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Abstract MicroRNAs (miRNAs) are a family of small,
non-coding RNAs that control gene expression at the post-
transcriptional level by destabilizing and inhibiting trans-
lation of their target messenger RNAs. MiRNAs are
involved in the regulation of a number of fundamental
biological processes, and their dysregulation is thought to
contribute to several disease processes. Emerging evidence
suggests that miRNAs also play a critical role in protecting
the heritable genome by contributing to the regulation of
the DNA damage response. Consequently, much recent
investigative effort has been directed towards an improved
understanding of how miRNAs are regulated in response to
DNA damage. In this review, we discuss the most recent
findings regarding the regulation of miRNA expression and
the functional roles of miRNAs in the DNA damage
response.
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Introduction
Maintenance of genomic integrity is an important chal-

lenge that allows the faithful transmission of genetic
information to our offspring, thereby ensuring our own
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survival [1]. One can appreciate the magnitude of this
challenge by taking into consideration the fact that each
cell in the human body is the recipient of tens of thousands
of DNA lesions each day [2]. DNA damage may arise from
genomic infidelities that take place during DNA replication
or from endogenously produced reactive oxygen species
that are a byproduct of normal metabolic processes. In
addition, DNA may be damaged by several extrinsic
genotoxic stresses, such as ultraviolet (UV) light, ionizing
radiation (IR), and a variety of industrial and environ-
mental chemical compounds [1]. In order to preserve the
integrity of the genome, eukaryotic cells rely on a
sophisticated cellular system referred to as the DNA
damage response (DDR) that is designed to detect DNA
damage and then activate the most appropriate signaling
pathway to mediate its repair.

The DDR consists of various processes, including DNA
repair, cell-cycle checkpoints, and apoptosis. This DDR is
a highly regulated process that involves a variety of pro-
teins that function as sensors, transducers, and effectors.
The information collected and transmitted by these proteins
will ultimately be used in making a cell fate determina-
tion—either arrest the cell cycle to allow repair of damaged
DNA or, if the damage is beyond repair, initiate programs
that instruct the cell to undergo apoptosis [3, 4].

Defects in DNA damage signaling or repair may have
profound implications for the well-being of an individual in
that a diminished capacity for DNA repair has been asso-
ciated with several human disease processes, including
cancer [5]. Perhaps one of the most widely recognized
genetic syndromes involving the DDR is ataxia telangiec-
tasia (A-T), which is caused by mutations in the ATM
(Ataxia Telangiectasia Mutated) gene. ATM is a serine/
threonine protein kinase that functions as a transducing
protein in the DNA damage response. ATM is recruited to
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DNA double-strand breaks where it functions to reduce
cyclin-dependent kinase (CDK) activity [5]. Covalent
modifications (phosphorylation, ubiquitination, SUMOy-
lation, and acetylation) of proteins often promote the
assembly/disassembly of checkpoint proteins and the DNA
repair machinery at DNA break points [6, 7]. While the
DDR activation leads to a dramatic change in transcription
programs in the cell, expression of DDR-associated genes
is also highly regulated. Results from recent studies suggest
that microRNAs play a key role in mediating the expres-
sion of genes involved in the initiation, activation, and
maintenance of the DDR. MiRNAs are small (18-25
nucleotides) endogenous noncoding RNAs that regulate
gene expression by repressing translation or promoting the
degradation of their target mRNAs [8]. To date, miRNAs
have been assigned a regulatory role in virtually every
biological process, including development, differentiation,
cell-cycle control, and apoptosis [9]. MiRNAs suppress
gene expression by binding to the 3’ untranslated region
(UTR) of their target mRNAs and mediating mRNA deg-
radation or translational inhibition [8]. Similar to protein-
coding genes, expression of miRNA genes following DNA
damage appears to be modulated at the transcriptional and
post-transcriptional levels [10, 11]. In this review, we
describe the miRNAs involved in the regulation of the
DDR and discuss recent findings regarding the functional
relationship between the DDR and miRNA biogenesis.

