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Abstract

lonizing radiation, like a variety of other cellular stress factors, can activate or down-regulate multiple signaling pathways, leading to either increased
cell death or increased cell proliferation. Modulation of the signaling process, however, depends on the cell type, radiation dose, and culture conditions.
The mitogen-activated protein kinase (MAPK) pathway transduces signals from the cell membrane to the nucleus in response to a variety of different
stimuli and participates in various intracellular signaling pathways that control a wide spectrum of cellular processes, including growth, differentiation,
and stress responses, and is known to have a key role in cancer progression. Multiple signal transduction pathways stimulated by ionizing radiation are
mediated by the MAPK superfamily including the extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and p38 MAPK. The ERK
pathway, activated by mitogenic stimuli such as growth factors, cytokines, and phorbol esters, plays a major role in regulating cell growth, survival,
and differentiation. In contrast, JNK and p38 MAPK are weakly activated by growth factors but respond strongly to stress signals including tumor
necrosis factor (TNF), interleukin-1, ionizing and ultraviolet radiation, hyperosmotic stress, and chemotherapeutic drugs. Activation of JNK and p38
MAPK by stress stimuli is strongly associated with apoptotic cell death. MAPK signaling is also known to potentially influence tumor cell radiosensitivity
because of their activity associated with radiation-induced DNA damage response. This review will discuss the MAPK signaling pathways and their

roles in cellular radiation responses.
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Introduction

The mitogen-activated protein kinase
(MAPK) signaling pathway plays an
important role in regulating gene expres-
sion in eukaryotic cells and links extra-
cellular signals to the machinery that
controls fundamental cellular processes
such as growth, proliferation, differenti-
ation, migration, and apoptosis.'* Three
major groups of distinctly regulated
MAPK cascades are known in humans
that lead to altered gene expression:
extracellular signal-regulated kinase
(ERK1/2), c-Jun N-terminal Kkinase
(JNK), and p38 MAPK (Fig. 1). MAPKs
are components of signaling pathways
that feature a core triple kinase cascade.’
The kinase nearest to the signal source is
referred as a MAP kinase kinase kinase
(MAPKKK, MEKK), which is activated
by an upstream signaling protein (e.g.,
small GTPases) and phosphorylates a
MAP kinase kinase (MAPKK, MEK).
The activated MAPKK then phosphory-
lates the third layer of the cascade,
MAPK.** ERKs are activated by MAP
kinase kinase (MKK) and MKK?2, JNK

by MKK4 and MKK?7, and p38 MAP
kinase by MKK3, MKK4, and MKK6.%
Upon activation of the MAP kinases,
transcription factors present in the cyto-
plasm or nucleus are phosphorylated
and activated, leading to the expression
of target genes and resulting in a bio-
logical response (Fig. 1). In addition,
MAPKSs can phosphorylate and activate
downstream protein kinases. MAP
kinases also have overlapping substrate
specificities, and phosphorylation of
regulatory sites is shared among multi-
ple protein kinases, indicating that the
transcriptional regulation in response to
MAPK signaling is extremely complex.®
These multiple interactions between the
different MAP kinase cascades serve to
integrate the responses and activate a
separate set of genes.® Changes in
MAPK regulation resulting from muta-
tions or changes in the expression of
proteins regulating MAPK signaling,
such as epidermal growth factor recep-
tor (EGFR) overexpression or activating
mutations of Ras or Raf, can contribute
to inflammation, cancer, and other dis-
eases as well.

MAPKs are activated by a variety
of stimuli including osmotic shock,
exposure to ultraviolet (UV) irradiation,
cytokines, growth factors, antigens, tox-
ins, and pharmacological drugs.>”"
Studies have also shown that the expo-
sure of tumor cells to ionizing radiation
results in the activation or down-regula-
tion of multiple signaling pathways,
which are mediated by the MAPK
superfamily and which play critical roles
in cell type—specific control of survival
or death in response to ionizing radia-
tion.”'? Tonizing radiation has been
shown to activate all 3 MAPKs, although
with different intensities and in a
cell type—dependent context.'""'* These
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Figure 1. Mammalian MAPK modules: simplified diagram depicting the MAPK signaling network.

intracellular signaling molecules play an
important role in determining the intrin-
sic radiosensitivity of tumor cells.
Although it has been shown for many
years that radiation causes cell death,
there is now evidence that ionizing radi-
ation can enhance the proliferation of
surviving tumor cells and promote long-
term resistance to multiple cytotoxic
stresses. In this review, we will describe
the role of the MAPK pathways in
response to ionizing radiation and com-
plexities associated with their activation
in cancer.

