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Radiation therapy can be a pow-
erful localized cancer treatment 
modality, but its efficacy is lim-

ited for some tumors due to the survival 
of resistant subclones. While numerous 
mechanisms impact sensitivity to radi-
ation, here we examine the transcrip-
tional alterations and gene expression 
programs that allow neoplastic cells to 
withstand radiation. Specifically, we re-
view the recurring mechanisms co-opted 
by cancer cells in radiation resistance: 
upregulation of DNA repair, suppression 
of apoptotic programs, hypoxia, immune 
evasion and exhaustion, cellular plas-
ticity, as well as aberrant intracellular 
signaling (Figure 1, Table 1). Finally, 
we explore the therapeutic implications 
of these preclinical findings.

Enhanced DNA Repair
It is well-established that a principal 

mechanism through which radiation 
therapy achieves therapeutic efficacy is 

the generation of DNA double-stranded 
breaks, leading to the activation of 
apoptotic and cell death programs.1,2 As 
such, a common mechanism of resis-
tance to radiation therapy is through the 
upregulation of pathways that enable 
cell survival and continued prolifera-
tion in spite of radiation-induced DNA 
damage, insights that have been derived 
from numerous in vitro and preclinical 
studies.1-4 When PC-3 and LNCaP pros-
tate cancer cell lines were irradiated, for 
instance, upregulation of genes associ-
ated with DNA repair, such as BRCA1, 
RAD51, and FANCG, was observed in 
the more radioresistant PC-3 cell line, 
while downregulation of the same genes 
was observed in the more radiosensi-
tive LNCaP line.3 As further validation, 
when inhibitors of the DNA repair en-
zyme, poly ADP-ribose polymerase 
inhibitors (PARP), were added to PC-3 
cells followed by irradiation, viability 
was significantly reduced relative to 

cells receiving only radiation,3 suggest-
ing that increased DNA repair activity 
contributes to radioresistance in cancer 
cells and that blocking this capacity 
may improve radiosensitivity. Likewise, 
cancers associated with human papillo-
mavirus (HPV) have been shown to be 
more radiosensitive than HPV-negative 
cancers. Although the precise mecha-
nism of HPV-induced radiosensitivity 
is unclear, the HPV 16 E7 oncoprotein 
suppresses nonhomologous end-join-
ing,4-6 a commonly used DNA repair 
process. HPV-positive cancers, there-
fore, present a more favorable prognosis 
and improved clinical outcomes follow-
ing radiation therapy. Interestingly, this 
suggests that a subset of cancer patients 
might naturally respond well to radiation 
by virtue of the origin of their oncogenic 
lesions.4-6

Similar mechanisms and observa-
tions have been broadly reported in sev-
eral studies for various cancer types.3,7,8 
Transcriptome profiling of U251 MG 
glioma cells after gamma ray treat-
ment, for instance, showed enrichment 
of 1656 genes, many of which are im-
plicated in DNA repair and replication 
programs.7 The mechanisms through 
which tumor cells enhance their DNA 
repair capacity are diverse and related 
to cellular plasticity, ranging from re-
verting to stem-like states or undergo-
ing epithelial-mesenchymal transition 
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(EMT), in which a polarized epithe-
lial cell undergoes cell state changes 
to assume a more mesenchymal-like 
phenotype. Such changes can confer 
greater repair efficiency,8,9 increase 
the expression of noncoding RNAs,10 
and increase nucleotide deamination 
events.11 Furthermore, the types of 
DNA lesions generated from irradia-
tion are varied and can be repaired by a 
number of pathways, such as mismatch 
repair (MMR), nucleotide excision re-
pair (NER), homologous recombina-
tion (HR), nonhomologous end joining 
(NHEJ), and microhomology-mediated 
end joining (MMEJ).12 Interestingly, 
these routes of DNA damage protec-
tion are not mutually exclusive from 
subsequent themes presented in this re-
view, indicating overlap and interplay 
between multiple modes of radioresis-
tance (Table 2).

