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The Fas receptor (FasR) is an important physiological mediator of apoptosis in various tissues and cells.
However, there are also many FasR-expressing cell types that are normally resistant to apoptotic signaling
through this receptor. The mitogen-activated protein kinase (MAPK) signaling cascade has, apart from being
a growth-stimulating factor, lately received attention as an inhibitory factor in apoptosis. In this study, we
examined whether MAPK signaling could be involved in protecting FasR-insensitive cells. To this end, we used
different approaches to inhibit MAPK signaling in HeLa cells, including treatment with the MAPK kinase
inhibitor PD 98059, serum withdrawal, and expression of dominant-interfering MAPK kinase mutant protein.
All of these treatments were effective in sensitizing the cells to FasR-induced apoptosis, demonstrating that
MAPK indeed is involved in the control of FasR responses. The MAPK-mediated control seemed to occur at
or upstream of caspase 8, the initiator caspase in apoptotic FasR responses. Transfection with the constitu-
tively active MAPK kinase abrogated FasR-induced apoptosis also in the presence of cycloheximide, indicating
that the MAPK-generated suppression of FasR-mediated apoptotic signaling is protein synthesis independent.
In cells insensitive to FasR-induced apoptosis, stimulation of the FasR with an agonistic antibody resulted in
significant MAPK activation, which was inhibited by PD 98059. When different cell types were compared, the
FasR-mediated MAPK activation seemed proportional to the degree of FasR insensitivity. These results
suggest that the FasR insensitivity is likely to be a consequence of FasR-induced MAPK activation, which in

turn interferes with caspase activation.

Apoptosis, or programmed cell death, is an essential mech-
anism for maintaining homeostasis in multicellular organisms
(76). There are a number of cell surface receptors that act as
physiological mediators of apoptosis, and activation of these
receptors rapidly triggers the apoptotic signaling and effector
machinery. One of these receptors is the Fas receptor (FasR)
(26), which belongs to the increasing number of receptors in
the tumor necrosis factor (TNF) receptor family (60). The
FasR is a 48-kDa transmembrane protein (79), the cytoplasmic
region of which contains a death domain essential for trans-
ducing the apoptotic signal (27). Upon oligomerization, several
proteins with distinct functions (33), among them a cytosolic
adaptor protein, FADD (8), are recruited to the cytoplasmic
domain of the FasR. FADD in turn contains a death effector
domain, which binds to the cystein protease caspase 8 (6). This
binding results in cleavage and activation of caspase 8 (44).
The activated caspase-8 triggers a strictly regulated process,
which involves activation of effector caspases, eventually lead-
ing to the characteristic signs of apoptosis, such as disruption
of normal cell and nuclear morphology, followed by DNA
fragmentation (9, 55). However, oligomerization of the FasR
also leads to recruitment of proteins other than those directly
associated with the caspase effector machinery (55). Conse-
quently, FasR activation has effects other than activation of the
caspase cascade. Several recent studies have shown that stim-

* Corresponding author. Mailing address: Turku Centre for Bio-
technology, P.O.B. 123, FIN-20521 Turku, Finland. Phone: 358-2-333-
8036. Fax: 358-2-333-8000. E-mail: john.eriksson@mail.abo.fi.

5991

ulation of the FasR and TNF receptor I (TNF R1) involves
activation of multiple kinases (38, 65, 66), among them the
c-Jun N-terminal kinase (78) and mitogen-activated protein
kinase (MAPK) (59). The activated FasR also recruits an in-
hibitory phosphatase (55), and it has been suggested that the
phosphatidylinositol 3-kinase (PI-3K) pathway may have a role
in regulating the functions of the FasR (25). Taken together,
these studies indicate that phosphorylation-based signaling is
likely to be involved in some aspects of FasR activation and
regulation.

For continued growth and/or differentiation, vertebrate cells
depend on survival factors that activate signal transduction
pathways suppressing apoptosis. However, the identities and
targets of these inhibitory signals have not been ascertained.
Defects in apoptotic and antiapoptotic signaling pathways have
been implicated in many pathological conditions, including
cancer (12). Transformed cells benefit from oncogenes as well
as extracellular signals that activate cell proliferation and/or
inhibit apoptosis (11). One way for cytotoxic T cells to termi-
nate cancer cells is by Fas ligand (FasL) expression, as the
majority of tumor cells do express the FasR. A possible strat-
egy for cancer cells to escape this type of immune system-
mediated apoptosis is inhibited FasR expression along with
increased expression of the FasL (22, 58, 62). Alternatively,
cells may modulate their FasR responses. There are indeed
studies indicating that FasR-expressing tumor cells may be
completely insensitive to FasR-induced apoptosis (52, 68). In-
terestingly, some cell lines have even been shown to respond to
FasR stimuli by accelerated cell growth (1, 14, 29, 53). A
possible signaling candidate which could generate this kind of



5992 HOLMSTROM ET AL.

response is the MAPK pathway. Activation of the MAPK path-
way is often associated with increased cell division rates (36)
and could thereby also protect tumor cells from apoptosis.
Further evidence for this assumption is provided by studies
showing elevated MAPK activities in tumor cells (35, 37, 50).
The paradigm of MAPK as an inhibitory pathway in regulation
of apoptosis is supported by a number of studies showing that
activation of MAPK can protect against various apoptotic stim-
uli in different cell types (9, 16, 77). Furthermore, we have also
shown that MAPK specifically protects Jurkat T cells from
FasR-induced apoptosis (23). There are several studies indi-
cating that MAPK is activated in a variety of cell types upon
TNF R1 stimulation (21, 59, 74). This kind of activation could
also apply for FasR signaling and lead to inhibited FasR re-
sponsiveness.

In the present study, we examined the role of MAPK sig-
naling in the sensitivity of various tumor cell lines against
FasR-induced apoptosis. We were especially interested in
possible FasR-mediated MAPK activation and the extent to
which inhibition of MAPK, by either pharmacological or mo-
lecular biology-derived means, could sensitize the cells to
FasR-induced apoptosis. Our results show that MAPK inhibi-
tion results in a dramatic increase in FasR sensitivity in the
FasR-insensitive cell lines. Furthermore, we show that the
MAPK-mediated suppression of FasR-induced apoptosis is
protein synthesis independent and occurs at or upstream of the
initiating caspase, caspase 8.

