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Abstract

Treatment of Swiss 3T3 cells with staurosporine resulted in
dephosphorylation of two proteins which play key roles in
regulating mRNA translation. This occurred before the
execution of apoptosis, assessed by caspase-3 activity.
These translation regulators are p70 S6 kinase, which
phosphorylates ribosomal protein S6, and eukaryotic initia-
tion factor (elF) 4E binding protein 1 (4E-BP1), which both lie
downstream of the mammalian target of rapamycin (nTOR).
This resulted in decreased p70 S6 kinase activity, depho-
sphorylation of ribosomal protein S6, increased binding of 4E-
BP1to elF4E and a concomitant decrease in elF4F complexes.
Our data show that staurosporine impairs mTOR signalling in
vivo but that this not due to direct inhibition of mTOR or to
inhibition of protein kinase C. It is becoming clear that agents
which cause apoptosis inactivate mTOR signalling as a
common early response prior to the execution of apoptosis,
i.e., before caspase activation. Cell Death and Differentiation
(2001) 8, 841 -849.
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Introduction

mRNA translation requires the concerted action of ribosomes,
tRNAs and proteins termed translation factors. The control of
protein synthesis involves changes in the phosphorylation of a
number of translation factors, which alters their activities or
their ability to interact with one another (reviewed in"2).

Regulation of translation initiation is the main control point for
mRNA translation. Several steps in translation are regulated
by signalling events coupled to mTOR (mammalian target of
rapamycin). mTOR regulates translation initiation through
altering the phosphorylation state of proteins involved in
mRNA translation. These include the protein kinase p70 S6
kinase, which phosphorylates S6, a component of the 40S
subunit, and is thought to play an important role in regulating
the translation of the subset of mMRNAs which encode
ribosomal proteins and certain translation factors.3# Activa-
tion of p70 S6 kinase is blocked by treatment of cells with
rapamycin showing that activation of p70 S6 kinase is
dependent on mTOR. Rapamycin also blocks the regulation
of the eukaryotic initation factor 4E-binding protein 4E-BP1,
which binds to elF4E, the protein which interacts with the 7-
methylguanosine cap at the 5-end of the mRNA.>® elF4E
also binds to elF4G leading to the formation of elF4F, the
protein complex required for cap-dependent translation.
Binding of 4E-BP1 to elF4E prevents elF4E from interacting
with elF4G because the binding of both 4E-BP1 and elF4G to
elF4E is mutually exclusive. The binding of 4E-BP1 to elF4E
therefore inhibits the formation of elF4F complexes required
for cap-dependent translation through a loss of elF4G
association with elF4E.®

Translation initiation can also be regulated through the
phosphorylation of the smallest (x) subunit of eukaryotic
initiation factor 2 (elF2«). The guanine nucleotide-exchange
factor elF2B catalyses recycling of the inactive GDP-bound
form of elF2 to the active GTP-bound form, a rate limiting
process for translation initiation. Phosphorylation of elF2«
on serine 51 results in inhibition of elF2B activity and
therefore reduced recycling of elF2 to the active GTP-
form.” Only the GTP-bound form of elF2 can bind
methionyl-tRNA (Met-tRNA) and mediate its binding to the
ribosome. Phosphorylation of elF2o thus leads to inhibition
of overall protein synthesis since inactive elF2.GDP
complexes accumulate. Viral infection of mammalian cells
can cause activation of the elF2x kinase, PKR (double-
stranded RNA-dependent protein kinase). Viral infection
induces apoptosis which is dependent on PKR activation
and elF2« phosphorylation, indicating that the regulation of
translation through elF2o might be important during cell
death.812

Recent studies have shown that inducers of apoptosis
cause the inhibition of key regulatory components of
translation. Commitment to the execution of apoptosis is
characterised by the activation of the caspase cascade
(reviewed in'®). DNA-damaging agents inhibited mRNA
translation even in the presence of the broad spectrum cell-
permeable caspase inhibitor, Z-VAD.FMK, and prior to
caspase activation.'*'® This indicates that such inhibition
occurred during the pre-execution stage before the cells
were committed to die and does not involve caspases. DNA
damaging agents caused inhibition of p70 S6 kinase, 4E-
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BP1 phosphorylation and elF4F formation, all of which are
linked to mTOR-signalling. This raises the possibility that
inhibition of translation initiation may play a role in
determining whether cells commit themselves to apoptosis.

The aim of this study was to determine whether another
potent inducer of apoptosis, staurosporine, also inhibited
mTOR-linked translation factors and whether this preceded,
or occurred in parallel with, the execution stage of
apoptosis. Here we demonstrate that staurosporine does
indeed interfere with the regulation of such translation
regulators and also brings about increased phosphorylation
of another translation factor, elF2. These effects take place
prior to the execution phase of apoptosis, i.e., before the
caspase cascade is activated.

