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DNA damage repair: historical perspectives, mechanistic
pathways and clinical translation for targeted cancer therapy
Ruixue Huang1 and Ping-Kun Zhou 2

Genomic instability is the hallmark of various cancers with the increasing accumulation of DNA damage. The application of
radiotherapy and chemotherapy in cancer treatment is typically based on this property of cancers. However, the adverse effects
including normal tissues injury are also accompanied by the radiotherapy and chemotherapy. Targeted cancer therapy has the
potential to suppress cancer cells’ DNA damage response through tailoring therapy to cancer patients lacking specific DNA damage
response functions. Obviously, understanding the broader role of DNA damage repair in cancers has became a basic and attractive
strategy for targeted cancer therapy, in particular, raising novel hypothesis or theory in this field on the basis of previous scientists’
findings would be important for future promising druggable emerging targets. In this review, we first illustrate the timeline steps for
the understanding the roles of DNA damage repair in the promotion of cancer and cancer therapy developed, then we summarize
the mechanisms regarding DNA damage repair associated with targeted cancer therapy, highlighting the specific proteins behind
targeting DNA damage repair that initiate functioning abnormally duo to extrinsic harm by environmental DNA damage factors,
also, the DNA damage baseline drift leads to the harmful intrinsic targeted cancer therapy. In addition, clinical therapeutic drugs for
DNA damage and repair including therapeutic effects, as well as the strategy and scheme of relative clinical trials were intensive
discussed. Based on this background, we suggest two hypotheses, namely “environmental gear selection” to describe DNA damage
repair pathway evolution, and “DNA damage baseline drift”, which may play a magnified role in mediating repair during cancer
treatment. This two new hypothesis would shed new light on targeted cancer therapy, provide a much better or more
comprehensive holistic view and also promote the development of new research direction and new overcoming strategies for
patients.
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INTRODUCTION
The Journey of DNA repair machinery system discovery
In recent years, the availability of high-quality data on DNA from
in vivo and in vitro research reported in the literature, as well as
international conferences, funding, and collaboration among
scientific communities has increased. In addition, new technolo-
gies related to translational research, targets for clinical therapy,
and expertize among scientists have developed rapidly, indicating
that DNA damage repair and genomic stability research has
entered a new era after a century of steady progress. This field
continuous to offer unprecedented opportunities for exploring
further the secret of our genomic DNA structure integrity and
function harmonization while also promoting clinical disease
prevention and therapeutic options, especially boosting the
precise cancer therapy. The secret veil of DNA was uncovered
70 years ago, since the famous “Photo 51”was published1 along
with the ground breaking report entitled “Molecular Structure of
Nucleic Acids: A Structure for Deoxyribose Nucleic Acid” by James
Watson and Francis Crick2 in 1953. In this landmark study, DNA
was illustrated as a double helix, resembling a ladder twisted
along its length.. Over the following decades, many distinct
biological topics such as DNA damage repair, genomic instability,
cancer therapy and control of genetic diseases have been

explored and found to be associated with DNA sequences and
genomic profiles.3–6 In Fig. 1, we illustrate the brief history of the
DNA and DNA damage repair discovery journey. Some important
moments and scientists should be noted for their groundbreaking
contributions to this journey. In 1927, the landmark discovery of
gene mutation induced by X-ray was claimed by Gager and
Blakeslee, Miller.7One year later, the genetic transformation of
bacteria was reported by Frederick Griffith.8 In 1946, Hermann J.
Muller was awarded the Nobel Prize in Physiology or Medicine for
his contribution in discovery of genetic mutations in fruit flies and
revealed that higher the dose of X-ray and other ionizing radiation
exposed, the greater the number mutations that occurred.9,10 In
1944, Oswald Avery, Colin MacLeod and Maclyn McCarty provided
robust evidence demonstrating that DNA was our genetic
material.11 Shortly thereafter, Watson and Crick published the
structure of DNA and announced that “we have discovered the
secret of life” in 19532. In 1964, the keyword “DNA repair” was
formally introduced with the discovery of “Dark Repair” and photo
reactivating “repair-replication” of UV light-induced E. Coli DNA
injury by excision of damaged areas containing thymine
dimers.12–15Since then, the DNA damage repair research rapidly
spreads into the area of photobiology, radiobiology and cancer
biology, etc. We understand presently that the term of “DNA
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repair” defines the biochemical and molecular biological pro-
cesses of DNA damage removing and genomic integrity restoring,
which including DNA damage sensing and signaling, repair
machinery proteins recruited onto the damage sites, functioning
and released step by step to restore the genomic integrity. The
first evidence of the direct association between DNA repair
deficiency and human disease and cancer predisposition was
demonstrated in Xeroderma pigmentosum.16,17 In 2015, the Nobel
Prize in Chemistry has been awarded to Tomas Lindahl, Paul
Modrich and Aziz Sancar for their pioneering and fundamental
contributions of mapping, at a molecular level, how cells repair
damaged DNA and safeguard the genomic stability. Their work
has provided fundamental knowledge of how a living cell
functions and is, especially, used for the development of new
cancer treatments.
Now, it is well known that mammalian cells have evolved

multiple and diverse machineries for repairing every type of
spontaneously occurring as well as exogenous factors-induced
DNA damage.
Following these critical discoveries and foundational works, the

Human Genome Project was initiated in 2001, which provided a
deep understanding of the evolution of the human population as
well as relationships between human health and diseases.18,19

Other projects exploring the topics of genome organization and
function, such as the Encyclopedia of DNA Elements(ENCODE),
have provided significant conclusions based on extensive
sequencing results.20,21 Over the past century, understanding of
the DNA double helixintegrityled to extremely significant
advances in our appreciation of biological processes including
gene transcription, replication and protein expression. Notably,
clinical medicine has become more broadly based on genetics and
DNA function,22,23 the increasing knowledge of DNA repair
opened up a new irreplaceable path of precisely targeted cancer
therapy. Over the next century, many more promising advance-
ments will undoubtedly occur in DNA-related research. Despite
these significant past discoveries, the underlying molecular
mechanisms and functions of DNA have remained unclear in
recent decades. Clinical applications for disease therapy necessa-
rily lag behind research into DNA damage repair-based medical
diagnosis and therapeutic targets. Nevertheless, DNA damage
repair research is leading to better appreciation of the complexity

and diversity of diseases. Future efforts are needed to elucidate
further the secrets of life using DNA and to introduce novel
concepts and hypotheses as powerful and compelling as the
discovery of the DNA double helix and DNA repair-based genomic
integrity maintaining mechanisms.22–25

A historical perspective of linking the genomic distortion with
cancer
The origin of cancer medicine is associated with a clinical
discovery based on medical record analysis and an epidemiolo-
gical survey. Percival Pott, known as the father of epidemiology,
observed a high prevalence of scrotal cancer among the boys who
were employed as chimney sweeps, and attributed the cancer to
soot exposure.26 This was the first evidence of occupational
exposure to hazard factors associated with cancer development.
Prior to the discovery of the structure of DNA, Dr. Theodor Boveri
proposed in 1914 the remarkable theory that the origin of
malignant tumors was from cancer cells, and that cancer cells
formed through alteration of normal cells.27 He expounded on this
theory by suggesting that tiny microscopic bodies called
chromosomes might be abnormally distributed in tumor cells.28,29

In the late 1920s, Hermann Muller, the principal discoverer of gene
mutations mentioned above, reported that exposing Drosophila
melanogaster to ionizing radiation from X-rays could result in the
“transmutation” of a gene, contributing to aberration of the
chromosome.9,10 In the 1930s, it was observed that, compared to
the normal human cells with 46 chromosomes, the number of
chromosomes in cancer cells typically varies and frequently
exceeds 46.30,31 Meanwhile, scientists noted that cancer cells
have more rapid and stronger growth ability than normal
cells.32–34 By the 1950s, shortly after the DNA structure was
described, it was shown that exposure to chemical mutagens such
as the chemical benzene could produce chromosome breakage
and increase DNA mutation rates.35,36 In the 1980s, the process of
carcinogenesis was described, with necessary conditions of DNA
mutations generated due to environmental mutagen insult and
the occurrence of DNA damage without effective repair.37,38 Thus,
the critical role of DNA damage response(DDR) was determined.
In the following years, extensive evidence obtained using many
new methods developed from the study of DDR processes
indicated that DNA repair,39 DNA damage signaling and repair

Fig. 1 The journey of DNA discovery

DNA damage repair: historical perspectives, mechanistic pathways and. . .
Huang and Zhou

2

Signal Transduction and Targeted Therapy           (2021) 6:254 



pathways,40,41 cell cycle checkpoints,42,43 apoptosis,44–46 fidelity of
replication,47,48 DNA re-replication49 and telomeres50,51are all
closely associated with cancer.51 Based on these studies of the
DNA molecule integrity and the process of genetic mutation, the
linkage between DNA mutation and cell carcinogenesis became
increasingly clear. Phil Lawley, a pioneering researcher of DNA
damage and carcinogenesis, found that some alkylating agents,
such as butadiene dioxide,52–54 could interact with DNA, forming
harmful adducts and eventually disrupting the normal role of DNA
as a molecule template.55 The hypothesis that certain cancer
genes are susceptible to such agents was proposed and
extensively studied over the past few decades. Since then,
chemotherapeutic agents and radiotherapy have been found to
treat various cancers effectively through DNA damage induction.
In the war against cancer, numerous agents have been developed
and novel technical strategies have also been explored. However,
many challenges and unsolved issues remain that require further
study, such as: (i) the detailed molecular mechanisms underlying
the cancer cell DNA response to chemotherapeutic agents and
radiotherapy; (ii) how cancer cells become resistant to chemother-
apeutic agents and radiotherapy; (iii) possible new and promising
biomarkers for investigation as novel inhibitors or therapy agents;
and (iv) most importantly, the basic biological mechanisms
underlying the DDR. With such information, effective cancer
therapies could be developed to target DDR and ultimately
prevent or cure cancer.

DNA damage, cellular response, repair and cancer
Genome stability. To support survival and reproduction, main-
taining genome stability is a critical priority of all cells.56 Any
abnormal alterations of the genetic base sequence can disrupt
cellular biological processes, hampering cellular functions and
possibly inducing carcinogenesis or even cell death.57 Specifically,
strong evidence has indicated that genomic instability promotes
cancer pathogenesis through a cascade response involving a
series of proto-oncogenes that are continuously triggered or anti-
oncogenes that are suppressed.58–60 In this context, the EGFR
(epidermal growth factor receptor), MYC and RAS families have
been commonly recognized as proto-oncogenes,61 whereas TP53
is a well known tumor suppressor gene.62,63 Accordingly, to
reduce the possibility of genetic dysregulation of genome stability,
cells have evolved a range of genome stability-related signal
pathways and post-translational modifications,64 which assess the
accuracy of DNA metabolism and prevent accumulation of DNA
damage.65 For example, multiple families including ATM (ATM
serine/protein kinase), ATR (ATR serine/threonine kinase), and
DNA-PKcs (DNA-dependent protein kinase catalytic subunit) can
initiate the signaling cascade in mammalian cells.66 A recent
review by Monique PCM et al. summarized the advances of
ubiquitination research and noted that ubiquitination performs
vital roles in regulating cellular homeostasis through numerous
enzymes67 and proteins. The complex functions of this compound
have become known as the “ubiquitin code” in the scientific
community.56 Genomic instability is a common characteristic of
most cancer cells.68 For example, a high ratio of chromosomal
instability is associated with mitotic spindle checkpoint deficiency
in most breast cancer cell lines.69 The molecular mechanisms
through which cells maintain genome stability and the repercus-
sions of genomic instability are essential emerging issues relevant
to clinical cancer avoidance.
Accumulating evidence has shown that a DNA double-strand

break(DSB) is typically the most harmful type of DNA damage, and
that it compromises genome stability.70 In mammalian cells, a
number of vital DNA repair functions and processes against
various DNA damage have evolved. For example, the mismatch
repair pathway, base excision repair pathway and nucleotide
excision pathways have been well characterized.71 However,
cancer cells have frequently evolved in relation to abnormal

DNA damage repair functions and processes. For example, in
many cancer cell lines, such as mantle cell lymphoma(MCL), ATM
is recurrently mutated in around thirty to almost fifty percent of
cases.72 These mutations may be linked with cancer chemother-
apy resistance.73 Furthermore, cell cycle machinery-related genes
play critical roles in driving avoidance of chemotherapy and
radiotherapy treatment effects by cancer cells.74 Most measures
developed to kill cancer cells involve: (i) stimulating G1 phase
aberrant homologous recombination in cancer cells; (ii) inducing
mitotic catastrophe in cancer cells; or (iii) deleting the cell cycle
checkpoint.70,75,76 Despite data showing that genomic instability
may be associated with ROS(reactive oxygen species),77,78 in this
review, we focus on DNA damage repair, as it is a major clinical
target of cancer chemotherapy and radiotherapy.

DNA damage
DNA damage and cancer. It is critical for maintaining genomic
DNA stability due to its role as the template for replication and
transcription.79 As described above, damage to DNA from
environmental hazards insult as well as endogenous toxic agents
such as free radicals can compromise genome stability and cause
or promote many diseases, particularly cancer.37,80,81 As the DNA
molecule is the basic genetic material, it is vital for ensuring the
integrity of DNA structure and function to support normal life
activities and stable species characteristics.82,83 Indeed, when
experiencing either endogenous or exogenous stresses, cells can
generate various types of DNA damage, including base pair
alterations, DNA replication errors84 and distortion and breakage
of the DNA double helix strands.85 Common exogenous factors,
especially certain environmental hazards such as toxic heavy
metals and ionizing radiation, have been intensively studied and
found to cause serious DNA damage.86–90 Endogenous materials
are often released during the metabolism of exogenous materials
in the body or after cell damage and the loss of cell membrane
integrity.91 DNA damage can occur through two pathways, namely
direct effects and indirect effects. In the direct pathway,
endogenous or exogenous materials directly contact DNA, leading
to the breakage of chemical bonds in DNA molecules, and thereby
changing the structure and activity of DNA.92,93 In the review by
Anthony T et al., endogenous stresses including gene transcription
and replication in cancer cells are noted to cause genomic
instability.79 In the indirect pathway, endogenous or exogenous
materials activate products such as free radicals94,95 that can
damage DNA.96

Several types of DNA damage have been reported previously, as
follows: (i) single-strand breaks; (ii) double-strand breaks (DSBs);97

(iii) base damage; (iv) sugar damage; (iv) DNA cross-linking and (v)
clustered damaged sites,98 of which the most deleterious lesion
and the most severe threat to cells is the DSB. DSBs that occur
without effective repair or error-prone repair can cause carcino-
genesis or cell death.99 Lindahl et al. reported that, each day, our
cells may be subject to around 70,000 instances of DNA
damage.100 Most of these lesions are single-strand breaks, and
only a few are DSBs, which are less frequent. Numerous studies
have illustrated that DNA subject to oxidative stress exhibits a
large number of base and sugar lesions,101 such as guanine
modification or 7,8-dihydro-8-oxo-2′-deoxyguanosine (8-OH-dG).
Base lesions are usually caused indirectly by ROS generated due to
oxidative stresses such as radiolysis of water molecule induced by
ionizing radiation.102 Sugar damage, such as 8,5′-cyclopurine-2′-
deoxynucleosides, can be caused by free radical insult to the sugar
moiety.103,104 DNA cross-linking is often attributed to exposure to
chemical cross-linking agents, e.g. cis-platinum, or free radical-
generating ionizing radiation.105 With this type of damage, DNA
repair-related proteins are trapped with DNA, causing the proteins
to adhere to the 5′ or 3′ end of the DNA strand break.106

