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Expression of the Epstein-Barr virus (EBV) latency-associated genes activates cell cycle progression and
drives immortalization of the infected cell. In contrast, progression of the EBV replication program occurs
most efficiently in growth-arrested cells. Previous studies showed that the EBV-encoded immediate-early
transcription factor, Zta, can induce expression of the cyclin-dependent kinase inhibitors, p21 and p27, the
tumor suppressor, p53, and cell growth arrest. Moreover, Zta-mediated induction of growth arrest occurs
independently of its transcriptional transactivation function. Here we show that substitution of Zta’s basic
DNA binding domain with the analogous region of the Zta homologue, c-Fos, abrogates Zta’s ability to induce
growth arrest and to induce p21, p27, or p53 expression, suggesting that protein-protein interactions between
this region of Zta and key cell cycle control proteins are involved in signaling cell cycle arrest. We also show
that despite the crucial role for Zta’s basic domain in eliciting cell growth arrest, its amino terminus is required
for efficient induction of p27 and it modulates the level of p53 induction. Last, we provide evidence that
Zta-mediated inductions of p21, p27, and p53 occur, at least in part, through distinct pathways. Therefore, Zta
interacts with multiple growth arrest pathways, a property which may have evolved partly as a means to ensure
that lytic replication occurs in a growth-arrested setting in multiple different tissues in various states of
differentiation.

Epstein-Barr virus (EBV) is a human gammaherpesvirus
which is associated with several B-cell and epithelial cell ma-
lignancies, including the endemic form of Burkitt’s lymphoma,
posttransplantation lymphoproliferative diseases, AIDS-asso-
ciated lymphomas, Hodgkin’s disease, and undifferentiated
nasopharyngeal carcinoma (31, 42, 65).

EBV employs a variety of distinct genetic programs which
are utilized at various stages of its life cycle (31, 32). Each
program is categorized by the unique set of viral genes that are
expressed, and these programs can be grouped into either the
latency-associated programs or the replicative program. Laten-
cy-associated gene expression is limited to only small subsets of
the viral genes whose corresponding gene products perform
various functions, including replication of the viral plasmid
genome and activation of cell cycle pathways (2, 11, 24–26, 28,
29, 32, 40, 43, 54, 59, 63).

In B cells, EBV exists primarily in a latent state; however, a
switch from latency to the lytic replication program can be
triggered by agents that mimic terminal differentiation signals
and/or which cause cell cycle arrest (31, 42). In contrast to B
lymphocytes, epithelial cells are highly permissive for EBV
replication (55, 56, 62). In the oral epithelium, full EBV rep-
lication appears to be highly dependent on the state of differ-
entiation, as it is observed primarily in the upper spinous layer,
which contains cells that have stopped dividing, but not in the
basal, mitotically active layer (4, 62, 64). Consistent with these
observations, Shadan et al. (52) showed that in contrast to
small DNA tumor viruses such as simian virus 40 and papillo-
mavirus, replication of EBV, as well as other herpesviruses,
occurs readily in cells that are treated with agents that arrest
cell cycle progression. Furthermore, Takase et al. (58) have

shown that forced progression of cells into the S phase of the
cell cycle inhibits EBV replication.

It is clear that unlike many small viruses which require host
cell proliferation for viral replication, EBV and other herpes-
viruses favor a nonproliferating host cell status for viral repli-
cation. Because herpesviruses have a much greater genomic
complexity than many tumor viruses, and therefore encode
proteins required for DNA synthesis (DNA polymerase, DNA
metabolic enzymes, and other replication factors), they can
replicate independently of host cell replication. Moreover, we
(6, 7, 57) and others (38, 49) have suggested that herpesviruses
have evolved active mechanisms to block cell cycle progression
so that viral replication takes place in noncycling cells where
cellular resources can be more readily diverted for replication
of the viral genome and ultimately virus production.

We have previously shown that the EBV-encoded immedi-
ate-early transcription/replication factor, Zta (also referred to
as ZEBRA and EB1), elicits a G0/G1 cell cycle arrest in several
different EBV-negative and EBV-positive epithelial tumor cell
lines (6, 7). Furthermore, infection of primary epithelial cells
with a Zta-expressing adenovirus results in a G0/G1 cell cycle
arrest (41). Other groups have reported that infection of fibro-
blast cells with another herpesvirus, cytomegalovirus, causes a
cell cycle arrest (5, 13, 37, 38, 49), and it has recently been
shown that the cytomegalovirus-encoded UL69 protein specif-
ically induces an arrest in the G1 phase of the cell cycle (38).

