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The ubiquitously expressed c-Abl tyrosine kinase is activated in the apoptotic response of cells to DNA
damage. The mechanisms by which c-Abl signals the induction of apoptosis are not understood. Here we show
that c-Abl binds constitutively to the mammalian homolog of the Schizosaccharomyces pombe Rad9 cell cycle
checkpoint protein. The SH3 domain of c-Abl interacts directly with the C-terminal region of Rad9. c-Abl
phosphorylates the Rad9 Bcl-2 homology 3 domain (Tyr-28) in vitro and in cells exposed to DNA-damaging
agents. The results also demonstrate that c-Abl-mediated phosphorylation of Rad9 induces binding of Rad9 to
the antiapototic Bcl-x; protein. The regulation of Rad9 by c-Abl in the DNA damage response is further
supported by the demonstration that the interaction between c-Abl and Rad9 contributes to DNA damage-
induced apoptosis. These findings indicate that Rad9 is regulated by a c-Abl-dependent mechanism in the

apoptotic response to genotoxic stress.

The Schizosaccharomyces pombe checkpoint proteins
spRadl, spHus1, and spRad9 are essential for cell cycle arrest
in the presence of incomplete DNA replication or DNA dam-
age (3, 4). Identification of the human homologs hRadl,
hHus1, and hRad9 has provided support for conservation of
this checkpoint signaling pathway (14, 29, 32, 38, 48). Also, as
shown for yeast, hRad9 forms a complex with hRadl and
hHus1 (45, 50). Nuclear hRad9 is constitutively detectable as
multiple phosphorylated forms (45). Other studies have dem-
onstrated that hRad9 is phosphorylated in response to DNA
damage (50) and that hRad9 localizes to extraction-resistant
nuclear complexes in the presence of DNA lesions (7). Re-
combinant hRad9 has been shown to exhibit 3'-5" exonuclease
activity (6). Moreover, the finding that Rad9 interacts with the
antiapoptotic Bcl-2 and Bcl-x; proteins has supported a role
for Rad9 in the apoptotic response to DNA damage (26, 27).

The ubiquitously expressed c-Abl tyrosine kinase is activated
in the response to DNA damage (23). Nuclear c-Abl interacts
with the DNA-dependent protein kinase (DNA-PK)/Ku com-
plex (17, 19). Phosphorylation of c-Abl by the catalytic subunit
DNA-PKcs induces c-Abl activity (19). Other work has dem-
onstrated that c-Abl is activated by the product of the gene
mutated in ataxia telangiectasia (ATM) (5, 44). Activation of
nuclear c-Abl by DNA damage contributes to induction of
apoptosis by mechanisms in part dependent on the p53 tumor
suppressor and its homolog p73 (2, 15, 54, 57, 58). Nuclear
c-Abl also contributes to DNA damage-induced activation of
the c-Jun N-terminal kinase/stress-activated protein kinase
(SAPK) and p38 mitogen-activated protein kinase pathways
(20, 22, 23, 37). In addition, the finding that c-Abl interacts
with the Rad51 protein in response to DNA damage has sup-
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ported a role for c-Abl in coordinating recombinational DNA
repair with the induction of apoptosis (56).

The present studies demonstrate that c-Abl interacts with
Rad9 in cells exposed to DNA-damaging agents. c-Abl phos-
phorylates Rad9 on Y28 in the Bcl-2 homology 3 (BH3) do-
main and induces binding of Rad9 to Bcl-x; . The results also
demonstrate that c-Abl regulates the apoptotic response to
genotoxic stress by a Rad9-dependent mechanism.

MATERIALS AND METHODS

Cell culture. Human U-937 myeloid leukemia cells (American Type Culture
Collection [ATCC]) and U-937 cells overexpressing Bel-x; (U-937/Bcl-x;) (9)
were cultured in RPMI 1640 medium supplemented with 10% heat-inactivated
fetal bovine serum (FBS), 100 U of penicillin/ml, 100 p.g of streptomycin/ml, and
2 mM L-glutamine. 293T embryonal kidney cells (ATCC), HeLa cells (ATCC),
wild-type (c-abl™/*) murine embryo fibroblasts (MEFs), c-abl~/~ MEFs (23, 47),
and c-abl~/~ MEFs expressing c-Abl (c-abl*) (23) were grown in Dulbecco’s
modified Eagle’s medium containing 10% FBS and antibiotics. Cells were
treated with 10 pM ara-C (Sigma-Aldrich). Irradiation was performed at room
temperature with a Gammacell 1000 (Atomic Energy of Canada) and a '37Cs
source emitting at a fixed rate of 0.21 Gy/min. In certain experiments, cells were
pretreated with 1 pM STI-571 (Novartis Pharma AG) (11) for 24 h and then
exposed to ara-C or radiation.

Plasmid construction. The vector expressing green fluorescent protein (GFP)-
Rad9 has been described (27). The Rad9(Y28-F) variant was generated by
site-directed mutagenesis, and the mutation was confirmed by DNA sequencing.
Rad9 (1-265) and Rad9 (266-391) were generated by PCR. The Rad9 cDNAs
were subcloned into the pHM6 (hemagglutinin [HA] tagged; Roche Molecular
Biochemicals), pLXSN (Clontech), pPGEX4T-1 (Pharmacia Biotech), and pET-
28a (Novagen) vectors.

