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Abstract

The molecular mechanisms underlying sensitivity and resistance to radiotherapy is an area of active investigation and
discovery as its clinical applications have the potential to improve cancer patients’ outcomes. In addition to the traditional
pathways of radiation biology, our knowledge now includes molecular pathways of radiation sensitivity and resistance
which have provided insights into potential targets for enhancing radiotherapy efficacy. Sensitivity to radiotherapy is
influenced by the intricate interplay of various molecular mechanisms involved in DNA damage repair, apoptosis, cellular
senescence, and epigenetics. Translationally, there have been several successful applications of this new knowledge into
the clinic, such as biomarkers for improved response to chemo-radiation. New therapies to modify radiation response,
such as the poly (ADP-ribose) polymerase (PARP) inhibitors, derived from research on DNA repair pathways leading to
radiotherapy resistance, are being used clinically. In addition, p53-mediated pathways are critical for DNA damage related
apoptosis, cellular senescence, and cell cycle arrest. As the understanding of genetic markers, molecular profiling, molecu-
lar imaging, and functional assays improve, these advances once translated clinically, will help propel modern radiation
therapy towards more precise and individualized practices.
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Introduction conjunction with surgery and/or systemic therapies. An in-

depth understanding of the radiobiological principles gov-

Radiotherapy is the medical use of ionizing radiation to treat
cancer, and in some instances benign diseases, that cannot
be eradicated with surgery. Approximately 50% of all can-
cer patients require radiotherapy during treatment, and 40%
of patients cured of cancer will have received radiotherapy
[1]. The biological impact of high-energy radiation is mostly
cytotoxic to cancer cells, and it is achieved through damage
to the DNA double helix which impairs their proliferative
ability by inducing double strand breaks and chromosomal
aberrations. This oncological treatment is often used in
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erning the response to radiotherapy forms the foundation for
its clinical use, and it is fundamental to achieve maximum
therapeutic effectiveness while limiting normal tissue toxic-
ity. Modern radiotherapy involves the precise targeting of a
localized target or tumor while minimizing collateral dam-
age to surrounding nearby tissues. The radiotherapy dosage,
fractionation schema and delivery techniques are custom-
ized depending on the type of cancer, its stage, anatomical
location, size of the target and intent of treatment (palliative
versus definitive/curative). Radiotherapy delivery methods
include external beam radiation therapy, brachytherapy, and
therapeutic radiopharmaceuticals.

Advances in the understanding of molecular mechanisms
and genomic pathways of the sensitivity and resistance of
radiotherapy are paving the way for the application of pre-
cision oncology principles in the radiation oncology field.
Our understanding of radiobiology and repair processes
following radiation has made enormous progress since the
inception of the use of therapeutic radiation; in addition,
the technology by which radiotherapy is delivered and the
guidance systems have also been revolutionized over the
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past two decades using progressively more sophisticated
imaging technology to precisely aim the radiation beam to
a target. Treatment management paradigms have been tra-
ditionally based on clinical presentation and histopathol-
ogy. Here, we highlight recent advances in our knowledge
of the molecular mechanisms of sensitivity and resistance
to radiotherapy that have paved the way for new biomark-
ers and the development of targeted therapies which help in
selecting the most effective radiation treatment for cancer
patients.

