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MEK kinase 1 (MEKK1) is a 196-kDa protein that, in response to genotoxic agents, was found to undergo
phosphorylation-dependent activation. The expression of kinase-inactive MEKK1 inhibited genotoxin-induced
apoptosis. Following activation by genotoxins, MEKK1 was cleaved in a caspase-dependent manner into an
active 91-kDa kinase fragment. Expression of MEKK1 stimulated DEVD-directed caspase activity and induced
apoptosis. MEKK1 is itself a substrate for CPP32 (caspase-3). A mutant MEKK1 that is resistant to caspase
cleavage was impaired in its ability to induce apoptosis. These findings demonstrate that MEKK1 contributes
to the apoptotic response to genotoxins. The regulation of MEKK1 by genotoxins involves its activation, which
may be part of survival pathways, followed by its cleavage, which generates a proapoptotic kinase fragment able
to activate caspases. MEKK1 and caspases are predicted to be part of an amplification loop to increase caspase
activity during apoptosis.

It has become evident in recent years that chemotherapeutic
drugs that induce DNA damage or inhibit essential biosyn-
thetic pathways induce apoptosis of cancer cells (21, 26). An-
imal studies and experiments with numerous cultured cancer
cell lines have demonstrated that apoptosis is the primary
death response to the major classes of drugs used to clinically
treat human cancer (17, 42, 43). It is believed that these drugs
induce damage to the cell but also activate signal transduction
pathways that commit the cell to cellular suicide. Obviously, an
understanding of the pathways committing a cancer cell to
apoptosis is extremely important for advances in chemother-
apy.

Proteases of the ICE/Ced-3 family (caspases) (1) are acti-
vated during the apoptotic response, including that activated
by chemotherapeutic drugs, and cleave specific protein sub-
strates. It is believed that activation of the caspases is a final
commitment step for apoptosis. Several caspase substrates
have been identified; these include poly(ADP-ribose) polymer-
ase (35), U1 small nuclear ribonucleoprotein (10), lamin (36),
D4-GDI (44), fodrin (13), protein kinase Cd (18), p21-acti-
vated kinase 2 (51), sterol regulatory element binding protein
(58), retinoblastoma protein (2), DNA-dependent protein ki-
nase (9), MDM2 (a negative regulator of p53) (19), the Alz-
heimer-associated presenilins PS1 and PS2 (31), and the pro-
teases themselves (48).

At least two caspase activities appear to be necessary for the
apoptotic response; each has a specific substrate selectivity.
ICE (caspase-1)-like proteases have a specificity for proteins
encoding the four-amino-acid sequence YVAD (28), while
CPP32 (caspase-3)-like proteases have a preference for the

sequence DEVD (45). Both groups of proteases cleave at the
carboxy-terminal aspartic acid residue of the recognition se-
quence. Several viruses encode proteins that are specific inhib-
itors of the caspases. Most notably, CrmA is a poxvirus protein
that inhibits ICE and FLICE (caspase-8) (66), and p35 is a
baculovirus protein that has broad inhibitory activity toward
caspases (12, 22). The expression of CrmA and p35 inhibits the
apoptotic response to many different stimuli, demonstrating
the requirement for caspases during programmed cell death (5,
40).

In addition to caspases, it is becoming increasingly clear that
signal transduction pathways involving specific protein kinases
are involved in mediating apoptosis. Specifically, the c-Jun
kinases (JNKs) and p38 kinases have been proposed to medi-
ate apoptosis (57, 62, 64). However, a number of reports have
challenged the notion that the activation of JNKs and/or p38
kinases is sufficient to induce apoptosis (29, 30, 34, 38, 39, 49,
53, 56). Thus, it appears that other signal pathways are re-
quired for apoptosis. However, the integration and balance of
the JNK and p38 pathways probably do contribute to commit-
ment to apoptosis (23, 62).

Members of our laboratory have cloned several protein
serine-threonine kinases, referred to as MEK kinases (MEKKs),
that are members of sequential protein kinase pathways regu-
lating MAP kinases, including JNKs and ERKs (6, 24, 32, 33,
63). In our experiments, MEKKs have not significantly acti-
vated p38 kinases (6, 24). Of the four MEKK members that we
have characterized, MEKK1 has been found to have the
unique property of being a strong stimulator of apoptosis (34,
62). The kinase domain of MEKK1 is only 50% conserved
relative to the kinase domains of MEKK2, MEKK3, and
MEKK4, consistent with MEKK1 having unique substrate rec-
ognition properties and catalytic activity involved in mediating
the apoptotic response. MEKK1 is a 196-kDa protein that
encodes a protease cleavage sequence for caspase-3-like pro-
teases. We demonstrate in this report that UV irradiation and
DNA-damaging chemicals activate MEKK1 kinase function
and induce the proteolytic cleavage of MEKK1. An inhibitory
mutant of MEKK1 blocks apoptosis in response to these
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agents. These findings demonstrate that MEKK1 is an integral
component of the apoptotic response to genotoxins.

MATERIALS AND METHODS

Cells. Human embryonic kidney 293 cells (HEK293) stably expressing the
EBNA-1 protein from Epstein-Barr virus (Invitrogen) were grown in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 100 U each of penicillin
and streptomycin per ml and containing 10% bovine calf serum. The cells were
transfected with Lipofectamine (Gibco).

Plasmids. The full-length cDNA-encoded mouse MEKK1 was modified by
addition of the hemagglutinin (HA) tag sequence (MGYPYDVDYAS) at its
NH2 terminus and inserted into the expression plasmids pCEP4 and pcDNA3
(Invitrogen), resulting in plasmids MEKK1.cp4 and MEKK1.dn3, respectively.
MEKK1k.cp4 has been described elsewhere (61). The MEKK1 sequences
DTVD (amino acids 871 to 874) and DEVE (amino acids 857 to 860) in
MEKK1.cp4 were substituted with alanines by a PCR strategy. The resulting
plasmids were named DTVD_A.cp4 and DEVE_A.cp4, respectively. The
DTVD3A MEKK1 mutant was also subcloned in pcDNA3 (plasmid
DTVD_A.dn3). The cDNAs for CrmA (50) and p35 (8) were subcloned in
pCEP_ (a pCEP4-derived vector from which the hygromycin resistance gene was
removed), resulting in plasmids CrmA.cp_ and p35.cp_, respectively. Plasmid
pcDNA_3.cp4 is the result of the ligation of pCEP4 and pcDNA3.
MEKK1k.MT4 has been described elsewhere (60). The kinase-inactive form of
HA-tagged MEKK1 [MEKK1 K(1253)3M] was generated by PCR and sub-
cloned in pcDNA3. The resulting plasmid was named MEKK1(2).dn3. The
HA-tagged 91-kDa C-terminal portion of MEKK1 (amino acids 875 to 1493
[fragment C]) was generated by PCR and subcloned in pcDNA3, resulting in
plasmid G875.dn3.

In vitro kinase assays. Lysis buffer (70 mM b-glycero-phosphate, 1 mM
EGTA, 100 mM Na3VO4, 1 mM dithiothreitol, 2 mM MgCl2, 0.5% Triton X-100,
20 mg of aprotinin per ml) was added to cells 15 to 24 h after transfection.
Cellular debris was removed by centrifugation at 8,000 3 g for 5 min. Protein
concentration was normalized by the Bradford assay with bovine serum albumin
as a standard.

JNK. JNK activity was measured by a solid-phase kinase assay in which glu-
tathione S-transferase (GST)–c-Jun1–79 (GST-Jun) bound to glutathione–Sepha-
rose 4B beads was used to affinity purify JNK from cell lysates as described
previously (23, 25). Alternatively, JNK1 or JNK2 was immunoprecipitated with
isoform-specific antibodies (Santa Cruz Biotechnology) and GST-Jun was used
as a substrate in an in vitro kinase assay (25). Quantitation of the phosphoryla-
tion of GST-Jun was performed with a PhosphorImager.

