
FORUM EDITORIAL

Ionizing Radiation: Mechanisms and Therapeutics

Cristina M. Furdui

Abstract

While chemotherapy and radiation therapy have been integral components of cancer management for decades,
the issues of local recurrence, clinical resistance, and toxicities resulting from these treatment modalities have
increased the interest in novel therapeutic approaches that could attenuate tumor progression and prevent
recurrences. This Forum highlights current research focused on elucidation of the mechanisms of response to
radiation treatment and the development of out-of-the-box therapeutic strategies for cancer treatment with
radiation. Experts in the field of radiation research contribute with review articles describing the current
knowledge on DNA damage response mechanisms, regulation of signaling involved in the DNA damage
response by miRNA, the function of tumor hypoxia in tumor response to radiation, and the role of stem cells in
protection of normal tissue against radiation damage. Antioxid. Redox Signal. 21, 218–220.

Introduction

Throughout life, humans face many diseases, each
with its own set of treatment challenges impacting sur-

vivorship and quality of life. Cancer is one such disease and
the American Cancer Society estimates that over 1.6 million
new cancer cases will be diagnosed this year alone in the
United States. Whereas cancer treatments vary depending on
the tumor type, location, and stage, a large majority of cancer
patients (approximately two-thirds) undergo radiation ther-
apy during the course of their illness. From a historical per-
spective, radiation therapy has been used for treating various
skin conditions along with cancers of the head, neck, and
lymph nodes since the discovery of x-rays in the early 1900s.
Reports as early as 1902–1904 document the application of
radium in treating pharyngeal carcinomas and delivering
radiation through glass tubes placed in close vicinity of the
tumors through interstitial brachytherapy (4).

Basic and clinical radiation research over the last 75 +
years has produced a significant amount of knowledge that is
harnessed today by scientists and clinicians to improve the
success of tumor radiation treatment and to mitigate the un-
wanted damage to normal tissue. Different types of radiation
therapies (e.g., external beam radiation therapy, brachyther-
apy, and systemic radioisotope therapy) and fractionation
regimens (e.g., hypofractionation, hyperfractionation, and

accelerated fractionation) are currently tested in a variety of
cancers under small and large clinical settings (6). Significant
advancements in the technologies used in radiation therapies,
such as hybrid imaging and image-guided treatment devices,
enable a more precise delivery of radiation to the tumor and
decreased damage of normal healthy tissue, important fac-
tors for long-term survival and quality of life of patients.
Nevertheless, the overall therapeutic outcome of radiation
therapy remains difficult to predict and is often undermined
by tumor cells that resist radiation damage, giving rise to
recurrent tumors, for which there are limited treatment op-
tions available.

The stochastic nature of radiation interaction with biological
molecules has been considered for many years a major bot-
tleneck in the prediction of clinical response to radiation
therapy. However, recent studies are beginning to identify
logical patterns of response to radiation that are consistent
across many cancers (e.g., upregulation of DNA damage re-
sponse and upregulation of antioxidant systems). These pat-
terns of response often produce or are accompanied by changes
in the cellular phenotype (e.g., epithelial/mesenchymal
stem cell like) and sensitivity of cells to radiation, che-
motherapies, and targeted agents (5, 7). These concepts are
represented in this Forum by the research article contributed
by Bansal et al., which show the mesenchymal-to-epithelial
transition and an increased response to erlotinib (a targeted
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epidermal growth factor inhibitor) in a matched model of
radiation resistance for head and neck cancer. To describe the
coordinated patterns of radiation response, one must quantify
the broad impact of radiation on the molecular function of
cellular components from nucleic acids to proteins and small-
molecule metabolites, with a focus on how these individual
modifications integrate to determine whether an irradiated
cell dies, survives, or is phenotypically modified as a result
of the radiation insult. Similarly, intercellular communica-
tion is critical to both tumor development and response to
therapies, including radiation [e.g., Ref. (2)]. For example,
studies focusing on nontargeted effects of radiation have
demonstrated the short- and long-range transfer of molec-
ular species from irradiated cells to neighboring cells gen-
erating bystander effects. These molecules include reactive
oxygen species, reactive nitrogen species, cytokines (IL-6,
TNFa), growth factors such as TGFb, and other molecules
(8). In this Forum, Cao et al. show an elegant strategy of
exploiting intercellular communication (bystander-like ef-
fects) for therapeutic intervention. The authors show that b-
lapacone, a radiosensitizer targeting NAD(P)H:quinone oxi-
doreductase 1 (NQO1)-positive cells, generates cell mem-
brane-permeable H2O2 causing cell death in neighboring
NQO1-negative cells. Understanding the players and rules that
govern intercellular communication is critical to the design of
radiation therapies and for finding new therapeutic interven-
tions for treating radiation-resistant tumors.

The Forum also includes a series of review articles high-
lighting current breakthroughs, challenges, and opportunities
in cancer radiation treatment. The topics selected connect
basic research with preclinical and clinical studies covering
exciting areas of radiation research (Fig. 1).

The interaction of ionizing radiation with DNA re-
mains central to the cellular response to radiation. In this
Forum, Santivasi and Xia discuss recent advancements in
identifying differences in DNA damage and DNA damage
response pathways between tumor and normal tissues that

could be exploited to increase the therapeutic index of ra-
diation therapies.

