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CD40, a member of the tumor necrosis factor receptor
superfamily, is frequently expressed in carcinomas
where its stimulation results in induction of apoptosis
when de novo protein synthesis is inhibited. The re-
quirement of protein synthesis inhibition for efficient
killing suggests that CD40 transduces potent survival
signals capable of suppressing its pro-apoptotic effects.
We have found that inhibition of CD40 signaling on the
phosphatidylinositol 3-kinase (PISK) and ERK MAPK
but not on the p38 MAPK axis disrupts this balance and
sensitizes carcinoma cells to CD40-mediated cell death.
The CD40-mediated PISK and ERK activities were found
to converge on the regulation of protein synthesis in
carcinoma cells via a pathway involving the activation
of p90 ribosomal S6 kinase (p90Rsk) and p70S6 kinases,
upstream of the translation elongation factor eEF2. In
addition, CD40 ligation was found to mediate a PI3K-
and mammalian target of rapamycin (mTOR)-dependent
phosphorylation of 4E-BP1 and its subsequent dissocia-
tion from the mRNA cap-binding protein eIF4E as well
as an ERK-dependent phosphorylation of eIF4E, thus
promoting translation initiation. Concomitantly, the
antiapoptotic protein cFLIP was found to be induced in
CD40 ligand-stimulated carcinoma cells in a PI3K-,
ERK-, and mammalian target of rapamycin (mTOR)-de-
pendent manner and down-regulation of cFLIPg expres-
sion sensitized to CD40-mediated carcinoma cell death.
These data underline the significance of the PI3K and
ERK pathways in controlling the balance between CD40-
mediated survival and death signals through the regu-
lation of the protein synthesis machinery. Pharmacolog-
ical agents that target this machinery or its upstream
kinases could, therefore, be exploited for CD40-based
tumor therapy.

CD40, a member of the tumor necrosis factor (TNF)! receptor
superfamily, is expressed on a plethora of cell types, including
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normal B lymphocytes, macrophages, endothelial cells, and
dendritic cells, and this widespread expression is likely to
account for its central role in the regulation of humoral immu-
nity and host defense (1, 2). The key role of the CD40-CD40L
duet in orchestrating immune responses is exemplified by clin-
ical data from patients with X-linked hyper IgM syndrome, a
rare immune disorder caused by mutations in the CD40L gene.
In these patients thymus-dependent responses to antigens
such as immunoglobulin class switching and antibody produc-
tion are impaired, with consequent deficiency in germinal cen-
ter formation, recurrent infections, and high frequency of car-
cinomas and lymphomas (3, 4).

In addition to its expression in normal lymphoid cells, CD40
is also found in a variety of malignant cells, including leuke-
mias, lymphomas, and carcinomas of the ovary, nasopharynx,
liver, bladder, and breast (5). However, in marked contrast to
the proliferative effects of CD40 ligation on normal B lympho-
cytes, CD40 stimulation in malignant lymphoid cells results in
growth retardation both in vitro and in vivo, indicating a cell
type/differentiation state-dependent response to CD40 ligation
(6, 7). A similar growth inhibitory effect has been noted in
various carcinoma cell lines and early passage ovarian and
breast tumor cells treated with a soluble trimeric form of
CD40L (8, 9). This treatment also promotes the endogenous
production of cytotoxic ligands of the TNF family, such as FasL,
TNF-a, and TNF-related apoptosis-inducing ligand (TRAIL)
and results in low levels of apoptosis in carcinoma cells grown
in vitro or in severe combined immunodeficiency mice as hu-
man ovarian or breast tumor xenografts (9—-13).

The pro-apoptotic properties of CD40 ligation in carcinomas
can be dramatically enhanced in the presence of the protein
synthesis inhibitor cycloheximide (CHX) (12, 14) or chemother-
apeutic agents that inhibit protein synthesis (8, 13). This ob-
servation suggests that CD40 transduces potent survival sig-
nals which counterbalance its apoptosis-inducing effects. In
view of the potential therapeutic role of CD40L in carcinomas,
we wished to probe the CD40-activated signaling pathways
that mediate anti-apoptotic responses and evaluate the hypoth-
esis that inhibition of these pathways may enhance the suscep-
tibility of carcinoma cells to CD40L-induced cell death.

MATERIALS AND METHODS

Cell Culture, Treatments, and Apoptosis Assays—EdJ, HeLa/CD40.
and Rat-1/CD40 cells and apoptosis assays using propidium iodide
staining and UV-light microscopy have been previously described (8,
12). Apoptosis was also confirmed by a 7-amino-actinomycin D flow
cytometric method (15) and a cell death enzyme-linked immunosorbent

cloheximide; IGF, insulin-like growth factor; dn, dominant negative;
mTOR, mammalian target of rapamycin.
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assay (Roche Applied Science) performed according to the manufactur-
er’s instructions. LY294002 and SB203580 were purchased from Cal-
biochem and used at 20 um, PD98059 (Calbiochem) was used at 50 uM,
and rapamycin was purchased from Cell Signaling Technology and used
at 10 nM. Trimeric recombinant soluble CD40L (rsCD40L) was pur-
chased from Bender MedSystems. FLIP antisense was used as previ-
ously described (16). To generate RAd-dn p85, the cDNA for dominant-
negative p85 phosphatidylinositol 3-kinase (PI3K) was cloned into a
transfer vector, and a replication deficient adenovirus expressing this
molecule was generated by homologous recombination with the Ad-
Easyl vector in BJ5183 cells. The virus produced was expanded in
human embryonic kidney 293 cells, and a passage 4 virus was collected,
purified, and used to infect cells, as previously described (12, 17).

