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Simple Summary: Genetic information is seldom incorporated in formulating radiation treatment
recommendations for patients with cancer, even though genetic information is now well established to
be prognostic and predictive of cancer outcomes and response to systemic therapy. With the increasing
accessibility to and use of genetic testing, tumor, and germline genetic data have the potential to
inform clinical decisions by improving the efficacy of radiation treatment and ensuring the safety of
treatment delivery. This review summarizes the biological underpinning of “radio-sensitizing genes”,
discusses the clinical basis and evidence for identifying genetic mutations as radiation response
biomarkers, and proposes future directions for research as well as clinical implementation.

Abstract: Radiation treatment (RT) is a mainstay treatment for many types of cancer. Recommen-
dations for RT and the radiation plan are individualized to each patient, taking into consideration
the patient’s tumor pathology, staging, anatomy, and other clinical characteristics. Information on
germline mutations and somatic tumor mutations is at present rarely used to guide specific clinical
decisions in RT. Many genes, such as ATM, and BRCA1/2, have been identified in the laboratory to
confer radiation sensitivity. However, our understanding of the clinical significance of mutations in
these genes remains limited and, as individual mutations in such genes can be rare, their impact on
tumor response and toxicity remains unclear. Current guidelines, including those from the National
Comprehensive Cancer Network (NCCN), provide limited guidance on how genetic results should
be integrated into RT recommendations. With an increasing understanding of the molecular under-
pinning of radiation response, genomically-guided RT can inform decisions surrounding RT dose,
volume, concurrent therapies, and even omission to further improve oncologic outcomes and reduce
risks of toxicities. Here, we review existing evidence from laboratory, pre-clinical, and clinical studies
with regard to how genetic alterations may affect radiosensitivity. We also summarize recent data
from clinical trials and explore potential future directions to utilize genetic data to support clinical
decision-making in developing a pathway toward personalized RT.

Keywords: radiation sensitivity; radiogenomics; genes; germline; DNA; radiation treatment; radiation
treatment; oncology; cancer; mutations

1. Introduction

In the last decade, the increased availability and rapid integration of genetic testing
have revolutionized the landscape of cancer care, particularly in the management of patients
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with advanced and metastatic malignancies. It has paved the way for the development of
personalized treatment recommendations by utilizing mutation profiles to target specific
underlying molecular drivers of a tumor [1]. Despite the progress that has been made in
our understanding of cancer genetics, the field of radiation oncology has lagged behind
medical oncology in incorporating specific genetic information in formulating our decisions
surrounding radiation treatment (RT). Even though the field has dramatically advanced in
treatment delivery and planning techniques, RT is still largely prescribed today as it has
been carried out for many decades, based on tumor size, disease type, histology, surgical
margin status, disease stage, and proximity to normal anatomical structures [1,2].

It has long been observed that individuals with certain genetic disorders are predis-
posed to adverse side effects from RT. One of the most well-known examples is ataxia-
telangiectasia (AT), which is a condition caused by homozygous or complete loss of function
mutations in the ATM (ataxia telangiectasia, mutated) gene leading to impaired response
to DNA (deoxyribonucleic acid) double-strand breaks [3]. Reports from as early as the
1960s have documented the radiation sensitivity of patients with AT developing more
pronounced toxicities and increased risk of secondary malignancy from radiation than
the general population [4,5]. Since then, many more mutations associated with radiation
sensitivity have been identified and the list of potential “radio-sensitizing genes” continues
to grow and is likely only to expand exponentially in the next decade.

Perhaps more importantly, radiation oncologists will be increasingly faced with clinical
scenarios in which patients will present with existing genetic testing results. The radia-
tion oncologist must then decide based on this information, whether specific mutations
portend increased risks of treatment toxicity or resistance, whether radiation would be
recommended, and whether adaptations in the treatment field or dose need to be made
based on mutations in “radio-sensitizing genes”. Consensus on RT recommendations
for patients with pathogenic variants, even those with mutations in genes shown in the
laboratory to affect radiation response, such as ATM, is lacking. Clinical guidelines are
needed to guide radiation oncologists on how to safely incorporate genetic information in
treatment decision-making for patients with “radio-sensitizing” mutations.

The field of radio-genomics, herein defined as the study of genetic/molecular variation
associated with response to therapeutic radiation as it relates to tumor control and normal
tissue toxicity, is still in its infancy. In this review, we aim to summarize and examine
existing data from both bench and clinical research to provide an updated review of the role
of genetic alterations on radiation response. This summary is intended to provide practicing
radiation oncologists, radiation biologists, and cancer genetics researchers an overview of
the genetic basis of radiosensitivity, help inform future research efforts, and emphasize the
need for the creation of clinical guidelines surrounding how genetic information should be
incorporated in clinical radiation oncology treatment decision-making.

2. Genetic Basis of Radiation Sensitivity

Radiation destroys cancer cells by damaging genomic DNA via direct DNA breakage
or indirectly via the formation of free radicals and other reactive oxygen species (ROS) [6].
Radiation consequentially induces DNA base damage, single-strand breaks (SSBs), and
double-strand breaks (DSBs) to the DNA [6]. Thus, “radiation sensitivity” (or “radio-
sensitivity”) describes any toxic, cancerous, or aging effect resulting from radiation [7].
In some of the existing literature, the stochastic effect of radiation in inducing secondary
cancer is included in the definition of radiation sensitivity [7], however, in this review, we
will primarily focus on the interplay between genetic mutations and their roles in affecting
clinical treatment response.

Radiosensitivity can be subcategorized to refer to the responsiveness of tumor cells
or the reaction of normal tissues to radiation. Radiosensitivity of tumor cells can enhance
cell killing and thereby improve the efficacy of radiation, but conversely, radiosensitivity
of healthy cells can lead to more prominent radiation-induced side effects. The molecular
underpinning conferring radiosensitivity is complex and not fully understood. However,
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there is mounting evidence supporting the importance of genetic alterations in affecting
clinical radiosensitivity. It has long been observed that patients with certain genetic syn-
dromes develop adverse, sometimes, fatal toxicity following therapeutic radiation. In
addition to the example of AT as mentioned above, cancer patients with Fanconi’s Anemia,
a rare autosomal recessive DNA repair disorder, who received RT have been shown to
exhibit hypersensitivity to radiation [8–11]. Table 1 summarizes the known genes, from
both pre-clinical and clinical studies, that have been identified as being correlated with
increased toxicities from radiation.

In brief, genomic characteristics that influence radiosensitivity are as follows [6,7,12]
(Figure 1):

1. Cell cycle. Cells that are at or close to the mitotic (M) phase are the most sensitive.
2. Cell cycle checkpoint. Mutated cells that lack checkpoint function proceed to the M

phase with damaged chromosomes leading to a higher risk of cell death.
3. DNA repair. Improper DNA repair functioning leads to the maintenance of genetic

instability or misrepair of DSBs causing cell lethality.
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Figure 1. In response to DNA damage response from radiation, a cascade of events along the
“gatekeep” and “caretaker” pathways are activated that ultimately leads to cell cycle arrest or
DNA repair.

As shown in Table 1, most of the “radio-sensitizing genes” have critical roles in
the cell cycle checkpoint or DNA repair pathways (#2 and #3 of the abovementioned
characteristics). Mutations of genes in these pathways can lead to improper or reduced
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functioning of cellular machinery in response to radiation-induced damage. This, in turn,
leads to cell death and, if the amount of tissue damage is significant, results in clinically
observed toxicities.

Table 1. Genes Associated with Radiosensitivity.

Gene Symbol Syndrome Clinical
References

In Vitro/Preclinical
References Level of Evidence

ATM Ataxia-telangiectasia [9,13–20] [21–30] ****

ATR Seckel syndrome n/a [31] *

BLM Bloom syndrome [32] [33–35] **

BRCA1/2 n/a [13,36] [37–41] ****

CHK1/2 n/a n/a [42–50] **

FA complementation
groups, including
FANCA

Fanconi anemia [8,51–53] [35,54–58] ****

LIG4 Ligase IV syndrome [59] [30,60–62] ***

MLH1, MSH2 Lynch syndrome n/a [63,64] *

MRE11 Ataxia-telangiectasia-like
disorder n/a [65,66] *

NBS1/NBN Nijmegen breakage
syndrome [67,68] [29,69–74] ***

NF1 Neurofibromatosis type 1 n/a [75,76] *

PARP1 n/a n/a [77–81] **

PTEN Cowden syndrome n/a [82–85] **

PTCH1
Gorlin syndrome (nevoid

basal cell carcinoma
syndrome)

n/a [86–88] **

RAD50 Nijmegen breakage-like
syndrome n/a [89,90] *

RAD51 n/a [91] [92–97] ***

RB1 Retinoblastoma n/a [98–100] **

RNF168 RIDDLE syndrome n/a [101–103] **

SMC1A Cornelia de Lange
syndrome n/a [104] *

STAT3 Hyperimmunoglobulin E
syndrome n/a [105] *

TP53 Li-Fraumeni syndrome [106] [27,28,107,108] ***

XPD/ERCC2 Xeroderma pigmentosum n/a [109] *

WEE1 n/a n/a [110–114] **
Assessment of the level of evidence is based on the quality and amount of currently available studies supporting
the role of each gene in conferring radiosensitivity using the following scale: **** strong evidence, with several
clinical and preclinical studies supporting the role of the gene; *** high-moderate evidence, with only a few clinical
studies, but several preclinical studies; ** low-moderate evidence, with no clinical studies, but several preclinical
studies; * low evidence, with only a few preclinical studies.

However, the correlation between the presence of deleterious mutations and radiation
sensitivity is far from direct. This is due to inherent individual heterogeneity and the
complex biology of the function of encoded proteins in often redundant biological pathways.
Moreover, many other factors may affect the impact of a given mutation, such as the
extent of the mutation’s impact on expression or function, i.e., penetrance, whether the
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mutation acts in a dominant or recessive manner, dose effects and compensatory biological
mechanisms, alternative pathways and/or redundant proteins. In the case of the vast
majority of mutations, there are alternative biological mechanisms to ensure sufficient
genomic DNA integrity prior to cell division. These compensatory mechanisms are complex
with regulatory means at multiple levels, such as [115]:

1. Genomic level (such as mutation or chromosomal aberration)
2. Transcriptome level (such as mRNA [messenger ribonucleic acid] expression)
3. Epigenetic level (such as DNA methylation)

Additionally, for each gene, the physical location of the mutation, as well as its func-
tional consequence, can significantly affect whether a particular mutation is deleterious.
For example, a given single nucleotide polymorphism (SNP) in the coding DNA may cause
missense, non-sense, or silent mutations at the protein level, which can further increase
the complexity of interpreting mutation data. Multiple early Genome-Wide Association
Studies (GWAS) on identifying SNPs were some of the first efforts in understanding the
genomic-level alterations in association with radiation toxicity. SNPs of the TGFb1 gene
were one of the first gene polymorphisms found to be associated with radiotoxicity in
prostate cancer and rectal cancer patients [116,117]. Other notable SNPs include XRCC1,
rs2682585 which were found to be significantly associated with lower risk of skin toxi-
cities and overall toxicity in a cohort of 753 breast cancer patients [118], and four SNPs
(rs17055178, rs10969913, rs11122573, and rs147121532; gene functional studies revealed
that these variants lay in gene regulatory regions of the genome) associated with increased
urinary frequency, hematuria, decreased urinary stream, and rectal bleeding in prostate
cancer patients of European ancestry [119].

