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Inherent and acquired resistance of cancer cells is increasingly
recognized as a significant impediment to effective radiation can-
cer treatment. As important intracellular factors, aberrant tumor
transmembrane signal transduction pathways, which include the
prosurvival cascades (PI3K/Akt, MAPK/ERK and JAK/STAT) and
the proapoptosis pathways (Wnt, p53 and TNF-o/NF-kB), have
been proved to be crucial determinants of the probability of cell
sensitivity to radiation in malignant lesions. There is increasing
evidence that targeting the abnormal pathways that can regulate
the activity of the DNA damage response and further influence
the response of tumor cells to radiation may be suitable for
improving radiation sensitization. Preclinical and clinical evidence
suggest that agents targeting aberrant tumor signals can effec-
tively improve the therapeutic effect of ionizing radiation. There-
fore, in this review, we discuss the intricate interplay between
tumor responses to radiation with the aberrant signal pathways,
and the potential druggable targets within the pathways to sen-
sitize tumors without significant collateral damage to normal
tissues. The application of novel targeting compounds to manipu-
late the aberrant signal of tumor cells in clinical treatments is
also addressed. (Cancer Sci 2013; 104: 1401-1410)

I onizing radiation (IR) is an inalienable part of modern can-
cer management given the unique advantages of being non-
invasive and devoid of intense systemic toxicity. As an integral
component of adjuvant treatment strategies for primary tumors
and palliative treatment strategies for advanced and metastatic
tumors, more than 50% of diagnosed cancer patients receive
radiation therapy (RT; alone or combination with chemother-
apy or surgery) worldwide. However, RT offers various
degrees of success; there is still an increased recurrence and
treatment failure in patients. Retrospective studies show that
extracellular factors, such as location, size and hypoxia, play
important roles in the lack of response to radiotherapy.”'* In
recent 15 years, as important intracellular factors, the signaling
pathways that can regulate the activity of the DNA damage
response, cell growth, differentiation and development have
been proved to undergo oncogenic changes far more than other
molecule groups.®™ The genetic alterations that are activated
by the signal cascades in premalignant cells and further char-
. . . (6-8)
acterize neoplasm genomes have also been highlighted.
Preclinical and clinical studies have indicated that the aberrant
signal pathways in cancer cells are crucial determinants of the
probability of the im})rovement of sensitivity to radiation in
malignant lesions®'¥; and a more nuanced understanding of
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the complex radiobiology mechanisms for the response of
tumors to RT has paved the way for exploring novel or combi-
natorial therapeutic approaches for cancer treatment using IR.
Hence, the targeted agents that can specifically inhibit the
activity of the signal cascades could abrogate the radioresis-
tance of tumors and potentiate tumor response to radiother-
(11,12,14) . ; X
apy. Although some cellular signaling events triggered
by clinically relevant doses of radiation and the fundamental
relationship between signal pathways and tumor progression
have been thoroughly reviewed elsewhere, the convergence of
multiple lines of research on signaling pathways that modulate
the response of tumors to RT has not occurred. Hence, the
scope of this review is not only to focus on the intricate inter-
play between tumor responses to radiation and the aberrant
signal pathways, but also to offer insight into potential drugga-
ble targets to sensitize tumors to RT without significant collat-
eral damage to normal tissues. Moreover, recent advances in
the application of novel specific targeting of chemical com-
pounds with proven clinical efficacy in manipulating the aber-
rant pathways in the rational clinical treatments of tumor
patients have been summarized; the toxicity and side effects of
the targeting agents are also discussed.

Current Selective Agents Targeting Aberrant Signal
Pathways of Tumor Cells under Preclinical and Clinical
Evaluation

The benefits of IR for subsets of cancer patients derive from
its ability to directly or indirectly damage DNA through inter-
ference with various DNA-associated proteins or to disrupt
normal DNA division processes, such as replication, transcrip-
tion and recombination, and to induce cancer cell death.®™
Normal cells are proficient in reversing DNA lesions by acti-
vating appropriate repair mechanisms; however, a similar
capacity to effectively recognize DNA damage and initiate
DNA repair pathways leads to the phenomenon of therapeutic
resistance to IR in cancer cells. Accumulating evidence sug-
gests that these dysfunctional phenotypes elicit pro-survival
and anti-apoptotic responses (the inducible radioresistance par-
adigm), and then affect the capacity of cancer cells to engage
in catabolic processes, including apoptosis, postmitotic death,
senescence and autophagy.'®'” Preclinical events suggest that
compared to other targeted drugs, agents targeting the aberrant
signal pathways provide specific advantages to cancer patients;
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this is because upregulation of aberrant signal pathways often
occurs in cancer cells instead of normal cells. For example, in
cancer cells, proapoptotic factors have been proved to be
reduced, which, combined with the overexpression of antiapop-
totic proteins, enables cancer cells to be more reslstant to
death induced by radiation compared with normal cells.>-¢~'%
Moreover, some oncogenes occur only in tumor tissues, such
as proto-oncogene fms as a receg)tor tyrosine kinase, which is
activated only in leukemic cells.” Thus, agents targeting these
pathways in tumor cells cause little toxicity to normal tissues.
Hence, a variety of targeted compounds that can selectively
inhibit transferred factors in proapoptosis pathways and at the
same time enhance the functions of prosurvival pathways’ fac-
tors represent a promising approach to elevate the sensitization
of malignant cells, and many of these agents are currently under
preclinical and clinical evaluation (Table 1).

