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factor. Activation of Ras by G-protein-coupled receptors may be
of particular relevance in tissues, such as cardiac muscle and the
central nervous system'"??, in which Ras activation may be asso-
ciated with gene expression induced in the hypertrophic growth of
muscle or by neurotransmission®>. O
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THE c-Abl protein tyrosine kinase is activated by certain DNA-
damaging agents', and its overexpression causes arrest in the G1
phase of the cell cycle by a mechanism dependent on the tumour-
suppressor protein p53 (refs 2-4). Here we investigate the
possible role of c-Abl in growth arrest induced by DNA damage.
Transient transfection experiments using wild-type or inacti-
vated c-Abl show that both induce expression of p21, an effector
of p53, but only wild-type c-Abl downregulates the activity of the
cyclin-dependent kinase Cdk2 and causes growth arrest. Exposure
to ionizing radiation of cells that stably express active or inactive
c-Abl is associated with induction of c-Abl/p53 complexes and p21
expression. However, cells expressing the dominant-negative
c-Abl mutant and cells lacking the c-abl gene are impaired in their
ability to downregulate Cdk2 or undergo G1 arrest in response to
ionizing radiation. We also show that expression of c-Abl kinase
in p21~/-, but not in p53~/-, cells results in downregulation of
Cdk2. Our results suggest that c-Abl kinase contributes to the
regulation of growth arrest induced by ionizing radiation by a
p53-dependent, p21-independent mechanism.

To determine whether c-Abl affects the function of p53, we co-
transfected MCF-7 cells with a construct containing the luciferase
gene driven by a p53 enhancer from the MDM?2 promoter’, and
vectors expressing wild-type c-Abl, a kinase-inactive K(290)R
mutant® or a kinase-active mutant, designated AProl, which is
deleted at the p53-binding domain’. Co-transfections of the
reporter with wild-type or kinase-inactive c-Abl(K-R), but not
c-AblAProl, resulted in induction of luciferase activity (Fig. 1a).
By contrast, c-Abl expression had no detectable effect on activa-
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tion of an SV40-luciferase construct (Fig. 1a). As transcription of
p21 is regulated by p53 (ref. 6), we investigated whether transfec-
tion of c-Abl induces p21. We found that p21 expression increased
in the c-Abl and c-Abl(K-R), but not the c-AblAProl, transfectants
(Fig. 1b). Despite induction of p21, which is an inhibitor of Cdk2
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FIG. 1 Overexpression of kinase active c-Abl downregulates Cdk activity. a,
MCF-7 cells were transfected with 2 ug p53-enhancer—luciferase plasmid
(mdm2NA-Luc) and: (1) 8 ug control vector pPSRaMSVtkNeo; (2) 5 and 8 ug
c-abl vector; (3) 5 and 8 ug c-abl(K-R) vector; and (4) 5 and 8 ug c-ablAProl
vector. Cells were also transfected with 2 ug SV40-promoter—Iluciferase
plasmid (pGL2-control vector; Promega) and 8 ug c-abl vector. Luciferase
activity was measured and normalized for protein concentration to that for
control vector. b, MCF-7 cells were transfected with 8 pug control, c-abl,
c-abl(K-R) or c-ablAProl vector. Cell lysates were immunoblotted with anti-
p21 (WAF1, Ab-1: Oncogene Science) (top) and anti-PCNA (PC10; Santa
Cruz Biotechnology) (bottom). ¢, Cell lysates from the transient transfec-
tants were immunoprecipitated (IP) with anti-Cdk2 (M2, Santa Cruz
Biotechnology), followed by histone H1 kinase assay (top) or immunoblot-
ting (1B) with anti-Cdk2 (bottom).

METHODS. Transient transfections were done with Lipofectamine (GIBCO—
BRL). Cells were collected 48 h after transfection. Luciferase was assayed
with an enhanced luciferase assay kit (1800K, Analytical Luminescence).
Histone H1 kinase was assayed as described?®.
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FIG. 2 c-Abl kinase activity regulates irradiation (IR)-induced inhibition of
Cdk2. a, MCF-7 cells stably transfected with null pSR vector or c-ab/(K-R)
were treated with 5 Gy IR and collected after 3 h. Nuclei were isolated and
nuclear proteins imunoprecipitated with anti-Abl (Ab-3; Oncogene Science)
as described. Immune-complex kinase was assayed using a glutathione-S-
transferase (GST)-Crk (120-225) fusion protein as substrate (top). Anti-
Ablimmunoprecipitates were also analysed by immunoblotting with anti-Abl
(bottom). b, Lysates were immunoblotted with anti-Abl, anti-p53 (Ab-6;
Oncogene Science), anti-p21, anti-GADD45 (AT-26; Santa Cruz Biotech-

(refs 7-10), by both wild-type c-Abl and c-Abl(K-R), Cdk2 was
downregulated only in cells transfected with wild-type c-Abl
(Fig. 1c), which correlates with the ability of wild-type c-Abl, but
not c-Abl(K-R) or ¢c-AblAProl, to inhibit growth in fibroblasts®
and MCF-7 cells (data not shown). These findings suggest that the
kinase activity and p53-binding domain of c-Abl are involved in
downregulation of Cdk2 and thus in growth arrest, and that such
effects are not exclusively mediated by activation of p21.