While some early GWAS studies have shed light on possible pathogenetic pathways
of radiosensitivity, others have resulted in dead ends or conflicting evidence regarding
their clinical utility. Ongoing research effort aims to study the functions of specific DNA
mutations or combinations thereof, yet many have yet to be determined and consequently,
the majority of mutations identified in patients are reported as “variants of unknown
significance” (VUS), even when they occur in established radiation sensitivity genes such
as BRCA or ATM. Beyond SNPs, other types of mutations such as insertion-deletions, large-
scale translocations, and copy number variations are even more complex to functionally
interpret, particularly those mapping to non-coding, but potentially regulatory regions.
Below, we will review the functioning of a few selected genes in radiation response to
discuss the implications of these genes in radiosensitivity.

3. Gatekeeper and Caretaker Genes
3.1. Cell Cycle Checkpoint “Gatekeeper” Genes

Genes that regulate the cell cycle have critical roles in ensuring the DNA integrity
of the cell prior to proceeding with cell division. Hence, they are often referred to as
“gatekeeper” genes. The cell cycle is a series of cellular events that facilitate the replication
of DNA and cell division to create two daughter cells [120]. The normal function of these
checkpoint genes is to detect aberration in the DNA and control the progression of the cell
cycle. Two examples of classical gatekeeper genes are p53 and ATM. Given their functions
in mediating response to DNA damage, these genes have long been considered key players
in radiosensitivity.

When DNA damage is detected, these gatekeeper genes either arrest the cell cycle to
allow for DNA repair or induce cell death [120]. Checkpoints in the cell cycle include the
Gap 1 (G1) and DNA Synthesis (S) phase junction (G1/S) to ensure to prevent replication of
damaged DNA and the Gap 2 and mitosis (G2/M) for prevention of segregation of aberrant
chromosomes into daughter cells [120].

Ataxia-telangiectasia, mutated (ATM gene) is the master controller for both “gatekeeper”
and “caretaker” signaling pathways. In response to DNA damage, the ATM gene product,
ATM, exhibits protein kinase activity and phosphorylates p53 at the G1-S checkpoint to
induce cell cycle arrest and promote DNA repair [3,20]. Carriers of a germline mutation in
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ATM are notably at an increased risk of radiation sensitivity [3,20]. A study on female breast
cancer patients revealed a significant correlation between the presence of ATM mutation
and the development of Grade 3–4 toxicity, such as fibrosis (p = 0.001) following RT [17].
More recently, a meta-analysis on 5456 breast and prostate cancer patients found patients
who are carriers with ATM rs1801516 SNP reported odds ratios of approximately 1.5 for
acute and 1.2 for late toxicity after RT [20].

As mentioned above, p53 is one of the main downstream effectors of ATM. p53 is
a gene product of the tumor suppressor gene TP53 and it signals multiple downstream
targets in response to DNA damage that ultimately determines cell fate after signature
radiation exposure [121]. Patients with germline TP53 mutations (for which single copy
loss of function is the most common cause of Li-Fraumeni Syndrome) are predisposed
to develop early-onset cancers of multiple tissue types [122]. However, the role of the
TP53 mutations in radiosensitivity is not as fully understood as p53 has innumerable
roles in normal cell physiology. O’Connor and colleagues studied the effect of ionizing
gamma-radiation in 60 different cell lines, 39 of which contained a variant mutation of
TP53 [108]. Cells possessing mutant variants of TP53 showed a characteristic inability to
induce cell cycle arrest in G1 despite a high DNA damage burden. As a result, cell growth
remained uninhibited compared to cells possessing wildtype TP53. While O’Connor and
colleagues were unable to differentiate and characterize the various mutations present in
TP53 for each mutant cell line, since then many specific mutations such as TP53 A135V
have been established to increase radio-resistance. TP53 knockout cells demonstrated a
remarkable decrease in cell viability when exposed to gamma-radiation compared to their
wildtype-TP53 counterparts [123].

The Retinoblastoma tumor suppression gene (RB) is another cell cycle checkpoint
gene heavily involved in the mediation of the G1/S checkpoint [100]. The products of this
gene are integral to the antiproliferative process and have been characterized to be aberrant
or even abrogate in approximately 20–35% of breast cancers as well as occupying a very
prominent role in the carcinogenesis of many human lung adenocarcinomas [100,124]. RB
is also known to act as an effector in the MAPK signal amplification pathway as well as
possess an integral role in the formation of the DREAM complex alongside LIN37 [124,125].
The DREAM-p53 pathway is vital for the function of the G1/S checkpoint [125]. Breast
cancer cells characterized as deficient in RB expression were found to be more sensitive to
both radiation and cisplatin when compared to wildtype donor cells [100]. However, there
is scant literature available affirming radiosensitivity in other types of human cancer cells
or clinical settings.

CHK1 and WEE1 play integral roles in the regulation of the G2/M checkpoint of
the cell cycle. In vitro studies of WEE1 and CHK1/CHK2 inhibitors in human colorectal
cancer and osteosarcoma cell lines have been shown to increase sensitization to both RT
and chemotherapeutic drugs [111,126]. Similarly, there is in vitro evidence suggesting
enhanced radiosensitivity with CHK1 inhibition using a selective inhibitor, MK-8776,
in human triple-negative breast cancer cell lines [42]. Furthermore, some early phase I
clinical data on the addition of WEE1 inhibitor AZD1775 in patients with pancreatic cancer
when combined with RT and gemcitabine have suggested improved survival outcomes
compared to historical data [127]. While the results of said in vitro and clinical studies
show promise, further investigation is needed to validate the evaluation of these genes in
precision medicine and clinical practice in radiation oncology.

3.2. DNA Repair “Caretaker” Genes

DNA repair (or caretaker) genes often operate in conjunction with gatekeeper genes,
and at times with overlapping purposes. Many gatekeeper genes function in the regulation
of cell proliferation and cell cycle regulation. DNA repair genes encode proteins directly
involved in DNA repair processes in repair mechanisms of both SSBs and DSBs, as well
as DNA mismatch repair (MMR). Such repair mechanisms include non-homologous end
joining (NHEJ), homologous recombination (HR), base excision repair, and nucleotide
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excision repair. The resulting encoded proteins from these genes often directly interface
with the DNA molecule [128]. However, the line between DNA repair and gatekeeper
genes is not always distinct. Gene products from genes such as BRCA1/2, TP53, RAD9,
and ATM possess features of both cell cycle checkpoint and DNA repair regulation as
well as intrinsic DNA repair features [129]. Mutations in DNA repair genes that cause
functional attenuation will likely lead to the accumulation of mutations in other genes,
which can contribute to cancer risk [130]. While hundreds of genes are implicated in DNA
repair processes, we will discuss those with the strongest evidence as being important in
individual sensitivity to radiation.

Lynch syndrome, or hereditary nonpolyposis colorectal cancer, is a well-documented
inherited disorder that resulting from a constellation of mutations in MMR genes MLH1,
MSH2, MSH6, or PMS2 [131]. The MMR proteins encoded by these genes act to directly
interface with the damaged DNA molecule via heterodimerization with one another [132].
While Lynch syndrome was initially associated with the occurrence of colorectal cancer,
with up to 20% of all patients with colon cancer being afflicted by this genetic condition,
these patients are also at increased risk of other solid tumors, including endometrial,
ovarian, and gastric cancers [131,133]. However, there is limited evidence suggesting
increased radiosensitivity among patients with Lynch syndrome. Studies in MLH1-deficient
murine models suggest that there is an elevated risk of the development of radiation-
induced tumorigenesis 72 weeks after birth after exposure to radiation (2 grays [Gy])
at 2-week or 10-week of age [63,134]. An increase in loss of MLH1 staining has been
associated with the onset of therapy-related colorectal cancers in patients previously treated
for Hodgkin’s lymphoma. While most studies demonstrated a radio-sensitizing effect
associated with MMR deficiency, others found that it conferred radio-resistance in the
setting of chemoradiation [134].

RAD51 is a gene family encoding proteins directly associated with DNA repair, specif-
ically in HR in the setting of DSBs [135]. During HR, RAD51 is involved in the homology
search, strand invasion, and strand pairing to facilitate repair [135,136]. RAD51 and its
paralogs are heavily associated with tumorigenesis, as RAD51 tends to be downregulated
in many cancers, causing a notable decline in DNA repair capacity, as well as overexpressed
in others [129]. Overexpression of RAD51 is known to contribute to anomalous recom-
bination between both short repetitive sequences and homologous sequencing, resulting
in a significantly increased likelihood of tumorigenesis [129]. Additionally, mutations in
RAD51 paralogs are known to cause sensitivity to replicative DNA damage [135]. The level
at which RAD51 and its paralogs are expressed in a given malignancy could be immensely
important in determining radiosensitivity. In osteosarcoma and prostate carcinoma cell
lines, RAD51 knockdown was associated with an increase in radiosensitivity [92,93]. Specif-
ically in prostate carcinoma cell lines DU145 and PC-3, EGFR inhibitors were utilized to
downregulate the expression of RAD51, potentiating the effects of ionizing radiation on
cell proliferation [93].

BRCA1/2 are the most commonly affected genes in hereditary breast and ovarian
cancer, though these mutations impact the risk for many other cancers including prostate
and pancreatic cancers [137]. Both BRCA1 and BRCA2 are involved in the maintenance
of HR, a DSB repair pathway, at sites of DNA damage. BRCA1 encodes the breast cancer
type 1 susceptibility protein (BRCA1), a phosphoprotein that helps maintain genomic
stability as a component of the multi-subunit protein complex BRCA1-associated genome
surveillance complex (BASC) [138]. BASC interacts with RNA polymerase II and histone
deacetylase, displaying a role in transcription, repair of DNA double-stranded breaks
(DSBs) [138], and recombination [138]. BRCA1 colocalizes with BRCA2 and the recombinase
RAD51 to activate RAD51-mediated HR of DSBs by helping RAD51 assemble on ssDNA to
search for a homologous DNA repair template and initiate strand exchange [139]. Tumors
harboring BRCA1/2 mutations have been shown to have increased sensitivity to radiation.
For example, a study reported a higher objective response rate to RT (p = 0.007) and a lower
cumulative 1-year local recurrence rate (p = 0.008) in solid tumors carrying BRCA1/2 somatic
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mutations compared to the BRCA wildtype group, indicating BRCA1/2 loss of function
leads to elevated radiosensitivity through blockade of HR [13]. Of note, BRCA2 may
have more of a critical role in radiosensitivity than BRCA1. Some studies have suggested
that cells with heterozygous germline mutation of BRCA2 exhibit decreased DSB repair
capacity, but not in BRCA1, after irradiation [41]. Clinically, patients with either germline
heterozygous BRCA1 or BRCA2 mutations have not been shown to experience increased
radiation sensitivity compared to controls in patients with early-stage breast cancer after
breast-conserving RT [140].

