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Currently, radiation therapy is one of the standard therapies for cancer treatment. Since
the first applications, the field of radiotherapy has constantly improved, both in imaging
technologies and from a dose-painting point of view. Despite this, the mechanisms of
resistance are still a great problem to overcome. Therefore, a more detailed understanding
of these molecular mechanisms will allow researchers to develop new therapeutic
strategies to eradicate cancer effectively. This review focuses on different transcription
factors activated in response to radiotherapy and, unfortunately, involved in cancer cells’
survival. In particular, ionizing radiations trigger the activation of the immune modulators
STAT3 and NF-kB, which contribute to the development of radiation resistance through
the up-regulation of anti-apoptotic genes, the promotion of proliferation, the alteration of
the cell cycle, and the induction of genes responsible for the Epithelial to Mesenchymal
Transition (EMT). Moreover, the ROS-dependent damaging effects of radiation therapy are
hampered by the induction of antioxidant enzymes by NF-kB, NRF2, and HIF-1. This
protective process results in a reduced effectiveness of the treatment, whose mechanism
of action relies mainly on the generation of free oxygen radicals. Furthermore, the
previously mentioned transcription factors are also involved in the maintenance of
stemness in Cancer Stem Cells (CSCs), a subset of tumor cells that are intrinsically
resistant to anti-cancer therapies. Therefore, combining standard treatments with new
therapeutic strategies targeted against these transcription factors may be a promising
opportunity to avoid resistance and thus tumor relapse.

Keywords: radiotherapy, transcription factors, radiation resistance, cancer stem cells, ROS - reactive oxygen
species, inflammation
INTRODUCTION

Since the beginning of the last century, radiotherapy, together with surgery and chemotherapy, has
played a crucial role in cancer treatment. The efficacy of radiotherapy, as a curative and palliative
strategy, promoted technical advances in this field, in order to deliver higher doses to the tumor in a
more precise way, sparing healthy tissues and reducing side effects (1). This resulted in a significant
number of patients (estimated to be around 50%) that currently undergo external beam
radiotherapy during their treatment (2). The most common treatment regimen consists in a
standard fractionated irradiation, usually of 1.8-2 Gy per day, 5 days a week, to limit side effects to
normal tissues (1, 3). Some exceptions exist in conditions in which it is possible to deliver a higher
dose in a radiation field that is confined to the tumor tissue, such as for brain metastases (4).
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Additionally, there is accumulating evidence in support of the use of
hypofractionation for different cancer types, as for prostate cancer,
in which an increase in the dose per fraction is not associated with a
higher late toxicity (5). Hypofractionation can be generally divided
in moderate, consisting in 2.4-3.4 Gy per fraction, or
ultrahypofractionation, where the dose reaches 5 Gy per fraction.
Thesemore recent clinically used fractionation protocols present the
advantage of reducing the number of fractions and the treatment
time for the patient, being considerably more cost-effective
compared to the conventional approaches.

Generally, the fractionation permits: i) the reoxygenation of
the tumor during the treatment period, ii) the redistribution of
cells in cell cycle phases in which they are more susceptible to
irradiation, iii) the impairment of repopulation of the tumor
mass, as reviewed by Huber and colleagues (6), presenting
several advantages over the single-dose exposure.

Nevertheless, the main limitation of this treatment strategy is
the possibility of some cells to develop mechanisms of resistance
during consecutive exposures to ionizing radiations (IR) (7, 8).
Radiosensitivity is considered the 5th R of radiotherapy (9) in
addition to the four proposed by Withers (10), which represent
different cellular aspects that affect the efficacy of fractionated
radiotherapy and may explain the sparing of normal tissues. The
effectiveness of IR in the complete eradication of the malignant
mass can change depending on the mechanisms that are already
activated in cancer cells or the ones that can be induced following
irradiation. This difference sets the basis to distinguish resistance
to radiotherapy in two main categories: intrinsic and acquired.
The former is present in cancer cells even before the starting of
the treatment, and it relies on some inherent characteristics
of the tumor (11). In particular, the presence of cancer stem cells
(CSCs) in the tumor bulk plays a prominent role in this type of
cancer radioresistance (12–14). CSCs are a small subset of cancer
cells that is composed of a reservoir of self-sustaining cells with
the unique potential to self-renew and maintain the tumor (15).
If the radiation dose administered is not sufficient to cause a
significant reduction in the CSC population, the frequency of
those stem cells could increase during treatment, even if,
macroscopically, the tumor regresses. This enrichment in CSCs
number after conventional radiotherapy has been demonstrated
in lymphoma, breast, and hepatocellular carcinoma cell lines
(16) and also confirmed recently in prostate cancer (17).

On the other side, acquired radioresistance is a process of
adaptation of cancer cells to the changes induced by irradiation
itself, which finally results in resistance to the treatment (18).
This can be achieved through some transcription factors (TFs)
whose activation following radiation permits the cancer cells to
escape the lethal effects of IR.

In this review, we will focus on the main TFs which are
activated in irradiated cancer cells, trying to draw attention to the
downstream mechanisms through which they induce the
survival of malignant cells.

Several reports highlight that Signals Transducers and
Activators of Transcription 3 (STAT3) is involved in cancer
radioresistance. In the late ‘90s, two independent studies
described the existence of the third member of the STAT
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family of proteins. In the first one, Akira and colleagues (19)
identified a new acute-phase response factor (named APRF at the
time) with more than 50% homology with p91 (also known as
STAT1) but responding to different stimuli (Interleukin-6, IL-6,
and Oncostatin M instead of the canonical Interferon-gamma).
On the other hand, the discovery of a protein activated by
Epidermal Growth Factor (EGF) and IL-6 and able to form
heterodimers with STAT1, gave support to the finding of this
novel factor (20).

Nowadays, STAT3 is a well-known transcription activator of
92 kDa encoded on the chromosome 17q21.2. The protein is
composed of a coiled-coiled domain at the N-terminus, followed
by a DNA binding domain, a linker sequence, which connects the
latter with the SH2 domain and, finally, the transactivation
domain in the C-terminus (21). In this terminal part, there are
two specific amino acids, a tyrosine and a serine, in position 705
and 727, respectively, which are extremely important for the
activation of the protein. Indeed, as it is summarized by
Aggarwal and colleagues (22), the phosphorylation of these two
residues is necessary for the activation of STAT3, which can
subsequently homo- or hetero-dimerize and translocate into the
nucleus, where it carries out its role as a transcription activator.

The stimulation of STAT3 by cytokines evidences a link
between inflammatory pathways and radioresistance, also
highlighted by others (23). This observation can be further
supported by the involvement of another inflammation-related
TF in tumor radioresistance: Nuclear Factor kappa light chain
enhancer of activated B cells (NF-kB).

The Nuclear Factor-kappa B (NF-kB)/Rel proteins are a
family of transcription factors involved in different biological
processes, such as immune system development, inflammation,
cellular growth, and apoptosis (24, 25). There are several pieces
of evidence that, in addition to these physiological roles, indicates
NF-kB proteins are involved in the development of malignancies
and thus contribute to cancer progression (26). This family is
composed of 5 members which form homo- or hetero-dimers:
RelA (p65), RelB, cRel, NFKB1 (p50/p105) and NFKB2 (p52/
p100). All these components are characterized by the presence of
a REL Homology Domain (RHD), which allows the interaction
with DNA at the kB sites. In normal conditions, the NF-kB
complexes are inactive and therefore retained in the cytoplasm
by IkB proteins, the negative regulators of NF-kB. These
inhibitory proteins mask the NLS (Nuclear Localization Signal)
present in NF-kB proteins, impeding their nuclear translocation
(27). After specific stimuli, the IkB Kinase (IKK) complex,
formed by two kinases (IKKa and IKKb) and a regulatory
subunit (IKKg/NEMO), is activated and it is responsible for
the phosphorylation of two residues at the N-terminus of IkB:
serine 32 and serine 36 (28). These modifications promote the
ubiquitination of IkB and its subsequent degradation by the
proteasome, allowing the nuclear translocation of NF-kB
complexes, where they can exert their transcriptional functions.
Moreover, NF-kB factors can also be activated by a non-canonical
pathway, which is involved in the non-inflammatory signaling.
This alternative pathway requires the activation of NF-kB-
Inducing Kinase (NIK), which phosphorylates p100 and recruits
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IKK protein. The phosphorylation of p100 by IKK stimulates its
partial proteolytic degradation to the p52 form, which, once free
from its inhibitory region, is able to dimerize with RelB and move
into the nucleus to promote transcription of target genes (29).
Constitutive activation of NF-kB is frequently observed in
different types of human cancer (30), therefore a complete
understanding of its role in the growth of malignancies and in
the development of treatment resistance is needed.

Even if inflammatory TFs play a crucial role in radioresistance,
theyarenot theonly factors that are activated in cancer cells toavoid
apoptosis. It is widely recognized that radiation treatment causes
damages to cancer cells through a direct and an indirect way (31).
The direct mechanism of action relies on the effects of ionizing
photons and particles which cause macromolecule alterations,
while the indirect DNA damage is mainly due to the production
of free radicals from ionized water molecules. The production of
reactive oxygen species (ROS) and the subsequentDNAdamage are
considered themain processes throughwhich cancer cells are killed
by IR (32). This implies that the increase in ROS concentration in
the tumormicroenvironment and in thecells is the startingpoint for
the inductionof effective antioxidant responses inmalignant cells in
order to survive to stressful conditions (33, 34). Nuclear factor
(erythroid-derived-2)-like 2 (NRF2) is a key TFwhich regulates the
expression of a variety of genes involved in the maintenance of
redox homeostasis and in the protection against oxidative stress. In
normal conditions, it is sequestered in the cytoplasm by Kelch-like
ECH-associated protein 1 (KEAP1) and degraded in a ubiquitin/
proteasome-dependent manner. During oxidative stress,
modifications of KEAP1 cysteines lead to conformational changes
in the enzyme and subsequent dissociation of NRF2 from KEAP1
(35, 36). This results in the nuclear translocation of the TF, where it
heterodimerizes with small Musculoaponeurotic fibrosarcoma
proteins (sMafs), binding to antioxidant response elements
(AREs) in the regulatory regions of its target genes (37).

For a long time, NRF2 has been considered a cytoprotective
TF, due to its role as a defense mechanism of the cells, and a
tumor suppressor gene for its function in chemoprevention.
However, different studies have highlighted the enigmatic
findings regarding the role of NRF2 as an oncogene or a tumor
suppressor (37, 38). In addition, this TF is associated with
radioresistance in different malignancies, and its crosstalk with
other genes related to resistance to IR (NF-kB, Hypoxia
Inducible Factor-1, HIF-1, p21) render it a promising target to
overcome treatment limitations (32).

Soon after the broad application of IR in cancer treatment, the
importance of oxygen and its association with radiosensitivity
was realized (1). Indeed, it is known that a characteristic of solid
tumors is to present a hypoxic environment that seems to be
highly correlated with an increased resistance to chemotherapy
and radiotherapy (39). The leading player acting in conditions of
low oxygen concentration is HIF-1, which is composed of two
subunits: HIF-1a and HIF-1b. The latter is constitutively
expressed, while the activity of HIF-1a is dependent on oxygen
levels, therefore determining the activation of the HIF-1
heterodimer only in hypoxia. Indeed, in normoxia, HIF-1a is
hydroxylated at two proline residues (Pro 402 and Pro 564) by
Frontiers in Oncology | www.frontiersin.org 3
Prolyl-4-hydroxylases (PHDs) (40). These modifications are
responsible for the recruitment of the tumor suppressor von
Hippel-Lindau (VHL), which is promoting a-subunit poly-
ubiquitination and degradation by the proteasome (41). Since
PHDs need oxygen to work properly, during hypoxic conditions
HIF-1a is no longer modified by these enzymes. Therefore, the
recruitment of VHL is abolished and HIF-1a is free to translocate
into the nucleus where, together with HIF-1b, forms a stabilized
HIF-1 heterodimer. This complex then binds the DNA at Hypoxia
Responsive Elements (HREs) that are found in specific promoters
or enhancers, leading to the transcription of the correlated genes,
which are associated with different cellular functions.

Radioresistance leads to cancer recurrence, metastasis, and
poor survival of cancer patients; for this reason, understanding
the molecular mechanisms that are activated in cancer cells and
which underlie both intrinsic and acquired radioresistance is
extremely important to develop effective combination treatments
to overcome the malignancy permanently.

In this review, we will focus mainly on the role of the TFs
previously mentioned and the pathways which are activated
downstream, finally leading to the acquisition of resistance to
IR in various cancer types. Moreover, we will consider some
recent findings regarding the most promising inhibitors of these
TFs. In our opinion, this will help decipher innovative
combinatorial strategies involving radiotherapy and inhibitors
of these TFs, which in the future could have a critical role in
overcoming radioresistance. Due to the paucity of studies
regarding charged particle therapy, we will mostly take into
account results regarding conventional radiotherapy with X-
rays, with some hints to recent discoveries on proton and
carbon ion-induced resistance.
CANCER STEM CELLS (CSCs)

Experimental evidence has accumulated proving that, to avoid
tumor recurrence, all CSCs should be inactivated by the
treatment. Indeed, as outlined above, CSCs are thought to be
the unique subset of cells in a tumor which retain a tumorigenic
potential and, therefore, lead to tumor relapse. The major
problem linked to current therapies is the fact that they are
optimized for decreasing the tumor bulk and, consequently, they
mainly act on non-stem cancer cells, leaving CSCs untouched.
Moreover, CSCs have been demonstrated to be particularly
resistant to cancer treatments, owing to different intrinsic
characteristics typical of these cells. For example, for what
concerns chemotherapy, CSCs showed to be less sensitive to
certain drugs due to the increased expression of different ATP-
Binding Cassette (ABC) transporters, which actively pump out
the toxic molecules from the cell, strongly reducing the treatment
effectiveness (42). In addition, these tumorigenic cells present a
higher DNA repair ability if compared with classic cancer cells,
thus they are intrinsically resistant to radiotherapy, whose
mechanism of action depends on DSBs induced by the
generation of ROS. This mechanism of resistance seems to be
principally linked to the activation of two important kinases:
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ATM and ATR. Their signaling pathways, in particular the
downstream kinases CHK1 and CHK2, set up the conditions
to allow DNA repair in cancer cells, protecting them from cell
death (43, 44). Another advantage that leads to radioresistance in
CSCs is the fact that they exhibit low ROS levels, due to an
increased expression of ROS scavenging molecules, such as GSH,
SOD, Catalase, and Thioredoxin (45). This characteristic is
exploited by stem-like cancer cells to cope with oxidative stress
generated by ionizing radiation, minimizing the effects of the
treatment. Moreover, the intrinsic resistance shown by CSCs is
also related to their ability to enter a quiescent state, remaining in
the G0 phase for long periods as “dormant” CSCs (46). Given the
DNA-damaging therapies rely on cell growth, this state of
reduced proliferation allows CSCs to survive anticancer
treatments. Eventually, a relevant role in the resistance of CSCs
is played by specific areas present within the tumor mass, where
stem-like cells are thought to be located: the niches. Here, CSCs
can find the right conditions to be protected from different
stress-inducing agents, therefore surviving radiation treatments
and causing tumor relapse.

CSCs have an important role also in acquired resistance,
which develops as a result of cancer therapies and has been
associated with different biological processes. Indeed, surviving
CSCs, through asymmetric division stimulated by anticancer
treatments, contribute to cell heterogeneity within the tumor and
increase the abundance of the CSC population (8). In addition,
the tumor microenvironment (TME) plays an important role in
the acquisition of radioresistance. As a matter of fact, some
immune cells and Cancer-Associated Fibroblasts (CAFs)
contribute to the development of a resistant phenotype through
the production of several soluble factors, such as cytokines,
chemokines, and growth factors (46), which stimulate molecular
mechanisms involved in the development of a radioresistant
phenotype. Furthermore, radioresistance acquisition in non-CSCs
is promoted by the activation of pro-survival signaling pathways,
such as AKT and mTOR. Indeed, Shimura and co-authors (47)
showed that fractionated radiotherapy induced the over-expression
of Cyclin D1, as a result of constitutive DNA-PK and AKT
activation with concomitant reduction in glycogen synthase
kinase 3b (GSK3b)-mediated Cyclin D1 degradation. This
mechanism has been demonstrated to be fueled by a positive
feedback loop, since Cyclin D1 over-expression leads to a
constitutive activation of the DNA damage response. The
radioresistant phenotype has also been associated with the
activation of mTOR pathway by Chang and colleagues (48),
which observed a mTOR-dependent appearance of mesenchymal
and CSC phenotypic traits after repeated irradiation. In addition,
Chen and collaborators (49) demonstrated that the inhibition of
mTOR with rapamycin hampered DSB-repair pathways. In
conclusion, it can be inferred that AKT and mTOR pathways are
involved in radioresistance acquisition, mainly by increasing the
DNA-repair ability of cancer cells.

CSCs are characterized by specific surface markers, depending
on the type of cancer they belong to, and, generally, high expression
of these markers in a tumor is correlated with an adverse clinical
outcome. For example, an established marker of CSCs in brain
Frontiers in Oncology | www.frontiersin.org 4
tumors is CD133, a five-transmembrane glycoprotein with
unknown functions (50). Particularly, two CD133 glycosylated
epitopes, AC133 and AC141, seem to be enriched in the highly
tumorigenic subpopulation of brain tumor stem cells (51). In breast
cancer, instead, a subpopulation of CD24-/low/CD44+ cells has been
identified to include tumor-initiating cells and it has been
demonstrated that as few as 100 of these cells were able to form
tumors in mice (52). Moreover, these Breast Cancer Stem Cells
(BCSCs) present an increased capability of DNA repair and an
efficient ROS scavenging system, two characteristics that make
them highly radioresistant (53). Furthermore, these CSCs were also
found to be positive for ALdehyde DeHydrogenase 1 (ALDH1)
and presented a reduced 26S proteasome activity. This last
characteristic is not only typical of BCSCs, but it is frequently
found in CSCs of other tumor types, such as glioma, Non-Small
Cell Lung Carcinoma (NSCLC), Head and Neck Squamous Cell
Carcinoma (HNSCC) (54–56). Also, the ALDH1 positivity is not
an exclusive of BCSCs, but it is typical of CSCs from other tumors,
like colorectal cancers and gliomas (13).