Cell transfections and infections. 293T cells were transiently transfected by the
calcium phosphate method. The total DNA concentration was kept constant by
including an empty vector. For retrovirus infections, PG13 cells (34) were tran-
siently transfected with pLXSN-Rad9 or pLXSN-Rad9(Y28-F) by the Superfect
transfection kit (Qiagen). At 48 h posttransfection, filtered supernatants with
Polybrene (Sigma-Aldrich) were added to the MEFs.

Immunoprecipitation and immunoblot analysis. Cell lysates were prepared as
described previously (52, 53) and cleared by centrifugation at 12,000 X g for 15
min. Soluble proteins (500 pg) were incubated with anti-Rad9 (sc-8324; Santa-
Cruz Biotechnology [SCBT]), anti-c-Abl (sc-131; SCBT), anti-HA (Roche Mo-
lecular Biochemicals), or anti-GFP (Roche Molecular Biochemicals) for 2 to 6 h
at 4°C, followed by incubation with protein A/G-Sepharose beads (SCBT) for
1 h. The immune complexes and cell lysates (50 wg) were subjected to immu-
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FIG. 1. Association of c-Abl with Rad9. (A) 293T cells were transfected with 3 pg of pSRaMSV/c-Abl and/or pHM6/Rad9. Transfection
efficiency as determined with pcDNA3-LacZ and B-galactosidase staining was 81.7% = 9.2% (mean * standard deviation of three independent
experiments). Cell lysates were immunoprecipitated with anti-HA (left) or anti-c-Abl (right). Immune complexes were subjected to immunoblot-
ting (IB) with anti-c-Abl and anti-HA. (B) Lysates from U-937 cells were immunoprecipitated with preimmune rabbit serum (PIRS), anti-c-Abl,
or anti-Rad9. The precipitates were subjected to immunoblotting with anti-c-Abl (top) or anti-Rad9 (bottom). (C) U-937 cells were treated with
10 pM ara-C or 15 Gy of IR and collected at 2 h. Anti-c-Abl immunoprecipitates were analyzed by immunoblotting with anti-Rad9 (top) or
anti-c-Abl (bottom). (D) Nuclear extracts from U-937 cells were layered onto a 10 to 35% glycerol gradient. After fractionation, the indicated
fractions were subjected to SDS-PAGE and immunoblotting with anti-c-Abl (top) or anti-Rad9 (bottom).

noblot analysis with anti-Rad9 (Transduction Laboratories), anti-c-Abl (Ab-3;
Oncogene Research Products), anti-HA, anti-GFP, anti-glutathione S-trans-
ferase (GST; Upstate Biotechnology Inc.), anti-P-Tyr (4G10; Upstate Biotech-
nology), or anti-Bcl-x; (21). The antigen-antibody complexes were visualized by
chemiluminescence (NEN Life Science Products). Intensity of the signals was
quantitated by densitometric scanning and analysis with the ImageQuant pro-
gram (Molecular Dynamics, Sunnyvale, Calif.).

Glycerol gradient sedimentation analysis. Nuclear extracts from U-937 and
U-937/Bcl-x; cells were prepared as described previously (10). Two hundred
microliters of nuclear extracts was layered on a 10 to 35% glycerol gradient (5
ml) formed in a solution containing 50 mM Tris-HCI [pH 7.3], 0.1 M KCl, 0.2
mM EDTA, 10 mM B-mercaptoethanol, and 0.1% NP-40. After centrifugation at
250,000 X g for 12 h at 4°C, fractions (150 wl) were collected from the bottom of
the tube. Equal volumes (20 wl) of each sample were analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting
with anti-c-Abl, anti-Rad9, or anti-Bcl-x; . As controls, protein standards (Sigma)
were separated under identical conditions.

In vitro binding assays. Cell lysates were incubated with purified GST, GST-
c-Abl SH2, and GST—c-Abl SH3 (58) in lysis buffer for 2 h at 4°C. The adsorbates
were analyzed by immunoblotting with anti-Rad9 or anti-GST. For direct bind-
ing assays, GST, GST—c-Abl, and GST-c-Abl SH3 (58) were incubated with
purified His-Rad9, His-Rad9 (1-265), or His-Rad9 (266-391) for 1 h at 4°C. The
complexes were subjected to immunoblot analysis with anti-Rad9 or anti-His
(SC803; SCBT).