ERK. ERK2 was immunoprecipitated as described above for the JNK isoforms
with ERK2 (C-14) antibody (Santa Cruz Biotechnology). The beads were washed
twice with 1 ml of lysis buffer and twice with 1 ml of lysis buffer without Triton
X-100. Thirty-five microliters of the last wash was left in the tube, mixed with 20
ml of kinase 23 mix (50 mM b-glycero-phosphate, 100 mM Na3VO4, 20 mM
MgCl2, 200 mM ATP, 1 mCi of [g-32P]ATP per ml, 400 mM epidermal growth
factor receptor peptide [residues 662 to 681], 50 mg of inhibitory peptide [IP]-20
per ml, 1 mM EGTA), incubated for 20 min at 20°C, and spotted on Whatman
P81 paper. The samples were washed three times for 5 min each time in 75 mM
phosphoric acid and once for 2 min in acetone and air dried, and their radioac-
tivity was determined with a b counter.

SEK1 K3M phosphorylation. (i) Method 1. MEKK1 was immunoprecipi-
tated from cell lysates (200 to 500 mg) with antibodies raised against specific
sequences of MEKK1 or antibody 12CA5, which recognizes the HA tag se-
quence. The immunoprecipitates were used in an in vitro kinase assay with
recombinant kinase-inactive SEK1 (SEK1 K3M) as previously described (6).
(ii) Method 2. For the experiment shown in Fig. 1C, the cells were lysed in 20
mM Tris (pH 7.5)–1% Triton X-100–0.5% Nonidet P-40–150 mM NaCl–20 mM
NaF–200 mM Na3VO4–1 mM EDTA–1 mM EGTA–1 mM phenylmethylsulfonyl
fluoride (lysis buffer II). After clearing at 8,000 3 g, 1 mg of the lysate was
rotated at 4°C with antiserum 12851 (1/100 dilution) in a final volume of 500 ml.
Fifteen microliters of a 1:1 slurry of protein A-Sepharose was added, and the
mixture was rotated for 1 h at 4°C. The beads were washed three times with 1 ml
of lysis buffer II and twice with 1 ml of PAN [10 mM piperazine-N,N9-bis(2-
ethanesulfonic acid) (PIPES), 100 mM NaCl, 20 mg of aprotinin per ml]. Thirty-
five microliters was left in the tubes after the last wash. The beads were incubated
with 4 ml of 103 universal kinase buffer (200 mM PIPES, 100 mM MnCl2, 20 mg
of aprotinin per ml)–2 ml of [g-32P]ATP (1 mCi/ml)–1 ml of SEK1 K3M (;1
mg/ml) for 20 min at 30°C. The reaction was run on an 8 to 10% polyacrylamide
gel. After drying, the radioactivity of the bands corresponding to the SEK1 K3M
protein was quantitated with a PhosphorImager.

MEKK1 staining and TdT-mediated incorporation of fluorescent dUTP. Cells
were grown on glass coverslips and transfected with Lipofectamine. Two days
after transfection, the medium was removed and the cells were fixed in 2%
paraformaldehyde–3% sucrose in phosphate-buffered saline (PBS) for 10 min at
room temperature. Following three washes with PBS, the cells were permeabil-
ized for 10 min with 0.2% Triton X-100 in PBS. After three PBS washes, the cells
were blocked with filtered cultured medium for 15 min. The coverslips were
incubated for 1 h in terminal deoxytransferase (TdT) reaction mix (200 mM
potassium cacodylate, 25 mM Tris-HCl [pH 6.6], 250 mg of bovine serum albu-

min per ml, 5 mM CoCl2, 0.25 U of TdT [Boehringer] per ml, 10 mM biotin-
dUTP [Boehringer]) at 37°C in a humidified atmosphere. After three PBS
washes, the coverslips were incubated for 1 h at room temperature with a 1/500
dilution in filtered culture medium of an affinity-purified rabbit antiserum di-
rected at peptide DRPPSRELLKHPVFR of mouse MEKK1 (amino acids 1476
to 1490) (33). The coverslips were washed six times over a 30-min period with
PBS and incubated for 1 h at room temperature with a 1/1,000 dilution in filtered
culture medium of a donkey anti-rabbit indocarbocyanine (Cy3)-conjugated an-
tibody (Jackson Immunological) mixed with 5 mg of fluorescein isothiocyanate
(Jackson Immunological)-conjugated streptavidin per ml. The coverslips were
washed six times with PBS and incubated overnight in PBS before being mounted
in 20 mg of o-phenyldiamine dihydrochloride (Sigma) per ml in 0.1 M Tris (pH
8.5)–90% glycerol. Images were taken with a Leica DMRXA microscope and
analyzed with SlideBook version 2.0 software (Intelligent Imaging Innovations,
Denver, Colo.). The subcellular localization of endogenous MEKK1 observed
with the anti-COOH-terminal MEKK1 antibody was identical to that observed
with a second antibody recognizing the NH2-terminal portion of the MEKK1
protein (data not shown).

Immunoblots. Cell lysate protein (200 to 400 mg) was subjected to sodium
dodecyl sulfate (SDS)–9% polyacrylamide gel electrophoresis (PAGE) and
transferred to nitrocellulose membranes. Blotting was performed exactly as de-
scribed previously (59). To detect HA-tagged proteins, mouse monoclonal anti-
body 12CA5 (Babco) was used as the primary antibody, followed by a rabbit
anti-mouse antibody (Cappel). Horseradish peroxidase-conjugated protein A at
a 1/5,000 dilution (Zymed) and 125I-protein A at a 1/500 dilution (Dupont NEN)
were used for enhanced chemiluminescence (ECL) detection and for quantita-
tion with a PhosphorImager, respectively. To detect MEKK1, three different
polyclonal antisera were used as primary antibodies, followed by ECL detection
with horseradish peroxidase-conjugated protein A (see above). These sera were
generated by injecting rabbits with GST proteins fused with different portions of
the MEKK1 protein (see Fig. 7A).

Preparation of lysates from apoptotic Jurkat cells. Jurkat cells were incubated
with 1 mg of anti-Fas immunoglobulin M antibodies (Upstate Biotechnology no.
05-201) per ml in PBS for 20 to 30 min on ice. The cells were washed twice with
PBS, resuspended in RPMI 1640 (catalog no. 31800-022; Life Technologies, Inc.)
supplemented with 100 U each of penicillin and streptomycin per ml and con-
taining 10% fetal bovine serum, and incubated for 1 h at 37°C in 5% CO2. When
caspase inhibitors were used, they were incubated with Jurkat cells both during
the incubation with anti-Fas antibodies and during the incubation at 37°C. The
cells were lysed in the lysis buffer used to measure caspase activities (see below).

Measurements of caspase activities. Transfected cells were lysed in 50 mM
Tris (pH 7.4)–1 mM EDTA–10 mM EGTA–10 mM digitonin for 10 min at 37°C.
Lysate proteins (60 mg) were incubated with 5 mM DEVE-AMC (Bachem) in 1
ml of 50 mM Tris (pH 7.4)–1 mM EDTA–10 mM EGTA for 20 min at 37°C.
Fluorescence was monitored with an excitation wavelength of 380 nm and an
emission wavelength of 460 nm. Fluorescence of the substrate alone was sub-
tracted in each case.

In vitro translation. Proteins were translated in vitro with the TNT T7-coupled
reticulocyte lysate system (Promega) in accordance with the manufacturer’s
instructions. The plasmids used were MEKK1.dn3 and DTVD_A.dn3. The cleav-
age assay for the in vitro-translated proteins was performed with the buffer used
to measure DEVD-directed caspase activity (see above).

