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Role of c-Abl in the DNA damage stress response
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ABSTRACT
c-Abl has been implicated in many cellular processes including differentiation, division, adhesion, death, and stress

response. c-Abl is a latent tyrosine kinase that becomes activated in response to numerous extra- and intra-cellular
stimuli.  Here we briefly review the current knowledge about c-Abl involvement in the DNA-damage stress response and
its implication on cell physiology.
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The c-Abl proto-oncoprotein is a member of the Src
family of non-receptor tyrosine kinases. The highly evo-
lutionarily conserved c-Abl was identified as the cellular
homologue of the Ablelson murine leukemia virus and its
transforming variants have been implicated in tumori-
genesis and in many important cellular processes.  c-Abl
is ubiquitously expressed in cells and localizes both to the
nucleus and the cytoplasm where it plays distinct roles.
In recent years, many c-Abl protein-protein interactions
have been resolved. However, the phenotypic outcomes
of these interactions still need to be determined. A promis-
ing way to study c-Abl function is to identify its immediate
downstream targets. This approach led to the identifica-
tion of a number of candidates which by large belong to
the DNA repair machinery [1].

c-Abl STRUCTURE AND SUBCELLULAR LO-
CALIZATION

 In mammalian cells c-Abl is ubiquitously expressed
but with different sub-cellular localization depending on
cell type. In fibroblasts it resides predominantly in the
nucleus while in primary haematopoietic cells and neu-
rons c-Abl is more cytoplasmic. In sharp contrast, all the
transforming Abl variants are exclusively cytoplasmic. c-
Abl localization is controlled by NLS and NES motifs and
it is thought to shuttle between the nucleus and cyto-
plasm depending on environmental signals [2].  In addition,

the human c-Abl gene encodes two isoforms, 1a and 1b as
a result of alternative splicing. While the 1a isoform is mostly
cytoplasmic, the 1b isoform is myristolated at the N-terminus
and localizes predominantly in the nucleus [3]. This pat-
tern of cellular distribution hints at the possibility that c-
Abl is a shuttle kinase that transmits signaling between the
major cellular compartments.

The c-Abl protein contains various defined domains.  At
the N-terminus, c-Abl has a Src homology 2 (SH2)
domain that has high affinity for phosphorylated tyrosine
residues and a Src homology 3 (SH3) domain that
preferentially binds to proline-rich domains containing a
PxxP motif.  Search for c-Abl SH3 binding proteins proved
fruitful in regard to defining its immediate downstream
targets. Several proteins were identified, such as the Abi
family, ATM, DNA-PK, BRCA1, and transcription factors
p73 and RFX1 [1,4]. c-Abl is also characterized by its long
C-terminal tail containing nuclear localization (NLS) and
nuclear export (NES) signals controling c-Abl sub-cellular
localization. Also the tail contains a putative DNA-binding
domain and F- and G-actin binding domains. With all of
these structural domains, c-Abl is likely to simultaneously
participate in many processes by direct protein-protein
interactions.

c-Abl KINASE ACTIVATION
A key question is what is the mechanism that keeps the

c-Abl kinase domain dormant. Originally, it was specu-
lated that the c-Abl kinase domain is inhibited mostly by
proteins bind to the c-Abl SH3 domain. Experiments
performed with recombinant RFX1, an SH3 binding protein,
and c-Abl proved otherwise. This study revealed that c-
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Abl is innately inactive but becomes activated upon inter-
action with RFX1 [1]. It was proposed that similar to other
Src kinases, the c-Abl kinase domain is under repression
by an intra-molecular mechanism. Indeed, Pluk and co-
workers showed that the inhibition of c-Abl activity is an
intrinsic property and does not require a particular cellular
inhibitor.  In this model the c-Abl N-terminal “cap” struc-
ture (first 81 residues) that can fold over the SH3 domain
plays the inhibitory role. This “cap” appears to bind at
several regions across the molecule and stabilizes the
regulated, inhibited conformation. These results were con-
firmed by resolving the c-Abl crystal structure. The auto-
inhibited c-Abl was shown to assemble through internal
interactions between its SH3 and SH2 domains and the
two lobes of the kinase domain [5]. However, these find-
ings do not rule out the possibility that some of the c-Abl
interacting proteins may help to stabilize the inactive
conformation, while others help in its activation.