Clinical Implications of Enhanced 
DNA Repair

PARP inhibitors are small molecules 
that inhibit the function of poly ADP 
ribose polymerases, which are usually 
involved in DNA repair of single-strand 
breaks and base excision repair, thereby 
conferring preferential cell death to 
cancer cells that attempt to divide rap-
idly.13 Several PARP inhibitors such as 
niraparib and olaparib that impair DNA 
repair capacity have been tested in or 
entered into clinical trials alongside ra-
diation therapy treatment of brain me-
tastases, ovarian cancer, breast cancer, 
rectal cancer, or glioblastoma, among 
others.14,15 Preliminary studies have not 
shown notable or unexpected toxicity 
profiles, but there also has not been con-
vincing and consistent proof of synergy 
between RT and PARP inhibition.16,17 
It is possible, however, that a patient 
subset with specific genetic alterations 
may exhibit enhanced sensitivity to 
PARP inhibition. Niraparib in a phase 
III trial of ovarian cancer was used after 
platinum-based chemotherapy and was 

FIGURE 1. Diagram of crucial biological processes that lead to radioresistance.

Table 1. Mechanisms of Action that Enable Radioresistance

	 Biological Process	 Mechanism of Action

	 DNA Repair	 C	 DNA repair genes 

		  C	 MMR, NER, HR, NHEJ, MMEJ

	 Apoptosis	 C	 Anti-apoptotic genes 

		  F	 Pro-apoptotic genes

	 Hypoxia	 C	 Hypoxia induction genes 

		  C	 eg. HIF-1a

	 Immune System	 C	 Immune system evasion genes 

		  C	 eg. TIM-3

	 Cell Plasticity	 C	 Epithelial-to-mesenchymal transition genes 

		  C	 eg. ZEB1

	 Cellular Signaling	 C	 Notch signaling 

		  C	 Nagnog signaling 

		  C	 P13K/Akt/mTOR pathway

Key: MMR = mismatch repair, NER = nucleotide excision repair, HR = homologous recombination, 
NEJH = nonhomologous end joining, MMEJ = microhomology-mediated end joining 
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effective in BRCA-mutated patients, 
those with HR deficiencies, and even 
in some patients without canonical mu-
tations.18 The success of PARP inhibi-
tion may, therefore, be enhanced by an 
initial screen for hallmark DNA repair 
mutations that confer exceptional sen-
sitivity, although this requires further 
investigation. It would be beneficial to 
understand which mutations augment 
response to combined PARP inhibition 
and cytotoxic agents, and how to screen 
for them with affordable and clinically 
scalable assays. 

Similarly, early phase clinical tri-
als of DNA-dependent protein ki-
nase (DNA-PK) inhibitors (M3814) 
that suppress NHEJ-based repair and 
DNA damage checkpoints in combi-
nation with radiation therapy +/- im-
munotherapy are being applied to 
advanced solid tumors (NCT02516813, 
NCT03724890, NCT03770689). CC-
115, another DNA-PK inhibitor that 

additionally inhibits mTOR signaling, 
is being used in combination with RT 
and temozolomide for glioblastoma 
(NCT02977780). Early reports from 
such trials have shown some toxicity to 
non-neoplastic tissues, manifesting in 
dysphagia, prolonged mucosal inflam-
mation/stomatitis, and skin injury.19-21

Interestingly, there may be syner-
gies of DNA repair inhibition with RT 
that extend beyond suppression of ra-
dioresistance. As DNA repair proteins 
help preserve genome stability, inhib-
iting repair pathways may enhance 
total tumor mutation burden. This may 
in turn increase potential neoantigens 
and the probability of immune recog-
nition of the neoplastic cells.22 Indeed, 
clinical trials are already combining 
anti-PD-L1 with DNA repair inhibi-
tors (NCT02484404, NCT02264678, 
NCT02617277). Table 2 provides an 
overview of clinical trials associated 
with use of agents interfering with DNA 

repair as well as other mechanisms de-
scribed in this review.