The JNK Pathway

JNKI1 and JNK2 were described to
be stress-induced protein kinases that

phosphorylated the NH2-terminus of the
transcription factor c-Jun; hence, the
pathway is often called the stress-
activated protein kinase (SAPK) path-
way. Multiple stresses strongly activate
JNK activity including cytokines, UV
and y-irradiation, cytotoxic drugs, DNA-
damaging agents, and reactive oxygen
species."* The diversity of upstream
activators of MKK4 and MKK7
(upstream activators for the JNK path-
way) allows JNK pathway activation by
a large number of external stimuli. JNK
activation may thereby influence impor-
tant cellular consequences, such as alter-
ations in gene expression, cell death, or
altered cellular proliferation." Tonizing
radiation activates the JNK pathway by
very distinct mechanisms."®

Studies have demonstrated that radia-
tion treatment resulted in the generation
of ceramide and clustering of death
receptors on the plasma membrane of
cells that played an important role in
JNK activation.'” This molecular mech-
anism of JNK activation and signaling
following irradiation was linked to a
proapoptotic role for JNK signaling. The
kinetics and magnitude of SAPK/JINK
activation also demonstrate a close cor-
relation with the induction of apoptotic
nuclear changes. Cells that are sensitive
to the effects of radiation display robust
SAPK/INK activation, whereas resistant
cells fail to activate SAPK/JNK.'® Stud-
ies have demonstrated that programmed
cell death occurring after irradiation is
associated with selective c-Jun expres-
sion."™" It has also been reported that
the exposure of bovine aortic endothe-
lial cells and human tumor cells to low-
dose ionizing radiation induces apoptosis
in a time- and dose-dependent fash-
jon.*?! In these studies, the authors
observed SAPK/JNK activation follow-
ing exposure to radiation along with
morphological features of apoptosis. A
critical role for the SAPK/JNK signaling
cascade has been assessed in radiation-
induced apoptosis using dominant-
negative mutants of c-Jun.”* Radiation-
induced apoptosis was significantly
inhibited in cells overexpressing a
dominant-negative c-Jun mutant com-
pared to wild-type and vector-
transfected cells,””' suggesting that
radiation-induced apoptosis in human
tumor cells requires a functional SAPK/
JNK pathway.

Additional evidence that JNK can
function as a proapoptotic kinase in
response to a variety of different stimuli,
including tumor necrosis factor (TNF),
UV irradiation, cytokines, ceramide, and
chemotherapeutic drugs, has been docu-
mented.'* These studies showed that the
JNK pathway activates caspases and reg-
ulates proteins implicated in apoptosis
regulation, including p53, Bcl-2, and
Bax. Furthermore, JNK influences the
mitochondrial death pathway because
its inhibition leads to a failure in cyto-
chrome ¢ and apoptosis-inducing factor
release and subsequent caspase activation
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triggered by ionizing radiation. This
could be attributed to JNK-mediated
Bax and Bak activation and Bcl-2 down-
regulation in response to ionizing radia-
tion.”?° Other studies in the literature
have argued that radiation-induced JNK
activation was dependent on the ATM
and c-Abl proteins.””*® Activation of
JNK by low-dose radiation in these stud-
ies has been shown to be biphasic in can-
cer cells. The first wave of INK activation
was dependent on the activation of the
TNF-a receptor, whereas the second
wave was dependent on EGFR and TGF-
a. It has also been suggested that radia-
tion-induced JNK activation could be a
secondary event to the activation of effec-
tor procaspases; cleavage of the upstream
activator MEKK1 can lead to constitutive
activation of this enzyme and the down-
stream JNK pathway, which in some cell
types plays a key role in the commitment
to apoptotic cell death.

