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The Epstein-Barr virus bZIP transcription factor Zta
causes GO/G1 cell cycle arrest through induction of
cyclin-dependent kinase inhibitors
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While oncoproteins encoded by small DNA tumor
viruses and Epstein-Barr virus (EBV) latent antigens
facilitate G1/S progression, the EBV lytic switch trans-
activator Zta was found to inhibit growth by causing
cell cycle arrest in Gd/G1 in several epithelial tumor
cell lines. Expression of Zta results in induction of
the tumor suppressor protein, p53, and the cyclin-
dependent kinase inhibitors, p21 and p27, as well as
accumulation of hypophosphorylated pRb. Up-regula-
tion of p53 and p27 occurs by post-transcriptional
mechanisms while expression of p21 is induced at the
RNA level in a p53-dependent manner. Inactivation
of pRb by transient overexpression of the human
papillomavirus E7 oncoprotein indicates that pRb or
pRb-related proteins are key mediators of the growth-
inhibitory function of Zta. These findings suggest that
EBV plays an active role in redirecting epithelial cell
physiology to facilitate the viral replicative program
through a Zta-mediated growth arrest function.
Keywords: EBV/growth arrest/p53/pRB/Zta

Introduction
Epstein-Barr virus (EBV) is a human herpes virus that
infects B-lymphocytes as well as oropharyngeal and cer-
vical epithelial cells (Rickinson, 1986; Sixbey et al., 1986;
Klein, 1994). EBV is the causal agent of infectious
mononucleosis and is associated with the development of
both B-cell and epithelial cell malignancies, including the
endemic form of Burkitt's lymphoma, post-transplantation
lymphoproliferative diseases, AIDS-associated lympho-
mas, Hodgkin's disease and undifferentiated nasopharyn-
geal carcinoma (Kieff and Liebowit, 1990; Miller, 1990).

Infection of primary B-lymphocytes in vitro results in
efficient immortalization of the infected cells such that
they grow indefinitely in culture (Kieff and Liebowit,
1990; Klein, 1994). In these cells, little viral replication
takes place and the -100 EBV lytic replication-associated
genes encoding early antigens (EAs), viral capsid antigens
(VCAs) and membrane antigens (MAs) are not expressed.
Instead, EBV establishes a restricted pattern of gene
expression (referred to as latency) involving only those
genes that are required for immortalization and for main-
taining the viral genomic episome. These genes include

that for the EBV nuclear antigen (EBNA- 1) which is
necessary and sufficient for maintenance of the EBV
genome (Yates et al., 1985), and EBNA-2, EBNA-3a,
EBNA-3c, EBNA-LP and the latent membrane antigen,
LMP1, which co-operate to immortalize infected B cells
(Cohen et al., 1989; Hammerschmidt and Sugden, 1989;
Mannick et al., 1991; Kaye et al., 1993; Tomkinson et al.,
1993; Sinclair et al., 1994; Kempkes et al., 1995). While
insight into the mechanisms involved in driving prolifer-
ation by these EBV-encoded antigens have only begun to
be understood recently (Henkel et al., 1994; Alday et al.,
1995; Hsieh and Hayward, 1995; Mosialos et al., 1995),
it is clear that EBV immortalization is achieved through
mechanisms that are distinct from those employed by
small DNA tumor viruses. For example, while SV40,
human papilloma virus (HPV) and adenovirus functionally
inactivate p53, EBV immortalizes human B-cells without
neutralizing the function of p53 (Alday et al., 1995).

Stimulation of the EBV replicative cycle in latently
infected B-lymphocytes by reagents that mimic B-cell
terminal differentiation signals results in a switch in the
viral genetic program, leading to the ordered cascade of
lytic gene expression which culminates in virus production
(Miller, 1990). Although the EBV lytic cycle can be
activated in B-cells, replication of EBV in vivo occurs
primarily in epithelial cells of the oropharynx, salivary
glands and uterine cervix (Sixbey et al., 1984, 1986; Wolf
et al., 1984). Full EBV replication appears to be highly
dependent on the differentiated state of the epithelium
since it is observed in the upper spinous layer which
contains cells that have stopped dividing, but not in the
basal, mitotically active layer (Wolf et al., 1984; Becker
et al., 1991; Young et al., 1991). In agreement with
these observations of EBV replication in growth-arrested,
differentiated cells in vivo, it has been shown in vitro that
replication of EBV, as well as other herpes viruses, can
occur in cells treated with agents shown previously to
arrest cell cycle progression (Shadan et al., 1994). In
contrast, replication of small DNA viruses such as SV40
and papillomavirus is inhibited by these reagents (Shadan
et al., 1994). Since large DNA viruses, such as EBV,
encode proteins involved in DNA synthesis (DNA poly-
merase, DNA metabolic enzymes and other replication
factors), they are less dependent on the host cell DNA
replication machinery than small DNA viruses, which have
a strict requirement for inactivation of growth inhibitory
signals provided by the tumor suppressor proteins pRb
and p53 in order to promote S-phase progression
(Vousden, 1995).

Although EBV efficiently promotes immortalization of
human B-lymphocytes, this is clearly a function of latency-
associated viral gene expression. Unlike SV40 or
papillomavirus replication, EBV lytic replication is associ-
ated with cellular growth arrest and/or differentiation. In
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the oral epithelium, the production of virus in the outer
spinous layer probably results in the efficient shedding of
virus into the saliva where it can be transmitted from host
to host. Therefore, the association of lytic replication with
terminal differentiation plays an important role in the viral
life cycle. Despite the link between EBV lytic replication
and cellular growth arrest, it is unknown presently whether
onset of the lytic cycle is purely a response to terminal
differentiation signals or whether EBV plays a role in
altering cell cycle progression.
The immediate-early lytic switch transactivator Zta (also

called BZLF1, EB1, Zebra) is known to play a crucial
role in the initiation of the lytic cascade, since ectopic
expression of Zta in latently infected cells is sufficient to
activate the entire EBV replicative cycle (Countryman
et al., 1987; Grogan et al., 1987). Zta is a sequence-
specific DNA binding protein, related to the bZip family
of transcription factors, which transactivates several early
lytic cycle viral promoters via cis-acting AP-1 or ZRE
(Zta-responsive elements) sites (Farrell et al., 1989;
Kenney et al., 1989; Lieberman et al., 1989; Urier et al.,
1989; Flemington and Speck, 1990a). Zta contains a
carboxy-terminal domain that mediates homodimerization
through a coiled-coil interaction (Chang et al., 1990;
Flemington and Speck, 1990c; Kouzarides et al., 1991),
a basic region sharing sequence homology with the DNA
binding domain of members of the API family of transcrip-
tion factors (Farrell et al., 1989) and a long amino-terminal
domain that plays a role in activation of transcription
(Lieberman and Berk, 1990; Giot et al., 1991; Flemington
et al., 1992; Chi and Carey, 1993).

