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Abstract

Tumor radiation response is an essential issue in radiotherapy and a core determining factor of
tumor radioresistance or radiosensitivity. Multiple factors can influence tumor radiation response,
and among them tumor genetic and epigenetic background, tumor microenvironment and tumor
blood flow status may take a leading role. During the whole process of tumor radiation response,
tumor radiosensitivity can be regulated in an orderly manner through some classical signal
transduction pathways. Although these pathways have already owned multiple biological
functions and involved in the process of carcinogenesis, their regulatory roles in tumor radiation
response can not be ignored. MicroRNA (miRNA) is a class of non-coding RNA of about 22
nucleotides in length, which binds to the 3’-untranslated region (3’-UTR) of target gene and
controls the expression of it at the post-transcriptional level. MiRNA participates in numerous
physiology and pathology processes and acts as oncogene or tumor suppressor to affect cancer
progression. Through interplaying with the key components in radiation related signal
transduction pathways, miRNA could effectively activate the expression of DNA damage
response genes and cell cycle related genes in nucleus, and play a critical role in the modulation of
radiation response and radiosensitivity in tumor cells. In this review, we mainly elucidate the
regulatory mechanisms and functions of miRNA in these radiation related signal transduction
pathways from three different aspects which include the upstream receptors, midstream transducer
pathways, and downstream effector genes.
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1. Introduction

MicroRNA (miRNA) is a “multifunctional molecule” which has been heatedly studied in
cancer research field nowadays. It is a class of short non-coding RNA, which consists of
about 22 nucleotides in length. Through its “seed sequences” (7—8 nucleotides), miRNA
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binds to the 3’-UTR of target mMRNA and inhibit or block the expression of target gene at the
post-transcriptional level [1, 2]. One miRNA has multiple potential target genes, while one
gene can be regulated by various miRNAs, thus miRNA and target genes form a
complicated regulatory network to affect the gene expression at different levels [3]. Many
miRNAs are located at the “fragile sites” of the chromosome, which are frequently deleted
in cancer, so the dysregulation of miRNA will lead to the tumorigenesis. Some miRNAs act
as the function of oncogene, which are named as “OncomiR”; while, others play a role like
tumor suppressor gene, which are called “tumor suppressive miRNA” [4, 5]. Moreover, a
new type of “epi-miRNA” which directly targets key enzymatic effectors of the epigenetic
machinery (such as DNA methyltransferases, histone deacetylases, and polycomb genes) has
come into sight [6]. MiRNA owns multiple functions and is involved in almost every
physiology and pathology processes, such as DNA damage response, autophagy, apoptosis,
differentiation, metabolism and inflammation [7, 8]. Also, it participates in the initiation and
progression of numerous diseases and cancers, and regulates many malignant hallmarks of
cancer, which include tumor growth, proliferation, cell cycle checkpoint, genomic
instability, metabolism, invasion, metastasis, radiation response and chemoresistance [9, 10].

Radiotherapy is one of the major treatments in various tumors, especially the squamous
epithelium originated carcinomas, which owns good therapeutic effects when combined with
other treatments like chemotherapy or surgery [11]. The radiation response of tumor is the
determining factor of the radiotherapeutic effect. If the radiation response of tumor cells is
highly sensitive, the killing effect of radiotherapy will be greatly improved, allowing low
dose of ionizing radiation to achieve the same results. Otherwise, if the tumor owns the
resistance to radiation or has insensitive radiation response, the outcome of radiotherapy will
be quite different. So how to elevate tumor radiation response and improve radiosensitivity
has become a core issue in the radiotherapeutic field [12]. It has been reported that four
classical signal transduction pathways, including PI3K/AKT, MAPK/ERK, NF-xB, TGF-B,
have participated in the regulation of tumor radiation response, and they can be activated
either through ionizing radiation or through the receptor tyrosine kinase (RTK) of EGFR and
IGFR [13-15]. Among these four pathways, PI3K/AKT, MAPK/ERK, NF-xB pathways are
closely related to non-homologous end joining (NHEJ) of DNA damage repair process,
while TGF-p pathway is necessary for the full activation of ATM gene and it is involved in
both processes of NHEJ and homologous recombination (HR) in DNA damage response
[16, 17]. All these pathways will finally affect the expression of crucial genes in nucleus
which take part in the processes of DNA damage response (DDR) and cell cycle and
apoptosis, including ATM, DNA-PK, NBS1, RAD51, BRCAL, Chkl, Chk2, CDK2,
CDC25, BAD, BIM, MCL1 and so on [18-20]. MiRNA plays a critical role in the regulation
of tumor radiation response. Through interplaying with the key factors in the radiation
related signal transduction pathways, miRNA could modulate tumor radiation response from
three different aspects: upstream receptors, midstream pathways and downstream genes, and
form a complicated epigenetic-genetic interaction network to influence the expression of
radiation related genes [21].