The immediate-early transcription factor, Zta, plays a cru-
cial role in initiating the lytic cycle since ectopic expression of
Zta in latently infected B-lymphocyte cell lines triggers pro-
gression through the entire lytic cycle (12, 22). Zta is a member
of the basic leucine zipper (bZIP) family of DNA binding
transcription factors and exhibits extended homology to the
cellular oncogene product c-Fos (14). Moreover, Zta interacts
with AP-1 promoter elements (as well as other AP-1-related
elements) with high affinity (14, 17, 30, 36, 60). Sequences
carboxyl terminal to the basic DNA binding region encode a
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dimerization domain which forms a coiled-coil structure de-
spite a lack of a heptad repeat of leucine residues (9, 18, 34).
Amino terminal to the bZIP sequence of Zta is a region which
is likely to interact with various transcriptional coactivators to
elicit effective transcriptional activation (10, 16, 20, 35). In
addition to its transactivator function, Zta is an essential rep-
lication factor which functions through binding to the EBV
lytic origin of replication (15, 50, 51).

Although Zta can activate transcription through cellular
AP-1 elements (8, 14), our previous studies showed that it can
induce growth arrest independently of its ability to bind DNA
(7). In the present study, we have extended our genetic analysis
of Zta-mediated growth arrest and provide evidence that Zta
stimulates multiple distinct growth arrest pathways. Further-
more, although DNA binding is not required for Zta’s growth
arrest functions, sequences within its DNA binding domain are
involved in eliciting signaling to cell cycle control pathways. We
propose that protein-protein interactions between Zta’s basic/
DNA binding region and multiple cellular proteins play a role
in modulating Zta’s various functions.

MATERIALS AND METHODS

Cell culture. All cell lines were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum (Life Technolo-
gies), 2 mM glutamine, 100 mg/ml streptomycin, and 100 U of penicillin per ml
in a humidified atmosphere at 37°C with 5% CO2–95% air. Stable inducible cell
lines were propagated in DMEM supplemented with 2 mg of tetracycline per ml.
Induction experiments were carried out as indicated in the relevant figure leg-
ends.

Transient transfection experiments were performed by using a modified ver-
sion of the calcium phosphate precipitation procedure. Approximately 90%
confluent cell cultures were split between 1/12 and 1/20 onto 100-mm-diameter
tissue culture dishes. The following day, the medium was replaced with 8 ml of
fresh supplemented DMEM; 4 h later, DNA precipitates were added dropwise to
the cells. The cells were left in contact with the precipitate for 16 h, until the
medium was replaced. Precipitates were generated by mixing 0.5 ml of 13
HEPES-buffered saline (0.5% HEPES, 0.8% NaCl, 0.1% dextrose, 0.01% anhy-
drous Na2HPO4, 0.37% KCl [pH adjusted to 7.05]) with the appropriate DNAs
(a total of 30 mg) followed by the addition of 30 ml of 2.5 M CaCl2. Precipitates
were allowed to form at room temperature for 20 min before addition to the
cells.

Stable cell lines were generated by cotransfecting cells (ca. 0.5 3 106 in a
100-mm-diameter plate) with 1.5 mg of the indicated tetracycline-regulated
pUHD10-Zta expression vector plus 29 mg of a plasmid containing a hygromycin-
selectable marker (pREP4; Invitrogen). Two days after transfection, cells were
split into 10 100-mm-diameter plates containing 250 U of hygromycin B per ml.
Approximately 25 colonies were isolated for each plasmid transfection, and
clones were assessed for low basal expression, comparable induced expression
levels, and the percentage of cells which express the protein of interest following
induction. Surviving clones were expanded only enough to perform the indicated
experiments.

CAT assay. For chloramphenicol acetyltransferase (CAT) analysis, 100-mm-
diameter plates containing approximately 5 3 105 cells were transfected with a
total of 30 mg of plasmid DNA (typically, 2 mg of reporter plasmid, between 1
and 5 mg of effector plasmid, and 23 to 27 mg of the carrier plasmid, pGL3 Basic
[Promega], were used). Twenty four hours after removal of the precipitates (and
replacement with fresh medium), cells were harvested, suspended in 100 ml of
0.25 M Tris (pH 7.5), and subjected to three rounds of freeze-thawing. Samples
were clarified by centrifugation, and between 2 and 75 ml of extract was used for
CAT reactions. CAT reactions were performed with using 2 ml of 60 mM acetyl
coenzyme A, 2 ml of [14C]chloramphenicol (New England Nuclear), and a total
of 96 ml of cell extract plus 0.25 M Tris (pH 7.5). Reactions were carried out for
1 h at 37°C, after which the [14C]chloramphenicol was extracted with 300 ml of
ethyl acetate; the samples were then dried in a Speed Vac, resuspended in 20 ml
of ethyl acetate, and spotted onto thin-layer chromatography (TLC) plates.
Chromatography was carried out for approximately 45 min in a TLC chamber
containing a solution of CHCl3-methanol (95:5). The TLC plates were then
analyzed by autoradiography.