Anti-apoptosis
Upregulation of genes suppressing 

apoptotic programs has been observed 
after irradiation in an in vitro setting. 
Interestingly, there appears to be a time 
dependency to the activation of these 
genetic programs; immediately fol-
lowing γ-irradiation of the U-251 MG 
glioma line, pro-apoptotic genes such 
as TP5313 and BBC3 had increased 
expression, likely as a natural stress 
response to the DNA lesions induced 
by the radiation. However, when cells 
surviving the radiation were profiled at 
a subsequent time point, upregulation 
of anti-apoptotic genes PTGS2 and 
NOTCH1 was observed instead, sug-
gesting an association between apop-
totic suppression and radioresistance.23 
Other studies point to similar findings, 
albeit different genes, such as BNIP3 

Table 2. Clinical Agents and Trials Targeting Mechanisms of Radioresistance

Biological Process	 Mechanism of Action	 Clinical Trial
DNA Repair	 Decrease NHEI-based repair and DNA damage checkpoints	 DNA-dependent protein kinase inhibitors with radiotherapy 	
		  or immunotherapy for advanced solid tumors 	(NCT02516813, 	
		  NCT03724890, NCT03770689)

	 Inhibit mTOR signaling and DNA-dependent protein kinase	 CC-115, a DNA-PK inhibitor, in combination with RT and 		
		  temozolomide for glioblastoma (NCT02977780)

Apoptosis	 Suppress inhibitors of apoptosis proteins (IAP)	 SMAC mimetic LCL161 alone or with cyclophosphamide in 	
		  patients with relapsed or refractory multiple myeloma 		
		  (NCT01955434)

Hypoxia	 Increase radiosensitivity using hypoxic-selective cytoxins	 Tirapazamine in conjunction with chemotherapy or radiotherapy 	
		  in patients with non-small cell lung cancer (NCT00033410)

Immune System	 Activate immune system through CTLA-4 targeting	 Ipilimumab and stereotactic body radiation therapy (SBRT) in 	
		  advanced solid tumors (NCT02239900)

	 Inhibit PD-1 activity	 Nivolumab in patients wtih advanced or recurrent malignancies 	
		  (NCT00730639)

Cell Plasticity	 Inhibit STAT3 (EMT-involved transcription factor)	 BBI608 in adult patients with advanced malignancies 		
		  (NCT01775423, NCT02352558)

Cellular Signaling	 Inhibit -secretase and Notch signaling pathway	 R04929097 in previously treated metastatic pancreas cancer 	
		  (NCT01232829) and in young patients with relapsed or refractory 	
		  tumors (NCT01088763)
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and SOD2 in a U87 glioblastoma line.24 
In the same study, when RNA-seq was 
performed on U87 post-irradiation, 
p53-dependent-apoptotic genes were 
found to be downregulated; this was 
further substantiated in a separate study 
by downregulation of related gene 
TP73, which is known to be involved 
in induction of apoptosis in response 
to DNA damage.23 The modulation 
of radioresistance through apoptosis 
management, therefore, appears to be 
bidirectional, as both downregulation 
of apoptosis and upregulation of an-
ti-apoptosis are viable mechanisms. 
These principles are validated in the 
context of HPV-positive cancers, where 
greater radiosensitivity can, in part, be 
attributable to the ability of HPV pro-
tein E6 to upregulate genes involved 
in the TP53 pathway. The result is that 
apoptotic programs are more readily in-
duced in the presence of irradiation.25

Regulation of apoptosis in response 
to RT also appears to be intertwined 
with other cellular phenotypes and 
programs. Specifically, miRNAs such 
as miR-210, which have a role in sup-
pressing apoptosis,26 also promote 
DSB repair and stabilize HIF-1-α,27,28 
a transcription factor subunit central to 
the hypoxia response. IL-6, a cytokine 
usually involved in inflammation but 
aberrantly overexpressed in the tumor 
microenvironment (TME), drives on-
cogenesis by triggering activation of 
antioxidant and prosurvival pathways.29 
Hijacking cancer stem cell states in 
prostate cancer also reduces apopto-
sis.30 Regardless of the exact transcrip-
tional alteration used, evading apoptosis 
remains a central theme in cancer cell 
survival after irradiation.

