
1 3

DOI 10.1007/s12185-017-2226-0
Int J Hematol (2017) 106:345–356

PROGRESS IN HEMATOLOGY

DNA damage response and hematological malignancy

Masatoshi Takagi1  

Received: 28 February 2017 / Revised: 27 March 2017 / Accepted: 28 March 2017 / Published online: 3 April 2017 
© The Japanese Society of Hematology 2017

errors. The metabolites, reactive oxygen species, reac-
tive nitrogen species, reactive carbonyl species, lipid per-
oxidation products affect DNA integrity. Other than these 
metabolites, V(D)J recombination process mediated by 
RAG1/2 during lymphocyte development involves DNA 
double-strand breaks (DSB). DNA topoisomerase 2 also 
induces DSB to control DNA topologic status. Deamina-
tion induced by deaminases or depurination leads to DNA 
single-strand breaks (SSB). SSBs can also arise by DNA 
topoisomerase 1. Tens of thousands of SSBs, 10–50 DSBs 
per cell per day occur naturally [1–3].

ATM is a key regulator of DNA damage check 
point

Once cells suffer DNA damage, cells try to resolve dam-
ages. The cellular response to DNA damage induces 
cell cycle arrest, damaged DNA repair, or apoptosis. 
This machinery is called DNA damage response (DDR), 
or DNA damage checkpoint. Numerous factors are 
involved in this process. The central player in DNA dam-
age response, especially in DSB, is ATM. DNA damage 
response comprised several steps, sensor, transducer, and 
effector. When DNA DSB happen, the sensor, MRE11–
RAD50–NBN (MRN) complex, is recruited to the DSB 
site [4]. ATM is present as a dimer or higher order mul-
timer in unstressed cell with the kinase domain bound to 
a region surrounding Ser 1981 that is contained within 
the FAT domain. Cellular irradiation induces rapid inter-
molecular autophosphorylation of serine-1981 and this 
phosphorylation event results in dimer dissociation and 
initiation of cellular ATM kinase activity [5]. Then acti-
vated ATM recruited DSB site. Activated ATM transduces 
the signal to downstream effectors by phosphorylating 
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Concept of DNA damage response

Cells constantly suffer various stresses (Fig. 1). DNA dam-
age is one of the cellular stresses. DNA damages are arti-
ficially induced by exposure to irradiation or anti-tumor 
agents. Not only by these exogenous factors, but also 
human cells naturally suffer DNA damage from cellu-
lar metabolic or hydrolytic processes or DNA replication 
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substrates. Huge number of ATM substrates is reported 
[6]. Most of them work as effector for cell cycle arrest, 
DNA repair, apoptosis, gene expression or cellular 
homeostasis.

ATM and cell cycle check point

G1/S check point

Importance of ATM is particularly exhibited in cell cycle 
regulation after DNA damage. Cells that suffered DNA 
damage should stop the progression of cell cycle and 
determine whether damage is repairable or not. If it is 
repairable, cells stop in the cell cycle phase and activate 
repair machinery. If the damage is catastrophic for cells, 
cell decides activation of cell death signaling pathway 
including apoptosis. ATM–TP53 pathway plays a critical 
role for G1/S arrest after DNA damage. TP53 induction 
after irradiation is dependent on ATM under fine-tuning 
of phosphorylation and inhibiting degradation by MDM2 
[7]. TP53 Ser 15 residue is phosphorylated by ATM 
directly, and Ser 20 is phosphorylated by CHEK2, acti-
vated by ATM-dependent Thr 68 phosphorylation [8, 9]. 
MDM2 Ser 394 is also phosphorylated by ATM. Phos-
phorylated MDM2 may be less capable of promoting the 
nucleo-cytoplasmic shuttling of TP53 and its subsequent 
degradation, thereby enabling TP53 accumulation [10]. 
Accumulation of TP53 subsequently induces CDKN1A 
(p21) transcriptional expression. Then, CDKN1A (p21) 
inhibits CCNE (cyclin E)/CDK2, CCND1 (cyclin D1)/
CDK4 or CDK6 leading to cell cycle arrest at G1/S 
boundary.