In this review, we mainly focus on the role of miRNA and signal transduction pathways in
tumor radiation response, and highlight the critical regulatory role of miRNA in the three
layers of these radiation related signal transduction pathways.
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2. MiRNA and the upstream receptors of radiation related signal
transduction pathways
2.1. Epidermal Growth Factor Receptor (EGFR)

Emerging evidences have demonstrated that the overexpression or the mutation of the EGFR
is closely associated with resistance of tumor cells to both chemo- and radiotherapy. It is
frequently expressed in tumors of epithelial origin, and is a crucial determinant of tumor
responses to ionizing radiation [22]. Owing to the activation of survival or cell proliferation
pathways, such as PI3K/AKT, MAPK/ERK pathways, EGFR may confer tumor resistance
to radiation [23]. Apart from this mechanism, a novel function of EGFR involved in
radiation-induced nuclear translocation and interaction with the DNA-dependent protein
kinase (DNA-PK) has been widely acknowledged [24]. DNA-PK is an essential component
of NHEJ in DNA repair pathway, which a predominant process for the repair of radiation-
induced DNA double-strand breaks (DSBs) [25]. A series of latest reports have indicated
that EGFR and its downstream components could modulate NHEJ through directly
interplaying with multiple DNA damage repair enzymes [26, 27].

In human cancer cells, over-expression of miR-7 not only down-regulates the expression of
EGFR, activates EGFR-associated signaling like the EGFR-PI3K-AKT pathways, but also
prolongs the radiation-induced yH2AX formation and reduces the expression of DNA-PKcs
[28]. MiR-133 targets the expression of EGFR so as to inhibit tumor cell proliferation,
invasion and migration, especially in hormone-independent prostate cancer cell lines [29].
Similarly as miR-133, through targeting the EGFR pathway, miR-146a suppresses tumor
growth and progression by inhibiting the expression of MMP2, meanwhile, this process is
closely related to the down-regulation of p-ERK expression [30]. Moreover, miR-21 and
EGFR consists of a regulatory loop during ionizing radiation. The radiation could stimulate
the expression of miR-21 through the EGFR/STAT3 pathway, while the up-regulation of
miR-21 can also activate the EGFR pathway and its downstream target genes [31]. All of
these regulatory mechanisms between miRNA and EGFR feedback loop reveal the possible
molecular basis of tumor radiation response. Targeting the DNA repair function of EGFR or
blocking its downstream signaling components may serve as a promising therapeutic
approach for sensitizing tumors to radiotherapy.

2.2. Insulin-like Growth Factor Receptor (IGFR)

It is evident that insulin-like growth factor (IGF) signaling is intimately correlated with the
function of endocrine system and could tightly regulate glucose and insulin metabolism. Due
to the activation of type 1 insulin-like growth factor receptor (IGF-1R), the IGF ligands
could stimulate cellular proliferation signals and promote cell growth and development [32,
33]. Also the IGF signaling system is implicated to play a critical role in the pathogenesis of
multiple cancers. Besides the role of directly influencing tumor development, IGF-1R also
confers the resistance to chemo- or radiotherapy and appears to be an essential determinant
of response to various cancer therapies [34, 35]. In the field of tumor radiation response,
IGF-1R modulates DSB repair via HR process [36]. Depletion or blockage the expression of
IGF-1R will sensitize tumor cells to ionizing radiation and suppress cell cycle-dependent
processes, especially the G2/M phase arrest [37]. Therefore, using several drugs such as
monoclonal antibodies (mAB), small molecule tyrosine kinase inhibitors (RTKISs), anti-
sense oligonucleotids (ASOs) and IGF-binding proteins (IGFBPs) to target the functional
binding sites of IGF-1R and inhibit its downstream signaling, will enhance the radiation
response and radiosensitivity of tumors [38, 39].

IGFR is reported to be a potential target of miR-7, which is regarded as a tumor suppressor
miRNA in multiple tumors. The down-regulation of miR-7 enhances the expression of IGFR
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at both mRNA and protein levels [40]. Besides targeting IGFR, miR-7 also targets the
substrates of IGFR, such as IRS1 and IRS2, and triggers the PI3K/AKT pathway so as to
regulate the survival and proliferation of tumor cells [41]. MiR-223 targets both a-subunit
and B -subunit of IGFR in cell membrane, and inhibits the proliferation and growth of tumor
cells through suppressing downstream AKT/mTOR/p70S6K signal transduction pathway in
cytoplasm. IGFR is just the functional target of miR-223 and the direct target of this miRNA
is Rasal. However, the downstream of this gene doesn’t have the exact biological functions,
so IGFR and its downstream factors in this pathway take the leading role and worth doing
further researches [42].

It has also been demonstrated that miR-375 interacts with IGFR and has strong tumor-
suppressive effects through inhibiting tumor colony formation, growth, proliferation,
migration and metastasis. The expression of IGFR negatively correlates with miR-375
expression. Meanwhile, the methylation status in the promoter region of miR-375 greatly
determines the expression level of this miRNA [43]. Definitely, the genetic and epigenetic
regulation in the upstream of miRNA genes effectively influence the biological functions of
downstream components and its signal transduction pathways, which also reveals new
insights for understanding the mechanisms of tumor initiation and progression [44]. All in
all, the essential roles of miRNA played in the IGFR-induced signal transduction pathways
will provide effective therapeutic targets to improve tumor radiation response.

