c-Abl-induced apoptosis, but not cell cycle arrest,
requires mitogen-activated protein kinase kinase
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c-Abl is a ubiquitously expressed protein tyrosine kinase activated
by DNA damage and implicated in two responses: cell cycle arrest
and apoptosis. The downstream pathways by which c-Abl induces
these responses remain unclear. We examined the effect of over-
expression of c-Abl on the activation of mitogen-activated protein
kinase pathways and found that overexpression of c-Abl selec-
tively stimulated p38, while having no effect on c-Jun N-terminal
kinase or on extracellular signal-regulated kinase. c-Abl-induced
p38 activation was primarily mediated by mitogen-activated pro-
tein kinase kinase (MKK)6. A C-terminal truncation mutant of c-Abl
showed no activity for stimulating p38 and MKK6, while a kinase-
deficient c-Abl mutant still retained a residual activity. We tested
different forms of c-Abl for their ability to induce apoptosis and
found that apoptosis induction correlated with the activation of
the MKK6-p38 kinase pathway. Importantly, dominant-negative
MKK®6, but not dominant-negative MKK3 or p38, blocked c-Abl-
induced apoptosis. Because overexpression of p38 blocks cell cycle
G4/S transition, we also tested whether the MKK6-p38 pathway is
required for c-Abl-induced cell cycle arrest, and we found that
neither MKK6 nor p38 dominant-negative mutants could relieve
c-Abl-induced cell cycle arrest. Finally, DNA damage-induced MKK6
and p38 activation was diminished in c-Abl null fibroblasts. Our
study suggests that c-Abl is required for DNA damage-induced
MKK®6 and p38 activation, and that activation of MKK6 by c-Abl is
required for c-Abl-induced apoptosis but not c-Abl-induced cell
cycle arrest.

-Abl is a ubiquitously expressed protein tyrosine kinase that
CIOCalizes in both the nucleus and the cytoplasm (1, 2).
Although the transforming activity of Abl oncoproteins, v-Abl
and Ber-Abl, has been well established, the physiological func-
tion of c-Abl is not clear (3). The N-terminal region of c-Abl is
similar to Src and includes Src homology regions 3 and 2 (SH3,
SH2) and a kinase domain. However, unlike Src family kinases,
c-Abl has a unique large C-terminal region. Multiple motifs have
been defined on this C-terminal region, including nuclear local-
ization signals (4), a nuclear exporting sequence (5), a DNA
binding domain (6), an actin binding domain (2, 7), proline-rich
regions serving as binding sites for proteins like Abi (8, 9), and
ap53 binding region (10). Mutant mice null for c-Abl and mutant
mice with the C terminus of c-Abl deleted exhibit the same
pleiotropic defects, including high neonatal death rate, defects in
T cell and B cell development, reduced fertility, and develop-
mental abnormalities in the spleen and bone (11, 12).

c-Abl tyrosine kinase activity is tightly regulated in vivo. c-Abl
kinase activity can be triggered by stimuli such as DNA-
damaging agents (13, 14) and integrin-mediated cell adhesion
(15). The activation of c-Abl by ionizing irradiation is mediated
by ataxia—telangiectasia mutated (ATM), presumably by direct
phosphorylation of Ser-465 in the c-Abl kinase domain by ATM
(16, 17). An important effect of c-Abl activation is cell cycle
arrest: overexpression of c-Abl blocks cell cycle G;/S transition
(18), and cells with compromised c-Abl function have deregu-
lated cell cycle (18, 19). c-Abl-induced cell cycle arrest requires

p53, and possibly Rb, but not p21©P (4, 10, 20). DNA damage
also induces Gj cell cycle arrest, but whether c-Abl is required
for DNA damage-induced G; arrest is not clear (14, 16, 20).
Another effect of c-Abl activation is induction of apoptosis.
Overexpression of c-Abl induces apoptosis, and c-Abl is appar-
ently required for DNA damage-induced apoptosis: MCF-7 cells
harboring dominant-negative c-Abl and Abl~/~ fibroblasts are
relatively more resistant to DNA damage-induced apoptosis (21,
22).

