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The tumor promoter 12-O-tetradecanoyl-phorbol-13-acetate (TPA) is a potent
inducer of Epstein-Barr virus (EBV) gene expression. The optimal conditions for
maximum activation of latent EBV genomes by TPA were determined. Although
TPA is able to induce replication of EBV genomes in P3HR-1 cells in all phases of
growth, the greatest increase in viral genome copies per cell (15-fold above the
control level) occurred in nonproliferating cells as opposed to cells growing
exponentially (6-fold above the control level). The synthesis of chromosomal
proteins in nonproliferating cells under the conditions that induce maximum
activation of latent virus genomes by TPA was studied. Selective stimulation in
chromosomal protein synthesis accompanied the increase in EBV genomes in
P3HR-1 cells despite an overall reduction in total cellular protein synthesis.
Comparison of the chromosomal proteins from TPA-induced P3HR-1 cells and
from superinfected Raji cells revealed comigrating chromosomal polypeptides of
145K, 140K, 135K, 110K, 85K, and 55K that are presumably EBV associated.
The selective stimulation of synthesis of these chromosomal proteins in TPA-
treated P3HR-1 cells was closely associated with the activation of latent EBV
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genomes.

Human lymphoblastoid cell lines carrying la-
tent Epstein-Barr virus (EBV) genomes vary
widely in the expression of virus antigens and in
the production of infectious virus particles. In
nonproducer lines, cells do not spontaneously
enter the viral cycle; they carry multiple copies
of the EBV genome (21) and express nuclear
antigen (22), but no other known viral antigens
have been detected.

An abortive viral cycle can be induced in
some nonproducer lines by the halogenated py-
rimidines (6), by n-butyrate (18), and by tumor
promoters (15-17, 24). In virus producer lines, a
small proportion of the cells are continuously
activated to enter the lytic cycle (8). Virus
activation in producer cells (P3HR-1) after treat-
ment with 12-O-tetradecanoyl-phorbol-13-ace-
tate (TPA) results in a dramatic increase in EBV
DNA replication (15-17) paralleling the appear-
ance of viral antigen synthesis (15), whereas
comparable treatment of nonproducer cells
(Raji) results in synthesis of only early antigen
s, 24).

EBYV, like other herpesviruses, may cause a
latent or productive infection; in addition, latent
virus may be reactivated. The molecular and
cellular control mechanisms for these processes
are almost totally unknown. The present studies

use TPA induction as a model for studying
molecular mechanisms of EBV latency and reac-
tivation. We have shown (14) that activation of
latent EBV DNA replication in a Burkitt somatic
cell hybrid line (D98/HR-1) by iododeoxyuridine
is associated with the selective stimulation of
synthesis of several chromatin-bound proteins.
Polypeptides that are in some way involved in
DNA replication or control of gene expression
are likely to be chromatin associated. We estab-
lish here optimized conditions for TPA induction
that provide maximum activation of latent EBV
genomes and allow selective labeling of virus-
associated polypeptides with at the same time
marked suppression of cellular protein synthe-
sis. Under these circumstances we have been
able to identify directly without immunoprecipi-
tation several EBV-associated chromosomal
proteins that appear to be linked to the activa-
tion of latent EBV genomes.

MATERIALS AND METHODS

Chemicals. [**S]methionine (755 Ci/mmol) was ob-
tained from Amersham Corp., Arlington Heights, IlI.
TPA (lot 48C-0039) was from Sigma Chemical Co., St.
Louis, Mo.

Cell cultures. The virus producer (P3HR-1) cells
were grown in tissue culture flasks in RPMI-1640
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medium as described elsewhere (15). A steady-state
mode of growth was established as follows. Cells were
seeded at a density of 4 x 10° to 6 x 10° cells per ml
and were counted daily until they reached a density of
2 x 10° cells per ml. During this interval the cells are
growing in a strict exponential fashion. Density-inhib-
ited cultures were obtained by growing the cells for 6
days without additional medium. During this period,
the cells enter a quiescent stationary phase of growth.
Cell viability was determined by the trypan blue
exclusion method.

