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Abstract

Significance: microRNAs (miRNA) have been characterized as master regulators of the genome. As such,
miRNAs are responsible for regulating almost every cellular pathway, including the DNA damage response
(DDR) after ionizing radiation (IR). IR is a therapeutic tool that is used for the treatment of several types of
cancer, yet the mechanism behind radiation response is not fully understood. Recent Advances: It has been
demonstrated that IR can alter miRNA expression profiles, varying greatly from one cell type to the next. It is
possible that this variation contributes to the range of tumor cell responsiveness that is observed after radio-
therapy, especially considering the extensive role for miRNAs in regulating the DDR. In addition, individual
miRNAs or miRNA families have been shown to play a multifaceted role in the DDR, regulating multiple
members in a single pathway. Critical Issues: In this review, we will discuss the effects of radiation on miRNA
expression as well as explore the function of miRNAs in regulating the cellular response to radiation-induced
damage. We will discuss the importance of miRNA regulation at each stage of the DDR, including signal
transduction, DNA damage sensing, cell cycle checkpoint activation, DNA double-strand break repair, and
apoptosis. We will focus on emphasizing the importance of a single miRNA targeting several mediators within
a pathway. Future Directions: miRNAs will continue to emerge as critical regulators of the DDR. Under-
standing the role of miRNAs in the response to IR will provide insights for improving the current standard
therapy. Antioxid. Redox Signal. 21, 293–312.

Introduction

Radiation therapy has been used for more than a cen-
tury to combat tumor progression and metastasis. Io-

nizing radiation (IR) causes damage to many cellular
structures, including DNA. IR induces DNA damage either
by directly damaging the DNA or by indirectly generating
reactive oxygen species (ROS), which, ultimately, alter the
chemical structure of DNA. Radiation-induced damage
typically results in double-strand breaks (DSBs), forcing
tumor cells to halt cellular proliferation and initiate a DNA
damage response (DDR). With extensive DNA damage, a
cell usually undergoes programmed cell death. Massive cell
death is the mechanism by which radiation functions ther-
apeutically to reduce tumor burden. Unfortunately, tumors
often possess or acquire radioprotective characteristics that
enable them to escape radiation-induced cell death. Several
factors can influence cellular response to radiation, includ-
ing the tumor microenvironment and the cellular gene ex-
pression profile. It is important to understand how specific

cells respond to IR in order to improve the effectiveness of
cancer therapy.

microRNAs (miRNAs) are a class of small non-coding
RNA molecules that are involved in the regulation of gene
expression. More than 1000 miRNAs have been identified in
humans and are predicted to target at least 60% of all protein
coding genes (40). miRNA biogenesis is a fairly well-
understood process. After transcription and cleavage in the
nucleus, an miRNA is exported into the cytoplasm as a
hairpin. Further cleavage by an enzyme called Dicer gener-
ates duplex RNA. Mature miRNAs are loaded onto the RNA-
induced silencing complex (RISC), where they can bind to a
specific seed sequence in the 3¢ untranslated region (UTR) of
target genes (Fig. 1). If the 3¢ UTR binding site is fully
complementary to the miRNA, as is most commonly seen in
plants, the mRNA is targeted for degradation. In animals,
base pair mismatches are more common, triggering transla-
tional repression of the mRNA, and in some cases, promoting
deadenylation of the polyA tail, accelerating the normal
process of mRNA degradation (37, 151). Despite their fairly
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recent discovery, miRNAs have been implicated in a wide
variety of diseases, including their ever-expanding role in
cancer and cancer therapy.

Understanding the regulation and function of miRNAs is
essential to improving current cancer therapy. miRNA ex-
pression is tightly regulated under normal conditions. As
such, miRNA dysregulation is often reported as a driver of
tumorigenesis and metastasis. miRNA expression is con-
trolled by a number of mechanisms, including transcription
factor recruitment, genetic or epigenetic changes, and proper
function of miRNA biogenesis pathway effectors (55).
Changes to any of these mechanisms can result in altered
miRNA expression. Exogenous stressors such as hypoxia or
IR play a role in promoting miRNA regulatory changes. On
exposure to a stressor such as IR, the cell should respond by
attempting to repair the damage to its DNA. This response
initiates a number of cellular changes, including the up- or
down-regulation of genes that are directly involved in the
DDR. Multiple examples of miRNA expression changes in
response to IR have been reported. In this review, we will
examine the most recent advances in understanding the role
of IR in miRNA regulation as well as the role of miRNAs in
cellular response to IR via the DDR. We will discuss the
possibility of using miRNAs to improve current standard
cancer therapies. It is important to note that miRNAs can
have both direct interactions with targets involved in the
DDR and indirect effects, such as targeting transcription
factors that are necessary for the expression of a particular

DDR protein. In the interest of being concise, we will focus
primarily on the direct effect of miRNAs on the DDR.

IR Affects miRNA Expression

Although miRNA expression profiles differ from one cell
type to the next, environmental stressors can influence
miRNA expression in any cell type. IR induces a number of
cellular changes, especially with regard to the DDR. One
mechanism by which IR might affect the DDR is by altering
the expression of translational regulators such as miRNAs.
It is tempting to speculate that IR could affect miRNA
biogenesis; however, little work has been done to study
the effect of IR on miRNA biogenesis pathway members
such as Dicer, Drosha, Exportin-5, or Argonaute-2 (AGO2)
(Fig. 1).

One study, published this year, demonstrated that IR has
little to no affect on Dicer1 or AGO2 expression in kerati-
nocytes (63). In addition, Kraemer et al. used siRNA to Dicer
and AGO2 to demonstrate an essential function for miRNAs
in IR survival response in endothelial cells (67). In the ab-
sence of miRNA biogenesis, a decrease in cell survival was
observed along with a reduction in cell cycle checkpoint
activation and an increase in apoptosis, suggesting a global
role for miRNAs in maintaining cellular homeostasis by
mediating cell cycle checkpoints and apoptosis in response to
IR (67). Taken together, these data suggest a critical role for
miRNA biogenesis in response to IR.

FIG. 1. miRNA biogenesis and radiation response. miRNAs are transcribed in the nucleus by RNA polymerase II (RNA
pol II) generating a primary miRNA transcript (pri-miR). DROSHA and Pasha cleave the pri-miR into the precursor miRNA
(pre-miRNA) hairpin. As a hairpin, Exportin 5 exports the pre-miRNA into the cytoplasm, where it is further cleaved by an
enzyme called Dicer and its binding partner TRBP/PACT. This final cleavage step results in a duplex RNA structure. The
mature miRNA is separated from the passenger strand and loaded into the RISC. Along with RISC, the miRNA binds to the
3¢ UTR of a target gene and mediates translational repression, or in some cases, mRNA degradation. In response to IR,
miRNA expression is dysregulated. Although it remains to be proved, it seems likely that IR will result in modification of
the biogenesis pathway. Importantly, when AGO2 and Dicer are repressed, the DDR is inhibited (67). DDR, DNA damage
response; IR, ionizing radiation; miRNA, microRNA; RISC, RNA-induced silencing complex; AGO2, Argonaute-2.
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Despite a lack of evidence for miRNA biogenesis changes,
IR clearly plays a role in regulating miRNA expression as has
been demonstrated several times in gene expression profiling
studies post-IR. The earliest of these came from Sungkwan
An’s group in Korea looking at the miRNA expression profile in
human B lymphoblast cells and human non-small cell lung
cancer (NSCLC) cells (13, 124). Not surprisingly, a completely
different panel of miRNAs emerged as having altered expres-
sion in response to IR in the two cell lines. Interestingly, in the
lymphoblast cell line, a larger number of miRNAs were up-
regulated after IR as opposed to the NSCLC cells, which largely
showed down-regulation of miRNAs (13, 124). One explana-
tion for this could be the dose of IR. In the lymphoblast line, a
maximum dose of 10 Gy was used; while in the NSCLC cells, a
maximum dose of 40 Gy was used (13, 124). It is possible that
too much IR might result in global miRNA repression due to
extensive DNA damage and a cell fate decision to undergo
apoptosis rather than DNA repair. It would be interesting to
study miRNA expression changes at a lower dose in NSCLC
cells to compare with the changes seen in lymphoblast cells.