It is well-established that stemness is governed by several
transcription factors and that their silencing causes cell
differentiation. The most relevant factors involved in self-renewal
and plasticity are the four so-called “Yamanaka” factors: SOX2,
OCT4, KLF4, and c-MYC (57). These genes are necessary and
sufficient to induce pluripotency in somatic cells. Of particular
relevance, also NANOG, another stemness-related gene, can
substitute, together with Lin28, c-MYC and KLF4 in the induced
Pluripotent Stem Cells (iPSCs) protocol (58). This transcription
factor is frequently foundup-regulated inCSCsand is crucial for the
self-renewal of stem-like cells. It is remarkable that the Yamanaka
factors andNANOGare all degradedby the 26Sproteasome,whose
activity is reduced or absent inCSCs, suggesting a functional role of
this characteristic commonlypresentedbyCSCs (16). In addition to
these canonical genes, which are strictly correlated with stem-like
properties, there are also other transcription factors which have
shown to be important in the maintenance of the undifferentiated
state in CSCs. The first example is represented by HIF-1, which is
activated in hypoxia, a condition that can be found in niches where
CSCs reside. Indeed, the hypoxic environment can be exploited by
CSCs to better cope with oxidative stress-inducing treatments, like
radiotherapy, thus preventing adequate tumor elimination. This
ability conferred by HIF-1 is due to the fact that the transcription
factor is inducing the expression of several genes that help the cells
to deal with ROS exposure, such as GSH, as previously mentioned.
Furthermore,HIF-1 seems to have a critical role in the preservation
of the undifferentiated state of cancer cells. Indeed, this hypoxia-
related TF positively regulates several stemness-related genes
mentioned above, such as OCT4, NANOG, SOX2, KLF4, and
NOTCH (59, 60). Moreover, HIF-1 activity leads to the activation
of WNT-Catenin signaling pathway, which confers stem-like
properties to cancer cells and improves the DNA repair potential
of these tumorigenic cells (61). CSCs display an up-regulation of
another transcription factor critically involved in radioresistance:
NF-kB (62, 63). Due to the implication of this family of proteins in
maintaininga correctbalanceofROS levels, it is thought thatNF-kB
owns an essential function in CSCs. Indeed, it regulates an
June 2021 | Volume 11 | Article 662840

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Galeaz et al. Transcription Factors-Mediated Radiation Resistance
important antioxidant gene, SOD2,which seems tobe implicated in
maintaining low levels of oxidative stress in CSCs, thanks to its
scavenger role (64). Moreover, Qin and colleagues demonstrated
that, in ovarian cancer stem cells, the hypoxic environment can
activate NF-kB, together with HIF-1 (65). These two transcription
factors in turn induce the expression of Sirtuin-1 (SIRT1), a gene
witha critical role in tumorigenesiswhichpositively regulatesHIF-1
(65). This Sirtuins familymember, a histone deacetylase, has shown
to be involved in stemness, strongly influencing the expression of
CSCmarkers and resistance to therapies. In addition to this,NF-kB,
as well as STAT3, positively regulates the expression of Survivin, an
anti-apoptotic gene involved in enhancedDNA repair activity (66),
a typical characteristic ofCSCs. In addition, STAT3 is believed toplay
an essential role in CSCs. Indeed, as noted above, it transcriptionally
up-regulates SLUG, which in turn fosters radioresistance by
promoting the expression of stem-like characteristics and anti-
apoptotic proteins. Furthermore, the increase in ALDH expression
has been demonstrated to be a consequence of STAT3 activity,
specifically in triple-negative breast cancer as outlined by Arnold
andcollaborators (67). It isnoteworthy tomention thatSTAT3seems
to be involved in a gain of cell plasticity after cell irradiation,
sustaining an emerging hypothesis which supports the idea that IR
might enhance CSC subpopulation (65, 68). Therefore, targeting
STAT3 could be a decisive factor in determining an increased
effectiveness of the treatment. Eventually, another transcription
factor correlated with the maintenance of the undifferentiated state
of CSCs is NRF2, whose knock-down not only significantly reduces
stem cell markers in glioma stem-like cells, but also induces their
differentiation, as demonstrated by Zhu and colleagues (69). Clearly,
the contribution given by NRF2 in the maintenance of the stem cell
characteristics and the low status of differentiation is linked to its
ROS-modulating ability. Indeed, this transcriptional regulator
promotes the expression of a wide range of antioxidant enzymes,
such as HO-1, SODs, and NQO-1. Lastly, among the NRF2 target
genes it is relevant to mention also drug efflux transporters (70),
which is another feature that determines chemoresistance and it is
frequently found in CSCs.
SIGNALS TRANSDUCERS AND
ACTIVATORS OF TRANSCRIPTION 3
(STAT3)

Mechanisms of STAT3 Activation
Initially considered as one of the key mediators of inflammation
due to its activation by inflammatory cytokines, new and critical
roles of STAT3 have been highlighted. Given its ability to
transform cells when constitutively activated and due to its
over-expression in a wide range of human cancers, STAT3 is
currently considered as an oncogene. In this context, STAT3
plays a plethora of functions associated with tumorigenesis: i) it is
able to induce the expression of different anti-apoptotic genes,
suppressing the apoptosis of transformed cells; ii) it can lead to
cellular proliferation through the expression of cyclins and other
growth-associated oncogenes; iii) it stimulates cellular invasion,
Frontiers in Oncology | www.frontiersin.org 5
angiogenesis, and metastasis with the induction of the
transcription of some mediators of these processes (22).

Moreover, some years ago, it has been proposed that STAT3
can also be involved in the resistance of cancer cells to IR. As a
matter of fact, B-Cell Receptor (BCR) engagement in the
presence of IL-6/IL-10 protects peritoneal B lymphocytes (also
named B-1 cells) in mice treated with gamma radiation from
radiation-induced apoptosis via activation of STAT3 (71).

The implication of STAT3 in the acquired radioresistance of
cancer cells has been further demonstrated by several studies that
analyzed the relationship between STAT3 and the ability of tumors
to regrow after the treatmentwith IR. In particular, different reports
have provided proofs of a correlation between the staining for
STAT3 in human tumor specimens and the recurrence of
glioblastoma multiforme (GBM) (72, 73). Similarly, the activation
of STAT3 seems to be correlated with the relapse of patients after
radiotherapy in breast cancer (74). The outcome also applies for
pharyngeal cancers, in which the staining for phosphorylated
STAT3 is significantly linked with the reduced complete response
rate to definite chemotherapy and radiotherapy (75).

It is well known that various stimuli such as growth factors,
cytokines, and oncogenic proteins can induce STAT3, so it is not
surprising that this TF can be differently activated in response to
the treatment of cancer cells with IR. Kim and collaborators
showed that the expression of the Human Epidermal growth
factor Receptor 2 (HER2) is associated with an higher resistance
to radiotherapy in HER2-positive breast cancers compared to
other molecular subtypes of breast cancer (74). This effect is due
to the enhanced activation of STAT3 by HER2 after radiation,
which promotes the transcription of downstream genes,
including Survivin. As a consequence, the cells are protected
from IR through the inhibition of apoptosis, the promotion of
mitosis, and the enhancement of DNA repair.

Another common type of activation of the STAT3 signaling
pathway is through the binding of some cytokines to their
receptor. It has been demonstrated that the expression of IL-6
and its receptor (IL-6R) in tissue specimens and cancer cell lines
of pharyngeal cancer is higher than in non-malignant tissues and
the stimulation with the same cytokine or the blockade of IL-6R
led to attenuation or augmentation of cellular death following
radiation, respectively (75). The binding of IL-6 to the membrane
receptor triggers the gp130 signal transducer and the subsequent
activation of the tyrosine kinase Janus Kinase (JAK) and the
tyrosine phosphorylation of gp130, subsequently activating the
JAK/STAT pathway, which permits the phosphorylation and
activation of STAT3. Once STAT3 is phosphorylated, it can form
homo- or hetero-dimers (with STAT1 or p65), which can
translocate into the nucleus to exert their function. The activation
of this pathway is supposed to be responsible for a more aggressive
tumor growth and resistance to radiation therapy in pharyngeal
cancer (75). A similar mechanism confers radioresistance also to
hepatocellular carcinoma (HCC): the inhibition of IL-6 signaling
increases the radiotherapy-induced cell death, and this is associated
with decreased phosphorylation of STAT3 (76). In prostate cancer,
the up-regulation of IL-6 induced by irradiation on one side
activates STAT3 signaling, while on the other induces androgen
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receptor expression. Moreover, in this tumor type, IL-6 silencing
leads to the sensitization of tumor cells to irradiation through the
increase of cell death and DNA damage (77). Considering the
results of these studies together, it is remarkable the relevant role of
cytokines, in particular of IL-6, in the activation of STAT3 signaling
pathway, which finally allows cancer cells to becomemore resistant
to IR. Such a system seems to be conserved in different cancer types,
suggesting that inhibiting the signaling at various steps could be
relevant to increase the sensitivity of cancer cells to radiotherapy.

Usually, most of the studies focused on the phosphorylation at
tyrosine 705 as the main mechanism for the activation of STAT3.
However, recently, the roleofphosphorylated serine727has emerged
as a key component in radioresistance of cancer cells.Ouedraogo and
colleagues (78) highlighted that the accumulation of phosphorylated
STAT3 on serine 727 is correlated with intrinsic radioresistance of
some GBM cell lines and the decrease in this post-translational
modification resulted in a significant radiosensitization. This
observation needs further investigations to assess its importance in
resistance to radiotherapy in other tumor types. Nevertheless, the
phosphorylation on this second residue seems to be independent of
the gp130/JAK activation, adding a new level of complexity to the
STAT3-mediated radioresistance.

More recently, other mechanisms of STAT3 activation have
been proposed. In HCC, the phosphorylation and activation of
JAK2, which is mainly responsible for the phosphorylation of
STAT3, appeared to be stimulated by Mucin 1 (MUC1), in turn
induced by IR (79). MUC1 is a heterodimeric transmembrane
glycoprotein, frequently found over-expressed in a variety of
epithelial tumors and associated with proliferation, migration,
angiogenesis, and chemoresistance [reviewed in (80)]. In addition
to the activation of STAT3 through its phosphorylation, the over-
expression of MUC1 resulted in the induction of anti-apoptotic
genes downstream STAT3 such as myeloid leukaemia cell
differentiation protein (MCL-1) and BCL2 like 1 (BCL-xL) (79).
The major limitation of this study is the use of only one cell line
system; thus, further studies are needed to understand whether this
process is conserved also in other epithelial cancers andmaintained
among different cell lines.

Finally, another interesting discovery regards the formation of a
membrane complex between Integrin b1 and Phosphoprotein
Associated with Glycosphingolipid-enriched microdomains 1
(PAG1), which modulates the inherent radioresistance of
laryngeal cancer cells (81). In particular, they demonstrated that
the up-regulation of the phosphorylated tyrosine 705 of STAT3 in
the radioresistant cells could be attributed to the high expression of
PAG1. However, PAG1 can be considered an oncogene or a tumor
suppressor gene, depending on tumor type, and its expression is not
homogeneous across thedifferent types of cancers.This observation
restrains the possible applications in the clinic of this discovery but
highlights the importance of STAT3 activation through different
stimuli to enhance the radioresistance of cancer cells (Figure 1).

Pathways Involved in STAT3-Mediated
Radiation Resistance
The importance of STAT3 activation for the ability of cancer cells to
acquire resistance to radiation treatment emerges considering the
downstream targets. Among the canonical genes transcriptionally
Frontiers in Oncology | www.frontiersin.org 6
induced by the dimers of STAT3 there are MCL-1, BCL-xL, and,
more importantly, B-cell lymphoma 2 (BCL-2). The last one is a
major anti-apoptotic gene whose expression is induced by STAT3
following exposure to IR in triple-negative breast cancer cells,
leading to acquired radioresistance (82).

Besides, in different types of tumors, another transcriptional
target of STAT3 has emerged for its importance in conferring
radioresistance to the cancer cells: Forkhead box protein M1
(FOXM1) (83). In GBM, the expression of this transcription
factor is induced by the formation of a complex involving FOXM1
and the phosphorylated form of STAT3 and confers to the cells
the ability to resist to radiation regulating cell cycle progression
and DNA repair (84). The confirmation by the same authors that
STAT3 and FOXM1 are involved in a co-regulatory positive
feedback loop gives further importance to this transcription
factor. The functions of FOXM1 in radiosensitivity have also
been investigated in lung cancer, in which it drives the expression
of kinesin family member 20A (KIF20A), augmenting cell
proliferation, invasion, migration, and inhibiting apoptosis (85).
The critical role of FOXM1 in mediating X-rays-induced invasion
of HER2-positive breast cancer cells was pointed out also by
Kambach and collaborators (86). In this case, the analysis of the
downstream target genes of FOXM1 in response to IR revealed
the involvement of Metalloproteinase 2 (MMP-2) and Survivin.
Survivin is part of the Inhibitor of Apoptosis Proteins (IAP)
family, usually expressed during fetal development but found to
be re-expressed in most cancer cells. The role of this protein in
modulating the sensitivity of cancer cells to radiotherapy has been
described for the first time in pancreatic cancer. The correlation
between Survivin expression and radiosensitivity suggested that it
can be considered a constitutive and inducible radioresistance
factor in pancreatic cancer cells through the reduction of Caspase-
3/7 activity (87). The Caspase-dependent mechanism of action of
Survivin is not the only way this factor contributes to
radioresistance. Indeed, the nuclear accumulation and
phosphorylation of Survivin following irradiation permit its
interaction with members of the DNA double-strand breaks
(DSBs) repair machinery, such as Ku70, g-H2AX, DNA-
dependent Protein Kinases, in order to sustain an enhanced
DNA-DSB repair ability (66). Finally, the importance of
Survivin in mediating the resistance to IR is also highlighted in
breast cancer, where this protein is one of the effectors for the
HER2-STAT3 anti-apoptotic function (74).

Among the targets of activated STAT3 involved in the
development of resistance to radiotherapy, Lin and colleagues
(72) identified SLUG. The direct binding of phosphorylated
STAT3 to SLUG promoter (72) allows the increase in the
expression of this zinc-finger TF, which belongs to the SNAIL
family. Its siRNA-mediated down-regulation caused an increased
expression of P53 Up-regulated Modulator of Apoptosis
(PUMA) together with enhanced sensitivity to irradiation in
cholangiocarcinoma cells (88). This observation reveals that
SLUG can prompt the resistance of cancer cells to IR reducing
the apoptotic process by down-regulating the expression of pro-
apoptotic genes. The increase in radiosensitivity after the
inhibition of SLUG expression has also been confirmed in oral
squamous cell carcinoma (89), where the down-regulation of
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SLUG increased PUMA expression, suppressing proliferation
and increasing the apoptotic rate of cancer cells.

The expression of SLUG inGBMwas found to be induced by the
activation of JAK/STAT3 axis in order to activate cancer cell
motility and invasion (72). In this context, the STAT3-SLUG
pathway mediates the radioresistance via enhancement of cancer
stem-like properties and increased EMT-like phenotypes. These
results are in line with the recent idea of the presence of CSCs, which
have been shown to be involved in the resistance of some cancers to
radiotherapy (14). Recently, STAT3 has been recognized as one of
the mediators of radiation-induced cellular plasticity changes.
Indeed, in colorectal cancer, the activation of STAT3 following
irradiation allowed the cells to be intrinsically radioresistant through
the activation of Cyclin D2 (CCND2) transcription (90). The direct
binding of STAT3 to CCND2 promoter enhanced the expression of
this Cyclin, involved in the persistent propagation of CSCs,
stimulating genes involved in replication, DNA synthesis, and cell
cycle progression. Moreover, the same authors demonstrated an
enrichment of JAK2 and p-STAT3 in the CSCs subpopulation,
together with a higher expression of CCND2, which promoted
radioresistant CSCs growth.

The role of STAT3 in the induction and maintenance of CSCs
properties has also been investigated in triple-negative breast cancer.
Frontiers in Oncology | www.frontiersin.org 7
Arnold and colleagues (67) emphasized that the increase in
Aldehyde Dehydrogenase (ALDH) induced by the treatment of
cells with X-rays requires STAT3 activation. Furthermore, the
enhanced expression of stemness genes as OCT4 and NANOG is
hampered using a STAT3 inhibitor. This evidence supports the
contribution of STAT3 in radiation-induced cellular plasticity,
which leads to the maintenance of radioresistant CSCs (Figure 2).

Overall, the abundance and multiplicity of activators of the
STAT3 TF and the diversity of downstream effectors induced
following irradiation suggest the idea to target STAT3 as a
combined treatment with X-rays to increase the efficiency of
tumor eradication in the majority of cancer types. Currently,
different types of STAT3 inhibitors have been developed: SH2
domain inhibitors, DNA-binding domain inhibitors, N-terminal
domain inhibitors, and STAT3 antisense and siRNA [reviewed in
detail in (93)]. Some of them have been already used in clinical
trials for the treatment of cancer. In particular, the antisense
oligonucleotide AZD9150 has entered phase I and II clinical
trials for the treatment of advanced solid malignancies (94). A
second promising agent that targets STAT3 and which already
entered clinical trials is Napabucasin. It is a small molecule able
to abrogate STAT3 signaling, for which it is possible to account
22 different clinical trials (phase I/II and III) in which it is used
FIGURE 1 | Mechanisms of STAT3 activation in response to IR. Depending on the tumor type, STAT3 can be activated in different ways after IR exposure.
(A) STAT3 phosphorylation through the activation of HER2 receptor in HER2-positive breast cancer; (B) role of IL-6 signaling in the activation of the JAK2/STAT3
pathway in pharyngeal cancer, HCC and prostate cancer; (C) involvement of MUC1 in HCC radioresistance; (D) formation of PAG1-Integrin b1 complexes to induce
the activation of STAT3 in laryngeal cancer.
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alone or in combination with other chemotherapeutic agents
mainly to treat pancreatic, colorectal cancer and glioblastoma
(94). These tumors are suitable for treatment with charged
particles, given the ability of protons and carbon ions to spare
the surrounding healthy tissues from high radiation doses. In
addition, recently, it has been demonstrated that Napabucasin
can function as a radiosensitizer for rectal cancer through the
increase in ROS levels, revealing its role in the targeting of
oxidative pathways and rendering it a promising agent for a
combinatorial treatment with radiotherapy (95). Furthermore,
Frontiers in Oncology | www.frontiersin.org 8
an increase in STAT3 levels has been hypothesized to be a
protected reaction of cancer cells to potent stressors as
exposure to carbon ion irradiation (96). For this reason, a
future application of one of the two most promising STAT3
inhibitors together with charged particles could be an innovative
treatment option to overcome radioresistance that should be
evaluated in clinic.

Despite this evidence, the inhibition of STAT3 may not be
sufficient to completely eliminate the tumor following radiation
treatment. As a matter of fact, the combination of STAT3
FIGURE 2 | Summary of the main pathways activated by STAT3 following radiation treatment. FOXM1 is known to be able to regulate its own expression (91) and
STAT3 transcription (92) establishing a positive feedback loop. Moreover, it induces Survivin expression, which can exert both Caspase-dependent and -independent
downstream effects. Finally, STAT3 mediates the activation of genes involved in the maintenance of the CSCs pool, providing another system to
promote radioresistance.
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inhibitor and radiation, despite increasing the sensitivity to
irradiation, could not eradicate about 10-30% of GBM cells
(73). This effect is mainly due to the activation of the ERK1/2
pathway in resistant cells as a compensatory mechanism in the
absence of STAT3 activation. The combination of STAT3 and
ERK1/2 inhibitors causes the almost complete elimination of
cells following radiation, implying that the blockage of two
pathways that mediate radioresistance can be more effective in
sensitizing cells to this type of treatment.
NUCLEAR FACTOR-KAPPA B (NF-kB)

Mechanisms of NF-kB Activation
Different stimuli can lead to NF-kB activation. Since this
pathway is involved in the immune system performance, it is
responsive to immune modulating agents and Damage- and
Pathogen-Associated Molecular Patterns (DAMPs and
PAMPs). Besides that, other cellular stress factors contribute to
NF-kB pathway activation: oxidative stress, cytokines, hypoxia
(30), ultraviolet (UV) radiation, IR (97), and growth factors.
Indeed, there is evidence that the Epidermal Growth Factor
Receptor (EGFR) signaling pathway contributes to the activation
of NF-kB (98). This has a strong implication in tumors, since
EGFRs are remarkably up-regulated in most cancer cells. Among
this family of Receptor Tyrosine Kinases (RTKs), HER2 has a
central role in the sustained activity of the transcription factor
NF-kB in cancer cells (99), promoting the phosphorylation and
activation of IKK by AKT, one of its downstream effectors
(Figure 3A). The relationship between HER2 and NF-kB is
mutual, meaning that not only HER2 promotes NF-kB
activation, but also NF-kB induces HER2 over-expression,
generating a positive feedback loop (99).

Another class of molecules that plays a crucial role in the
activation of NF-kB are the IR-induced cytokines, like Tumor
Necrosis Factor-a (TNF-a) and Interleukin-1 (IL-1) (100).
These factors are released in response to inflammation caused
by IR and, upon binding with their receptor, activate a
downstream cascade which involves Tumor Necrosis Factor
Receptor-Associated Factor (TRAF) adaptor proteins (101).
TRAFs, in turn, interact with NIK, which promotes the
activation of NF-kB through the phosphorylation of the
-subunit of IKK at the serine 176 (102). IKK then inhibits IkB,
allowing the cytokine-mediated activation of NF-kB (Figure 3B).

