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Recent studies have shown that during apoptosis protein synthesis is inhibited and that this is in part due
to the proteolytic cleavage of eukaryotic initiation factor 4G (eIF4G). Initiation of translation can occur either
by a cap-dependent mechanism or by internal ribosome entry. The latter mechanism is dependent on a complex
structural element located in the 5* untranslated region of the mRNA which is termed an internal ribosome
entry segment (IRES). In general, IRES-mediated translation does not require eIF4E or full-length eIF4G. In
order to investigate whether cap-dependent and cap-independent translation are reduced during apoptosis, we
examined the expression of c-Myc during this process, since we have shown previously that the 5* untranslated
region of the c-myc proto-oncogene contains an IRES. c-Myc expression was determined in HeLa cells during
apoptosis induced by tumor necrosis factor-related apoptosis-inducing ligand. We have demonstrated that the
c-Myc protein is still expressed when more than 90% of the cells are apoptotic. The presence of the protein in
apoptotic cells does not result from either an increase in protein stability or an increase in expression of c-myc
mRNA. Furthermore, we show that during apoptosis initiation of c-myc translation occurs by internal ribosome
entry. We have investigated the signaling pathways that are involved in this response, and cotransfection with
plasmids which harbor either wild-type or constitutively active MKK6, a specific immediate upstream activator
of p38 mitogen-activated protein kinase (MAPK), increases IRES-mediated translation. In addition, the c-myc
IRES is inhibited by SB203580, a specific inhibitor of p38 MAPK. Our data, therefore, strongly suggest that
the initiation of translation via the c-myc IRES during apoptosis is mediated by the p38 MAPK pathway.

The cellular proto-oncogene c-myc is involved in very dis-
parate cellular processes including proliferation, transforma-
tion, and cell death (apoptosis) (17, 22). It encodes a transcrip-
tion factor of the helix-loop-helix/leucine zipper class and
binds, in conjunction with its partner Max, to E-box sequences
(7, 8, 9). Myc-Max heterodimers are potent activators of tran-
scription, and it has been suggested elsewhere that Myc acts by
activating a critical set of target genes (1, 2, 13). The regulation
of c-myc expression is complex and occurs at multiple levels,
including control of transcription (38), stability of both the
mRNA and the protein (8, 35, 36, 51, 56), and by control of
translation (11, 43, 46, 53, 59).

In eukaryotic cells, the majority of the control of translation
occurs at the initiation stage by a scanning mechanism. This
involves the binding of eukaryotic initiation factor 4F (eIF4F),
a complex of proteins which includes eIF4E (the cap binding
protein), eIF4G [a large protein which acts as a scaffold for the
proteins in the complex and has binding sites for eIF4E,
eIF4A, eIF3, and poly(A) binding protein], and eIF4A (RNA
helicase) to the m7 GpppN cap structure, recruitment of a 40S
ribosomal subunit, and scanning to the first AUG codon in the
correct context (45). Much of the control of translation initia-
tion is mediated by changes in the phosphorylation states of
proteins in the eIF4F complex and their binding partners, e.g.,

4EBP1 and 4EBP2 (49). Messages that have large structured
59 untranslated regions (UTRs) such as c-myc are, under nor-
mal cellular circumstances, only poorly translated, and it has
been suggested elsewhere that this is because the levels of
eIF4E are normally limiting and so restrict the formation of
the active eIF4F complexes which are required for translation
initiation (15, 33). In agreement with this, in cells overexpress-
ing eIF4E there is an increase in the expression of c-myc (14,
15). We have shown that the control of cap-dependent trans-
lational regulation of c-myc is mediated by changes in the
phosphorylation of 4EBP1 via the FRAP/mTOR signaling
pathway (62).

Translation initiation can also occur by a mechanism that
does not require the cap structure, and in this case, ribosomes
enter at a region termed an internal ribosome entry segment
(IRES), which can be up to 1,000 nucleotides from the 59 end
of the RNA (24–26). IRESs were originally identified in picor-
naviral RNAs, and upon picornaviral infection, there is often a
switch of translation from host-encoded cellular mRNAs to
viral transcripts. In some picornaviruses, this is in part medi-
ated by the proteolytic cleavage of eIF4G into an N-terminal
and a C-terminal domain serving to bifurcate the eIF4E and
eIF4A binding functions (34). This C-terminal domain has
been shown to be sufficient to support cap-independent trans-
lation, in the absence of eIF4E, providing a rationale for the
preferential translation of viral mRNAs due to their internal
mechanism of ribosome entry (44, 47). There are now several
examples of mammalian mRNAs which contain IRESs, and
interestingly, many of them are associated with proteins that
are involved in the control of cell growth. These include fibro-
blast growth factor 2, platelet-derived growth factor, vascular
endothelial growth factor, and c-myc (6, 41, 43, 58–60).

