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Human cytomegalovirus (HCMV) gene expression is highly cell and tissue specific. Cell factor-mediated
regulatory interactions are involved in regulating the restricted expression of the HCMV major immediate-
early (IE) gene (J. F. Baskar, P. P. Smith, G. Nilaver, R. A. Jupp, S. Hoffmann, N. J. Peffer, D. J. Tenney, A. M.
Colberg-Poley, P. Ghazal, and J. A. Nelson, 70:3207–3213, 1996). To gain an understanding of HCMV early
gene activation, we studied the effect of each of the three major IE proteins, IE72, IE86, and IE55, on the HCMV
DNA polymerase gene (pol; UL54) promoter. In transient-expression assays, the IE86 protein alone was able
to transactivate the pol promoter, but IE72 and IE55 were not, in permissive U373MG cells. However, we were
unable to detect IE86-mediated transactivation in nonpermissive HeLa or C33-A cells. Using electrophoretic
mobility shift assays (EMSAs), we found that expression of the IE86 protein in U373MG cells resulted in
specific binding of a DNA complex to an inverted-repeat element, IR1, of the pol promoter. Antibody super-
shifting and EMSA-Western blotting experiments further showed that IE86 and the cellular transcription
factor Sp1 were components of the IR1 DNA-binding complex. Furthermore, we found that binding of DNA by
Sp1 was dramatically increased in the presence of IE86. Interestingly, this IE86-induced DNA-binding activity
of Sp1 was inhibited by a repressor activity presented in HeLa cells. In summary, our study suggests that a viral
regulatory protein can modulate the DNA binding activity of a cellular transcription factor, resulting in
cell-specific transactivation of viral genes.

Human cytomegalovirus (HCMV) is a ubiquitous member
of the herpesvirus family and a medically important pathogen
that typically causes asymptomatic infections in healthy indi-
viduals and severe complicating infections in utero as well as in
immunocompromised and immunosuppressed patients (12, 21,
34, 36, 41, 46). HCMV infection of permissive cells in culture
leads to an ordered sequential expression of viral genes which
are divided into three kinetic classes: immediate-early (IE),
early, and late (7, 8, 35, 58). The IE genes are expressed upon
entry of the viral genome into the nucleus of an infected cell,
and their expression requires specific cis-acting elements in the
viral promoters as well as cellular and viral trans-acting factors.
The IE genes have been extensively studied, and their expres-
sion is thought to be essential for viral replication (22, 28,
48–51, 53–55, 60, 61). The most important of the IE gene
products are the 72-kDa IE1 (IE72; ppUL123) and the 86-kDa
IE2 (IE86; ppUL122a) polypeptides that originate from the
major IE gene region of HCMV and are transcribed under the
control of a complex enhancer-promoter (3, 16, 40, 51, 56).

Early genes are expressed in a complex manner. Three sub-
classes of early genes have been defined (45, 48). Transcription
of early genes is weak in the absence of the IE proteins.
However, upon synthesis of IE viral proteins, some early genes
are strongly activated (5, 33, 45, 59, 62). It has been demon-
strated that IE86 alone strongly activates the UL4 and UL112-
113 early genes in transiently transfected cells (5, 27, 42) while
the IE72 protein can act synergistically with IE86 to activate
these genes (5, 25, 45, 47, 62). The IE86 protein has been

shown to bind to the cis-acting negative regulatory element on
the UL4 promoter and negate its repressive effect (18). Trans-
activation of the UL112 gene is mediated through an interac-
tion between IE86 and the cellular transcription factor CREB
(1, 29, 30). An expression construct encoding the major IE
proteins, IE72, IE86, and IE55, was shown to transactivate
the pol promoter in the fully HCMV-permissive cells known
as human foreskin fibroblasts (HFF) (24). This activation
was mediated by a cis element, IR1, present in the pol pro-
moter (24). However, no IE86 binding sequences had been
identified in this promoter. Recently, it was shown that cellular
transcription factors, such as ATF and Sp1, are involved in
transactivation of the pol promoter (26, 32). HCMV infection
upregulates the expression of genes encoding the cellular tran-
scription factors NF-kB and Sp1 in human embryonic lung
(HEL) fibroblasts (63, 64). Overall, these data suggest that
the mechanism by which IE86 activates transcription of
HCMV early genes seems to involve protein-DNA and multi-
ple protein-protein interactions, i.e., interactions with up-
stream bound cellular transcription factors and with the basal
transcription complex (14, 31, 43). Since the HCMV gene
expression cascade is cell type restricted, it is possible that
modulation of transcription by HCMV regulatory proteins
and/or cell-specific transcription factors may determine the
permissiveness of this gene expression cascade.

