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Summary

The integrity of the human genome is constantly threatened by exogenous or endogenous genotoxic
agents that cause DNA damage. The ionizing radiation (IR)-induced DNA double-strand breaks (DSBs) are
considered as the most deleterious forms of DNA damage which could lead to genomic instability and to
cancer development, if left unrepaired. The DNA damage response (DDR) is comprised of a network of
proteins that cooperate to regulate cell cycle progression and repair of DNA lesions. Our understanding of
molecular basis of repair processes and of functions of repair proteins, as well as understanding of chromatin
modifications may provide new possibilities in improvement of cancer management. Phosphorylation of
histone variant H2AX at serine 139 (y-H2AX) and formation of y-H2AX repair foci seems to be the most
sensitive DNA damage marker in the chromatin flanking the free DNA double-stranded ends in DSBs.
Monitoring of y-H2AX levels can serve for early indication of cancer development, as biomarker of cancer
therapy efficiency or as a biodosimetric marker of radiation exposure.
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CDKNIA, cyclin dependent kinase inhibitor 1 A;
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B IO

Chk 1/2, checkpoint kinase 1/2;

CT, computed tomographys;

DDR, DNA damage response;

DNA-PK, DNA-dependent protein kinase;

DSB, double strand break;

EYA1/3, eyes absent homolog 1/3 tyrosine phosphatase
HR, homologous recombination;

IR, ionizing radiation; IRIF, ionizing radiation-indu-
ced foci;

JNK-1, C-Jun N-terminal protein kinase;

KAP-1, KRAB-ZFP-associated protein 1;

MRN, Mrel1/Rad50/NBS1complex;

MDC1, mediator of DNA damage checkpoint 1;
NHEJ, non-homologous end joining;

PIKKs, Phosphatidylinositol-3-kinase-related kinases;
RNF8/168, ring finger protein 8/168

ROS, reactive oxygen species;
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SSB, single strand break;

UBCI13, ubiquitin conjugating enzyme 13

XRCC4, X-ray repair complementing defective re-
pair in Chinese hamster cells 4;

WSTE, Williams-Beuren syndrome transcription factor

INTRODUCTION

Human DNA is constantly exposed to a broad
variety of mutagenic and genotoxic agents of endo-
genous or exogenous origin, including ionizing ra-
diation (IR). Most of these IR come from natural
resources like radioactive elements in ground, cos-
mic or sun rays or natural radionuclides in the
human body. The growth in usage of radiation for
industrial purposes increases the risk of accidental
exposure from industrial accidents, such as recent
accident in Fukushima. Further to that, the possibi-
lities of its abuse as a weapon of terrorism as well
as testing of nuclear weapons in the atmosphere,
threaten to cause individual IR exposure.

Medical usage of irradiation (X-ray, CT scan-
ning) contributes only little to an overall exposure,
because of relatively low doses of irradiation being
used [1]. Furthermore, IR used in radiotherapy has
been a powerful tool for cancer treatment. On the
other hand, it has been demonstrated that exposure
to IR enhances cancer incidence and radiation repre-
sents a mild carcinogen [1,2]. Moreover, there is ac-
cumulating evidence that doses obtained during CT
scanning can contribute to the background level of
carcinogenesis [2].

There is no doubt that DNA is the main target
of radiation exposure and IR-induced DNA damage
can lead to genomic instability and carcinogenesis.
Therefore, there is a strong need for reliable bio-
markers of such an extremely dangerous DNA da-
mage. Recently, several proteins involved in DNA
damage response (DDR) and signalling have been
suggested as the potential indicators of IR expo-
sure. Expression of these proteins correlates with
dynamics of IR-induced damage repair, which
means their increase is dose-dependent and they are
supposed to be expressed for several days after IR
exposure until efficient damage repair is completed
[3]. According to recent studies, proteins y-H2AX,
ATM kinase, p53, 53 binding protein 1 (53BP1)
and CDKNIA have been proposed as the most
comprehensive indicators of radiation exposure [4-
6]. In this review, we are focusing on functional
roles of y-H2AX in DDR and its potential clinical
applications.
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Molecular mechanisms of DNA damage response
DNA strand breaks

There are many types of IR-induced DNA da-
mage, such as base modifications, DNA crosslinks
or strand breaks. Each type of DNA damage posses
specific set of cellular responses to deal with the na-
ture of the damage. In the context of radiobiology,
exposure to IR leads to generation of the DNA
single-strand (SSBs) and double-strand breaks
(DSBs), where DSBs are considered as the most cri-
tical forms of all DNA lesions. Although base dama-
ges and SSBs are the most numerous DNA lesions,
there are overlapping repair pathways involved in
their eradication. These lesions are biologically sig-
nificant during DNA replication, thus they could po-
tentially contribute to promotion of increased
mutational events.