Other such gene expression profiling studies have been
done across a wide range of cell types, including endothelial
cells, human embryonic stem cells, squamous cell carcinoma
cells, and primary glioma cells (16, 67, 102, 125, 139). In
each study, a different expression pattern was observed after
IR. A summary of some of these miRNA changes can be
found in Figure 2. Some overlap in dysregulation exists
between cell types, suggesting an important role for a few
select miRNAs in mediating IR response. For example, at
least one member of the miR-15/16 family (miR-15 a/b,
miR-16, miR-195, miR-424, and miR-497) was often down-
regulated across a number of different cell lines, including
endothelial, NSCLC, and lymphoblast cells (13, 16, 67, 124).
Interestingly, this family of miRNAs has been shown to
regulate a number of cell cycle checkpoint genes (83, 86),

further implicating the miR-15/16 family in contributing to
IR response.

On the other hand, some miRNAs were up-regulated in
certain cell lines, down-regulated in others, and/or had no
change in expression. As an example, miR-148b is induced
by IR in non-Hodgkin’s lymphoma, but repressed by IR in
endothelial cells (139, 152), demonstrating the variability in
IR-induced expression changes. It is interesting to note that
miRNA expression changes were not always consistent
within a single cell line, specifically with regard to IR dose
and recovery time post-IR. In fact, one study suggested that
miRNAs may have different temporal expression patterns
such that a single miRNA might be induced at 8 h post-IR,
repressed at 12 h post-IR, and re-induced at 24 h (16). This
likely indicates some type of feedback loop regulation for
miRNA expression in response to IR.

IR activates p53, a DDR pathway member. It is important
to note that p53 has been implicated in the regulation of
expression of the miR-34 family (14, 47, 113). It has been
shown that the miR-34 family of miRNAs contains p53 re-
sponsive elements within the miR-34a and miR-34b/c pro-
moters (47). Activation of p53 by IR and subsequent
induction of the miR-34 family can lead to increased levels of
apoptosis. Although regulation of the miR-34 family is the
most well-understood example of p53-dependent miRNA
regulation, several reports have suggested that p53 plays a
role in the regulation of several other miRNAs, including let-
7 (116). Taken together, these data identify a role for p53 in
regulating miRNA expression, especially in response to IR.

Another DDR pathway member, ataxia telangiectasia
mutated (ATM), has also been identified as a regulator of
miRNA expression. The KH-type splicing regulatory protein
(KSRP) is involved in the cleavage events of miRNA pro-
cessing and is associated with the induction of a specific
subset of miRNAs (133). Recently, it was confirmed that

FIG. 2. miRNAs are differen-
tially regulated in response to IR.
On exposure to IR, miRNA ex-
pression is often dysregulated. IR
induces some miRNAs, while oth-
ers are repressed, a decision likely
dependent on the target genes in-
volved. A summary of the miRNAs
discussed in this review whose ex-
pression changes in response to IR
can be found in this diagram. On the
left and right are lists of miRNAs
whose induction or repression, re-
spectively, have been observed. In
the center are miRNAs where both
induction and repression have been
observed in different cell types. In-
terestingly, the largest group of
miRNAs exists in the center, illus-
trating how different the miRNA
profile can be from one cell type to
the next. Bold miRNAs function in
multiple aspects of the DDR. Ad-
ditional underlining identifies miR-
NA families that are involved in
almost every stage of the DDR.
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ATM expression is necessary for this KSRP-driven induction
of miRNAs in response to DNA DSBs (169). Interestingly,
these KSRP-induced miRNAs included miR-16 and miR-21,
both of which play a role in the DDR, which are discussed in
detail later (169). This suggests that activation of ATM is
necessary to promote the expression of specific miRNAs
that are essential for the survival response to IR.

Obviously, IR plays a role in regulating miRNA expres-
sion, although the mechanism behind this regulation remains
largely unknown. Looking forward, it will be crucial to un-
derstand how these miRNAs are regulated in response to IR
as a potential radiation sensitization tool. If changes in
miRNA expression promote cell survival in response to IR, it
is possible that inhibiting these changes might sensitize tu-
mor cells to IR therapy. The first step in moving toward this
type of adjuvant therapy will be to elucidate the underlying
regulation of these miRNAs in response to IR.

IR Induces PI3K/AKT and MAPK Signaling Pathways

Two main pro-survival signal transduction pathways are
activated in response to IR: the PI3K/AKT pathway and the
mitogen-activated protein kinase (MAPK) pathway [reviewed
in Dent et al. (34)]. IR activates the EGFR/ERBB family of
receptor tyrosine kinases, which, subsequently, initiates the
PI3K/AKT or MAPK pathways (34).

PI3K/AKT pathway

Briefly, phosphoinositide 3-kinase (PI3K), through the
conversion of phosphatidylinositol diphosphates to triphos-
phates, activates 3¢-phosphoinositide-dependent protein ki-
nase 1 (PDK1), which, in turn, activates AKT by
phosphorylation. Phosphatase and tensin homolog (PTEN), a
tumor suppressor, can inhibit this activation by suppressing
PI3K function. Activation of AKT results in a pro-survival
pathway, one that is frequently seen overactive in tumors
(34). AKT acts through a number of different mediator pro-
teins to inhibit apoptosis by blocking the function of several
pro-apoptotic proteins, including the FOXO proteins, BIM,
and BAX, or by promoting anti-apoptotic factors such as Bcl-
2 (Fig. 3).

The PI3K/AKT pathway has several miRNA regulators
acting at different levels in the pathway. miR-7 is the first and
only miRNA that has been demonstrated to target PI3K with
three independent binding sites in the 3¢ UTR (146). In ad-
dition to PI3K, AKT is directly mediated by miRNA regu-
lation, specifically the miR-302–367 cluster. Two groups
simultaneously published evidence supporting this regula-
tion, showing that miR-302 is responsible for repressing AKT
expression with a single 3¢ UTR binding site (9, 82). In ad-
dition, miR-302 is repressed in response to IR in breast cancer
cells (82), perhaps as a mechanism to activate AKT and
promote cell survival. Despite having several poorly con-
served putative miRNA binding sites in its 3¢ UTR, it is more
likely that further AKT regulation occurs either directly or
indirectly by other members of the PI3K/AKT pathway.

PTEN is a negative regulator of AKT expression and is
subject to regulation by multiple miRNAs. One of the first
miRNAs identified to target PTEN was miR-21 (92, 93).
miR-21 is often induced after IR (4, 17, 81, 121, 139), fa-
cilitating the repression of PTEN and the activation of AKT
to promote the DDR and cell survival. Several articles have

demonstrated sensitization to IR by antagonizing miR-21,
ultimately inhibiting the PI3K/AKT pathway (46, 51, 88). In
addition to miR-21, several other miRNAs have also been
shown to target PTEN, including miR-17-5p, miR-22, miR-
205, and miR-221/222 (26, 77, 112, 129, 163). Similar to
miR-21, repression of miR-205 or miR-221/222 confers ra-
diosensitivity by inhibiting AKT pro-survival function (26,
112, 163). Interestingly, the passenger strand of miR-17,
miR-17-3p, also targets a protein that is involved in the DDR,
MDM2 (77). Although this will be discussed later, it illus-
trates the concept that a single miRNA might target multiple
members of the DDR in order to regulate the response more
efficiently. The considerable regulation of PTEN by miRNAs
illustrates their necessity in maintaining genomic integrity by
tightly mediating the PI3K/AKT pro-survival pathway.

