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THE ROLE OF REPAIR PROCESSES
IN THE FORMATION OF RADIO-
SENSITIVITY OF HEALTHY

AND TUMOUR CELLS IN HUMANS

Despite significant progress in the development and implementation of new
radiotherapeutic techniques over the past decade and positive results of
radiotherapy for cancer patients, overall and progression-free survival rates
are still poor. The analysis of literature data and our own research in the
field of clinical radiobiology and radiation oncology shows that cellular
DNA repair systems increase the radioresistance of tumours and thus hinder
the improvement of the effectiveness of patient therapy. The role of repair
processes in shaping the radiosensitivity of tumours compared to healthy tissues
is discussed in detail, and their differences are described. It is emphasized
that the repair of irradiated DNA damage in tumour cells is more intensive
than in healthy tissue cells due to increased expression of repair enzymes.
Together with the instability of the tumour cell genome, this causes a large
variation in their radiosensitivity and indicates the priority of research aimed
at finding and developing radioprotectors to protect the genome of healthy cells
from the environment of the irradiated tumour without affecting (reducing) its
radiosensitivity. Such a way to optimize the results of therapeutic radiation
will help minimize radiation complications that require additional therapy and

worsen the quality of life of treated patients.

adiobiological science has unequivocal evidence

that DNA is the main target responsible for the
fate of an irradiated cell. Cellular DNA repair sys-
tems are largely responsible for tumour radioresistance
and thus hinder the optimization of the effectiveness
of radiotherapy in cancer patients. The repair of da-
maged DNA in tumour cells is more intensive than
in healthy tissue cells due to increased expression of
repair enzymes [1—3]. In addition, tumour cells are
inherently genetically unstable, which causes a large
variation in their radiosensitivity. These differences in
the radiosensitivity of the tumour and normal tissues
in its vicinity contribute to radiation complications
that require additional treatment and worsen the qua-
lity of life of patients after a course of therapeutic ra-
diation [4].

Ukrainian scientists continue to make a significant
contribution to the study of general and individual
human radiosensitivity, which is largely determined
by the efficiency of DNA repair systems. It has been
established that the radiosensitivity of individuals is ge-
netically determined, and the influence of endogenous
and exogenous factors can modify it. Therefore, at the
same radiation dose, radiation effects vary significantly
[5—7]. This, in turn, creates the problem of genetic
heterogeneity of the population, which must be taken
into account when assessing the radiosensitivity of
cells, critical tissues and organs, as well as the human
body as a whole in normal and oncological condi-
tions. In this direction, for the first time, a passport of

individual radiosensitivity was developed for persons
exposed to ionizing radiation in above-background
doses, primarily for workers at nuclear power plants.
The passport is based on the cytogenetic parameters of
peripheral blood cells (T-lymphocytes) using G,- and
G,-tests [8]. The implementation of the Passport of
Individual Human Radiosensitivity by Cytogenetic In-
dicators approved by the Ministry of Health of Ukraine
(Information Letter No. 322-2018) will help optimize
radiation protection of professionals exposed to ioni-
zing radiation.

Therefore, based on the current concepts and para-
digms of clinical radiobiology and radiation oncology,
it is relevant to review and analyse the role of repair
processes in the formation of radiosensitivity of healthy
and tumour cells (comparative aspects).

