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The cellular response to DNA damage includes activation of the nuclear Lyn protein tyrosine kinase. Using
cells deficient in Lyn expression, the present studies demonstrate that Lyn is required in part for induction of
the stress-activated protein kinase (SAPK) in the response to 1-3-p-arabinofuranosylcytosine (ara-C) and
other genotoxic agents. By contrast, exposure of Lyn-deficient cells to ara-C, ionizing radiation, or cisplatin had
no effect on activation of extracellular signal-regulated protein kinase or p38 mitogen-activated protein kinase.
Similar findings were obtained in cells stably expressing a kinase-inactive, dominant-negative Lyn(K-R) mu-
tant. Coexpression studies demonstrate that Lyn, but not Lyn(K-R), induces SAPK activity. In addition, the re-
sults demonstrate that Lyn activates SAPK by an MKK7-dependent, SEK1-independent mechanism. As
MEKKI1 functions upstream to MKK?7 and SAPK, the finding that a dominant-negative MEKK1(K-M) mutant
blocks Lyn-induced SAPK activity supports involvement of the MEKK1—MKK?7 pathway. The results also
demonstrate that inhibition of Lyn-induced SAPK activity abrogates the apoptotic response of cells to geno-
toxic stress. These findings indicate that activation of SAPK by DNA damage is mediated in part by Lyn and
that the Lyn—>MEKK1—MKK7—SAPK pathway is functional in the induction of apoptosis by genotoxic agents.

The cellular response to genotoxic agents includes cell cycle
arrest, activation of DNA repair, and, in the event of irrepa-
rable damage, induction of apoptosis. While the signaling
mechanisms responsible for the regulation of the DNA dam-
age response are largely unknown, exposure of cells to agents
that arrest DNA replication or damage DNA is associated with
activation of early-response genes that code for transcription
factors (7, 8, 25, 30, 52). Certain insights have also been de-
rived from the finding that DNA damage is associated with
activation of the stress-activated protein kinase/c-Jun N-terminal
kinase (SAPK/INK) (5, 6, 35, 50, 59, 75). SAPK phosphorylates
Ser-63 and -73 of the c-Jun amino terminus and thereby acti-
vates the c-Jun transcription function (10, 38). The ATF2 and
Elk1 transcription factors are also phosphorylated by SAPK
(15, 46, 60). These findings have indicated that SAPK-medi-
ated activation of c-Jun, ATF2, and Elkl, and thereby tran-
scription of early response genes, is associated with the re-
sponse of cells to arrest of DNA replication or DNA damage.

Other studies have demonstrated that genotoxic agents ac-
tivate a nuclear complex that consists in part of the c-Abl and
Lyn protein tyrosine kinases. c-Abl associates with the DNA-
dependent protein kinase (DNA-PK) consisting of the catalytic
subunit (DNA-PKcs) and Ku DNA-binding components (20,
27-29). DNA-PK phosphorylates and activates c-Abl, while
phosphorylation of DNA-PK by c-Abl inhibits the association
of DNA-PK with DNA (27). The finding that c-Abl binds to
the p53 tumor suppressor, induces the transactivation function
of p53, and activates p21 expression has supported involve-
ment of c-Abl in the G, growth arrest response (13, 70, 74).
Other studies have demonstrated that c-Abl interacts with the
p73 homolog of p53 in the apoptotic response to DNA damage
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(1, 14, 73). The demonstration that cells deficient in c-Abl
exhibit a defective SAPK response to DNA-damaging agents
has also supported a role for c-Abl as an upstream effector of
the SAPK pathway (29). Activation of SAPK by c-Abl is de-
pendent on the SAPK/extracellular signal-regulated kinase 1
(SEK1) (28). In addition, activated forms of Abl confer induc-
tion of SAPK activity and early response gene expression (28,
47, 48, 52). These findings have supported a model in which
activation of c-Abl in response to DNA damage contributes to
the regulation of gene transcription.

The Lyn tyrosine kinase, like c-Abl, is activated by agents
that arrest DNA replication or damage DNA (33, 34, 69). Cell
fractionation studies and confocal microscopy have demon-
strated that Lyn is expressed in the nucleus and that nuclear
Lyn is activated by DNA damage (32). In addition, Lyn, like
c-Abl, interacts with the DNA-PK complex (37). The interac-
tion between Lyn and DNA-PK induces the release of DNA-
PKcs from Ku-DNA complexes (37). The activation of nuclear
Lyn by DNA damage is also associated with binding of Lyn to
Cdc2 (32-34, 69). The finding that Lyn phosphorylates Cdc2
on Tyr-15, and thereby inactivates Cdc2, has supported a po-
tential role for Lyn in regulation of a DNA damage-dependent
premitotic checkpoint (32, 34). Other studies have demon-
strated that arrest of DNA replication by exposure to 1-B-D-
arabinofuranosylcytosine (ara-C) is associated with binding of
activated Lyn to Cdk2 (72). These findings have collectively
supported a role for nuclear Lyn in the response to DNA
damage.

The present studies have addressed the involvement of Lyn
in stress signals activated in response to genotoxic agents. The
results demonstrate that Lyn is required in part for activation
of SAPK, but not the extracellular signal-regulated protein
kinase (ERK) or the p38 mitogen-activated protein kinase
(MAPK), in response to arrest of DNA replication and to
DNA damage. The results also demonstrate that the Lyn—
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FIG. 1. Activation of SAPK is attenuated in Lyn-deficient but not Syk-deficient cells by DNA-damaging agents. (A and B) Wild-type, Lyn-deficient, and
Syk-deficient DT40 cells were treated with 10 pM ara-C for the indicated times. (C and D) Cells were treated with 20 Gy of IR and harvested at the indicated times.
The cells were then lysed and subjected to immunoprecipitation with anti-SAPK antibody. The immunoprecipitates were incubated with GST—c-Jun and [y-*>P]ATP.
GST—c-Jun phosphorylation was assessed by SDS-PAGE and autoradiography (upper panels). Lysates were also subjected to immunoblot analysis with anti-SAPK
antibody (lower panels). Levels of GST—c-Jun phosphorylation were quantitated by intensity of the signals. The results are expressed as the mean (standard error,

<10%) of three independent experiments.