Canonical microRNA biogenesis: miRNA expression
and maturation

MiRNAs are produced through a series of endonucleolytic
cleavage steps that are mediated by two evolutionarily
conserved RNase III enzymes, referred to as Drosha and
Dicer [12]. MiRNAs can be transcribed from two different
pathways. Approximately half of miRNAs (intergenic
miRNAs) are derived from non-protein-coding RNA tran-
scripts, whereas intronic or exonic miRNAs are located
within protein coding genes and share a common promoter
with their host genes [13, 14]. The majority of miRNAs are
transcribed by RNA Pol II as primary miRNAs (pri-miR-
NAs) [15]. Following transcription, the pri-miRNA is
recognized and processed in the nucleus by the Drosha-
DGCRS microprocessor. This first cleavage step generates
an approximately 70-nucleotide hairpin structure called
precursor miRNA (pre-miRNA) that contains 25- to
30-base pair stems and relatively small loops with 3’
overhangs [16]. In the next step, the pre-miRNA is trans-
located from the nucleus to the cytoplasm through an
interaction with exportin-5, a RanGTP-binding nuclear
transporter [17]. The pre-miRNA is then subjected to
additional processing by Dicer, which yields a 20- to 25-
nucleotide double-stranded mature miRNA consisting of a

@ Springer

functional guide strand and passenger strand. The mature
miRNA is then loaded into the RNA-induced silencing
complex (RISC) where it directs Argonaute 2 (Ago2) to
target mRNAs and repress protein expression [18, 19].
Although our understanding of miRNA biogenesis has
increased dramatically over recent years, the precise cel-
lular and molecular mechanisms that coordinate the
degradation and turnover of miRNAs have remained
elusive [20]. However, recent evidence suggests the steady-
state levels of miRNAs may be regulated by ‘microRN-
ases’ in plants [21] and animals [22].

MiRNAs modulate the DNA damage response

The DDR is initiated at damaged DNA sites by DDR
sensors/mediators. Upon recognition of DNA damage,
transducers, such as ATM, ATR (ataxia telangiectasia and
Rad3 related), and DNA-PKcs (DNA-dependent protein
kinase catalytic subunit) relay and amplify the original
damage signal to effectors in downstream pathways,
including the DNA repair, cell cycle—checkpoint, and
apoptosis pathways [23]. In silico prediction of miRNA
target sites and experimental validation have shown that
miRNAs regulate the DDR by modulating key components
of DDR pathways. An examination of the 3'-UTR of 142
DDR genes that were analyzed using two independent
target prediction algorithms (Miranda and Targetscan),
determined that more than half of the DNA repair and
DNA damage checkpoint genes contained conserved
miRNA target sites [24]. Several review articles have
described miRNAs that regulate the DDR as well as their
predicted target binding sites of DDR genes [10, 24, 25]. In
the following section, we describe some of the key proteins
in the DDR pathway that are regulated by miRNAs
(Fig. 1).

MiRNA-mediated regulation of DDR genes

Sensors/mediators of the DNA damage response:
H2AX-miR-24/miR-138

Immediately following DNA damage, the histone variant
H2AX is extensively phosphorylated at DNA break sites by
the ATM and ATR kinases. Phosphorylation of H2AX
represents one of the earliest DNA damage-induced signals
and is essential for the sustained recruitment of various
checkpoint and DNA repair proteins to the damage site [6].
Lal and colleagues [26] were the first to show that upreg-
ulated miR-24 inhibited H2AX expression and DNA repair
in terminally differentiated blood cells and rendered the
cells hypersensitive to the effects of 7-irradiation and
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Fig. 1 Crosstalk between the DNA damage response pathway and
miRNAs. The DNA damage response (DDR) pathway is comprised of
a number of different proteins that function to coordinate the repair of
DNA damage and preserve genomic integrity. These proteins are
classified as either sensors, transducers, or effectors, depending on
their specific function. Recent studies have shown that miRNAs may

genotoxic drugs. In other studies, both miR-138 and miR-
542-3p were shown to reduce yH2AX (phosphorylated
H2AX at serine 139) foci formation after DNA damage in
human U20S cells [27]. Overexpression of miR-138 was
found to inhibit homologous recombination and enhance
cellular sensitivity to multiple DNA-damaging agents.
However, miR-24 was not identified in this screening using
human U20S cells, indicating that the functions and targets
of miRNAs might be cell-specific and context-dependent.

