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Abstract
Two p53-null T lymphoma cell lines proved to be highly
sensitive to inhibition of gene expression. With either
actinomycin D or cycloheximide, apoptosis commenced
within 2 h, as indicated by loss of membrane integrity,
degradation of certain proteins (including the phosphatase
calcineurin) and DNA fragmentation. These effects were
ablated by co-expression of Bcl-2 or co-incubation with the
caspase inhibitor Z-VAD-fmk. These results suggest that the
apoptotic machinery is in place in these cells but held in check
by an unknownlabile protein, which probablyactsupstreamof
Bcl-2. Although cycloheximide can activate the JNK or p38
MAP kinases in some cells, neither was implicated here.
However, disruption of phosphoinositide 3-kinase signaling
may be involved, because the cells were also sensitive to
wortmannin. The high sensitivity of the p53-null lymphoma
cells to inhibitors of gene expression suggests that such
inhibitors might prove useful in the cytotoxic therapy of
certain tumors.
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Introduction

The relationship of new gene expression to programmed cell
death is complex. The basic machinery for apoptosis, which
relies upon activation of the special set of cysteine proteases
termed caspases1 seems to be in place in almost all cell
types.2 Less is understood, however, about the regulatory
apparatus that controls this machinery. The Bcl-2 family of
cytoplasmic proteins is known to have a major supervisory
role, but how death signals impinge on this family, or override
its influence, is less clear.3 The role of new gene expression in
apoptosis differs dramatically in various cell types. In some
cells, particularly thymocytes, the death elicited by certain
cytotoxic stimuli, including treatment with glucocorticoids4 or
activation of the T-cell receptor,5 can be largely blocked by
inhibitors of RNA synthesis, such as actinomycin D, or of
protein synthesis, such as cycloheximide. In marked contrast,
such inhibitors actually augment or even trigger cell death in

certain other cells, including several types of transformed cell
lines.6 ± 8 Hence, in certain cell types, maintenance of cell
survival seems to require continual production of labile
proteins that are as yet unidentified.

In cells with damaged DNA, the p53 tumor suppressor
can be an important mediator of apoptosis. If p53 is wild-
type, DNA damage leads to stabilization and modification of
the protein, and the resulting increase in the level and
activity of this transcription factor alters the expression of
critical target genes.9,10 How p53 induces apoptosis is not
yet clear, but it can increase transcription of the bax
gene,11 which encodes a pro-apoptotic member of the Bcl-2
family, as well as a number of other genes with less well
understood roles.12

As the p53 gene is mutated, deleted or functionally
compromised in a large proportion of tumors, it is important
to learn how death is controlled in cells where p53 is not
functional. The death of T lymphoid cells has been widely
studied.4,5 Although the apoptosis of thymocytes following
DNA damage requires p53,13,14 that of activated T cells
and T lymphoma cells does not.15 Similarly, p53 is not
required for the cytotoxicity mediated by either glucocorti-
coids or activation through the T-cell receptor.5,14

Because transcription is required for the death of T cells
in response to several types of insult, we were surprised to
find that p53-null T lymphoma cells were rapidly killed by
inhibitors of gene expression. Their high sensitivity argues
that these lymphoma cells are primed for apoptosis but
protected by an unknown labile protein. The rapidity of the
response suggested that this labile protein might impact on
a signal transduction pathway. Therefore we have explored
whether the death might involve activation of stress-
activated kinases such as JNK or p38, which have often
been implicated in apoptosis,16,17 or interruption of the
phosphoinositide 3-kinase (PI3-kinase) pathway, which has
critical roles in cell survival.18,19 Whatever the mechanism,
the rapid cytotoxic response of certain tumor lines suggests
that inhibitors of gene expression might well prove of value
in the cytotoxic therapy of some malignancies.