In addition to its role in promoting viral transcription
(Grogan et al., 1987) and replication (Schepers et al.,
1993), several studies have suggested that Zta might also
be involved in altering host cell gene transcription, at least
in part, through binding to cellular AP- 1 promoter elements
(Farrell et al., 1989; Flemington and Speck, 1990b; Cayrol
and Flemington, 1995). Other groups have reported that
Zta can interact physically with cellular transcription
factors involved in cell proliferation including the p65
subunit of NF-KB (Gutsch et al., 1994), the retinoic
acid receptor (RAR) (Sista et al., 1993) and the tumor
suppressor protein, p53 (Zhang et al., 1994). These studies
strongly suggest that Zta plays an active role in altering
cellular gene expression pathways.

Here, we demonstrate that Zta can induce a GO/GI
cell cycle block in certain epithelial tumor cell lines.
Employing a tightly controlled expression system regu-
lated by tetracycline (Gossen and Bujard, 1992; Cayrol
and Flemington, 1995), we demonstrate that growth sup-
pression does not require strong overexpression of Zta.
Zta-mediated GO/GI growth arrest correlates with the post-
transcriptional induction of p53, and is observed most
readily in tumor cell lines that express wild-type p53 and
where the defect in the p53 pathway occurs as a result of
HPV E6-mediated destabilization of p53 (Scheffner et al.,
1990). We also observe a concordant induction of the p53-
responsive, 'universal' cyclin-dependent kinase (CDK)
inhibitor p21/WAF-1/CIP-1 (for a review, see Sherr and
Roberts, 1995), as well as a post-transcriptional induction
of the CDK inhibitor p27/KIP- 1 (Sherr and Roberts, 1995).
In line with the observed elevation of these CDK inhibitors
is the accumulation of the hypophosphorylated form of

the retinoblastoma tumor suppressor protein, pRb, which
is a known target of CDKs. Moreover, the accumulation
of hypophosphorylated pRb is likely to play an active role
in growth suppression since overexpression of wild-type
HPV E7 oncoprotein, but not a mutant E7 which is
defective for binding to pRb, can override Zta-mediated
growth arrest. Together, these results demonstrate that Zta
can have profound effects on cell cycle progression, and
further implicate Zta in altering host cell regulatory
processes.

Results
Zta inhibits cell proliferation
A conditional expression system was used to generate a
HeLa epithelial cell line, HeLa-Zta, in which Zta expres-
sion is controlled by a tetracycline-regulated promoter
(Gossen and Bujard, 1992; Cayrol and Flemington, 1995).
Western blot analysis revealed that expression of Zta is
undetectable in HeLa-Zta cells incubated in the presence
of tetracycline, but is detectable 48, 72 and 96 h after
withdrawal of tetracycline from the growth media (Figure
lA). In parallel with this experiment, HeLa-Zta cells were
counted 24, 48, 72 and 96 h after culturing in the presence
or absence of tetracycline (Figure iB). HeLa-Zta cells
cease to accumulate between 48 and 96 h following
tetracycline withdrawal. In contrast, HeLa-Zta cells grown
in the presence of tetracycline continue to proliferate
normally. The parental cells, HeLa-HtTA, served as a
control to demonstrate that the growth arrest observed in
HeLa-Zta cells was due to the induction of Zta expression
and not to non-specific effects of tetracycline on cell
growth (Figure iB). The timing of cell growth inhibition
immediately follows the onset of Zta expression (Figure
lA and B), further suggesting that growth arrest is a
specific result of Zta expression. The loss of cell prolifer-
ation is not due to non-specific toxic effects of Zta or
apoptosis since the presence of floaters or non-trypan
blue-excluding cells in Zta-expressing cultures was not
observed, and fluorescence activated cell sorting (FACS)
analysis of propidium iodide-stained HeLa-Zta cells
induced for 4 days did not reveal evidence of DNA
fragmentation (data not shown).

S-phase progression in Zta-expressing cells was
assessed by staining cells for bromodeoxyuridine (BrdU)
incorporation. HeLa-Zta cells were cultured for 3 days in
the presence or absence of tetracycline, incubated for
90 min with BrdU and stained with an anti-BrdU antibody.
As shown in Figure IC, BrdU incorporation is clearly
observed in HeLa-Zta cells cultured in the presence of
tetracycline. In contrast, most HeLa-Zta cells expressing
Zta do not show BrdU incorporation (Figure IC). As
shown in Table I, the percentage of cells in S phase falls
from 24 to 3% in cells expressing Zta. Therefore, Zta
expression is linked to a loss of S-phase progression.

Zta blocks cell cycle progression in GOIG1
To address at what point in the cell cycle Zta-induced
growth arrest occurs, Zta-expressing cells were monitored
for DNA content employing propidium iodide staining.
HeLa-HtTA or HeLa-Zta cells cultured in the presence or
absence of tetracycline for 24, 48, 72 and 96 h were
stained with propidium iodide and separated based on
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Fig. 1. Zta inhibits cell proliferation. (A) Expression of Zta is
regulated by tetracycline in HeLa-Zta transfectants. HeLa-Zta cells
were grown in the presence (+) or absence (-) of tetracycline for the
indicated times. Expression of HA-tagged Zta protein was determined
by Western blot analysis of whole cell lysates, using the anti-HA
monoclonal antibody, 12CA5F. (B) Zta inhibits the growth of HeLa
cells. HeLa-Zta transfectants and parental non-transfected HeLa-HtTA
cells were plated at a density of 1.5 x 105 per 60 mm diameter plate on
day 0 and maintained in the presence (+) or absence (-) of
tetracycline. At the indicated time, cells were detached and counted
with a hemocytometer. (C) Inhibition of DNA synthesis by Zta.
HeLa-Zta cells were cultured in the presence (top panels) or in the
absence (bottom panels) of tetracycline for 3 days. DNA synthesis was
monitored by incubating cells with BrdU followed by immunostaining
as described in Materials and methods. Cells were visualized for BrdU
incorporation (left panels) and Zta expression (right panels).

Table I. Inhibition of DNA synthesis in cells expressing Zta

HeLa-Zta No. of cells BrdU+ S phase (%)

+Tet 919 229 24
-Tet 831 25 3

HeLa-Zta cells cultured in the presence (+Tet; not expressing Zta) or
absence of tetracycline for 3 days (-Tet; expressing Zta) were pulse-
labeled with BrdU for 90 min. FITC-conjugated anti-BrdU antibody
was used to identify cells in the S phase of the cell cycle. The
percentage of cells in S phase was determined by dividing the number
of BrdU+ cells by the total number of cells.