Eventually, alsoDNAdamagegeneratedbyX-rays radiationwas
shown to be involved in the up-regulation ofNF-kB transcriptional
activity. In fact, it is known that ionizing radiation is an exogenous
source for ROS generation, which can be produced either by direct
interaction with cellular targets or radiolysis of water. ROS are
responsible for DSBs, which induce the activation of an important
sensor of DNA damage: Ataxia Telangiectasia Mutated (ATM)
serine/threonine kinase (103). This protein kinase, once activated,
phosphorylates the regulatory subunit of IKK complex, NEMO, at
serine 85 (104). This phosphorylation allows the nuclear export of
NEMO, which positively regulates IKK that, in turn, promotes the
inhibition of IkB and activates NF-kB (105) (Figure 3C).
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Pathways Involved in NF-kB-Mediated
Radioresistance
NF-kB regulates the transcription of several genes involved in
different cellular functions and processes, such as cell cycle
progression, survival, protection from oxidative stress, invasion,
and metastasis (26). All these properties, conferred by NF-kB
activation, are linked to increased resistance to radiotherapy and
chemotherapy. In particular, a well-known role of NF-kB in the
process of resistance to radiotherapy is the induction of an important
nuclear-encodedmitochondrial enzyme, involved in themodulation
of oxidative stress: Manganese SuperOxide Dismutase (MnSOD)
(106–108). The evidence of the NF-kB-modulation of the MnSOD
gene, named SOD2, is given by the presence of kB sites in its
regulatory regions (109, 110). This provides the proof of NF-kB-
mediated responsiveness of SOD2 after various stimuli, including IR.
Since the ionizing radiation-dependent toxicity is mainly caused by
the production of ROS, the increased expression of this enzyme has a
critical role in determining the resistance to the treatment, both in
cancer cells and healthy tissues, as demonstrated in mouse skin
epithelial cells (108). Despite this antioxidant enzyme is thought to
have a tumor suppressor effect due to its role in avoiding malignant
transformation, its function in irradiated cells is different. Indeed, in
one case the effect of ROS is to promote genetic alteration leading to
carcinogenesis. Instead, in the other case, ROS are responsible for IR-
induced cell death. Therefore, it is clear that the circumstances in
which MnSOD is over-expressed change the final outcome and the
classification of this enzyme should be done in a context-
dependent manner.

Another important role of NF-kB in supporting the
development of adaptive resistance to radiotherapy consists of
the up-regulation of the expression of several anti-apoptotic
genes. Indeed, the presence of kB sites in the promoters of
BCL-2 and BCL-xL has been demonstrated in different studies
(111). A retrospective analysis suggests that the expression of
BCL-2 is predictive for the outcome of radiotherapy in several
tumor types, like prostate, laryngeal, and head and neck cancers
(112–114). These observations highlight the fact that BCL-2
increased expression may be an important mechanism used by
cancer cells to avoid the destructive effects of ionizing radiation.
Besides, other pro-survival genes are activated by NF-kB: XIAP,
c-IAP1, and c-IAP2 (115, 116). The up-regulation of these genes
after radiation treatment not only protects cells from apoptosis,
but also confers a growth advantage to the surviving cancer cells
that will repopulate the tumor. The proof that the transcription
factor NF-kB is critically involved in the promotion of cancer cell
survival after ionizing radiation is also given by the fact that its
inhibition makes tumor cells more prone to undergo apoptosis
after DNA-damaging treatments (117). In addition, of particular
interest is the NF-kB-mediated regulation of Survivin (98).
Normally, Survivin is expressed in a cell cycle-dependent
manner (118), but in tumors its expression is independent of
the mitotic index (119). This factor is essential for the protection
of cancer cells from radiotherapy- and chemotherapy-induced
apoptosis, but it is also involved in the VEGF-mediated
protection of endothelial cells (120), which are essential to
support cancer progression through nutrient and oxygen supply.
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Furthermore, the activation of NF-kB in cancer cells induces
proliferation through the regulation of two critical genes involved
in the cell cycle progression: Cyclin B1 and Cyclin D1 (100, 121).
The latter is involved in G1 to S phase transition, and it is
frequently found up-regulated in cancer cells (122). Its
transcription is directly regulated by NF-kB due to the presence
of kB sites in its promoter (123). Instead, Cyclin B1 controls the
G2 to M phase transition and an increase in its expression is
observed after an extended G2 delay due to DNA damage (124).
The over-expression of Cyclin B1 is commonly found in several
tumors, such as esophageal squamous cell carcinoma, laryngeal
squamous cell carcinoma and colorectal cancer (125–127), and
this is strictly connected to poor prognosis and the development of
resistance against anti-cancer treatments, including radiotherapy.
The down-regulation of Cyclin B1, using specifically designed
siRNAs, has shown to increase the apoptotic rate and to decrease
proliferation and colony-forming ability of several cancer cells
(128), denoting the importance of this cell-cycle regulator in the
promotion of carcinogenesis. Both Cyclins are involved in cell
cycle arrest upon DNA damage in order to prevent the replication
Frontiers in Oncology | www.frontiersin.org 10
when the genetic material has to be repaired. As a matter of fact,
this mechanism is perturbed in the vast majority of tumors, and
the alteration of the cell cycle is a consolidated hallmark of cancer.
The aberrant behavior of cancer cells mediated by over-expression
of Cyclin B1 and D1 contributes to the accumulation of genetic
lesions that will eventually result in the creation of a radioresistant
and thus more aggressive tumor.

Moreover, NF-kB transcriptionally activates several genes
associated with angiogenesis and metastasis, such as Matrix
Metalloproteinase-9 (MMP-9), tissue Plasminogen Activator
(tPA), ICAM-1, and Vimentin (30, 98, 121, 129). More
importantly, also, Cyclooxygenase-2 (COX-2) is regulated by
NF-kB (130). Differently from its isoform COX-1, which is
constitutively expressed in almost all cells, COX-2 levels are
generally undetectable in normal cells. In addition to metastasis
and angiogenesis, this enzyme plays an important role in other
different cancer-related processes, like neoplastic transformation,
cell growth, and abrogation of the anti-tumor immune responses
(131–133). The relevance of COX-2 in tumorigenesis and cancer
progression is underlined by its correlation with the development
FIGURE 3 | Schematic representation of the radiation-induced NF-kB signaling network. The activation of NF-kB is mediated by different stimuli: (A) the EGFR
signaling pathway, especially through the activity of HER2; (B) the radiation-induced cytokines; and (C) DSBs generated by IR-induced ROS. The transcriptional
program of NF-kB leads to several downstream events, which result in enhanced aggressiveness, increased survival and better fitness of cancer cells.
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of radioresistance (134, 135). Indeed, the increased expression of
this enzyme upon ionizing irradiation is strictly associated with a
vanishing effect of the treatment and poor prognosis in cancer
patients. Furthermore, as mentioned before, another ability of
COX-2 is to promote angiogenesis, inducing the secretion of
several angiogenic factors, like VEGF and bFGF (136, 137). The
formation of new blood vessels enhances tumor growth and, in
later stages, support the process of metastasis formation together
with an increased invasion potential of cancer cells.

Taking together the multiplicity of effects given by the
activation of NF-kB in cancer cells, it can be concluded that
this transcription factor has a critical role in determining the
outcome of radiotherapy. For this reason, an increase in
radiosensitivity could be achieved by combining radiation
therapy with NF-kB pathway inhibitors. A well-known inhibitor of
this TF is Curcumin (also known as diferuloylmethane), a derivative
of the spice turmeric (Curcuma longa). Several in vitro and in vivo
studies have been performed so far, showing the synergistic
enhancement in radiosensitivity provided by Curcumin in different
tumor types, such as oral squamous cell carcinoma, head and neck
cancer, Burkitt’s lymphoma, colorectal cancer, hepatocellular
carcinoma, and prostate cancer (138–143). In fact, the
administration of Curcumin prior to radiotherapy leads to the
suppression of NF-kB activation and a consequent down-
regulation of NF-kB target genes, such as BCL-2, COX-2, Cyclin
D1,MMP-9, andVEGF.Despite the encouraging results obtained by
the previously mentioned studies, clinical trials that clearly unmask
the role of Curcumin in combination with radiotherapy still lack. A
limiting factor that could hinder the efficacy of this treatment
modality in cancer patients is the low bioavailability and chemical
instability of Curcumin (144). Indeed, obtaining a blood
concentration of Curcumin comparable to the ones used in in vitro
studies represents a great challenge that could be overcome
improving the absorption through coating it in nanoparticles,
liposomes or phospholipid complexes (145, 146). For what
concerns nanoparticles, a phase II clinical trial in which
Nanocurcumin is coupled to Radiotherapy (RT) is ongoing in
prostate cancer patients (ClinicalTrials.gov number,
NCT02724618), and it will hopefully provide new insights on the
potential advantages given by a different Curcumin delivery.

Among the promising candidates for combination therapy
with radiations there is also Sorafenib, a multiple kinase inhibitor
which has been demonstrated to target MEK/ERK/NF-kB
pathway, suppressing the DNA binding activity of NF-kB, both
in vitro and in vivo (147, 148). Sorafenib has been already
approved by FDA for the treatment of several types of cancers.
Despite this, its anti-cancer efficacy as a single agent seems to be
very low. Therefore, Sorafenib could be used as a pre-treatment in
cancer patients to enhance the effects of radiotherapy and avoid
NF-kB-dependent radioresistance. So far, safety and efficacy of this
treatment modality have been investigated in two clinical studies in
patients with advanced hepatocellular carcinoma (149, 150).
Promising results were obtained, indicating that toxicity was
mostly manageable and suggesting that the administration of
Sorafenib prior to radiotherapy could improve the outcome of the
treatment.Moreover, aphase I clinical trial is ongoing inpatientswith
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hepatocellular carcinoma (ClinicalTrials.gov number,
NCT00892658). In addition to this, another phase I study was
performed to assess the safety of Sorafenib used in combination
with radiation andTemozolomide (TMZ) for the treatment of high-
grade glioma (151). Contrary to what was observed for
hepatocellular carcinoma, in this case the administration of
Sorafenib did not improve the outcome of RT and chemotherapy.
The authors stated that the low effectiveness of Sorafenibwas linked
to its poor penetrance in the Central Nervous System (CNS). This
limitation is determined by the presence of specific structures and
efflux transporters in the Blood-Brain Barrier (BBB), which prevent
the permeation of drugs in the CNS. Since radiations are known to
enhance thepermeabilityof theBBB (152), itwouldbe interesting to
couple Sorafenib with charged particle therapy for the treatment of
gliomas. Indeed, preliminaryunpublished results fromour research
group support the idea that proton beam irradiation with low
dosages may permeabilize the BBB, improving the delivery of
chemotherapeutics to the CNS. Lastly, the use of a metabolic
product of estrogen, 2-Methoxyestradiol (2-ME), has shown to be
effective in inhibitingNF-kBand therefore reducing the appearance
of adaptive resistance in different tumor types (153–155).
Unfortunately, the action of this compound seems to be tumor
cell type-dependent (155), meaning that 2-ME treatment may
display different effects on NF-kB activation depending on the
cell type.Therefore, the choiceof using2-MEas a co-treatmentwith
radiotherapy or chemotherapy should be evaluated very carefully.
However, given the importance ofNF-kB in tumor radioresistance,
further studies should be carried out to completely unmask its role
in inhibiting radiosensitivity in cancer cells. Moreover, a better
understanding of NF-kB will be useful for the discovery of a valid
negative regulator, which may work regardless the tumor cell type.
NUCLEAR FACTOR (ERYTHROID-
DERIVED-2)-LIKE 2 (NRF2)

Mechanisms of NRF2 Activation
As previously mentioned, the role of NRF2 in cancer is extremely
controversial. However, the association between NRF2 expression
and radioresistance of cancer cells in various tumor types, as in lung
cancer (156, 157), prostate cancer (158), andnasopharyngeal cancer
(159), renders it a good therapeutic target to increase the sensitivity
to the treatment.

Recently, the importanceofNRF2asaTF involved in the response
of cells to charged particle exposure was highlighted by Hellweg and
colleagues (107). Inparticular, they evidenced: i) howdifferent studies
had reported an involvement of NRF2 in the regulation of long-term
radiation effects, ii) a dependence of radiation resistance in cancer cell
lines upon NRF2 basal activity or up-regulation, iii) the relevance of
this TF for the function of adult stemcells, and iv) the role ofNRF2 in
the cellular response to heavy ion irradiation. For this reason, we
decided to focus onmore recent discoveries, trying to understand the
possible activators and effectors of NRF2 signaling pathway in
response to IR.

One of the first articles which demonstrated that the NRF2
system is induced by X-rays as a result of oxidative stress in
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highly radiosensitive cells was published in 2010 (160). Indeed, in
hematopoietic stem cells, the exposure to X-rays induced the
transcription of a wide range of NRF2 target genes, among which
there were Heme Oxygenase-1 (HO-1 or HMOX1), NAD(P)H
Quinone Dehydrogenase 1 (NQO-1), and Ferritin Heavy
polypeptide 1 (FTH1). Moreover, the basal mRNA levels of
NQO-1 were correlated with the individual radiosensitivity of
hematopoietic progenitor cells. Finally, the authors hypothesized
that, upon X-rays exposure, the activation of NRF2 and the
expression of its target genes can be induced directly via
production of ROS, or indirectly through the DNA damage-
mediated activation of ATM.

The increase in NRF2 mRNA and protein levels after single
radiation exposure was confirmed also in tumor cells, in
particular in rhabdomyosarcoma cells (161). In addition, in
this tumor type, the increase in ROS levels induced after
irradiation is rapidly counteracted. These results support the
idea of “Redox Resetting” as a system used by malignant cells to
survive in response to stresses. It is defined as the process,
activated by tumor cells, to acquire a new redox balance with
higher ROS levels through the up-regulation of antioxidant
systems (162). Already identified as crucial mechanisms for
drug resistance, the redox changes in cancer cells can be some
of the factors involved in the development of resistance to IR.

Nevertheless, the induction ofNRF2 can bedeterminednot only
by radiation, but also because of mutations in KEAP1/NRF2 genes.
Indeed, various alternative factors, such as point mutations,
promoter methylation, and aberrant splicing of the transcript
(158), could contribute to the silencing of KEAP1 protein,
therefore leading to the release of NRF2 and its accumulation into
the nucleus. Non-conservative amino acid substitutions in KEAP1
gene have been reported also in lung, breast and gallbladder cancers
(163–165), resulting in a non-functional protein and, consequently,
in alterations in the KEAP1/NRF2 axis. The effects of KEAP1
deletion on cancer cell sensitivity have been studied in detail in
lung squamous cell carcinoma. In this tumor type, the inactivation
of KEAP1 results in a constitutive activation of NRF2 and decrease
in ROS, promoting tumor aggressiveness, metastasis and resistance
to radiotherapy and oxidative stress (166). Moreover, it has been
found that theKEAP1/NRF2mutational status canbe apredictor of
local recurrence after radiotherapy in patients with non-small cell
lung cancer (166).

Considering the molecular mechanisms that can result in NRF2
activation, IL-6 has been proposed as an activator of the antioxidant
pathway in oral squamous cell carcinoma due to its high expression
in resistant cells (167). The blockade of IL-6 signaling through an
antibody and the subsequent increase in cell radiosensitivity further
confirmed the importance of this multifunctional cytokine for the
survival of irradiated cancer cells. Indeed, IL-6 not only activates
the downstream molecule STAT3, but also NRF2 through the
increase of p62 phosphorylation. The activation of p62 permits
the sequestration of KEAP1 and the release of NRF2, which induces
the transcription of the ROS scavenger Mn superoxide dismutase
(Figure 4A). Nonetheless, due to the exclusive use of in vitro assays,
the confirmation of IL-6 implication in NRF2-axis activation needs
to be verified also in vivo.
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Currently, the inhibition of IL-6 related pathways is exploited
in the clinic mainly for the treatment of rheumatoid arthritis, or
other inflammatory or autoimmune diseases. Tocilizumab was
one of the first monoclonal antibodies developed to block the
functions of IL-6R which demonstrated increased efficacy and
sufficient tolerability (168). Moreover, the use of tocilizumab,
together with fenretinide and reparixin, has been applied for the
treatment of oral squamous cell carcinoma, a tumor type in
which radiotherapy plays an important role. The combination of
IL-6 blockade with the other two drugs resulted in reduced
invasion ability of CSCs enriched cultures (169).

Additionally, this monoclonal antibody was used in phase II
clinical trials for the treatment of breast and pancreatic cancer
(170). These results have paved the way for the development of
other IL-6 inhibitors, such as sarilumab and siltuximab. Phase II
clinical trials for the combination of siltuximab together with
other chemotherapeutic drugs for the treatment of metastatic
prostate cancer have been completed (170). To our knowledge,
there is no clinical trial investigating the combination of IL-6
inhibition and radiotherapy for the treatment of radioresistant
tumors. Despite this, it would be interesting to analyze the
inhibition of the IL-6 axis, which could induce the activation
of two of the analyzed TFs (STAT3 and NRF2), together with IR
as a co-treatment approach. Indeed, the abrogation of two
different ways in which cancer cells are able to acquire
radioresistance could notably increase the cure rate and reduce
the radiation resistance of tumors.

However, a multitude of functions has been attributed to IL-6
signaling, including a critical role in the activation of the immune
system and in the mediation of the acute phase response (168).
Therefore, the blockade of this cytokine could limit the
effectiveness of the immune system-stimulating properties
of radiotherapy.

The importance of p62 in the regulation of NRF2-mediated
radioresistance of cancer cells, has been evidenced recently in
tissue specimens. Starting from a significant positive correlation
between phosphorylated p62 and nuclear NRF2, Wang and
colleagues (171) proposed that the regulation of nuclear NRF2
by activated p62 might be the leading mechanism in the
radioresistance of esophageal squamous cell carcinomas. In
this tumor type, a high expression of phosphorylated p62 or
NRF2 are correlated with a lower objective response rate as well
as poorer progression-free survival and overall survival of
patients. The association between these two factors can be
explained by the evidence that, in stressed conditions, activated
mammalian Target of Rapamycin Complex 1 (mTORC1) is able
to induce the phosphorylation of p62 at serine 349. With this
modification, p62 presents a similar domain with NRF2, it
competitively combines with KEAP1 with a higher affinity
compared to the unphosphorylated form, leading to the release
and nuclear translocation of NRF2 (172). Moreover, activated
NRF2 seems to promote the transcription of p62, forming a
positive feedback loop (173) (Figure 4B). The major limitation
of this second study is the lack of consideration of other potential
confounders which can alter the results of the analysis, as the
nutrition state of the patients. For this reason, further
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investigations on the involvement of activated p62 in the NRF2-
KEAP1 axis and its role in resistance to radiotherapy are needed.

In addition to KEAP1-mediated NRF2 activation, other
mechanisms result in the induction of NRF2 targets after IR
exposure, without the involvement of KEAP1. As a matter of
fact, in a tumor microenvironment congenial condition, obtained
through the treatment of lung cancer cells with Transforming
Growth Factor-beta (TGF-b) and hypoxia/reoxygenation, there is
initial activation and subsequent crosstalk between Epidermal
Growth Factor Receptor and NRF2 (174). This combined
activation results in the resistance to IR, which is hampered by
NRF2 knock-down. Furthermore, AKT signaling has been shown
as the mediator of the TGF-b and hypoxia/reoxygenation-induced
activation of NRF2, adding further complexity to the KEAP1-
independent activation of NRF2 (Figure 4C).

Finally, Tian and colleagues have demonstrated an association
between WNT signaling pathway and NRF2 (175). Indeed, the
treatment of hepatic carcinoma cell lines with an inhibitor of
Wingless/int-3A (WNT3A) increased their sensitivity to
irradiation and decreased the levels of NRF2 and its target genes
by limiting the entry of NRF2 into the nucleus. Even if the details
of the association between these two different pathways are not
known, the amplification of IR-induced effects on cancer cells due
Frontiers in Oncology | www.frontiersin.org 13
to WNT inhibitors emerges as a potential strategy to overcome
resistance. Moreover, this study evidenced that the radioresistant
effects of NRF2 are primarily attributable to its functions within
the nucleus. This concept, together with the presence of ARE
sequences in the promoter regions of NRF2 and KEAP1, suggests
on one hand the ability of NRF2 to induce its own expression, and,
on the other hand, the presence of an auto-regulatory feedback
loop with its negative regulator.

