International Journal of

Molecular Sciences
Review

Molecular Pathogenesis of Radiation-Induced Cell
Toxicity in Stem Cells
Wonhee Hur 1 and Seung Kew Yoon 1,2, *
1
2

*

ID

The Catholic University Liver Research Center & WHO Collaborating Center of Viral Hepatitis,
College of Medicine, The Catholic University of Korea, Seoul 06591, Korea; wendyhur@catholic.ac.kr
Department of Internal Medicine, Seoul St. Mary’s Hospital, College of Medicine,
The Catholic University of Korea, Seoul 06591, Korea
Correspondence: yoonsk@catholic.ac.kr; Tel.: +82-2-2258-7534; Fax: +82-2-536-9559

Received: 4 December 2017; Accepted: 17 December 2017; Published: 18 December 2017

Abstract: Radiation therapy is an effective cancer therapy, but damage to normal tissues surrounding
the tumor due to radiotherapy causes severe complications. The importance of the therapeutic area
between tumor suppression and normal tissue injury has long been highlighted in radiation therapy.
Recent advances in stem cell biology have shown that stem cell (SC) responses to genotoxic stresses
of ionizing radiation can improve the therapeutic effect of radiation by repairing damaged cells.
In contrast, cancer stem cells (CSCs), a small subpopulation of cells within tumors, are generally
resistant to chemotherapy and radiotherapy and cause tumor recurrence. Although the underlying
mechanisms are not clearly understood in detail, efforts are still underway to identify SC treatment
or CSC resistant pathogenesis of DNA damage agents such as radiation therapy. In response to
radiation, CSCs differ from normal SCs in their biological properties due to severe deregulation of
the self-renewal ability in CSCs. Differences of cleavage mode, cell cycle characteristics, replication
potential, and activation/inactivation of DNA damage treatment and cancer-specific molecular
pathways between normal SCs and CSCs confer a malignant phenotype upon CSCs. However, further
studies are needed to identify normal SC and CSC-specific targets. In this review, we summarize the
current advances in research regarding how normal SCs and CSCs respond to ionizing radiation,
with a special emphasis on cell toxicity, radiosensitivity, signaling networks, DNA damage response
(DDR) and DNA repair. In addition, we discuss strategies to develop new diagnostic and therapeutic
techniques for predicting responses to cancer treatment and overcoming radiation-related toxicity.
Keywords: radiation therapy; radiation-induced toxicity; stem cell; cancer stem cell; resistant

1. Introduction
Radiation therapy is a highly effective tool in cancer treatment widely used for a variety of
malignant tumors [1–3]. Approximately 50% of all cancer patients undergo radiation treatment,
resulting in a cure rate of about 40% [4]. At the end of the 19th century, numerous groundbreaking
discoveries laid the foundation for medical radiation. Radiation therapy was initiated in 1895 with
the discovery of X-rays by the physicist Wilhelm Conrad Roentgen [5]. Since then, the application of
radiation has paralleled advancements in medicine, biology, physics, astronomy, materials science and
engineering [6]. Radiation therapy today is one of the most common ways to treat cancer, combined
with surgery and chemotherapy.
Radiation is used to destroy tumor cells with high physical energy sufficient to overcome the
electron binding energy at an atom or a molecule. The ionizing radiation used for cancer treatment is
largely based on the rationale that rapidly proliferating cancer cells are more sensitive to DNA damage
responses than normal cells. The greatest challenge for radiation therapy is to increase the highest
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probability of cure with the least morbidity. To this end, the understanding of radiation dose and
target volume over the years has been intensive and has consequently contributed to the development
of radiation oncology. Recent advances in our understanding of radiation effects has been expanded
widely as results of radiation-induced tumor cell death and various signaling pathways involved in
sensitivity, resistance and further molecular sensors that can alter the tumor response to radiation.
Normal cells neighboring the tumor inevitably receive a considerable dose of ionizing radiation.