MATERIALS AND METHODS

Cell culture. The mouse cell line NIH 3T3 and the human cell lines HelLa,
HL60, Jurkat, and U937 were obtained from the American Type Cell Collection
(Rockville, Md.). The HeLa and NIH 3T3 cell lines were cultured in Dulbecco
modified Eagle medium (DMEM), whereas the HL60, Jurkat, and U937 cell
lines were cultured in RPMI 1640 in a humidified incubator with 5% CO, in air
at 37°C. The cell culture medium was supplemented with 10% inactivated fetal
calf serum (FCS), 2 mM L-glutamine, penicillin (100 U/ml), and streptomycin
(100 wg/ml). HeLa, HL60, and Jurkat cells were incubated with an agonistic
anti-human FasR immunoglobulin M antibody (100 ng/ml; Kamiya Biomedical
Company, Thousand Oaks, Calif.), whereas NIH 3T3 cells were incubated with
an agonistic anti-mouse hamster FasR immunoglobulin G antibody (clone Jo2;
Pharmingen, San Diego, Calif.), for the indicated time periods in the absence or
presence of 30 uM PD 98059 (Calbiochem, La Jolla, Calif.). HeLa cells were also
incubated with 10 nM cycloheximide (CHX; Sigma, St. Louis, Mo.) 10 nM
LY294002 (Calbiochem), and 100 nM wortmannin (Calbiochem).

Analysis of nuclear morphology. For confocal microscopy, cells were cultured
on coverslips and subjected to different treatments as previously described (24).
After incubation, cells were fixed in 3% formaldehyde in phosphate-buffered
saline (PBS), washed once, preincubated with 50 uM RNase A (Sigma), and
stained for 30 min with propidium iodide (PI; 10 pg/ml; Molecular Probes,
Eugene, Oreg.) in PBS. The cells were washed once with PBS before mounting
with Mowiol (Sigma) on coverslips and viewed under a Leica TCS40 confocal
laser microscope (Leica, Wetzlar, Germany).

Analysis of DNA fragmentation. Detection of DNA fragmentation into oligo-
nucleosomal DNA fragments by agarose gel electrophoresis was performed as
described elsewhere (61). To detect DNA fragmentation by flow cytometry,
purified nuclei were stained with PI and analyzed on a FACScan flow cytometer
(Becton Dickinson, Lincoln Park, N.J.) as previously described (15, 49); the
results were plotted as means * standard errors of the means (SEM).

Immunoblotting techniques for analysis of caspase activation and presence of
the FasR. HeLa cells (10°/ml) were subjected to various treatments, scraped off
the culture plate with a rubber policeman, and washed once with PBS. The cell
pellets were lysed in 30 pl of resuspension buffer (150 mM NaCl, 1 mM EDTA,
10 mM Tris HCI [pH 7.6]) containing 10 mM phenylmethylsulfonyl fluoride. The
protein concentration of the total cell lysates was determined by the Bradford
assay with bovine serum albumin as a standard. The total cell lysates (25 n.g) were
boiled with Laemmli sample buffer and electrophoresed on a sodium dodecyl
sulfate (SDS)-13% polyacrylamide gel. The separated proteins were transferred
to a nitrocellulose membrane, probed with antibodies to caspase-3 (gift from
Donald Nicholson, Merck Frosst, Quebec, Quebec, Canada) and caspase-8 (San-
ta Cruz Biotechnology, Santa Cruz, Calif.), followed by the appropriate horse-
radish peroxidase-conjugated secondary antibodies. Detection was carried out by
chemiluminescence (Supersignal; Pierce, Rockford, Ill.) according to manufac-
turer’s specifications.
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MAPK activity assays. Cells (2 X 10%/sample) were lysed with 400 pl of lysis
buffer (PBS [pH 7.4], 1% Nonidet P-40, 0.5% sodium deoxycholate, 1 mM
Na;VO,, 0.1% SDS, 1 mM EDTA, 1 mM EGTA, 20 mM NaF, 1 mM phenyl-
methylsulfonyl fluoride, 1 pg each of aprotinin, leupeptin, and pepstatin per ml).
For MAPK immunoprecipitation, cell lysates were centrifuged (3,000 X g for 15
min), and the supernatant was incubated with a mouse antibody generated
against human p42 MAPK or ERK2 (Transduction Laboratories, Lexington,
Ky.) coupled to protein A- or protein G-Sepharose (Sigma). Immunoprecipitates
were then washed three times in lysis buffer and three times in kinase assay buffer
(10 mM Tris [pH 7.4], 150 mM NaCl, 10 mM MgCl,, 0.5 mM dithiothreitol). The
kinase reaction was carried out by adding 20 ul of kinase assay buffer to the
immunoprecipitate. The kinase assay buffer included 25 uM ATP, 2.5 pnCi of
[y-**P]ATP (Amersham, Buckinghamshire, United Kingdom), and myelin basic
protein (MBP; 1 mg/ml; Sigma) as the substrate. The reaction was carried out for
15 min at 37°C and stopped by addition of 3X Laemmli sample buffer. The
samples were resolved on an SDS-12.5% polyacrylamide gel, and MBP phos-
phorylation was quantified with a phosphorimager (Bio Rad Laboratories, Her-
cules, Calif.). In parallel with the immunocomplex kinase assays, we determined
the amount of ERK2 in the immunoprecipitates by using a rabbit antibody
specific for the human ERKI1- and -2 isoforms (New England Biolabs, Boston,
Mass.). After coupling to a secondary antibody (Zymed, San Francisco, Calif.),
the proteins were visualized with the Amersham ECL (enhanced chemilumines-
cence) system.

Expression of mutated forms of MKKI1. Cells were transiently transfected by
electroporation (200 V, 960 wF), washed twice with DMEM, and allowed to rest
for 20 h before treatment. The DNA constructs used were pMCL-HA-MKK1-
S218E/S222D and pMCL-HA-MKKI1-K97M, expressing hemagglutinin (HA)-
tagged constitutively active (S218E/S222D) and dominant negative (K97M)
forms of the MAPK kinase (MKK1) (39, 40), respectively. In transient cotrans-
fection experiments, 20 pg of an HA-tagged wild-type ERK2 construct (pMCL4-
wtERK; a kind gift from Melanie Cobb, Texas Southwestern Medical Center,
Dallas) was used together with 20 ug of S218E/S222D or K97M MKXKI1 before
immunoprecipitation with a monoclonal HA-specific antibody (12CAS; Boehr-
inger, Mannheim, Germany), subsequently followed by the MAPK activity assay.

