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Abstract: Many cancers develop as a consequence of genomic instability, which induces genomic
rearrangements and nucleotide mutations. Failure to correct DNA damage in DNA repair defective
cells, such as in BRCA1 and BRCA2 mutated backgrounds, is directly associated with increased cancer
risk. Genomic rearrangement is generally a consequence of erroneous repair of DNA double-strand
breaks (DSBs), though paradoxically, many cancers develop in the absence of DNA repair defects.
DNA repair systems are essential for cell survival, and in cancers deficient in one repair pathway,
other pathways can become upregulated. In this review, we examine the current literature on genomic
alterations in cancer cells and the association between these alterations and DNA repair pathway
inactivation and upregulation.

Keywords: genomic instability; chromosomal instability (CIN); microsatellite instability (MSI);
homologous recombination (HR); non-homologous end-joining (NHEJ); microhomology-mediated
end-joining (MMEJ); nucleotide excision repair (NER); mismatch repair (MMR)

1. Introduction

Many cancers develop in association with genomic instability, which includes multiple
types of genomic alterations, such as nucleotide substitutions and genomic rearrange-
ments [1–3]. Recent in vitro studies have suggested a direct association between genomic
instability and cancer development, resulting from large-scale mutations followed by clonal
evolution of cells abrogated for cancer suppressor genes [4,5]. This instability is unlikely
to result from the misincorporation of nucleotides during canonical replication, as these
errors are limited, even in a background defective for mismatch repair (MMR), a pathway
required to overcome DNA polymerase errors [4]. Therefore, it is purported that clonal
evolution of cells abrogated for cancer suppression systems occurs in association with
genome destabilization.

Genomic instability is conventionally classified as either chromosomal instability
(CIN) or microsatellite instability (MSI) [1]. CIN describes a wide variety of chromosomal
abnormalities, including chromosomal rearrangements, deletions, insertions, and ampli-
fications [6,7]. MSI results from the insertion of a few base pairs or deletion mutations
induced specifically at repetitive microsatellite loci in MMR-deficient backgrounds [8].
Based on recent studies showing that in mouse embryonic fibroblast cells (MEFs), both CIN
and MSI can be induced through the erroneous repair of DSBs arising during replication
stress, in which MSI is induced under MMR deficiency [4] (Figure 1). Importantly, genomic
destabilization (i.e., induction of genomic instability) results in the clonal evolution of cells
mutated in the ARF/p53 pathway. Consistent with this notion, cancer develops through
multiple cycles of clonal evolution in association with genomic instability, which results
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in the extensive accumulation of DSBs [9]. DSBs are toxic DNA lesions that can result
in genetic alterations and cell death, such as through apoptosis [10–12]. In response to
DSBs, ATM and ATR are generally activated to induce cell cycle arrest and DNA repair, or
apoptosis if the DSBs are numerous [13–15]. DSBs can be repaired by a number of DNA
repair pathways, including homologous recombination (HR), non-homologous end-joining
(NHEJ), microhomology-mediated end-joining (MMEJ), also known as alternative-NHEJ,
and single-strand annealing (SSA). Deficiencies in nucleotide excision repair (NER), a
pathway responsible for the repair of DNA helix distorting lesions, including UV photo-
products, is also associated with increased cancer risk [16,17]. DSBs often accumulate even
in normal cells when the cells express senescence-associated phenotypes [18–20], which are
shown in both telomeric and non-telomeric regions. The erroneous repair of these DSBs
results in genomic instability.

In this study, we review the current literature on the dysregulation of DNA repair,
genome instability, and the cancer risk associated with these events. We also review the risk
of genomic destabilization in DNA repair-proficient cell backgrounds, which is associated
with senescence-associated phenotypes in response to the accumulation of DSBs. Since
these cells can accumulate DSBs in telomeric regions as well as in other regions, we also
explore the effects of telomere maintenance in cancer cells, as well as the DNA repair
pathways in cancer cells that are induced when multiple different types of DNA damage
occur during radiotherapy and chemotherapy.