This exposure can cause damage to healthy tissues, which may appear immediately or later, if the
patient survives. Although radiation therapy prolongs patient survival, normal tissue damage caused
by radiation remains an important clinical concern. It is therefore important to address or prevent
cell cytotoxicity from normal tissue damage because the severity of radiation-induced toxicity can
be worse than the initial lesions treated. The pathogenesis of normal tissue response to radiation is
complex and involves different mechanisms such as DNA damage repair, cell death, inflammation,
angiogenesis and matrix remodeling, depending on the radiation dose and time course [7].
Stem cells (SCs) generate the progeny of differentiated cells that give rise to the maintenance and
growth of normal tissues. In recent years, SCs have shown significant implications for the progress in
many fields of biotechnology, including cell-based regenerative therapies, drug testing and screening,
disease modeling and side effects in radiotherapy. Among these, there is a growing interest in the
biological response of stem cells to radiation treatment. It is also essential that SCs in damaged tissue
have specific and effective DNA-damage response mechanisms to avoid the propagation of genetic
lesions to all their progeny. In contrast, cancer stem cells (CSCs) play a critical role in the relapse and
resistance to ionizing radiation that occur in various tumors. The features that CSCs share with SC
are not only self-renewal and differentiation but also high tumorigenic potential, and CSCs are also
called tumor-initiating cells. To understand the mechanism of radiation-induced toxicity, observation
of molecular changes in SCs and CSCs due to radiation treatment will have an important influence on
the development of clinical therapy.
This review will introduce the biological effects of radiation therapy and describe the pathogenic
mechanism of radiation-induced toxicity in SCs and CSCs. In addition, promising target proteins for
radiation sensitization in SCs and CSCs will also be highlighted.
2. Biologic Effects of Radiation Therapy
Radiation may cause DNA damage in the form of DNA strands breaks, either directly by ionizing
the DNA or indirectly by forming free radicals that damage the DNA (Figure 1). DNA double strand
breaks (DSBs) are biologically important lesions endogenously generated during replication or by
reactive oxygen species (ROS). These DNA DSBs are repaired in higher eukaryotic cells by one of two
distinct pathways, non-homologous end-joining (NHEJ) and homologous recombination (HR). HR
repair is a key pathway to outcomes related to genome stability, during the late S phase to G2 phase of
the mammalian cell cycle, as it leads to precise repair of DNA damage using the undamaged sister
chromatid [8]. On the other hand, NHEJ repair is often imprecise because the DNA ends are modified
before joining, leading to deletions or insertions at the break site [9]. DNA single strand breaks (SSBs)
rarely cause cell death in normal cells since they are easily repaired by the repair system of the cell.
Once damaged normal cells are properly repaired, the cells can survive without side effects due to
DNA DSB. However, insufficient or incorrect DNA DSB repair can still lead to cell survival, indicating
a genomic variation that can contribute to tumor formation. To maintain genomic integrity, cells detect
damage signals, deliver to effector proteins and activate cell cycle arrest, the DNA repair pathway and
cell death.
The biological effects of radiation treatment depend on the total dose, fractionation rate,
radiosensitivity and linear energy transfer (LET) in tumors [10]. LET radiation destroys cancer by
depositing the physical energy of radiation on the cancer cells, with the ionization density of its tracks
quantified by the mean energy deposited per track length [11]. High LET radiation (neutrons and
α-particles) results in stable free radicals and causes cellular damage from the direct ionization of
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Direct or indirect damage to DNA in the form of DNA breakage or replication stress collectively
leads to a complex signaling system called the DNA damage response (DDR). DDRs include events that
coordinate DNA repair, regulation of DNA replication, cell-cycle checkpoints, chromatin remodeling,
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activated most strongly upon DNA replication arrest, such as in the case of nucleotide depletion
or replication-blocking DNA damage lesions caused by ultraviolet (UV) light. ATR is activated in
response to single-stranded DNA (ssDNA) during DNA damage processing. ssDNA is recognized
and coated with the trimeric ssDNA-binding protein complex Replication Protein A (RPA), which
subsequently recruits and activates the ATR-ATRIP complex [25,26] (Figure 2). Other mediators
of ATR activation in addition to ATRIP are the 9-1-1 complex, TopBP1 and Claspin. Subsequently,
the activation of ATR induces Chk1 phosphorylation. Recent studies have shown that the activity of
ATR-Chk1 is particularly important for the survival of cancer cells, which typically exhibit high levels
of replication stress [27,28].