One of the main areas of interest in the study of eukaryotic
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IRESs is the situations in which they are required, especially
since initiation of translation of certain IRES-containing
mRNAs, e.g., c-myc and fibroblast growth factor 2, can also be
cap dependent (14, 31). Given that many viral IRESs function
when the host cell cap-dependent translation is severely com-
promised, one hypothesis is that eukaryotic IRESs will also be
used by a cell where the normal scanning cap-dependent mech-
anism of translation is inactive. In agreement with this, the
vascular endothelial growth factor IRES is active during hy-
poxia when protein synthesis is inhibited (58) and the platelet-
derived growth factor IRES is more active during cell differ-
entiation, where protein synthesis rates are also reduced (6).

During apoptosis induced by Fas/CD95L, cap-dependent
translation is decreased due to the cleavage of eIF4G by
caspase 3 (39, 42). Induction of apoptosis by members of the
tumor necrosis factor (TNF) transmembrane receptor family
(which includes Fas/CD95) which results from binding to their
cognate ligands, e.g., TNF and CD95L, has been well studied
(44, 55). Apoptosis induced by TNF-related apoptosis-induc-
ing ligand (TRAIL) has only recently been investigated and is
more complex due to the existence of multiple TRAIL recep-
tors (20, 37). The intracellular domains of this family of pro-
teins contain highly conserved “death domains” which aggre-
gate upon induction of apoptosis and recruit a group of
proteins which form the death-inducing signaling complex (40,
55). Recruitment of the initiator caspase, caspase 8, into the
death-inducing signaling complex results in its activation and in
turn leads to activation of downstream effector caspases that
are responsible for many of the morphological and biochemical
changes associated with apoptosis. Overexpression of c-myc in
the absence of the correct survival factors leads to apoptosis
(18), and it has been shown previously that this mechanism of
apoptotic induction is downstream of CD95 (23). It has been
therefore proposed that c-myc could promote the efficacy with
which CD95 and its ligand engage the apoptotic machinery of
the cell (23). More recently, it has been shown that activation
of c-myc triggers the release of cytochrome c from the mito-
chondria (28).

The role of c-Myc during apoptosis, the short half-life of this
protein, and the two alternative mechanisms of c-myc mRNA
translation initiation led us to investigate the synthesis of this
protein in apoptotic cells. In this paper, we show that c-Myc
protein expression in apoptotic HeLa cells, initiated with
TRAIL, remains constant for up to 8 h. We demonstrate that
c-Myc protein synthesis under these circumstances is initiated
from the c-myc IRES, and this is the first example of a specific
function which has been ascribed to this region of RNA. We
investigated events that lie upstream of IRES-mediated c-Myc
protein synthesis and show that signaling through the p38
mitogen-activated protein kinase (MAPK) pathway is re-
quired. Hence, c-myc internal initiation was stimulated by
overexpression of MKK6, whereas the p38 kinase inhibitor
SB203580 inhibited both c-Myc protein expression and internal
ribosome entry on dicistronic mRNAs containing the c-myc
IRES in apoptotic cells.

MATERIALS AND METHODS

Cell culture. HeLa cells were maintained on 90-mm-diameter plates in culture
at 37°C and 5% CO2 in Dulbecco’s modified Eagle’s medium (GIBCO-BRL) and
10% fetal calf serum (Advanced Protein Products). To induce apoptosis, cells
were treated with 0.25 mg of recombinant human TRAIL (37) per ml or 1 mM
staurosporine. For treatment with signaling inhibitors, cells were preincubated
with medium containing rapamycin (20 nM), SB203580 (40 mM), or an equiva-
lent dilution of solvent (dimethyl sulfoxide) for 1 h before the addition of
TRAIL.