In vitro kinase assays. A recombinant c-Abl protein was purified from Sf9 cells
infected with a baculovirus vector expressing GST—c-Abl or GST—c-Abl(K-R).
The procedure for purifying GST—c-Abl with glutathione beads was as described
previously (33) and as modified by our laboratory (22). Purity of the recombinant
protein was =90% as determined by SDS-PAGE and Coomassie brilliant blue
staining. GST—c-Abl, GST—c-Abl(K-R), and c-Abl with the SH3 domain deleted
(c-AbIASH3; Oncogene) were incubated in kinase buffer (50 mM HEPES [pH
7.4], 10 mM MgCl,, 10 mM MnCl,, 2 mM dithiothreitol, 0.1 mM sodium vana-
date) with purified GST-Rad9, GST-Rad9(Y28-F), GST-Rad9 (1-265), or GST-
Crk (120-225) and [y-**P]ATP (3,000 Ci/mmol; NEN Life Science Products) for
15 min at 30°C. Phosphorylated proteins were separated by SDS-PAGE and
analyzed by autoradiography.

In vitro Rad9/Bcl-x;, complex assays. GST, GST-Rad9, GST-Rad9(Y28-F),
and GST-Rad9 (1-265) were incubated in kinase buffer with or without purified
c-Abl and ATP for 30 min at 30°C and then coincubated with His—Bcl-x; (21) in
lysis buffer for 1 h at 4°C. Adsorbates to glutathione beads and the residual
supernatants were subjected to immunoblotting with anti-Bcl-x; .

Apoptosis assays. DNA content was assessed by staining ethanol-fixed cells
with propidium iodide and monitoring by FACScan (Becton Dickinson). The
numbers of cells with sub-G; DNA were determined with a CellQuest program
(Becton Dickinson).

RESULTS

c-Abl associates with Rad9. To investigate whether c-Abl
associates with Rad9, lysates from 293T cells cotransfected
with c-Abl and a HA epitope-tagged Rad9 (HA-Rad9) were
subjected to immunoprecipitation with an anti-HA antibody.
Analysis of the immunoprecipitates with anti-c-Abl showed
binding of c-Abl and Rad9 (Fig. 1A, left). The reciprocal ex-
periment, in which anti-c-Abl immunoprecipitates were ana-
lyzed by immunoblotting with anti-HA, confirmed coimmuno-
precipitation of c-Abl and Rad9 (Fig. 1A, right). Similar
findings were obtained with HeLa cells cotransfected with c-Abl
and Rad9 (data not shown). To assess whether endogenous c-Abl
associates with endogenous Rad9, anti-c-Abl immunoprecipitates
from U-937 cells were subjected to immunoblotting with anti-
Rad9. The results demonstrate constitutive binding of endog-
enous c-Abl and Rad9 (Fig. 1B). Immunoblot analysis of anti-
Rad9 immunoprecipitates with anti-c-Abl provided further
support for constitutive binding of the endogenous c-Abl and
Rad9 proteins (Fig. 1B). To determine whether DNA damage
affects the binding of c-Abl and Rad9, U-937 cells were treated
with ara-C or ionizing radiation (IR). Analysis of anti-c-Abl
immunoprecipitates with anti-Rad9 demonstrated little if any
change in c-Abl-Rad9 complexes for ara-C-treated, compared
to control, cells (Fig. 1C). Similar results were obtained with
IR-treated cells (Fig. 1C). To confirm the constitutive binding
of c-Abl and Rad9, nuclear lysates from U-937 cells were
subjected to sedimentation in a glycerol gradient. Analysis of
the gradient fractions by immunoblotting with anti-c-Abl and
anti-Rad9 demonstrated cosedimentation of c-Abl and Rad9
in fractions 19 to 23 (Fig. 1D). These findings collectively
demonstrate that c-Abl associates with Rad9 in cells and that
constitutive binding is not affected by DNA damage.

To further define the association of c-Abl and Rad9, lysates
from U-937 cells were incubated with GST fusion proteins
containing the c-Abl SH2 or SH3 domain. Analysis of the
adsorbates with anti-Rad9 showed binding of Rad9 to GST-
c-Abl SH3 but not to GST or GST-c-Abl SH2 (Fig. 2A). The
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FIG. 2. c-Abl binds directly to Rad9. (A) U-937 cell lysates were incubated with GST, GST-c-Abl SH2, or GST—c-Abl SH3 bound to
glutathione beads. The adsorbates were analyzed by immunoblotting (IB) with anti-Rad9 (top) or anti-GST (bottom). (B) Column-purified
His-Rad9 and His-Rad9 (1-265) were incubated with glutathione beads containing GST or GST-c-Abl. The adsorbates were analyzed by
immunoblotting with anti-Rad9. (C) His-Rad9 (266-391) was incubated with GST or GST—c-Abl SH3 bound to glutathione beads. The adsorbates
were subjected to immunoblot analysis with anti-His.

identification of several potential sequences for c-Abl SH3
binding (12, 40) in the Rad9 C-terminal proline-rich region
(PQPP, amino acids 331 to 334; PKSP, amino acids 334 to 337,
PGTP, amino acids 353 to 356; PQGP, amino acids 376 to 379)
suggested that there is a direct interaction between these two
proteins. To assess involvement of the Rad9 C-terminal region
in binding to c-Abl, a His-tagged Rad9 (1-265) fusion protein
with a deletion of the C-terminal 126 amino acids was gener-
ated. The association of His-Rad9(full length [FL]), but not
His-Rad9 (1-265), with purified GST—c-Abl indicated that c-
AblI binds directly to the C-terminal region of Rad9 (Fig. 2B).
In addition, the finding that GST—c-Abl SH3, and not GST,
binds to His-Rad9 (266-391) provided further support for the
direct binding of the c-Abl SH3 domain to the Rad9 C-termi-
nal region (Fig. 2C).