PP-2A treatment. MEKK1 was immunoprecipitated from cell lysates (200 to
500 mg) with the 96-001 (NH2) antisera and washed twice with 1 ml of extraction
buffer (1% Triton X-100, 10 mM Tris [pH 7.4], 50 mM NaCl, 50 mM NaF, 5 mM
EDTA), twice with 1 ml of TC (50 mM Tris [pH 7.0], 0.1 mM CaCl2), and once
with 1 ml of TC containing 60 mM b-mercaptoethanol–1 mM MgCl2. Thirty-five
microliters of the last wash was left in the tube, and 0.5 U of protein phosphatase
2A (PP-2A) (Upstate Biotechnology) was added for 30 to 45 min. The phospha-
tase reaction was terminated by the addition of 1 ml of 200 mM Na3VO4. For in
vitro kinase assays, the immunoprecipitates were washed three more times with
1 ml of PAN before being mixed with the SEK1 K3M substrate and [g-32P]ATP.

RESULTS

UV irradiation of HEK293 cells induces rapid phosphory-
lation and subsequent cleavage of the endogenous MEKK1
protein. The ability of UV irradiation to induce apoptosis is
well defined (11, 61). We examined the regulation of endoge-
nous MEKK1 in response to UV irradiation. HEK293 cells
were either left untreated or irradiated with UV (100 J/m2) and
incubated for 16 h in low-serum media. The presence of
MEKK1 was then determined with a MEKK1 NH2-terminus-
specific antibody (antibody 96-001). Figure 1A shows that upon
UV irradiation, full-length MEKK1 disappeared and was re-
placed by a new immunoreactive fragment recognized by the
amino-terminus-specific antibody. This fragment of about 113
kDa was named fragment B (see below).
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A time course experiment was performed to determine the
effects of UV-C irradiation on the endogenous MEKK1 pro-
tein, activation of the JNK pathway, and the extent of apopto-
sis. Figure 1B (top panel) shows that at 15 min after UV

irradiation, a MEKK1 species that was shifted upward in the
gel compared to the MEKK1 species detected before exposure
to UV irradiation was generated. At 1 h after irradiation, most
of the full-length MEKK1 protein was shifted upward in the
gel. The gel shift of MEKK1 was temporally associated with an
increase in its kinase activity, as assessed by the ability of
immunoprecipitated MEKK1 from UV-C-irradiated cells to
phosphorylate the kinase-inactive SEK1 K3M substrate (Fig.
1C). At 8 h after irradiation, the amount of the gel-shifted
MEKK1 started to decrease, and at 20 h after UV treatment,
only a trace amount of full-length MEKK1 was observed.

As shown in Fig. 1A, the 113-kDa MEKK1-derived fragment
B was generated as a result of UV irradiation. This fragment
was first detected at 1 h after UV irradiation, but its maximal
production occurred after 8 h of UV irradiation (Fig. 1B, top
panel). JNK activation after UV irradiation paralleled the ex-
tent of the MEKK1 gel shift (Fig. 1B, middle panel). Apopto-
sis, as assessed by morphological changes in propidium iodide-
stained nuclei, was first detectable at 8 h after UV irradiation
and was most apparent after 20 h (Fig. 1B, lower panel).

To determine whether the upward gel shift of MEKK1 was
due to phosphorylation, lysates of epitope-tagged MEKK1-
transfected cells were immunoprecipitated with antibody
12CA5 and incubated with or without PP-2A. In cells overex-
pressing MEKK1, two or three MEKK1-immunoreactive
bands are usually detected in the 200-kDa region of polyacryl-
amide gels (for examples, see Fig. 2A and 7B). Figure 2A
shows that phosphatase treatment converted the upper, gel-
shifted band to the lower band, demonstrating that the gel shift
was a phosphorylation-dependent event. To determine whether
phosphorylation of MEKK1 was required for its activity, the
ability of immunoprecipitated MEKK1 to phosphorylate one
of its substrates, SEK1 K3M, was assessed after pretreatment
with PP-2A. Figure 2B shows that immunoprecipitated
MEKK1 phosphorylated SEK1 K3M but, when treated with
phosphatase, lost autophosphorylation and the phosphoryla-
tion activity toward SEK1 K3M. These results, together with
those of other studies (15, 52), indicate that phosphorylation of
MEKK1 is required for its activation and that, in transfected
cells, a fraction of MEKK1 is constitutively phosphorylated
and activated. The fact that UV irradiation induces a gel shift
and the activation of endogenous MEKK1 before the appear-
ance of a MEKK1 fragment (Fig. 1B and C) indicates that the
activation of MEKK1 precedes its cleavage in response to UV
irradiation. This activation of MEKK1 parallels the extent of
JNK activation.

Cleavage of MEKK1 is induced by genotoxins. Several ad-
ditional genotoxic stress stimuli were applied to HEK293 cells,
and their effect on the MEKK1 protein was assessed. Figure 3
shows that UV irradiation, cisplatin, etoposide, and mitomycin
induced the loss of full-length MEKK1 and the appearance of
a lower-molecular-weight fragment (fragment B). While no
full-length MEKK1 protein remained after UV and cisplatin
treatments, a small amount of full-length MEKK1 shifted up-
ward in the gel was detected in etoposide- and mitomycin-
treated cells. Thus, chemicals capable of forming DNA adducts
induce the phosphorylation of MEKK1 before its cleavage.

To determine if MEKK1 was necessary for the apoptotic
response to genotoxic stress stimuli, HEK293 cells that stably
expressed a kinase-inactive mutant of MEKK1 were isolated.
In this mutant, the active lysine residue of the ATP binding
pocket is substituted with a methionine residue. Figure 4A
shows that, in contrast to the wild-type MEKK1 protein, the
mutant did not activate the JNK pathway when overexpressed
in cells, demonstrating that it is truly kinase inactive. In stable
clones 7 and 11, kinase-inactive MEKK1 was present as the

FIG. 1. UV induces rapid phosphorylation of endogenous MEKK1 in
HEK293 cells, followed by the cleavage of MEKK1 into smaller fragments. (A)
HEK293 cells were irradiated or were not irradiated with UV (100 J/m2) and
incubated for 16 h in DMEM containing 0.1% serum. The cells were then lysed
and subjected to Western blot analysis with the MEKK1 NH2-terminus-specific
antibody 96-001. The positions of full-length MEKK1 and the UV-generated
NH2-terminal fragment (fragment B) are indicated. (B) The cells were treated
with UV (100 J/m2) and incubated for the indicated times in DMEM containing
0.1% serum. (Top panel) Cell lysates were analyzed as described in the legend to
Fig. 1A. For clarity, only the portions of the gel containing the 196-kDa MEKK1
protein and the immunoreactive MEKK1-derived fragment are shown. (Middle
panel) Activation of the JNK pathway was measured with Sepharose-bound
GST-Jun as a substrate. (Bottom panel) Propidium iodide-stained nuclei were
analyzed with a fluorescence-activated cell sorter (46). The percentage of nuclei
with an altered shape (apoptotic nuclei) was plotted as a function of time. (C)
The cells were treated as in panel B. The kinase activity of the endogenous
MEKK1 protein in response to UV-C irradiation was measured as described in
Materials and Methods. The activation of MEKK1 in response to UV-C irradi-
ation temporally correlated with its gel shift and with the activation of the JNK
pathway.
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196-kDa full-length protein and as a fragment of approxi-
mately 134 kDa (named fragment A; see below), which was
larger than fragment B generated in genotoxin-treated cells
(Fig. 1A). The JNK activity induced by transfection of a plas-
mid expressing wild-type MEKK1 was reduced by ;60% in
clones stably expressing the kinase-inactive MEKK1 protein
compared to control clones (data not shown), consistent with
the known ability of the kinase-inactive MEKK1 mutant to
block JNK activity in several cell types (7, 62). The JNK activity
measured 1 h after UV irradiation (100 J/m2) or following a
4-h stimulation with 100 mM etoposide was only partially in-
hibited (,30%) in HEK293 clones expressing the kinase-inac-
tive MEKK1 protein, indicating that JNK activation in re-
sponse to these stimuli involves other kinases in addition to
MEKK1. Nonetheless, Fig. 4C shows that the two HEK293
clones expressing kinase-inactive MEKK1 had a markedly di-
minished apoptotic response to each of the genotoxic agents.
Thus, a competitive inhibitory kinase-inactive MEKK1 strongly
suppresses apoptosis in response to genotoxins. If the regula-
tion of MEKK1 were secondary and a consequence of, rather
than a necessity for, the induction of apoptosis, the kinase-
inactive mutant would not have suppressed the cell death re-
sponse to genotoxic agents.