Results

High sensitivity of p53-null lymphoma cells to
interference with gene expression

In the course of studying apoptosis in the KO52DA20 T cell
line,15 we noted that the cells were highly sensitive to
interference with gene expression. Within 2 h of treatment of
the cells in their normal culture medium with cycloheximide
(10 mg/ml), a quarter had become permeable to trypan blue
and exhibited the ladder of nucleosomal DNA fragments
characteristic of apoptosis, and almost all were dead by 3 h
(Figure 1, lanes 1 ± 4). In marked contrast, treatment of a
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derivative line expressing Bcl-2 resulted in no loss of
membrane integrity or DNA fragmentation (Figure 1, lanes 5
and 6). The cytotoxicity probably reflects interference with
gene expression, because actinomycin D (ActD) also
provoked substantial DNA degradation within 3 h (Figure 1,
lane 10). Equivalent results were seen with another p53-null
lymphoma cell line (KO52FA2), of independent origin15 (data
not shown). For comparison, treatment of the same lines with
g-irradiation or four cytotoxic drugs for 8 h killed only 10 ± 35%
of the cells.15 Thus, interference with the production of new
RNA or protein is a particularly potent stimulus of apoptosis in
these cells.

Cycloheximide induces protein degradation
inhibitable by Bcl-2

The rapidity of the response of the death machinery to
cycloheximide treatment might implicate a labile protein
kinase or phosphatase, particularly because cycloheximide
is known to trigger some signal transduction pathways (see
below). We therefore first explored whether cycloheximide
altered the level of any phosphotyrosine proteins, which
include many tyrosine kinases and their substrates, or that of
the serine-threonine phosphatase calcineurin, which has
been implicated in Ca2+-activated cell death20 and reported
to associate with Bcl-2.21 Blots of protein samples from
untreated cells and cells treated with cycloheximide for
various times were probed with antibodies to phosphotyr-
osine or to calcineurin. In untreated cells, the phosphotyrosine
antibody revealed a prominent polypeptide of approximately
60 kD (Figure 2A, lane 1) and often also one of 93 kD (see
below). The 60 kD polypeptide was rapidly affected by the
cycloheximide treatment; after 2 h, it was barely visible
(Figure 2A, lanes 3 ± 5). Similarly, the level of calcineurin
had fallen markedly after treatment for 2 h (Figure 2B, lane 3).

These changes did not reflect general proteolysis (or
unequal loading), because the level of the housekeeping
gene product Hsp70 was unaffected. All the changes,

however, could be prevented by Bcl-2. In the Bcl-2-
expressing lymphoma line KO52DA20/bcl-2, cycloheximide
did not alter the level of the phosphotyrosine protein (Figure
2A, lanes 6 and 7) or that of calcineurin (Figure 2B, lanes
6 ± 10). Hence, the losses of these proteins are likely to lie
downstream of processes controlled by Bcl-2, such as the
activation of caspases.

Z-VAD.fmk but not YVAD.cmk prevents both the
protein changes and the apoptosis induced by
cycloheximide

To investigate whether the effects evoked by cycloheximide
were mediated by caspases, we first tested whether they
could be prevented by the inhibitor Z-VAD.fmk, which
inactivates all the known caspases. Pretreatment of
KO52DA20 cells for 4 h with Z-VAD.fmk (50 mM) blocked
cycloheximide-mediated apoptosis, as assessed by trypan
blue exclusion and by internucleosomal cleavage of DNA
(Figure 3A, lanes 1 ± 3). Z-VAD.fmk also precluded the loss of
the 60- and 93-kD phosphotyrosine proteins (Figure 3B) and
of calcineurin (Figure 3C). Thus, all the changes observed
probably reflect degradation by caspases. Because lympho-
cytes are killed very effectively by engagement of the receptor
CD95 (Fas), we also tested the effect of YVAD.cmk, an
effective inhibitor of caspases such as caspase-8, which is
critical for apoptosis mediated by CD95.22,23 No protection
was provided by YVAD.cmk (data not shown). Hence it is
likely that cycloheximide-mediated apoptosis proceeds
mainly via caspases other than caspase-8, such as
caspase-9 and caspase-3, which constitute the major
pathway controlled by Bcl-2.3