We were interested in understanding HCMV temporal gene
regulation, especially the mechanism by which IE proteins
mediate early gene activation, and in identifying cellular tran-
scription factors involved in the DNA binding activity of IR1.
Toward this goal, we studied the effect of each of the three
major IE proteins on UL54 (pol) early gene promoter activity.
Our results indicate that only IE86 alone is able to transacti-
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vate the UL54 (pol) promoter in permissive U373MG cells.
Expression of IE86 resulted in the formation of a specific DNA
complex on a cis element, IR1, of the pol promoter (24). To
elucidate the IR1-bound proteins, we found that the IE86
protein and the cellular transcription factor Sp1 were compo-
nents of the IR1-DNA complex. In addition, we found that
binding of DNA by Sp1 was dramatically increased in the
presence of IE86 in U373MG cells. However, this enhanced
DNA binding by Sp1 was present only in the permissive
U373MG cell line, not in nonpermissive HeLa cells. In con-
trast, this IE86-mediated binding of DNA by Sp1 was inhibited
by a repressor activity present in HeLa cells. In summary, these
data demonstrate that the cellular transcription factor Sp1 is
involved in the DNA-binding activity of IR1 of the pol pro-
moter. Furthermore, we demonstrate that a repressor activity
present in HeLa cells somehow inhibits this IE86-induced IR1
DNA binding.

MATERIALS AND METHODS

Plasmid construction. The UL54 (pol) promoter sequence from positions
2425 to 115 and the UL112 promoter sequence from positions 2352 to 137
were amplified by PCR with cosmid pCM1058 (a gift from Peter Ghazal) as a
template. The sequences of the oligonucleotide primers used for amplification of
the UL54 promoter were 59-CCCAAGCTTGGGGGAATTCAACTCGTACAA
GCAG-39 (forward primer) and 59-CCCAAGCTTGGGTCAGACGACGGTG
GTCCC-39 (reverse primer). These primers introduced HindIII restriction sites
at the 59 and 39 ends of the UL54 (pol) promoter fragment, allowing insertion of
this fragment into the pGL2-basic luciferase reporter plasmid (38) (Promega).
The sequences of the oligonucleotide primers used for the amplification of the
UL112 promoter were 59-CGGGGTACCCCGCACAGAGGTAACAAC-39
(forward primer) and 59-GAAGATCTTCGGCGGTGGAGCGAGTGC-39 (re-
verse primer). These primers introduced a KpnI and a BglII restriction site at the
59 and 39 ends of the UL112 promoter fragment, respectively, allowing direc-
tional insertion into the pGL2-basic luciferase reporter plasmid (38) (Promega).
The PCR fidelity of the UL54 (pol) and UL112 promoter sequences was con-
firmed by sequencing. Expression vectors for each of the HCMV IE proteins—
RSVIE72, RSVIE86, RSVIE55 (all gifts from Peter Ghazal), and pSVH, which
expresses all three IE proteins from the major IE gene region (kindly provided
by Richard M. Stenberg)—have been described previously (9, 24).

Transfection and infection assays. U373MG, HFF, HeLa, and C33-A cells
were cotransfected with the reporter construct and the indicated effector by use
of the Profection mammalian transfection system (Promega). Forty hours post-
transfection, cells were harvested and assayed for luciferase activity as described
by the manufacturer (Analytical Luminescence Laboratory).

Establishment of stable U373MG and HeLa cell lines expressing IE86. The
RSVIE86 and pSV2Neo (Clontech Laboratories, Inc.) selection plasmids were
cotransfected into U373MG and HeLa cells by the calcium phosphate method.
Transfectants were selected in medium containing 0.6 mg of G418 per ml on the
third day after transfection. G418-resistant clones were expanded, and 3 3 104

cells were seeded in triplicate in a 96-well plate. Cells were harvested and assayed
for IE86 by Western blot analysis. Clones showing expression of IE86 protein
were amplified and used for further studies.

Western blot analysis. For each sample, 25 mg of total protein was separated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (PAGE) and trans-
ferred to a Hybond-ECL nitrocellulose membrane (Amersham). A monoclonal
antibody specific for the HCMV IE proteins (MAB 810; Chemicon) was used.
Proteins bound by primary antibodies were detected with an alkaline phos-
phatase-conjugated secondary antibody in accordance with the manufacturer’s
protocol (Amersham).

Preparation of nuclear extracts. U373MG, U373-IE86, HeLa, and HeLa-IE86
nuclear extracts were prepared in accordance with the protocol described by
Dignam and coworkers (11).