For some experiments, we used a cell line with inducible expression of con-
stitutively active MKK1. This cell line was established as follows. The constitu-
tively active HA-tagged MKK1-S218E/S222D ¢cDNA was cloned into the Notl/
Sall sites of plasmid pBI-4 (3) under the control of the tetracycline transactivator
(tTA)-regulated cytomegalovirus promoter. HeLa cells were first transfected
with both pUHD15-1, coding for tTA (19), and pTK-Hyg (Clontech, Palo Alto,
Calif.). Clones were selected for 2 weeks on hygromycin (250 wg/ml; Calbio-
chem) and submitted to luciferase assay after transient transfection of the re-
porter construct pBI-1 (3). Positive HeLa-tTA clones were simultaneously trans-
fected with the pBI-4/MKK1-S218E/S222D construct and the pSV2NEO marker.
Colonies were grown in tetracycline (1 pg/ml; Sigma), selected 2 weeks on G418
(500 wg/ml; Calbiochem), and cloned by limiting dilution. Positive double stable
clones were assayed 48 h after removal of tetracycline by HA immunostaining
and Western blotting with antibodies against HA or phospho-MAPK (data not
shown). In this cell line, we have, after depletion of tetracycline, routinely
observed 20 to 30% HA-MKK1-positive cells. We do not know why we do not get
100% penetrance of HA-MKKI1 expression.

For detection of transfected cells, the cells were fixed for 30 min with 3%
formaldehyde in PBS. The cells were then washed once with PBS and perme-
abilized with 0.1% Nonidet P-40 (Sigma) for 10 min at room temperature. After
washing with PBS, cells were incubated for 2 h at room temperature with 10 pg
of a monoclonal HA-specific antibody (12CAS; Boehringer Mannheim) per ml in
PBS with 1% bovine serum albumin (Sigma). Cells were then washed three times
with PBS and incubated further for 1 h at room temperature with tetramethyl
rhodamine isothiocyanate-conjugated anti-mouse secondary antibody (Zymed)
and 10 mg of Hoechst 33342 (Molecular Probes) or 10 ug of PI per ml in PBS
with 1% bovine serum albumin. Cells were mounted in 50% glycerol (Sigma) and
viewed under a Leica RMB epifluorescence microscope. For confocal images,
cells were stained for HA as described above, and the DNA was visualized by PI
staining and viewed under a Leica TCS40 confocal laser microscope.

RESULTS

Inhibition of MAPK signaling sensitizes HeLa cells to FasR-
induced apoptosis. As mitogenic signaling through the MAPK
cascade has been shown to have an inhibitory effect on the
induction of apoptosis, we wanted to determine whether
MAPK-mediated signaling could be involved in protection of
FasR-expressing cells that are normally insensitive to FasR
activation. To examine if inhibition of MAPK signaling would
affect FasR-induced apoptosis, we pretreated HeLa cells with
the specific MKKI1 inhibitor PD 98059 (2) for 30 min before
addition of the agonistic anti-Fas antibody for the indicated
time periods. Normally, these cells were not sensitive to stim-
ulation of the FasR, as both control cells and cells incubated
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FIG. 1. Specific inhibition of MAPK signaling sensitizes HeLa cells to FasR-induced apoptosis. HeLa cells, which normally are not responsive to FasR stimulation,
were preincubated with the specific MKK1 inhibitor PD 98059. This caused an almost complete sensitization to FasR stimulation. (A) Representative confocal
micrographs of cells incubated for 24 h with medium alone (a) or in the presence of 30 uM PD 98059 (b) 100 ng of anti-FasR antibody per ml (c), and 30 uM PD 98059
plus 100 ng of anti-FasR antibody per ml (d). Nuclear alterations were visualized by PI staining. The micrographs show that nuclei of apoptotic cells are fragmented
into apoptotic bodies with intense staining, whereas the nuclei of normal interphase cells show a uniform and dimer staining. Bar = 10 pm. (B) The formation of
oligonucleosome-sized DNA fragments in cells subjected to the same treatments as above was studied by agarose gel electrophoresis. (C) Apoptotic DNA fragmentation
was determined in PI-stained nuclei by flow cytometric analysis. (D) Analysis of the time course of FasR-induced apoptosis in HeLa cells in the presence of PD 98059.
After treatments, aliquots of cells were stained with a hypotonic PI solution, and the proportion of apoptotic nuclei was determined with a FACScan flow cytometer.

The data represent means = SEM from a minimum of three separate experiments.

with the agonistic FasR antibody displayed a normal chromatin
pattern after staining with PI (Fig. 1A). In contrast, cells pre-
treated with PD 98059 before addition of the agonistic FasR
antibody displayed apoptosis-specific alterations of the chro-
matin structure, including condensation and fragmentation of
nuclei (Fig. 1). Treatment with PD 98059 alone did not induce
apoptosis in these cells (Fig. 1). The sensitizing effect of PD
98059 was further confirmed by conventional agarose gel elec-

trophoresis, showing the distinct apoptotic DNA laddering in
HeLa cells pretreated with PD 98059 before addition of anti-
FasR antibody, whereas no effects were observed with PD
98059 or FasR antibody alone (Fig. 1B).

To quantify the amount of apoptotic cells at different time
points and to compare the induction of DNA fragmentation by
different treatments, we used flow cytometric (fluorescence-
activated cell sorter [FACS]) analysis of isolated nuclei as
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FIG. 2. Inhibition of mitogenic stimuli by serum starvation increases the
FasR responsiveness in HeLa cells. HeLa cells were incubated for 16 h in
medium containing 0.5 or 10% FCS and in the presence of PD 98059 (30 pM),
anti-FasR antibody (100 ng/ml), or PD 98059 (30 nM) plus anti-FasR antibody
(100 ng/ml), and the number of apoptotic cells was determined by flow cytomet-
ric analysis as for Fig. 1C. The data represent means + SEM from a minimum
of three separate experiments.

detected with the DNA stain PI (49). The measurement is
based on the fact that apoptotic nuclei show a lower DNA
content due to leakage of DNA fragments from the nuclei. The
amount of apoptotic cells is indicated by a large subdiploid
peak on the FACS histogram, the events of which represent
apoptotic nuclei and nuclear fragments (Fig. 1C). Cells treated
with PD 98059 for 24 h did not show any significant induction
of apoptosis compared to the control (Fig. 1C and D). In
samples pretreated with PD 98059 before addition of anti-
FasR antibody, the number of apoptotic cells started to rise
after incubation for 8 to 12 h and was approximately 65 to 70%
after 24 h. In contrast, cells incubated with the anti-FasR
antibody alone displayed only a minor increase in the number
of apoptotic cells (Fig. 1D).