DNA repair genes and gatekeeper genes, while differing in terms of functionality, have
similarly important roles in conferring the radiosensitivity of a given cell (Figure 2). With
the recent advent of routine clinical cancer mutation profiling, a comprehensive assessment
of gatekeeper and DNA repair genes can be employed to optimize cancer therapy. In
the next section, we will explore ways that radiation genomics can change the practice of
Radiation Oncology.
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Figure 2. Cell cycle checkpoint “gatekeeper” genes and DNA repair “caretaker” genes are important
regulators in ensuring the integrity of the genome prior to cell division. Mutations of these genes
can lead to their loss of function and dysfunction of the regulatory mechanism, as well as potential
uncontrolled cell growth “carcinogenesis”. These genes also have important roles in conferring
“radio-sensitivity” due to impaired surveillance and/or repair of radiation-induced DNA damage.

4. The Role of Molecular Testing in Identifying Radiosensitizing Genes

Despite the improved understanding of the molecular “gatekeeper” and “caretaker”
pathways in recent years, establishing the role of a particular gene responsible for radiosen-
sitivity remains a challenge, especially in light of potentially conflicting evidence. For
example, patients with Fanconi anemia demonstrate radiosensitivity clinically, but with
inconsistent findings on the extent of DNA repair in response to radiation from in vitro
studies [141]. Another challenge is in identifying new potential genes that lead to radiosen-
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sitivity and ongoing efforts have aimed to tackle this by leveraging toxicity outcomes from
large clinical datasets and also at the individual patient level.

As mentioned above, GWASs have revolutionized the search for candidate genes
via “tagging” hundreds of thousands of SNPs through the use of microarray [142,143].
These studies utilize large patient data to identify potential genetic variants associated
with a certain toxicity. The UK RAPPER study was one of the largest studies in identifying
potential SNPs associated with chronic toxicities from adjuvant breast RT or definitive
prostate RT [144,145]. Another notable GWAS study by Kearns and colleagues combined the
RAPPER study cohort with cohorts from RADIOGEN, GEN-PARE, and the Cancer Centre
in Canada (CCI) studies identified four SNPs associated with rectal bleeding, decreased
urinary stream, and hematuria after prostate cancer RT [119]. The list of concerned SNPs
continues to expand from other GWAS studies [116,119,146,147]. However, due to limited
validation and concern for a high number of false positives [148], and more notably, some
of these initial findings could not be validated in additional cohorts. Thus, few of these
findings have been successfully translated into clinical practice [144,149].

While functional bioassays are routinely utilized to understand how specific DNA
mutations can affect radiation response, the role of functional bioassays remains limited in
clinical settings. For patient care, many other types of molecular tests are employed instead.
At the genomic levels, whole exome, whole genome and targeted panel based sequencing
employs next-generation sequencing (NGS) technology to interrogate mutations in the
genome and subsequent filtering based on quality criteria such as by percentage of reads
showing the variant, then by variants outside of coding regions and known variants to
identify a potential gene of interest [150]. At the chromosomal level, fluorescence in situ
hybridization (FISH) uses fluorescence tags to identify chromosomal aberration, such as
translocations, amplifications, and deletions [151]. At the RNA level, RNA sequencing
(RNAseq) applies the same principle as NGS to assess the functional levels of genetic
variation [152]. Lastly, the use of tests at the protein level, such as immunohistochemistry
(IHC), has now been commonplace in our daily oncology practice for example in the
detection of HER2 status [153].

5. Moving towards Genomically-Guided Radiation Treatment

The increasing accessibility of genetic tests will undoubtedly accelerate our efforts
in detecting mutations in individual patients. As described above, with the mounting
evidence supporting the role of genes in radiosensitivity, there is an urgent need to consider
the incorporation of genetic information in our approach to RT. By leveraging genetic
mutation information, RT can potentially improve its effectiveness by further maximizing
tumor cell killing and minimizing toxicities to surrounding normal tissues. However, the
challenge remains in how to translate the current evidence into our clinical practice in
changing patient outcomes. Here, we explore four areas where genetic results can help
guide clinical decisions and the implications for future research in our field.

5.1. Omission of Radiation Treatment

As described above, in some individuals with germline mutations in radio-sensitivity
genes, radiation may lead to potentially significant clinical toxicities, including death [12].
The current NCCN guidelines advise avoidance of RT when possible among patients
with Li-Fraumeni syndrome (i.e., most commonly a result of deleterious at least single
copy loss of function mutation in TP53) due to concern for an increased risk of secondary
malignancy [154,155]. However, there is no such recommendation for any other genetic
syndrome or mutations on the basis of radiosensitivity.

With an increasing identification and understanding of the role of radio-sensitizing
genes, targeted mutation profiling of these genomic regions can potentially provide valu-
able insights into the appropriateness of RT for patients who are known carriers. The utmost
challenge is how to incorporate genetic information in weighing the risks versus benefits
of omitting radiation when radiation is typically clinically indicated and/or is the best
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treatment option. In situations where patients are found to have predicted deleterious mu-
tations in radio-sensitivity conveying genes and where there are good alternative treatment
options that have equivalent patient outcomes, clinicians should carefully consider these
instead of radiation. For example, in patients with a potentially deleterious mutation in p53
with prostate cancer, opting for prostatectomy would be a very reasonable alternative in the
setting of uncertain but possibly high risk of secondary cancers after definitive radiation.
In situations where radiation is the optimal therapeutic modality or provides the only
reasonable chance of cure, most patients with inherited cancer susceptibility syndromes
should still receive radiation.

While this review has largely focused on single gene mutations, the use of polygenic
risk scores to simultaneously consider the role of mutations in multiple radiation response
genes may have important future potential to inform the clinical use of genetic data. Such
an approach will require heavy investments in future efforts at predictive modeling in
real-world and large-scale datasets. The ideal predictive model would utilize information,
not solely from a single gene, but from a profile of genetic mutations to assess the potential
risk of toxicity from radiation.

5.2. Radiation Dose to Tumor

Another consideration is the use of genetic information in guiding radiation dose. Our
current practice of RT operates on the assumption that tumors of the same type respond
similarly to radiation, regardless of the potential radiosensitivity of the targeted tumor or
patients’ normal tissues. This one-size-fits-all approach leads to the same prescription dose
across patients. However, this can pose challenges for patients with radiosensitivity, as
it may exacerbate normal tissue damage and induce adverse side effects. A noteworthy
study by Scott and colleagues addressed this concern by developing a clinical model
to optimize RT dosages based on a retrospective cohort of non-small cell lung cancer
patients [156]. Their findings revealed that a considerable number of patients were at risk
of being overdosed, thereby increasing the likelihood of treatment-related toxicity [156].
Studies such as the one mentioned above further underscore the necessity for personalized
RT regimens tailored to the specific characteristics and heterogeneity of individual tumors.

The use of molecular data to guide radiation dosing is still in its infancy. A good
recent example is the use of p16 overexpression to reduce treatment intensity in head
and neck cancer, as such patients have been shown to have a more favorable disease
prognosis and response rate compared to patients with smoking-associated malignancies.
However, despite phase II trials demonstrating favorable outcomes with reducing the
dose of radiation [157,158], the phase II multi-center randomized NRG-HN005 (NCT
03952585) did not reach a non-inferiority threshold and has been closed temporarily [159].
In breast cancer, early data on the genomically adjusted radiation dose (GARD), a model
combining gene-expression-based radiosensitivity index with the linear-quadratic model,
may be promising for future efforts to individualize radiation dose [160,161]. Nonetheless,
there is no doubt that future trials will leverage genetic information to better inform
radiation dosing to optimize treatment outcomes and reduce the risks associated with
dose-escalated radiation.

5.3. Volume Delineation

One of the most challenging and unfortunately largely subjective roles of a radiation
oncologist is to define the target volumes for RT. RT is individualized to each patient with
target volumes delineated based on patients’ anatomy, disease status, and other character-
istics. Radiogenomic data can be utilized to further inform practitioners throughout these
clinical decisions. One consideration is the dose to normal tissue, particularly to organs
at risk (OARs). For patients harboring radio-sensitizing mutations, it could be prudent
to have more conservative constraints for OARs to minimize adverse effects, such as the
volume of small bowel receiving a high dose (50–55 Gy), or moderate dose (30 Gy). These
more stringent constraints might also necessitate the need to adjust target volume contours
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(e.g., reduction of elective nodal volume coverage), and in some cases, avoidance of radia-
tion completely as noted above. In oropharyngeal squamous cell carcinoma (SCC), recent
efforts, such as the EVADER phase II clinical trial (NCT 03822897), aim to evaluate the
efficacy of biomarkers expression as a guide for target volume coverage for RT [162]. In the
EVADER trial, patients with p16+ cancer are treated with volume-reduced elective nodal
coverage and the primary objective is to evaluate the efficacy of this approach in impacting
survival outcomes and toxicities. To the best of our knowledge, this is the only ongoing
trial that assesses incorporating biomarkers as guidance for RT volume delineation. Future
trials are needed, particularly focusing on germline mutations, to further “personalize” our
treatment approach.

5.4. Combining with Systemic Therapy

Genetic information can be leveraged to guide the selection of concurrent systemic
therapies with RT to further enhance the effect of radiation. Synthetic lethality is a term used
to describe therapeutic agents that kill target cells by taking advantage of existing cellular
defects [163]. Such a combined effect of the somatic mutation and targeted therapy can
also sensitize tumor cells to sublethal doses of DNA damage, a concept known as synthetic
cytotoxicity [163]. Genetic information can guide the selection of a known radiosensitizers
to optimize the therapeutic ratio in favor of tumor killing without worsening toxicity.
For example, inhibition of PARP has been shown to significantly increase the number of
unrepaired DSBs in prostate cancer cells after irradiation [164].