Antibodies and Immunoblotting—Phospho-specific antibodies were
purchased from Cell Signaling Technology. RSK1 was purchased from
Upstate Biotechnology, and Mnk antibodies were from Santa Cruz
Biotechnology. The 4E-BP1 antibody was kindly provided by Dr. R.
Denton, University of Bristol, UK. For immunoblotting, 15-30 ug of
protein was separated by SDS-PAGE, transferred onto polyvinylidene
difluoride membrane, and blocked with 5% nonfat milk dissolved in
Tris-buffered saline supplemented with 0.1% Tween 20. After 3 washes
with Tris-buffered saline supplemented with 0.1% Tween 20, mem-
branes were incubated overnight at 4 °C with primary antibody and for
1 h at room temperature with the appropriate secondary antibody
followed by enhanced chemiluminescence (Amersham Biosciences). For
c¢FLIP immunoblots, 80 ug of protein was separated by SDS-PAGE,
transferred onto Biotrace nitrocellulose membranes (Pall Gelman Lab-
oratory, Ann Arbor, MI), and blocked with 5% nonfat milk. The NF6
antibody from Alexis Biochemicals was used for detection of cFLIP; /.

In Vitro Kinase Assays—For PI3K assays, Rat-1/CD40 cells were
seeded at 1.2 X 10%/60-mm dishes in complete media and allowed to
adhere overnight. After serum starvation for 24 h, cells were stimulated
with rsCD40L and lysed in situ with PI3K lysis buffer (20 mm Tris, pH 7.5,
150 mm NaCl, 1 mm EDTA, 1% Nonidet P-40, 1 mM sodium orthovana-
date, 50 mM NaF, 2 pg/ml leupeptin, 2 pg/ml aprotinin). 500 pg of protein
was pre-cleared with protein G-Sepharose beads (1:1 slurry) for 1 h and
incubated overnight at 4 °C with 4 ug of 4G10 anti-phosphotyrosine
antibody (Upstate Biotechnology). Immunoprecipitated proteins were re-
covered using Protein G-Sepharose beads (1:1 slurry), and unbound pro-
tein was removed by washing 4 times with PI3K lysis buffer, twice with a
LiCl buffer (0.5 M LiCl, 50 mm Tris, pH 7.5), and twice with a NaCl buffer
(0.1 m NaCl, 50 mm Tris, pH 7.5). Beads were resuspended in buffer
containing 0.2 mg/ml phosphatidylinositol (reconstituted in 10 mm Hepes,
pH 7.4, 1 mmM EDTA) and incubated at room temperature for 10 min.
Kinase reactions were initiated by adding 40 ul of lipid kinase buffer (30
mM Hepes, pH 7.4, 30 mm MgCl,, 50 um ATP, 400 uM adenosine, 10 nCi
of [y-*2P]ATP), incubated at room temperature for 20 min, and terminated
with 100 ul of 1M HCL. To recover radiolabeled phosphatidylinositol, 200
wul of CHCl;:MeOH (1:1) was added, vortexed vigorously, and pulse-cen-
trifuged. 40 pl of the lower organic phase was separated by thin layer
chromatography in a pre-equilibrated with propan-1-ol, 2 M acetic acid
(65:35) tank. Dried plates were quantitated by phosphorimaging. The
p90Rsk and p70S6 peptide kinase assays were performed as previously
describe (18) using the peptide RRRLSSLRA, which corresponds to amino
acids 231-239 of human 40 S ribosomal protein S6 as a substrate (Upstate
Biotechnology).

m7’-GTP-Sepharose Affinity Chromatography and Measurement of
Protein Synthesis—HeLa/CD40 cells were stimulated with rsCD40L
and lysed with buffer containing 20 mm Tris, pH 7.5, 100 mm KCl, 0.5%
Triton X-100, 0.5% Nonidet P-40, 20 mm B-glycerophosphate, pH 7.4, 10
mM NaF, 1 mm EGTA, 1 mm dithiothreitol, 250 uM sodium orthovana-
date, 1 pg/ml leupeptin, and 1 pg/ml aprotinin. eI[F4E was immunopre-
cipitated from 250 pg of total protein by incubating with 15 ul of
m”GTP-Sepharose 4B beads (1:1 slurry) (Amersham Biosciences) in a
total volume of 500 wl of lysis buffer. After 2 h of incubation at 4 °C, the
beads were washed with lysis buffer, and beads were resuspended in a
small volume of lysis buffer and SDS/PAGE loading buffer. After dena-
turation, immunoprecipitates were run on a 15% SDS-PAGE gel and
subjected to standard Western blotting for e[F4E and 4EBP1. Protein
synthesis was assessed as previously described (19).

RESULTS

Inhibition of CD40-mediated PI3K Activation Sensitizes Car-
cinoma Cells to CD40L-induced Apoptosis—To identify the
CD40-activated signaling pathways responsible for counteract-
ing its pro-apoptotic capacity, we first examined the effects of
CD40 ligation on PI3K, an established survival signal. The

PI3K pathway is activated in CD40L-stimulated B lympho-
cytes and endothelial cells (20, 21) and could be involved in the
protection against CD40-mediated carcinoma cell death. We
confirmed that CD40 ligation engages this signaling pathway
in non-lymphoid cells by performing in vitro kinase assays
using anti-phosphotyrosine immunoprecipitates from CD40L-
stimulated Rat-1/CD40 cultures and phosphatidylinositol as a
substrate (Fig. 1A). As a read-out for PI3K activation, the
effects of CD40 ligation on the phosphorylation of Akt/PKB, an
established PI3K target, were assessed by immunoblot analy-
sis using an antibody that specifically recognizes Akt phospho-
rylated at Ser*”® or an antibody raised against total (phospho-
rylated and non-phosphorylated) Akt. The results of these
experiments confirmed that CD40 ligation promotes a tran-
sient increase in the phosphorylation of Akt in both Rat-1/
CD40 and HeLa/CD40 cells. Furthermore, this effect was found
to occur in a PI3K-dependent manner, as CD40L-induced Akt
phosphorylation was abolished by pretreatment with the PI3K
inhibitors wortmannin or L.Y294002 (Figs. 1, B and C).