On the other hand, DSBs are less numerous, but
it has been shown that even one DSB can lead not
only to mutations, genomic instability and termi-
nally to the cell death, but also to malignant trans-
formation of the cell in the case of inefficient DSBs
repair [7,8].

DNA DSBs can arise not only after exposure to
IR. They are physiologically induced during selec-
tive cellular processes such as meiotic recombina-
tion or immunoglobulin gene rearrangement (V (D)
J recombination). They could also be generated by
exposure to endogenous agents, such as reactive
oxygen species (ROS) produced by cellular respira-
tion, or exogenous genotoxic agents, such as cytos-
tatics used in oncology [9].

Double strand breaks repair pathways

Several DNA repair pathways have been deve-
loped during cellular evolution. The major DSBs re-
pair pathway in mammalian cells is non-homologous
end joining (NHEJ), which predominates in non-re-
plicating cells in G1/GO phase of cell cycle, although
it is also involved in repairs in other phases of the
cell cycle [10-12]. This repair pathway consists of
break recognition, DNA processing and finally of li-
gation of processed DNA ends [13]. NHEJ is activa-
ted by the binding of Ku70/80 heterodimer to double
strand (ds) DNA ends. The binding of Ku heterodi-
mer recruits catalytic subunit of DNA-dependent
protein kinase (DNA-PKcs) to generate active pro-
tein kinase DNA-PK. DNA-PK is probably the key
regulator of NHEJ, because its autophosphorylation
leads to coordination of end-processing and end-jo-
ining, and regulation of the NHEJ processes [13,14].
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Other key proteins involved in the end-processing
are endonuclease Artemis and DNA ligase IV with
its cofactors XRCC4 and XLF-Cernunos, which are
responsible for the final ds DNA end-joining.

The second pathway involved in DSBs repair is
homologous recombination (HR) [12]. This pathway
has a major role at the replication fork, which pro-
motes restart after replication fork stalls or collapse
[15], and is also important for repair of regions of
single stranded (ss) DNA arising from replication
fork collapsing. HR was commonly believed as a
major DSBs repair pathway in G2 phase, but a recent
study has shown that HR only functions in the repair
of 15 % of radiation induced DSBs while NHEJ
predominates in DSBs repair in G2 phase [16].

Phosphatidylinositol-3-kinase-related kinases
(PIKKs) as the main factors of DDR

Within a few minutes after IR exposure and
DNA damage recognition, three protein kinases, ata-
xia telangiectasia mutated-protein kinase (ATM),
ATM and Rad3-related protein kinase (ATR), and
DNA-PK (described above) are activated to orches-
trate the repair processes. Whilst DNA-PK is crucial
in NHEJ, ATM is conducted with HR, and it has
emerged as a master kinase for DNA damage signal
transduction and repair [17].

ATM is critical for the initiation of DDR and
the mutation in ATM gene leads to a rare child-
hood disorder Ataxia telangiectasia (A-T), which
is characterised by the profound sensitivity to IR,
neurodegeneration and predisposition to cancer
[18]. The kinase activity of ATM is extremely se-
nsitive to DNA damage and is activated and auto-
phosphorylated within a few minutes after IR due
to interaction with Mrell1/Rad50/NBS1 (MRN)
complex, which represents the initial DSB sensor
[19]. Phosphorylation of ATM at serine 1981 is es-
sential for the activation of downstream effector
kinases, such as checkpoint kinases Chk1/2 and
p53, proteins responsible for cell cycle arrest.
Another function of ATM is modification of nuc-
lear heterochromatin and histones in order to fa-
cilitate the access of the repair proteins to the
damaged DNA.