The stress-activated kinase pathways have been implicated in
mediating stress-induced apoptosis. Upstream activators of c-
Jun N-terminal kinase (JNK) and p38, such as mitogen-activated
protein kinase kinase kinase 1 (MEKK1) (23), mitogen-activated
protein kinase kinase (MKK)6 (24, 25), apoptosis signal-
regulating kinase 1 (ASK1) (26), and MAP three kinase 1
(MTK1) (27), induce apoptosis upon overexpression. Whether
c-Ablinduces stress-activated kinases or whether stress-activated
kinases are important in c-Abl-induced cell cycle arrest and
apoptosis is unclear. It was reported that overexpression of c-Abl
could activate JNK and that cells deficient in c-Abl failed to
activate JNK upon exposure to ionizing irradiation and alkylat-
ing DNA-damaging agents (13, 28); however, conflicting results
from other labs render the issue controversial (14).

Although c-Abl has been implicated in DNA damage-induced
apoptosis, the pathways downstream of c-Abl leading to apo-
ptosis are not clear. In this study, we examined the role of the
stress-activated kinase pathways in c-Abl-induced apoptosis and
cell cycle arrest. Our study demonstrates that c-Abl is required
for DNA damage-induced MKK6 and p38 activation, and that
activation of MKK6 by c-Abl is required for c-Abl-induced
apoptosis.

Materials and Methods

Cell Culture and Abs. 293 cells, COS7 cells, and NIH 3T3 cells were
grown in DMEM supplemented with 10% FBS or bovine calf
serum. Early passage abl*/* and abl~/~ mouse embryonic fibro-
blasts (MEFs) were generated from littermates of abl™/* and
abl™/~ embryos and maintained in DMEM supplemented with
10% FBS. Anti-phospho-p38 and anti-phospho-MAPK Abs
were from Promega; anti-phospho-JNK Abs were from New
England Biolabs; anti-p38, anti-JNK, anti-extracellular signal-
regulated kinase (ERK)2, and anti-Abl (K-12) Abs were from
Santa Cruz Biotechnology; anti-Abl (8E9) Abs were from
PharMingen; and anti-hemagglutinin epitope (HA) Abs were
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from Roche Molecular Biochemicals. Anti-MKKG6 Abs were gifts
from Eisuke Nishida (Kyoto University, Kyoto, Japan) (29).

Plasmids. Murine type I'V wild-type c-Abl, kinase deficient c-Abl,
and c-Abl C-terminal truncation mutant (encoding amino acids
1-520) were all cloned into the mammalian expression vector
pMT21. ERK2HA, p38HA, and JNKHA expression vectors and
the glutathione S-transferase (GST)-ATF2 bacterial expression
construct were gifts from Audrey Minden (Columbia University,
New York) (30). MKK6HA, MKK3HA, MKK6(A), MKK3(A),
MKKG6(E), and p38(AF) mammalian expression vectors (all
cloned in pCDNA3), and the GST-p38(M) bacteria expression
vector were gifts from Jiahuai Han (The Scripps Research
Institute, La Jolla, CA) (24). Dominant-negative JNKK1 was a
gift from Anning Lin (University of Alabama, Birmingham, AL)
(31). c-Jun mammalian expression construct was a gift from Tom
Curran (St. Jude Children’s Research Hospital, Memphis, TN)
(32). HPV16 E6 mammalian expression vector was a gift of Karl
Munger (Harvard Medical School, Boston) (33). The GST-Jun-
(1-109) bacterial expression vector was generated by cloning
c-Jun cDNA in-frame into pPGEX2TK (Amersham Pharmacia).

Immunoprecipitation and Immunoblot Analysis. 293 cells were trans-
fected by the standard calcium phosphate method. COS7 cells
were transfected by the DEAE-dextran method. Cells were lysed
with RIPA buffer [10 mM sodium phosphate (pH 7.4)/100 mM
NaCl/1% Triton X-100/0.5% sodium deoxycholate/0.1%
SDS/10 mM NaF/10 mM B-glycerophosphate/protease inhib-
itors]. Immunoprecipitation and immunoblot analysis were per-
formed as previously described (34).

In Vitro Kinase Assay. Immunoprecipitation and in vitro kinase
assays were performed as previously described (35, 36). GST-
ATF2 was used as the substrate for p38, GST-Jun-(1-109) was
used as the substrate for JNK, and GST-p38(M) was used as the
substrate for MKK3 and MKKG6.