We then proceeded to assess whether PISK signals are in-
volved in the protection against CD40-mediated carcinoma cell
death. To this end, serum-starved HeL.a/CD40 clone 13 cells
were pretreated with PISK inhibitors and then co-cultured
with rsCD40L for 48 h. The results showed that although
rsCD40L alone induced ~10% cell death above background,
pretreatment with LY294002 or wortmannin significantly aug-
mented this effect to 45% (Fig. 1D and data not shown). Neither
of these inhibitors affected the levels of CD40 expression in
these cells (data not shown). Similar results were obtained in
other HeLa/CD40 clones as well as in Rat-1/CD40 fibroblasts
but not in vector control-transfected cells. Furthermore, pre-
treatment of EJ bladder carcinoma cells, which naturally ex-
press CD40 (8) with 20 um 1.Y294002, also resulted in a signif-
icant increase in CD40L-induced apoptosis such that more
than 30% of the cells were killed in the presence of both agents
(Fig. 1D). However, LLY294002 did not enhance the cytotoxicity
of the chemotherapeutic agent cisplatin and did not result in
susceptibility of HeLa/CD40 cells to IGF-1 or epidermal growth
factor stimulation (data not shown).

To confirm that the effects of these chemical inhibitors re-
flect a specific phenomenon, we generated a replication-defi-
cient recombinant adenovirus expressing a dominant-negative
form of p85 (RAd-dn p85), the regulatory subunit of PISK, for
its efficient delivery to the majority of target cells. The p85
PI3K has recently been shown to be recruited in the CD40
signaling complex (21). Infection of HeLa/CD40 cultures with
RAd-dn p85 resulted in significant sensitization to apoptosis
after treatment with rsCD40L but not IGF-1 (Fig. 1E and data
not shown). We conclude that CD40 transduces PI3K-depend-
ent survival signals in carcinoma cell lines and fibroblasts
capable of counteracting the apoptosis-inducing effects of CD40
ligation.

ERK but Not p38 MAPK Activation Counteracts CD40-trans-
duced Death Signals in Carcinoma Cells—Mitogen-activated
protein kinase (MAPK) signaling has been implicated in cer-
tain anti-apoptotic responses. Earlier studies suggested that
CD40 stimulation does not engage the ERK MAPK pathway
(22, 23), but this finding has been challenged by other investi-
gators (24-26). Taking into account the controversy surround-
ing the ability of CD40 to transduce ERK signals, we examined
the effects of CD40 ligation on ERK phosphorylation, a surro-
gate for its activation. In parallel, we assessed whether CD40
also engages the p38 MAPK pathway in carcinomas. To this
end, HeLa/CD40 cells were stimulated with rsCD40L for 5, 15,
30, or 60 min, and total lysates were analyzed for the phospho-
rylation status of the ERK isoforms p44 ERK1 and p42 ERK2
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Fic. 1. CD40-mediated PI3K/Akt activation overrides CD40L-induced cell death. Serum-starved Rat-1/CD40 cells were stimulated with
rsCD40L for the times indicated. Lysates were subjected to in vitro PI3K assay (A) and immunoblot analysis (B) using an antibody that recognizes
Akt phosphorylated at Ser*”® (p-Akt) or an antibody that detects Akt regardless of its phosphorylation state (Akt). To verify the PISK-dependent
activation of Akt by CD40, cells were pretreated with wortmannin (Wm) before being stimulated for 5 min with rsCD40L, lysed, and subjected to
immunoblotting as described in B. C, HeLa/CD40 clone 13 (CI.13) cells were pretreated with LY294002 (LY) and then stimulated with rsCD40L
for 15 min. IGF-1 stimulated cells (lane 4) serve as a positive control. Samples were subjected to immunoblotting using anti-phospho-Akt (Ser*”®)
or total-Akt antibodies. D, 1.Y294002 sensitizes carcinoma cells and fibroblasts to CD40L-induced apoptosis. Cells were pretreated with LY before
being co-cultured with rsCD40L for 48 h. The percentage of apoptotic cells (mean values = S.D.) from three independent experiments is shown for
HeLa/CD40 clone 13 and EJ cells. Asterisks represent individual values from two independent experiments performed in HeLa/CD40 Cl.14 cells.
NT, no treatment. E, infection of HeLa/CD40 clone 13 cells with a recombinant adenovirus (multiplicity of infection 100) expressing dominant
negative p85 (RAd-dn p85) but not with a B-galactosidase-expressing virus (RAd35) sensitizes to CD40L-induced apoptosis. Mean values from two

independent experiments are shown.

and the p38 MAPK by immunoblot. The results demonstrated
a dramatic and rapid activation of ERK and a significant phos-
phorylation of p38 after CD40 ligation (Figs. 2, A and B).

To assess the potential involvement of ERK and p38 in the
suppression of CD40-mediated cell death, serum-starved HeLa/
CD40 cells were pretreated with SB203580, a p38 inhibitor, or
PD98059, an inhibitor of MEK1, the upstream kinase of ERK,
and then co-cultured with rsCD40L for 48 h. The ability of
these compounds to impair CD40L-induced p38 and ERK sig-
naling was confirmed by immunoblot analysis using antibodies
specific for the phosphorylated, active forms of these kinases
(Figs. 2, C and D). PD98059 or rsCD40L alone had very little
effect on cell viability; however, a 2-fold increase in cell death
was noted when the cells were cultured with both agents (Fig.
2E). Similar results were obtained with a structurally unre-
lated MEK inhibitor, UO126, which further confirms the spec-
ificity of the observed phenomenon (data not shown). PD98059
also synergized with LY294002 to further potentiate CD40-
mediated cell death (data not shown). Unlike the sensitizing
effects of PD98059, pretreatment with SB203580 did not in-
crease the susceptibility of HeLa/CD40 cells to CD40L-induced

apoptosis (Fig. 2E). We conclude that inhibition of CD40L-
induced ERK but not p38 MAPK activation partly sensitizes
carcinoma cells to CD40-mediated apoptosis. Interestingly, ac-
tivation of ERK has also been shown to override anti-Fas and
TNF-related apoptosis-inducing ligand (TRAIL) but not soluble
TNF-a-mediated cell death in the same cell line (27).

