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Abstract. Tyrosine phosphorylation is an essential post‑trans-
lational protein modification catalyzed by tyrosine kinases. 
c‑Abl is a crucial non‑receptor tyrosine kinase, which is most 
commonly activated by auto‑phosphorylation, DNA damage 
and by interacting with other protein kinases. DNA damage 
response (DDR) proteins stimulated by DNA lesions or 
chromatin alterations recruit the DNA repair and cell cycle 
checkpoint machinery to restore genome integrity and cellular 
homeostasis. The fundamental roles of activated c‑Abl tyrosine 
kinase in cellular response pathways have been intensively and 
extensively investigated and in recent years, a number of c‑Abl 
protein binding partners have been determined; however, the 
functional roles of these molecules remain to be determined. 
The present review aimed to summarize the DDR proteins 
phosphorylated by c‑Abl tyrosine kinase that have been identi-
fied to date, in addition to the functional outcomes of these 
phosphotyrosine events. Notably, it has been discovered that 
c‑Abl tyrosine kinase can bind with and phosphorylate DDR 
proteins at different tyrosine sites, which serve distinct roles in 
various cellular contexts.
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1. Introduction

Tyrosine phosphorylation is a post‑translational protein modi-
fication, which serves as a rapid on/off switch for cellular 
machinery under regulated conditions. It is used in cell 
signaling pathways to regulate cell growth, migration, adhesion, 
differentiation and cell survival (1). This protein modification is 
regulated by tyrosine kinases; c‑Abl tyrosine kinase is a crucial 
non‑receptor tyrosine kinase responsible for the tyrosine phos-
phorylation of several proteins, mostly members of the DNA 
repair machinery (1). c‑Abl has been associated with different 
aspects of the DNA damage response (DDR) and it is considered 
a major player in this area (1). c‑Abl binds with various nuclear 
proteins implicated in different aspects of DNA repair, which 
suggests that c‑Abl may be associated with the regulation of 
double‑strand break repair (2). The role of c‑Abl in DNA repair 
mechanisms first came into the spotlight in female germ cells 
under conditions of genotoxic stress (2). c‑Abl was also discov-
ered to be activated in cells upon DNA damage, whereby it 
successively activated signal transduction networks required to 
reinstate cellular homeostasis (3‑7). It has since been found that 
DDR proteins are targets of c‑Abl, similar to other non‑receptor 
tyrosine kinases (8‑11). c‑Abl was also observed to translocate 
between the cytosol and nucleus, which revealed its important 
intermediary role in cellular signaling, capable of transducing 
signals from activated tyrosine kinases directly to the nuclear 
compartment to activate particular DDR pathways (8‑11). The 
present review aimed to summarize the different roles of c‑Abl 
substrates belonging to the DDR machinery. These substrates 
are phosphorylated by c‑Abl tyrosine kinase and are involved 
in different cellular functions, such as DNA damage repair, cell 
survival, tumor suppression, apoptosis, cell cycle arrest, DNA 
damage regulation and immune responses (Table I). In addi-
tion, the current review discussed the tyrosine phosphorylation 
events of DDR proteins mediated by c‑Abl tyrosine kinase and 
summarized their implications in important cellular functions.
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2. Tyrosine phosphorylation

Historical overview. Post‑translational protein modifications 
(for example, tyrosine phosphorylation) were first identified in 
1979; however, it is now known that post‑translational modi-
fications have occurred for over a billion years throughout 
the evolution of unicellular eukaryotic organisms, the first 
multiple‑celled eukaryotic animals  (12). As regulated cell 
signal transduction is essential for multicellular organisms, the 
development of cell surface receptor systems that use tyrosine 
phosphorylation for transmembrane signal transduction and 
intracellular signaling seems likely to have been an important 
event in the evolution of multicellular organisms (12). Since 
the discovery of these post‑translational modifications, rapid 
progress has been made in understanding the function of tyro-
sine phosphorylation. For example, the early observation that 
ligand binding induced a rapid increase in the autophosphory-
lation of epithelial growth factor and platelet‑derived growth 
factor receptor tyrosine kinases suggested an important role for 
tyrosine phosphorylation in growth factor signaling and prolif-
eration; by extension, this function was also suggested to be 
exploited in oncogenesis, through the hijacking of the growth 
factor tyrosine phosphorylation signaling pathways (13).