Apoptosis Analysis. NIH 3T3 cells were transfected with Lipo-
fectamine reagents according the protocols provided by the
manufacturer (GIBCO/BRL). Cells were harvested 42 hr after
the start of transfection, and stained with rhodamine-conjugated
anti-CD20 Abs (Dako). CD20-positive cells were sorted by
fluorescence-activated cell sorting and centrifuged to glass slides
with a Cytospin centrifuge. Cytospin preparations were sub-
jected to terminal deoxynucleotidyltransferase-mediated dUTP
nick-end labeling (TUNEL) assay with the in Situ Cell Death
Detection Kit (Roche Molecular Biochemicals). Slides were
examined under a fluorescence microscope (Nikon). For each
sample, >500 CD20-positive cells were scored for TUNEL
staining.

Cell Cycle Arrest Assays. NIH 3T3 cells were transfected with 0.2
pg of SV-B-galactosidase reporter construct, 1 ug of pMT21-Abl
(or its derivatives), 1 ug of pCDNA (or other expression
constructs), along with Lipofectamine reagents (GIBCO/BRL).
Twenty-four hours after transfection, 5 bromo 2-deoxyuridine
(BrdUrd) at 20 uM was added to the medium. Eighteen hours
after the addition of BrdUrd, cells were fixed, and BrdUrd
incorporation was detected with BrdUrd Labeling and Detection
Kit I (Roche Molecular Biochemicals). After BrdUrd staining,
cells were stained for B-galactosidase expression with rabbit
polyclonal anti-B-galactosidase Abs (Cappel) and rhodamine-
conjugated donkey anti-rabbit IgG Abs (Jackson ImmunoRe-
search). Coverslips were examined with an immunofluorescence
microscope (Nikon). For each coverslip, >300 B-galactosidase-
positive cells were scored for BrdUrd incorporation.
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Fig. 1. Overexpression of c-Abl selectively activates p38. 293 cells were
transfected with 2 ug of p38HA (A), JINKHA (B), or ERK2HA (C) expression
constructs, together with 6 ug of pMT21 or pMT21Abl. MAP kinases were
immunoprecipitated (IP) with anti-HA Abs. The activation of MAP kinases was
determined by immunoblot analysis with anti-phospho-p38 (A), anti-
phospho-JNK (B), or anti-phospho-MAPK (C) Abs (Upper). Membranes were
stripped and reblotted with anti-p38 (A), anti-JNK (B), or anti-ERK2 (C) Abs to
show the equal loading (Lower). As a control for p38 and JNK activation, cells
were also treated with 500 mM sorbitol for 10 min just before collecting cells
(A and B). For detection of ERK2 activation, cells were starved with DMEM
containing 0.2% FBS for 28 hr before cell collection. As positive controls, cells
were either cotransfected with pGD-v-Abl or restimulated with 20% FBS for 10
min just before cell harvesting (C). (D) COS7 cells were cotransfected with
indicated plasmids. JNK was immunoprecipitated and subjected to an in vitro
kinase assay with GST-Jun-(1-109) as substrate. As a positive control, cells were
treated with 40 J/mZ of UV light 1 hr before cell harvesting.

Results

Differential Activation of Mitogen-Activated Protein (MAP) Kinase
Pathways by Overexpression of c-Abl. To determine the effect of
the overexpression of c-Abl on the activation of MAP kinase
pathways, a transient transfection strategy was employed. 293
cells were cotransfected with constructs expressing c-Abl and
one of three HA-tagged MAP kinases: p38HA, INKHA, or
ERK2HA. The activation of MAP kinases was determined by
immunoprecipitation and immunoblotting with phosphospecific
Abs that recognize only the phosphorylated and active form of
MAP kinases (Fig. 1). ERK2 was not activated by overexpression
of c-Abl, although it was activated by serum treatment and by
coexpression of v-Abl (Fig. 1C). This finding is consistent with
the notion that v-Abl, but not c-Abl, is able to induce the
activation of the Ras pathway. Furthermore, no activation of
JNK by c-Abl was detected, although JNK was clearly activated
by osmotic shock (Fig. 1B). Significantly, overexpression of c-Abl
strongly activated p38 (Fig. 14), contrasting with its small effect
on JNK. To test for JNK activation in more detail, the same
experiment was also performed in COS7 cells, which support
higher levels of JNK and c-Abl expression. We consistently failed
to detect the activation of JNK by c-Abl when we used anti-
phospho-JNK Abs (data not shown). JNK activation in COS7
cells was further measured by an in vitro kinase assay, and no
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Fig.2. Thekinase activity and the C-terminal region of c-Abl are required for
c-Abl-induced p38 activation. 293 cells were transfected with indicated plas-
mids. The experiments were performed as described in the legend of Fig. 1.