Furthermore, DNA cross-linking can hinder the activities of some
vital enzymes such as DNA helicases and polymerases.107,108
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A review described the formation of DNA cross-links due to
exposure to various endogenous, environmental and chemother-
apeutic agents.106 However, elucidation of how this process is
regulated and its full biological functions in mammalian cells and
cancer cells require further research. Clustered DNA damage,
sometimes described as multiple local damage sites, refers to
damage in which at least 20 base pairs are separated.109 Clustered
DNA damage usually consists of multiple lesions such as base
damage, a basic site damage and single-strand breakage.110

However, in contrast to DSBs, the multiple lesions of clustered
DNA damage may be present on the same DNA strand or on
opposing strands within a tiny range. Figure 2 illustrates the main
types of DNA damage along with differential definitions of
double-strand breakage-based and non-double-strand breakage-
based clustered DNA damage. In general, clustered DNA damage
results in enhanced mutation frequency,111 cancer, and cell death.
The mechanism of clustered damage has been described as a
base obtaining a single electron, after which multiple electron
pathways are activated.111 However, whether a beneficial result
(friend) or non-beneficial result (foe) is obtained from clustered
DNA damage in cancer cells or normal cells requires further
study.112 As cells face a tremendous amount of DNA damage
arising from various exogenous and endogenous stressors, such as
ionizing radiation or ROS,112,113 recognition of how DNA damage
occurs requires deeper investigation. Many scientific issues remain
to be addressed in future research, such as: (i) excluding the
currently known DNA damage types, other novel DNA damage
styles may exist that have not yet been discovered; (ii) methods to
evaluate and measure DNA damage types and degrees, or
visualization techniques for DNA damage; (iii) monitoring
processes for DNA damage and identification of effective
biomarkers for early detection of DNA damage; and (iv) obtaining
reference values for the exogenous and endogenous stressors that
drive DNA damage. Investigating these issues may help to
standardize DNA damage caused by various insults. Importantly,
innovative technologies and unique theoretical models would be
developed while exploring these interesting issues.

DNA damage response
Sensors in the DNA damage response. To avoid DNA damage, cells
have evolved numerous interacting mechanisms for ensuring
genomic stability or have even used DNA damage to produce new
opportunities for natural selection.114,115 These mechanisms have

been identified as the DNA damage response (DDR). Generally,
DDR mechanisms involve feedback signals from damage sites and
movement of repair factors to cluster at damage sites. In our
previous published review, we used ionizing radiation to explore
how the cell’s DNA damage sensors and signaling transducers
interact in the DDR. We focused on the critical issue of recognizing
and identifying DNA damage signals to activate the subsequent
biological response cascade.6 Therefore, in this review, we focus
on the association between DDR and cancer. Due to the
characteristic genomic instability of cancer cells, mutations and
tumor heterogeneity are common and widespread.116 These
features suggest that cancer cells are prone to enhanced
proliferation, growth and tumorigenes is due to dysregulation of
DDR-related mechanisms.117 The acquisition of specific mutations
in cancer cells might, in turn, increase the dependence on other
DDR factors for survival.118 The development of cancer requires
both mutagenic and non-mutagenic events. Cells exposed to
endogenous and exogenous factors that act as mutagenic agents
show impacts throughout the process of cell oncogenesis, but
these effects are stronger in cancer cells with mutated or deficient
DDR genes.119,120 Alteration of DDR genes has been demonstrated
in various cancers, including breast cancer and prostate
cancer.40,118 For example, BRCA1 or BRCA2 inactivating mutations
were found in ninety out of almost six hundred breast cancer
patients.121 Moreover, DNA mismatch repair-dependent DDR
pathways, such as loss of non-canonical mismatch repair gene
functions, contribute to improved treatment outcomes of color-
ectal cancer.122

Here, as a few DNA damage sensors such as γH2AX, Mre11-
RAD50-NBS1 complex, Ku70/Ku80, MDC1 and 53BP1 can initiate
the damage signaling thus trigger the DDR,123 In a study,γH2AX
may be expressed not only to detect genetic effects caused by
various toxic substances but also to monitor the clinical efficacy of
chemotherapy and radiotherapy and the sensitivity alternations of
cancer cells to anticancer agents.124 Another study assessed DDR
processes after hepatocellular cancer therapy and found that
γH2AX expression increased.125 Screening for H2AX variant
functions and targeting of H2AX have been proposed as cancer
treatments.126 Ku70/Ku80 expression also exhibited a significant
increase in rectal cancer patients after chemotherapy and
radiotherapy treatment, and further study showed that the
increase in Ku70/Ku80 expression was correlated with chemo-
and radio-resistance in various cancers.127 Ku70/Ku80 expression

Fig. 2 Main types of DNA damage along with differential definitions of double-strand breakage-based and non-double-strand breakage-
based clustered DNA damage
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can be used as a molecular cluster for predicting the susceptibility
of rectal cancer to chemoradiotherapy.128 In contrast to oxygen
sensors, which have been extensively investigated, these DDR
sensors are still in the early stages of molecular characterization,
and their roles in sensing DNA damage and signaling, cancer
progression and therapy require further study.

DNA damage response and cancer. A review literature high-
lighted the various concepts behind targeting of DDR in cancer,129

which were summarized that (i) DDR can be used as a target of
anticancer drug treatments; (ii) as most cancer cells have a
deficiency of some DDR pathways’ ability, inhibition targets can be
explored in the remaining pathways; (iii) DDR inhibition can be
used to investigate cancer replication stress; and finally (iv) the
author considered using DDR inhibitors in specific DDR-lacking
backgrounds initially to promote exploration of DDR-based agents
for cancer treatment in the future. The first description on the
association of cancer with occupational exposures was presented
in 1775 by the British surgeon Percivall Pott,130 who first showed
the link between the occupational exposure of chimney sweeps
and scrotal cancer. In 1946, the X-ray induced recessive lethal of
Drosophila was first reported to be related to the chromosomal
breakage.131,132 Later, the discovery of the helical structure of DNA
led to the introduction of the concept of DNA as the hereditary
material.133,134 Soon thereafter, repair of X-ray damage to DNA
was reported in bacteria in 1966135 and in eucaryotic cell in
1967.136 Significant research showed that defective DNA repair
resulted in many diseases and, in particular, cancer propensity,
during the period from 1969 to 2015.137,138 In 1972, apoptosis was

defined, which is a programmed cell death pathway occurring in
cells during the normal tissue development or encountering
exogenous stresses, especially DNA damage.139,140 In 1981, the
concept of oncogenes was introduced,141 followed by the concept
of tumor suppressors three years later.142 In 1989, cell cycle
checkpoints were proposed and in 1990, p53 was reported to be
mutated in various cancers.143 Then, in 1997, caretaker and
gatekeeper genes were proposed based on the research
discoveries on DNA repair genes BRCA1/2, RAD51.144–146 In 2002,
ROS production and DNA damage attributable to deregulated
metabolism induced by oncogene expression were
reported.147,148 In 2005, DDR was described as an anticancer
barrier in early-stage tumorigenesis, but the genes showing DDR
mutations were absent from later-stage tumors.149 To date, a large
number of DDR genes have been identified in various can-
cers.150,151 Figure 3 illustrates the timeline of DDR-related findings
and concepts related to cancer, highlighting the scientists who
worked to provide a deeper understanding of the roles of DDR in
cancer.
Alongside the DDR processes described above, including cell

cycle checkpoints and apoptosis, we present DDR signaling by
way of a brief introduction to how DDR pathways can affect
cancer development. First, a healthy cell affected by environ-
mental hazards, viral or bacterial infection, or ROS may initiate
DNA damage and mutations, increasing oncogene activation,
tumor suppressor inactivation and replicative and oxidative
stresses. The oncogene activation might occur directly or
indirectly. As a result, DNA replication fork fidelity and replication
recovery are compromised.152–154 Hence, increased DNA damage
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Fig. 3 Timeline of DDR-related findings and concepts related to cancer, highlighting the scientists who worked to provide a deeper
understanding of the roles of DDR in cancer
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and mutations in normal cells would hamper genomic stability. At
this stage, the damaged cells still exhibit a range of responses,
including activation of checkpoint arrest and triggering of
increased p53 expression to protect cells against further damage.
However, downregulation of DDR processes should disturb the
proliferation of pre-cancerous cells.155–157 General DDR pathway
research in relation to cancer development provides important
information that may be useful for the design of targeted cancer
therapies.158,159 More importantly, understanding DDR can also
help elucidate why targeted clinical therapy strategies often
fail.160,161 Debjani P et al. assessed the performance of cancer cells
escaping targeted lung cancer therapy, found that the key event
was activation of the TGF-β signaling pathway in some cancer cells
after targeted therapy.162 TGF-β activation can inhibit the
expression of DDR-related genes, resulting in decreased DNA
repair ability and, thus, accumulation of mutations. Other
advances have shown that tumor heterogeneity may influence
the outcomes of targeted cancer therapy.163,164 For example,
some scientists have reported that ALK-targeted therapy differs
among cancer patients, with many patients treated with ALK-
targeted therapy developing therapy resistance, which results in
cancer progression.165 Targeted therapies against other cancers,
such as non-small cell lung cancer (NSCLS), also face challenges
related to tumor heterogeneity, which impact acquired and
inherent drug resistance.166

New technologies, such as cancer genome profiling using deep
sequencing and microarrays and single-cell sequencing offer more
information about which DDR-related genes are mutated or mis-
regulated.62,167–170 However, a better understanding of DDR
pathways and discovery of new and valuable ideas for improving
cancer treatment are still urgently needed.

DNA damage repair
A historical perspective of DNA damage repair. Many human
pathologies such as tumors and chronic metabolic diseases can be
clearly attributed to DNA damage induction.171 Indeed, although
DNA damage is common and its occurrence is very frequent, such
damage must be repaired immediately and correctly to ensure the
exact transfer of genetic information during cell division.172,173

Without appropriate DDR capacity after insult from environmental
or endogenous stressors, negative effects may occur in normal
cells, as follows: (i) increasing opportunities for genomic defects;
(ii) possible genomic instability and malignant transformation; (iii)
enhanced development of cancer; and (iv) further injury to cellular
DNA repair ability, as DNA damage signaling and inappropriate
repair processing in cancer cells would benefit cancer cell growth
and proliferation while disrupting the outcomes of cancer chemo-
and radiotherapy. Over the long period of around 4 billion years of
evolution, it is unsurprising that cells have prioritized minimizing
mutagenesis and protecting genomic replication through effective
and quick repair of DNA damage.174 In recent years, numerous
studies have reported evidence of the importance of DNA damage
repair: (i) a few types of DNA damage have been illustrated over
recent decades, of which DNA double-strand breaks (DSBs)
represent the greatest risk for causing genomic instability;173 (ii)
some components of DNA repair pathways are so important that
life would not be sustained without them, such as ATR, which is
critical for early embryonic development and its deficiency results
in chromosomal fragmentation and early embryonic lethality;175

(iii) many hereditary disorders have been attributed to DNA repair
deficiencies, such as the observation by Jim Cleaver that patients
with the rare autosomal-recessive cancer predisposition syn-
drome, xeroderma pigmentosum, lacked the ability to perform
DNA repair after damage due to UV exposure;138 and (iv) defective
DNA repair pathways are associated with cancer initiation, as
shown by a study in the 1990s, which found Lynch syndrome was
related to mutation of the DNA repair proteins MutS and MutL.176

From a historical perspective, early research into DDR focused

on observations, as described above.177 In 1940, American
biologist Albert Kelner identified photo reactivation, which is an
enzyme-catalyzed reaction, as the enlightenment DNA repair
mechanism.178 Then, in 1964, Setlow RB and Carrier WL reported
an error-correcting mechanism in which intrastrand thymine
dimers formed after UV radiation of DNA accounted for a large
fraction of the observed biological damage to DNA.15,179 In the
same year, the term “DNA repair” was formally founded with the
discovery of “Dark repair” and “Repair-replication” or “unscheduled
DNA synthesis” of ultraviolet injury to the DNA in Escherichia
coli.12,13,180 These studies showed that one strand of damaged
DNA could be excised, and the resulting gap could be repaired,
using the intact complementary strand as a template.12,181 This
repair pathway is known as nucleotide excision repair. In 1968, J R
Cleaver et al. validated it as a repair replication mechanism
through observation of UV-induced lesions to HeLa cell DNA.182

Soon thereafter, polynucleotide ligase activity was discovered in
the cell-free extracts from E. Coli by Gellert M in a study showing
that E. coli extracts could convert lambda DNA to covalent
circles.183 In other words, polynucleotide ligase can combine a
newly synthesized patch with the contiguous parental DNA
strand.
In the mid-1970s, the excision repair processes of base excision

repair and mismatch repair were described. Lindahl revealed that
an N-glycosidase was active in DNA repair based on its ability to
deaminate dCMP residues into an easily repairable form.184

Meanwhile, Wagner Jr. and Meselson used E.coli to identify repair
tracts originating at mismatches. The repair process propagatesin
the direction of 5′ to 3′ and can cover approximately three
thousand nucleotides.185 In terms of excision repair, the optimal
outcome is that the DNA can be replicated normally after excision
and repair, but it is also possible for an advancing replication fork
to encounter the damage site after excision and prior to the
completion of repair, which is known as synthetic death.174

Compared to the former repair type, the latter is more
complicated and more likely to be lethal. In 1975, an interesting
hypothesis was raised by Radman, who suggested that E. coli
possesses an inducible DNA repair system, called “SOS repair”.186