Inhibition of mitogenic signals by serum starvation poten-
tiates the effects of PD 98059. The major source of growth
signals in cultured cells is supplied by the addition of serum to
the cell culture medium. To investigate if a general inhibition
of growth signals could affect FasR-induced apoptosis, we pre-
incubated HeLa cells for 1 h in a medium containing 0.5% FCS
before addition of agonistic anti-FasR antibody and analyzed
the samples for apoptotic cells by flow cytometry. These anal-
yses were carried out at 16 h, as the potentiating effects were
most obvious at the initial stages of the triggering process (data
not shown). Serum-starved cells were clearly more sensitive to
FasR stimulation than cells grown with 10% FCS (Fig. 2).
Serum starvation also induced a potentiation of the PD 98059-
induced FasR sensitization at 16 h, as the number of apoptotic
cells was approximately doubled in FasR-stimulated cells pre-
incubated both with low serum and in the presence of PD
98059 (Fig. 2).

Transient transfection with dominant negative MKK1 con-
firms the involvement of MAPK signaling in FasR insensitiv-
ity. To further demonstrate that the observed PD 98059-me-
diated effect relates to signaling by the MAPK cascade, we
transfected HelLa cells transiently with a dominant negative
mutant of MKK1. While the dominant negative (K97M [39,
40]) form of MKKI1 by itself did not elevate the number of
apoptotic cells among the transfected cell population, it clearly
made the transfected cells more sensitive to FasR-induced
apoptosis (Fig. 3). Note that the incubation time in these
experiments was 16 h, as the longer 24-h incubations resulted
in loss of apoptotic cells from the coverslips. These results
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further corroborate the assumption that inhibition of MAPK is
a key feature of the sensitization to FasR-induced apoptosis.

MAPK-mediated resistance to FasR-induced apoptosis is
not dependent on protein synthesis. Many cells that are nor-
mally resistant to FasR or TNF R1-induced apoptosis can be
sensitized by inhibition of protein synthesis (50, 69). Since we
observed that inhibition of MAPK signaling sensitizes HeLa
cells to FasR-induced apoptosis, we wanted to determine
whether the MAPK-generated protection requires protein syn-
thesis. It is plausible that inhibition of MAPK activation could
inhibit the synthesis of some crucial inhibitor proteins. For
these experiments, we used a HeLa cell line with inducible
expression of a constitutively active mutant form of MKKI1
(S218E/S222D [39, 40]) and pretreated the cells with CHX
before stimulation of the FasR. By using this cell line, we also
wanted convincingly confirm that the sensitization obtained
with PD 98059 was indeed MAPK dependent by determining
whether the sensitization could be reversed by the constitu-
tively active MKK1, which should not be affected by this in-
hibitor. When cells had been incubated for 48 h in the absence
of tetracycline, 20 to 30% of the cells were positive for the
mutant MKK1, as indicated by HA immunoreactivity (Fig. 4).
Immunoblotting with phospho-MAPK antibodies confirmed
that the cell line showed increased MAPK activity along with
increasing HA-MKK1 expression (data not shown). The PD
98059-induced effect was completely reversed in cells positive
for constitutively active HA-MKKI1 (Fig. 4). Furthermore, HA-
MKKI-positive cells were efficiently protected against CHX-
mediated sensitization in FasR-stimulated cells (Fig. 4). Iden-
tical results were obtained with transient transfections with the
constitutively active MKK1 (Fig. 4B). Taken together, these
results indicate that the MAPK-generated protection is not
likely to be protein synthesis dependent.

Inhibition of PI-3K does not sensitize HeLa cells to FasR-
induced apoptosis. Since activation of PI-3K has been shown
to inhibit different forms of apoptosis (10, 30, 33, 34), we
investigated if PI-3K could be involved in the protection of
FasR-insensitive cells. HeLa cells were preincubated for 30
min with the specific PI-3K inhibitors LY294002 and wortman-
nin before addition of anti-FasR antibody. Determination of
the number of apoptotic cells after 24 h by FACS analysis
indicated that neither LY294002 nor wortmannin sensitized
HelLa cells to FasR-induced apoptosis (Fig. 5). Thus, it appears
that PI-3K signaling is not involved in the observed protection
of HeLa cells against FasR-induced apoptosis.

The MAPK-dependent FasR insensitivity is maintained up-
stream from the caspase effector machinery. A key feature of
FasR-mediated apoptosis is activation of different caspases. All
caspases are activated by cleavage of inactive proforms (42).
To assess if the MAPK-mediated inhibition occurs at the initial
phases of FasR signaling, we analyzed the cleavage and acti-
vation of caspase 8 and caspase 3 by immunoblotting with
specific antibodies. Caspase 8 is the initiator of the FasR-
induced apoptotic effector and signaling machinery. This pro-
tein exists as 55- and 54-kDa inactive proforms that are cleaved
and activated when recruited by adaptor proteins to the oli-
gomerized FasR complex (43, 47). The antibody that we used
for caspase 8 recognizes both of the 55- and 54-kDa proforms
of caspase 8 as well as the intermediate cleavage form corre-
sponding to ~43/42 kDa. By using the fragmentation pattern
as an indicator of activation, we could observe a clear caspase
8 cleavage after 12 h in FasR-stimulated HeLa cells incubated
in the presence of PD 98059 (Fig. 6Aa). With this treatment,
the caspase 8 cleavage products had dramatically accumulated
after 24 h of incubation. Caspase 3 has been shown to be
activated during the earliest phases of apoptotic induction
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FIG. 3. Transfection with dominant negative MKK1 sensitizes HeLa cells to FasR-induced apoptosis. (A) Representative immunofluorescence micrographs of cells
transfected with a dominant negative (MKK1 K97M) MKK1 construct and incubated for 16 h in the absence or presence of anti-FasR antibody. PI staining (a and c)
was used to detect alterations in the nuclei, and a monoclonal anti-HA antibody linked to an FITC-conjugated secondary antibody (b and d) was used to detect the
presence of the HA-tagged MKKI1 in transfected cells. The arrows indicate transfected cells. Bar = 10 pm. (B) Percentage of apoptosis in transfected cells after
treatment with an anti-FasR antibody. Number on bars indicate how many transfected cells were counted. The data represent means + SEM from a minimum of three
separate experiments. Note that the incubation time with the agonistic FasR antibody is 16 h.