Another member of the PI3K/AKT pathway, PDK1, is also
under direct miRNA regulation. Multiple groups have dem-
onstrated that miR-375 targets PDK1 at a single binding site
in the 3¢ UTR (36, 79, 135). miR-375 down-regulation has
been observed in both gastric and esophageal cancers, pre-
sumably reducing levels of PDK1 (79, 135). As expected,
driving expression of miR-375 induces apoptosis (79, 135),
suggesting a mechanism by which these cancer cells evade
apoptosis via the up-regulation of PDK1.

Several of the downstream pro- or anti-apoptotic effectors
of AKT signaling are regulated by miRNAs. For the most
part, each of the FOXO proteins have their own miRNA
regulators, with FOXO1 and FOXO3a being the most widely
studied. As an example, FOXO3a is targeted by miR-155
(66). miR-155 has been shown to confer radioresistance,
potentially by down-regulating FOXO3a, promoting sur-
vival (5). FOXO1 has several miRNA regulators as well,
including the well-studied miR-182 (45), which also targets
BRCA1, discussed later (95). Other AKT effectors have
miRNA regulators, which we will discuss later as mediators
of apoptosis.

MAPK pathway

The second signal transduction pathway that is associated
with the DDR after IR is the MAPK pathway. Again, acti-
vated by radiation-induced EGFR family receptors, the
MAPK pathway begins with activation of RAS, leading to
translocation of the RAF proteins to the plasma membrane.
Notably, RAS can also activate the PI3K pathway. A series of
phosphorylation and dephosphorylation steps results in ac-
tive RAF, namely RAF-1. RAF-1 phosphorylates MAPK
kinase 1/2 (MEK1/2), which subsequently phosphorylates
extracellular signal-regulated kinase 1/2 (ERK1/2). ERK1/2
activate p90rsk, which phosphorylates several transcription
factors that induce anti-apoptotic gene expression (Fig. 3)
(136). As with the PI3K pathway, the MAPK pathway has a
number of miRNA regulators.

The RAS family of proteins has several members, in-
cluding the most clinically relevant H-RAS, N-RAS, and
K-RAS (136). Each of these members has been shown to
be direct targets of at least one miRNA. In fact, N-RAS and
K-RAS have dozens of predicted miRNA binding sites in
their respective 3¢ UTRs. Interestingly, the let-7 family of
miRNAs is capable of targeting all three RAS members (62).
It is well established that the let-7 family is often suppressed
in cancer, leading to an over-activation of RAS and a pro-
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survival phenotype in response to IR and other DNA dam-
aging agents (62, 147). Importantly, let-7 family members
have been shown to regulate other components of the DDR,
including several cell cycle checkpoint proteins (61). In ad-
dition to let-7, many other miRNAs have been identified as
RAS regulators such as miR-145 and miR-214 targeting
N-RAS and miR-143, miR-181a, and miR-217 targeting
K-RAS (22, 84, 123, 170, 174). All of these miRNAs are
down-regulated in tumors when compared with normal tissue
(22, 123, 170, 174), again suggesting a mechanism by which
RAS is over-expressed, inhibiting apoptosis.

RAF-1 is directly downstream of RAS. Although it does not
have quite as many predicted miRNA mediators as the RAS
proteins, it is still amenable to miRNA regulation. Family
members, miR-195 and miR-497 have been shown to target
RAF-1 through a single 3¢ UTR binding site (76). Similar to
RAS-regulating miRNAs, miR-195 and miR-497 are also
down-regulated in cancer (76), presumably to enhance RAF-1
expression and promote cell survival. It is interesting to note

that let-7 has two putative binding sites in the 3¢ UTR of RAF-
1, although they have yet to be validated. Let-7 targeting both
RAS and RAF-1 would suggest a multifaceted role for let-7 in
the DDR to more efficiently regulate signaling.

RAF-1 kinase is responsible for the activation of MEK1/2.
MEK2 has no known miRNA regulators, which is consistent
with an absence of conserved putative miRNA binding sites in
its 3¢ UTR. Conversely, MEK1 is targeted by miR-34a and
miR-1826 with one or two binding sites, respectively, in its 3¢
UTR (48, 54). Interestingly, miR-497, which targets RAF-1,
mentioned earlier, also targets MEK1 via at least one 3¢ UTR
binding site (171), providing yet another example of a single
miRNA acting on multiple members within the same pathway.

ERK1/2 are activated by MEK1/2. Although some miRNA
regulation of ERK1/2 exists, it is the regulation of miRNA
expression by ERK1/2 that is arguably more important with
regard to IR response. miR-124, miR-214, and miR-483-5p
have been demonstrated to target ERK1 and are down-regulated
in cancers, presumably to enable the over-expression of ERK1

FIG. 3. PI3K/AKT and MAPK signal transduction pathway activation in response to IR. IR activates the EGFR
family of RTKs, which triggers both PI3K/AKT and MAPK signaling. On the left, activation of RAS by the RTK leads to
activation of RAF-1. Active RAF-1 initiates a cascade of phosphorylation-dependent activation, first of MEK1/2 followed
by ERK1/2. ERK1/2 activation results in the activation of p90rsk, which promotes the transcription of anti-apoptotic factors,
including miRNAs such as miR-21. Importantly, miR-21 targets PTEN, which inhibits the PI3K/AKT pathway, promoting
PI3K/AKT signaling. On the right, the RTK activates PI3K, which, in turn, phosphorylates AKT. Activated AKT promotes
the transcription of anti-apoptotic factors and inhibits the transcription of pro-apoptotic factors. miRNA regulation of the
FOXO proteins is shown. Other members of the apoptotic pathway will be discussed later in Figure 7. miRNA regulation is
extensive in both these pathways. miRNAs that have been bolded indicate miRNAs which have multiple targets in the same
pathway. Additional underlining identifies miRNAs that are involved in almost every pathway of the DDR. Dotted arrow
indicates potential for a positive feedback loop. ERK1/2, extracellular signal-regulated kinase 1/2; MAPK, mitogen-
activated protein kinase; MEK1/2, MAPK kinase 1/2; PI3K, phosphoinositide 3-kinase; PTEN, phosphatase and tensin
homolog; RAS; RTK, receptor tyrosine kinase.
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and promote cell survival (142, 157). One mechanism by
which ERK1/2 regulates survival is by activating the ex-
pression of anti-apoptotic genes, including miRNAs. Both
miR-21 and miR-494 have been identified as targets of
ERK1/2 activation (52, 114). It is tempting to speculate that
IR induces the MAPK pathway, activating ERK1/2, which
induces the expression of miR-21. miR-21 subsequently
targets PTEN (93), as discussed earlier, and CDC25A (143),
mentioned next, repressing their expression. The repression
of PTEN promotes the activation of the PI3K/AKT pathway,
while the repression of CDC25A triggers cell cycle arrest and
enables the cell sufficient time to repair IR-induced damage.

Considering the amount of evidence supporting miRNA
regulation of the PI3K/AKT and MAPK pathways, it is fair to
say that miRNAs are essential for the proper function of these
pathways. More specifically, miRNAs are necessary to reg-
ulate the radiation response and promote cell survival, es-
pecially in the case of therapy-resistant tumor cells. It is
plausible that targeting miRNAs involved in these pathways
may be a clinical tool in the near future to improve radiation
therapy by sensitizing tumor cells and promoting apoptosis.

miRNAs Target Many Members of the DDR

miRNAs are responsible for regulating many cellular
pathways, including those involved in the DDR. Here, we
will discuss specific miRNAs that have been implicated in the
DDR with a focus on cell cycle checkpoint activation, DSB
repair, and apoptosis.

DNA damage sensing and cell cycle
checkpoint activation

IR induces several different types of DNA damage, in-
cluding single-strand break (SSB) and DSB. Initial steps after
this damage include DNA damage sensing and cell cycle
checkpoint activation. DNA damage sensors and signal trans-
ducers include poly [ADP-ribose] polymerase-1 (PARP1), the
MRN complex, ATM, ataxia telangiectasia and Rad3 related
(ATR), and H2AX. SSB sensing is often performed by PARP1.
Currently, there are no validated miRNAs that target PARP1;
however, the PARP1 3¢ UTR contains a number of putative
miRNA binding sites, including one for miR-7.