We then assessed whether the catalytic activity of overex-
pressed MEKK1 was required for phosphorylation and the
cleavage events induced by apoptotic stimuli. A stable clone
expressing the kinase-inactive mutant form of MEKK1 (clone
11) was subjected to etoposide treatment or UV irradiation,
and the effects on the mutant MEKK1 protein were deter-
mined by Western blot analysis. Figure 4D shows that the
catalytically inactive mutant MEKK1 protein was not cleaved
into fragment B in response to etoposide treatment or UV
irradiation, in contrast to the endogenous MEKK1 protein in
untransfected cells (Fig. 1B). This result indicates that the
kinase activity of MEKK1 is required for its cleavage in re-
sponse to genotoxins and further suggests an important role of
MEKK1 in genotoxin-induced apoptosis.

Expression of the 196-kDa MEKK1 protein by gene trans-
fection induces apoptosis. Expression of just the kinase do-
main of MEKK1 (DMEKK1) induces cell death by apoptosis
(7, 34, 61, 62). To assess whether the full-length protein had
the same effect, HEK293 cells were transfected with a plasmid
encoding the mouse MEKK1 and stained 2 days later for
MEKK1 expression with an antibody directed to the COOH
terminus of the protein. Cell death was measured by monitor-
ing DNA fragmentation as TdT-mediated incorporation of
fluorescent dUTP. The apoptotic response quantitated by the
TdT assay was verified by morphological changes, including
cytoplasmic shrinkage and nuclear condensation. Figure 5A
(left panel) shows that a large proportion of HEK293 cells
expressing MEKK1 (red staining) had fragmented DNA
(green staining). The MEKK1-expressing cells characteristi-
cally became round and began to lift off the coverslips (Fig. 5B,
upper left panel; note that the untransfected cells and
MEKK1-expressing cells did not lie on the same focal plane
due to the morphological changes associated with apoptosis).
MEKK1 also induced chromatin condensation, and the nuclei
in these cells often dissociated from the surrounding cytoplasm
(Fig. 5B, upper panels). Quantitation of green (DNA fragmen-
tation) and red (MEKK1 expression) cells revealed that about
30% of MEKK1-expressing cells were apoptotic after 48 h
(Fig. 5C). This amount is an underestimate because the apo-
ptotic cells eventually detached from the coverslips and often
lost their nuclei. Thus, expression of the 196-kDa MEKK1
protein by gene transfection induced cell death characteristic
of apoptosis and similar to that observed for genotoxins.
Longer exposure to MEKK1 induced the death of .95% of
the cells, as assessed by a colony-formation assay (60).

MEKK1-induced DNA fragmentation is inhibited by p35
and CrmA. Inhibition of caspases by the baculovirus p35 pro-
tein or by the poxvirus CrmA protein has been shown to pro-
tect cells from apoptosis in response to diverse stimuli (5, 12).

FIG. 2. The gel-shifted form of MEKK1 corresponds to an active phosphor-
ylated kinase. (A) Cell lysates from HEK293 cells were transfected with 1 mg of
MEKK1.cp4, carrying the HA-tagged full-length MEKK1, immunoprecipitated
with antibody 12CA5, and incubated for 45 min with or without PP-2A at 37°C
as described in Materials and Methods. The immunoprecipitates (IP) were then
subjected to Western blot analysis with antibody 96-001. Arrows indicate the
positions of the nonshifted and shifted forms of MEKK1. (B) Cell lysates from
MEKK1-transfected cells were immunoprecipitated and incubated with PP-2A
at 4 or 37°C or left untreated as described in panel A. After several washes, the
immunoprecipitates were incubated with recombinant SEK1 K3M substrate
and [g-32P]ATP. Phosphorylated proteins were resolved by SDS-PAGE. The
identity of the protein indicated by an asterisk is unknown. Note that when the
immunoprecipitates were incubated with PP-2A at 4°C and washed, SEK1 K3M
phosphorylation still occurred, showing that the absence of SEK1 K3M phos-
phorylation by immunoprecipitates treated with PP-2A at 37°C was not due to
residual PP-2A activity that would not have been eliminated during the washing
steps.

FIG. 3. Genotoxins induce the cleavage of MEKK1. HEK293 cells were
either left untreated, stimulated with UV at 100 J/m2, or incubated with 50 mM
cisplatin, 100 mM etoposide, or 30 mM mitomycin in DMEM containing 0.1%
fetal bovine serum. After 18 h, the cells were lysed and subjected to Western blot
analysis with antibody 96-001. For clarity, only the unphosphorylated and gel-
shifted full-length MEKK1 proteins and the NH2-terminal MEKK1-derived frag-
ment (fragment B) are shown.
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Cotransfection of HEK293 cells with MEKK1 and p35 inhib-
ited the DNA fragmentation seen with the expression of
MEKK1 alone (Fig. 5A, right panel). Cotransfection of MEKK1
with CrmA also inhibited DNA fragmentation, but to a lesser
extent. While only about 5% of the cells cotransfected with
MEKK1 and p35 showed some DNA fragmentation, this pro-
portion was about 15% in MEKK1- and CrmA-cotransfected
cells (Fig. 5C). A small area of fragmented DNA was typically
seen in the nuclei of these cells (Fig. 5B, middle panels). These
findings demonstrate that viral caspase inhibitors prevent
MEKK1-induced apoptosis.

CrmA and p35 inhibit cleavage of the 196-kDa MEKK1
protein and the generation of an active kinase fragment. When
MEKK1 was expressed by transfection of HEK293 cells, two
additional immunoreactive polypeptides besides the full-length
protein (fragments A and B; Fig. 6A, left panel) were detected
by Western blotting with an antibody directed to the HA tag of
MEKK1 (antibody 12CA5). Antibody 12CA5 recognizes the
first 11 amino acids at the NH2 terminus of the tagged MEKK1
protein, indicating that fragments A and B must be the result
of proteolysis of the full-length MEKK1 protein and cannot
have arisen from other potential translation sites. When an
antibody directed to the COOH terminus of MEKK1 was used

(antibody 95-012), additional immunoreactive fragments were
also detected (Fig. 6A, right panel). Based on their apparent
molecular masses and on their patterns of recognition by dif-
ferent MEKK1-specific antibodies (see Fig. 7A), two of these
fragments, named C and D, should be the corresponding moi-
eties of cleavage products B and A, respectively (for a discus-
sion, see below). It is also important to note that further pro-
teolytic processing of fragment C might generate fragment D.
Based on its behavior in the SDS gel, the band marked with an
asterisk in Fig. 6A might be a dimer of D or a modified form
of C.