EMSAs. The sequences of the IR1 probes were 59-GTTACAGGCTCCGCC
TTC (forward) and 59-GGAAGGCGGAGCCTGTA (reverse). The sequences
of the IRmut probes were 59-GTTACAGATATCGCCTTC (forward) and 59-G
GAAGGCGATATCTGTA (reverse) (underlined nucleotides are mutated). The
sequences of the CRS probes were 59-CGTTTAGTGAACCGTCAGAT (for-
ward) and 59-TCTGACGGTTCACTAAACG (reverse). The sequences of the
CRSmut probes were 59-GCGGCGGTGAACCGTCAGAT (forward) and 59-T
CTGACGGTTCACCGCCGC (reverse). The sequences of the EAIE2 probes
were 59-TAGCGTTGCGATTTGCAGTCCGCTCC (forward) and 59-GGAGC
GGACTGCAAATCGCAACGCT (reverse). The sequences of the EAIE2mut
probes were 59-TAGCGTTGTAACCCATAGTCCGCTCC (forward) and 59-G
GAGCGGACTATGGGTTACAACGCT (reverse). Sp1 and CREB consensus
oligonucleotides were purchased from Promega. The probes and competitors
were produced by annealing the appropriate oligonucleotides as described by
Kerry and coworkers (24). For use as probes, the IR1 oligonucleotide was end

labeled with [a-32P]dATP and the Sp1 oligonucleotide was labeled with [g-
32P]ATP. Five-microgram quantities of nuclear extracts were incubated with 1 mg
of poly(dI-dC) z poly(dI-dC) and 10,000 cpm of labeled oligonucleotide for 30
min at room temperature in binding buffer (75 mM NaCl, 15 mM Tris [pH 7.5],
1.5 mM EDTA, 1.5 mM dithiothreitol, 7.5% glycerol, 0.3% Nonidet P-40, 20 mg
of bovine serum albumin per ml). A 4% polyacrylamide gel was prerun in
standard 0.253 Tris-borate-EDTA at 150 V for 1.5 h. Sample reactions were
then subjected to PAGE. The gels were dried and subjected to autoradiography.
In competition and antibody supershift experiments, a 50-fold excess of unla-
beled oligonucleotides or 1 mg of monoclonal antibody specific for IE proteins
(MAB 810, as described above) and polyclonal antibodies specific for NF-kB
p65, NF-kB p50, Sp1, ATF, and CREB (Santa Cruz Biotechnology) were used,
respectively. For electrophoretic mobility shift assays (EMSAs) and Western
blotting experiments, after PAGE electrophoresis, the sample was transferred to
DEAE and nitrocellulose membranes in regular Western Tris-glycine buffer.
Recombinant IE86 protein (kindly provided by Peter Ghazal) was used as a
control.

RESULTS

IE86 protein transactivates the pol promoter in permissive
U373MG cells. To gain an understanding of the mechanism by
which IE86 transactivates the HCMV pol promoter, we first
determined whether the 2425/115 pol (24) promoter con-
struct responded to IE proteins in the U373MG cells. Indeed,
we found that cotransfection with pSVH, a plasmid expressing
the genes encoding three IE proteins, IE72, IE86, and IE55,
from the endogenous genomic fragment under the control of
their own major IE promoter (9), resulted in up to a 160-fold
activation of the pol promoter, as measured by expression of
the luciferase reporter (data not shown). This result is consis-
tent with those reported for HFF (9, 51, 52). Thus, we were
assured that the pol-luciferase reporter construct carried all
regulatory elements previously shown to mediate the response
to the IE proteins expressed from the pSVH expression vector
(9, 48, 52). However, it remained unclear which of the three IE
proteins play a major role in promoter activity. Therefore, we
transfected expression constructs encoding the IE72, IE86, and
IE55 cDNA sequences under the control of the heterologous
Rous sarcoma virus (RSV) promoter. We found that the IE86
expression vector alone was capable of activating the pol pro-
moter significantly (40- to 55-fold) (Fig. 1). Neither the IE72
nor the IE55 expression vector yielded significant activation
(Fig. 1). Western blot analysis showed that pSVH expressed
about 3- to 4-fold more IE86 protein than the RSVIE86 vector
(data not shown), thus suggesting that the difference between
pSVH (160-fold) and RSVIE86 (40- to 55-fold) activation of
the pol promoter is likely due to higher levels of the IE86

FIG. 1. The IE86 protein is essential for the activation of the HCMV DNA
polymerase (pol) gene promoter. U373MG cells were cotransfected with the
pol-luciferase reporter and increasing amounts of the IE gene expression vectors
RSVIE86, RSVIE72, and RSVIE55 and a b-galactosidase control vector. Lucif-
erase activity was normalized to b-galactosidase activity. The data represent the
results of three independent experiments.
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protein. We conclude that among the IE gene products, the
IE86 protein plays a major role in the transactivation of the pol
promoter in permissive U373MG cells.