The traditional “5SRs” of radiobiology stand for Repair,
Reoxygenation, Redistribution, Repopulation, and Radio-
sensitivity and are the basic principles that form the foun-
dation of modern radiation therapy and contribute to our
understanding of the molecular mechanisms of sensitiv-
ity and resistance to radiotherapy. Firstly, the principle of
Repuair refers to the cell’s ability to repair DNA damage
caused by radiation primarily in the form of either single-
strand or double-strand breaks. Precise DNA repair mecha-
nisms have evolved over millions of years and are essential
for cell survival, however, when they are defective, the
ensuing dysregulation of these molecular mechanisms
can contribute to exquisite radiosensitivity [2]. Secondly,
Reoxygenation refers to the ability of oxygen to radiosen-
sitize cancer cells by ‘fixing’ the DNA damage inflicted
by radiation whereby molecular O* donates an electron
to a DNA base that has an unpaired electron as a result of
radiation damage. In doing so, the oxygen atom destabilizes
the DNA double helix even more, precipitating a break in
the double helix backbone. Furthermore, an increase in
oxygen levels in hypoxic regions of the tumor allows for
oxygen-dependent DNA damage by reactive oxygen spe-
cies production; in the absence of O, cells are 3 times more
resistant to the effect of radiation [3]. Thirdly, Redistribu-
tion, also known as reassortment, refers to changes in the
cell cycle distribution after radiation exposure. Cell cycle
distribution determines radiosensitivity and radioresistance
as there are specific phases where the DNA is more vulner-
able to damage or protected from radiation cytotoxic effects.
Experiments in synchronously dividing cells have shown
that mammalian cells are most sensitive to radiotherapy
in the G2/M phases of the cell cycle and most resistant in
the late S phase [4]. Repopulation refers to the prolifera-
tion of surviving cancer cells after each dose (fraction) of
irradiation; in some cancers, repopulation accelerates after
the 4th week of radiation and can contribute to regrowth of
the tumor and eventual treatment failure. Finally, intrinsic
properties of cancer cells, including dysregulation of repair
pathways, give rise to their Radiosensitivity or Radioresis-
tance compared to normal tissues [3]. Some cancers such as
melanoma and renal cell cancer are deemed radiation resis-
tant based on their response to standard doses of radiation,
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whereas other cancers such as lymphomas, germinomas
and small cell lung cancer are considered radiosensitive.
The reason why different cancer histologies respond differ-
ently to the same dose of radiotherapy is attributed to their
intrinsic radiosensitivity, and only recently we have started
to uncover the molecular determinants responsible for their
ability to repair radiation damage which in turn determines
their relative radiosensitivity or resistance.

The therapeutic window in clinical radiotherapy repre-
sents the range of radiation doses needed to achieve optimal
Tumor Control Probability (TCP) while minimizing Normal
Tissue Complication Probability (NTCP). TCP and NTCP
are calculated using radiobiological models that consider
various factors related to tumor response and normal tis-
sue toxicity. The window between achieving a high TCP
while maintaining the NTCP low at about 5% is usually nar-
row, thus achieving the right balance within this window is
critical for designing effective and safe radiation treatment
plans. The linear quadratic model in radiobiology is used to
describe radiation response in tumoral and normal tissues
[3]. This model, in general, holds for traditional, curative
radiotherapy regimens where daily doses of 2 Gy are used
for a course of radiation lasting 5-8 weeks, whereas it tends
to break down when more modern forms of radiation are
used such as Stereotactic Radiosurgery (SRS).

Identification of pathways or interventions that can sen-
sitize tumor cells to smaller total dose of radiation is the
focus of translational research with the goal of widening the
“window” of the optimal therapeutic effects. The same can
be done with the knowledge of resistance to radiotherapy,
which could be applied clinically to protect normal tissues;
this strategy would also increase the therapeutic window.

Below, we review key molecular pathways and processes
influencing the response of mammalian cells to radiother-
apy and are summarized in Fig. 1.

Radiation sensitivity

Sensitivity to radiotherapy is primarily influenced by
the intricate interplay of various molecular mechanisms
involved in DNA damage repair. One critical DNA repair
pathway primarily active during S and G2 phases of the
cell cycle is the homologous recombination (HR) repair
pathway. HR plays a pivotal role in repairing DNA double-
strand breaks (DSBs), the most lethal form and a common
type of damage induced by radiotherapy. Proteins such as
RADS1 and BRCAL are key players in HR and are crucial
for the efficient and accurate repair of DSBs. Dysregulation
or deficiencies in HR can result in compromised DNA repair
capacity, leading to increased sensitivity to radiotherapy
[5]. Conversely, increased expression of DNA repair genes
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Fig. 1 This is a graphical summarization of the known molecular
mechanisms that contribute to the sensitivity and resistance of radio-
therapy that ultimately determine treatment response. The complex
interaction of the various molecular mechanisms involved in the pro-

(Rad51) has been associated with increased treatment resis-
tance [6].

Another crucial molecular mechanism involved in sen-
sitivity to radiotherapy is the activation of apoptotic path-
ways. Following exposure to ionizing radiation, cells with
extensive DNA damage can undergo programmed cell death,
known as apoptosis. The tumor suppressor protein p53 plays
a central role in this process by inducing the expression of
pro-apoptotic factors such as BAX and PUMA. Activation
of the intrinsic apoptotic pathway results in the release of
cytochrome ¢ from mitochondria and subsequent activation
of caspase cascades, ultimately leading to cell death. Altera-
tions in the p53 pathway can impair apoptosis and therefore
confer radioresistance (Fig. 2) [7].