Cell cycle analysis. For cell cycle analysis, cells were collected, washed once
with 13 phosphate-buffered saline (PBS), suspended in cold (4°C) 0.5 ml of 13
PBS–0.1% glucose, fixed with 5 ml of 70% cold ethanol for at least 45 min at 4°C,
washed with 13 PBS, and treated for 30 min at 37°C with RNase A (0.1 mg/ml)
in a propidium iodide (69 mM; Sigma) sodium Na citrate (38 mM) solution. Cell
cycle analysis was carried out with a fluorescence-activated cell sorting (FACS)
(FACScan; Becton Dickinson). For transient transfection studies, cells were
cotransfected with the green fluorescent protein (GFP) expression vector

pGFP-SP (27), and the cell cycle profiles were determined for the GFP-gated
cells.

Western blot analysis. After a single 13 PBS wash, a fraction of cells harvested
for cell cycle analysis were separated for Western blot analysis. Cells were
immediately suspended in 15 pellet volumes of sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis (SDS-PAGE) loading (Laemmli) buffer (39) and
boiled for 20 min to shear the DNA. Cell lysates were subjected to SDS-PAGE
separation and transferred to nitrocellulose membranes. The blots were blocked
for 30 min in Tris-buffered saline containing 5% low-fat powdered milk and 1%
fetal bovine serum and then incubated with the indicated primary antibody (in
blocking buffer) for either 1 h at room temperature or overnight at 4°C. The blots
were washed once with 13 PBS, once with 13 PBS buffer containing 0.5%
(vol/vol) Tween 20, and twice with 13 PBS buffer alone (each wash was carried
out for approximately 15 min). The blots were then incubated with peroxidase-
conjugated secondary antibody in blocking buffer for 1 to 2 h at room temper-
ature. Blots were washed as described above and analyzed with an enhanced
chemiluminescence detection system (Amersham) according to manufacturer’s
recommendations, and filters were exposed to Kodak XR film. Antibodies used
for each experiment are indicated in the relevant figure legends.

Plasmid construction. pMARK-Zta wt contains the genomic BZLF1 se-
quences under the control of a simian virus 40 promoter and was described
previously (6). The amino-terminal Zta deletion mutants were generated by
introducing a restriction site immediately upstream from the indicated starting
amino acid in plasmid pSV40-BZLF1 (17), using site-directed mutagenesis
(Muta-Gene; Bio-Rad). The respective portions of Zta were then excised from
plasmid pSV40-BZLF1 and ligated in frame with a translation initiation se-
quence in plasmid pMARK. 23(ZIIIB)BG-CAT has been described elsewhere
(16). Plasmid pUHD10 (21) was used to generate tetracycline-inducible expres-
sion plasmids. pUHD10-Zta was described previously (8). pUHD10-Z(S186-A)
was generated by first introducing the S186A mutation into plasmid pSV40-
BZLF1 via site-directed mutagenesis. Zta-encoding sequences were then trans-
ferred to pUHD10. The pUHD10-Zta(129-245) and pUHD10-Zta(159-245)
were generated by transferring the Zta sequences from the corresponding
pMARK plasmid to the pUHD10 vector. The Z/Fos(basic) chimeric gene has
been described elsewhere (33); this sequence was cloned into pUHD10 to gen-
erate the inducible vector, pUHD10-Z/Fos(basic). Detailed maps of the above-
mentioned plasmids are available upon request.

RESULTS

Involvement of Zta amino-terminal sequences in Zta-medi-
ated growth arrest and induction of p53, p21, and p27. Using
transient transfection experiments, we have previously shown
that a Zta point mutant which is defective for binding to DNA
retains the ability to induce growth arrest and to induce ex-
pression of the cyclin-dependent kinase (CDK) inhibitor p21
(7). Furthermore, truncation of a large portion of Zta’s acti-
vation domain (amino acids 1 to 128) did not abrogate its
ability to induce growth arrest or p21 expression (7). These
experiments indicated that Zta’s transactivation function is not
essential for its growth arrest function and that Zta’s carboxyl-
terminal region is crucial for eliciting growth arrest (Fig. 1A).
In this study, however, we also noted that the Zta amino-
terminal truncation mutant, Zta(128–245), induces G0/G1 growth
arrest less effectively than wild-type Zta. In an attempt to
address the molecular basis for this difference, we sought to
further explore the role of Zta’s amino-terminal sequences in
the induction of p21, p27, and p53.