Cell type-specific transactivation of the pol promoter by
IE86. HCMV has a very restrictive species and cell tropism.
The molecular events allowing the virus to productively infect
some cell types but not others has not been investigated ex-
tensively. It has been shown that the HCMV gene products can
act individually or in combination to regulate the expression of
viral and cellular promoters in a manner that is dependent on
the promoter, the host cell, and the IE gene products present
(6). We were interested in determining if early gene promot-
ers, in particular the pol promoter, were expressed in a cell
type-specific fashion. Toward this goal, we analyzed the re-
sponse of two early gene promoters, pol and UL112, to IE86
expression in permissive and nonpermissive cells. In permissive
glioblastoma U373MG and HFF, the pol promoter was trans-
activated by IE86 60- and 35-fold, respectively (Fig. 2A and B)
while the UL112 promoter was transactivated by IE86 28- and
18-fold, respectively (Fig. 3A and B).

Interestingly, we were unable to detect IE86-mediated trans-
activation of the pol promoter in nonpermissive HeLa or
C33-A epithelial cells (Fig. 2C and D). In contrast, the UL112
reporter was efficiently transactivated by cotransfection with
the IE86-expressing vector in both HeLa and C33-A cells (Fig.
3C and D). The data shown are normalized for b-galactosidase
levels expressed from a cotransfected control plasmid. There-
fore, the lack of luciferase expression from the pol-luciferase

reporter is not simply due to inefficient transfection. More
importantly, the UL112-luciferase reporter was still activated
by IE86 in those cells, which is consistent with the findings of
Colberg-Poley and coworkers (6). pSVH, which coexpresses
IE1 (IE72) and IE2 (IE86 and IE55), activates the pol pro-
moter in U373MG cells (160-fold). In contrast, pSVH trans-
activates the pol promoter in HeLa cells by seven- to ninefold
(data not shown). The 20-fold difference between the transac-
tivation activities in permissive U373MG and nonpermissive
HeLa cells may be a means of identifying the events required
for IE86-mediated induction of pol promoter transcription.

To ascertain that the difference between the responses of the
pol promoter to IE86 in glial and in epithelial cells was not due
to differences in expression levels, we tested the same reporter
plasmids in cell lines stably expressing the IE86 protein. Sev-
eral U373MG and HeLa cell clones constitutively expressing
similar amounts of IE86 were transfected with increasing
amounts of the pol-luciferase and UL112-luciferase reporters,
respectively. The data representing three different stable
clones showed that the luciferase gene driven by the pol pro-
moter was activated in U373-IE86 cells but not in HeLa-IE86
cells (Fig. 4A and B) while the luciferase gene driven by UL112
promoter showed significant activation in both U373-IE86 and
HeLa-IE86 cells (Fig. 5A and B). Western blot analysis showed
that equal amounts of IE86 protein were expressed from the
reporter-transfected stable cells (Fig. 4C and D; Fig. 5C and
D). Therefore, we concluded that IE86 may transactivate the
pol promoter in a cell type-specific manner.

FIG. 2. Transactivation of the pol promoter by IE86 in the permissive
U373MG and primary HFF cells. The pol-luciferase (pol-luc) and b-galactosi-
dase reporters were cotransfected with increasing amounts of the RSVIE86
expression vector in permissive U373MG (A) and HFF (B) cells and in nonper-
missive HeLa (C) and C33-A (D) cells as indicated. Luciferase activities were
normalized to b-galactosidase activity. Units are fold activation. The data rep-
resent the results of three independent experiments.

FIG. 3. Transactivation of the UL112 promoter by IE86. The UL112-lucif-
erase (UL112-luc) and b-galactosidase reporters were cotransfected with in-
creasing amounts of the RSVIE86 expression vector in permissive U373MG (A)
and HFF (B) cells and in nonpermissive HeLa (C) and C33-A (D) cells as
indicated. Luciferase activities were normalized to b-galactosidase activity. Units
are fold activation. The data represent the results of three independent experi-
ments.
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Identification of a cell-specific DNA-binding activity specific
for the inverted-repeat element IR1. An inverted-repeat ele-
ment, IR1, has been shown to mediate activation of the pol
promoter by the HCMV IE proteins expressed from the pSVH
vector. The cellular factors present in uninfected HFF cells
bind to this IR1 element, and its binding increases with time
upon viral infection (24). To determine whether IR1 binding
was also present in U373MG cells and whether the IE86 pro-
tein was present in the IR1 DNA-binding complex, we con-
ducted EMSAs with radioactively labeled IR1 oligonucleotides
(24) and nuclear extracts from parental as well as IE86-ex-
pressing U373MG and HeLa cells. Interestingly, we found that
a specific protein-DNA complex was present in the three dif-
ferent IE86-expressing U373MG cell clones but not in extracts
from the parental cells (Fig. 6A). In contrast, HeLa cells did
not show a unique complex in the presence of IE86 protein

(Fig. 6B). The absence of the IE86-specific complex in HeLa
cells is not due to a lack or lower level of IE86 protein since, as
shown in Fig. 4C and D and 5C and D, the protein is expressed
at similar levels in U373MG cells.