SAPK pathway is involved in the apoptotic response to geno-
toxic stress.

MATERIALS AND METHODS

Cell culture. Chicken DT40 B cells and the Lyn- or Syk-deficient variants (56)
were cultured in RPMI 1640 medium supplemented with 10% heat-inactivated
fetal bovine serum (FBS), 100 U of penicillin per ml, 100 pg of streptomycin per
ml, 2 mM r-glutamine, 50 pM 2-mercaptoethanol, and 1% chicken serum.
Human U-937 myeloid leukemia cells (American Type Culture Collection
[ATCC], Manassas, Va.) were grown in RPMI 1640 medium supplemented with
10% FBS, 100 U of penicillin per ml, 100 pg of streptomycin per ml, and 2 mM
L-glutamine. HeLa cells (ATCC) and 293T embryonal kidney cells (ATCC) were
grown in Dulbecco modified Eagle medium containing 10% FBS and antibiotics.
Cells were treated with ara-C (Sigma), etoposide (VP-16; Sigma), adriamycin
(ADR; Sigma), or cisplatin (CDDP; Sigma). Irradiation was performed at room
temperature using a Gammacell 1000 (Atomic Energy of Canada, Otawa, On-
tario, Canada) under aerobic conditions with a '3’Cs source emitting at a fixed
dose rate of 0.76 Gy/min as determined by dosimetry.

Immunoprecipitation and immune complex kinase assays. Cells were washed
with ice-cold phosphate-buffered saline (PBS) and lysed on ice for 30 min in lysis
buffer (50 mM Tris-HCI, pH 7.6; 150 mM NaCl; 1% Nonidet P-40; 0.1% sodium
dodecyl sulfate [SDS]; 1 mM sodium vanadate; 1 mM phenylmethylsulfonyl
fluoride [PMSF]; 1 mM dithiothreitol [DTT]; 10 mM sodium fluoride; and 10 n.g
of aprotinin, leupeptin, and pepstatin A per ml). Soluble proteins were incubated
with anti-SAPK antibody (sc-474; Santa Cruz Biotechnology [SCBT]), anti-ERK
antibody (sc-93; SCBT), or anti-p38 MAPK antibody (sc-535; SCBT) for 2 h at
4°C followed by 1 h of incubation with protein A-Sepharose beads (Pharmacia-
Biotech). The immune complexes were washed three times with washing buffer
(50 mM Tris-HCI, pH 7.6; 150 mM NaCl; 0.1% Nonidet P-40; 0.1% SDS; 1 mM
sodium vanadate; 1 mM PMSF; 1 mM DTT; 10 mM sodium fluoride; and 10 pg
of aprotinin, leupeptin, and pepstatin A per ml), and once with kinase buffer (50
mM HEPES, pH 7.4; 10 mM MgCl,; 2 mM DTT; 0.1 mM sodium vanadate). The
immunoprecipitates were resuspended in kinase buffer containing 20 uM ATP,
2 to 5 pCi of [y-**PJATP (3,000 Ci/mmol; DuPont/NEN), and 2 p.g of glutathi-
one S-transferase (GST)—c-Jun (amino acids 1 to 102) (51), 5 g of myelin basic
protein (MBP), or 2 pg of GST-ATF2 (amino acids 1 to 109) (42) for SAPK,
ERK, or p38 MAPK kinase assays, respectively. After incubation for 20 min at
30°C, the reactions were terminated by adding 5X SDS sample buffer and boiling

the mixtures for 5 min. Samples were resolved by SDS-polyacrylamide gel elec-
trophoresis (PAGE) and autoradiography. Equal loading of the lanes was de-
termined by Coomassie blue staining of the gel. Autoradiograms were scanned
by laser densitometry, and the intensity of the signals was quantitated with the
ImageQuant program (Molecular Dynamics, Sunnyvale, Calif.).

Tyrosine kinase assays. Lyn tyrosine kinase assays were performed as de-
scribed earlier (34) with minor modifications. Cells were washed with PBS and
lysed in lysis buffer. Cell lysates were subjected to immunoprecipitation with
anti-Lyn antibody (sc-15; SCBT). The immunoprecipitates were washed three
times with washing buffer, once with tyrosine kinase buffer (50 mM HEPES, pH
7.4; 10 mM MnCl,; 10 mM MgCl,; 2 mM DTT; 0.1 mM sodium vanadate), and
then resuspended in 30 wl of kinase buffer containing 2 to 5 pnCi of [y->?P]JATP
and 2.5 pg of acid-treated enolase. The reaction was incubated for 15 min at
30°C. The proteins were resolved by SDS-10% PAGE and analyzed by autora-
diography.

Immunoblot analysis. Soluble cell lysates were separated by SDS-7.5 or 10%
PAGE and then transferred to nitrocellulose filters by the dry transfer method
(Bio-Rad). The residual binding sites were blocked by incubating the filters in
5% dry milk in PBS-0.05% Tween 20 (PBST) overnight at 4°C. The blots were
then incubated with anti-SAPK, anti-ERK, anti-p38 MAPK, anti-Lyn (Trans-
duction Laboratories), anti-Syk (sc-1077; SCBT), anti-phospho-SAPK (New En-
gland Biolabs, Inc.), anti-GST (Upstate Biotechnology), anti-c-Abl (sc-23;
SCBT), anti-Flag (Sigma), anti-MEKK1 (22), anti-MKK7 (sc-7103; SCBT), or
anti-SEK1 (sc-837; SCBT) antibodies in PBST at room temperature. After two
washes with PBST, the filters were incubated with anti-rabbit (SCBT), anti-goat
(SCBT), or anti-mouse (Amersham) immunoglobulin G peroxidase conjugate in
5% milk—PBST for 1 h at room temperature. Antigen-antibody complexes were
visualized by chemiluminescence (NEN Life Science Products).