(59). The 32-kDa precursor protein of caspase 3 is rapidly
cleaved via an intermediate step into two subunits of 12 and 17
kDa (57). The antibody that we used for detection of caspase
3 recognizes the 32-kDa proform, the 20-kDa intermediate,
and the 17-kDa subunit of activated caspase 3. When cell
extracts were immunoblotted with this antibody, the first signs
of accumulation of the activated 17-kDa subunit could be ob-
served 12 h following FasR stimulation in PD 98059-treated
cells (Fig. 6ADb). In contrast to the PD 98059-sensitized cells,
treatment with anti-FasR antibody alone induced a minor
cleavage and activation of caspase 8 and caspase 3 after 24 h
(Fig. 6A), corresponding to the small number of apoptotic cells
seen after this treatment. The activation kinetics of both the
initiator, caspase 8, and the effector, caspase 3, corresponds
very well to the time course of apoptosis induction in these
cells. As FasR-stimulated HeLa cells incubated in the absence
of PD 98059 showed only an insignificant activation of
caspases, the observed MAPK-mediated protection seemed to
occur at the level of or upstream of caspase 8. To confirm this
assumption, we used the above-mentioned HeLa cell line with
inducible expression of the constitutively active form of MKK1
(S218E/S222D) and tested the MKK1-positive cells for activa-
tion of caspase 8. The cells were incubated in the presence of
FasR-stimulating antibody and PD 98059 for 24 h. As the
penetrance in this cell line is relatively low (20 to 30%), most
of the cells detached during this treatment. However, the
MKK1-positive cells remained attached and viable, as shown in
Fig. 4. The samples from the attached MKKI1-positive cells
showed a clearly suppressed activity of the triggering factor,
caspase 8 (Fig. 6B). Since the attached cells also contained a
contaminating fraction of apoptotic cells that could not be

shaken off, the attached cells showed some degree of caspase-8
activation (Fig. 6B). The inducible cell line seemed to be some-
what more sensitive to FasR stimulation (in the absence of PD
98059) than normal HeLa cells, as there was a more pro-
nounced caspase 8 cleavage in these cells in the presence of
tetracycline (Fig. 6B) than in the parent cell line. We have
obtained identical results with adenovirus-based gene delivery
of the constitutively active MKK1 (S218E/S222D), which very
efficiently suppressed FasR-induced caspase 8 activation in
HeLa cells sensitized with PD 98059 (67). Taken together,
these experiments indicate that the MAPK-mediated protec-
tion occurs upstream of caspase 8§ activation.

Inhibition of the MAPK cascade does not affect the abun-
dance or distribution of the FasR. One possible mechanism by
which MAPK inhibition could affect the Fas response is by
altering the levels of accumulated FasR protein or by changing
the cellular compartmentalization of the receptor. To exclude
the possibility that inhibition of mitogenic stimuli could affect
the levels of receptor protein, we analyzed the amounts of
protein by Western blotting of whole-cell extracts and the
presence of the FasR on the cell surface by FACS analysis in
PD 98059-treated samples. Neither the amounts of accumu-
lated FasR nor the FasR levels on the cell surface were altered
by PD 98059 treatment (data not shown). These results exclude
alterations in FasR levels or organization as a mechanism
behind the sensitization of HeLa cells to FasR-induced apo-
ptosis.

Stimulation of the FasR activates MAPK. The synthetic
MKXKT1 inhibitor PD 98059 has been shown to inhibit MKK1
activation induced by Raf, probably by competitive inhibition
of Raf binding to the activation site on MKK1 (2). Since PD
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FIG. 4. Constitutively active MKKI1 inhibits FasR-induced apoptosis in the
presence of the protein synthesis inhibitor CHX. (A) An HeLa cell line with the
constitutively active MKK1 (MKK1 S218E/S222D) in a tTA-regulated expres-
sion vector was incubated for 48 h in the absence of tetracycline to yield maximal
MKKT1 expression. To assess the effect of MKK1-induced MAPK activation on
FasR-mediated apoptosis, cells were incubated for 16 h in the absence (a and b)
or presence (c to h) of anti-FasR, and with preincubation with PD 98059 (e and
f) or CHX (g and h). Arrows indicate HA-MKK1-positive cells. Bar = 10 pm.
(B) The effect of expression of constitutively active MKK1 was quantified by
counting apoptotic and nonapoptotic transfected cells viewed under an epifluo-
rescence microscope. The data represent means = SEM from a minimum of
three separate experiments. Numbers on bars indicate total of counted cells.
Note that the incubation time with the different compounds was 16 h. Similar
results were obtained both by transient transfections and with the inducible
MKKI1 construct.

98059 does not inhibit MKK1 activity per se, we wanted to
investigate if stimulation of the FasR could activate MAPK.
This kind of activation could provide an explanation why a
compound such as PD 98059 is so efficient in rendering cells
sensitive to FasR-induced apoptosis. MAPK activity was ana-
lyzed by an immunocomplex kinase assay. The results show
that stimulation of HeLa cells with anti-FasR antibody induced
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FIG. 5. Inhibition of PI-3K by LY294002 and wortmannin does not sensitize
HelLa cells to FasR-induced apoptosis. HeLa cells were treated for 24 h with
LY294002 (LY; 10 uM), wortmannin (100 nM), LY294002 plus anti-FasR an-
tibody (100 ng/ml), wortmannin plus anti-FasR antibody, anti-FasR antibody, or
PD 98059 (PD; 30 wM) plus anti-FasR antibody. The degree of apoptosis was
quantified by flow cytometric analysis of apoptotic nuclei. The data represent
means = SEM from a minimum of three separate experiments.
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FIG. 6. Caspase 8 and caspase 3 activities in FasR-stimulated cells are af-
fected by modulation of MAPK activity. (A) To analyze the kinetics of FasR-
induced caspase activation in the presence and absence PD 98059, HeLa cells
were treated as outlined in the legend to Fig. 1. Caspase activation can be
observed as the appearance of active fragments of the caspase proforms of
caspase 8 (a) and caspase 3 (b) (see text for details). No significant activation
occurred in the absence of PD 98059. (B) To test the effect of MAPK activation
on the activity of the apoptotic initiator, caspase 8, the cell line with the consti-
tutively active MKK1 (MKK1 S218E/S222D) was incubated for 3 days in the
presence or absence of tetracycline and then treated for 24 h as described for Fig.
1. The MKK1-negative cells detached during this treatment and were washed off.
The remaining cells were scraped off the culture flasks, centrifuged, washed, and
lysed prior to immunoblotting with antibodies to caspase 8 as described in
Materials and Methods. Each well was loaded with 25 pg of protein.