activation of JNK by c-Abl was detected (Fig. 1D). The JNK
activity was also tested at different time points after transfection,
and no JNK activation by c-Abl was detected (data not shown).
Our data are consistent with a previous report (14) that over-
expression of c-Abl does not seem to activate the JNK pathway.

To determine the structural requirements of c-Abl for acti-
vating p38, a c-Abl kinase-deficient mutant and a c-Abl C-
terminal truncation mutant were tested for their abilities to
activate p38. The c-Abl C-terminal truncation mutant retains full
kinase activity as judged by an in vitro kinase assay (data not
shown). Surprisingly, the c-Abl kinase-deficient mutant retained
some residual capacity for p38 activation (Fig. 24), whereas the
c-Abl C-terminal truncation mutant completely lacked this
capability (Fig. 2B). These experiments suggest not only that
c-Abl kinase activity is required for the full activation of p38, but
also that the C-terminal region plays a critical role and is
absolutely required for any detectable activation.

The Activation of p38 by c-Abl Is Primarily Mediated by MKK6. p38 is
specifically activated by two immediate upstream regulators,
MKK3 and MKKG6 (29, 37, 38). MKK3 and MKK®6, like other
MAP kinase family members, are activated by the dual phos-
phorylation on two Ser/Thr residues. Substitution of these
phosphorylation sites with Ala or Glu results in a dominant-
negative or a constitutively active form, respectively (24). To
determine which of these two kinases is responsible for the
c-Abl-induced activation of p38, MKK3(A) and MKK6(A) were
included in the cotransfection assays. Strikingly, c-Abl-induced
p38 MAP kinase activation was inhibited only by MKK6(A), not
by MKK3(A) (Fig. 34), suggesting that MKK6 mediates c-Abl-
induced p38 activation. The effect of dominant-negative MKK6
and MKK3 on UV-induced p38 activation was also examined;
both mutants partially inhibited UV-induced p38 activation,
suggesting that both mutants are functional (Fig. 3B). p38 is
activated by dual phosphorylation on Thr and Tyr, and a p38
mutant with these two residues changed to Ala and Phe,
respectively, p38(AF), functions as a dominant negative for p38
(24). As expected, overexpression p38(AF) blocked U V-induced
p38 activation (Fig. 3B).

To directly assess the stimulation of MKKG6 by c-Abl, cotrans-
fection experiments were performed. HA-tagged MKK6 was
immunoprecipitated with anti-HA Abs and subsequently exam-
ined for its ability to phosphorylate p38(M) by an in vitro kinase
assay. c-Abl potently activated MKK6, while a c-Abl kinase-
deficient mutant only slightly activated MKK6, and the c-Abl
C-terminal truncation mutant failed to activate MKKG6 (Fig. 44).
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Fig. 3. MKKE6 is required for c-Abl-induced p38 activation. (A) MKK®6 is
required for c-Abl-induced p38 activation. (B) Both MKK6 and MKK3 are
required for UV-induced p38 activation. 293 cells were transfected with
indicated plasmids. The experiments were performed as described in the
legend of Fig. 1. (B) Cells were treated with 40 J/m2 of UV light 1 hr before cell
harvesting.

The abilities of different forms of c-Abl to activate MKK6
correlated with their abilities to activate p38. Using the same
method, we also found that MKK3 was not activated by over-
expression of c-Abl, although MKK3 can be potently activated
by treatment with 700 mM NaCl (Fig. 4B). These data support
the idea that MKKG6, but not MKK3, mediates c-Abl-dependent
p38 activation.