Intra‑S phase check point

A T cell is known to exhibit radiation-resistant DNA syn-
thesis (RDS). The precise mechanism of RDS is not fully 
understood. But several key players associated with intra-
S phase check point are reported. CHEK2-dependent 
CDC25A phosphorylation is one of the main regulators in 
S phase progression [11]. To prevent DSBs during replica-
tion, stalled forks need to restart before collapsing. Homol-
ogous recombination repair (HRR) can escort stalled forks 
to restart before collapsing. Therefore, molecules involving 
HRR is regulated by ATM/ATR-dependent phosphoryla-
tion after DNA damage. Various ATM substrates including 
M/R/N complex, MDC1, TP53BP1, FANCD2, SMC1A 
and BRCA1 are also cooperatively working at intra-S 
phase check point [12].

G2/M check point

Activation of CCNB/CDK1 induces mitosis. Phosphoryla-
tion of CDK1 at residues Thr14 and Tyr15 by WEE1 and 
MYT1 inactivates CCNB/CDK1 activity. To enter mitosis, 
CDK1 is dephosphorylated by CDC25C. PLK1 activated 
by AURKA (Aurora A) and BORA, subsequently acti-
vates CDC25C and inactivates WEE1 and MYT1. After 
DNA damage in G2, ATM/ATR-dependent CHEK1 and 
CHEK2 phosphorylate CDC25C, and inactivate. ATM/ATR 
directly phosphorylates BORA at Thr 501 residue. Phos-
phorylated BORA is degraded by E3 ubiquitin ligase SCF-
BTRC. Once BORA is destructed, PLK1 cannot be acti-
vated [13]. As a result, CCNB/CDK1 activity is inhibited. 
Although ATM and CHEK2 control the establishment of an 
arrest after damage, ATR and CHEK1 work for checkpoint 

Fig. 1  Factors that induce DNA 
damage and types of DNA dam-
ages. Various exogenous and 
endogenous factors that induce 
DNA damage
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maintenance in G2. As has been observed in intra-S phase 
check point, homologous recombination repair by PALB2- 
and BRCA2-dependent strand invasion also plays an 
important role in G2 check point [14].

Mitotic spindle assemble check point

During mitosis, spindle assemble check point prevents ana-
phase onset until the duplicated chromosome is properly 
separated, aligned and attached to the spindle.

The spindle assemble check point stops the cell cycle 
by negatively regulating CDC20, thereby preventing the 
activation of the polyubiquitination activities of anaphase-
promoting complex (APC). The proteins responsible for the 
spindle assembly check point signal compose the mitotic 
check point complex including, MAD1, MAD2, BUB1, 
CDC20, AURKB, etc. [15, 16].

ATM is activated in mitosis in the absence of DNA dam-
age by phosphorylation on serine 1403 by AURKB (Aurora 
B). Activated ATM phosphorylates BUB1, a critical kine-
tochore protein, on Ser 314 [17]. ATM-mediated BUB1 
phosphorylation is required for BUB1 activity and is essen-
tial for the activation of the spindle checkpoint. MAD1 Ser 
214 is also phosphorylated by ATM, and contributes to acti-
vation of the spindle assembly check point and the mainte-
nance of chromosomal stability (Fig. 2).

DNA repair

Once DNA damage occurs, cells mobilize various DNA 
repair machineries. Type of damaged DNA determines 
appropriate DNA repair machinery. Mainly, DNA repair 
pathway is divided into two types based on damaged type, 
single-strand DNA damage and double-strand DNA breaks.