Results

Staurosporine induces cell death in Swiss 3T3
cells independently of PKC inhibition

Staurosporine induces apoptosis in a wide variety of cell
types'®'” and this is associated with caspase activation. To
establish when apoptosis occurs in staurosporine-treated
Swiss 3T3 cells, caspase-3 activity was assessed in extracts
treated for various times with staurosporine (Figure 1A). There
was a marked rise in caspase-3 activity after 12 h of
staurosporine treatment, indicating induction of apoptosis by
this time. Caspase activity rose further by 18 h. As expected,
this induction of caspase activity was blocked by 20 uM Z-
VAD.FMK. We have previously shown that 4E-BP1 is cleaved
during apoptosis induced by DNA-damaging agents.' It was
therefore of interest to check whether 4E-BP1 was cleaved
during apoptosis evoked by staurosporine. The cleaved
product of 4E-BP1, indicated as the ‘A’ species, was
observed after 12 h of staurosporine-treatment (Figure 1B).
The appearance of A4E-BP1 coincides with the rise in
caspase-3 activity (Figure 1A) and was blocked by Z-
VAD.FMK indicating that 4E-BP1 cleavage was dependent
on caspase activity.

Staurosporine is widely used as a protein kinase
inhibitor, and was initially employed as an inhibitor of
protein kinase C (PKC). Therefore, to establish whether the
induction of apoptosis with staurosporine was due to its
ability to inhibit PKC, we used bisindolylmaleimide-I (BIM),
a broad range PKC inhibitor that inhibits the classical and
non-classical PKC isoforms (¢, S, fll, y, 0, ¢) to block PKC
signalling. To verify that the concentration of BIM used was
indeed sufficient to inhibit signalling through PKC, different
concentrations of BIM were added to Swiss 3T3 cells and
the cells were then treated with TPA to activate the
classical and novel forms of PKC. A downstream target of
PKC-signalling is the activation of MAP kinase (Erk). We
therefore used an antibody specific for phosphorylated Erk1
and Erk2 to assess whether the concentration of BIM used
blocked PKC signalling (Figure 1C). The data clearly show
that 5 M BIM inhibits TPA-induced Erk activation, showing
that, at this concentration, BIM effectively inhibits PKC
activity. A possible alternative explanation for the effect of
BIM on the activation of Erk is that it acts by inhibiting the
upstream kinase which activates Erk, MEK (MAP kinase/
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Figure 1 Staurosporine treatment induces apoptosis in Swiss 3T3 cells that
is independent of PKC inhibition. (A) Swiss 3T3 cells, where indicated, were
treated with staurosporine (St) in the presence or absence of Z-VAD.FMK,
bisindolylmaleimide (BIM) and caspase-3 activity assays were carried out as
described in the Materials and Methods, (*=P<0.005 versus appropriate
DMSO control, data show+S.D. (n=3)). (B) Swiss 3T3 cells were treated at
the times indicated with staurosporine (50 nM St), in the presence or absence
of 20uM Z-VAD.FMK. The samples were subjected to SDS—PAGE and
Western blot analysis to assess the phosphorylation state of 4E-BP1. The «, f§
and y of 4E-BP1, and the cleavage product A, are indicated by the arrows
where the y species represents the most highly phosphorylated form of 4E-
BP1 and the A species represents the cleaved form of 4E-BP1. (C) Swiss 3T3
cells were pre-treated with or without (—) a range of bisindolylmaleimide (BIM)
concentrations, as indicated, for 30 min, and then stimulated with TPA for
40 min before the cells were lysed and prepared for analysis. Samples from
extracts (20 ug of protein) were analyzed for Erk1 and Erk2 phosphorylation by
Western blot analysis using antibodies that recognise phosphorylated Erk1
and Erk2. The positions of phospho-Erk1 and Erk2 are indicated

Erk kinase, MEK). However recent data show that, at the
low micromolar concentrations used here, BIM has little
effect on MEK while almost completely inhibiting PKC,'®
apparently excluding this possibility. Treatment of cells with
BIM did not evoke apoptosis, indicating that the inhibition of
PKC alone is not enough to induce cell death. Thus the



induction of apoptosis by staurosporine in Swiss 3T3 cells
is independent of the inhibition of PKC. In line with our
results, a series of BIM analogues did not induce apoptosis
in HL-60 cells, while a closer structural analogue of
staurosporine, Ro-31-8220, did induce apoptosis.'®

Staurosporine treatment leads to inhibition of
translational regulators linked to mTOR