The main components of this hypothesis were: (i) DNA damage
initiated the “SOS repair” process; (ii) de novo protein synthesis is
involved in the repair process; and (iii) physiological and genetic
status requirements must be met for further prophage induc-
tion.186 This hypothesis was confirmed through many later
experiments, and some new concepts have been incorporated
into this model. For example, a study showed that cells treated
with rifampin to eliminate their ROS repair ability exhibited
reduced repair efficacy of global cyclobutane pyrimidine dimer
(CPD) formation due to UV radiation exposure.187 These findings
provided the insights into the enzymes responsible for DNA
damage detection, and showed that they may attack undamaged
DNA, with deleterious consequences. In other words, these
sensitive DNA repair enzymes perform dual roles depending on
their concentrations. At low concentration, these enzymes are
kept in check until needed for repairing specific DNA damage.
Since these studies, the concepts of transcription-coupled repair
sub-pathway and global genome repair sub-pathway of nucleo-
tide excision repair (NER) have been supported by numerous
studies.188,189 The DNA damage in the active transcription gene or
the transcribing strand is preferentially repair through the
transcription-coupled repair sub-pathway.188,190 Global genome
repair is another sub-pathway of nucleotide excision repair,
through which the DNA damage in whole genome is repaired
with equal efficiency. The mechanistic difference between
transcription-coupled repair and global genome repair is mainly
that, in the former process, the stalling of RNA polymerase at
transcriptionally active genes favors the recruitment of Cockayne
syndrome proteins A and B, whereas in the latter process, helix-
distorting damage is recognized by XPC and its partners RAD23B
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(Rad 23 homolog B) and CETN2 (centrin 2).191 However, compared
with global genome repair, transcription-coupled repair is more
constitutive and is evidently not inducible as a DDR response.
Excluding excision repair, several other repair pathways that
support improved replication to overcome the obstruction of
replication caused by lesions without their removal have been
reported; they are known as tolerance pathways. These pathways
require the function of specialized DNA polymerases.93,192,193 At
this point, a “collapsed replication fork” had been defined and its
role in the loss of DNA synthesis capacity was known.194 In this
process, the fork collapse contributes to genomic instability or
even death.194,195 In general, after reviewing DNA damage repair
from a historical perspective,196 concerns remain, which can be
summarized as follows: (i) Is the previous DNA damage repair
definition sufficient to represent fully the process and its
significance? Based on the rapid development of DNA damage
research and a deeper appreciation of DNA damage repair, the
definition should be expanded to include exogenous and
endogenous insults, genomic early and later responses, DNA
repair-related enzymes, and early events associated with later
outcomes. (ii) Most of previous researches aimed to uncover new
targeted proteins and enzymes rather than considering the
interactions among multiple DNA repair pathways. Sometimes,
various DNA repair pathways can handle the same damage sites in
competing ways, but how this interaction occurs remains unclear.
Moreover, the processes that occur at each step of multiple repair
routines require further investigation. (iii) The threshold level is an
essential concern for initiation of DNA damage repair, but leads to
low-level lesions often being overlooked. However, multiple long-
term low-level lesions may lead to DNA repair via some novel
pathway or mechanism, which requires further validation and
testing. (iv) Finally, basic information about DNA repair is lacking,
including how damage to bases and other structures of DNA is
sensed in cells, what roles the sensing machinery plays in the
cellular response to DNA damage, and how the cells perform cell
cycle arrest in response to DNA damage in normal cells and cancer
cells. Furthermore, in the context of cell mutagenesis or lethality,
more information is needed about how DNA damage repair-
related enzymes and proteins regulate downstream events in
combination with other factors after the recognition of an
aberration. These questions are very basic, but have yet to be
answered fully and clearly. In addition, it is important to learn from
previous research and apply these discoveries in the clinic setting
in the future. The greatest value of DDR research is that a deeper
understanding of the secrets of life will allow us to face the
challenges that arise from environmental, social and technological
issues more effectively.

DNA damage repair pathways. Several repair pathways exist,
including direct reversal, base excision repair, nucleotide excision
repair, mismatch repair, single-strand break repair and DSB
repair.197–199 Direct repair generally refers to the repair of
pyrimidine dimers formed due to UV exposure or other factors
or the repair of alkylated bases. Nucleotide excision repair refers to
repair of DNA replication lesions or bulky adducts arising from
distortions of the DNA structure.3,200 Mismatch repair refers to
adjustment of mismatched base pairs in double-stranded DNA, as
well as repair of some insertions or deletions of less than 4
nt.201,202 Double-strand break repair refers to repair of DSB
lesions.203–205

Direct reversal repair
As described above, induced DNA damage often refers to damage
caused by alkylation, oxidation, UV and cross-linking agents.206

Direct reversal of the base lesion rather than excision is the one
simplest step error-free and most economical DNA repair
mechanism to have evolved.206–208Cells have also developed
direct reversal mechanisms for several types of DNA damage, such

as alkylation, inter/intra-strand cross-link. In E. coli, the mechanism
of the direct DNA damage reversal reaction was described as a
“flip-out”process.209 Briefly, enzymes first form a long loop, then
DNA photolyase binds to duplex DNA, goes through a series of
energy transfer, single electron transfer and enzymatic catalysis
steps, and forms a flip-out helix structure to skip the break site for
direct reversal.209–211 This form of direct DNA damage reversal is
considered to be beneficial to cells, as it is a highly effective and
simple method to address an important and necessary issue.
Unlike other molecules, which can be replaced, DNA cannot be

replaced after being damaged, and must instead be repaired.
Three classical DNA damage direct reversal mechanisms have
been described, namely, repair of O-alkylated DNA damage by
alkyltransferases and dioxygenases, repair of photolesions caused
by ultraviolet (UV) radiation through the work of spore photo-
product lyases and photolyases,212,213 and reversal of N-alkylated
base adducts by AlkB family dioxygenases.214 DNA is constantly
subjected to numerous environmental insults. Among such
hazards, alkylating chemicals, which are often applied as cancer
chemotherapy agents, can cause DNA damage in the form of
alkylation.215,216 Endogenous products, including metabolites
such as adenosylmethionine arising from many biological
processes, may also damage DNA.217,218 After damage from these
agents, some typical damage response molecules such as
methylguanine and methyladenine are formed on double-
stranded DNA.219,220 These materials can increase the cell’s
mutagenic and carcinogenic potentials, for example, by increasing
the chance of base misincorporation.221 Alkyltransferases are
associated with direct removal of DNA alkylation damage. Studies
have shown that this enzyme is responsible for the removal of
mutagenic alkyl adducts on the bases of the O6 atom of 2′-
deoxyguanosine and the O4 atom of thymidine.222,223 In cells, the
importance of O6-alkylguanine DNA alkyltransferase-based direct
reversal is greater than that of nucleotide excision repair or base
excision repair, suggesting the critical role of alkyltransferases.224

The potential role of this protein in DNA repair was reported 40
years ago. Its main roles include prevention of mutations,
cytotoxicity, and cancer development.225 Alkyltransferases have
been identified in many living things.226 However, whether other
co-factors or energy resources interact with alkyltransferases to
perform direct DNA damage reversal remains unknown.225 Mean-
while, although multitudinous studies have been conducted to
investigate the activities of alkyltransferases, how their poly-
morphisms relate to health, and specifically cancer therapy,
remain unclear at present.
Photolyases, which are 50–55kD single-chain flavoproteins, are

damage-specific binding proteins active in the response to the
formation of UV-induced cyclobutane pyrimidine dimers
(CPDs)227,228 and 6–4 photoproducts.229 From the perspective of
LO Essen et al., photolyases are highly effective light-driven DNA
repair enzymes, which function specifically in the reversal of
genomic lesions induced by UV radiation.230 The mechanism of
photolyase-related reversal is generally similar to that following
induction of DNA lesions by UV insult; specifically, an electron is
injected at the lesion site, activating cleavage of cyclobutane-
pyrimidine dimers or 6–4 photoproducts inside the duplex DNA
structure.230 This reversal method is highly effective and simple, as
an electron is shuttled to the lesion site for direct destabiliza-
tion.231 The energy to drive this reversal reaction comes from
chromophores excited through intake of a photon.232–234 With the
advancement of this research field, other mechanisms, including
an exclusive bifurcating-electron-transfer method with a cyclic
radical mechanism, have been continuously reported. For dimer
repair, six steps have been identified, typically including three
electron transferences and two bindings to lesions.229 Through
dynamic analysis, new discoveries such as a unique electron-
tunneling pathway and essential residues at repair trigger sites
have been revealed.229,235,236 Importantly, recent crystal structure
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determination of photolyases has provided new direct insights
into the relationship between photolyase structure and its roles in
DNA damage repair,237 supporting further comparison between
DNA photolyases and spore photoproduct lyases.237–239

In recent years, the AlkB family of demethylases has attracted
increasing attention for its regulatory role in oxidative DNA repair.
In 2002, studies by Pal F et al.240and Sarah CT et al.241 revealed a
third type of direct reversal mechanism for DNA damage,
reporting that AlkB protein in E. coli can repair cytotoxic damage
due to 1-methyladenine and 3-methylcytosine in DNA, and that
this reaction by AlkB is dependent on oxygen and α-ketoglutarate.
Figure 4 lists the three types of direct DNA damage reversal
described above, including representative substrates, repair
proteins, cofactors, and the corresponding repair products.

Base excision repair
Exposure to ionizing radiation produces radicals.242,243 Radicals
may cause base lesions and thus, base excision repair may be
initiated to address these lesions.244,245 Key enzymes such as
OGG1 can sense damaged bases and are responsible for the
recognition and removal of 8-oxoguanine.246,247 The result of base
excision repair is that 1 to 10 nucleotides, but no more, can be
replaced by short to long patches.248 The cell’s status and
background, lesion style, and levels of exogenous and endogen-
ous materials affect the selection between short patch and long
patch base excision repair.249–251 The importance of base excision
repair is not only for ensuring genomic stability but also that its
dysregulation would lead to increased risks of cancer, aging-
related diseases and other serious disorders.252 However, base
excision repair does not simply serve as an isolated repair
pathway, it is one component of the larger DNA damage repair
machinery. It forms a network in combination with other
pathways and may in turn be regulated by other pathways via a
feedback mechanism.253

Nucleotide excision repair
Compared to base excision repair, nucleotide excision repair is
more complex, as it is responsible for addressing complicated
lesions including bulky adducts and cross-linking lesions,254,255

and there are two sub-pathways of TCR-NER and global genome
repair (GGR)-NER as mentioned above. The source of this type of
DNA damage is alkylating or cross-linking agents. Deficiency of
nucleotide excision repair is typically associated with several

human diseases, including xeroderma pigmentosum and other
neurological diseases.200 The repair process has been elucidated
through research over previous decades. In TCR-NER, the
hampered RNA polymerases by the damage constitutes the initial
step for recognizing DNA lesions, then recruits the CSB/ERCC6,
which in turn recruits CSA/ERCC8 complex. In GGR-NER, the
protein complex XPC/RAD23B/CETN2 can sense and recognize
DNA distortion and recruit helicase TFIIH to form a XPC-RAD23B-
TFIIH complex to unwind the DNA helix. Once the pre-incision
complex is ready, the endonuclease XPG and XPF/ERCC1 are
recruited, which can cut the strand at the 3′ and 5′ flanks of
damage site, respectively, to ensure that of a piece of damage-
containing nucleotides are removed. Then, the proteins respon-
sible for synthesizing the missing nucleotides are recruited
and, finally, DNA ligase fills the gap to complete the repair
process.256–258

Mismatch repair
The primary purpose of mismatch repair is to counteract
replication errors and thus improve the fidelity of replication.259

This repair pathway is mainly used to resolve single nucleotide
mismatches and small insertion loops generated by DNA
polymerase.119,260 The mismatch repair pathway consists of three
steps. First, protein complexes such as the MSH2-MSH6 hetero-
duplex sense and recognize the mismatch and identify the site of
the insertion-deletion loop.261,262 These protein complexes will
quickly move to the mismatch lesion site and bind to the DNA
molecule to form a sliding clamp. At this point, many proteins
gather to perform various functions. For example, exonuclease 1
(EXO1) has been reported to carry out excision of nucleotides in
the 5′- > 3′ direction.263 Another protein, replication protein A
(RPA) serves as a binding function of single-strand DNA produced
by EXO1 to prevent further DNA degradation.264 MLH1, a subunit
of MutLα, whose defect is responsible for ~50% of MMR defected
cancers, may restrained DNA excessive excision by EXO1.265

Immediately following the recognition step, the removal step
occurs. The mismatched bases are removed, and then the
replacement DNA is synthesized by DNA polymerase δ while
DNA ligase ligates the remaining nick.259,266,267 Certain proteins
are also necessary for this synthesis step. Proliferating cell nuclear
antigen (PCNA) functions not only in the mismatch recognition
step but also in the processing of DNA polymerase during the final
synthesis step.268,269 As reported by Kira CB et al., PCNA can

Fig. 4 Three types of direct DNA damage reversal including representative substrates, repair proteins, cofactors, and the corresponding repair
products
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trigger other proteins to cut the error-containing strand, leading
to more rapid and effective excision and synthesis.270 Due to their
critical roles in DNA damage repair and, in particular, mismatch
repair, loss of expression of essential proteins such as MSH, EXO
and PCNA is closely and significantly linked to increased
predisposition to a number of diseases, including various
cancers202 and other metabolic pathologies.201,202,271–273 Recent
reports indicate a broader spectrum of non-canonical roles of
mismatch repair. These roles include the responses to oxidative
DNA lesions, helix-distorting nucleotide lesions and environmental
chemical toxicants such as benzo(α)pyrene-induced cellular
senescence, as well as regulation of the cell cycle.269,274–276

Undoubtedly due to its importance in maintaining genomic
stability, mismatch repair deficiency leads to increased DNA
mutations. The opportunity for secondary mutations increases by
100 or even 1000 times in mismatch repair-deficient cells.201,277

With the development of high-throughput sequencing technol-
ogy and compound screening strategies, many novel functions
and mechanisms of mismatch repair have been identified, and
further research should aim to clarify the genes and proteins of
the mismatch repair pathway in depth and elucidate how each
gene or protein may differentially function in each step. Moreover,
non-canonical roles of the mismatch repair pathway should be
further investigated to provide new insights into DNA damage
repair and identify potential new fields for targeted cancer
therapy or improvement of chemo-and radio-therapy outcomes in
the future.
Figure 5 illustrates the main characteristics of base excision

repair, nucleotide excision repair and mismatch pathways and the
main differences in their lesion sensors, mediator proteins and
effector proteins.278 Generally, in base excision repair, APE1 and
DNA glycosylases are the main DNA damage sensors. Meanwhile,
the damage sensors in nucleotide excision repair are XPC and CSA;
the mediator proteins are XPA, XPF and RPA; and the effect or
proteins are XPG, ERCC1, and POLD1. In mismatch repair, the roles
of synthesis proteins and protein complexes differ.
Single-strand break repair can be conducted through the base

excision repair, nucleotide excision repair and mismatch repair
pathways.279 In this section, we focus on the DSB repair
pathway, as this damage type is most deleterious to genomic
stability.