Immunoprecipitation. Cells were labeled and immunoprecipitations were per-
formed as described previously (36). Briefly, 2 3 106 cells, either untreated or

used 4 h after the addition of 0.25 mg of TRAIL per ml, were labeled with 250
mCi of [35S]methionine in 1 ml of methionine-free medium for 30 min. After
addition of fresh complete medium, cell samples were harvested at 0, 20, 30, and
50 min. Cells were solubilized in antibody buffer (36) and disrupted by passage
through a syringe attached to a 21-gauge needle. The samples were precleared by
incubation for 1 h at 4°C with mouse immunoglobulin G and protein A/G-agarose
(Santa Cruz Biotechnology, Inc.). Myc proteins were immunoprecipitated over-
night at 4°C using Myc monoclonal antibody C-33 (Santa Cruz Biotechnology,
Inc.). Samples were subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), and the amount of radiolabel incorporated was
visualized on a PhosphorImager (Molecular Dynamics). Experiments were per-
formed on three independent occasions.

DNA transfections and reporter gene analysis. HeLa cells were transfected
using the calcium phosphate DNA coprecipitation method as described previ-
ously (3). Cells (2 3 105) were transfected with 2 mg of pGL3Rutr (59), 0.5 mg
of the MKK6 vectors (50), and 0.2 mg of b-galactosidase construct pcDNA3.1/
HisB/LacZ (Invitrogen) as a transfection control. Cells were harvested after 48 h,
luciferase expression was determined using the dual-luciferase assay system (Pro-
mega), and b-galactosidase expression was determined using a Galactolight Plus
system (Tropix). Both activities were measured in an Opticomp-1 luminometer
(MGM Instruments). Variations in transfection efficiency were corrected by
normalizing luciferase activity to b-galactosidase activity. All assays were per-
formed in triplicate on three independent occasions.

p38 kinase assays. HeLa cells with or without preincubation with 40 mM
SB203580 for 1 h were then treated with 0.25 mg of TRAIL per ml. Cells were
harvested at predetermined times, washed in ice-cold phosphate-buffered saline
(PBS), and lysed in 250 ml of Triton lysis buffer (20 mM HEPES [pH 7.5]; 137
mM NaCl; 25 mM b-glycerolphosphate; 2 mM NaPPi; 2 mM EDTA; 10%
glycerol; 1% Triton X-100; 1 mM phenylmethylsulfonyl fluoride; 2.5 mg of pep-
statin, antipain, and leupeptin per ml; 2 mM benzamidine; 0.5 mM dithiothreitol;
1 mM Na3VO4). After centrifugation, the supernatants were incubated with
anti-p38 antibody and 4 mg of protein A-Sepharose for 3 h. After this period, the
pellets were washed three times with Triton lysis buffer and one time with kinase
buffer (25 mM HEPES [pH 7.4], 25 mM b-glycerolphosphate, 25 mM MgCl2, 0.5
mM Na3VO4, 0.5 mM EDTA, 0.5 mM dithiothreitol). Pellets were then resus-
pended in 30 ml of kinase assay buffer–5 mg of glutathione S-transferase–ATF2
(1–109)–50 mM [g–32P]ATP (2,000 cpm/pmol) for 30 min at 30°C. Samples were
electrophoresed on an SDS–10% polyacrylamide gel, and incorporation of 32P
into glutathione S-transferase–ATF2 protein was determined by phosphorimager
analysis.

Determination of protein synthesis rates. For determination of protein syn-
thesis rates in the presence of TRAIL, the method used was that described
previously (62).

Cell viability. Apoptosis was determined using propidium iodide staining of
nuclei. Cells (2 3 105 per time point) were washed three times in PBS and then
fixed in a solution of 1:1 methanol-acetone for 10 min. Following five washes in
PBS, the cells were incubated with 900 ml of PBS–100 ml of propidium iodide (50
mg/ml) at 37°C for 30 min before fluorescence analysis. Apoptosis was assessed
by determining the percentage of cells with condensed nuclei relative to the total
population of nuclei counted.