DNA content by FACS (Figure 2A). At 72 and 96 h
following tetracycline withdrawal, there is a decrease of
S and G2/M phase cells and an accumulation of GO/GI
phase cells in HeLa-Zta but not HeLa-HtTA cells (Figure
2A). The cell cycle profile shows that ~ 80% of HeLa-
Zta cells are in GO/GI after 96 h of Zta induction (Figure
2A, bottom right). Notably, the onset of the observed cell
cycle redistribution at day 3 (72 h) is 1 day after Zta
expression is first observed (Figure IA) and is therefore
consistent with growth arrest being mediated by Zta. In
contrast, the cell cycle profile of HeLa-HtTA cells cultured
in the absence of tetracycline for an identical period shows
that ~50% of the cells are in either S or G2/M phase,
indicating continued cell growth (Figure 2A, bottom
left).
We also tested whether low level Zta expression was

sufficient to mediate a Gd/GI growth arrest. It was reported
previously that intermediate expression levels could be
obtained with the tetracycline-controlled expression
system by culturing cells with low amounts of tetracycline
(Gossen and Bujard, 1992). Therefore, a dose-effect
experiment was performed to link Zta expression levels
with GO/G1 growth arrest. HeLa-Zta cells were incubated
for 3 days in media containing different concentrations
of tetracycline, and Zta expression was monitored by
immunofluorescence staining. In addition, a fraction of
the cells were assayed for DNA content employing FACS
separation of propidium iodide-stained cells. As expected,
bright Zta staining was observed in cells cultured with
0.0000001 or 0.0001 ,Ig/ml of tetracycline and a correspond-
ing GO/GI growth arrest was observed (Figure 2B). Cells
cultured in the presence of 0.001 ,ug/ml of tetracycline
exhibited predominantly low level Zta expression but
growth arrest was still observed. At higher concentrations
of tetracycline, no Zta could be detected and, correspond-
ingly, no cellular growth arrest was observed. This experi-
ment strengthens the intimate correlation between Zta
expression and cell growth arrest and demonstrates that
growth arrest is observed even at apparently low concentra-
tions of Zta. Notably, the level of Zta expression observed
in HeLa-Zta cells cultured in the presence of 0.001 or
0 gg/ml of tetracycline is similar to the level of Zta
expression observed in two EBV-positive Burkitt's
lymphoma cell lines, Akata and P3HRl, which were
treated with agents that activate the lytic cascade (Figure
2C). Therefore, the observed Zta-mediated growth arrest
is not due to non-specific effects resulting from high level
Zta expression.
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Fig. 2. Zta blocks cell cycle progression in Gd/Gl. (A) Zta induces cell
cycle arrest in GO/Gl. HeLa-HtTA and HeLa-Zta cells, cultured in the
presence (+) or absence (-) of tetracycline for the indicated times,
were fixed, stained with propidium iodide and their DNA content was

P3HR1 Hela-Zta assessed by flow cytometry described in Materials and methods.

(TPA) (Tetracycline) The percentages of cells in the different GO/GI, S and G2/M phases

Eg indicated on the right of each cell cycle profile. (B) GO/GI growth
S m arrest is elicited by relatively low levels of Zta expression.

s mImmunofluorescence analysis of Zta expression in HeLa-Zta

cm
X co _ s °. cultured for 3 days with different concentrations of tetracycline (left

panels). Cell cycle distribution was assessed by FACS analysis, after
propidium iodide staining and the percentage of cells in GO/GI, S and
G,/M for each profile is shown (right panel). (C) Comparison of Zta
expression in induced HeLa-Zta cells with Zta expression in anti-Ig-
or TPA-treated Akata or P3HR1 cells, respectively. Akata and P3HRl
cells cultured in the presence of anti-Ig or TPA for the indicated times,
a fraction of HeLa-Zta cells from the experiment shown in (B)
(1 ,tg/ml, 0.01 ,ug/ml, 0.001 tg/ml tetracycline) and HeLa-Zta cells
cultured without tetracycline for 3 days were assayed by Western blot
analysis employing the anti-Zta antibody, M47 (Flemington et al.,
1992). Equal amounts of total cell protein were loaded in each lane.

Induction of the cyclin-dependent kinase inhibitors
p21, p27 and the tumor suppressor, p53, during
Zta-mediated growth arrest
To investigate the mechanism of Zta-mediated growth
arrest, we analyzed the expression of p21, p27 and p16,
three low molecular weight CDK inhibitors that play
essential roles in arresting cell cycle progression (Sherr
and Roberts, 1995), in HeLa-Zta cells following Zta
induction. Northern blot analysis revealed a significant
increase in the steady-state levels of p21 rnRNA after
induction of Zta expression (Figure 3A). In contrast, p16
and p27 mRNA levels were not affected significantly. To
determine whether induction of p21 also occurs at the
protein level, Western blot analysis was performed. Expres-
sion of Zta was found to result in a strong increase in p21
protein levels (Figure 3B). Since p21 has been isolated as

a major target of p53 (El-Diery et al., 1993) and is up-
regulated by p53 in response to DNA-damaging agents
(Dulic et al., 1994; El-Diery et al., 1994), we addressed
whether p21 induction might be related to a p53-dependent

response in HeLa-Zta cells undergoing G1 arrest. As
shown in Figure 3B, a marked increase in p53 protein
levels is observed following Zta induction. The increase
in p53 levels occurs through a post-transcriptional mechan-
ism, since no change in p53 mRNA levels is detectable
by Northern blot analysis (Figure 3C).