CD40 Ligation Promotes de Novo Protein Synthesis in Car-
cinoma Cells That Is Dependent on the Activation of PI3K and
ERK—The preceding data demonstrate a critical role for the
PI3K and ERK in counteracting the apoptotic function of acti-
vated CD40. This PI3K and ERK-mediated resistance to CD40-
induced cell death may depend on or occur independently (i.e.
upstream) of de novo protein synthesis. To address this ques-
tion, we treated HeLa/CD40 cells with IGF, epidermal growth
factor, or a combination of these growth factors in the presence
of rsCD40L and CHX, and apoptosis was quantitated 48 h
later. IGF-1 and epidermal growth factor potently activated the
PI3K/Akt and ERK pathways, respectively, but failed to rescue
these cells from the cytotoxic effects of CD40L and CHX treat-
ment (data not shown). This finding suggests that CD40-trans-
duced PISK and ERK signals promote resistance to CD40L-
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Fic. 2. CD40 ligation activates both the ERK and p38 MAPK pathways; however, inhibition of ERK selectively sensitizes cells to
CD40-mediated apoptosis. A and B, CD40 ligation induces the activation of ERK and p38 MAPK in carcinoma cells. Serum-starved HeLa/CD40
clone 13 cells were stimulated with rsCD40L for the times indicated. Immunoblots were probed for phosphorylated (p-) ERK (upper panel) and total
ERK (lower panel) (A) or phosphorylated p38 (upper panel) and total p38 (lower panel) (B). C, PD98059 suppresses CD40L-induced ERK activation.
Cells were pretreated with PD98059 (PD) before stimulation with rsCD40L for 15 min. Lysates were analyzed for ERK phosphorylation as
described in A. D, the p38 inhibitor SB203580 (SB) suppresses CD40L-induced p38 activation. E, PD98059 (PD) but not SB203580 (SB) sensitizes
carcinoma cells to CD40L-induced apoptosis. Cells were pretreated with PD98059 or SB203580 and then cultured in the presence (+CD40L) or
absence (—CD40L) of rsCD40L for a further 48 h, when apoptosis was assessed. Mean values (+S.D.) from three independent experiments are

shown.

induced apoptosis in carcinoma cells through the regulation of
de novo synthesis of some crucial anti-apoptotic protein(s).

The ability of CD40 to affect protein synthesis is, however,
unknown. Measurements of the incorporation of [>®S]methi-
onine into protein revealed that CD40 ligation in serum-
starved HeLa/CD40 cells induces a substantial 30—-40% in-
crease in the overall rates of protein synthesis compared with
unstimulated control cells (Fig. 3A). This increase was compa-
rable with the levels of induction caused by treatment with
insulin, the “prototypic” inducer of de novo protein synthesis in
epithelial cells (28). Although LY294002 and PD98059 partly
affected the background levels of [2°S]methionine incorpora-
tion, pretreatment with these inhibitors but not SB203580
resulted in a dramatic inhibition of CD40L-mediated protein
synthesis (Fig. 3B). Taken together, these data suggest that
CD40-activated PISK and ERK signals regulate de novo pro-
tein synthesis, thereby promoting the production of critical
survival proteins that counteract the apoptosis-inducing effects
of CD40 ligation.

CD40 Ligation Promotes the Activation of the Ribosomal S6
Kinase and the Disruption of the 4E-BP1/eIF4E Complex in a
PI3K-dependent Manner—To confirm the ability of CD40 liga-
tion to promote protein synthesis and probe the mechanisms by
which CD40-activated PISK and ERK signals influence this
phenomenon, we first examined the effects of CD40 ligation on
the phosphorylation of p70S6k and 4E-BP1, two proteins that
have been implicated in the control of translation of cytoplas-

mic RNAs (28, 29). The activation of p70S6k results in the
phosphorylation of the 40 S ribosomal protein S6 that drives
the translation of 5’-terminal oligopyrimidine tract RNAs and
also contributes to the phosphorylation of eEF2k, the upstream
kinase of the elongation factor eEF2 (30). Phosphorylation of
4E-BP1 promotes its dissociation from elF4E, the translation
initiation factor that binds the cap structure (7-methyl-
guanosine triphosphate) present at the 5’ termini of mRNAs,
thereby allowing cap-dependent translation.

The levels of p70S6k phosphorylation were examined by
immunoblot in lysates from CD40-stimulated HeL.a/CD40 cells
using an antibody that detects p70S6k phosphorylated at
Thr3%9, a critical site for its activation (31), or an antibody that
detects the protein independently of its phosphorylation status.
The results showed that CD40 ligation promotes a significant
increase in p70S6k phosphorylation in a time-dependent man-
ner. Furthermore, CD40-mediated p70S6k activation was
blocked by pretreatment with 1L.Y294002 but only marginally
affected by PD98059 (Fig. 4A). The regulation of p70S6k is
complex and involves the mammalian target of rapamycin,
mTOR. Consistent with an mTOR-dependent input in p70S6k
activation, CD40L-induced p70S6k phosphorylation was signif-
icantly decreased in HeLa/CD40 cells pretreated with the
mTOR specific inhibitor rapamycin (Fig. 4A). The ability of
CD40 to promote PISK- and mTOR-dependent p70S6k activa-
tion was confirmed by using kinase assays in HeL.a/CD40 cells
stimulated with rsCD40L (Fig. 4B).
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Fic. 3. CD40 ligation promotes protein synthesis in a PI3K- and ERK-dependent manner. A, serum-starved HeLa/CD40 cells were
stimulated with rsCD40L or IGF-1 for the indicated time points and labeled with [**S]methionine for 20 min before harvesting. Data are the mean
values from three independent experiments, each performed in duplicate and expressed as a percentage relative to untreated control (CNTR)
cultures. B, serum-starved HeLa/CD40 cells were pretreated for 30 min with kinase inhibitors as indicated and then stimulated with rsCD40L for
60 min. Cells were labeled with [**S]methionine for 20 min before harvesting.

