replication assays.

Our results show that the cellular transcription factors Spl
and Sp3 and possibly Sp4 interact with a GC-rich site (GC box
1) downstream of the AT-rich palindrome. This is true despite
the fact that all four Sp family members are expressed in
MeWo cells. Two complexes reproducibly formed with GC box
1 were identified by EMSA analysis and antibody supershifts,
with one being specific for Spl and the other specific for Sp3.
Partial deletion and site-specific mutation of the GC box 1
abolished formation of both complexes, providing further
proof of specific binding. No difference in complex formation
was observed using infected and uninfected cell extracts, sug-
gesting that upon infection, no additional viral or cellular pro-
teins were recruited to these complexes. Spl and Sp3 belong to
the growing family of Sp/XKLF cellular transcription factors of
which Spl is the prototype. Some 23 members of this family
have been identified in the human genome based on the pres-
ence of a combination of three conserved Cys,His, zinc fingers
that form a DNA recognition motif (7). However, only Spl,
Sp2, Sp3, and Sp4 have been extensively characterized as to
their tissue specificity and role(s) in transcription (7, 28, 42).
Sp1 through Sp4 all show a modular structure with activation
and, in some cases inhibitory, domains present in their N-
terminal regions and the characteristic set of zinc fingers
present near their C termini. This similar modular structure
has resulted in their being designated a subgroup of the larger
Sp/XKLF family (7). Spl and Sp3 are believed to be ubiqui-
tously expressed in all tissues, and both are capable of activat-
ing expression of mammalian genes via recognition of GC- and
GT-rich motifs (28, 42). However, the interplay between Spl
and Sp3 is complex, with Sp3 sometimes acting as a repressor
of Spl (28, 30). Sp2 lacks one of the N-terminal activation
domains and binds to a site different from that of Sp1, Sp3, and
Sp4 (33, 42). Sp2 is generally associated with repression of
genes activated by the other three members of the major Sp
subfamily. Expression of Sp4 has been detected in several cell
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lines (17, 23). However, in mammals, Sp4 is predominantly
expressed in tissues of neuronal origin, while the expression
and activity of Spl in those tissues are downregulated (27,
31, 57).

Sp1/Sp3 sites have been identified in the replication origins
of several DNA viruses, including HPV, SV40, EBV, and
HSV-1 (5, 13, 15, 16, 24, 25, 37). The presence of the Sp1/Sp3
sites has been associated with an enhancement of origin-de-
pendent DNA replication. Deletion or mutation of consensus
GC boxes within the HPV and SV40 genomes resulted in
decreases in DNA replication efficiency. The mechanism of
how Sp1 enhances replication in these cases is unknown. How-
ever, at least for the case of SV40, the Sp1 site in question does
not appear to be involved in transcription of the viral genome
(13, 16). Sp1 and possibly other Sp family members also influ-
ence origin-dependent EBV DNA replication at the cis-acting
element oriLyt (5, 15). This element consists of two essential
domains designated the upstream and downstream compo-
nents. The upstream component contains DNA binding motifs
for the EBV transcriptional activator BZLF1. The downstream
component is known to be the binding site of cellular tran-
scription factors ZBP-89 and Sp1, which stimulate DNA rep-
lication. This stimulation is believed to result from the recruit-
ment of viral DNA replication proteins, since direct interaction
of Spl and ZBP-89 with the viral DNA polymerase and its
processivity factor was demonstrated in protein binding assays
(5). The HSV-1 genome contains two oriS core-adjacent reg-
ulatory (Oscar) elements, OscarL and OscarR, at the base of
the oriS palindrome. Mutation of either element reduced oriS-
dependent DNA replication by 60 to 70%, and disruption of
both elements reduced replication by 90%. OscarL contains a
consensus binding site for the transcription factor Spl. EMSA
and supershift experiments using antibodies directed against
the Sp family members of transcription factors demonstrated
the presence of Spl and Sp3, but not Sp2 or Sp4, in the
protein-DNA complexes formed at OscarL (37).

In contrast to our results with GC box 1, we found no
evidence of interaction of any of the Sp family members with
the second GC-rich sequence (GC box 2), which was also
thought to be a possible Sp1 binding site. Instead, the cellular
factor YY1 was found to bind to a predicted site overlapping
GC box 2. These results represents the first experimentally
verified occurrence of YY1 binding to a VZV DNA sequence.
YY1 is a 414-amino-acid zinc finger protein that is capable of
both repression and activation of cellular genes and transcrip-
tion in several virus systems, including adeno-associated virus,
HPV, parvovirus B19, HSV-1, and murine leukemia virus (26,
46). YY1 has been shown to repress HPV ori-dependent DNA
replication in a cell-free replication system. This repression,
however, does not require the presence of a YY1 consensus
binding site or interaction of YY1 with HPV DNA. Rather, the
YY1-mediated repression of HPV DNA replication is believed
to be due to direct interaction between YY1 and the HPV E2
protein, a transcription factor that plays important roles in the
assembly of the initiation complex at the HPV origin (25).