Figure 1 DNA fragmentation induced by cycloheximide and actinomycin D is
inhibitable by Bcl-2. KO52DA20 cells in lanes1 ± 4 and 8 ± 10, and KO52DA20/
bcl-2 in lanes 5 ± 6, were treated with cycloheximide (Chx) or actinomycin D
(ActD) as indicated. Cell viability was determined by trypan blue exclusion,
and DNA released from nuclei was isolated for ladder analysis as described in
Material and Methods. Lane 7 shows DNA size markers

Figure 2 Loss of calcineurin and tyrosine-phosphorylated proteins induced
by cycloheximide. KO52DA20 or KO52DA20/bcl-2 cells were treated with
cycloheximide for the indicated periods, and lysates fractionated and blotted
(see Materials and Methods). The filters were probed with antibodies to
phophotyrosine (A) or to calcineurin (B). As a loading control, the blots were
probed with monoclonal Hsp70 antibody
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Activation of the JNK or p38 kinase pathways is
not implicated

Treatment of many cells with cycloheximide induces
activation of two stress-associated kinase modules: one
pathway includes Jun N-terminal kinase (JNK), also known
as stress-activated protein kinase (SAPK), which can then
phosphorylate c-Jun, and the other activates the p38 kinase,
which promotes jun transcription.16,17 In some but not all
systems, sustained activation of the JNK pathway is thought
to contribute to apoptosis.17 To assess whether these
pathways were implicated in the death of the p53-null
lymphoma cells, we first tested whether cycloheximide
treatment led to c-Jun phosphorylation, by Western blot
analysis with an antibody specific for phospho-Jun protein
(Figure 4). Control fibroblasts irradiated with UV exhibited the
expected 50-kD Jun polypeptide (Figure 4A, compare lanes 1
and 2). No such band appeared, however, on cycloheximide
treatment of KO52DA20 cells (Figure 4A, lanes 3 ± 5), and a
50-kD band appeared in KO52FA2 cells only after treatment
with cycloheximide for 2 h, subsequent to the onset of
apoptosis (Figure 4A, lanes 6 ± 8). These results suggest
that Jun phosphorylation is not required to trigger apoptosis in
these cells.

We also tested directly for the presence of activated p38
and JNK, using antibodies specific for the activated forms,

which are phosphorylated on specific T-X-Y sites.17 Figure
4B shows that UV-irradiated C-6 glioma cells yielded the
expected band of phospho-p38 kinase (lane 2), but no such
band appeared in cycloheximide-treated KO52DA20 cells
(lanes 3 ± 7). Although one did appear in KO52FA2 cells, it
was present even before the treatment and no increase
was evident (Figure 4B, lanes 8 and 9). Similarly, activated
JNK (p46 pJNK1 and p54 pJNK2) could be readily detected
in fibroblasts treated with UV (Figure 4C, lanes 1 and 2).
These bands did not appear in cycloheximide-treated
KO52DA20 cells (Figure 4C, lanes 3 ± 5), and both were
present in KO52FA2 cells at a comparable level before and
after the treatment (lanes 6 ± 8). The differences between
the two cell lines presumably reflect different oncogenic
changes during the evolution of the lines. In any case,
these results suggest that neither the p38 kinase nor the
JNK pathway is required to trigger apoptosis in these cells.

Potential involvement of the PI3-kinase pathway

PI3-kinase is strongly implicated in signal transduction
pathways that control cell survival.18,19 To assess whether
PI3-kinase signaling might be important in the T lymphoma
cells, we treated the cells for 3 h with the specific PI3-kinase
inhibitor wortmannin. Figure 5 shows that KO52DA20 but not
KO52DA20/bcl-2 cells were killed by this inhibitor as
effectively as by cycloheximide. Hence it is possible that
cycloheximide induces apoptosis in these cells by blocking
synthesis of a labile protein that influences the PI3-kinase
pathway. Alternatively, the PI3-kinase pathway might induce