Base and single‑strand DNA damage

When DNA base is damage, damaged DNA is repaired by 
excision repair (Fig. 4). There are two types of excision 
repair, base excision repair (BER) and nucleotide excision 
repair (NER). BER removes small, non-helix-distorting base 
lesions from the genome. On the other hand, NER repairs 
bulky helix-distorting lesions. Two types of BER, short-
patch (where a single nucleotide is replaced) or long-patch 
BER (where 2–10 new nucleotides are synthesized) are 
used properly based on the damaged lengths (Fig. 3). NER 
is particularly important for repairing pyrimidine dimer 
induced by ultraviolet light (UV). By the type of damage 
recognition, there are two types of NER, global genomic 
NER (GGR) and transcription-coupled NER (TCR). GGR 
and TCR share same process for lesion incision, repair, and 
ligation. DNA mismatch repair (MMR) repairs insertion, 

Fig. 2  DNA double-strand 
breaks and ATM-dependent 
DNA damage response. Cell 
cycle regulation by DDR is 
shown. M/R/N: MRE11A/
RAD50/NBN complex; Gene 
symbol/Alias combination: 
CCNE1/Cyclin E, CCNEA2/
Cyclin A2, CCNB/Cyclin B, 
CDKN1A/p21, H2AFX/H2AX, 
DCLREC1C/ARTEMIS
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deletion, and mis-incorporation of bases during DNA rep-
lication and recombination. Defect of MMR increases the 
spontaneous mutation rate. MMR system is required for 
cell cycle arrest and/or programmed cell death in response 
to certain types of DNA damage. MSH2 and MLH1, mol-
ecules involving in MMR, interact physically with ATM, 
ATR-ARTIP in cells treated with DNA-damaging agents. 
This observation links MMR and DDR. Inactivation of 
MMR in human cells is associated with hereditary and spo-
radic human cancers. Biallelic mutation of MMR-associated 
genes develops constitutional mismatch repair deficiency 
(CMMRD) syndrome-susceptible solid tumor as well as 
hematological malignancy (see later chapter).

DNA double‑strand breaks

Non‑homologous end joining (NHEJ)

NHEJ is an error-prone repair pathway (Fig. 4). Not 
only DSBs generated by external factors but also V(D)J 

recombination utilizes NHEJ. DSB is directly rejoined by 
NHEJ. The factors associated with NHEJ are responsive 
genes for sever combined immunodeficiencies (SCID). 
LIG4 syndrome is caused by mutation of LIG4. SCID 
caused by mutation of DCLRE1C (ARTEMIS) is one of 
representative diseases caused by defect of NHEJ. Major 
cancer susceptibility is not known by defect of molecules 
involving NHEJ.

Homologous recombination repair (HRR)

Homologous recombination repair is an error-free repair 
pathway (Fig. 5). HRR uses newly synthesized (daugh-
ter) strand for recombination repair. Therefore, HRR 
occurs during S to G2 phase. The factors associated with 
HRR are responsive genes for several cancer susceptibil-
ity syndromes. BRCA1/2, the responsible gene for hered-
itary breast and ovarian cancer, is one of representative 
genes involving HRR.

Fig. 3  Base excision repair. Recognition and removal of an incorrect 
or damaged substrate base by a DNA glycosylase to flip out damaged 
base, leaving an abasic site (AP-site). AP site incision by an apu-
rinic/apyrimidinic (AP) endonuclease, APEX1. As 5′- or 3′-blocking 
ends are refractory to DNA polymerase repair synthesis or nick liga-
tion. POLB can remove the blocking moiety to create the required 
5′-PO4 for DNA ligase nick sealing. PNKP is the primary enzyme 
for removing 3′-PO4 blocking groups. APTX is able to remove the 

5′-adenylated-deoxyribose phosphate (5′-AMP-dRP) group. Then, 
gap is filled by a POLB for short-patch BER. FEN1 remove the dis-
placed strand created by POLB, POLE, POLD1 and PCNA for long-
patch BER. Nick is sealed by a LIG3 for short-patch BER and a LIG1 
for long-patch BER. PARP1 and XRCC1 are needed to stabilize DNA 
strand breaks until repair can take place to prepare ends for gap-fill-
ing synthesis and nick ligation
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Interstrand crosslink (ICL)

Interstrand crosslinks are highly toxic DNA lesions that 
prevent transcription and replication by inhibiting DNA 

strand separation. If ICLs are not repaired properly, ICLs 
are converted to DSB during DNA replication. Fanconi–
BRCA1 pathway is one of a main pathway works in ICLs 
(Fig. 6).