Assay of viral DNA replication and antigen synthesis
in TPA-treated cells. For analysis of viral antigen
synthesis, both exponentially growing and density-
inhibited cultures were harvested by centrifugation
and incubated in fresh medium containing TPA (30 ng/
ml) (15). Samples of cells were taken daily and assayed
for viral antigen induction by an indirect immunofluo-
rescence method (7). For determination of virus
genome replication, samples of P3HR-1 cells at differ-
ent growth phases were taken and incubated in fresh
medium containing TPA for 7 days. At the end of TPA
induction DNA was isolated, and EBV genome copies
per cell were determined as described elsewhere (15,
16).

Protein synthesis in P3HR-1 cells. Samples of cells at
different growth phases were taken and labeled with
[>*SImethionine (10 wCi/mli) for 18 h. Acid-precipitable
radioactivity was determined (14).

Incorporation of [**S]methionine into total cellular
and chromosomal proteins. Stationary-phase P3HR-1
cells (6-day-old culture) were incubated in fresh medi-
um with or without TPA, and protein synthesis was
determined daily by pulse-labeling as described above.
Incorporation of [>*S]methionine into total cellular and
chromosomal proteins was determined as previously
reported (14).

Electrophoretic analysis of chromosomal protein syn-
thesized in TPA-induced cells. The [**SImethionine-
labeled chromosomal proteins were analyzed on slab
gels by the method of Laemmli (12). The proteins were
treated with sample buffer, and samples of 50 ul
containing 60 pg of protein with various amounts of
radioactivity were electrophoresed at 25 mA per slab
for 8 h. Radiolabeled proteins in the gels were detected
by fluorography (2).

RESULTS

Protein synthesis in P3HR-1 cells in different
phases of growth. Formerly we were unable to
detect virus-induced polypeptides associated
with viral antigen synthesis and EBV genome
replication in exponentially growing cells ex-
posed to TPA, probably because of the masking
effect of high rates of cellular protein synthesis
in exponentially growing cells. Thus, we decided
to attempt to radiolabel the virus-associated
polypeptides induced by TPA when cellular pro-
tein synthesis is suppressed. As the first step,
we determined the time point when synthesis of
cellular proteins is at its minimal rate.

P3HR-1 cells were subcultured at 3-day inter-
vals. The synthesis of total cellular proteins was
determined daily for 9 days after subculture. The
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FIG. 1. Protein synthesis in P3HR-1 cells at differ-
ent growth phases. Samples of cells were pulse-labeled
with [**S]methionine for 18 h at daily intervals after
subculture, and acid-precipitable counts per minute
per 100 pg of protein were determined.

rate of protein synthesis paralleled the rate of
cell multiplication (17) and reached a peak on
day 3 (Fig. 1). As the cells reached a stationary
phase of growth (after day 4) there was a rapid
decrease in protein synthesis, which leveled off
at a low rate after 6 days in culture. The rate of
total cellular protein synthesis of 6-day-old cul-
tures (stationary-phase cells) was only about
40% of that of the exponentially growing cells (3-
day culture). The viability of 6-day-old cultures
was maintained at 90%. Therefore, 6-day-old
cultures were used for the subsequent TPA
induction experiments.

Effect of growth phase on the induction of viral
antigen synthesis by TPA. We then determined
whether cells in the stationary phase (analogous
to the G, stage) and actively cycling cells are
equally susceptible to TPA induction. The
P3HR-1 cell line is a spontaneous producer;
under our experimental conditions the spontane-
ous expression of early antigen (EA) and viral
capsid antigen (VCA) fluctuated around 5 to
10% (data not shown). The kinetics of EA and
VCA synthesis in P3HR-1 cells in response to
TPA induction was indistinguishable between
stationary-phase and exponentially growing
cells (Fig. 2). However, the intensity of immuno-
fluorescent staining in stationary-phase cells ap-
peared to be stronger than in exponentially
growing cells. By 5 days approximately 95% of
cells became EA and VCA positive in both
cases. These results indicate that stationary-
phase cells may be more responsive to TPA
induction, but the limitation of the immunofiuo-
rescence assay did not permit precise quantita-
tion.
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FIG. 2. Effect of growth phase on the induction of
EA/VCA in TPA-treated P3HR-1 cells. Both exponen-
tially growing and stationary cells were harvested and
incubated in fresh TPA medium. Samples of cells were
taken daily and assayed for the percentage of viral
antigen-positive cells. Symbols: (O) exponentially
growing cells exposed to TPA; (@) stationary-phase
cells exposed to TPA.