Double-strand break repair
Two main types of DSB repair pathways have been reported,
namely, homologous recombination (HR)280 and non-homologous
end joining (NHEJ).281 Compared to the NHEJ pathway, HR is more
conservative and error-free due to its dependence on the
existence of sister chromatids.282,283 However, this property limits
the HR pathway repair to the cell cycle S/G2 phase when sister
chromatids exist, whereas the NHEJ pathway can repair DSBs
throughout the cell cycle.284–286

Homologous recombination (HR). The HR pathway is comprised
of three processes: (i) double-strand break recognizing, DSBR; (ii)
synthesis-dependent strand annealing, SDSA; and iii) break-
induced replication, BIR. After a DSB occurs, a single-strand is cut
from the DSB’s end to form two single-strand ends, of which the
3-terminal ends pair with the homologous templates to form a
D-loop structure. The single-stranded DNA (ssDNA) that breaks
after this step is synthesized using homologous DNA as a
template. After D-loop formation, the repair modes differ among
the three pathways. The resected 3′ ssDNA end(s) of the DSB
sense, bind with, and insert a homologous DNA sequence to
prime the synthesis of repaired DNA. Somatic cells use the sister
chromatid rather than the homologous chromosome as the
repair template. In the DSBR pathway, the D-loop structure
becomes stable through capture of another 3′ terminus, forming
a double Holliday junction (dHJ) structure. In the SDSA pathway,
the 3′ end is extended and released from the template, and then
matches with another 3′ end to continue the DNA repair process.
In the BIR pathway, the D-loop forms a replication fork to ensure
synthesis of the following chain and leading chain. Within the HR
pathway, many proteins must combine with each other to
function. After the formation of DSBs, under the action of specific
nucleases (e.g., the Mre11-Rad50-Nbs1, or MRN, complex), the 5′
ends of DSBs are excised to form a 3-terminal single-stranded
DNA (ssDNA). Subsequently, the ssDNA is encapsulated by RPA,
which is replaced by Rad51 to form the nuclear fiber structure of
Rad51. Mediators such as RAD52 and BRCA2 participate in this
process. Subsequently, with the help of PALB2 and rad51ap1, the
Rad51 nuclear fiber combines with the homologous double-
stranded DNA to form a D-loop structure. After this association,
the D-loop dissociates under the action of FANCM to form a

Fig. 5 Main characteristics of base excision repair, nucleotide excision repair and mismatch pathways and the main differences in their lesion
sensors, mediator proteins and effector proteins
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product without cross exchange. The dHJ structure formed in the
DSBR repair pathway can also be dissolved by a helicase
topoisomerase complex (BLM-TopoIII) to form a product without
cross exchange.
Rad51 plays an important role as the core molecule in the HR

pathway.287 Rad51 in mammalian cells is similar to Rad51 in
yeast cells and RecA in bacteria, with specific functions before,
during, and after HR association.288 First, Rad51 interacts with
DNA to form the Rad51 nuclear fiber structure, which effectively
elongatesss DNA and is therefore conducive to ssDNA encoun-
tering its homologous DNA template.289 Rad51 can promote the
combination of ssDNA with homologous DNA templates and,
thereby, promote formation of the D-loop. After association,
Rad51 breaks away from the leading strand of DNA during DNA
synthesis, exposing its 3-terminal sequence, which is used as the
primer for DNA synthesis.290

RPA is a single-stranded DNA-binding protein comprised of a
trimer of RPA1, RPA2 and RPA3.291 RPA1 has four domains in the
trimer, which play roles in DNA synthesis.292 The N-terminus of
RPA1 has a protein-binding domain, DBD-F, along with three
domains that bind to ssDNA, DBD-A, DBD-B and DBD-C. The
second large component of the trimer, RPA2, has a central
structure domain, DBD-D. RPA3 has only one domain, DBD-E.293

CtIP (CtBP-interacting protein) plays important roles in cell
cycle regulation and DNA damage repair.294,295 It contains a
dimerization domain (40–165 amino acids) at the N-terminus,
which has the same amino acid sequence and binding site as the
RB family. CtIP possesses a central domain, which interacts with
CtBP. The C-terminal sae2/ctp1-like domain of CtIP is conserved
between human and yeast. The phosphorylation of the CtIP
S327 site promotes its binding to BRCA1, which then binds to
itself, and then is ubiquitinated by BRCA1 and recruited to the
damage site.296 The DNA-binding domain of CtIP is located
between amino acids 515–557, which is conducive to the
recruitment of CtIP to DSB sites. The two lysine sites in this
domain, K513 and K515, are crucial to the interaction between
CtIP and DNA. The N-terminus and C-terminus of CtIP contain
structural domain segments that interact with MRN. The
T847 site of CtIP can be phosphorylated by CDK, which helps
CtIP to activate the nuclease activity of MRN and, thus, to
promote the single-strand excision of DNA DSB ends.297

Non-homologous end joining (NHEJ). In the classical NHEJ path-
way, the heterodimer of Ku70 and Ku80 first binds to the broken
DNA ends and then recruits DNA-PKcs (DNA-dependent protein
kinase catalytic subunit). DNA-PKcs is a member of the
phosphatidylinositol 3-kinase (PIKK)kinase family that can pull
two broken DNA ends together and recruit processing-related
enzymes, such as Artemis, PNKP (polynucleotide kinase/ phos-
phatase), APE1 (AP endonuclease 1) and Tdp1 (tyrosyl DNA
phosphatase 1), and then recruit the XRCC4-XLF-LIG4 complex.298

Ku70 and Ku80 are subunits of the first protein complex to be
recruited to the damage site, both of which have a central domain
(Ku core) that binds to DNA. An acid domain, serine 6, is present in
the N-terminus of Ku70 that can be phosphorylated by DNA-PKcs.
SAP (SAF-A/B, Acinus and PIAS) possesses a C-terminal domain.299

There is a linking region between SAP and the Ku core of about
536–560 amino acids. Both SAP and this linking region can bind to
DNA, so SAP may anchor the Ku dimer to chromatin. The C-
terminal region of Ku80 interacts with the Ku core through a
highly flexible linking region.300 At the end is a 12-amino-acid
region that can directly interact with DNA-PKcs. The Ku dimer can
recruit DNA-PKcs, XRCC4 and XLF to a damage site. When the Ku
dimer binds to DNA, Ku70 is directed toward DSBs, while Ku80 is
directed away from DSBs.301

DNA-PKcs, as a member of the PIKK family of serine/threonine
protein kinases,302 contains a leucine-rich domain (LRR) at the N-
terminus, which may play an important role in DNA binding, and a

series of heat repeat sequences (huntingtin, elongation factor 3, a
subunit of protein phosphate 2a and tor1, heat). The C-terminus
contains a FAT (FRAP, ATM, TRRAP) domain. The PIKK regulation
domain (PRD) may be located between the kinase domain and the
FAT domain.303 Cells lacking DNA-PKcs showed high radio
sensitivity. Moreover, mouse experiments showed that mice
lacking DNA-PKcs might suffer from severe comprehensive
immunodeficiency (SCID).304 The binding region between DNA-
PKcs and Ku is located in the C-terminal region of DNA-PKcs.
When the Ku dimer is on DNA, Ku recruits DNA-PKcs to the DNA
break terminus, and two DNA-PKcs molecules interact with the
DSB site to form a synaptic complex. The DNA-PKcs/Ku/DSB
complex can fix the ends of DSBs, thereby protecting the DSB site
from nuclease digestion.
After the end of DNA is processed by Artemis and other end-

processing molecules, the subsequent repair process must
connect the disconnected DNA, and LIG4 executes the DNA
connection. XRCC4 has no known enzymatic activity, but can
function as a scaffold protein, aiding the recruitment of other
NHEJ pathway molecules. In structure, the best binding ligand of
XRCC4 is LIG4.305 The C-terminus of LIG4 contains two BRCT
domains, with a connecting region between the two domains. The
highly stable complex XRCC4-LIG4 can be formed through
interaction with the helical region at the C-terminus of XRCC4.
XRCC4 can stabilize LIG4 and promote its activity. The XRCC4-LIG4
complex can interact with Ku, PNK, APLF, XLF and DNA.306 XRCC4
can be highly phosphorylated, and DNA damage can promote its
self-phosphorylation. DNA-dependent protein kinase (DNA-PK)is
necessary for the phosphorylation of XRCC4 induced by DNA
damage, and promotes the binding of XRCC4-LIG4 to DSBs.307 The
SUMO modification of XRCC4 is essential to its nuclear localization
and DSB repair function.
53BP1 (p53-binding protein 1) is a very important molecule in

the DSB repair pathway, functioning as an intermediary molecule
or effector.308 It can promote the terminal junction of DNA after
DSB occurrence. To be recruited to DNA, 53BP1 must directly
recognize the specific histone structure produced by the DSB.
Moreover, 53BP1 can promote the NHEJ pathway and inhibit the
HR repair pathway. The N-terminus of 53BP1 contains 28 serine/
threonine glutamine sites (s/t-q), which are the target sites of ATM.
When the N-terminus of 53BP1 is phosphorylated by ATM, the
interaction of 53BP1 with Rif1 (Rap1-interacting factor 1) and PTIP
(Pax activation domain-interacting protein) is promoted.309,310 The
C-terminus of 53BP1 contains a BRCT domain, which interacts with
p53 and EXPAND1. The minimal focal region of 53BP1 contains an
OD (oligomerization domain), a glycine- and arginine-rich (GAR)
motif, and a ubiquitination-dependent recruitment (UDR) domain.
It can be dimethylated atlysine 20 within its GAR motif, and the
UDR domain can interact with ubiquitinated H2AK15.311

Alternative end joining. While the c-NHEJ and HR pathways are
primarily responsible for repairing DSBs of DNA, alternative end
joining (alt-EJ) was considered responsible for residual DSBs that
c-NHEJ and HR are unable to repair.312,313 However, it is unsure
whether alt-EJ represents a standing pathway or only the end-
joining components of the pathway usually serving in dsDNA
processing of other functions, such as in replication, recombina-
tion or repair. Alt-EJ is also called microhomology-mediated end
joining(MMEJ).314 Alt-EJ refers to repair of DSB damage indepen-
dently of classical NHEJ factors such as Ku70, DNA-PKcs and
lIG4.315 Although this process appears similar to c-NHEJ, alt-EJ is
Ku-independent, depending instead on regions of microhomology
on each side of the breakage site.315 Specific proteins including
PARP-1[Poly(ADP-ribose) polymerase] are critical for facilitating
the alt-EJ pathway.316 As reported by Huang YJ et al., PARP-1 is
vital to DSB repair in breast cancer cells, and the alt-EJ pathway is
triggered by radiomimetic agents.317 Other studies have shown
that PARP-1 and DNA ligases are required for chromosomal
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translocation followed by alt-EJ activation due to ionizing
radiation.318 In addition, alt-EJ is mainly mediated by the CtIP/
MRN complex.319 Furthermore, Polθ can indicate the microhomo-
logous DNA ends to support the joining of DNA ends.320

Moreover, the maximum activity of the alt-EJ pathway was
observed in the G2 phase of the cell cycle.321 In mammalian cells,
PARP-1 binds completely to the DNA ends with the Ku
heterodimer, and resection is then triggered by the MRN complex,
followed by DNA ligase III mediating DNA end ligation.322–324 DNA
polymerase theta (pol teta) is an evolutionarily conserved protein
encoded by the POLQ gene in mammalian genomes325 with the
ability to mediate joining of single-stranded 3′ ends. Without pol
theta, end joining is damaged and residual repair would create
large deletions flanking the break site.326

Figure 6 illustrates DNA DSB repair pathways with the roles of
the relevant proteins. As shown in Fig. 6, DSB repair depends on
whether end resection occurs. If the end resection process is
blocked, the only repair pathway available is NHEJ, whereas if end
resection occurs, three repair pathways, namely HR, NHEJ and alt-
EJ, can be initiated to repair lesions in a competitive model. The
competitive model includes two layers, as NHEJ competes with
the resection-dependent pathways, while HR and alt-EJ compete
for lesion repair. The consequences of these three pathways differ.
The outcome of NHEJ is accurate deletions of 1–4 nt, while the
outcome of HR is loss of heterozygosity, and that of alt-EJ is
mutagenesis rearrangement (insertions/deletions). In the review
by Anabelle D, this pathway was described as relying on a subset
of HR enzymes, and alt-EJ is a highly mutagenic pathway in vivo,
driving telomere fusion events and tumor-related chromosomal
translocations in various mouse models.327 These findings raise
vital questions about the rules for selecting a repair pathway and
the consequences of each option for DSB repair.
According to the review by Raphael et al.,97 certain factors may

influence DSB damage repair pathway selection. First, the role of
end resection affects the DDR choice.328 Nicole et al. indicated that
resection is commonly used by cells for selection of DSB repair
pathways,329 especially in the G1 phase of the cell cycle or with
complex damage. End resection includes two phases, of which the
first is “end clipping”, where in a small number of base repairs
occur, making the DNA ends available for alt-EJ.314 In the second
phase, known as “extensive resection”, proteins including CtIP and

EXO1 produce long stretches of ssDNA, which are then subject to
HR.330,331 Thus, the factors that affect the end resection process
also influence DNA DSB repair pathway selection. For example,
CDKs phosphorylate the long-range resection nuclease EXO1 in
the S to G2 phases of the cell cycle, regulating the DNA end
resection and repair pathway choice.332 However, in non-cycling
cells, DSB end resection is significantly reduced, facilitating the c-
NHEJ repair pathway.97 Post-translational modification was also
found to regulate end resection. For example, acetylation plays a
dual role, inhibiting end resection in budding yeast while
promoting end resection via sumoylation.333,334 Sonia et al.
demonstrated that protein deneddylation is another major
controller of DSB repair pathway choice. RNF111/UBE2M-mediated
neddylation can inhibit end resection mediated by CtIP through
regulation of ssDNA length.335 Additional factors, such as
maintenance of the balance between BRCA1- and 53BP1-
mediated end resection, also modulate pathway selection. In
BRCA1-knockout cells, 53BP1 can end resection by blocking CtIP
from DNA ends, leading to c-NHEJ pathway selection.336

Furthermore, hyperactivity of 53BP1 drives genomic instability in
BRCA1-/- mice through inhibition of HR pathway selection.337 In
addition to these factors associated with end resection, the repair
pathway-related protein complex can affect complex formation or
dissociation, and may thus also influence end resection, as the
linkage among the protein complexes is likely to be an elaborate
interaction network. Alteration of either protein in this network
may affect end resection, leading to resection-dependent repair
pathway selection.338 A recent study showed that ATM mediated
the interaction of the UBQLN4-MRE11 complex to repress HR
further, indicating that ATM not only initiates the HR pathway but
also suppresses excessive end resection through various protein
interactions.339 Importantly, competitive relationships among
various DSB repair pathways have also been reported. For
example, an enzyme in the alt-EJ pathway, Polυ, can inhibit HR
pathway activity through binding with RAD51, indicating that
Polυis vital for alt-EJ to compete with the HR pathway.340 In
contrast, HR factors such as FA (Fanconi anemia) proteins also
promote alt-EJ activity,341 suggesting that these factors, which
interact with ATM and RAD51, can influence repair pathway
selection in a background-dependent manner.97,342 In general,
these studies confirm that multiple connections exist between

Fig. 6 DNA DSB repair pathways with the roles of the relevant proteins
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alt-EJ and HR. These connections may be competitive and one
protein may function in multiple pathways under multiple
avenues of regulation, increasing the complexity of DSB repair
pathway selection.
Over the past decade, many hypotheses as to how DSB repair

pathways are selected have been proposed. From the perspective
of George et al., alt-EJ may operate as a backup to the c-NHEJ and
homologous recombination repair pathways in the G2 phase.
However, as the fidelity of alt-EJ is lower than that of c-NHEJ,
chromosome translocations become more likely.343 Previous
reports have noted that the cell cycle and chromatin context also
affect the selection of the double-strand repair pathway, and
some studies have shown that euchromatin and heterochromatin
both affect this choice.344 Shuren et al. hypothesized that the DNA
end structure is another major determinant of the DSB repair
pathway.345 However, these hypotheses were published consider-
ing single factors rather than from a global perspective of the DSB
repair process. In this review, we raise a novel hypothesis based on
a global view of DSB causes, repair selection and consequences.
We designated this hypothesis “environmental gear selection”. As
shown in Fig. 7, environmental hazards such as radiation, ROS,
alkylating agents, cross-linking agents, topoisomerase inhibitors,
and UV light can affect DSB repair pathway selection. For example,
alkylating agents may lead to the NER and BER [Please define
these abbreviations] repair pathways, whereas radiation damage
may be repaired through the BER, HR, c-NHEJ or alt-EJ pathways.
UV light leads to NER selection over c-NHEJ and alt-EJ. After insults
from different DNA damage sources, different sensors, proteins
and protein complexes are activated to initiate various repair
pathways. Some proteins function in specific pathways, such as
ATM and DNA-PKcs in the HR and c-NHEJ pathways, respectively.
The activities of such specific proteins contribute to repair ability
and subsequent repair outcomes. This process is similar to the
principle of gears’ function in a hydrodynamic force model as
illustrated in Fig. 7. Comparing a watch to genomic stability, the
rollinggears in the watch represent the working proteins or

protein complexes in a repair pathway to genetic damage. When
the watch is disturbed by radiation, gear A may be chosen to
trigger the BER repair pathway, whereas when the watch is
lesioned by antimetabolites, causing more serious damage, the
HR, c-NHEJ and alt-EJ pathway choice may be activated by gear B.
At this stage, these three pathways compete depending on the
cell cycle phase and end resection status. When exposed to UV
light, gear C is activated to select the NER pathway. This
“environmental gear selection” hypothesis may provide new
insights into the environment-dependent selection among DNA
damage repair pathways. In certain significance, this selection
hypothesis is generated from the natural selection and can be
considered as a result of evolution. Notably, this hypothesis will
help clarify the roles of DNA damage, response, and repair, along
with providing targets for cancer therapy.