Strategies Inhibiting Proliferative Pathways

The plethora of proliferative signaling pathways, a feature that
would be aberrantly hyperactivated or deregulated in cancer
cells, has been proved to be triggered by sublethal doses of
radiation within tumor cells (inducible signaling). Increased
levels of the inhibitors of apoptosis proteins induced by the
proliferative signaling pathways is closely associated with
radio-resistance and chemoresistance and poor clinical out-
come in various types of cancer.'®'” Hence, transfer factors
within the proliferative pathways activated by radiation signals
from the outside cytoplasm and the inside nucleus could serve
as promising targets for novel radiosensitization strategies.
Numerous promising “druggable” targets for inhibition of the
anti-apoptotic functions are being tested to enhance tumor
radiosensitivity.

Agents targeting PI3K/Akt pathway. Activation of the PI3K
pathway can occur in response to various extracellular signals
through stimulation of membrane receptors, such as the estro-
gen receptor beta (erbB) receptors, insulin like growth factor
(IGF)-receptor and integrin receptors."® Implicated in survival
signaling, the PI3K/Akt cascade plays a crucial role in cancer
response to current therapeutic modalities (Fig. 1). Studies
show that PI3BK/Akt signaling participates in angiogenesis,
which is resistant to clinical low IR doses of 2-5 Gy following
vascular epithelial growth factor (VEGF) stimulation and regu-
lates capillary-like tubule formation in tumor cells."” After
PI3K and Akt upregulated, the cell cycle is arrested, and G1
phase-associated protein CyclinD1 and cyclin-dependent kinase
(CDK) 4 expression decreasei resistance to radiation-induced
apopt051s has been observed.**>» When PI3K or Akt activa-
tion is 1mpa1red by a PI3K 1nh1b1t0r such as L'Y294002, radio-
sensitization is detected.”” In addition, as a member of the
Akt pathway, the mechanistic target of Rapamycin (mTOR) is
also a promising target for cancer radiosensitivity therapy. Irra-
diation can activate mTOR signaling in vascular endothelium,
and the mTOR inhibitors Rapamycin and RADOOI can
increase a 2popt051s of tumor endothelial cells in response to
radiation.** Meanwhile, inhibition of mTOR could further
lead to cell-cycle arrest through upregulation of the CDK
inhibitor p27"P! and downregulation of Cyclin D1 after radia-
tion.*> The mechanism of the radiation resistance in the labo-
ratory and in cancer patients whose tumors harbor the
activated PI3K signal pathway provides a clear clinical appli-
cation for the targeted inhibitors. Inhibition of p110, a subunit
of PI3K, either using specific chemical inhibitors (Wortman-
nin, LY294002, 1C486068) or overexpression of the mutant
p85, can induce PI3K to enhance apoptosis and minimize cap-
1llary tubule formation induced by radiation in cancer tis-
sues.”” Chemical inhibition of Akt with ALX-349 as well as
overexpression of dominant-negative mutants Akt or its down-
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stream target glycogen synthase kinase-3 also leads to
radiosensitization of tumor cells.””” In addition, inhibitors of
mTOR (RADOO1, Temsirolimus [CCI-779], AP23573) as
potent radiosensitizers have been proved to lead to improved
tumor-growth delay in phase III trials.‘

Although inhibition of PI3K/Akt pathway at various steps
leads to the potentiation of radiation-induced cell death, down-
regulation of phospho-Akt does not automatically imply a
decrease in tumor cell proliferation owing to PI3K/Akt sur-
vival pathway inhibition. This means overexpressmn of PISK
or Akt can be induced by other carcinogenic factors.” The
activation of this pathway by receptor tyrosine kinase (RTK)
or by receptor-activated Ras suggests that the PI3K/
Akt pathway has an independency on growth receptors, this
may be the resistant occasion to current targeted growth
receptor inhibitors. ®