Fic. 4. CD40 activates the p70S6k pathway and promotes the disruption of the 4E-BP1/eIF4E complex in a PI3K- and rapamycin-
dependent manner. A, serum-starved HeL.a/CD40 cells were stimulated with CD40L for the times indicated (lef¢-hand panels) or pretreated with
PD98059 (PD), LY294002 (LY), or rapamycin (Rap) before being stimulated with rsCD40L for 30 min (C, control, unstimulated cells) (right-hand
panels). Samples were then subjected to immunoblot for p70S6k phosphorylated at Thr®*®*® or total p70S6k1l. B, CD40 ligation promotes the
activation of p70S6k in a PI3K- and mTOR-dependent manner. Cells were treated with inhibitors as in A and then stimulated with rsCD40L for
45 min before being analyzed for endogenous p70S6 kinase activity. NT, no treatment. C, m’GTP-Sepharose affinity chromatography demon-
strating CD40-mediated dissociation of 4E-BP1 from eIF4E. Cells were stimulated with either rsCD40L or insulin as a control (left-hand panels)
or pretreated with inhibitors and then stimulated with rsCD40L for 45 min (right-hand panels). The eIF4E-4E-BP1 complex was blotted for 4E-BP1
(upper panels) or eIF4E (lower panels). IP, immunoprecipitation. D, CD40 ligation promotes the phosphorylation of 4E-BP1 at Thr”®. Data shown
in A-D are representative of at least three independent experiments. E, the mTOR inhibitor rapamycin sensitizes carcinoma cells to CD40L-
induced apoptosis. Serum-starved HeLa/CD40 clone 13 cells were pretreated with 50 nMm rapamycin, and apoptosis was assessed after the addition
of rsCD40L as described under “Materials and Methods.” Asterisks represent individual values from two independent experiments performed.
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Fic. 5. CD40 ligation promotes the phosphorylation of Mnk1l
and its downstream effector eIF4E. A, serum-starved HeLa/CD40
cells were stimulated with rsCD40L for various time intervals as indi-
cated. Immunoblots of total cell lysates were probed with an antibody
that recognizes Mnk1 phosphorylated (p-) at Thr'®”2°2 or total Mnk. B,
elF4E, a Mnk1 target, was phosphorylated after CD40 ligation. HeLa/
CDA40 cells were left untreated, stimulated with rsCD40L, or pretreated
with inhibitors (PD98059 (PD), LY294002 (LY), or rapamycin (Rap))
and then stimulated with rsCD40L for 30 min. Lysates were immuno-
blotted for phosphorylated eIF4E (upper panel) or total eIF4E (lower
panel). Data are representative of three independent experiments.

To ascertain whether CD40 ligation influences 4E-BP1 phos-
phorylation status and function, serum-starved HeLa/CD40
cells were stimulated with rsCD40L and analyzed for 4E-BP1
phosphorylation by immunoblot, using an antibody against
4E-BP1 phosphorylated at Thr’® or an antibody that detects
total protein. Furthermore, 4E-BP1/eIF4E assembly was eval-
uated by using m’GTP-Sepharose chromatography (30). The
results showed that CD40 ligation promotes both the phospho-
rylation of 4E-BP1 and its dissociation from the translation
initiation factor eIF4E (Figs. 4, C and D). Pretreatment with
LY294002 or rapamycin inhibited the ability of CD40 to pro-
mote the dissociation of 4E-BP1 from cap-bound eIF4E (Fig.
4C). Taken together these data provide a link between CD40-
mediated PI3K activation and initiation of translation through
the modulation of p70S6k and 4E-BP1 function. Importantly,
pretreatment with the mTOR-specific inhibitor rapamycin ren-
ders HeLLa/CD40 cells susceptible to CD40L-induced apoptosis
(Fig. 4E).

CD40 Ligation Promotes the Phosphorylation of the Serine/
Threonine Kinase Mnk1 and Its Downstream Target eIF4E in
an ERK-dependent Manner—Mnk1, a MAPK substrate, pro-
motes the phosphorylation of eIF4E at Ser?°® in vitro and in
vivo. The effects of CD40 ligation on the phosphorylation of
Mnk1 and eIF4E were assessed in HeLa/CD40 cells stimulated
with rsCD40L. Immunoblot analysis was performed in total
cell extracts using antibodies that specifically recognize Mnk1
and eIF4E phosphorylated at Thr'®”2°2 and Ser?°®, respec-
tively. The results showed a substantial induction of Mnk1 and
elF4E phosphorylation after CD40 ligation, which was maxi-
mal at 15 min and decreased thereafter (Figs. 5, A and B, and
data not shown). To identify the CD40-activated signaling
pathways that are responsible for eIF4E phosphorylation,
HeLa/CD40 cells were pretreated with PD98059, SB203580, or
rapamycin and then stimulated with rsCD40L for 15 min.
Protein extracts from these cells or from untreated control
cultures were analyzed for eIF4E phosphorylation by immuno-
blot. Although both ERK and p38 MAPKSs have been shown to
target Mnk1 (32), PD98059 but not SB203580 suppressed
CD40L-induced eIlF4E phosphorylation (Fig. 5B). It is possible
that p38 activation is dispensable for Mnk1 phosphorylation in
CD40L-treated carcinoma cells, where a rapid and more robust
engagement of the ERK MAPK pathway occurs (Fig. 2). There-
fore, CD40 ligation promotes the phosphorylation of Mnk1 and
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its downstream target, eIF4E, in an ERK-dependent manner.

CD40 Ligation Promotes the Phosphorylation of p90Rsk and
the Inactivation of eEF2 in an ERK-dependent Manner—The
p90Rsk is specifically activated through phosphorylation by
ERK MAPKSs but not by other MAPK subfamilies and regulates
the elongation of translation through the phosphorylation of
eEF2k, the upstream kinase of the elongation factor eEF2 (30).
CD40 ligation in HeLa/CD40 cells was found to result in a
rapid and significant increase in p90Rsk phosphorylation at
Ser®®! as determined by immunoblot analysis (Fig. 6A). Pre-
treatment with the MEK inhibitor PD98059 abolished CD40L-
induced p90Rsk phosphorylation, whereas 1Y294002 and
SB203580 had no effect (Fig. 6B). Kinase assays were per-
formed in CD40-stimulated HeLa/CD40 cells to confirm that
phosphorylated p90Rsk is catalytically active and that this
activity depends on ERK (Fig. 6C).