Further support for a p53-mediated response in these
cells is provided by the observed induction of another
known p53 target gene, mdm2 (Wu et al., 1993) (Figure
3C). These data suggest that the increase in p21 expression
could be the result of increased amounts of functional
p53. To address this issue specifically, we tested whether
overexpression of SV40 large T antigen or HPV E6
oncoproteins, which are known to inactivate p53 function
(Lane and Crawford, 1979; Linzer and Levine, 1979;
Werness et al., 1990), can override the induction of p21
in HeLa cells expressing Zta. HeLa-HtTA cells were co-

transfected with a Zta expression vector and either a

control plasmid or expression vectors containing the HPV
E6 or SV40 T antigen genes. While Zta expression alone
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Fig. 4. Expression of HPV E6 or SV40 large T antigen overcomes p21
induction in cells expressing Zta. HeLa cells were transiently co-
transfected with 5 ,ug of Zta expression plasmid (+) or control vector
(-) together with 25 gg of HPV E6 (+) or 2 ,ug of SV40 T antigen
(+) expression plasmid or control vectors (-). Whole cell lysates were
separated by SDS-PAGE and probed with the antibody 187 against
p21.
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Fig. 3. Induction of p21 during Zta-mediated G0 growth arrest.
(A) Northern blot analysis of p21, p16 and p27 mRNA expression in
HeLa-Zta transfectants. Total RNAs were isolated from HeLa-Zta cells
cultured in the presence (+) or absence (-) of tetracycline, for the
indicated period of time. After electrophoresis and transfer, RNAs
were hybridized with a 32P-labeled probe for p21. The same blot was
stripped and re-probed with a 32P-labeled probe derived from p16
cDNA (left panels). Polyadenylated RNAs (3 ,ug) from HeLa-Zta cells
grown with (+) or without (-) tetracycline for 3 days were hybridized
sequentially with radiolabeled p27 and tubulin probes (right panel).
(B) Western blot analysis of p21 and p53 protein expression in
HeLa-Zta cells maintained in complete medium with tetracycline (+)

or after withdrawal of tetracycline (-) for the indicated times, using
the monoclonal antibodies, 187 (p21) or DO-1 (p53). The asterisk
marks the position of a protein recognized non-specifically by the
antibody. (C) Northern blot analysis of p53 mRNA levels in HeLa-Zta
transfectants. The blot used for p21 and p16 Northern blots (A, left
panel) was stripped and re-probed with 32P-labeled p53 cDNA. The
blot used for p27 and tubulin Northern blots was stripped and
re-probed with 32P-labeled mdm2 cDNA to analyze mdm2 mRNA
expression (A, right panel).

leads to elevated levels of p21 expression, co-transfection
with HPV E6 or SV40 T antigen expression results in
marked decreases in Zta-induced p21 expression (Figure
4). These results suggest that p53 plays a direct role in
the induction of p21 expression during Zta-mediated Go/
GI arrest.

Although p27 mRNA levels were not affected by Zta
expression (Figure 3A), p27 is known to be regulated at
the post-transcriptional level in other systems (Polyak
et al., 1994a; Pagano et al., 1995). We therefore analyzed
p27 expression by Western blot analysis. A significant
increase in the amount of p27 protein is observed in HeLa-
Zta cells 72 and 96 h after tetracycline withdrawal (Figure
5). In contrast, p27 levels were not affected in the parental
HeLa-HtTA cell line, indicating that the increase in p27

p27--.

Fig. 5. Induction of p27 protein expression during Zta-mediated G0
growth arrest. Western blot analysis of whole cell extracts from
HeLa-HtTA and HeLa-Zta cells cultured in the presence (+) or
absence (-) of tetracycline for the indicated times, using the
monoclonal antibody, C-19, against p27.

is due to the induction of Zta expression and not to non-
specific effects of tetracycline. Therefore, expression of
Zta results in the induction of p27 by a post-transcriptional
mechanism.

Zta-mediated G1 growth arrest in different
nasopharyngeal cell lines
EBV lytic replication in vivo is known to occur in epithelial
cells of the nasopharynx. We therefore tested several
nasopharyngeal cell lines for their susceptibility to Zta-
mediated growth arrest. For these studies, a transient
transfection assay was employed. The Zta gene was cloned
into an expression vector (pMARK) designed to co-
express the gene of interest and a signal transduction-
defective CD7 cell surface marker (Frangioni et al., 1994).
Cells were transfected with pMARK-Zta or the progenitor
plasmid, pMARK, and the cell cycle distribution of CD7-
positive and CD7-negative populations was analyzed.
Consistent with the results obtained employing the stable
HeLa-Zta transfectants (see above), a GO/GI cell cycle
arrest is observed in the CD7+ population from pMARK-
Zta transfected HeLa cells [(CD7-Zta)+] but not in the
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Fig. 6. Zta induces GI growth arrest in different nasopharyngeal cell
lines. (A) Effect of Zta on cell cycle distribution in HeLa cells, AdAH
(adenoid epithelial cell line), NPC-KT (EBV+ epithelial cell line) and
U2-OS (osteosarcoma cell line). All cell lines were transfected with
pMARK (control vector) encoding only cell surface CD7 marker or

pMARK-Zta encoding both CD7 marker and Zta, and were stained
with propidium iodide. DNA content was determined by
cytofluorometry on both transfected cells [CD7+; (CD7-Zta)+] and
non-transfected cells [CD7-; (CD7-Zta)-]. The histograms represent
the percentage of cells found in each phase (GO/GI, S and G,/M) of
the cell cycle. For each cell type, analysis was performed at least three
times with similar results. (B) Induction of p53 and p21 by Zta in
transiently transfected HeLa, AdAH and EBV+ NPC-KT cell lines.
Cells were transfected with 5 ,ug of control vector (C) or Zta
expression vector (Z). Total cell lysates were subjected to Western blot
analysis, using the antibodies DOI against p53 and 187 against p21.

CD7- population [(CD7-Zta)-] (Figure 6A). In addition,
no cell cycle arrest is observed in either the CD7+ or

CD7- population of pMARK-transfected HeLa cells. In
the EBV-negative nasopharyngeal cell line, AdAH, and
the EBV-positive AdAH derivative, NPC-KT, Zta was

found to cause a Gd/GI cell cycle arrest. In both cell lines,
an increase in the GO/GI population and a decrease in the
S and G2/M populations are observed in the CD7+
population from pMARK-Zta-transfected cells [(CD7-
Zta)+] but not in the CD7- population (Figure 6A). In
contrast, in the osteosarcoma cell line, U2-OS, no GO/GI
cell cycle arrest is observed in the CD7+ population of
pMARK-Zta-transfected cells, although in some experi-

Table II. BrdU incorporation in different cell lines expressing Zta

Cell lines Zta No. of cells BrdU+ S-phase (%)

NPCKT - 644 172 27
+ 216 7 3

AdAH - 535 109 20
+ 213 3 1

Fadu - 1382 711 51
+ 218 22 10

D98 - 953 345 36
+ 110 16 14

C33A - 875 343 39
+ 76 33 43

HaCAT - 733 401 55
+ 46 24 52

Cells were transiently transfected with Zta expression vector, pulse-
labeled with BrdU for 90 min and stained with FITC-conjugated anti-
BrdU and Zta antibodies as described in Materials and methods. The
percentage of transfected (Zta+) or untransfected (Zta-) cells in the
S phase of the cell cycle was determined by dividing the number of
BrdU+ cells by the total number of cells.