Rad9 Y-28 is required for c-Abl phosphorylation. To assess
whether c-Abl phosphorylates Rad9, we incubated purified ki-
nase-active c-Abl, kinase-inactive c-Abl(K-R), and c-AblASH3
with GST-Rad9 and [y-**P]ATP. Analysis of the products by
SDS-PAGE and autoradiography showed that Rad9 is a sub-
strate for c-Abl but not c-Abl(K-R) in vitro (Fig. 3A). The finding
that phosphorylation of Rad9 by c-AbIASH3 is decreased com-
pared to that obtained with full-length c-Abl indicates that the
binding of the c-Abl SH3 domain facilitates Rad9 phosphory-
lation (Fig. 3A). Rad9 contains a BH3 domain but not other
BH domains that are characteristic of the Bcl-2 family (27).
Conserved BH3 domains within proapoptotic proteins are crit-
ical for binding to and neutralizing the activity of anti-apop-
totic Bcl-2 family members (1, 18). A Y28ELP site in the Rad9
BH3 domain is a consensus sequence for c-Abl phosphoryla-
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FIG. 3. c-Abl phosphorylates Rad9 on tyrosine 28. (A) Recombinant c-Abl, c-Abl(K-R), and c-Abl with SH3-deleted (c-AblIASH3) were
incubated with [y->*P]JATP and GST-Rad9 (top) or GST-Crk (120-225) (bottom). The reaction products were analyzed by SDS-PAGE and
autoradiography. (B) GST-Rad9, GST-Rad9(Y28-F) (left), and GST-Rad9 (1-265) (right) were incubated with recombinant c-Abl and [y-**P]ATP.
GST-Crk (120-225) was used as a positive control. The reaction products were analyzed by SDS-PAGE and autoradiography (top) or Coomassie
brilliant blue (CBB) staining (bottom). (C) GST-Rad9 and GST-Crk (120-225) were incubated with recombinant c-Abl in the presence or absence
of 50 nM STI-571. The reaction products were analyzed by SDS-PAGE and autoradiography. (D) 293T cells were cotransfected with 3 pg of c-Abl
or c-Abl(K-R) and GFP-Rad9 or GFP-Rad9(Y28-F). Anti-GFP immunoprecipitates (IP) were analyzed by immunoblotting (IB) with anti-P-Tyr
(top) or anti-GFP (middle). Cell lysates were also subjected to immunoblotting with anti-c-Abl (bottom). Levels of c-Abl expression were
quantitated by densitometric scanning of the signals.
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FIG. 4. c-Abl-dependent phosphorylation of Rad9 in response to DNA damage. (A) U-937 cells were treated with 10 wM ara-C or 15 Gy of
IR and collected at 2 h. Anti-Rad9 immunoprecipitates were analyzed by immunoblotting (IB) with anti-P-Tyr (top) or anti-Rad9 (lower panel).
Levels of Rad9 phosphorylation were quantitated by densitometric scanning of the signals. (B) c-abl™/*, c-abl~/~, and c-abl™ cells were analyzed
by immunoblotting with anti-c-Abl (top) or antitubulin (bottom). (C) c-abl™’*, c-abl/~, and c-abl* cells were treated with 10 uM ara-C for the
indicated times. Anti-Rad9 immunoprecipitates (IP) were analyzed by immunoblotting with anti-P-Tyr (top) or anti-Rad9 (bottom). (D) U-937
(left) and c-abl™ (right) cells were left untreated or treated with 1 wM STI-571 for 24 h followed by treatment with 10 M ara-C for 2 h. Anti-Rad9
immunoprecipitates were analyzed by immunoblotting with anti-P-Tyr (top) or anti-Rad9 (bottom). (E) 293T cells were transfected with 3 pg of
GFP-Rad9 or GFP-Rad9(Y28-F) and treated with 10 wM ara-C for 2 h. Anti-GFP immunoprecipitates were analyzed by immunoblotting with

anti-P-Tyr (top) or anti-GFP (bottom).

tion (46, 60). The finding that mutation of Rad9 Y28 to F
completely inhibits c-Abl-mediated phosphorylation indicates
that Y28 is the major c-Abl site (Fig. 3B, left). Moreover, the
finding that c-Abl phosphorylates Rad9 but not Rad9 (1-265)
indicates that binding to the C terminus is necessary for phos-
phorylation of the Y28 site (Fig. 3B, right). As confirmation
that the phosphorylation of Rad9 is mediated by c-Abl, other
studies were performed in the presence of c-Abl inhibitor
STI-571 (11). The results demonstrate that STI-571 inhibits
phosphorylation of Rad9 (Fig. 3C). To determine whether
c-Abl phosphorylates Rad9 in vivo, kinase-active c-Abl or ki-
nase-inactive c-Abl(K-R) was coexpressed with GFP-Rad9.
Analysis of anti-GFP immunoprecipitates by immunoblotting
with anti-P-Tyr demonstrated c-Abl-dependent tyrosine phos-
phorylation of Rad9 (Fig. 3D). As a control, there was little if
any c-Abl-mediated phosphorylation of the Rad9(Y28-F) mu-
tant (Fig. 3D). These findings demonstrate that the Rad9 Y28
site is required for c-Abl phosphorylation in vitro and in vivo.