In addition to targeted therapies, gene silencing can also be a potential strategy for
potentiating the effect of RT. Genetic radiosensitizers work primarily by disrupting gene
expressions through the use of short interfering RNAs (siRNAs) to further destabilize the
genetic integrity of cancer cells to induce added DNA damage. An example of such a
target is the Nijmegen breakage syndrome-1 (NBS1) gene which has an important role in HR
repair of radiation-induced DSBs [165]. In non-small cell lung cancer cells, siRNA targeted
for the NBS1 gene has been shown to enhance radiosensitivity [165]. Another genetic
target for radio-sensitization with promising effects is the 5-aminoimidazole-4-carboxamide
ribonucleotide formyltransferase/IMP cyclohydrolase (ATIC) gene, which encodes a protein
in the de novo purine biosynthetic pathway [166]. ATIC inhibition via siRNA showed
a significant increase in cell death following exposure to ionizing radiation. In cells not
exposed to radiation, there was no detectable DNA damage, but cells were shifted into
a more proliferative cell cycle phase, and thus a more radio-sensitized state [166]. These
in vitro data have important implications for the potential role of genomically-targeted
radiosensitizers. However, the translation of siRNA therapy remains limited due to several
barriers to its development, such as chemical stability and glomerular filtration in blood
circulation [167]. With improvements in technology, future studies are needed to focus on
evaluating the clinical utility of combining these systemic therapies with RT

6. Precision Medicine in Today’s Radiation Oncology Clinic—The Example of
Genomically-Guided Radiation Treatment in Breast Cancer

Personalized medicine has a long and storied history in breast cancer medical on-
cology. Tamoxifen could be considered one of the field’s first truly personalized targeted
therapies for patients with estrogen receptor-positive/human epidermal growth factor
receptor-negative (ER+/HER2−) breast cancer. Tumor genomic assays, such as the 21-gene
assay (commercially known as Oncotype DX®), currently play a significant role in adjuvant
chemotherapy decisions for ER+/HER2− breast cancer [168]. For instance, breast cancer
patients with germline BRCA1/2 mutations are candidates for a class of drugs called PARP
inhibitors [169]. In addition, for patients with advanced ER+ breast cancer who have pro-
gressed on first-line endocrine therapy, the drug alpelisib, in combination with fulvestrant,
is approved for those that have somatic mutations in PIK3CA kinase [170]. These are just a
few of the many applications of precision medicine to breast cancer medical oncology.
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On the other hand, the translation of personalizing RT has been slow. Currently,
radiation oncologists use standard doses of radiation to eradicate microscopic disease in
the adjuvant setting or to treat gross disease with or without concurrent chemotherapy.
However, data are accumulating for the use of genomic assays and/or other biomarkers
to help identify patients with breast cancer who may not benefit from adjuvant RT. For
example, in the single-arm prospective LUMINA study post-lumpectomy patients with a
low proliferative index (Ki67 ≤ 13.25%) in addition to patient and treatment-related factors
(age ≥ 55 years; grade 1–2; tumor size ≤ 2 cm; axillary node-negative) had a 5-year risk of
local-regional recurrence of 2.3% without adjuvant RT, suggesting that omission of RT may
be appropriate in this low-risk patient population [171].

Randomized trials are ongoing to determine whether the use of tumor genomic assays
may help identify patients who are candidates for omission of adjuvant whole breast
radiation. One such trial is the NRG Oncology BR007 (DEBRA) study, in which patients
aged 50–69 years old with ER+/HER2−, stage I (≤2 cm and node-negative) breast cancers
with Oncotype recurrence score (RS) ≤18 treated with lumpectomy are randomized to
radiation versus omission of radiation (NCT04852887). The EXPERT trial is taking a
similar approach for patients aged ≥50 years old with stage I (node-negative), grade 1–2,
HR+/HER2− breast cancers and uses the Prosigna (PAM50) assay to identify luminal
A patients with low risk of recurrence to randomize patients to omission of radiation
versus adjuvant RT (NCTC02889874). The Oncotype RS is also currently being used for
patients with node-positive breast cancer as a potential biomarker to help determine
which patients may not benefi17t from regional nodal irradiation (RNI). The MA39 study
randomizes patients aged ≥ 40 years old with ER+/HER2− breast cancer with 1–3+ nodes
after lumpectomy or 1–2+ nodes after mastectomy with Oncotype RS ≤ 25 to whole
breast irradiation +/− RNI (after lumpectomy) or postmastectomy radiation (PMRT)
versus no PMRT after mastectomy (NCT03488693). The study also includes patients with
micrometastases and/or large tumors with negative axillary nodes (T3N0). As these
studies complete accrual and the data matures, we anticipate that these genomic assays
will potentially be used to personalize RT decisions in the next 10–15 years.

The assays described above were primarily developed to help guide adjuvant systemic
therapy decisions in ER+/HER2− breast cancers. Several groups have also worked on de-
veloping radiation-specific genomic assays. These assays include the Radiation Sensitivity
Index (RSI) [172], the Profile for the Omission of Local Adjuvant Radiation Treatment (PO-
LAR) [173], and the Adjuvant Radiation Treatment Intensification Classifier (ARTIC) [174].
The ARTIC and POLAR assays are both prognostic and predictive, whereas the RSI is
prognostic. For example, the POLAR assay is a 16-gene signature that was used to test and
validate whether it could be used to identify patients with ER+/HER2−, node-negative
breast cancers that may not benefit from adjuvant RT. Using data from two independent
clinical trials, Sjostrom and colleagues demonstrated that patients defined as POLAR low-
risk had low 10-year rates of local-regional recurrence (6–7%) without RT and that RT did
not benefit these patients. However, patients identified as POLAR high-risk had higher
rates of LRR and demonstrated a significant reduction in LRR risk with adjuvant RT from
19% to 8% (hazard ratio [HR] 0.43) in one of the trial cohort and from 22% to 8% (HR 0.25)
in the second trial cohort [173]. While none of these radiation-specific assays are currently
undergoing prospective validation in clinical trials, we anticipate that these studies will
begin shortly and will add to our understanding of personalized RT.

In terms of personalizing radiation dose prescriptions for individual patients, the
RSI and its related assay, the genomic-adjusted radiation dose (GARD), appear to hold
the most promise. GARD scores were calculated based on the expression of ten pre-
determined genes measured by the Affymetrix® Gene Chip probe/gene array system
(Affymetrix, Santa Clara, CA, USA) [160]. The GARD score has been shown to be an
independent predictor for both relapse-free survival and distant metastasis-free survival
in multiple tumor types [160]. There is significant interest in using the GARD score in
patients with breast cancer, particularly the aggressive triple-negative (ER-/PR-/HER2−,



Cancers 2023, 15, 5314 13 of 22

TNBC) breast cancers. Rather than to help guide the omission of RT, the hope is that it can
help identify patients who may require escalated doses of radiation for improved local-
regional control. For example, Ahmed and colleagues have proposed an individualized
dose range for patients with TNBC using the GARD assay [161]. We anticipate that future
cooperative group clinical trials will incorporate the GARD or similar assays into trial
design, particularly for TNBC.

7. Discussion and Future Direction

As summarized in Table 1, the current evidence supporting the role of radio-sensitizing
genes is largely from in vitro/preclinical or observational studies. High-level scientific
data, such as those from prospective randomized controlled trials (RCTs), validating the
applicability of genetic results are lacking. In the near future, RCTs would need to be
proposed to explore this topic.

At our institution, we currently have an ongoing non-interventional, prospective
Precision Medicine Research Program. Patients who enroll have the option to undergo
germline and somatic testing and are given an opportunity to meet with genetic counselors
to discuss the test results. Observational studies such as these are necessary to gather
the large-scale population-based data required to help inform individualized treatment
responses based on genetic alterations. In the future, however, randomized and prospective
clinical trials that incorporate germline data, as well as tumor-specific genetic and radiomic
features, are necessary to help us better understand if the utilization of genetic data can yield
clinically meaningful improvements in cancer control and toxicity outcomes (Figure 3).
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Genetic testing results have great potential to further inform RT planning and recom-
mendations to improve clinical outcomes. To move the needle forward, ongoing efforts
are required at multiple levels and disciplines. Efforts are needed at the patient level to
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validate the significance of individual genetic testing results as well as at the population
level, to demonstrate the role of genetic testing in increasing the effectiveness of RT, ideally
from six randomized controlled trials.

There is not a single ideal trial design to evaluate the clinical application of radio-
genomics, each with its pros and cons [175]. Therefore, the ideal trial design would be
dependent on the research question. For example, one theoretical trial design to study an
altered course of RT would be to randomize patients in a 2 × 2 fashion: first, based on the
presence of tumor and/or germline mutations of radio-sensitizing genes (or a particular
molecular signature), and then randomized into two intervention groups with one arm
receiving an altered course of radiation and the control arm receiving the standard of
care. Outcomes to monitor may include rates of local recurrence, survival, and side-effects.
However, concern remains in interpreting the results of genetic testing, as the majority of
variants identified in radiosensitizing genes are those of uncertain significance.

Nevertheless, the results from these trials will provide us with critical insights into
the potential impact of genetic testing on cancer care. In addition to clinical outcomes,
data from these trials can also be used for the development of predictive models to assess
the risks associated with radiation. As such, continued studies are imperative to unravel
the intricate roles of complex mutations in radiation response and develop more reliable,
broadly applicable multi-gene predictive models that can aid clinicians in making informed
RT treatment decisions for individual patients.

8. Conclusions

In this review, we provide an update on the current evidence on “radio-sensitizing
genes”. The role of genetics in radiosensitivity is complex; our current understanding of
the many implicated pathways and their compensatory mechanisms is only the “tip of the
iceberg”. The number of mutations identified to have an association with radiosensitivity
will only continue to increase over time. More importantly, future endeavors would need to
focus on establishing the clinical impact of these mutations and whether they individuals
or a combination thereof should be utilized in guiding treatment decisions for RT.

Author Contributions: Conceptualization, A.T., J.G.B. and Y.R.L.; Methodology, A.T., B.D.M. and
R.G.; Validation, A.T., B.D.M. and Y.R.L.; Formal Analysis, A.T., B.D.M. and Y.R.L.; Investigation,
A.T., B.D.M., R.M.T., E.T., I.G.W. and R.G.; Resources, B.D.M. and R.G.; Writing—Original Draft
Preparation, A.T., B.D.M., R.M.T., E.T., I.G.W. and J.G.B.; Writing—Review & Editing, A.T., B.D.M.,
R.M.T., H.H., S.W.G., T.W., Y.R.L. and J.G.B.; Visualization, B.D.M., E.T., J.S. and J.G.B.; Supervision,
Y.R.L. and J.G.B.; Project Administration, Y.R.L. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by the NIH Director’s Common Fund High Risk High Reward
Program DP5 Early Independence Award (1DP5OD033424) to Y.R.L.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Burnet, N.G. Defining the tumour and target volumes for radiotherapy. Cancer Imaging 2004, 4, 153–161. [CrossRef] [PubMed]
2. Baskar, R.; Lee, K.A.; Yeo, R.; Yeoh, K.-W. Cancer and Radiation Therapy: Current Advances and Future Directions. Int. J. Med.