Pathways Involved in NRF2-Mediated
Radiation Resistance
Among the genes downstream of NRF2 involved in the
development of radioresistance, HO-1 appears to be induced by
an increase of nuclear NRF2 in lung cancer (174) and to be down-
regulated, together with NQO-1, as a result of NRF2 inhibition in
hepatocellular carcinoma (175, 176) and in esophageal squamous
cell carcinoma (177).

Similarly, rhabdomyosarcoma cells efficiently counteracted IR-
induced increase in ROS and oxidative stress through the up-
regulation of antioxidant enzymes, such as SOD-2, Catalase and
Glutathioneperoxidases4 (GPX4), inaNRF2-dependentmanner (161).

Surprisingly, in lung cancer, NRF2 was correlated not only
with the induction of some “canonical” target genes (Figure 4D),
FIGURE 4 | Activators and effectors of NRF2 signaling pathway following IR exposure. (A, B) KEAP1-dependent activation of NRF2: IL-6 induces an increase in the
phosphorylated form of p62, which combines with the NRF2 inhibitor KEAP1, leading to the release and translocation of NRF2 into the nucleus (A); (B) evidence of
mTORC1 involvement in p62 phosphorylation. (C) A putative KEAP1-independent mechanism of NRF2 activation. (D) Canonical transcriptional targets of NRF2;
(E) NRF2-mediated regulation of NOTCH1 signaling.
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such as HO-1, NOQ-1 and Glutamate-Cysteine Ligase Catalytic
subunit (GCLC), but also with some “non-canonical” ones like
NOTCH1 (178). Notch signaling is known to be involved in
different cellular mechanisms, including cell proliferation,
differentiation, angiogenesis, and tumorigenesis (179, 180).
However, the regulation of Notch signaling by NRF2 in
response to IR reveals a new critical player in the antioxidant
response of cancer cells to radiotherapy. Indeed, after the
exposure of lung cancer cells to radiation, the expression of
NOTCH1 is up-regulated, while in cells knocked-down for
NRF2, NOTCH1 and its downstream gene HES1 are down-
regulated. This repression results in a sharp increase in protein
levels of some mediators of apoptosis like BAX, cleaved Caspase-3,
and Poly (ADP-ribose) polymerase-1 (PARP-1), and a decrease in
the anti-apoptotic proteinBCL-2 (178) (Figure 4E). The synergistic
reduction of NRF2 and NOTCH1 signaling pathways promotes
ROS accumulation and IR-induced apoptosis, suggesting a possible
future strategy to overcome radioresistance in lung cancer patients.

The association between NRF2 and Notch signaling revealed to
be crucial for the activation of an antioxidant program in normal
conditions in the lung (181) but the induction of NOTCH1 target
genes can be influenced by themodel that has been used, as they do
not appear to be differentially expressed in some types of lung
squamous cell carcinoma (166). Therefore, a deeper investigation
on the involvement of NOTCH1 in radioresistance and on its
association with NRF2 in different tumor types is essential.

The inhibition of NRF2 and its antioxidant defense system
confers sensitivity to radiotherapy (182). This is the reason why
different studies have tried to find active compounds able to
reduce its expression in order to sensitize the cells to IR. A bunch
of already known drugs exhibit a radiosensitizing effect on cancer
cells through different mechanisms. First of all, Genistein, used in
combination with radiation, is able to increase the levels of ROS
and to selectively augment the apoptotic rate in lung cancer cells
through the reduction of KEAP1 promoter methylation that
results in KEAP1 increased expression (183). For the same tumor
type, also Brusatol has been found to be effective in the direct
reduction of NRF2 in a dose-dependent manner (156).

In addition to lung cancer, also in other tumor types it is possible
to achieve a radiosensitizing effect by blocking the increase inNRF2
activity: the restoration of the sensitivity to IR in nasopharyngeal
carcinoma cells is associated with the inhibition of NRF2 pathways
and the increase in ROS generation by Salinomycin (159).
Moreover, Alpinumisoflavone and Cordycepin are two drugs
with NRF2-dependent radiosensitizing properties in esophageal
squamous cell carcinoma and breast cancer, respectively (177, 184).
These data highlight that the modulation of the redox status of
cancer cells is crucial for obtaining a radiosensitizing effect in
different tumor types and that different drugs display a synergistic
effect with radiotherapy. Indeed, the pre-treatment of cancer cells
with NRF2 inhibitors before conventional irradiation could
constitute an innovative approach to sensitize radioresistant
NRF2-expressing cells to the killing action of IR. Despite being a
promising opportunity to overcome radioresistance, the main
limitation of this approach is the lack of knowledge of the
mechanisms of inhibition and the limited specificity of NRF2
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inhibitors, which are still at early phases of development (185). In
this regard, we suggest the need for further studies and the
development of derivatives of those molecules to reach a higher
specificity and a concomitant reduction in their toxicity. The recent
introduction of a modified form of Cordycepin, showing higher
cytotoxicity and half-life while limiting its side effects (186),
supports the continuous progress made in this field, which needs
clinical evaluation for possible combinatorial treatments.

This is further supported by the finding that the already used
drug Berberine promotes radiation cytotoxicity in hepatocellular
carcinoma cells by enhancing oxidative stress and ROS
production only in NRF2-expressing cells (176). The existence
of different clinical trials combining the use of this compound
with other chemotherapeutics for the control of malignancies
suggests the safety of this molecule, which sets the basis for the
combination of Berberine with IR in a clinical setting.

Finally, valproic acid, a histone deacetylase inhibitor used as an
antiepileptic drug, contributes to the sensitization of hepatocellular
carcinoma cells to proton beam radiotherapy both in vitro and in
vivo (187). This effect is achieved through the enhancement of
proton-induced ROS production, the abrogation of proton-
mediated expression of NRF2 and HO-1 and the induction of
apoptosis. In our opinion, this compound appears to be one of the
most promisingmolecules targeting theNRF2 axis that can be used
in combination with radiotherapy to decrease resistance. Indeed,
two different phase 2 clinical trials have demonstrated the well-
tolerated combination of valproic acid and conventional irradiation
(188, 189). In the first study, the concomitant administration of the
histone deacetylase inhibitor, radiotherapy, and temozolomide
showed improved outcomes for the control of glioblastoma. On
the other hand, in the second clinical trial valproic acid was
administered in combination with radiotherapy and as a post-
radiation maintenance therapy together with bevacizumab.
Therefore, the future clinical combination of valproic acid with
the innovative forms of charged particle therapy could constitute a
breakthrough to overcome the limited effectiveness of current
therapies against radioresistant tumors, such as glioblastoma.

Themaintenanceof the redoxbalance in cancer cells isoneof the
leading mechanisms contributing to radioresistance. However,
several studies demonstrating the efficacy of the synergistic action
of NRF2 inhibitors and irradiation support a new strategy to
overcome this limitation. Even if the activation of this TF can
vary according to the tumor type, the possibility to directly act on
NRF2 stabilization and degradation or on its regulation opens new
options to a common treatment. This conclusion is supported by
the fact that the redox balance can contribute to stem cells self-
renewal and radioresistance (190), highlighting the importance of
targetingNRF2 toenhance the effectiveness of radiation therapynot
only of cancer cells but also of CSCs.
HIF-1

Mechanisms of HIF-1 Activation
The hypoxic environment present in solid tumors is not the only
cause of HIF-1a over-expression in cancer cells (Figure 5).
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In fact, there are several hypoxia-independent mechanisms
responsible for the increase in HIF-1a activity even in the
presence of oxygen. In particular, after X-ray irradiation, the
huge amount of ROS generated by the treatment were found to
be necessary and sufficient to activate HIF-1a (191) (Figure 5B).
For example, high ROS levels lead to a decreased amount of Fe2+

through its oxidation to Fe3+ (192). Since Fe2+, together with a-
ketoglutarate and O2, is crucial for the activity of PHDs, its
reduction is responsible for the functional inactivation of these
enzymes, allowing HIF-1 stabilization and transcriptional
activity. In addition, also genetic alterations in genes which are
critical for the negative regulation of HIF-1a have been shown to
be involved in the hypoxia-independent activation of this
transcription factor. Specifically, VHL-inactivating mutations
are strictly correlated with the accumulation of HIF-1a protein
even in the presence of oxygen (Figure 5C). Moreover, Receptor
tyrosine Kinases (RTKs) seem to be involved in the regulation of
HIF-1 through their downstream effector PI3K, AKT, and mTOR
(Figure 5D). Indeed, there is evidence supporting the idea that,
especially in breast cancer,HER2positive tumors present enhanced
HIF-1a protein synthesis (193, 194). Eventually, other studies
demonstrated the relevance of deubiquitinating enzymes in the
Frontiers in Oncology | www.frontiersin.org 15
stabilization of HIF-1a. In particular, an aberrant over-expression
of Ubiquitin C-terminal Hydrolase L1 (UCHL1), a known
HIF-1a-deubiquitinase, corresponded to increased levels of HIF-
1a in a deubiquitination activity-dependent manner (195, 196)
(Figure 5E).

Pathways Involved in HIF-1-Mediated
Radiation Resistance
HIF-1 has been associated with radioresistance in cancer cells by
activating several downstream effectors involved in different
pathways linked to the repair of IR-induced damages,
suppression of anti-apoptotic factors, and enhancement in the
aggressiveness of cancer cells. One of the most well-known
functions of the HIF-1 complex is concerning the metabolism of
tumor cells. Indeed, it is well-established that malignant cells
promote glycolysis and down-regulate oxidative phosphorylation
(OXPHOS) in order to cope with the high anabolic demand
necessary to sustain high proliferation rates. This condition is
happening regardless of the presence of oxygen, and this
mechanism is called Warburg effect (197). In this view, HIF-1a
acts through theup-regulationof several glycolysis-relatedproteins:
Pyruvate Dehydrogenase Kinase 1 (PDK1), which abrogates the
FIGURE 5 | Summary of the pathways involved in the HIF-1 transcriptional activation after IR and its downstream effectors. Several clues can lead to HIF-1
activation. The most known is the presence of (A) a hypoxic environment, a condition frequently found in most solid tumors. Also, (B) ionizing radiations induce the
activity of this hypoxia-related TF by the induction of ROS. Together with these external stimuli, congenital or acquired mutations promote HIF-1 activity, such as the
ones found in its negative regulators: (C) PHDs and VHL. (D) Moreover, RTK receptors, like HER2, are found to induce HIF-1, which is particularly true for certain
types of tumors, like breast cancers. (E) Lastly, HIF-1 can be activated also by the aberrant function of its deubiquitinase, UCHL1. The network established by HIF-1
transcriptional activity confers cancer cells more aggressive characteristics and protects them from the harmful effects of radiation therapy.
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conversion frompyruvate to acetyl-CoA; Lactate Dehydrogenase A
(LDHA), which catalyzes the conversion from pyruvate to lactate;
and Glucose Transporter 1 (GLUT1), involved in the uptake of
glucose by the cells (198). Among these proteins, PDK1 was
recently shown to be highly involved in the HIF-1a-mediated
radioresistance. Indeed, the inhibition of this enzyme led to
enhanced DNA damage and apoptosis, decreased cell survival,
and suppressed cell proliferation after X-ray irradiation, in a way
comparable to the inhibition of HIF-1a in irradiated cells (199).
This observation reveals PDK1 as one of the main mediators
of HIF-1a-related radioresistance. Another advantage given by
the metabolic changes occurring in cancer cells is the up-
regulation of glycolysis-connected subsidiary biosynthetic
pathways, such as the Pentose Phosphate Pathway (PPP). As a
matter of fact, PPP is involved in the production of antioxidants,
starting from NADPH to obtain reduced glutathione (GSH). Of
course, antioxidants are necessary for cancer cells to cope with
oxidative stress caused by the high amount of ROS produced by X-
ray irradiation and, therefore, contribute to the resistance observed
in cancer cells after radiotherapy. The other aspect concerning the
PPP is the production of ribose-5-phosphate, which is used for the
de-novo-synthesis of nucleotides necessary for repairing DNA
damage, thus buffering the action of irradiation.

Moreover, the most studied downstream target of HIF-1
heterodimer is the Vascular Endothelial Growth Factor (VEGF)
(200), a potent signalingmolecule that acts as a specificmitogen for
vascular endothelial cells. This factor, togetherwithother cytokines,
is released by cancer cells, and it is involved in the promotion of
tumor angiogenesis as well as permeabilization of blood vessels
(201). There are pieces of evidence sustaining the idea that VEGF
and basic Fibroblast Growth Factor (bFGF), another HIF-1-
regulated factor, enhance the endothelial cell radioresistance
(202), confirming the hypothesis that tumors actively defend
themselves from IR-induced damages by protecting vessels
present in the surrounding microenvironment. Indeed, the
interaction between blood vessels and cancer cells is necessary
both for tumor growth and metastasis formation. Logically, if
malignant cells are able to move from the primary site, they
will be less targetable by radiotherapy, which is a local treatment,
and, in this way, they will reduce the effects of IR, leading to
tumor recurrence.

Another HIF-1-driven mechanism involved in the recurrence
of malignancies after radiotherapy is linked to the ability of this
transcription factor to promote EMT. Indeed, HIF-1 was shown
to transcriptionally up-regulate several EMT mediators such as
TWIST and SNAIL (203), which are able to strongly down-
regulate E-cadherin and increase the expression of mesenchymal
proteins like Vimentin, VEGFRs, Fibronectin, and Matrix
metalloproteinases such as MMP-2 and MMP-9. Notably, in
prostate cancer, the increased SNAIL activation mediated by
HIF-1 was correlated with an enhanced b-Catenin nuclear
translocation (61). This event contributes to enhance the
migratory and invasive potential of cancer cells, therefore
promoting metastasis formation. The activated WNT/b-
Catenin pathway plays a critical role in this process (204), and
it is also supporting the survival of tumor cells by up-regulating
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anti-apoptotic and NHEJ repair proteins, minimizing the effects
of radiotherapy (61). Another HIF-1-regulated EMT-driver is
Plasminogen Activator Inhibitor-1 (PAI-1). This molecule has
been found in cancer cells’ secretome, particularly in Non-Small
Cell Lung Cancer (NSCLC) cells, and its release is radiation-
induced (205). Indeed, after radiotherapy, the activation of
several transcription factors, including HIF-1, leads to the
secretion of this soluble molecule, allowing the communication
between heterogeneous clones inside the tumor mass. PAI-1
operates through the activation of AKT and ERK1/2 pathways,
thus promoting cell proliferation and survival, and through the
induction of mesenchymal proteins, such as Fibronectin and
Vimentin. To further promote the EMT molecular phenotype,
PAI-1 is also inhibiting the expression of E-cadherin by fostering
SNAIL activity (206). Given the role exerted byHIF-1 inmediating
radioresistance, coupling radiotherapy with HIF-1 inhibitors could
be a promising way to obtain radiosensitization in refractory
tumors. Different inhibitors of HIF-1a have been developed
through the years. Specifically, IDF-11774 and PX-478,
(inhibiting hypoxia-dependent HIF-1 a accumulation and its
translation, respectively) proved to be effective in blocking HIF-
1a functions both in vitro and in vivo (207–209). Further, of
particular interest is YC-1, an agent firstly developed to prevent
platelet aggregation and vascular contraction and then discovered
to possess a HIF-1 inhibitory function through the suppression of
the PI3K/AKT/mTOR pathway and AKT/NF-kB signaling (210).
Moreover, theHIF-1 inhibitory potential of YC-1 is conferred by its
ability to induceHIF-1a protein degradation (211) and to regulate
the activity of this TF at a post-translational level (212). YC-1 has
been demonstrated to enhance the effects of radiotherapy both in
vitro (213, 214) and in vivo (202) by inhibiting HIF-1 expression
and, consequently, down-regulate HIF-1 downstream genes, such
as VEGF. Despite these encouraging results, YC-1 has never been
tested in clinical trials, therefore further elucidation of the
mechanisms of interaction between RT and YC-1 are warranted.
CONCLUSIONS

In the last years, cancer therapy has improved a lot. Nevertheless,
tumors are still one of the major leading causes of death, mainly
among older people, but they unfortunately also affect
younger ones.

Radiotherapy still represents one of the main therapeutic
interventions for a wide range of cancer patients, resulting in
beneficial effects for several of them. However, often cancer cells
can survive to this aggressive treatment by the development of
acquired resistance.

In this review, we have summarized the role of four major
transcription factors specifically involved in resistance to
radiation therapy which can lead to recurrence and treatment
failure. Some of the presented effects converge on the increase in
the Cancer Stem Cells’ subpopulation within the tumor. Indeed,
the importance of CSCs is becoming more evident, and,
therefore, these tumorigenic cells constitute an attractive target
for anti-cancer therapy. Certainly, in order to better target CSCs
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and eliminate them, a complete understanding of these tumor-
initiating cells is needed. Firstly, an adequate and practical method
to identify them should be developed since the expression of CSCs
markers does not simply confer a stem-cell-like phenotype and, by
now, functional assays must be performed to characterize them
correctly. Then, a way to specifically tackle these tumorigenic cells,
together with the tumor bulk, must be achieved. For this aim,
targeting the specific pathways which confer to CSCs their
resistance to standard therapy may be effective in eradicating
all cancer cells and thus obtaining permanent tumor control.
Indeed, it is essential to distinguish between intrinsic and
acquired radioresistance. The former is determined by properties
that are present in these cells even before the treatment
started: i) augmented DNA repair activity (i.e., stronger ATM
signaling), ii) inhibition of apoptosis (increase in anti-apoptotic
proteins), iii) reduced cell cycle progression (i.e., dormant CSCs),
and iv) diminished ROS production (i.e., increase in scavengers).
All those mentioned features are characteristic of CSCs. Instead,
the latter can be activated in response to the treatment itself; the
4 TFs analyzed in this review are crucial examples for acquired
radioresistance. Therefore, blocking the pathways regulated by
these transcription factors could represent an essential strategy to
increase radiosensitivity. Indeed, in the last years, there is growing
evidence that the targeting of these TFs (at different levels:
interfering with the upstream activators, the TF itself, or the
downstream effectors) prior to the exposure to radiotherapy
might block acquired radioresistance.