Clinical Implications of  
Anti-Apoptosis

Several small molecules have been 
developed to target a family of proteins 
called the inhibitors of apoptosis proteins 
(IAPs), which are involved in anti-apop-
totic programs used by neoplastic cells. 

These efforts were, in part, spurred by 
the discovery of a mitochondrial protein 
and endogenous IAP ligand called Smac, 
or DIABLO, which frees up caspases 
to activate cell death.31 Indeed, several 
Smac mimetic inhibitors are currently 
in clinical trials, including LCL161, bir-
inapant, Debio 1143, and ASTX660. In 
general, IAP inhibitors have tolerable 
safety profiles up to a certain dosage, 
although cytokine release syndrome has 
been reported as a major adverse event. 
Overall, when these agents are used 
without radiation, clinical efficacy has 
been modest and trials have been termi-
nated for lack of clinical benefit.31 Debio 
1143, in particular, is being investigated 
with cisplatin and radiation treatment in 
squamous cell carcinoma of the head and 
neck following favorable safety profiles 
in early phase clinical trials.31 Inhibitors 
of other anti-apoptotic gene products are 
also being explored; gossypol (AT-101), 
a small molecule inhibitor of Bcl-2 and 
Bcl-xL, is being investigated with temo-
zolomide with or without radiation in 
glioblastoma (NCT00390403). The clin-
ical benefit of these agents alongside RT 
remains to be seen, however.

Hypoxia
Solid tumors are generally poorly 

oxygenated, and neoplastic cells have 
adapted ways to thrive in these hypoxic 
environments. In fact, prior studies 
have demonstrated that hypoxia is as-
sociated with poorer prognosis in many 
cancer types including cervical carci-
noma, head and neck cancer, and some 
sarcomas.32 Many studies support the 
association between oxygen levels and 
DNA damage through mechanisms 
such as the generation of free radicals 
by ionizing radiation.33 In conditions 
of oxygen scarcity, the production of 
free radicals is reduced, contributing 
to radioresistance. Transcriptionally, 
this phenomenon may be attributed to 
the upregulation or increased reliance 
on the HIF-1 transcription factor axis, 
which has been shown to influence 

the expression levels of more than 800 
downstream genes in the adaptation to 
hypoxic conditions.34 In an in vitro ex-
periment performed on HeLa cells and 
the cervical cancer cell line, C33A, ex-
posure to RT upregulated the expres-
sion of HIF-1α, and sensitivity to and 
apoptosis following radiation was in-
creased upon knockdown of HIF-1α.35

The gene modules regulated by the 
HIF-1 transcription factor are varied 
and numerous. Some of these include 
pathways involved in promoting tumor 
survival and growth, including meta-
bolic reprogramming, escaping hypoxia 
through increased invasion and migra-
tory abilities, and enabling access to 
oxygen through angiogenesis and neo-
vascularization.35-41

Clinical Implications of Hypoxia
A long history of strategies to counter 

hypoxia-induced radioresistance have 
been explored, and include hypoxia-se-
lective cytoxins and oxygen mimetic 
radiosensitizers.42 In fact, more than 
10000 patients in many clinical trials 
have received oxygen-related modifi-
cations for radiosensitization and, as a 
whole, targeting hypoxia improved RT 
efficacy and also led to overall survival 
benefits across multiple cancer types.42 
Use of hypoxia-related RT sensitizers, 
however, does not benefit all patients 
equally and may require stratification. 
Tirapazamine, a prominent hypox-
ic-selective cytotoxin, yielded mixed 
results in phase I trials when used with 
RT; some patients reported significant 
outcomes, while others had poor or no 
tumor response.43 In addition, multi-
ple phase III randomized trials have 
demonstrated efficacy and safety of 
sanazole (AK 2123), a nitrotriazole 
hypoxic cell sensitizer, in cervical and 
oropharyngeal cancers,44,45 with evi-
dence of radiosensitization and greater 
local tumor control.44,45 Targeting hy-
poxia-related pathways to overcome 
radioresistance has shown clinical 
promise in investigative studies but its 
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clinical adoption remains limited42 and 
could further benefit from identifying 
patients likely to respond (such as those 
with highly hypoxic tumors). Although 
beyond the scope of this review, several 
resources exist for quantifying tumor 
hypoxia, including oxygen electrodes 
and hypoxia gene signatures, and could 
assist these patient stratification efforts.