Repair processes and radiosensitivity of healthy hu-
man cells. The ability of cells to repair DNA is the most
important indicator of their radiosensitivity. It is an
extremely complex coordinated system, the efficiency
of which determines the further viability of irradiated
cells. In fact, it is a whole complex of interconnected
signalling processes, each of which controls a certain
link of intracellular metabolism. The repair system
includes DNA damage sensors and effectors of re-
parative processes. Sensors are proteins that constantly
survey the genome in search of damage. Once damage
is detected, these proteins signal to effector groups that
are responsible for cell fate: programmed cell death;
processes that cause a block in the cell cycle progres-
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sion (checkpoints) and processes that repair DNA
breaks. Let us dwell in more detail on the mechanisms
of repair processes and formation of radiosensitivity
of irradiated normal cells of the human organism.
DNA double-strand breaks (DSBs) are recognized as
critical radiation-induced damage because they cause
genome instability, reproductive cell death, and are
the earliest of pre-carcinogenic events [9]. A strong
argument in favour of the leading role of DNA DSBs
in the processes of chromosome aberrations formation
is the similarity of DNA DSBs and chromosome aber-
rations output depending on the linear energy transfer
of ionizing radiation (in both cases, a maximum in
the region of 100—200 keV/pm is observed) and the
stage of the cell cycle. Similar correlations are not
observed for other types of DNA damage [10]. Two
mechanisms, homologous recombination (HR) and
non-homologous end joining (NHEJ), are involved in
repair of this type of damage [11]. Both mechanisms
differ from each other in the properties of the genes en-
coding the corresponding proteins, in their place in the
cell cycle, as well as in the speed and error-free nature
of repair. To implement HR, intact homologous DNA
serves as a matrix. The HR mechanism is error-free
and proceeds with the involvement of several genes:
RADSIB, RAD51C, RAD51D, XRCC2 and XRCC3.
Absence of these genes or mutations in them block HR
processes (Fig. 1). Along with these genes, two other
gene families are involved in repair, the disruption of
whose functions causes DNA repair defects in human
cells: BRCAI and BRCA2 [12].
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Compared to HR, NHEJ repair, when DNA DSBs
are reunited without homologous sequences, is a faster
but less accurate process. Often deletions or base in-
sertions are found in the repaired sites. Usually, un-
repaired DNA DSBs are lethal due to loss of chro-
mosome sections in subsequent mitosis, resulting in
the loss of tens or hundreds of genes. A small part of
genomic DNA includes coding genes or regulatory
regions, and therefore the probability of breaks in them
is low. In addition, these regions may turn out to be
inactive (not expressed) and/or play an insignificant
role in the functioning of the genome. NHEJ, ac-
cording to the figurative expression [12], is a “fast and
sloppy repair mechanism” that gives irradiated cells
the maximum chance to survive (Fig. 2).

By affecting the repair processes of DSBs DNA, its
radiosensitivity can be significantly enhanced. Thus,
the key enzyme of NHEJ repair is DNA-dependent
protein kinase. Compounds that inhibit the activity of
this enzyme inhibit DNA repair processes and have a
radiosensitising effect.

Note that DNA packaging and compact structure of
chromosomes pose a problem for the implementation
of repair processes. The corresponding proteins must
be represented by a large number of copies and have
sufficient mobility to detect damage within seconds or
minutes after its appearance. The structure of chro-
matin changes becomes more relaxed to allow access
of repair proteins.

Upon irradiation, one part of DSBs results from
simultaneous breakage of two DNA strands at the
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Fig. 1. Schematic of HR repair of DSBs DNA [12]
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Fig. 2. Schematic of NHEJ repair of DSBs DNA [12]

same location and the occurrence of such breaks is
proportional to the radiation dose. The formation of
more than 90% of such DSBs is characteristic of ir-
radiation in the low dose range. Another part of DSBs
is formed as a result of two independent single breaks
in a certain region of DNA; the number of breaks in
this case increases in proportion to the square of the
radiation dose and is characteristic of the action of
large doses of radiation [13].

HR has been found to occur in the late S/G,-pe-
riods of the cell cycle, while NHEJ occurs in the G-
period [14, 15], and according to [12] — in all periods
of the cell cycle. Since NHE] is often accompanied by
shortening of nucleotide chain ends and other repair
errors, while HR provides error-free repair of double-
stranded DNA, the genotoxic effect of ionizing ra-
diation is most pronounced in cells that were in the
radiosensitive G-period of the mitotic cycle at the
time of irradiation.