Figure 3 Caspase inhibitor blocks cycloheximide-induced DNA fragmenta-
tion and the degradation of calcineurin and tyrosine-phosphorylated proteins.
KO52DA20 cells were untreated (lane 1), treated with cycloheximide alone
(lane 2) or in combination with Z-VAD.fmk, which was added 4 h previously
(lane 3). (A) DNA fragmentation assay (as described for Figure 1). (B) Western
blot with anti-phosphotyrosine antibody. (C) Western blot with anti-calcineurin
antibody

Figure 4 JNK and p38 kinases are not activated by treatment with
cycloheximide. Cells were treated with Chx as indicated, and proteins
detected by Western blotting with specific antibodies. (A) Detection of
phospho c-Jun. Control NIH3T3 cells untreated or UV-treated (lanes 1 and 2,
respectively); KO52DA20 cells (lanes 3 ± 5); KO52FA2 cells (lanes 6 ± 8). (B)
Detection of phospho-p38 kinase. C-6 glioma cells untreated or treated with
anisomycin (lanes 1 and 2, respectively); KO52DA20 cells (lanes 3 ± 7);
KO52FA2 cells (lanes 8 and 9). (C) Detection of phospho-JNK. NIH3T3 cells
untreated or UV-treated (lanes 1 and 2, respectively); KO52DA20 cells (lanes
3 ± 5); KO52FA2 cells (lanes 6 ± 8)
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expression of a labile protein needed for cell survival (see
below).

Discussion

We have shown here that lymphoma cell lines derived from
p53-null mice15 are remarkably sensitive to inhibition of gene
expression. On treatment with either cycloheximide or
actinomycin D, cells began to die within an hour and most
were dead within a few hours. This response is unusually
rapid, because substantial killing of the same cells by g-
irradiation or various potent cytotoxic drugs typically required
8 ± 24 h.15 Nevertheless, like the death induced by all those
stimuli, the death induced by interference with new gene
expression has the hallmarks of apoptosis and can be ablated
by Bcl-2 or by the broad spectrum caspase inhibitor Z-
VAD.fmk.

The cycloheximide-treated cells exhibited proteolysis of
both phosphotyrosine proteins and the Ca2+/calmodulin-
dependent protein phosphatase calcineurin (Figure 2 and
3B,C). Loss of these proteins is not likely to be involved in
the initiation of the apoptotic process, because it did not
clearly precede the appearance of DNA fragmentation.
Indeed, their disappearance must instead follow caspase
activation, because it was blocked by the caspase inhibitor
Z-VAD.fmk, as well as by Bcl-2. Nevertheless, loss of these
proteins could contribute to the execution stage of
apoptosis. Although the identity of the 60- and 93-kD
phosphotyrosine proteins (Figure 3B) is unknown, the
former has a size similar to Src family tyrosine kinases.

The degradation of calcineurin could also be relevant to the
ultimate demise of the cell, because calcineurin regulates
intracellular Ca2+ signaling and signal transduction.24 Its
catalytic domain has a potential caspase-3 cleavage site
(DYVD121) similar to the consensus DEAD.25 Although a
dozen protein kinases are known caspase targets,26

calcineurin is, to our knowledge, the first protein
phophatase shown to be degraded during apoptosis,
adding to the evidence that alterations in signal transduc-
tion contribute to programmed cell death.

The results presented here suggest that the apoptotic
machinery is in place in these lymphoma cells but held in a
latent form by a labile protein that promotes cell survival.
Moreover, the pro-apoptotic effects of actinomycin D
indicate that this protein is likely to be encoded by a
short-lived mRNA. The ability of Bcl-2 to ablate the
cycloheximide-induced changes suggests that the labile
protein acts upstream of Bcl-2. Although there are as yet
few clues to the nature of this protein, it might, for example,
be a labile kinase or phosphatase that regulates the activity
of members of the Bcl-2 family, because the activity of
several family members is known to be influenced by
phosphorylation.3 When cycloheximide prevents new
synthesis of the putative labile protein, the death
machinery would then be activated, unless countermanded
by the over-expression of Bcl-2.