To address whether the protein complex seen in IE86-ex-
pressing U373MG cell extracts was specific for the IR1 ele-
ment, we conducted a competition experiment. As indicated in
Fig. 6C, the wild-type IR1 oligonucleotide (at a 50-fold excess)
was able to block the formation of the DNA-protein complex
in the IE86-expressing U373MG nuclear extracts, but the same
amount of this oligonucleotide carrying a mutation in the IR1
sequence was not. Therefore, we conclude that the unique
complex is specific for the IR1 element. The data indicated
that there was no specific IR1 binding in U373MG cells. How-
ever, expression of the IE86 protein in U373MG cells induced
an IR1-specific DNA binding activity on the pol promoter.

IE86 protein is present in the IR1 DNA-binding complex.
Since expression of IE86 protein in U373MG cells leads to
IR1-specific DNA binding, we investigated whether the IE86
protein was present in the IR1 complex. To address this ques-
tion, we performed antibody supershift experiments using an
IE86-specific monoclonal antibody. As shown in Fig. 7A, ad-
dition of a monoclonal antibody that recognizes IE86 (MAb
810) disrupted the IR1-specific complex. In contrast, two other
antibodies specific for two subunits of the cellular transcription
factor NF-kB (p65Ab and p50Ab) had no effect on the IR1
complex. Titration of the IE86 antibody showed that the effect
was specific for the IR1 complex (data not shown). To verify
that IE86 is present in the IR1 DNA-binding complex, we
conducted EMSA-Western blot analysis. As shown in Fig. 7B,
the shifted IR1 probe was efficiently transferred onto a DEAE
membrane (lane 2). The proteins present in the IR1 complex
were transferred to a nitrocellulose membrane and then ana-
lyzed by Western blotting with the IE86-specific antibody (Fig.
7C and D, lanes 2). However, this antibody did not show a
band in lanes containing U373-IE86 cell lysate or bacteria if
the IR1 probe was not added (Fig. 7D, lanes 3 and 4), sug-

FIG. 4. Activation of the pol promoter in the U373MG stable cell line ex-
pressing IE86. The U373MG parental line and U373-IE86 stable cell line (A) or
the HeLa parental line and HeLa-IE86 stable cell line (B) were transfected with
increasing amounts of the pol-luciferase (pol-luc) reporter. Cells were harvested,
and luciferase activity was assayed. The levels of expression of IE86 protein in
the stable cell lines (C and D) were determined by Western blotting with a
monoclonal antibody specific for the HCMV IE proteins.

FIG. 5. Activation of the UL112 promoter in U373-IE86 and HeLa-IE86
stable cell lines. The U373MG parental cell line and U373-IE86 stable cell line
(A) or the HeLa parental line and HeLa-IE86 stable cell line (B) were trans-
fected with increasing amounts of the UL112-luciferase (UL112-luc) reporter.
Cells were harvested, and luciferase activity was assayed. The levels of expression
of IE86 protein in the stable cell lines (C and D) were determined by Western
blotting with a monoclonal antibody specific for the HCMV IE proteins.

FIG. 6. Identification of an IR1-specific DNA-binding complex in U373MG
cells expressing IE86. Five-microgram quantities of nuclear extract from
U373MG and U373-IE86 (A) or HeLa and HeLa-IE86 (B) cell lines were
incubated with 32P-labeled IR1 oligonucleotide. IR1 binding was analyzed by
EMSA. (C) U373MG-IE86 nuclear extract was incubated with labeled IR1
oligonucleotide and a 50-fold excess of either unlabeled wild-type (IRwt) or
mutant (IRmut) IR1 oligonucleotides. The arrows indicate the specific complex.
NS, nonspecific complexes.
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gesting that the band recognized by the IE86-specific antibody
represents the IE86 protein present in the IR1 DNA-protein
complex but not free IE86 protein. Therefore, we concluded
that IE86 is part of the IR1 DNA-binding complex.

There remained the question of whether IE86 binds to the
IR1 element directly or indirectly. To address the possibility of
direct binding, we performed an EMSA using two well-char-
acterized IE86-binding sequences, CRS and EAIE2, as com-
petitor oligonucleotides. It has been shown that the IE86 pro-
tein efficiently binds to these two sites in in vitro biochemical
assays. If the IE86 DNA-binding domain associates directly
with the IR1 element, one would expect to see competition
when excess amounts of the CRS or EAIE2 oligonucleotides
are used. As shown in Fig. 8, neither wild-type nor mutant CRS

or EAIE2 oligonucleotides could compete with the IR1 com-
plex (lanes 6 to 9). However, the wild-type IR1, but not the
mutant oligonucleotide, efficiently competed with the DNA-
binding complex. The inability of the CRS and EAIE2 oligo-
nucleotides to outcompete the IR1 DNA-binding complex
could be due to their having lower binding affinities. However,
the lack of a decrease in the IR1 DNA-binding complex sug-
gests that the DNA-binding domain of the IE86 protein may
not be required for its participation in the IR1 DNA-binding
complex. It is thus possible that association of IE86 with the
IR1 DNA response element occurs through a cellular factor.