DNA damage induces tyrosine phosphorylation of Rad9 by a
c-Abl-dependent mechanism. To determine whether endoge-
nous Rad9 is phosphorylated on tyrosine in cells, anti-Rad9
immunoprecipitates were analyzed by immunoblotting with an-
ti-P-Tyr. The results demonstrate that treatment of cells with
ara-C was associated with induction of Rad9 phosphorylation
on tyrosine (Fig. 4A). ara-C incorporates into elongating DNA
strands, inhibits DNA replication, and induces DNA double-
strand breaks (13, 31, 36). The finding that exposure of cells to
IR also induces tyrosine phosphorylation of Rad9 confirmed
that this response is activated by genotoxic stress (Fig. 4A). To
assess whether DNA damage induces tyrosine phosphorylation
of Rad9 by a c-Abl-dependent mechanism, c-abl™'*, c-abl~'~,
and c-abl”™ MEFs (Fig. 4B) (23) were treated with ara-C. Im-
munoblot analysis of anti-Rad9 immunoprecipitates with anti-
P-Tyr demonstrated ara-C-induced tyrosine phosphorylation
of Rad9 in c-abl™'* and c-abl™ MEFs (Fig. 4C). By contrast,
there was no detectable tyrosine phosphorylation of Rad9 in
ara-C-treated c-abl~’~ MEFs (Fig. 4C). To confirm that Rad9
is phosphorylated by c-Abl, U-937 cells were treated with STI-

571 and then ara-C. Immunoblot analysis of anti-Rad9 immu-
noprecipitates with anti-P-Tyr demonstrated that STI-571 in-
hibits tyrosine phosphorylation of Rad9 (Fig. 4D, left). Similar
findings were obtained with c-abl™ cells (Fig. 4D, right). To de-
termine whether Rad9 is phosphorylated on Y28 in response to
DNA damage, cells expressing GFP-Rad9 or GFP-Rad9(Y28-F)
were treated with ara-C (Fig. 4E). Anti-GFP immunoprecipi-
tates were analyzed by immunoblotting with anti-P-Tyr. The
demonstration that ara-C induces tyrosine phosphorylation of
GFP-Rad9 but not GFP-Rad9(Y28-F) supported the specific-
ity of the Y28 site (Fig. 4E). These findings demonstrate that
Rad9 is phosphorylated on Y28 by a c-Abl-dependent mech-
anism in response to genotoxic stress.

c-Abl-mediated phosphorylation of Rad9 induces binding of
Rad9 to Bcl-x;. Recent studies have demonstrated that Rad9
binds to Bcl-2 and Bcl-x; and that these interactions are de-
pendent on the Rad9 BH3 domain (26, 27). To determine
whether c-Abl-mediated phosphorylation of the Rad9 BH3
domain regulates the association of Rad9 and Bcl-x;_ in vitro,
GST-Rad9 was first incubated with c-Abl and ATP. Incubation
of the reaction products with His—Bcl-x; and analysis of prod-
ucts of adsorption to glutathione beads by immunoblotting
with anti-Bcl-x; demonstrated that c-Abl induces binding of
Rad9 to Bel-x; (Fig. SA). By contrast, c-Abl had no detectable
effect on the association of Rad9(Y28-F) and Bcl-x; (Fig. 5A).
To extend this analysis, GST-Rad9 was incubated with c-Abl or
c-Abl(K-R) and then assayed for binding to Bcl-x, . The results
show that c-Abl, and not c-Abl(K-R), induces the formation of
Rad9-Bcl-x;  complexes (Fig. 5B). As an additional control,
GST-Rad9 (1-265) was incubated with c-Abl or c-Abl(K-R). In
agreement with the finding that Rad9 (1-265) is not phosphor-
ylated by c-Abl (Fig. 3B), the binding of Rad9 (1-265) to Bel-x;
was unaffected by c-Abl or c-Abl(K-R) (Fig. 5B). In in vivo
studies, the association of Rad9 and Bcl-x; was induced in cells
expressing c-Abl (Fig. 5C). In agreement with the in vitro
findings, c-Abl(K-R) had no detectable effect on the associa-
tion of Rad9 and Bcl-x, in cells (Fig. 5C). Moreover, c-Abl had
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FIG. 5. Tyrosine phosphorylation of Rad9 by c-Abl induces binding of Rad9 to Bcl-x; in vitro. (A) Glutathione beads containing GST,
GST-Rad9, or GST-Rad9(Y28-F) were incubated with or without recombinant c-Abl and ATP for 30 min. The reaction mixtures were incubated
with purified His-Bcl-x; protein for an additional 1 h. The beads (top) and supernatants (bottom) were analyzed by SDS-PAGE and immuno-
blotting (IB) with anti-Bcl-x; . Levels of Bel-x; binding to GST-Rad9 were quantitated by densitometric scanning of signals. (B) Recombinant c-Abl
and c-Abl(K-R) were incubated with GST-Rad9 or GST-Rad9 (1-265) for 30 min followed by incubation with the purified His-Bcl-x; protein for
1 h. Reaction products were separated by SDS-PAGE and analyzed by immunoblotting with anti-Bcl-x; . (C) 293T cells were cotransfected with
1 pg of pcDNA3-Bel-x; and 3 pg of c-Abl, c-Abl(K-R), GFP vector, or GFP-Rad9. Anti-GFP immunoprecipitates (IP) were subjected to
immunoblotting with anti-Bcl-x;_ (top). Cell lysates were also subjected to immunoblotting with anti-GFP (second from top), anti-c-Abl (third from
top), or anti-Bcl-x; (bottom). (D) 293T cells were cotransfected with 1 g of pcDNA3-Bcl-x; and 3 pg of c-Abl, GFP-Rad9, or GFP-Rad9(Y28-F).
Anti-GFP immunoprecipitates were subjected to immunoblotting with anti-Bcl-x;_ (top) or anti-GFP (middle). Cell lysates were also subjected to
immunoblotting with anti-Bcl-x; (lower). Levels of Bel-x; binding to GFP-Rad9 were quantitated by densitometric scanning of the signals.