ments an increase in the G2/M population is observed
(Figure 6A).
The ability of Zta to induce growth arrest in various

cell lines was also assayed by transfecting cells with a
Zta expression vector and co-staining for BrdU incorpor-
ation and Zta expression by indirect immunofluorescence.
The number of BrdU-positive cells in the Zta+ and Zta-
populations were counted (Table II). As expected, a
dramatic reduction of BrdU-positive (S phase) cells was
observed in Zta-expressing NPC-KT and AdAH cells (3
and 1%, respectively) compared with the corresponding
Zta-negative cells (27 and 20% respectively). In addition,
a reduction in the number of S-phase cells is also apparent
in the Zta-positive population of the EBV-negative naso-
pharyngeal epithelial cell line, FaDu, as well as the HeLa
subclone, D98. On the other hand, no apparent growth
arrest is observed with the cervical carcinoma cell line,
C33A, or the keratinocyte cell line, HaCAT, which both
contain mutated p53 genes (Scheffner et al., 1991).
The inability of Zta to arrest cell growth in C33A and

HaCAT cells further suggests the involvement of p53 in
eliciting Zta-induced growth arrest. Notably, a GO/GI
growth arrest was not observed in U2-OS cells which
express wild-type p53. However, the p53 pathway in these
cells is known to be disrupted downstream from p53 by
high level expression of mdm2 (Florenes et al., 1994)
which inhibits p53-mediated transcriptional activation (Wu
et al., 1993).

Western blot analysis of p53 in NPC-KT and AdAH
cells did not reveal abnormal migration suggestive of
mutant p53 expression; however, expression was found to
be low level (Figure 6B and data not shown), providing
evidence that p53 might be subjected to destabilization.
Moreover, these cell lines were found to express HPV E6
as shown by Western blot analysis [data not shown, several
recent studies have reported the identification of HPV in
oral epithelial tissues (Giannoudis et al., 1995; Lin et al.,
1995; MacDonald et al., 1995)]. In line with this observ-
ation, we found that transient expression of Zta in AdAH
and NPC-KT cell lines resulted in elevated levels of both
p53 and p21 proteins (Figure 6B). These data suggest that
p53 is a key component of the Zta-mediated growth arrest
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and that this might occur through stabilization of p53.
Importantly, this is not due to an effect on HPV E6
expression, since steady-state levels of E6 are not affected
by Zta expression in induced HeLa-Zta cells (data not
shown).

Interestingly, an apparent growth arrest is observed in
FaDu cells which do not express HPV E6 (data not
shown), but instead express a mutant p53 allele (Reiss
et al., 1992; Kim et al., 1993). Therefore, Zta may be
able to elicit growth arrest through certain p53 mutants.
Alternatively, Zta might affect cell cycle control pathways
through induction of p27 levels or through other as yet
unknown mechanisms.

A
Tetracycline:

Time (h.) :

Hela-Zta

24 48 72 96

ppRb -sa..{;

pRb 7

pRb or pRb-related proteins are key mediators of
the growth arrest induced by Zta
p21 and p27 have been shown to cause GO/GI arrest by
inhibiting G1 cyclin-CDK kinase activities (Harper et al.,
1993; Xiong et al., 1993; Polyak et al., 1994b; Toyoshima
and Hunter, 1994), thereby suppressing pRb phosphoryl-
ation and causing accumulation of pRb in its hypophos-
phorylated form. In order to determine whether Zta-
induced cell cycle arrest is mediated through pRb, Western
blot analysis was performed using a monoclonal antibody
that recognizes both the hypophosphorylated (pRb) and
hyperphosphorylated (ppRb) forms of pRb. At 72 or 96 h
after induction of Zta expression, HeLa-Zta cells were
found to accumulate pRb in its hypophosphorylated form
(Figure 7A). In contrast, no change in pRb phosphorylation
was observed in the parental HeLa-HtTA cell line after
culturing in the presence or absence of tetracycline for
72 h. This indicates that the accumulation of hypophos-
phorylated pRb is induced specifically by Zta and is not
due to effects of tetracycline. Therefore, the mechanism
of GO/GI growth arrest induced by Zta is consistent with
a model in which both pRb and the CDK inhibitors p21
and p27 play essential roles.
To determine whether pRb or pRb-related proteins are

absolutely required for Zta-mediated GO/GI arrest, we
tested whether Zta-mediated growth arrest could be inhibi-
ted in HeLa cells by high level expression of wild-
type HPV E7 oncoprotein, which binds and functionally
inactivates pRb as well as the pRb-related proteins, p107
and p130 (Dyson et al., 1989; Munger et al., 1989; Davies
et al., 1993). Importantly, significant amounts of pRb
are found complexed to the transcription factor E2F in
uninduced HeLa cells, as determined by electrophoretic
mobility shift analysis, although the levels are somewhat
lower than the levels observed in non-transformed cells
(data not shown). This suggests that HPV E7 is limiting
in these cells and that a substantial fraction of pRb is
subjected to regulation by normal cell cycle control
mechanisms. Therefore, if the increase in hypophosphoryl-
ated pRb observed in Zta-expressing HeLa cells plays a
role in mediating Zta-induced growth arrest, high level
expression of E7 should be able to overcome this cell
cycle block. For these studies, pMARK and pMARK-Zta
expression vectors were used in transient transfection
assays. The GO/GI growth arrest observed in the CD7+
population from pMARK-Zta-transfected HeLa cells is
abrogated when the pMARK-Zta plasmid is co-transfected
with an expression vector containing a wild-type HPV E7
gene (Figure 7B), showing that overexpression of E7 can
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Fig. 7. Involvement of pRb or pRb-related proteins in Zta-mediated GI
growth arrest. (A) The phosphorylation status of pRb is altered in cells
expressing Zta. Similar amounts of cellular extracts from HeLa-HtTA
and HeLa-Zta cells cultured in the presence (+) or absence (-) of
tetracycline for the indicated times, were subjected to Western blot
analysis, using the anti-pRb G3-245 antibody. Slower migrating bands
are hyperphosphorylated forms of pRb and are indicated as ppRb; the
faster migrating band is the hypophosphorylated form and is indicated
as pRb. (B) Reversion of Zta-induced-growth arrest by HPV E7. HeLa
cells were transiently co-transfected with 5 gg of control pMARK (-)

encoding only cell surface marker CD7 or pMARK-Zta (+) vector
encoding both CD7 marker and Zta, together with 25 gg of control
(-), wild-type (wt) or mutant (mut) E7 expression plasmid. The
proportion of CD7+ cells in the GI, S or G2/M stages of the cell
cycle was assessed by propidium iodide staining and FACS analysis.
The histograms represent the percentage of cells found in each phase
of the cell cycle.

overcome the growth-inhibitory function of Zta. This
effect is not observed with a mutant of E7 that is defective
for binding of pRb and pRb-related proteins (Figure
7B). These observations indicate that pRb or pRb-related
proteins are key downstream mediators in the pathway
leading to a Zta-mediated GdG1 growth arrest.