SDS-PAGE and Western blotting. For analysis of c-Myc, eIF4G, and poly-
(ADP-ribose) polymerase (PARP), cell pellets were solubilized in electrophore-
sis buffer (50 mM Tris-HCl [pH 6.8], 4% SDS, 10% 2-mercaptoethanol, 1 mM
EDTA, 10% glycerol, and 0.01% bromophenol blue) by sonication. Cell extracts
(106 cells per lane) were then analyzed by SDS-PAGE on 7.5 or 10% polyacryl-
amide 16-cm gels (Bio-Rad), and proteins were transferred to nitrocellulose
(Schleicher and Schuell) by electroblotting in transfer buffer (0.2 M glycine, 20
mM Tris, 20% [vol/vol] methanol) for 1.5 h at 85 V. Equal loading of protein was
determined on all blots by staining with Ponceau S. Blots were blocked by
incubation in 5% skimmed milk in Tris-buffered saline–Tween for 1 to 2 h and
then probed with the relevant antibodies for 1 h at room temperature. c-Myc
protein was detected using the mouse monoclonal antibody 9E10 (generated by
T. Harrison) at a 1:400 dilution, and a-tubulin proteins were detected using a
mouse monoclonal antibody (Sigma) at a 1:10,000 dilution. Rabbit polyclonal
antibodies used to detect eIF4G were kindly provided by S. Morley (Sussex
University) at dilutions of 1:7,000. A mouse monoclonal antibody which was used
to detect PARP was obtained from G. Poirier, Laval University, Quebec, Can-
ada. Blots were then incubated with peroxidase-conjugated secondary antibodies
raised against mouse or rabbit immunoglobulins and developed using the chemi-
luminescence reagent Illumin 8 (generated by M. Murray, Department of Ge-
netics, Leicester University).

Northern blot analysis. Total cellular RNA and poly(A)1-selected (using
DynaBeads) mRNA were prepared and analyzed by Northern blotting exactly as
described previously (63). DNA probes used for the detection of c-myc and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA species were also
as described previously (63).

RESULTS

c-Myc protein levels remain constain during apoptosis when
protein synthesis is inhibited. In HeLa cells in which apoptosis
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has been triggered with either staurosporine or TRAIL, pro-
tein synthesis is inhibited within 2 h (Fig. 1). This inhibition of
protein synthesis correlates with the cleavage of eIF4G (Fig.
2A and B) that occurs at the same time as cleavage of PARP
(Fig. 2D), known to be cleaved by effector caspases. Thus,
there is a rapid cleavage of eIF4G into fragments of 150 and 76
kDa and a corresponding appearance of the specific 89-kDa

cleavage fragment of PARP (Fig. 2D). The degradation of
eIF4G appears to be a general phenomenon during the onset
of apoptosis and has also been shown to occur in Jurkat cells
treated with anti-CD95 (42), in BJAB cells during serum star-
vation (12), and in HeLa cells treated with etoposide or cis-
platin (39). Since protein synthesis rates are very much de-
creased during apoptosis, it would be expected that the
abundance of proteins that have a short half-life would be
greatly reduced a few hours after the onset of apoptosis. The
initiation of synthesis of the c-Myc protein (which has a rela-
tively short half-life of between 20 and 40 min [21]) can occur
both in a cap-dependent manner and by internal ribosome
entry (43, 59, 62). Thus, to determine the steady-state levels of
c-Myc protein in HeLa cells undergoing apoptosis, when cap-
dependent translation is compromised, Western blots were
probed with anti-c-Myc antibodies (Fig. 2C). Interestingly, we
found that the levels of this protein remained constant during
apoptosis (Fig. 2C). Thus, even 8 h after the onset of apoptosis,
when 95% of cells were apoptotic as assessed by propidium
iodide staining of condensed nuclei, c-Myc protein levels were
unaltered (Fig. 1B and 2C). Consistent with the intimate role
of the c-myc gene product in the regulation of cellular prolif-
eration and differentiation, the expression of this proto-onco-
gene is controlled at multiple levels (38). Thus, there are a
number of possible explanations for these data: firstly, levels of
c-myc RNA are increased during apoptosis; secondly, there is
a change in the stability of c-Myc protein during this process;
and finally, the c-Myc protein is translated by an alternative
mechanism during apoptosis which does not require full-length
eIF4G. To distinguish between these possibilities, the follow-
ing series of experiments were carried out.