3. MiRNA and the midstream transducers of radiation related signal
transduction pathways
3.1. PI3K/AKT pathway

PI3K/AKT signaling pathway constitutes an essential pathway and regulates various
biological processes such as cell growth, proliferation, apoptosis, invasion and metabolism
[45]. The activation of AKT could further modulate the function of numerous substrates
involved in the regulation of cell survival and cell cycle progression [46]. It has also been
reported that the components in this pathway are frequently altered in human cancers and
may decisively contribute to the chemo- or radiotherapy resistant phenotype [47]. PI13K/
AKT pathway is closely associated with three major radiation resistance mechanisms, which
are the tumor intrinsic radiosensitivity, tumor cell proliferation ability, and the hypoxia
microenvironment [48]. Effectively inhibition the activity of PI3K and its downstream
component mammalian target of rapamycin (mTOR) will help to maintain the DNA damage
status and increase the numbers of yH2AX foci, together with the enhanced G2 phase cell
cycle delay after the ionizing radiation treatment [49].

To be specific, miR-7 is shown to act as a tumor suppressor and regulate the PI3BK/AKT
pathway through targeting key molecules in this pathway, such as PIK3CD, mTOR and
p70S6K, so as to inhibit tumorigenesis and reverse the metastasis process of tumor cells
[50]. The miR-17-92 cluster targets protein phosphatase PHLPP2, a negative regulator of
PI3K/AKT pathway, accompanied with another two targets PTEN and BIM. Over-
expression of this mMiRNA activates the PI3K/AKT pathway, while down-regulation of
miR-17-92 inhibits the function of this pathway, suppresses tumor growth and affects the
chemoresistance [51]. MiR-126 directly targets p85 beta, regulates PI3K signaling and
influences the phosphorylated AKT expression in order to suppress tumor growth [52].
Meanwhile, there are still some other miRNAs exist which could target the key factors in
PI3K/AKT pathway. MiR-221 and miR-222 directly target PTEN gene through their seed
sequences, and efficiently affect downstream biological processes of tumors such as cell
growth, invasion, migration and radiosensitivity via regulating the expression of PTEN [53].
Besides, miR-486 can also directly targets PTEN and Foxola, which are two crucial
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negative regulators in PI3BK/AKT signaling pathway, and inhibits the translation of these two
genes, leading to the phosphorylation of AKT so as to activate the AKT signaling. On the
other hand, the activation of AKT results in the phosphorylation of GSK3p and the
inhibition of Foxola activity, so the function of PI3BK/AKT pathway can be greatly
suppressed. This negative feedback loop initiating by miR-486 helps to modulate the
expression of various genes in the PI3BK/AKT pathway [54]. Thus, directly targeting the
roles of miRNA and suppressing the activation of PI3K/AKT signaling pathway may
become a valid approach to treat human malignancies and overcome the resistance of
radiation therapy, finally increasing tumor radiosensitivity and providing novel targets for
radiosensitization and drug discovery.

3.2. MAPK/ERK pathway

The mitogen-activated protein kinases (MAPK)/extracellular-signal-regulated kinases
(ERK) pathway is known to play important roles in diverse cellular events, including cell
growth, proliferation, apoptosis, differentiation and senescence [55]. Depending on the
regulation of various growth factor receptors, the activation of this pathway can be
simultaneously induced by ionizing radiation or a variety of other toxic stresses [56].
Meanwhile, this pathway is essential for the transmission of cellular signals through
transduction systems (ligands, transmembrane receptors and cytoplasmic secondary
messengers) to the nucleus, where the expressions of multiple downstream target genes can
be greatly influenced [57]. Inflicted by ionizing radiation, MAPK pathway could activate the
downstream of death receptors and procaspases, and DNA damage signals, such as the INK,
p38 MAPK and NF-xB pathways [58]. Moreover, through MAPK signaling, ionizing
radiation can induce the initiation of EGFR-ERK signaling and upregulate the expression of
DNA repair genes XRCC1 and ERCC1 in an ERK1/2-dependent fashion. Decreasing the
activity of ERK1/2 could lead to an increase in XRCC1/ERCC1 expression. Besides,
inhibition of the function of ERK will led to the persistence of apurinic/apyrimidinic (AP)
sites of DNA damage so as to increase cellular killing effect [59]. Obviously, a complex
control of DNA damage repair process may be largely dependent on the activation of
MAPK/ERK1/2 signaling [60].

It has been reported that four miRNAs, including miR-7-3, miR-34a, miR-181d, and
miR-193b, are closely associated with MAPK activity. When MAPK is activated, the
expression of miR-7-3 is further up-regulated, while the other three miRNAs expression are
down-regulated in the same way. Over-expression of MAPK-associated miRNAs inhibit the
proliferation of tumor cells, among them miR-193b leads the most obvious suppressive role.
All of these miRNAs inhibit the expression of multiple downstream target genes, along with
the activation of upstream MAPK activity, in order to form a complicated regulatory
network of MAPK pathway and play a significant role in numerous tumor malignance
behaviors [61]. MiR-17-5p is usually over-expressed and acts as an oncogene in tumor, in
order to effectively activate the p38 MAPK pathway and elevate the phosphorylation level
of heat shock protein 27 (HSP27). A new signal transduction pathway “miR-17-5p--- p38---
HSP27” has been established to regulate tumor proliferation and migration [62]. Through
interacting with the p38 MAPK pathway, miR-17-5p owns a potential clinical application in
anti-cancer therapies.