Discussion

The results presented here demonstrate that the bZIP
transcription factor, Zta, can induce a GO/GI growth arrest
in several human epithelial cell lines. The observed growth
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inhibition is elicited by relatively low levels of Zta
expression and is not due to non-specific toxic effects of
Zta, since growth-arrested cells remain viable, are blocked
at a specific point in the cell cycle (GO/G) and do
not show any signs of apoptosis. Zta-mediated growth
inhibition occurs in the EBV-positive nasopharyngeal
carcinoma-derived cell line NPC-KT, but is independent
of the expression of other EBV-encoded genes since it is
also observed in several EBV-negative epithelial cell lines
(HeLa, D98, AdAH and FaDu).

Zta-mediated growth arrest is likely to be elicited
through induction of the potent, universal CDK inhibitors,
p21 and p27, which have been shown to cause cell cycle
arrest in different mammalian cell lines (reviewed by
Sherr and Roberts, 1995). Evidence that this is true is
suggested by the observed loss of phosphorylated forms
of the CDK target protein, pRb, in cells expressing
Zta. Moreover, accumulation of hypophosphorylated pRb
follows induction of p21 and coincides with the induction
of p27, suggesting that the loss of pRb phosphorylation
is a downstream event. The finding that overexpression
of the HPV E7 oncoprotein, which binds and inactivates
pRb, can abrogate Zta-mediated GO/GI growth arrest
indicates that pRb or other pRb-related proteins that bind
HPV E7 are key participants in the Zta-induced GI arrest.
The p21 gene has been identified as a major transcrip-

tional target of the p53 tumor suppressor gene (El-Diery
et al., 1993). Accordingly, DNA-damaging agents that
stabilize and thereby increase p53 levels induce p21
synthesis (Dulic et al., 1994; El-Diery et al., 1994). It
has also been shown, however, that activation of p21
expression by some effectors, such as transforming growth
factor (TGF)-p and MyoD, can occur through p53-inde-
pendent pathways (Datto et al., 1995; Havely et al., 1995).
Several lines of evidence suggest that the induction of
p21 in Zta-expressing cells is elicited by p53. First, p53
levels are increased markedly by Zta expression. Second,
expression of another p53-responsive gene, mdm2, is also
activated in Zta-expressing cells. Third, Zta-mediated
induction of p21 can be inhibited by the overexpression
of two different oncoproteins, HPV E6 and SV40 large T
antigen, which are known to be negative regulators of p53
(Sarnow et al., 1982; Scheffner et al., 1990). Together,
these results argue strongly that p53 is a key mediator of
p21 induction in this system. This observation is in
apparent contradiction to a previous report showing that
Zta inhibits p53-mediated transcriptional activation of
reporter plasmids containing p53 response elements
through a physical interaction between these two factors
(Zhang et al., 1994). We have performed similar experi-
ments with reporter plasmids containing synthetic p53
response elements or the natural p21 promoter and have
been unable to demonstrate an increase in promoter activity
in Zta-expressing HeLa cells (data not shown). These
results may suggest that chromatin assembly influences
the ability of p53 to activate transcription in the presence
of Zta.

While it is clear that certain viral proteins, such as
SV40 large T antigen and the adenovirus E1B proteins,
are able to stabilize the short-lived p53 protein (Sarnow
et al., 1982), these interactions result in functional inactiv-
ation of p53 and consequently allow cells to escape from
p53-mediated cell cycle arrest signals. Zta is thus the first

viral protein shown to up-regulate levels of functional
p53 and to induce p21 expression by a p53-dependent
mechanism.
The increase in p53 levels in Zta-expressing cells clearly

occurs through a post-transcriptional mechanism, since no
changes in mRNA levels are detectable. p53 is a short-lived
protein that is highly sensitive to proteolytic degradation
by the ubiquitin-dependent pathway (Oren et al., 1981;
Reihsaus et al., 1990; Scheffner et al., 1990), and mutant
cell lines deficient in this proteolytic system have been
shown to accumulate p53 (Chowdary et al., 1994). There-
fore, Zta may, directly or indirectly, protect p53 from
ubiquitin-mediated protein degradation. Zhang et al.
(1994) similarly observed an increase in p53 levels in
Zta-expressing D98 cells and suggested that binding of
Zta to p53 could result in the direct masking of p53
sequences that are required for targeted degradation.
Alternatively, Zta may protect p53 from ubiquitin-
dependent degradation by an indirect mechanism. For
example, Zta could inhibit the expression of genes involved
in the ubiquitination pathway, such as ubiquitin-activating
enzymes, ubiquitin-conjugating enzymes and ubiquitin-
protein ligases, or Zta could activate the expression of de-
ubiquitinating enzymes. In support of such possibilities is
the observation that, like p53, induction of p27 by Zta
occurs through a post-transcriptional mechanism. More-
over, p27 has been shown recently to be regulated by the
ubiquitin-dependent proteolytic pathway (Pagano et al.,
1995) and the level of p27 induction observed in cells
expressing Zta is similar to the level of p27 observed in
cell lines that are mutant in the ubiquitin pathway or
treated with inhibitors of the ubiquitin-proteasome path-
way (Pagano et al., 1995). Assessing whether these or
other possibilities are relevant to the observed increase in
p53 and p27 levels in Zta-expressing cells is the subject
of an ongoing investigation.

Here we have established a strong correlation between
Zta-mediated growth arrest and tumor cell lines expressing
wild-type p53 and the HPV-encoded E6 oncoprotein. A
high percentage of tumors arise, in part, due to mutations
in p53 (Zambetti and Levine, 1993). In HPV-negative
tumor cell lines that express a wild-type p53 protein, there
is typically some other abnormality in the p53 pathway
such as overexpression of the p53 inhibitor mdm2, as has
been observed in U2-OS cells (Florenes et al., 1994).
Therefore, HPV-associated tumors appear to be unique in
that both p53 alleles are wild-type and pathways down-
stream of p53 are left intact. Although little is known
regarding specific mechanisms involved in regulating p53
in vivo, it is clear that, as in HPV-derived tumors, p53 is
regulated by protein degradation and is subjected to rapid
turnover in primary tissues (Oren et al., 1981; Reihsaus
et al., 1990). The studies described here suggest, therefore,
that Zta might play a role in altering cell cycle progression
in vivo at least in part through elevating levels of func-
tional p53.