The choice of the mechanism of DSBs repair in
DNA is determined by several factors. According to
[16] sensor proteins compete for binding to DNA ends,
which partly determines the choice of repair mecha-
nisms. This is the so-called passive competition. There
is an insight into the role of matrix accessibility. For
homologous recombination to occur, a homologous
DNA site must be available, which is located on the

Often with deletions and insertions

sister chromatid in the S- or G,-period of the cell
cycle.

It is known that cells exhibit increased radioresis-
tance in the late S-period [9]. Knockout or reduction
of HR gene activity removes the phenomenon of ra-
dioresistance at this point of the cell cycle [17]. Based
on this, it is concluded that inhibition of the NHEJ
system has more severe consequences for cells than
suppression of the HR system.

Due to the impeded repair, “direct” DNA DSBs
are more important in the development of mutagenesis
than “oblique” ones [18]. It is concluded that slow and
unrepairable DSBs represent “straight” DNA chain
breaks. Unrepaired or incorrectly repaired DNA DSBs
are triggers of events leading to the formation of such
biological effects as cell death, mutations, malignant
transformation, etc. Loss or alterations in DNA ge-
netic information are directly related to changes in the
clonogenic potential of somatic cells. One of the main
types of effects of radiation on DNA is structural re-
arrangements of chromosomes, which are visualized at
the metaphase stage. Therefore, to manifest radiation
damage to the genome, a cell must retain the ability
to divide, i.e. have clonogenic potential.

Repair processes and radiosensitivity of human tu-
mour cells. Compared to healthy tissues, tumours are
characterized by intensive proliferation, which partially
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determines their specificity. As noted above, DNA
repair processes in tumour cells are more intensive
than in healthy cells [1—3]. The difference in radio-
sensitivity of tumour and healthy cells constitutes the
radiotherapeutic interval. Tumours are classified as
radiosensitive if they regress after irradiation without
necrosis of the surrounding connective tissue and as
radioresistant — without regression at doses that de-
stroy the surrounding healthy tissue. Although this
division is rather conventional [19].

The radiosensitivity of a tumour depends on its his-
tological structure, the degree of differentiation of cel-
lular elements, the ratio of the stroma and parenchyma.
Radiosensitivity of a tumour also depends on its size.
Small tumours with a well-developed blood network
are characterized by more intensive cell division and
increased radiosensitivity. The localization of the tu-
mour also affects its radiosensitivity. For example,
squamous cell cancer of the root of the tongue is more
radiosensitive than tongue tip cancer. This depends on
the different degree of blood supply and oxygenation
of the irradiated area.

The formation of radiosensitivity of tumour cells is
influenced, first of all, by the processes of DNA repair,
regeneration, repopulation, and adaptation, which
provide homoeostasis and protection of molecular and
cellular structures; as well as prolonged hypoxia, glu-
cose deficiency, and cells in the resting stage (Gy).

Currently, the increase in the effectiveness of radia-
tion therapy of cancer patients is associated with the
consideration of individual radiosensitivity of tumours
and tumour bearers [20]. Individual radiosensitivity is
polygenic and multifactorial in nature, as it depends on
the effective work of many components of this system.
Those tumour cells responsible for radiosensitivity
are, firstly, those tumour cells that are in a state of
hypoxia; secondly, those in the quiescent stage and
in the DNA synthesis stage of the cell cycle; thirdly,
cells with high reparative potential. The ratio of these
cell subpopulations in tumours of different types is not
the same, which is reflected in individual radiosensiti-
vity. Therefore, identification of radiosensitive patients
using informative radiobiological methods (G,-assay)
taking into account their individual radiosensitivity will
allow effective therapeutic irradiation at high doses or
with the use of radio-modifiers.

Tumour development is also associated with in-
creased genome instability [21, 22], which affects error-
free DNA repair processes.

When cells are exposed to hypoxia, the expression
of DNA repair genes decreases, which leads to dis-
ruption of homologous recombination (HR repair).
Researchers note that hypoxia can act as a factor in
the selection of cells with mutations [12].