The review by Reisz et al. presents an overview of the
effects of ionizing radiation on the broader range of bio-
logical molecules, including nucleic acids, proteins, and
lipids. The oxidative and reductive chemistries of ionizing
radiation interaction with these molecules, along with re-
cent advances in high-throughput technologies for mapping
radiation-induced changes in DNA, proteins, and cellular
metabolites, are described. A special emphasis is placed on
the need for advanced computational tools that would en-
able the integration of diverse omics data in cancer radiation
therapy.

The Forum continues with a review article by Czochor and
Glazer focused on the function of miRNAs as critical regu-
lators of signaling pathways induced by radiation. The au-
thors discuss the miRNAs regulating the PI3K/AKT and
MAPK signaling and the DNA damage response pathways
such as the mechanisms of DNA damage sensing, cell cycle
checkpoint activation, DNA double-strand break repair, and
apoptosis. There is an increasing recognition of the value of
miRNAs in the treatment of a number of diseases, and their
function in radiation response points to their potential value
in treatment of radiation-resistant tumors. The omics and
targeted analysis of miRNA will continue to be critical in the
understanding of the mechanisms involved in DNA repair,
cell cycle, apoptosis, and senescence, as well as nontargeted
radiation-induced effects.

Phenotypic heterogeneity of cancer cells, tumor stroma,
tumor vascularization and the interactions among these are
widely acknowledged factors in the response to radiation
therapies. The communication among tumor components
produces dynamic regions within the tumor characterized by
low pH, low O2 (hypoxia), and/or phenotypically distinct
cancer cells. In this Forum, Lee, Boss, and Dewhirst discuss
the implications of tumor hypoxia (chronic or cyclic) as a
critical factor in radiation treatment. The authors include a

FIG. 1. Interaction of
ionizing radiation with bio-
logical systems impacts in-
tracellular and intercellular
communication with conse-
quence on the response to
radiation therapies. To see
this illustration in color, the
reader is referred to the web
version of this article at
www.liebertpub.com/ars
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description of current noninvasive imaging techniques for
monitoring tumor hypoxia in preclinical and clinical settings
such as positron emission tomography, magnetic resonance
imaging, optical spectroscopy techniques, phosphorescence
lifetime imaging, and photoacoustic tomography.

Significant research over the past decade has focused on the
function of stem cells, both cancerous and from normal tissue,
in radiation treatment. The associations among tumor hypoxia,
cancer stem cells, and the epithelial-to-mesenchymal transi-
tion in radiation resistance have been reviewed recently (7).
In this Forum, the focus has been on normal tissue stem cells
and the review by Benderitter et al. highlights a number of
stem cell-based therapeutic strategies to reduce normal
tissue injury associated with radiation therapies. In partic-
ular, the review focuses on the reduction and prevention of
radiation-induced cognitive impairment in patients diag-
nosed with brain tumors; xerostomia in head and neck
cancer patients; osteoradionecrosis in head and neck cancer,
pelvic cancer, or breast cancer patients; skin fibronecrosis, a
common side effect of external radiation therapy across can-
cers; and liver, cardiac, and pelvic damage. The necessary
steps of moving the field of stem cell research into viable
clinical therapies are discussed along with lessons learned,
caveats, and opportunities of this approach.

Together with the research published in the past decades
in the area of radiation oncology, the research and review
articles included in this Forum highlight the complexity
and specificity of the interaction of ionizing radiation with
biological matter. The elucidation of temporal and topo-
logical organization of these interactions at the cellular,
tumor, and organismal level is critical to improve cancer
treatment with radiation therapies. Current advancements
in technologies and biomedical informatics enable the
analysis of biological communication at a level that has not
previously been possible. New bioinformatics tools for the
unbiased extraction of literature-embedded information are
emerging and expected to guide future hypothesis-driven
studies (1, 3, 9). Noninvasive imaging reagents, imaging
techniques, and computational tools for analysis of imag-
ing data allow for a finer delineation of tumor features that
could be exploited for both prediction and monitoring of
tumor response to radiation treatment. Coordinated ac-
quisition of multiple level omics, advanced imaging, and
short- and long-term clinical data for patients undergoing
radiation treatment is critical for establishing new treat-
ment opportunities and improving the outcome of cancer
treatment with ionizing radiation. In these integrated basic
and clinical studies, analyses of primary patient specimens
would be complemented with patient-derived xenografts or
primary cell cultures to provide a more detailed view into the
changes induced by radiation in tumors during the critical
period of treatment when access to patient’s tumor may not
be possible. While this approach is logistically difficult, re-
quiring close study coordination between a number of clinical
teams and laboratory scientists, its rewards are anticipated to
be significant and ultimately result in better care for cancer
patients.
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Abbreviation Used

IL-6¼ interleukin 6
MAPK¼mitogen-activated protein kinase
NQO1¼NAD(P)H:quinone oxidoreductase 1

PI3K¼ phosphoinositide 3-kinase
TNFa¼ tumor necrosis factor alpha
TGFb¼ tumor growth factor beta
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