Nuclear chromatin presents a complex struc-
ture of DNA and proteins localised in cell nucleus.
The dynamic organisation of chromatin structure
thereby influences, potentially, all functions of the
genome. There are two forms of chromatin orga-
nisation: transcriptionally active euchromatin is
usually localised in the interior of nucleoplasm,
while highly condensed and functionally distinct
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heterochromatin, which comprises 10-25 % of
total chromatin (depending on cell type, age, etc.)
[20], localises at the periphery of the nucleus. In-
terestingly, recent study of Goodarzi et al. [21]
suggested that heterochromatin could be a barrier
to DSB repair, thus ATM overcomes this barrier by
phosphorylation of KAP-1, a core factor of hete-
rochromatin formation.

One of the first chromatin modifications induced
by ATM is phosphorylation of histone H2AX at se-
rine 139, commonly abbreviated as y-H2AX [22].
Within a few minutes after IR and DNA damage re-
cognition, y-H2AX spreads along the chromosome
and incorporates with another proteins to form disc-
rete structures called “ionizing radiation induced
foci” (IRIF) or y-H2AX foci , where the repair pro-
ceeds [21, 23]. y-H2AX interacts with an adaptor
protein MDC1 (mediator of DNA damage checkpo-
int protein 1), that senses y-H2AX and orchestrates
assembly of all essential repair proteins (such as
MRN, 53BP1 etc.) on the chromatin at the site of
DSB [24].

As well as ATM, DNA-PK was shown to be in-
volved in H2AX phosphorylation and MDC1 and
53BP1 activation [25]. However, it cannot substitute
for ATM in phosphorylating other substrates such as
Chk2 or p53.

Characterisation of y-H2AX as a key regulator of
DDR

Central role of H2AX phosphorylation among
chromatin post-translational modifications

Because of its length (~ 2 m), nuclear DNA is
wrapped around an octamer of histones and creates
the basic structure of chromatin, the nucleosome. His-
tone H2AX is a variant of the H2A histone family and
comprises 10-15 % of total cellular H2A in higher eu-
karyotes [26]. Each member of H2A family occupies
an analogous position in different nucleosomes,
which leads to considerable nucleosomal diversity.

The central globular domain of H2AX is flan-
ked by amino- and carboxyl-terminals where the
post-translational modifications could be carried
out [27]. In contrast to the structurally similar H2A
histones, H2AX contains four serine residues from
the C-terminus (omega-4) of the protein (SQEY-
COOH motif), which become phosphorylated
upon induction of DSBs to form y-H2AX [26,28].
In addition, serine 139 (S139) phosphorylation in
H2AX occurs at the carboxyl terminus of the his-
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tone, instead of the more frequently modified
amino-terminus [29].

More recently, it has been found that tyrosine
residue 142 (Y142) of H2AX is also phosphoryla-
ted after IR induced DNA damage via Williams-
Beuren syndrome transcription factor (WSTF), and
this phosphorylation seems to play the opposite
role to y-H2AX [30, 31]. While y-H2AX recruits
MDCI and other repair factors, in cases of irrepa-
rable damage, Y142 is re-phosphorylated by tyro-
sine phosphatase EYA1/3, and  this
re-phosphorylation inhibits MDC1 recruitment to
DSB. Simultaneously, pro-apoptotic JNK1 com-
plex is recruited to promote programmed cell
death. However, the regulation of this re-phospho-
rylation remains unclear [32].

Besides the central role of phosphorylation,
other post-translational modifications of H2AX,
such as acetylation/deacetylation, ubiquitylation or
methylation, also participate in DDR [33].

Figure 1. y-H2AX-MDCI1 co-localisation (foci) in cell nucleus.
HeLa cancer cells (cervical carcinoma) were irradiated with 8 Gy in the presence of DNA-PK inhibitor.

Mediator of DNA damage checkpoint protein 1
(MDC1) and y-H2AX

Since the recognition of y-H2AX in controlling
DNA damage repair, several DDR proteins were
shown to possess specific domains that can interact
in phosphorylation-dependent manner. Among the va-
rious domains of DDR proteins, the carboxyl-terminal
tandem (tBRCT) domain of MDCI1 protein was found
to be the predominant y-H2AX binding partner [24,
34]. MDC1 is a specific sensor of y-H2AX, because
its tBRCT domain shows high specificity towards the
phosphorylated form of SQEY-COOH motif of
H2AX. Due to its strong binding, MDC1 protects y-
H2AX from de-phosphorylation and mediates do-
wnstream y-H2AX signals [35]. MDC1 forms foci
that co-localise extensively with y-H2AX foci within
minutes after exposure to ionizing radiation, and this
co-localisation can be detected immunohistochemi-
cally by specific antibodies (See Fig.1).