Agents targeting MAPK/ERK pathway. In addition to signal-
ing through PI3K, the MAPK signal cascade reaction activated
by growth factor receptors (including the HGF/SF receptor
[cMET], IGF receptor [IGFR] and epidermal growth factor
receptor [EGFR]) has been involved in the activation of cellu-
lar proliferation pathways (Fig. 2). Studies have shown that
activated mutations in Ras genes, most often in K-Ras, are
found in 30% of cancers and are generally acquired in the
early process of tumorigenesis.*® Large-scale = sequencing
studies have further revealed that Raf is mutated in 20% of all
cancers and in more than 40% of melanomas.*” The majority
of mutations is clustered in the kinase domain of Ras-Raf and
leads to the stimulation of extracellular signal-regulated kinase
(ERK)1/2 activity in cells, which is a typical survival signal
and further induces cell proliferation and protects cancer cells
from apoptosis. Inhibition of Ras activation can result in radio-
sensitization both in rodent and human tumor cell lines bearing
endogenous Ras mutations.”” In addition, tumor cells with
endogenous Raf activation are more resistant to radiation than
their counterparts with the mutant Raf oncogene; and the
intrinsic resistance can be eliminated by homologous recombi-
nation.?” Moreover, ERK activation in endothelial cells has
been demonstrated to play a radioprotective role resulting in
increased survival of irradiated cells.”” Another downstream
factor of Ras, murine double minute 2 (MDM?2), the cellular
ubiquitin E3 ligase of the tumor suppressor p53, is considered
to have radiosensitization activity after combination with RT
in xenograft models of human cancers regardless of their p53
status. Furthermore, the activity of the MAPK signal
pathway alters several proteins expression that regulates tumor
cell adhesion and motility, differentiation and proliferation,
and this action makes this cascade representing significant and
prom1s1ng molecular targets for effective IR treatment possi-
ble.?**Y"In clinic, the initial approach to block Ras function
was indirect, because targeting Ras is difficult, with more fail-
ures than successes, especially in G1 phase malignancies; how-
ever, inhibition of Farnesylation, a post-translational
modification involving the addition of a 15-carbon gro £ that
is critical to Ras function, can decrease Ras activity.®? The
farnesyl transferase inhibitors (FTI) (Tipifarnib [R115777] and
Lonafarnib [SCH66336]), which have been used in phase I
studies, have shown therapeutlc effects on tumor growth after
radiation treatment.®” Further research implies that inhibition
of Farnesylation by FTI may be sufficient to abro%ate Ras-
dependent cell signaling and transforming functions.®” On the
basis of this, several different FTI have been tested in a large
number of clinical studies as single agents as well as in combi-
nation with standard chemotherapy. As for the Raf activation,
Sorafenib (BAY 43-9006), a small-molecule inhibitor of both
A-Raf and mutant or wild-type B-Raf, with additional inhibi-
tion of VEGF receptor (VEGFR)-2, VEGFR-3, platelet-derived
growth factor receptor (PDGFR)-f, Flt3 and c-KIT, has been
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Alternative receptors possibly responsible for
acquired resistance to EGFR inhibitors
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Fig. 1. Mechanism of PI3K/Akt pathway to induce
radioresistance and possible strategies to prevent
acquired resistance to radiation through inhibiting
the activity of relative elements. In the PI3K/Akt
pathway, after GFR protein tyrosine kinases are
activated, PI3K protein is recruited to the
membrane by directly binding to phosphotyrosine
consensus residues of growth factor receptor,
leading to allosteric activation of the catalytic
subunit. This activation results in production of the
second messenger phosphatidylinositol-3,4,5-
trisphosphate (PIP3). The lipid product of PI3K
recruits Akt signaling protein domains to the
membrane. Once activated, Akt mediates the
activation of several targets, including IKKoa, mTOR,
MDM2 protein and Bad, Apaf/Caspase 9 proteins
downregulation, and then results in cellular
survival, growth and proliferation through various
mechanisms. Possible strategies to prevent acquired
resistance include combination therapy against
alternate receptors, including cMET, IGFR and EGFR
in the membrane and intracellular signal elements
containing PI3K, AKT and mTOR.

Fig. 2. Ras-induced MAPK prosurvival pathway:
therapeutic targets and new therapies. The Ras-Raf-
MEK-ERK (MAPK) signaling pathway represents
significant and promising molecular targets for
effective treatment wusing radiotherapy. The
dimerisation and autophosphorylation of EGFR
provide docking sites for signaling molecules,
including the Grb2-SOS complex, to activate the small
G-protein Ras. This exchange elicits a conformational
change in Ras, enabling it to induce Raf activation
and MDM2  upregulation.  Activated Raf
phosphorylates and activates MEK (MAPK/ERK
kinase), which, in turn, phosphorylates and activates
extracellular-signal-regulated kinase (ERK). Activated
ERK induces many substrates’ activity in the cytosol to
inhibit the apoptosis. ERK can also enter the nucleus
to control gene expression by phosphorylating
transcription factors to induce proliferation.
Activated MDM2 further inhibits p53 activity and
inhibits cell apoptosis. Possible strategies to prevent
acquired resistance include molecular agents or gene
therapy against EGFR in the membrane and
intracellular signal elements containing Ras, Raf,
MEK, ERK, MDM2 activation.

used as single agent in a phase II trial that included 138 patients ~ growth factor receptors, and genetic alterations, so this signal
with metastatic colorectal cancer to detect the activity of anti-  pathway often shows different biological functions.*? In some
tumor and radiosensitive effects.'® cases, inhibition of MEK1/2 to regulate ERKI1/2 activity