Plasmid construction. A kinase-inactive Lyn mutant generated by site-directed
mutagenesis was subcloned into pSRa-neo and pEF2-neo vectors as described
elsewhere (68). The 1.1-kb fragment from the kinase-inactive MKK7(K-R) mu-
tant (65) was subcloned into a pPCMV-GST vector (65) and a pGEX4T vector
(Pharmacia-Biotech). The 2.2-kb EcoRI fragments from wild-type MEKK1 and
the kinase-inactive MEKK1(K-M) mutant (18, 22) were subcloned into the Flag
tag containing pcDNA3 vector (pcDNA3-Flag) (12, 71).

Cell transfections and SAPK kinase assays. pEF2-neo, pEF2-neo/Lyn(K-R),
pSRa-neo, or pSRa-neo/Lyn(K-R) vectors were stably introduced into cells by
electroporation (Gene Pulser; Bio-Rad, 0.25 V, 960 wF) and selection in G418
(GIBCO) as described earlier (68). The chicken Lyn cDNA cloned into pApuro
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FIG. 2. Attenuation of SAPK activity in Lyn-deficient DT40 cells in response
to topoisomerase II inhibitors. Cells were treated with 5 pM VP-16 (A) or 500
ng of ADR (B) per ml for the indicated times. Lysates were subjected to
immunoprecipitation with anti-SAPK. SAPK activity was assessed by the phos-
phorylation of GST—c-Jun (upper panel). Lysates were also subjected to immu-
noblot analysis with anti-SAPK activity (lower panels).

vector was stably expressed in Lyn-deficient DT40 cells by transfection and
selection in the presence of 0.5 pg of puromycin per ml (56). 293T cells were tran-
siently transfected with pEBG, pEBG-SAPK (52), pSRa-neo, pSRa-neo/Lyn,
pSRa-neo/Lyn(K-R), pSRaMSV/c-Abl (53), pEBG-SEK1, pEBG-SEK1(K-R)
(52), pCMV-Flag-SEK1(K-R) (65), pCMV-GST-MKK?7 (65), pCMV-GST-
MKK7(K-R), pCMV-Flag-MKK7(K-R) (65), pcDNA3-Flag-MEKKI1, or pcDNA3-
Flag-MEKK1(K-M) by the calcium phosphate method. At 48 h posttransfection,
cells were harvested for preparation of lysates. The lysates were incubated with
glutathione-Sepharose beads (Pharmacia-Biotech) for 1 h, and the complexes
were suspended in kinase buffer containing [y-**P]JATP and GST-c-Jun. The
reaction mixtures were incubated for 15 min at 30°C and analyzed by SDS-12%
PAGE and autoradiography.

Kinase assays for MEKKI1 and MKK?7. Lysates from transfected 293T cells
were incubated with anti-MEKKI or anti-MKK?7 antibodies and then with pro-
tein G-Sepharose beads (SCBT). After washing, the immune complexes were
resuspended in kinase buffer containing [y->*P]ATP and 5 p.g of GST-MKK?7
(K-R) or GST-SAPK(K-R). The reaction mixtures were incubated for 15 min at
30°C and analyzed by SDS-10% PAGE and autoradiography.

Subcellular fractionation. Subcellular fractionation was performed as de-
scribed earlier (32, 72).

Flow cytometry. DNA content was assessed by staining ethanol-fixed cells with
propidium iodide and monitoring by FACScan (Becton Dickinson). Numbers of
cells with sub-G; DNA content were determined with a MODFIT LT program
(Verity Software House, Topsham, Maine).

DNA fragmentation assays. 293T cells were cotransfected with pSRa-neo/Lyn
and pCMV-Flag or pCMV-Flag-MKK7(K-R). At 36 h posttransfection, cells
were left untreated or treated with 10 uM ara-C for 12 h. Cells were also treated
with 20 Gy ionizing radiation (IR) and then harvested at 12 h. Cells were
harvested by gentle scraping and collected by centrifugation for 5 min at 4°C.
After washing with PBS, the pellets were resuspended in lysis buffer (10 mM
Tris-HCI, pH 8.0; 10 mM EDTA; 0.5% [vol/vol] Triton X-100) and incubated for
10 min at 4°C. The samples were then centrifuged at 14,000 rpm for 20 min at
4°C. The supernatants were incubated with 0.5% SDS and 25 pg of RNase
(Boehringer Mannheim) per ml for 1 h, followed by incubation of 100 pg of
proteinase K (Sigma) per ml overnight at 37°C. The samples were then extracted
with equal volumes of a mixture of phenol:chloroform:isoamyl alcohol (25:24:1)
and chloroform. The DNA was precipitated with 0.05 volume of 5 M NaCl and
2.5 volumes of ethanol and then resuspended with TE buffer (10 mM Tris-HCI,
pH 7.8; 1 mM EDTA). Samples were run in 1.5% agarose gels and DNA was
visualized under UV light.

MoL. CELL. BIOL.