While transient transfection studies are a common means of
addressing the cell cycle-related functions of gene products, we
have recently reported that transient transfection of DNA into
cells elicits signaling of cell cycle regulatory pathways (48). We
therefore carried out experiments to first demonstrate that our
previous results, which were obtained from transient transfec-
tions, were not due to cooperation between Zta (or Zta mu-
tants) and DNA transfection-based signaling. To this end,
stable tetracycline-regulated HeLa cell lines which allowed
for inducible expression of wild-type Zta, Zta(129–245) or
Zta(158–245) were generated. Positive cell clones were grown
to equal cell densities and induced in parallel for 0, 24, 48, or
72 h (Fig. 1). In addition to wild-type Zta, Zta(129–245) and
Zta(158–245), a Zta mutant containing a single amino acid
substitution in the basic region which was shown previously to
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FIG. 1. Involvement of amino-terminal Zta sequences in growth arrest and induction of p53, p21, and p27. (A) Schematic representation of Zta structure. (B and
C) Cell cycle analysis (B) and Western blot analysis of the cell cycle regulatory proteins p53, p21, p27, and pRb (C) following induction of the indicated Zta proteins
in stably transfected HeLa cells. The indicated cell lines were generated simultaneously, and induction experiments were performed in parallel. Cells were expanded
in the presence of tetracycline (2 mg/ml). Cells were then trypsinized, washed twice with 13 PBS, and either collected (for 0-h time point) or plated in medium with
no tetracycline for the indicated times. A portion of collected cells were stained with propidium iodide and subjected to FACS analysis to determine the DNA content
(B). (C) The remaining cells were suspended in Laemmli buffer and boiled for 20 min to reduce the viscosity of the samples. A portion of these samples were subjected
to SDS-PAGE, transferred to nitrocellulose, and subjected to sequential Western blot analysis (with a stripping step between probings) using anti-Zta (M47), anti-p53
(DO-1; Santa Cruz), anti-p21 (C19G; Santa Cruz), anti-Kip1/p27 (Transduction Laboratories), and anti-pRb (G3-245; PharMingen) antibodies. wt, wild type.
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be defective for the capacity to induce of the EBV lytic cycle
(19), were also analyzed in this experiment.

As expected, induction of wild-type Zta expression effec-
tively induced growth arrest and expression of p53, p21, and p27
and elicited hypophosphorylation of the tumor suppressor pro-
tein pRb (Fig. 1B and C). The Zta point mutant, Zta(S186A),
was equally effective for inducing growth arrest, p53, p21, and
p27 expression and hypophosphorylation of pRb.

Analysis of Zta(129–245) yielded results similar to those
obtained previously in transient transfection studies: Zta(129–
245) induced a lesser degree of G0/G1 growth arrest and nearly
the same levels of p21 expression as wild-type Zta (Fig. 1 and
reference 7). In contrast to the efficient induction of p21 by
Zta(129–245), induction of p53 and that of p27 are significantly
compromised. Moreover, we observed significantly less hypo-
phosphorylation of pRb, which may be due to the observed
lower level of p27 induction (Fig. 1C). Therefore, despite ef-
ficient induction of p21 expression, Zta(129–245) induces p53
and p27 less well, and this decrease in p53 and/or p27 induction
may explain the reduced efficiency with which Zta(129–245)
elicits G0/G1 growth arrest.

Despite the significantly lower expression of the mutant
Zta(158–245), it is clear that deletion of amino-terminal resi-
dues 1 to 157 does not abrogate Zta’s ability to induce p21,
p27, or p53 (Fig. 1). Moreover, some apparent low-level
growth arrest activity is observed in induced Zta(158–245) cells
at days 2 and 3. This indicates that although the amino termi-
nal region of Zta contributes to the induction of p21, p27, and
p53, carboxyl-terminal sequences are likely to play a role in the
induction of these factors.