MiR-21 takes an essential part in various aspects of carcinogenesis and is involved in the
ERK/NF-xB signal pathways. Once the expression of miR-21 is up-regulated, this pathway
will be activated. MiR-21 has a feedback effect in regulating ERK activity, and the
activation degree of ERK/NF-xB pathway is largely depended on the ROS level [63]. This
phenomenon indicates that miR-21 may be closely related to the tumor metabolic states and
has the potential to become a metabolism-associated target to affect tumor progression.
Additionally, miR-21 can directly target PTEN gene, leading to the activation of AKT and
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ERK 1/2 signaling pathway, and enhance the expression of HIF-1a and VEGF, so as to
induce tumor angiogenesis and further promote tumor growth and metastasis [64]. Hence,
blocking the functional exertion of miRNA and interfering its relationship with the MAPK/
ERK signaling pathway, will help to better control of tumor radiation response and exploit
effective strategies to improve radiotherapeutic effects.

3.3. NF-kB pathway

Transcription factor NF-xB and its downstream pathway are frequently activated in tumor
cells and contribute to aggressive tumor growth, proliferation, apoptosis and the resistance
to chemotherapy or ionizing radiation during cancer treatment [65]. Inhibition of the activity
of this transcription factor will increase the sensitivity of tumor cells to the apoptotic action
of chemotherapeutic agents and to radiation exposure [66]. Mounting evidences indicate that
poly (ADP-ribose) polymerase-1 (PARP-1) activity is essential in the upstream regulation of
ionizing radiation (IR) induced NF-xB activation and sensitizes cancer cells to IR-induced
cellular killing, together with the inhibited XIAP expression and the increased caspase-3
activity [67]. Besides, it has been demonstrated that ataxia telangiectasia mutated (ATM)
has a critical role in the activation of NF-xB following the DNA damage and in response to
numerous genotoxic stresses. Meanwhile, NF-xB is found to be defective in cells from
patients with A-T (ataxia-telangiectasia) who are highly sensitive to DNA damage induced
by ionizing radiation [68]. Also, ATM itself is a key regulator of the cellular response to
DSB and a sensor protein to other DNA damaging agents in a manner of activating a wide
variety of effectors involved in multiple signaling pathways and controlling cell cycle
checkpoints, apoptosis and DNA repair processes [69]. Blocking the expressions of both
ATM and NF-xB will contribute to the increased tumor sensitivity to DSB and radiation
response [70].

As we all known that NF-xB consists of three subunits, p50, p65 and IxB, and recent reports
have implicated that miRNA could regulate the expression status of any of these subunits
[71, 72]. MiR-31 negatively modulates the function of NF-xB signal pathway through
targeting NF-xB inducing kinase (NIK). The loss of miR-31 expression triggers the
activation of this oncogenic signaling pathway. MiR-31 expression level can also be
controlled by the upstream polycomb protein in an epigenetic model. Owing to this
epigenetic modulation, the upregulation of polycomb protein leads to the downregulation of
miR-31, resulting in the activation of NF-xB pathway and influencing multiple downstream
biological functions such as proliferation, apoptosis, and inflammatory responses [73].

IxB is a most crucial factor for the activation of NF-xB, as IxB can tightly bind to NF-xB in
the cytoplasm in order to prevent it from translocating into the nucleus to further activate the
expressions of downstream genes [74]. MiR-30e* directly targets IxB and suppresses its
expression, which leads to the hyper-activation of NF-xB and promotes the expression of
NF-xB-regulated genes so as to elevate the invasiveness and metastasis ability of tumor
cells. The miR-30e*-mediated constitutive activation of NF-xB pathway is largely depended
on the disruption of NF-xB/IxB negative feedback loop in an epigenetic mechanism, which
can finally let tumor gain an aggressive phenotype [75].

Besides, miR-301a down-regulates the expression of NF-xB repressing factor (NKRF) in
order to promote the activation of NF-xB. On the other hand, NF-xB could also regulate the
activities of the promoter regions of miR-301a and elevate its transcriptional levels
accordingly. A positive feedback loop of miR-301a and NF-xB is formed to maintain the
persistence of NF-xB activation, which indicates a new mechanism for the post-
transcriptional regulation of NF-xB activity [76]. In sum, identification of the molecular
regulatory mechanisms of miRNA in the NF-xB signaling will lead to a better
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understanding of tumor radiation response and provide novel promising targets and potential
therapeutic approaches to overcome radioresistance in cancer treatment (Figure 1).