RESULTS

Lyn functions in induction of SAPK, but not ERK or p38
MAPK, in response to DNA damage. To determine whether
Lyn functions as an upstream effector of the SAPK response to
DNA damage, we exposed wild-type DT40 cells to ara-C and
analyzed anti-SAPK immunoprecipitates for phosphorylation
of GST—c-Jun. ara-C treatment was associated with induction
of SAPK activity that was detectable at 15 min and maximal at
3 h (Fig. 1A and data not shown). By contrast, similar studies
performed on Lyn-deficient DT40 (DT40/Lyn /") cells dem-
onstrated attenuation of the ara-C-induced SAPK response
(Fig. 1A). Analysis of three separate experiments confirmed
that the induction of SAPK activity by ara-C is abrogated in
part by deficiency of Lyn expression (Fig. 1A). To assess spec-
ificity, other studies were performed on DT40 cells deficient in
the Syk tyrosine kinase (DT40/Syk /). There was no apparent
difference in ara-C-induced SAPK activation in the DT40/
Syk /" cells compared to wild-type DT40 cells (Fig. 1A). Since
ara-C-induced activation of SAPK is maximal at 3 h, cells were
analyzed after longer periods of drug exposure. The results
demonstrate that induction of SAPK activity by ara-C remains
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FIG. 3. Restoration of SAPK activation by DNA-damaging agents in Lyn-
deficient cells reconstituted to express chicken Lyn. (A) Cell lysates were sub-
jected to immunoblot analysis with anti-Lyn (upper panel) or anti-Syk (lower
panel) antibodies. (B and C) Wild-type and DT40/Lyn~/~/ch-Lyn cells were
treated with ara-C (B) or IR (C) for the indicated times. Cell lysates were
immunoprecipitated with anti-SAPK antibody, and in vitro immune complex
kinase assays containing GST—c-Jun were analyzed by SDS-PAGE and autora-
diography (upper panels). Lysates were also subjected to immunoblot analysis
with anti-SAPK antibody (lower panels).
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FIG. 4. Activation of ERK and p38 MAPK in wild-type and Lyn-deficient DT40 cells by DNA-damaging agents. (A and B) Cells were treated with 10 wM ara-C
(A) or 20 Gy of IR (B) for the indicated times, lysed, and then subjected to immunoprecipitation with anti-ERK antibody. The immunoprecipitates were incubated
with MBP and [y->*P]ATP. MBP phosphorylation was assessed by SDS-PAGE and autoradiography (upper panels). Lysates were also subjected to immunoblot analysis
with anti-ERK antibody (lower panels). (C and D) Cells were treated with 10 wM ara-C (C) or 20 Gy of IR (D), lysed, and then subjected to immunoprecipitation with
anti-p38 MAPK antibody. The immunoprecipitates were incubated with GST-ATF2 and [y->?P]JATP. GST-ATF2 phosphorylation was assessed by SDS-PAGE and
autoradiography (upper panels). Lysates were also subjected to immunoblot analysis with anti-p38 MAPK antibody (lower panels).

attenuated in Lyn-deficient cells over an extended time course
(Fig. 1B). ara-C is incorporated into DNA and causes arrest of
DNA replication by functioning as a relative chain terminator
(36, 41), while IR induces single and double-stranded DNA
breaks (23, 45). Treatment of DT40 cells with IR also resulted
in induction of SAPK activity (Fig. 1C). Moreover, as shown
for ara-C, the SAPK response to IR treatment was attenuated
in the DT40/Lyn "~ cells (Fig. 1C). In addition, IR-induced
SAPK activation was similar in the DT40/Syk ’~ cells com-
pared to wild-type DT40 cells (Fig. 1C). The finding that IR-
induced SAPK activation is also attenuated in DT40/Lyn '~
cells at longer intervals provided further support for involve-
ment of Lyn in the IR response (Fig. 1D). These findings
indicated that Lyn is involved, at least in part, in the induction
of SAPK by arrest of DNA replication and by DNA damage.

Previous studies have indicated that Lyn is involved in the
induction of apoptosis, but not SAPK activation, in the re-
sponse of DT40 cells to treatment with the genotoxic agents
VP-16 and ADR (39). Given the findings with ara-C and IR,
we assessed the effects of VP-16 and ADR on activation of
SAPK in wild-type and Lyn-deficient DT40 cells. The results
demonstrate that exposure of DT40 cells to VP-16 is associated
with induction of SAPK activity (Fig. 2A). Similar findings
were obtained with ADR treatment (Fig. 2B). Moreover, the
SAPK response to VP-16 and ADR was attenuated in part in
DT40/Lyn /"~ cells (Fig. 2). These results indicate that Lyn is
involved in SAPK activation in the cellular response to diverse
genotoxic agents.

To confirm that Lyn functions in DNA damage-induced
activation of SAPK, we stably transfected DT40/Lyn '~ cells
to express the chicken Lyn cDNA. The stable transfectants,
designated DT40/Lyn '~ /ch-Lyn, expressed Lyn at levels com-

parable to those found in DT40 and DT40/Syk '~ cells (Fig.
3A). Treatment of DT40/Lyn /" /ch-Lyn cells with ara-C was
associated with induction of SAPK activity which was similar to
that obtained in wild-type DT40 cells (Fig. 3B). The activation
of SAPK in response to IR treatment was also restored by
stable expression of ch-Lyn in the DT40/Lyn /" cells (Fig. 3C).
These findings provided support for a model in which Lyn
functions as a upstream effector to SAPK activation in the
response of cells to DNA damage.

The family of MAPKs includes SAPK, ERK, and p38
MAPK (9). To determine if Lyn is required for the induction
of ERK, anti-ERK immunoprecipitates from ara-C-treated
DT40 and DT40/Lyn /" cells were analyzed for phosphoryla-
tion of MBP. The results demonstrate that ERK activation is
similar in ara-C-treated DT40 and DT40/Lyn "/~ cells (Fig.
4A). Activation of ERK in response to IR treatment was also
comparable in wild-type and Lyn-deficient DT40 cells (Fig.
4B). To assess involvement of Lyn in activation of p38 MAPK,
anti-p38 MAPK immunoprecipitates from ara-C- and IR-
treated cells were analyzed for phosphorylation of GST-ATF2.
There was little if any difference in p38 MAPK activation in
DT40 compared to DT40/Lyn '~ cells (Fig. 4C and D). CDDP
is another genotoxic agent that forms DNA intrastrand cross-
links (55) and induces both SAPK and p38 MAPK activation
(29, 42). Analysis of CDDP-induced SAPK and p38 MAPK
activity in DT40 and DT40/Lyn /" cells demonstrated that Lyn
is required for activation of SAPK but not p38 MAPK (data
not shown). These findings indicate that activation of SAPK,
and not ERK or p38 MAPK, is dependent on Lyn in the
response to diverse DNA damaging agents.