The activation of “classical” MAP kinases ERK1 and ERK2  enhances cell killing by radiation due to increased G2/M arrest
by IR is dependent on the cell type, the expression of multiple  and apoptosis, while in others, activation of ERK pathway
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Receptor dimerization through combination
ligand with receptor of JAK-STAT
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Fig. 3. As a recently discovered nuclear signal transduction pathway,
the mechanism of the JAK/STAT pathway in regulating proliferation,
differentiation, apoptosis and radio-resistance processes in numerous
cancer types.

following irradiation has been shown to promote radiosen-
sitivity by abrogating G2/M checkpomt( 2 Specifically, radia-
tion-induced ERK activation is closely linked to increased
expression of radloprotectlve transcription factors and DNA
repair protelns( The initial clinical approach to target this
pathway 1§ CI-1040, a small-molecule inhibitor of MEKI1 and
MEK2,""® which is demonstrated to decrease phospho-MAPK
(PMAPK) in tumor and surrogate tissues in phase I studies;
however, there were no objective resgonses in 20 patients with
colorectal cancer in a phase II trial. "™ Two sides of biological
effects of ERK pathway in tumors may lead to decrease the
effects of targeting agents in some degree.

Agents targeting JAK/STAT signaling pathway. Even though
radioresistance in cancer cells results from a number of abnor-
mal oncogenic signaling pathways induced by genetic or epi-
genetic mechanism, all the published reports seem to converge
on a very limited number of nuclear transcription factors that
function as final effectors and start specific gene expression
patterns for a particular cancer. Among the activated prolifera-
tive signaling pathways within tumor cells, nuclear transcrip-
tional signaling cascade JAK/STAT is unique in that active
signal comes from the nucleus and the transcription factors
produce effects at the convergence of the cytoplasm, while the
opposite transduction cascades are observed in other pathways
(Fig. 3). Major biologic effects of the JAK/STAT signal
include promotion of cell survival through increased expres-
sion of anti-apoptotic proteins such as Bcl-2 and Bcl-XL,
mediation of tumor-promoting inflammation and promotion of
the pro-oncogenic 1nﬂamrnat0ry ?athways including NF-kB
and IL-6-GP130-JAK pathways.®” Some reports demonstrate
that inhibition of STAT3 signaling can increase radiosensitivity,
reduce tumorigenic properties and promote radiation-induced
apoptosis in ghoblastoma—derived tumor initiating cells.**=>®
Yang et al.®” show that radiosensitivity is enhanced by the
simultaneous inhibition of STAT3 and expression of erB2.

Ding et al.

Stable transfection with shRNA against STAT3 also results in
enhanced radiosensitivity of human squamous cell carcinoma
(A431) cells.®® Studies investigating the altered proteomic
profiles of radioresistant prostate cancer cells confirm that the
enhanced radioresistant phenotype of the tumor cells is accom-
panied by multiple mechanisms, with radiation-induced actlva-
tion of the JAK/STAT pathway playing a significant role.®
Several chemical compounds, including S3I-201, Stattic, STA-
21 and a JAK kinase inhibitor AG490, that have been reported
to successfully inhibit JAK/STAT signaling can effectively
improve the een@ltlzatlon to radiation of tumors without obvi-
ous tox101ty ') Moreover, other members of the STAT family
have been proved to play a prominent role in tumor radioresis-
tance; for instance, downregulatlon of STAT1 and STAT2 can
sensitize renal cell carcinoma to radiation.*® Recent studies
imply that inhibition of STAT could be one of the underlying
mechanisms of radiosensitization by physiochemical com-
pounds and plant phytochemicals, which can mediate STAT3
phosphorylation in cancer.® More importantly, studies
have indicated that the abrogation of JAK/STAT signaling
with these small-molecule inhibitors is sufficient to induce
growth arrest and apoptosis in various types of tumors 4",
this means that the targeted agents can achieve radiosensitivity
improvement.

Strategies Promoting Pro-Apoptotic Pathways

Interventional strategies that target pro-apoptotic signaling
pathways can be distinguished in those that inhibit anti-
apoptotic signaling. The first approach currently focuses on the
death receptors pathway. Unlike all other apoptotic stimuli,
death receptor ligands operate irrespective of the p53 status of
cells, activate Caspase effector and induce apoptosis indepen-
dent of the mitochondria via the extrinsic pathway. This is
very attractive for cancer therapy, because the mitochondrial
route for Caspase activation is frequently blocked during
malignant transformation. The death receptor signal pathways
are described as follows.