We have previously shown that the induction of apoptosis by
DNA-damaging agents in Swiss 3T3 cells was preceded by
inhibition of signalling through mTOR.'* It was therefore of
interest to examine whether staurosporine, an agent which
induces apoptosis by a different mechanism, also inhibited
mTOR-dependent signalling. We therefore examined two
proteins involved in regulating mRNA translation which lie
downstream of mTOR. These are the p70 S6 kinase and 4E-
BP1. Both are regulated by phosphorylation in a manner
which requires mTOR function, as demonstrated using the
specific inhibitor of mTOR, rapamycin.*® Staurosporine
caused a decrease in p70 S6 kinase activity within 1 h of
treatment to almost the same extent as rapamycin treatment,
while BIM caused no inhibition at any time studied (Figure 2A),
showing that the effect of staurosporine on p70 S6 kinase is
not linked to its ability to inhibit PKC. This effect occurs well
before caspase activation (Figure 1A) and the cleavage of 4E-
BP1 (Figure 1B). Activation of p70 S6 kinase is a
consequence of its phosphorylation at multiple sites which
causes a marked retardation of its mobility on SDS —PAGE.
To assess whether the effect of staurosporine on p70 S6
kinase activity was a result of a change in its state of
phosphorylation, SDS —PAGE/Western blot analysis of p70
S6 kinase was therefore carried out (Figure 2B). After 1 h of
treatment with 50 nM staurosporine, the slowest migrating
(higher phosphorylated) band (marked ‘pp’ in Figure 2B)
disappeared and the intensity of the fastest migrating band
increased showing that staurosporine treatment does indeed
cause the dephosphorylation of p70 S6 kinase. As a positive
control, rapamycin, which inhibits mTOR caused the
disappearance of both the top (pp) and middle (p) bands.
However, BIM elicited no change in the phosphorylation state
of p70 S6 kinase, assessed by its mobility on SDS—-PAGE
(data not shown). To verify that staurosporine did indeed
inhibit p70 S6 kinase within Swiss 3T3 cells the degree of
phosphorylation of ribosomal protein S6, a direct indicator of
p70 S6 kinase activity in the cell, was monitored (Figure 2C).
Treatment with either staurosporine or rapamycin caused a
marked decrease in the phosphorylation of ribosomal protein
S6, as detected with an antibody raised against a peptide
corresponding to the phosphorylated form of S6. Depho-
sphorylation of ribosomal protein S6 was complete after 1 h of
staurosporine-treatment in parellel with both the decreased
activity (Figure 2A) and dephosphorylation (Figure 2B) of p70
S6 kinase.

4E-BP1 undergoes phosphorylation on at least five sites
in vivo and, in its less phosphorylated forms, acts as an
inhibitor of cap-dependent translation by binding to elF4E.
The phosphorylation state of 4E-BP1 was assessed by
subjecting cell extracts to Western blot analysis with anti-
4E-BP1 antibodies (Figure 2D). The most highly phos-

Staurosporine inhibits mTOR signalling
AR Tee and CG Proud

phorylated species of 4E-BP1, labelled y, migrates most
slowly (uppermost band) while the least phosphorylated
species, labelled o, migrates as the fastest isoform (lowest
band). There is a pronounced shift to the least phosphory-
lated isoform upon staurosporine treatment of Swiss 3T3
cells. This effect was evident as early as 1 h, i.e., long
before caspase activation and the execution phase of
apoptosis. In contrast, no such substantial shift was
observed with BIM, when compared to the DMSO vehicle
control (Figure 2D): in both cases 4E-BP1 was mostly
present in the hyperphosphorylated y form. The dephos-
phorylated species of 4E-BP1 bind to and inhibit elF4E
function by preventing the formation of elF4F complexes.
We therefore examined whether staurosporine treatment
resulted in decreased levels of elF4F complexes. elF4E
was affinity purified by using chromatography on m’GTP-
Sepharose and the relative levels of 4E-BP1 and elF4G,
bound to elF4E were assessed by Western blotting
analysis followed by densitometry (Figure 2E). Staurospor-
ine treatment led to rapid dissociation of elF4G; from
elF4E, which became almost maximal at 2 h of treatment
(the ratio of 4E/4G, from staurosporine cells was 10-fold
less than in the DMSO control). This is consistent with the
increased level of 4E-BP1 associated with elF4E in
response to staurosporine treatment (a ratio of 0.8 in the
staurosporine treated cells compared to 0.1 in the DMSO
control), which in turn matches the decreased levels of
phosphorylation of 4E-BP1 observed at these times (Figure
2D). Rapamycin, used as a positive control, also caused
rapid dissociation of elF4F complexes. These data show
that staurosporine causes dephosphorylation of two targets
of the mTOR signalling pathway. However, BIM does not
have this effect, indicating that this is not a consequence of
inhibition of PKC signalling.