Transducers of the DNA damage response:
ATM-miR-421

ATM is a major PI3 kinase-related kinase that is respon-
sible for initiating the activation of a number of signaling
pathways following DNA damage. It is estimated that
ATM may phosphorylate as many as 700 proteins [28],
underscoring its manifold interfaces with various biologi-
cal processes in the DDR. In response to DNA damage,
ATM becomes activated by autophosphorylation on serine
residues. Homeostatic regulation of ATM activity in the
DDR is primarily mediated by the Wip1 phosphatase [29].
A recent examination of miRNA-binding motifs in the 3'-
UTR region of the ATM gene led to the identification of
miR-421 as a new regulator of ATM. Additional experi-
ments revealed that overexpression of miR-421 was
sufficient to attenuate the S-phase cell-cycle checkpoint
and sensitize HeLa cells to ionizing radiation [30]. N-myc
was also shown to transcriptionally activate miR-421. Gene
amplification of N-myc aberrantly upregulated miR-421

DNA repair
p53

miR-125b, miR-504

Cell cycle control
Apoptosis

MiRNA biogenesis
A—

play a regulatory role in the DDR by targeting and modulating the
expression of genes involved in the DDR. For example, H2AX is
targeted by miR-24 and miR-138, and ATM is controlled by miR-
421. P53, a critical effector protein in the DDR pathway, is targeted
by miR-125b and miR-504. There is also data to suggest that the DDR
is also involved in the regulation of miRNA biogenesis

expression in neuroblastoma. This study identified a novel
regulatory mechanism for ATM and, moreover, a potential
target for neuroblastoma treatment [30].

Effectors of DNA repair: BRCA1-miR-182

BRCAI, a tumor suppressor gene, encodes a nuclear
phosphoprotein that plays a key role in maintaining geno-
mic stability. Mutations in BRCAI are associated with a
substantially increased risk of developing breast and
ovarian cancer [31]. BRCAI, along with other tumor
suppressors, DNA-damage sensors, and signal transducers
forms a large multisubunit protein complex known as the
BRCATl-associated genome surveillance complex (BASC)
that is recruited to DNA lesions where it facilitates DNA
repair and cell-cycle regulation [31]. A recent report
demonstrated that miR-182 targeted BRCA1 mRNA and
inhibited its expression [32]. Overexpression of miR-182
impaired homologous recombination repair and rendered
cells hypersensitive to IR. Furthermore, miR-182-over-
expressing breast tumor cells were hypersensitive to
inhibitors of poly (ADP-ribose) polymerase 1 (PARP1),
showing a BRCA1-deficiency phenotype (BRCAness). In
that study, antagonizing miR-182 enhanced BRCAI levels
and induced resistance to a PARP1 inhibitor [32].

A genome-wide screen of single-nucleotide polymor-
phisms (SNP) was recently performed to identify SNPs that
are associated with breast cancer risk, from which Nicoloso
et al. further conducted a case—control population study and
observed that germline occurrence of rs799917-BRCAL1
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varies significantly among populations with different risks
of developing breast cancer. Differential regulation of
BRCAL in cancer cells with different genotypes appeared
to be associated with the BRCAl-interacting miR-638.
This study not only identified a clinically relevant miRNA
that targets BRCA1 but also discovered a novel mechanism
of gene regulation in which transcribed target SNPs alter
miRNA gene regulation and protein expression, contrib-
uting to the likelihood of cancer susceptibility [33].

Effectors of cell-cycle checkpoints and apoptosis:
p53-miR-125b/miR-504 and MDM2-miR-605