To determine the involvement of c-Abl in DNA-damage-
dependent growth arrest, we prepared MCF-7 cells stably expres-
sing the dominant-negative c-Abl(K-R)? which effectively inhibits
the increase in c-Abl kinase activity induced by ionizing radiation
on control cells (Fig. 2a). Irradiation of MCF-7/pSR or MCF-7/
c-Abl(K-R) cells caused an increase in p53, p21 and GADD45, but
not in c-Myc (which is not dependent on p53) (Fig. 2b); there was
also increased binding of p21 to Cdk2 in MCF-7/pSR and in
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nology) and anti-c-Myc (9E10; Santa Cruz Biotechnology). ¢, Lysates were
immunoprecipitated with anti-Cdk2. Precipitates were analysed by immu-
noblotting with anti-p21 and anti-Cdk2. d, Anti-Cdk2 immunoprecipitates
were analysed by histone H1 kinase assay (top) or immunoblotting with
anti-Cdk2 (bottom).

METHODS. Human MCF-7 breast cancer cells (p53*/%)*" were treated with
5Gy IR at room temperature with a Gammacell 1000 (Atomic Energy of
Canada) with a **'Cs source emitting at a fixed dose rate of 0.76 Gy min 1.
Lysates were prepared in 0.5% NP-40 lysis buffer as described®.

MCEF-7/c-Abl(K-R) cells (Fig. 2c). Although Cdk2 was down-
regulated in irradiated MCF-7/pSR cells, there was little effect
on Cdk2 activity in MCF-7/c-Abl(K-R) cells (Fig. 2d). These
results indicate that c-Abl kinase is not required for transactiva-
tion of p21 and GADDA45 by p53 in response to DNA damage, but
is required for Cdk2 downregulation.

The role of c-Abl in growth arrest induced by ionizing radiation
was tested by the ability of irradiated MCF-7/pSR and MCF-7/c-
AbI(K-R) cells to reduce the number of cells in S phase. Using
bromo-deoxyuridine (BrdU) labelling and bivariate fluorescence-
activated cell-sorting (FACS) analysis, we found that more irra-
diated MCF-7/pSR cells arrested in G1 compared with controls
(Fig. 3a). Only 15% of cells were in S phase 24 h after receiving
5 Gy radiation compared with untreated cells. However, irra-
diated MCF-7/c-Abl(K-R) cells were less affected, with the S-
phase population being 45% of untreated samples (Fig. 3a).

FIG. 3 c-Abl kinase activity regulates irradiation-induced growth arrest. a,
Representative two-dimensional FACS analysis of MCF-7/pSR and MCF-7/
c-Abl(K-R) cells after exposure to O or 5 Gy irradiation. Synchronized cells
were irradiated and the percentage of cells in S phase was assessed at 24 h.
Boxes labelled R1, R2 and R3 represent S, G1 and G2/M phase cells,
respectively. b, Percentage of cells entering S phase after irradiation relative
to control unirradiated cells. Results are expressed as the mean + s.e.m. of
6 experiments for each of two (a, b) independently selected clones. c,
C57BL/6 wild-type (abl*/*) and abl~/~ MEFs were exposed O or 5Gy and
collected at 3 h. Cell lysates were immunoblotted with anti-Abl and anti-
PCNA antibodies. d, abl*/* and abl~/~ MEFs were exposed to 0, 5 or 20 Gy
irradiation. Results (mean + s.e.m. of 6 experiments) are expressed as the
percentage of cells entering S phase after irradiation relative to unirradiated
cells.

METHODS. MCF-7/pSR and MCF-7/c-Abl(K-R) cells were blocked at G1/S
phase by a 12-h treatment with 10 uM aphidicolin. Cells were then washed,
irradiated and fed with fresh medium containing 10% FCS. Asynchronous
populations of abl*/* and abl~/~ MEFs!* were exposed to IR and the
percentage of cells in S phase assessed at 20 h. BrdU was added 30 min
before collection. Cells were stained for DNA content with propidium iodide
and for DNA synthesis with a fluorescein-conjugated anti-BrdU antibody
(Boehringer Mannheim).
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Similar results were obtained with two independently isolated
MCF-7/c-Abl(K-R) clones (Fig. 3b). To confirm the link between
c-Abl and radiation induced growth arrest, we studied mouse
embryo fibroblasts (MEFs) deficient in c-Abl (abl~/~ mice with
targeted disruption of the c-abl gene)'! (Fig. 3c). Wild-type MEFs
after 5 Gy radiation had an S-phase population that was 45% of
that for untreated cells (Fig. 3d). By contrast, irradiated abl~/~
MEFs had more than 70% of cells in S phase compared with
controls (Fig. 3d). Exposure of the wild-type and abl~/~ MEFs to
20 Gy radiation also demonstrated partial inhibition of arrest in
G1 in the abl™/~ cells. These findings together indicate that the
c-Abl kinase function is necessary for radiation-induced G1 arrest.