Significance of tyrosine phosphorylation and signaling 
mechanisms. Tyrosine phosphorylation is a post‑translational 
protein modification, which is considered to be a major 
signaling transduction and regulatory mechanism in all 
eukaryotic cells. Tyrosine phosphorylation governs a number 
of cellular processes, such as cell differentiation, cell prolif-
eration, transcriptional activation, neural transmission, cell 
cycle progression, aging, metabolic homeostasis and develop-
ment (14). In fact, abnormal tyrosine phosphorylation, which is 
responsible for a number of human diseases, including cancer, 
has prompted the development of tyrosine kinase inhibi-
tors (14). Tyrosine kinases serve a prominent role in cellular 
differentiation and development in metazoans; in evolutionary 
terms, tyrosine kinases are present in all metazoans, where 
they have been discovered to serve a major role in cell‑cell 
signaling and transmembrane signal transduction, a crucial 
function for the establishment of a multicellular organism (14). 
The regulation of proteins by tyrosine phosphorylation occurs 
via several mechanisms, such as promoting electrostatic repul-
sion and inducing allosteric transitions; however, the most 
important role of tyrosine phosphorylation is to function as 
a docking site that supports specific interactions between a 
tyrosine phosphorylated protein and the protein containing 
a phosphotyrosine‑binding (PTB) domain, such as the Src 
homology 2 (SH2) domain (14).

Docking interactions are crucial for the signal transduc-
tion downstream from receptor tyrosine kinases on the cell 
surface, which are activated upon the binding of a related 
extracellular ligand and in response, elicit specific cellular 
outcomes (12). Thousands of phosphotyrosine sites have been 
discovered; however, the function of tyrosine phosphorylation 
events occurring at these sites have not been investigated to 
date, to the best of our knowledge (12). Therefore, it is possible 
that a large number of these sites do not have a functional 
impact and may be referred as “noise” tyrosine phosphoryla-
tion events (12). In conclusion, this protein modification has 

been revealed to regulate a number of cellular functions and is 
often involved in oncogenesis (15).

3. c‑Abl tyrosine kinase

Structural characteristics of c‑Abl. c‑Abl is a non‑receptor 
tyrosine kinase that belongs to the ABL family of tyrosine 
kinases, which are located in both the cytoplasm and nucleus 
of the cell (16). c‑Abl tyrosine kinase has been discovered to 
serve distinct roles in the cytoplasm and nucleus (17). The 
c‑Abl protein possesses several defined domains, including the 
SH2 domain, which is located at the N‑terminus of c‑Abl and 
has a high level attraction for phosphorylated tyrosine residues, 
and the Src homology 3 (SH3) domain, which preferentially 
binds to proline‑rich domains containing a PxxP motif. 
Interestingly, the identification of c‑Abl SH3 binding proteins 
has proved useful for defining its close downstream proteins 
targets. c‑Abl is also characterized by its long C‑terminal tail, 
which contains both nuclear localization and nuclear export 
signals that regulate the c‑Abl subcellular localization. The 
C‑terminal tail also contains a DNA‑binding domain, as 
well as F‑actin and G‑actin binding domains. Thus, through 
direct protein‑protein interactions, c‑Abl (with its structural 
domains) is likely to be simultaneously involved in a number 
of processes (1,17,18).