The observation that MEKK1 can be proteolyzed to very
specific fragments prompted us to determine whether p35 or
CrmA could inhibit the generation of fragments A, B, C, and
D. Figure 6A shows that p35 almost totally and CrmA partially
inhibited the appearance of fragments B and C. Quantitation
of the fragments in six independent experiments revealed that
CrmA and p35, while leaving the relative proportion of frag-
ment A unchanged, diminished the relative proportion of frag-
ment B by 50 and 90%, respectively. This result indicates that
these protease inhibitors prevented the formation of fragments
B and C but had no effect on the proteolytic activity that
cleaves MEKK1 into fragment A. Since the cleavage of

FIG. 4. MEKK1 is involved in genotoxin-induced apoptosis. (A) HEK293 cells were transfected with 4 mg of empty pcDNA3 vector or pcDNA3 containing wild-type
MEKK1 (plasmid MEKK1.dn3) or the MEKK1 K(1253)3M mutant [plasmid MEKK1(2).dn3]. After 18 h, the cells were lysed and the MEKK1 proteins were
immunoprecipitated with antibody 12CA5, recognizing the NH2-terminal HA tag. The immunoprecipitates were then analyzed by Western blotting (WB) with antibody
12CA5. Alternatively, the JNK activity of the cell lysates was determined as described in Materials and Methods. Despite similar levels of expression, only the wild-type
MEKK1 protein was able to induce the activity of the JNK pathway. (B) Clones of HEK293 cells stably transfected with pcDNA3 (clones V1 and V4) or pcDNA3
expressing the kinase-inactive MEKK1 K(1253)3M protein [plasmid MEKK1(2).dn3] (clones 7 and 11) were lysed, and the expression of MEKK1 was determined
by Western blot analysis with antibody 12CA5. The positions of the full-length kinase-inactive MEKK1 and fragment A are indicated (see the text for details about
the generation of fragments A and B). (C) The clones shown in panel B were stimulated as described in the legend to Fig. 3. Apoptotic cells were scored after acridine
orange staining (41). Data are the mean 6 standard error of the mean for duplicate determinations. (D) Clone 11 (described in panel B) was incubated with etoposide
or irradiated with UV as described in Fig. 3. The cells were lysed and then analyzed by Western blotting with anti-HA antibody 12CA5. The positions of the full-length
kinase-inactive MEKK1 and fragment A are indicated.
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MEKK1 into fragment A was unaffected by CrmA and p35, it
was surprising to find that the amount of fragment D, the
corresponding moiety of fragment A, was reduced in the pres-
ence of the inhibitors (Fig. 6A, right panel). However, since
fragment D could be derived from fragment C, blocking the
generation of fragment C would result in less fragment D.
Moreover, because the amounts of fragments A and B formed

in MEKK1-transfected cells were not significantly different
from one another, the observation that there was far less frag-
ment D than fragment C (Fig. 6A, right panel, lane MEKK1)
suggested that fragment D might be unstable and rapidly de-
graded. Since it has not been formally proven that fragments A
and D are the products of a single cleavage event, an alterna-
tive explanation may be that fragment D is generated indepen-
dently from fragment A, but in a less efficient way.

The immunoblots also showed that there were smaller
amounts of total MEKK1-immunoreactive species (fragments
and full-length MEKK1) when the cleavage generating frag-
ments B and C was blocked. This result might be explained by
our observation that expression of the kinase domain of
MEKK1 stimulates the activity of the cytomegalovirus pro-
moter (unpublished observation). Figure 6B shows that the
kinase activity of MEKK1 was required for stimulation of its
cleavage to generate fragment B. Kinase-inactive MEKK1 was
neither cleaved to fragment B nor expressed to the same level
as wild-type MEKK1. Wild-type MEKK1 displayed a slightly
reduced mobility compared to kinase-inactive MEKK1. This
result was due to phosphorylation of the kinase, leading to its
activation (see above).

To assess whether MEKK1 fragments had kinase activity,
cells were transfected with HA-tagged MEKK1 alone or in
combination with CrmA or p35. Immunoprecipitation with
antibody 12CA5 recovered the full-length protein and N-ter-
minal fragments A and B. Immunoprecipitation of the lysates
with an antibody directed to the COOH-terminal moiety of
MEKK1 (antibody 95-012) recovered the full-length protein as
well as C-terminal fragments C and D. The immunoprecipi-
tates were then incubated with a MEKK1 substrate (SEK1
K3M) and [g-32P]ATP. When the MEKK1 protein was im-
munoprecipitated with antibody 12CA5, it showed measurable
autophosphorylation and activity toward SEK1 K3M (Fig. 6C,
left panel). No phosphorylation of fragments A and B was
observed. When MEKK1 was immunoprecipitated with anti-
body 95-012, a stronger SEK1 K3M phosphorylation signal
was detected (Fig. 6C, right panel, lane MEKK1). The full-
length MEKK1 protein and fragments C and D were immu-
noprecipitated with similar efficiencies (data not shown). The
increased phosphorylation of SEK1 K3M was due to the
presence of fragments C and D in the immunoprecipitates.
This phosphorylation was reduced in the presence of CrmA. In
the presence of p35, antibody 12CA5 immunoprecipitated the
same amount of kinase activity as in the absence of p35, indi-
cating that the kinase activity of the full-length protein was
unaffected by coexpression of this protein. Phosphorylation of
fragments C and D was also detected in immunoprecipitates
obtained with antibody 95-012 (Fig. 6C, right panel). This
phosphorylation was reduced by CrmA and almost completely
abolished by p35, as expected from the effects of these inhib-
itors on the expression of MEKK1 and the generation of frag-
ments C and D (Fig. 6A).

p35-inhibited cleavage occurs at position 871DTVD874 in
the mouse MEKK1 protein. The p35-inhibited cleavage of
MEKK1 generated a COOH-terminal fragment of about 90
kDa and an NH2-terminal fragment of about 110 kDa (Fig. 6A;
see also Fig. 7D), indicating that the cleavage occurred be-
tween residues 820 and 900. Two tetrapeptide sequences that
are found in this region of MEKK1 closely resemble the
caspase-3 cleavage site, DEVD (45). These sequences are
857DEVE860 and 871DTVD874 (see Fig. 7A). The proteases
inhibited by p35 have been shown to be cysteine proteases
cleaving after the aspartic acid residue in the fourth position of
the consensus cleavage sequence (28, 45); therefore, only the
DTVD sequence should be a cleavage site for the caspase-3-

FIG. 5. p35 and CrmA inhibit MEKK1-induced DNA fragmentation in
HEK293 cells. Cells were transfected with 0.5 mg of MEKK1.cp4 alone or in
combination with 2 mg of either p35.cp_ or CrmA.cp_. Two days later, the cells
were stained for MEKK1 expression and for DNA fragmentation. (A) Nomarski
views (magnification, 340) of HEK293 cells transfected with MEKK1 or with
MEKK1 and p35 and overlaid with fluorescent staining for MEKK1 expression
(red staining) and for DNA fragmentation (green staining). (B) Views (magni-
fication, 3160) of HEK293 cells transfected with MEKK1 alone or in combina-
tion with either CrmA or p35. (Left panels) Nomarski views. (Middle panels)
Fluorescent staining for MEKK1 expression (red staining) and DNA fragmen-
tation (green staining). (Right panels) Fluorescent staining for MEKK1 expres-
sion. In these last views, an exposure longer than that in the middle panels was
used to visualize the localization of endogenous human MEKK1. The arrows
indicate granular cytoplasmic localization, while the arrowheads indicate nuclear
localization. (C) Quantitation of the percentage of MEKK1-transfected cells, in
the presence or in the absence of the indicated proteins, that showed DNA
fragmentation. The numbers in the columns indicate the number of cells trans-
fected with MEKK1 and counted on at least four coverslips from at least two
different experiments.
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like protease. Two mutants that have either the DEVE or the
DTVD sequence replaced with alanine residues were gener-
ated (see Fig. 7A). These mutants were transfected into
HEK293 cells, and the presence of MEKK1 and MEKK1-
derived fragments was detected by immunoblot analysis with
antibody 12CA5 and the three MEKK1-specific antibodies
shown in Fig. 7A. Figure 7B shows that when transfected into
HEK293 cells, the DEVE3A mutant, like the wild-type pro-
tein, was cleaved into fragments A, B, C, and D. In contrast,
the DTVD3A mutant was cleaved only into fragments A and
D. Thus, fragments B and C are not generated in cells express-
ing the DTVD3A mutant or in cells expressing MEKK1 and
p35. The results indicate that p35-inhibited cleavage occurs at
position 871DTVD874 in the mouse MEKK1 sequence.