A number of studies have implicated
the JNK signaling pathway acting via
c-Jun or the related transcription factor
ATF-2 in the modulation of DNA repair
and/or cell survival in response to vari-
ous forms of genotoxic damage.”'
Consistent with these observations,
MacLaren et al’® found that mutant
forms of c-Jun, which are deficient for
DNA binding or transactivation or which
are nonresponsive to JNK regulation,
are unable to restore the normal regula-
tion of basal or induced DNA damage in
c-Jun”” mouse embryo fibroblasts. c-Jun
is involved in regulating the activity of
many individual gene promoters through
activator protein—1 (AP-1) response ele-
ments, and although there is limited evi-
dence that some of these might influence
DNA repair,’'**** a direct link between
specific c-Jun target genes and repair
processes remains to be established.
Studies also point to a role for ATM in
regulating JNK signaling, and keeping
with this notion, it has been shown that
c-Jun co-localizes with ATM and
y-H2AX in nuclear foci.*” Ataxia telan-
giectasia cells have deregulated JNK/c-
Jun signaling, and that can phosphorylate
ATF-2, which forms the AP-1 transcrip-
tion factor together with c-Jun.”>?>%
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Figure 2. MAPK signal transduction and its pharmacological modulation at different levels.

c-Jun also interacts physically or func-
tionally with 2 proteins involved in
DNA repair: redox factor 1 (also known
as APEX), an endonuclease specific for
abasic sites,”” and thymine DNA glyco-
sylase,” both of which are involved in
base excision repair, which is responsi-
ble for the repair of modified lesions on
DNA, including those produced by oxi-
dative damage.”

Studies have also analyzed the role of
JNK in response to radiation following
the use of specific JNK inhibitors. JNK
inhibition was found to significantly
reduce radiation sensitivity in human
cancer cells, as evidenced by increased
cell survival and reduced apoptotic cell
death.”*° Only a handful of INK inhibi-
tors have been developed and are being
considered for the treatment of cancer,
as well as inflammatory, vascular, neu-
rodegenerative, and metabolic disor-
ders.*" Preclinical observations made
with a JNK inhibitor (SP600125) are
likely to be less informative regarding
the biological roles of JNK due to the
considerable off-target activity of this

compound.* One JNK inhibitor, CC-401,
is however in phase II evaluations in
acute myelogenous leukemia and has
also been considered for the treatment of
respiratory diseases (Fig. 2). The out-
comes of these studies are yet to be
known.

The ERK1/2 Pathway

The ERK1/2 pathway plays an impor-
tant role in cell proliferation and trans-
duces signals that promote growth and
differentiation. A growing body of evi-
dence indicates that activation of the
ERK pathway is involved in the patho-
genesis, progression, and oncogenic
behavior of human cancer including
non—small cell lung cancer (NSCLC),
breast cancer, head and neck squamous
cell carcinoma, and colorectal can-
cer.”* ERK is activated very rapidly in
tumor cells in response to radiation,
hypoxia, and chemical signals by the
ERK kinase (MEK), with Ras/Raf being
its upstream activators.*”*’ Mutations
occurring in the Ras/Raf pathway
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further result in enhanced tumor cell
proliferation and enhanced survival after
irradiation.’*>? Furthermore, inhibition
of Ras and Raf in cell lines with activat-
ing Ras mutations results in sensitization
to ionizing radiation. Additionally, radia-
tion-induced MAPK pathway activation
has been shown to regulate the produc-
tion of vascular endothelial growth
factor—A,” which promotes tumor
angiogenesis and neovascular survival,”
and is implicated in endothelial radiosen-
sitization, considered by some to be one
of the primary determinants of tumor
radiosensitivity.”>>® These observations
suggest that signaling through the Ras-
Raf-MEK-ERK pathway is important in
radiation response and radiation resis-
tance,”* and inhibition of this cascade
may be an attractive means to sensitize
tumor cells to ionizing radiation.’”>’
Recently, there has been an explosion
of interest in the components of MAPK
pathways as attractive therapeutic tar-
gets for the treatment of human diseases
including cancer. Inhibitors of the kinase
function of Raf and MEK represent the
most studied and advanced approaches
for blocking ERK signaling, with sev-
eral inhibitors under evaluation in clini-
cal trials and additional inhibitors in
preclinical analyses. MEKI1/2, the
upstream component of ERK, has been
considered to play a central role in the
integration of mitogenic signals into the
ERK pathway, with ERK1/2 being the
only substrates for MEK displaying
tight selectivity.’”®" Small molecule
inhibitors of MEK have been evaluated
for their radiosensitizing potential both
in in vitro as well as in vivo studies and
provide a means to test the role of the
ERK pathway in radiation response.
MEK inhibitors as single agents possess
radiosensitizing properties in a broad
spectrum of human tumors.®*” Several
investigators have demonstrated that
radiation results in the time-dependent
activation of ERK in vitro and in vivo
and that upstream MEK inhibition
results in significant radiosensitization
in cancer cell lines of various origins.
Treatment with MEK inhibitors results