Next, we examined the effect of overexpression of c-Abl on the
endogenous p38 and MKKG6 in 293 cells by an in vitro kinase
assay. Overexpression of c-Abl significantly activated both en-
dogenous p38 and MKK6 (Fig. 4 C and D).

MKK®6 Is Required for c-Abl-Induced Apoptosis. MKKG6 plays a central
role in Fas-mediated apoptosis, and expression of a constitu-
tively active form of MKK6, MKK6(E), dramatically induces
apoptosis in Jurkat cells (24, 25). Because c-Abl potently acti-
vated the MKKG6-p38 pathway, we tested the possibility that
MKKG6 mediated c-Abl-induced apoptosis. NIH 3T3 cells were
cotransfected with c-Abl and CD20 expression constructs.
CD20-positive cells were sorted and subjected to TUNEL stain-
ing to detect cells undergoing apoptosis. No apoptotic cells were
detected in cells transfected with an empty vector, while about
10% of c-Abl-transfected cells were apoptotic in this setting (Fig.
5A). The Abl kinase-deficient mutant also induced a low level of
apoptosis, much lower compared with wild-type c-Abl, but
clearly above the background (Fig. 54). This finding is consistent
with a recent report that high expression of the c-Abl kinase-
deficient mutant is toxic to cells (39). The c-Abl C-terminal
truncation mutant failed to induce apoptosis (Fig. 54), indicat-
ing a critical role of the c-Abl C-terminal region in c-Abl-induced
apoptosis.

The abilities of different forms of c-Abl to induce apoptosis
correlated well with their abilities to induce the MKK6-p38
pathway, and expression of MKK6(E) induced apoptosis in our
setting. Therefore, we tested the effects of the dominant-
negative forms of MKK6 and p38 on c-Abl-induced apoptosis.
Cells cotransfected with c-Abl and MKK6(A) showed much less
apoptosis than c-Abl alone. In contrast, MKK3(A) did not have
any significant effect on c-Abl-induced apoptosis (Fig. 54). We
also found that a dominant-negative JNKK1 (MKK4) mutant did
not affect c-Abl-induced apoptosis (data not shown).

Overexpression of c-Jun has been shown to induce apoptosis
in NIH 3T3 cells (40). The coexpression of MKK6(A) with c-Jun
had no effect on c-Jun-induced apoptosis (Fig. 54). Further,
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Fig.4. (Aand B) Overexpression of c-Abl activates MKK6, but not MKK3. 293
cells were cotransfected with of MKK6HA (A) or MKK3HA (B) expression
construct together with indicated c-Abl expression constructs. MKK6 or MKK3
was immunoprecipitated with anti-HA Abs. Immunoprecipitates were sub-
jected to an in vitro kinase assay with GST-p38(M) as substrate. The reaction
products were separated on a SDS/10% polyacrylamide gel, and substrate
phosphorylation was detected by autoradiography and quantitated by phos-
phorimager analysis (Top). The expression of MKK6HA and MKK3HA was
determined by blotting with anti-HA Abs (Middle). The expression of c-Abl
was determined by blotting with anti-Abl (8E9) Abs (Bottom). (B) As a positive
control, cells were treated with 700 mM NaCl for 30 min just before cell
harvesting. (C and D) Overexpression of c-Abl activates endogenous p38 and
MKKB6. 293 cells were transfected with c-Abl expression construct. Endoge-
nous p38 and MKK6 were immunoprecipitated with anti-p38 (C) and anti-
MKKG6 (D) Abs and subjected to an in vitro kinase assay with GST-ATF2 (C) or
GST-p38(M) (D) as substrate. Substrate phosphorylation was detected by
autoradiography and quantitated by phosphorimager analysis (Top). Immu-
noprecipitates were immunoblotted with anti-p38 (C) or anti-MKK6 Abs (D)
(Bottom).