To compare the kinase activities of the 196-kDa full-length
MEKK1 protein and the 91-kDa kinase fragment (fragment
C), lysates from cells transfected with the HA-tagged version
of each protein were immunoprecipitated with anti-HA anti-
bodies. Serial dilutions of the immunoprecipitates were then
analyzed by Western blotting with an antibody specific for the
COOH terminus of MEKK1 or analyzed for their ability to
phosphorylate a MEKK1 substrate (SEK1 K3M). Compari-
son of the Western blot analysis and the in vitro kinase assay
revealed that both proteins had similar kinase specific activities
toward SEK1 (Fig. 7C). Also, both proteins had autophosphor-
ylation activities. Thus, when these proteins are overexpressed
in cells, they become phosphorylated and activated; the cleav-
age of activated MEKK1 therefore does not detectably in-
crease its kinase activity because the full-length protein is al-
ready activated when overexpressed in cells.

Based on the results presented above, Fig. 7D shows a model
of the MEKK1 cleavage events occurring in transfected cells.
In this model, the overexpression of MEKK1 induces deregu-
lated cleavage events generating two sets of fragments (A and
D; B and C). The kinase activity of MEKK1 is required for the

generation of fragments that are no longer associated with the
NH2-terminal regulatory domain (Fig. 4B and D and 6B).
Fragment C encodes the catalytic domain of MEKK1.
Caspases are responsible for the cleavage of MEKK1 into
fragments B and C because this cleavage can be inhibited by
p35 and CrmA. Mutagenesis revealed that the cleavage site
generating fragments B and C is 871DTVD874. Fragment C can
probably be further processed into a smaller polypeptide (frag-
ment D). It is possible that the proteolytic activity which gen-
erates fragment D is part of a regulatory mechanism involved
in the termination of the response induced by the cleavage of
MEKK1 into active fragment C.

The finding that the kinase activity of MEKK1 was required
for its proteolysis suggested that MEKK1 stimulated protease
activity. Cells were transfected with pCEP4, MEKK1k.cp4, or
MEKK1.cp4 or left untreated. At 24 h after transfection,
caspase activities were measured as described in Materials and
Methods. Caspase activities, expressed as the fold increase
compared to that in untreated cells (set at 1.0) (mean 6 stan-
dard deviation for three independent experiments), for
pCEP4, DMEKK1, and MEKK1 were 1.1 6 0.1, 6.0 6 1.3, and
2.5 6 0.3, respectively, indicating that expression of DMEKK1
and full-length MEKK1 stimulated caspase-3-like activity. The
truncated form of MEKK1 stimulates this activity more than
did the full-length protein, but this result likely was due to the
higher level of expression of the former. The substrate for
MEKK1 that results in caspase activation is presently un-
known.

The DTVD sequence in MEKK1 is a caspase-3-like cleavage
site. Lysates from Fas-activated Jurkat cells have proven to be
a good system for the assay of DEVD-directed caspases (55).
To determine whether caspases activated in apoptotic cells
could cleave MEKK1, in vitro-translated [35S]methionine-la-
beled MEKK1 was incubated with lysates from control Jurkat
cells or with lysates from Jurkat cells stimulated with Fas in the

FIG. 6. CrmA and p35 inhibit the generation of a MEKK1-derived kinase-active cleavage product. Cells were transfected as described in the legend to Fig. 5. (A)
Western blot analysis of lysates with antibodies 12CA5 and 95-012. The immunoreactive proteins were detected by ECL. Fragments A, B, C, and D correspond to
MEKK1 cleavage products, and the band marked with an asterisk may correspond to a dimer of fragment D (see the text). (B) A kinase-inactive MEKK1 mutant
(MEKK1 K3M) is not cleaved into fragments B and C. Cells were transfected with 1 mg of vector alone (pcDNA3), HA-tagged MEKK1 in pcDNA3 (plasmid
MEKK1.dn3), or HA-tagged MEKK1 K(1253)3M in pcDNA3 [plasmid MEKK1(2).dn3]. At 18 h after transfection, the cells were lysed and the presence of MEKK1
species was detected by Western blot analysis with antibody 12CA5. The positions of fragments A and B and full-length MEKK1 are indicated. (C) In vitro SEK1 K3M
phosphorylation assay performed on cell lysates immunoprecipitated with the indicated antibodies. The positions of MEKK1, fragments C and D, and SEK1 K3M
are indicated.
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presence or absence of caspase inhibitors. Figure 8A shows
that buffer alone (control) or lysates from untreated Jurkat
cells did not induce the cleavage of MEKK1. In contrast, ly-
sates from apoptotic Jurkat cells cleaved MEKK1 into two
fragments that correspond to fragments B and C, according to
their apparent molecular masses. The cleavage of MEKK1 was
blocked when lysates from caspase inhibitor-treated Jurkat
cells were used, indicating again that the cleavage of MEKK1
is a caspase-dependent event. In contrast to the wild-type pro-
tein, the DTVD3A mutant was not cleaved by lysates pre-
pared from apoptotic cells (Fig. 8B) or when incubated with
purified CPP32 enzyme (Fig. 8C). This result demonstrates
that MEKK1 is a DEVD-directed caspase substrate.

The DTVD3A mutant has a reduced ability to promote
DNA fragmentation in HEK293 cells. We next determined
whether the DTVD3A mutant induces DNA fragmentation
when expressed in HEK293 cells. Figure 9A shows that expres-
sion of the DEVE3A mutant or the wild-type MEKK1 pro-
tein induced DNA fragmentation. In contrast, cells expressing
the DTVD3A mutant MEKK1 protein showed little DNA
fragmentation (Fig. 9A). Quantitation of the response re-
vealed that the number of DTVD3A-expressing cells that
showed DNA fragmentation was reduced by 65% compared to
the number of cells transfected with the wild-type MEKK1
protein or the DEVE3A mutant MEKK1 protein (Fig. 5C
and 9B). The observation that the caspase-resistant MEKK1

mutant had a diminished ability to induce apoptosis indicates
that the cleavage of MEKK1 into fragments B and C enhances
the cell death resulting from MEKK1 activation.

p35 inhibits DMEKK1-induced apoptosis. The kinase do-
main of MEKK1 (DMEKK1) is a strong inducer of apoptosis
(34, 62). DMEKK1 and the 91-kDa carboxy-terminal MEKK1
fragment C have the same ability to induce cell death when
overexpressed in cells (data not shown) (61). Since p35 inhibits
programmed cell death induced by most, if not all, apoptotic
stimuli (12), we wished to determine whether this inhibitor
could also block DMEKK1-induced apoptosis. Figure 10A (up-
per panel) shows that DMEKK1 induced DNA fragmentation
when expressed in HEK293 cells. This effect was inhibited by
the coexpression of p35 (Fig. 10A, lower panel). Quantitation
showed that 40% of cells expressing DMEKK1 showed DNA
breaks; coexpression of p35 and DMEKK1 reduced this num-
ber to 10% (Fig. 10B). The number of DMEKK1-expressing
cells appeared to be increased when p35 was present (compare
upper and lower panels of Fig. 10A), suggesting that less cell
death occurred when DMEKK1 and p35 were coexpressed.
Even if the cotransfected cells showed less DNA fragmentation
than the cells transfected with DMEKK1 alone, they were
clearly affected by the expression of DMEKK1 and were
rounded, and most showed some membrane blebbing (Fig.
10A, lower panel). This effect differed from the effect of p35 on
full-length MEKK1-transfected cells, where the inhibitor ap-