a clear increase in MAPK activity starting 2 h after stimulation
of the FasR and lasting up to 8 to 10 h after stimulation (Fig.
7A). The increase in MAPK activity peaked at 4 to 6 h, being
approximately 2.5-fold higher than the control values (Fig. 7B).
This activation was not due to increased synthesis of MAPK, as
the MAPK protein levels remained constant following FasR
stimulation (Fig. 7A). The FasR-induced MAPK activation
was completely inhibited by pretreatment of HeLa cells with 30
wM PD 98059 before addition of anti-FasR antibody (Fig. 7A
and B).

To further relate the degree of MAPK activity to the ob-
served FasR resistance, we wanted to determine the efficacy of
our attempts to modulate MAPK activity by the other methods
used, apart from employing PD 98059. In Fig. 2, we observed
that serum starvation induced some degree of sensitization and
enhanced the effect of PD 98059. MAPK activity measure-
ments of cells treated as in Fig. 2 showed that the serum
starvation to some extent abrogated the FasR-induced MAPK
activation on its own (Fig. 7C). The combination of serum
starvation and treatment with PD 98059 abrogated the FasR-
induced MAPK activation even more efficiently (Fig. 7C).
Hence, although these results were obtained at the later stages
of exposure and by the time at which the differences in MAPK
activities have leveled, it seems that the effect of serum star-
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FIG. 7. Stimulation of the FasR activates MAPK in HeLa cells. The effect of
FasR stimulation on MAPK activity was followed 10 h after addition of the
agonistic FasR antibody in cells incubated in the presence or absence of PD
98059. (A) The activation was measured by an immunocomplex kinase assay with
MBP as a substrate. To confirm equal loading of MAPK and to check whether
the observed effect could be due to changes in the amounts of MAPK, the
immunoprecipitates were immunoblotted for the presence of ERK2 protein. A
representative autoradiograph and an ERK2 immunoblot of the immunocom-
plex kinase assay are shown. The immunocomplex kinase assay with MBP as the
substrate showed that MAPK is significantly activated by FasR stimulation,
without any detectable changes in MAPK protein levels. (B) Quantification from
multiple parallel samples of the relative MAPK activities (control = 1) at dif-
ferent time points was performed by phosphorimager analysis of the MBP-
associated 2P labeling. The data represent means = SEM from a minimum of
five separate experiments. The statistical significance between Fas- and PD
98059-plus-Fas-treated samples was tested by Student’s ¢ test (x, P < 0.05; #,
P < 0.01; ##x, P < 0.001). (C) The effect of FasR stimulation and treatment with
PD 98059 was also analyzed in cells cultured in medium containing 0.5 or 10%
FCS and treated in the same way as for Fig. 2. Numbers below the lanes indicate
relative MAPK activity (control = 1). ERK2 immunoblotting was used to con-
firm equal loading. Serum starvation seemed to amplify the PD 98059-induced
MAPK inhibition. (D) The efficacy of transfection with dominant negative
(K97M) and constitutively active (S218E/S222D) MKKI1 on the FasR-induced
MAPK activation and on overall MAPK activity was tested by MAPK activity
measurements of cells cotransfected with HA-tagged ERK2. The HA-ERK2 was
immunoprecipitated with an HA-specific antibody, and the immunocomplex assays
were carried out as indicated above. Western blotting of the immunoprecipitates
with an ERK2-specific antibody was used to confirm equal loading. wt, wild type.
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vation is likely based on its inhibition of MAPK activity. In Fig.
3 and 4, transfection and inducible expression of dominant
negative (K97M) and constitutively active (S218E/S222D)
forms of MKK1 were used to modulate MAPK activities. We
could verify the efficacy of these constructs in modulating
MAPK activity, as cotransfection with HA-tagged ERK2
showed that the activities of the immunoprecipitated HA-
ERK2 were significantly affected by both constructs (Fig. 7D).
Furthermore, the FasR-induced MAPK activation could be
abolished with the dominant negative form of MKK1 (Fig.
7D).

Resistance to FasR-mediated apoptosis correlates with in-
duction of MAPK activity in different cell lines. To correlate
the PD 98059-induced sensitization to FasR-mediated apopto-
sis with induction of MAPK activity and to further confirm that
the observed sensitization in HeLa cells is not a cell-type-
specific phenomenon, we treated HL60, NIH 3T3, Jurkat, and
U937 cells (Fig. 8A and B) with anti-FasR antibody with or
without PD 98059, in the same manner as with HeLa cells. All
of these cell lines showed different degrees of FasR sensitivity.
In accordance with HeLa cells, HL60 cells were resistant to
FasR stimulation. Anti-FasR antibody treatment for 12 h did
not induce apoptosis in these cells. However, approximately
45% of HL60 cells pretreated with PD 98059 were apoptotic
(Fig. 8A). NIH 3T3 cells were moderately sensitive to FasR
stimulation. When these cells were incubated for 24 h with
mouse anti-FasR, approximately 40% of the cells were apo-
ptotic (Fig. 8A). However, pretreatment of NIH 3T3 cells with
PD 98059 before addition of anti-FasR antibody increased the
amount of apoptotic cells to approximately 55% (Fig. 8A).
Both Jurkat and U937 cells are known to be sensitive to FasR-
mediated apoptosis; correspondingly, incubation of Jurkat
cells for 2 h and U937 cells for 4 h with anti-Fas antibody
induced apoptosis in 50% of the cells (Fig. 8A). In Jurkat and
U937 cells, pretreatment with PD 98059 did not affect the
sensitivity to FasR-mediated apoptosis (Fig. 8A). To examine
how the degree of apoptosis relates to the degree of MAPK
activation following FasR stimulation, we measured the
MAPK activity after addition of anti-Fas antibody (Fig. 8B) in
the different cell types. HeLa cells showed the strongest re-
sponse, with up to a threefold activation after 4 h. Treatment
of HL60 cells with anti-Fas antibody increased MAPK activity
almost 2.5-fold compared to untreated cells after 4 h, whereas
the increase in MAPK activity was approximately twofold in
NIH 3T3 cells (Fig. 8B). In Jurkat and U937 cells, treatment
with anti-Fas antibody induced only a minimal MAPK activity,
being approximately 1.2-fold after 15 to 30 min (Fig. 8B). The
MAPK activation was not elevated after these time points
(data not shown). The earlier time points, presented for Jurkat
and U937 cells, were chosen to reflect the faster kinetics of
apoptotic induction in these cells than in the other cell types.