3.4. TGF-B pathway

Transforming growth factor (TGF)-p signaling plays a critical role in several different
biological processes involving cell growth, differentiation, apoptosis, motility, angiogenesis,
invasion, epithelial mesenchymal transition (EMT), extracellular matrix production and
cellular immune responses [77]. This pathway is also quite essential in tumorigenesis and
demonstrates paradoxical actions. During the early phase, TGF-p signaling acts as a tumor
suppressor and function to suppress tumor progression, exemplified by deletions or
mutations in the core components of the TGF-p signaling pathway. On the contrary, it can
also act as a pro-metastatic pathway and facilitate malignant transformation such as cell
invasion, dissemination, and immune evasion in the late-stages [78]. Accumulating
evidences show that the function of TGF- signaling is closely correlated with the activities
of SMAD family, such as SMAD4 and SMAD?7 [79]. Mutation or blockage of TGF-p type
Il receptor (TRRII) and SMAD4 expressions can help to overcome the growth promoting
effects of TGF-B and loss its responsiveness to growth suppression [80]. Besides, TGF-p
signaling is a good modifier of radiation responses and plays an important role in protecting
cells from radiation [81]. Inducing the function of TGF-p receptor or constitutively
activating SMAD family will reduce DNA fragmentation, Caspase-3 cleavage and yH2AX
foci formation in irradiated cells [82]. Meanwhile, owing to the protection of TGF-p under
radiation, there will be a decreased DNA damage, reduced apoptosis and thereby an
enhanced cell survival rate [83]. Moreover, during the DDR process, the roles of SMAD
proteins can have crosstalk between TGF-p and ATM pathways. SMAD2 and SMAD7
respectively contribute to IR-induced DSB signaling in an ATM or TGF-p receptor 1
(TGFBR1) dependent manner [84].

The latest studies have shown that miRNA is involved in the regulation of TGF-p mediated
signal transduction pathways. MiR-520/373 family acts as tumor suppressors in tumors by
affecting the function of NF-xB and TGF-f pathways, and it further leads to the malignance
characteristics of tumor through promoting growth, proliferation, metastasis, inflammation
and progression. MiR-520c is closely correlated with the stages of lymph node metastasis,
so targeting this miRNA offers us effective measures to prevent tumor from metastasizing
[85]. MiR-21 is a key “OncomiR” in the regulatory process of EMT mediated by TGF-p,
and this miRNA is closely related to the functional exertion of TGF- signaling pathways
[86]. After exposed in TGF-B, the expression of miR-21 is up-regulated and it further affects
the ability of epithelial cells so as to have a potential impact on epithelium homeostasis and
tumorigenesis [87]. MiR-17-92 cluster inhibits cell proliferation and regulates collagen
synthesis through TGF-p pathway by directly targeting downstream genes such as TGFBR2,
SMAD?2 and SMAD4, which greatly pave the way to study the function of palatal
mesenchymal cells and promote the normal palatal development [88].

MiR-181 also has a close relationship with the TGF-p pathway, and the expression level of
miR-181 can be elevated by TGF-p at the post-transcriptional level [89]. The expression of
ATM, a direct target of miR-181, is interfered by TGF-B exposure. Through this interaction
between miRNA and the TGF- signaling pathway, the properties of cancer stem cells can
be regulated and the stem cell-like features can be controlled [90]. Moreover, miR-106b-25
cluster directly targets SMAD?7, increases the levels of TGF-f type 1 receptor and further
activates the downstream of the TGF- signaling. It induces an EMT transition and a tumor
initiating-cell like phenotype, which are both required for the activation of downstream Six1
gene. This crucial correlation between miR-106b-25 cluster, Six1 and the TGF- signaling,
offers a new molecular mechanism for us to modulate tumor malignance phenotype and shift
tumor aggressive behavior [91]. Thus, elucidating the functional interactions between
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miRNA and the TGF-p signaling may offer a sound rationale for sensitizing tumor cells to
radiation and help to tailor appropriate adjuvant radiotherapeutic strategies to improve the
treatment of solid tumors.

4. MiRNA and the downstream effector genes of radiation related signal
transduction pathways

4.1. DNA damage response genes

In the downstream of four radiation related signal transduction pathways, majorities of
nucleus genes are involved in the DDR process, which mainly include ATM, DNA-PK,
BRCAL, NBS1, RAD51 and so on [92-94]. DDR is an essential process during the ionizing
radiation, which can promote faithful transmission of genomes in dividing cells by reversing
the extrinsic and intrinsic DNA damage and is indispensable in cell survival during DNA
replication [95]. Accordingly, cells have evolved diverse DDR pathways to monitor the
integrity of their genome. Specifically, DDR pathways contain three major components:
sensors, signal transducers, and effectors. H2AX and NBS1 act as the core sensors and
initiate the beginning step of DDR [96, 97]. At the level of transducers, ATM and ATR
(ATM-Rad3-related) are proximal kinases in the central of the entire DDR and can be used
to detect various forms of damaged DNA and trigger the downstream DDR cascades [98,
99]. Moreover, numerous factors play an important role as effectors in the DDR pathways,
including DNA-PK, BRCA1, BRCA2, RAD51, RAD52, Chkl, Chk2, p53, and are
separately involved in the regulation of multiple biological processes covering two types of
DNA damage repair (NHEJ and HR), cell cycle checkpoint and apoptosis control [100-104]
(Figure 2). In addition, poly (ADP-ribose) polymerase (PARP-1) is another crucial effector
in DDR pathways and responsible for cellular survival [105, 106]. Using the inhibitor of
PARP-1 demonstrates selectively killing effects on the cells with defects of HR, particularly
in the context of BRCA1/2 mutations. Successfully inhibiting the expression of PARP-1 in
BRCAL1/2 deficient tumors will effectively prevent cancer progression [107, 108]. The
PARP inhibitor-induced HR is abolished in ATM, but not DNA-PK, inhibited cells. Also,
ATM is activated following the inhibition of PARP and may function in the upstream of HR
in order to repair certain types of DSB [109]. Besides PARP-1, adopting other inhibitors to
target major components of the DDR, such as ATM, ATR, DNA-PK, Chk1 and Chk2, can
also confer radio- and/or chemosensitivity in cancer cells [110].