There is extensive crosstalk between the ATM-Chk2 and ATR-Chk1 pathways, which is affected by
diverse factors, including types and doses of stress and timing. Many recent studies have shown that
targeting of ATM or ATR might be a major concern in the development of therapeutic agents capable of
controlling DNA damage without harming normal tissues. Agnihotri et al. identified a novel sensitizer
to alkylating agents, 3-methylpurine-DNA glycosylase (MPG), using an siRNA screen targeting DNA
damage response genes [29]. MPG, as a direct novel substrate of ATM, is phosphorylated and activated
by ATM. They showed that the inhibition of MPG and ATM resulted in increased cytotoxic effects of
alkylating agents in vitro and prolonged survival in vivo with no toxicity to normal cells, providing
an ideal therapeutic window. In addition, ATM protein is a major player in signaling pathways
classically implicated in stem cell maintenance as well as DNA damage processes. A recent study
reported that ATM positively modulated the activity of ITCH E3-ubiquitin ligase [30]. ITCH is a
member of the NEDD4-like family of HECT-E3-ubiquitin ligases, a family of proteins that participates
in several physiological signaling pathways, including the DNA damage response, tumor necrosis
factor (TNFα), Notch and Hedgehog signaling pathways. Fokas et al. demonstrated in vitro and
in vivo radiosensitization of a highly selective ATR inhibitor (ATRi), VE-822 [31]. They showed that
VE-822 decreased the survival of pancreatic cancer cells, but not normal cells, in response to radiation,
suggested that ATRi can sensitize tumors to radiation without the cytotoxic effect of radiation on
normal cells.
4. Response of Normal Stem Cells to Ionizing Radiation
The presence of human SCs has been demonstrated at various development stages in normal
mammalian tissues, where these cells play a key role in maintaining tissue homeostasis during adult
life. SCs are defined as undifferentiated cells that can self-renew through mitotic cell division to
replenish the stem cell pool and differentiate into other cell types essential for tissue function [32–34].
SCs are broadly classified as either adult or embryonic. There is a difference in response to genotoxic
stress, such as ionizing radiation between adult and embryonic stem cells. Human adult stem cells
are characterized by a very heterogeneous response to radiation. Unlike, the mechanism of apoptosis
in irradiation (IR)-exposed human embryonic stem cells have the tendency to undergo programmed
cell death in response to genotoxic stress. As these SCs self-renew throughout life, accumulation
of genetic mutations can damage genome integrity and potentially cause cancer (Figure 3A) [35].
Thus, SCs can be a major target for genetic and epigenetic alteration leading to radiation-induced
toxicity [36,37]. The sensitivity of SCs to a genotoxic stress varies greatly depending on their type and
developmental stage.
A previous study reported evidence for the existence of SCs through grafting experiments in
lethally irradiated mice receiving transplanted bone marrow [38]. They demonstrated that supportive
cells of the hematopoietic microenvironment contribute not only to the repopulation capacity of SCs
but also to the maintenance of their quiescent state. Furthermore, the populations of bone-marrow
stem cells have been implicated in the repair of ionizing irradiation damage of distant epithelial,
as well as other hematopoietic, sites through their capacity to migrate through the circulation. This
result suggests that the recovery of tissues and organs from radiation-induced toxicity is critically
dependent on the repopulation of resident stem cells.
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5. Response of Cancer Stem Cells to Ionizing Radiation
Clinical and preclinical evidence suggests that radiation therapy may increase metastasis in
both the primary tumor site and normal tissues under some circumstances [42,43]. For example,
radiation therapy is one of the effective treatments for glioblastoma, but tumor renewal still leads
to enhanced migratory and invasive behaviors of glioma cells, causing the eventual death of the
patient. Conventional radiation therapy kills most cancer cells, but a subpopulation of cancer cells
survive due to chemoresistance and radioresistance to therapy, eventually leading to tumor relapse
and metastasis [44]. This subpopulation was termed cancer stem cells (CSCs) or tumor-initiating cells
(TICs) within a tumor and possesses the capacity for self-renewing and generating a heterogeneous
population of cancer cells composing the tumor (Figure 3B) [45–47]. CSCs can also reproduce to initiate
tumors after xenotransplantation, thus enabling the maintenance of the entire tumor. Recent evidence
suggests that CSCs may arise from normal stem cells, progenitor cells, or more differentiated cells
through multiple mutations of genes due to their genomic instability or oncogene-induced plasticity.