The tumor suppressor p53 plays a central role in the cel-
lular stress response. P53 protein level and activity are
tightly controlled to execute its critical functions in the cell
[34]. While previous studies have concentrated on the
stabilization and activation of p53 proteins following DNA
damage, recent examinations have sought to determine the
potential relationship between p53 and miRNAs. By
searching conserved miRNA-binding sites in the 3’-UTR of
the p53 gene, miR-125b was identified as a potential highly
conserved p53-targeting miRNA. Functional studies in
human neuroblastoma cells and lung fibroblasts revealed
that overexpression of miR-125b reduces endogenous p53
level and suppresses apoptosis [35]. Loss of miR-125b
increased p53-dependent apoptosis in zebrafish, leading to
severe defects in embryonic development. Using a similar
approach, Hu et al. [36] identified miR-504 as another p53-
targeting miRNA in human colon HCT116 p53™", lung
H460, and breast MCF7 cells. These investigators reported
that MiR-504 inhibited p53-mediated activities in human
cells expressing wild-type p53 and significantly increased
the growth of human colorectal xenografts tumors in nude
mice [36]. Sachdeva et al. [37] found an inverse correlation
between miR-145 and c-Myc. Interestingly, miR-145 is
also transcriptionally activated by p53, suggesting p53
represses c-Myc through induction of the tumor suppressor
miR-145 [37]. As a putative tumor suppressor, miR-145
levels were found to be underexpressed in human breast
and colon cancer [37].

Mdm?2 is an E3 ubiquitin ligase and a known negative
regulator of p53. Following DNA damage, the p53/Mdm?2
interaction is disassociated, which leads to the rapid activa-
tion of p53 [38, 39]. Xiao et al. [40] recently identified
miR-605 as a key cofactor in the p53 regulatory network.
Specifically, the p53 protein was found to bind to the pro-
moter region of the miR-605 gene and transcriptionally
activate miR-605. Transactivated miR-605 directly decrea-
ses the expression of Mdm?2 and thus indirectly enhances the
transcriptional activity of p53. These results reveal a novel
p53/miR-605/Mdm?2 positive feedback loop that ensures
rapid accumulation of p53 after DNA damage [40].
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Regulators of the DNA damage response:
Wipl-miR-16/miR-29, PTEN-miR-22

Protein phosphorylation is a major event in the DNA damage
signaling transduction pathway. The ATM/ATR-initiated
kinase cascade activates cell-cycle checkpoints and DNA
repair pathways [1]. Once DNA damage is repaired, the cell
needs to shut off the DNA damage response pathways and
resume its normal activity. Wipl is a serine/threonine
phosphatase that serves as a master inhibitor in the ATM-p53
DNA damage signaling pathway [41]. Recent studies iden-
tified a number of key proteins in the DDR as Wipl
dephosphorylation substrates, including p38 MAPK, CHK1,
CHK2, p53, MDM2, and ATM [29, 41-45]. Wipl has been
shown to be an oncogene and is amplified and overexpressed
in several human tumor types [46-50]. In vivo studies
showed that mice lacking Wip1 are resistant to spontaneous
and oncogene-induced tumors due to enhanced DNA dam-
age and p53 responses [44, 51-54]. Wipl inhibitors have
been shown to significantly reduce tumor cell proliferation,
suggesting that therapeutic agents that inhibit Wipl may
have potent anticancer activity. Although the Wipl gene is
initially transactivated by p53 at the early stage of the DDR,
the increase in Wipl protein level is significantly delayed
when compared to that of its mRNA level, thereby pre-
venting premature inactivation of ATM/ATR signaling and
ensuring the completion of the early DDR. We [55] and
others [56] have shown that MiR-16 and miR-29 are the two
principal miRNAs that target Wip1. Rapid induction of these
two miRNAs after DNA damage may facilitate the proper
DNA damage signaling through inhibition of Wip1 induc-
tion. Overexpression of miR-16 markedly inhibits Wipl
expression and sensitizes MCF-7 human breast cancer cells
to the chemotherapeutic drug doxorubicin. Both miR-16 and
miR-29 also have important physiological roles in vivo.
Overexpression of miR-16 appears to suppress self-renewal
and growth of mouse mammary tumor stem cells, and miR-
29 is significantly upregulated during aging in the normal
mouse [55, 56].

Phosphatase and tensin homolog (PTEN) is one of the
most important tumor suppressor genes that controls cell
growth by inhibiting the PI3 K/AKT pathway [57]. It is
frequently mutated, deleted, or silenced in many types of
human cancers [58, 59]. Recent findings suggest that PTEN
also contributes to the DNA damage response and DNA
repair pathways. PTEN ablation in mouse embryonic
fibroblasts results in genomic instability, and PTEN-defi-
cient cells have defective double-stranded DNA repair due
to lack of or downregulation of Rad51 and lack of PTEN at
centromeres [59]. Ming et al. [60, 61] showed that PTEN is
essential for the activity of nucleotide excision repair in
UV radiation cells. A recent study demonstrated that
UV-induced miR-22 suppressed PTEN expression in
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HEK?293T and HaCaT cells, which may promote cell sur-
vival after UV radiation [62].