in the inhibition of not only constitu-
tively activated ERK1/2 but also radia-
tion-induced ERK activation, along with
a robust radiosensitizing effect as
observed by clonogenic cell survival
assays. A great deal of effort has been
directed at understanding the molecular
mechanisms involved in mediating these
radiosensitizing effects. Some investiga-
tors attribute this radiosensitizing effect
of MEK/ERK inhibition to an abroga-
tion in the G2 checkpoint and an increase
in the number of cells undergoing a
mitotic catastrophe.”®"" Activation of
the G2 checkpoint is considered protec-
tive from radiation-induced cell death.
This is likely due to a reduction in phos-
phorylated Chk1, which is a contributor
to the abrogated G2 checkpoint. Pro-
longed G2 arrest after genotoxic stress
allows DNA damage repair before pro-
gression through mitosis.”""”* Cells that
escape the initial G2 checkpoint delay
after irradiation may continue through
mitosis with incomplete cytokinesis
with cell death or continued progression
through the cell cycle” with eventual
death by a mitotic catastrophe.”* Inhibi-
tion of Chkl after exposure to ionizing
radiation results in an increased inci-
dence of mitotic catastrophes and an
impaired activation of cell cycle check-
points.”” Other studies suggest that the
mechanism of radiosensitization may be
related to the inability to promote or
repair DNA damage.

Studies carried out on NSCLC and
glioma cells provide evidence for a com-
mon role of MEK/ERK in modulating
the levels of radiation-induced double-
strand breaks by stimulating nonhomol-
ogous end joining (NHEJ) by activating
PARP-1, which has a role in NHEJ.”®”
ERK1/2 signaling has also been shown
to be a positive ATM-dependent regula-
tor of homologous recombination repair
(HRR), and phosphorylated ATM foci
formation in response to ionizing radia-
tion critically depends on MEK/ERK
signaling. Inhibition of ERK1/2 signal-
ing reduced HRR levels. Inhibiting the
ATM kinase with an ATM-specific
inhibitor reduced ERK phosphorylation,

suggesting that ATM controls signaling
through the ERK pathway.”™ A highly
specific inhibitor of MEK/ERK signal-
ing has been shown to compromise ATM
kinase activity and severely attenuate
the phosphorylation and localization of
ATM to foci, suggesting that ERK sig-
naling affects repair protein complex
formation or stability and/or localization
of ATM, which is necessary for efficient
HRR. Thus, ATM and ERK signaling
could be under the control of a regula-
tory feedback loop.

Several preclinical studies have been
conducted to determine the effective-
ness of MEK/ERK inhibitors in combi-
nation with radiation. Combined
treatment of MEK/ERK inhibitors with
radiation was found to impart a signifi-
cantly greater antitumor activity than
either therapy alone both in vitro and in
vivo.*”""® A small molecule inhibitor of
MEK (PD0325901) was evaluated for
its radiosensitizing properties in human
pancreatic carcinoma.®® Phosphorylated
levels of ERK1/2 increased in response
to radiation treatment but were blocked
upon treatment with PD032590. MEK
inhibitor-induced radiosensitization
was observed both in vitro and in vivo,
as evidenced by an enhanced therapeutic
gain and tumor cell death. Similar stud-
ies were conducted using U0126,
another MEK/ERK inhibitor, in a rhab-
domyosarcoma model.*' These investi-
gators observed a down-regulation of
phosphorylated ERK, cyclin DI, and
DNA-PKcs in vitro and a synergistic
inhibitory effect on the growth of tumors
upon combined U0126 and radiation
therapy. Shannon et al.* evaluated the
potential ~ benefit of  combining
AZD6244, a potent and selective inhibi-
tor of the MEK/ERK pathway, with
fractioned radiotherapy using human
colon and lung carcinoma xenograft
models. AZD6244 was found to reduce
ERK phosphorylation in Calu-6 lung
cancer cells in vitro, and in vivo admin-
istration of AZD6244 inhibited the
tumor growth of Calu-6 xenografts, with
regrowth occurring upon cessation of
the drug treatment. The combination of
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fractionated tumor—localized radiother-
apy with AZD2264 treatment enhanced
tumor growth delay significantly when
compared with either modality alone,
and this effect was also observed in a
colon model. A reduction in HIF-1a,
GLUT-1, and VEGF levels was also
observed following treatment with
AZD6244, and there was a significant
decrease in vascular perfusion in the
tumors given combination treatment
when compared with other treatment
groups. Hamed er al.” showed that
48-hour pretreatment of mammary
tumor cells with the MEK inhibitor
PD184352 and anticancer staurosporine
analog UCN-01, followed by 24-hour
drug removal Dbefore irradiation,
enhanced cell death compared with
either drug or radiation alone. Addition-
ally, AZD6244 given 16 hours before
radiation treatment enhanced the radio-
sensitivity of lung (A549), pancreatic
(MiaPaCa), and prostate (DU145) cells
in vitro.*” The mechanistic basis for this
sensitization does not seem to involve
enhanced apoptosis, with no change in
PARP cleavage observed between cells
treated with radiation alone or in combi-
nation with AZD6244. When AZD6244
was combined with fractionated radio-
therapy in vivo, a significant increase in
tumor growth delay was observed com-
pared with either monotherapy, regard-
less of whether radiation was given
during the first or last 5 days of the
10-day AZD6244 treatment. This shows
that extended MEK inhibition before
radiotherapy is unnecessary, which dif-
fers from the work of Hamed er al.,””
who showed that irradiation of
PD184352- and UCN-01-treated tumors
24 hours after cessation of the drug
treatment significantly enhanced the
therapeutic outcome compared with
concomitant therapy. Chung et al.®’
demonstrated an enhanced radiothera-
peutic response in vivo when a single
dose of AZD6244 (50 mg/kg) was
administered 4 hours before a single
dose of radiotherapy (3 Gy). These stud-
ies provide evidence that the combina-
tion of a MEK inhibitor with radiation