Defective activation of SAPK in cells expressing a kinase-
inactive Lyn mutant. To confirm a role for Lyn in DNA dam-
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FIG. 5. Defective activation of SAPK in U-937 and HeLa cells expressing the kinase-inactive Lyn(K-R) mutant in response to DNA damage. (A) U-937/neo and
U-937/Lyn(K-R) cells were exposed to 20 Gy of IR and harvested at the indicated times. Cell lysates were subjected to immunoprecipitation with anti-Lyn. The
immunoprecipitates were analyzed for the phosphorylation of Lyn and enolase. (B and C) U-937/neo and U-937/Lyn(K-R) cells were treated with 10 uM ara-C (B)
or 20 Gy of IR (C). Anti-SAPK immunoprecipitates were assayed for the phosphorylation of GST-c-Jun (upper panels). Lysates were also subjected to immunoblot
analysis with anti-SAPK antibody (lower panels). (D) HeLa/neo and HeLa/Lyn(K-R) cells were treated with 10 uM ara-C. Anti-Lyn immunoprecipitates were assayed
for the phosphorylation of Lyn and enolase. (E and F) HeLa/neo and HeLa/Lyn(K-R) cells were treated with 10 uM ara-C (E) or 20 Gy of IR (F). Anti-SAPK
immunoprecipitates were assayed for the phosphorylation of GST-c-Jun (upper panels). Lysates were also subjected to immunoblot analysis with anti-SAPK (lower

panels).

age-induced SAPK activity, we stably expressed a kinase inac-
tive Lyn(K-R) mutant in U-937 cells. The finding that IR
induces activity in U-937/neo but not U-937/Lyn(K-R) cells
supported abrogation of the Lyn kinase function by expression
of Lyn(K-R) (Fig. 5A). Anti-SAPK immunoprecipitates from
the ara-C-treated U-937/neo and U-937/Lyn(K-R) cells were
analyzed for phosphorylation of GST—c-Jun. In contrast to the
induction of SAPK activity in ara-C-treated U-937/neo cells,
SAPK activation was attenuated in the U-937/Lyn(K-R) cells
(Fig. 5B). Studies with IR-treated cells also demonstrated that
activation of SAPK is attenuated in U-937/Lyn(K-R) com-
pared to U-937/neo cells (Fig. 5C). Similar results were ob-
tained following treatment with CDDP (data not shown).
There was no apparent difference, however, in ara-C-induced
ERK or p38 MAPK activity in U-937/neo compared to U-937/
Lyn(K-R) cells (data not shown). IR-induced ERK and p38
MAPK activity was also unaffected in U-937/Lyn(K-R) com-
pared to U-937/neo cells (data not shown). To ensure that the
findings obtained with Lyn(K-R) are applicable to other cell
types, we prepared HeLa cells that stably express the empty
vector or Lyn(K-R). Expression of Lyn(K-R) abrogated the
activation of Lyn in response to DNA damage (Fig. 5D). In
addition, ara-C-induced SAPK activity was attenuated in

HeLa/Lyn(K-R) cells compared to that obtained with HeLa/
neo cells (Fig. SE). IR treatment of HeLa/Lyn(K-R) cells was
also associated with an attenuated SAPK response (Fig. 5F). In
contrast, expression of Lyn(K-R) had no effect on activation of
ERK or p38 MAPK by these agents (data not shown). These
findings, like those in DT40 cells, support the involvement of
Lyn as an effector of SAPK, and not ERK or p38 MAPK,
activation in the response to genotoxic agents.

Overexpression of Lyn, but not Lyn(K-R), induces SAPK
activity. To establish a role for Lyn in SAPK activation, we
performed transient-cotransfection studies with GST-SAPK
and pSRa-neo/Lyn or pSRa-neo/Lyn(K-R) in 293T cells. Ac-
tivation of SAPK was assessed by assaying precipitates from
glutathione-Sepharose beads for phosphorylation of GST—c-
Jun. Cotransfections with the wild-type Lyn vector demon-
strated a dose-dependent induction of SAPK activity (Fig. 6A).
As a control, there was no detectable activation of SAPK upon
cotransfection with the kinase-inactive Lyn(K-R) mutant (Fig.
6A). To assess the effects of Lyn on activation of endogenous
SAPK, anti-SAPK immunoprecipitates were analyzed from
cells transfected with Lyn or Lyn(K-R). The results demon-
strate that Lyn, but not Lyn(K-R), activates endogenous SAPK
(Fig. 6B).
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FIG. 6. Overexpression of wild-type but not kinase-inactive Lyn induces SAPK activity. (A) 293T cells were cotransfected with the indicated amounts (in
micrograms) of pEBG-SAPK and pSRa-neo (vector), pSRa-neo/Lyn, or pSRa-neo/Lyn(K-R) (top panel). At 48 h posttransfection, cells were lysed and incubated with
glutathione-Sepharose beads for 1 h. In vitro kinase assays were performed on the resulting protein complexes by using GST—c-Jun as a substrate. Proteins were
separated by SDS-PAGE and analyzed by autoradiography (second panel). Lysates were also subjected to immunoblot analysis with anti-phospho-SAPK (third panel)
and anti-GST (bottom panel) antibodies. (B) 293T cells were transfected with pSRa-neo (vector), pSRa-neo/Lyn, or pSRa-neo/Lyn(K-R) as indicated (upper panel).
After 48 h, anti-SAPK antibody immunoprecipitates were assayed for the phosphorylation of GST—c-Jun (middle panel). Lysates were also subjected to immunoblot

analysis with anti-SAPK antibody (lower panel).