Mechanisms of c‑Abl activation. c‑Abl is a tyrosine kinase 
and it is activated in response to several extracellular and 
intracellular stimuli (1). Generally, c‑Abl exists in an inactive 
form in the cell, and the activity of c‑Abl is strongly regulated 
by intramolecular bonds and by binding to other proteins, as 
well as by linkage to the membranes via an amino terminal 
myristoyl group. DNA damage, autophosphorylation and the 
actions of other proteins have all been reported to stimulate 
the activation of c‑Abl  (16,19). The production of reactive 
oxidative species increases following DNA damage during 
cell stress, which may be responsible for cell degenera-
tion (17). In addition, multiple cell processes are influenced by 
c‑Abl through its interaction with other protein kinases and 
it has been suggested that the prime protein targets of c‑Abl 
may differ in various cell types (16). The activity of c‑Abl has 
also been discovered to be strongly regulated and activated 
by ionizing radiation, as well as different types of genotoxic 
offence. According to previous studies, c‑Abl has also been 
found to be activated by an unclear, slow and gradual mecha-
nism (1,20,21).

Downstream effects of c‑Abl activation. The consensus 
sequence for the target phosphorylation of c‑Abl is 
non‑promiscuous. Therefore, novel protein targets of c‑Abl 
should be experimentally verified under actual physiological 
conditions. Previously, c‑Abl was investigated as a regulator of 
different types of human cancer and mutations in c‑ABL were 
found to accelerate protein kinase activity, which was respon-
sible for the high levels of cell proliferation (16). A number 
of c‑Abl protein binding partners have been investigated; 
however, the functional outcomes of these compounds remain 
to be determined. To investigate c‑Abl function, it is often 
beneficial to detect its immediate downstream partners. For 
instance, this method has led to the identification of a number 
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of proteins, including TP53 and RAD51, which are members 
of the DNA repair machinery (17); c‑Abl is capable of binding 
to several of these proteins (22). c‑Abl has been found to be 
part of an intricate network of protein interactions, as well 
as phosphorylation events, in the cell and it is expressed in 
all types of cells. Therefore, it was hypothesized that c‑Abl 
is involved in a variety of physiological functions, such as 
cell growth, cell survival, autophagy, DNA repair, motility, 
cytoskeleton dynamics and receptor endocytosis (16). c‑Abl 
has also been discovered to enhance the activity of a number 
of substrates to regulate DNA double strand break repair path-
ways (17,23). In addition, c‑Abl has been implicated in various 
cell signaling pathways, including those originating from cell 
adhesion, DNA damage, growth factor stimulation and oxida-
tive stress (24‑27). c‑Abl has been found to support the DNA 
damage repair mechanism; however, it has been discovered to 
promote apoptosis in circumstances when DNA damage repair 
is not possible (28).

4. DNA damage response

DNA damage and repair mechanism. DNA damage occurs 
following the exposure to environmental (UV light and 
ionizing radiation) or intracellular (reactive oxygen species 
as byproducts of routine metabolic processes) genotoxic 
agents (29). Fortunately, cells are equipped with several DNA 
repair mechanisms, including base excision repair (BER) that 
removes damaged bases, mismatch repair that recognizes 
base incorporation errors and base damage, nucleotide exci-
sion repair that removes bulky DNA adducts and cross‑link 
repair that removes interstrand cross‑links. Breaks in the 
DNA backbone are repaired by double‑strand break repair 
signaling pathways, including homologous recombination 
and non‑homologous end joining  (30). Several of these 
mechanisms can operate independently to repair simple 
lesions, for instance, BER removes base lesions including, 
and oxidation  (31). DNA glycosylases scan the DNA in 

Table I. c‑ABL substrates belonging to the DNA damage response machinery: Phosphorylation sites and functional roles.

		  Phosphotyrosine
Authors (year) 	 c‑ABL substrate	 site	 Function	 (Refs.)