Figure 1. Models for mutagenesis and clonal evolution associated with CIN/MSI induction. Replica-
tion stress-associated DSBs are generally repaired by HR under normal conditions. In HR defective
backgrounds, these DSBs accumulate and lead to genomic instability through erroneous DSB re-
pair by NHEJ and MMEJ, resulting in CIN and MSI, respectively. Since genomic destabilization is
associated with mutagenesis, this further leads to clonal evolution.

2. HR Deficiency and Increased Cancer Risk

DSBs are generally repaired by HR, NHEJ, MMEJ, or SSA (Figure 2). At the initial
stages of cancer development, cells widely accumulate DSBs in association with replication
stress. Prolonged replication stress can lead to the collapse of replication forks and the
formation of DSBs. Similarly, DSBs can also be induced when the replication fork encoun-
ters unrepaired single-strand DNA breaks (SSBs). These DSBs are repaired predominantly
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by HR and, if left unrepaired, can lead to genomic destabilization in association with
an elevated risk of cancer development [4,21–23]. HR relies on the presence of homol-
ogous sequences that act as a template for DSB repair. The homologous sequences are
frequently homologous chromosomes or, during the repair of replication-associated DSBs,
sister chromatids.

DSB repair by HR is initiated by nucleic degradation of the DSB ends, known as DNA
end resection (Figure 2). DNA end resection first requires the action of the nucleases Mre11
and CtIP. Mre11 establishes a complex with RAD50 and NBS to form the MRN complex
(MRE11–RAD50–NBS1). DNA end resection is regulated by BRCA1 through its interaction
with both the MRN complex and CtIP. Subsequently, end resection is completed by Exo1,
DNA2, and BLM helicase, leading to the formation of a 3′ single-stranded DNA (ssDNA)
tail [24,25]. The resulting ssDNA ends are rapidly coated by RPA protein, making them
resistant to further degradation. RPA is then displaced by the recombinase RAD51, which is
mediated by BRCA2-DSS1 under the regulation of BRCA1 and PALB2 [24,25]. BRCA1 also
stimulates the RAD51-ssDNA nucleoprotein filament to perform a homology search and
strand invasion of the filament into homologous duplex DNA, leading to the formation of
a displacement loop (D-loop) [24,25]. Mutations in BRCA1, BRCA2, and PALB2 are strongly
associated with cancer predisposition.

Figure 2. DSB repair pathways. Repair pathway choice is influenced by blocking or initiating end resection. Typical
regulatory proteins of these pathways are indicated. At the molecular level, pathway choice is determined by either
53BP1 or BRCA1 and CtIP. CtIP and the MRN complex are involved in extensive 5′ to 3′ resection of the duplex-DNA to
generate stretches of single-stranded (ss)-DNA at DNA ends for HR, SSA, and MMEJ. In HR repair, the ssDNA overhangs
resulting from DNA end resection are coated with RPA, which is subsequently replaced by RAD51 in a BRCA2-DSS1
complex-dependent manner. RAD51 mediated strand exchange and its association with BRCA1, BRCA2, and RAD54 are
essential for the further promotion of the HR pathway.
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HR is an error-free DNA repair pathway and is required to maintain genome stability;
therefore, HR deficiencies are frequently associated with genomic instability and associated
cancer predisposition [9]. For example, germline mutations in BRCA1 and BRCA2 can
increase the risk of developing many cancers with genomic instability, particularly breast
and ovarian cancers [26]. Genetic and epigenetic inactivation of other components of the
HR machinery has been observed in sporadic cancers, including PALB2, BARD1, RAD51B,
RAD51C, and RAD51D [27,28].