Lyn induces SAPK by a MKK7- and MEKK1-dependent
mechanism. To define potential effectors downstream to Lyn
in the SAPK pathway, cells were cotransfected with Lyn and
wild-type SEK1 or an SEK1(K-R) mutant. Analysis of precip-
itates from glutathione-Sepharose beads demonstrated no de-
tectable effect of SEK1(K-R) on Lyn-induced SAPK activity
(Fig. 7A). By contrast, and as shown previously (28), activation
of SAPK by c-Abl expression was blocked by SEK1(K-R) (Fig.
7A). Recent studies have demonstrated that SAPK can be
activated by a SEKI-independent pathway involving MKK?7
(19). To determine whether Lyn activates SAPK by a MKK7-
dependent mechanism, lysates from cells cotransfected with
Lyn and wild-type MKK7 or a kinase-inactive MKK7(K-R)
mutant were subjected to precipitation with glutathione-Seph-
arose beads. Analysis of the precipitates for SAPK activity
demonstrated that Lyn-induced activation of SAPK is inhibited
by MKK7(K-R) (Fig. 7B). These findings demonstrate that
Lyn activates SAPK by an SEK1-independent, MKK7-depen-
dent mechanism. Since MEKK1 has been identified as another
upstream effector of SAPK, we performed cotransfection ex-
periments with Lyn and wild-type MEKKI1 or a dominant-
negative MEKK1(K-M) mutant. Analysis of precipitates from
glutathione-Sepharose beads demonstrated that Lyn-induced
activation of SAPK is inhibited by MEKK1(K-M) expression in
a dose-dependent manner (Fig. 7C). To confirm these findings,
293T cells were transfected with empty vector, wild-type Lyn,
or Lyn(K-R). Anti-MEKKI1 immunoprecipitates were ana-
lyzed for phosphorylation of GST-MKK7(K-R). The results
demonstrate activation of MEKKI in cells transfected with
wild-type Lyn but not in cells transfected with empty vector or
Lyn(K-R) (Fig. 7D). Analysis of anti-MKK7 immunoprecip-
itates for phosphorylation of GST-SAPK(K-R) similarly
demonstrated activation of MKK-7 only in cells transfected
with wild-type Lyn (Fig. 7E). These results support a model in

which Lyn-dependent activation of SAPK is mediated by
MEKKI1 and MKK?7 in the response to DNA damage.

Previous studies have demonstrated that nuclear Lyn is ac-
tivated by DNA-damaging agents (33, 34, 69). To determine
whether Lyn associates with MEKK1 and/or MKK7, cells were
treated with ara-C or IR, and then nuclear and cytoplasmic
fractions were subjected to immunoprecipitation with anti-
Lyn. Analysis of the immunoprecipitates with anti-MEKKI1
and anti-MKK?7 demonstrated no evidence for Lyn-MEKK or
Lyn-MKK?7 complexes (data not shown). In addition, there was
little, if any, effect of genotoxic stress on nuclear levels of Lyn
(Fig. 8). The results also demonstrate that MEKK-1 and
MKK?7, but not SEK1, are detectable in the nucleus and that
their nuclear expression is unaffected by genotoxic stress (Fig.
8). These findings indicate that Lyn is not translocated to the
cytosol in the response to DNA damage and that other mem-
bers of the Lyn—>MEKK1—-MKK?7 cascade are also localized
to the nucleus.

Role for the Lyn—SAPK pathway in the apoptotic response
to DNA damage. SAPK is activated by diverse DNA-damaging
agents and has been implicated as an effector of apoptosis
(6, 21, 59, 61, 75). The demonstration that Lyn regulates
SAPK in the DNA damage response thus suggested that the
Lyn—SAPK pathway may contribute to the induction of apop-
tosis. To determine whether Lyn is involved in the apoptotic
response, we treated wild-type and Lyn-deficient DT40 cells
with ara-C and assayed for the percentage of cells with sub-G,
DNA. The results demonstrate that, compared to wild-type
cells, there was significantly less apoptosis of the DT40/Lyn '~
cells at 4 and 8 h of ara-C exposure (Fig. 9A). The finding that
the percentage of apoptotic wild-type and Lyn-deficient cells
was similar at 12 and 24 h indicated that this response is
delayed in the absence of Lyn expression (Fig. 9A). Similar
findings were obtained after IR exposure (Fig. 9B). To extend
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FIG. 7. Lyn induces SAPK activation by an MKK7- and MEKK1-dependent,
SEKI1-independent mechanism. (A and B) 293T cells were cotransfected with
PEBG-SAPK and pEBG-SEKI, pEBG-SEKI(K-R) (A), pCMV-GST-MKK7,
pCMV-GST-MKK7(K-R) (B), pSRa-neo/Lyn, or pSRaMSV/c-Abl (top panel).
The total DNA concentration was kept constant by including empty vector. At
48 h posttransfection, cells were lysed and incubated with glutathione-Sepharose
beads for 1 h. In vitro kinase assays were performed by using GST—c-Jun as a
substrate. Proteins were separated by SDS-PAGE and analyzed by autoradiog-
raphy (second panel). Lysates were also subjected to immunoblot analysis with
anti-GST (third panel), anti-Lyn, and anti-c-Abl (bottom panel) antibodies.
(C) 293T cells were cotransfected with the indicated amounts (in micrograms) of
pEBG-SAPK and pcDNA3-Flag/MEKKI1, pcDNA3-Flag/MEKKI1(K-M), or
pSRa-neo/Lyn (top panel). At 48 h posttransfection, precipitates by glutathione-
Sepharose beads were assayed for the phosphorylation of GST—c-Jun (second
panel). Lysates were also subjected to immunoblot analysis with anti-GST (third
panel), anti-Flag (fourth panel), and anti-Lyn (bottom panel) antibodies. (D and
E) 293T cells were transfected with 3 ug of pSRa-neo (vector), pSRa-neo/Lyn,
or pSRa-neo/Lyn(K-R). At 48 h posttransfection, cells were lysed and incubated
with anti-MEKK1 (D) or anti-MKK?7 (E) followed by incubation with protein
G-Sepharose beads. The immunoprecipitates were assayed for the phosphoryla-
tion of 5 pg of GST-MKK7(K-R) (D) or GST-SAPK(K-R) (E) (upper panels).
Lysates were also subjected to immunoblot analysis with anti-MEKKI1 (D),
anti-MKK?7 (E) (middle panels), or anti-Lyn (lower panels) antibodies.