The genetic and epigenetic instability of these cells may result in the accumulation of mutations to
gain self-renewal and tumorigenic abilities
The two main models of tumor development are the “stochastic clonal evolution” model and the
“hierarchy (cancer stem cell)” model. According to the “stochastic clonal evolution” model, each cancer
cells can be tumorigenic and maintain tumor growth [48]. However, in the “hierarchy (cancer stem cell)”
model the tumor is organized hierarchically with a subpopulation of cells serving as CSCs, maintaining
the tumor growth. The first CSC was identified in human acute myeloid leukemia (AML) by Dick and
colleagues [49,50], who showed that a subpopulation of leukemia cells expressing a specific surface
marker, CD34, but lacking the CD38 marker (CD34+/CD38−) was capable of repopulating the entire
original disease over several transplantations, implying self-renewal and capacity to differentiate.
Subsequently, the first solid CSCs were identified in breast tumors [46]. Al-Hajj et al. found that
a subpopulation of breast cancer cells with a specific cell-surface antigen profile (CD44+/CD24−)
can form tumors after subcutaneous injection into immunodeficient mice. In addition, the evidence
for the existence of CSCs has been experimentally supported by findings from some hematological
malignancies [51] and solid tumors [52–60]. To date, several surface markers for CSCs, including
CD13 [61], CD24 [62], CD34 [63], CD38 [64], CD44 [65], CD 96 [66], CD133 [67], ALDH [68] and
epithelial cell adhesion molecule (EpCAM) [69], have been reported. These markers enable CSCs to be
distinguished from other tumor cells and normal stem cells.
The isolation and further characterization of CSCs from various human cancers are based on
their immunogenicity and functional properties. Immunogenic CSCs were isolated using cell surface
markers, while functional markers of CSCs are dependent on the surrogate characteristics of CSCs,
including clonogenic growth, formation of tumor spheres, or resistance to chemo/radiotherapy
(Figure 3B). Most studies on the isolation and functional properties of CSCs offer important and
revolutionary advances in the targeting of cancer. Eradicating CSCs has been thought to be a
promising approach to improving cancer survival rates. Thus, investigation of CSCs has been a hot
spot of basic cancer research and are rapidly expanding into many related aspects of cancer research,
including radiosensitization.
Radiation induces the CSC phenotype in many cancers, including breast, lung, liver and
prostate cancers, as well as melanoma [70–73]. In liver cancer, ionizing irradiation confers CD133+
hepatocellular carcinoma (HCC) cells with a more aggressive tumor phenotype than CD133− HCC
cells, and the differentially expressed genes throughout the cellular processes are quite different
between CD133+ and CD133− cells after irradiation [72]. Additionally, increased cell proliferation
in CD133+ HCC cells via the MAPK pathway by the upregulation of cell proliferation-related genes
was also demonstrated. These results suggest that liver cancer cells expressing CD133 are associated
with radioresistance and CSCs-targeting therapeutic approaches involving destruction of CD133+ liver
CSCs may be promising for use in HCC treatment. Recent studies have suggested that IR increases the
population of CD133+ /CD44+ prostate CSCs and induces the re-expression of stem cell regulators,
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such as transcription factors Sox2, Oct4, Nanog and Klf4, which could be partially prevented by Notch
inhibition [70]. Radiation-induced cell death occurs by a direct energy transfer to the DNA, mainly as
a result of ROS generation. A previous study reported that radiotherapy results in low amounts of
ROS in breast CSCs compared to non-CSCs. This decrease in the ROS level in breast tissue could be
the result of increased radical scavenger properties. In addition, CSCs residing in the hypoxic regions,
can be partly protected from radiation insults through decreased ROS generation and activation of
the hypoxia-inducible factor-1 (HIF-1). HIF-1 is the master transcription factor, which is activated
by hypoxic damage in tumor cells following radiotherapy promotes expression of genes that allow
tumor cells to survive, leading to development of radioresistance [74,75]. Interestingly, heat-shock
protein 90 (Hsp90), a highly conserved molecular chaperone, has been an attractive molecular target
despite the lack of understanding of its role in CSCs. Recent study has shown that the HSP90 inhibitor,
17-N-allylamino-17-demethoxygeldanamycin, could effectively target thyroid CSC function in vitro
and prevent migration and invasion [76]. These results suggest that HSP90 inhibitors may lead to
important new therapeutic strategies to improve anticancer treatment and combat drug-resistance
mechanisms in the future.