Effect of growth phase on the induction of EBV
genomes by TPA. To determine the effect of
different growth phases on TPA induction in
P3HR-1 cells, we employed a more sensitive
quantitative method, cRNA-DNA hybridiza-
tion. Figure 3 illustrates the effect of growth
phase on the magnitude of induction of EBV
genomes by TPA. As the time of TPA addition
(indicated by arrows) was progressively post-
poned, there was an increasing inductive effect.
Although TPA was able to induce EBV genome
replication at all phases of growth, the most
dramatic increase occurred on day 6 (approxi-
mately 15-fold above the control level) and re-
mained at this level thereafter when cells
reached the stationary phase, as opposed to only
a 6-fold increase in exponentially growing cells.
The EBV genome copies per cell in nontreated
cultures fluctuated around 250 copies (Fig. 3).

Protein synthesis in stationary-phase P3HR-1
cells exposed to TPA. The results in Fig. 3 clearly
indicate that stationary-phase cells were approx-
imately two to three times more responsive to
TPA induction. To study the kinetics of protein
synthesis, stationary-phase P3HR-1 cells (6-day-
old cultures) were incubated in fresh medium
with or without TPA, and protein synthesis was
determined daily. The incorporation of
[>*S]methionine into total cellular proteins in
nontreated cells increased sharply within 1 day
after subculture, reaching a peak on day 2, and
then decreased very rapidly after day 3 (Fig.
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4A). The synthesis of total cellular proteins in
TPA-treated cells also increased within 1 day,
reaching a peak on day 2, and then decreased
very rapidly after day 4 (Fig. 4A). However, the
magnitude of synthesis in TPA-treated cells re-
mained 30 to 50% lower than in nontreated cells.

The incorporation of [**S]methionine into
chromosomal proteins was determined in sam-
ples of cells from the above experiments (Fig.
4A). Chromatin was isolated, and chromosomal
proteins were dissociated and separated from
DNA as detailed earlier (13, 14). Figure 4B
shows that the synthesis of chromosomal pro-
teins in the nontreated cells followed kinetics
similar to those of the synthesis of total cellular
proteins. However, synthesis leveled off after
day 3 in culture. Synthesis of chromosomal
proteins in TPA-treated cells increased very
rapidly on day 1 with a slight lag on day 2. In
contrast to the rapid decrease in total cellular
protein synthesis after day 3 (Fig. 4A), the
synthesis of chromosomal proteins kept increas-
ing and reached a peak on day 5 (Fig. 4B). These
results indicate that the synthesis of chromo-
somal proteins was selectively stimulated in
TPA-treated cells.

Electrophoretic analysis of chromosomal pro-
teins synthesized in stationary-phase P3HR-1 cells
exposed to TPA. To characterize the selectively
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FIG. 3. Effect of growth phase on the induction of
EBYV genome replication in TPA-treated P3HR-1 cells.
Exponentially growing cells were seeded at a density
of 6 x 10° cells per ml. At different phases of growth
(indicated by arrows), samples of viable cells were
harvested and incubated in fresh medium containing
TPA for 7 days. At the end of TPA induction, DNA
was isolated, and EBV genome copies per cell were
determined by cRNA-DNA hybridization. Symbols:
(@) growth curve of P3HR-1 cells in culture; (O) EBV
genome copies per cell; the hatched horizontal bar
represents the range of EBV genome copies per cell in
nontreated cells during experimental period.
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FIG. 4. Protein synthesis in stationary-phase
P3HR-1 cells exposed to TPA. Stationary-phase
P3HR-1 cells (6-day-old culture) were incubated in
fresh medium with or without TPA, and protein syn-
thesis was determined daily as in Fig. 1. A, Total
cellular protein; B, chromosomal protein synthesis.
Symbols: (O) TPA-treated cells; (@) nontreated cells;
bars indicate standard errors.
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synthesized chromosomal proteins, stationary-
phase P3HR-1 cells (6-day-old cultures) were
pelleted and suspended in fresh medium with or
without TPA. Samples of cells were taken on
days 0, 3, 4, and S and were labeled for 18 h with
[>’S]methionine. The labeled chromosomal pro-
teins were isolated and analyzed on SDS-poly-
acrylamide gels. Figure 5 shows the results of a
fluorogram made by exposing an electrophero-
gram of S-labeled chromosomal proteins.
There was a significant difference in protein
banding patterns before (gel 0) and after (gels 3
to 5) TPA induction. At least six distinct chro-
mosomal proteins of 145K, 140K, 135K, 110K,
85K, and 55K were selectively induced into
synthesis in TPA-treated cells. The quantities of
these six newly synthesized chromosomal pro-
teins increased in cells with the time of TPA
exposure, and their appearance paralleled the
increase in EBV genome numbers (15). These
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six chromosomal proteins were either synthe-
sized at very low levels or undetectable before
TPA treatment (gel 0). In addition, the chromo-
somal protein around S0K was greatly enhanced
and formed a diffuse band after TPA exposure.
The synthesis of the bulk of cellular proteins was
inhibited under these induction conditions.