Immune System Evasion
In addition to causing direct cyto-

toxicity, RT can modulate the immune 
system. This includes mechanisms that 
improve the immunogenicity of tu-
mor-specific antigens,46 enabling greater 
T-cell infiltration in regions generally 
poorly penetrated by activated immune 
cells.46 In addition, RT has been shown 
to increase tumor MHC antigen presen-
tation and stimulate T cell secretion of 
interferon gamma (IFN), intensifying 
tumor-targeted T cell killing.47 Interest-
ingly, upregulation of PD1/PD-L1 on 
immune and tumor cells has also been 
observed following RT, suggesting that 
immune checkpoint blockade (ICB) may 
have synergy with RT. 

However, these positive impacts of 
RT on the immune response may be 
countered by other negative effects. For 
example, immune cells exposed to radia-
tion can undergo transcriptomic changes 
that result in a “cold” immunological 
niche, even when ICB of certain axes are 
used. In head and neck squamous cell 
carcinoma (HNSCC), combined RT and 
PD-1/PD-L1 inhibitors led to increased 
mRNA abundance of TIM-3, an orthog-
onal co-inhibitory cancer immune check-
point receptor expressed on T cells.48 
Previous studies have shown that upregu-
lation of TIM-3 is an important mediator 
of CD8 T cell exhaustion and dysfunc-
tion,49 allowing tumor progression via 
immune system evasion. Evidence has 
also suggested that RT immunogenicity 
is at least partially dose- and fraction-
ation-dependent. Single fractions >15 
Gy in mice were less immunostimulatory 
than those < 15 Gy and resulted in greater 

proportions of regulatory T cells (Tregs). 
Furthermore, dividing single fractions 
into multiple fractions reduced tumor 
burden.50

Clinical Implications of RT  
and Immunotherapy

Optimizing synergy between RT 
and immune checkpoint blockade 
has the potential to yield significant 
clinical benefits, but to date most pi-
lots of RT and ICB have been carried 
out in a small number of patients. In 
a phase I trial of 9 participants for ad-
vanced melanoma, a cancer type in 
which checkpoint blockade has been 
significantly explored, patients re-
ceiving both RT and ipilimumab and/
or nivolumab presented stable disease 
or response within all irradiated me-
tastases on first assessment.51 These 
results have not been generalizable 
across all cancer types, however, as 
combination RT and pembrolizumab 
in a phase I trial failed to halt progres-
sion of metastatic renal cell carcinoma 
and resulted in a relatively low number 
of tumor infiltrating lymphocytes.52 
Several phase III randomized studies 
are ongoing, including an ipilimumab 
trial targeting CTLA-4 being adminis-
tered with radiation (NCT02239900) 
in patients with any cancer type bear-
ing metastatic or primary lesions in 
the liver or lungs. Promising cases 
have begun to emerge, including a 
patient with anaplastic thyroid can-
cer (median survival 2 months) with 
5 metastatic lesions who experienced 
regression of all lesions following ir-
radiation of only 1. Other trials are 
also underway for PD-1 inhibitors and 
conventional wide-field or stereotac-
tic body radiation therapy (SBRT) for 
non-small cell lung cancer (NSCLC) 
(NCT02444741), PD-1 inhibitors plus 
chemoradiation for small cell lung can-
cer (NCT02402920), and SBRT plus 
immunotherapy for brain metastases.