A. Repair foci were visualised by fluorescent-labelled
antibodies against y-H2AX (FITC-green) and MDC1 (Cy3-
red) at site of DSB (merge-yellow).

In addition, MDCI1 serves as the master recruit-
ment platform for repair proteins, such as 53BP1,
BRCA1 and MRN. Interaction with MRN leads to
the recurrent ATM activation at the DSB, which in
turn phosphorylates more distal H2AX molecules
[36]. MDCI activates the ubiquitylation of histones
(ubiquitin ligase cascade RNF8-RNF168-UBC13),
thus activating the promotion of 53BP1 and BRCA1
repair proteins to assemble at IRIF [37]. RNF8 in-
teracts with MDC1 and subsequently with RNF168
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B. Repair foci and nuclear chromatin. Chromatin was
visualised by TOPRO3 (blue).
Magnification 1000x

and UBC13 to activate the ubiquitylation, which
leads to recruitment of BRCA1 to the site of DSB.
Ubiquitylation of histones and/or other proteins at
site of DNA damage might expose modified histo-
nes and facilitate the recruiting of 53BP1, which
binds to methylated histones [38, 39].

Another function of MDCI1 is in controlling
DNA damage-induced cell-cycle arrest checkpoints
[34]. Tt has been found that downregulation of
MDCI1 causes improper activation of G2/M and
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intra-S-phase checkpoints and affects IR-induced
apoptosis [40].

The role of MDC1 in Chk2 activation still re-
mains unclear, because Chk2 phosphorylation is
ATM-dependent; it does not accumulate at DSB and
spreads throughout the nucleoplasm to perform its
effector activities. Therefore, it is possible that
MDC1 interacts indirectly with both the kinases and
transiently bridges the release of phosphorylated
Chk2 [41].

Other functions of y-H2AX

Besides its essential role in recruitment and ac-
cumulation of DNA repair proteins, y-H2AX was
shown to interact with other DDR proteins. Interac-
tion of y-H2AX with cohesins helps to maintain
chromatid cohesion while DNA is being repaired
[42]. In addition, y-H2AX maintains checkpoint re-
sponses during DSB repair, and is necessary for ac-
tivation of checkpoints after the exposure to
low-dose IR [43,44]. In the case of irreparable da-
mage, y-H2AX contributes to cellular apoptosis
[45].

Clinical applications of y-H2AX
y-H2AX as a biomarker

Since phosphorylation of H2AX is considered
as one of the most important steps in initiation and
signalling of DSB repair, the decline in the number
of y-H2AX foci is believed to reflect the kinetics of
the repair processes [46]. Furthermore, the ratio of
v-H2AX to DNA DSB is close to 1:1 [47], thus it
can serve as a sensitive biomarker for IR-induced
DNA damage [6,48], and can be used as a therapeu-
tic marker of cancer or a possible target of antican-
cer therapies [49,50].

Moreover, it could serve as a biodosimetric mar-
ker in the prediction of IR-doses delivered to indi-
viduals during nuclear or radiological accidents or
attacks [4]. The level of y-H2AX in rat peripheral
blood lymphocytes after whole body or thoracic ir-
radiation was found to be dose-dependent, thus it
can be a prompt and reliable marker of the received
radiation dose [51,52]. In addition, the opportunity
arose to evaluate y-H2AX biodosimetry in a study
using non-human primates subjected to total-body
irradiation in the non-lethal to lethal dose ranges
[53]. Using realistic scenarios for accidental expo-
sures, the authors showed that y-H2AX analysis in
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peripheral blood lymphocytes and plucked hair fol-
licles (eyebrows and whiskers) may be useful for
estimation of total-body radiation dose at times at
least 4-days post-exposure at doses of 3.5 Gy and
above, and evaluated plucked hair as a valid sample
material in clinical trials investigating genotoxic ef-
fects of radiation exposures or radiation treatments.