Chen et al (1999)				    (41)
Shimizu et al (2009) 	 RAD51	 315	 DNA recombination, repair and survival	 (42)
Kitao and Yuan (2002) 	 RAD52	 104	 DNA recombination, repair and survival	 (43)
Goldberg et al (2002) 				    (46)
Carr et al (2016) 	 Mouse double minute 2	 394	 Tumor suppression and apoptosis	 (47)
Dias et al (2006) 	 HDM2 (human homolog	 276	 Tumor suppression and apoptosis	 (48)
	 of MDM2)
Chen et al (2016)				    (49)
Xiong et al (2006) 	 MDMX (MDM4)	 99	 Tumor suppression and apoptosis	 (50)
Reuven et al (2015) 	 Homeodomain‑interacting	 360	 Tumor suppression and apoptosis	 (4)
	 protein kinase 2
Gonfloni et al (2009) 	 p63 (TP63)	 149	 Tumor suppression and apoptosis	 (53)
Yuan et al (1999) 	 P73	 99	 Tumor suppression and apoptosis	 (54)
Keshet et al (2015) 	 Yes‑associated protein 1	 357	 Tumor suppression and apoptosis	 (55)
Yamaguchi et al (2015)				    (56)
Karimian et al (2016) 	 Jun B	 173, 182 	 Cell cycle arrest	 (57)
		  & 188	
Jin et al (1997)				    (58)
Hartley et al (1995)				    (59)
Keith and Schreiber 	 DNA‑dependent protein	 pYC‑terminal	 DNA damage regulation	 (60)
(1995)	 kinase, catalytic subunit	 domain
Yi et al (2006) 	 Mut S protein	 NH2 terminus	 DNA damage regulation 	 (61)
	 homology 5	 ' 1‑109
Foray et al (2002) 	 Breast cancer type 1	 C‑terminal	 c‑ABL kinase activation	 (63)
	 susceptibility protein	 region 1, 314‑1, 
		  863
Bohio et al (2019) 	 Poly (ADP‑ribose) 	 829	 Immune response	 (69)
	 polymerase 1
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order to recognize and remove the damage, along with other 
proteins, such as AP endonuclease 1, DNA polymerase β 
and DNA ligase in a ‘hand‑off’ model, in order to restore 
the DNA duplex  (31). However, the DDRs, such as DSB 
response, regulate the repair of more complex lesions, which 
involves multiple DNA processing steps. DDR is considered 
to be essential for the successful repair of the more difficult 
lesions (30). In stable or normal cells, genomic integrity is 
maintained by a strong and effective DDR signaling network, 
which includes DNA repair signaling pathways and cell cycle 
checkpoints (29). The repair of DNA damage is necessary for 
RNA and DNA polymerases to accurately read and transcribe 
the information in the genome. During double‑strand breaks, 
multiple enzymes and mediators translocate to the sites of the 
lesion to release a network of DNA repair processes known as 
the DDR (2). The functions of the DDR and TP53 were found 

to be necessary for the determination of cell fate in gastric 
cancer (32). In addition, tumor necrosis factor receptor associ-
ated factor 1 interacting protein was discovered to be a novel 
regulator of histone H2B monoubiquitination in the DDR and 
during cancer development in lung adenocarcinoma (33).

Role of protein kinases in the DDR. DNA damage arising from 
both internal and environmental sources challenges the integ-
rity of the genome. DDR protein kinases have been discovered 
to regulate these repair mechanisms  (30). These kinases 
phosphorylate DNA repair proteins, and they have been found 
to increase the efficiency of DNA repair by initiating a series 
of multiple changes in the local chromatin structure near the 
damage site and by changing the overall environment of the 
cell to make it more efficient for repair (30). The DNA damage 
response kinases were indicated to share multiple common 