Regulation of miRNA biogenesis in the DDR

An expanding body of evidence suggests that there are
bidirectional communication signals between miRNAs and
the DDR. For example, MiRNA-mediated gene silencing
has been shown to modulate the activity of the DDR, and
the DDR is a known regulator of miRNA expression at the
transcriptional and post-transcriptional levels [10]. In
addition, several studies have shown that genotoxic agents,
such as UV light, hydrogen peroxide, IR, and radiomimetic
drugs all have a dramatic effect on miRNA expression
profiles in a variety of cell types [24]. These studies uti-
lized miRNA microarrays and quantitative real-time PCR
to document global changes in miRNA expression levels
after the induction of DNA damage [63-71]. IR induces a
substantial change in miRNA expression in different cell
lines, including human lymphoblastic cells, non-small cell
lung cancer cells, and prostate cancer cells [63, 64, 66, 68—
71]. Other DNA damaging agents, such as UV light,
hydrogen peroxide, and etoposide also resulted in the
alteration of unique, as well as shared sets of miRNAs
within the same cell type, suggesting that miRNAs respond
differently to DNA damage depending on the type and/or
intensity of DNA damage [64, 65, 69, 71]. While there are
clearly some variations among DNA damage-responsive
miRNAs, they are all predicted to target genes in the DDR
pathway [63, 64, 66, 68—71]. Whether there exists a com-
mon core miRNA signature that is characteristic of DNA
damage in all cells requires additional investigation.

DNA damage-responsive miRNAs

Persengiev and colleagues were the first to show that
expression levels of a large subset of miRNAs are rapidly
modulated after UV damage [67]. An examination of the
kinetics of miRNA expression following UV damage
suggests that measurable alterations in expression levels
occur within a few hours after the injury, and that miRNA
expression returns to basal levels after a 24-h period. These
data suggest that the onset of miRNA responses following
DNA damage precedes the transcriptional events modu-
lated by p53, but is slower than the events involving post-
translational protein modifications (phosphorylation and
ubiquitination) on downstream effectors of p53. That is, the
miRNAs appear to act in the time between the transcrip-
tional and post-transcriptional responses to modulate the
DDR [24]. Recently, our laboratory examined DNA dam-
age-responsive miRNAs using the radiomimetic drug

neocarzinostatin (NCS) to generate double-strand DNA
breaks in Atm™ " and Asm ™'~ mouse embryonic fibroblasts
(MEFs). Compared to untreated MEFs, we observed that
the expression of 71 miRNAs, approximately one-quarter
of those examined, was increased more than twofold in an
ATM-dependent manner upon DNA damage. Interestingly,
the induction of these miRNAs resulted from increased
levels of mature miRNAs, but not their primary transcripts
(pri-miRNAs) suggesting global post-transcriptional regu-
lation of miRNAs upon DNA damage [71]. Accumulating
evidence suggests that there are critical connections
between the DDR and miRNA biogenesis and that miRNA
expression is regulated in response to DNA damage at both
the transcriptional and post-transcriptional levels. In the
next section, we discuss miRNA biogenesis and its regu-
lation in the DDR.

Transcriptional regulation of miRNAs after DNA
damage

Many miRNA promoters have characteristics that are
similar to those of normal protein-coding genes, suggesting
that miRNA transcription can be controlled by common
transcription factors. In response to DNA damage, p53
family members transactivate multiple target genes that
instruct cells for growth arrest or programmed death,
serving as a good example of how DNA damage can
modulate miRNA transcription (Fig. 2) [72]. Transcription
factors, such as p53, can regulate miRNA expression by
directly binding to miRNA promoters and modulating their
transcription or by manipulating the expression of com-
ponents of the miRNA processing machinery. Su et al. [73]
reported that TAp63, a member of the p53 family, directly
binds to the Dicer promoter and activates its transcription
as well as that of miR-130b. Furthermore, TAp63 knockout
mice and human cells deficient in TAp63 express Dicer at
very low levels. TAp63 may also play an important role in
suppressing tumor progression and it has been suggested
that TAp63 may suppress metastasis formation by regu-
lating the expression of Dicer and miRNAs (Fig. 2) [73].
While these preliminary studies support the notion that
DNA damage leads to transcriptional regulation of miR-
NAs, a more comprehensive understanding of miRNA
transcriptional regulation in the DDR requires additional
investigation.