In several cell types, protein synthesis inhibitors such as
anisomycin or cycloheximide provoke sustained activation
of the JNK/SAPK and p38 kinase pathways.16,17 With other
types of stress, their activation is transient, apparently
because the activity of the kinases is soon reduced by
concomitantly induced dual-specificity phosphatases, such
as MKP1.27,28 By preventing synthesis of these labile
phosphatases, the protein synthesis inhibitors might sustain
the kinase activity, and that can lead to apoptosis in certain
systems.17 With the p53-null lymphoid lines, however, we
found no convincing evidence implicating either the p38 or
JNK pathway in the cycloheximide-induced death (Figure
4).

PI3-kinase appears to be necessary for the survival of
the lymphoma cells, because they were rapidly killed by its
specific inhibitor wortmannin, unless Bcl-2 was also
expressed (Figure 5). This kinase has a major role in the
transmission of survival signals from cytokine recep-
tors.18,19 The best understood pathway leads through the
PI3-K, PDK and Akt kinases to phosphorylation of the
death agonist BAD,29,30 which is then sequestered in the
cytoplasm by 14-3-3 proteins and thereby prevented from
inactivating pro-survival Bcl-2 family members.31 The labile
protein needed for survival of the lymphoma cells could be
a component (or positive regulator) of this pathway or of
another pathway through PI-3 kinase. For instance, PI-3K
has also very recently been implicated in activation of NF-
kB,32 which can promote cell survival. However, it is also
possible that wortmannin and cycloheximide affect different
pathways.

Recently the `death receptor' CD95 (Fas) was implicated
in cycloheximide-induced death by evidence that a
dominant-interfering mutant of FADD, which couples
CD95 ligation to caspase-8 activation,22 diminished the

Figure 5 Lymphoma cells are sensitive to the PI3-kinase-inhibitor
wortmannin. KO52DA20 or KO53DA20/bcl-2 cells were exposed to
wortmannin (5 mM) and/or cycloheximide (10 mg/ml) as indicated for 3 h in
their normal growth medium and the samples analyzed as in Figure 1
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killing of the human Jurkat T-cell line by cycloheximide.33

That result might reflect some unusual feature of that line,
because we found that killing by cycloheximide was not
blocked by the effective caspase-8 inhibitor YVAD.cmk,
whereas the more general caspase inhibitor Z-VAD was
highly protective, as was Bcl-2. Bcl-2 does not block CD95-
induced death in lymphocytes,34 and a dominant-negative
FADD transgene that blocked CD95-induced death did not
impede any cytotoxic response that could be blocked by
Bcl-2.35

A number of the oncogenic changes in an emerging
neoplastic clone, such as Myc overexpression, render the
cells more susceptible to apoptosis.36,37 It may be relevant
that the two lymphomas studied here lack p53, as did
several of those shown previously to be very sensitive to
cycloheximide. Although wild-type p53 can induce apopto-
sis in thymocytes in response to DNA damage but not other
stresses,13 ± 15 it seems possible that, in the absence of
p53, certain cells are either inherently more susceptible to
apoptosis or develop adaptations or mutations that render
them so. That might explain why a recent review found that
very few types of tumors exhibit a clear correlation between
the presence of wild-type p53 and susceptibility to
apoptosis.38 Indeed, some p53-null cells have proven to
be more sensitive to certain chemotherapeutic drugs.39 ± 41

Hence, the role of p53 in apoptosis may be influenced by
cellular background and oncogenic changes, as well as the
nature of the stress.

The very rapid death induced by inhibitors of gene
expression in the lymphomas studied here and in certain
other tumor cell lines6 ± 8 suggests that, for a subset of
tumors, drugs that inhibit gene expression for a short time
might well have potential in cytotoxic therapy. Any such
inhibitor having a suitable therapeutic index might prove
efficacious either on its own or as an adjunct to
conventional therapy. Simple in vitro tests for apoptosis
on various tumor samples might allow a rapid screen for
the individual tumors most likely to be susceptible to such
inhibitors. Inhibitors of the PI3K pathway may also prove to
have therapeutic potential.