Various DNA damaging agents such as ionizing radia-
tion (IR) activate the c-Abl kinase. IR mainly causes double
strand breaks, but given the fact that the alkylating agents
such as cisplatin and mitomycin C, DNA cross-linking
agents, activate c-Abl as well, this suggests a robust c-
Abl response to DNA damage signaling. However, UV
radiation does not trigger c-Abl activation attributing
certain specificity to the c-Abl response. These findings
set the stage for the search for upstream effectors of c-
Abl.  An obvious candidate is the ataxia-telangiectasia-
mutated (ATM) protein. Atm is a nuclear member of a
family of phosphatidylinositiol-3-kinase like (PI3K) enzymes
and binds the c-Abl SH3 domain [6]. When cells are ex-
posed to IR, the ATM protein phosphorylates c-Abl at serine
465. This phosphorylation is responsible for c-Abl
activation.  AT-null cells are impaired in c-Abl kinase
activation, attributing to ATM an important role in c-Abl
activation in response to DNA damage stress. In addition,
c-Abl kinase activation requires the mismatch repair
(MMR) protein MLH1. In the MLH1-null colon cancer
cell line HCT c-Abl kinase activation is impaired in re-
sponse to cisplatin treatment and IR (unpublished), plac-
ing the MMR pathway up-stream to c-Abl activation.
However, our new studies revealed that c-Abl is also acti-
vated by a second slow and gradual mechanism whose
nature remains to be clarified.

c-Abl-INDUCED APOPTOSIS
Apoptosis is an essential process in the development of

multi-cellular organisms, maintenance of tissue homeo-
stasis and stress response. c-Abl null cells are impaired in
the apoptotic response to IR [3] attributing a pro-apoptotic
role to c-Abl. Consistent with this finding is the fact that
cells stably expressing the c-Abl kinase-death mutant are

resistant to IR-induced loss-of colonogenic-survival and
apoptosis. The oncogenic c-Abl variants behave in a seem-
ingly opposite manner to the wt c-Abl. In chronic myelog-
enous leukemia (CML) patients, the first exon of the c-
Abl tyrosine kinase is replaced by the BCR gene. This
translocation results in a constitutively active c-Abl kinase.
BCR/ABL expression results in enhanced proliferation, mor-
phological transformation and anti-apoptotic effects.

The molecular basis of the pro-apoptotic role of c-Abl
has not been yet completely resolved. It has been specu-
lated that the tumor suppressor p53 is a downstream and
immediate effector of c-Abl in this pathway. However, c-
Abl was shown to induce apoptosis regardless of p53
status (i.e. wt or null). p53-c-Abl direct interaction was
detectable only in vitro.  Moreover, p53 is not significantly
tyrosine phosphorylated by c-Abl, even under over-ex-
pression conditions [7]. In contrast, p73, a p53 family
member, proved to be a preferred candidate. p73 induces
apoptosis in a variety of cell lines and supports tran-
scription from promoters containing the p53-response
element [8]. Over-production of p73 together with c-Abl
is sufficient to induce apoptosis in fibroblasts. Unlike p53,
p73 is efficiently tyrosine phosphorylated upon exposure
to IR [9]. p73 contains a PxxP motif that interacts with
the c-Abl SH3 domain. Furthermore, p73 is a direct sub-
strate of c-Abl both in vitro and in vivo [8]. Upon induc-
tion of DNA-damage by cisplatin and IR p73 accumulates
in a c-Abl dependent manner. Given the fact that the E3
ligase of p73 is not yet identified the molecular basis of
p73 accumulation remaines a matter of speculation. It is
very likely that the tyrosine phosphorylated p73 escapes
the E3 ligase and proteasomal degradation. The fact that
modified p73 translocates to the nuclear matrix lends
further support to this model. Accumulated and modified
p73 supports the transcription of the downstream
proapoptotic genes [7].

c-Abl IN DNA REPAIR PROCESSES
DNA replication, recombination and repair, collectively

termed DNA transactions, play a fundamental role in
balancing between genomic stability and diversity. One
possibility for c-Abl to get involved in DNA transaction
processes is via its DNA binding domain. The c-Abl DNA-
binding domain shows sequence similarity to HMG
proteins. It also recognizes deformed DNA structures such
as four-way junctions [1], like other HMG-domain proteins.
Interestingly, HMG1 also specifically recognizes the DNA
intra-strand crosslinks formed by the DNA-damaging agent
cisplatin. c-Abl, therefore, might have the same activity,
and may thus be recruited directly to cisplatin modified
DNA regions. This attractive possibility, although not
proven, might provide an alternative pathway for c-Abl
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activation by this genotoxic drug.
Many of the effectors, enzymes and auxiliary proteins

that are involved in DNA transactions were shown to in-
teract with and be modified by the c-Abl kinase. c-Abl has
been reported to interact with the homologous recom-
bination protein Rad51 and inhibit in vitro its DNA strand
exchange activity. Direct interaction was also demonstrated
between c-Abl and DNA-PK. DNA-PK regulates non-
homologous end joining (NHEJ) repair processes. c-Abl
phosphorylation of DNA-PK causes the dissociation of
DNA-PK-Ku protein complex from the DNA and reduced
NHEJ repair [3]. Tyrosine phosphorylation of the WRN
protein inhibits its exonuclease and helicase activities. An
additional player in the response mechanism to double strand
breaks is BRCA1. In cells exposed to IR, c-Abl-BRCA1
interaction is interrupted [4]. Altogether, these data hint
the possibility that c-Abl regulates DNA repair. An inter-
esting model is that c-Abl is the decision maker, namely it
is the role of c-Abl to activate the proapoptotic pathway
when the DNA damage is too severe to be repaired.
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