Staurosporine does not inhibit mMTOR associated
kinase activity in vitro

To establish whether staurosporine inhibited mTOR directly,
FLAG-tagged mTOR was overexpressed in human embryo-
nic kidney 293 (HEK 293) cells and the cells were starved
of serum overnight. Cells were then stimulated with insulin
for 60 min, to activate mTOR-dependent signalling, and
mTOR was immunoprecipitated using a monoclonal anti-
FLAG antibody. mTOR kinase activity was then measured
in vitro against recombinant 4E-BP1 with varying concen-
trations of staurosporine (Figure 2F). The FKBP12/
rapamycin complex or wortmannin have each been
previously shown to inhibit mTOR kinase activity in
vitro.2®2' As expected, mTOR kinase activity was inhibited
by pre-incubating the purified FLAG-tagged mTOR with
either the FKBP12/rapamycin complex or 1 uM Wortmannin
prior to the kinase assay as observed by a major loss in the
incorporation of %2P-label into recombinant 4E-BP1. How-
ever, none of the concentrations of staurosporine used (as
high as 1 uM) inhibited the mTOR-associated kinase activity
when compared to the control where no inhibitor was
added. This indicates that staurosporine does not cause the
dephosphorylation of downstream components of mTOR
signalling through a direct inhibition of mTOR itself.
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Figure 2 Staurosporine causes inhibition of downstream components of
mTOR before the induction of apoptosis. (A) Swiss 3T3 cells were treated as
indicated (with DMSO, staurosporine (50nM St), rapamycin (100 nM Rap) or
bisindolylmaleimide (5 M BIM)). p70 S6 kinase assays were carried out on the
cell extracts (150 xg), made as described in the Materials and Methods
(*=P<0.005 versus 0h control before treatment, data show +S.D. (n=3)). (B)
Western blot analysis was carried out on the extracts made as indicated to
determine the phosphorylation state of p70 S6 kinase. The arrows indicate
differently phosphorylated species of p70 S6 kinase where the top arrow
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Staurosporine inhibits insulin-stimulated
signalling through mTOR

To study whether staurosporine inhibited acute insulin-
stimulated signalling through mTOR, serum starved Swiss
3T3 cells were pre-treated with DMSO, staurosporine or
rapamycin prior to the addition of insulin for a short time
course. To monitor acute insulin-stimulated signalling through
mTOR the phosphorylation status of downstream targets of
mTOR; 4E-BP1 (Figure 3A), p70 S6 kinase (Figure 3B) and
ribosomal protein S6 (Figure 3C) was assessed. After 15 min
insulin evoked a strong phosphorylation of 4E-BP1, with a
marked increase in the proportion of the protein migrating
most highly as the phosphorylated y-species (Figure 3A).
Treatments with staurosporine or rapamycin treatments,
however, prevented this upward shift in migration. Stauros-
porine and rapamycin also each reduced the basal
phosphorylation status of p70 S6 kinase (compared to the
DMSO treated lanes) so that the main species migrated as the
lowest, least phosphorylated form (Figure 3B). Staurosporine
also largely blocked the ability of insulin to induce
phosphorylation of p70 S6 kinase relative to the DMSO
control, although not to quite the same extent as rapamycin,
which completely blocked this effect. Staurosporine and
rapamycin each blocked the phosphorylation of the riboso-
mal S6 protein which was observed upon insulin stimulation
(Figure 3C). These three parallel experiments strongly
suggest that staurosporine does indeed inhibit mTOR-
dependent signalling, i.e., through a component other than
mTOR itself. This effect, however, appears less potent than
that of rapamycin, given that insulin still evoked a partial band-
shift to the higher phosphorylated species of p70 S6 kinase
upon insulin stimulation in the presence of staurosporine
(Figure 3B).