Fig. 4  Non-homologous end 
joining. MRN complex is 
recruited to DSBs early and is 
thought to promote bridging 
of the DNA ends. The initial 
step in NHEJ is the recognition 
and binding of the KU70/80 
heterodimer to the DSB. Then, 
KU70/80 heterodimer recruits 
PRKDC (DNA-PK), XRCC4, 
NHEJ1 (XLF/CERENUN-
NOS), and LIG4. PRKDC can 
phosphorylate several own 
stream targets. NHEJ requires 
two DNA blunt ends to join 
them together. Single-strand 
overhangs are processed by 
DCLRE1C (ARTEMIS). After 
creation of blunt ends, XRCC4/
LIG4 complex mediates ligation 
of the DSB
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Germ line mutation of DNA damage 
response‑associated gene in hematological ataxia–
telangiectasia

A–T is a progressive neurodegenerative disorder with 
onset of truncal ataxia usually before 3 years of age. 
Ocular apraxia is also present in most of these patients. 
By age 10, they are wheelchair-bound because of ataxia. 
One-third of patients have severe immunodeficiency, 
accompanied by severe sino-pulmonary infections with 
non-opportunistic organisms. Conjunctival telangiecta-
sia is a well-known characteristic feature which appears 
several years after the beginning of neurologic symptoms 
[18].

Serum alpha-fetoprotein (AFP), chromosomal translo-
cations involving chromosomes 7 and 14, and a decrease 
in the lymphocytes of B cell and T cell compartments are 
the most useful tests for the diagnosis of A–T. AFP is ele-
vated in almost all the cases of A–T and is the most useful 
clinical laboratory test for the diagnosis on the bed side. 
T cell numbers are usually low, and many patients show 

only marginal deficiencies. γ/δ T cell numbers are usually 
elevated. B cell numbers are normal or slightly elevated. 
Deficiencies of IgE, IgG2, and IgA are often marked. 
Glucose intolerance is also seen frequently, allowing the 
speculation that ATM may somehow be involved in the 
pathogenesis of DM in the general population.

Radiosensitivity is the most traditional and reliable 
test to confirm the clinical diagnosis of A–T. Colony sur-
vival assay and radioresistant DNA synthesis have been 
validated for clinical diagnostic testing and colony sur-
vival assay was reported to be one of the most reliable 
assays to identify A–T patients [19].

The responsible gene in A–T is localized at chromo-
some 11q22.3 and is called the ATM gene, which contains 
66 exons spanning approximately 150 kb of genomic 
DNA. Its cDNA consists of 10140 bp. ATM mutation in 
A–T is inherited in an autosomal recessive manner. The 
frequency of A–T patients is estimated as one in 40,000 
to 300,000, and heterozygous carriers of the ATM gene 
mutation reportedly comprise 0.5–1% of the general 
populations.