In this review, we have provided several examples demonstrating
that the pharmacological inhibition of some of the analyzed TFs (i.e.,
NF-kB and STAT3) has proven to be effective in increasing
radiosensitivity both in vitro and in vivo, and a few of them
(Curcumin and Sorafenib) already reached clinical trials. All the
effects summarized in this review rely on the transcriptional activities
of STAT3, NF-kB, NRF2, and HIF-1. Although post-transcriptional
modifications ofmessenger RNA (methylation, splicing, de-capping,
Frontiers in Oncology | www.frontiersin.org 17
and degradation) and post-translational modifications at protein
level might change gene expression and influence resistance, the 4
TFs focus of this review regulate hundreds of genes which can
confer acquired radioresistance. We, therefore, believe that the
predominant impact of these regulators in radioresistance is
achieved at transcriptional level. Given the importance in tumor
radioresistance of the analyzedTFs previously, further studies should
be carried out to completely unmask their role in inhibiting
radiosensitivity in cancer cells. In conclusion, a co-treatment option
through the blockage of those TFs should be considered for the
majority of tumors in which there is a high rate of resistance
to radiotherapy.
AUTHOR CONTRIBUTIONS

AB conceived this review, designed it, inserted the references,
edited all other parts, and wrote the conclusions. CG wrote the
CSCs, NF-kB and the HIF-1 chapters, created Figures 3 and 5,
and contributed to the Introduction. CT wrote the Introduction,
the STAT3, and the NRF2 chapters and created Figures 1, 2, and
4. All authors contributed to the article and approved the
submitted version.
FUNDING

This work was partially supported by the Starting Grant for
Young Researchers, University of Trento.
ACKNOWLEDGMENTS

We thank Dr. Yari Ciribilli for the helpful discussions.
REFERENCES

1. Bernier J, Hall EJ, Giaccia A. Radiation Oncology: A Century of
Achievements. Nat Rev Cancer (2004) 4(9):737–47. doi: 10.1038/nrc1451

2. Delaney G, Jacob S, Featherstone C, Barton M. The Role of Radiotherapy in
Cancer Treatment: Estimating Optimal Utilization From a Review of
Evidence-Based Clinical Guidelines. Cancer (2005) 104(6):1129–37. doi:
10.1002/cncr.21324

3. Baclesse F. Comparative Study of Results Obtained With Conventional
Radiotherapy (200 KV) and Cobalt Therapy in the Treatment of Cancer of
the Larynx. Clin Radiol (1967) 18(3):292–300. doi: 10.1016/S0009-9260(67)
80077-1

4. Rodrigues G, Zindler J, Warner A, Lagerwaard F. Recursive Partitioning
Analysis for the Prediction of Stereotactic Radiosurgery Brain Metastases
Lesion Control. Oncologist (2013) 18(3):330–5. doi: 10.1634/the
oncologist.2012-0316

5. Roy S, Morgan SC. Hypofractionated Radiotherapy for Localized Prostate
Cancer: When and for Whom? Curr Urol Rep (2019) 20(9):53. doi: 10.1007/
s11934-019-0918-0

6. Huber SM, Butz L, Stegen B, Klumpp D, Braun N, Ruth P, et al. Ionizing
Radiation, Ion Transports, and Radioresistance of Cancer Cells. Front
Physiol (2013) 4:212. doi: 10.3389/fphys.2013.00212

7. Zhang H, Luo H, Jiang Z, Yue J, Hou Q, Xie R, et al. Fractionated
Irradiation-Induced EMT-like Phenotype Conferred Radioresistance in
Esophageal Squamous Cell Carcinoma. J Radiat Res (2016) 57(4):370–80.
doi: 10.1093/jrr/rrw030

8. Sato K, Shimokawa T, Imai T. Difference in Acquired Radioresistance
Induction Between Repeated Photon and Particle Irradiation. Front Oncol
(2019) 9:1213. doi: 10.3389/fonc.2019.01213

9. Steel GG, McMillan TJ, Peacock JH. The 5Rs of Radiobiology. Int J Radiat
Biol (1989) 56(6):1045–8. doi: 10.1080/09553008914552491

10. Withers HR. The Four R’s of Radiotherapy. Adv Radiat Biol (1975) 5:241–
71. doi: 10.1016/B978-0-12-035405-4.50012-8

11. West CML, Davidson SE, Elyan SAG, Swindell R, Roberts SA, Orton CJ,
et al. The Intrinsic Radiosensitivity of Normal and Tumour Cells. Int J
Radiat Biol (1998) 73(4):409–13. doi: 10.1080/095530098142248

12. Pajonk F, Vlashi E, McBride WH. Radiation Resistance of Cancer Stem
Cells: The 4 R’s of Radiobiology Revisited. Stem Cells (2010) 28(4):639–48.
doi: 10.1002/stem.318

13. Schulz A, Meyer F, Dubrovska A, Borgmann K. Cancer Stem Cells and
Radioresistance: Dna Repair and Beyond. Cancers (Basel) (2019) 11(6):862.
doi: 10.3390/cancers11060862

14. Baumann M, Krause M, Hill R. Exploring the Role of Cancer Stem Cells in
Radioresistance. Nat Rev Cancer (2008) 8(7):545–54. doi: 10.1038/nrc2419

15. Clarke MF, Dick JE, Dirks PB, Eaves CJ, Jamieson CH, Jones DL, et al.
Cancer Stem Cells–Perspectives on Current Status and Future Directions:
AACR Workshop on Cancer Stem Cells. Cancer Res (2006) 66(19):9339–44.
doi: 10.1158/0008-5472.CAN-06-3126
June 2021 | Volume 11 | Article 662840

https://doi.org/10.1038/nrc1451
https://doi.org/10.1002/cncr.21324
https://doi.org/10.1016/S0009-9260(67)80077-1
https://doi.org/10.1016/S0009-9260(67)80077-1
https://doi.org/10.1634/theoncologist.2012-0316
https://doi.org/10.1634/theoncologist.2012-0316
https://doi.org/10.1007/s11934-019-0918-0
https://doi.org/10.1007/s11934-019-0918-0
https://doi.org/10.3389/fphys.2013.00212
https://doi.org/10.1093/jrr/rrw030
https://doi.org/10.3389/fonc.2019.01213
https://doi.org/10.1080/09553008914552491
https://doi.org/10.1016/B978-0-12-035405-4.50012-8
https://doi.org/10.1080/095530098142248
https://doi.org/10.1002/stem.318
https://doi.org/10.3390/cancers11060862
https://doi.org/10.1038/nrc2419
https://doi.org/10.1158/0008-5472.CAN-06-3126
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Galeaz et al. Transcription Factors-Mediated Radiation Resistance
16. Vlashi E, Pajonk F. Cancer Stem Cells, Cancer Cell Plasticity and Radiation
Therapy. Semin Cancer Biol (2015) 31:28–35. doi: 10.1016/j.semcancer.2014.
07.001

17. Murata K, Saga R, Monzen S, Tsuruga E, Hasegawa K, Hosokawa Y.
Understanding the Mechanism Underlying the Acquisition of
Radioresistance in Human Prostate Cancer Cells. Oncol Lett (2019) 17
(6):5830–8. doi: 10.3892/ol.2019.10219

18. Balmukhanov SB, Yefimov ML, Kleinbock TS. Acquired Radioresistance of
Tumour Cells. Nature (1967) 216(5116):709–11. doi: 10.1038/216709a0

19. Akira S, Nishio Y, Inoue M, Wang XJ, Wei S, Matsusaka T, et al. Molecular
Cloning of APRF, a Novel IFN-Stimulated Gene Factor 3 p91-Related
Transcription Factor Involved in the gp130-mediated Signaling Pathway.
Cell (1994) 77(1):63–71. doi: 10.1016/0092-8674(94)90235-6

20. Zhong Z, Wen Z, Darnell JEJr. Stat3: A STAT Family Member Activated by
Tyrosine Phosphorylation in Response to Epidermal Growth Factor and
Interleukin-6. Science (1994) 264(5155):95–8. doi: 10.1126/science.8140422

21. Ren Z, Mao X, Mertens C, Krishnaraj R, Qin J, Mandal PK, et al. Crystal
Structure of Unphosphorylated STAT3 Core Fragment. Biochem Biophys Res
Commun (2008) 374(1):1–5. doi: 10.1016/j.bbrc.2008.04.049

22. Aggarwal BB, Kunnumakkara AB, Harikumar KB, Gupta SR, Tharakan ST,
Koca C, et al. Signal Transducer and Activator of Transcription-3,
Inflammation, and Cancer: How Intimate Is the Relationship? Ann NY
Acad Sci (2009) 1171:59–76. doi: 10.1111/j.1749-6632.2009.04911.x

23. Deorukhkar A, Krishnan S. Targeting Inflammatory Pathways for Tumor
Radiosensitization. Biochem Pharmacol (2010) 80(12):1904–14. doi:
10.1016/j.bcp.2010.06.039

24. Baeuerle PA, Henkel T. Function and Activation of NF-Kappa B in the
Immune System. Annu Rev Immunol (1994) 12:141–79. doi: 10.1146/
annurev.iy.12.040194.001041

25. Sonenshein GE. Rel/NF-kappa B Transcription Factors and the Control of
Apoptosis. Semin Cancer Biol (1997) 8(2):113–9. doi: 10.1006/scbi.1997.
0062

26. Karin M. Nuclear Factor-kappaB in Cancer Development and Progression.
Nature (2006) 441(7092):431–6. doi: 10.1038/nature04870

27. Beg AA, Ruben SM, Scheinman RI, Haskill S, Rosen CA, Baldwin ASJr.
I kappa B Interacts With the Nuclear Localization Sequences of the Subunits
of NF-kappa B: A Mechanism for Cytoplasmic Retention. Genes Dev (1992)
6(10):1899–913. doi: 10.1101/gad.6.10.1899

28. Traenckner EB, Pahl HL, Henkel T, Schmidt KN, Wilk S, Baeuerle PA.
Phosphorylation of Human I Kappa B-Alpha on Serines 32 and 36 Controls
I Kappa B-Alpha Proteolysis and NF-Kappa B Activation in Response to
Diverse Stimuli. EMBO J (1995) 14(12):2876–83. doi: 10.1002/j.1460-
2075.1995.tb07287.x

29. Xiao G, Harhaj EW, Sun SC. Nf-KappaB-Inducing Kinase Regulates the
Processing of NF-KappaB2 P100. Mol Cell (2001) 7(2):401–9. doi: 10.1016/
S1097-2765(01)00187-3

30. Aggarwal BB, Sethi G, Nair A, Ichikawa H. Nuclear Factor-kappa B: A Holy
Grail in Cancer Prevention and Therapy. Curr Signal Transd T (2006) 1
(1):25–52. doi: 10.2174/157436206775269235

31. Powell S, McMillan TJ. DNADamage and Repair Following TreatmentWith
Ionizing Radiation. Radiother Oncol (1990) 19(2):95–108. doi: 10.1016/
0167-8140(90)90123-E

32. Zhou SN, Ye WG, Shao QJ, Zhang MX, Liang J. Nrf2 Is a Potential
Therapeutic Target in Radioresistance in Human Cancer. Crit Rev Oncol
Hemat (2013) 88(3):706–15. doi: 10.1016/j.critrevonc.2013.09.001

33. Borek C. Antioxidants and Radiation Therapy. J Nutr (2004) 134(11):3207S–
9S. doi: 10.1093/jn/134.11.3207S

34. Ciccarese F, Ciminale V. Escaping Death: Mitochondrial Redox Homeostasis
in Cancer Cells. Front Oncol (2017) 7:117. doi: 10.3389/fonc.2017.00117

35. Kobayashi A, Kang MI, Okawa H, Ohtsuji M, Zenke Y, Chiba T, et al.
Oxidative Stress Sensor Keap1 Functions as an Adaptor for Cul3-Based E3
Ligase to Regulate for Proteasomal Degradation of Nrf2.Mol Cell Biol (2004)
24(16):7130–9. doi: 10.1128/MCB.24.16.7130-7139.2004

36. Kobayashi M, Yamamoto M. Nrf2-Keap1 Regulation of Cellular Defense
Mechanisms Against Electrophiles and Reactive Oxygen Species. Adv
Enzyme Regul (2006) 46:113–40. doi: 10.1016/j.advenzreg.2006.01.007

37. Wu S, Lu H, Bai Y. Nrf2 in Cancers: A Double-Edged Sword. Cancer Med
(2019) 8(5):2252–67. doi: 10.1002/cam4.2101
Frontiers in Oncology | www.frontiersin.org 18
38. Menegon S, Columbano A, Giordano S. The Dual Roles of NRF2 in Cancer.
Trends Mol Med (2016) 22(7):578–93. doi: 10.1016/j.molmed.2016.05.002

39. Brown JM, Giaccia AJ. The Unique Physiology of Solid Tumors: Opportunities
(and Problems) for Cancer Therapy. Cancer Res (1998) 58(7):1408–16.

40. Hirota K, Semenza GL. Regulation of Hypoxia-Inducible Factor 1 by Prolyl
and Asparaginyl Hydroxylases. Biochem Biophys Res Commun (2005) 338
(1):610–6. doi: 10.1016/j.bbrc.2005.08.193

41. Brahimi-Horn MC, Chiche J, Pouyssegur J. Hypoxia Signalling Controls
Metabolic Demand. Curr Opin Cell Biol (2007) 19(2):223–9. doi: 10.1016/
j.ceb.2007.02.003

42. Dean M. ABC Transporters, Drug Resistance, and Cancer Stem Cells.
J Mammary Gland Biol Neoplasia (2009) 14(1):3–9. doi: 10.1007/s10911-
009-9109-9

43. Wang WJ, Wu SP, Liu JB, Shi YS, Huang X, Zhang QB, et al. MYC
Regulation of CHK1 and CHK2 Promotes Radioresistance in a Stem Cell-
Like Population of Nasopharyngeal Carcinoma Cells. Cancer Res (2013) 73
(3):1219–31. doi: 10.1158/0008-5472.CAN-12-1408

44. Carruthers R, Ahmed SU, Strathdee K, Gomez-Roman N, Amoah-Buahin E,
Watts C, et al. Abrogation of Radioresistance in Glioblastoma Stem-Like
Cells by Inhibition of ATM Kinase. Mol Oncol (2015) 9(1):192–203. doi:
10.1016/j.molonc.2014.08.003

45. Trachootham D, Alexandre J, Huang P. Targeting Cancer Cells by ROS-
mediated Mechanisms: A Radical Therapeutic Approach? Nat Rev Drug
Discovery (2009) 8(7):579–91. doi: 10.1038/nrd2803

46. Olivares-Urbano MA, Grinan-Lison C, Marchal JA, Nunez MI. Csc
Radioresistance: A Therapeutic Challenge to Improve Radiotherapy
Effectiveness in Cancer. Cells (2020) 9(7):1651. doi: 10.3390/cells
9071651

47. Shimura T, Kakuda S, Ochiai Y, Nakagawa H, Kuwahara Y, Takai Y, et al.
Acquired Radioresistance of Human Tumor Cells by DNA-PK/AKT/
GSK3beta-Mediated Cyclin D1 Overexpression. Oncogene (2010) 29
(34):4826–37. doi: 10.1038/onc.2010.238

48. Chang L, Graham PH, Hao J, Ni J, Bucci J, Cozzi PJ, et al. Acquisition of
Epithelial-Mesenchymal Transition and Cancer Stem Cell Phenotypes is
Associated With Activation of the PI3K/Akt/mTOR Pathway in Prostate
Cancer Radioresistance. Cell Death Dis (2013) 4:e875. doi: 10.1038/
cddis.2013.407

49. Chen H, Ma Z, Vanderwaal RP, Feng Z, Gonzalez-Suarez I, Wang S, et al.
The mTOR Inhibitor Rapamycin Suppresses DNA Double-Strand Break
Repair. Radiat Res (2011) 175(2):214–24. doi: 10.1667/RR2323.1

50. Singh SK, Clarke ID, Terasaki M, Bonn VE, Hawkins C, Squire J, et al.
Identification of a Cancer Stem Cell in Human Brain Tumors. Cancer Res
(2003) 63(18):5821–8.

51. Bidlingmaier S, Zhu X, Liu B. The Utility and Limitations of Glycosylated
Human CD133 Epitopes in Defining Cancer Stem Cells. J Mol Med (Berl)
(2008) 86(9):1025–32. doi: 10.1007/s00109-008-0357-8

52. Al-Hajj M, Wicha MS, Benito-Hernandez A, Morrison SJ, Clarke MF.
Prospective Identification of Tumorigenic Breast Cancer Cells. Proc Natl
Acad Sci USA (2003) 100(7):3983–8. doi: 10.1073/pnas.0530291100

53. Phillips TM, McBride WH, Pajonk F. The Response of CD24(-/low)/CD44+
Breast Cancer-Initiating Cells to Radiation. J Natl Cancer Inst (2006) 98
(24):1777–85. doi: 10.1093/jnci/djj495

54. Vlashi E, Kim K, Lagadec C, Donna LD, McDonald JT, Eghbali M, et al. In
Vivo Imaging, Tracking, and Targeting of Cancer Stem Cells. J Natl Cancer
Inst (2009) 101(5):350–9. doi: 10.1093/jnci/djn509

55. Pan J, Zhang Q, Wang YA, You M. 26s Proteasome Activity Is Down-
Regulated in Lung Cancer Stem-Like Cells Propagated In Vitro. PloS One
(2010) 5(10):e13298. doi: 10.1371/journal.pone.0013298

56. Lagadec C, Vlashi E, Bhuta S, Lai C, Mischel P, Werner M, et al. Tumor Cells
With Low Proteasome Subunit Expression Predict Overall Survival in Head
and Neck Cancer Patients. BMC Cancer (2014) 14:152. doi: 10.1186/1471-
2407-14-152

57. Takahashi K, Yamanaka S. Induction of Pluripotent Stem Cells From Mouse
Embryonic and Adult Fibroblast Cultures by Defined Factors. Cell (2006)
126(4):663–76. doi: 10.1016/j.cell.2006.07.024

58. Yu J, Vodyanik MA, Smuga-Otto K, Antosiewicz-Bourget J, Frane JL, Tian S,
et al. Induced Pluripotent Stem Cell Lines Derived From Human Somatic
Cells. Science (2007) 318(5858):1917–20. doi: 10.1126/science.1151526
June 2021 | Volume 11 | Article 662840

https://doi.org/10.1016/j.semcancer.2014.07.001
https://doi.org/10.1016/j.semcancer.2014.07.001
https://doi.org/10.3892/ol.2019.10219
https://doi.org/10.1038/216709a0
https://doi.org/10.1016/0092-8674(94)90235-6
https://doi.org/10.1126/science.8140422
https://doi.org/10.1016/j.bbrc.2008.04.049
https://doi.org/10.1111/j.1749-6632.2009.04911.x
https://doi.org/10.1016/j.bcp.2010.06.039
https://doi.org/10.1146/annurev.iy.12.040194.001041
https://doi.org/10.1146/annurev.iy.12.040194.001041
https://doi.org/10.1006/scbi.1997.0062
https://doi.org/10.1006/scbi.1997.0062
https://doi.org/10.1038/nature04870
https://doi.org/10.1101/gad.6.10.1899
https://doi.org/10.1002/j.1460-2075.1995.tb07287.x
https://doi.org/10.1002/j.1460-2075.1995.tb07287.x
https://doi.org/10.1016/S1097-2765(01)00187-3
https://doi.org/10.1016/S1097-2765(01)00187-3
https://doi.org/10.2174/157436206775269235
https://doi.org/10.1016/0167-8140(90)90123-E
https://doi.org/10.1016/0167-8140(90)90123-E
https://doi.org/10.1016/j.critrevonc.2013.09.001
https://doi.org/10.1093/jn/134.11.3207S
https://doi.org/10.3389/fonc.2017.00117
https://doi.org/10.1128/MCB.24.16.7130-7139.2004
https://doi.org/10.1016/j.advenzreg.2006.01.007
https://doi.org/10.1002/cam4.2101
https://doi.org/10.1016/j.molmed.2016.05.002
https://doi.org/10.1016/j.bbrc.2005.08.193
https://doi.org/10.1016/j.ceb.2007.02.003
https://doi.org/10.1016/j.ceb.2007.02.003
https://doi.org/10.1007/s10911-009-9109-9
https://doi.org/10.1007/s10911-009-9109-9
https://doi.org/10.1158/0008-5472.CAN-12-1408
https://doi.org/10.1016/j.molonc.2014.08.003
https://doi.org/10.1038/nrd2803
https://doi.org/10.3390/cells9071651
https://doi.org/10.3390/cells9071651
https://doi.org/10.1038/onc.2010.238
https://doi.org/10.1038/cddis.2013.407
https://doi.org/10.1038/cddis.2013.407
https://doi.org/10.1667/RR2323.1
https://doi.org/10.1007/s00109-008-0357-8
https://doi.org/10.1073/pnas.0530291100
https://doi.org/10.1093/jnci/djj495
https://doi.org/10.1093/jnci/djn509
https://doi.org/10.1371/journal.pone.0013298
https://doi.org/10.1186/1471-2407-14-152
https://doi.org/10.1186/1471-2407-14-152
https://doi.org/10.1016/j.cell.2006.07.024
https://doi.org/10.1126/science.1151526
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Galeaz et al. Transcription Factors-Mediated Radiation Resistance
59. Gustafsson MV, Zheng X, Pereira T, Gradin K, Jin S, Lundkvist J, et al.
Hypoxia Requires Notch Signaling to Maintain the Undifferentiated Cell
State. Dev Cell (2005) 9(5):617–28. doi: 10.1016/j.devcel.2005.09.010