Cellular senescence, a state of irreversible growth
arrest, is also implicated in sensitivity to radiotherapy.
Radiation-induced DNA damage can trigger a senescence
response mediated by the pl 6INK4a-pRB and pl9ARF-p53

cesses described above coupled with the presence of hypoxia and the
ability to repopulate have major implications for the radiosensitivity
of tumors and the clinical practice of radiation therapy. This schematic
was generated using BioRender.com.

pathways. Senescent cells exhibit altered gene expression
patterns and secrete a range of factors collectively known as
the senescence-associated secretory phenotype (SASP). The
SASP components can influence the microenvironment,
affecting neighboring cells and modulating the response
to radiation. The presence of senescent cells can sensitize
tumors to radiotherapy, as senescence-associated inflam-
mation and immune responses can contribute to tumor cell
elimination (Fig. 2) [8].

In addition to apoptosis and cellular senescence, p53
protein activation via phosphorylation in response to DNA
damage also causes cell cycle arrest, an important step
regulated by cell cycle checkpoints which allows repair of
DNA damage before the cell enters mitosis [9]. The p53
protein is involved in cell cycle arrest after irradiation at
the G2-M transitions thus allowing for repair of DNA dam-
age, which in turn promotes resistance to radiotherapy
[10]. Lastly, the p53 protein also has a role in opposing

@ Springer



520

Clinical & Experimental Metastasis (2024) 41:517-524

epithelial-to-mesenchymal transition (EMT), a process that
has been correlated with resistance to radiotherapy and with
a more aggressive phenotype; when p53 is mutated, its loss-
of-function (or mutation) promotes cancer cell EMT by de-
repressing Snaill protein expression and activity, a process
that eventually leads to radiation resistance (Fig. 2) [11].
Unfortunately, pS3 mutations occur in more than 50% of
cancers and thus it represents a common pathway of resis-
tance [12].

Additionally, gene expression of cancer cells plays a
crucial role in determining sensitivity to radiotherapy. Epi-
genetic modifications such as DNA methylation, histone
modifications, and the presence of non-coding RNAs are all
regulators that influence gene expression patterns. Altera-
tions in epigenetic markers can impact the expression of
genes involved in DNA repair, cell cycle control, and apop-
totic pathways, thereby influencing radiosensitivity. Target-
ing these epigenetic alterations holds potential for enhancing
sensitivity to radiotherapy by modulating the expression of
key genes involved in radiation response [13]. The meth-
ylation of the DNA repair enzyme O%-methylguanine-DNA
methyltransferase (MGMT) is a prognostic and a predic-
tive epigenetic biomarker in glioblastoma [14]. When the
MGMT gene is silenced by promoter methylation, improved
clinical outcomes are observed in patients with glioblas-
toma treated with radiation therapy and alkylating agents;

Fig. 2 Pathways of radiosensitiv-
ity via p53 activation, adapted
from the KEGG (Kyoto Encyclo-
pedia of Genes and Genomes).
The p53 gene is a tumor sup-
pressor gene, and the p53 protein .
is important for DNA repair, o
apoptosis, cellular senescence, .
and suppressing EMT. When /.
EMT is dysregulated, or mutated, .
it leads to radiation resistance. K
This schematic was generated

using BioRender.com Lt
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whereas when the MGMT promoter is unmethylated, there
is resistance due to increased DNA repair by MGMT [15].