The MRN complex is composed of MRE11, RAD50, and
NBS1 and senses DSBs, the more common form of radiation-
induced DNA damage. Once a DSB has been identified, the
MRN complex recruits ATM, which phosphorylates a num-
ber of downstream mediators and effectors. There are no
experimentally validated miRNAs targeting the MRN com-
plex, but prediction websites suggest that the 3¢ UTRs of each
component of the MRN complex contain one or more puta-
tive miRNA-binding sites.

Two of the major players in DNA damage sensing and
cell cycle checkpoint activation are ATM and ATR, serine-
threonine kinases responsible for initiating a signaling cascade
in the presence of DNA damage. ATR typically responds to
SSBs and stalled replication forks. ATM is the main activa-
tor of the DDR after radiation-induced DSBs. As such, its
expression is tightly regulated.

The first indication for miRNA-mediated regulation of
ATM was published in 2010 when Hu et al. linked miR-421
to ATM expression (49). It was suggested that miR-421 in-
duction by the oncogene N-MYC resulted in a repression of

ATM and increased sensitivity to IR (49). Since then, several
other miRNAs have been identified as mediators of ATM
expression, including miR-18a, miR-100, and miR-101. All
three of these miRNAs target ATM, resulting in increased
radiosensitivity (100, 126, 149, 158). Interestingly, miR-18a
is down-regulated after IR (139), likely to enable an induction
of ATM expression and initiation of the DDR.

ATM is responsible for the phosphorylation of several
downstream mediators and effectors, including histone var-
iant H2AX, a mediator of DSB repair that is responsible for
recruitment of DNA repair proteins to the site of damage.
This phosphorylation step is crucial to the recruitment of
several important DDR factors, including BRCA1 and
53BP1. Two miRNAs, miR-24 and miR-138 have been
shown to target H2AX (72, 145). miR-24 targets H2AX,
promoting chromosomal instability and sensitization to DNA
damage in terminally differentiated blood cells (72). miR-
138 sensitizes cells to IR by targeting H2AX and preventing
downstream DSB repair (145). Importantly, both miRNAs
have been shown to be up-regulated by IR in squamous cell
carcinoma and glioma cell lines (102), identifying one pos-
sible mechanism by which these cells evade cell cycle
checkpoint activation and promote tumor progression.

Apart from DNA damage sensors and transducers, there
are many effectors of the DDR, including those involved in
cell cycle checkpoint activation. The cell has two main
checkpoints to maintain genomic integrity throughout the
cell cycle; one at the G1/S interphase (Fig. 4) and one at the
G2/M interphase (Fig. 5). An additional checkpoint exists
during the S phase, but we will not discuss that in detail here.
Cyclins and cyclin-dependent kinase (CDK) proteins are
essential for the progression of the cell through the cell cycle.
In response to DNA damage, these cyclins and CDKs should
be inhibited at the checkpoint to arrest cell proliferation and
allow time for repair (33). Each of these checkpoints has a
different set of key players that orchestrate the progression
from one phase of the cell cycle to the next.

Some of the few overlapping effectors involved in all three
checkpoints are the CHK proteins, CHK1 and CHK2. Typi-
cally, CHK2 is activated by ATM in response to DSBs, while
CHK1 is activated by ATR after SSBs; however, it is be-
lieved that there is some cross-talk between the two trans-
ducers (104). While there are no reports of miRNA regulation
of CHK2, CHK1 has at least a few miRNA regulators, in-
cluding the miR-15/16 family. Several members of this
family have been experimentally validated, including miR-
15 and miR-424 (110, 155). Pouliot et al. showed that mul-
tiple members of the miR-15/16 family could down-regulate
protein expression of CHK1, including miR-15a, miR-15b,
miR-16, miR-16-1*, and miR-424* (110). More conclu-
sively, Xu et al. demonstrated that miR-424 targets CHK1 by
multiple molecular assays, including a 3¢ UTR luciferase
assay (155). Notably, it has been shown that miR-424 is re-
pressed in cervical cancer tissue compared with normal tissue
(155), suggesting a mechanism by which cancer cells can
bypass cell cycle checkpoints and promote tumor progres-
sion. In addition, as mentioned earlier, miR-15/16 family
members are often down-regulated in response to IR to
promote DNA repair and cell survival (13, 16, 67, 124).
Taken together, it is tempting to speculate that the regulation
of expression of the miR-15/16 family might be crucial to the
DDR and tumor cell survival.
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Another checkpoint effector that plays a role in all three
checkpoints is the phosphatase, CDC25A. In response to
DSBs, CDC25A is targeted for proteasomal degradation by
the CHK proteins. Loss of CDC25A prevents proper function
of the Cyclin E/Cdk2 complex and slows progression of the
cell into the S phase. Several miRNAs are predicted to target
CDC25A, a few of which have been experimentally vali-
dated, namely let-7, miR-16, miR-21, miR-449a/b, and miR-
483-3p (6, 32, 61, 81, 109, 143, 159). Of these, miR-21 is the
most well studied in its relationship to CDC25A. miR-21 has
a single binding site in the 3¢ UTR of CDC25A (143). Im-
portantly, miR-21 has been shown to be up-regulated in a
number of different cancer types (4, 43, 122), and its ex-
pression is induced upon exposure to IR (16, 17, 121, 139). It
has also been suggested that miR-21 expression is induced by
hypoxia (32), a common tumor microenvironment charac-
teristic, and that its over-expression is responsible for radia-
tion resistance by activating cell cycle checkpoints and
preventing cell cycle progression, specifically at the G2/M
checkpoint (4). Together, these data demonstrate a crucial
role for miR-21 targeting CDC25A in cell cycle checkpoint

activation in response to IR. miR-21 likely prevents apoptosis
after IR by enabling DSB repair at the cell cycle checkpoint.
In addition, miR-21 has been shown to target multiple
members of the DDR, including the PTEN mentioned earlier,
suggesting a more global role for miR-21 in regulating the
response to radiation-induced DNA damage.

At the G1/S checkpoint, there is evidence for miRNA
regulation of cyclin and CDK proteins as well. Both miR-
124a and miR-885-5p have been identified as miRNAs that
target CDK2 (2, 65); however, only miR-124a has a pre-
dicted binding site in the 3¢ UTR of CDK2. Interestingly,
there are several putative miRNA binding sites in the CDK2
3¢ UTR, suggesting that miRNA regulation might be im-
portant for the function of CDK2, but will need further
validation. Cyclin E also has a number of validated miRNA
regulators, including miR-29c and the miR-15/16 family
(35, 86). Notably, the miR-15/16 family is also involved in
the regulation of other cyclin and CDK proteins, which will
be discussed later.

Cell cycle arrest at G1/S driven by CDC25A is only tem-
porary. The secondary and more long-term pathway of G1/S

FIG. 4. G1/S cell cycle checkpoint activation in response to radiation-induced DNA damage. IR induces DNA DSBs.
ATM and ATR are recruited to sites of DNA damage, but ATM is specific for DSBs. ATM activates several down-stream
mediators by phosphorylation, including H2AX, p53, and the CHK proteins, typically CHK2. Activated CHK2 phos-
phorylates CDC25A, targeting it for degradation. In the absence of CDC25A, Cyclin E and CDK2 are impaired, resulting in
cell cycle arrest. CHK2 is also capable of activating p53 by phosphorylation. Concurrently, activated p53 is unable to bind
to MDM2 (indicated by dotted line), leading to its accumulation. Accumulation of p53 stimulates p21 expression. p21 binds
to both cyclin/CDK complexes and inhibits them from promoting progression through the cell cycle. miRNAs regulate
almost every member of this checkpoint. Bold miRNAs indicate multiple targets within the pathway. Underlined miRNA
families are seen throughout the DDR. Dotted arrow indicates limited secondary activation of ATR in response to DSBs.
ATM, ataxia telangiectasia mutated; ATR, ataxia telangiectasia and Rad3 related; CDK, cyclin-dependent kinase.
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arrest involves p53. If DNA damage is present in G1, ATM
activation leads to CHK2 phosphorylation and subsequent
phosphorylation of p53. It is this phosphorylation event that
prevents p53 from interacting with MDM2, enabling p53 to
accumulate. p53 stimulates expression of p21, which will
bind to CDK-Cyclin complexes, cyclin D/CDK4/6, and cy-
clin E/CDK2, and arrest the cell in G1 until the damage is
repaired (Fig. 4) (33). Not surprisingly, there are a number of
miRNAs that regulate MDM2, p53, and p21 expression.