Sci. 2012, 9, 193–199. [CrossRef] [PubMed]
3. Rothblum-Oviatt, C.; Wright, J.; Lefton-Greif, M.A.; McGrath-Morrow, S.A.; Crawford, T.O.; Lederman, H.M. Ataxia telangiectasia:

A review. Orphanet J. Rare Dis. 2016, 11, 1–21. [CrossRef] [PubMed]
4. Morgan, J.L.; Holcomb, T.M.; Morrissey, R.W. Radiation Reaction in Ataxia Telangiectasia. Arch. Pediatr. Adolesc. Med. 1968,

116, 557–558. [CrossRef]
5. Swift, M.; Morrell, D.; Massey, R.B.; Chase, C.L. Incidence of Cancer in 161 Families Affected by Ataxia–Telangiectasia. N. Engl. J.

Med. 1991, 325, 1831–1836. [CrossRef]
6. Hall, E.J.; Giaccia, A.J. Radiobiology for the Radiologist, 7th ed.; Wolters Kluwer Lippincott Williams & Wilkins: Philadelphia, PA,

USA, 2012.

https://doi.org/10.1102/1470-7330.2004.0054
https://www.ncbi.nlm.nih.gov/pubmed/18250025
https://doi.org/10.7150/ijms.3635
https://www.ncbi.nlm.nih.gov/pubmed/22408567
https://doi.org/10.1186/s13023-016-0543-7
https://www.ncbi.nlm.nih.gov/pubmed/27884168
https://doi.org/10.1001/archpedi.1968.02100020561022
https://doi.org/10.1056/NEJM199112263252602


Cancers 2023, 15, 5314 15 of 22

7. El-Nachef, L.; Al-Choboq, J.; Restier-Verlet, J.; Granzotto, A.; Berthel, E.; Sonzogni, L.; Ferlazzo, M.L.; Bouchet, A.; Leblond, P.;
Combemale, P.; et al. Human Radiosensitivity and Radiosusceptibility: What Are the Differences? Int. J. Mol. Sci. 2021, 22, 7158.
[CrossRef]

8. Alter, B.P. Radiosensitivity in Fanconi’s anemia patients. Radiother. Oncol. 2002, 62, 345–347. [CrossRef]
9. Bremer, M.; Klöpper, K.; Yamini, P.; Bendix-Waltes, R.; Dörk, T.; Karstens, J.H. Clinical radiosensitivity in breast cancer patients

carrying pathogenic ATM gene mutations: No observation of increased radiation-induced acute or late effects. Radiother. Oncol.
2003, 69, 155–160. [CrossRef]

10. Gatti, R.A.; Boder, E.; Good, R.A. Immunodeficiency, radiosensitivity, and the XCIND syndrome. Immunol. Res. 2007, 38, 87–101.
[CrossRef]

11. Pollard, J.M.; Gatti, R.A. Clinical Radiation Sensitivity With DNA Repair Disorders: An Overview. Int. J. Radiat. Oncol. 2009,
74, 1323–1331. [CrossRef]

12. Gonçalves, D.; Pires, A.S.; Marques, I.A.; Gomes, I.; Sousa, G.; Botelho, M.F.; Abrantes, A.M. An Overview on Radiation Sensitivity
in Hereditary Breast and Ovarian Cancer Syndrome. Cancers 2022, 14, 3254. [CrossRef] [PubMed]

13. Kim, K.H.; Kim, H.S.; Kim, S.-S.; Shim, H.S.; Yang, A.J.; Lee, J.J.B.; Yoon, H.I.; Ahn, J.B.; Chang, J.S. Increased Radiosensitivity of
Solid Tumors Harboring ATM and BRCA1/2 Mutations. Cancer Res. Treat. 2022, 54, 54–64. [CrossRef] [PubMed]

14. Fang, Z.; Kozlov, S.; McKay, M.J.; Woods, R.; Birrell, G.; Sprung, C.N.; Murrell, D.F.; Wangoo, K.; Teng, L.; Kearsley, J.H.; et al.
Low levels of ATM in breast cancer patients with clinical radiosensitivity. Genome Integr. 2010, 1, 9. [CrossRef] [PubMed]

15. Aghamohammadi, A.; Akrami, S.M.; Yaghmaie, M.; Rezaei, N.; Azizi, G.; Yaseri, M.; Nosrati, H.; Zaki-Dizaji, M. Individual
Radiosensitivity Assessment of the Families of Ataxia-Telangiectasia Patients by G2-Checkpoint Abrogation. Sultan Qaboos Univ.
Med J. [SQUMJ] 2019, 18, e440–e446. [CrossRef] [PubMed]

16. Zhang, L.; Yang, M.; Bi, N.; Fang, M.; Sun, T.; Ji, W.; Tan, W.; Zhao, L.; Yu, D.; Lin, D.; et al. ATM Polymorphisms Are Associated
With Risk of Radiation-Induced Pneumonitis. Int. J. Radiat. Oncol. 2010, 77, 1360–1368. [CrossRef]

17. Iannuzzi, C.M.; Atencio, D.P.; Green, S.; Stock, R.G.; Rosenstein, B.S. ATM mutations in female breast cancer patients predict for
an increase in radiation-induced late effects. Int. J. Radiat. Oncol. 2002, 52, 606–613. [CrossRef]

18. Alsbeih, G.; El-Sebaie, M.; Al-Rajhi, N.; Al-Harbi, N.; Al-Hadyan, K.; Al-Qahtani, S.; Alsubael, M.; Al-Shabanah, M.; Moftah, B.
Among 45 variants in 11 genes, HDM2 promoter polymorphisms emerge as new candidate biomarker associated with radiation
toxicity. 3 Biotech 2013, 4, 137–148. [CrossRef]

19. Pitter, K.L.; Casey, D.L.; Lu, Y.C.; Hannum, M.; Zhang, Z.; Song, X.; Pecorari, I.; McMillan, B.; Ma, J.; Samstein, R.M.; et al.
Pathogenic ATM Mutations in Cancer and a Genetic Basis for Radiotherapeutic Efficacy. JNCI J. Natl. Cancer Inst. 2020,
113, 266–273. [CrossRef]

20. Andreassen, C.N.; Rosenstein, B.S.; Kerns, S.L.; Ostrer, H.; De Ruysscher, D.; Cesaretti, J.A.; Barnett, G.C.; Dunning, A.M.;
Dorling, L.; West, C.M.L.; et al. Individual patient data meta-analysis shows a significant association between the ATM rs1801516
SNP and toxicity after radiotherapy in 5456 breast and prostate cancer patients. Radiother. Oncol. 2016, 121, 431–439. [CrossRef]

21. Wang, Q.; Chen, Y.; Chang, H.; Hu, T.; Wang, J.; Xie, Y.; Cheng, J. The Role and Mechanism of ATM-Mediated Autophagy in the
Transition From Hyper-Radiosensitivity to Induced Radioresistance in Lung Cancer Under Low-Dose Radiation. Front. Cell Dev.
Biol. 2021, 9. [CrossRef]

22. Le Reun, E.; Bodgi, L.; Granzotto, A.; Sonzogni, L.; Ferlazzo, M.L.; Al-Choboq, J.; El-Nachef, L.; Restier-Verlet, J.; Berthel, E.;
Devic, C.; et al. Quantitative Correlations between Radiosensitivity Biomarkers Show That the ATM Protein Kinase Is Strongly
Involved in the Radiotoxicities Observed after Radiotherapy. Int. J. Mol. Sci. 2022, 23, 10434. [CrossRef] [PubMed]

23. Kühne, M.; Riballo, E.; Rief, N.; Rothkamm, K.; Jeggo, P.A.; Löbrich, M. A Double-Strand Break Repair Defect in ATM-Deficient
Cells Contributes to Radiosensitivity. Cancer Res 2004, 64, 500–508. [CrossRef] [PubMed]

24. Murata, Y.; Hashimoto, T.; Urushihara, Y.; Shiga, S.; Takeda, K.; Jingu, K.; Hosoi, Y. Knockdown of AMPKα decreases ATM
expression and increases radiosensitivity under hypoxia and nutrient starvation in an SV40-transformed human fibroblast cell
line, LM217. Biochem. Biophys. Res. Commun. 2018, 495, 2566–2572. [CrossRef] [PubMed]

25. Royba, E.; Miyamoto, T.; Akutsu, S.N.; Hosoba, K.; Tauchi, H.; Kudo, Y.; Tashiro, S.; Yamamoto, T.; Matsuura, S. Evaluation of
ATM heterozygous mutations underlying individual differences in radiosensitivity using genome editing in human cultured
cells. Sci. Rep. 2017, 7, 5996. [CrossRef]

26. Gutiérrez-Enríquez, S.; Fernet, M.; Dörk, T.; Bremer, M.; Lauge, A.; Stoppa-Lyonnet, D.; Moullan, N.; Angèle, S.; Hall, J. Functional
consequences of ATM sequence variants for chromosomal radiosensitivity. Genes Chromosom. Cancer 2004, 40, 109–119. [CrossRef]

27. Williams, J.R.; Zhang, Y.; Russell, J.; Koch, C.; Little, J.B. Human tumor cells segregate into radiosensitivity groups that associate
with ATM and TP53 status. Acta Oncol. 2007, 46, 628–638. [CrossRef]

28. Williams, J.R.; Zhang, Y.; Zhou, H.; Russell, J.; Gridley, D.S.; Koch, C.J.; Little, J.B. Genotype-dependent radiosensitivity:
Clonogenic survival, apoptosis and cell-cycle redistribution. Int. J. Radiat. Biol. 2008, 84, 151–164. [CrossRef]

29. Distel, L.V.; Neubauer, S.; Keller, U.; Sprung, C.N.; Sauer, R.; Grabenbauer, G.G. Individual differences in chromosomal aberrations
after in vitro irradiation of cells from healthy individuals, cancer and cancer susceptibility syndrome patients. Radiother. Oncol.
2006, 81, 257–263. [CrossRef]

30. Strasser, H.; Grabenbauer, G.G.; Sprung, C.N.; Sauer, R.; Distel, L.V.R. DNA Double-Strand Break Induction and Repair in
Irradiated Lymphoblastoid, Fibroblast Cell Lines and White Blood Cells from ATM, NBS and Radiosensitive Patients. Strahlenther.
Onkol. 2007, 183, 447–453. [CrossRef]

https://doi.org/10.3390/ijms22137158
https://doi.org/10.1016/S0167-8140(01)00474-1
https://doi.org/10.1016/j.radonc.2003.08.004
https://doi.org/10.1007/s12026-007-0018-y
https://doi.org/10.1016/j.ijrobp.2009.02.057
https://doi.org/10.3390/cancers14133254
https://www.ncbi.nlm.nih.gov/pubmed/35805026
https://doi.org/10.4143/crt.2020.1247
https://www.ncbi.nlm.nih.gov/pubmed/34082492
https://doi.org/10.1186/2041-9414-1-9
https://www.ncbi.nlm.nih.gov/pubmed/20678261
https://doi.org/10.18295/squmj.2018.18.04.003
https://www.ncbi.nlm.nih.gov/pubmed/30988961
https://doi.org/10.1016/j.ijrobp.2009.07.1675
https://doi.org/10.1016/S0360-3016(01)02684-0
https://doi.org/10.1007/s13205-013-0135-3
https://doi.org/10.1093/jnci/djaa095
https://doi.org/10.1016/j.radonc.2016.06.017
https://doi.org/10.3389/fcell.2021.650819
https://doi.org/10.3390/ijms231810434
https://www.ncbi.nlm.nih.gov/pubmed/36142346
https://doi.org/10.1158/0008-5472.CAN-03-2384
https://www.ncbi.nlm.nih.gov/pubmed/14744762
https://doi.org/10.1016/j.bbrc.2017.12.141
https://www.ncbi.nlm.nih.gov/pubmed/29284117
https://doi.org/10.1038/s41598-017-06393-8
https://doi.org/10.1002/gcc.20025
https://doi.org/10.1080/02841860601080407
https://doi.org/10.1080/09553000701797021
https://doi.org/10.1016/j.radonc.2006.10.012
https://doi.org/10.1007/s00066-007-1683-4