While Zta can inhibit cell proliferation and block cell
cycle progression in GO/GI, the EBV latent antigens,
EBNA2 and EBNA-LP, facilitate entry into G1/S during
immortalization of B-lymphocytes by EBV (Sinclair et al.,
1994; Kempkes et al., 1995). Therefore, Zta and EBV
latent antigens may have opposite effects on cell cycle
progression. Although latency-associated viral factors are
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clearly associated with activation of cellular proliferation
pathways, unlike small DNA tumor viruses, activation of
cell cycle progression by the EBV latent program is not
linked to viral production but is instead involved in
expanding the infected B-cell population. On the other
hand, the EBV lytic replication cycle is associated with
terminal differentiation, and full EBV replication is only
observed in the outer growth-arrested/differentiated layers.
This may have evolved, in part, to facilitate efficient
shedding of virus into the saliva where it can be transmitted
readily from host to host. Since the EBV genome is large,
it has the capacity to encode enzymes that are involved
in generating nucleotide precursors as well as several
major components of the replication machinery. EBV
therefore does not rely as heavily on cellular replication
machinery as do small DNA tumor viruses. As a result,
the ability of EBV to replicate in growth-arrested cells
might favor a more robust viral replication since resources
are not diverted to accommodate replication of cellular
DNA. Our results suggest that EBV has evolved mechan-
isms to alter specifically key cell cycle and/or differenti-
ation control pathways during the lytic cycle in a way
that might favor viral replication. Being able to promote
growth arrest might allow EBV to escape a dependency
on the normal progression of cellular differentiation. This
could be particularly important during times of prolific
EBV replication, such as during initial infection, in order
to rapidly expand the pool of infected cells. This activity
might also be relevant to progression of the high level
EBV lytic activity which drives the pathology observed
in the AIDS-associated epithelial lesion, oral hairy leuko-
plakia (OHL) (Resnick et al., 1988; Greenspan, 1989).
Our studies have thus far been limited to the effects of

Zta expression in cells of epithelial origin. At this time,
it remains unknown whether Zta can elicit growth arrest
in B-lymphocytes. Can Zta reverse the immortalizing
functions of Group III latency-associated EBV gene
products? Does Zta elicit growth arrest in Burkitt's
lymphoma cell lines containing mutant p53 proteins?
While these remain open questions, accumulating data
suggest that Zta may elicit multiple independent growth
arrest signals. For example, while induction of p21 expres-
sion is dependent on p53, p27 is likely to be activated
through a p53-independent pathway. Also, we have shown
previously that Zta induces the expression of two secreted
factors, TGF-,B1 and TGF-Pigh3, with known growth
inhibitory activities (Cayrol and Flemington, 1995). Two
experiments suggest that although these factors elicit cell
growth inhibition in some milieux, they may not contribute
significantly to Zta-mediated growth arrest in HeLa cells.
First, in transient transfection experiments with the
pMARK-Zta plasmid, no growth arrest is observed in the
CD7/Zta- cell population, indicating that soluble factors
alone are not sufficient to elicit growth arrest (see Figure
6A). Second, cell dilution experiments with HeLa-Zta
cells indicate that growth arrest occurs equally well at
low and high cell densities (data not shown), indicating
that soluble factors are not likely to be essential for growth
arrest. It is possible, however, that these factors might
contribute to growth arrest in other cell systems. For
example, many Burkitt's lymphoma cell lines are known
to express functional TGF-P1 receptors (Renzo et al.,
1994). Finally, other investigators have demonstrated func-

tional interactions between Zta and other growth regulatory
factors [RAR (Sista et al., 1993) and NF-icB (Gutsch
et al., 1994)]. While some cell lines appear to be defective
for Zta-mediated GO/GI growth arrest pathways (U20S,
C33A and HaCAT), it is possible that these or other
pathways might elicit Zta-mediated growth arrest in still
other cell systems.

In conclusion, our results provide additional support for
the idea that Zta is a multifunctional protein that is
involved not only in activating viral transcription and
replication, but also in altering host cell regulatory path-
ways. Further investigations into the Zta-mediated cell
cycle alterations should not only lead to a better under-
standing of the virus-host relationship but should also
reveal additional insights into cell cycle control
mechanisms.

Materials and methods
Cell lines
The stable cell lines HeLa-HtTA and HeLa-Zta (Cayrol and Flemington,
1995) were maintained in Dulbecco's modified Eagle's medium (DMEM;
Cellgro) supplemented with 10% fetal bovine serum (FBS; GIBCO) and
tetracycline (1 ,ug/ml, unless specified; Sigma) in a 5% CO2 environment.
For growth curve assays, HeLa-HtTA and HeLa-Zta cells were seeded
at a density of 1.5 X lO per 60 mm diameter plate in the presence or
absence of tetracycline. At the indicated time, cells were trypsinized,
stained with trypan blue and counted with a hemocytometer. The
percentage of living cells, determined by trypan blue exclusion, was
similar for HeLa-Zta or HeLa-HtTA cells cultured in the presence or
absence of tetracycline. The experiment was performed twice with
identical results. AdAH [adenoid epithelial cells derived from the human
nasopharynx (Takimoto et al., 1984)], NPC-KT [generous gift from
Takeshi Sairenji; hybrid cell line derived from the fusion of AdAH cells
and EBV genome-positive NPC epithelial explant culture cells (Takimoto
et al., 1984)], FaDu (head and neck squamous cell carcinoma), D98
(human carcinoma cell line, HeLa variant), C33A (human cervical
carcinoma), HaCAT (human keratinocyte cell line) and U2-OS (human
osteosarcoma cell line), were grown in DMEM (Cellgro) supplemented
with 10% FBS (GIBCO).

Plasmids and constructions
pMARK vector-encoding cell surface marker CD7 was a generous gift
from Seth Alper. The Zta gene was subcloned into pMARK downstream
from the SV40 promoter, by using XbaI and SmaI restriction sites. The
Zta expression vector used in transient transfection assays for DNA
synthesis analysis (BrdU experiment) was derived from the previously
described Zta expression vector (Flemington et al., 1994) containing the
SV40 early promoter and enhancer upstream from the genomic BZLFJ
gene, with an in-frame hemagglutinin (HA)-tag sequence. The HPV- 16
E6 expression plasmid (1221) and the corresponding control vector
(1213) were obtained from Peter Howley, Harvard Medical School,
Boston. The Rous sarcoma virus (RSV)-E7 plasmids (wild-type and
mutant) which carry the HPV E7 gene driven by the RSV long terminal
repeat were provided by William Sellers, Dana-Farber Cancer Institute,
Boston. For the E7 mutant, the amino acids 21-24 contained within the
pRb binding motif were deleted. The pCMV-mdm2 expression plasmid
was a generous gift from Arnold Levine, Princeton. The vector carrying
large T antigen and the corresponding control vector were provided by
James DeCaprio, Dana-Farber Cancer Institute, Boston.