Further investigation of optimal 
scheduling of RT and ICB is also war-

ranted. A retrospective examination of 
studies has indicated that a wide range 
of schedules has been used, including 
regimens in which RT has come before 
and even 1 year after ICB. However, 
the results from this retrospective study 
have not been conclusive and may be 
limited by multiple confounders; as 
such, it remains challenging to assess 
optimal scheduling based on existing 
clinical data.50 Hence, despite prom-
ising preclinical evidence and early 
phase I studies, more data on the timing 
of administration and dose/fraction-
ation is needed to determine the best 
regimen for synergizing radiation and 
ICB. As more patients receive RT plus 
immunotherapy, it will be important to 
identify risk factors as well as under-
stand and identify target mechanisms 
of resistance.

Cell Plasticity
EMT can manifest in greater inva-

siveness, migratory capacity, metastatic 
potential, and even resistance to chemo-
radiation in the case of cancer.53,54 In-
deed, neoplastic cells often undergo 
partial EMT and co-opt mechanisms 
of trans- or dedifferentiation to enable 
tumor progression and resistance to cy-
totoxic therapies.55,56 Numerous envi-
ronmental stimuli such as cytokines and 
hypoxic conditions can initiate EMT 
and, in response, intracellular signaling 
cascades engage crucial transcription 
factors (ZEB1, ZEB2, among many 
others) and generate significant down-
stream transcriptional changes.56 In a 
radioresistant subpopulation of breast 
cancer cells, for instance, upregulation 
of ZEB1 was observed to promote ra-
dioresistance both in vitro and in vivo.57 
The pathways that cell plasticity-related 
transcription factors activate are varied 
and often involve other mechanisms of 
resistance. ZEB1 in particular has been 
suggested to interact with USP7, a deu-
biquitylase that stabilizes CHK1, a crit-
ical effector kinase in the DNA damage 
response (DDR) pathway.57 
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Targeted perturbations of EMT have 
validated the importance of this pheno-
type in treatment resistance and suggest 
potential avenues for radiosensitization 
as well. For example, in PCa, a pros-
tate cancer cell line, reconstitution of 
miR-875-5p counteracted EMT and de-
creased DNA damage repair. In the same 
study, the authors showed that direct 
siRNA knockdown of EMT transcrip-
tion factors led to greater cell killing by 
radiation.9 A preponderance of evidence 
for the role of EMT in malignant cancer 
behavior has prompted development of 
strategies to inhibit this process.

Clinical Implications of Cell Plasticity
While inhibitors of EMT are not spe-

cifically thought of as radiosensitizers 
in a clinical context, many strategies 
to inhibit this process are moving into 
the clinic and may have complemen-
tary benefits to RT.58 These range from 
interfering with upstream ligands/re-
ceptors to inhibit TME signals that in-
duce EMT, intracellular signaling that 
activates EMT, the transitioned state 
itself, and phenotypes induced as a re-
sult of EMT.59 These pharmacological 
inhibitors span a range of targets from 
receptors to enzymes to transporter 
proteins and have been or are being 
tested in numerous cancer types.59 The 
EMT-involved transcription factor 
STAT3, for example, has been a target 
of a small molecule inhibitor (BBI608) 
being piloted in clinical trials;58 a phase 
I study is examining dose escalation 
of BBI608 to patients with relapsed, 
refractory hematologic malignancies 
(NCT02352558). Another phase I/
II clinical trial has been conducted to 
determine whether BBI608 and che-
motherapy will enhance outcomes in 
advanced hepatocellular carcinoma 

(NCT02279719). Moving forward, 
however, if EMT inhibitors are to be 
explored alongside RT, investigation 
on a cancer type basis will likely be 
needed, as prior studies have shown 
that upregulation of EMT phenotypes 