Meanwhile, the expression levels of above components and their downstream factors are
also regulated by miRNAs. MiR-18a directly targets ATM gene and down-regulates its
expression so as to affect DNA damage repair ability and HR efficiency of DSBs. Owing to
this regulatory model, the phorsphorylation levels and nuclear foci formations of ATM
downstream substrates H2AX and 53BP1 are greatly changed, which finally contributes to
the radiation response and radiosensitivity of tumor cells [111]. Some studies further
indicate that miR-101 could target the 3’-UTR regions of DNA-PK and ATM mRNA, and
further efficiently reduces the expression of these genes in order to influence both NHEJ and
HR processes in DNA damage repair and sensitize tumor cells to radiation at the same time
[112]. Apart from ATM and DNA-PK, BRCAL is another essential tumor suppressor gene
which plays an essential role in DNA damage repair pathway [113]. BRCA1 could repress
the expression of miR-155 in an epigenetic model through regulating the expression of
HDAC2 and deacetylating histones H2A and H3 which are in the promoter region of
miR-155. This phenomenon reveals the intimate relationship between miR-155 and BRCA1,
suggesting that miR-155 can be used to treat BRCA1-associated tumors and modulate DDR
or radiosensitivity of some tumors [114]. To sums up, deeply exploring the potential
regulatory mechanisms between miRNA and DNA damage response genes, will open new
avenues to investigate into tumor radiation response and help to find novel and promising
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targets in clinical trials to improve tumor radiosensitivity and elevate radiotherapeutic
effects.

4.2. Cell cycle and apoptosis related genes

The cell cycle and apoptosis related genes, such as Chk1, Chk2, CDK2, CDC25, Cyclin E,
BAD, BIM, and MCL1, are also under the regulation of four radiation related signal
transduction pathways. Interfering with the process of cell cycle and apoptosis contributes to
the tumor radiation response either [115, 116]. Cell cycle checkpoints are pivotal for
safeguarding genome stability, and if they are defect in cells, there will be an increasingly
rate of genome instability and neoplastic transformation. Besides their role of maintaining
genomic stability or implementing cell cycle arrest, the cell cycle checkpoint signaling also
mediates the recruitment of DNA repair pathways. When the transducers like ATM and
ATR in DDR pathways gain their functions, the downstream cell cycle checkpoint effector
kinases termed Chk1 and Chk2 will be further activated accordingly [117, 118]. The final
effect of DDR pathway can be divided into two major branches. One is the ATM/Chk2
pathway that is activated after DSBs in response to IR, the other is the ATR/Chk1 pathway
which responds primarily to DNA single strand breaks or bulky lesions and is modified by
ATR in response to replication inhibition and UV-induced damage [119, 120]. So the Chk?2
and Chk1 might have been involved in channeling the DNA damage signal from ATM and
ATR, respectively. However, these two parallel branches of the DDR pathway also show a
high degree of crosstalk and connectivity. Both pathways will converge on CDC25, a
positive regulator of cell cycle progression, which is inhibited by Chk1-mediated or Chk2-
mediated phosphorylation [121]. Thus, an ATM/ATR-Chk2/Chk1-CDC25-CDK axis will be
established to underlie the molecular basis of the replication checkpoint, the intra-S phase
checkpoint, and the G2 DNA damage checkpoint [122]. Furthermore, the proto-oncogene c-
Myc has been reported to regulate tumor radioresistance through transcriptional activation of
Chk1 and Chk2 checkpoint kinases by direct binding to the Chk1 and Chk2 promoters.
Inhibition of the c-Myc-Chk1/Chk2 pathway could regulate DDR checkpoints and stem cell
characteristics, and reveal potential therapeutic applications in reversal of DDR processes
and tumor radioresistance [123]. Therefore, using small inhibitors to target the expression of
Chk1 and Chk2 will effectively disturb the progression of cell cycle checkpoint and suppress
tumor radiation response in DDR pathways.