The activation of p90Rsk by TPA is known to result in the
phosphorylation of eEF2 kinase, which in turn inactivates the
elongation factor eEF2 via an unknown mechanism (30). To
determine whether CD40 ligation influences the phosphoryla-
tion status of eEF2, HeLa/CD40 cells were stimulated with
rsCD40L, and lysates were examined for expression of the
phosphorylated and total eEF2 by immunoblot. Untreated cells
were found to possess significant levels of the phosphorylated,
inactive form of eEF2. Upon CDA40 ligation, a marked and rapid
de-phosphorylation of eEF2 occurred, which returned to nor-
mal levels by 60 min of stimulation (Fig. 6D). The kinetics of
eEF2 de-phosphorylation mirrored those of p90Rsk phospho-
rylation. Importantly, CD40-mediated eEF2 de-phosphoryla-
tion was inhibited upon co-culture with PD98059 but not
SB203580. Furthermore, eEF2 de-phosphorylation was re-
versed upon pretreatment with L.Y294002, consistent with a
PI3K-dependent, p70S6k-mediated effect on eEF2 activation
(30). Therefore, CD40-activated ERK and PI3K signals con-
verge in regulating the elongation of protein translation.

CD40 Ligation Induces the Expression of Functional cFLIPg
in a PI3K-, mTOR-, and ERK-dependent Manner—The anti-
apoptotic protein cFLIP is induced by members of the TNF
family, including CD40L (33, 34), and critically depends on de
novo protein synthesis to maintain its levels of expression.
Thus, cFLIP is rapidly degraded after CHX treatment (16, 33).
cFLIP exists in various splice variants of which the long
(cFLIP;) and short (cFLIPg) isoforms are expressed in cells.
The short isoform is terminated by a stop codon present in exon
7 of the FLIP gene, but cFLIP; does not utilize this exon (35).
Multiple signaling pathways, including PI3K/Akt and ERK,
have been implicated in the regulation of cFLIP expression in
a stimulus- and cell type-dependent manner (36). On the basis
of these data we hypothesized that cFLIP could be a target of
CD40-induced de novo protein synthesis and may play a role in
counteracting CD40-transduced death signals. To address this
hypothesis, we examined lysates from EJ carcinoma cells that
naturally express CD40 for the expression of FLIP isoforms
before and 2, 6, or 12 h after stimulation with CD40L. In the
absence of stimulus these cells were found to possess signifi-
cant levels of cFLIP;, but undetectable levels of cFLIPg (Figs. 7,
A and B). Treatment with CD40L induced the dramatic expres-
sion of cFLIPg and a modest up-regulation of ¢cFLIP;, whereas
the levels of other pro- or anti-apoptotic proteins, such as Bcl-2,
Bcel-x;, TRAF2, Bax, and TRADD, or housekeeping gene prod-
ucts, such as B-actin, remained essentially unaffected for a
period up to 24 h post-stimulation (Fig. 7A and data not
shown). The induction of both ¢cFLIP isoforms was sensitive to
CHX (Fig. 7B). Interestingly, we have found that pretreatment
of these cells with 1.Y294002, PD98059, or rapamycin at con-
centrations that inhibit the effects of CD40L on protein syn-
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Fic. 6. Regulation of p90Rsk activity and eEF2 dephosphorylation by CD40 ligation. A, serum-starved HeLa/CD40 cells were
stimulated with rsCD40L for the times indicated, and p90Rsk phosphorylated at Ser®®! (upper panel) or total p90Rsk (lower panel) was detected
by immunoblot. B, cells were pretreated with PD98059 (PD), LY294002 (LY), or SB203580 (SB) for 30 min and then co-cultured with or without
CD40L for a further 15 min before analyzed for phosphorylated p90Rsk. C, CD40 ligation promotes the activation of p90Rsk. Serum-starved
HeLa/CD40 cells were treated as described in B, and lysates were subjected to in vitro kinase assays using S6 peptide substrate, as described under
“Materials and Methods.” Incorporation of 2P was measured, and activities were normalized to the background kinase activity of unstimulated
(NT) lysates, which was given the arbitrary value of 1. Results represent mean values (+S.D.) from three independent experiments. The inset panel
shows a p90Rsk immunoblot (WB) of anti-p90Rsk immunoprecipitates (IP) from one representative experiment. D, CD40 ligation promotes the
dephosphorylation of the elongation factor eEF2 in a PI3K- and ERK-dependent manner. Cells were left untreated (C, control, unstimulated),
stimulated with rsCD40L, or pretreated with inhibitors as in B and then stimulated with rsCD40L for 15 min. Lysates were immunoblotted for
eEF2 phosphorylated at Thr®® (upper panel) or total eEF2 (lower panel).