Recently, Kim et al. demonstrated that the increased clonogenic potential of liver CSCs is highly
associated with deregulation of Wnt/β-catenin signaling and that Wnt/β-catenin signaling activity is
positively correlated with CD133+/ALDH+ liver CSCs [77]. They also showed that Wnt/β-catenin
small-molecule inhibitor CWP232228 suppresses the population of CD133+/ALDH+ liver CSCs, thus
ultimately diminishing the self-renewal capacity of CSCs and decreasing tumorigenicity in vitro and
in vivo. These results suggest that CWP232228 acts as a candidate therapeutic agent for liver cancer by
preferentially targeting liver CSCs. Moreover, the Wnt/β-catenin small-molecule inhibitor acts as a
candidate therapeutic agent not only for liver CSCs but also for different types of CSCs [78].
The Notch and Hedgehog signaling pathways play an essential role in embryogenesis and
regulation of cellular processes, including proliferation, angiogenesis and self-renewal. Hong et al.
recently reported that the subpopulation of CD133+ liver CSCs showed greater resistance to sublethal
irradiation and enhanced cell invasion and migration capabilities [79]. They also showed that ADAM
metallopeptidase domain 17 (ADAM17) silencing in ADAM17/Notch signaling significantly inhibited
the migration and invasiveness of enriched CD133+ CSCs after irradiation. In conclusion, these findings
indicate that suppression of ADAM17 shows promise for improving the efficiency of the current
radiotherapies and reducing the metastatic potential of liver CSCs during HCC treatment. In addition,
Ahmed et al. reported a variation in intra-patient genetic heterogeneity in liver metastases treated
by radiation based on the formation and location of the primary tumor [80]. These results suggest
that attempts to combine radiotherapy with cellular and molecular targeted biological modalities
influences the sensitivity or resistance to ionizing radiation. These reports support that targeting CSCs
or signaling pathway proteins may hold promise for developing novel combination modalities and
overcoming radioresistance.
6. Conclusions
The advantages of radiation therapy include non-invasive treatment and organ preservation
compared with surgery. However, the effect of radiation therapy is limited by the radioresistance of
CSCs and by the radiation-induced damage to normal tissue cells located in the field of ionizing
radiation. Radiation can also generate genome-destabilizing mutations that ultimately induce
secondary cancers, leading to tumor recurrence and metastasis [81,82]. It is therefore important
to develop new diagnostic and therapeutic techniques for predicting responses to cancer treatment
and overcoming radiation-related toxicity. In addition, the use of stem cell therapy to promote the
recovery of normal tissue exposed to ionizing radiation has important implications for studies to
improve the unintended side effects of normal tissue injury. Successful transplantation of stem cells
after high-dose chemotherapy or radiotherapy can lead to the production of new blood cells by the
bone marrow. In some cases, newly produced blood cells may have the added benefit of attacking and
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destroying cancer cells that survived the initial treatment. However, recent studied have demonstrated
that stem cell therapy has been proven to be associated with increased risk of second cancers from
the chemotherapy and radiation used. Although certain pharmacological approaches are beneficial,
the development of novel stem cell or cancer stem cell-based therapeutic approaches that can overcome
radiation-induced toxicity remains a new but rapidly growing area of research.
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