Radiation resistance

Radiotherapy resistance is an intricate process that is caused
by multiple mechanisms such as the presence of hypoxic
cells within a tumor and increased capacity of DNA double-
strand break repair. Identifying underlying mechanisms of
radiotherapy resistance is an important area of research as
better knowledge of the molecular pathways can lead to an
improvement of treatments. One major driver of radiation
resistance of cancer cells is enhanced DNA damage repair
mechanisms. Radiation-induced DNA damage, such as dou-
ble strand breaks, starts a cascade of signals in tumor cells
that stimulate the expression levels of DNA repair enzymes
and various survival promoting processes. An example of
such upregulation of DNA repair enzymes is provided by a
recent publication reporting an inverse correlation between
Rad51 expression levels and survival of patients with glio-
blastoma; the higher the level of Rad51, the shorter the sur-
vival in this patient population [16]. Thus, increased repair
capacity after radiation could explain the high local recur-
rence rate in patients with glioblastoma. Therefore, RADS1
is a potential therapeutic target that could be used to enhance
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the cytotoxic effect of radiation if selectively inhibited in
tumor cells. Tumor hypoxia has long been recognized as a
marker of radiation resistance and numerous attempts have
been made to enrich tumors of O over the past 3 decades;
however, only recently a practical approach to overcome
hypoxia has been published which appears to be promising
and non-toxic in glioblastoma, a tumor which commonly
has a large hypoxic component [17].

In addition to double-strand break (DSB) repair, tumor
cells can employ other DNA repair pathways, such as base
excision repair (BER), nucleotide excision repair (NER),
and mismatch repair (MMR). Since DSBs are the most lethal
lesions induced by ionizing radiation, targeting these path-
ways is the most promising approach to overcome tumor
resistance to radiotherapy [18, 19]. To bypass DNA damage
induced by radiotherapy, tumor cells not only use enhanced
DNA repair capacity but also increase DNA damage toler-
ance allowing them to continue proliferating. The X-ray
repair cross-complementing 1 (XRCC1) is an example of
such mitigation strategy used by cancer cells; XRCC1 plays
an important role in BER and is involved with single-strand
breast (SSB) repair. High expression of XRCC1 has been
associated with poorer survival in head and neck cancer and
was seen primarily in the subset of patients who received
chemoradiation [20]. Furthermore, XRCC1 gene polymor-
phism has been associated with increased susceptibility to
radiation-induced toxicities, such as radiation dermatitis and
oral mucositis [21, 22]. However, expression of XRCCl1 in
tumor cells is not always a predictor of pro-survival ability
(radioresistance) in all tumor cells; for example, in bladder
cancer tumor tissue samples, high levels of XRCC1 expres-
sion were associated with improved cancer-specific survival
[23].

Another protein that supports the survival of tumor cells
after radiothearpy is replication protein A (RPA), which is
crucial for genomic stability by participating in DBS repair.
RPA has 3 subunits, and all of them are expressed at high
levels in glioblastoma specimens, a tumor notorious for its
poor response to radiotherapy. In vitro studies have shown
that targeting one of the RPA subunits, RPA70, signifi-
cantly impairs glioblastoma cancer stem-like cells. A small
molecular inhibitor, called HAMNO, targets the interaction
of RPA70 and ataxia telangiectasia and Rad3-related pro-
tein (ATR) [24]. Pre-clinical studies are ongoing with RPA
inhibitors and their potential as a DNA damage response
(DDR) inhibitor for clinical use [25].

The poly (ADP-ribose) polymerase (PARP) inhibitors
are a class of DNA damage response (DDR) inhibitors that
has already been translated in clinical use over the past few
years. PARPs are involved in numerous cellular processes,
including DNA repair, DNA replication, transcription, and
post-translational modification of histones and other nuclear

proteins. PARP-1 is the primary member of the PARP fam-
ily and facilitates DNA damage response by sensing and
modifying DNA free ends so that repair can commence.
Olaparib was the first inhibitor approved in 2014; since
then, multiple other PARP inhibitors are now in clinical use
for patients with ovarian, breast and prostate cancers who
have defects in the homologous recombination (HR) DNA
repair pathways and BRCA mutations [26]. PARP inhibi-
tors have been shown to enhance response to ionizing radia-
tion as well as chemotherapies in BRCA-proficient NSCLC
cells [27]. Its ability to sensitize radiation resistant tumors is
already being tested in clinical trails.

Finally, the tumor microenvironment, commonly
hypoxic in multiple cancers, reduces oxygen-dependent
DNA damage typically induced by photon radiotherapy.
Hypoxia is caused by aberrant cell proliferation and poor
tumor vascularization. Heterogenous oxygen microenviron-
ments and cancer cell-mediated inflammatory and signaling
also impart cellular changes in the microenvironment, spe-
cifically tumor-associated macrophages (TAMs) and can-
cer-associated fibroblasts (CAFs). In certain tumor types,
TAMs enhance radioresistance by inducing tumor growth
(increased re-population). In addition, the development of
CAFs is stimulated by cancer cell signaling and hypoxic
tumor microenvironment [28]. These CAFs also increase
radioresistance by secreting signaling molecules such as
epidermal growth factor (EGF) that lead to proliferation and
survival of cancer cells after irradiation (Fig. 3) [29].