TARGETS FOR CANCER THERAPY
Cancer, one of the main causes of death around the world, is a
threat to human health that requires urgent attention. Currently,
chemotherapy, radiotherapy and immunotherapy are the main
treatment measures for cancer. Some of these therapy strategies
have been found to inhibit cancer through disruption of the DDR
process, interfering with DNA replication and inducing DNA
lesions in cancer cells, and signaling cell death. Thus, it has been
suggested that improved cancer treatment outcomes may be
obtained through targeting the DDR and DNA replication along
with promotion of mitotic catastrophe in cancer cells.346 To
achieve stronger oncogene triggering ability, cancer cells gen-
erally exhibit genomic instability, cancer suppressor gene
inactivation and tolerance of attenuated DNA damage repair.347

DDR enables cells to respond to a variety of exogenous and
endogenous insults that threaten the cell’s genomic stability.348 A
number of essential components of this response are enzymes
and proteins, which are encoded by various genes.349,350 The
specific activation or inactivation of these factors in various
cancers and the development of corresponding inhibitors or
activators represent a recent hot spot of cancer therapy
research.351 However, some studies have found that inducing
DNA damage in cancer cells during cancer therapy may have
unfavorable side effects.347 For example, the cancer suppressor
proteins related to DDR, DNA-PK and CHK1, exhibit oncogenic
functions in the later period of cancer development.352 Moreover,
much serious obstacle to cancer prevention and control is cancer
cell resistance to therapy.353–355 Numerous studies have discussed
this problem of resistance, some in the cancer microenvironment
and others using cancer stem cells356 or cancer heterogeneity.357

In this review, we focus on the targeting of DDR and repair-related
proteins, kinases and pathways to explore possible cancer
therapies.

Targeting the DNA damage response for cancer immunotherapy
Pivotal milestones in cancer immunotherapy. Immune evasion, a
hallmark of cancer cells, causes difficulty and frequent failure of
cancer therapies aimed at activating the immune system against
malignancy. A recent review described the immune escape
mechanisms in lung cancer. The authors noted that specific
mechanisms, including impaired antigen presentation and activa-
tion of immune checkpoints, lead to immunotherapyresistance.358

Despite this difficulty, the application of immunotherapy has
changed the treatment of clinical cancer patients in recent
decades.359 In particular, the advancement of immune checkpoint
blockade therapy provides hope for improving therapy outcomes
and life quality in future cancer sufferers.360,361

From a historical perspective, the earliest application of
immunotherapy for cancer treatment occurred more than a
century ago. The first therapeutics applied, Coley’s toxins, were
used by Dr. William Coley et al. to stimulate the immune systems

Fig. 7 Hypothesis of “environmental gear selection” to describe
DNA damage repair pathway evolution. Environmental hazards such
as radiation, ROS, alkylating agents, cross-linking agents, topoi-
somerase inhibitors, and UV light can affect DSB repair pathway
selection
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of cancer patients using a complex of heat-killed bacteria.362

Based on this treatment, Dr. William Coley came be called the
“Father of Immunotherapy”.363 Dr. William Coley reported that he
was able to use these toxins successfully to induce cancer
regression.364 At the time, his reports were highly controversial
and received strong criticism from other researchers, who
criticized the efficacy and safety of toxins used for cancer
treatment.365 In 1909, Paul Ehrlich proposed the hypothesis that
cancer cells can protect themselves through immune recogni-
tion.366 Almost 50 years later, Mithison et al. observed passive
transfer of anticancer immunity in transplanted mice. A milestone
in cancer immunotherapy development was the discovery of
CTLA-4 in 1985.367 Walunas et al. found that CTLA-4 is associated
with glycoproteins found in T cells. Its expression increases with
the activation of T cells.368 In 1992, the United States FDA (Food
and Drug Administration) approved high-dose IL-2 therapy for
clinical use, which enables expansion of cultured lymphocytes.369

Soon thereafter, PD-1 (programmed death ligand 1) was
discovered, also in 1992.370 Then, in 1994, Allison et al. reported
cancer rejection following anti-CTLA-4 blockade.371,372 Since then,
numerous advances have been achieved. In 2002, a very
important hypothesis was proposed by Schreiber et al., known
as the immunoediting hypothesis, which states that cancer cells
play dual roles of promoting host protection against cancer and
also escaping immune destruction.373 Then, CAR-T cells were
found to elicit clinical responses in patients with B-cell
lymphoma.374 The first vaccine to treat cancer was developed
from dendritic cells by Dendreon Pharmaceuticals, called sipuleu-
cel-T, and was approved by the FDA in 2010.375 In 2011, the FDA
approved the CTLA-4 blockade agent, ipilimumab, a human IgG1l
anto-CTLA-4 monoclonal antibody,376 which is the first FDA-
approved immune checkpoint inhibitor.377 Following this
approval, the PD-1/PD-L1 blockade agent nivolumab was
approved by the FDA in 2014.378 Immunotherapy with nivolumab
and ipilimumab is now the first-line therapy for patients with
unresectable malignant pleural mesothelioma.378,379 In 2015, the
first, and to date only, oncolytic virus, talimogene laherparepvec,
was approved by the FDA for cancer immunotherapy.380,381 This
virus has the ability of inducing oncolysis directly and activating
adaptive anti-cancer immunity.382,383 Interestingly, in 2018, a
study reported that the gut microbiome influences the efficacy of
checkpoint blockade.384 In a study by Gopalakrishnan V et al., the
gut microbiome modulated the tumor response to checkpoint
blockade immunotherapy in mouse models.385 Meanwhile, a
human clinical test showed that primary resistance to immune
checkpoint inhibitor therapy could be attributed to dysregulation
of gut microbiota composition and abundance.386 These are the
major milestones in the history of cancer immunotherapy. Now, as
we begin a new century, the main priority is exploitation of the
mechanisms underlying immunotherapy, while further research
should also be conducted to identify new checkpoint inhibitors.

DNA damage response deficiency is associated with activation of
anticancer immunity. Compelling evidence has shown that DNA
damage signals and endogenous DDR can activate the innate
immune response.387 Some reports have noted an association
between DDR deficiency and the activation of anticancer immunity.
The cGAS-STING pathway is a canonical defense mechanism
against viral infections, in which the cGAS (cyclic GMP-AMP
synthase) can detect and sense the exogenous viral DNA entered
into the cytosol, stimulates the adapter protein STING (Stimulator of
interferon genes) to trigger interferon (IFN) signaling. Two research
groups SM Harding, et al. and KJ Mackenzie, et al. simultaneously
reported that cGAS can also sense the cytosolic micronuclei DNA
originated from the nuclear chromosomal fragments following
DNA double-strand breaks induced by ionizing radiation. Upon
binding the cytosolic DNA, cGAS produces the second messenger
cGAMP, which in turn activates STING- inflammatory signaling, and

leading to regression of abscopal tumors.388,389 Moreover, a non-
canonical cGAS-independent STING activation pathway has also
been revealed to be triggered by the DNA damage signaling in
nucleus.390 It was found that upon genomic DNA damage, the
STING was activated by the DNA repair proteins ATM and PARP1,
together with the DNA sensor IFI16 (interferon-inducible pro-
tein16).391 On the basis of summarizing the literatures regarding
the activation of cGAS-STING pathway by radiation-induced DNA
damage signaling, Storozynsky and Hitt concluded that the cGAS-
STING signaling pathway is a bridge between the DNA damaging
abilities of exogenous toxicants and the activation of CD8+
cytotoxic T cells, showing that this pathway can induce anticancer
immune responses.392 Moreover, the DNA damage-induced alt-EJ
pathway can also induce an innate immune response.393 As
reported by Dunphyet al., ATM and PARP-1, which are DDR factors,
can combine with the DNA-binding protein IFI16(TNF receptor
associated factor 6) to activate STING through the alt-EJ pathway,
leading to the assembly of an alternative STING signaling complex
that contributes to the recruitment of the tumor suppressorp53
and the E3 ubiquitin ligase TRAF6 to STING.391 TRAF6catalyzes the
K63-linkedubiquitination of STING, which promotes the activation
of nuclear factor kappa B (NF-κB).These data indicate that DNA
damage-mediated signaling pathway activation can promote
anticancer immune responses.
Because of their intrinsic characteristic of genomic instability,

cancer cells may trigger innate immunity through activation of a
series of inflammatory pathways aimed at facilitating the targets of
cytotoxic lymphocytes,394 such as the report showing that IFN-
gamma is critical for cytotoxic T cell-dependent genome immu-
noediting of cancer cells.395 Insufficient genome integrity due to
DNA repair and replication defects may also activate the innate
immune response. Recently, concern has been raised about how
cellular DNA is driven out of the cytoplasm, which causes a cascade
effect. Some studies have indicated that EXO1, BLM and SAMHD1
can promote double-strand DNA damage and stalling of the
replication fork, thereby releasing genomic fragments into
cytoplasm.396,397 These fragments produced in response to
exogenous insult such as radiation exposure can also activate the
cGAS-STING signaling pathway, indicating that cGAS is linked to a
subset of the induced micronuclei and downstream cascade events
of IRF3 phosphorylation and increased IFN-α expression.388 A
famous discovery is that the abrogation of BRCA1 or BRCA2, which
are cancer suppressors, causes DSB accumulation and induces IFN
signaling and anti-cancer immunity.398 These findings suggest that
an effective therapeutic strategy can be obtained through
combined usage of genotoxic agents and immune checkpoint
blockade.389 Furthermore, these studies provide further evidence
that cancer-causing genomic instability is typically associated with
the induction of innate immunity.

Cancer cells have the capacity for immune escape. Multiple studies
have described the ability of cancer cells to escape from immune
system detection and attack, which depends in part on expression
of cell surface proteins that perform immunosuppressive func-
tions.358,399 Vital proteins such as PD-L1400and cytotoxic T-
lymphocyte-associated antigen 4(CTLA-4) are expressed on the
surface of T cells. Their receptors may interact with B7 to ensure
the inactivation of T cells.401 As a result, immune checkpoint
blockade would promote adaptive immunity and inhibit cancer
proliferation and growth.402 From the perspective of DDR, a
hallmark of cancer, the immune system response can be initiated
through induction of cell surface ligands to trigger disruption of
cancer surveillance by a series of immune receptors, such as
NKD2D.403 This finding indicates that DDR can act as a bridge
between alteration of cancer cell surface immune-related receptor
expression and the cancer cell immune response.404 Indeed, prior
to elucidating how cancer cells develop the capacity for immune
escape, it is essential to determine how immune sensors detect
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nuclear DNA damage and how nuclear DDR sensors sense
immune signaling molecules in the cytoplasm.405 Nakad et al.
noted that a series of sensors, including protein complex of
replication protein A (RPA) and MRN, can detect DNA damage and
activate the TKR9 signaling pathway, inducing further NF-κB
expression in the nucleus, while in the cytosol, the Ku70 complex
can sense DNA to activate the IFN-regulatory factor (IRF) response
and the innate immune adapter CARD9 can trigger NF-κB through
activation of the STING signaling pathway.405 DDR is not only able
to induce inflammatory signaling factors as described above but
also induces ligands to bind to the immune receptors NKG2D and
DNAX Accessory Molecule-1 (DNAM-1).406 However, the upregula-
tion of these ligands requires activation of DNA damage sensors
such as ATM and ATR protein kinases, as well as checkpoint
pathway-related proteins such as Chk1.407,408 In cancer cells, these
mechanisms have been demonstrated to have significant
associations with immune escape. In a study by Masahisa J
et al., a DNA damage signal mediated by ATM facilitates cancer
immune escape and increases cancer cell resistance to phagocy-
tosis409 in an integrin αvβ3-dependent manner. A recent study
found that DNA-PKcs, a well-known protein in the non-HEJR
pathway that plays a pivotal role in genome stability, also has
functions in immune escape.410 In addition, p53, a vital cancer
suppressor, activates the innate immune response against cancer
cells and can directly control immunosurveillance to achieve
successful cancer therapy.411 Thus, DDR-related sensors and
protein complexes as well as the immune escape mechanism
are very important to cancer immune therapy. In Fig. 8,we
illustrate how immune checkpoint blockade promotes the T cell
response. As shown in Fig. 8, after T cells are activated, the
expression of immune checkpoints including PD-1 and CTLA-4
increases, and then T cells are able to enter the cancer tissues,
causing the cancer tissues to release large amounts of cytokines
such as IFN-γ and ultimately resulting in increased expression of
immune checkpoints. Anti-immune checkpoints can block
immune checkpoint expression and in turn promote the T cell
response.