FIG. 7. Mutation of the mouse MEKK1 sequence 871DTVD874 blocks p35-inhibited MEKK1 cleavage. (A) Schematic representation of the HA-tagged mouse
MEKK1 protein showing the regions (the numbers correspond to the positions of the amino acids) used to generate the indicated antibodies. Also shown is the sequence
(one-letter code) between amino acids 853 and 888 where the tetrapeptides DEVE and DTVD (in bold type) are replaced with alanine residues in mutants DEVE3A
and DTVD3A, respectively. (B) Western blot analysis with the antibodies shown in panel A of lysates derived from HEK293 cells transfected with 0.5 mg of
pcDNA_3.cp4, MEKK1.cp4, DEVE_A.cp4, or DTVD_A.cp4. Letters A to D indicate the same cleavage products as those shown in Fig. 6A. (C) Full-length activated
MEKK1 and fragment C have similar SEK1 K3M phosphorylation activities. HEK293 cells were transfected with 4 mg of MEKK1 in pcDNA3 (MEKK1k.dn3 plasmid)
or fragment C in pcDNA3 (G875.dn3 plasmid). At 18 h after transfection, 5 mg of cell lysate proteins was immunoprecipitated with antibody 12CA5 (recognizing the
NH2-terminal HA tag). Serial dilutions of the immunoprecipitates (1:1, 1:2, 1:4, and 1:8) were then analyzed by Western blotting with antibody 95-012 (recognizing
the COOH terminus of MEKK1) or analyzed for their ability to phosphorylate the SEK1 K3M substrate. (D) Schematic representation of p35-inhibited and
p35-insensitive cleavage in the mouse MEKK1 protein. Letters A to D indicate the names of the cleavage products. The molecular masses were calculated from the
migration of the markers in at least two different experiments, such as the one presented in panel B.
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peared to better protect the cells from DNA fragmentation
and obvious morphological changes (compare Fig. 5A and the
lower panels of Fig. 5B with the lower panel of Fig. 10A), the
predicted result if a cleavage product of MEKK1 were pro-
apoptotic. These results indicate that p35 inhibits the cleavage
of MEKK1 into a proapoptotic kinase fragment and events
downstream of the MEKK1 cleavage. Thus, MEKK1 induces
caspase-3-like activity and is a substrate for caspases.

Activation of the ERK and JNK pathways is not correlated
with MEKK1-induced DNA fragmentation. Since activation of
the JNK pathway has been proposed to induce apoptosis (57),
we wished to determine whether p35 or CrmA inhibition of
MEKK1-induced apoptosis was correlated with an effect on
JNK or ERK activation. Figure 11A shows that p35 or CrmA
had little, if any, effect on the activation of ERK2 or JNK by
MEKK1. The DEVE3A and DTVD3A mutants activated
JNK to the same level as wild-type MEKK1 (Fig. 11A, lower
panel). Transfection of MEKK1 in HEK293 cells did not ac-
tivate the p38 kinase (60). The in vitro SEK1 K3M phosphor-
ylation ability of transfected MEKK1 was reduced when cleav-
age at position 874 was blocked (see above). Under the same
conditions, no reduction of JNK activation was observed (Fig.
11A). This finding is explained in part by the fact that the assay

measuring JNK activity is more sensitive than the assay assess-
ing SEK1 K3M phosphorylation activity (Fig. 11B). Cumula-
tively, these results show that under conditions where MEKK1-
induced DNA fragmentation is inhibited (i.e., when p35 is
cotransfected with MEKK1 or when the DTVD3A mutant is
expressed), the ERK and JNK pathways are still activated to an
extent similar to that found in MEKK1-transfected cells. Thus,
neither the ERK nor the JNK pathway is sufficient to promote
or inhibit the cell death pathway induced by MEKK1.

DISCUSSION

Genotoxic stress, a balance between rescue and suicide with
MEKK1 as a switch. Our results show that DNA-damaging
agents induce rapid phosphorylation and activation of
MEKK1. The rapid JNK response observed with genotoxins
could actually contribute to a protective response against cell
death. The JNK pathway has been proposed to mediate the
antiapoptotic effect of CD40 in B cells (54, 56) and to inhibit
methyl methanesulfonate-induced 3T3 cell apoptosis (38). The
activation of NF-kB in response to stresses, including UV
irradiation and genotoxic chemicals, would also be a protective
response (4); MEKK1 has been shown to be involved in the

FIG. 8. The DTVD sequence in MEKK1 is a caspase-3-like cleavage site. Wild-type MEKK1 and the DTVD3A mutant were translated in vitro as described in
Materials and Methods. (A) In vitro-translated wild-type MEKK1 was incubated for 2 h with 6 mg of lysates from Jurkat cells stimulated with 1 mg of anti-Fas
immunoglobulin M antibodies per ml for 1 h in the presence or absence of a 20 mM concentration of the caspase inhibitor Ac-YVAD-CMK (Bachem) or
Z-DEVD-FMK (Enzyme Systems Products). The control lane indicates untreated in vitro-translated MEKK1. (B) In vitro-translated wild-type (wt) MEKK1 and
DTVD3A mutant were incubated for 2 h with 6 mg of lysates from control Jurkat cells (2) or Jurkat cells stimulated with anti-Fas antibodies (1) as described in panel
A. (C) In vitro-translated wild-type (wt) MEKK1 and DTVD3A mutant were left untreated (2) or incubated with 200 ng of purified caspase-3 (CPP32) (Pharmingen)
for 1 h at 37°C (1). In each panel, the positions of full-length MEKK1 and fragments B and C are indicated.
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activation of NF-kB (4, 27, 37). We suggest that MEKK1 could
function as a switch point, regulated by a proteolytic event
controlled by caspases, that contributes to cell fate determina-
tion in response to a stress stimulus. MEKK1 cleavage appears
to be involved in the apoptotic response elicited by diverse
stimuli that activate caspases.

Figure 12 shows a model defining the involvement of
MEKK1 in apoptosis. The 196-kDa MEKK1 protein can be
activated by many extracellular stimuli, including those medi-
ated by tyrosine kinase-encoded growth factor receptors, G
protein-coupled receptors (3), and genotoxins. The activation
of MEKK1 correlates with its phosphorylation. It is unclear at

present if MEKK1 phosphorylation involves autophosphoryla-
tion or additional kinases. MEKK1 activated independently of
its proteolysis is capable of regulating the JNK pathway and
the ERK pathway. Both of these pathways can stimulate anti-
apoptotic responses (23, 38, 47, 62). Moreover, MEKK1 can
lead to NF-kB activation, which can be a strong inhibitor of
apoptosis (4, 27, 37).

With appropriate protease activation, MEKK1 is cleaved to
generate a 91-kDa kinase domain that is a strong inducer of
apoptosis. The substrates for the 91-kDa kinase may include
caspases, proteins that will induce such proteases, or even
proteins such as Bcl-2 family members. The truncated form of
MEKK1 can induce caspase activity, which in turn stimulates
more MEKK1 cleavage. MEKK1 and caspases are thus pre-
dicted to be part of an amplification loop for increasing
caspase activity during apoptosis.

FIG. 9. The DTVD3A mutant has a reduced ability to promote DNA frag-
mentation in HEK293 cells. HEK293 cells were transfected with 1 mg of
MEKK1.cp4, DEVE_A.cp4, or DTVD_A.cp4 and processed as described in the
legend to Fig. 5. (A) Nomarski views (magnification, 340) of HEK293 cells
transfected with wild-type MEKK1 or the indicated mutants and overlaid with
fluorescent staining for MEKK1 expression (red staining) and for DNA frag-
mentation (green staining). (B) Quantitation of the percentage of MEKK1
mutant-transfected cells that showed DNA fragmentation. The numbers in the
columns indicate the number of cells transfected with the MEKK1 mutants and
counted on at least four coverslips from at least two different experiments.