To correlate these TPA-induced chromosomal
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FIG. 5. Time course of appearance of TPA-in-
duced chromosomal proteins synthesized in stationary
P3HR-1 cells. Cells were pulse-labeled with [>**SIme-
thionine, and chromosomal proteins were analyzed
with 7.5% gel as described in the text. TPA, TPA-
treated P3HR-1 cells; the numerical numbers, 0, 3, 4,
and 5 are days of TPA treatments; S and M, superin-
fected and mock-infected Raji cells, respectively.



VoL. 45, 1983

proteins with EBV-associated polypeptides,
chromosomal proteins isolated from superinfect-
ed and mock-infected Raji cells were analyzed in
adjacent slots of the same gel (designated as S
and M). It appears that the major polypeptides
145K, 140K, 135K, 110K, 85K, and 55K (indi-
cated by arrowheads), consistently detected and
identified previously as probable EBV-specific
polypeptides (4), are chromatin-bound proteins.

The new chromosomal proteins synthesized in
TPA-treated P3HR-1 cells could result from
artifactual conditions created by TPA. To test
this possibility, an EBV genome-negative cell
line, BJAB, was similarly exposed to TPA, and
chromosomal proteins were assayed by the
same method. Identical chromosomal protein
banding patterns were observed before and after
TPA treatment; they did not exhibit the same
polypeptides found in TPA-treated P3HR-1 cells
(data not shown).

DISCUSSION

We have developed here an optimized system
which provides maximum induction by TPA of
EBV DNA replication and allows selective la-
beling of polypeptides, probably chiefly virus
associated, under the conditions in which gener-
al cellular protein synthesis is suppressed. The
system involves using stationary-phase cells (6-
day-old cultures) which are arrested at the G, to
Gy phase of the cell cycle. Upon exposure of
these growth-arrested cells to fresh medium
containing TPA, viral functions are greatly acti-
vated, whereas the cellular functions are pre-
sumably inhibited. Under these circumstances,
virus-associated chromosomal proteins are se-
lectively labeled with radiolabeled amino acids
and can be detected directly by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis.

We show here that the magnitude of activation
of latent EBV genome by TPA depends upon the
physiological state of the cells when they are
exposed to the drug. As the time of TPA addi-
tion was progressively postponed, there was an
increasing inductive effect. Although TPA was
able to induce EBV genome replication in all
phases of growth, the most dramatic increase
(15-fold above the control level) occurred in
quiescent stationary-phase cells (a state analo-
gous to Gy) as opposed to cells that were grow-
ing exponentially (6-fold above the control lev-
el). We have also found that treatment of
stationary-phase P3HR-1 cells with TPA results
in approximately a threefold further increase in
biologically active virus (determined by superin-
fection of Raji cells) as compared with virus
from exponentially growing cells exposed to
TPA (unpublished data). These findings are in
contrast to the induction by halogenated pyrimi-
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dines in which the S phase is a critical period for
activation of latent EBV genomes (6). The
mechanisms underlying the enhancement of ac-
tivation of latent EBV genomes in nonprolifera-
tive cells are not understood. However, these
results suggest that the increase in inductive
effect is linked to intracellular events that vary
as the cells pass through an actively cycling to a
resting phase. Decreased proliferation of these
cells is normally accompanied by a stepdown in
cellular protein (Fig. 1) and DNA synthesis