Mounting evidences have shown that the expressions of various cell cycle and apoptosis
related genes are greatly affected by the activities of miRNAs in the radiation related signal
transduction pathways. MiR-25 regulates the function of intrinsic apoptosis pathway by
directly targeting the expression of pro-apoptotic protein BIM, and indirectly modulating
other two pro-apoptotic proteins BAX and caspase-3 S0 as to inhibit apoptosis process. The
inverse relationship between miR-25 and BIM, indicates that miR-25 can effectively
interfere apoptosis process and prevent cancer progression [124]. In addition, miR-29b
directly targets MCL1 mRNA, promotes the activation of caspase-3 and further induces
apoptosis process [125]. MiR-29a is also found to modulate apoptosis through inhibiting
MCL1 expression. The down-regulation of miR-29a greatly contributes to the over-
expression of MCL1, an anti-apoptotic protein, which promotes tumor cell survival through
suppressing apoptosis process [126]. Moreover, miR-193b negatively regulates the
expression of MCL1 in order to disturb apoptosis process and inhibit tumor cell
proliferation. The down-regulation of miR-193b can be regarded as an early event in tumor
progression, and it will help to do early detection and treatment of tumors [127]. To
conclude, these findings suggest that miRNA has an intimate relationship with the cell cycle
and apoptosis related genes and plays a critical role in tumor radiation response. Making
best use of mMiRNAS as novel diagnostic markers and therapeutic targets will greatly improve
tumor radiotherapeutic effects.
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5. Conclusion

Tumor radiation response is a major factor in determining radiotherapeutic effect and
closely related to tumor radiosensitivity and radioresistance. Numerous biological processes
are participated in the regulation of tumor radiation response, including the DNA damage
response and repair, cell cycle checkpoint and apoptosis control, and microenvironment and
metabolism reprogramming. Interestingly, some classical multifunctional signal transduction
pathways have recently been found to play an essential role in modulating tumor radiation
response. Among them, four signal transduction pathways, such as the PI3K/AKT, MAPK/
ERK, NF-xB, and TGF-p pathways, have attracted our attention. MiRNA is a class of small
non-coding RNA that modulates tumorigenesis from different aspects and has multiple
clinical prospects in tumor diagnosis, treatment and prognosis. In this review, we
extensively explore the critical regulatory role of miRNA in the radiation related signal
transduction pathways, and illustrate their interactions with key components in these
pathways from three different aspects, which are indicated in the upstream receptors,
midstream pathways and downstream target genes (Figure 3 and Table 1). We successfully
find that through interplaying with crucial factors in the radiation related pathways, the
biological functions of miRNAs are critical enough to determine the radiation response and
radiosensitivity of tumor cells. Deeply studying the potential mechanisms of miRNA in the
radiation related signal transduction pathways, will not only offer a new insight to regulate
tumor radiosensitivity at the post-transcriptional level, but also provide various novel
diagnostic markers and therapeutic targets to improve the efficacy of radiotherapy.
Furthermore, with the development of translational medicine which advocates the transition
from “bench to bedside”, the clinical application of miRNA in tumor radiation response will
finally bring more hope and gospel for tumor patients.
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Figure 1. NF-xB and miRNA feedback regulatory loop

NF-xB consists of three subunits, p50, p65 and IxB. IxB is a negative regulator of NF-xB
activity, as it can tightly bind to the other two subunits of NF-xB in the cytoplasm and
prevent them from translocating into the nucleus. miR-30e* directly targets 1«B and
suppresses its expression, which leads to the hyper-activation of NF-xB and promotes its
translocation into the nucleus to regulate the expression of downstream genes. So a NF-xB/
1B negative feedback loop is formed by miR-30e* to constitutively activate the NF-xB
pathway. Besides, polycomb protein (EZH2, SUZ12) can epigenetically down-regulate the
expression of miR-31 gene. Through targeting NF-xB inducing kinase (NIK), miR-31
negatively modulates the function of NF-xB signal pathway. On the other hand, NF-xB acts
as a transcription factor, binding to the promoter region of miR-301a, and elevates its
expression level accordingly. Moreover, miR-301a directly targets NF-xB repressing factor
(NKRF) and further promotes the activation of NF-xB. Thus, a positive feedback loop of
miR-301a, NKRF and NF-xB is formed to maintain the persistence of NF-xB activation.
During the DNA damage response induced by ionizing radiation or UV lights, ATM
interplays with NF-xB in the nucleus and plays a critical role in the activation of NF-xB
signaling pathway.
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Cell Cycle Checkpoint

DNA Damage Repair

Figure 2. Overview of DNA damage response processin nucleus

When tumor cell is inflicted with ionizing radiation, the double strands of DNA are broken
and the DNA damage response (DDR) pathway is further initiated. This pathway contains
three major components: sensors, transducers and effectors. H2AX, MDC1, 53BP1 and
MRE11-RAD50-NBS1 complex act as the core sensors and could directly bind to the
damaged ends of DNA fragments to start the beginning of DDR. At the level of transducers,
ATM and ATR are proximal kinases in the central of the entire DDR and could recruit
multiple downstream effectors, including DNA-PK, Ku70/80, BRCAL, BRCA2, RAD51,
RADS52, in order to complete two types of DNA damage repair (NHEJ and HR) processes.
Meanwhile, ATM and ATR can separately interplay with Chk2 and Chk1, and activate other
cell cycle regulators like CDC25, CDK, p53, p21, so as to disturb the function of cell cycle
checkpoint and interfere with the G1/S and G2/M phase progression.
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Figure 3. MiRNA isinvolved in theregulation of radiation related signal transduction pathways
When the tumor cell is inflicted with ionizing radiation or when the intracellular RTK is
activated by EGFR or IGFR, the PI3BK/AKT, MAPK/ERK, NF-xB and TGF-B pathways
will be activated as cascades. Multiple miRNAs could modulate the expression of key
components in these pathways, accompanied with the expression of their upstream
molecules like PTEN, SHIP and PDK1, or their activated subunits like p38, p50, p65 and
IxB, so as to further promote the activation of these signal transduction pathways. After the
signals transfer into the nucleus, more downstream target genes will be activated, which
include the apoptosis related genes like Bad, Bim and Mcl-1, and the DNA damage response
genes like DNA-PKcs, ATM, NBS1, Rad51 and BRCAL. Also, EGFR can translocate into
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the nucleus and form a complex with DNA-PKcs in order to initiate the NHEJ repair
process. Consequently, miRNA is involved in the regulation of various key factors in these
radiation related signal transduction pathways and could effectively affect the radiation
response and radiosensitivity of tumor cells.
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Table 1