Agents targeting canonical Wnt signaling pathway. In normal
cells, the Wnt signaling is blocked, but deregulated Wnt sig-
naling has been reported in malignant cells, especially in more
than 90% of colon cancers.'” Wnt5a expression in human
melanoma biopsies has been proved to directly correlate with
increasing tumor grade and inhibition of Wnt-mediated signal-
ing induces apoptosis in both mahgf{nant melanoma cells and
non-small-cell lung cancer cells.">™ Kim er al.“? illustrate
that Wnt activation is a molecular mechanism implicated in
glioblastoma radioresistance and accomplishes an important
radiosensitization effect through pharmacological and siRNA
inhibition in U373 and 578 cells. In addition, activation of
Wnt has been 1dent1ﬁed to promote infestation and metastasis
of tumor cells."? Moreover, the Wnt transcription factor T
cell factor (TCF) 4 has also been reported to mediate human
colorectal carcinoma resistance to chemoradiotherapy. ) Acti-
vation of the [B-catenin/TCF signaling pathway as the down-
stream target of Wnt not only provides a growth advantage to
cancer cells, but also significantly affects the chnlcal outcome
by inhibiting chemotherapy-induced apoptosm( Therefore,
targeted agents such as the [-catenin antagonist ICG-001,
NSC668036, FJ9 and 3289-8625 and targeted gene sequences
inhibiting the activation of Wnt 31gna11ng have mamfested
ideal effects of radiation sensitization in cancer cells.!**¥
However, the Wnt-dependent signaling pathways conclude
three different molecular pathways and the intracellular signal
transduction cascades in each of these pathways are very dif-
ferent from each other, so, until now, the identity of the com-
ponents of the Wnt signal pathway have been unclear.'?
Despite the technological advances in the Wnt signal pathway
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interruption, the mechanisms of these compounds controlling
survival gene transcription in cancer cells remain elusive.
Therefore, investigating the regulation mechanisms of the Wnt
pathway and targeted agents may be beneficial in future
studies. Recent studies in human colorectal cancer show that
targeting the B-catenin/adenopolyposis in coli displays a novel
mechanism of cyclooxygenase-2 (COX-2) inducing anticarcin-
ogenic effects and COX-2 is indicated to play important roles
in the tumorigenesis and radioresistance of cancer."'”

Agents targeting TNF-o/NF-kB signal pathway. TNF-a is a
strong anti-tumor cytokine that could promote proliferation
and differentiation of immune cells after being activated by
the TNF receptor (TNFR), and further inhibit tumor angiogen-
esis and increase permeability of tumor vascular endothelial
cells to produce anti-tumor effects. As the prototypical death
receptors, TNF-a signal pathway has been reported to induce
two downstream transductions: one can induce activation of
nuclear factor kappa B (NF-kB) to cause an anti-apoptosis
effect; the other can lead to apoptosis through regulation of
Fas-associated protein with death domain (FADD; Fig. 4).
Hence, inhibition of NF-kB results in a complex regulation
with, on one hand, an increased apoptosis of irradiated cells,
but on the other side, induction of lower TNF production and
decreased therapeutic effects of radiation.

The impact of NF-xB inhibition on radiosensitivity has been
explored in various models. Expression of the NF-kB inhibitor

(IKB) can result in increased apoptosis in irradiated head and
neck squamous carcinomas cells"'® and overexpression of
wild—tg})e IKB can sensitize human glioblastomas to radia-
tion.”) Moreover, the specific knockout of the I kappa B
kinase (IKK2) gene in intestinal epithelial cells demonstrates a
radioprotective role of NF-kB."'* Using genetic approaches, it
has been shown that expression of the repressors of NF-kB
enhances radiation-induced apoptosis in cancer cells.'**®
Evaluation of all these studies clearly demonstrates novel
strategies that can target proapoptosis signal in TNF-o related
pathways and depress NF-xB activation. Because a number of
different steps are involved in NF-kB activation, there are sev-
eral potential methods to downregulate NF-xB in target tissues
using a wide range of agents (corticosteroids, phytochemicals,
proteasome  inhibitors and synthetic peptides).*”” These
approaches can be roughly categorized as: (i) inhibition of the
key steps in NF-kB pathway; (ii) targeting the upstream com-
ponents of the NF-«B pathway; or (iii) pharmacological inhibi-
tion of the key components of the effector. Parthenolide of the
sesquiterpene lactone can sensitize human hybrid CGL1 cells
to radiation by inhibiting NF-xB activity and enhancing apop-
tosis.*® In addition, in prostate cancer cells, Parthenolide
can mediate radiosensitization by inhibiting radiation-induced
NF-kB activation and the expression of its downstream target
superoxide dismutase 2 (SOD2), the gene coding for an
important anti-apoptotic and antioxidant enzyme (manganese

TNF-a F—1Inhibition of protein synthesis

1

TNFR1 TRADD
/ TraFz RIP
JNK
MKP \
ROS
Activation IKK o
inhibition Y
SOD2,FHC
SOD2,FHC
c-FLIP —
Growth