Cancers 2023, 15, 5314 16 of 22

31. Wang, H.; Wang, H.; Powell, S.N.; Iliakis, G.; Wang, Y. ATR Affecting Cell Radiosensitivity Is Dependent on Homologous
Recombination Repair but Independent of Nonhomologous End Joining. Cancer Res 2004, 64, 7139–7143. [CrossRef]

32. Kataoka, M.; Kawamura, M.; Hamamoto, K.; Takemiya, M.; Miki, Y. Radiation-induced oesophageal stricture in a case of Bloom’s
syndrome. Clin. Oncol. 1989, 1, 47–48. [CrossRef] [PubMed]

33. Hall, E.J.; Marchese, M.J.; Astor, M.B.; Morse, T. Response of cells of human origin, normal and malignant, to acute and low dose
rate irradiation. Int. J. Radiat. Oncol. 1986, 12, 655–659. [CrossRef] [PubMed]

34. Aurias, A.; Antoine, J.-L.; Assathiany, R.; Odievre, M.; Dutrillaux, B. Radiation sensitivity of bloom’s syndrome lymphocytes
during S and G2 phases. Cancer Genet. Cytogenet. 1985, 16, 131–136. [CrossRef]

35. Parshad, R.; Sanford, K.K.; Jones, G.M. Chromosomal radiosensitivity during the G2 cell-cycle period of skin fibroblasts from
individuals with familial cancer. Proc. Natl. Acad. Sci. USA 1985, 82, 5400–5403. [CrossRef] [PubMed]

36. Huszno, J.; Budryk, M.; Kołosza, Z.; Nowara, E. The Influence of BRCA1/BRCA2 Mutations on Toxicity Related to Chemotherapy
and Radiotherapy in Early Breast Cancer Patients. Oncology 2013, 85, 278–282. [CrossRef]

37. Zhao, W.; Hu, H.; Mo, Q.; Guan, Y.; Li, Y.; Du, Y.; Li, L. Function and mechanism of combined PARP-1 and BRCA genes in
regulating the radiosensitivity of breast cancer cells. Int. J. Clin. Exp. Pathol. 2019, 12, 3915–3920.

38. Baert, A.; Depuydt, J.; Van Maerken, T.; Poppe, B.; Malfait, F.; Van Damme, T.; De Nobele, S.; Perletti, G.; De Leeneer, K.;
Claes, K.B.; et al. Analysis of chromosomal radiosensitivity of healthy BRCA2 mutation carriers and non-carriers in BRCA
families with the G2 micronucleus assay. Oncol. Rep. 2017, 37, 1379–1386. [CrossRef]

39. Ernestos, B.; Nikolaos, P.; Koulis, G.; Eleni, R.; Konstantinos, B.; Alexandra, G.; Michael, K. Increased Chromosomal Radiosen-
sitivity in Women Carrying BRCA1/BRCA2 Mutations Assessed With the G2 Assay. Int. J. Radiat. Oncol. 2010, 76, 1199–1205.
[CrossRef]

40. Baeyens, A.; Thierens, H.; Claes, K.; Poppe, B.; De Ridder, L.; Vral, A. Chromosomal radiosensitivity in BRCA1 and BRCA2
mutation carriers. Int. J. Radiat. Biol. 2004, 80, 745–756. [CrossRef]

41. Beucher, A.; Deckbar, D.; Schumann, E.; Krempler, A.; Frankenberg-Schwager, M.; Löbrich, M. Elevated radiation-induced
γH2AX foci in G2 phase heterozygous BRCA2 fibroblasts. Radiother. Oncol. 2011, 101, 46–50. [CrossRef]

42. Zhou, Z.-R.; Yang, Z.-Z.; Wang, S.-J.; Zhang, L.; Luo, J.-R.; Feng, Y.; Yu, X.-L.; Chen, X.-X.; Guo, X.-M. The Chk1 inhibitor
MK-8776 increases the radiosensitivity of human triple-negative breast cancer by inhibiting autophagy. Acta Pharmacol. Sin. 2017,
38, 513–523. [CrossRef] [PubMed]

43. Wang, X.; Ma, Z.; Xiao, Z.; Liu, H.; Dou, Z.; Feng, X.; Shi, H. Chk1 knockdown confers radiosensitization in prostate cancer stem
cells. Oncol. Rep. 2012, 28, 2247–2254. [CrossRef]

44. Borst, G.R.; McLaughlin, M.; Kyula, J.N.; Neijenhuis, S.; Khan, A.; Good, J.; Zaidi, S.; Powell, N.G.; Meier, P.; Collins, I.; et al.
Targeted Radiosensitization by the Chk1 Inhibitor SAR-020106. Int. J. Radiat. Oncol. 2013, 85, 1110–1118. [CrossRef] [PubMed]

45. Wu, J.; Lai, G.; Wan, F.; Xiao, Z.; Zeng, L.; Wang, X.; Ye, F.; Lei, T. Knockdown of Checkpoint Kinase 1 Is Associated with the
Increased Radiosensitivity of Glioblastoma Stem-Like Cells. Tohoku J. Exp. Med. 2012, 226, 267–274. [CrossRef] [PubMed]

46. Bridges, K.A.; Chen, X.; Liu, H.; Rock, C.; Buchholz, T.A.; Shumway, S.D.; Skinner, H.D.; Meyn, R.E. MK-8776, a novel chk1 kinase
inhibitor, radiosensitizes p53-defective human tumor cells. Oncotarget 2016, 7, 71660–71672. [CrossRef]

47. Choi, C.; Cho, W.K.; Park, S.; Shin, S.-W.; Park, W.; Kim, H.; Choi, D.H. Checkpoint Kinase 1 (CHK1) Inhibition Enhances the
Sensitivity of Triple-Negative Breast Cancer Cells to Proton Irradiation via Rad51 Downregulation. Int. J. Mol. Sci. 2020, 21, 2691.
[CrossRef]

48. Ma, Z.; Yao, G.; Zhou, B.; Fan, Y.; Gao, S.; Feng, X. The Chk1 inhibitor AZD7762 sensitises p53 mutant breast cancer cells to
radiation in vitro and in vivo. Mol. Med. Rep. 2012, 6, 897–903. [CrossRef]

49. Liu, X.-Q.; Chen, W.; Qiao, T.; Yuan, S. Impact of CHK2-small interfering RNA on CpG ODN7909-enhanced radiosensitivity in
lung cancer A549 cells. OncoTargets Ther. 2012, 5, 425–431. [CrossRef]

50. Riesterer, O.; Matsumoto, F.; Wang, L.; Pickett, J.; Molkentine, D.; Giri, U.; Milas, L.; Raju, U. A novel Chk inhibitor, XL-844,
increases human cancer cell radiosensitivity through promotion of mitotic catastrophe. Investig. New Drugs 2009, 29, 514–522.
[CrossRef]

51. Bremer, M.; Schindler, D.; Groß, M.; Dörk, T.; Morlot, S.; Karstens, J.H. Fanconi’s Anemia and Clinical Radiosensitivity. Strahlenther.
Onkol. 2003, 179, 748–753. [CrossRef]

52. Birkeland, A.C.; Auerbach, A.D.; Sanborn, E.; Parashar, B.; Kuhel, W.I.; Chandrasekharappa, S.C.; Smogorzewska, A.; Kutler, D.I.
Postoperative Clinical Radiosensitivity in Patients with Fanconi Anemia and Head and Neck Squamous Cell Carcinoma. Arch.
Otolaryngol. Neck Surg. 2011, 137, 930–934. [CrossRef] [PubMed]

53. Marcou, Y.; D’Andrea, A.; A Jeggo, P.; Plowman, P.N. Normal cellular radiosensitivity in an adult Fanconi anaemia patient with
marked clinical radiosensitivity. Radiother. Oncol. 2001, 60, 75–79. [CrossRef] [PubMed]

54. Djuzenova, C.; Flentje, M.; Plowman, P.N. Radiation Response in Vitro of Fibroblasts from a Fanconi Anemia Patient with Marked
Clinical Radiosensitivity. Strahlenther. Onkol. 2004, 180, 789–797. [CrossRef]

55. Bigelow, S.B.; Rary, J.; Bender, M. G2 chromosomal radiosensitivity in Fanconi’s anemia. Mutat. Res. Mol. Mech. Mutagen. 1979,
63, 189–199. [CrossRef] [PubMed]

56. Berhane, H.; Epperly, M.W.; Goff, J.; Kalash, R.; Cao, S.; Franicola, D.; Zhang, X.; Shields, D.; Houghton, F.; Wang, H.; et al.
Radiologic Differences between Bone Marrow Stromal and Hematopoietic Progenitor Cell Lines from Fanconi Anemia (Fancd2–/–)
Mice. Radiat. Res. 2014, 181, 76–89. [CrossRef]

https://doi.org/10.1158/0008-5472.CAN-04-1289
https://doi.org/10.1016/S0936-6555(89)80011-1
https://www.ncbi.nlm.nih.gov/pubmed/2486474
https://doi.org/10.1016/0360-3016(86)90076-3
https://www.ncbi.nlm.nih.gov/pubmed/3516954
https://doi.org/10.1016/0165-4608(85)90006-8
https://doi.org/10.1073/pnas.82.16.5400
https://www.ncbi.nlm.nih.gov/pubmed/3860870
https://doi.org/10.1159/000354834
https://doi.org/10.3892/or.2017.5407
https://doi.org/10.1016/j.ijrobp.2009.10.020
https://doi.org/10.1080/09553000400017937
https://doi.org/10.1016/j.radonc.2011.05.043
https://doi.org/10.1038/aps.2016.136
https://www.ncbi.nlm.nih.gov/pubmed/28042876
https://doi.org/10.3892/or.2012.2068
https://doi.org/10.1016/j.ijrobp.2012.08.006
https://www.ncbi.nlm.nih.gov/pubmed/22981708
https://doi.org/10.1620/tjem.226.267
https://www.ncbi.nlm.nih.gov/pubmed/22481303
https://doi.org/10.18632/oncotarget.12311
https://doi.org/10.3390/ijms21082691
https://doi.org/10.3892/mmr.2012.999
https://doi.org/10.2147/OTT.S38240
https://doi.org/10.1007/s10637-009-9361-2
https://doi.org/10.1007/s00066-003-1099-8
https://doi.org/10.1001/archoto.2011.154
https://www.ncbi.nlm.nih.gov/pubmed/21930984
https://doi.org/10.1016/S0167-8140(01)00370-X
https://www.ncbi.nlm.nih.gov/pubmed/11410307
https://doi.org/10.1007/s00066-004-1250-1
https://doi.org/10.1016/0027-5107(79)90115-5
https://www.ncbi.nlm.nih.gov/pubmed/522866
https://doi.org/10.1667/RR13405.1