Material and Methods

Cell lines, reagents and antibodies

The cell lines KO52DA20 and KO52FA2 used in this study originated
from thymic T lymphomas that arose in different p537/7 mice; both
these lines and a derivative of the former carrying an introduced bcl-2
gene (KO52DA20/bcl-2) were described previously.15 The caspase
inhibitors benzyloxycarbonyl-Val-Ala-DL-Asp-fluoromethylketone (Z-
VAD.fmk) and Phe-Val-Ala-Asp-chloromethylketone (YVAD.cmk)
were purchased from Bachem (Bubendorf, Switzerland). Cyclohex-
imide and actinomycin D came from Sigma.

The monoclonal antibodies used were anti-calcineurin (G182-
1847, PharMingen), anti-phosphotyrosine (4G10, Upstate Biotechnol-
ogy, NY, USA), anti-phospho-JNK (Santa Cruz Biotechnology) and
anti Hsp70 (provided to Dr. R Anderson by W Welsh, San Francisco,
USA). Rabbit polyclonal antibodies included anti-phospho c-Jun
(Ser63), anti-phospho-p38 kinase (IgG) and anti-p38 MAP kinase

(IgG) (New England Biolabs). The horseradish peroxidase-conjugated
anti-mouse and anti-rabbit immunoglobulin secondary antibodies were
from Silenus (Melbourne, Australia).

Cellular viability assay and DNA-ladder analysis

Apoptosis was induced by incubation of the lymphoma cell lines for the
times indicated in Results with cycloheximide (10 mg/ml), actinomycin
D (1 mg/ml) or wortmannin (5 mM) in their normal serum-supplemented
growth medium.15 In experiments with caspase inhibitors, cells were
preincubated for 4 h with Z-VAD.fmk (50 mM) or YVAD.cmk (100 mM).
Cultured lymphoma cells were adjusted to the same density before
treatment and viable and non-viable cells enumerated by trypan-blue
dye exclusion. For electrophoretic analysis of the apoptotic DNA
`ladder',42 cells (at 1.06106/ml) were washed in cold PBS once and
the pellet was resuspended gently in 0.5 ml of lysis buffer (10 mM Tris-
HCl, pH 7.4, 1 mM EDTA (TE) and 0.2% Triton X-100), incubated for
30 min at room temperature and then centrifuged in a microfuge
(12 000 r.p.m. for 30 min). DNA was precipitated from the supernatant
(by addition of 150 ml 5 M NaCl and 500 ml of ethanol for 1 h at 7708C
or overnight in 7208C) and recovered in a microfuge (12 000 r.p.m. for
30 min). The DNA pellet was resuspended in TE and treated with
RNase for 1 h at 378C. The DNA samples (from equivalent numbers of
cells) were electrophoresed in a 1% agarose gel and visualized by
ethidium bromide staining.

Immunoblotting

After drug treatment, cells were washed in cold PBS once and lysed in
cold lysis buffer with protease and phosphatase inhibitors: 50 mM Tris-
HCl, pH 7.4, 1% Triton X-100, 150 mM NaCl, 0.25% sodium
deoxycholate, 1 mM EDTA, 1 mM Na3VO4, 1 mM NaF and protease
inhibitors (one tablet of `complete' protein inhibitors (Boehringer
Mannheim) per 50 ml lysis buffer). Protein (20 mg per lane) was loaded
on to 8 or 12% SDS polyacrylamide gels (precast gels from NOVEX,
San Diego, CA, USA). Following electrophoresis, proteins were
transferred to PVDF membranes (Immobilon-P from Millipore, Bedford,
MA, USA). Non-specific binding sites were blocked by incubation for
41 h in phosphate-buffered saline containing 0.1% Tween-20 and
10% skimmed milk or 5% bovine serum albumin (Sigma) for the anti-
calcineurin and anti-phosphotyrosine antibodies, respectively, and as
indicated by the manufacturer for the others. Membranes were then
incubated at room temperature for 2 h with primary antibody (1 mg/ml),
followed by 1 h with the secondary antibody. Bands were visualized by
enhanced chemiluminescence (Amersham, UK).
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