The DNA binding domain of Zta is required for its growth
arrest function. The data shown in Fig. 1 indicate that the
amino terminus of Zta contributes to the efficacy of Zta-
mediated growth arrest. However, they also indicate that se-
quences carboxyl terminal to amino acid 158 affect alterations
in the cell cycle control machinery. Deletion of sequences
carboxyl terminal to Zta’s dimerization domain does not effect
its ability to induce p21, p27, or growth arrest (although a
lower level of p53 induction is observed) [see Fig. 4, Z(1–227)].
We were therefore interested in assessing the contribution of
Zta’s DNA binding and/or dimerization domain in its growth
arrest function. We generated stable inducible cell lines that
express a Zta chimera in which Zta’s basic/DNA binding do-
main is replaced by the analogous basic/DNA binding region of
the Zta homologue, c-Fos (33) (Fig. 2A) (attempts to generate
stable inducible cell lines that express significant levels of a Zta
chimera in which the dimerization domain is replaced by the
corresponding region of the yeast transactivator, GCN4, were
unsuccessful [data not shown]). This Zta/c-Fos chimera, Z/Fos-
(basic), is expressed as well as wild-type Zta, is localized to the
nucleus, and transactivates reporter plasmids containing AP-1
binding elements (Fig. 2C, reference 33, and data not shown).
While we have previously used Zta genomic sequences to gen-
erate stable inducible cell lines (e.g., Fig. 1), the Z/Fos(basic)
chimeric gene is cDNA based, and we therefore simulta-
neously generated new wild-type Zta-inducible cell lines which
were similarly made by using a cDNA-based wild-type Zta
gene.

Zta- and Z/Fos(basic)-inducible cell cultures were scaled up
and induced in parallel for 0, 24, 48, or 72 h (Fig. 2). As
expected, induction of wild-type Zta resulted in efficient
growth arrest, induction of p53, p21, and p27, and a decrease
in the phosphorylation status of pRb (Fig. 2). In contrast, the
Z/Fos(basic) chimera failed to elicit any of these effects (al-
though a slight delayed increase in p53, p21, or p27 is ob-
served). These results indicate that although the DNA binding

function of Zta is not required for inducing growth arrest,
sequences within the basic region of Zta are essential. Impor-
tantly, the inability of Z/Fos(basic) to induce growth arrest or
to induce p53, p21, or p27 is not due to a gain of function
elicited by the c-Fos DNA binding domain since cotransfection
of increasing amounts of a Z/Fos(basic) expression vectors
with a wild-type Zta expression vector does not affect the
ability of wild-type Zta to induce growth arrest (data not
shown).

Overexpression of Zta amino-terminal deletion mutants in-
creases the induction of p53 and p21 but not p27. The efficient
induction of p21 expression by Zta(129–245) despite Zta(129–
245)’s compromised p53 and p27 signaling suggests that induc-
tion of p21 can be, at least in part, mechanistically uncoupled
from the induction of p53 and p27 (see below). On the other
hand, the coordinate reduction of p53 and p27 induction that
is observed upon deletion of amino acids 1 to 128 suggests the
possibility that a common pathway which is modulated by Zta’s
amino terminus is involved in augmenting both p27 and p53
induction (although dual signaling of distinct pathways by this
region is also a reasonable possibility).

In an effort to gain insight into the relationship between
Zta-mediated induction of p27 and p53, we reasoned that
distinct pathways may be expected to be uniquely sensitive to
effector concentration. Therefore, we investigated whether
high-level Zta expression differentially affects the levels of p27
and p53 induction. Transient transfection experiments typically
yield significantly higher levels of effector gene expression per
cell than stably transfected cell lines. Therefore, we transiently
transfected cells with a panel of Zta amino-terminal truncation
mutants and performed Western blot and cell cycle analyses
(Fig. 3). In such transient transfection experiments, we consis-
tently observe significantly higher expression of amino-terminal
deletion mutants relative to wild-type Zta (Fig. 3A). Interest-
ingly, this higher expression level of some of the amino-terminal
truncation mutants [Zta(104–245), Zta(129–245), Zta(135–245),
and Zta(140–245)] appears to translate into a higher level of not
only p21 expression but also p53 expression. This finding indicates
that overproduction of carboxyl-terminal Zta sequences can com-
pensate for the deficiency in p53 induction caused by deleting
Zta’s amino terminus. In contrast, the higher expression level
observed with these deletion mutants does not compensate for, or
overcome, the defect in the p27 induction pathway that is in-
curred by the deletion of amino-terminal Zta sequences. This
finding indicates that Zta-mediated induction of p27 is, at least in
part, mechanistically distinct from that of p21 and p53.