‘(unpublished data). Recently we reported (17)

that TPA is a potent antiproliferative agent for
the lymphoblastoid cells carrying EBV ge-
nomes; the TPA-treated cells were arrested at
the G; to Gy phase of the cell cycle. When cell
mechanisms are inhibited, the endogenous viral
functions may take over and proceed from laten-
cy into a replicative cycle. The possible explana-
tion for this control mechanism is substantiated
by the finding that the K,, of EBV DNA poly-
merase for dTTP is sixfold less than that of host
DNA polymerase (3), indicating that virus DNA
polymerase can utilize substrates more efficient-
ly to replicate DNA under stringent nonprolifer-
ative physiological conditions.

Increases in chromosomal protein synthesis
(Fig. 4B) accompany an overall reduction in
total cellular protein synthesis (Fig. 4A). This
evident dichotomy between the incorporation of
[**SImethionine into total cellular proteins and
into chromosomal proteins after TPA induction
indicates a selective induction of synthesis of
chromatin-bound proteins and rules out the pos-
sibility that these changes were simply due to an
increased uptake of amino acids in TPA-treated
cells. A selective increase in chromosomal pro-
tein synthesis has been reported previously in
iododeoxyuridine-induced Burkitt somatic hy-
brid cells containing latent EBV genomes (14).

Analysis of chromosomal proteins synthe-
sized in TPA-induced P3HR-1 cells revealed that
six distinct polypeptides of 145K, 140K, 135K,
110K, 85K, and 55K were selectively induced;
the kinetics of their appearance paralleled the
increase in EBV genome copies per cell (15).
The synthesis of these new chromosomal pro-
teins is EBV associated rather than a result of
artifacts created by TPA, because (i) these poly-
peptides are not synthesized in an EBV-genome-
negative cell line (BJAB) similarly exposed to
TPA, and (ii) the same polypeptides appears to
be found in superinfected Raji cells (Fig. 5). It
should be noted that three EBV-associated chro-
mosomal proteins (95K, 110K, and 130K) in the
same molecular weight range were detected in
iododeoxyuridine-induced Burkitt somatic hy-
brid cells (D98/HR-1) (14). Whether these iodo-
deoxyuridine-induced chromosomal proteins in
D98/HR-1 cells represent a subset of TPA-in-
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duced chromosomal proteins in P3HR-1 cells
remains to be determined.

In previous reports with TPA induction expo-
nentially growing cells were used (9, 15, 16, 24).
Since cellular protein synthesis continues in
exponentially growing cells throughout induc-
tion, immunoprecipitation was needed to identi-
fy virus-specific proteins (19, 20, 23). The pat-
terns of precipitated polypeptides varied with
sera of different sources and titer (1, 11; our
unpublished data). The advantage of TPA induc-
tion with nonproliferative cells is the marked
reduction in cellular protein synthesis which
makes possible the direct detection of TPA-
induced chromosomal proteins associated with
the activation of latent EBV genomes. We em-
phasize that these induced proteins merely ac-
company activation; we do not ascribe a cause
or effect relation with either transcription or
replication in the present evidence.

Recently several attempts were made to iden-
tify the EA complex (5, 10, 11, 20). These
reports involved using mixtures of EA/VCA-
positive antisera to immunoprecipitate the pre-
sumptive early polypeptides associated with vi-
ral infection or chemical induction. Since
immunoreagents monospecific for EA are not
available, the results reported by these authors
varied. EA synthesis in nonproliferating Raji
cells activated by TPA increased 300-fold (from
0.1% to 30% EA-positive cells), in contrast to a
100-fold increase (from 0.1% to 10%) in expo-
nentially growing cells (unpublished data). The
optimized conditions described in this report
should offer an alternative approach to charac-
terize and compare the components of the EA
complex with those of previous reports.

These results indicate that TPA induction can
provide as efficient a system as superinfected
Raji cells for radiolabeling EBV-associated pro-
teins. The results, taken together, indicate that
TPA-induced chromosomal proteins in P3HR-1
cells may well be inherently associated with the
activation of latent viral genomes. Studies are in
progress to define these EBV-associated chro-
mosomal proteins further in relation to their
possible linkage to regulation of expression of
latent EBV genomes.
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