It has been shown that MDM2 is targeted by both miR-17-
3p and miR-18b (31, 77). MDM2 harbors 3 binding sites for
miR-17-3p in the 3¢ UTR and a single binding site for miR-18b
(31, 77). There is evidence which suggests that miR-17, both
5p and 3p, are up-regulated after IR (15, 18), which, subse-
quently, down-regulates MDM2, enabling p53 accumulation
and G1 arrest in response to radiation-induced damage. Con-
versely, it has been suggested that miR-18b is down-regulated
in certain cancers, including melanoma (31), which would
enable over-expression of the oncogene MDM2 and inhibition
of the tumor suppressor, p53. Interestingly, the seed sequence
of miR-18b is identical to that of miR-18a, which targets ATM
(126, 149). Obviously a finite level of MDM2 should be
maintained, at least in part by these two miRNAs, to preserve
cellular homeostasis without promoting tumorigenesis.

p53, a well-established tumor suppressor, is also regulated
by several miRNAs. The first miRNA that directly regulates
p53 was identified as miR-125b in 2009. Le et al. dem-
onstrated that IR can repress expression of miR-125b in
zebrafish and that this repression contributes to the well-
known radiation-induced expression of p53 (73). miR-125b
has only one binding site in the 3¢ UTR of p53 (73); while
miR-504, another p53-targeting miRNA, has two 3¢ UTR
binding sites (50). miR-504 over-expression significantly
reduces G1 arrest due to the repression of p53 (50). Recently,
two more p53-targeting miRNAs were discovered through a
screen for miRNAs having a direct interaction with the 3¢
UTR of p53. Both miR-25 and miR-30d were identified, each
with a single predicted binding site in the 3¢ UTR of p53 (69).
Both of these miRNAs were able to independently reduce the
number of G1 arrested cells (69). Extensive miRNA regula-
tion such as this suggests a critical role for miRNAs in the
expression of p53 to maintain genomic integrity through cell
cycle checkpoint activation.

p21 expression is also miRNA-mediated during the G1
checkpoint. Recent evidence suggests that multiple members
of the miR-106b cluster are responsible for targeting the 3¢
UTR of p21 (56). Specifically, miR-106b was shown to re-
duce p21 expression and to promote cell cycle progression

FIG. 5. G2/M cell cycle checkpoint activation in response to radiation-induced DNA damage. Similar to the G1/S
checkpoint, IR induces DNA DSBs that are recognized by the MRN complex (not pictured), which activates ATM and
ATR. ATM phosphorylates CHK2, which targets CDC25A for degradation. CDC25A is necessary for the removal of an
inhibitory phosphate on CDK1. WEE1 kinase is responsible for this phosphorylation of CDK1. Degradation of CDC25A
inhibits progression through the cell cycle. In addition, ATM activates p53, preventing its association with MDM2. p53
accumulation promotes p21 expression. p21 inhibits cyclin B1/CDK1, inducing cell cycle arrest. As with G1/S, miRNA
regulation is observed in almost every member of the G2/M checkpoint. Bold miRNAs are multifaceted within the pathway.
Underlined miRNAs play a role in almost every aspect of the DDR from signal transduction to apoptosis.
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despite the presence of DNA damage (56). In addition, the
miR-106b family is known to be up-regulated in several
cancer types (3, 80, 106), likely promoting tumorigenesis by
repressing cell cycle checkpoint activation.

Cyclin D and CDK 4/6 are targets of miRNA regulation as
well. The miR-15/16 family is responsible for regulating cy-
clin D1, D3, and CDK6 with two, two, and one 3¢ UTR binding
sites, respectively (86). miR-34a has been shown to target both
cyclin D1 and CDK6 (128). It is important to note that cyclin D
proteins have dozens of predicted miRNA binding sites, in-
dicating that miRNAs may play a significant role in regulating
expression of the cyclin proteins, especially in response to IR.
In fact, many miRNAs have been experimentally validated as
regulators of cyclin D expression (60, 117, 128, 161). In ad-
dition to the miR-15/16 family and miR-34a, CDK6 is also
targeted by miR-129 in at least three complementary binding
sites in its 3¢ UTR (150). miR-129 repression has been ob-
served across a number of different cancers (150), suggesting
that over-expression of CDK6 might drive progression through
the cell cycle even in the presence of DNA damage, although
this has yet to be demonstrated. Interestingly, CDK6 is tar-
geted by miR-449a/b (159) and CDK4 is targeted by miR-483-
3p (6), both of which also target CDC25A, mentioned earlier.
Finally, let-7 family members target CDK6, cyclin D2, and
CDC25A (61). This illustrates the idea that some miRNAs
might be regulating pathways by targeting multiple members
of a particular pathway. This concept will be discussed later in
greater detail.

The second main cell cycle checkpoint occurs during the
G2 to M phase transition. Many of the same players from the
G1/S checkpoint are also associated with G2/M, but a dif-
ferent set of cyclin/CDK complexes are involved, specifically
cyclinB1 and CDK1. Again, ATM responds to a DSB by
phosphorylating CHK2, which, in turn, phosphorylates
CDC25A and p53, resulting in two independent pathways for
arresting G2/M. Similar to G1/S, p53 accumulates and drives
expression of p21, a CDK inhibitor, which prevents the
function of the cyclin B1/CDK1 complex. On the other hand,
phosphorylated CDC25A is degraded, which prevents the
dephosphorylation of CDK1 (usually phosphorylated by
WEE1), keeping the cyclin B1/CDK1 complex inactive (Fig.
5). Further phosphorylation of CDC25A occurs via PLK1,
which also phosphorylates WEEl, targeting it for degradation
(33). In addition to the miRNA regulation already discussed
earlier for ATM, p53, p21, and CDC25, other members of the
G2/M checkpoint are also subject to miRNA repression.

Similar to the cyclin D proteins, the 3¢ UTR of cyclin B1
contains several putative miRNA binding sites; however, none
have been validated. It is interesting to note that one article,
published in 2012, has suggested a role for three miRNAs in
activating expression of cyclin B1 (53). miRNA activation of
gene expression is a highly controversial concept, although
evidence demonstrating its existence continues to accumulate
[see these reviews for more information (75, 107)]. In addition,
it has been reported that CDK1 is targeted by miR-410 and
miR-650 (25, 97), but further studies are necessary to elucidate
their role with regard to the DDR.

On the other hand, another G2/M player, WEE1 has sev-
eral validated miRNA regulators. Inhibition of WEE1 sen-
sitizes cells to IR (108). In the absence of WEE1, CDK1 does
not get phosphorylated and a cell with excess DNA damage
from IR proceeds through the cell cycle without repair, ul-

timately facing apoptosis. Although no one has shown con-
vincing evidence for miR-155 interacting with the WEE1 3¢
UTR, several studies have suggested its role in targeting
WEE1 (7, 8, 110). Moreover, prediction websites suggest that
the WEE1 3¢ UTR harbors at least one miR-155 putative
binding site. A recurring theme, the miR-15/16 family has
also been shown to target WEE1 with two binding sites
identified in the 3¢ UTR (110). Multiple members of this
family have been validated, including miR-195 and miR-497
(7, 132). It has been suggested that miR-195 targets WEE1
in malignant melanoma. Interestingly, miR-195 was up-
regulated, and, consequently, WEE1 was down-regulated in
metastases compared with primary melanoma (7). This
contradicts the notion that inhibition of WEE1 sensitizes cells
to IR. Bhattacharya et al. rationalized this by suggesting a
finite regulation of WEE1 that is necessary to facilitate me-
tastasis by forcing a damaged cell through the cell cycle
without sensitizing the cell to therapy-driven apoptosis (7). In
line with WEE1 inhibition sensitizing cells to IR, it has been
shown that high miR-497 expression, corresponding with an
increase in apoptosis, correlates with a better prognosis in
neuroblastoma patients (29). Obviously, miRNAs play an
important role in regulating G2/M transition and might serve
as targets to improve current cancer therapies such as IR.