Fig. 5  Homologous recom-
bination repair. Homologous 
recombination is initiated by the 
binding of the MRN complex 
and ATM. The nuclease-bearing 
subunit MRE11A and RBB8 
(CTIP) initiates the nucleolytic 
processing of the 5′ ends at 
the DNA break site (which 
is known as 5′–3′ resection). 
Created single-strand DNA is 
rapidly bound by the RPA. The 
RPA is replaced with RAD51, 
which is mediated by BRCA1, 
PALB2 and BRCA2. Then, 
homology search and DNA 
strand invasion are mediated 
by the RAD51. DNA strand 
exchange between the target 
DNA and the Rad51 filament 
leads to a structure known as 
the displacement loop (D-loop). 
After strand invasion, a DNA 
polymerase extends the end 
of the invading 3′ strand. 
This changes the D-loop to a 
cross-shaped structure known 
as a Holliday junction. Three 
different pathways, synthesis-
dependent strand annealing 
(SDSA), break-induced replica-
tion (BIR) and double-strand 
break repair (DSBR), resolving 
overhang are proposed
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Fig. 6  Fanconi pathway. 
Following exposure to DNA-
damaging agents the FANCM 
anchor complex, comprising 
FANCM, FAAP24, CENPS 
and CENPX, recognizes the 
damage, remodels the fork, and 
promotes the recruitment of the 
FA core complex. The FA core 
complex, which is comprised of 
three sub-complexes—FANCB/
FANCL/FAAP100, FANCC/
FANCE/FANCF, and FANCA/
FANCG/FAAP20—together 
with the E2 ubiquitin-conjugat-
ing enzyme UBE2T/FANCT, 
constitutes an active multi-
subunit E2/E3 ubiquitination 
enzyme complex. This E2/E3 
enzyme complex catalyzes the 
site-specific monoubiquitination 
of FANCD2 K561 and FANCI 
K523. Schematic of down-
stream steps of the FA pathway. 
During the later stages of ICL 
repair, SLX4 and ERCC4 
catalyze the unhooking of the 
ICL. The unhooked ICL is then 
bypassed by REV7 and REV3L. 
Downstream of FANCD2 and 
FANCI monoubiquitination, 
HRR facilitates DNA repair 
[30]
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Nijmegen breakage syndrome (NBS)

The Nijmegen breakage syndrome is an autosomal reces-
sive chromosomal instability syndrome characterized 
by microcephaly, microgenia, “bird-like” face, growth 
retardation, mild mental retardation, immunodeficiency, 
and a predisposition to cancer with normal serum lev-
els of alpha-fetoprotein. Cancer susceptibility is much 
greater than A–T. However, patients with NBS have nei-
ther ataxia nor telangiectasia. Almost all patients report-
edly originate from East Europe, and are homozygous 
for one founder hypomorphic NBN (NBS1) mutation 
c.657_661del5 originated from Slavic lines. Cells from 
NBS patients exhibit similar features with those of A–T, 
namely hyper-radiosensitivity, radioresistant DNA syn-
thesis and chromosomal rearrangement involving TCR 
and Ig loci [20].

Li–Fraumeni syndrome (LFS)

The most common mutation in cancer occurs in the 
TP53 gene. TP53 serves as a tumor suppressor by reg-
ulating the expression of cell cycle-, apoptosis-, and 
metabolism-associated genes such as MDM2, CDKN1A, 
BAX and BBC3 via binding to TP53 DNA recognition 
sequences located adjacent to the genes. Expression of 
TP53 in response to DNA damage leads to either cell 
cycle arrest or apoptosis [21, 22]. Li–Fraumeni syn-
drome (LFS) is a cancer-prone syndrome. Germ line 
mutations of TP53 are observed in approximately 75% 
of families with LFS and in 40% of families with Li–
Fraumeni-like syndrome (LFL) [23]. The majority of 
TP53 mutations identified in LFS patients are missense 
mutations that alter the structure of the DNA-binding 
region, and these mutations function as dominant nega-
tive mutations by a gain-of-function mechanism.

The tumors most closely associated with LFS are: soft 
tissue sarcoma, osteosarcoma, pre-menopausal breast 
cancer, brain tumors, and adrenocortical carcinoma. 
Hematological malignancy in LFS is less frequent than 
sarcoma [24, 25]. On the other hand, the TP53 altera-
tions observed in 91.2% of childhood low-hypodiploid 
ALL are present in non-tumor cells in 43.3% of mutated 
cases, suggesting that these mutations are inherited and 
that low-hypodiploid ALL represents a manifestation of 
Li–Fraumeni syndrome Intriguingly, the TP53 mutations 
identified in low-hypodiploid ALL included missense, 
nonsense and insertion/deletion mutations and are in 
general predicted to be loss-of-function mutations [26].