Cancers 2023, 15, 5314 17 of 22

57. Mohseni-Meybodi, A.; Mozdarani, H.; Mozdarani, S. DNA damage and repair of leukocytes from Fanconi anaemia patients,
carriers and healthy individuals as measured by the alkaline comet assay. Mutagenesis 2008, 24, 67–73. [CrossRef]

58. Djuzenova, C.S.; Rothfuss, A.; Oppitz, U.; Speit, G.; Schindler, D.; Hoehn, H.; Flentje, M. Response to X-Irradiation of Fanconi
Anemia Homozygous and Heterozygous Cells Assessed by the Single-Cell Gel Electrophoresis (Comet) Assay. Lab. Investig. 2001,
81, 185–192. [CrossRef]

59. Kim, D.H.; Oh, S.Y.; Kim, S.Y.; Lee, S.; Koh, M.S.; Lee, J.H.; Lee, S.; Kim, S.-H.; Park, H.S.; Hur, W.J.; et al. DNA Ligase4 as a
Prognostic Marker in Nasopharyngeal Cancer Patients Treated with Radiotherapy. Asian Pac. J. Cancer Prev. 2015, 15, 10985–10989.
[CrossRef]

60. O’Driscoll, M.; Cerosaletti, K.M.; Girard, P.-M.; Dai, Y.; Stumm, M.; Kysela, B.; Hirsch, B.; Gennery, A.; Palmer, S.E.; Seidel, J.; et al.
DNA Ligase IV Mutations Identified in Patients Exhibiting Developmental Delay and Immunodeficiency. Mol. Cell 2001,
8, 1175–1185. [CrossRef]

61. Riballo, E.; Critchlow, S.; Teo, S.-H.; Doherty, A.; Priestley, A.; Broughton, B.; Kysela, B.; Beamish, H.; Plowman, N.; Arlett, C.; et al.
Identification of a defect in DNA ligase IV in a radiosensitive leukaemia patient. Curr. Biol. 1999, 9, 699–702. [CrossRef]

62. Van der Burg, M.; van Veelen, L.R.; Verkaik, N.S.; Wiegant, W.W.; Hartwig, N.G.; Barendregt, B.H.; Brugmans, L.; Raams, A.;
Jaspers, N.G.; Zdzienicka, M.Z.; et al. A new type of radiosensitive T-B-NK+ severe combined immunodeficiency caused by a
LIG4 mutation. J. Clin. Investig. 2005, 116, 137–145. [CrossRef]

63. Tokairin, Y.; Kakinuma, S.; Arai, M.; Nishimura, M.; Okamoto, M.; Ito, E.; Akashi, M.; Miki, Y.; Kawano, T.; Iwai, T.; et al.
Accelerated growth of intestinal tumours after radiation exposure in Mlh1-knockout mice: Evaluation of the late effect of
radiation on a mouse model of HNPCC. Int. J. Exp. Pathol. 2006, 87, 89–99. [CrossRef] [PubMed]

64. Martin, L.M.; Marples, B.; Davies, A.M.; Atzberger, A.; Edwards, C.; Lynch, T.H.; Hollywood, D.; Marignol, L. DNA mismatch
repair protein MSH2 dictates cellular survival in response to low dose radiation in endometrial carcinoma cells. Cancer Lett. 2013,
335, 19–25. [CrossRef] [PubMed]

65. Mishima, K.; Mishima-Kaneko, M.; Kawata, T.; Saya, H.; Ishimaru, N.; Yamada, K.; Nishikawa, R.; Shigematsu, N. MRE11-RAD50-
NBS1 COMPLEX INHIBITOR MIRIN ENHANCES RADIOSENSITIVITY IN HUMAN GLIOBLASTOMA CELLS. Neuro-Oncology
2014, 16, iii36. [CrossRef]

66. Bahreyni-Toossi, M.-T.; Azimian, H.; Aghaee-Bakhtiari, S.H.; Mahmoudi, M.; Darbandi, M.S.; Zafari, N. Radiation-induced DNA
damage and altered expression of p21, cyclin D1 and Mre11 genes in human fibroblast cell lines with different radiosensitivity.
Mutat. Res. Mol. Mech. Mutagen. 2021, 823, 111760. [CrossRef] [PubMed]

67. Distel, L.; Neubauer, S.; Varon, R.; Holter, W.; Grabenbauer, G. Fatal toxicity following radio- and chemotherapy of medul-
loblastoma in a child with unrecognized Nijmegen Breakage Syndrome. Med Pediatr. Oncol. 2003, 41, 44–48. [CrossRef]
[PubMed]

68. Tupler, R.; Marseglia, G.L.; Stefanini, M.; Prosperi, E.; Chessa, L.; Nardo, T.; Marchi, A.; Maraschio, P. A variant of the Nijmegen
breakage syndrome with unusual cytogenetic features and intermediate cellular radiosensitivity. J. Med Genet. 1997, 34, 196–202.
[CrossRef]

69. Tomioka, K.; Miyamoto, T.; Akutsu, S.N.; Yanagihara, H.; Fujita, K.; Royba, E.; Tauchi, H.; Yamamoto, T.; Koh, I.; Hirata, E.; et al.
NBS1 I171V variant underlies individual differences in chromosomal radiosensitivity within human populations. Sci. Rep. 2021,
11, 19661. [CrossRef]

70. Girard, P.M.; Foray, N.; Stumm, M.; Waugh, A.; Riballo, E.; Maser, R.S.; Phillips, W.P.; Petrini, J.; Arlett, C.F.; A Jeggo, P.
Radiosensitivity in Nijmegen Breakage Syndrome cells is attributable to a repair defect and not cell cycle checkpoint defects.
Cancer Res. 2000, 60, 4881–4888.

71. Shimura, T.; Kobayashi, J.; Komatsu, K.; Kunugita, N. Severe mitochondrial damage associated with low-dose radiation sensitivity
in ATM- and NBS1-deficient cells. Cell Cycle 2016, 15, 1099–1107. [CrossRef]

72. Bürger, S.; Schindler, D.; Fehn, M.; Mühl, B.; Mahrhofer, H.; Flentje, M.; Hoehn, H.; Seemanová, E.; Djuzenova, C.S. Radiation-
induced DNA damage and repair in peripheral blood mononuclear cells from Nijmegen breakage syndrome patients and carriers
assessed by the Comet assay. Environ. Mol. Mutagen. 2006, 47, 260–270. [CrossRef] [PubMed]

73. Perez, A.; Grabenbauer, G.G.; Sprung, C.N.; Sauer, R.; Distel, L.V.R. Potential for the G2/M Arrest Assay to Predict Patient
Susceptibility to Severe Reactions Following Radiotherapy. Strahlenther. Onkol. 2007, 183, 99–106. [CrossRef]

74. Bakhshi, S.; Cerosaletti, K.M.; Concannon, P.; Bawle, E.V.; Fontanesi, J.; Gatti, R.A.; Bhambhani, K. Medulloblastoma With Adverse
Reaction to Radiation Therapy in Nijmegen Breakage Syndrome. J. Pediatr. Hematol. 2003, 25, 248–251. [CrossRef] [PubMed]

75. Hannan, M.A.; Sackey, K.; Sigut, D. Cellular radiosensitivity of patients with different types of neurofibromatosis. Cancer Genet.
Cytogenet. 1993, 66, 120–125. [CrossRef] [PubMed]

76. Combemale, P.; Sonzogni, L.; Devic, C.; Bencokova, Z.; Ferlazzo, M.L.; Granzotto, A.; Burlet, S.F.; Pinson, S.; Amini-Adle, M.;
Al-Choboq, J.; et al. Individual Response to Radiation of Individuals with Neurofibromatosis Type I: Role of the ATM Protein and
Influence of Statins and Bisphosphonates. Mol. Neurobiol. 2021, 59, 556–573. [CrossRef] [PubMed]

77. Wang, H.; Xie, H.; Wang, S.; Zhao, J.; Gao, Y.; Chen, J.; Zhao, Y.; Guo, G. PARP-1 genetic polymorphism associated with radiation
sensitivity of non-small cell lung cancer. Pathol. Oncol. Res. 2022, 28, 1610751. [CrossRef]

78. Pu, J.; Li, T.; Liu, N.; Luo, C.; Quan, Z.; Li, L.; Wu, X. PLCε knockdown enhances the radiosensitivity of castration-resistant
prostate cancer via the AR/PARP1/DNA-PKcs axis. Oncol. Rep. 2020, 43, 1397–1412. [CrossRef]

https://doi.org/10.1093/mutage/gen052
https://doi.org/10.1038/labinvest.3780226
https://doi.org/10.7314/APJCP.2014.15.24.10985
https://doi.org/10.1016/S1097-2765(01)00408-7
https://doi.org/10.1016/S0960-9822(99)80311-X
https://doi.org/10.1172/JCI26121
https://doi.org/10.1111/j.0959-9673.2006.00464.x
https://www.ncbi.nlm.nih.gov/pubmed/16623753
https://doi.org/10.1016/j.canlet.2013.01.046
https://www.ncbi.nlm.nih.gov/pubmed/23376256
https://doi.org/10.1093/neuonc/nou208.51
https://doi.org/10.1016/j.mrfmmm.2021.111760
https://www.ncbi.nlm.nih.gov/pubmed/34390933
https://doi.org/10.1002/mpo.10275
https://www.ncbi.nlm.nih.gov/pubmed/12764742
https://doi.org/10.1136/jmg.34.3.196
https://doi.org/10.1038/s41598-021-98673-7
https://doi.org/10.1080/15384101.2016.1156276
https://doi.org/10.1002/em.20202
https://www.ncbi.nlm.nih.gov/pubmed/16470524
https://doi.org/10.1007/s00066-007-1565-9
https://doi.org/10.1097/00043426-200303000-00013
https://www.ncbi.nlm.nih.gov/pubmed/12621246
https://doi.org/10.1016/0165-4608(93)90240-M
https://www.ncbi.nlm.nih.gov/pubmed/8500099
https://doi.org/10.1007/s12035-021-02615-3
https://www.ncbi.nlm.nih.gov/pubmed/34727321
https://doi.org/10.3389/pore.2022.1610751
https://doi.org/10.3892/or.2020.7520