no detectable effect on the association of Rad9(Y28-F) and
Bcl-x, in cells (Fig. 5D).

Whereas the results demonstrate that Rad9 is phosphory-
lated by c-Abl in response to DNA damage and that c-Abl

induces the binding of Rad9 and Bcl-x;, studies were per-
formed on U-937 cells expressing Bcl-x; . Analysis of nuclear
lysates from U-937/Bcl-x; cells demonstrated cosedimentation
of Rad9 and Bcl-x; (Fig. 6A). Constitutive binding of Rad9
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FIG. 6. DNA damage-induced binding of Rad9 to Bcl-x;_is a c-Abl-dependent mechanism. (A) Nuclear extracts from U-937/Bcl-x; cells were
layered onto a 10 to 35% glycerol gradient. After fractionation, the indicated fractions were subjected to SDS-PAGE and immunoblotting (IB)
with anti-Rad9 (top) or anti-Bcl-x; (bottom). (B) U-937/Bcl-x; cells were treated with 10 pM ara-C or 15 Gy of IR for 2 h. Anti-Rad9
immunoprecipitates (IP) were analyzed by immunoblotting with anti-Bcl-x; (top) or anti-Rad9 (middle). Cell lysates were also analyzed by
immunoblotting with anti-Bcl-x; (bottom). (C) c-abl™’*, c-abl”’~, and c-abl™ cells were treated with 10 uM ara-C for 2 h. Cell lysates were
immunoprecipitated with anti-Bcl-x; (top) or anti-Rad9 (second from top). The immunoprecipitates were subjected to immunoblotting with the
indicated antibodies. Cell lysates were also subjected to immunoblotting with anti-Rad9 and anti-Bcl-x; (bottom two blots). (D) c-abl™ cells were
left untreated or were treated with 1 uM STI-571 for 24 h and then exposed to 10 uM ara-C for 2 h. Anti-Rad9 and preimmune rabbit serum
(PIRS) immunoprecipitates were analyzed by immunoblotting with anti-Bcl-x; (top) or anti-Rad9 (bottom).
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FIG. 7. c-Abl regulates Rad9-induced apoptosis in response to DNA damage. (A and B) 293T cells were transfected with 3 g of c-Abl,
c-Abl(K-R), or GFP-Rad9. (A) At 36 h posttransfection, cell lysates were subjected to immunoblot (IB) analysis with anti-c-Abl (top) or anti-GFP
(bottom). (B) Cells were also fixed in ethanol and stained with propidium iodide. DNA content was analyzed by flow cytometry. The results (means
+ standard deviations [SD] of two experiments, each performed in duplicate) are presented as the percentages of cells with sub-G; DNA.
(C) c-abl™"*, c-abl”’~, and c-abl" cells were infected with a vector control or retrovirus vectors expressing Rad9 or Rad9(Y28-F). At 24 h
postinfection, cell lysates were subjected to immunoblot analysis with anti-Rad9 (top). Infection efficiency as determined with pLXSN-GFP was
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and Bcl-x; was confirmed by immunoblot analysis of anti-Rad9
immunoprecipitates with anti-Bcl-x; (Fig. 6B). Importantly,
the constitutive association of Rad9 and Bcl-x; was increased
by ara-C treatment (Fig. 6B). Similar results were obtained
with IR-treated cells (Fig. 6B). To further define the role of
c-Abl in regulating the interaction of Rad9 and Bcl-x, lysates
from ara-C-treated c-abl™'*, c-abl”’~, and c-abl* cells were
subjected to immunoprecipitation with anti-Rad9. Analysis of
the precipitates by immunoblotting with anti-Bcl-x; demon-
strated that DNA damage-induced formation of Rad9-Bcl-x;
complexes is mediated by a c-Abl-dependent mechanism (Fig.
6C). In agreement with these results, pretreatment of c-abl™
cells with STI-571 blocked ara-C-induced formation of Rad9-
Bcl-x; complexes (Fig. 6D). These findings collectively indicate
that c-Abl-mediated phosphorylation of the Rad9 BH3 domain
induces binding of Rad9 to Bcl-x; .