MKKG6(A) did not affect serum deprivation-induced apoptosis
(data not shown). These data demonstrate that MKK6(A) does
not have a general anti-apoptotic activity. To establish the
specificity of MKK6(A) further, NIH 3T3 cells were transfected
with a fixed amount of DNA encoding c-Abl and MKKG6(A),
together with an increasing amount of DNA encoding wild-type
MKK6HA. Increasing levels of MKK6HA gradually relieved the
inhibitory effect of MKK6(A) on c-Abl-induced apoptosis,
whereas coexpression of even the highest level of MKK3HA did
not affect it (Fig. 5B). Overexpression of wild-type MKK6HA or
MKK3HA alone did not induce apoptosis (data not shown).
These data suggest that MKK6(A) most likely inhibits c-Abl-
induced apoptosis through interfering with endogenous MKK®6.
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Fig. 5. MKKG®6 is required for c-Abl-induced apoptosis. NIH 3T3 cells were
transfected with a CD20 reporter construct, together with the indicated
plasmids. CD20-positive cells were subjected to the TUNEL assay. The percent-
age of TUNEL-positive cells in CD20-positive cells is presented. (A) Cells were
transfected with 6 ug of pMT21-Abl (or its derivatives) or c-Jun, plus 6 pug of
pCDNA3, MKK6(A), MKK3(A), or p38(AF). The result represents an average of
three independent experiments. (B) Cells were transfected with 4 ug of
pMT21-Abl, 4 ng of MKK6(A), and various amount of MKK6HA or MKK3HA.
The result represents an average of two independent experiments. All trans-
fections included 0.6 ug of pCMV-CD20 and were balanced with the appro-
priate empty vector plasmids.

We then tested whether p38 activation is required for c-Abl-
induced apoptosis. To our surprise, the dominant-negative p38
mutant, p38(AF), had no obvious effect on c-Abl-induced
apoptosis (Fig. 54). Moreover, SB203580, a specific inhibitor for
p38 (41), also had no obvious effect on c-Abl-induced apoptosis
(data not shown). Taken together, our results suggest that c-Abl
induces apoptosis through a MKK6-dependent, but p38 MAP
kinase-independent pathway. This finding is similar to previous
reports that the apoptosis induced by Fas receptor engagement
is MKK6-dependent, but not p38-dependent (24, 25).

MKK6 and p38 Are Not Required for c-Abl-Induced Cell Cycle Arrest.
The p38 MAP kinase pathway has been implicated in cell cycle
regulation. Microinjection of p38 and its upstream activators
MKK3, MKKG6, SEK1, or GCK inhibits cell cycle G1/S transition
(42). Moreover, p38 suppresses the expression of cyclin D1 (43).
Because c-Abl activates the p38 MAP kinase pathway, and both
c-Abl and p38 induce cell cycle arrest, the potential role of the
p38 MAP kinase pathway in c-Abl-induced cell cycle arrest was
investigated. As expected, wild-type c-Abl, but not kinase-
deficient c-Abl, caused a profound cell cycle arrest (Fig. 6).
Consistent with the notion that c-Abl-induced cell cycle arrest is
p53-dependent (4, 20), expression of HPV16 E6 protein that
promotes p53 degradation (44) significantly relieved c-Abl-
induced cell cycle arrest (Fig. 6). However, none of the domi-
nant-negative MKK6, MKK3, or p38 had a significant effect on
c-Abl-induced cell cycle arrest. The p38 inhibitor SB 203580 also
had no obvious effect on c-Abl-induced cell cycle arrest (data not
shown). These experiments suggest that the MKK6-p38 pathway
is not required for c-Abl-induced cell cycle arrest.

c-Abl Is Required for DNA Damage-Induced MKK6 and p38 Activation.

In the previous experiments, we showed that overexpression of
c-Abl activates MKKG6 and p38. However, it can be argued that
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Fig. 6. The MKK6-p38 pathway is not required for c-Abl-induced cell cycle
arrest. NIH 3T3 cells were transfected with a B-galactosidase reporter con-
struct, together with indicated plasmids. c-Abl-induced cell cycle arrest is
measured by the percentage of transfected BrdUrd-positive cells relative to
kinase-deficient c-Abl. The average of three experiments is shown. The abso-
lute percentage of BrdUrd-positive cells in kinase-deficient c-Abl-transfected
cells is shown in the parenthesis above the bar for this construct.