Clinical application of immune checkpoint inhibitors based on the
DNA damage response. The PD-1/PD-L1 axis is well recognized as
a promising therapeutic target.412 The agents that regulate PD-1/
PD-L1 axis expression can thus be considered possible clinical
cancer immune therapies. To date, several immunomodulatory
agents targeting the PD-1/PD-L1 axis have been approved by the
US FDA. These agents include avelumab, durvalumab, pembroli-
zumab and ipilimumab. Table 1 lists the clinical trial outcomes of
typical agents targeting the PD-1/PD-L1 axis and CLA-4. The
anticancer activity, safety and tolerance of these targeting agents
have been supported in a series of clinical trials (Table 1), but
many challenges and limitations to their application remain. (i)
Although the selection of predictive biomarkers from genomic

Fig. 8 Immune checkpoint blockade promotes the T-cell response
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targets for clinical cancer therapy is essential for successful
treatment, for immunotherapy, the checkpoint blockade of
immune cell responses to the treatment agents is more
important.413 Unlike the genes that are mutated in cancer cells,
such as p53, the immune system is significantly affected by
stressors including complex environmental toxicants and endo-
genous materials. Based on this consideration, future research
may shift its focus to immune response effectiveness rather than
the identification of additional biomarkers for immune
checkpoint-related mechanistic studies. The effectiveness of an
evolving immune response indicates the major clinical benefits
provided by immune therapy to cancer patients. These benefits
should be further evaluated in the clinical setting. (ii) Among
cancer cells, immune cells do not exist alone; instead, many cell
types including fibroblasts and endothelial cells make the
microenvironment around cancer cells highly complex, providing
opportunities to escape immune detection and monitoring. Thus,
the targeting of immunotherapy agents should focus on
uncovering the underlying mechanism of immune escape and
the relationship between the cancer cell microenvironment and
immune cell responses in terms of therapy efficacy. (iii) The
mechanism through which immune T cells provide the therapeu-
tic response remains unclear. Because this response process is
generally complex, involving numerous signaling pathways, its
regulation may be either stimulatory or inhibitory. This complexity
causes great difficulty in the transfer and application of clinical
agents. Thus, an in-depth understanding of the regulation
pathway of immune T cells in response to environmental insults
and therapeutic agents is urgently needed. (iv) It has been
suggested that the combination of multiple therapeutic agents
may be more effective than a single application. However, which
agents are best used in combination and their safety and efficacy
in clinical settings remain unknown. More importantly, the
molecular mechanisms underlying the effects of combination
therapy on the immune T cell response require further investiga-
tion. Nevertheless, immune checkpoint therapies and combina-
tions of multiple agents have provided robust evidence of their
benefits to clinical patients and have the potential to elicit durable
control, and even curing, of cancer.413–415 (v) Based on the current
understanding of immune therapy causing checkpoint blockade,
factors that can activate T cells and increase immune checkpoints,
such as PD-1/PD-L1 and CLTA-4,are promising agents for future
application. For example, new evidence has shown that human
microbiota play roles in immunotherapy. According to Vanessa
et al., Bifidobacterium spp. probiotics can improve the effects of
PD-1 and CTLA-4.416 The authors suggested that in the era of
immunotherapy, immunotherapies that are more selective and
effective while being less toxic should be investigated. Thus,
action should be taken immediately to reveal the mechanisms of
the T cell activation and response processes under various
environmental stresses and endogenous insults, which would
identify potential effective agents for future clinical use.

Targeting DNA damage repair for cancer chemotherapy
Chemotherapy is currently the most common clinical option for
cancer treatment.417 As discussed above, BER, NHEJ, alt-NHEJ and
HR are the four major repair pathways of DNA damage repair. The
key proteins in BER are PARP-1 (poly(ADP-ribose) polymerase),
APE1(abasic endonuclease), XRCC1(X-ray cross-complementing
protein 1) and DNA ligase III; those in the NHEJ pathway are
KU70/Ku80, DNA-PK, Artemis, XRCC4, DNA ligase IV and XLF; the
alt-NHEJ pathway includes PARP-1, XRCC1 and DNA ligase III; and
HR involves RPA, BRCA1, PALB2, BRCA2 and RAD51.418,419

According to numerous studies, DNA repair pathway defects
facilitate genomic instability, leading to increased cancer cell
proliferation and survival time.420 Nonetheless, cancer cells
depend on the residual DNA repair capacity to protect them
against damage. In cancer chemotherapy, therapeutic agents

applied in the clinical setting rely on mechanisms of inducing DNA
lesions, resulting in cell death. Therefore, in this section, we focus
on targeting these key proteins as potential cancer chemotherapy
agents.

Targeting PARP-1. Numerous studies have shown that PARP-1
performs critical functions in many biological processes, including
regulation of transcription, apoptosis, and DDR.421 In particular,
once a single-strand break or DSB occurs, the expression of PARP-
1 is activated, enhancing poly(ADP-ribose) (PAR) activity, which
adds branched PAR chains to enhance recruitment of repair
proteins to the damage location.422,423 This function was first
identified in 2007 by Fisher et al.424 in an investigation of the DNA
single-strand breakage mechanism. Since then, further evidence
has shown that PARP-1 also has a repair function in the alt-EJ
pathway.425 Inhibitors targeting PARP-1 have been used as
anticancer therapies, with the characteristic mechanism of
catalyzing the PARP active site through competitively binding
with NAD+.426 PARP-1 inhibitors have demonstrated effectiveness
for the treatment of cancers characterized by BER and alt-EJ
defects. The first report of specific PARP activity inhibition was in
1971, based on the treatment of HeLa cells with thymidine and
nicotinamide.427 Subsequent studies reported the identification of
numerous compounds that inhibit PARP activity. In general, the
efficacy of PARP inhibitors for treatment of cancers with BER and
alt-EJ repair defects is due to such lethal synergistic interac-
tions.428,429 In 2005, Helen EB et al. first indicated that knockout
cells of BRCA2 showed defects in HE [Please define this
abbreviation] pathway repair, which made the cells sensitive to
PARP inhibitors and showed that PARP-1 activity is vital in HE-
deficient BRCA2 mutant cells.430 Thus, in BRCA2 mutant cells, the
replication fork lesion cannot be repaired and the cancer cells die.
Over the past decade, the US FDA and European Medicines
Agency (EMA) have approved several PARP inhibitors. These
inhibitors include olaparib, which was approved in 2014 for
advanced ovarian cancer therapy431 and for primary peritoneal
cancer therapy in 2017,432 in 2018 for HER-2 negative breast
cancer treatment,433 and in 2020 for metastatic castration-
resistant prostate cancer;434 rucaparib, which was approved in
2016 for ovarian cancer therapy,435 in 2018 for treatment of
recurring ovarian and primary peritoneal cancers, and in 2020 for
treatment of metastatic castration-resistant prostate cancer;
niraparib, which was approved in 2017 and 2020 for primary
peritoneal cancer and advanced ovarian cancer, respec-
tively;436,437 and talazoparib, which was approved in 2018 for
treatment of advanced or metastatic HER2-negative breast
cancer.438 In addition, veliparib (ABT-888) is currently in the
clinical trial process,439 while another new inhibitor, fluzoparib,
which was initially identified in 2017, is also in clinical trials for
treatment of ovarian, breast and lung cancers.440

Targeting APE1. APE1, is a vital BER pathway protein that is
known to be a necessary intermediate in the processing of
potentially cytotoxic abasic DNA damage sites.441 Previous
research has indicated that the biological functions of APE1 are
complex. APE1 expression is ubiquitous in various normal and
cancer tissues, but shows differences among tissues. Moreover,
APE1 in the nucleus has been suggested to carry out a DNA repair
function, whereas its presence in the cytoplasm is assumed to
support regulation of mitochondrial DNA repair or regulation of
transcription factors.442 CJ Herring et al. showed that APE1
expression was associated with intrinsic radiotherapy sensitivity
in cervical cancer tissues.443 In lung cancer tissues, APE1 shows
high expression levels, particularly in cisplatin-resistant cancers.444

Other studies have shown that the expression of APE1 is
significantly associated with DNA repair capacity in cancer tissues
such as seminomas and malignant teratomas.445–447 These data
not only indicate that increased APE1 levels are associated with
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DNA damage but also that they show enhanced resistance to
chemotherapy and radiotherapy. To support its use as an
anticancer drug target, efforts have been made to develop drugs
that inhibit APE1 activity or show strongly enhanced sensitivity to
DNA base lesions. Over the past decade, a number of APE1
inhibitors have been developed through cell, animal and clinical
trials. These inhibitors can be classified into the following types:
APE nuclease activity inhibitors, including methoxyamine,
CRT0044876, lucanthone and hycanthone; APE1 redox activity
inhibitors, including resveratrol and E3330; and inhibitors of the
APE1/nucleophosmin interaction, including gossypol.448 Michael
SG et al. indicated that cancer patients treated with methox-
yamine tolerated a maximum oral dose of 60mg/m2/d.449

CRT0044876, which plays a role in inhibition of apurinic/
apyrimidinic (AP) endonuclease, as well as 3′-phosphodiesterase
and 3′-phosphatase activities, can potentiate the cytotoxicity of
DNA base-targeting compounds450 and is considered a potent
and selective APE1 inhibitor.451 Lucanthone acts as an ionizing
radiation enhancer as well as an APE1 endonuclease inhibitor,452

andis considered a novel inhibitor of autophagy that can induce
cathepsin D-mediated apoptosis.453 Hycanthone is a derivative of
lucanthone, which also shows promise as a cancer therapy.454

Lucanthone is a well-known topoisomerase II inhibitor.455 HeLa
cells treated with lucanthone can exhibit AP site accumulation.456

Resveratrol is a natural phenol that enhances the cytotoxicity of
chemotherapy in human melanoma cells.457 E3330 caused
significant inhibition of cancer cell proliferation through upregula-
tion of endogenous ROS levels.458,459

Targeting XRCC1. Almost 30 years ago, the gene encoding XRCC1
was cloned out and its known biological functions expanded
greatly.460 Typically, XRCC1 is known as a molecular scaffold
protein that can provide a platform for recruiting multiple
enzymatic components, such as DNA kinase and DNA phospha-
tase, to improve the repair of DNA single-strand breaks.461,462

Among the functions of XRCC1, its interaction with its protein
partner, PARP1, is particularly interesting. Such interactions are
important for XRCC1 functions, especially for cancer cell resistance
to chemotherapy.460,463 Accumulating evidence shows that XRCC1
mutations are strongly associated with various diseases, including
neurological diseases464 and cancers.465,466 For example, the XRCC
rs25487 AA genotype is linked to increased risk of severe
radiation-induced lymphopenia during cancer treatment.467

Another study showed that XRCC-1 arg194trp polymorphism led
to increased acute radiation-induced toxicity in patients with
advanced laryngeal squamous cell cancer undergoing cisplatin-
related chemotherapy.468 In a prospective cohort study, patients
with head and neck squamous cell cancers with polymorphism
variants had significantly increased acute radiation-related mor-
bidities.469 A phase II study evaluated the effects of XRCC1
polymorphisms on the chemotherapy agents satraplatin and
prednisone, monitoring therapeutic outcomes in patients with
metastatic castration-resistant prostate cancer, and showed that,
compared to XRCC1 polymorphisms, patients with the wild-type
allele had longer progression-free survival.470 Currently, most
XRCC1-related cancer therapy studies are focused on the effects of
XRCC1 polymorphisms on chemotherapy and radiotherapy out-
comes471 or the use of XRCC1 as a biomarker for cancer clinical
outcome prediction.472,473 In addition, studies on the regulation of
XRCC1 protein expression and its effect on chemotherapy
outcomes are underway. Decreased XRCC1 expression due to
gefitinib, a selective epidermal growth factor receptor-tyrosine
kinase inhibitor and Hsp90 inhibitor led to synergistic cytotoxic
effects on non-small cell lung cancer cells.474 We screened the
clinical trials related to XRCC1 using the keyword “XRCC1” (https://
clinicaltrials.gov/). A total of 15 trials were listed, of which most are
associated with the effects of XRCC1 polymorphisms on che-
motherapy outcomes.

Targeting DNA-PKcs. DNA-PKcs, a vital component of the NHEJ
machinery, belongs to the phosphatidylinositol-3 kinase-like
kinase family (PIKK). One of the important roles of DNA-PKcs is
inducing ATM (ataxia-telangiectasia mutated) and ATR (Rad3-
related protein) in response to DNA lesions. During NHEJ initiation,
after the DNA DSB is recognized by Ku70/80, DNA-PKcs binds to
Ku70/Ku80 to form a complex, leading to a conformational change
in the structure of DNA-PKcs that allows the N-terminus region of
DNA-PKcs to modulate the activation of enzymatic activity.475

However, the mechanisms underlying the interaction of DNA-PKcs
with Ku70/Ku80 remain unclear. Furthermore, the reason why
multiple sites of DNA-PKcs is frequently phosphorylated by a
number of kinases including PIKK members ATM and ATR, but few
phosphorylation events other than S2056 and T2609-T2647 cluster
were clearly confirmed in the NHEJ process, has not been fully
elucidated.476,477 In the final stage of the NHEJ pathway, break
gaps are filled by a series of DNA synthases and DNA ligase IV.
DNA ligase can be stabilized and triggered by XRCC1, forming
XRCC4-DNA ligase IV complexes that further ligate non-cohesive
ends of DNA in the final step of NHEJ. In addition to the DNA
repair-related function of DNA-PKcs, it has other functions
including roles in mitosis regulation, protection of telomeres,
and the inflammatory and immune responses.478,479 These data
indicate that the biological functions of DNA-PKcs are critical. Our
lab team has extensively investigated the functions of DNA-PKcs
over the past three decades. We have identified expression level
changes in hepato- and cholangio-carcinomas,480 and observed
that downregulated expression of DNA-PKcs alters the transcrip-
tional levels of IL8, IL10RA and DAPK3.481 We also found that DNA-
PKcs activity is necessary for c-myc protein expression, as
DNA-PKcs deficiency suppressed c-myc expression.482 Recently,
we reported that knockdown of HUWE1-dependent DNA-PKcs
neddylation decreased the repair efficacy of the NHEJ pathway.483

In clinical cancer therapy, the use of inhibitors of retained DNA
repair machinery components is a promising method for
eradicating cancer cells. Inhibitors targeting DNA-PKcs include
NU7441, nedisertib, AZD7648, VX-984, berzosertib, ceralasertib,
VX-803, and BAY1895344.40 Among these inhibitors, some have
reached the clinical setting. Nedisertib has been approved for
phase II trials for various indications.484 NU7441, a very strong
inhibitor of cancer cell proliferation and growth, shows synergy
with enzalutamide against advanced prostate cancer in the clinical
setting.485 Nedisertib, also known as M3814, can modulate ATP-
binding cassette transporter family-mediated multiple resistance
in lung cancer chemotherapy.486 AZD7648, which is now in phase
I trial, has been described as a potent and selective DNA-PKcs
inhibitor and is associated with good chemotherapy outcomes
and enhanced olaparib activity.487 VX-984, also in phase I trial,
showed potential for selective inhibition of NHEJ in transformed
cells,488 and enhanced the sensitivity of glioblastoma cells to
radiation therapy.489 Berzosertib, which is an ATR inhibitor
currently in phase I trial, is considered a safe and effective
inhibitor of advanced solid cancers.490 In some studies, berzosertib
has synergized with gemcitabine to enhance therapeutic out-
comes in some serous ovarian cancers including platinum-
resistant high-grade serous ovarian cancer. Ceralasertib, also
known as AZD6738, showed synergistic activity in combination
with olaparib in ATM-deficient cancer cells, and was found to be
tolerable and effective for prolonging progression-free survival of
patients with platinum-sensitive relapsed epithelial ovarian
cancer.491 VX-803 and BAY1895344 are also selective ATR
inhibitors currently in phase I trials.492 Although numerous studies
have indicated that inhibition of DNA-PKcs is deleterious to cancer
cells, with very promising results, further pre-clinical and clinical
trials should be conducted to obtain more substantial data.
Meanwhile, the upstream and downstream targets of DNA-PKcs
should be explored to support development of additional
targeted therapeutic agents for cancer control.