DNA DSB repair

Once the cell cycle has been halted by checkpoint acti-
vation, the cell should initiate DNA repair pathways. There
are two main types of DNA repair, SSB repair and DSB
repair. We will focus on DSB repair, as this is the major type
of DNA damage that is caused by IR. DSB repair occurs via
one of two pathways: non-homologous end-joining (NHEJ)
and homologous recombination (HR) (Fig. 6). As the names
would suggest, NHEJ does not require a homologous tem-
plate, and, as such, is the more common repair pathway,
occurring throughout the cell cycle. The lack of template,
however, makes NHEJ much more error prone. Conversely,
HR is almost exclusively performed during S phase with
some activity in G2, when a homologous template is avail-
able via replication (33). As with cell cycle checkpoint ac-
tivation, DNA repair has several components that are
susceptible to miRNA regulation.

NHEJ is the simpler of the two pathways. KU70/KU80
(XRCC6/XRCC5 in humans) acts as a heterodimer to rec-
ognize a DSB and functions as a scaffold for NHEJ ma-
chinery. DNA-PK is recruited to the site of damage and
phosphorylates XRCC4, the cofactor necessary for DNA
Ligase IV function. Since radiation-induced DSBs are often
not clean enough to ligate directly, DNA processing should
occur, frequently resulting in large deletions. The mechanism
of this step is not well understood. Nucleases are required, but
their identity remains elusive. Some have suggested that
MRE11 and/or Artemis play a role in this processing (140),
but further evaluation is necessary. Once the DSB ends have
been properly resected, DNA Ligase IV and its cofactor
XRCC4 seal the gap (140).

Currently, the only member of this pathway with validated
miRNA regulation is DNA-PK, specifically the catalytic
subunit, DNA-PKcs. miR-101 has been shown to target the 3¢
UTR of DNA-PKcs with a single binding site. It has also been
shown that over-expression of miR-101 is capable of
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sensitizing cancer cells to IR both in vitro and in vivo (21,
158). Presumably, the over-expression of miR-101 down-
regulates both ATM (previously mentioned) and DNA-PKcs,
inhibiting the DDR and promoting cell death.

It is possible that indirect miRNA regulation occurs in the
NHEJ pathway. One example would be the role of miR-7 in
regulating DNA-PKcs. It has been shown that miR-7 targets
EGFR with at least two binding sites and PI3K with at least 3
binding sites in their respective 3¢ UTRs (39, 146). On over-
expression of miR-7, this regulation of the EGFR/PI3K/AKT
pathway reduces active DNA-PKcs, resulting in radio-
sensitization (74). This highlights the possibility of other
indirect miRNA regulation effects on the NHEJ pathway that
remain to be described.

On the other hand, HR has a number of pathway members
under miRNA regulation, namely the RAD and BRCA pro-
teins. Unlike NHEJ, HR requires a homologous template to

repair the DSB. A homologous template is only present during
the S and early G2 phase, which explains why HR is the more
accurate, but less commonly used repair pathway. Briefly, the
DSB is identified by the localization of the MRN complex,
cH2AX, and BRCA1. The DSB is processed, leaving a 3¢ SS
DNA overhang. It is believed that the MRN complex is partly
responsible for this nuclease activity. RPA binds to the SS
DNA, protecting the SS DNA from nuclease activity and
preventing secondary DNA structures from forming. RAD51,
with the help of several mediator proteins, including RAD52,
RAD54, and BRCA2, displaces RPA to load onto the SS DNA,
forming a nucleoprotein filament and initiating the homology
search for the template of interest. Once a template is found,
RAD54 facilitates the removal of RAD51 from the SS 3¢ end
and enables DNA synthesis and ligation (Fig. 6) (94).

miRNAs are responsible for regulating the RAD proteins.
Both RAD51 and RAD52 have validated miRNA regulators,

FIG. 6. miRNA regulation of radiation-induced DNA DSB repair via NHEJ or HR. After cell cycle checkpoint
activation, radiation-induced DSBs are repaired by one of two pathways; NHEJ or HR. NHEJ occurs throughout the cell
cycle, while HR occurs only during S and early G2 phase when a homologous template is available. NHEJ begins with
recognition of the DSB by KU70 and KU80 (XRCC6 and XRCC5 in humans). DNA-PK, including its catalytic subunit
DNA-PKcs, is recruited to the site of damage, and phosphorylates the DNA Ligase IV cofactor XRCC4. After end-
processing by a yet-unidentified nuclease, DNA Ligase IV ligates the two ends together, often resulting in deletions of
DNA. On the other hand, HR is less error prone, as it utilizes a homologous template to repair the break. The MRN complex
binds the DSB and facilitates resection of the DNA, resulting in single-strand overhangs. RPA binds to the single-stranded
DNA and protects it from nuclease activity. RAD51, with the help of RAD52 and BRCA1/2, displaces RPA to coat the
single-stranded DNA, forming a nucleoprotein filament to initiate the homology search. RAD54 facilitates the removal of
RAD51 once a homologous template has been located to enable DNA synthesis and ligation to repair the gap. miRNAs
target key members of these pathways, namely DNA-PKcs, BRCA1/2, RAD51, and RAD52. HR, homologous recombi-
nation; NHEJ, non-homologous end-joining.
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although most of the RAD proteins harbor putative miRNA
binding sites in their 3¢ UTR. Recently, it was shown that both
miR-107 and miR-222 could target RAD51 with one and two
3¢ UTR binding sites, respectively (99). It is important to note
that these sites do not contain perfect complementarity to the
seed region of either miRNA (99). Surprisingly, with a
binding site in the coding region, miR-96 has also been
shown to target RAD51, leading to an inhibition of HR (144).
Along with the fact that the 3¢ UTR of RAD51 contains
dozens of other putative sites similar to these, it is possible
that abundant RAD51 miRNA regulation exists, but has yet
to be described.

Despite its somewhat mysterious function in HR in human
cells, RAD52 knock-down has been shown to be condition-
ally lethal with BRCA2, indicating an independent function,
but similar to that of BRCA2. In fact, it has been hypothe-
sized that RAD52 plays a role in loading RAD51 onto the SS
DNA in the absence of BRCA2, suggesting the possibility of
redundant function (89). miRNA regulation of RAD52 has
been demonstrated by miR-210, miR-302, and miR-373 (30,
82). Crosby et al. has shown that miR-210 and miR-373 are
induced in hypoxia (30). Hypoxia is a characteristic of the
tumor microenvironment which is defined by oxygen depri-
vation that facilitates the resistance of tumor cells to IR.
Although much of this resistance is due to the inherent lack of
oxygen that is necessary to generate oxygen radicals, some
resistance can be attributed to other molecular changes, in-
cluding miRNA expression. An over-expression of miR-210
and miR-373 in hypoxia forces the repression of RAD52,
possibly reducing the efficiency of HR and promoting ge-
nomic instability in these hypoxic cells. On the other hand,
over-expression of miR-302 is sufficient to sensitize cells to
IR, presumably by down-regulating RAD52 and HR and
promoting cell death (82). Interestingly, miR-302 is down-
regulated by IR (82, 102, 125), while there is no evidence
supporting expression changes for miR-210 or miR-373 in
response to IR. It is possible that miR-302 is more acutely
involved in response to IR, as its repression enables over-
expression of RAD52, promoting DNA repair and progres-
sion through the cell cycle, while the regulation by miR-210
and miR-373 remains unchanged in response to IR. Con-
versely, hypoxic induction of miR-210 and miR-373 may
serve to decrease the repair capacity and decrease the radia-
tion survival of chronically hypoxic cells, but this remains to
be determined.