Bloom’s syndrome (BS)

Bloom’s syndrome (BS) is characterized by severe pre- and 
postnatal growth deficiency, reduced subcutaneous fat tis-
sue, an erythematous, sun-sensitive skin, and immunodefi-
ciency. Cancer susceptibility is observed in BS. More than 
one-third of patients develop malignant neoplasm at the 
mean age at diagnosis being 24.8 years [27]. Epithelial can-
cer and hematological malignancy including lymphoid line-
age and myeloid lineage are common. Increased frequency 
of sister chromatid exchange (SCE)s is demonstrable in BS 
cultured cells. The gene mutated in BS is The RecQ gene 
family, BLM. BLM exerts its function as a DNA helicase, 
and plays an important role in DNA replication and homol-
ogous recombination [28].

Fanconi anemia (FA)

Fanconi anemia (FA) is a rare autosomal and X-linked 
genetic disease characterized by progressive bone mar-
row failure (BMF), congenital abnormalities, short stature, 
abnormal skin pigmentation, skeletal malformations of the 
upper and lower limbs, microcephaly, and ophthalmic and 
genitourinary tract anomalies, and increased cancer risk 
during early adulthood. The incidence of acute myeloid 
leukemia is 13%. Not only leukemia, solid tumor is also 
observed in FA patients [29].

The proteins encoded by the FA genes function together 
in the FA-BRCA pathway to repair DNA damage and to 
maintain genome stability. Twenty-one disease-causing 
genes have been identified [30]. An estimated incidence of 
1 in 360,000 live births and a carrier frequency of approxi-
mately 1 in 181 are observed. One major function of the 
FA-BRCA pathway is to orchestrate the repair of DNA 
interstrand crosslinks.

Constitutional mismatch repair deficiency 
(CMMRD) syndrome

Heterozygous monoallelic germ line loss-of-func-
tion mutations in one of the four MMR genes 
(MLH1, MSH2, MSH6 or PMS2) are responsible for Lynch 
syndrome, which develops colorectal cancer, endome-
trial carcinoma and other malignancies in the fourth and 
fifth decades of life [31]. Rare individuals carry biallelic 
homozygous or compound heterozygous deleterious germ 
line mutations in MMR genes leading to the recessive 



353DNA damage response and hematological malignancy

1 3

constitutional mismatch repair deficiency (CMMRD) syn-
drome. CMMRD follows an autosomal recessive inher-
itance trait. CMMRD patients develop various types of 
cancers in infancy to adolescence [32]. CMMRD patients 
exhibit cutaneous phenotype commonly described as an 
association of café-au-lait macules (CALMs) and other fea-
tures reminiscent of neurofibromatosis type 1 (NF1). The 
tumor spectrum of CMMRD is characterized by childhood 
brain tumors and hematological malignancies and gastroin-
testinal cancer.

The median age at diagnosis of hematological malig-
nancies and brain tumors was, respectively, 6.6 (1.2–30.8) 
and 10.3 (3.3–40) years, whereas gastrointestinal cancer 
occurred later (median age at diagnosis: 21.4 years (11.4–
36.6) [33].

Somatic mutation of DNA damage 
response‑associated gene in hematological 
malignancies

ATM mutation and hematological malignancy

T cell prolymphocytic leukemia (T-PLL), a rare malig-
nancy with similarities to a mature T cell leukemia is fre-
quently observed in ataxia–telangiectasia. High frequency 
of ATM mutations in T-PLL-developed non-A–T patient 
was identified [34]. Most of A–T is caused by truncation 
mutation of ATM. However, mutations in T-PLL were mis-
sense mutations. Based on this observation, ATM mutation 
was investigated in a variety of lymphoid malignancies, 
and identified in B-chronic lymphocytic leukemia (CLL), 
B cell non-Hodgkin lymphomas (B-NHL) and Mantle cell 
lymphoma (MCL).

20–30% of B cell chronic lymphocytic leukemia 
(B-CLL) harbors deletion in chromosome bands 11q22-
q23, and exhibits aggressive phenotype and poor survival 
[35]. ATM is located at 11q22. Therefore, mutations in 
the ATM gene in sporadic cases of B-CLL were inves-
tigated. Expression of the ATM protein was impaired in 
40% and mutations within ATM were detected in 18% 
[36]. A subset of approximately 40% of patients carrying 
a del(11q) clone displays inactivating mutations of the sec-
ond ATM allele and these cases show a poor chemotherapy 
response, reminiscent of what has been described for TP53-
defective CLLs [37].