this activation might not be physiologically relevant. To test
whether the normal levels of c-Abl are required for MKKG6 and
p38 activation, we stimulated c-Abl kinase by treatment of
wild-type and c-Abl null cells with the DNA-damaging agent
cisplatin (cis-diamminedichloroplatinum or CDDP) and exam-
ined the induction of p38 and MKK6 (Fig. 74). In wild-type
MEFs, p38 activation could be detected after 2 hr and became
very strong after 4 hr. In contrast, p38 activation was consider-
ably weaker in abl~/~ MEFs (Fig. 74). Similar results were also
obtained with other pairs of abl™/* and abl~/~ MEFs (Fig. 7B).
On the other hand, c-Abl was not required for osmotic shock-
induced p38 activation (data not shown). MKK6 was also
activated by CDDP in wild-type cells, and CDDP-induced
MKKG6 activation was again weaker in abl™/~ fibroblasts (Fig.
7C). These results are consistent with our previous finding that
overexpression of c-Abl activates p38 through MKK®6, and
indicate that c-Abl is required for the full activation of MKK6
and p38 in response to DNA damage.

Discussion

The physiological function of c-Abl is still largely unknown.
However, findings that c-Abl kinase activity can be activated by

A. abl +1+ abl -
Time Ohr | hr 2hr 3hr 4hr O hr 1 hr 2 hr 3hr dhr

IP: anti-p38
GST-ATE2—| = _ﬂ———-_| Kinase assay
Fold activation: 1.0 1.1 35 7.7 83 1.0 09 1.0 23 28

= abl +/+ abl--  abl+M+  abl--

Time Ohr 4hr Ohr 4hr Ohr 4hr OB 40 1. yipag
GST-ATF2—» [ M 4 - -l Kinase assay
Fold activation: 1.0 80 10 23 10 73 1.0 20

C.
abl ++  abl-/- abl +/+  abl-/

Time Ohr 3 hr Ohr 3hr Ohr 3hr Ohr 3hr  IP: ami-MKK6

ostps00)—» [T I R R i sy

Fold activation: 1.0 43 1.0 22 1.0 52 10 25

Fig. 7. c-Abl is required for full activation of p38 and MKK®6 in response to
DNA damage. Littermate abl*/* and abl~/~ MEFs were treated with 150 uM
CDDP for the indicated times. Total cell lysates were immunoprecipitated with
anti-p38 (A and B) or anti-MKK6 Abs (C) and subjected to an in vitro kinase
assay with GST-ATF2 (A and B) or GST-p38(M) (C) as substrate. The amounts of
immunoprecipitated p38 and MKK6 were normalized by blotting with anti-
p38 or anti-MKK6 Abs (data not shown).
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environmental stress and that overexpression of c-Abl induces
both cell cycle arrest and apoptosis suggest that c-Abl might be
causally involved in stress-regulated cell cycle arrest and apo-
ptosis. In this study, we examined the role of stress-activated
kinase cascades in c-Abl-mediated signal transduction. We find
that overexpression of c-Abl selectively activates MKK6 and p38.
Significantly, dominant-negative MKKG6 blocks c-Abl-induced
apoptosis, but not c-Abl-induced cell cycle arrest. Moreover,
DNA damage-induced MKK6 and p38 activation are compro-
mised in c-Abl-deficient cells. Our study suggests that c-Abl
mediates MKK6 and p38 activation in response to DNA damage,
and that the activation of MKKG6 is required for c-Abl-induced
apoptosis.

The stress-activated kinase cascades, which include the JNK
and p38 pathways, are activated by different apoptotic stimuli. In
most cases, JNK and p38 are simultaneously activated by these
stimuli. In contrast, c-Abl preferentially activates p38, while it
has little or no effect on JNK. The mechanism by which c-Abl
preferentially targets p38 is not clear. Recently, a mammalian
scaffold protein, JIP1, has been found that specifically interacts
with MLK, MKK?7, and JNK and ensures signaling specificity
(45). Similar scaffold proteins that mediate the formation of a
MKKG6-p38 signaling complex might also exist. The C-terminal
region of c-Abl might be responsible for targeting such a
signaling complex.