produces the greatest degree of thera-
peutic effect, as measured by an
increased dose enhancement factor in
vitro and tumor reduction in vivo.

A growing number of MEK/ERK
inhibitors have now entered clinical test-
ing against a variety of solid tumors®™*
(Fig. 2). Although several potent inhibi-
tors of the ERK pathway have been
reported, they did not prove themselves
as resoundingly successful in clinical
trials. The reason for this might be that
these compounds are more cytostatic
than cytotoxic anticancer drugs, and the
effect of many of these inhibitors is
reversible, allowing tumor cells to rep-
roliferate after removal of the drug.
Since irradiation by itself can stimulate
the survival of single tumor cell clones
by the activation of signal transduction
components, and many tumor cells are
not dying under the influence of these
inhibitors, teaming irradiation together
with specific inhibitors might prove par-
ticularly useful for cancer therapy by
overcoming resistance mechanisms
against irradiation. Collectively, data
from the literature are indicative of
enhanced cell killing by irradiation
when ERK function is blocked.

The p38 MAPK Pathway

The p38 MAPK pathway was originally
described as a mammalian homolog to a
yeast osmolarity-sensing pathway.® It
was soon discovered that many cellular
stresses activated the p38 MAPK path-
way in a manner not dissimilar to that
described for the INK pathway.”’ Rho
family GTPases appear to play an
important role as upstream activators of
the p38 MAPK pathway, a role facili-
tated via several MAP3K enzymes, for
example, the PAK family,”' which regu-
late the MAP2K enzymes MKK3 and
MKKG6.” At least 4 isoforms of p38
MAPK exist; these are termed p38a,
p38P, p38y, and p383.° There are several
protein kinases downstream of p38
MAPK enzymes that are activated fol-
lowing phosphorylation by p38 isoforms
including p90 RSK* and MSK1/2.”*

p90 RSK phosphorylates and activates
heat-shock protein 27 (HSP27), while
MSK1/2 can phosphorylate and activate
transcription factors that regulate sur-
vival, such as CREB.” The role of p38
MAPK signaling in cellular responses is
diverse, depending on the cell type and
stimulus, and has been shown to pro-
mote both cell death as well as enhance
cell growth and survival.”**” A range of
proinflammatory cytokines and environ-
mental stresses can trigger the p38
MAPK cascade. The ability of ionizing
radiation to regulate p38 MAPK activity
appears to be highly variable, with dif-
ferent groups reporting either no activa-
tion,® weak activation,” or strong
activation.'®'"! This is in contrast to the
classic ERK and JNK pathways in which
radiation-induced activation has been
observed by many groups, in diverse
cell types, and in response to low and
high radiation doses.