Cellular transcription factor Sp1 binds to the IR1 DNA
element. The results presented above suggest that the IE86
protein may associate with a cellular factor(s) to form a com-
plex on the IR1 DNA element. We then proceeded to deter-
mine which cellular factor(s) is present in the complex. By
computer analysis of the pol promoter sequence, we found that
the IR1 element has similarity to the Sp1 cellular transcription
factor binding site. Therefore, we conducted a competition
experiment using the Sp1 consensus oligonucleotide and an
antibody specific for Sp1 to elucidate whether the cellular
transcription factor was involved in IE86-mediated IR1 com-
plex formation. Oligonucleotides representing binding sites for
CREB and ATF and antibodies specific for these transcription
factors were used to broaden the survey. As indicated in Fig. 9,
both IR1 and Sp1 consensus oligonucleotides (Fig. 9A, lanes 2
and 4, respectively) efficiently competed with the IR1 complex
and Sp1 antibody supershifted the IR1 complex (Fig. 9B, lane
4). However, the CREB consensus oligonucleotide (Fig. 9A,
lane 3) could not compete with the IR1 complex. The ATF and
CREB antibodies did not supershift or disrupt the IR1 DNA-
binding complex (Fig. 9B, lanes 2 and 3). These results indicate
that the transcription factor Sp1 is in the IE86-mediated IR1
DNA-binding complex. Therefore, we conclude that Sp1 and
IE86 are components of the IR1 DNA-binding complex.

A repressor activity present in HeLa cells inhibits IE86-
mediated binding of DNA by Sp1. Sp1 was initially identified as
a HeLa cell-derived factor (4, 23). Therefore, the following
question remained: why was there no significant IE86-medi-
ated transactivation of the pol promoter in HeLa cells? To
address this question, we compared the DNA binding activity
of Sp1 in U373-IE86 and HeLa-IE86 cells, using an Sp1 con-
sensus oligonucleotide. The parental U373MG and HeLa cells

FIG. 7. IE86 antibody recognizes the IR1-DNA complex-bound IE86 protein. (A) U373-IE86 nuclear extract was incubated with labeled IR1 oligonucleotide and
either a monoclonal antibody specific for the HCMV IE proteins (MAb 810) or polyclonal antibodies specific for NF-kB p65 and p50 subunits (p65 Ab and p50 Ab,
respectively). U373-IE86 with the IR1 probe was used as a control. (B to D) EMSA was done as a control (see panel A, lane 1), and then the gel was blotted onto
DEAE (B) and nitrocellulose (C and D) membranes. The nitrocellulose membranes were subsequently probed with a monoclonal antibody specific for IE86 (see
Materials and Methods). U373-IE86 extracts and recombinant IE86 protein (rIE86) alone were used as controls in EMSA-Western blot analysis (D). Arrows indicate
the IR1 DNA-binding complex (A and B) and IE86 protein present in the IR1 DNA-binding complex (C and D).

FIG. 8. Neither CRS nor EAIE2 IE86 cis elements can compete with the
IR1-DNA complex. Nuclear extracts isolated from the U373-IE86 stable cell line
were incubated with a radiolabeled IR1 oligonucleotide and a 50-fold excess of
unlabeled CRS or EAIE2 competitor oligonucleotides as indicated. The arrow
indicates the IR1 complex. wt, wild type; mut, mutant.
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were used as controls. As indicated in Fig. 10A, strong DNA
binding was detected in U373-IE86 nuclear extracts (lane 3).
The Sp1 consensus oligonucleotide specifically competed with
this DNA-binding activity (Fig. 10B, lane 4), and this activity
was supershifted by Sp1 antibody (Fig. 10B, lane 8). However,
no DNA binding activity was detected for Sp1 in parental
U373MG nuclear extracts (Fig. 10A, lane 2), indicating that
the DNA binding activity of Sp1 was induced in the presence of
IE86 protein. To address whether this IE86-modulated binding
of DNA by Sp1 resulted from upregulation of Sp1 protein
expression or enhancement of its DNA binding ability, we
performed a Western blot analysis to measure Sp1 protein
levels. However, no significant differences between the Sp1
protein levels of U373-IE86 and parental U373MG, HeLa, and

HeLa-IE86 cells were found (data not shown), suggesting that
the enhanced DNA binding activity of Sp1 in U373-IE86 cells
was not due to increased protein levels. Surprisingly, we were
unable to detect Sp1 binding in either HeLa-IE86 or parental
HeLa cells (Fig. 10A, lane 5 and 6, and data not shown),
suggesting that a factor(s) present in HeLa cells competed with
Sp1 for its DNA binding.