The induction of MAPK activity correlated well with the
degree of FasR sensitization observed with PD 98059 pretreat-
ment. Both of the cell lines (Jurkat and U937) showing only
minor MAPK activation upon FasR stimulation were highly
sensitive to FasR stimulation even without PD 98059 treat-
ment (Fig. 8A and B). The HeLa, HL60, and NIH 3T3 cells
were all clearly sensitized to FasR-mediated apoptosis in the
presence of PD 98059. Furthermore, in the latter three cell
lines, the degree of FasR-mediated apoptosis following treat-
ment with PD 98059 showed a strong negative correlation to
the degree of FasR-induced MAPK activation in the absence
of PD 98059 (Fig. 8A and B).

We examined whether the differences between the tested
cell lines could be due to differences in the basal activities of
MAPK. When equal amounts of MAPK from the different cell
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FIG. 8. Correlation between FasR-induced MAPK activity and resistance to
FasR-mediated apoptosis in different cell lines. HeLLa, HL60, NIH 3T3, Jurkat,
and U937 cells were incubated for the indicated time periods with medium alone
and in the presence of anti-FasR antibody, PD 98059 (PD; 30 pM), and PD
98059 plus anti-FasR antibody (100 ng of anti-human FasR per ml was used for
all cell lines except NIH 3T3, which was incubated with 10 pg of Jo2 anti-mouse
FasR per ml). The degree of apoptosis was quantified by flow cytometric analysis
of apoptotic nuclei (A), and MAPK activity from multiple parallel samples was
quantified by phosphorimager analysis of the MBP-associated 3*P-labeling (B).
(C) The basal MAPK activity in each cell line was measured by immunocomplex
assays as indicated above. Western blotting of the immunoprecipitates with an
ERK?2-specific antibody was used to confirm equal loading. The results show that
the degree of MAPK activation upon FasR stimulation correlates with the
degree of FasR resistance, whereas the basal activity of each cell line does not
correlate with the sensitivity to FasR-mediated apoptosis. The data represent
means = SEM from a minimum of three separate experiments.

lines were used for immunocomplex kinase assays, HeLa, Jur-
kat, and U937 cells showed similar basal kinase activities (Fig.
8C). The HL60 and NIH 3T3 cells showed somewhat higher
and lower activities, respectively, than the other cell lines.
However, observed small differences in the basal MAPK ac-
tivities did not correlate with the degree of FasR insensitivity.
Hence, the crucial parameter in regulation of FasR responses
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seems to be the FasR-induced activation of MAPK, not the
basal MAPK activity.

DISCUSSION

Inhibition of mitogenic signals sensitizes cells to FasR-in-
duced apoptosis. Mitogenic signals are usually associated with
induction of cell growth or differentiation (36). However, re-
cent studies have indicated that such signals may also be in-
volved in inhibition of apoptosis. In this respect, it has been
shown that activation of two signaling cascades involved in
mitogenic stimuli, namely, the MAPK (9, 16, 23, 77) and PI-3K
(10, 30, 33, 34) signaling pathways, are able to suppress apo-
ptosis in different cell lines. Our data show that inhibition of
MAPK signaling by a specific MKKI1 inhibitor, by serum with-
drawal, and by transfection with dominant negative MKK1
renders HeLa cells susceptible to FasR-induced apoptosis.
Furthermore, we show that in HeLa, HL60, and NIH 3T3 cells,
the FasR is able to induce a significant MAPK activation. This
kind of MAPK activation is likely to be involved in protecting
cells from FasR-induced apoptosis. These results could also
provide an explanation for why some tumor cells expressing
the FasR are resistant to FasR-induced apoptosis (52, 68).
Furthermore, our observations may explain why stimulation of
the FasR with agonistic FasR antibodies has been associated
with stimulated cell growth in some cell lines (1, 14, 29, 53).
Recent reports have indicated the PI-3K signaling cascade as a
major antiapoptotic pathway (13, 41). Our results indicate that
the PI-3K pathway is not involved in the MAPK-dependent
regulation of FasR responses that we observed.

The FasR is able to generate a MAPK-mediated signal
which suppresses activation of caspases. Our data quite con-
clusively show that the FasR is in some cells able to generate
a dominant survival signal. All of the included studies indicate
that the activation of MAPK induced by the FasR is the key
factor in the MAPK-mediated protection, not the levels of
basal MAPK activity. This result, showing that the FasR would
be able to generate its own survival signal, is rather surprising.
There have been indications that the FasR could activate the
Ras pathway and that this activation would have an apoptosis-
promoting function (19). However, a later study suggested that
the Ras effect could perhaps be accounted for by Rac (20).
This could explain the seeming contradiction between these
studies and our study. The suggested mandatory role of Ras
would relate not to a requirement of the MAPK cascade for
apoptotic FasR responses but to some other Rac-induced sig-
naling pathway. Furthermore, our results do not favor the
hypothesis of a requirement of MAPK signaling in apoptotic
FasR responses, as transfections with the dominant negative
MKKI1 had only a sensitizing effect without any inhibitory
effect.