Figure 1. Schematic diagram of the c‑ABL‑mediated phosphotyrosine events of DDR proteins and the functional outcomes. (1) The phosphorylation of YAP1 
on Y357 inactivates the oncogenic function of YAP1, and regulates tumor suppression and apoptosis. (2) Phosphorylated Jun B at Y173, 182,188 initiates the 
expression of p21 to promote cell cycle arrest. (3) P73 phosphorylation on Y99 increases apoptosis. (4) p63 phosphorylation on Y149 activates proapoptotic 
promoters and regulates cell death. (5) Tyrosine phosphorylation of DNA‑PKcs at the C‑terminal region results in the dissociation of the DNA‑PKcs‑Ku 
complex and the regulation of DNA damage. (6) Phosphorylated RAD51 on Y315 promotes the formation of the complex between RAD51 and RAD52 protein, 
which cooperates with RAD51 in DNA recombination and repair. (7) Phosphorylated RAD52 on Y104 regulates DNA recombination and repair. (8) BRCA1 
tyrosine phosphorylation at the C‑terminal region regulates c‑ABL kinase activity. (9) Phosphorylated MSH5 at the N‑terminal region manipulates cellular 
responses to IR‑induced DNA damages to regulate DNA damage. (10) MDMX phosphorylation at Y99 regulates p53 dependent apoptosis. (11) MDM2 phos-
phorylation at Y394 regulates p53 tumor suppressor activity. (12) HIPK2 phosphorylation at Y360 regulates p53 dependent apoptosis. (13) Phosphorylation of 
HDM2 at Y276 regulates the interaction with ARF that contributes functionally to the induction of p53 and tumor suppression. (14) Phosphorylated PARP1 
at the Y829 site results in PARP1/NF‑κB signaling pathway dependent proinflammatory gene expression and inflammation. DDR, DNA damage response; 
YAP1, yes‑associated protein 1; DNA‑PKcs, DNA‑dependent protein kinase, catalytic subunit; BRCA1, breast cancer type 1 susceptibility protein; MSH5, 
mut S protein homology 5; MDM2, mouse double minute 2; HIPK2, homeodomain‑interacting protein kinase 2; HDM2, human homolog of MDM2; alternate 
reading frame protein product of the INK4a/Arf locus, p14ARF; PARP1, poly (ADP‑ribose) polymerase 1; IR, ionizing radiation.
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regulatory mechanisms of activation (34), for example, they 
sense DNA damage through protein‑protein interactions 
that serve to recruit kinases to the sites of damage. Once 
recruited, protein‑protein interactions and post‑translational 
modifications fully activate the kinases to begin a cascade of 
phosphorylation events (35,36).

Role of c‑Abl in the DDR. The c‑Abl tyrosine kinase is 
activated by DNA damaging agents (ionizing radiation), 
alkylating agents (mitomycin C) and DNA cross‑linking 
agents (cisplatin); these triggering factors initiate a 
strong c‑Abl response to DNA damage signaling (1). The 
ataxia‑telangiectasia‑mutated (ATM) protein is an upstream 
effector of c‑Abl and binds with the c‑Abl SH3 domain (1). 
c‑Abl is phosphorylated by ATM at the serine site of 465 
following ionizing radiation in cells, which results in c‑Abl 
activation. Therefore, in response to DNA damage, ATM 
serves a crucial role in c‑Abl activation (1,18). DNA transac-
tion processes (DNA replication, recombination and repair) 
serve a basic role in the stability of the genome and diver-
sity. It has been discovered that c‑Abl is involved in these 
processes through its DNA binding domain (17). A number 
of auxiliary proteins, enzymes and effectors participating in 
DNA transactions have been observed to bind with, and be 
modified, by the c‑Abl tyrosine kinase (17). In fact, c‑Abl has 
been discovered to bind with and phosphorylate several DDR 
proteins (1,37,38); therefore, it is suggested that the DDR is 
regulated by c‑Abl. In addition, the tyrosine kinase c‑Abl 
may act as a decision maker in the cellular environment 
due to its role in the activation of the proapoptotic signaling 
pathway in circumstances when DNA damage repair is not 
possible (1,37,38).