In addition to the RAD proteins, the BRCA proteins are
also subject to miRNA regulation. BRCA1 is a ubiquitously
important protein that is associated with every step of the
DDR [reviewed in Roy et al. (115)]. BRCA1 plays a role in
both cell cycle checkpoint activation and SSB and DSB re-
pair. Arguably, its most prominent function is its role in HR,
such that in the absence of BRCA1, HR is significantly im-
paired. Multiple miRNAs have been identified that target
BRCA1, including miR-146a/b and miR-182. miR-182 tar-
gets BRCA1 in at least three confirmed 3¢ UTR binding sites,
suppressing HR and leading to an increase in DSBs as mea-
sured by neutral comet assay (95). In response to IR, miR-182
is down-regulated (95), presumably to induce BRCA1 ex-
pression and promote DSB repair via HR. In addition, the
over-expression of miR-182 confers radioresistance and has
been observed in several cancer types, including cervical,
breast, and ovarian (68, 87, 95, 130). miR-146a/b target

BRCA1 and are predicted to target BRCA2 as well (41, 118).
Interestingly, a single-nucleotide polymorphism in the seed
region of miR-146a has been associated with an earlier age of
onset in familial breast and ovarian cancers lacking a BRCA1
or BRCA2 mutation (105, 118); however, data supporting this
association are highly controversial (11, 42). miR-146a/b tar-
get BRCA1 at a single 3¢ UTR binding site. Over-expression of
miR-146a/b has been observed in triple-negative breast cancer
when compared with estrogen receptor and/or progesterone
receptor-positive breast cancer and is associated with a higher
grade, more aggressive tumor. The over-expression of miR-
146a/b inhibits HR, likely due to the repression of BRCA1
(41). As would be expected, miRNAs that target BRCA1 are
often over-expressed in cancer to promote tumorigenesis and
genomic instability by inhibiting BRCA1 function in HR and
other pathways.

Of note, another significant example of indirect miRNA
regulation comes from the suppression of BRCA1 function
by miR-99 targeting the chromatin-remodeling factor,
SNF2H (98). SNF2H functions to recruit BRCA1 to sites of
DSBs independent of cH2AX. The miR-99 family, specifi-
cally miR-99a and miR-100, is up-regulated by IR in cancer
cells, conferring radiation resistance by indirectly inhibiting
BRCA1 function. In addition, the repression of SNF2H by the
miR-99 family results in an increase in DSBs and a decrease
in HR (98). Obviously, it is necessary to consider indirect
miRNA regulation as well as direct regulation when defining
the role of miRNAs in the DDR.

Although not all members of the DSB repair pathway have
experimentally validated miRNA mediators, it is important to
note that several key players experience extensive miRNA
regulation. For that reason, it is possible that targeting these
miRNAs may prove to be a useful adjuvant therapy to en-
hance the efficacy of IR treatment.

Apoptosis

In the presence of excess DNA damage or in the absence of
functional DNA repair after IR, a cell will often undergo
radiation-induced cell death. Several mechanisms of cell
death can occur after IR, including mitotic catastrophe, se-
nescence, and apoptosis. In this review, we will specifically
focus on apoptotic cell death. Not surprisingly, miRNA
regulation plays a role in maintaining this pathway as well.
Apoptosis is a relatively complex process. In the interest of
being concise, we will only discuss a few major players in-
volved in apoptosis, but it is important to note that many of
the factors involved in this process are likely regulated by
miRNA repression. All of the pro- and anti-apoptotic factors
we will cover are in some way mediated by the signaling
pathways previously discussed.

Apoptosis signaling begins in one of two ways: Either ac-
tivation of a death-receptor, such as the Fas receptor (FAS-R),
initiates a caspase activation cascade or the Bcl-2-like family
of proteins initiates a pathway through the mitochondria. IR
typically induces the Bcl-2 specific pathway, although both
pathways can be active. The extensive activation of p53 in the
presence of massive DNA damage initiates apoptosis by
transcriptionally activating several pro-apoptotic factors, in-
cluding PUMA, FAS-R, NOXA, and BAX and inhibiting
anti-apoptotic factors, Bcl-2 and MCL1. The Bcl-2 family
includes pro-apoptotic factors, BAX, BAK, PUMA, and BIM,
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and anti-apoptotic factors, Bcl-2, Bcl-xL, and MCL1. BAX
and BAK are activated by homo-oligomerization, ultimately
releasing cytochrome c into the cytoplasm. Cytochrome c
forms a complex with caspase 9 and apoptotic protease-
activating factor - 1 (APAF-1), which activates caspases 3
and 7, facilitating apoptosis. Apoptosis is negatively regulated
by Bcl-2 and MCL1, which sequester the pro-apoptotic fac-
tors and inhibit progression of apoptosis (Fig. 7) (91). Again,
many of these factors involved in apoptosis are subject to
miRNA post-transcriptional regulation.

Despite having several putative miRNA binding sites in its
3¢ UTR, PUMA has only a few validated miRNA regulators,
namely miR-221/222 and miR-296-5p (12, 164, 165). Inter-
estingly, miR-221/222 is more commonly over-expressed in
higher-grade glioblastomas, likely repressing PUMA ex-
pression and reducing apoptosis (165). As previously men-
tioned, miR-221/222 also targets PTEN (26), suggesting a
multifaceted role for this miRNA in the DDR.

Other members of the apoptosis pathway are also regulated
by miRNAs, including several of the BCL-2 family members.
BAX is regulated by at least two different miRNAs, miR-128

and miR-886-5p (1, 59, 78). Surprisingly, miR-128 is
repressed in a number of cancer types, including glioblas-
toma and breast cancer (27, 173), likely resulting in an up-
regulation of BAX and an increase in apoptosis. Interestingly,
Adlakha and Saini have demonstrated that over-expression
of miR-128 leads to a down-regulation of BAX and an un-
anticipated increase in apoptosis (1). This could be explained
by a redundant role for BAX and BAK, but further work is
necessary to support this hypothesis. BAK has a single known
miRNA regulator, miR-125b, despite having a few putative
binding sites for miRNAs in its 3¢ UTR. miR-125b is over-
expressed in a number of different cancer types, including
prostate cancer, leading to a down-regulation of BAK (120).
Repression of BAK likely inhibits apoptosis, promoting tu-
morigenesis.

Another member of the Bcl-2 family, BIM, is a target of
miRNA regulation with dozens of predicted binding sites in
its 3¢ UTR. Several of these miRNAs have been experi-
mentally validated, including the miR-17–92 cluster, miR-
24, the miR-106b-25 cluster, specifically miR-25, miR-181a,
miR-301a, and miR-494 (24, 64, 90, 103, 111, 114, 137, 168).