As shown in Fig. 3A and B, despite the increased level of p53
and p21 which is observed with several Zta amino-terminal
truncation mutants that are expressed at a high level [e.g.,
Zta(104–245), Zta(129–245), Zta(135–245), and Zta(140–245)],
this does not reverse the decrease in the percentage of G0/G1
cells that is observed by these mutants. It is possible, therefore,
that even though Zta induces p53 and p21 in this cell system,
the level of p27, and/or some other unknown factor, is a dom-
inant factor in Zta-mediated growth arrest.

Analysis of the ability of Zta amino-terminal truncation mu-
tants to activate a reporter plasmid containing Zta response
elements in HeLa cells helps further affirm the dissociation of
p21, p27, and p53 induction from Zta’s transactivation prop-
erty (Fig. 3C).

Uncoupling of Zta-mediated p21 and p27 induction from
induction of p53. Previous studies have demonstrated that
activation of p21 expression can occur through either a p53-
dependent pathway or a p53-independent pathway (53). Re-
sults in Fig. 1 showing efficient induction of p21 but not p53 by
Zta(129–245) suggest that Zta-mediated induction of p21 ex-
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FIG. 2. The DNA binding domain of Zta is required for induction of p21, p27, and p53 and growth arrest. (A) Schematic representation of Zta structure and
alignment of Zta and c-Fos basic/dimerization domains. The bracket indicates the region of Zta which is replaced in the Z/Fos(basic) domain swap mutant. Black boxes
indicate homologous amino acids, and gray boxes indicate related amino acids. The aligned 3-4 repeats of hydrophobic residues for c-Fos and Zta are enclosed by
rectangles. (B and C) Cell cycle analysis (B) and Western blot analysis of the cell cycle regulatory proteins p53, p21, p27, and pRb (C) following induction of the
indicated Zta proteins in stably transfected HeLa cells. Cell lines were generated simultaneously, and induction experiments were performed in parallel. Cells were
expanded in the presence of tetracycline (2 mg/ml). Cells were then trypsinized, washed twice with 13 PBS, and either collected (for 0-h time point) or plated in medium
with no tetracycline for the indicated times. A portion of collected cells were stained with propidium iodide and subjected to FACS analysis to determine the DNA
content (B). (C) The remaining cells were suspended in Laemmli buffer and boiled for 20 min to reduce the viscosity of the samples. A portion of these samples were
subjected to SDS-PAGE, transferred to nitrocellulose, and subjected to sequential Western blot analysis (with a stripping step between probings) using anti-
hemmagglutinin (HA) (HA11.1; Boehringer Mannheim) (to detect HA-tagged Zta proteins), anti-p53 (DO-1; Santa Cruz), anti-p21 (C19G; Santa Cruz), anti-Kip1/p27
(Transduction Laboratories), and anti-pRb (G3-245; PharMingen) antibodies. wt, wild type.
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pression may occur, at least in part, through a p53-independent
mechanism.

To further address the possible dissociation of Zta-mediated
p21 induction from the observed induction of p53, we sup-
pressed p53 protein levels by cotransfecting Zta expression
vectors with a Rous sarcoma virus (RSV)-based human papil-
lomavirus (HPV) E6 expression vector, the product of which
targets p53 for degradation. As shown in Fig. 4A, overexpres-
sion of HPV E6 effectively prevented the induction of p53 by

Zta or by two Zta mutants that also induce growth arrest
efficiently [Z(S186A) and Z(1–227)]. In the absence of Zta,
HPV E6 suppresses basal p53 expression below background
levels (Fig. 4A, control). (Note that HeLa cells constitutively
express low levels of p53 due to the expression of an integrated
E6 gene.) As expected, Zta-mediated induction of p27 is un-
affected by cotransfections with the HPV E6 expression vector
(Fig. 4A). In addition, as we had previously shown (6), over-
expression of E6 reduces the level of Zta-mediated p21 induc-