5. Cellular functions regulated by the c‑Abl‑mediated 
tyrosine phosphorylation events of DNA damage response 
proteins

c‑Abl tyrosine kinase is an unique kinase activated by geno-
toxic stress in cells, which directly phosphorylates various 
major cellular proteins, including DDR proteins to regulate 
important cellular functions in the cell (Fig. 1) (39,40). Here 
in, these DDR proteins are categorized according to their 
functional roles.

c‑Abl targets proteins involved in DNA recombination, repair 
and survival
RAD51. RAD51 is a DNA recombination and repair protein, 
which is a homologue of the bacterial RecA protein. The 
c‑Abl‑dependent tyrosine phosphorylation of RAD51 is 
dependent on ATM, which is activated following ionizing 
radiation. c‑Abl, ATM and RAD51 can be co‑immunoprecip-
itated from cell extracts, suggesting the ATM/c‑Abl signaling 
pathway is responsible for the correct post‑translational 
modification of RAD51, which is necessary for the assembly 
of the RAD51 repair protein complex following ionizing 
radiation. Specifically, DNA damage‑activated c‑Abl tyrosine 
kinase phosphorylates RAD51 on tyrosine site 315 and this 
phosphorylation induces the formation of the RAD51/RAD52 
protein complex, which assists RAD51 in DNA recombination 
and repair (41,42).

RAD52. The RAD52 protein plays an important role in the 
homologous recombination repair of double‑strand breaks in 
collaboration with RAD51 and RAD54, which are all known 
as the epistasis group of proteins. A well‑known feature linked 
with the ability of these proteins to repair double‑strand breaks 
is the formation of inducible nuclear foci at damaged sites. 
c‑Abl tyrosine kinase has been discovered to bind with, and 
phosphorylate RAD52 on tyrosine site 104 in cells following 
ionizing radiation (43).

c‑Abl targets proteins involved in tumor suppression and 
apoptosis
Mouse double minute 2 (MDM2). MDM2 has been established 
to be a major negative regulator of the tumor suppressor protein 
p53, which promotes tumor formation (43,44). In response 
to DNA damage, c‑Abl interacts with and phosphorylates 
MDM2 at the tyrosine site Y394; the c‑Abl‑dependent tyrosine 
phosphorylation of MDM2 neutralizes the MDM2‑induced 
inhibitory effects over p53. In fact, the phosphorylation of 
MDM2 by c‑Abl has been found to regulate the p53 tumor 
suppressive activity both in vitro and in vivo (45,46).

Human homologue of MDM2 (HDM2). HDM2 is a major 
negative regulator of the tumor suppressor protein, p53, 
which can promote tumor formation  (47). In response to 
DNA damage, c‑Abl interacts with HDM2 and induces its 
phosphorylation at tyrosine site Y276. The c‑Abl‑dependent 
tyrosine phosphorylation of HDM2 subsequently regulates its 
interaction with an alternate reading frame protein product 
of the INK4a/Arf locus, known as p14ARF, which results in an 
increased level of nucleolar HDM2 and a low turnover of p53. 
Thus, indicating that the c‑Abl‑induced phosphorylation of 
HDM2 tyrosine site Y276 is involved in the induction of p53 
and regulation of p53‑dependent tumor suppression (48).

MDMX (MDM4). MDMX is a homologue of the E3 ubiquitin 
ligase MDM2 protein. MDMX has been discovered to nega-
tively regulate the tumor suppressor protein p53 in normal 
cells, through both MDM2‑dependent and ‑independent 
mechanisms. c‑Abl tyrosine kinase phosphorylates MDMX at 
tyrosine site 99 following DNA damage, which subsequently 
disrupts the binding of MDMX to p53 and as a result, p53 
escapes MDMX‑ and MDM2‑dependent functional inhibition 
and degradation. Therefore, the phosphorylation of MDMX 
by c‑Abl protects damaged cells from proliferation through 
the induction of cell cycle arrest, DNA repair, senescence or 
programmed cell death (49,50).