the analysis, ara-C-treated U-937/neo and U-937/Lyn(K-R)
cells were also assessed for the percentage of cells with sub-G,
DNA content. The induction of apoptosis by ara-C was de-
creased in U-937/Lyn(K-R) cells compared to U-937/neo cells
(Fig. 9C). Similar results were obtained after IR treatment
(Fig. 9D). These findings provide support for the involvement
of Lyn in the apoptotic response to DNA damage.

To determine whether activation of SAPK is associated
with ara-C-induced apoptosis, cells were transfected with
SEK1(K-R) to block the c-Abl—-SAPK cascade. Expression of
SEK1(K-R) resulted in inhibition of both ara-C-induced apo-
ptosis and SAPK activation (Fig. 10). Similar results were ob-
tained by expressing the MKK7(K-R) mutant (Fig. 10). More-
over, expression of both SEK1(K-R) and MKK7(K-R) was
associated with further decreases in the induction of apoptosis
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and SAPK activity by ara-C-treatment to block Lyn—SAPK
signaling (Fig. 10). These results demonstrate that inhibition of
DNA damage-induced SAPK activation by both the c-Abl—
SAPK and Lyn—SAPK pathways is associated with abrogation
of the apoptotic response.

To extend these findings and to determine whether Lyn—
SAPK signaling affects the apoptotic response, we transiently
transfected 293T cells with Lyn and then treated them with
ara-C or IR. Overexpression of Lyn was associated with the
induction of apoptosis in control cells and an increase in the
apoptotic response to ara-C and IR (Fig. 11A). Cotransfection
of Lyn and MEKK1(K-M) resulted in the inhibition of ara-C-
and IR-induced apoptosis (Fig. 11A). Similar effects were ob-
served when Lyn was cotransfected with MKK7(K-R) or SEK1
(K-R) (Fig. 11A). These results indicate that inhibition of the
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analysis with the indicated antibodies.

Lyn—SAPK pathway with MKK7(K-R) results in an abroga-
tion of the apoptotic response similar to that observed when
blocking the c-Abl—=SAPK cascade with SEK1(K-R). As an-
other measure of apoptosis, internucleosomal DNA fragmen-
tation was decreased in ara-C- and IR-treated cells expressing
the MKK7(K-R) mutant (Fig. 11B). These findings indicated
that the Lyn—>MEKKI1—MKK7—SAPK pathway is functional
in the apoptotic response to DNA damage.

DISCUSSION

The mechanisms by which genotoxic stress is converted into
intracellular signals that control cell behavior are for the most
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part unknown. Certain insights into signals involved in the
genotoxic stress response have been derived from the finding
that the Lyn tyrosine kinase is activated by agents that arrest
DNA replication or induce DNA lesions (26, 69). Lyn is a
member of the Src family of tyrosine kinases and, as a result of
alternate splicing mechanisms, is expressed as p56”™ and p53>™
forms (63, 64). The Src-like kinases are often associated with
the inner surface of the plasma membrane and transduce sig-
nals from cell surface receptors (4). In this context, Lyn asso-
ciates with the B-cell antigen receptor complex and partici-
pates in signaling to phosphatidylinositol 3-kinase and protein
kinase C (43, 62). Other studies have demonstrated that Lyn is
expressed in the nucleus and that nuclear, but not cytoplasmic,
Lyn is activated by genotoxic agents (24, 69). The functional
significance of nuclear Lyn activation has been attributed to
the downregulation of Cdc2 and Cdk2 and thereby cell cycle
arrest in the DNA damage response (2, 26, 32, 69). These
findings have been extended in the present studies with the
demonstration that Lyn also functions in the activation of
SAPK in the response to genotoxic stress. A selective role for
Lyn in the regulation of the SAPK pathway is supported by
studies in Syk-deficient cells. In addition, selectivity of Lyn—
SAPK signaling in the response to DNA damage is supported
by the findings that osmotic-stress-induced SAPK activation is
independent of Lyn expression (44). The results also demon-
strate that Lyn has little, if any, effect on regulation of ERK or
p38 MAPK activation in response to treatment with genotoxic
agents.