A role for p38 in the checkpoint gov-
erning the G2-M transition has been
demonstrated by Wang ez al.'”* in mam-
malian cells. The authors demonstrated
that a MAPKK-p38y cascade is required
for y-radiation—induced G2 arrest. Radi-
ation was found to activate all 4 p38 iso-
forms as well as the upstream kinase
MKK6 (MKK6 appears to be the main
MAPKK involved, but some activation
of MKK3 was detected). Only activation
of the p38y isoform was required for the
G2 arrest; however, the other p38 iso-
forms could be involved in additional
checkpoints. Activated MKK6 inhibited
the cell cycle, arresting cells in G2 phase.
This G2 arrest occurred independently of
p53. Importantly, inhibition of MKK6 or
p38y disrupted this checkpoint. p38y
activation was dependent upon ATM
and resulted in the activation of Chk2.'"””
The authors propose that MKK6
and p38y function between ATM and
Chk2 in the pathway. Activated Chk2
can phosphorylate Cdc25C, thus stimu-
lating 14-3-3—dependent sequestration
of Cdc25C away from Cdkl (Cdc2).
Further evidence for a close link
between p38 MAPK and checkpoints
is provided by Bulavin et al.,'” who



[ MONOGRAPHS |

Genes & Cancer / vol 4 no 9-10 (2013) ]

examined the role of p38 in the G2
checkpoint in response to UV radiation.
Again, p38 was found to have a crucial
role in the initiation of a G2 delay. How-
ever, in the case of the UV radiation
checkpoint response, the p38a and p38p3
isoforms were involved rather than the
p38y isoform. Addition of an inhibitor
specific for p38a and p38B (SB202190)
abrogated the cell cycle checkpoint
response to UV radiation. The UV-
induced G2/M checkpoint arrest appears
to be achieved through p38-dependent
phosphorylation of Cdc25B, resulting in
14-3-3 binding. The association of
14-3-3 with Cdc25B results in its exclu-
sion from the nucleus and failure to
dephosphorylate Cdk1 (Cdc2—cyclin B).
Consistent with this model, mutating
these Cdc25B phosphorylation sites
resulted in checkpoint abrogation. These
data support an important interplay
between the p38 pathway and G2 cell
cycle checkpoint control. Choi et al.,'™
in their study, showed that activation of
c-Abl-PKC&-Racl-p38 MAPK signal-
ing in response to ionizing radiation sig-
nals conformational changes of Bak and
Bax, resulting in mitochondrial activa-
tion—mediated apoptotic cell death in
human NSCLC cells. Since it has been
shown that p38 MAPK acts as an early
step prior to the dysfunction of mito-
chondria and caspase activation during
apoptotic cell death in several model sys-
tems, they investigated whether p38
MAPK is involved in radiation-induced
mitochondrial dysfunction and cyto-
chrome ¢ release. Inhibition of p38
MAPK by treatment with the p38 MAPK
inhibitor, SB203580, or by overexpres-
sion of a dominant-negative form of p38
effectively blocked the loss of mitochon-
drial membrane potential, cytochrome c
release to the cytosol, and caspase acti-
vation seen after irradiation. Inhibition of
p38 MAPK also suppressed the radia-
tion-induced conformational changes of
both Bax and Bak and subsequent mito-
chondrial translocation of Bax, indicat-
ing that p38 MAPK is an important
mediator of apoptotic conformation of

Bak/Bax and subsequent mitochondrial
dysfunction during radiation-induced
apoptotic cell death.

An extensive array of potent and spe-
cific inhibitors of p38 are being evalu-
ated in phase I and II clinical trials'*>"'"’
(Fig. 2). They have been developed pri-
marily for the treatment of chronic
inflammatory diseases, although some
trials are also evaluating possible appli-
cations in cancer.

Conclusion

Several studies demonstrate that activa-
tion of the MAPK pathway is a central
feature in radioresistance mechanisms,
and molecularly targeted approaches that
enhance the effectiveness of radiation are
particularly attractive for the treatment of
cancer. Radiation therapy significantly
improves local control and is considered
a standard of care for patients with locally
advanced cancer. As approximately half
of all patients with cancer undergo radio-
therapy as part of their treatment, enhanc-
ing therapeutic outcomes for even a small
percentage of these patients has the
potential to translate into significant clin-
ical effects. Evidence from some of the
studies outlined above supports a need
for further investigations of combined
modality therapy that involves radiation
and MAPK pathway inhibitors as a
promising strategy for improving the
treatment of patients with cancer. The
potential to combine such inhibitors of
MAPK signaling pathways with local-
ized radiation is considerable, although it
is necessary to evaluate whether such
approaches could act cooperatively with
radiotherapy and to examine any poten-
tial scheduling interactions to optimize
therapeutic outcome.
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