P53, a positive and negative transcriptional regulator
of miRNAs

The level and activity of p53 are induced by a number of
diverse stress signals. In response to DNA damage, the
ATM kinase activates p53, which in turn transactivates
genes in multiple pathways, including cell-cycle regulation,
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Fig. 2 Regulation of miRNA
expression by the p53 family.
P53 tumor-suppressor family
members are activated after
DNA damage and participate in
the regulation of miRNA
expression at both the
transcriptional and post-
transcriptional levels. As a
transcription factor, p53
increases or decreases the
transcription of several
miRNAs. In addition, p53 is
functionally linked to Drosha/
DGCRS through direct
interaction with p68/p72, which
enhances processing of pri-
miRNAs to pre-miRNAs.
Another p53 family member,
TAp63, induces transcription of
Dicer, a critical component of
the miRNA biogenesis
machinery, and miR-130b

tumor suppression, and apoptosis [74, 75]. The miR-34
family was first reported to be a direct p53 transcriptional
target [76, 77]. DNA damage induces the level of miR-34
transcripts by increasing the activity and stability of p53.
Similar to p53-induced proteins, miR-34 functions as a
downstream effector to amplify the p53 signal, which
heightens the cells sensitivity to external signals. Increased
levels of miR-34a mediate G1 cell-cycle arrest by down-
regulating multiple cell cycle-related transcripts [76].
Ectopic miR-34 expression induces apoptosis, cell-cycle
arrest (Gl-arrest), or senescence by interfering with the
mRNA transcripts of several genes, including Bcl-2, Cyclin
DI, c-MYC, and SIRTI [78-82]. Interestingly, miR-34a-
targeted SIRTI may form a positive feedback loop by
increasing the acetylation of p53, which induces the
expression of p21 and PUMA, both of which are tran-
scriptional targets of p53 that regulate the cell cycle and
apoptosis, respectively [83]. Thus, miR-34 fine-tunes the
p53 signaling pathway through its regulation of a number
of p53 targets (Fig. 3) [81].

P53 also positively regulates the expression of miR-145,
miR-192, and miR-215. These miRNAs induce cell-cycle
arrest by inhibiting the transcripts of several genes that
regulate the G1 and G2 checkpoints [84, 85]. In p53™+'™"
HCT116 colorectal carcinoma cells, but not p53_/ -
HCT116 cells, miR-192 was found to increase the level of
p21, indicating that this p53-transactivated miRNA may in
turn regulate the activity of p53 [85]. P53 induces miR-145
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transcription by directly binding to its promoter, and miR-
145 directly targets the oncogene c-Myc, suggesting that
p53 may repress c-Myc through induction of miR-145 [37,
86] (Fig. 3). Ugalde et al. [56] recently reported that
expression of the miR-29 family is increased in response to
DNA damage in a p53-dependent manner. MiR-29 targets
and represses Wipl phosphatase, a master inhibitor in the
DDR that inhibits the activation and stabilization of p53,
leading to p53 induction [56].

P53 can also function as a transcriptional suppressor to
silence miRNA expression by binding to miRNA promot-
ers and preventing the recruitment of transcriptional
activators. For example, p53 suppress the transcription of
the miR-17-92 cluster gene by preventing recruitment of
the TATA-binding protein to the TAATA site in the pro-
moter (Fig. 2). It appears that the miR-17-92 cluster is
repressed under hypoxic conditions through a p53-depen-
dent and c-Myc-independent mechanism and that this leads
to the sensitization of cells to hypoxia-induced apoptosis
[87].