(labelled pp) indicates the slowest migrating most phosphorylated isoform
(more active), while the lowest arrow depicts the fastest migrating lowest
phosphorylated isoform (less active). (C) Western blot analysis using an
antibody that specifically recognises the phosphorylated form of ribosomal
protein S6 (S6-P) was carried out on the extracts made, as indicated. (D) The
samples, where indicated, were subjected to SDS—PAGE and Western blot
analysis to assess the phosphorylation state of 4E-BP1. The o, f and y
isoforms of 4E-BP1 are indicated by the arrows. The y species represents the
most highly phosphorylated form of 4E-BP1 and the « species the least
phosphorylated form of 4E-BP1. (E) Cell extracts (200 ng protein) from Swiss
3T3 cells treated as indicated were subjected to affinity chromatography on m”
GTP-Sepharose as described in Materials and Methods. The relative amounts
of elF4Gy (4G1), elF4E (4E) and 4E-BP1 were compared by Western blot
analysis followed by densitometry (NIH Image v. 1.61). (F) In vitro mTOR
kinase activity. FLAG-tagged mTOR was immunoprecipated using the FLAG
antibody coupled to protein G-Sepharose where indicated (FLAG-IP);
otherwise protein G-Sepharose beads were used alone. Associated mTOR
kinase activity was measured in the presence of either staurosporine (St) at
the indicated concentration, Wortmannin, or FKBP12/rapamycin complex (FK-
BP12/Rap) as indicated. The kinase assay using 4E-BP1 as a substrate was
carried out as described in the Materials and Methods and the incorporation of
32p.label into 4E-BP1 ([32P] BP1) was visualised by autoradiography. To
verify that the levels of 4E-BP1 used in each assay were the same, the total
levels of 4E-BP1 were determined by staining the gel with Coomassie brilliant
blue (Total BP1). A photograph of the stained gel is shown
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Figure 3 Staurosporine inhibits insulin-induced signalling through mTOR.
(A) Swiss 3T3 cells that were serum starved overnight and then pre-treated for
30min as indicated (with DMSO, staurosporine (50nM St) or rapamycin
(100nM Rap)), followed by stimulation with insulin (100nM) for the times
stated. Cells were extracted and the samples were subjected to SDS-PAGE
and Western blot analysis to assess the phosphorylation state of 4E-BP1, as
previously described in Figure 2D. (B) Samples of the same extracts were
analysed (as before, Figure 2B) to determine the phosphorylation state of p70
S6 kinase. The arrows indicate the various phosphorylated forms of p70 S6
kinase where the top arrow (labelled ppp) indicates the slowest migrating most
phosphorylated isoform. The lower arrows (labelled pp, p and unlabelled)
indicate the forms of p70 S6 kinase in order of decreased phosphorylation and
the unlabelled arrow represents the least phosphorylated species. (C)
Western blot analysis using an antibody that specifically recognises the
phosphorylated form of ribosomal protein S6 (S6-P) was carried out on the
extracts

Rapamycin delays staurosporine-induced
caspase activation

mTOR-linked signalling is inhibited by staurosporine before
the induction of apoptosis and raises the question of what role
this inhibition plays during the course of apoptosis.
Rapamycin delayed staurosporine-induced cell death, ob-
served by a decrease in the caspase-3 activity from cells
treated with staurosporine in the presence of rapamycin when
compared to cells only treated with staurosporine (Figure 4).
Cells that were pre-treated with rapamycin showed a twofold
reduction in caspase-3 activity at 20 h when compared with
cells treated with staurosporine alone. This result would
suggest that the direct inhibition of mTOR by rapamycin,
especially when prolonged, can inhibit cellular commitment to
apoptosis.

Staurosporine treatment causes increased elF2o
phosphorylation linked to the inhibition of PKC

A further translation factor which plays an important role in
controlling protein synthesis under a wide variety of conditions
is elF2. Phosphorylation of its a-subunit (elF2x) leads to the
inhibition of translation initiation as the phosphorylated form
acts as a competitive inhibitor of elF2B.2? In many cell types
relatively low levels of elF2x phosphorylation can exert a
marked inhibition on translation as cellular levels of elF2
exceed those of elF2B.2® The level of phosphorylation of
elF20 was assessed by Western blot analysis with an
antibody that recognises elF2¢ when phosphorylated at
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Figure 4 Rapamycin treatment delays caspase-3 activation in staurosporine-
treated cells. Swiss 3T3 cells were treated with DMSO or staurosporine (St,
50nM) in the presence or absence of rapamycin (Rap, 100nM) or with
rapamycin alone for 12 and 24 h. Where stated, the cells were pre-treated with
rapamycin (preRap, 100nM) for 12h before the addition of a second dose of
rapamycin (+/— staurosporine). The cells were analyzed for caspase-3 activity
as described in Materials and Methods, (*=P<0.005 versus appropriate
DMSO or staurosporine 12h control, where appropriate, data show +S.D.
(n=3))

Ser51 (P-elF24-1gG). As a (loading) control, an antibody that
recognises elF2q irrespective of its state of phosphorylation
(elF20-1gG) was used. The ratio of phosphorylated elF2« to
the elF2x loading control was determined by densitometry.
This analysis was performed for early times of staurosporine
treatment, up to 5 h (Figure 5A) and also at later times, up to
18 h (Figure 5B). Staurosporine-treated cells show an
increase in elF2x phosphorylation when compared to the
DMSO negative control at times as early as 1 h (Figure 5A)
that became maximal at 5 h (Figure 5B). Staurosporine and
BIM each caused similar increases in elF2o phosphorylation
when compared to the ratio of phosphorylated elF2« from the
DMSO controls that was negligible. The levels of phosphor-
ylation were significantly less than those caused by arsenite, a
stress which causes marked increases in elF2« phosphoryla-
tion in several cell types (see, e.g.2%).