3. FA Factor Mutation and Increased Cancer Risk

HR is deficient in Fanconi Anemia (FA), a rare genetic disease resulting from a failure
in the FA/BRCA DNA repair pathway. To date, 22 FA genes have been identified (FANCA
to FANCW), with mutations in any one of these genes leading to bone marrow failure,
developmental abnormalities, and a predisposition to cancer. Cells from FA patients are
hypersensitive to DNA inter-strand crosslink (ICL)-inducing agents, such as mitomycin C
and cisplatin, and often accumulate chromosomal breaks.

Eight FA gene products (FANCA, FANCB, FANCC, FANCE, FANCF, FANCG, FANCL,
and FANCM) assemble into the FA Core Complex, a ubiquitin E3 ligase that monoubiq-
uitinates the FANCD2/FANCI heterodimer (I-D complex) [29–31]. Monoubiquitinated
I-D complex localizes to sites of DNA damage and interacts with other DNA repair pro-
teins, including other FA factors (FANCD1/BRCA2, FANCJ/BRIP1, FANCN/PALB2,
FANCO/RAD51C, FANCR/RAD51, FANCS/BRCA1, FANCU/XRCC2, FANCQ/XPF,
FANCP/SLX4, FANCV/REV7, and FANCW/RFWD3), to promote the removal of the ICL,
and perform repair via further downstream reactions, including TLS or HR [29–31]. FA
factors are also responsible for the maintenance of genome stability following replication
stress from a variety of sources, including endogenous stress resulting from oncogenes or
aldehyde accumulation; DNA damaging agents that disrupt replication, such as hydrox-
yurea; and low-dose treatment of DNA polymerase inhibitors, such as aphidicolin [32–34].
Intriguingly, some FA factors are also required for the maintenance of common fragile
sites (CFSs), the fragility of which is thought to be caused by a combination of multiple
mechanisms. As recently shown, FANCI and FANCD2 are required for the maintenance
of two CFS loci, FRA3B and FRA16D, where the large tumor suppressor genes FHIT and
WWOX reside [32–34]. Monoubiquitinated FANCI and FANCD2 accumulate on the CFS
loci under mild replication stress conditions. This is associated with the formation of an
R-loop consisting of a DNA-RNA hybrid and displaced ssDNA, which constitutes a major
threat to genome stability. FANCD2 is required for R-loop resolution [32–34]. Collectively,
these data reveal a broader role for FA in the maintenance of genome integrity [32–34].

Mutations in the FA pathway are associated with predisposition to breast cancer [29,30,35].
Homozygous mutations in FANCD1/BRCA2 are associated with FA disease, while inherited
heterozygous mutations in FANCD1/BRCA2 are associated with an increased risk of developing
breast and ovarian cancers. Similarly, while heterozygous FANCS/BRCA1 mutations are associ-
ated with hereditary breast and ovarian cancer syndromes, biallelic loss of FANCS/BRCA1 is
associated with FA development. Other FA genes, such as FANCJ/BRIP1 and FANCN/PALB2,
have also been identified as breast cancer susceptibility genes [29,30,35]. Sporadic alterations in
FA genes are frequently observed in many cancers. Over 65% of cancers in public databases
have at least one alteration in a FA gene [29,30,36]. While 80% of FA patients have mutations in
FANCA, FANCC, or FANCG, somatic FA gene mutations in cancers are distributed evenly. Such
differences in mutation distribution in cancer and FA might reflect a functional difference in
FA genes in the suppression of FA and cancer [29,30,36]. In addition, copy number alterations
in FA genes are often observed in cancer, with many cancers showing upregulation of the
expression of FA genes. It is possible that this overexpression relies on coordinated regulation
by the Rb/E2F pathway, which contributes to cell proliferation. These findings suggest that
many cancers develop with simultaneous mutation and upregulation of FA genes, possibly
because some level of DNA repair capacity is beneficial for cancer progression [29,30,36].
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4. Involvement of NHEJ and MMEJ in Cancer Development

Both CIN and MSI can be induced in a HR-deficient cellular background, which are
thought to result from the erroneous repair of DSBs by NHEJ and MMEJ [4,37] (Figure 1). In
these contexts, NHEJ and MMEJ contribute to cancer development with progressive genomic
destabilization. However, as shown in mouse model studies, cancer development can be
promoted by cellular backgrounds mutated in NHEJ and MMEJ factors [38–40]. This indicates
that cancer is induced by genomic alterations; however, such genomic destabilization can be
induced by multiple pathways.