SAPK is activated in diverse cell types by agents, such as
ara-C, that block DNA replication and by those, such as IR,
that induce DNA strand breaks (5, 6, 28, 29, 31, 59). In eu-
karyotic cells, checkpoints monitor for the presence of unrep-
licated or damaged DNA and either block cell cycle progres-
sion or induce apoptosis (16). Thus, the findings that SAPK is
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FIG. 9. Lyn is involved in the apoptotic response to DNA damage. (A and B) DT40 (w) and Lyn-deficient (CJ) cells were treated with 10 M ara-C (A) or 20 Gy
of IR (B) and harvested at the indicated times. (C and D) U-937/neo (w) and U-937/Lyn(K-R) (OJ) cells were also treated with 10 pM ara-C (A) or 20 Gy of IR (B).
The DNA content was analyzed by flow cytometry with propidium iodide staining. The results (mean * the standard deviation [SD] of three independent experiments)
are presented as the percentage of apoptotic cells with sub-G, DNA. As determined by ¢ test, the significance of the differences is indicated (*, P < 0.05; #*, P < 0.01).
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36 h posttransfection, cells were left untreated or were treated with 10 uM ara-C
and harvested at 24 h after treatment. DNA content was analyzed by flow
cytometry with propidium iodide staining. The results (mean * the SD of three
independent experiments) are presented as the percentage of apoptotic cells with
sub-G; DNA (second panel). The transfected 293T cells were also harvested at
3 h after ara-C treatment. Anti-SAPK immunoprecipitates were assayed for the
phosphorylation of GST—c-Jun as a substrate (third panel). Lysates were also
subjected to immunoblot analysis with anti-SAPK (fourth panel) and anti-Flag
(bottom panel) antibodies.
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FIG. 11. SAPK regulates the Lyn-dependent apoptotic response to DNA
damage. (A) 293T cells were cotransfected with 1 ug of pSRa-neo/Lyn and 3 pg
of pcDNA3-Flag/MEKK1(K-M), pCMV-Flag/MKK7(K-R), or pCMV-Flag/SEK1
(K-R). As a control, transfections of vector alone were also included. At 36 h
posttransfection, cells were left untreated or treated with 10 wM ara-C or 20 Gy
of IR for 24 h. The results (mean * the SD of three independent experiments)
are presented as the percentage of apoptotic cells with sub-G; DNA. (B) 293T
cells were cotransfected with the indicated amounts of pSRa-neo/Lyn and
pCMV-Flag (vector; lanes 1, 2, and 3) or pCMV-Flag-MKK7(K-R) (lanes 4, 5,
and 6) (top panel). Transfection efficiency as determined with pcDNA3-LacZ
and B-gel staining was 78.4% *+ 7.5%. At 36 h posttransfection, cells were left
untreated (lanes 1 and 4) or were treated with 10 pM ara-C (lanes 2 and 5) or
20 Gy of IR (lanes 3 and 6) and collected at 12 h after treatment. Cells were lysed
and subjected to immunoblot analysis with anti-Lyn (second panel) and anti-Flag
antibodies (third panel) to assess the levels of expression of transfected Lyn and
Flag-MKK7(K-R). Cellular DNA was extracted and subjected to 1.5% agarose
gel electrophoresis for analysis of DNA fragmentation (bottom panel).

MoL. CELL. BIOL.

activated by ara-C and IR have supported induction of this
pathway by both DNA replication and DNA damage check-
points. Previous studies have shown that the nuclear c-Abl
tyrosine kinase is an upstream effector of the SAPK response
to both replication arrest and DNA damage (29, 31). In this
context, activation of SAPK in the response of proliferating
cells to genotoxic agents is in part dependent on a c-Abl-
mediated mechanism (29, 31). Also, activated forms of Abl
confer induction of SAPK activity (47, 49, 52). The present
results similarly demonstrate that expression of kinase-active
Lyn is associated with SAPK activation. The demonstration
that overexpression of Lyn(K-R) has no effect on activation of
SAPK provides further support for dependence on the Lyn
kinase function. In addition, stable expression of Lyn(K-R) in
different cell types blocked both ara-C and IR-induced SAPK
activity. These findings thus support a model in which activa-
tion of Lyn by DNA replication and DNA damage checkpoints
transduces signals that function upstream to the SAPK path-
way.

Lyn and c-Abl form a nuclear complex (35) and both tyro-
sine kinases interact with the DNA-PK catalytic subunit (3, 57,
58). Nuclear c-Abl regulates activation of SAPK in the re-
sponse to genotoxic stress by a mechanism dependent on SEK1
(29). Other studies have demonstrated that induction of SAPK
activity by activated forms of Abl is blocked by the kinase-
inactive SEK1(K-R) mutant (52). The present studies demon-
strate that, while SEK1(K-R) blocks c-Abl-induced SAPK ac-
tivation, the SEK1(K-R) mutant has no detectable effect on
Lyn-mediated induction of SAPK activity. These findings sup-
ported an alternate pathway for Lyn—SAPK signaling. Anoth-
er member of the MAPK kinase group, designated MKK?7, has
been identified as an activator of SAPK and not p38§ MAPK
(11, 57, 67). Expression of MKK7 causes activation of the SAPK
pathway (57). In addition, a kinase-negative MKK7(K-R) mu-
tant inhibits interleukin-1B-, lipopolysaccharide-, and MEKK1-
induced SAPK activation (67). Other studies have indicated
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that, while MKK?7 is activated by diverse stimuli (11, 17, 40),
this kinase has not been implicated in the DNA damage re-
sponse. Our results demonstrate that expression of MKK7
(K-R) blocks Lyn-induced SAPK activation. The results also
demonstrate that the kinase-inactive MEKK1(K-M) mutant
blocks Lyn-induced SAPK activation. MEKK1(K-M) also
blocks activation of SAPK by c-Abl expression (unpublished
data). In this context, MEKKI1 functions as an upstream effec-
tor of both SEK1 (66) and MKK7 (17, 67). Our findings thus
support a model in which Lyn activates the MEKKI1—
MKK7—SAPK pathway.

Recent studies have demonstrated that Lyn interacts with
the SHPTP1 protein tyrosine phosphatase in cells treated with
genotoxic agents (68). In addition, expression of SHPTP1 at-
tenuates the apoptotic response to DNA damage (68). More
recent studies have demonstrated that expression of SHPTP1
inhibits Lyn-mediated induction of SAPK activity (unpublished
data). These findings and the association of SAPK activation
with induction of apoptosis suggest that the functional signif-
icance of Lyn—SAPK signaling resides in the apoptotic re-
sponse to genotoxic stress. In this regard, stable expression of
Lyn(K-R) in U-937 cells partially abrogated the induction of
apoptosis in response to ara-C and IR treatment. To address
whether Lyn-dependent induction of apoptosis by genotoxic
agents is mediated by the SAPK pathway, we treated cells that
express the MKK7(K-R) mutant. The results demonstrate that
the apoptotic response to both ara-C and IR is attenuated by
inhibition of the MKK7—SAPK pathway. These findings sup-
port a model in which induction of apoptosis by arrest of DNA
replication and DNA damage is mediated at least in part by a
Lyn—SAPK signaling cascade.
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