MiRNA in the radiation related signal transduction pathways

Signal pathways MiRNA Targets Biological effects Refs
Upstream Receptors
overcome tumor
: radioresistance and
EGFR miR-7 EGFR improve radiotherapeutic (28]
effects
inhibit tumor cell
miR-133 EGFR proliferation, invasion and [29]
migration
o suppress tumor growth and
miR-146a MMP2, EGFR progression [30]
modulate
miR-21 EGFR radioresistance or [31]
radiosensitivity
. IGFR, IRS1 and regulate the survival and
IGFR miR-7 IRS2 proliferation of tumor cells [40]
. inhibit the proliferation
miR-223 IGFR, Rasal and growth of tumor cells [42]
suppress tumor cell colony
miR-375 IGFR formation, migration and [43]
metastasis
Midstream Pathways
repress tumorigenesis and
PI:ZI;}AV?E:(T miR-7 PI;?;]CD?brg(;I'KO R reverse the metastasis [50]
p Y P process of tumor cells
o PHLPP2, PTEN  suppress tumor growth and
miR-17-92 and BIM affect chemoresistance (511
miR-126 p85 beta inhibit tumor cell growth [52]
. affect tumor cell growth,
m:sgg; PTEN invasion and [53]
radiosensitivity
. influence the activity of
miR-486 PTEN, Foxola the PI3K/AKT pathway [54]
miR-7-3
MAPK/ERK miR-34a inhibit tumor cell
pathway miR-181d MAPK proliferation [61]
miR-193b
— regulate the proliferation
miR-17-5p P38 and migration of tumors [62]
modulate the metabolic
: state of tumor cells and
miR-21 ERK, PTEN induce tumor angiogenesis (63, 64]
and metastasis
activate NF-xB pathway
NF-xB pathway miR-31 NIK and influence tumor cell [73]
proliferation and apoptosis
elevate invasiveness and
miR-30e* 1xB metastasis ability of tumor [75]
cells
o promote the activation of
miR-301a NKRF NE-xB [76]
miR-520c affect tumor metastasis,
TGF-B pathway MiR-373 TGF-B, NF-xB inflammation and [85]

Cell Signal. Author manuscript; available in PMC 2014 July 01.

progression

Page 23



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Zhao et al.

Signal pathways MiRNA Targets Biological effects Refs
miR-21 TGF-p regulate the EMT process [86, 87]
TGFBR2, inhibit cell proliferation
miR-17-92 SMAD?2 and and regulate collagen [88]
SMAD4 synthesis
o regulate the properties of
miR-181 ATM cancer stem cells (89, 90]
induce the EMT transition
miR-106b-25 SMAD7 and tumor initiating-cell [91]
like phenotypes
Downstream Genes
DNA damage o affect DNA damage repair
response genes miR-18a ATM ability and HR efficiency [111]
influence the processes of
miR-101 DNA-PK, ATM NHEJ and HR in DNA [112]
damage repair
modulate DNA damage
o response and
miR-155 BRCAL radiosensitivity of some [114]
specific tumors
: interfere apoptosis process
Apopto::]segelated miR-25 BI'E:/;SBaAS;(_; nd and prevent cancer [124]
9 p progression
miR-29b activate caspase-3 and
miR-29a MCL1 induce apoptosis 125, 126]
disturb apoptosis process
miR-193b MCL1 and inhibit tumor cell [127]

proliferation
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Abbreviation: EGFR: Epidermal growth factor receptor; MMP2: Matrix metalloproteinase-2; IGFR: Insulin-like growth factor receptor; IRS1:
Insulin receptor substrate 1; IRS2: Insulin receptor substrate 2; mTOR: mammalian target of rapamycin; PHLPP2: PH domain and leucine rich
repeat protein phosphatases; PTEN: Phosphatase and tensin homolog; MAPK: Mitogen-activated protein kinases; ERK: Extracellular signal-

regulated kinases; NIK: NF-xB inducing kinase; NKRF: NF-xB repressing factor; EMT: Epithelial-mesenchymal transition; TGFBR2:

Transforming growth factor, beta receptor 2; ATM: Ataxia telangiectasia mutated; DNA-PK: DNA-dependent protein kinase; HR: Homologous

recombination; NHEJ: Non-homologous end joining; BRCAL: Breast cancer 1; MCL1: Myeloid cell leukemia sequence
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