The Sp3 protein has been shown to compete with the Sp1
protein for the same DNA binding site (15). However, we were
unable to detect Sp3 activity in the DNA-protein complexes
formed in both HeLa and HeLa-IE86 extracts (data not
shown). Another possibility is that a repressor activity present
in HeLa cells inhibits the Sp1 binding activity. This would
probably explain why the IE86 protein was unable to transac-
tivate the pol promoter in HeLa cells. In this case, one would
expect to see competition between Sp1 and this repressor for
DNA binding. Therefore, we performed a competition exper-
iment by individually titrating HeLa and HeLa-IE86 nuclear
extracts to analyze whether they inhibited the IE86-mediated
DNA binding activity of Sp1 in U373-IE86 nuclear extracts. As
shown in Fig. 11A, the IE86-mediated Sp1-DNA binding to the
IR1 probe was gradually inhibited by increasing amounts of
either HeLa (compare lane 1 to lanes 2 to 4) or HeLa-IE86
(compare lane 1 to lanes 5 to 7) nuclear extract. A similar
experiment performed with an Sp1 probe yielded an identical
result (Fig. 11B). However, neither parental U373 nor U373-
IE86 nuclear extract could inhibit the formation of IE86-in-
duced Sp1 DNA-binding complex (data not shown). Overall,
these data indicate that the repressor activity present in HeLa
cells inhibits the IE86-mediated DNA binding activity of Sp1.

DISCUSSION

This study demonstrates that IE86 is one of the essential
regulatory proteins involved in the transactivation of the
HCMV pol promoter in permissive U373MG cells. Compari-
son of HCMV-permissive U373MG and HFF cells with
HCMV-nonpermissive HeLa and C33-A cells showed that the
activation of the pol promoter by IE86 was restricted to the
permissive cells. EMSA analysis suggested that IE86-mediated
DNA binding of the cellular transcription factor Sp1 may be
involved in transactivation of the pol promoter. However, a
repressor activity present in HeLa cells prevented this Sp1-

FIG. 9. The cellular transcription factor Sp1 binds to the IR1 element. U373-
IE86 nuclear extracts were incubated with a radiolabeled IR1 oligonucleotide
and a 50-fold excess of unlabeled IR1, CREB, or Sp1 competitor oligonucleo-
tides (panel A, lanes 2 to 4, respectively) or 1 mg of polyclonal antibodies specific
for ATF, CREB, or Sp1 (panel B, lanes 2 to 4, respectively). U373-IE86 nuclear
extract alone was used as a control (lanes 1). The unlabeled arrows indicate
specific complexes. SS, supershifted complex.

FIG. 10. IE86 protein enhances the DNA binding activity of Sp1. (A)
U373MG (lane 2), U373-IE86 (lane 3), HeLa (lane 5), and HeLa-IE86 (lane 6)
cell nuclear extracts were incubated with a radiolabeled Sp1 consensus oligonu-
cleotide. (B) U373-IE86 nuclear extracts were incubated with the same Sp1
probe and a 50-fold excess of an unlabeled oligonucleotide (oligo) or polyclonal
antibodies (Ab) as indicated. The unlabeled arrows indicate the Sp1 DNA-
binding complex. SS, supershifted complex.

FIG. 11. The factor(s) present in HeLa cells inhibits IE86-mediated DNA-
binding activity of Sp1. U373-IE86 nuclear extract (2.5 mg) was incubated with
radiolabeled IR1 (A) or Sp1 (B) consensus oligonucleotides, respectively. In-
creasing amounts of HeLa (lanes 2 to 4) or HeLa-IE86 (lanes 5 to 7) nuclear
extract were added as indicated. U373-IE86 nuclear extract plus probe was used
as a control (Lanes 1). The arrows indicate Sp1 DNA-binding complex.
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DNA binding, which may explain the inhibition of IE86-medi-
ated transactivation of the pol promoter in HeLa cells.

The molecular mechanism of cell permissiveness in HCMV
infection remains unknown. The gene expression cascade of
HCMV initiates with the expression of the major IE gene. It
has been shown that transcription from the major IE gene
promoter (MIEP) is different in permissive and nonpermissive
cells (39). Recently, Baskar and coworkers (2) provided evi-
dence that the MIEP is regulated in a tissue-specific manner.
The majority of tissue and cell types which display MIEP ac-
tivity parallel tissues naturally infected by HCMV in the hu-
man host. Interestingly, many HCMV-infected human cells
observed in vivo as well as infected nonpermissive rodent cell
culture systems display abundant synthesis of the IE1 and IE2
regulatory proteins, but apparently without concomitant ex-
pression of other viral gene products. These observations sug-
gest that sequential gene expression is blocked in an IE pro-
tein-independent way. This raises the question of why IE
proteins are unable to activate early and late gene expression
and suggests a potential mechanism involved in cell permis-
siveness of HCMV infection.