FIG. 10. p35 inhibits DMEKK1-induced DNA fragmentation. HEK293 cells
were transfected with 0.1 mg of MEKK1k.cp4 alone or in combination with 2 mg
of p35.cp_ and stained 2 days later for MEKK1 expression and DNA fragmen-
tation. (A) Nomarski views (magnification, 340) of cells overlaid with fluores-
cent staining for MEKK1 expression (red staining) and for DNA fragmentation
(green staining). (B) Quantitation of the percentage of DMEKK1-transfected
cells that showed DNA fragmentation. The numbers in the columns indicate the
number of cells expressing DMEKK1 and counted on four coverslips from two
different experiments.
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Genotoxins versus anoikis and the regulation of MEKK1.
MEKK1 is involved in the apoptotic response to survival factor
withdrawal (62), loss of adherence (anoikis) (7), and genotox-
ins (this study). Several critical differences in the regulation of
apoptosis induced by genotoxins and loss of adherence are,
however, evident from our studies. Cardone et al. (7) showed
that the loss of adherence induced the cleavage of MEKK1 and
the subsequent activation of the carboxy-terminal cleavage

fragment. The reason why full-length MEKK1 is not activated
by anoikis could be to avoid the activation of protective path-
ways (Fig. 12) that would hamper efficient death of detached
endothelial cells. The genotoxic response is quite different and
has significant implications for cell fate. Unlike the loss of
adherence, genotoxins activate MEKK1 by a mechanism in-
volving its phosphorylation, and this response occurs before
MEKK1 cleavage. Thus, MEKK1 signals as a full-length pro-
tein early after exposure to genotoxins and, according to our
model, could stimulate survival pathways. However, exposure
of cells to high doses of genotoxins eventually activates
caspases, and MEKK1 becomes cleaved into a potent proapop-
totic carboxy-terminal product that participate in the cell death
process.

MEKK1-mediated apoptosis requires both kinase activity
and proteolytic cleavage. We showed previously that the kinase
activity of MEKK1 is required for its apoptotic activity, be-
cause kinase-inactive DMEKK1 is unable to promote apoptosis
(34). Here we show that there is an integration of kinase and
protease activities in the MEKK1-induced apoptotic response.
Proteases are required for MEKK1-induced apoptosis at least
at two levels in the transduction pathway. The first level cor-
responds to the cleavage of MEKK1 at position 871 or 874 in
the mouse MEKK1 sequence (7), and the second level corre-
sponds to downstream cleavage events mediating the structural
alteration leading to cell death. When cleavage is prevented
in the DTVD3A MEKK1 mutant, apoptosis is impaired.
Caspases are required for this cleavage to occur, since the viral
inhibitors CrmA and p35 inhibit the cleavage. Our data dem-
onstrate that caspase-3 or a caspase-3-like enzyme directly
cleaves MEKK1, at least at position 874, because purified
caspase-3 cleaved MEKK1 in vitro (Fig. 8). The recognition
site for the protease at position 874 in mouse MEKK1 is
DTVD, a sequence that closely resembles the DEVD recog-
nition site of the caspase-3 substrate poly(ADP-ribose) poly-
merase (45). The human MEKK1 sequence at this site is the
same as the mouse MEKK1 sequence (unpublished observa-
tion), while the corresponding rat sequence is DTLD (63).
These data indicate that the cleavage site is conserved among
mouse, rat, and human MEKK1 proteins and further support
the importance of caspase cleavage in MEKK1 function.

Differential activation of the JNK and caspase pathways by
full-length MEKK1 and its cleaved 91-kDa carboxy-terminal
fragment. Both full-length MEKK1 and the carboxy-terminal
caspase cleavage product of MEKK1 (fragment C) efficiently
activate the JNK MAP kinase pathway. However, the cleavage
of MEKK1 is not required for the activation of JNK, since (i)
kinetic experiments showed that maximal JNK activation cor-
relates with activation of the endogenous full-length MEKK1
but does not correlate with the appearance of cleavage prod-
ucts (Fig. 1), (ii) a cleavage-resistant MEKK1 mutant activates
the JNK pathway as efficiently as its wild-type counterpart (Fig.
11), and (iii) blockage of MEKK1 cleavage does not impair its
ability to activate the JNK pathway (Fig. 11). In contrast,
activation of the proapoptotic pathway requires the cleavage of
MEKK1 into the 91-kDa carboxy-terminal fragment (Fig. 9)
(7).

Cellular location could be the basis for the differential effects
of full-length MEKK1 and the 91-kDa fragment of MEKK1 on
the JNK and apoptotic pathways. We have observed, using
cellular fractionation, that the endogenous MEKK1 protein is
exclusively associated with membranes and is not detected in
the cytosolic fraction (28a), consistent with the granular stain-
ing observed for HEK293 cells with MEKK1-specific antibod-
ies (see arrows in Fig. 5B). When MEKK1 is overexpressed in
HEK293 cells, full-length MEKK1 is present in both the mem-

FIG. 11. Lack of correlation between ERK or JNK pathway activation and
MEKK1-induced DNA fragmentation. (A) HEK293 cells were transfected with
0.5 mg of the vector pcDNA_3.cp4 or with MEKK1.cp4 alone or in combination
with 2 mg of CrmA.cp_ or p35.cp_. Alternatively, the cells were transfected with
2 mg of DEVE_A.cp4 or DTVD_A.cp4. The activation of ERK2, JNK1, JNK2,
or JNK isoforms (JNKs) was then measured as described in Materials and
Methods. EGF-R662–681, epidermal growth factor receptor peptide (residues 662
to 681). (B) Cells were transfected with 1 mg of a pCEP4-derived plasmid in
which HA-tagged DMEKK1 was placed under the control of the metallothionein
promoter (MEKK1k.MT4). Cadmium was added at the indicated concentrations
at the time of serum addition in the transfection protocol. After 18 h, DMEKK1
expression (h), activation of JNK (GST–c-Jun1–79 phosphorylation) ({), and the
ability of DMEKK1 to phosphorylate SEK1 K3M (E) were measured. Data
were normalized to the maximal responses.
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brane and the cytosolic fractions (at about a 1:1 ratio), indi-
cating that overexpression may saturate the MEKK1 docking
sites on membranes. Remarkably, the 91-kDa fragment gener-
ated in cells overexpressing MEKK1 is exclusively found in the
cytosolic fraction (51a). It is thus possible that, at physiological
levels of expression, full-length MEKK1 is exclusively mem-
brane associated and that, upon caspase activation, a 91-kDa
active carboxy-terminal MEKK1 fragment is generated and
translocates to the cytosol, where it could activate a new set of
substrates involved in apoptosis.

We recently showed that 14-3-3 proteins can bind to the
full-length MEKK1 protein but not to the 91-kDa carboxy-
terminal fragment (20). 14-3-3 proteins could thus be respon-
sible for the differential locations of full-length MEKK1 and its
fragments. 14-3-3 proteins have indeed been shown to be able
to sequester proapoptotic proteins away from their intracellu-
lar sites of action. For example, when Bad, a proapoptotic
Bcl2-related protein, is phosphorylated by enzymes involved in
cell survival, such as Akt (14, 16), it is bound by 14-3-3 proteins
and removed from mitochondrial membranes (65), where Bad
exerts its proapoptotic action. It is thus possible that 14-3-3
proteins play a similar role in the regulation of the function of
MEKK1 in apoptosis. The observation that about 50% of over-
expressed MEKK1 is found in the cytosol, in contrast to the
endogenous protein, could be the basis of the deregulation of
MEKK1 function in transfected cells, leading to uncontrolled
activation and cleavage events and resulting in the activation of
a cell death program.
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