60. Peitzsch C, Perrin R, Hill RP, Dubrovska A, Kurth I. Hypoxia as a Biomarker
for Radioresistant Cancer Stem Cells. Int J Radiat Biol (2014) 90(8):636–52.
doi: 10.3109/09553002.2014.916841

61. Luo Y, Li M, Zuo X, Basourakos SP, Zhang J, Zhao J, et al. Betacatenin
Nuclear Translocation Induced by HIF1alpha Overexpression Leads to the
Radioresistance of Prostate Cancer. Int J Oncol (2018) 52(6):1827–40. doi:
10.3892/ijo.2018.4368

62. Guzman ML, Neering SJ, Upchurch D, Grimes B, Howard DS, Rizzieri DA,
et al. Nuclear Factor-kappaB Is Constitutively Activated in Primitive Human
Acute Myelogenous Leukemia Cells. Blood (2001) 98(8):2301–7. doi:
10.1182/blood.V98.8.2301

63. Liu M, Sakamaki T, Casimiro MC, Willmarth NE, Quong AA, Ju X, et al.
The Canonical NF-KappaB Pathway Governs Mammary Tumorigenesis in
Transgenic Mice and Tumor Stem Cell Expansion. Cancer Res (2010) 70
(24):10464–73. doi: 10.1158/0008-5472.CAN-10-0732

64. Ding SJ, Li CB, Cheng NH, Cui XJ, Xu XL, Zhou GH. Redox Regulation in
Cancer Stem Cells. Oxid Med Cell Longev (2015) 2015:750798. doi: 10.1155/
2015/750798

65. Qin J, Liu Y, Lu Y, Liu M, Li M, Li J, et al. Hypoxia-Inducible Factor 1 Alpha
Promotes Cancer Stem Cells-Like Properties in Human Ovarian Cancer
Cells by Upregulating SIRT1 Expression. Sci Rep (2017) 7(1):10592. doi:
10.1038/s41598-017-09244-8

66. Capalbo G, Dittmann K, Weiss C, Reichert S, Hausmann E, Rodel C, et al.
Radiation-Induced Survivin Nuclear Accumulation Is Linked to DNA
Damage Repair. Int J Radiat Oncol (2010) 77(1):226–34. doi: 10.1016/
j.ijrobp.2009.12.001

67. Arnold KM, Opdenaker LM, Flynn NJ, Appeah DK, Sims-Mourtada J.
Radiation Induces an Inflammatory Response That Results in STAT3-
dependent Changes in Cellular Plasticity and Radioresistance of Breast
Cancer Stem-Like Cells. Int J Radiat Biol (2020) 96(4):434–47. doi:
10.1080/09553002.2020.1705423

68. Lagadec C, Vlashi E, Della Donna L, Dekmezian C, Pajonk F. Radiation-
Induced Reprogramming of Breast Cancer Cells. Stem Cells (2012) 30
(5):833–44. doi: 10.1002/stem.1058

69. Zhu J, Wang H, Fan Y, Hu Y, Ji X, Sun Q, et al. Knockdown of Nuclear
Factor Erythroid 2-Related Factor 2 by Lentivirus Induces Differentiation of
Glioma Stem-Like Cells. Oncol Rep (2014) 32(3):1170–8. doi: 10.3892/
or.2014.3320

70. Ryoo IG, Lee SH, Kwak MK. Redox Modulating Nrf2: A Potential Mediator
of Cancer Stem Cell Resistance. Oxid Med Cell Longev (2016) 2016:2428153.
doi: 10.1155/2016/2428153

71. Otero DC, Poli V, David M, Rickert RC. Cutting Edge: Inherent and
Acquired Resistance to Radiation-Induced Apoptosis in B Cells: A Pivotal
Role for STAT3. J Immunol (2006) 177(10):6593–7. doi: 10.4049/
jimmunol.177.10.6593

72. Lin JC, Tsai JT, Chao TY, Ma HI, Liu WH. The STAT3/Slug Axis Enhances
Radiation-Induced Tumor Invasion and Cancer Stem-Like Properties in
Radioresistant Glioblastoma. Cancers (2018) 10(12):512. doi: 10.3390/
cancers10120512

73. Xie B, Zhang L, Hu W, Fan M, Jiang N, Duan Y, et al. Dual Blockage of
STAT3 and ERK1/2 Eliminates Radioresistant GBM Cells. Redox Biol (2019)
24:101189. doi: 10.1016/j.redox.2019.101189

74. Kim JS, Kim HA, Seong MK, Seol H, Oh JS, Kim EK, et al. STAT3-Survivin
Signaling Mediates a Poor Response to Radiotherapy in HER2-Positive Breast
Cancers. Oncotarget (2016) 7(6):7055–65. doi: 10.18632/oncotarget.6855

75. Chen CC, ChenWC, Lu CH, WangWH, Lin PY, Lee KD, et al. Significance of
Interleukin-6 Signaling in the Resistance of Pharyngeal Cancer to Irradiation
and the Epidermal Growth Factor Receptor Inhibitor. Int J Radiat Oncol
Biology Phys (2010) 76(4):1214–24. doi: 10.1016/j.ijrobp.2009.09.059

76. Chen MF, Hsieh CC, Chen WC, Lai CH. Role of Interleukin-6 in the
Radiation Response of Liver Tumors. Int J Radiat Oncol Biology Phys (2012)
84(5):e621–30. doi: 10.1016/j.ijrobp.2012.07.2360

77. Wu CT, Chen MF, Chen WC, Hsieh CC. The Role of IL-6 in the Radiation
Response of Prostate Cancer. Radiat Oncol (2013) 8:159. doi: 10.1186/1748-
717X-8-159
Frontiers in Oncology | www.frontiersin.org 19
78. Ouedraogo ZG, Muller-Barthelemy M, Kemeny JL, Dedieu V, Biau J, Khalil
T, et al. STAT3 Serine 727 Phosphorylation: A Relevant Target to
Radiosensitize Human Glioblastoma. Brain Pathol (2016) 26(1):18–30.
doi: 10.1111/bpa.12254

79. Yi FT, Lu QP. Mucin 1 Promotes Radioresistance in Hepatocellular
Carcinoma Cells Through Activation of JAK2/STAT3 Signaling. Oncol
Lett (2017) 14(6):7571–6. doi: 10.3892/ol.2017.7119

80. Nath S, Mukherjee P. MUC1: A Multifaceted Oncoprotein With a Key Role
in Cancer Progression. Trends Mol Med (2014) 20(6):332–42. doi: 10.1016/
j.molmed.2014.02.007

81. Shen L, Ke Q, Chai J, Zhang C, Qiu L, Peng F, et al. PAG1 Promotes the
Inherent Radioresistance of Laryngeal Cancer Cells Via Activation of
STAT3. Exp Cell Res (2018) 370(1):127–36. doi: 10.1016/j.yexcr.2018.06.014

82. Lu L, Dong J, Wang L, Xia Q, Zhang D, Kim H, et al. Activation of STAT3 and
Bcl-2 and Reduction of Reactive Oxygen Species (ROS) Promote Radioresistance
in Breast Cancer and Overcome of Radioresistance With Niclosamide.Oncogene
(2018) 37(39):5292–304. doi: 10.1038/s41388-018-0340-y

83. Mencalha AL, Binato R, Ferreira GM, Du Rocher B, Abdelhay E. Forkhead
BoxM1 (Foxm1) Gene Is a New STAT3 Transcriptional Factor Target and Is
Essential for Proliferation, Survival and DNA Repair of K562 Cell Line. PloS
One (2012) 7(10):e48160. doi: 10.1371/journal.pone.0048160

84. Maachani UB, Shankavaram U, Kramp T, Tofilon PJ, Camphausen K,
Tandle AT. FOXM1 and STAT3 Interaction Confers Radioresistance in
Glioblastoma Cells. Oncotarget (2016) 7(47):77365–77. doi: 10.18632/
oncotarget.12670

85. Xiu G, Sui X, Wang Y, Zhang Z. FOXM1 Regulates Radiosensitivity of Lung
Cancer Cell Partly by Upregulating KIF20A. Eur J Pharmacol (2018) 833:79–
85. doi: 10.1016/j.ejphar.2018.04.021

86. Kambach DM, Sodi VL, Lelkes PI, Azizkhan-Clifford J, Reginato MJ. ErbB2,
FoxM1 and 14-3-3zeta Prime Breast Cancer Cells for Invasion in Response
to Ionizing Radiation. Oncogene (2014) 33(5):589–98. doi: 10.1038/
onc.2012.629

87. Asanuma K, Moriai R, Yajima T, Yagihashi A, Yamada M, Kobayashi D,
et al. Survivin as a Radioresistance Factor in Pancreatic Cancer. Jpn J Cancer
Res (2000) 91(11):1204–9. doi: 10.1111/j.1349-7006.2000.tb00906.x

88. Zhang K, Zhang B, Lu Y, Sun C, Zhao W, Jiao X, et al. Slug Inhibition
Upregulates Radiation-Induced PUMA Activity Leading to Apoptosis in
Cholangiocarcinomas. Med Oncol (2011) 28 Suppl 1:S301–9. doi: 10.1007/
s12032-010-9759-x

89. Jiang F, Zhou L, Wei C, Zhao W, Yu D. Slug Inhibition Increases
Radiosensitivity of Oral Squamous Cell Carcinoma Cells by Upregulating
PUMA. Int J Oncol (2016) 49(2):709–19. doi: 10.3892/ijo.2016.3570

90. Park SY, Lee CJ, Choi JH, Kim JH, Kim JW, Kim JY, et al. The JAK2/STAT3/
CCND2 Axis Promotes Colorectal Cancer Stem Cell Persistence and
Radioresistance. J Exp Clin Cancer Res (2019) 38(1):399. doi: 10.1186/
s13046-019-1405-7

91. Gong AH, Wei P, Zhang S, Yao J, Yuan Y, Zhou AD, et al. Foxm1 Drives a
Feed-Forward Stat3-Activation Signaling Loop That Promotes the Self-
Renewal and Tumorigenicity of Glioblastoma Stem-Like Cells. Cancer Res
(2015) 75(11):2337–48. doi: 10.1158/0008-5472.CAN-14-2800

92. Halasi M, Gartel AL. A Novel Mode of FoxM1 Regulation: Positive Auto-
Regulatory Loop. Cell Cycle (2009) 8(12):1966–7. doi: 10.4161/cc.8.12.8708

93. Lau YK, Ramaiyer M, Johnson DE, Grandis JR. Targeting STAT3 in Cancer
With Nucleotide Therapeutics. Cancers (Basel) (2019) 11(11):1681. doi:
10.3390/cancers11111681

94. Yang L, Lin S, Xu L, Lin J, Zhao C, Huang X. Novel Activators and Small-
Molecule Inhibitors of STAT3 in Cancer. Cytokine Growth Factor Rev (2019)
49:10–22. doi: 10.1016/j.cytogfr.2019.10.005

95. Nagaraju GP, Farran B, Farren M, Chalikonda G, Wu C, Lesinski GB, et al.
Napabucasin (BBI 608), a Potent Chemoradiosensitizer in Rectal Cancer.
Cancer (2020) 126(14):3360–71. doi: 10.1002/cncr.32954

96. Ma JX, Ye LP, Da MX, Wang XP. Heavy Ion Irradiation Increases Apoptosis
and STAT-3 Expression, Led to the Cells Arrested at G2/M Phase in Human
Hepatoma SMMC-7721 Cells.Mol Cell Biochem (2009) 328(1-2):17–23. doi:
10.1007/s11010-009-0069-6

97. Li N, Karin M. Ionizing Radiation and Short Wavelength UV Activate NF-
KappaB Through Two Distinct Mechanisms. Proc Natl Acad Sci USA (1998)
95(22):13012–7. doi: 10.1073/pnas.95.22.13012
June 2021 | Volume 11 | Article 662840

https://doi.org/10.1016/j.devcel.2005.09.010
https://doi.org/10.3109/09553002.2014.916841
https://doi.org/10.3892/ijo.2018.4368
https://doi.org/10.1182/blood.V98.8.2301
https://doi.org/10.1158/0008-5472.CAN-10-0732
https://doi.org/10.1155/2015/750798
https://doi.org/10.1155/2015/750798
https://doi.org/10.1038/s41598-017-09244-8
https://doi.org/10.1016/j.ijrobp.2009.12.001
https://doi.org/10.1016/j.ijrobp.2009.12.001
https://doi.org/10.1080/09553002.2020.1705423
https://doi.org/10.1002/stem.1058
https://doi.org/10.3892/or.2014.3320
https://doi.org/10.3892/or.2014.3320
https://doi.org/10.1155/2016/2428153
https://doi.org/10.4049/jimmunol.177.10.6593
https://doi.org/10.4049/jimmunol.177.10.6593
https://doi.org/10.3390/cancers10120512
https://doi.org/10.3390/cancers10120512
https://doi.org/10.1016/j.redox.2019.101189
https://doi.org/10.18632/oncotarget.6855
https://doi.org/10.1016/j.ijrobp.2009.09.059
https://doi.org/10.1016/j.ijrobp.2012.07.2360
https://doi.org/10.1186/1748-717X-8-159
https://doi.org/10.1186/1748-717X-8-159
https://doi.org/10.1111/bpa.12254
https://doi.org/10.3892/ol.2017.7119
https://doi.org/10.1016/j.molmed.2014.02.007
https://doi.org/10.1016/j.molmed.2014.02.007
https://doi.org/10.1016/j.yexcr.2018.06.014
https://doi.org/10.1038/s41388-018-0340-y
https://doi.org/10.1371/journal.pone.0048160
https://doi.org/10.18632/oncotarget.12670
https://doi.org/10.18632/oncotarget.12670
https://doi.org/10.1016/j.ejphar.2018.04.021
https://doi.org/10.1038/onc.2012.629
https://doi.org/10.1038/onc.2012.629
https://doi.org/10.1111/j.1349-7006.2000.tb00906.x
https://doi.org/10.1007/s12032-010-9759-x
https://doi.org/10.1007/s12032-010-9759-x
https://doi.org/10.3892/ijo.2016.3570
https://doi.org/10.1186/s13046-019-1405-7
https://doi.org/10.1186/s13046-019-1405-7
https://doi.org/10.1158/0008-5472.CAN-14-2800
https://doi.org/10.4161/cc.8.12.8708
https://doi.org/10.3390/cancers11111681
https://doi.org/10.1016/j.cytogfr.2019.10.005
https://doi.org/10.1002/cncr.32954
https://doi.org/10.1007/s11010-009-0069-6
https://doi.org/10.1073/pnas.95.22.13012
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Galeaz et al. Transcription Factors-Mediated Radiation Resistance
98. Li F, Sethi G. Targeting Transcription Factor NF-KappaB to Overcome
Chemoresistance and Radioresistance in Cancer Therapy. Biochim Biophys
Acta (2010) 1805(2):167–80. doi: 10.1016/j.bbcan.2010.01.002

99. Cao N, Li S, Wang Z, Ahmed KM, Degnan ME, Fan M, et al. NF-kappaB-
Mediated HER2 Overexpression in Radiation-Adaptive Resistance. Radiat
Res (2009) 171(1):9–21. doi: 10.1667/RR1472.1

100. Ahmed KM, Li JJ. NF-kappa B-mediated Adaptive Resistance to Ionizing
Radiation. Free Radic Biol Med (2008) 44(1):1–13. doi: 10.1016/
j.freeradbiomed.2007.09.022

101. Inoue J, Ishida T, Tsukamoto N, Kobayashi N, Naito A, Azuma S, et al.
Tumor Necrosis Factor Receptor-Associated Factor (TRAF) Family: Adapter
Proteins That Mediate Cytokine Signaling. Exp Cell Res (2000) 254(1):14–24.
doi: 10.1006/excr.1999.4733

102. Ling L, Cao Z, Goeddel DV. NF-KappaB-Inducing Kinase Activates IKK-
Alpha by Phosphorylation of Ser-176. Proc Natl Acad Sci USA (1998) 95
(7):3792–7. doi: 10.1073/pnas.95.7.3792

103. Shiloh Y. The ATM-Mediated DNA-Damage Response: Taking Shape.
Trends Biochem Sci (2006) 31(7):402–10. doi: 10.1016/j.tibs.2006.05.004

104. Miyamoto S. Nuclear Initiated NF-KappaB Signaling: NEMO and ATM
Take Center Stage. Cell Res (2011) 21(1):116–30. doi: 10.1038/cr.2010.179

105. Li N, Banin S, Ouyang H, Li GC, Courtois G, Shiloh Y, et al. ATM is
Required for IkappaB Kinase (IKKk) Activation in Response to DNA Double
Strand Breaks. J Biol Chem (2001) 276(12):8898–903. doi: 10.1074/
jbc.M009809200

106. Holley AK, Xu Y, St Clair DK, St Clair WH. Relb Regulates Manganese
Superoxide Dismutase Gene and Resistance to Ionizing Radiation of Prostate
Cancer Cells. Ann NY Acad Sci (2010) 1201:129–36. doi: 10.1111/j.1749-
6632.2010.05613.x

107. Hellweg CE, Spitta LF, Henschenmacher B, Diegeler S, Baumstark-Khan C.
Transcription Factors in the Cellular Response to Charged Particle Exposure.
Front Oncol (2016) 6:61. doi: 10.3389/fonc.2016.00061

108. Fan M, Ahmed KM, Coleman MC, Spitz DR, Li JJ. Nuclear Factor-kappaB
and Manganese Superoxide Dismutase Mediate Adaptive Radioresistance in
Low-Dose Irradiated Mouse Skin Epithelial Cells. Cancer Res (2007) 67
(7):3220–8. doi: 10.1158/0008-5472.CAN-06-2728

109. Xu Y, Kiningham KK, Devalaraja MN, Yeh CC, Majima H, Kasarskis EJ,
et al. An Intronic NF-kappaB Element Is Essential for Induction of the
Human Manganese Superoxide Dismutase Gene by Tumor Necrosis Factor-
Alpha and Interleukin-1beta. DNA Cell Biol (1999) 18(9):709–22. doi:
10.1089/104454999314999

110. Wan XS, Devalaraja MN, St Clair DK. Molecular Structure and Organization
of the HumanManganese Superoxide Dismutase Gene. DNA Cell Biol (1994)
13(11):1127–36. doi: 10.1089/dna.1994.13.1127

111. Catz SD, Johnson JL. Transcriptional Regulation of bcl-2 by Nuclear Factor
kappa B and Its Significance in Prostate Cancer. Oncogene (2001) 20
(50):7342–51. doi: 10.1038/sj.onc.1204926

112. Mackey TJ, Borkowski A, Amin P, Jacobs SC, Kyprianou N. bcl-2/bax Ratio
as a Predictive Marker for Therapeutic Response to Radiotherapy in Patients
With Prostate Cancer. Urology (1998) 52(6):1085–90. doi: 10.1016/S0090-
4295(98)00360-4

113. Nix P, Cawkwell L, Patmore H, Greenman J, Stafford N. Bcl-2 Expression
Predicts Radiotherapy Failure in Laryngeal Cancer. Br J Cancer (2005) 92
(12):2185–9. doi: 10.1038/sj.bjc.6602647

114. Gallo O, Boddi V, Calzolari A, Simonetti L, Trovati M, Bianchi S. bcl-2 Protein
Expression Correlates With Recurrence and Survival in Early Stage Head and
Neck Cancer Treated by Radiotherapy. Clin Cancer Res (1996) 2(2):261–7.

115. Kucharczak J, Simmons MJ, Fan Y, Gelinas C. To be, or Not to be: NF-
kappaB Is the Answer–Role of Rel/NF-kappaB in the Regulation of
Apoptosis. Oncogene (2003) 22(56):8961–82. doi: 10.1038/sj.onc.1207230

116. Chen X, Shen B, Xia L, Khaletzkiy A, Chu D, Wong JY, et al. Activation of
Nuclear Factor kappaB in Radioresistance of TP53-Inactive Human
Keratinocytes. Cancer Res (2002) 62(4):1213–21.