Technical advances leading to an increase in
the tumoricidal effects of radiation

Advances in radiotherapy modalities and techniques that
have occurred over the past few decades include particle
beam radiotherapy, therapeutic radionuclides, and changes
in fractionation regimens. Particle beam radiotherapy refers
to the use of charged particles, such as protons or carbon
ions. Heavier ionizing particles than photons have the advan-
tage of reduced damage to surrounding healthy tissues due
to increased sparing of healthy tissue from the Bragg peak
phenomenon while also increasing the ablative nature of the
radiation-induced damage. Although there are few clinical
trials showing a difference in effectiveness between particle
and photon therapies, several randomized controlled com-
parative clinical trials are ongoing [30].
Radiopharmaceuticals can also be used to overcome
radiation resistance by virtue of their targeted delivery.
Radioligand therapies allow for the delivery of targeted
treatment to cells harboring tumor specific molecular tar-
gets. With this form of therapy, radionuclides are attached
to a monoclonal antibody targeting a specific molecular
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Fig.3 Tumor microenvironment TUMOR
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target on the cell surface, allowing the radiopharmaceutical
molecule to concentrate in the tumor cells. For example, a
recent breakthrough in the treatment of castration-resistant
prostate cancer has emerged with '"’Lu-PSMA-617, which
has been shown to improve overall survival with delivery
of a dose of 7.4 GBq (200 mCi) once every 6 weeks for
4—6 cycles [31]. In contrast to external beam radiotherapy,
radiopharmaceuticals have longer exposure times and lower
absorbed dose rate [32]. Among many other investigational
radiopharmaceutical agents, the fibroblast activation protein
(FAP) is a promising target for radiopharmaceutical therapy.
FAP is specifically expressed in many cancer-associated
fibroblasts, and this protein differentiates the CAFs from the
surrounding normal fibroblasts. FAP has been tagged with
7"Lu and is in the early clinical trial phase for metastatic
radioactive iodine refractory thyroid cancer patients with
progressive disease after treatment with tyrosine kinase
inhibitors [33].

Finally, with the advent of stereotactic technology and
CT guidance, various hypo-fractionated radiation schemas
have been adopted over the past decade; these abbreviated
courses of radiation deliver much higher biological doses
of radiation than conventionally fractionated schemas thus
achieving cumulative biological effective doses (BED)
higher than 100 Gy. This higher biological dose increases
the ability to overcome radiation resistance thus increasing
the chance of ablating the target and improving the efficacy
of the radiotherapy.

Spatially fractionated radiotherapy (SFRT) is another
technical advance in external beam radiotherapy deliv-
ery that allows for strategic placement of heterogenous
high dose of radiation within tumor volumes increasing
tumoricidal effects with minimal increase in normal tissue
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toxicity. In contrast to spatial heterogeneity, flash radio-
therapy (FLASH-RT) alters the dose rate to ultrahigh levels
which appear to spare normal tissues. FLASH-RT delivers
radiation at a rate of 40 Gy/second while current treatments
are delivered at a rate of ~0.01 Gy/second [34]. FLASH-RT
has the potential to increase tumor responses while signifi-
cantly sparing normal tissue [35].

Conclusions

Radiotherapy continues to have a major role in the treat-
ment of cancer. However, there are cancers where a higher
local control is desirable, such glioblastoma and pancreatic
cancer. Understanding the molecular mechanisms leading to
radiation sensitivity or resistance is important for improving
treatment efficacy and patient outcomes in radiation resistant
cancers. Advances in radiobiology and an increased under-
standing of molecular pathways have provided insights into
potential targets for enhancing radiotherapy. In addition,
greater understanding of genetic markers, increased use of
molecular profiling, improved molecular imaging, and func-
tional assays are providing insights on predicting treatment
response. These advances are all taking us towards more
precise and individualized clinical care. Ongoing basic
research and clinical translational trials are vital for harness-
ing these discoveries and implementing precision oncology
principles in radiation oncology, ultimately leading to better
treatment strategies and improved patient survival rates.
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