Western blot analysis
Cellular lysates were subjected to SDS-PAGE on 8-15% polyacrylamide
gels. Proteins were electrotransferred for I h at 0.8 mA/cm2 (Multiphor
II, LKB Pharmacia) onto nitrocellulose membrane (Bioblot-NC; Costar).
The blots were blocked for 30 min in Tris-buffered saline (TBS) containing
5% milk powder and 1% FBS, incubated in this blocking buffer with the
primary antibody overnight at 4°C and washed four times for 15 min in
TBS buffer containing 0.5% (v/v) Tween-20 (TBST). The blots were then
incubated with the secondary sheep anti-mouse horseradish peroxidase-
conjugated antibody (dilution 1/2000; Amersham) in blocking buffer, for
3 h at room temperature before being washed four times for 15 min in
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TBST buffer. Proteins were detected using an enhanced chemilumines-
cence detection system (ECL, Amersham), according to the manufacturer's
recommendations, and filters were exposed to Kodak XR film. For the Zta
time course experiment, mouse purified 12CA5F monoclonal antibody
(mAb) against the HA epitope (BAbCO) was used at a concentration of
I mg/ml. The purified mouse mAbs against p21 (187), p27 (C- 19) and p53
(DO-1) (0.1 ,ug/ml), were purchased from Santa-Cruz Biotech. For the
pRb Western blot experiment, we used purified mAb G3-245 (0.5 jg/ml)
from PharMingen.

Cell cycle analysis by flow cytometry
For cell cycle analysis of HeLa-HtTA and HeLa-Zta cells, IX 106 cells
were collected, washed in phosphate-buffered-saline (PBS), fixed with
70% cold ethanol for at least 30 min, washed with PBS, treated for 30
min at 37°C with RNase A (0.1 mg/ml) and stained with propidium
iodide (69 mM) (Sigma) in 38 mM Na citrate. Cell cycle analysis was
carried out with a fluorescence-activated cell sorter (FACScan; Beckton-
Dickinson). Analysis were performed three times on 40 000 cells with
similar results. The effects of Zta on cell cycle distribution in different
cell lines were determined as previously described (Polyak et al., 1994a)
with modifications. Briefly, cells were co-transfected with 5 jig of
pMARK-Zta plasmid and with 25 jig of pGL2Basic (Promega) carrier
plasmid, using a standard calcium phosphate precipitation method (Qin
et al., 1992). Control experiments were performed using 5 gg of pMARK
plasmid encoding only CD7 marker and 25 jig of pGL2Basic carrier
plasmid. Three days after transfection, cells were collected, washed in
PBS and incubated with a fluorescein isothiocyanate (FITC)-conjugated
CD7 mAb (3AI, diluted 1/10; Sigma) for 1 h on ice. Cells were washed
prior to propidium iodide DNA staining as described above, and analyzed
by FACS for both DNA content and CD7 staining. The same procedure
was adopted for cell cycle analysis after co-transfection of pMARK-Zta
plasmid and the HPV E7 (control, wild-type and mutant) expression
plasmid.

Analysis of DNA synthesis by bromodeoxyuridine staining
Subconfluent cells were co-transfected with 5 jg of an SV40 promoter/
enhancer-driven HA-tagged Zta expression plasmid and 25 jg of
pGL2Basic carrier plasmid, using a standard calcium phosphate precipit-
ation method (Qin et al., 1992). Three days after the transfection, cells
were labeled for 90 min with 10 mM BrdU (Sigma), washed with PBS,
fixed for 15 min with 3.7% formaldehyde in PBS, treated with NH4CI
(50 mM in PBS), permeabilized for 13 min with 0.1% Triton X-I00 and
stained with anti-HA mAb (I 2CA5F, 1 jg/ml) for 1 h, followed
by incubation for 45 min with Texas red-labeled sheep anti-mouse
immunoglobulin (Amersham). Cells were fixed again with formaldehyde/
NH4CI, denatured in 2 M HCI for 1 h at 37°C and incubated with 0.1 M
sodium tetraborate, pH 8.5 for 5 min. Cells were then stained with a
purified FITC-conjugated polyclonal rabbit antibody against BrdU (dilu-
tion 1/4; Beckton-Dickinson), washed in PBS and mounted on glass
slides with Mowiol.

Immunofluorescence microscopy
For analysis of Zta expression, indirect immunofluorescence was per-
formed on HeLa-Zta cells cultured with different concentrations of
tetracycline (0.000001-1 jg/ml). Cells, grown on cover slips, were fixed
for 15 min with formaldehyde (3.7% in PBS), neutralized with NH4CI
(50 mM in PBS, 10 min), permeabilized with Triton X-100 (0.01% in
PBS), blocked with FBS (20% in PBS, 15 min) and incubated with the
anti-HA monoclonal antibody 12CASF (12.5 jg/mI, 1 h), followed by
incubation with fluorescein-linked sheep anti-mouse immunoglobulin G
(Amersham). Slides were mounted with Mowiol and cells were visualized
under a fluorescence microscope (Zeiss). The photographs were taken
using a Nikon microflex and Kodak T Max 400 film.

Northern blot analysis
Northern blot experiments were carried out as previously described
(Cayrol and Flemington, 1995). Briefly, total RNAs or poly(A)+ RNAs
from HeLa-HtTA and HeLa-Zta cells grown in the presence or absence
of tetracycline were isolated by acid guanidine isothiocyanate-phenol-
chloroform extraction (Coffman et al., 1989). Poly(A)+ RNAs were
prepared by passage over an oligo(dT)-cellulose column (Collaborative
Research). RNAs [3 jg of poly(A)+ RNAs or 20 jg of total RNAs]
were denatured, fractionated by electrophoresis through 1% agarose-
formaldehyde gels and transferred to nylon membranes (Hybond-N;
Amersham). RNAs were cross-linked to the membranes by UV irradi-
ation. Blots were pre-hybridized for 2 h and hybridized with the
corresponding probes overnight at 42°C in 50% formamide, 6X SSC,

0.5% SDS, 5x Denhardt's solution, 10 mM EDTA (pH 8) and 100 jg
of salmon sperm DNA per ml. Blots were washed with 2x SSC, 0.5%
SDS at room temperature for 2 min, then with 2x SSC, 0.1% SDS for
15 min and with 0.2x SSC, 0.5% SDS for 2 h at 55°C. Blots were
exposed to autoradiography film (X-Omat; Kodak) at -70°C for 1-3
days. Probes were 32P-labeled by random priming (GIBCO BRL).
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