Promotion of compound formation

FADD /

compounds

Apoptosis

Fig. 4. Activation of TNF-o pathway and possible strategies to prevent resistance to radiation through inhibiting the activity of relative ele-
ments. Although TNF can bind two receptors, TNF-R1 (TNF receptor type 1) and TNF-R2 (TNF receptor type 2); most information regarding TNF
signaling is derived from TNF-R1. Upon contact with their ligands, TNF receptors form trimers and cause a conformational change, leading to
the dissociation of the inhibitory protein SODD from the intracellular death domain and leading the adaptor protein TRADD to be binded. Fol-
lowing TRADD binding, three pathways can be initiated. First, TRADD recruits TRAF2 and RIP, then TRAF2, in turn, recruits the multicomponent
protein kinase IKK. IKK phosphorylates an inhibitory protein, IkBo, and releases NF-kB, which can translocate to the nucleus and mediate the
transcription of a vast array of proteins involved in cell survival and proliferation, inflammatory response and anti-apoptotic factors. Second,
TNFR induces a strong activation of the stress-related JNK group, evokes moderate response of the p38-MAPK, and is responsible for minimal
activation of the classical ERK. Of the three major TNF-o cascades, TNFR is also involved in death signaling. TRADD binds FADD, which then
recruits the cysteine protease caspase-8. A high concentration of caspase-8 induces its autoproteolytic activation and subsequent cleaves of effec-
tor caspases, leading to cell apoptosis. Possible strategies to prevent acquired resistance include combination therapy against TNF-a protein syn-
thesis in the membrance and NF-xB activation or promoting FADD/Caspase 8 compound formation.
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superoxide dismutase).*” Cepharanthin, the anti-inflammatory
biscoclaurine alkaloid extracted from the roots of Stephania
cepharantha hayata, enhances the radiosensitivity of oral
squamous carcinoma cells by inhibiting the activation of radia-
tion-induced NF-kB and the production of NF-xB-mediated
downstream pro-inflammatory cytokines IL-6 and IL-8.“"
Apart from plant phytochemicals, a few other synthetic com-
pounds have also shown to exert their radiosensitizing effects
through NF-xB suppression, such as docosahexaenoic acid and

. . (50) . . .
pitavastatin.”"’ Indomethacin, which can suppress NF-«kB acti-
vation, has rendered HeLa cells more susceptible to apoptosis
after irradiation.*® Similarly, the radiosensitizing properties of
genistein, a soy isoflavone, are mediated by suppression of
radiation-induced NF-kB, leading to altered expression of
regulatory cell cycle proteins such as Cgclin B or p21WAFY
Cipl and, thus, promoting G2/M arrest.“” As for the natural
agents, the proteasome inhibitor Velcadel (Bortezomib or PS-
341) has been shown to increase radiation-induced apoptosis
and to augment radiosensitivity in colorectal cancer cells in
vitro and in vivo through NF-kB inhibition.®" In addition, the
radiation sensitization phenomenon of bortezomib has been
observed through NF-kB activity and the variability in Bort-
ezomib-induced radiosensitization of cervical cancer cell lines
has been attributed to differential NF-xB signaling patterns
among cell lines.°" All the evidence implies that NF-xB
activated in the tumorigenic process has become a promising
target to enhance radiation sensitization. However, during
treatment, the “double-face” of NF-kB and the downstream
factor-reactive oxygen species might require some consider-
ation and the effects of drugs may be degraded in some
sides."?

Agents targeting p53 signal pathway. p53 transcription factor,
known as a DNA damage-inducible molecule, has been
reported to suppress cancer progression through induction of
cell-cycle arrest, apoptosis, or senescence in response to a vari-
ety of cellular stimuli. Its activity is regulated by murine dou-
ble minute 2 (MDM2) and then feedbacks to block MDM?2
activities (Fig. 1). In addition to losing wild-type p53(wtp53)
activity, a high percentage of human tumors are characterized
by mutations (Fig. 5) that convert the tumor suppressor func-
tion into a negative action or into an oncogenic signaling coor-
dinator with the ability to induce gene expression distinct from
the wild-type counterpart. These acquired functions enable
mutant p53 to promote a large spectrum of cancer phenotypes
and lead to unchecked proliferation, tumor growth and thera-
peutic resistance. In breast and colorectal tumors, p53 muta-
tions are reported to show resistance to many chemical

. . s (52)
anticancer agents and radiation. Another study shows that
mutant p53 can initiate a feedback loop that involves ERK-
mediated transcription of early growth response-1 (Egr-1),
which, in turn, increases the secretion of epithelial growth
factor reactor (EGFR) ligands through stimulation of EGFR

. . (53) . . ..
signaling. Although previous studies show that radiation
inhibits the upregulation of mutant p53 instead of wt p53,

recent reports indicate that the expression of wtp53 is required
for the radiation stimuli."'* Additional data show that radiation
resistance is associated with decreased wtp53 and activated
ERK in leukemia."¥ Currently, p53 targeting technologies
containing antisense technology, RNAi technology, tranfection
exogenous genes technology and microRNA technology have
proved to uyregulate the sensitivity of radiation in most cancer
models."**3% Recombinant human p53 adenovirus paren-
teral solution has been approved for use by the State Food and
Drug Administration. It is the first gene therapy drug to be
approved and has demonstrated good efficacy in terms of
radiation sensitivity in the treatment of head and neck and
gastric cancer."'