117. Wang CY, Mayo MW, Baldwin AS Jr. TNF- and Cancer Therapy-Induced
Apoptosis: Potentiation by Inhibition of NF-kappaB. Science (1996) 274
(5288):784–7. doi: 10.1126/science.274.5288.784

118. Otaki M, HatanoM, Kobayashi K, Ogasawara T, Kuriyama T, Tokuhisa T. Cell
Cycle-Dependent Regulation of TIAP/m-Survivin Expression. Biochim Biophys
Acta (2000) 1493: (1-2):188–94. doi: 10.1016/S0167-4781(00)00142-1
Frontiers in Oncology | www.frontiersin.org 20
119. Altieri DC. Validating Survivin as a Cancer Therapeutic Target. Nat Rev
Cancer (2003) 3(1):46–54. doi: 10.1038/nrc968

120. Tran J, Master Z, Yu JL, Rak J, Dumont DJ, Kerbel RS. A Role for Survivin in
Chemoresistance of Endothelial Cells Mediated by VEGF. Proc Natl Acad Sci
USA (2002) 99(7):4349–54. doi: 10.1073/pnas.072586399

121. Baldwin AS. Control of Oncogenesis and Cancer Therapy Resistance by the
Transcription Factor NF-KappaB. J Clin Invest (2001) 107(3):241–6. doi:
10.1172/JCI11991

122. Diehl JA. Cycling to Cancer With Cyclin D1. Cancer Biol Ther (2002) 1
(3):226–31. doi: 10.4161/cbt.72

123. Guttridge DC, Albanese C, Reuther JY, Pestell RG, Baldwin AS Jr. NF-
KappaB Controls Cell Growth and Differentiation Through Transcriptional
Regulation of Cyclin D1. Mol Cell Biol (1999) 19(8):5785–99. doi: 10.1128/
MCB.19.8.5785

124. Maity A, Hwang A, Janss A, Phillips P, McKenna WG, Muschel RJ. Delayed
Cyclin B1 Expression During the G2 Arrest Following DNA Damage.
Oncogene (1996) 13(8):1647–57.

125. Dong Y, Sui L, Watanabe Y, Sugimoto K, Tokuda M. Clinical Relevance of
Cyclin B1 Overexpression in Laryngeal Squamous Cell Carcinoma. Cancer
Lett (2002) 177(1):13–9. doi: 10.1016/S0304-3835(01)00770-4

126. Takeno S, Noguchi T, Kikuchi R, Uchida Y, Yokoyama S, Muller W.
Prognostic Value of Cyclin B1 in Patients With Esophageal Squamous Cell
Carcinoma. Cancer (2002) 94(11):2874–81. doi: 10.1002/cncr.10542

127. Li JQ, Kubo A, Wu F, Usuki H, Fujita J, Bandoh S, et al. Cyclin B1, Unlike
Cyclin G1, Increases Significantly During Colorectal Carcinogenesis and
During Later Metastasis to Lymph Nodes. Int J Oncol (2003) 22(5):1101–10.
doi: 10.3892/ijo.22.5.1101

128. Yuan J, Yan R, Kramer A, Eckerdt F, Roller M, Kaufmann M, et al. Cyclin B1
Depletion Inhibits Proliferation and Induces Apoptosis in Human Tumor
Cells. Oncogene (2004) 23(34):5843–52. doi: 10.1038/sj.onc.1207757

129. Yang CR, Wilson-Van Patten C, Planchon SM, Wuerzberger-Davis SM,
Davis TW, Cuthill S, et al. Coordinate Modulation of Sp1, NF-Kappa B, and
p53 in Confluent Human Malignant Melanoma Cells After Ionizing
Radiation. FASEB J (2000) 14(2):379–90. doi: 10.1096/fasebj.14.2.379

130. Khan Z, Khan N, Tiwari RP, Sah NK, Prasad GB, Bisen PS. Biology of Cox-2:
An Application in Cancer Therapeutics. Curr Drug Targets (2011) 12
(7):1082–93. doi: 10.2174/138945011795677764

131. Higashi Y, Kanekura T, Kanzaki T. Enhanced Expression of Cyclooxygenase
(COX)-2 in Human Skin Epidermal Cancer Cells: Evidence for Growth
Suppression by Inhibiting COX-2 Expression. Int J Cancer J Int du Cancer
(2000) 86(5):667–71. doi: 10.1002/(SICI)1097-0215(20000601)86:5<667::
AID-IJC10>3.0.CO;2-Y

132. Petersen C, Petersen S, Milas L, Lang FF, Tofilon PJ. Enhancement of Intrinsic
Tumor Cell Radiosensitivity Induced by a Selective Cyclooxygenase-2 Inhibitor.
Clin Cancer Res (2000) 6(6):2513–20.

133. Stolina M, Sharma S, Lin Y, Dohadwala M, Gardner B, Luo J, et al. Specific
Inhibition of Cyclooxygenase 2 Restores Antitumor Reactivity by Altering
the Balance of IL-10 and IL-12 Synthesis. J Immunol (2000) 164(1):361–70.
doi: 10.4049/jimmunol.164.1.361

134. Kishi K, Petersen S, Petersen C, Hunter N, Mason K, Masferrer JL, et al.
Preferential Enhancement of Tumor Radioresponse by a Cyclooxygenase-2
Inhibitor. Cancer Res (2000) 60(5):1326–31.

135. de Heer P, Gosens MJEM, de Bruin EC, Dekker-Ensink NG, Putter H,
Marijnen CAM, et al. Cyclooxygenase 2 Expression in Rectal Cancer is of
Prognostic Significance in Patients Receiving Preoperative Radiotherapy. Clin
Cancer Res (2007) 13(10):2955–60. doi: 10.1158/1078-0432.CCR-06-2042

136. Simeone AM, Nieves-Alicea R, McMurtry VC, Colella S, Krahe R, Tari AM.
Cyclooxygenase-2 Uses the Protein Kinase C/interleukin-8/urokinase-type
Plasminogen Activator Pathway to Increase the Invasiveness of Breast
Cancer Cells. Int J Oncol (2007) 30(4):785–92. doi: 10.3892/ijo.30.4.785

137. Tinahones F, Salas J, Mayas MD, Ruiz-Villalba A, Macias-Gonzalez M,
Garrido-Sanchez L, et al. VEGF Gene Expression in Adult Human Thymus
Fat: A Correlative Study With Hypoxic Induced Factor and Cyclooxygenase-
2. PloS One (2009) 4(12):e8213. doi: 10.1371/journal.pone.0008213

138. Chiang IT, Liu YC, Hsu FT, Chien YC, Kao CH, Lin WJ, et al. Curcumin
Synergistically Enhances the Radiosensitivity of Human Oral Squamous Cell
Carcinoma Via Suppression of Radiation-Induced NF-KappaB Activity.
Oncol Rep (2014) 31(4):1729–37. doi: 10.3892/or.2014.3009
June 2021 | Volume 11 | Article 662840

https://doi.org/10.1016/j.bbcan.2010.01.002
https://doi.org/10.1667/RR1472.1
https://doi.org/10.1016/j.freeradbiomed.2007.09.022
https://doi.org/10.1016/j.freeradbiomed.2007.09.022
https://doi.org/10.1006/excr.1999.4733
https://doi.org/10.1073/pnas.95.7.3792
https://doi.org/10.1016/j.tibs.2006.05.004
https://doi.org/10.1038/cr.2010.179
https://doi.org/10.1074/jbc.M009809200
https://doi.org/10.1074/jbc.M009809200
https://doi.org/10.1111/j.1749-6632.2010.05613.x
https://doi.org/10.1111/j.1749-6632.2010.05613.x
https://doi.org/10.3389/fonc.2016.00061
https://doi.org/10.1158/0008-5472.CAN-06-2728
https://doi.org/10.1089/104454999314999
https://doi.org/10.1089/dna.1994.13.1127
https://doi.org/10.1038/sj.onc.1204926
https://doi.org/10.1016/S0090-4295(98)00360-4
https://doi.org/10.1016/S0090-4295(98)00360-4
https://doi.org/10.1038/sj.bjc.6602647
https://doi.org/10.1038/sj.onc.1207230
https://doi.org/10.1126/science.274.5288.784
https://doi.org/10.1016/S0167-4781(00)00142-1
https://doi.org/10.1038/nrc968
https://doi.org/10.1073/pnas.072586399
https://doi.org/10.1172/JCI11991
https://doi.org/10.4161/cbt.72
https://doi.org/10.1128/MCB.19.8.5785
https://doi.org/10.1128/MCB.19.8.5785
https://doi.org/10.1016/S0304-3835(01)00770-4
https://doi.org/10.1002/cncr.10542
https://doi.org/10.3892/ijo.22.5.1101
https://doi.org/10.1038/sj.onc.1207757
https://doi.org/10.1096/fasebj.14.2.379
https://doi.org/10.2174/138945011795677764
https://doi.org/10.1002/(SICI)1097-0215(20000601)86:5%3C667::AID-IJC10%3E3.0.CO;2-Y
https://doi.org/10.1002/(SICI)1097-0215(20000601)86:5%3C667::AID-IJC10%3E3.0.CO;2-Y
https://doi.org/10.4049/jimmunol.164.1.361
https://doi.org/10.1158/1078-0432.CCR-06-2042
https://doi.org/10.3892/ijo.30.4.785
https://doi.org/10.1371/journal.pone.0008213
https://doi.org/10.3892/or.2014.3009
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Galeaz et al. Transcription Factors-Mediated Radiation Resistance
139. Khafif A, Lev-Ari S, Vexler A, Barnea I, Starr A, Karaush V, et al. Curcumin:
A Potential Radio-Enhancer in Head and Neck Cancer. Laryngoscope (2009)
119(10):2019–26. doi: 10.1002/lary.20582

140. Qiao Q, Jiang Y, Li G. Inhibition of the PI3K/AKT-NF-kappaB Pathway With
Curcumin Enhanced Radiation-Induced Apoptosis in Human Burkitt’s
Lymphoma. J Pharmacol Sci (2013) 121(4):247–56. doi: 10.1254/jphs.12149FP

141. Sandur SK, Deorukhkar A, Pandey MK, Pabon AM, Shentu S, Guha S, et al.
Curcumin Modulates the Radiosensitivity of Colorectal Cancer Cells by
Suppressing Constitutive and Inducible NF-KappaB Activity. Int J Radiat
Oncol Biology Phys (2009) 75(2):534–42. doi: 10.1016/j.ijrobp.2009.06.034

142. Hsu FT, Liu YC, Liu TT, Hwang JJ. Curcumin Sensitizes Hepatocellular
Carcinoma Cells to Radiation Via Suppression of Radiation-Induced NF-
kappaB Activity. BioMed Res Int (2015) 2015:363671. doi: 10.1155/2015/
363671

143. Chendil D, Ranga RS, Meigooni D, Sathishkumar S, Ahmed MM. Curcumin
Confers Radiosensitizing Effect in Prostate Cancer Cell Line PC-3. Oncogene
(2004) 23(8):1599–607. doi: 10.1038/sj.onc.1207284

144. Shen L, Liu CC, An CY, Ji HF. How Does Curcumin Work With Poor
Bioavailability? Clues From Experimental and Theoretical Studies. Sci Rep
(2016) 6:20872. doi: 10.1038/srep20872

145. Anand P, Kunnumakkara AB, Newman RA, Aggarwal BB. Bioavailability of
Curcumin: Problems and Promises. Mol Pharm (2007) 4(6):807–18. doi:
10.1021/mp700113r

146. Schwarz K, Dobiasch S, Nguyen L, Schilling D, Combs SE. Modification of
Radiosensitivity by Curcumin in Human Pancreatic Cancer Cell Lines. Sci
Rep (2020) 10(1):3815. doi: 10.1038/s41598-020-60765-1

147. Kuo YC, Lin WC, Chiang IT, Chang YF, Chen CW, Su SH, et al. Sorafenib
Sensitizes Human Colorectal Carcinoma to Radiation Via Suppression of
NF-kappaB Expression In Vitro and In Vivo. BioMed Pharmacother (2012)
66(1):12–20. doi: 10.1016/j.biopha.2011.09.011

148. Chen JC, Chuang HY, Hsu FT, Chen YC, Chien YC, Hwang JJ. Sorafenib
Pretreatment Enhances Radiotherapy Through Targeting MEK/ERK/NF-
kappaB Pathway in Human Hepatocellular Carcinoma-Bearing Mouse
Model. Oncotarget (2016) 7(51):85450–63. doi: 10.18632/oncotarget.13398

149. Chen SW, Lin LC, Kuo YC, Liang JA, Kuo CC, Chiou JF. Phase 2 Study of
Combined Sorafenib and Radiation Therapy in Patients With Advanced
Hepatocellular Carcinoma. Int J Radiat Oncol Biology Phys (2014) 88
(5):1041–7. doi: 10.1016/j.ijrobp.2014.01.017

150. Cha J, Seong J, Lee IJ, Kim JW, Han KH. Feasibility of Sorafenib Combined
With Local Radiotherapy in Advanced Hepatocellular Carcinoma. Yonsei
Med J (2013) 54(5):1178–85. doi: 10.3349/ymj.2013.54.5.1178

151. Hottinger AF, Ben Aissa A, Espeli V, Squiban D, Dunkel N, Vargas MI, et al.
Phase I Study of Sorafenib Combined With Radiation Therapy and
Temozolomide as First-Line Treatment of High-Grade Glioma. Br J
Cancer (2014) 110(11):2655–61. doi: 10.1038/bjc.2014.209

152. Sprowls SA, Arsiwala TA, Bumgarner JR, Shah N, Lateef SS, Kielkowski BN, et al.
Improving CNS Delivery to Brain Metastases by Blood-Tumor Barrier
Disruption. Trends Cancer (2019) 5(8):495–505. doi: 10.1016/j.trecan.2019.06.003

153. Parrondo R, de las Pozas A, Reiner T, Rai P, Perez-Stable C. NF-kappaB
Activation Enhances Cell Death by Antimitotic Drugs in Human Prostate
Cancer Cells. Mol Cancer (2010) 9:182. doi: 10.1186/1476-4598-9-182

154. Kumar AP, Garcia GE, Orsborn J, Levin VA, Slaga TJ. 2-Methoxyestradiol
Interferes With NF Kappa B Transcriptional Activity in Primitive
Neuroectodermal Brain Tumors: Implications for Management.
Carcinogenesis (2003) 24(2):209–16. doi: 10.1093/carcin/24.2.209

155. Wu SL, Li YJ, Liao K, Shi L, Zhang N, Liu S, et al. 2-Methoxyestradiol Inhibits
the Proliferation and Migration and Reduces the Radioresistance of
Nasopharyngeal Carcinoma CNE-2 Stem Cells Via NF-KappaB/HIF-1
Signaling Pathway Inactivation and EMT Reversal. Oncol Rep (2017) 37
(2):793–802. doi: 10.3892/or.2016.5319

156. Sun X, Wang Q, Wang Y, Du L, Xu C, Liu Q. Brusatol Enhances the
Radiosensitivity of A549 Cells by Promoting ROS Production and Enhancing
DNA Damage. Int J Mol Sci (2016) 17(7):997. doi: 10.3390/ijms17070997

157. Singh A, Bodas M, Wakabayashi N, Bunz F, Biswal S. Gain of Nrf2 Function
in Non-Small-Cell Lung Cancer Cells Confers Radioresistance. Antioxid
Redox Signal (2010) 13(11):1627–37. doi: 10.1089/ars.2010.3219

158. Zhang P, Singh A, Yegnasubramanian S, Esopi D, Kombairaju P, Bodas M,
et al. Loss of Kelch-Like ECH-Associated Protein 1 Function in Prostate
Frontiers in Oncology | www.frontiersin.org 21
Cancer Cells Causes Chemoresistance and Radioresistance and Promotes
Tumor Growth. Mol Cancer Ther (2010) 9(2):336–46. doi: 10.1158/1535-
7163.MCT-09-0589

159. Zhang G, Wang W, Yao C, Ren J, Zhang S, Han M. Salinomycin Overcomes
Radioresistance in Nasopharyngeal Carcinoma Cells by Inhibiting Nrf2 Level
and Promoting ROS Generation. BioMed Pharmacother (2017) 91:147–54.
doi: 10.1016/j.biopha.2017.04.095

160. Kato K, Takahashi K, Monzen S, Yamamoto H, Maruyama A, Itoh K, et al.
Relationship Between Radiosensitivity and Nrf2 Target Gene Expression in
Human Hematopoietic Stem Cells. Radiat Res (2010) 174(2):177–84. doi:
10.1667/RR2146.1

161. Marampon F, Codenotti S, Megiorni F, Del Fattore A, Camero S, Gravina
GL, et al. NRF2 Orchestrates the Redox Regulation Induced by Radiation
Therapy, Sustaining Embryonal and Alveolar Rhabdomyosarcoma Cells
Radioresistance. J Cancer Res Clin Oncol (2019) 145(4):881–93. doi:
10.1007/s00432-019-02851-0

162. Liu Y, Li Q, Zhou L, Xie N, Nice EC, Zhang H, et al. Cancer Drug Resistance:
Redox Resetting Renders a Way. Oncotarget (2016) 7(27):42740–61. doi:
10.18632/oncotarget.8600

163. Singh A, Misra V, Thimmulappa RK, Lee H, Ames S, Hoque MO, et al.
Dysfunctional KEAP1-NRF2 Interaction in Non-Small-Cell Lung Cancer.
PloS Med (2006) 3(10):e420. doi: 10.1371/journal.pmed.0030420

164. Nioi P, Nguyen T. A Mutation of Keap1 Found in Breast Cancer Impairs Its
Ability to Repress Nrf2 Activity. Biochem Biophys Res Commun (2007) 362
(4):816–21. doi: 10.1016/j.bbrc.2007.08.051

165. Shibata T, Kokubu A, Gotoh M, Ojima H, Ohta T, Yamamoto M, et al.
Genetic Alteration of Keap1 Confers Constitutive Nrf2 Activation and
Resistance to Chemotherapy in Gallbladder Cancer. Gastroenterology
(2008) 135(4):1358–68, 68 e1-4. doi: 10.1053/j.gastro.2008.06.082

166. Jeong Y, Hoang NT, Lovejoy A, Stehr H, Newman AM, Gentles AJ, et al. Role
of KEAP1/NRF2 and TP53 Mutations in Lung Squamous Cell Carcinoma
Development and Radiation Resistance. Cancer Discovery (2017) 7(1):86–
101. doi: 10.1158/2159-8290.CD-16-0127

167. Matsuoka Y, Nakayama H, Yoshida R, Hirosue A, Nagata M, Tanaka T, et al.
IL-6 Controls Resistance to Radiation by Suppressing Oxidative Stress Via
the Nrf2-antioxidant Pathway in Oral Squamous Cell Carcinoma. Br J
Cancer (2016) 115(10):1234–44. doi: 10.1038/bjc.2016.327

168. Ding C, Cicuttini F, Li J, Jones G. Targeting IL-6 in the Treatment of
Inflammatory and Autoimmune Diseases. Expert Opin Investig Drugs (2009)
18(10):1457–66. doi: 10.1517/13543780903203789

169. Mallery SR, Wang D, Santiago B, Pei P, Bissonnette C, Jayawardena JA, et al.
Fenretinide, Tocilizumab, and Reparixin Provide Multifaceted Disruption of
Oral Squamous Cell Carcinoma Stem Cell Properties: Implications for
Tertiary Chemoprevention. Mol Cancer Ther (2019) 18(12):2308–20. doi:
10.1158/1535-7163.MCT-19-0361

170. Kang S, Tanaka T, Narazaki M, Kishimoto T. Targeting Interleukin-6
Signaling in Clinic. Immunity (2019) 50(4):1007–23. doi: 10.1016/
j.immuni.2019.03.026

171. Wang Z, Zhang J, Li M, Kong L, Yu J. The Expression of p-p62 and Nuclear
Nrf2 in Esophageal Squamous Cell Carcinoma and Association With
Radioresistance. Thorac Cancer (2020) 11(1):130–9. doi: 10.1111/1759-
7714.13252