As c-Abl and p53 bind together in vitro*, we tested whether they
were associated in irradiated cells. No p5S3 was detected in anti-
Abl immunoprecipitates from MCF-7/pSR cells that had not been
irradiated (Fig. 4a), but binding of c-Abl and p53 was evident
at 30 min and maximal at 3-5h after irradiation (Fig. 4a, and
data not shown). The small amount of constitutive binding of c-
Abl to p53 found in MCF-7/c-Abl(K-R) cells was stimulated by
irradiation (Fig. 4a).

To investigate further the role of p53 in growth regulation by c-
Abl, we transfected p53~/~ fibroblasts with wild-type c-Abl and c-
ADI(K-R). Analysis of p21 levels and Cdk2 activity failed to reveal
any effect with either vector (Fig. 4b, and data not shown).
However, Cdk2 was downregulated in p53*/* fibroblasts after
transfection with wild-type c-Abl, but not c-Abl(K-R) (Fig. 4b).
These results show that c-Abl kinase inhibits Cdk2 by a p53-
dependent mechanism. We also investigated the effect on Cdk2
activity of irradiating abl~/~ cells and found that this did not
decrease as much as in wild-type MEFs (Fig. 4c). In p21~/~
fibroblasts, it was found that p21 only partially mediates the action
of p53 in arresting radiation-damaged cells in G1 (refs 12, 13). In
support of our previous findings, expression of c-Abl(K-R) had no
effect on Cdk2 activity in p21 /= or p21*/* cells (Fig. 4d); whereas
transfection of wild-type c-Abl into p21~/~ cells inhibited Cdk2
(Fig. 4d) and growth (data not shown), indicating that these
effects of c-Abl depend on p53 but not p21. It is possible, however,
that growth arrest following transfection with c-Abl inhibits Cdk2
activity.

Our results obtained using a dominant-negative c-Abl mutant
suggest that c-Abl regulates growth in response to genotoxic
stress. Because c-Abl associates with the retinoblastoma protein
Rb™ and overexpression of kinase-defective c-Abl abrogates Rb-
induced growth arrest’’, mutant c-Abl may prevent G1 arrest in
response to DNA damage by inactivating Rb. But as the partial loss
of G1 arrest in irradiated cells expressing c-Abl(K-R) is associated
with a block in Cdk2 downregulation, the effect probably occurs
upstream of Rb. We have demonstrated that c-Abl functions in
the cellular response to DNA damage through p53-dependent
pathways, confirmed by the failure of the c-AblAProl mutant to
bind p53*and downregulate Cdk2 and arrest growth. We have also

a © g
< X
§ < & <
Q o Q o
S KON
6.6 5.6
ScSca SxzScx
= w <—p53 #= e <—C-Abl
IP: anti-Abl IP: anti-p53
IB: anti-p53 I1B: anti-Abl

- < c-Abl !'l.::{;”

IP: anti-Abl IP: anti-p53
IB: anti-Abl IB: anti-p53
b p537 p53*++ c d p217+ p21+/+
i Abl**  Abl* . e
g T R — Tz
X X IR T IR £ X
22233 8cc 8ee 2222
Sb6b60 OrmO+~m bbbo
WWW " <« HistoneH! ~ 99 2 @ ® < HistoneH1 - =~ 2
IP: anti-Cdk2 IP: anti-Cdk2 IP: anti-Cdk2

wamenew «—— CAk2 ——> s an e v ow <« CAK2 ——> = w———

IP: anti-Cdk2
IB: anti-Cdk2

IP: anti-Cdk2
IB: anti-Cdk2

IP: anti-Cdk2
IB: anti-Cdk2

FIG. 4 c-Abl kinase downregulates Cdk2 activity by a p53-dependent, p21-
independent mechanism. a, Lysates were immunoprecipitated with anti-
Abl (left) or anti-p53 (right) and the precipitates analysed by immunoblot-
ting with the indicated antibodies. Ig, immunoglobulin. b, MEFs (p53~/~,
p537/7)*8 were transfected with the c-abl or c-abl(K-R) vectors and
collected at 48h. ¢, MEFs (abl*/*, abl~/~)** were exposed to O or 5Gy
and collected at the indicated times. d, MEFs (p21~/~, p21+/*)*2 were
transfected with the c-abl or c-abl(K-R) vectors and collected at 48 h. Cell
lysates were immunoprecipitated with anti-Cdk2 and the precipitates
assayed for histone H1 kinase activity (top) or immunoblotted with anti-
Cdk2 (bottom) as described for Fig. 1.

shown that the kinase-defective c-Abl(K-R) mutant induces p53
transactivation but not G1 arrest, indicating that stimulation of p53
transactivation function by c-Abl is not sufficient for this response.
Although c-Abl stimulates the transcriptional activity of p53, as
measured by expression of its target gene p21, a different mech-
anism is used by p21 in growth arrest'’ because c-Abl-mediated
transactivation is kinase-independent and Cdk2 downregulation
and growth arrest by the c-Abl kinase are p21-independent. These
results support a novel c-Abl/p53 dependent, but p21-independent,
mechanism for the regulation of Cdk2. 0
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