Homeodomain‑interacting protein kinase 2 (HIPK2). HIPK2 
is an important regulator of p53‑dependent programmed cell 
death. Several sites of HIPK2 have been discovered to be 
phosphorylated by c‑Abl, which protects HIPK2 from ubiq-
uitin E3 ligase Siah‑1‑mediated degradation. The tyrosine 
phosphorylation of HIPK2 at tyrosine residue 360 (Y360) 
by c‑Abl occurs following DNA damage, which regulates 
p53‑dependent programmed cell death (4).

Tumor protein 63 (TP63)/p63. p63 or TP63 belongs to the p53 
family of tumor‑suppressor proteins (51,52). c‑Abl has been 
discovered to phosphorylate p63 on the Y149 tyrosine residue 
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following cisplatin treatment in vitro. The subsequent modi-
fication has been revealed to affect p63 stability and induce 
the p63‑dependent activation of proapoptotic promoters. In 
fact, the activation of the c‑Abl/p63 signaling pathway by 
chemotherapeutic DNA‑damaging drugs has been observed in 
model human cell lines and mouse oocytes, where it plays an 
important role in apoptosis (53).

p73. The p73 protein belongs to the p53 family of 
tumor‑suppressor proteins and it can also induce programmed 
cell death. c‑Abl was revealed to interact with the 
carboxy‑terminal homo‑oligomerization domain of the p73 
protein through the SH3 domain. Following ionizing radia-
tion, p73 is phosphorylated by the c‑Abl tyrosine kinase on 
the tyrosine site of 99 both in vitro and in vivo. Importantly, 
the p73‑mediated transactivation and apoptosis have both been 
found to be regulated by c‑Abl. In response to DNA damage, 
the c‑Abl‑mediated regulation of p73 has also been observed 
with the failure of ionizing radiation‑induced apoptosis 
following the interruption of the c‑Abl/p73 interaction. Thus, 
a c‑Abl‑dependent mechanism regulating both p53 and p73 is 
suggested to be involved in the apoptotic response to DNA 
damage (54).

YES‑associated protein 1 (YAP1). YAP1 has been discovered to 
function as an oncogene in a number of experimental systems, 
as well as functioning as a central transcription co‑activator. 
The transcriptional enhancer activator domain (TEAD) family 
of transcription factors are known to be co‑activated by YAP. 
The tyrosine kinase c‑Abl and DNA damage has been discov-
ered to serve as negative regulators of TEAD co‑activation 
through YAP; c‑Abl tyrosine kinase phosphorylates YAP1 
at the Y357 residue under conditions of DNA damage. This 
phosphorylation event results in the activation of proapoptotic 
genes in relation to p73 and inactivates the oncogenic function 
of YAP1 (55).

c‑Abl targets proteins involved in cell cycle arrest
Jun B. Jun B belongs to the activator protein 1 (AP1) tran-
scription factor family and it has since been discovered to be 
associated with the DDR. c‑Abl was found to phosphorylate 
Jun B at the tyrosine sites of 173, 182 and 188, which inhibits its 
suppressive role in p21 promoter activity, most likely through 
blocking the formation of the Jun B/c‑Fos AP1 complex. c‑Abl 
targets Jun B, which is required for Adriamycin‑induced 
expression of p21 (56). In response to a variety of stimuli, p21 
has been found to promote cell cycle arrest (57).