Mantle cell lymphoma (MCL) is genetically character-
ized by the translocation t(11;14)(q13;q32) leading to an 
overexpression of CCND1 (Cyclin-D). Other nonrandom 
aberrations, especially deletions and, less frequently, trans-
locations, involving bands 11q21-923 have been identi-
fied in MCL. Deletion of 11q22-q23 involving ATM was 
identified to be 46% in MCL cases [38, 39]. In addition, 

deleterious point mutations in the ATM gene were found in 
33.3–43% of MCL cases [40, 41]. There was no difference 
in TP53 mutation status in the ATM mutant and wild-type 
groups of MCL. There was no statistically significant dif-
ference in the median overall survival of patients with wild-
type versus mutated ATM in MCL.

Other than B-CLL and MCL, ATM mutation was 
infrequently reported in various types of leukemia/lym-
phoma. Among 120 lymphoid neoplasms, ATM mutations 
were identified in 9 of 45 diffuse large B cell lymphomas 
(DLBCLs), 2 of 24 follicular lymphomas, and 1 of 27 adult 
acute lymphoblastic leukemias [42].

DNA damage response works as a cancerous 
progression barrier

Cellular DNA in mammalian cells under constant DNA-
damaging stress always carries the risk of mutation. Ini-
tially, genetic alternations may take place in genes with 
potential oncogenic activity, which may then begin pro-
gression toward transformation. Oncogenic stimuli 
enforce cell proliferation, which requires DNA replica-
tion. Unscheduled DNA replication enforced by oncogenic 
stimuli activates a signal for stalled replication, leading 
to single-strand breaks and subsequently to double-strand 
breaks on DNA. This DNA damage facilitates activation 
of DNA damage check point pathways including ATM, 
which can then lead to cell cycle arrest, apoptosis or cell 
senescence [43, 44]. However, once DNA damage has 
occurred in genes playing a crucial role in the DNA dam-
age response itself, the DNA damage check point pathway 
is compromised and the cells acquire a growth advantage, 
and can undergo transformation more readily. Such cells, 
manifesting genomic instability, thus start to proliferate and 
accumulate additional complex mutations. Tumorigenesis 
evolves stepwise in this fashion [45, 46] (Fig. 7).

Myelodysplastic syndrome (MDS) is a clonal malignant 
hematological disorder characterized by ineffective hemat-
opoiesis. Patients with MDS frequently develop overt leu-
kemia after several years of latency. Here, we show that 
DNA damage check point pathways, such as phosphoryla-
tion of ATM, CHEK2, TP53 and H2AFX, are activated in 
MDS cells, especially in Refractory Anemia with Excess 
Blasts (RAEB) in phase I and II. However, activation of 
these DNA damage check point pathways is diminished 
in overt leukemia (OL). Based on these findings, we pro-
pose that DNA damage check point pathways play a cru-
cial role in preventing MDS from progressing to OL. Thus, 
disruption of DNA damage checkpoint pathways is directly 
involved in the leukemic transformation of MDS cells [47].

Several studies have directly addressed the relationship 
between BCR-ABL and molecules involved in DNA repair 
[48]. They suggested that genomic instability can be caused 



354 M. Takagi

1 3

by BCR-ABL. In BCR-ABL-expressing cells, levels of 
DNA-PK were down-regulated, which may interfere with 
non-homologous end joining activity [49]. BCR-ABL also 
interferes with the Fanconi anemia/BRCA pathway [50, 
51], or enhances the expression/activity of RAD51, and 
may induce genomic instability [52, 53]. Thus, BCR-ABL 
is a direct inhibitor of genomic stability. One can easily 
speculate that an increase of genomic instability by BCR-
ABL contributes to blastic crisis of CML. Also, activation 
of the cell proliferation machinery by BCR-ABL expres-
sion may lead to unscheduled DNA replication, to single-
strand breaks and subsequently to double-strand breaks 
of DNA, and thereby activate the DNA damage response 
during stalled replication. Therefore, we studied whether 
loss of this pathway accelerates blast crisis by crossing 
Atm-knockout mice with BCR-ABL transgenic mice. Inter-
estingly, loss of one of the Atm alleles was shown to be 
enough for the acceleration of the blast crisis [54]. Under 
the light of these findings, DNA damage response pathway 
plays a vital role for determination of susceptibility to blast 
crisis in CML.