It is possible that early gene activation mediated by IE or
other viral proteins (25) may require a cell- or tissue-specific
factor(s) or the functional modification of a cellular transcrip-
tion factor(s). It has been demonstrated that the pattern of
HCMV infection in cultured epithelial and monocyte/macro-
phage cells is strikingly different from that in cultured fibro-
blasts (10, 13, 37). The HCMV genome can exist within those
cells for prolonged periods with little or no viral gene expres-
sion. When the cells reach a certain stage of differentiation, the
IE, early, and late genes are expressed sequentially (57). It has
been speculated that accessory regulatory proteins may be
required for triggering of full lytic-cycle progression in certain
cell types as well as for reactivation of latent infections (6).
These results suggest that cell differentiation and stimulation
may induce cell- or tissue-specific factors which are required
for sequential viral gene activation. Here we have provided
evidence that the HCMV regulatory protein IE86 is able to
modulate binding of DNA by the cellular transcription factor
Sp1. This functional change in DNA binding activity may be
induced by an interaction between Sp1 and the IE86 protein or
by a posttranslational modification of Sp1 induced by IE86.
Recently, Yurochko and colleagues (64) demonstrated in an in
vitro assay using HEL fibroblasts that IE86 enhances Sp1-
DNA binding. These data suggest that the viral regulatory
protein may modulate the cellular machinery which mediates
early gene activation in both moderately permissive U373MG
cells and fully permissive HEL fibroblasts. Interestingly, they
also found that viral infection upregulates Sp1 gene expression.
In our study, we were unable to detect an increase in expres-
sion of the Sp1 protein. This difference suggests that IE86 itself
does not induce expression of the Sp1 protein. Nevertheless,
the viral infection event and/or viral regulatory proteins could
modify the function of cellular transcription factors, thereby
stimulating the sequential gene expression events associated
with HCMV productive infection.

Alternatively, early gene promoters may be inhibited by a
cell- or tissue-specific repressor(s). Huang and Stinski (18)
recently demonstrated that a cellular repressor protein is
present in abundance in nonpermissive HeLa cells. Binding of
the cellular repressor protein to the upstream cis-acting nega-
tive regulatory element correlates with repression of transcrip-
tion from the HCMV early UL4 promoter. Here we have
provided further evidence that an activity present in HeLa cells
significantly decreases IE86-mediated binding of DNA by Sp1.
This repressor activity may compete with the IE86-mediated

Sp1-IR1 binding activity directly or indirectly. It has been
shown that Sp1 is heavily modified posttranslationally (19, 20).
However, the mechanism involved in control of Sp1 activity is
not completely understood. Nevertheless, our data suggest that
a cell-specific repressor activity may be involved in the inhibi-
tion of HCMV early gene activation by IE86 in nonpermissive
HeLa cells. This effect appears to be specific for the IR1
element of the pol promoter, since IE86 transactivates the pol
promoter equally well in permissive U373MG and HFF cells. It
is possible that this mechanism has a general role in cell per-
missiveness to HCMV infection.

Overall, early gene activation depends on the appropriate
interaction between IE gene products and cellular transcrip-
tion factors. However, the effects of IE proteins on early gene
activation may be inhibited in certain cell types. This event
would block the viral gene expression cascade that is necessary
for productive infection. Since expression of early genes is
required for viral DNA replication (17, 44), it is likely that their
activation by IE proteins and other viral proteins (25) is also
essential for cell permissivity. On the other hand, permissive
cells may have a positive transcriptional regulatory factor(s)
which is required for IE86-mediated transactivation. This fac-
tor(s) may negate the repressive effect of putative repressor
factors on the HCMV gene expression cascade.

On the surface, the recent report by Luu and Flores (32)
may appear to contradict our results. However, close exami-
nation suggests otherwise. Luu and Flores showed that there
was a 7- to 10-fold activation of the pol promoter by the RL45
expression vector in HeLa cells. Indeed, we detected a similar
activation of the pol promoter by the analogous IE gene ex-
pression vector pSVH in HeLa cells. In contrast, we have
consistently found that pSVH transactivates the pol promoter
in U373MG cells 160-fold. Therefore, we suggest that the
finding of Luu and Flores that the association of Sp1 with viral
IE proteins may play an important role in regulation of the pol
gene transcription does support our data.

In summary, our results showed that IE86, in association
with other viral as well as cellular proteins, may play a critical
role in the activation of the HCMV pol promoter in permissive
U373MG cells. This synergistic activation may require the
functional modulation of the cellular transcription factor Sp1.
Interestingly, we found that an activity present in nonpermis-
sive HeLa cells inhibits IE86-mediated formation of the IE86-
Sp1-IR1 DNA-binding complex. The cell-specific transactiva-
tion by IE86 suggests that early gene activation may also play
a role in determining cell permissiveness. Identification of the
factors responsible for cell-specific activation or inhibition of
the HCMV genes should yield insight into the molecular mech-
anism of host cell restriction characteristic of the life cycle of
HCMV.
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