postradiation is not generalizable to 
other types of cancer.54

Dysregulated Intracellular Signaling
Aberrant intracellular signaling is a 

hallmark of tumorigenesis, and many 
of these pathways have been implicated 
in resistance to RT. Among these are 
Notch, Nanog, RhoB, Wnt, and PI3K/
Akt/mTOR signaling.30,60 Notch sig-
naling is a highly conserved pathway 
that transmits information through a 
transmembrane receptor by cleaving 
an intracellular domain upon bind-
ing of a ligand. Its activation has been 
shown to promote neoplastic self-re-
newal and repress differentiation and 
has been observed in many cancer types 
such as leukemia, breast cancer, and 
glioma.61-65 Indeed, in vitro adminis-
tration of the gamma-secretase Notch 
pathway inhibitor and direct knock-
down of Notch1 and Notch2 to glioma 
stem cells sensitized them to radiation.61 
Similarly, in mouse models of NSCLC, 
high Notch signaling was associated 
with radioresistance.66 Nanog signal-
ing has been implicated in radioresis-
tance through enhanced DSB repair in 
breast cancer, RhoB GTPase expres-
sion with radioresistance in colorectal 
cancer, WNT2B protein level changes 
with radiosensitivity of nasopharyngeal 
carcinoma cells,67 and overexpression 
of Wnt transcription factor TCF4 with 
colorectal cancer radioresistance.68 The 
PI3K/Akt/mTOR pathway has a prom-
inent role role in cell growth and pro-
liferation and its aberrant regulation is 
well-associated with hallmark cancer 
phenotypes.30 Across various cell lines 
from lung and prostate cancer, upreg-
ulation of PI3K/Akt/mTOR has been 
associated with increased resistance to 
RT.70,71 Indeed, mutations upstream of 
the PI3K/Akt/mTOR pathway, such as 
those in KRAS, have led to poor prog-
noses and radioresistance, as they can 
result in cancer stem-cell-like subpop-
ulations with high invasiveness and 
tumor-initiating properties.72 Although 

K-Ras has been difficult to drug, target-
ing its downstream signaling pathways 
has played and may continue to play a 
role in sensitizing these cancers to RT.73

Clinical Implications of Dysregulated 
Intracellular Signaling

Targeting signaling pathways and as-
sociated pathway proteins has become 
a viable option to increase radiosen-
sitivity in cancer cells. With regard to 
Notch signaling, γ-secretase inhibitors 
(GSIs) that prevent generation of the 
oncogenic intracellular domain are un-
dergoing clinical trials.74 In one clinical 
trial, 21 patients with newly diagnosed 
glioblastoma or anaplastic astrocytoma 
received RO4929097, a γ-secretase 
inhibitor, in addition to temozolomide 
and RT.75 Based on initial results, ad-
ministration of RO4929097 to temo-
zolomide and RT was well tolerated 
with evidence of target modulation,75 
as measured through neuroimaging and 
gene expression. 

PI3K/AKT/mTOR inhibitors have 
shown promising preliminary activ-
ity in solid tumor in vivo models76,77 
and are being investigated clinically as 
well. A phase I study is currently ex-
amining buparlisib with RT and temo-
zolomide in glioblastoma multiforme 
(NCT01473901), and another is ex-
ploring buparlisib with thoracic RT on 
advanced NSCLC.78 Interestingly in the 
latter study, two-thirds of evaluable pa-
tients showed a response to therapy and 
reduction of tumor hypoxia, indicating 
that suppression of PI3K/AKT/mTOR 
may additionally improve radiosensiti-
zation by affecting other mechanisms of 
radioresistance. 

Conclusion
Radioresistance is a multifactorial 

issue with roots in DNA repair, apop-
tosis, cell plasticity, hypoxia, immune 
system evasion, and cell signaling 
pathways. By better understanding the 
underlying transcriptional mechanisms 
of the aforementioned factors within 
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their specific cancer-type contexts, var-
ious strategies can be developed and 
introduced into the clinic to enhance 
RT efficacy. Importantly, however, ex-
amination of these various pathways 
reveals significant redundancy in these 
transcription programs. The ability of 
cellular plasticity to mediate radioresis-
tance, for instance, is at least enhanced 
by its altered capacity for DNA repair. 
Therefore, identifying and inhibiting 
core pathways crucial to radioresis-
tance, as opposed to those that are re-
dundantly involved, will be necessary 
to maximize clinical impact and reduce 
the rate of relapse. As it stands, many 
clinical studies of radiosensitizers that 
target resistance pathways have demon-
strated significant promise but remain 
in early phases and await further verdict 
from trial results.
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