Post-transcriptional regulation of miRNAs after DNA
damage

Current studies suggest that post-transcriptional controls
for miRNA expression are mediated by two types of pro-
teins: proteins associated with the Drosha or Dicer
microprocessor complex and proteins that bind to specific
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such as Wipl, c-Myc, SIRT1, and MDM2 mRNAs, which in turn
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miRNAs [88]. Here, we discuss two recent findings on how
DNA damage signals are transmitted to the miRNA path-
way. First, DNA damage-induced p53 is directly associated
with the Drosha microprocessor machinery through inter-
actions with p68/p72. Binding of p53 to this complex
promotes the processing of some pri-miRNAs to pre-
miRNAs. Second, ATM mediates the phosphorylation of
the KH-type splicing regulatory protein (KSRP), which
binds to the terminal loop of a subset of pri- and pre-

Fig. 4 Regulation of miRNA
biogenesis by the DNA damage
response. Once the cell
recognizes DNA damage, ATM,
a major transducer of the DNA
damage response, transmits
DNA damage signals to the
miRNA biosynthesis pathway
through DDR-specific proteins,
such as p53 and the RNA-
binding protein KSRP. Primary
regulation of miRNAs in the
DDR may be post-
transcriptionally regulated in the
nucleus. ATM-mediated
phosphorylation of KSRP
promotes its interaction with the
terminal loop of a subset of
miRNA precursors and
enhances the processing of
target pri-miRNAs to pre-
miRNAs by the Drosha/DGCR8
microprocessor complex
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miRNAs and enhances processing by the Drosha and Dicer
complex (Fig. 4).
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pri-miRNA processing

In addition to transcriptional regulation, the DDR is also
involved in the post-transcriptional regulation of miRNAs.
As discussed above, pS3 has been shown to activate the
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transcription of several miRNA genes (miR-34, miR-192,
and miR-215) [76, 84, 85]. Subsequent studies have dem-
onstrated that p53 also promotes pri-miRNA processing.
Suzuki and colleagues [89] observed that miR-16 and miR-
143 were induced in irradiated human HCT116 cells in a
p53-depentent and p68/p72-dependent manner. The DNA
damage increased the levels of pre-miR-16, pre-miR-143,
and other precursor miRNAs, but not their corresponding
pri-miRNAs [89]. DNA damage-induced miR-16 and miR-
143 reduced cell proliferation and suppressed important
regulators of the cell cycle and cell proliferation, such as
K-Ras and CDK6 [90]. Consistent with a previous report
on the interaction between p53 and p68/p72 [91], it was
shown that p53 interacts with the Drosha/DGCR8 complex
through its association with p68 [89]. The DEAD-box RNA
helicases p68 (DDX5) and p72 (DDX17) were initially
identified as components of the Drosha microprocessor
complex by mass spectrometry [92]. In p72- or p68-
knockout MEFs, the levels of a subset of pre-miRNAs were
reduced, whereas levels of their corresponding pri-miR-
NAs remained unchanged [93], suggesting that p68/p72 are
required for the maturation of miRNAs in Drosha-mediated
processing [92, 93]. Thus, a direct interaction between p53
and p68/p72 facilitates the processing of pri-miRNAs to
pre-miRNAs in response to DNA damage. Indeed, inactive
p53 mutants interfere with the functional interaction
between p68 and the Drosha complex, resulting in the
attenuation of miRNAs processing [89].

ATM-dependent phosphorylation of KSRP enhances
pri-miRNA processing

Results from recent reports indicate that ATM, a key sig-
naling component in the DDR, is also directly involved in
miRNA processing. We [71] noted that following the
induction of DNA double-strand breaks, approximately
one-quarter of the miRNAs that we examined were sig-
nificantly induced in an ATM-dependent manner whereas a
small group of miRNAs (19 miRNAs) were significantly
reduced [71]. These results suggest that ATM may play a
central role in regulating DNA damage-mediated miRNA
expression. In addition, we noted that previously reported
KSRP-dependent miRNAs were also induced in an ATM-
dependent manner upon DNA damage [71]. KSRP is a
multifunctional single-strand RNA-binding protein that
regulates several aspects of RNA metabolism, including
RNA splicing, localization, and degradation [94]. Trabuc-
chi et al. [95] reported that KSRP interacts with 5
guanosine-rich regions, including GGG triplets in the ter-
minal loop (TL) of a class of pre-miRNA precursors, and
serves as a component of both the Drosha and Dicer
complexes. Thus, KSRP positively regulates the maturation
of a cohort of miRNA precursors by promoting the

@ Springer

maturation of their target pri-miRNAs, including pri-miR-
1, pri-miR-15, pri-miR-21, and pri-let-7 [95].