Cancers 2023, 15, 5314 18 of 22

79. Sun, X.; Bai, C.; Li, H.; Xie, D.; Chen, S.; Han, Y.; Luo, J.; Li, Y.; Ye, Y.; Jia, J.; et al. PARP1 modulates METTL3 promoter chromatin
accessibility and associated LPAR5 RNA m6A methylation to control cancer cell radiosensitivity. Mol. Ther. 2023, 31, 2633–2650.
[CrossRef]

80. Senra, J.M.; Telfer, B.A.; Cherry, K.E.; McCrudden, C.M.; Hirst, D.G.; O’Connor, M.J.; Wedge, S.R.; Stratford, I.J. Inhibition of
PARP-1 by Olaparib (AZD2281) Increases the Radiosensitivity of a Lung Tumor Xenograft. Mol. Cancer Ther. 2011, 10, 1949–1958.
[CrossRef]

81. Luo, J.; Dai, X.; Hu, H.; Chen, J.; Zhao, L.; Yang, C.; Sun, J.; Zhang, L.; Wang, Q.; Xu, S.; et al. Fluzoparib increases radiation
sensitivity of non-small cell lung cancer (NSCLC) cells without BRCA1/2 mutation, a novel PARP1 inhibitor undergoing clinical
trials. J. Cancer Res. Clin. Oncol. 2019, 146, 721–737. [CrossRef]

82. Noguchi, S.; Ogusu, R.; Wada, Y.; Matsuyama, S.; Mori, T. PTEN, A Target of Microrna-374b, Contributes to the Radiosensitivity
of Canine Oral Melanoma Cells. Int. J. Mol. Sci. 2019, 20, 4631. [CrossRef] [PubMed]

83. Wang, J.; Xu, J.; Fu, J.; Yuan, D.; Guo, F.; Zhou, C.; Shao, C. MiR-29a Regulates Radiosensitivity in Human Intestinal Cells by
Targeting PTEN Gene. Radiat Res. 2016, 186, 292–301. [CrossRef] [PubMed]

84. Inaba, N.; Kimura, M.; Fujioka, K.; Ikeda, K.; Somura, H.; Akiyoshi, K.; Inoue, Y.; Nomura, M.; Saito, Y.; Saito, H.; et al. The effect
of PTEN on proliferation and drug-, and radiosensitivity in malignant glioma cells. Anticancer Res. 2011, 31, 1653–1658.

85. Pei, X.; Mladenov, E.; Soni, A.; Li, F.; Stuschke, M.; Iliakis, G. PTEN Loss Enhances Error-Prone DSB Processing and Tumor Cell
Radiosensitivity by Suppressing RAD51 Expression and Homologous Recombination. Int. J. Mol. Sci. 2022, 23, 12876. [CrossRef]
[PubMed]

86. Vulin, A.; Sedkaoui, M.; Moratille, S.; Sevenet, N.; Soularue, P.; Rigaud, O.; Guibbal, L.; Dulong, J.; Jeggo, P.; Deleuze, J.-F.; et al.
Severe PATCHED1 Deficiency in Cancer-Prone Gorlin Patient Cells Results in Intrinsic Radiosensitivity. Int. J. Radiat. Oncol. 2018,
102, 417–425. [CrossRef]

87. De Stefano, I.; Leonardi, S.; Casciati, A.; Pasquali, E.; Giardullo, P.; Antonelli, F.; Novelli, F.; Babini, G.; Tanori, M.; Tanno, B.; et al.
Contribution of Genetic Background to the Radiation Risk for Cancer and Non-Cancer Diseases in Ptch1+/– Mice. Radiat. Res.
2021, 197, 43–56. [CrossRef]

88. Hahn, H.; Wojnowski, L.; Zimmer, A.M.; Hall, J.; Miller, G.; Zimmer, A. Rhabdomyosarcomas and radiation hypersensitivity in a
mouse model of Gorlin syndrome. Nat. Med. 1998, 4, 619–622. [CrossRef]

89. Chen, C.; Wang, Y.; Mei, J.; Li, S.; Xu, H.; Xiong, H.; Wang, X.; He, X. Targeting RAD50 increases sensitivity to radiotherapy in
colorectal cancer cells. Neoplasma 2018, 65, 75–80. [CrossRef]

90. Waltes, R.; Kalb, R.; Gatei, M.; Kijas, A.W.; Stumm, M.; Sobeck, A.; Wieland, B.; Varon, R.; Lerenthal, Y.; Lavin, M.F.; et al. Human
RAD50 Deficiency in a Nijmegen Breakage Syndrome-like Disorder. Am. J. Hum. Genet. 2009, 84, 605–616. [CrossRef]

91. Pratesi, N.; Mangoni, M.; Mancini, I.; Paiar, F.; Simi, L.; Livi, L.; Cassani, S.; Buglione, M.; Grisanti, S.; Almici, C.; et al. Association
between single nucleotide polymorphisms in the XRCC1 and RAD51 genes and clinical radiosensitivity in head and neck cancer.
Radiother. Oncol. 2011, 99, 356–361. [CrossRef]

92. Wang, D.; Zhang, K.F.; Du, G.; Wang, J.; Zhao, J. Berberine enhances the radiosensitivity of osteosarcoma by targeting Rad51 and
epithelial–mesenchymal transition. J. Cancer Res. Ther. 2020, 16, 215–221. [CrossRef] [PubMed]

93. Rajput, M.; Singh, R.; Singh, N.; Singh, R.P. EGFR-mediated Rad51 expression potentiates intrinsic resistance in prostate cancer
via EMT and DNA repair pathways. Life Sci. 2021, 286, 120031. [CrossRef] [PubMed]

94. Takia, T.; Ohnishia, T.; Yamamotob, A.; Hiragaa, S.; Aritaa, N.; Izumotoa, S.; Hayakawaa, T.; Moritab, T. Antisense Inhibition of
the RAD51 Enhances Radiosensitivity. Biochem. Biophys. Res. Commun. 1996, 223, 434–438. [CrossRef]

95. Russell, J.S.; Brady, K.; E Burgan, W.; A Cerra, M.; A Oswald, K.; Camphausen, K.; Tofilon, P.J. Gleevec-mediated inhibition of
Rad51 expression and enhancement of tumor cell radiosensitivity. Cancer Res. 2003, 63, 7377–7383. [PubMed]

96. Ohnishi, T.; Takia, T.; Hiragaa, S.; Aritaa, N.; Moritab, T. In Vitroandin VivoPotentiation of Radiosensitivity of Malignant Gliomas
by Antisense Inhibition of the RAD51 Gene. Biochem. Biophys. Res. Commun. 1998, 245, 319–324. [CrossRef] [PubMed]

97. Navarra, G.; Pagano, C.; Pacelli, R.; Crescenzi, E.; Longobardi, E.; Gazzerro, P.; Fiore, D.; Pastorino, O.; Pentimalli, F.;
Laezza, C.; et al. N6-Isopentenyladenosine Enhances the Radiosensitivity of Glioblastoma Cells by Inhibiting the Homologous
Recombination Repair Protein RAD51 Expression. Front. Oncol. 2020, 9, 1498. [CrossRef]

98. Lakhdar, I.M.; Ferlazzo, M.L.; Al Choboq, J.; Berthel, E.; Sonzogni, L.; Devic, C.; Granzotto, A.; Thariat, J.; Foray, N. Fibroblasts
from Retinoblastoma Patients Show Radiosensitivity Linked to Abnormal Localization of the ATM Protein. Curr. Eye Res. 2020,
46, 546–557. [CrossRef]

99. Wilson, P.F.; Nagasawa, H.; Warner, C.L.; Fitzek, M.M.; Little, J.B.; Bedford, J.S. Radiation Sensitivity of Primary Fibroblasts
from Hereditary Retinoblastoma Family Members and Some Apparently Normal Controls: Colony Formation Ability during
Continuous Low-Dose-Rate Gamma Irradiation. Radiat Res. 2008, 169, 483–494. [CrossRef]

100. Bosco, E.E.; Wang, Y.; Xu, H.; Zilfou, J.T.; Knudsen, K.E.; Aronow, B.J.; Lowe, S.W.; Knudsen, E.S. The retinoblastoma tumor
suppressor modifies the therapeutic response of breast cancer. J. Clin. Investig. 2007, 117, 218–228. [CrossRef]

101. Bohgaki, T.; Bohgaki, M.; Cardoso, R.; Panier, S.; Zeegers, D.; Li, L.; Stewart, G.S.; Sanchez, O.; Hande, M.P.; Durocher, D.; et al.
Genomic Instability, Defective Spermatogenesis, Immunodeficiency, and Cancer in a Mouse Model of the RIDDLE Syndrome.
PLoS Genet. 2011, 7, e1001381. [CrossRef]

https://doi.org/10.1016/j.ymthe.2023.07.018
https://doi.org/10.1158/1535-7163.MCT-11-0278
https://doi.org/10.1007/s00432-019-03097-6
https://doi.org/10.3390/ijms20184631
https://www.ncbi.nlm.nih.gov/pubmed/31540513
https://doi.org/10.1667/RR14428.1
https://www.ncbi.nlm.nih.gov/pubmed/27548517
https://doi.org/10.3390/ijms232112876
https://www.ncbi.nlm.nih.gov/pubmed/36361678
https://doi.org/10.1016/j.ijrobp.2018.05.057
https://doi.org/10.1667/RADE-20-00247.1
https://doi.org/10.1038/nm0598-619
https://doi.org/10.4149/neo_2018_170219N128
https://doi.org/10.1016/j.ajhg.2009.04.010
https://doi.org/10.1016/j.radonc.2011.05.062
https://doi.org/10.4103/jcrt.JCRT_293_19
https://www.ncbi.nlm.nih.gov/pubmed/32474504
https://doi.org/10.1016/j.lfs.2021.120031
https://www.ncbi.nlm.nih.gov/pubmed/34627777
https://doi.org/10.1006/bbrc.1996.0911
https://www.ncbi.nlm.nih.gov/pubmed/14612536
https://doi.org/10.1006/bbrc.1998.8440
https://www.ncbi.nlm.nih.gov/pubmed/9571148
https://doi.org/10.3389/fonc.2019.01498
https://doi.org/10.1080/02713683.2020.1808998
https://doi.org/10.1667/RR1333.1
https://doi.org/10.1172/JCI28803
https://doi.org/10.1371/journal.pgen.1001381


Cancers 2023, 15, 5314 19 of 22

102. Devgan, S.S.; Sanal, O.; Doil, C.; Nakamura, K.; A Nahas, S.; Pettijohn, K.; Bartek, J.; Lukas, C.; Lukas, J.; A Gatti, R. Homozygous
deficiency of ubiquitin-ligase ring-finger protein RNF168 mimics the radiosensitivity syndrome of ataxia-telangiectasia. Cell
Death Differ. 2011, 18, 1500–1506. [CrossRef] [PubMed]
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