Interaction between the Anti-Apoptotic Pathways and the
Pro-Apoptotic Pathways

Although multiple biological effects at the cell and tissue level
induced by radiation can be divided into pro-apoptosis and
anti-apoptosis response, the tumor cell signal transduction con-
tains multi-components and multi-linked pathways and even
now some signal transduction pathways and middle factors’
functions are not clear. In fact, after activation, many signal
pathways show multi-interaction and cross function. For exam-
ple, p53 and the Bcl-2 family are involved in the apoptosis
signals; however, as important downstream cascade elements
in the proliferative signals, they also play important functions
in the pro-survival tumor cells (Figs 1,2). Using the antisense
oligonucleotide to inhibit the function of the antiapoptotic pro-
tein Bcl-2 in colorectal and other cancers reveals no significant
cytocidal activity.®> Hence, attempts in the clinic to block the
function of single pathway have been met with limited success.
Instead of trying to interrupt anti-apoptotic or pro-apoptotic
pathways, which belong to traditional membrane-based and
intracellular signaling pathways, a novel approach has emerged
attempting direct stimulation of survival or apoptosis via
engagement of a family of membrane-bound anti-apoptotic or
pro-apoptotic receptors. Because many of the pathways can be
activated by the EGFR and TNF-related apoptosis-inducing
ligand (TRAIL), their interruption promotes amplified effects
of target agents."® Clinical data provide proof that inhibiting
the EGFR si}gnal transduction pathway can result in antitumor
activity,"®> such as using the IgGl monoclonal antibody
Cetuximab, which is typical used as an inhibitor of EGFR and
approved by the FDA for the treatment of patients with irino-
tecan-refractory disease.®> However, the presence of EGFR
does not imply that EGFR signaling is a dominant pathway for
the given cancer.®®>” Indeed, recent data suggest that some
EGFR-negative tumors may respond to EGFR inhibition.*>”
Thus, despite modest clinical benefit, many patients (EGFR
positive or negative) do not respond to Cetuximab.®>"
Although there are a number of plausible explanations for the
resistance of cancers to EGFR inhibitors, the main hypothesis
is there is significant cross-talk between the PI3K/AKT and
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other pathways, such as the apoptosis pathways and the NF-xB
and, possibly, the Wnt pathway.

Multifunctional Agents for Radiosensitivity Through
Inhibiting Various Signal Transduction Pathways in Tumor
Cells

Although aberrant signal pathways of tumors are emerging as
promising radiation therapeutic targets, there are potential con-
cerns and challenges related to the clinical use of current tar-
geted drugs owing to their low cancer selectivity and
specificity. For example, some targeted agents might bind spe-
cifically to normal cellular components and this special combi-
nation is a hindrance for in vivo application. A further concern
is the possible intrinsic drug-resistant mechanisms, such as the
intervention of multidrug resistance pumps, which might
exclude these potential drugs from cancer cells.”™ Delivering
these agents selectively and maintaining sufficient concentra-
tions at the tumor sites is important to improve the therapeutic
efficacy of these targeted agents and to decrease side effects.
Based on the above analysis, the application of radiosensitivity
targeting strategies through development of multi-targeting
agents or direct conjugation of multifarious therapeutic molec-
ular agents may accomplish promising efficacy and the novel
strategies are described in the following.

Epithelial Growth Factor Receptor-targeting Agents for
Radiosensitization in Aberrant Signal Pathways

The EGFR (HERI) is a transmembrane glycoprotein member
of the ErbB receptor family. The main function of EGFR is to
transfer the extracellular signal into cells and then activate
downstream pathways to obtain the biological effects. PI3K/
Akt and MAPK pathways are mainly dependent on EGFR
(Figs 1,2). Hence, EGFR targeting agents as broad-spectrum
radiosensitizers have shown clinical promise; the representative
drug is cetuximab, which has shown target specificity in
clinic."® Recent reports illustrate that this agent can effec-
tively increase the radiation sensitivity of tumor cells and it
exhibits better targeting and therapeutic effects.®” However,
unlike HER-2 expression, EGFR is not a robust predictor of
response to EGFR-targeted therapy; patients with a low degree
of EGFR expression still respond to EGFR antagonists.”%”
In a human glioblastoma cell model, IGFR mediated resistance
to anti-EGFR therapy partly through PI3K/AKT, providing a
particularl(%/ vivid example of the redundancy of downstream
signaling. D The alternate receptors are possibly responsible
for acquired resistance to EGFR inhibitors in tumor therapy.®"
For example, the PI3K/AKT and Ras/MAPK pathways can
also be activated by ¢cMET or IGFR.©" The development of
acquired resistance to EGFR inhibitors results in downstream
mutations or activation of alternative survival pathways, and is
emerging as a potential treatment barrier for the optimization
of EGFR-targeted therapy. Hence, the broad-spectrum RTK
inhibitors, which have the advantage of targeting multiple
RTK sites, may be attractive. One such small molecule agent
is PTK787, which targets VEGFR2, PDGF and cMET.®"
Another drug of SU11248 that is a selective inhibitor of VEG-
FR2 and PDGFR as well as Kit and VEGFR1 and is designed
to inhibit kinase activity of fibroblast growth factor, PDGF and
VEGEF receptors has demonstrated significant radiation sensiti-
zation effects in preclinical models.®®” Nilotinib (Tasigna),
inhibiting PDGFR, Bcr2Abl and c2kit receptors and protein
kinase C (PKC) 412 (N-benzoylstaurosporine), which is a
staurosporine derivative with a broad therapeutic index in early
phase I-II clinical trials, was initially thought to be exclusively
a competitive inhibitor of adenosine triphosphate binding to
three PKC isoforms.®" Additional mechanism studies have
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revealed that PKC 412 has an antiangiogenic effect through
inhibition of autophosphorylation of the VEGFR tyrosine
kinase and further inhibition of the activity of Flt-3 receptor
tyrosine kinases.®” However, these agents offering effective
treatment are also associated with side effects in addition to
radiosensitivity, such as toxicity to normal cells for large treat-
ment dosage and short half-life periods.®” Therefore, target
specificity and the broad therapeutic window are still convinc-
ing arguments for exploring the role of novel molecular-
defined anticancer agents.