The survival of some cancer cells is dependent on MMEJ. MMEJ is a specialized NHEJ
pathway that requires the activity of PARP and DNA Pol θ [41]. BRCA1- and 2-mutated
cancers are incredibly sensitive to PARP inhibitors and Pol θ knockdown [41,42], suggesting
a reliance on MMEJ. Even in cells proficient for HR, PARP inhibitors can significantly
sensitize cells to therapeutic agents, such as camptothecin [43], indicating that PARP1-
mediated repair pathways contribute to the endurance of DNA damage [44]. Conversely,
PARP1 may actively suppress some cancers, since PARP1 knockout mice show increased
incidence of liver cancer with advancing age [45]. Thus, the effect of PARP1-mediated DNA
repair on cancer suppression and progression may be dependent on the cellular context.

Most CIN-related genomic rearrangement loci are associated with NHEJ in cancer
cells [25,46], suggesting that NHEJ is involved in CIN induction and cancer development.
Currently, inhibitors of DNA-PK, a mediator of NHEJ, are under clinical trial [47], although
a direct association between NHEJ and cancer cell survival remains unclear. Conversely,
some cancers may develop as a result of NHEJ deficiency since some cancers develop
epigenetic silencing of two genes essential for NHEJ: KU70 and KU80 [48–50]. The effect of
NHEJ on cancer suppression and progression may also be dependent on the cellular context.

5. NER Deficiency and Increased Cancer Risk

NER is required for the removal of DNA adducts that cause helical distortions and
can be separated into two main sub-pathways: global genome repair (GG-NER) and
transcription-coupled repair (TC-NER) (Figure 3). GG-NER targets helix distorting lesions,
UV photolesions, such as (6-4) photoproducts and cyclobutane pyrimidine dimers, and
DNA intra-strand crosslinks [51]. By contrast, TC-NER is induced specifically when a lesion
blocks the progress of RNA polymerase II (pol II) [52]. These pathways require XPA–G,
CSA-B, TTDA, and UV-stimulated scaffold protein A (UVSSA) [16], whose deficiencies are
associated with several human autosomal recessive genetic diseases, such as xeroderma
pigmentosum (XP), Cockayne syndrome (CS), trichothiodystrophy (TTD), and UV sensitive
syndrome (UVSS), respectively [16]. While XP patients have a more than a 1000-fold
increased risk of developing cancer [53], CS patients usually do not predispose cancer [54].

The repair pathways for both GG- and TC-NER are similar and share common stages
of repair as follows: (i) damage recognition, (ii) DNA incision, and (iii) DNA synthesis and
ligation (Figure 3). In GG-NER, helix distortions caused by DNA lesions are recognized by
the XPC/HR23B (RAD23B)/CETN2 complex and/or UV-damaged DNA-binding protein 1
(DDB1)/DDB2 (XPE) [55]. By contrast, damage recognition during TC-NER occurs upon
RNA pol II stalling at a DNA lesion [51]. During elongation in unperturbed cells, CSB
and UVSSA/ubiquitin-specific peptidase 7 (USP7) interacts weakly with RNA pol II but
becomes tightly bound to the polymerase, together with CSA, upon RNA pol II stalling [56].
Downstream of damage recognition, GG- and TC-NER follow an identical pathway: the
general transcription factor TFIIH, a multimeric complex that includes the subunits XPD,
XPB, and TTDA, is recruited to the damage site [56,57]. XPD, a 5′ to 3′ helicase, verifies
the existence of the damage along with XPB and XPA, in which XPA is TFIIH-dependently
recruited by to chemically altered nucleotides in ssDNA. Replication protein A (RPA), an
ssDNA binding protein, is also recruited at this step. XPG recruited to the damage site
by TFIIH stabilizes the complex, forming the TFIIH-XPA-RPA-XPG pre-incision complex.
This leads to the further recruitment of the structure-specific endonuclease XPF/ERCC1.
After the first incision at 5′ to the lesion by XPF/ERCC1, XPG is activated to incise 3′ to the
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lesion, excising an oligonucleotide of approximately 30 nucleotides containing the lesion.
The resulting gap is filled by DNA pol δ, κ, or ε with proliferating cell nuclear antigen
(PCNA), replication factor C (RFC) and RPA, and sealed by DNA ligase I or III [58,59].