Persistence of y-H2AX foci after the first irra-
diation is often associated with insufficient and/or
defective DNA repair, which often occurs in radi-
osensitive (A-T or immunodeficient) patients or in
patients undergoing radiotherapy. Sometimes, indi-
viduals may be sensitive to low dose exposure used
in diagnostic CT or X-ray scans, thus y-H2AX foci
could serve as a prediction of radiosensitivity and
allow for optimising treatment and diagnostics of
individual patient [54].

Furthermore, y-H2AX has been reported as a
potential biomarker for cancer diagnostics or cancer
recurrence [49]. For clinical tumour detection, tu-
mour-specific and tumour-associated antigens (e.g.
prostatic specific antigen, carcinoembryonic antigen
etc.) are frequently monitored, but there are some
limitations concerning their use in clinical practice
[55]. However, none of these markers possesses
100% specificity for each type of tumour, because
of cross-reactivity with other types of tumours or
with normal tissues. The presence of elevated levels
of y-H2AX was found in biopsies of human colon,
ovary, breasts, liver and kidney tumours, suggesting
increased level of DNA damage is a general charac-
teristic of cancer development [49, 56-58]. More-
over, increased level of y-H2AX was found in
chronic inflammatory disease ulcerative colitis,
which often predates the development of colorectal
cancer [59]. Therefore, detection of y-H2AX in
human samples could serve as a biomarker for early
cancer screening.

y-H2AX as an indirect therapeutic target

As one of the essential regulators of DDR, v-
H2AX could be a potential target to enhance the ef-
ficiency of clinical radiotherapy by inhibiting DNA
repair in tumour cells [60]. Because all cells contain
H2AX in their chromatin structures, and H2AX is
structurally and sequentially very similar to histones
of H2A family, the protein H2AX itself could be a
problematic drug target. On the other hand, inhibi-
tion of H2AX phosphorylation could be a more
practical strategy for clinical purposes.

Inhibition of H2AX phosphorylation through in-
terference with upstream kinases ATM or DNA-PK
has been shown to sensitise tumour cells to IR [61].
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Caffeine and a fungal metabolite wortmannin were
the first described and tested ATM inhibitors with
radiosensitizing effects [62, 63]. More recently,
small molecular inhibitors of ATM and DNA-PK

DNA double-strand break —

N\

Ku/DNA-PKcs activation (NHEJ)

were evaluated as more selective and specific agents
which significantly sensitised the cytotoxic effects
of irradiation or DSBs-inducing chemotherapeutics
in pre-clinical evaluation [64,65].

Chk2/ p53
) activation
MRN binds to DSB/ W"‘”""""W"""‘”‘”l
ATM activation
y-H2AX formation
MDC1 recruitment

l

RNF8/RNF168 recruitment
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Figure 2. Schematic description of DNA double-strand break response.

Left: DNA-PK signalling. NHEJ factors Ku/DNA-PKcs are activated after recognition of DSB and start DNA end processing.
Autophosphorylation of activated DNA-PK leads to activation of XRCC4,XLF, Ligase 4-joining complex and rejoins ligatable
DNA ends.

Right: ATM signalling response involves DSB recognition by the MRN complex and the initial activation of ATM. ATM activates
both Chk2 and p53 to trigger cell cycle arrest. ATM (and additionally DNA-PK) phosphorylates H2AX to form y-H2AX. The
presence of y-H2AX recruits MDC1 which, in turn, enables RNF8/168 to activate ubiquitylation of histones and enables the
concentration of BRCA1 and 53BP1 at DSB.

Centre: The localised action of ATM and 53BP1 promotes enabling DSB repair of ligatable and (processed) non-ligatable

DNA ends.

CONCLUSIONS

v-H2AX is a sensitive indicator of DNA DSBs
and one of the most important regulators of DNA da-
mage repair. Therefore, it could be a sensitive indi-
cator of genotoxic stress. Our understanding of
molecular mechanisms and signalling pathways in-
volved in DDR, as well as understanding of chroma-
tin modification and functional roles of y-H2AX may
be useful in clinical applications, especially in cancer
therapy or biological dosimetry.

Recently, new monitoring techniques have been
developed to facilitate y-H2AX detection in clinical
practice. Although targeting of y-H2AX and its ef-
fectors kinases were described as powerful therapeu-
tic targets, further investigation in the field of cellular
responses to DNA damage is needed to identify new
target proteins for anticancer therapy.
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