Staurosporine inhibits protein synthesis
independently of caspase activation

Several laboratories have reported an inhibition of total
protein synthesis caused by cytotoxic chemicals that induce
apoptosis.''® We have previously shown that inhibition of
total protein synthesis in Swiss 3T3 cells by etoposide, a
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Figure 5 Staurosporine and bisindolylmaleimide each induce phosphoryla-
tion of elF2x. Swiss 3T3 cells were treated as indicated (DMSO, 50nM
staurosporine (St), 200 uM arsenite (Ar) or 5 uM bisindolylmaleimide (BIM)) for
early times up to 5h (A) and later times up to 18 h (B). Samples of cell lysate
(15 ug protein) were subjected to SDS—PAGE and Western blot analysis with
an antibody that recognises elF2x when phosphorylated at Ser51 (labelled
‘elF24-P’) or an antibody that detects total elF2o (labelled ‘elF2¢’). The ratio of
elF20-P to elF20 was compared by densitometry (NIH Image v. 1.61)

DNA-damaging agent, precedes the onset of apoptosis and
may have an important role during the decision phase of
apoptosis.™ It was therefore of interest to establish whether
staurosporine inhibited total protein synthesis before Swiss
3T3 cells began to undergo apoptosis. Swiss 3T3 cells were
treated with staurosporine in the presence or absence of Z-
VAD.FMK and total protein synthesis was measured by
measuring the incorporation of [*®*S]-methionine into protein
(Figure 6). Substantial inhibition of translation was observed
after 8 h of staurosporine treatment, i.e., well before the onset
of apoptosis, as judged by an increase in caspase-3 activity
(Figure 1A) and the appearance of the cleavage product of
4E-BP1 (Figure 1B), both of which occurred at 12 h.
Furthermore, Z-VAD.FMK did not prevent this inhibition of
translation, as expected, since this inhibition precedes
caspase activation, indicating that this is independent of
caspase activation. BIM only exerted a smaller inhibitory
effect on overall translation than staurosporine at 8 h or 12 h,
indicating again that the effect of staurosporine is not primarily
due to inhibition of PKC signalling. At longer times of
treatment with staurosporine, BIM did exert a more marked
effect on protein synthesis rates suggesting that long term
inhibition of PKC may affect the protein synthesis machinery.

Discussion

The present findings show for the first time that staurosporine
treatment of mammalian cells causes inactivation of factors
and protein kinases important for the control of mRNA
translation. The phosphorylation of elF2x and the depho-
sphorylation of 4E-BP1, p70 S6 kinase and the ribosomal
protein S6 occurred before the Swiss 3T3 cells had committed
themselves to undergo apoptosis, i.e., prior to caspase
activation and the cleavage of 4E-BP1. This inactivation of
factors linked to mTOR is not due to the direct inhibition of
mTOR by staurosporine, as demonstrated by the data in
Figure 2F. Neither is staurosporine likely to inhibit mTOR
signalling through the direct inhibition of PKC because BIM,
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Figure 6 Staurosporine inhibits total protein synthesis, partly due to
inhibition of PKC, before the onset of apoptosis. Swiss 3T3 cells were
treated with DMSO, staurosporine in the presence or absence of Z-VAD.FMK,
or bisindolylmaleimide for the times indicated. The cells were incubated with
[358]-methionine for a further 20min, after the indicated time, before
harvesting. The incorporation of radiolabel into intracellular protein was
measured as described in the Materials and Methods. All samples were
equilibrated for protein levels and standardised against the DMSO control (set
at 100%) at each time point (*=P<0.005 versus appropriate DMSO control,
data show+S.D. (n=3))

another agent which inhibits PKC, did not affect the levels of
phosphorylation of these downstream components of mTOR
signalling (Figure 2A and D). To examine whether mTOR
activity itself was inhibited during these treatments the
endogenous mTOR was immunoprecipitated from Swiss
3T3 cells and its activity measured in vitro. There was no
significant difference in the incorporation of *2P-label into the
substrate, 4E-BP1, between the samples from serum starved,
insulin stimulated or staurosporine treated cells (data not
shown). We felt that this assay may not accurately reflect the
mTOR (associated) activity within these cells as the two
extreme controls (serum starved and insulin treated) were not
obviously different. Staurosporine did, however, inhibit the
acute insulin-induced mTOR signalling observed in the
repression of the phosphorylation of 4E-BP1 (Figure 3A),
p70 S6 kinase (Figure 3B) and ribosomal S6 protein (Figure
3C). The effects caused by staurosporine are therefore likely
to arise from the inhibition of other kinases in the mTOR
pathway that are upstream of both 4E-BP1 and p70 S6
kinase.