Figure 3. The NER pathway. (i) DNA damage can be recognized by XPC/HR23B/CETN2 and/or DDB1/2, which detect
helix distortions caused by lesions during GG-NER, or indirectly upon RNA pol II stalling at a DNA lesion during TC-NER.
Stalled RNA pol II tightly binds CSB complexed with CSA and UVSSA/USP7. After damage recognition, the TFIIH complex,
which includes the helicases XPD and XPB as subunits, is recruited to the site of damage, and TFIIH further recruits XPA
and verifies the existence of the damage. RPA binds to ssDNA, and endonuclease XPG is recruited to the complex by TFIIH,
forming the TFIIH-XPA-RPA-XPG pre-incision complex. (ii) The endonuclease XPF-ERCC1 complex recruited by XPA
incises 5′ to the lesion. Subsequent incision by XPG occurs, releasing the oligonucleotide containing the damage. (iii) The
gap is filled and ligated. Green line: newly synthesized DNA.

Genomic rearrangements and mutations are usually induced in skin cancers, and XP
patients, deficient in NER, are prone to cancer, including skin cancer; however, it is unclear
how NER deficiency is associated with genome destabilization. One of the correlations
reported is the involvement of TC-NER, which is through the recombination stimulation at
R-loop sites [60]. In fact, recent studies have further revealed that ELOF1 (transcription
elongation factor 1), which mediates TC-NER factor assembly by primarily directing RNA
polymerase II ubiquitination, suppresses R-loop formation in S phase, which is further
associated with the suppression of replication stress and subsequent DSB induction [61,62].
While the role of ELOF1 in TC-NER induction occurs in concert with CSA and CSB, R-loop
suppression by ELOF1 is likely independent of CSA- and CSB-dependent functions [61,62].

6. Mismatch Repair Deficiency and Increased Cancer Risk

MMR is employed to correct mistakes created by polymerases during replication. Ge-
nomic DNA is usually replicated by high fidelity DNA pol δ and ε, and mis-incorporated
nucleotides are primarily corrected by the polymerases’ own proofreading systems, with
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the remaining errors corrected by MMR [17,63,64]. MMR deficiency is associated with
Lynch syndrome, also known as hereditary non-polyposis colorectal cancer (HNPCC),
and a significantly increased risk of cancers, particularly colorectal, endometrial, stomach,
breast, and ovarian cancers [65,66]. These cancers are characterized by MSI and hyper-
mutation and usually have mutations in MMR proteins, particularly subunits of MutSα
(MSH2-MSH6 complex) and MutLα (MLH1-PMS2 complex) [65,66]. MMR deficiencies are
also observed in sporadic cancers, many of which are caused by epigenetic methylation of
MLH1 [67].

MMR proteins function in pathways other than the MMR pathway, including check-
point activation in response to certain DNA adducts [68] and the suppression of HR
between heterologous DNA strands [69]; however, the role of MMR proteins in cancer sup-
pression is still obscure. MMR-dependent checkpoint activation appears to be important
for successful chemotherapy with certain DNA damaging agents, such as Temozolomide,
which induces O6-methylguanine adducts. However, this checkpoint activation does not
elicit anticancer effects, as MMR-deficient mice with separation of function mutations, in
which the DNA damage checkpoint remains active, are predisposed to MSI-associated can-
cers [70]. Similarly, MMR-dependent suppression of HR is unlikely to be associated with
cancer suppression, as MutSα alone, and not MutLα, is required for effective HR suppres-
sion, while both MutSα and MutLαmutations predispose to MSI-positive cancer [69,71,72].
These data imply that the function required for cancer suppression is associated with the
canonical function of MMR, i.e., correction of replication errors. Importantly, this type
of cancer suppression is tightly associated with the suppression of MSI, since MSI is not
observed in normal cells but is induced in MMR-deficient cancer cells [21].