During apoptosis in HeLa cells, there is no increase in the
level of c-myc mRNA. An increase in the levels of c-myc mRNA
could occur either by an increase in the transcription of c-myc
or by an increase in the stability of the message. To investigate
these possibilities, the steady-state level of c-myc mRNA was
analyzed during apoptosis. HeLa cells were incubated with
TRAIL, total and poly(A)1 mRNA was isolated over 8 h, and
Northern blot analysis was performed. There was no change in
the ratio of c-myc to GAPDH during apoptosis (Fig. 3), and in
the absence of a large induction of mRNA expression, it is
evident that increased transcription rates and/or increased
mRNA stability is not the key mechanism involved in the

FIG. 1. Treatment of HeLa cells with either TRAIL or staurosporine causes a general inhibition of translation and a decrease in cell viability. HeLa cells, in
triplicate, were incubated in either the absence (closed squares) or the presence of 0.25 mg of TRAIL (closed triangles) per ml or 1 mM staurosporine (closed circles).
(A) Protein synthesis was estimated by labeling the cells with [35S]methionine before harvesting at the times indicated. (B) Parallel cultures were used to determine
apoptosis by staining with propidium iodide.

FIG. 2. Inhibition of translation correlates with cleavage of eIF4G and
PARP. Cells were incubated with 0.25 mg of TRAIL (A) per ml or 1 mM
staurosporine (B) and harvested at the time points shown. Cell extracts (106

cells) were separated by SDS-PAGE, Western blotted, and probed with antibod-
ies to eIF4G and then with the c-Myc antibody 9E10 (C). Samples from the blot
shown in panel A were rerun on an SDS–7.5% polyacrylamide gel and then
probed with antibodies to PARP (D). Results are representative of at least three
independent experiments. The asterisk marks the full-length eIF4G. Numbers to
the left of each panel indicate molecular masses in kilodaltons.
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expression of c-Myc protein described here. Since c-Myc pro-
tein expression has been shown to be subject to regulation at
the level of both protein stability and translation (36, 56, 57), it
was then necessary to distinguish between these two possibil-
ities.

During apoptosis, there is no change in the half-life of
c-Myc protein. Studies of the rate of degradation of the c-Myc
protein using pulse-chase analysis revealed that there was no
increase in the stability of the protein 4 h after the addition of
TRAIL, a point at which more than 65% of the cells were
undergoing apoptosis (Fig. 1C and 4). Indeed, the Myc protein

appeared to be slightly less stable during apoptosis, with a
half-life of approximately 17 min, compared to the control
samples, which had a half-life of approximately 23 min, a value
consistent with published data (21, 62). In addition, the
amounts of c-Myc protein synthesized during the 30-min label-
ing time (t 5 0) were also similar, demonstrating that Myc is
still synthesized from the endogenous message during apopto-
sis.

Further experiments performed were aimed at determining
the mechanism of c-myc translation initiation in apoptosis.

The c-myc IRES is functional during apoptosis. We and
others have shown that the c-myc 59 UTR contains an IRES
and that translation initiation of this message can therefore
occur in a cap-independent manner (43, 59). In addition, it has
been shown that c-myc is still translated in cells which have
been infected with polio virus (27). In this situation, cap-de-
pendent translation of most host cell mRNAs is blocked due to
the specific cleavage of eIF4G.

To determine whether the c-myc IRES was active during
apoptosis, HeLa cells were transiently transfected with either
the control dicistronic plasmid containing the Renilla luciferase
gene upstream and the firefly luciferase gene downstream
(pGL3R [Fig. 5A]), the dicistronic construct containing the
c-myc IRES fused in frame with the firefly luciferase gene
(pGL3Rutr [Fig. 5A]) (59), or a plasmid construct containing
the human rhinovirus IRES (HRV-IRES, pGL3RHRV [Fig.
5A]). This was used to determine whether a similar effect was
observed using an IRES of viral origin (Fig. 5A) (59). Apo-
ptosis was initiated with TRAIL, and the amount of luciferase
produced from each cistron was measured over 10 h (Fig. 5B
and C). When firefly luciferase activity was normalized to Re-
nilla luciferase activity, there was an apparent increase in firefly
luciferase activity following stimulation with TRAIL (Fig. 5B).
This suggests that, during apoptosis, cap-dependent translation
from the Renilla luciferase cistron was down modulated
whereas initiation of translation by internal ribosome entry was
maintained. The difference between the synthesis of these pro-

FIG. 3. c-myc mRNA levels are unchanged during apoptosis. Poly(A)1 mRNA or total cellular RNA was prepared from samples taken over an 8-h period after
the addition of TRAIL and then analyzed by Northern blotting for levels of c-myc mRNA, and levels of the control message GAPDH were determined using specific
probes (A). The Northern blot was analyzed using a Molecular Dynamics PhosphorImager, and c-myc mRNA levels were normalized to those of GAPDH (B).