The dephosphorylation of the elF4E binding protein 4E-
BP1 induced by staurosporine led to increased binding of
4E-BP1 to elF4E and decreased levels of the translation
initiation factor complex elF4F. Since this complex plays an
important role in the initiation of cap-dependent translation,
staurosporine is expected to impair this process. elF4F



complex formation is considered to be particularly important
for the translation of highly structured mRNAs (e.g. those for
transcription factors, such as c-myc and c-fos, reviewed
in.2%) The study by Novoa and Carrasco®® suggests that
elF4F complexes are primarily needed for de novo initiation
rather than reinitiation onto the same mRNA. Staurosporine
also caused both the dephosphorylation and inactivation of
p70 S6 kinase as well as a decrease in the phosphorylation
of its substrate, ribosomal protein S6. p70 S6 kinase is
implicated primarily in the regulation of specific sets of
mRNAs by promoting the translation of 5-TOP mRNAs
which encode elongation factors and ribosomal pro-
teins.342% Over an extended time period, inhibition of p70
S6 kinase is therefore expected to decrease the numbers of
ribosomes present within the cell due to the impaired
synthesis of ribosomal proteins. Therefore, the inhibition of
both elF4F complex formation and p70 S6 kinase activity
would not have a great effect on total protein synthesis in the
short term but would however inhibit protein sythesis in the
long term when new mRNAs are synthesised and ribosome
numbers are reduced. The idea that inhibition of mTOR
contributes to the shut-off of protein synthesis is consistent
with the present data and with the fact that rapamycin, which
inhibits mTOR directly, significantly inhibits protein synthesis
at longer time points (12—18 h'*27),

We found that staurosporine markedly inhibited overall
protein synthesis independently of caspase activation. We
have previously reported that treatment of Swiss 3T3 cells
with rapamycin only significantly inhibited total protein
synthesis at times of 12 h or longer."* It is therefore unlikely
that the inhibition of total protein synthesis by staurosporine
by 8 h is due entirely to the inhibition of mTOR signalling.
Indeed, the onset of this inhibition on protein synthesis by
staurosporine was slower than the inhibition of p70 S6
kinase or elF4F formation. It is likely that the inhibition of
these downstream targets of mTOR contributes to the
inhibition of general protein synthesis at the longer time
points, i.e., by reducing ribosomal numbers and reduced
translation initiation of newly-made mRNAs. The timing of
elF2o phosphoylation also does not correlate with the
inhibition of protein synthesis observed with both stauros-
porine and BIM treatment. Both treatments caused a similar
degree of elF2x phosphorylation after 5 h, but whereas
staurosporine caused significant inhibition of protein synth-
esis at this time, BIM did not. This suggests that the
inhibition observed with staurosporine cannot be accounted
for by the levels of elF2x phosphorylation. Therefore, the
inhibition of protein synthesis by staurosporine must also
involve another as-yet-unidentified mechanism.

Our earlier studies have shown that DNA-damaging
agents bring about inhibition of mTOR signalling'* and
Morley and co-workers have shown that apoptosis induced
by cycloheximide was also accompanied by increased
association of 4E-BP1 with elF4E.?® Taken together with
our present data, it is clear that a number of cell treatments
which induce apoptosis cause dephosphorylation of 4E-
BP1 and other targets of mTOR signalling. Inactivation of
the same targets of mTOR signalling in response to other
treatments which induce apoptosis suggests that their
modulation may be a common feature of the processes
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leading to cellular commitment to apoptosis prior to the
execution of cell death. However, at least in the cells we
have studied (Swiss 3T3 and HEK293), rapamycin itself
does not induce apoptosis. Thus inhibition of mTOR is not
in itself sufficient to induce apoptosis, although rapamycin
has been reported to enhance the sensitivity of cells to
certain other pro-apoptotic agents.?®3° In Swiss 3T3 cells
rapamycin however, delayed staurosporine-induced cas-
pase activation. Rapamycin-treatment of Swiss 3T3 cells
would provide a more sustained and possibly more severe
inhibition of mTOR signalling than would occur by treating
with staurosporine alone, as indicated by the data in Figure
3B. This suggests that the inhibition of mMTOR may play a
crucial role during the decision phase of apoptosis by
delaying caspase activation. It is interesting to note that
rapamycin,®’ DNA-damaging agents®® and staurosporine®?
have all been reported to cause a Gy cell cycle arrest in a
variety of cell types. It is therefore possible that both DNA-
damaging agents and staurosporine elicit this G4 cell cycle
arrest through an inhibition of mTOR and this arrest may be
a common event to delay cell cycle progression during
treatments that cause apoptosis. This may explain why
rapamycin delayed the execution of apoptosis induced by
staurosporine as rapamycin is likely to synergise with
staurosporine to delay cell cycle progression. In contrast to
these cytotoxic agents which induce cell death by causing
cellular stress, receptor-mediated apoptosis leads to the
commitment of apoptosis through direct activation of this
caspase cascade.®® Such receptor-mediated apoptosis has
been shown to cause an inhibition of mMRNA translation that
was blocked by Z-VAD.FMK showing that it was dependent
on caspase activation.®* This finding indicates that
inhibition of translation occurred during the stages of
apoptosis when cells were already committed to die and,
therefore, different from our data.