DNA damage repair: historical perspectives, mechanistic pathways and. . .
Huang and Zhou

16

Signal Transduction and Targeted Therapy           (2021) 6:254 

https://clinicaltrials.gov/
https://clinicaltrials.gov/


Targeting ligases. In 2008, three types of ligases were cloned and
their structures, comprised of a catalytic region, nucleotidyltrans-
ferase domain and oligonucleotide domain, were identified.493

Subsequent functional investigation showed that DNA ligases I
and IV have regulatory functions in the nucleus, whereas DNA
ligase III is active in both the nucleus and mitochondrion. Ligase I
can interact with proliferating cell nuclear antigen to function in
the NER, BER and alt-EJ pathways. Ligase III can interact with other
proteins including UNG2, APE1, APTX, PCNA, PNKP and Pol β,
providing a specific role for ligase II in DNA replication and
repair.494,495 Notably, DNA ligase III is the sole enzyme active in the
mitochondrion. DNA ligase IV can form a complex with XRCC4
during the early stage of DNA DSB repair via NHEJ through
binding with Ku70/Ku80 at a DNA end.
In 2019, a new DNA ligase I inhibitor designated S012-1332 was

developed that showed in vivo activity against breast cancer.496

Previously, the small-molecule inhibitors L82, a ligase I selective
inhibitor, and L67, a selective inhibitor of ligases I and III, were
reported to function in cancer cells.497 Another ligase I inhibitor,
benzocoumarin-stilbene hybrid, can reduce cancer cell prolifera-
tion and growth, suggesting that it may be a promising
chemotherapy agent for cancer through regulation of DNA
damage repair pathways.498 L189 is an inhibitor of three DNA
ligases characterized in 2008, which targets DNA replication and
repair.499 SCR7, targeting NHEJ, blocks ligase IV-mediated joining
rather than that by DNA ligases I and III.500 Recently, Ujjayinee R
et al. developed a new ligase IV-specific inhibitor, SCR130, which
could inhibit NHEJ and induce cancer regression in mice while
having minimal or no effect on joining mediated by ligases I and
III.501 Unexpectedly, the effects of these inhibitors on cancer cell
therapy provide evidence to support further development of
effective therapeutic strategies.
The rapid progress in understanding the cellular machinery

associated with DDR pathways and its roles in various cancers has
led to the discovery of new potential targets, including selective
and specific DNA repair-related kinase inhibitors. Among these
inhibitors, some have been approved for clinical application, while
others are currently in the clinical trial stage or being investigated
in cell or animal models. In addition, targets on other DNA
damage repair kinases, which are not discussed in detail in this
section but described in our previously published review, such as
ATR, CHK1 and WEE1, are being investigated for clinical
application in cancers, making them potential new cancer
chemotherapy agents in the future. In addition to the cytotoxicity
to cancer cells of these inhibitors, their safety and tolerance
should be evaluated carefully for dose-response effects, which
may limit their therapeutic application. Notably, combination
therapy methods with two or more inhibitors applied together
should also be evaluated in terms of potential efficacy, safety and
tolerance. Chemotherapy patients often experience off-target
toxicity and detrimental side effects due to the impacts of
chemotherapy on healthy tissue. Importantly, chemotherapy
programs should focus on precision therapy, meaning that
therapy with inhibitors associated with DNA damage repair
defects should be employed with consideration of the cancer
patient’s traits, such as genetic background, environment, lifestyle,
diet, culture and race, which are important factors that can affect
therapy results.502 Finally, chemotherapy resistance is a serious
threat to the fight against cancer, and the mechanisms underlying
resistance, such as that reported for PARP-1 inhibitor resistance,
require further elucidation.

Targeting PI-3 kinase (Phosphatidylinositol 3-kinase). The PI3K
family of kinase consists of I, II and III classes. Each class has its
specific substrates and potential roles.503 Previous studies found
that activation of PI3K pathway would initiate a cascade of
downstream signals to regulate biological roles including cell
proliferation or survival. In brief, PI3K class I can catalyze the

conversion of phosphatidylinositol 4,5-bisphosphate(PIP2) to PIP3,
leading to the activation of AKT. If the PI3K was activated in an
aberrant way, either amplifications or mutations would occur in
this signaling pathways-related genes,504 resulting in many serious
diseases. Approximately 50% breast cancer patients have PI3K
pathway-related genes’ mutations.505

As of the frequent involvement of the PI3K pathway in various
cancers, inhibitors have been developed and are being under
surveyed in clinical trials over the past a few decades. These
inhibitors include PI3K inhibitors, isoform-specific PI3K inhibitors
and dual PI3K/mTOR inhibitors. In terms of the PI3K inhibitors’
anticancer effects, for instance, in breast cancer therapy, most of
PI3K inhibitors were reported the modest therapeutic index such
as buparlisib. Additional, these inhibitors have been found with
mood adverse effects, raising the concerns about the safety and
need further investigative efforts in breast cancer therapy.506 Till
now, several PI3K pathway inhibitors are reported in the clinical
trials for various cancers. Copanlisib, an intravenous pan-class I
PI3K inhibitor, illustrated improved progression-free survival in
patients with relapsed or refractory indolent non-Hodgkin
lymphoma compared with placebo plus rituximab in a Phase III
trial.507 Alpelisib, the first PI3K inhibitor approved by FDA showed
had effect on treatment of PIK3CA-mutated, hormone receptor-
positive breast cancer.508 Buparlisib, a pan-class I PI3K inhibitor
had a clinical benefit rate of 12% in a Phase II clinical trial.509 Some
trials evaluated the combination anticancer effects of multiple
drugs, such as combination of buparlisib, taselisib and alpelisib or
combination of AZD8186(PI3Kβ/δinhibitor) in treatment of breast
cancer510 or serabelisib(PI3Kα inhibitor) and copanlisib(PI3Kα and
PI3Kδinhibitor) in treatment of relapsed follicular lymphoma.511

Furthermore, the safety data from PI3K inhibitor studies should be
assessed to reduce potential adverse effects in cancer patients
and therefore help maximize cancer therapy outcomes.

Targeting DNA damage repair pathways to improve cancer
radiotherapy responses
Radiotherapy, in which certain doses of ionizing radiation are
applied to induce cancer cell death or control growth and
proliferation through triggering of DNA DSBs, is a major treatment
strategy used for patients with various cancers. Currently,
approximately half of cancers require radiotherapy for clinical
treatment.512 In addition, radiotherapy is often used to shrink the
cancer prior to surgery or used following surgery to kill residual
cancer cells. Ionizing radiation penetrates into cancer cells and
tissues, with direct and indirect destructive functions. Direct
function refers to the induction of single-strand breaks and DSBs
of DNA, whereas indirect functions include the activation and
formation of ROS or free radicals that subsequently damage DNA
or alter cellular DNA damage repair pathways. Radiation often
destroys DDR pathways in cancer cells, but cancer cells have
evolved rescue pathways that allow cancer cells to survive
radiotherapy. Therefore, targeting these rescue pathways is
expected to be an effective therapeutic approach for reducing
cancer recurrence or improving radiotherapy sensitivity.513,514

However, radio therapy still faces many challenges. One challenge
is that damage to normal tissues and cells and adverse effects due
to radiotherapy often occur during radiotherapy treatment.
Another challenge is radiotherapy resistance. At present, no radio
sensitizers for use in combination neo-chemo- and radiotherapy
have been approved for clinical application. Typically, most
chemotherapeutic drugs are used in combination with radio-
therapy to enhance the cancer’s sensitivity to treatment. In a
recently reported phase III trial, avelumab and cetuximab in
combination with radiation were tolerated by patients with
advanced squamous-cell cancer.515 A clinical trial conducted by
Charles AK et al. showed that the combination of cisplatin and
radiotherapy improved progression-free survival time by three
years.516 As currently available radiotherapies cause toxicity in
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normal tissues with adverse effects, it is essential to improve
radiotherapy sensitivity through the discovery of new targeted
agents, especially these based on the mechanism of DDR pathway
regulation. In other words, there is urgent need for improvement
of radio-sensitivity to develop and exploit highly effective targeted
inhibitors with low toxicity. The review by Amy MB et al.
summarized a few key hallmarks of cancer that can be targeted
for further improvement of radiotherapy outcomes. These hall-
marks of cancer cells include enhanced DDR, inflammation,
altered mitochondrial and energy metabolism, apoptosis evasion,
repopulation by cancer stem cells, hypoxia, expanded cancer
subclones, immune evasion, and alteration of the cell cycle.512

Regarding these cancer hallmarks, many issues require elucida-
tion, such as (i) why cancer cells possess so many mechanisms
against radiation insult; (ii) which hallmarks have the predominant
position or most important functions; (iii) whether the activation
of these pathways in cancer cells after irradiation occurs
simultaneously or sequentially; (iv) the relationships among these
hallmarks; and (v) methods for targeting two or more hallmarks at
the same time, In this section, we focus on the targeting of DNA
repair pathways as a viable therapeutic method to improve the
efficacy of cancer radiotherapy.

Targeting non-homologous end joining. Previous studies have
been conducted to determine the effects on cancer radiotherapy
outcomes of employing NHEJ-related proteins as efficacy targets.
DNA-PKcs, a key factor in the NHEJ pathway, was found to
improve radiotherapy sensitivity in numerous cell and animal
studies investigating the effects of its defect. Using NU7441 to
knockdown DNA-PKcs expression enhanced the sensitivity of
various cancers to radiotherapy.517 For example, in post-irradiation
colon cancer cells, an inhibitory peptide BTW3, targeting DNA-
PKcs T2647 phosphorylation, enhanced sensitivity to radiation
treatment.518 In breast cancer, inhibition of DNA-PK with a histone
deacetylase inhibitor, TMU-35435, which can degrade DNA-PKcs
with proteasomes, enhances radiotherapy sensitivity.519 M3814, a
pharmacological inhibitor of DNA-PKcs, can potentiate radio-
therapy in ovarian cancer animal models and non-small cell lung
cancer models.520 Thus, among the scientific community, the
leading perspective is that DNA-PKcs is a promising therapeutic
target for human cancer treatment. However, challenges remain
for the treatment of some cancers, such as esophageal cancer, for
which potential targeted DNA-PKcs inhibitors have not yet been
discovered. In addition to DNA-PKcs inhibitors, recent research has
indicated that the expression of APLF, a key protein regulating
DNA end excision in NHEJ, increased in radiation-resistant
glioblastoma cells, suggesting that it may be a useful novel target
for glioblastoma radiotherapy.521 Another study found that
thymine DNA glycosylase (TDG) can regulate the NHEJ pathway
through demethylation of cytosine-guanine (CpG) islands in the
TAZ gene, thereby enhancing esophageal cancer cell proliferation
and radiation resistance.522

Targeting homologous recombination. To improve radiotherapy
efficacy, it is essential to understand radiotherapy resistance in
HR-defect cancers. Compared to the NHEJ repair pathway,
cancer cells with rapid replication capacity tend to employ the
HR-mediated DSB repair pathway. Thus, understanding how
cancer cells respond to radiation through the HR pathway
would benefit the development of novel approaches to
exploring radiotherapy resistance. Notably, HR repair pathway
deficiency has been observed in some cancers.523,524 HR-
deficiency caused cancer cells to become sensitized to chemo-
and radio-therapeutic agents, suggesting that HR deficiency is a
valuable pathway to improve radiotherapy resistance.525 Some
factors influence the formation of HR deficiency including
promoter methylation, BRCA1/2 mutations and somatic HR
mutations.526 Telomeric allelic imbalance (TAI) with breakage

sites can result in HR deficiency, and is part of the “genomic
scar” induced by HR deficiency.527 Mutations of BRCA1/2 are the
most common source of HR deficiency. When hyperthermia is
used to inhibit the HR pathway, BRCA2-deficient cancer cells
become more sensitive to radiation treatment. Combining a
PARP inhibitor with hyperthermia showed good treatment
efficacy for cancers with HR deficiency.528 Gregory et al. showed
that YU238259, an inhibitor of DNA DSB repair, has synergistic
effects with ionizing radiation and PARP inhibition, and that this
synergism is enhanced with BRCA2 deficiency. Thus, this
inhibitor has strong potential as either a monotherapy or an
adjuvant for radiotherapy. Treatment with the combination of
AZD6738, an inhibitor of ATR, and olaparib significantly
improved ionizing radiation-induced resistance, suggesting that
combination therapy with two or more agents might be an
effective approach for treating cancers intrinsically resistant to
radiation.529

Double targeting of HR and NHEJ. A number of inhibitors have
been developed to improve radiotherapy resistance, which
target both the HR and NHEJ pathways. The MEK1/2 inhibitor,
GSK212, also known as trametinib, has shown promising antic-
ancer efficacy and confers radio sensitization to pancreatic
adenocarcinoma cells through double suppression of HR and
NHEJ.530 Additional studies have reported the use of this double
targeting approach in other cancers. Cells of squamous cell
cancer of the head and neck that were treated with valproic acid,
a histone deacetylase inhibitor, enhanced the radiosensitizing
effect by increasing radiation-induced DNA DSBs through double
targeting of HR and NHEJ.531,532 A clinical trial conducted by
Mary et al. showed that the combined use of the MEK1/2
inhibitor, selumetinib, with 5-fluorouracil (5-FU) significantly
reduced the clonogenic survival time of colorectal cancer cells
and increased their radiation sensitivity.533 In a phase I study,
Christina W et al. reported that the combination of trametinib, 5-
FU and chemoradiation treatment was safe and well tolerated in
patients with stage II or III rectal cancer.534 Meanwhile, Chang
et al. found that BEZ235, a dual inhibitor of PI3K and mTOR,
greatly improved radiation sensitivity through inactivation of HR
and NHEJ proteins in radioresistant prostate cancer cells.535

Using a high-throughput cell-based small molecule screening
method, Alexander et al. identified a collection of novel
compounds that can selectively modulate both the HR and
NHEJ repair pathways. Among these compounds, some have
been approved by the FDA, such as the calcium channel blocker
mibefradil dihydrochloride, and have predicted activities as HR
and NHEJ repair inhibitors and radiosensitizers. Moreover, they
found that helenine, an antiviral drug, can reduce NHEJ and HR
repair activity to 20% and 6%, respectively, suggesting that it
could be of great benefit for future clinical use.536 With the
development of high-throughput technologies, numerous stu-
dies have aimed to discover potential inhibitors with activities
against both HR and NHEJ, through which many novel
compounds have been identified, some of which have reached
phase I trials, such as the radiosensitizer mibefradil (Trial#
NCT02202993). However, a few major questions remain about
combination treatment with two or more therapies or the
discovery of targets with dual functions in both the HR and NHEJ
pathways. (i) Off-target effects are possible, and their underlying
mechanisms are highly complex. Such effects may be associated
with mitochondrial alteration or immune responses.537 As off-
target effects are a major obstacle to the clinical application of
combinations of inhibitors, it is essential to reveal the molecular
mechanisms of off-target effects. (ii) To effectively enhance
radiosensitivity, more attention should be paid to investigations
of the safety and tolerance of combinations of inhibitors. (iii) The
inherent DNA repair ability of cancer cells is a key factor affecting
the efficacy of combination treatment with multiple inhibitors.
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Thus, identification of potential biomarkers associated with
various cancer types or cancer stages, as well as with gender
or environmental factors, would aid in the development of
optimal radio sensitizers and personalized cancer therapies.