FIG. 4. c-Myc protein stability is unaltered during apoptosis. Determination
of the half-life of the c-Myc protein in control HeLa cells and at 4 h post-addition
of TRAIL is shown. Pulse-chase analysis and immunoprecipitation were per-
formed as described in Materials and Methods. Cells were labeled for 30 min and
then harvested following the chase times indicated. Samples were subjected to
PAGE, and the amount of radiolabel incorporated into each band was deter-
mined by using a phosphorimager. (A) Representative gels of pulse-chase–
immunoprecipitations. (B) Phosphorimager analysis of the gels shown in panel
A. Open circles, untreated HeLa cells; closed circles, HeLa cells incubated with
TRAIL for 4 h.
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teins cannot be accounted for by a difference in half-life be-
tween the firefly luciferase and the Renilla luciferase, since we
have found that in HeLa cells they have similar half-lives of
approximately 2.5 h, in agreement with previously published
data (data not shown and reference 10). Indeed, this interpre-
tation was confirmed when the firefly luciferase activity (IRES
mediated) was calculated relative to that of b-galactosidase,
which is a more stable protein with a half-life of approximately
20 h (Fig. 5C). In this case, the firefly luciferase actually de-
creased to approximately 70% 10 h after apoptosis had been
triggered, whereas the Renilla luciferase activity decreased to

11%. These data are consistent with the IRES sustaining c-
Myc protein expression, as opposed to inducing it, during ap-
optosis when cap-dependent translation is compromised.

To gain further information about the cellular consequences
of c-myc expression during apoptosis, the effects of compounds
which have been shown to specifically inhibit translation were
investigated.

Proteins required for initiation of protein synthesis by the
c-myc IRES are downstream of the MAPK pathway. We have
shown recently that cap-dependent translational regulation of
c-myc is blocked by rapamycin, suggesting that regulation of

FIG. 5. The c-Myc IRES is active during apoptosis. (A) HeLa cells were cotransfected (in triplicate) with pcDNA3.1/HisB/LacZ and either pGL3Rutr,
pGL3RHRV, or pGL3R. Twenty-four hours after transfection, apoptosis was induced by the addition of 0.25 mg of TRAIL per ml, and samples were harvested at the
time points indicated. (B) The expression of firefly luciferase generated from the IRES (by a cap-independent mechanism) was calculated relative to the expression
of the upstream Renilla luciferase (cap-dependent expression), pGL3Rutr (closed circles), pGL3RHRV (closed squares), or pGL3R (closed triangles). (C) The
expression of firefly luciferase generated from translation initiation of the IRES was also determined relative to that of the transfection control b-galactosidase,
pGL3Rutr firefly luciferase (closed circles), pGL3RHRV firefly luciferase (closed squares), pGL3Rutr Renilla luciferase (open circles), and pGL3RHRV Renilla
luciferase (open squares). All experiments were performed in triplicate on three independent occasions. SV40, simian virus 40; HRV, human rhinovirus.
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this type of translation is mediated by signaling through the
FRAP/mTOR pathway (62). Cap-dependent translation is also
regulated by both the p38 and extracellular signal-related ki-
nase MAPK pathways, the downstream substrates of which
include MNK1 and MNK2, which have been shown to phos-
phorylate the cap-binding protein eIF4E in vivo and thus mod-
ulate its activity (19, 61). However, during apoptosis initiated
by either anti-CD95 or TNF alpha, there is a large transient
induction of p38 kinase (29, 52), and yet this does not result in
the phosphorylation of eIF4E (42). Experiments were there-
fore performed to address whether cap-independent transla-
tion of c-myc via the IRES during TRAIL-induced apoptosis is
downstream of either of these signaling pathways.

Preincubation of transfected cells with rapamycin before the
addition of TRAIL had no effect on the luciferase activity
produced from the downstream cistron (our unpublished
data); therefore, we investigated whether the MAPK pathways
were involved in IRES-mediated translation initiation during
apoptosis. Dicistronic plasmid constructs harboring the c-myc
IRES were cotransfected with plasmids expressing either wild-
type MKK6 (MKK6WT), an immediate upstream activator of
p38 MAPK, or a constitutively active form, MKK6Glu (50).
Both the wild-type and the constitutively active version of
MKK6 cause an increase in the activity of both the Renilla
luciferase (cap dependent) and the firefly luciferase (cap inde-
pendent) (Fig. 6). For the Renilla luciferase, this is not surpris-
ing, since downstream substrates in this pathway include
MNK1 and MNK2, which phosphorylate the cap-binding pro-
tein of eIF4E. However, these data also suggest that the p38
MAPK pathway activates a protein(s) which is required for
cap-independent translation.