Therapeutic Alliance of Various Molecular Agents

The mechanism of intrinsic resistance of radiotherapy is com-
plex and contains various cellular and molecular alterations,
not solely the transduction pathway modifications. Traditional
therapeutic alliance of molecular agents targeting signaling
cascades is accomplished through a combination of two or
three signal targeting agents. This strategy has been proved to
produce effective outcomes in improving sensitivity to IR of
tumor cells. However, DNA damage restoration, activation of
oncogenes and angiogenesis factors have also been linked to
multiple aspects of tumorigenesis and radiation resistance, and
these targeted agent combinations may also provide far more
effective sensitization.®® For example, binding the DNA
repair enzymes to cell signaling proteins can improve the
lethal effects of radiation effectively.®® Utilizing hypoxia sen-
sitizers that can increase the sensitivity of hypoxic cells has
also been demonstrated to kill radioresistant hypoxic cells
effectively during a radiotherapy course.** Moreover, appli-
cation of vascular targeting agents is another common strategy
of radiation sensitization, so exploring mechanisms of these
agents with signal inhibitors may provide novel combination
modality.® Morever, radiation therapy is often given in com-
bination with a course of chemotherapy, especially in distant
tumor tissues; therapeutic gain is sought by exploiting synergy
between radiation and drug effects. Exploring chemotherapy
agents as novel radiosensitizers could effectively prevent nor-
mal tissue damage induced by profuse reduplicate drug appli-
cation.

Conclusions

Despite the technological advances in the field of radiation
oncology, overcoming intrinsic and inducible tumor radioresis-
tance remains a major conceptual and therapeutic challenge.
This is particularly the case when the resistance mechanism is
similar in tumor cells and normal cells. Understanding the cel-
lular and molecular basis for innate and acquired resistance of
cancer cells to radiotherapy is a prerequisite for overcoming
this difficulty. Over the past decades, great strides have been
made in discovering and analyzing the aberrant signaling path-
ways in tumor cells. Research suggests that targeting the spe-
cial cascades in tumor cells offers the promise of a means of
enhancing the intrinsic sensitivity of tumors to radiation and a
means of decreasing the normal tissue side effects of radiation.
Rationally designed targeted agents could upregulate cancer
cell radiation sensitivity effectively. As described above, the
developing small molecular agents targeting tumor signal path-
ways exhibit obvious advantages over conventional cytotoxic
radiation sensitizers. The development of multifunctional
agents targeting multiple components of signal pathways in
tumor cells further supplies advantages over the side effects
induced by conventional radiotherapy. This inspires the devel-
opment of multifunctional, multi-targeting radiosensitizers uti-
lizing artificial structures drugs and targeting gene sequences.
Therefore, in this article, the relationships between aberrant
signal pathways and radioresistance and various targeting
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radiation sensitivity agents have been reviewed; clinical and
preclinical data also show significant promise. The use of these
strategies provides not only a potential avenue to explore new
pathways responsible for tumor radioresistance but also a
potential framework to incorporate two or more strategies to
provide multifunctional capabilities.

Identifying novel signal elements that are connected to
radioresistance can bring to novel agents exploitation for radio-
sensitization. However, there are still challenges to improve
the transfer of these therapeutic agents to clinical use, such as
short half-life periods, side effects impacting normal organs,
targeting and penetrating tumors and long-term toxicity.
Hence, a rigid examination of these agents must be undertaken
in future, practical and validated pharmacodynamic biomarkers
connected with the agents need to be developed. Drug delivery
systems also provide a novel radiosensitization strategy, such
as nanomaterials that have been demonstrated to be excellent
tools for molecular imaging, diagnosis and targeted delivery.
In addition, modification of the radiosensitivity of cancer stem-
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like cells that are key contributors to radioresistance and are
responsible for tumor progression and recurrence may be
another approach to consider in radiation therapy.

In conclusion, the identification of aberrant signal pathways
broaden the current concept of radiation sensitivity, exploring
multi-targeting molecular agents and new targeting sensitiza-
tion technologies which can achieve personalized radiotherapy
will be under intensive development in future.
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