FIG. 3. Analysis of amino-terminal Zta mutants by transient transfectin analysis. HeLa cells were transfected with the indicated pMARK-Zta expression vector (5
mg), pGFP-SP (1 mg), and the carrier plasmid, pGL3 Basic (24 mg). Twenty-four hours after transfection, cells were harvested, expression of Zta derivatives p53, p21,
and p27 was assessed by Western blot analysis (A), and the cell cycle distribution of GFP-positive cells was assessed by FACS analysis (following propidium iodide
staining) (B). Western blot analyses were performed with the anti-Zta (M47), anti-p21 (C19G; Santa Cruz), anti-Kip1/p27 (Transduction Laboratories), and anti-p53
(DO-1; Santa Cruz) antisera. (C) Five micrograms of each of the indicated pMARK-Zta expression plasmids was cotransfected into HeLa cells with 2 mg of the
Zta-responsive reporter, 23(ZIIIB)BG-CAT (23 mg of pGL3 Basic was also used as a carrier). Cells were harvested 24 h later, and CAT analysis was performed. The
level of acetylated chloramphenicol was quantitated with a Molecular Dynamics PhosphorImager. Control, pMARK (empty vector)-transfected cells. wt, wild type.
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tion (Fig. 4A). However, it is clear that in the absence of any
p53 induction, significant p21 expression is observed, suggest-
ing that Zta-mediated p21 induction may occur, at least in part,
through a p53-independent pathway. Moreover, in line with
the induction of p27 and p21 in the presence of HPV E6, full
Zta-mediated growth arrest is observed, indicating that effi-
cient Zta-mediated growth arrest can be elicited in the absence
of induced p53 levels (Fig. 4B).

We also considered the possibility that despite a lack of an
increase in p53 levels in the context of HPV E6 overexpression,
Zta might still be able to induce p53’s transactivation function.
However, in transient reporter studies, we have been unable to
demonstrate that Zta-mediated p53 induction results in the
activation of the p21 promoter or artifical promoters contain-
ing consensus p53 binding sites (48a). These data are consis-
tent with previous studies showing cross-inhibition of transac-
tivation by Zta and p53 in transient transfection assays (67).

Finally, we tested whether Zta can induce p21 in a p532/2

cell line. As shown in Fig. 4C, expression of Zta in a stable
inducible SAOS2 cell line, SAOS2-Zta, results in induction of
p21 (Fig. 4C). Together, these data support a model whereby
the induction of p21 occurs, at least to some extent, through a
p53-independent pathway.

DISCUSSION

We have previously demonstrated that Zta mediates the
induction of three key cell cycle regulatory factors, p21, p27,
and p53, each of which is known to play a role in eliciting cell
growth arrest in various cell systems (Fig. 5). Here, we provide
evidence that Zta mediates induction of each of these target
proteins, in part, through distinct pathways. Replication of
EBV can be triggered in multiple tissues in various states of
differentiation, and accumulating evidence indicates that the
induction of growth arrest in different tissues is elicited
through distinct pathways. Therefore, it is possible that Zta has
evolved a way to stimulate growth arrest through multiple
points in the cell cycle control machinery, thereby increasing
the chances that viral replication will take place in a nondivid-
ing cellular environment regardless of the infected cell type.

The results presented in this report show a strong correla-
tion between Zta-mediated growth arrest and the induction of
p27. For example, amino-terminal Zta genetic studies show the
best correlation between the level of p27 induction and the
degree of G0/G1 arrest observed. Second, the higher level of
p21 expression that is induced by some amino-terminal trun-
cation mutants in the transient transfection-based analysis can-
not compensate for the decrease in growth arrest which ac-
companies the lower level of p27 induction. Last, while the
expression of HPV E6 decreased the level of p21 induction, it
had no apparent effect on either the level of p27 induction or
the degree of G0/G1 arrest observed. Therefore, it is possible
that in the system used here, p27 plays a key role in Zta-
induced growth arrest but p21 induction does not (or perhaps
plays another unknown role). Recent studies, however, suggest
an alternative, more complex possibility. We have recently
found that Zta down-regulates the expression of c-Myc (48a),
and other studies have shown that c-Myc destabilizes p27 (44–
46). Since c-Myc also induces p21 and p27 sequestration (61),
rendering them nonfunctional, c-Myc expression should have a
dominant impact on the activity of p21 and p27. In such a
scenario, growth arrest in the presence of elevated p21 and/or
p27 would be dictated by c-Myc expression levels, and the link
to p27 would be due to the cause-effect relationship between
c-Myc and p27 expression. Dissecting the exact contribution of
each of these factors in Zta-mediated growth arrest will re-
quire further studies.

In addition to possible roles in triggering cell growth arrest,
the induction of p21 and p27 may perform other functions in
the viral life cycle. Recent studies have shown that the activities
of the transcriptional coactivator proteins p300 and CREB
binding protein are modulated by CDKs and the CDK inhib-
itor p21 (1, 47). This raises the possibility that through the
induction of p21 and/or p27, Zta might regulate the activity or
specificity of these coactivator proteins in a way that favors the
expression of viral genes over the bulk of cellular genes. More-
over, recent studies have shown that Zta itself activates tran-
scription in part through binding to CREB binding protein
(66), suggesting that Zta may modulate its own coactivator
through the induction of p21 and/or p27.