A genome-wide screen identified KSRP as a potential
phosphorylation target of the ATM and ATR kinases [28],
and we [71] were able to confirm this in human U20S and
GMO0637 cells. Phosphorylation of KSRP significantly
enhanced the recruitment of target pri-miRNAs to the
Drosha complex and increased processing of pri-miRNAs,
whereas mutating the ATM phosphorylation sites on KSRP
impaired its miRNA-regulating activity [71]. These find-
ings suggest a critical link between the DDR and miRNA-
processing pathway in which ATM stimulates the activity
of modulators of miRNA biogenesis. In our study, the
levels of some miRNAs were reduced after DNA damage
in an ATM-dependent manner, indicating that ATM may
also be involved in inhibitory pathways that downregulates
miRNA expression [11]. However, because the KSRP-
dependent miRNAs only represent a portion of the DNA
damage-induced miRNAs, there could be alternative
KSRP-independent mechanisms that mediate DNA dam-
age-induction of miRNAs. Indeed, other RNA-binding
proteins, including hnRNP Al and Lin-28, have been
shown to bind to the terminal loop of a subset of precursor
miRNAs and facilitate or attenuate their processing [96, 97].
Thus, it is likely that these RNA-binding proteins can be
regulated in the DNA damage signaling pathways. In addi-
tion, ATM-independent regulation may also connect DNA
damage signaling to the miRNA pathway.

Conclusions and future perspectives

When considered collectively, the available evidence sug-
gests that DNA damage signaling participates in miRNA
biogenesis by regulating both transcriptional and post-
transcriptional machineries. However, these studies require
confirmation and several other possibilities need to be
considered. For example, it is likely that transcription
factors other than p53 may be involved in the regulation of
miRNA gene expression in response to DNA damage. It is
also conceivable that other components in the miRNA
processing machinery may be direct or indirect targets of
DNA damage signaling. In addition, the export of pre-
miRNAs from the nucleus to the cytoplasm may also be
altered after DNA damage. Whereas the majority of studies
examining miRNA regulation in response to DNA damage
have focused on events that take place in the nucleus, it
will be important to expand investigations to determine the
contribution of cytoplasmic regulation of miRNA matura-
tion following DNA damage. For example, it will be
interesting to determine whether DNA damage signals can
modulate the modification, turnover, stabilization, and
degradation of miRNAs. The stability of Ago2 and the
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Dicer-TRBP complex have been shown to be regulated
through phosphorylation by the p38 mitogen-activated
protein kinase (MAPK) pathway and MAPK/Erk signaling,
respectively [98, 99]. Phosphorylated TRBP stabilizes the
Dicer-TRBP complex and increases mature miRNA pro-
duction [99]. Interestingly, Erk and other MAPKs are
phosphorylated and activated after DNA damage [100],
suggesting a potential connection between DDR and the
activity of the Dicer complex. In addition to canonical
miRNA biogenesis, various alternative mechanisms, such
as Drosha-independent and Dicer-independent miRNA
biogenesis, have emerged over the past few years [101],
expanding the number of regulatory pathways that may be
targeted by the DDR.

Defects in the DDR and global repression of miRNAs
are now considered hallmarks of many types of human
cancer [102-105]. As we described earlier, several core
proteins in the DDR pathway are regulated by miRNAs.
DDR-regulated miRNAs and miRNAs that target the DDR
are involved in the initiation and progression of tumori-
genesis and also modulate the sensitivity of cells to DNA
damaging agents [24]. Thus, further identification and
characterization of new miRNA targets in the DDR are
required and an improved understanding of the roles of
these miRNAs may provide new insight into the sensitivity
or resistance of cancer cells to genotoxic drugs and pos-
sibly lead to the development of novel therapeutic
strategies. In conclusion, although many questions still
remain, it is now clear that DNA damage signals com-
municate with miRNAs by regulating multiple steps of
miRNA biogenesis. Ongoing and further efforts to answer
remaining questions will eventually lead to the develop-
ment of novel diagnostic and therapeutic strategies for
many human diseases with DNA damage processing
defects, including cancer.
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