172. Ichimura Y, Waguri S, Sou YS, Kageyama S, Hasegawa J, Ishimura R, et al.
Phosphorylation of p62 Activates the Keap1-Nrf2 Pathway During
Selective Autophagy. Mol Cell (2013) 51(5):618–31. doi: 10.1016/
j.molcel.2013.08.003

173. Jain A, Lamark T, Sjottem E, Larsen KB, Awuh JA, Overvatn A, et al. P62/
SQSTM1 Is a Target Gene for Transcription Factor NRF2 and Creates a
Positive Feedback Loop by Inducing Antioxidant Response Element-Driven
Gene Transcription. J Biol Chem (2010) 285(29):22576–91. doi: 10.1074/
jbc.M110.118976

174. Lee SL, Ryu H, Son AR, Seo B, Kim J, Jung SY, et al. TGF-Beta and Hypoxia/
Reoxygenation Promote Radioresistance of A549 Lung Cancer Cells
Through Activation of Nrf2 and EGFR. Oxid Med Cell Longev (2016)
2016:6823471. doi: 10.1155/2016/6823471

175. Tian D, Shi Y, Chen D, Liu Q, Fan F. The Wnt Inhibitor LGK-974 Enhances
Radiosensitivity of HepG2 Cells by Modulating Nrf2 Signaling. Int J Oncol
(2017) 51(2):545–54. doi: 10.3892/ijo.2017.4042
June 2021 | Volume 11 | Article 662840

https://doi.org/10.1002/lary.20582
https://doi.org/10.1254/jphs.12149FP
https://doi.org/10.1016/j.ijrobp.2009.06.034
https://doi.org/10.1155/2015/363671
https://doi.org/10.1155/2015/363671
https://doi.org/10.1038/sj.onc.1207284
https://doi.org/10.1038/srep20872
https://doi.org/10.1021/mp700113r
https://doi.org/10.1038/s41598-020-60765-1
https://doi.org/10.1016/j.biopha.2011.09.011
https://doi.org/10.18632/oncotarget.13398
https://doi.org/10.1016/j.ijrobp.2014.01.017
https://doi.org/10.3349/ymj.2013.54.5.1178
https://doi.org/10.1038/bjc.2014.209
https://doi.org/10.1016/j.trecan.2019.06.003
https://doi.org/10.1186/1476-4598-9-182
https://doi.org/10.1093/carcin/24.2.209
https://doi.org/10.3892/or.2016.5319
https://doi.org/10.3390/ijms17070997
https://doi.org/10.1089/ars.2010.3219
https://doi.org/10.1158/1535-7163.MCT-09-0589
https://doi.org/10.1158/1535-7163.MCT-09-0589
https://doi.org/10.1016/j.biopha.2017.04.095
https://doi.org/10.1667/RR2146.1
https://doi.org/10.1007/s00432-019-02851-0
https://doi.org/10.18632/oncotarget.8600
https://doi.org/10.1371/journal.pmed.0030420
https://doi.org/10.1016/j.bbrc.2007.08.051
https://doi.org/10.1053/j.gastro.2008.06.082
https://doi.org/10.1158/2159-8290.CD-16-0127
https://doi.org/10.1038/bjc.2016.327
https://doi.org/10.1517/13543780903203789
https://doi.org/10.1158/1535-7163.MCT-19-0361
https://doi.org/10.1016/j.immuni.2019.03.026
https://doi.org/10.1016/j.immuni.2019.03.026
https://doi.org/10.1111/1759-7714.13252
https://doi.org/10.1111/1759-7714.13252
https://doi.org/10.1016/j.molcel.2013.08.003
https://doi.org/10.1016/j.molcel.2013.08.003
https://doi.org/10.1074/jbc.M110.118976
https://doi.org/10.1074/jbc.M110.118976
https://doi.org/10.1155/2016/6823471
https://doi.org/10.3892/ijo.2017.4042
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Galeaz et al. Transcription Factors-Mediated Radiation Resistance
176. You X, Cao X, Lin Y. Berberine Enhances the Radiosensitivity of Hepatoma
Cells by Nrf2 Pathway. Front Biosci (Landmark Ed) (2019) 24:1190–202. doi:
10.2741/4775

177. Zhang B, Fan XL, Wang Z, Zhu WY, Li JB. Alpinumisoflavone
Radiosensitizes Esophageal Squamous Cell Carcinoma Through Inducing
Apoptosis and Cell Cycle Arrest. Biomed Pharmacother (2017) 95:199–206.
doi: 10.1016/j.biopha.2017.08.048

178. Zhao QY, Mao AH, Yan JW, Sun C, Di CX, Zhou X, et al. Downregulation of
Nrf2 Promotes Radiation-Induced Apoptosis Through Nrf2 Mediated Notch
Signaling in Non-Small Cell Lung Cancer Cells. Int J Oncol (2016) 48(2):765–
73. doi: 10.3892/ijo.2015.3301

179. Artavanis-Tsakonas S, Rand MD, Lake RJ. Notch Signaling: Cell Fate
Control and Signal Integration in Development. Science (1999) 284
(5415):770–6. doi: 10.1126/science.284.5415.770

180. Wang X, Zhang J, Zhou L, Sun W, Zheng ZG, Lu P, et al. Fbxw7 Regulates
Hepatocellular Carcinoma Migration and Invasion Via Notch1 Signaling
Pathway. Int J Oncol (2015) 47(1):231–43. doi: 10.3892/ijo.2015.2981

181. Paul MK, Bisht B, Darmawan DO, Chiou R, Ha VL, Wallace WD, et al.
Dynamic Changes in Intracellular ROS Levels Regulate Airway Basal Stem
Cell Homeostasis Through Nrf2-Dependent Notch Signaling. Cell Stem Cell
(2014) 15(2):199–214. doi: 10.1016/j.stem.2014.05.009

182. Lee S, Lim MJ, Kim MH, Yu CH, Yun YS, Ahn J, et al. An Effective Strategy
for Increasing the Radiosensitivity of Human Lung Cancer Cells by Blocking
Nrf2-Dependent Antioxidant Responses. Free Radic Biol Med (2012) 53
(4):807–16. doi: 10.1016/j.freeradbiomed.2012.05.038

183. Liu X, Sun C, Liu B, Jin X, Li P, Zheng X, et al. Genistein Mediates the
Selective Radiosensitizing Effect in NSCLC A549 Cells Via Inhibiting
Methylation of the Keap1 Gene Promoter Region. Oncotarget (2016) 7
(19):27267–79. doi: 10.18632/oncotarget.8403

184. Dong J, Li Y, Xiao H, Luo D, Zhang S, Zhu C, et al. Cordycepin Sensitizes
Breast Cancer Cells Toward Irradiation Through Elevating ROS Production
Involving Nrf2. Toxicol Appl Pharmacol (2019) 364:12–21. doi: 10.1016/
j.taap.2018.12.006

185. Robledinos-Anton N, Fernandez-Gines R, Manda G, Cuadrado A. Activators
and Inhibitors of NRF2: A Review of Their Potential for Clinical
Development. Oxid Med Cell Longev (2019) 2019:9372182. doi: 10.1155/
2019/9372182

186. Marslin G, Khandelwal V, Franklin G. Cordycepin Nanoencapsulated in
Poly(Lactic-Co-Glycolic Acid) Exhibits Better Cytotoxicity and Lower
Hemotoxicity Than Free Drug. Nanotechnol Sci Appl (2020) 13:37–45. doi:
10.2147/NSA.S254770

187. Yu JI, Choi C, Shin SW, Son A, Lee GH, Kim SY, et al. Valproic Acid Sensitizes
Hepatocellular Carcinoma Cells to Proton Therapy by Suppressing Nrf2
Activation. Sci Rep (2017) 7(1):14986. doi: 10.1038/s41598-017-15165-3

188. Krauze AV, Myrehaug SD, Chang MG, Holdford DJ, Smith S, Shih J, et al. A
Phase 2 Study of Concurrent Radiation Therapy, Temozolomide, and the
Histone Deacetylase Inhibitor Valproic Acid for Patients With Glioblastoma.
Int J Radiat Oncol Biology Phys (2015) 92(5):986–92. doi: 10.1016/
j.ijrobp.2015.04.038

189. Su JM, Murray JC, McNall-Knapp RY, Bowers DC, Shah S, Adesina AM,
et al. A Phase 2 Study of Valproic Acid and Radiation, Followed by
Maintenance Valproic Acid and Bevacizumab in Children With Newly
Diagnosed Diffuse Intrinsic Pontine Glioma or High-Grade Glioma.
Pediatr Blood Cancer (2020) 67(6):e28283. doi: 10.1002/pbc.28283

190. Diehn M, Cho RW, Lobo NA, Kalisky T, Dorie MJ, Kulp AN, et al.
Association of Reactive Oxygen Species Levels and Radioresistance in
Cancer Stem Cells. Nature (2009) 458(7239):780–3. doi: 10.1038/
nature07733

191. Chandel NS, McClintock DS, Feliciano CE, Wood TM, Melendez JA,
Rodriguez AM, et al. Reactive Oxygen Species Generated at Mitochondrial
Complex III Stabilize Hypoxia-Inducible factor-1alpha During Hypoxia: A
Mechanism of O2 Sensing. J Biol Chem (2000) 275(33):25130–8. doi:
10.1074/jbc.M001914200

192. Harada H. Hypoxia-Inducible Factor 1-Mediated Characteristic Features of
Cancer Cells for Tumor Radioresistance. J Radiat Res (2016) 57 Suppl 1:i99–
i105. doi: 10.1093/jrr/rrw012

193. Laughner E, Taghavi P, Chiles K, Mahon PC, Semenza GL. HER2 (Neu)
Signaling Increases the Rate of Hypoxia-Inducible Factor 1alpha (HIF-
Frontiers in Oncology | www.frontiersin.org 22
1alpha) Synthesis: Novel Mechanism for HIF-1-Mediated Vascular
Endothelial Growth Factor Expression. Mol Cell Biol (2001) 21(12):3995–
4004. doi: 10.1128/MCB.21.12.3995-4004.2001

194. Semenza GL. Evaluation of HIF-1 Inhibitors as Anticancer Agents. Drug
Discovery Today (2007) 12(19-20):853–9. doi: 10.1016/j.drudis.2007.08.006

195. Goto Y, Zeng L, Yeom CJ, Zhu Y, Morinibu A, Shinomiya K, et al.
UCHL1 Provides Diagnostic and Antimetastatic Strategies Due to Its
Deubiquitinating Effect on HIF-1alpha. Nat Commun (2015) 6:6153. doi:
10.1038/ncomms7153

196. Nakashima R, Goto Y, Koyasu S, Kobayashi M, Morinibu A, Yoshimura M,
et al. Uchl1-HIF-1 Axis-Mediated Antioxidant Property of Cancer Cells as a
Therapeutic Target for Radiosensitization. Sci Rep (2017) 7:6879. doi:
10.1038/s41598-017-06605-1

197. Chen Z, LuW, Garcia-Prieto C, Huang P. TheWarburg Effect and Its Cancer
Therapeutic Implications. J Bioenerg Biomembr (2007) 39(3):267–74. doi:
10.1007/s10863-007-9086-x

198. Nagy MA. HIF-1 Is the Commander of Gateways to Cancer. J Cancer Sci
Ther (2011) 3:035–40. doi: 10.4172/1948-5956.1000054

199. Zhao H, Jiang H, Li Z, Zhuang Y, Liu Y, Zhou S, et al. 2-Methoxyestradiol
Enhances Radiosensitivity in Radioresistant Melanoma MDA-MB-435R
Cells by Regulating Glycolysis Via HIF-1alpha/PDK1 Axis. Int J Oncol
(2017) 50(5):1531–40. doi: 10.3892/ijo.2017.3924

200. Semenza GL. Signal Transduction to Hypoxia-Inducible Factor 1.
Biochem Pharmacol (2002) 64(5-6):993–8. doi: 10.1016/S0006-2952
(02)01168-1

201. Verheul HMW, Pinedo HM. Vascular Endothelial Growth Factor and its
Inhibitors. Drug Today (2003) 39:81–93.

202. Moeller BJ, Cao Y, Li CY, Dewhirst MW. Radiation Activates HIF-1 to
Regulate Vascular Radiosensitivity in Tumors: Role of Reoxygenation, Free
Radicals, and Stress Granules. Cancer Cell (2004) 5(5):429–41. doi: 10.1016/
S1535-6108(04)00115-1

203. Yang MH, Wu KJ. TWIST Activation by Hypoxia Inducible Factor-1 (HIF-
1): Implications in Metastasis and Development. Cell Cycle (2008) 7
(14):2090–6. doi: 10.4161/cc.7.14.6324

204. Zhao JH, Luo Y, Jiang YG, He DL, Wu CT. Knockdown of Beta-Catenin
Through Shrna Cause a Reversal of EMT and Metastatic Phenotypes
Induced by HIF-1 Alpha. Cancer Invest (2011) 29(6):377–82. doi: 10.3109/
07357907.2010.512595

205. Kang J, Kim W, Kwon T, Youn H, Kim JS, Youn B. Plasminogen Activator
Inhibitor-1 Enhances Radioresistance and Aggressiveness of Non-Small Cell
Lung Cancer Cells. Oncotarget (2016) 7(17):23961–74. doi: 10.18632/
oncotarget.8208

206. Omori K, Hattori N, Senoo T, Takayama Y, Masuda T, Nakashima T, et al.
Inhibition of Plasminogen Activator Inhibitor-1 Attenuates Transforming
Growth Factor-beta-Dependent Epithelial Mesenchymal Transition and
Differentiation of Fibroblasts to Myofibroblasts. PloS One (2016) 11(2):
e0148969. doi: 10.1371/journal.pone.0148969

207. Ban HS, Kim BK, Lee H, Kim HM, Harmalkar D, Nam M, et al. The Novel
Hypoxia-Inducible factor-1alpha Inhibitor IDF-11774 Regulates Cancer
Metabolism, Thereby Suppressing Tumor Growth. Cell Death Dis (2017) 8
(6):e2843. doi: 10.1038/cddis.2017.235

208. Koh MY, Spivak-Kroizman T, Venturini S, Welsh S, Williams RR,
Kirkpatrick DL, et al. Molecular Mechanisms for the Activity of PX-478,
an Antitumor Inhibitor of the Hypoxia-Inducible Factor-1alpha.Mol Cancer
Ther (2008) 7(1):90–100. doi: 10.1158/1535-7163.MCT-07-0463

209. Schwartz DL, Powis G, Thitai-Kumar A, He Y, Bankson J, Williams R, et al.
The Selective Hypoxia Inducible Factor-1 Inhibitor PX-478 Provides In Vivo
Radiosensitization Through Tumor Stromal Effects.Mol Cancer Ther (2009)
8(4):947–58. doi: 10.1158/1535-7163.MCT-08-0981

210. Sun HL, Liu YN, Huang YT, Pan SL, Huang DY, Guh JH, et al. YC-1 Inhibits
HIF-1 Expression in Prostate Cancer Cells: Contribution of Akt/NF-kappaB
Signaling to HIF-1alpha Accumulation During Hypoxia. Oncogene (2007) 26
(27):3941–51. doi: 10.1038/sj.onc.1210169

211. Kim HL, Yeo EJ, Chun YS, Park JW. A Domain Responsible for HIF-1alpha
Degradation by YC-1, A Novel Anticancer Agent. Int J Oncol (2006) 29
(1):255–60. doi: 10.3892/ijo.29.1.255

212. Li SH, Shin DH, Chun YS, Lee MK, Kim MS, Park JW. A Novel Mode of
Action of YC-1 in HIF Inhibition: Stimulation of FIH-Dependent p300
June 2021 | Volume 11 | Article 662840

https://doi.org/10.2741/4775
https://doi.org/10.1016/j.biopha.2017.08.048
https://doi.org/10.3892/ijo.2015.3301
https://doi.org/10.1126/science.284.5415.770
https://doi.org/10.3892/ijo.2015.2981
https://doi.org/10.1016/j.stem.2014.05.009
https://doi.org/10.1016/j.freeradbiomed.2012.05.038
https://doi.org/10.18632/oncotarget.8403
https://doi.org/10.1016/j.taap.2018.12.006
https://doi.org/10.1016/j.taap.2018.12.006
https://doi.org/10.1155/2019/9372182
https://doi.org/10.1155/2019/9372182
https://doi.org/10.2147/NSA.S254770
https://doi.org/10.1038/s41598-017-15165-3
https://doi.org/10.1016/j.ijrobp.2015.04.038
https://doi.org/10.1016/j.ijrobp.2015.04.038
https://doi.org/10.1002/pbc.28283
https://doi.org/10.1038/nature07733
https://doi.org/10.1038/nature07733
https://doi.org/10.1074/jbc.M001914200
https://doi.org/10.1093/jrr/rrw012
https://doi.org/10.1128/MCB.21.12.3995-4004.2001
https://doi.org/10.1016/j.drudis.2007.08.006
https://doi.org/10.1038/ncomms7153
https://doi.org/10.1038/s41598-017-06605-1
https://doi.org/10.1007/s10863-007-9086-x
https://doi.org/10.4172/1948-5956.1000054
https://doi.org/10.3892/ijo.2017.3924
https://doi.org/10.1016/S0006-2952(02)01168-1
https://doi.org/10.1016/S0006-2952(02)01168-1
https://doi.org/10.1016/S1535-6108(04)00115-1
https://doi.org/10.1016/S1535-6108(04)00115-1
https://doi.org/10.4161/cc.7.14.6324
https://doi.org/10.3109/07357907.2010.512595
https://doi.org/10.3109/07357907.2010.512595
https://doi.org/10.18632/oncotarget.8208
https://doi.org/10.18632/oncotarget.8208
https://doi.org/10.1371/journal.pone.0148969
https://doi.org/10.1038/cddis.2017.235
https://doi.org/10.1158/1535-7163.MCT-07-0463
https://doi.org/10.1158/1535-7163.MCT-08-0981
https://doi.org/10.1038/sj.onc.1210169
https://doi.org/10.3892/ijo.29.1.255
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Galeaz et al. Transcription Factors-Mediated Radiation Resistance
Dissociation From HIF-1{Alpha}. Mol Cancer Ther (2008) 7(12):3729–38.
doi: 10.1158/1535-7163.MCT-08-0074

213. Moon SY, Chang HW, Roh JL, Kim GC, Choi SH, Lee SW, et al.
Using YC-1 to Overcome the Radioresistance of Hypoxic Cancer
Cells. Oral Oncol (2009) 45(10):915–9. doi: 10.1016/j.oraloncology.
2009.04.005

214. Lee DE, Alhallak K, Jenkins SV, Vargas I, Greene NP, Quinn KP, et al. A
Radiosensitizing Inhibitor of HIF-1 Alters the Optical Redox State of Human
Lung Cancer Cells In Vitro. Sci Rep (2018) 8(1):8815. doi: 10.1038/s41598-
018-27262-y
Frontiers in Oncology | www.frontiersin.org 23
Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Galeaz, Totis and Bisio. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.
June 2021 | Volume 11 | Article 662840

https://doi.org/10.1158/1535-7163.MCT-08-0074
https://doi.org/10.1016/j.oraloncology.2009.04.005
https://doi.org/10.1016/j.oraloncology.2009.04.005
https://doi.org/10.1038/s41598-018-27262-y
https://doi.org/10.1038/s41598-018-27262-y
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Radiation Resistance: A Matter of Transcription Factors
	Introduction
	Cancer Stem Cells (CSCs)
	Signals Transducers and Activators of Transcription 3 (STAT3)
	Mechanisms of STAT3 Activation
	Pathways Involved in STAT3-Mediated Radiation Resistance

	Nuclear Factor-kappa B (NF-κB)
	Mechanisms of NF-κB Activation
	Pathways Involved in NF-κB-Mediated Radioresistance

	Nuclear Factor (Erythroid-Derived-2)-Like 2 (NRF2)
	Mechanisms of NRF2 Activation
	Pathways Involved in NRF2-Mediated Radiation Resistance

	HIF-1
	Mechanisms of HIF-1 Activation
	Pathways Involved in HIF-1-Mediated Radiation Resistance

	Conclusions
	Author Contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