c-Abl potentiates Rad9-mediated apoptosis. To further as-
sess the functional significance of the interaction between c-
Abl and Rad9, 293T cells were transfected to express Rad9 and
c-Abl or c-Abl(K-R) (Fig. 7A). The results demonstrate that
c-Abl, and not c-Abl(K-R), potentiates the effects of Rad9 on
the induction of 293 cell apoptosis (Fig. 7B). To extend this
analysis, c-abl*’*, c-abl™'~, and c-abl” MEFs were infected
with an empty retrovirus vector or one that expresses Rad9
(Fig. 7C). The apoptotic response of c-abl™" and c-abl™
MEFs to Rad9 was more pronounced than that obtained with

c-abl™’~ cells (Fig. 7C; 0 h). c-abl™* and c-abl”™ MEFs ex-
pressing Rad9 also responded to ara-C treatment (Fig. 7C, 12
and 24 h) with a greater induction of apoptosis than that found
with c-abl~’~ cells expressing Rad9 (Fig. 7C). Moreover, ex-
pression of Rad9(Y28-F) was associated with attenuation of
the apoptotic responses found with Rad9 (Fig. 7C). In agree-
ment with these results, pretreatment of c-abl™ cells with STI-
571 inhibited Rad9-induced apoptosis (Fig. 7D). These results
support a functional interaction between c-Abl and Rad9 that
contributes to the induction of apoptosis.

DISCUSSION

Role of c-Abl in the apoptotic response to genotoxic stress.
The mechanisms by which DNA damage is converted into
intracellular signals that control cell behavior are largely un-
known. Certain insights have been derived from the finding
that the c-Abl tyrosine kinase is activated by agents that arrest
DNA replication (e.g., ara-C) or induce DNA lesions (e.g., IR)
(20, 23). The available evidence indicates that c-Abl functions
in diverse aspects of the DNA damage response, including the
activation of cell death signals. For example, transient trans-
fection studies have demonstrated that wild-type c-Abl, but not
kinase-inactive c-Abl(K-R), induces an apoptotic response
(55). In addition, cells that stably express c-Abl(K-R) exhibit
resistance to induction of apoptosis by ara-C and IR (16, 55).
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These studies and the present work, which employs ectopic
expression to assess function, can result in overinterpretation
of findings. Similar results have nonetheless been obtained
with c-abl '~ fibroblasts, although the apoptosis-resistant phe-
notype is more pronounced in cells expressing c-Abl(K-R)
than in c-Abl null cells (16, 55). These findings indicate that a
redundant function, perhaps mediated by the related Arg ki-
nase (30), is inhibited by the dominant-negative effect of c-
ADbI(K-R).

Exposure of diverse mammalian cells to ara-C, IR, and other
DNA-damaging agents is associated with activation of c-Abl
and SAPK (8, 20, 23, 49). The demonstration that c-Abl-defi-
cient cells exhibit a defective SAPK response to DNA damage
has supported a role for c-Abl in regulation of the SAPK
pathway (20, 23). More recent work has shown that c-Abl
interacts directly with MEK kinase 1, an upstream effector of
the SEK1—SAPK pathway, in response to DNA damage (22).
In agreement with these findings, other studies have demon-
strated that transient overexpression of activated forms of Abl
stimulates SAPK activity (39, 41, 42). The functional signifi-
cance of c-Abl-induced SAPK activation in the DNA damage
response is supported by the demonstration that SAPK trans-
locates to mitochondria and associates with the Bcl-x; protein
(24). SAPK phosphorylates Bel-x; on Thr-47 and Thr-115 and
thereby contributes to the induction of apoptosis (24). In the
present studies, we provide evidence that c-Abl also targets
Bcl-x; by a mechanism involving activation of Rad9.

c-Abl phosphorylates Rad9. In human cells, hRad9 forms a
ternary complex with hRadl and hHusl (45, 50). The findings
that hRad9 and hHusl interact with the proliferating nuclear
cell antigen suggested that the Rad9 complex contributes to
the coordination of cell cycle progression, DNA replication,
and DNA repair (28). Although few insights regarding the
regulation of hRad9 are available, multiple phosphorylated
forms of hRad9 have been detected in complexes with hRad1
and hHusl (45). The kinases responsible for the modification
of hRad9 and the functional significance of this regulation are
unknown.