Our results from Dpnl replication assays show that a point
mutation of GC box 1 that ablated the formation of the two
complexes observed in EMSAs also resulted in a two- to three-
fold increase in replication efficiency compared to that ob-
served with the wild-type virus. These findings concerning the



VoL. 82, 2008 CELLULAR FACTORS AND VZV DNA REPLICATION 11731
Sp1 Sp3 @
. GA - :
5’ Box B Box C Box A AII;:]:;;h rich P“”;‘;‘:COB‘\ GC Box1 / ‘((:‘C(ll;:)t\g 3
region
=
£ Decreased
= bt
| |2 DesreasedIEG2 DNA Replication
= .£ dependent transcription
Increased I1E62- =y & Utilized by 1E62
dependent transcription 'g 5 Increased
§ E DNA Replication
) :.
Box B Box C Box A AT-Rich GP]«] Partial OBP GC Boxl YY1 site- 3
5 X o= o= region r:;:ion site o= GC Box2

FIG. 8. Model summarizing a possible mechanism of Sp1/Sp3-dependent modulation of VZV DNA origin-dependent replication during the
VZV life cycle. In this model, Sp1 and Sp3 cycle on and off the consensus GGGCGGG site within GC box 1 in response to requirements for their
presence for IE62-mediated transcription at promoter sites within the VZV genome. Thus, their presence during the early phase of the virus life
cycle would be minimal, resulting in increased DNA replication which also peaks at this phase. IE, immediate early.

function of the Sp1/Sp3 binding site within the VZV oriS
indicate that interaction of Sp1 and Sp3 with the wild-type GC
box 1 sequence results in a suppression of origin-dependent
replication. This is in direct contrast to the function of such
sites in the EBV and HSV-1 origins and represents a novel
finding for VZV. These results also represent the first docu-
mentation of a role for Sp3 in the VZV replication cycle. Since
these data were obtained using a plasmid containing only
the VZV oriS, it will, in the future, be important to correlate these
findings with the infectious phenotype of viruses carrying the GC
box 1 mutation at the native sites within the VZV genome.

The role or roles played by YY1 in VZV infection are
unknown; thus, the identification of a bona fide YY1 binding
site within the oriS downstream region site afforded the po-
tential to identify a VZV-specific function for this ubiquitous
cellular factor. YY1 has been shown to be capable of direct
interaction with Sp1 (24, 45), raising the possibility that bridg-
ing could occur between Spl and YY1 bound at their respec-
tive sites in the downstream region of the VZV oriS. Mutation
of the YY1 site with concomitant loss of YY1 binding, how-
ever, resulted in no statistically significant effect, eliminating
the possibility that a potential Sp1/YY1 bridging interaction
might influence replication efficiency under our experimental
conditions. This does not eliminate the possibility that YY1
plays an important role in VZV infection. YY1 could influence
cellular functions vital for VZV lytic replication or interact
functionally with IE62 or other VZV transactivators, such as
the IE4 and ORF61 proteins (18, 34, 35) at specific viral pro-
moters. Alternatively, YY1 could influence origin-dependent
DNA replication in primary cells or in specific tissues infected
by VZV in the human host. As an example, YY1 has been
shown to act as a negative regulator of the EBV BRLF1 pro-
moter in both HeLa and Raji cells, but the level of suppression
was much greater in HeLa cells (56).

The data gathered on the ability of Spl and Sp3 to bind to
the GC box 1 site in the downstream region of oriS and the
increased oriS-dependent replication efficiency observed with
mutations that ablate that binding led to the following model
for the role of the GC box 1 sequence analyzed during the
course of this work (Fig. 8). At times immediately after infec-
tion, endogenous Sp1 and Sp3 bind to the GC box 1 site. Once
sufficient IE62 is synthesized, the most active phase of viral
gene expression ensues, and at this stage Sp1 and Sp3 exchange
off this site and interact physically and functionally with the
major VZV transactivator IE62 to efficiently express the viral
genome. Previous work by Peng et al. (39) showed that as
much as 20 to 25% of total Spl is associated with IE62 in
VZV-infected cells. Additional support for this possibility
comes from experiments showing that ectopic expression of
Spl and Sp3 but not YY1 enhance IE62-mediated transacti-
vation in transient-transfection assays (data not shown). The
resulting decrease of Sp1 and Sp3 at GC box 1 would, based on
our data, allow an increase in origin-dependent DNA replica-
tion. During the late phase of the VZV life cycle, IE62 is
excluded, to a large extent, from the nucleus (21, 22), and Spl
and Sp3 could potentially rebind to this site and aid in decreas-
ing DNA replication during this phase of infection.

This model has broader implications in terms of the multi-
faceted nature of VZV pathogenesis. Our data show that in
MeWo cells, VZV infection reduces expression of the Sp4
protein to a modest but reproducible extent and that interac-
tion of Sp4 with the GC box 1 element is less stable than that
observed with Spl and Sp3. As indicated above, Sp4 is primar-
ily and dominantly expressed in neuronal tissue and is capable
of binding to the consensus Sp1 site, whereas Sp1 expression is
downregulated. Therefore, it is possible that, under certain
conditions, Sp4 may be able to compete with and displace Spl
at the VZV GC box 1 site as has been reported in the case of
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the human ADHS5/FDH promoter (23). If Sp4, like Spl en-
hances IE62-mediated transactivation, the combination of nor-
mally decreased expression of Sp1 in neurons and reduction of
Sp4 levels due to infection could lead to a reduction of VZV
gene expression upon initial neuronal infection and a general
cessation of viral replication. Alternatively, if Sp4 does not
synergize with IE62 but binds to the GC box 1 element, it
could, even at reduced levels and possibly in conjunction with
neuronal factors, act to suppress VZV DNA replication. Both
of these scenarios would likely increase the chances for a
switch from lytic to latent infection. Conversely, low levels of
Sp1 and decreased levels of Sp4 during reactivation could lead
to increased efficiency of viral DNA replication. Thus, the
cis-acting GC box 1 element within the downstream region of
VZV oriS and the interplay of various levels of Spl and Sp4
could potentially be involved in the establishment and/or re-
activation of VZV latency.
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