Fic. 7. CD40 ligation results in the de novo synthesis of cFLIP. A, EJ bladder carcinoma cells were stimulated with rsCD40L for 2, 6, or
12 h or left untreated, and lysates were analyzed for FLIP levels by immunoblot. B, EJ cells were pretreated with 10 ug/ml CHX, 20 um 1.Y294002
(LY), 50 um PD98059 (PD), or 10 nM rapamycin (Rap) for 30 min before being stimulated with 1 pug/ml rsCD40L or left untreated, and lysates were
analyzed for cFLIPg, or B-actin expression by immunoblot. NT, no treatment. C, EJ cells were infected with RAd-dn p85 (multiplicity of infection
200) or a B-galactosidase-expressing control virus (RAd35) and 36 h later were stimulated with rsCD40L as in B. D, lysates were analyzed for
cFLIPg, or B-actin expression by immunoblot. EJ cells were treated with CD40L for 4 h in the presence or absence of inhibitors as indicated.
Isolated RNA was reverse-transcribed and PCR-amplified for ¢FLIPg,. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) serves as an
amplification control.
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FiG. 8. Suppression of CD40-induced cFLIPg expression sensitizes carcinoma cells to CD40L-mediated apoptosis. A, EJ cells were
incubated with 5 uM fluorescein isothiocyanate-labeled FLIP antisense oligonucleotide (AS) for 24 h or left untreated (INT') before CD40 stimulation
and evaluation of FLIP levels by immunoblot. B, flow cytometric analysis of EJ cells after incubation with fluorescein isothiocyanate-labeled FLIP
antisense oligonucleotide demonstrates uptake by the majority of cells. More than 80% of the cells were found positive for fluorescein isothiocya-
nate-labeled cFLIP antisense oligonucleotide uptake in all experiments performed. N7, no treatment. C, suppression of endogenous FLIPg
sensitizes EJ cells to CD40L-induced apoptosis. After incubation with antisense FLIP as described above, cells were either left untreated or
stimulated with rsCD40L for 36 h before being analyzed for apoptotic content using a cell death enzyme-linked immunosorbent assay (Roche
Applied Science). Data shown represent fold increase in nucleosome enrichment as a result of cell death compared with control untreated cultures
(NT), which have been given the arbitrary value of 1. For comparison, the effects of LY294002/CD40L combination treatment on nucleosome

enrichment is also shown.

thesis suppressed the ability of CD40 to induce the expression
of cFLIPg but not cFLIP;, (Fig. 7B). This observation was re-
produced in four independent experiments. None of these in-
hibitors affected the basal levels of ¢cFLIP; g expression. More-
over, the ability of dn-p85 to inhibit the CD40-mediated cFLIPg
induction (Fig. 7C) confirms the contribution of the PI3K path-
way to this effect. As expected, CD40 ligation also stimulated
the de novo production of cFLIP; , s mRNA, measured by re-
verse transcription-PCR, which was unaffected by rapamycin
(Fig. 7D). Interestingly, however, LY294002 partly reduced the
inducible levels of cFLIPg but not cFLIP;, mRNA (Fig. 7D),
suggesting that PI3K signals regulate cFLIPg expression at
both transcriptional and translational levels.

To determine whether the de novo expression of this protein
protects against CD40-transduced death signals, we utilized an
antisense approach. Incubation of EJ cells with fluorescein
isothiocyanate-labeled cFLIP antisense oligonucleotides sup-
pressed the endogenous levels of induced cFLIPg (Fig. 8A).
Flow cytometry was also performed in these cultures and con-
firmed the uptake of the oligo in most of the cells (Fig. 8B).
Apoptosis was assessed by a cell death enzyme-linked immu-
nosorbent assay after stimulation with rsCD40L. It was found
that suppression of cFLIPg expression sensitized EdJ cells to
CD40-transduced death signals, whereas a non-sense oligonu-
cleotide had no effect (Fig. 8C and data not shown). As a control
for these experiments, pretreatment with LY294002 also sen-
sitized EdJ cells to CD40L-induced apoptosis, as determined by

the relative increase in the nucleosome enrichment factor com-
pared with control cultures. Therefore, CD40 activation results
in the de novo expression of functional cFLIPg, an effect medi-
ated by PI3K, ERK, and mTOR signals.

DISCUSSION

CD40 conveys signals that modulate diverse cellular re-
sponses, ranging from proliferation and differentiation to
growth inhibition and apoptosis in a cell type-dependent man-
ner. Irrespective of the precise mechanisms underlying these
responses, the differential effects of CD40 ligation on normal
versus malignant cells suggest that the expression of CD40 in
transformed cells could be exploited as a novel therapeutic
target. This is supported by recent in vivo studies and phase I
clinical trials demonstrating a potent effect of CD40L admin-
istration on tumor growth (9, 13, 37). Apoptosis in tumor cells
treated in vitro with CD40L can be dramatically enhanced by
CHX treatment, a phenomenon believed to be a manifestation
of a regulatory circuit that facilitates a decision between life
and death. Thus, the ligand-dependent activation of particular
signaling pathways results in the rapid de novo synthesis of
survival proteins, which counteract the pro-apoptotic effects of
CD40 activation.

In view of the potential therapeutic role of CD40L in carci-
nomas, we wished to identify the CD40-activated signaling
pathways that mediate anti-apoptotic responses and evaluate
the hypothesis that inhibition of these pathways may enhance

GT0Z ‘0z AInc uo 19nb Aq /6.10°9q [ mavwy//:dny wioly papeo jumoq


http://www.jbc.org/

1018

Fic. 9. A proposed model of the sig-
naling cascades utilized by CD40 to
counteract its pro-apoptotic proper-
ties, in part through the induction of
cFLIPg. On the basis of the data pre-
sented we propose that CD40-induced
anti-apoptotic responses critically depend
on the PI3BK/mTOR- and ERK MAPK-de-
pendent induction of de novo protein syn-
thesis. These signals converge on the reg-
ulation of critical components of the
translation machinery, namely eIF4E,
S6, and eEF2, thereby influencing both
the initiation and elongation steps of
translation. This is achieved through the
modulation of the phosphorylation status
and activity of upstream kinases and
regulatory molecules, such as p90Rsk,
p70S6k, Mnk1, and 4E-BP1. The sites of
action of the kinase inhibitors PD98059
(PD) and LY294002 (LY), and of the
mTOR inhibitor rapamycin (Rap) are also
indicated.

the susceptibility of carcinoma cells to CD40L-induced cell
death. We have found that CD40 stimulation results in the
activation of PISK, a known anti-apoptotic effector and regula-
tor of gene expression, including transcriptional and transla-
tional control (38). Importantly, CD40-transduced PI3K signals
were found to be critical in counteracting the apoptosis-induc-
ing effects of CD40 ligation, as inhibition of PISK sensitized
carcinoma cells to CD40-mediated apoptosis. Data presented in
this paper demonstrate that the activation of ERK also plays a
role in counteracting the pro-apoptotic properties of CD40 li-
gation in HeLa cells (Fig. 2; see also the proposed model in
Fig. 9).