Currently, two types of MSI induction pathways are known: (1) a pathway mediated
by DNA loop formation [73,74] and (2) a pathway activated by the erroneous repair of
replication stress-associated DSBs by MMEJ at microsatellite loci (i.e., patches of short,
highly repetitive sequences) [4,37]. The former, originally observed as a pathway induced
in trinucleotide repeat disorders [75,76], requires MutSβ (MSH2 and MSH3 complex) for
DNA loop formation [73,77,78]. However, given that MSI-positive cancers also present
with a MSH2-deficient background, this pathway cannot be the only pathway. Instead, it
appears more likely that the latter pathway is the major pathway. In fact, DNA replication
stress-associated DSBs are erroneously repaired by MMEJ in MMR deficient cells when
these DSBs are not effectively repaired by HR. Since MMEJ requires regions of short
homologous repeats to complete DSB repair, microsatellite loci are a natural hotspot for
MMEJ activity (Figure 4). However, due to the highly repetitive nature of microsatellites,
small insertions or deletions can be induced by MMEJ, resulting in the induction of MSI.
Since DSBs are eliminated during this process, CIN-associated genomic alterations are
suppressed. In fact, MSI is generally induced as an alternative to CIN in MMR-deficient
cancers [1,4,37].

Although MMR is required primarily to repair replication errors, the mutation rate
associated with canonical replication is still limited even in MMR-deficient cells [5]. A
large number of mutations are induced in association with MSI triggered by replication
stress-induced DSBs [5]. Indeed, clonal evolution of MMR-deficient MEFs disrupted for
the ARF/p53 pathway is induced in association with MSI triggered by replication stress-
induced DSBs but is blocked when genome stability is maintained [4,79]. Although this
type of clonal evolution is induced even in MMR-proficient MEFs in association with
CIN, the associated mutation rate and efficiency of clonal evolution are much higher in
MMR-deficient MEFs with MSI. In support of MSI-associated hypermutation induction,
low-fidelity TLS polymerases, which lack proofreading activity, are highly induced upon
the accumulation of replication stress-induced DSBs [5]. While DNA polymerase δ likely
operates in HR-associated DNA synthesis [80,81], TLS are induced single-strand DNA
gaps caused under HR deficiency [81–85]. This might provide the major background for
the induction of MSI-associated hypermutations.
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Figure 4. A model of the MSI induction pathway. In an MMR-deficient background, DSBs caused
by replication stress at microsatellite loci are effectively repaired by MMEJ. Microsatellite loci can
be repeats of a single base or more; thus, erroneous MMEJ can induce multiple types of insertions
and deletions of a few bases, i.e., MSI induction, because microhomologous regions can anneal in
multiple ways.

7. Base Excision Repair and Cancer Risk

Base excision repair (BER) is a versatile DNA repair pathway, especially for the repair
of non-helix-distorting DNA base lesions, such as those induced by alkylation, oxidation,
deamination, and erroneous replication. Many of these lesions are endogenously induced,
but some are caused by exogenous chemicals. The major oxidative lesions are 7,8-dihydro-
8-oxoguanine (8-oxoguanine) and 5,6-dihydroxy-5,6-dihydrothymine (thymine glycol) [86],
while the predominant deleterious lesions induced by alkylating agents, such as methyl
methanesulfonate (MMS) and S-adenosylmethionine, are 7-methyl guanine and 3-methyl
adenine [87]. These lesions are associated with mutations, as incorrect nucleotides are often
incorporated opposite these modified bases [88,89]. The BER pathway has been intensively
studied and characterized [90].