To investigate these observations further, cells (pGL3Rutr)
were transfected with the dicistronic plasmid construct incu-
bated with TRAIL either with or without pretreatment with
SB203580, and harvested over an 8-h period. As before, (Fig.
5C), relative to the expression of b-galactosidase, the level of
firefly luciferase decreased to approximately 70% of the orig-
inal value by 8 h (Fig. 7A). However, in cells pretreated with
SB203580 (which inhibits p38 MAPK [Fig. 7C]), the expression
of firefly luciferase derived from the c-myc IRES is very much

reduced (Fig. 7A). Hence, after 4 h the expression is decreased
to 60%, compared to 93% in the untreated control cells, and by
8 h, the levels of firefly luciferase are reduced to 18% of their
original value. To determine whether a similar effect was ob-
served with c-Myc protein expression, HeLa cells were pre-

FIG. 6. Proteins which mediate internal ribosome entry of c-myc are down-
stream of MKK6. HeLa cells were cotransfected with the dicistronic c-myc
IRES-containing plasmid pGL3Rutr and either pcDNA3 (control empty vector),
pcDNA3 containing DNA encoding MKK6WT, or pcDNA3 containing the con-
stitutively active version of this kinase, MKK6Glu. Cells were harvested and
assayed for luciferase activity to determine whether coexpression of the dicis-
tronic plasmid with MKK6 increased cap-dependent (Renilla luciferase [RL]
expression) and/or cap-independent (firefly luciferase [FL] expression) transla-
tion initiation. All experiments were performed in triplicate on three indepen-
dent occasions.

FIG. 7. The c-myc IRES is downstream of p38 MAPK. (A) cells were co-
transfected with dicistronic reporter plasmids containing the c-myc IRES
(pGL3Rutr) and b-galactosidase (pcDNA3.1/HisB/LacZ), and half the samples
were preincubated for 1 h with 40 mM SB203580. Open circles, absence of
inhibitor; closed circles, presence of inhibitor. Cells were then treated with 0.25
mg of TRAIL per ml, and samples were harvested at the time points shown and
assayed for firefly luciferase and b-galactosidase activity. The relative ratio of
firefly luciferase to b-galactosidase is shown. (B) Cells (106) were incubated with
TRAIL with or without a 1-h preincubation with 40 mM SB203580. Samples were
harvested at the time points shown, analyzed by PAGE and Western blotting
with an anti-c-Myc antibody, and then stripped and reprobed with an anti-PARP
antibody. (C) p38 MAPK activity was assayed in the presence (closed squares) or
absence (open squares) of SB203580 (preincubation for 1 h) followed by the
addition of 0.25 mg of TRAIL per ml. As expected, the activity of this enzyme is
induced up to 10-fold during apoptosis, and this induction is inhibited by the
presence of the inhibitor.
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treated with SB203580 before the addition of TRAIL and
Western blot analysis was performed as before using an anti-
c-Myc antibody. Pretreatment with SB203580 alone had no
effect on c-Myc expression; however, this inhibitor had a very
marked effect on the expression of c-Myc protein during apo-
ptosis; 4 h after the addition of TRAIL, the levels of the c-Myc
protein decreased by approximately 70% (Fig. 7B). Taken to-
gether, these results add credence to our hypothesis that the
c-myc IRES is responsible for maintaining expression of this
protein during apoptosis. We posit that the switch from cap-
dependent translation initiation to internal ribosome entry is
likely to be an early event in the apoptotic pathway. In agree-
ment with previously published data with anti-CD95 and TNF
(42, 52), we have found that in cells preincubated with
SB203580 apoptosis occurs slightly more rapidly (data not
shown). Therefore, the decrease in c-myc expression does not
appear to affect the efficiency with which cells initiate apopto-
sis.

These data strongly suggest that proteins which are respon-
sible for IRES-mediated translation initiation during apoptosis
are downstream of p38 MAPK.