Therapeutic strategy targeting DDR

Poly(ADP-ribose) polymerase (PARP) exerts various cell-
biological effects via poly(ADP) ribosylation of target pro-
teins, many of which are involved in the maintenance of 
genomic stability, energy metabolism, and cell death [55]. 
One of the best characterized roles of PARP is the regula-
tion of the DNA damage response pathway [56, 57]. Nucle-
otide adducts or modifications and DNA cross-linking and 

alkylation activate the base excision repair (BER) machin-
ery, through which PARP1 is activated by DNA single-
strand breaks (SSBs) to accumulate at break sites, where 
it recruits DNA repair proteins, including XRCC1 [58, 
59]. When PARP function is inhibited, these SSBs are con-
verted to DNA double-strand breaks (DSBs) during DNA 
replication, which are usually repaired through the homolo-
gous recombination repair (HRR) pathway.

BRCA1 and BRCA2 play critical roles in the HRR path-
way. Consequently, breast cancers that develop in patients 
with inherited defects in BRCA1 or BRCA2 are susceptible 
to synthetic lethality induced by PARP inhibitors [57, 60, 
61]. “Synthetic lethality” refers to a situation, such as the 
use of a PARP inhibitor against HRR-defective tumor cells, 
in which genetic or pharmaceutical knockout of two pro-
teins, neither of which alone is essential for life, is lethal to 
the cell. The concept of synthetic lethality is widely appli-
cable to various tumors that lack HRR activity because of 
genetic alterations.

A few previous reports analyzed the effects of PARP 
inhibitors on leukemia cells [62, 63]. Recently, Esposito 
et al. reported that RUNX1-RUNX1T1 and PML-RARA 
fusion-positive leukemia is extremely sensitive to PARP 
inhibitors. In contrast, KMT2A translocation-positive leu-
kemia was found to be insensitive to PARP inhibition, an 
observation that was corroborated by our screening [64]. 
Furthermore, Faraoni et al. reported that AML-derived 
primary leukemic blasts exhibit PARP inhibitor sensitiv-
ity. In that research, although 1 RUNX1-RUNX1T1 case 
was identified, the molecular basis was elusive in the other 
cases. Contrary to the findings reported by Esposito et al., 

Fig. 7  DNA damage response 
prevents cancer transformation. 
Enforced cell proliferation by 
oncogenic stimuli triggers the 
cellular DNA damage response 
(DDR), as a result of aberra-
tions in DNA replication. The 
DDR then arrests cell prolifera-
tion or causes cell death. This 
might create a selection pres-
sure for suppression of the DDR 
during carcinogenesis. There-
fore, DDR inactivation leads to 
progression to malignant lesions 
with genetic instability
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Faraoni et al. observed higher sensitivity in KMT2A-
associated leukemic blasts, compared with the RUNX1-
RUNX1T1 case. Intriguingly, Faraoni and colleagues 
observed decreased expression levels of BRCA1 and 
BRCA2 in AML blasts [65]. In addition, myelodysplastic 
syndrome-derived P39 and AML-derived Mutz-3 cell lines 
are sensitive to the PARP inhibitor KU-0058948 [62]. Tak-
agi et al. reported revealed TCF3 (E2A)-HLF-positive leu-
kemia exhibited sensitivity to PARP inhibitor. TCF3-HLF 
expression suppressed HRR activity, suggesting the induc-
tion of synthetic lethality by PARP inhibitor treatment [66].
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