FIG. 7. miRNA regulation of radiation-induced apoptosis. Excessive radiation-induced DNA damage leads to acti-
vation of apoptosis. Here, we depict two mechanisms by which apoptosis is initiated in response to IR. Activated p53
transcriptionally activates pro-apoptotic factors, including PUMA, FAS-R, and BAX, while inhibiting transcription of anti-
apoptotic factors Bcl-2 and MCL1. Activation of pro-apoptotic factors BAX, BAK, and BIM in the mitochondria, ulti-
mately, results in cytochrome c release into the cytoplasm. Cytochrome c forms a complex with APAF-1 and caspase 9,
which activates downstream caspases 3 and 7. Activation of caspase 3 and 7 can also be accomplished via death-receptor
signaling. FAS-R, a death-receptor, is activated by its ligand, FAS-L, resulting in caspase 8 activation and subsequent
activation of caspases 3 and 7. miRNA regulation is significantly involved in the regulation of apoptosis signaling,
especially with regard to the Bcl-2-like family of pro- and anti-apoptotic factors. miRNAs in bold regulate multiple targets
within the abridged pathway depicted here. Underlined miRNAs are involved throughout DDR. FAS-R, Fas receptor.
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The majority of these miRNAs mentioned earlier also target
other players in the DDR. In addition to BIM, miR-181a
targets K-RAS, as well as two other members of the Bcl-2
family, Bcl-2 itself and MCL1 (103, 123). Notably, BIM is a
pro-apoptotic protein, while both Bcl-2 and MCL1 are anti-
apoptotic. As is likely the case with many such miRNA-
mRNA interactions, the regulation by other miRNAs as well
as the basal expression level in a particular tissue might help
determine which proteins will be targeted (103). Importantly,
miR-181a is down-regulated in glioblastoma and confers
radioresistance to these cells (19, 119), suggesting a potential
therapeutic advantage by inducing miR-181a expression to
sensitize tumor cells to IR.

Several other miRNAs have been shown to target anti-
apoptotic factors, MCL1 and Bcl-2. Not surprisingly, many of
the miRNAs that are capable of targeting MCL1 and/or Bcl-2
have already been discussed as regulators of other DDR path-
way members. In addition to miR-181a, mentioned earlier,
miR-7, miR-34a, miR-125b, miR-143, miR-155, and members
of the miR-15/16 family, including miR-15b, miR-16, miR-
195, and miR-497, target Bcl-2 as well as other DDR proteins
(57, 58, 85, 148, 153, 154, 156, 166, 172). In fact, one key report
found that a frequent deletion of chromosome 13q14 seen in
chronic lymphocytic leukemia (CLL) contained the miR-15 and
miR-16 loci, resulting in repression of miR-15 and miR-16
expression (10). This would suggest an over-expression of Bcl-
2 in CLL. Similarly, miR-29, miR-101, and miR-125b target
MCL1 and at least one other member of the DDR (44, 96, 127).
MCL1 is also regulated by miR-133b, miR-193a-3p, and miR-
193b, while Bcl-2 is regulated by miR-1, miR-136, miR-148a,
and miR-365 (20, 28, 70, 101, 131, 160, 167). Strikingly, miR-
136 and miR-181a are down-regulated in glioblastoma (27,
160), and miR-7, miR-34a, miR-148a, miR-195, miR-365, and
miR-497 are repressed in either tumor tissue or cancer cells
when compared with normal tissue or cells (23, 57, 76, 85, 101,
154). This suggests a frequent over-expression of Bcl-2 in tu-
mors, resulting in a decrease in radiation-induced apoptosis.
Likewise, miR-125b, miR-133b, miR-101, and miR-193b are
down-regulated in tumor tissue compared with normal tissue
(20, 28, 44, 127), suggesting a similar up-regulation of MCL1
and subsequent decrease in apoptosis. In addition, expression of
miR-193a-3p is induced in response to IR (70), presumably to
enable an increase in radiation-induced apoptosis. Taken to-
gether, this suggests a vital role for miRNAs in regulating the
Bcl-2-like apoptotic pathway, especially in response to IR.

Finally, the caspase proteins, essential to the apoptotic re-
sponse, are also subject to direct miRNA regulation, albeit less
than the Bcl-2-like family. Briefly, caspase 8 is activated by
FAS-R in response to excess radiation-induced damage. Cas-
pase 8 can directly activate caspase 3 and 7. Caspase 3 and 7
can also be activated by the release of mitochondrial cyto-
chrome c into the cytosol and subsequent complex formation
(Fig. 7). miR-155 has been shown to target both APAF-1 and
caspase 3 (141, 162). miR-155 is up-regulated in several tumor
types, including lung, breast, and pancreatic cancer (138, 162)
and, as mentioned earlier, has been shown to promote radiation
resistance (5). Over-expression of miR-155 may result in a
repression of APAF-1 and caspase 3, leading to an inhibition
of FAS-R-mediated apoptosis. In addition to miR-155, miR-
378 and let-7a have also been shown to target caspase 3 (38,
134). Let-7a over-expression confers radioresistance to cancer
cells (134), which is consistent with the fact that let-7a targets

caspase 3, inhibiting radiation-induced apoptosis. The let-7
family represents yet another example of a miRNA family
with a multidimensional role in the DDR.

Innovation

As key regulators of gene expression, miRNAs are intri-
cately involved in the ionizing radiation (IR)-induced DNA
damage response (DDR). Recently, it has become evident
that individual miRNAs or miRNA families are responsible
for regulating a number of different genes within a particular
pathway. In addition, specific miRNAs are often up- or down-
regulated in response to a stressor such as IR. It is tempting to
speculate that a single miRNA or miRNA family will emerge
as a potential target for adjuvant therapy to reduce tumor cell
survival after IR by inhibiting the DDR. A better under-
standing of miRNA regulation and function will be critical to
enhancing IR therapy.

Concluding Remarks

Radiation therapy is a critical modality of treatment for
cancer patients; however, the complete mechanism behind
both its successes and limitations remains largely unknown.
As has been discussed, it has been well established that
miRNAs play a crucial role in the cellular response to IR. We
have summarized the most recent advances in miRNA reg-
ulation and function in response to IR and shed light on the
potential for the use of these small non-coding RNA mole-
cules as therapeutic adjuvants to improve radiation treatment.

As mentioned several times, it is important to emphasize
the role of miRNAs at a global level in response to IR. A
number of the radiation-responsive miRNAs discussed ac-
tually play a multifaceted role in the DDR such that a single
miRNA or miRNA family is responsible for the regulation of
multiple DDR proteins. Examples of this include, but are not
limited to, the miR-15/16 family, the let-7 family, miR-21,
and miR-155, each regulating at least two essential players in
the DDR. It is conceivable that the concept of a single
miRNA targeting multiple members of a particular pathway
will become increasingly more abundant in the next decade
of miRNA research. Several articles have already begun to
identify this phenomenon, including Krishnan et al. and Liu
et al. (68, 86), both discussed in this review. Finally, an even
more abstract possibility is the expansion of potential miRNA
targets, as suggested by Lal et al., proposing that miRNAs do
not require seed sequence complementarity to target a par-
ticular mRNA (71). In fact, Lal et al. demonstrated that miR-
24 is capable of targeting several DDR members through
highly complementary, yet ‘‘seedless’’ binding sites (71).
Although this remains the first evidence of its kind, it is not
implausible to imagine that miRNAs might play an even
more complex and vital role in pathway regulation than we
currently understand, especially considering the youth of this
field. Improving our understanding of miRNA regulation in
response to radiation-induced DNA damage will, ultimately,
improve the efficacy of current cancer therapy.
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Abbreviations Used

AGO2¼Argonaute-2
ATM¼ ataxia telangiectasia mutated
ATR¼ ataxia telangiectasia and Rad3 related
CDK¼ cyclin-dependent kinase
CLL¼ chronic lymphocytic leukemia
DDR¼DNA damage response
DSB¼ double-strand break

ERK1/2¼ extracellular signal-regulated kinase ½
FAS-R¼Fas receptor

Gy¼ gray
HR¼ homologous recombination
IR¼ ionizing radiation

KSRP¼KH-type splicing regulatory protein
MAPK¼mitogen-activated protein kinase

MEK1/2¼MAPK kinase 1/2
miRNA, miR¼microRNA

MRN¼MRE11-RAD50-NBS1 complex
NHEJ¼ non-homologous end-joining

NSCLC¼ non-small cell lung cancer
PARP1¼ poly [ADP-ribose] polymerase-1

PDK1¼ 3¢-phosphoinositide-dependent protein
kinase 1

PI3K¼ phosphoinositide 3-kinase
PTEN¼ phosphatase and tensin homolog
RISC¼RNA-induced silencing complex
ROS¼ reactive oxygen species
RTK¼ receptor tyrosine kinase
SSB¼ single-strand break
UTR¼ untranslated region
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