In the present study, the increased sensitivity to FasR-in-
duced apoptosis by MAPK inhibition could be detected as
caspase 8 and caspase 3 activation. Conversely, untreated cells
displayed only a minor caspase activation upon FasR stimula-
tion, which was proportional to the small number of apoptotic
cells that were detected under these conditions. Furthermore,
cells expressing constitutively active MKKI1 also showed abro-
gated caspase 8 activity when they were stimulated with PD
98059 and a FasR-specific antibody. These results are in ac-
cordance with our previous results (23), indicating that MAPK-
mediated inhibition of FasR-induced apoptosis in Jurkat cells
occurs upstream or at the level of caspase activation. Activa-
tion of caspase 8 has been considered to be the first caspase
activated following FasR stimulation with the subsequent as-
sembly of the death-inducing signaling complex (44). Our re-
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sults imply that in cells insensitive to FasR-induced apoptosis,
stimulation of the FasR averts the FasR-mediated signal from
the caspase effector machinery. In cells insensitive to FasR-
induced apoptosis, FasR stimulation results in a significant
MAPK activation, instead of activation of the caspase cascade.
The resulting MAPK activation seems to interfere with some
critical function required for caspase activation. The inhibition
of apoptosis at early steps in the apoptotic pathway, rather
than at some intermediate stages in the caspase cascade, is
likely desirable, as only in this way cells could escape from any
detrimental effects of a partially activated apoptotic effector
machinery.

Possible downstream targets of MAPK. The MAPKs are
known to phosphorylate many different proteins involved in
various signaling and regulatory pathways as well as in tran-
scriptional regulation (72). While the role of MAPKs in regu-
lation of transcription factors has received special attention,
there is much less information on MAPK-induced phosphor-
ylation as a bona fide regulatory factor in determining the
functions of cytosolic targets. Phosphorylation of the epider-
mal growth factor receptor by the MAPK pathway has been
suggested to down-regulate the receptor tyrosine kinase acti-
vation complex (51, 74). According to this scheme, MAPK
activation would function as an autoregulatory loop for signal-
ing through the epidermal growth factor receptor (18, 47).
Interestingly, our results point to a similar autoregulatory loop,
whereby the FasR would generate an intervention of its own
apoptotic signaling by activation of MAPK. However, our ex-
perimental setup is not able to distinguish whether MAPK
signaling affects the receptor complex directly or indirectly. An
attractive scenario is that the target for the MAPK-mediated
regulation of FasR responses will be found among the pro-
tein(s) in the death-inducing signaling complex. We are cur-
rently testing whether the MAPK-mediated signal can affect
the phosphorylation state of some of the proteins required for
caspase activation. For example, both FasR (31) and FADD
have been shown to be phosphorylated (31, 32, 80) and hence
possible targets for this kind of regulation. Another possibility
is that some known or unknown inhibitory protein, with con-
stitutive expression in the cells, is activated by a phosphoryla-
tion event generated by the FasR-induced MAPK signal.

MAPK-mediated protection of FasR-induced apoptosis is
not dependent on protein synthesis. It has been well estab-
lished that many different cell types that are resistant to FasR-
or TNF R1-induced apoptosis can be made sensitive when the
cells are preincubated with protein synthesis inhibitors such as
CHX. In view of these observations, it has been suggested that
FasR and TNF R1 can elicit a protein synthesis-dependent
signal (69), which would be distinct from the apoptotic signal.
A number of studies also suggest an inhibitory effect of viral as
well as cellular proteins such as p35 (5), CrmA, (63), NF-«B (4,
70, 71), Bcl-2 (28, 56), inhibitor of apoptosis proteins (43, 54)
c-FLIP (25), and v-FLIP (64) in FasR-induced apoptosis. On
the other hand, there is evidence for protective signals occur-
ring postranslationally through phosphorylation-based signal-
ing pathways such as MAPK (9, 16, 23, 77) and PI-3K (10, 30,
33, 34). In the present study, CHX-treated HeLa cells trans-
fected with constitutively active MKK1 were not sensitized to
FasR-induced apoptosis. This result precludes the requirement
for protein synthesis in protection against FasR-induced apo-
ptosis. This hypothesis of a posttranslationally induced modu-
lation of FasR signaling is corroborated by our previous study,
showing that MAPK activation in the presence of CHX pro-
tects Jurkat cells efficiently against FasR-induced apoptosis
(23). Thus, a high constitutive MAPK activity seems to be
sufficient for inhibition of the FasR-mediated apoptotic signal.
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Taken together, our results strongly support the hypothesis of
direct phosphorylation-based modulation of FasR-mediated
signaling.

The possible role of MAPK in resistance to FasR-induced
apoptosis. During development, cells most likely need to mod-
ulate their responsiveness to apoptosis-inducing cytokines,
such as FasLL and TNF-a. Direct modulation by phosphoryla-
tion-based signaling could have evolved to rapidly modulate
FasR responsiveness in situations where a cell is in an envi-
ronment or developmental stage with rapidly fluctuating con-
ditions. Posttranslational regulation of receptor functions is
likely to be significantly faster and more dynamic than regula-
tion through, for example, protein inhibitors or activators that
are synthesized after transcriptional activation.

Cytotoxic T lymphocytes (CTLs) and natural killer cells are
mediators of immune responses against tumor cells and other
potential target cells (7, 73, 75). The mechanism by which
CTLs mediate their cytotoxicity can be divided into two path-
ways, FasR and perforin dependent, whereas natural killer
cells use only the FasR pathway (48). Upon recognizing tumor
cells, CTLs are activated and start to express FasL, and binding
of FasL to FasR induces apoptosis in the target cells (48).
Resistance to FasR-induced apoptosis is beneficial for tumor
cells, as this enables them to escape immune responses. Ac-
cording to this view, decreased susceptibility of tumor cells to
FasR-induced apoptosis has been shown to play a role in tu-
mor growth (45, 46, 75). These studies have indicated high
expression of Bcl-2 or FAP-1 or down-regulation of the FasR
as a possible cause for the observed insensitivity. Apart from
these inhibitory proteins, various FasR-resistant tumor cells
likely need signaling mechanisms that participate both in in-
duction of cell growth and in suppression of apoptosis (11).
Little is known about the signaling mechanisms that protect
cells from apoptosis and how they act, although especially the
PI-3K and to some extent also the MAPK pathways have been
recognized as potential inhibitory factors. The inhibition of
FasR-induced apoptosis by activation of MAPK could both
during specific stages of normal development and during tu-
morigenesis be an important factor in making cells resistant to
immune surveillance. This inhibition seems to be independent
of protein synthesis, which indicates that in any given cell there
are direct regulatory signaling mechanisms at work, constantly
integrating the sum of incoming stimulatory and inhibitory
signals and thereby determining whether a cell will continue
proliferation or differentiation or whether it will undergo ap-
optosis.
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