Associations between inherited BER defects and human genetic disorders have been
reported. For example, mutations in the DNA glycosylase MUTYH and nth like DNA
glycosylase 1 (NTHL1), which remove 8-oxoguanine and thymine glycol paired with
adenine, respectively, result in colorectal cancer predisposition [91–93], while chronic 8-
oxoguanine accumulation at telomeres in OGG1 knockout cells triggers replication stress
and significantly increases telomere loss, resulting in chromatin instability [94]. However,
the contribution of BER defects to genomic instability and associated cancer is likely to be
less than those of other major repair-pathway defects.

8. Telomere Maintenance and Cancer

Telomeres are repetitive TTAGGG sequences at the ends of chromosomes. The 3′ end
of such sequences are over-hanging, enabling the formation of T-loops coordinated by the
shelterin complex (comprising TRF1, TRF2, POT1, TPP1, TIN2, and RAP1) [95,96]. The
chromosome ends are widely protected by T-loop formation from the degradation and
the initiation of erroneous DSB repair [95,96]. In stem cells, telomere length is maintained
by telomerase, which is recruited to telomeric regions by the shelterin complex [95,96].
Maintenance of telomere length is usually dependent on the expression of TERT, a subunit
of telomerase. Unlike stem cells, the gene coding TERT in differentiated cells is epige-
netically silenced [95,96]; therefore, replication leads to telomere shortening and cellular
senescence. Shortened telomeres are detected as DSBs, which results in ATM and ATR
activation and aberrant genomic rearrangements [95,96]. These catastrophic events are
termed telomere crisis. Thus, many cancer stem cells rely on TERT for telomere mainte-
nance [97,98]. Alternatively, other cancers, such as a type of glioblastoma, rely on HR for
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the synthesis of telomeres [95,99–101]. Thus, while TERT appears to be non-essential, the
maintenance of telomere length is likely to be required for cancer development. In most
cases, telomere-maintenance activity is likely acquired in association with the development
of cancer stem cells [95,97,102,103].

9. The Risk of Genomic Destabilization in a Repair-Proficient Background

Cancer usually develops as a result of genomic instability; however, cancers that de-
velop within the context of a background of hereditary mutations in DNA repair pathways
are infrequent [104–108]. How cells proficient for DNA repair become subject to genomic
destabilization is unclear; however, it is likely that cancer development in these cells is
associated with cells entering a state of senescence [4,37]. Senescent cells, and cells in aging
organs, generally accumulate DSBs [18]. In addition, senescence-associated phenotypes are
induced in response to DSBs that risk genome stability and the accumulation of cytosolic
DNA arising from genome instability, especially CIN [109–111]. Thus, the senescent phe-
notype is generally associated with increased genome instability. Consistent with such an
argument, cancer rates, especially those associated with genomic instability, increase in
association with age [112,113]. Indeed, BLOOM, a syndrome associated with premature
signs of aging, is associated with different types of cancer predisposition, in which genomic
instability plays an important part [114,115].

The question is, how do normal cells with a senescence-associated phenotype be-
come defective in DSB repair? One possibility is the alteration of chromosome states. In
fact, H2AX, which is required for efficient damage responses and repair, is largely down-
regulated when the growth rate of normal cells slows down [116]. These cells can still
repair DSBs directly induced by γ-ray irradiation because H2AX is transiently upregu-
lated in response to these DSBs, which is dependent on ATM and SIRT6 [117]. However,
cells in such a state are specifically defective in the repair of replication stress-associated
DSBs [4,37]. Therefore, persistent DSBs accumulate following oncogene acceleration,
growth stimulation, and exogenous stresses, such as γ-ray irradiation. This results in
the accumulation of persistent DSBs in the following S phase, associated with increased
replication stress [5,109,118]. Replication stress-associated DSBs accumulate in cells at an
initial stage of cancer development, supporting the hypothesis that the accumulation of
replication stress-associated DSBs increases the risk of cancer development [5,109,118].