Previous studies have shown that Zta inhibits p53’s ability to
activate transcription (67), and we have observed that despite
an increase in p53 levels, Zta cannot activate a reporter plas-
mids containing the p21 promoter or minimal reporter plas-
mids containing p53 binding elements (data not shown). De-
spite increasing p53 levels, it is likely that Zta does not induce
p53-mediated transcriptional activation but instead probably
interferes with this activity. Importantly, while stimulation of
p53 function is known to lead to either growth arrest or induc-
tion of apoptosis, the induction of p21 or p27 function leads

FIG. 4. Uncoupling of Zta-mediated p21 and p27 induction from p53 induc-
tion. (A and B) Zta-mediated induction of p27 and p21 in p53-suppressed HeLa
cells. Cells were nontransfected (non-transf.) or transfected with 5 mg of the
indicated pMARK expression vector and 25 mg of either a control vector (RSV)
or a HPV E6 expression vector (RSV-E6). Cells were analyzed as indicated in
the legend to Fig. 3. wt, wild type. (C) A stable inducible SAOS2-Zta cell line was
generated, and the induction experiment was carried out as described for Fig. 1.
Cells were harvested at the indicated times following tetracycline withdrawal,
and extracts were subjected to Western blot analysis using anti-Zta (M47) and
anti-p21 (C19G; Santa Cruz) antibodies.
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primarily to a growth arrest response. Therefore, the capacity
to induce p21 and p27 without activating p53 transactivation
function (and perhaps inhibiting it) offers an excellent mech-
anism through which a growth-arrested cellular environment
can be established without the risk of triggering of a much
more energy-consuming p53-dependent apoptotic response.

We have provided evidence that Zta’s basic region elicits cell
growth arrest signaling, and we propose that this occurs
through protein-protein interactions with key cell cycle regu-
latory factors. It seems reasonable that substitution of the
analogous region of c-Fos for Zta’s basic/DNA binding region
should maintain the structural integrity (or secondary struc-
ture) of this region of Zta, and previous studies demonstrating
that this fusion protein binds strongly to AP-1 promoter ele-
ments (33) support this idea. Moreover, Z/Fos(basic) is func-
tional for activating some reporter constructs in vivo (refer-
ence 33 and data not shown). Despite the likely structural
similarity and the high degree of sequence homology between
the basic regions of Zta and c-Fos (Fig. 2A), replacement of
Zta’s basic region with that of c-Fos severely compromises
Zta’s ability to induce p21, p27, and p53 and growth arrest.
Therefore, specific residues within the basic region of Zta
which are not conserved with respect to c-Fos may specify a
unique interaction surface which communicates with cell cycle
regulatory factors. The small number of amino acid differences
between c-Fos and Zta in this region (Fig. 2A), therefore,

genetically defines key residues in Zta’s growth control func-
tion.

Interestingly, a recent study has shown that protein kinase C
phosphorylates serine 186 of Zta and activates Zta’s transac-
tivation function (3). Further, these investigators provided ev-
idence that phosphorylation of serine 186 of Zta facilitates the
binding of a cellular factor to this region, which modulates its
transactivation function. Although protein-protein interactions
between the basic region of Zta and unknown cellular factors
are likely to play a role in Zta-mediated growth arrest function,
the cell factor(s) involved in this signaling is likely to be distinct
from the factor which binds to serine 186-phosphorylated Zta
since the phospho-site mutant, Z(S186A), effectively induces
p21, p27, and p53 and growth arrest (Fig. 2). The genetically
defined proximity of sequences involved in these interactions,
however, suggests that an interesting interplay between these
distinct factors may be controlled by phosphorylation of serine
186.

A previous study has reported the utility of using Zta in a
gene therapy approach to reverse the immortalizing functions
of EBV latency-associated gene expression (23). A drawback
to the application of this approach to treating human disorders
is the concomitant production of high titers of infectious EB
virions. We show here, however, that a mutant which does not
induce lytic EBV replication, Z(S186A), is fully functional for
induction of growth arrest as well as the induction of p21, p27,

FIG. 5. Model for Zta-mediated induction of the cell cycle regulatory proteins p21, p27, and p53 and their possible roles in altering cellular signal transduction
pathways. Co-act fnx, coactivator function.
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and p53. Therefore, this mutant may provide a safer alternative
to wild-type Zta in such gene therapy schemes.
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