This study, taken with earlier reports'*2® therefore
suggests that inhibition of mTOR signalling is a common
response of mammalian cells during the ‘decision’ phase of
chemical-induced apoptosis. Potent apoptotic agents that
include DNA-damaging agents, cycloheximide treatment
and now staurosporine have all been shown to inhibit
translation regulators linked to mTOR before the execution
of apoptosis. Our data also show that staurosporine inhibits
protein synthesis. This involves, at least in part, the
phosphorylation or activity of multiple translational regula-
tors including elF2«, elF4F, p70 S6 kinase and the
ribosomal protein S6. Such effects on the translation
machinery would likely regulate the translation of a subset
of pro-survival and pro-apoptotic mRNAs thus contributing
to the balance of events which determine cellular
commitment to apoptosis (reviewed in®®), but before
caspases are activated.

Materials and Methods
Materials

Staurosporine was obtained from Sigma while bisindolylmaleimide-I
was purchased from Calbiochem. All other reagents were purchased
as previously described.'
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Cell culture and cell treatments

Swiss 3T3 cells, kindly provided by Dr BA Spruce (University of
Dundee), were maintained as previously described.’* The cells were
transferred to fresh Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% (v/v) foetal calf serum 5 h before treatment,
unless stated otherwise, with staurosporine, rapamycin or bisindo-
lylmaleimide dissolved in dimethyl sulphoxide (DMSO) to a final
concentration of 0.1% (v/v) DMSO where stated in the figure legends.
Control cells received the same concentration of DMSO. Transient
transfections were performed as described by Hall-Jackson et al.%®
with the following modifications: air was bubbled into the 2 x Hepes
Buffered Saline solution by using a drawn-out glass pasteur pipette
upon the slow addition of the CaCl,/DNA mix.

In vitro kinase assays

mTOR kinase activity was measured on FLAG-tagged mTOR
immunoprecipitated from 500 pug of cell lysates prepared from
HEK293 cells transiently transfected with pcDNA3.1mTOR-FLAG
using a monoclonal anti-FLAG antibody from Sigma coupled to protein
G-Sepharose. Preparations of the cell lysates and assay was carried
out as previously described®! with the following modifications: the
FLAG-tagged mTOR coupled to the protein G-Sepharose were
preincubated with 0.2 mM ATP for 20 min at 30°C and then incubated
with the inhibitors or FKBP12/rapamycin complex for 20 min on ice
before the reaction was initiated by addition of 1 ug of 4E-BP1 and
0.2 uCi [7-32P]JATP. The FKBP12/rapamycin complex was generated
by incubating 30 mM rapamycin with FKBP12 for 5 min in the dark at
20°C. To measure p70 S6 kinase activity the p70 S6 kinase was
immunoprecipitated using anti-(p70 S6 kinase) antibodies and its
activity measured against a peptide substrate based on the 32 amino
acid sequence of the C-terminus of S6, as previously described.'

Analysis of translation factors and assays for both
protein synthesis and apoptosis

Affinity chromatography on m’GTP-Sepharose was used to isolate
elF4E anditsassociatedproteins, e.g., elF4Gand 4E-BP1,from250 g
(protein) of Swiss 3T3 cell lysate. The amounts of both elF4G4 and 4E-
BP1boundto elF4E were assessed by running the purified samplesona
12.5% polyacrylamide gel followed by transfer to Immobilon membranes
andWesternblotanalysis as described earlier.3”*8 The mobility shift gel
assays were performed by using a 10/0.1% acrylamide/bis-acrylamide
gel for the analysis of p70 S6 kinase and a 13.5/0.36% acrylamide/bis-
acrylamide gel for resolving 4E-BP1. Assays for determining rates of
protein synthesis using 3°S-methionine as label were carried out as
previously reported’* while caspase activation was determined by using
the CaspACE™ System Colorimetric Assay Kit from Promega according
to the manufacturer’s instructions.
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