c‑Abl targets proteins involved in DNA damage regulation
DNA‑dependent protein kinase, catalyt ic subunit 
(DNA‑PKcs). DNA‑PKcs is the 470 kDa catalytic subunit of 
DNA‑dependent protein kinase (DNA‑PK). In mammalian 
cells, the double‑stranded DNA break repair mechanism is 
controlled by DNA‑PKcs. The structure of DNA‑PKcs is 
similar to multiple other proteins involved in radiation‑induced 
checkpoint responses. DNA‑PKcs target DNA breaks together 
with the DNA binding heterodimer, Ku (58). It was reported 
that the C‑terminal fragments of DNA‑PKcs were phosphory-
lated by c‑Abl, specifically the amino acids 3,414 to 3,850. The 
c‑Abl‑mediated phosphorylation of DNA‑PKcs was discov-

ered to subsequently disrupt the DNA‑PKcs and Ku complex. 
Therefore, c‑Abl and Ku may perform opposing functions with 
relation to regulating DNA‑PK activity (58‑60).

MutS protein homolog 5 (MSH5). MSH5 belongs to the DNA 
mismatch repair family of proteins. Human MSH5 and c‑Abl 
are associated by the direct physical interaction between the 
NH2 terminus (residues 1‑109) of human MSH5 (hMSH5) and 
the c‑Abl SH3 domain. The activation of c‑Abl tyrosine kinase 
and the phosphorylation of hMSH5 in response to ionizing 
radiation were found to be dependent upon this physical inter-
action. This interaction of hMSH5 with c‑Abl also implied 
that the crosstalk between hMSH5 and c‑Abl may manipulate 
the cellular responses to ionizing radiation‑induced DNA 
damage (61).

c‑Abl kinase activation
Breast cancer type 1 susceptibility protein (BRCA1). BRCA1 
is expressed in breast cells, as well as in other tissues (62). 
BRCA1 supports DNA repair; however, it also destroys cells 
in circumstances when DNA repair is not possible (62). c‑Abl 
was discovered to bind to the C‑terminal region of BRCA1 
(residues 1,314 to 1,863) and phosphorylate the C‑terminus 
in vitro. In addition, BRCA1 was also found to be phosphory-
lated at tyrosine residues in an ATM‑ and radiation‑dependent 
manner. The tyrosine phosphorylation of BRCA1 is not 
required to disrupt the complex between BRCA1/c‑Abl; the 
complex co‑binds essentially; however, the exposure to 
ionizing radiation triggers an ATM‑dependent disruption of 
the BRCA1/c‑Abl complex, which coincides with the activa-
tion of c‑Abl kinase activity. In fact, in one previous study, 
c‑Abl kinase activity was found to be constitutively elevated 
following the loss of BRCA1 (63).

c‑Abl targets proteins involved in the immune response
Poly (ADP‑ribose) polymerase 1 (PARP1). PARP1 is a 
crucial DDR protein  (64,65). PARP1 has been observed 
to be activated by DNA damage, including strand breaks 
and apurinic/apyrimidinic sites, and is thus physiologically 
associated with DNA damage detection, DNA repair and 
cell death (66‑68). According to a recent study by our group, 
upon immunological challenges, c‑Abl was found to undergo 
nuclear translocation, and bind with and phosphorylate PARP1 
at the conserved tyrosine site, Y829. The c‑ABL‑mediated 
tyrosine phosphorylation of PARP1 resulted in the activation 
of a PARP1/NF‑κB signaling pathway‑dependent immune 
response by inducing proinflammatory gene expression (69).

6. Conclusion

In conclusion, c‑Abl has been discovered to interact with DDR 
proteins to dictate cell fate/DNA repair, transcriptional regula-
tion, tumor suppression, cell death or cell cycle arrest following 
DNA damage. The present review presented an overview of all 
DDR proteins phosphorylated by c‑Abl tyrosine kinase and the 
functional outcomes of these phosphotyrosine events. c‑Abl 
tyrosine kinase was found to phosphorylate DDR proteins on 
different tyrosine sites and these phosphotyrosine events of 
DDR proteins were reported to be crucial for the activation 
of other cell signaling pathways to regulate important cellular 
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functions. Altogether, this review provided evidence to suggest 
that the pharmacological inhibition of c‑Abl may be of clinical 
use in certain physiopathological contexts.
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