The ability of different c-Abl alleles to induce apoptosis
correlates with their ability to activate MKKG6 and p38. Notably,
the kinase-deficient c-Abl mutant, which weakly activates MKK6
and p38, also induces a very low level of cell death, consistent
with a recent report that high level expression of kinase-deficient
c-Abl is toxic (39). Significantly, dominant-negative MKK®6, but
not dominant-negative MKK3 or JNKKI1, blocks c-Abl-induced
apoptosis, suggesting that MKKG6 is required for c-Abl-induced
apoptosis. MKK6(A) exerts its effect on c-Abl-induced apoptosis
most likely through negatively affecting endogenous MKKH,
because this effect gradually diminished with coexpression of
increasing amounts of MKK6HA. Intriguingly, the dominant-
negative p38 mutant does not exert an obvious effect on c-Abl-
induced cell death. The findings that the p38 inhibitors and
p38(AF) fail to block Fas and MKK6-induced cell death in
Jurkat cells, and that MKK3 does not induce significant cell
death by itself, have led to the speculation that MKKG6 induces
apoptosis through a p38-independent pathway, and that p38
activation might just be an innocent bystander (24, 25). Our
results on pathways required for c-Abl-induced apoptosis sup-
port this idea. We suggest that after being activated by c-Abl,
MKKG6 can initiate two signal transduction pathways, and
through one pathway MKKG6 induces apoptosis, and through the
other pathway MKKG6 activates p38 and modulates transcription
(Fig. 8). However, we cannot exclude the possibility that some
isoforms of p38, which our mutant fails to block, might play a role
in the induction of cell death.

c-Abl has been suggested as a negative regulator of the cell
cycle (18): overexpression of c-Abl blocks the G1/S transition in
a kinase-dependent manner, and interfering with normal c-Abl
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function with either the c-Abl dominant-negative mutant or
antisense DNA deregulates the cell cycle (18, 19). The c-Abl-
induced cell cycle arrest requires p53, and possibly Rb, but not
p21CiP (4, 10, 20). Overexpression of c-Abl elevates the levels of
p53 protein and its target, p21©P, Intriguingly, the effect of c-Abl
on p53 does not require the kinase activity of c-Abl (10, 20).
Therefore, there must be an unidentified c-Abl kinase-
dependent pathway responsible for c-Abl-induced cell cycle
arrest, besides the kinase-independent p53 pathway (Fig. 8). The
activation of the p38 pathway would seem to fit well as a
candidate for this unidentified kinase-dependent pathway. Over-
expression of p38, but not JNK, induces cell cycle arrest, possibly
through inhibition of the expression of cyclin D (42, 43).
However, the dominant-negative MKK6 and p38 mutants both
failed to significantly relieve the c-Abl-induced G;/S block,
suggesting that activation of the MKK6-p38 pathway is not the
major cause of c-Abl-induced cell cycle arrest, although it might
still play a minor role (Fig. 8).

The requirements of c-Abl-induced cell cycle arrest and
apoptosis seem to be different (Fig. 8). Unlike c-Abl-induced cell
cycle arrest, c-Abl-induced apoptosis does not require pS3 and
RbD, and does not require the p53 binding region on c-Abl (39).
MKKG6 activation seems to be required only for c-Abl-induced
apoptosis. Although we show that activation of MKKG6 by c-Abl
plays an important role in c-Abl-induced apoptosis, the effect of
c-Abl on other signal transduction pathways might also contrib-
ute to c-Abl-induced apoptosis to some extent. Indeed, c-Abl has
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been shown to associate with phosphatidylinositol 3-kinase
(PI3-kinase) and inhibit its activity (46). Inhibition of the
PI3-kinase-AKT pathway by c-Abl might also contribute to
c-Abl-induced apoptosis.

c-Abl-induced MKKG6 and p38 activation does not only occur
after c-Abl overexpression; c-Abl is required for normal MKK6
and p38 activation in response to DNA damage. In accord with
a previous report (47), we found that DNA damage-induced
MKKG6 and p38 activation is compromised in abl~/~ MEFs. In
agreement with the fact that c-Abl and MKKG6 are proapoptotic
kinases activated by DNA damage, cells with compromised c-Abl
function are more resistant to DNA damage-induced apoptosis:
MCF-7 cells expressing dominant-negative c-Abl, and c-Abl~/~
fibroblasts, are less prone to apoptosis caused by DNA-damaging
agents (21, 22). Our data, together with findings from other
investigators, suggest that c-Abl might determine the cell fate in
response to DNA damage, and one way to do so is by stimulating
MKK6 and MKK6-mediated apoptosis.
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