Concluding remarks. The analysis of literature data
and our own research in the field of clinical radiobio-
logy and radiation oncology proves that cellular DNA
repair systems in a number of the above cases can in-
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crease the radioresistance of tumours and thus inhibit
the effectiveness of therapy in these patients. The noted
functional differences in the repair processes in tumour
cells compared to healthy tissues outline a clear path
to improving the effectiveness of radiation treatment
of cancer patients: the development and implementa-
tion of protectors to protect the genome of healthy
cells from the environment of the irradiated tumour
without affecting (reducing) its radiosensitivity. This,
in turn, will help to minimize radiation complications
that require additional therapy and worsen the quality
of life of treated patients.
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POJIb MPOLLECIB PEMAPALLIT

Y ®OPMYBAHHI PALLIOYYTJINBOCTI
340POBUX TA NYXJIMHHUX KNITUH
JIIOANHU

E.A. Jloomina

Incmumym excnepumenmanvnoi namonoeii, onkoaoeii
i padiobionoeii im. P.€. Kageuyvkoeo HAH Yxpainu,
Kuis, Yxpaina

Pesiome. Hezsaocarouu na cymmeasuii npoepec y cmeo-
PeHHI ma enpoeadiiceHHi HOBOI padiomepanesmu4Hoi
mexHiKu ynpoooedc 0CMAaHHb020 decsimupiuus ma no-
3UMUGHI pe3ynbmamu NPoMeHesoi mepanii OHK0A02IHHUX
X60pUX NOKA3HUKU 3a2anbHOi ma b6e3peyudusHoi ix eu-
AHCUBAHOCMI 8 YiNOMY 3aAUUAOMb 0ANCAMU KPAU02o.
AHaniz danux aimepamypu ma éaacHux 00caidiceHs 6
eanysi kainiunoi padiobionoeii i padiayiiinoi oHK0A0-
2ii dosodumo, wo kaimunui cucmemu penapauii JTHK
nideuwyroms padiope3ucmeHmuicms NYXAuH i MaKum
YUHOM CIPUMYOMb NIOBUUEeHHS egheKmUGHOCMI mepanii
xeopux. lemanvHo poseasHyma poas npoyecie penapauii
Yy opmyeanni padiouymaugocmi nyxXauH nOPiBHAHO i3
300p08UMU MKAHUHAMU, ONUCAHI iX 8i0MiHHOCTI. AKleH-
MYEMbCA Y8aza HA MOMY, W0 penapayis NoOuUKooIceHs
onpominernoi IHK y nyxaunnux kaimunax eiodysaemocs
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Oinbu IHMEeHCUBHO, HIJIC Y KAIMUHAX 300p0680I MKAHU -
HU 4epe3 nideuulenHs excnpecii hepmenmie penapauyii.
Pa3zom 3 HecmabinbHicmio eeHOMY NYXAUHHUX KAIMUH Ue
00YyMOBNI0OE 8eAUKY 8apiabeabHicmb iX padiouymausocmi
ma eéKaszye Ha npiopumemuicms 00CAI0NCeHb, CNPAMO-
B8AHUX HA NOULYK ma po3poOKy padionpomekmopie 01s
3axXUCmy eeHOMY 300pP0 8UX KAIMUH i3 OMOYeHHS ONPOMI-
HI0BAHOI NYXAUHU, He nausarouu (He 3HUICYIOHU) ii pa-
diouymausicme. Taxuil wiasx onmumizayii pezynomamie
mepaneemu4H020 ONPOMIHEHHS CAPUAMUME MIHIMI3AYIT
npoMeHesUx YCKAAOHeHb, U0 NOmpedyoms 000amKoeoi
mepanii ma nocipuyroms AKiCmo JcUmms NPoAiKOBAHUX
X60pUX.

KnrouoBi ciioBa: OHKOJIOTiUHI XBOPi, MPOMEHEBa
teparisi, penapauis JHK, pagiouyTauBicTs,
reHeTU4YHa HeCTa0iIbHICTh.
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