CLINICAL THERAPEUTIC DRUGS FOR DNA DAMAGE AND
REPAIR
Most of cancer therapeutic drugs have been applied in clinic for
a few decades with the enough evidence of efficacy in killing
proliferating cancer cells(Table 2). Typically, these agents
comprise of antimetabolites such as 5-fluorouracil, radiotherapy
and radiomimetics such as Bleomycin, Monofunctional alkyla-
tors such as Temozolomide, Bifunctional alkylators such as
Cisplatin, Topoisomerase inhibitors such as VP16 and Replica-
tion inhibitor such as Aphidicolin based on the induced cancer
cells’ toxic DNA lesions18256616. In general, the effects of these
agents on cancer therapy are affected by a few following
factors. (i) DNA replication is one of the targeted period by
some of cancer chemotherapy agents. These agents may
produce excessive DNA damage resulting in cell death
following DNA replication; (ii) cell repair ability can influence
the efficacy of cancer therapy agents. For instance, some DNA
repair inhibitors have been identified the efficacy in preclinical
models (Table 2); (iii) tumor survival microenvironment and
development are linked with perturbed DNA damage response
and DNA damage repair pathways. Due to this perturbation
effect, the DNA repair ability is reduced, leading to the cancer
cells’ genomic instability. However, one DNA repair pathway
destroyed by agents may be compensated by other alternative
pathways. These alternative other compensated pathways can
be identified to treat the cancer with DNA repair-defective.
Currently, in clinic, the advantages and disadvantages by using
single DNA repair agents have been reported. The advantages
consist of that single agents could exploit cancer-specific
defects in checkpoint signaling and DNA repair. This advantage
can convert endogenous DNA lesions into fatal replication
lesions in cancer cells resulting in death. Another advantage is
the side effects of single DNA repair inhibitors would be
minimized through cross-talk among normal cells. However,
the most limitation of single agents in treatment of cancer is
the acquisition of resistance in cancers. This limitation may be
caused by the mechanism of cross-talk among DNA repair
pathways.
These influence factors make the strategies using DNA repair

inhibitors in cancer treatment had some specific properties. First,
in clinic, these inhibitors can be combined with DNA damage
anticancer drugs to increase the cancer therapy outcomes
because combination usage can inhibit DNA-repair-associated
removal of toxic DNA lesions. Second, DNA repair inhibitors
could be adopted to kill tumor cells in a way of monotherapy or
selectively either in DNA damage-defective response or DNAr-
epair. Furthermore, the synthetic lethal interactions within the
defective cancer and DNA repair pathway could be served as
identification of new therapy strategies. Third, we can further
consider that the DNA repair inhibitors would be served to
promote cancer-associated replication lesions to kill them in a
selective way.
Theoretically, DNA repair inhibitors are used to kill the cancer

cells with replication lesions and convert them into fatal
replication lesions, thus the cancer cells present to be killed
specifically. Thus, in the future, it can be proposed that
DNArepair inhibitors should be developed to make replication
lesions more toxic, leading to more fatal replication lesions
selectively killing oncogene-expressing cancer cells. Actually, our
understanding regarding a few replication repair pathways
remains limited, in particular, their complicated interplay
reaction. Thus, more extensive basic experiments and study are

needed to explore more and more new anticancer targets in
this field.

HYPOTHESIS: “DNA DAMAGE BASELINE DRIFT”-MEDIATED
REPAIR MAY BE MAGNIFIED IN CANCER THERAPY
Based on the interpretation of DNA damage, response and repair,
and their associations with cancer therapies described above, we
formulated a new hypothesis to provide new insights into the
functions of DDR in cancer therapy. This hypothesis states that
“DNA damage baseline drift”-mediated repair may be magnified in
cancer therapy.
First, we must define “DNA damage baseline drift”. Compared to

normal cells, cancer cells undergo a process known as carcinogen-
esis, in which DNA damage leads to a series of genetic mutations
and finally to formation of a mass of cells, finally grows into
tumors known as tumorigenesis.538 This process, in which normal
cells become cancer cells, includes two critical periods: the benign
accumulation period and malignant period.539,540 Because DNA
can be repaired after damage, during the initial period of
environmental hazards or endogenous insults, the DNA repair
system maintains genomic stability; however, as exposure to
insults continues, long-term exposure may cause cancer, a state of
abnormal and uncontrollably rapid growth. During these two vital
periods, the cells experience the following stages of cancer cell
transformation: exposure to a carcinogen, initiation of DNA
damage, enhancement of the mutated cell, growth, and replica-
tion. This process of DNA damage occurs in normal cells after
insult from carcinogens, and has shown properties of dose-
response and time-response in numerous studies.541,542 In
accordance with this background, we formulated the new concept
of a baseline level of DNA damage repair ability in normal cells
that become tumor cells. Below this baseline level, normal cells
can repair their DNA damage and maintain genomic stability,
whereas beyond this baseline level, DNA damage repair becomes
unable to reverse the carcinogenetic effects effectively, or DNA
damage repair shifts to supporting the proliferation and growth of
tumor cells. As shown in Fig. 8, under the effects of continuous
exogenous and endogenous carcinogen insults, one or a few
normal cells cannot tolerate the stress, leading to DNA damage
baseline drift, which results in the hallmarks of cancer cells, such
as genomic instability, genetic mutations, enhanced growth,
altered cellular energy metabolism, inflammation, and promotion
of invasion and metastasis. There could be an exceptional
situation, i.e., the repair pathway is chosen inappropriately,
leading to error-repair or “non-fidelity repair”, which may also
have the potential of carcinogenesis even at the baseline level.
The second significant aspect of this hypothesis is that “DNA

damage baseline drift”-mediated repair could be magnified in
cancer therapy. Here, the term magnification refers to the multiple
possible roles of DNA damage repair. During the early stage of
cancer immuno-, chemo-, and radio-therapy, DNA damage repair-
related proteins or complexes could be targets for improving
therapy efficacy; however, as time goes on, tumor cells may
initiate specific DNA damage repair machinery and thus develop
resistance to therapy. For this reason, therapy-resistant cancer
cells can carry out many new functions, as discussed in the
previous section. These therapy-resistant functions and pheno-
types include evasion of immune monitoring, alteration of the cell
cycle, activation of inflammation-related cytokines, dysregulation
of mitochondrial and energy metabolism and evasion of
apoptosis. This magnification effect acts like a lever mechanism
(Fig. 8), meaning that DNA damage repair can follow specific
repair pathways to shift the phenotype of cancer cells toward
treatment resistance. Evidence of this magnification effect has
been provided in some published studies. Matthew JS et al.
demonstrated that PARP-1, a key protein for DNA damage repair,
plays dual roles in the regulation of cancer growth and
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progression.543 The review by Carol B et al. summarized a number
of DNA damage repair-related proteins with dual roles, including
BRCA1, ATM, ATR and p53. p53 is a classical example of a gene
with dual roles in cancer development. p53 is the most frequently
mutated gene in human cancers.544,545 Furthermore, in some cell
types, p53 can enhance apoptosis, whereas in other cell types, p53
intensifies cell cycle progression.546 p53 inactivation leads to
intratumoral heterogeneity and, compared to wild-typep53,
mutant p53 may exhibit gain-of-function mutations related to
apoptosis, anti-oxidant activity or the epithelial-to-mesenchymal
transition (EMT) in addition to its DNA damage repair functions.
According to Qing S et al., the effects of combination therapy with
a DNA-PK inhibitor, M3814, and radiation were more dependent
on p53 regulation of cell-cycle blockade and senescence, whereas
knockout of p53 expression led cancer cells to initiate hallmarks
events such as mitotic catastrophe and apoptotic cell death.547 In
cells of human head and neck squamous cell cancer exhibiting
downregulation of the MRN complex, the accumulation of lethal
DNA damage in the form of DSBs and telomere length shortening
contributed to the death of BRCA-proficient cancer cells.548

Theoretically, DNA damage baseline drift may suggest the reason
why cancer cells gain so many functions, as doing so would avoid
further damage from cancer treatment. Cancer therapy-induced
resistance may also be subject to magnification effects caused by
the continuous accumulation of DNA damage repair sites.
The purpose and significance of raising this hypothesis relates

to the following aspects of cancer biology and treatment: i)
Addressing DNA damage caused by environmental hazards and
endogenous toxicant insults, which induce accumulation of errors
in a time- and dose-dependent manner. DNA damage repair
capacity depends on numerous factors including cell background,
exposure time and dose, as well as genetic and epigenetic factors.
These factors indicate that DNA damage in excess of the exposure
repair threshold, or in other words, DNA damage accumulation at
a level that cannot be repaired, leads to a cascade of changes in
cancer- and cancer therapy-related phenotypes. ii) Providing a
novel perspective for clarifying further DNA damage repair
functions during cancer development and their impacts on cancer
therapy outcomes. This novel perspective may pave the way for

establishment of new study fields or new technologies to explore
DNA damage repair in a systematic manner. iii) Providing new
prospective cancer therapeutics for future clinical application, as a
small investment in understanding DNA damage repair could
yield enormous returns. Better understanding of this process
would improve the future prospects of personalized precise
cancer therapy.

CURRENT CHALLENGES AND FUTURE PERSPECTIVES
DNA damage, response and repair have garnered the attention of
cancer researchers, physicians and surgeons, while intensive
research has produced new fundamental insights into the
mechanisms underlying cancer development and cancer
therapy-induced resistance. In addition, the development of new
potential inhibitors to improve cancer therapy would benefit from
research on DNA damage, response and repair. This review
highlights the roles of DNA damage, response and repair in cancer
development and cancer therapy from perspectives of the
historical research timeline and clinical applications. Based on
this background, we suggest two hypotheses, namely “environ-
mental gear selection” to describe DNA damage repair pathway
evolution, and “DNA damage baseline drift”, which may play a
magnified role in mediating repair during cancer treatment
(Fig. 9). This “DNA damage baseline drift” hypothesis may provide
a novel holistic concept at the genetic level in the area of DNA
damage repair and cancer therapy and care for serious conditions
such as chemotherapy resistance and radiotherapy resistance, etc.
Genomic stability is important for cellular survival and evolution,

and cells respond to environmental hazards and endogenous
stresses through complex interactions between DNA damage-
related sensors, activators, repair pathways, and protein com-
plexes, with additional effects from cellular context and status.
While this complex network underlies the molecular mechanisms
of DDR and repair-mediated cancer therapy, it also provides a
resource for identifying potential inhibitors in a systematic
manner. However, the plethora of DNA damage, response and
repair processes, along with their profound and complex
interactions, have not yet been fully elucidated. Similarly, the

Fig. 9 Hypothesis of “DNA damage baseline drift”. Compared to normal cells, cancer cells undergo a process known as carcinogenesis, in
which DNA damage leads to a series of genetic mutations and finally to formation of a mass of cells, finally grows into tumors known as
tumorigenesis
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advent of personalized cancer therapy and high-throughput
sequencing technologies provide hope for future prediction of
many gene alterations associated with specific conditions. Thus,
despite decades of extensive research and countless discoveries,
much more work is needed to appreciate fully the roles of DNA
damage, response, repair and their regulation in cancer and
cancer treatment.
Challenge I: Considering that DNA damage, response, and

repair are critical to cancer therapy, it is reasonable to
recategorize cancers from the perspective of their DNA repair
deficiency status. This new categorization could provide a new
perspective for the development of personalized cancer
therapies. For example, cancer patients with DNA repair defect
in the NHEJ pathway could be treated with therapy inhibitors
specific to the HR pathway. This process is achievable due to the
rapid development of whole-genome cancer sequence detec-
tion, and supports exploitation of all relevant alterations and
mutations for cancer therapy.
Challenge II: Early biomarkers for identifying DNA damage,

response, and repair defects should be identified and used for
cancer therapy selection. Although many relevant biomarkers
have been reported in recent decades, most require improvement.
For example, deficiency of RAD51 foci has been used as a
biomarker for the detection of DNA repair ability via immunohis-
tochemistry. However, as the test method is complex and the
results may be affected by many factors, this test has not been
widely used in clinics. Moreover, in the era of personalized cancer
therapy, a greater number of potential functional markers and
those that reflect early changes should be identified for the DNA
damage, response and repair process, along with the develop-
ment of more precise experimental methods. In addition, an
ethical issue remains to be addressed. In the real world, to test
patient responses to cancer therapy, patients should be tested for
potential DNA damage, response and repair defects using these
early changing biomarkers, but these biomarkers must be
activated using activators such as radiation, chemotherapy or
immunotherapy, which would be very difficult for ethical reasons.
Therefore, prior to the clinical application of biomarkers, ethical
issues should be addressed.
Challenge III: The mechanism underlying the activity of DNA

damage repair inhibitors in cancer therapy remains unclear,
although a number of potential inhibitors have been approved for
clinical trials. Because their mechanisms have not been fully
revealed, targeted therapies for cancer may have off-target effects.
If we can solve this problem, targeted cancer therapy based on
exploitation of DNA damage repair can be expected to improve
therapeutic outcomes in the future. Recently, the combined usage
of two or more inhibitors or therapy methods has increased in
popularity. Combined treatment may increase the efficacy of a
therapy, but can also enhance toxicity or adverse effects, as its
molecular mechanisms are much more complex and difficult to
elucidate than those of single treatments. Therefore, the creation
of usage criteria and principles for combination treatment to
ensure that such therapies are more effective against cancer and
less harmful to health is urgently needed.
Challenge IV: Cancer resistance and normal tissue severe side-

effects are the major obstacles to cancer therapy, the goal of
personalized therapy strategy is to overcome these obstacles.
Many resistance mechanisms have been reported to chemo-,
radio-, and immuno-therapy. For example, cancer cells with
mutated BRCA1 and BRCA2 may be sensitive to chemotherapy
using a PARP inhibitor, while the normal tissue cells if without the
germling mutation of BRCA1/2 are relatively resistance as
compared to the mutated cancer cells. Obviously, in the clinical
setting, testing for gene mutation seven the secondary mutations
in the recurrence tumors should be popularized and, most
importantly, resistance mechanisms should be explored through
cell, animal and clinical experiments in the near future.

Challenge V: Distilling the convergent findings obtained from
the enormous amount of complicated research conducted on
the relationships of DNA damage, response, and repair processes
with cancer therapy remains a challenge, as does translating
these basic research outcomes into clinical applications. At
present, a plethora of inhibitorsare in clinical trials or approved
for clinical use that originated from basic cell and animal
experiments. Additional biomarkers and agents show promise at
the preclinical level, but their translation to the clinical setting
has failed for many reasons, such as not providing superior
therapeutic outcomes and serious adverse effects. To achieve
the purpose of translation study in the clinic in the future, more
basic molecular mechanism of DNA damage and repair in cancer
therapy should be extensive studied.
In conclusion, we believe that comprehensive research into the

basic biology of DNA damage, response, and repair, accompanied
by rapid development of new technologies and further progress
in targeted cancer therapy, will drive significant advances in the
near future. Hopefully, more robust clinical trial results will also be
achieved.
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