10. Repair Pathways Activated by Chemo- and Radiotherapy-Induced DNA Damage

DNA damaging agents have been employed as cancer therapeutics for many years, as
the accumulation of DNA damage often leads to cell death. This damage can be in the form
of DSBs, induced by radiation therapy or drugs, such as doxorubicin and camptothecin,
DNA adducts, such as DNA crosslinks induced by cisplatin, methylation damage caused
by Temozolomide, or the incorporation of pyrimidine analogs, such as 5-fluorouracil (5-
FU), during replication. Cell death is achieved primarily through apoptosis; however,
resistance to such treatments can be acquired via a number of different mechanisms,
including stress-induced mutagenesis [119,120]. For camptothecin treatment, resistance
likely occurs through genomic destabilization associated with replication stress-induced
DSBs. While these DSBs induce apoptosis in many cancer cells, a minority of cells survive
treatment, with the erroneous repair of camptothecin-associated DSBs leading to genomic
rearrangements and destabilization, further risking clonal evolution of camptothecin-
resistance cells [4]. Replication stress-associated DSBs similarly accumulate following
treatment with ionizing radiation: while DSBs induced directly by radiation are usually
repairable, persistent DSBs can be introduced during the following S phase in association
with replication stress [5,117,118].

Temozolomide resistance is thought to be attributable to epigenetic silencing of the
O6-methylguanine-DNA methyltransferase (MGMT) gene [121]. The toxic effect of Temo-
zolomide is primarily caused by O6-methylguanine adducts, which are recognized in a
MMR-dependent manner and activate both ATM and ATR kinases, leading to apoptosis
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and cell death [122]. However, MGMT is able to selectively remove these adducts; thus,
cancers expressing little or no MGMT, such as MGMT negative glioblastomas, remain
sensitive to treatment [123]. Although chemotherapy often results in therapeutic resistance,
the mechanism by which cells acquire resistance to Temozolomide is unclear.

11. Perspectives

Deficiencies in many DNA-repair pathways are associated with genomic instability
and an increased risk of cancer. The risk of genomic instability can also be increased even
in cells not mutated in repair systems when cells express senescence-associated pheno-
types, such as those induced by aberrant growth stimulation, oncogene acceleration, and
exogenous stresses, such as radiation exposure. Since most human cancers develop in the
absence of hereditary mutations in DNA-repair systems but still exhibit genomic instability,
most cancers may be a consequence of a cellular state that favors genomic destabilization.

CIN-associated genomic alterations are triggered by replication stress-associated DSBs
and are induced largely by erroneous NHEJ repair, particularly when those DSBs are not
effectively repaired by HR. This argument is largely supported by the carryover of replica-
tion stress-associated DSBs into M phase, which causes chromosomal mis-segregation and
tetraploidy in the following G1 phase [124]. By contrast, MSI is induced in MMR-deficient
cells by replication stress-associated DSBs and erroneous MMEJ repair at microsatellite
loci, during which CIN induction is suppressed. Given that most major cancers develop
as a consequence of genomic instability, the accumulation of replication stress-associated
DSBs is the major risk factor for the development of cancer, in which cells usually express
senescence-associated phenotypes.

Most cancers are inevitably induced by genomic instability. Based on recent reports,
it is likely that many of these cancers are caused by genomic destabilization triggered by
replication stress-associated DSBs. However, questions remain about how normal cells
become defective in repairing replication stress-associated DSBs and why these DSBs
are not effectively repaired. Importantly, these recent reports also raise an attractive
hypothesis, i.e., many of those cancers could be avoided if genome stability could be
maintained. Thus, a future direction to study should be to determine whether or not
cancers are avoidable. To address this, it will be important to understand how genome
stability can be continuously maintained and how DSBs that accumulate in cellular states
that favor genomic destabilization are repaired.
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