DISCUSSION

Protein synthesis of the proto-oncogene c-myc can be initi-
ated by two mechanisms. Evidence for a cap-dependent scan-
ning mechanism of translation initiation comes from the ob-
servations that the translation of c-myc mRNA is increased in
cells which overexpress eIF4E (14) and that an increase in the
degree of phosphorylation of 4EBP1 (which causes the disso-
ciation of eIF4E from this binding partner) results in an in-
crease in c-Myc expression (62). More recently, we and others
have shown that the c-myc 59-UTR contains an IRES and that
therefore c-myc mRNA can be translated in a manner which is
independent of the cap structure (43, 59). The c-myc gene
encodes four different transcripts, P0, P1, P2, and P3, of ap-
proximately 3.1, 2.4, 2.25, and 2.0 kb, respectively (4, 5, 64),
and most of this heterogeneity is in the length of the 59 UTR.
The IRES is contained within the 59 UTR of mRNAs which
initiate from P2 (59); thus (as these transcripts represent 75 to
90% of the c-myc mRNA, in most cells), the majority of c-myc
mRNA in a cell has the potential to initiate translation via
internal ribosome entry.

We have investigated the circumstances in which the c-myc
IRES is utilized and have found that it is active during apo-
ptosis (Fig. 3 and 6) when the levels of cap-dependent trans-
lation are reduced due to cleavage of eIF4G (Fig. 2) (12, 39,
42). Our data suggest that cleaved eIF4G is sufficient to allow
initiation of translation by internal ribosome entry by the c-myc
IRES, since 8 h after the induction of apoptosis with stauro-
sporine there is no remaining full-length eIF4G and yet c-Myc
protein is still expressed (Fig. 2C). In addition, it has been
shown recently that c-myc mRNA is still associated with the
translational machinery in cells that have been infected with
poliovirus, whereby eIF4G is cleaved subsequent to viral in-
fection (25, 27).

p38 MAPK is activated during apoptosis (29, 52), and yet
this is not accompanied by phosphorylation of eIF4E (42),
which has been shown to be a downstream target in vivo (19,
61). Our data demonstrate that cotransfection of wild-type and
constitutively active MKK6 increases the activity of IRES-
mediated translation, suggesting that the c-myc IRES is also
downstream of p38 MAPK (Fig. 6). The p38 inhibitor
SB203580 blocks both the activity of the firefly luciferase
downstream of the c-myc IRES and the expression of c-Myc
during apoptosis (Fig. 6 and 7), again strongly suggesting that

proteins which are required for internal ribosome entry are
downstream of p38 MAPK.

Although c-Myc protein levels are maintained during apo-
ptosis, a reduction in expression of this protein by preincuba-
tion with SB203580 does not block this process (data not
shown and references 42 and 52). Thus, our data suggest that
c-myc expression is not required for cell death in this system.
Therefore, why are c-Myc protein levels selectively maintained
during apoptosis? The dual hypothesis suggests that c-Myc
promotes proliferation and apoptosis simultaneously through
the modulation of appropriate target genes (17). Therefore,
one possibility is that c-myc expression is required for the
transcription of genes that are required at/for the end stage of
apoptosis, i.e., engulfment. Cells undergoing apoptosis are nor-
mally cleared rapidly in vivo by phagocytes, and phagocytic
recognition of “apoptotic self” is of the utmost importance to
this process (54). CD14 and CD36 on phagocytic cells are
directly involved in tethering to apoptotic cells, although the
ligands with which they interact have yet to be defined (16).
Therefore, c-myc expression during apoptosis could be re-
quired for the transcription of specific cell surface proteins
required for phagocyte recognition, and it has been shown
elsewhere that RNA synthesis still occurs during late-stage
apoptosis (30). In agreement with this, it has been shown
previously that c-Myc-overexpressing fibroblasts are more sen-
sitive to the cytotoxic effects of natural killer cell-derived gran-
ules, and in coculture experiments natural killer cells were able
to efficiently destroy only target cells which overexpressed c-
Myc (32).

In conclusion, we show that c-Myc protein synthesis is initi-
ated by internal ribosome entry during apoptosis when cap-
dependent translation is reduced. The proteins which mediate
internal entry are downstream of p38 MAPK, since inhibition
of this kinase ablates expression both of the reporter enzyme
and of c-Myc. The downstream function of c-Myc is unknown;
however, one possibility which could be investigated is that
c-Myc is required to transactivate genes involved in phagocytic
recognition of apoptotic self.
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