We examined the possibility that CD40-transduced PISK
and ERK signals converge to the regulation of the protein
synthesis machinery. This was confirmed by the demonstration
that CD40 ligation in serum-starved carcinoma cells induces a
substantial increase in the overall rates of protein synthesis,
and this induction is selectively suppressed by the PISK inhib-
itor LY294002 and the MEK inhibitor PD98059. CD40 was
found to affect key regulators of both the initiation, the rate-
limiting step, and the elongation of translation. Thus, CD40
ligation promoted the generation of an active translation initi-
ation complex, as evident by the dissociation of the transla-
tional repressor protein 4E-BP1 from eIF4E, which occurred
through a PI3K- and mTOR-dependent manner (Fig. 4). Inter-
estingly, rapamycin sensitized HeLLa/CD40 cells to CD40L-in-
duced apoptosis. This is consistent with a role for eIF4E in
controlling the expression of survival proteins to rescue trans-
formed cells from apoptosis induced by serum withdrawal or
constitutively active c-myc (39). CD40 also controls the activa-
tion of p70S6 kinase, which promotes the phosphorylation of
the 40 S ribosomal protein S6 that drives the translation of
5'-terminal oligopyrimidine tract RNAs. We found that the
CD40L-induced activation of p70S6 kinase depends on PI3SK/
mTOR and, to a lesser extent, ERK signals (Figs. 4B and 9).

Inhibition of Protein Synthesis and CD40-mediated Apoptosis

Moreover, we demonstrated that CD40 controls key regulators
of the elongation of translation, such as the elongation factor
eEF2, through both the PI3K and ERK pathways (Figs. 6 and
9), and inhibition of elongation by cycloheximide sensitizes
carcinoma cells to CD40-mediated apoptosis. Taken together,
the presented data identify a novel function of CD40, namely,
the regulation of protein synthesis through PISK/mTOR and
ERK, the signaling pathways that counteract the pro-apoptotic
properties of CD40 stimulation in carcinoma cells.

In addition to translational control, the PI3K/Akt pathway
has been implicated in anti-apoptotic responses that occur in-
dependently of protein synthesis. Thus, Akt has been proposed
to directly phosphorylate the pro-apoptotic effectors caspase-9
and Bad at Ser'®® and Ser!®%, respectively, resulting in their
inactivation (40, 41). Theoretically, CD40-mediated PI3K sig-
nals may override CD40L-induced cell death via suppression of
these effectors. Given that potent inducers of PISK such as
IGF-1 failed to counteract CD40L and CHX-induced apoptosis
(data not shown), this possibility appears remote. Further-
more, in six independent experiments we did not detect phos-
phorylation of Bad at Ser!3¢ after CD40 stimulation in HeLa
cells,? suggesting that a threshold of PI3K activity may be
required for efficient signaling on the Akt/Bad axis or that Akt
may not be the principal Bad kinase. Recent findings support
the latter possibility (42) and suggest that Akt promotes sur-
vival via a mechanism that is independent of Bad phosphoryl-
ation (43—45). Moreover, although human caspase-9 contains a
putative RXRXXS96 Akt phosphorylation motif, Ser'® is not
conserved in rodent homologues. Because CD40-transduced
PI3K signals counteract CD40L-induced apoptosis in rodent
fibroblasts (Fig. 1) and the caspase-9 peptide inhibitor benzyl-
oxycarbonyl-LEHD-fluoromethyl ketone fails to rescue HeLa/

2 C. C. Davies and A. G. Eliopoulos, unpublished observations.
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CD40 cells from LY294002- and CD40L-induced apoptosis,? it
is unlikely that phosphorylation of caspase 9 is a key mecha-
nism of survival in our system.

Although we cannot exclude the possibility that CHX and/or
PISK/ERK inhibition affect the activation status or the basal
levels of expression of a pre-existing protein that protects
against CD40-mediated apoptosis, our observation that CD40
ligation induces the de novo production of functional cFLIPg in
carcinoma cells in a PI3K-, mTOR-, and ERK-dependent man-
ner (Figs. 7 and 8) testifies to the contribution of protein syn-
thesis to anti-apoptotic responses. This is consistent with re-
cently published work demonstrating that the short but not the
long spliced form of FLIP confers resistance to TNF- and FasL-
mediated apoptosis (46, 47) and also suggests that the expres-
sion of the FLIP isoforms is regulated by different mechanisms.
Many of the FLIP isoforms, including cFLIP; and cFLIPg,
differ in their 5'-untranslated region (35), and their expression
may, therefore, be differentially controlled by the translation
initiation machinery as a result of “translational discrimina-
tion” (28). In addition, the differential inclusion of intron/exon
sequences in certain FLIP isoforms may influence the stability
or the secondary structure of the transcript, thereby affecting
the elongation step of translation. Moreover, the observation
that LY294002 inhibits the induction of ¢cFLIPg at both the
protein and RNA level raises the possibility that in addition to
translational control, CD40-transduced PI3K signals may im-
pinge on the regulation of FLIP pre-mRNA splicing. This hy-
pothesis is supported by published evidence demonstrating
that PI3K stimulates the activity of at least two splicing regu-
latory factors, SRp40 (48) and CBC (49). Activation of the CBC
is of particular interest given its ability to bind the m’G mRNA
cap structure, which also interacts with the translation initia-
tion factor complex. Thus, it is possible that CD40-transduced
PI3K signals regulate FLIP gene expression through the co-
ordination of cap-dependent splicing and translation.

Collectively, the data presented in this paper delineate the
auto-protective signaling pathways activated by CD40 ligation
and provide a link between the potentiation of CD40-mediated
apoptosis by PISK and ERK inhibition and the sensitization
conferred by CHX treatment through the PISK- and ERK-de-
pendent modulation of protein synthesis. These findings sug-
gest that pharmacological agents that target the protein syn-
thesis machinery (50) or its upstream kinases could be
exploited for tumor therapy involving CD40 and its ligand.
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