The present studies show that c-Abl binds directly to Rad9
and phosphorylates Rad9 on Y28 in vitro and in cells. The
results also demonstrate that Rad9 is subject to c-Abl-medi-
ated phosphorylation on Y28 in cells treated with genotoxic
agents. Moreover, treatment of cells with 1 uM STI-571 par-
tially inhibited phosphorylation of Rad9 on tyrosine. In agree-
ment with these findings, activation of c-Abl in the DNA dam-
age response is partially inhibited with 1 pM STI-571 and
completely inhibited with 10 pM STI-571 (data not shown).
Thus, inhibition of DNA replication by ara-C treatment or
induction of DNA lesions by IR exposure induces tyrosine
phosphorylation of Rad9 by a c-Abl-dependent mechanism.
Rad9 contains a motif of 15 amino acids near the N terminus
(amino acids 15 to 30) that includes conserved residues found
in BH3 domains of proapoptotic Bcl-2 family members (27).
The BH3 domain-only proteins function as transdominant in-
hibitors by binding to antiapoptotic members of the Bcl-2 fam-
ily and blocking their survival function (1, 18). Notably, Y28
resides in the Rad9 BH3 domain. Moreover, the Rad9 Y28 site
is unique to BH3 consensus sequences found in other proapo-
ptotic members of the Bcl-2 family. These findings support a
model in which c-Abl-mediated phosphorylation of the Rad9
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BH3 domain is selective for this proapoptotic member of the
Bcl-2 family.

c-Abl regulates the interaction between hRad9 and Bcl-x,
We have previously shown that the Rad9 BH3 domain regu-
lates the interaction of Rad9 with the antiapoptotic Bcl-2 and
Bcl-x; proteins (27). The present results demonstrate that c-
Abl-mediated phosphorylation of Rad9 on Y28 induces the
interaction of Rad9 and Bcl-x, . In vitro studies show that Rad9
associates constitutively with Bcl-x; and that c-Abl stimulates
this interaction. By contrast, c-Abl had no effect on constitutive
binding of Rad9(Y28-F) to Bcl-x,. In transfected cells, c-Abl
also increased the interaction of Rad9, but not of Rad9(Y28-
F), with Bcl-x; . In agreement with these results, exposure of
cells to agents, such as ara-C and IR, that activate c-Abl (20,
23) was associated with binding of Rad9 to Bcl-x, . By contrast,
results obtained with c-Abl-deficient cells or after treatment of
wild-type cells with STI-571 indicate that c-Abl has little if any
effect on the binding of Rad9 to Radl and Husl in response to
DNA damage (data not shown). The finding that DNA dam-
age induces the interaction between Rad9 and Bcl-x; in
c-abl™’* and c-abl*, but not in c-abl~'~, cells further indicated
that this response is c-Abl dependent.

Nuclear magnetic resonance and X-ray crystallographic
analysis of the Bcl-x; monomer has demonstrated that the
a-helices of BH1 to -3 form a hydrophobic pocket (35). The
BH3 amphipathic a2-helix of proapoptotic family members is
essential for binding to the pocket and for inhibition of Bel-x;
function (43, 51, 59). The present results support a model in
which modification of the Rad9 BH3 a-helix by c-Abl-medi-
ated phosphorylation is associated with a structural change
that facilitates binding to the Bcl-x; hydrophobic pocket.
Other studies have demonstrated that c-Abl functions up-
stream of SAPK-mediated phosphorylation of Bcl-x; (24).
SAPK phosphorylates Bel-x; on (i) Thr-47, which resides in
the loop between the al- and a2-helices, and (ii) Thr-115,
which is adjacent to the a3-helix (24). The demonstration that
the Bcl-x; (A-47,-115) mutant is more effective than wild-type
Bcl-x; in blocking apoptosis indicates that phosphorylation of
Thr-47 and Thr-115 is involved in regulating Bcl-x; function
(24). These findings suggest that modifications of both the
Rad9 BH3 domain by c-Abl and of Bcl-x; directly by SAPK are
involved in regulating the function of Bcl-x; in protecting
against apoptosis.

c-Abl potentiates the proapoptotic function of Rad9. The
results of the present study demonstrate that Rad9-induced
apoptosis is potentiated by expression of c-Abl and not by the
kinase-inactive c-Abl(K-R) mutant. As c-Abl interacts with
multiple targets that may contribute to DNA damage-induced
apoptosis (25), we performed studies to assess the contribution
of the c-Abl-Rad9 interaction to this response. The demon-
stration that expression of Rad9 and that of Rad9(Y28-F) in
cells are associated with similar levels of apoptosis indicated
that mutation of Y28 has no apparent effect on Rad9’s basal
proapoptotic function. By contrast, the results show that DNA
damage-induced apoptosis is potentiated by expression of
Rad9 and not by that of Rad9(Y28-F). In addition, Rad9-
mediated induction of apoptosis in response to DNA damage
was attenuated in c-Abl-deficient cells. These findings collec-
tively support a model in which c-Abl-mediated phosphoryla-
tion of Rad9 in the DNA damage response contributes to the
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binding of Rad9 to Bcl-x; and thereby to potentiation of Rad9-
induced apoptosis.
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